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
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Cavity QED and detection of ultracold atoms

Primer on cavity QED “

How to position atoms in an optical cavity - ' ' -
Cavity-enhanced detection of atom number

¢ Non-equilibrium thermodynamics in a mesoscopic system
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

Uber Quantenmechanik,

Von M. Born in Géttingen.
{Eingegangen am 18. Juni 1924.)

Die Arbeit enthilt einen Versuch, dem ersten Schritt zor Quantenmechanik der

Kopplung aufzustellen, welcher von den -wichtigsten Eigenschaiten der Atome

{Stabilitdt, Resonanz fir die Sprungfrequenzen, Korrespondenzprinzip) Rechenschaft

gibt und in natiirlicher Weise aus den klassischen Gesetzen entsteht. Diese Theorie

enthilt die Dispersionsformel von Kramers und zeigt eine enge Verwandischaft
zu Heisenbergs Formulierung der Regeln des anemalen Zeemuneffekts.

first appearance of the term Einleitung. Duas Versagen der Quantentheorie in allen Fillen,
“quantum mechanics” wo es sich um Bewegungen mehrerer Elektronen handelt (z. B. beim

Helium), ist schon mehrfach darant zorfickgefithet worden, daB dabei aunf
B 7. Phvsik 26. 379 (1924 jedes Elektron ein Wechselfeld wirkt, dessen Fregquenz von derselben
orn, £. Fhysi ’ ( ) GrBenordnung ist wie bei einer Lichtwelle. Da man nun weif, daf die
Atome auf Lichtwellen unter Umstinden ginzlich ,unmechamsch® rea-
gieren (ndmlich zu Quantenspriingen angeregt werden), so wird man auch
nicht erwarten diirfen, daf die Wechselwirkung zwischen Elekfronen
desselben Atoms nach den Gesetzen der klassischen Mechanik erfolgt:
damit wird die Anwendung der durch Quantenregeln erginzten klassischen
Storungstheorie zur Berechnung der stationiren Bahnen hinfallig. Solange
man die Gesetze der BEinwirkung desLichtes auf Atome, also den Zusammen-
hang der Dispersion mit dem Atomban und den Quantenspriingen, nicht
xennt, wird man erst recht iiber die Gesetze der Wechselwirkung zwischen
mehreren Elekfronen eines Afoms im Dunkeln sein.




“what is
light?”
- Planck

“what happens

near zero
temperature?”
- Nernst

Quantum mechanics: then

“what is an
“what is an “what is atom?”
atom?” light?” - Rutherford
- Sommerfeld - Jeans

“what is
light?”
- Wien

First Solvay Conference on Physics, 1911

“what happens
near zero
temperature?”
- K. Onnes

“what is
light?”
- Einstein

“what is
an atom?”




Quantum mechanics: now
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“Quantum technologies flagship final report,” 2017



Building quantum systems and devices with ultracold atoms and light
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detection of quantum systems feedback control
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interactions/entanglement/gates by photon exchange
... and much more!
) ) m entangled matter -> entangled light
@ @ . m quantum networks
m ...




A primer on cavity quantum electrodynamics

N

<
< 2 e—

electromagnetic resonator
coupled weakly to continuum of outside modes

+

guantum emitter




Real resonators

E6 cavity:
near concentric Fabry-Pérot
mirror spacing
1cm

E3 cavity:
near planar Fabry-Pérot
mirror spacing
250 pm



Fabry-Pérot optical resonator

Consider focused Gaussian beam
wavefronts

()

Cavity mode: wavefronts match mirror curvature

1 o, 2
R(z) =;(Z +z§) Zog = —

E3 cavity: 5 cm radius of curvature, 250 um spacing: zg = 2.5 mm, wy =25 um at A =780 nm
E6 cavity: 5 mm radius of curvature, (1 cm — 500 um) spacing: zo = 1.1 mm, wy = 16 pum at A = 780 nm



Fabry-Pérot optical resonator

transmision A A A A

< >
—> frequency

free spectral range

FSR = z% = 300 GHz

n(4) )

k = FSR X (round trip loss)

Example E3: transmission = (1.5, 12) ppm

A scattering loss = 25 ppm (oops)
k=2mX1.8MHz



Quantum emitter = atom

real
complicated
atom

electron

Q:
spring

12

h
meo

dipole matrix element: €

. 1{ e? wp
spontaneous emission rate: ' = = — | = 21 X 3 MHz
2\3mmc



Single atom + single photon coupling

electron on spring electric field that puts one photon
l energy into cavity mode

near cavity center:

1
9dcoep = %dE <

hw x%+y?
E = . exp( Zy)coskz

€o Vol Wy

2wy (50 nm)

A

\ 4

peak magnitude:
1 e’ \2
f <m 60V0l>
=21 X 13 MHz
<>

half wavelength (390 nm)

YcoED @
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Dispersion by a single atom

b, 0) A
la, 1) J' """""""""" l g2 >

ala,1) + B|b, 0)

Example:
gCQED =21 X 13 MHz

Arq = 21X 30 GHz

|a, 0) cavity shift per atom:

2
. . | | , JCQED _ 7 x 5.6 kHz
no atom-cavity coupling with atom-cavity coupling Aca



How to position atom(s) in an optical cavity

m The old way: atomic ensembles in magnetic or optical traps
(roughly 1990 - 2020)

m The new way: single atoms in optical tweezers
(roughly 2020 - present)




output to
atom transport detectors

from loading region

Fabry-Perot

input light

(780, 845 nm)

MOT Conveyor Cavity
Loading Belt Locations



4.5 um

“TITIIN

atomic
ensemble

pre-position with magnetic trap
load into 845 nm optical trap

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

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



4.5 um

“TITIIN

atomic
ensemble

Probe intensity

position z

Trap potential




4.5 um

ST I

atomic
ensemble

Probe intensity

position z

Trap potential
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Atom tweezer arrays: A revolutionary new approach to atomic physics

Tweezer array experimental sequence: : Position

1.

2.
3.
4.

Load tweezers

Image to find filled tweezers (10’s ms)
Sort

Science

16 non-deterministically loaded tweezers

A

atom number

reduced to 0, 1 by
light-induced
atom loss

\.____\(_____/

6 deterministically loaded tweezers

PRL 89, 023005
(2002)

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



Integrating cavity QED with a tweezer array (E6)

Cavity QED for tweezers Tweezers for cavity QED
m Photon-mediated coupling m Deterministic loading
m Fast, local, efficient measurement m Nanometer positioning
m Transduction to photons m Assembling optical metamaterial

atom by atom

5A=3.9pum deterministically loaded
—) tweezer array of 20 atoms

SR RN e R R ek R T T e

middle ~100 pm

1 cm



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).



Cavity-enhanced detection of atom number

— ( \/5\

m Dispersive coupling

light intensity
|9(2)1?

ultracold
2

: rubidium atom
% single atom: W, = w, + -
ACCI,
? Aoy = W —
¢ many atoms: w. = w; +N AL ca c a
ca

(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)




Energy E

Non-equilibrium thermodynamics of evaporation

Trap volume V

>
>

Evaporation threshold
Eevap =nkgT

m Non-equilibrium thermodynamics describes
¢ average evaporated number/rate
¢ variations in evaporated number

Ketterle et al., Adv in At and Mol Phys 37, 181 (1996)
Luiten et al., PRA 53, 381 (1996)
Sacket et al., PRA 55, 3797 (1997)



Real-time dispersive measurement of atom number during evaporation

tilted optical trap
within a single site

of 1D optical lattice .
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Real-time dispersive measurement of atom number during evaporation
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Atom number N(t)

Two- (or more) time correlations from continuous measurement

2000

1000

O A 1 N 1 N J . 1 . 1 N N 1 N 1 . N | . 1 .
0 100 200 0 100 200 0 100 200 0 100 200
Time t (ms) Time t (ms) Time t (ms) Time t (ms)

Note: n = 1 corresponds to 2.9 pW



number at
late time t,

N,

Atom number N(t)

Two- (or more) time correlations from continuous measurement
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Fluctuations in mesoscopic non-equilibrium thermodynamics

m Consider evaporation from time t; to time t,

(N2} = g((N1))

Added fluctuations in N, (not predicted by variations in N;)

ini ¢ Measurement noise
A femaining atoms N,

—— o— ¢ Binomial distribution: Var(N,) = N; p (1 — p)
£ c
> Ce— ,
on ® < , ¢ Higher order atom loss: Var(N,) x=M
)
o - e ¢ Amplification/damping of fluctuations

o © ® evaporated
0 atoms @ Thermodynamics - compressibility: Va:](N) =Kk kgT %
Niy — N,
Trap volume V ¢ Transport - lessons from mesoscopic electronics



u
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Unexpl. var

dominated by early
temperature fluctuations

Measured added variance

t;y =10 ms t; = 180 ms

shows natural behavior
of evaporative cooling

. t=10ms P , t,=180ms . © . 600
2000} 1000¢ ‘_ + - "
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09 07 05 03 0.9 0.7 0.5 0 4 8 1500 1000 500
Remaining fraction p Remaining fraction p Integration time 7 (ms) Atom number N,
measurement measurement + scaling with atom number
(optlca.I shot) binomial noise shows mesoscopic
noise fluctuation limit



Cavity-enhanced detection of atomic position:

Quantum cavity optomechanics with cold atoms

Cavity nonlinearity at sub-zero photon number

Observation of measurement backaction / radiation-pressure shot noise
Quadratic optomechanical coupling

Ponderomotive squeezing of light

Quantization of collective atomic motion

Quantum optomechanical arrays

Quantum-limited force detection

Backaction-limited coupling of mechanical oscillators

PRL 99, 213601 (
Nat. Phys. 4, 561 (
PRL 105, 133602 (
Nature 488, 476 (
PRL 108, 133601 (2012
PRL 110, 153001 (
Science 344, 1486 (
Nat. Phys. 12, 27 (



Cavity-enhanced detection of atomic motion (cavity optomechanics)

light intensity
19(2)|?
-
> ‘
®
z
m Dispersive coupling
2
¢ many atoms: W, = W, + ), gA( Z0) o ctAy+ goAmk Zcom

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).




Cavity optomechanics paradigm

L

Detection
A
hk
force per photon:
hc
f=—
AL

] ] )
Cavity frequency shift due to Optical force on oscillator
oscillator displacement
g (sensitivity to oscillator motion) ) (optical back-action on oscillator) )




How motion affects the cavity field
= for slow modulation of the position:

E E...,(Z=0)x]|1+ L
~ = X -
<: cav cav K—IA h

. . 2
Information/photon I F
re: position A T
P K—IAnh
Position read out as phase
modulation
Position read out as phase+amplitude
modulation
—
<€ >




Direct observation of collective atomic motion:
probe side-lock
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Direct observation of collective atomic motion:
probe side-lock

Spectral power in 1ms intervals
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Force/position sensing: Quantum mechanics sets the limit

a)o,r

(2) mechanics
is quantum

m

AQ))

(3) measurement
is quantum

¢_gom

= Z
KZhO

(1) light is quantum

fixed frequency
variable intensity

(2) zero-point motion

Measurement strength

>



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

SFF "FSFFSQL (|deal)

-I 1 1 1 1 I [ .\. 1 1 1 1 11 1 | 1
1 10

Cou  (measurement strength)

“Optically measuring force near the SQL,” Science 344, 1486 (2014)
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Comparison to standard quantum limit
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with atoms and light
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Cavity QED and detection of ultracold atoms

Primer on cavity QED “

How to position atoms in an optical cavity - ' ' -
Cavity-enhanced detection of atom number

¢ Non-equilibrium thermodynamics in a mesoscopic system
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




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)



Cavity-enhanced detection of atom number

— ( \/5\

m Dispersive coupling

light intensity
|9(2)1?

ultracold
2

: rubidium atom
% single atom: W, = w, + -
ACCI,
? Aoy = W —
¢ many atoms: w. = w; +N AL ca c a
ca

(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)




Cavity-enhanced detection of atomic motion (cavity optomechanics)

light intensity
19(2)|?
-
> ‘
®
z
m Dispersive coupling
2
¢ many atoms: W, = W, + ), gA( Z0) o ctAy+ goAmk Zcom

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).




Atom(s) coupled to light in a cavity

cavity supports two
degenerate
polarization modes

—
—

D2 line excited states

r R

ot

m Circular birefringence A ittt i A \

2
# single atom: W, = w, + AL (ao + ay f7)

ca

F=2 ground state
¢ many atoms: we, > w, +Ay Hgs E; grou

(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)




Optical spin detection

H=vyB -S.,; * hgi(616+ + 6i6—) Scoll,z

n A

T

m Longitudinal field:
@ Continuous QND spin detection (S,,;; 4 (t) is const. of motion)
¢ Measurement back-action does not affect measured signal

m Transverse field:

¢ Continuous non-QND spin detection (Swu,z(t) is not const. of motion)
¢ Back-action enters measured signal = standard quantum limits
¢ Cavity feeds measurement back onto dynamics = autonomous feedback



Coherent back-action as autonomous feedback

€— high energy
pole

V'

=)
- - =
| =

e.g. blue-detuned probe

m Dynamics observed through
cavity emission:

¢ phase coherent signal
¢ sideband asymmetry

Larmor precession sidebands
cavity promotes anti-Stokes line,
extracts energy



Autonomous feedback cooling toward high-energy pole

1000 r & A
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“Cooling” toward high-energy pole

m Sideband asymmetry
¢ Cooling to negative spin temperature
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Cavity-enhanced detection of single atoms

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



ODT

Cavity QED with a tweezer array (E6)

tweezer
808 nm

fluorescence
/780 nm

High-resolution lens

1D AOD-generated tweezer array
Single atom fluorescence imaging
Mitutoyo 0.5-NA objective
Detection efficiency n~.015

Near-concentric cavity

Finesse @780 nm: ~15,000
L~1cm

Jmax ~ 21 X 2.7 MHz

K~ 2m X 1.2 MHz

['~2m %X 6.07 MHZz
Cooperativity 4g% /I’ ~ 4
Detection efficiency n~.25
Also high finesse @1560 nm




Fluorescence detection

camera

Single shot

Average

Side-probe
(molasses)



Single shot

Average

Probability density

Scanning probe microscopy with single atoms

approaching
resonance

0.01

0.00

0 500
Photon counts

Fluorescence intensity varies
with imaging light detuning

Fscat X ((‘)L — Wo — 5ac)_2
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s

11
Y

>

O--» 0.78 um’]
Q+thiid

O-t-‘?
saadlii

0.5

Axial distance x (um)

1 “Sparrow resolution”

r=20=300nm

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



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: TEIEEEE Y
1. Load tweezers . :E::-:i
2. Image filled/empty tweezers ridagFgraFagawd
= ¢ B = p & = @ = p & g O
3. Sort ; .._...-a,:u.i
4. Quantum interactions/gates/sensing A - : - :
5. Image state of each tweezer - TERTER
£ E &g EpFpdasp g0 e g E
BEp s e Eg g

Possible improvements:

m Faster readout
¢ Currently takes 10’s of ms. Limits cycle time. Ty
m Atom(s) specific, non-global readout {E -
# Feedback on live quantum system, BN
error correction.

transmission

photon
¢ Cluster state quantum computing, sensing counter

fluorescence



Cavity-based single-atom state detection

Goal: fast, high fidelity detection of three states

No atom
87Rb hyperfine or outside
qubit logical states




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

fluorescence
on
F=2->F =3

@t . repump

photon

counter
repump < >
time

fluorescence




Method 1: (F)luorescence - (R)epump (F)luorescence (FRF)
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Mid-circuit measurement in an atomic tweezer array

Fast, high fidelity detection of three states: (a)
. 0 > 7 2 | 2 R 2 [T
* No atom (or atom outside logical state basis) A2 0B (7/2) o(7/2)
» F=1 hyperfine state (logical |0)) %@
« F=2 hyperfine state (logical |1)) B
B {2, 0HR.(7/2) Ry (m/2)[—====%
Table I. Measurement infidelity and loss probability (b)O sl ' (64)—' +
No atom | F=1 F=2 a | !'-,\ ,ﬁ'\ ,’I § L0 —I,_-.*__.*-+
- Outcome | low-low |low-high| high-X ,_|||_0 5| 3 é’ ‘:\ ¢ S ' +
2;1(0:‘3;‘“;1)“;) Infidelity |0.04(3) % | 0.4(2) % |0.6(2) % q | 7 b 1" EO'S o
Loss prob. n/a 0.2(2) % | 1.4(3) % E:() 2+ -"‘K -’:;I k. j’l S ',‘ |
Transmission | Outcome |high-high | high-low | low-X L *"‘ - » ! oo/ .,...- '
2x (7 = 50 ps) |Infidelity | 0.4(1)% | 1.1(2) % [ 0.9(2) % 0 ¢/]én ’ 2 d (um)SO
+ 5 us Loss prob. n/a 0.7(3) % | 1.4(2) %

excellent recent implementation in fiber cavities

by Lukin group

“Mid-circuit cavity measurement in a neutral atom array,”

Measurement on portion of atom array does not
affect quantum coherence of remainder of array

recent mid-circuit
operations by Kaufman
group, Saffman group,

Physical Review Letters 129, 203602 (2022) 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 W

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




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
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Cavity QED and detection of ultracold atoms

Primer on cavity QED “

How to position atoms in an optical cavity - ' ' -
Cavity-enhanced detection of atom number

¢ Non-equilibrium thermodynamics in a mesoscopic system
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




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)



Cavity-enhanced detection of atom number

— ( \/5\

m Dispersive coupling

light intensity
|9(2)1?

ultracold
2

: rubidium atom
% single atom: W, = w, + -
ACCI,
? Aoy = W —
¢ many atoms: w. = w; +N AL ca c a
ca

(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)




Cavity-enhanced detection of atomic motion (cavity optomechanics)

light intensity
19(2)|?
-
> ‘
®
z
m Dispersive coupling
2
¢ many atoms: W, = W, + ), gA( Z0) o ctAy+ goAmk Zcom

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).




Atom(s) coupled to light in a cavity

cavity supports two
degenerate
polarization modes

—
—

D2 line excited states

r R

ot

m Circular birefringence A ittt i A \

2
# single atom: W, = w, + AL (ao + ay f7)

ca

F=2 ground state
¢ many atoms: we, > w, +Ay Hgs E; grou

(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)




Optical spin detection

H=vyB -S.,; * hgi(616+ + 6i6—) Scoll,z

n A

T

m Longitudinal field:
@ Continuous QND spin detection (S,,;; 4 (t) is const. of motion)
¢ Measurement back-action does not affect measured signal

m Transverse field:

¢ Continuous non-QND spin detection (Swu,z(t) is not const. of motion)
¢ Back-action enters measured signal = standard quantum limits
¢ Cavity feeds measurement back onto dynamics = autonomous feedback



Coherent back-action as autonomous feedback

€— high energy
pole

V'

=)
- - =
| =

e.g. blue-detuned probe

m Dynamics observed through
cavity emission:

¢ phase coherent signal
¢ sideband asymmetry

Larmor precession sidebands
cavity promotes anti-Stokes line,
extracts energy



Autonomous feedback cooling toward high-energy pole

1000 r & A
A

2000 -

starting near
high-energy pole 1000

42, A, —27r><10MHz
['=5.2(2)kHz -

-1000 SR A

starting near

}

2000 = —4.1(3) kHz

|
0 0.05 0.1 0.15 0.2 0.25
Time (ms)




“Cooling” toward high-energy pole

m Sideband asymmetry
¢ Cooling to negative spin temperature

A
o
:

~

-
[N
.

-

o
o
.

=z
w
K
b
O
w
[a'
L 0.8
c
=
o
o
|-
8
@ 0.
T

Spin temperature kzT/hw;

900 -850 850 900

Sideband frequency (kHz)

—
rJ
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Cavity-enhanced detection of single atoms

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



ODT

Cavity QED with a tweezer array (E6)

tweezer
808 nm

fluorescence
/780 nm

High-resolution lens

1D AOD-generated tweezer array
Single atom fluorescence imaging
Mitutoyo 0.5-NA objective
Detection efficiency n~.015

Near-concentric cavity

Finesse @780 nm: ~15,000
L~1cm

Jmax ~ 21 X 2.7 MHz

K~ 2m X 1.2 MHz

['~2m %X 6.07 MHZz
Cooperativity 4g% /I’ ~ 4
Detection efficiency n~.25
Also high finesse @1560 nm




Fluorescence detection

camera

Single shot

Average

Side-probe
(molasses)



Single shot

Average

Probability density

Scanning probe microscopy with single atoms

approaching
resonance

0.01

0.00

0 500
Photon counts

Fluorescence intensity varies
with imaging light detuning

Fscat X ((‘)L — Wo — 5ac)_2

ac Stark shift 5_/2n (MHz) &

y (um)

s

11
Y

>

O--» 0.78 um’]
Q+thiid

O-t-‘?
saadlii

0.5

Axial distance x (um)

1 “Sparrow resolution”

r=20=300nm

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



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: TEIEEEE Y
1. Load tweezers . :E::-:i
2. Image filled/empty tweezers ridagFgraFagawd
= ¢ B = p & = @ = p & g O
3. Sort ; .._...-a,:u.i
4. Quantum interactions/gates/sensing A - : - :
5. Image state of each tweezer - TERTER
£ E &g EpFpdasp g0 e g E
BEp s e Eg g

Possible improvements:

m Faster readout
¢ Currently takes 10’s of ms. Limits cycle time. Ty
m Atom(s) specific, non-global readout {E -
# Feedback on live quantum system, BN
error correction.

transmission

photon
¢ Cluster state quantum computing, sensing counter

fluorescence



Cavity-based single-atom state detection

Goal: fast, high fidelity detection of three states

No atom
87Rb hyperfine or outside
qubit logical states




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

fluorescence
on
F=2->F =3

@t . repump

photon

counter
repump < >
time

fluorescence




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

-
o

)
=
£1.0
QL
o
u—
<

0.1

10 20 30 0 25 50 75 100
Interval-1 count Ttot (HMS)




Mid-circuit measurement in an atomic tweezer array

Fast, high fidelity detection of three states: (a)
. 0 > 7 2 | 2 R 2 [T
* No atom (or atom outside logical state basis) A2 0B (7/2) o(7/2)
» F=1 hyperfine state (logical |0)) %@
« F=2 hyperfine state (logical |1)) B
B {2, 0HR.(7/2) Ry (m/2)[—====%
Table I. Measurement infidelity and loss probability (b)O sl ' (64)—' +
No atom | F=1 F=2 a | !'-,\ ,ﬁ'\ ,’I § L0 —I,_-.*__.*-+
- Outcome | low-low |low-high| high-X ,_|||_0 5| 3 é’ ‘:\ ¢ S ' +
2;1(0:‘3;‘“;1)“;) Infidelity |0.04(3) % | 0.4(2) % |0.6(2) % q | 7 b 1" EO'S o
Loss prob. n/a 0.2(2) % | 1.4(3) % E:() 2+ -"‘K -’:;I k. j’l S ',‘ |
Transmission | Outcome |high-high | high-low | low-X L *"‘ - » ! oo/ .,...- '
2x (7 = 50 ps) |Infidelity | 0.4(1)% | 1.1(2) % [ 0.9(2) % 0 ¢/]én ’ 2 d (um)SO
+ 5 us Loss prob. n/a 0.7(3) % | 1.4(2) %

excellent recent implementation in fiber cavities

by Lukin group

“Mid-circuit cavity measurement in a neutral atom array,”

Measurement on portion of atom array does not
affect quantum coherence of remainder of array

recent mid-circuit
operations by Kaufman
group, Saffman group,

Physical Review Letters 129, 203602 (2022) 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 W

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




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
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|
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:

m Robust operation of quantum technologies

op-amps Vg_

m Sensors with expanded dynamic range

Measurement S(t)

Quantum system m Detector
m Fundamental quantum science

Backaction

PRL 129, 050401 (2022)

Feedback D(t




Feedback control of quantum systems

: comparator

N

reference input

(setpoint)

classical

m Measurement-based feedback

D

\

controller

disturbance

|

error signal

plant (system)

SENSOr

¢ Mid-circuit measurement and feedback/error correction
m Autonomous (coherent) feedback
¢ Stabilization of spin ensemble through cavity backaction

>

controlled
variable
(output)



Autonomous stabilization of longitudinal spin (energy)

cavity pump detunmg
Aser = wp
ot

magneto-optics
vector ac Stark shift minimum energy maximum energy
p A N A —F +F

H s n A
R ASGtC+C++wLF'"+ gS C_I_C_I_(P'" COSH‘I‘FJ_SIHH)

Ao T o T \
A=Ager — gsﬁll cos 6 “sensor” ‘ T

“comparator” <
“controller”

cavity spin optodynamics
backaction on spin
PRL 118, 063604 (2017)



Autonomous stabilization of longitudinal spin (energy)

Set at equator, apply stabilization A Aset/2mr = —0.7MHz —0.1 MHz +1.2MHz
Monitor energy transfer: heterodyne detection 5 9 | l
of sideband power 9 257
L 22w 6
Steady state: measure atomic spin 5 9%
382 3
# demonstrates feedback b_ 3~ g
3
4 confirms set-point equation %Dqg S0
" o522
A = Agey — gsFy cos 6 = O 5 100 5 100 5 10
Pumping time (ms)
C
—~ 2
o
cavity frequency modulation amplitude & S
AT A A . = P 0
gs C1Cy F) sinb € 9
T
E_ _2 [~

shallow angle (small sin 0)
spin dephases before railing Pump detuning As: /27 (MHz)




Collective atom-cavity interations

“tweezers for cavity QED”

Theory collab.
(Columbia)

Ana Asenjo-Garcia
Stuart Masson
Cosimo Rusconi

“Superradiant and subradiant cavity scattering by atom arrays,”
Physical Review Letters 131, 253603 (2023)



Collective emission and the Dicke phase transition

side pump (plane wave) tweezer-positioned atoms

cavity
field g(2)

H At A ~ Tt 1 A * A 5
% = _Apc CTC + z Wy i bi bi — A—Z(QiCT + QiC)g(Zi)
a

m each atom scatters into cavity field



Collective emission and the Dicke phase transition

side pump (plane wave) tweezer-positioned atoms

cavity
field g(2)

H At A ~ Tt 1 A * A 5
% = _Apc CTC + z Wy i bi bi — A—Z(QiCT + Q,;C)g(Z,;)
a

m each atom scatters into cavity field
4 source of collective emission, N? scaling of emission intensity



Super- and sub-radiant Rayleigh scattering by two atoms

(191111)~m

d count
side pump rate

here: standing wave

ng = single atom

n, =two atoms



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

theory: intensity=AN + B (N? — N)

A < {|Q91%)motion (single atom emission) y Subtle point:
B < {Q9)motion|? (2-atom interference)
“Magic detuning”

(-511 MHz from F = 2 —» F' = 3 D2 transition)
multi-level 8/Rb atom = two-level atom

nteger

spacing * scattering amplitude indep. of hyperfine spin

e Raman transition rate near zero
+ e only scalar Stark shift
* also occurs for other atoms

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

~_spacing....- I states,” arxiv:2312.08370

Atom Number N

“Superradiant and subradiant cavity scattering by
atom arrays,” PRL 131, 253603 (2023)



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

theory: intensity=AN + B (N? — N)
zigzag between even and odd atom

A (|Q91%)motion (single atom emission) number!

B & [{Q9)motion|? (2-atom interference)

/.
ff Integer
/ spacing

half-integer

spacing....---"""

8 Atom Number N

Atom Number N : : : .
“Superradiant and subradiant cavity scattering by

atom arrays,” PRL 131, 253603 (2023)




Collective emission and the Dicke phase transition

side pump (plane wave) tweezer-positioned atoms

( M=)

H ot n ~ta 1 . A
% = _Apc CTC + z Wy i bi bi — A—Z(QiCT + QiC)g(Zi)
a

m each atom scatters into cavity field
4 source of collective emission, N? scaling of emission intensity
m 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)



visiting with collaborators
Cosimo, Stuart and Ana
New York City, April 8, 2024
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Lunar topography data from NASA's Lunar Reconnaissance
Orbiter and the Japan Aerospace Exploration Agency's SELENE
lunar orbiter were used to precisely calculate the location of the
Moon's shadow for the 2024 total solar eclipse. The planetary
positions are from NASA's Jet Propulsion Laboratory

Development Ephemeris 421. Earth imagery from NASA's Blue 4

Marble: Next Generation series were used to create the terrain £ :
and Earth at night imagery from NASA's Black Marble were used ¥ BAJA ™
under the eclipse path. CALIFORNIA

2024 Total Solar Eclipse \SUR
Monday, April 8, 2024 2

Credit: Michala Garrison and the Scientific Visualization Studio (SVS), in
with the NASA Team (NASA HEAT),
part of NASA's Science Activation portfolio
Eclipse calculations by Erie Wright, NASA Goddard Space Flight Center
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(Don’t) look up!



(Don’t) look up!

~ Nicolas Lefaudeux 2017



Dicke model

H ot s A AN
W %= wy, C C+2702,i—\/—ﬁ(c +C)Zax’i

“... an interesting caricature has been
invented by Dicke...”

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

H =-E-d

>
E)

cold~T=0K PLoS ONE 15, 0235197 (2020)

Roses, DallaTorre,



(Don’t) look up!
Do-esl this occur naturally?

m Look up! Answer is no.

% / 3
—— &2 [[771.(0]
' ;]C Bohr

m Realized in driven quantum optical syétems
< Drive lowers effective w,
- © Raman transitions lower effective w

“Baumann et al: BEC, atomic states of motion
Zhigiang et al: hyperfine states
| ~ here: N atoms, vibrations in tweezer

" Nicolas Lefaudeux 2017



Lots of design parameters!

Collective emission and the Dicke phase transition

@

H 1 (Zl) = 0 Sln k(Zl, ZO l,)
= by ety wy bh 1y (T +0E)gE) = gokayo (B +5)

w
| T) ___AchTC‘FZ ZlA, ] =16
| 1 ){ ., | atoms at antinodes

(calibration)

strength and phase of complex couplings Q;
disorder and explicit symmetry breaking
time varying parameters

time/f yins p ltiolexi £ sinal i+ atoms at nodes
ime/frequency multiplexing of single cavity —— (Dicke model)
measurement and feedback probe intensity (mW/cm2)

:




Observation of Z, symmetry breaking

+30 MHz

(M1 ) -

O

balanced heterodyne receiver.

]

o
U
A
[¥]
9,
o
—_
Q

demodulate to get
amplitude and phase of cavity field

0.00 0.02 0.04 0.06 0.08 0.10
time(ms)
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Explicit symmetry breaking
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Mechanical susceptibility

Cavity Light signal (a.u.)

g of | l d i =
0.0 25 5.0 7Pilmp pov:,()é?. (UW) 12.5 15.0 17.5
20 Below Phase transition
® Above Phase transition (resacled by 1/3) ‘
15 A "
!
10 A
}
1
5 -
0 4
_5 —
!
_10 -
)
| ‘ 4
_15 m * +
_20 -
T T T T T
-0.2 -0.1 0.0 0.1 0.2

48



Mechanical susceptibility

(a)
2.0
T 15
o
I
d
=<
AXx
1.0
0.5 25 35 45
Q/2n[MHz]

-02 -01 00 01 02
AZ[A]

49



Optomechanics and superparamagnetism

“Phase transitions strictly occur only in the thermodynamic limit”

B e.g. superparamagnetism in nanomagnets
¢ relevant to magnetic data storage, biomedical imaging

ferro- N .
magnetism [ s - A o
L !

(U,> KT)

thermal energy
(kT) i

super- / Oe
paramagnetism ¢
spin

(U, < KT) fluctuation Jun et al., Acc. Chem. Res. 41, 179 (2008)




Optomechanics and superparamagnetism

m Switching dynamics in meoscopic Dicke model

¢ Exponential distribution (Poisson) + rapid switches (over-the-
barrier dynamics?)

N=18

sideprobe power (UW)= 28.38 sideprobe power (UW)= 32.42 sideprobe power (UW)= 36.34

=== exponential fit, t_switch=62.19 ] === exponential fit, t_switch=44.18 === exponential fit, t_switch=50.99

(&)
b=
LY
-
(=]
_‘1)
o
=
(=1

so 75 100 125 150 175 5 s 75 100 125 150 175 5 S0 75 100 125 150 175
residence time [us] residence time [us] residence time [us]

2.0
0.00 0.02 0.04 0.06 0.08 0.10
time(ms)




Next steps

Mesoscopic signatures in driven-dissipative phase transition
¢ Switching dynamics
¢ Finite-size scaling

Quantum optics effects
¢ Cavity pulling -> tristability
¢ Effects of atomic saturation
¢ Limiton 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



E6 team

Jacquelyn Ho
Leon Lu
Nathan Song
Tai Xiang
Zhenjie Yan

E3 team

Theory collab.
(Columbia)

Olive Eilbott
Julian Wolf

Ana Asenjo-Garcia
Stuart Masson
Cosimo Rusconi

$¢$ Thanks! AFOSR, ARO (MURIs and single PI), DARPA, DOE (QSA), NSF, ONR, Heising-Simons C | CC GualEnEe sdu o Lo;

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
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Quantum simulation of novel phases of matter
£ é \:aﬁ .y

2 - <
\ f Ty %
| ‘ : ‘}’-
; b e ’ N ! y
0 ‘ G U : » A ”
'

m Quantum gases in non-primitive triangular lattices
¢ Navigating through the geometry of band structure
¢ Renormalization of band structure in a flat band system

m Laser cooling of transition-metal atoms
¢ First laser-cooled gases of titanium



Band structure in 2D materials

m Special features of 2D band structures endow materials of
interacting particles with interesting properties

m 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

===

Nature 459,
820 (2009) bilayer graphene

PNAS 108, twisted bilayer graphene
12233 (2011)




Triangular lattice with tunable geometry

short wavelength long wavelength combined
A =532 nnm A =1064 nm optical potential
polarization in plane polarization in plane

high

low

primitive triangular lattice honeycomb lattice kagome lattice

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



ic probe of singularities in band structure,”

“Direct geometr

Science 377, 1319 (2022)

*a



Honeycomb (graphene) lattice

lattice depth 60 kHz

quadratic
band-touching
point

geometrically
frustrated
flat band

N
T

Z
>
ao
—
U
c
v

linear (Dirac)
band-touching
point




Bichromatic lattice
8¢ sw (), Swy sy (t) 5 5Pz sw(t), Sws sy (t)
S5¢o 1w (t), Swy (L) 706‘q ’7’77 S¢3 Lw(t), Swsz py(t)

T é
beam pair 3

--------------------------------------------

beam pair 2
1 -3 Interferometer i optically trapped

(Not shown) :  rubidium atoms
............................ !
- 1-2 Interferometer :
| | E
beam pair 1 E
E EEEN
: feedback
P TEee to AOMs
stabilized
to+1 nm

e -
------------------------------------------------------------------------------



Navigating within band structure

Lattice

equivalent to qgroms = —qiat \
y Atoms

y/

, h
accelerate lattice to v = - Qiat

m Turn up & then accelerate lattice: prepares atoms in ground state & then drives to g # 0



Navigating within band structure

Lattice

equivalent to 9 toms = —Qiat

_ h
accelerate lattice to v, = - iat

m Turn up & then accelerate lattice: prepares atoms in ground state & then drives to g # 0
m Accelerate & then turn up lattice: prepares atoms in higher band and g +# 0, “inverse band mapping”



Geometry at a linear band touching point

pseudospin:
|4y =1T)
B =¢|!)

H=vao-(q—qp)

T pseudo-
magnetic
/ field
° —l
Dirac
point

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

dy

dx



Geometry at a linear band touching point

pseudo-
magnetic How to characterize the singularity at the Dirac point?
/ field
1. Measure Berry phase going around Dirac point
Duca et al (Bloch group), Science 347, 288 (2015)
—>
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” Geometry at a linear band touching point

pseudo-
T magnetic How to characterize the singularity at the Dirac point?
Ax \ / field
1. Measure Berry phase going around Dirac point
Duca et al (Bloch group), Science 347, 288 (2015)
<+ o —>
D”.ac 2. Measure state rotation (non-Abelian holonomy)
point \ going through Dirac point
/ \ measure population
l in lower/upper band Pyyer = C0S2(6/2)
0
start in, say, c Pupper = Sin®(0/2)
lower band



Geometry of Dirac point in honeycomb (IR only) lattice

band population

/2 T 37/2 27 slowly ramp down

Turning angle, 6 4 honeycomb lattice
(band-mapping)




Probes of Bloch manifold geometry

Differential geometry described by non-Abelian Berry connection: A,,(q) =i (u’q‘|6q|ugl)

Observable through nonholonomy of parallel transport

m Non-degenerate bands -> Abelian Berry phase nonholonomy produced by diagonal 4,,,,(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)

m Degenerate bands -> Non-Abelian nonholonomy produced by off-diagonal 4,,,,,(q) withn #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

Quasimomentum

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 m Berry phase* that is
undetectable by interferometry

* with typical symmetry assumptions
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Geometry at a quadratic band touching point

Expected:

Piower = C(_)SZ(H)
Pupper = sin”(6)
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Geometric frustration

m Route to realizing novel quantum phases of matter

m Focus here on orbital geometric frustration

kagome lattice




Geometric frustration

(a) Lieb lattice Kagome lattice

. A
Y Yo R -
A lam NN
I- ------ I } l
| | | \X X X Huhtinen... Torm3, et al., P&ivi. (2018).

“Spin-Imbalanced Pairing and Fermi
('3) (d) Surface Deformation in Flat Bands,” PRB
97, 214503 (2018)

= flat band

v Van Hove
singularities

« Dirac points

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




Measuring band structure dispersion

(:{i.) Viattice = 0 Vlattice + 0
gA |/ N sk | f v
5
14
~ "
-2-1012 -2-1 012
q/490 ¢/qo

Force ‘ ‘

87Rb BEC
N b/w (0.4 — 22) x 10*
no b/w (2 —11) x 1013 cm3




Measuring band structure dispersion

Bloch states in velocity space

n=3

4 Ymax




Measuring band structure dispersion

(a) ks /qx
-3 0 3
b-C 3 ) . ' . ' - - ' .
= O« . : . : ._... o @
<& 8 e e . ® -
-3 %1’ I ] Hellmann-Feynman theorem
Nma,x, i - ._‘ -'_"; & ,"\ ! . ’r"@‘.:'" dE
- s [ o * : ’ @' : N
| e ;‘-.-%g__:-_’\,' " . ;Eﬁ’;* . i ?;:‘.;-._,k?.:_ - o _A _ < dHA |l/)/1>
] s - &
l R
0
0.6 V.E ( ) — p
(c) qgtn\q) = l/)A m lp/’l
— 0.
-,E:‘
s
= 0.
°°  “flat” band of the kagome lattice is not flat!

0 0.5 1 1.5 2
“Interaction-enhanced group velocity of bosons in

the flat band of an optical kagome lattice,”
Phys. Rev. Lett. 125, 133001 (2020)



Band structure renormalization

m 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...
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Interacting bosons in a flat band

week ending

PHYSICAL REVIEW B 82, 184502 (2010) PRL 109, 265302 (2012) PHYSICAL REVIEW LETTERS 28 DECEMBER 2012
Bose condensation in flat bands Superfluidity of Bosons in Kagome Lattices with Frustration
Sebastian D. Huber and Ehud Altman Yi-Zhuang You, Zhu Chen, Xiao-Qi Sun, and Hui Zhai*
Department of Condensed Matter Physics, The Wetzmann Institute of Science, Rehovot 76100, Israc Institute for Advanced Study, Tsinghua University, Beijing 100084, China

(Received 27 July 2010; published 2 November 2010) (Received 7 August 2012; revised manuscript received 16 October 2012; published 28 December 2012)

K M
» CDW + SF SF 3 0.5} Up/t=0.3 Up/t=3.0 (c)
% 0.8 LT? 0.10
. | 0.05}
A W 0.00l -
Sos M T K MM T K M
S\ MAMMANMAA : 02
FIG. 1. (a) Kagome lattice, partitioned into A, B, C sublattices.
(b) Band structure with inverted hopping sign, where I' = (0, 0),
K= (27/3,0), and M = (7/2, w/2/3). (c) Mean-field energy
landscape for different Up/t. Energy shifted by E, = —2¢ +
Up/3.
Wigner crystal lattice supersolid superfluid
: = >
1 1 filling of flat (bottom) band

Vsite = g Vsite ~ 0 3



Instability of kagome flat-band population

holdtime (us) S0 150

250 350 450

3rd band .
diffraction images =

visbility decay

m Atoms are the least stable in the
n = 3 band, lifetime ~ 100’s ps.

visbility

1000 1500 2000
time(us)

2500



Next steps: fermions in flat bands

honeycomb lattice

10 lattice depth 60 kHz

N
T

=
>
B0
S
]
<
]

geometrically
frustrated
flat bands

kagome lattice

lattice depths
(sz, VLW) = h X (15, 25) kHz




Next steps: fermions in flat bands

10 lattice depth 60 kHz
adding 490K atoms (fermions) to our setup

adjust filling to place Fermi energy
within flat band

N
T

=
>
B0
S
]
<
]

m Weak/non interacting
& Metal? No Fermi surface

geometrically
frustrated

m Repulsive interactions flat bands

¢ Flat band ferromagnetism |
lattice depths

- (sz, VLW) = h X (15, 25) kHz
m Attractive interactions |

¢ “high” temperature superconductor?
¢ But... no Fermi surface?




Laser-cooling of transition-metal atoms
-y b » -

.
“Laser cooling of transition-metal atoms,”
Phys. Rev. A 102, 053327 (2020)
- “Isotope shifts in the metastable a °F and excited y °G° 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)
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He
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Topological superconductors through spin-orbit coupling

‘ ‘ ‘ . 7 s-wave SC ; E

1D wire
|£ T——
X

s-wave superconductor | Trivial

also works in 2D Rashba -> p+|p 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)

Necessary ingredients

m fermions

m interactions (s-wave will do)

m spin-orbit coupling

m stable mixtures of 2 or more spin states



spherical atoms, L = 0
(too simple)
isotropic light-atom interaction*®

lanthanide atoms, L ~ 6 (big)

(too complex)
too magnetic: spin mixtures unstable

5 6 7 8 9 10 11 12 13 14 15 16 17 18
He
5 6 7 8 9 || 10
BI| C||NJlOIlF|[|Ne
13 (|14 (|15 (| 16 || 17 || 18
Al [| Si || P S || Cl || Ar
23 25 |1 26 || 27 [ 28 [ 29 [| 30 [| 31 (| 32 || 33 || 34 || 35 || 36
V RCriiMn|| Fe ||Co || Ni||Cu||lZn||Ga]||lGe]||As || Se || Br || Kr
41 [| 42 || 43 || 44 || 45 || 46 || 47 || 48 || 49 || 50 (| 51 || 52 || 53 || 54
Nb|[Mo|| Tc [[Ru[[Rh || Pd||Ag || Cd || In||Sn||Sb|[Te || I || Xe
3|74 175 ([ 76 (|77 || 78 || 79|/ 80 || 81 || 82 || 83 || 84 || 85 || 86
Ta || W || Re[[Os|| Ir || Pt [|Aul|[Hg]|| TI || Pb || Bi || Po|| At || Rn
105)1106|[107|[108([109((110(| 111 {{112(|113||114||115]|116|]|117|[118
Db || Sg || Bh [[Hs [[Mt||Ds || Rg || Cn||Nh|| FI [|[Mc||Lv || Ts ||Og
59 [| 60 [| 61 || 62 || 63 || 64 71
Pr ||Nd |[Pm|[[Sm || Eu || Gd Lu
911192 || 93 [| 94 || 95 || 96 103
Pa [ U ||Np|[|Pu|[|Am||Cm Lr




r

36
Kr

53
I

54
Xe

85

86

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

Group =7 2 3 4 5 6 7 8 9 10
Period
Y L
1 identify a new family of
5 4 transition-metal elements to be
cooled to quantum degeneracy
3
4 23 § 25 26 27
Ti Cr K Mn Fe Co
5 } 41 43 45 || 46
Zr It Nb Mo Tc Ru Rh || Pd
6 74 77 || 78
Hf Ta W Ir [| Pt
7 104 ([{105([106(|107(|108{|109||110(|111
Rf [| Db || Sg [| Bh || Hs || Mt || Ds || Rg
*158 159 |[60|[61]62] 63|64 67
Ce Ll Pr |INd|[[Pm||Sm|]| Eu || Gd Ho

71
Lu

*190 (191 (]92]|93
Th || Pa || U ||Np

spherical atoms, L = 0

intermediate atoms, L = 2,3

(too simple) (just right)

isotropic light-atom interaction*®

WO || o
A~||Tu

103

Lr

lanthanide atoms, L ~ 6 (big)
(too complex)
too magnetic: spin mixtures unstable




Titanium vs. the alkalis: vector and tensor Stark shift

Wavelength (nm) Wavelength (nm)
400 300 550 540 530 520
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Wavenumber (103 cm™1) Detuning (THz)

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



Scheme for laser cooling titanium
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Scheme for laser cooling titanium

EC

EC EC

345 EC E3.TE9 9.501

100
Cad3 Cadd

Ti4s

04 £2- L1 - (X8 E
&0 T3 738 55 54 d
Scd5 Scd6 Scd7 Sc48 Scd9
B379d 33492d 43.67 h 572 m
2. 4+ 2= 6+ 2. 5+
- #*
i 0 i i 3

Cat6

3d%(°F)4s 4p ( 'P):y °Gs

365 nm
L

2365
Y53
L61m

Tid9

laser cool like Ca?

leakage ~ 10"

ground

3d? ( 3F)452: a 3F]

(Ca-like)



Scheme for laser cooling titanium

2.501

E
46 47
04 2~ L1 - (X8 -
&0 73 T3 55 54 d
Scd5 Scdb Scd7 Sc48 Scd9
Th B3T79d 33492d 4367 h 572 m 10258
+ 2 4+ "2 6+ 2. t
# & EY B
100 0 i i i a E

Cadd Cad6 EOTTH Cads L

Y49
3u0d LAE+1T ¥
-

EC{
00,750 i

EC A
Tid Ti48 Tid49 Tis0

5

7

498 nm

— 3d3( 4F)4p:y G

Safronova:

3d%( °F)4s 4p (°P):z °Gg

1040 nm
'=2mXx11.3 kHz

metastable

~ 3d3( *F)4s:a °Fs
(K-like)

Ballpark estimate:

leakage ~ 10
leakage ~ 107



Transition-metal laser-cooling cornucopia

Atom Ground state Metastable state Excited state
config. term config. term energy decay rate config. term energy Cooling Linewidth
(em™ 1) (mllz) {em™1) trans. {nm) (MHz/27)
Sc[21-23] 3d4s? a’Daje 3d2(°F)4s  a*Fy;,  11677.3121 — 3d°(*F)dp 240‘11/2 45761.10(.05)  567.3402(15) 8.6
Y[24-26] 4d5s*  a’Dasy 4d°(PF)5s  a'Fyp  11532.006 — 4d*(*F)5p Z'Gly, 29820.374(13)  546.7986(4) 10.
La[25, 27, 28] 5d6s? ®Dasy  5d*(3F)6s  ‘Fys 4121.572 — 5d (P FY6p e 2 20117.38 625.166 5.86
4f5d(3G" )6s 11/2 24841.42 406.148 8.9
Ac[29] 6d7s®>  a’Dssz 6d°(PF)Ts  a*Fy, 12078.07 — 6d2(®F)7p Gl 33420.76 468.34° —
Ti[30-33] 3d*4s* ®Fy  3dP(*F)ds  o°Fs 6842.962 — 3d*(*F)4p yPGs  26910.709(5)  498.3121(3) 10.5
3d*4s4p ® 5@y 16458.671(4) 1039.9660(13)  0.0113
7r[25, 34] 4d?5s* d®Fy  AdP(*F)5s  d°F3 5888.93 — 4d*(*F)5p Tien 16978.29 468.780° —
4d*5s5p™ G 27214.89 901.77° —
V[35-40] 3d%4s*  a'Fa, 3d'(°D)ds  a®Dy;  2424.809(2) 0.017 3d*(°D)4p yGFf1,2 25253.457(2)  438.04603(18) 18.3
3d*4s4p™ 2°F),, 18680.070(3)  615.1955(2) —
3d*(*H)4s a*Hiz;» 15062.959 — 3d*(*H)4p z‘*IfE/Z 37518.445(4)  445.32548(12) 13.
Nb[25, 34, 41]  4d*(®D)5s @Dy, — a® Dy s 1050.26 — Ad*(*H)5p ¥y 25680.36 405.894° —
Ad*55(°F)5p 2], 52 20939.92(2)  502.6335(5)° —
4d*(*H)bs a*Hiz;p  11524.65 — 4d* (P H)5p S 33116.36 463.1407 —
Mn[21, 25, 42, 43]  3d°4s®  a%Ss; — — 0 0 3d°(°S)4s4p(*P") 2P, 24802.25 403.076 2.71
P, 24788.05 403.307 2.63
5P, 24779.32 403.449 2.51
3d°(°D)4s a®Dgss  17052.29 290 3d°(°D)4p 2°F /2 43314.23 380.780 9.4
3d°(*H)4s a*Hyza  34138.88 — 3d°(*H)4p P 58852.60 404.634° —
‘L'c[44-46] 4d°55*  ab8;,; 4d°(°D)5s  a®Dyyy 2572.89 — 4d%(®* D)5p 2PFY 30067.29 363.7106 25.0
Ad°(®*H)5s *Hy3,  16553.39 — 4d%(* H)5p i A 42996.15 378.0680 —
Fe[47-49) 3d5452 a®Ds  3d"(*F)ds  o°F; 6928.268 2.0 3d"(*F)dp Gy 26874.550(1)  358.22150(4) 16.2
Ru[25, 29, 50]  4d°(*F)5s  o°F; — — 0 0 Ad" (*F)5p Gy 26816.23 349.994 13.7
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Titanium vs. the alkalis: atomic beams

- -

vapor pressure ~ 103 mbar - | L.

Rb: 400 K How to produce a metastable-state atomic beam?

Ti: 1840K

25°C (g Effusion Cell
100750 °C (gas) Temp eratures

750-1350 °C

1350-2000 °C
[ITA TVA VA VIA VIIA

>2000 °C (e-beam)

OERLCR s VB VB VIB VIB — VIIB— 1B LB

. ca [GSI I TG v ESERIN <. 21 o IEEEE

Rb Sr.Zr Nb MoRu..Ag In Sn Sbn

cr o Bl v 1+ w =B v o0 RN - = EOEIED
e Ral 5 R0 53 e

T ... Nd MSm Eu .- Dy Ho Er Tm Yb.

from NSF PARADIM website

metastable a °F;

35 kg X 9800 K




Buffer gas beam source

(Cryogenic) buffer gas beam previous: Ti into cryogenic He and Ne

Lu, Hardman, Weinstein, Zygelman, PRA 77, 06701 (2008)
Many thanks to Jonathan Weinstein (UNR) for getting us started!

Cold Cell \WindOWS

(b) Ablation Target

10 ps

{ ':ﬂ g )

100 ps

{4 j:ﬂ £ )

time-resolving expansion and kinetic thermalization of
a >F, Ti into room temperature Ar buffer gas

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



Cold beam of metastable atoms by ablation into buffer gas

m Is high population of metastable atoms preserved

very hot hot cold in buffer gas collisions?
plasma neutral neutral . : : :
~ 20000 K ~ 4000 K ~ 300 K ¢ Fine-structure relaxation slow in cold He-Ti
' collisions [PRA 77, 06701 (2008)]

| !

fit not possible
a3F, in Ar (0.2 sccm)

about 10% of ground
state population!

Production of aF, Ato compare: duction of a°F5 Atoms

exp —
p kB Troom

v
o
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—
Q
o
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@]
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>
5
)
e
g
Ll

200 300 400 500 600 ' 200 400 600
Cell Pressure [mTorr] Cell Pressure [mTorr]

Time [us]

we also see metastable atoms emerge as beam from cell



Atomic physics with a titanium-sublimation vacuum pump

is it rea[[y this simple? Agilent Varian Replacement Mini Ti-Ball Source

Condition: New
Part Number: P108787
Warranty: Varian Warranty

Available Now: 1

= gale: $1,227.33

atom beam probes
ground:  a 3F, - y 3F, (400 nm) optical pumping
metastable: a °Fs — y °Gg (498 nm) a °F, >y °D, (391 nm)
3d*(°F)4s4p(°P°) y°Dj N
3 CFMsAP(1P) Y2 | N T2 60KH: SRARE
/

Fdark:2ﬂ-950 kHz

Longitudinal Probe _ ransverse Probe

Mini Ti Ball

524 nm
GS Imag. [=27-60 kHz 498 nm

400 nm Opt. Pump. _
F 9.8 6 MHz 301 nm ['=2mx10.5 MHz

=2m-300 kHz

3d%4s? a3F,

Ti shroud




Atomic physics with a titanium-sublimation vacuum pump

transverse Doppler profiles longitudinal Doppler profiles

< a>Fs pumped ¢ a°Fs pumped
¢ a°Fs thermal x40 . ¢ a’F, thermal

O\ ¢ a’F, thermal
(@)
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—
<<
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wn

500 1000 1500 2000 2500
v [m/s]

Kasr, = 2.35(0.011)
ko3¢, = 2.68(0.003)

~100 0 100
535"—5 [MHZ]




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

_— flag
A\ (no line of sight)

m Try to laser cool and trap the low-velocity tail (< 50 m/s?) of a
1600 K thermal distribution (vy, = 750 m/s)

5 MOT field
: m Block direct line of sight

optical

pumping
(391 nm)




First laser cooling and trapping of atomic titanium
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First laser cooling and trapping of atomic titanium

Atom column density [pm™2]

Magneto-optical trapping achieved separately for three o 2 4 6
I = 0 isotopes: “#6Ti, “8Ti, 0Ti 50000

100 L 40000

¢ based on isotope spectroscopy of laser cooling (498 nm)
[PRA 103, 032818 (2021)] and optical pumping (391 nm)
transitions

30000

Atom number

20000

Vert. dist [pm]

10000

0 1 onm

Atom number estimate: N ~ 5 X 104 -100 0 100 0.05 010 0.15 0.20

Horiz. dist [pum] time from OP shutter opening [s]

¢ rudimentary setup, many improvements to come

Atom temperature estimate: T ~ 250 pK (Doppler)
¢ polarization-gradient cooling? T ~ 10 pK
¢ narrow-line MOT? T ~ 100 nK (Doppler)

2% 1071

—

Lifetime measurement allows for estimated upper bound
for leakage out of laser cooling transition: < 2 x 107°

¢ also constrains light-induced loss rate:
L <2x107 cm3s™?

MOT lifetime [s]

10~°
lon pump pressure [mbar]




Some next steps

m Mini Ti-ball MOT

& Lots of little fixes, characterization 7_ — G
¢ Fermionic isotopes 498.3121 nm,
& First steps toward telecommuncations-band optical 2m-10.5 MHz

¢ Ti atoms in optical tweezers 1039.966 nm,
% Internal state manipulations 2m-11.3kHz

m Brighter sources = more atoms = quantum gases
¢ Ablation-fed buffer gas beam = 2D MOT

& Ti-sub beam = Zeeman slower
1549 nm wavelength, 240 uHz

linewidth
m Other transition metals!

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

Phys. Rev. A 107, L051102 (2023)
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