Rydberg atoms in optical tweezers

Lecture 2: Arrays of atoms. Basics of Rydberg physics.
Rydberg blockade (2-body physics) & gates
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Goal: many-body physics and QIP with individual atoms
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Outline

Experimental considerations: arrays of
individual atoms

“Rydbergology”: scalings, interactions,
blockade...

Measurement of interactions between
Rydberg atoms: towards many-body physics

. Application of Rydberg blockade to QIP
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Optical dipole trap
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Optical dipole trap
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Optical dipole trap

Classical Quantum
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Optical dipole trap

Classical
E d=aE
laser —I—>
k, ®

Harmonic oscillator model

o) “ L /
0 g f ®

Interaction atom - light

U(x) ~ - o E(x)?

—> Conservative POTENTIAL

1/ (0 - o)

Quantum

Q= d.E
d = (e|D|g)

Trap depth ~ 100 uK -1 mK

— cold atoms j
F~ 4»\” ~ IOOPM



Optical tweezers: trapping in 3D

High field seekers w < w,

Gaussian beam \ 1
/I \<- b




Optical tweezers: trapping in 3D

High field seekers w < w,

Gaussian beam \ 1

4— | ~w

/I

Diffraction limited optics w ~ )\
Trapping volume ~ w\°

NA =sin a

W~ M/NA Ex: 1 mWon1lum

Trap depth =1 mK



Optical tweezers: trapping in 3D

Schlosser, Nature (2001); Sortais, PRA (2007)

Dipole trap light W~ —
850 nm

aspheric lens
NA =0.5
f=10 mm

w~1um
Volume ~ 1 um?3




Single atoms in optical tweezers

Schlosser, Nature (2001); Sortais, PRA (2007) x5

Dipole trap light w' —= ] ABows.
’<h.
Fluorescence Dichroic mirror
780nm
P 30 wim .

Reservoir = cold atoms 8/Rb
T~100uk 2

?



fluorescence

Single atoms in optical tweezers

Schlosser, Nature (2001); Sortais, PRA (2007)

Dipole trap light
850 nm

Fluorescence
780nm

Dichroic mirror
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fluorescence

Fluorescence
780nm

Single atoms in optical tweezers

Schlosser, Nature (2001); Sortais, PRA (2007)

Dipole trap light
850 nm

Dichroic mirror

Non-deterministic
single-atom source



Light-assisted collisions prevents 2 atoms...




Which atoms?
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Holographic 2D arrays of tweezers

2T g AR DRDT
Spatial Light o || 588
Modulator o(x,y
] (liquid crystals)
Reconfigurable
=
{ dla)
£ )
— ¢
!
Bergamini, JOSA B 21, 1889 (2004) !
Nogrette, PRX 4, 021034 (2014) N
i s

SLM pattern

Iterative algorithm
[Gerchberg — Saxton (1972)]

‘ 2

|FT[6W(‘”’?J)]

£
o

L’_\/_,JTF[E;M’“’S] l



Holographic 2D arrays of tweezers

Spatial Light
Modulator

(liquid crystals)
Reconfigurable

Bergamini, JOSA B 21, 1889 (2004)
Nogrette, PRX 4, 021034 (2014)
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Atom-by-atom assembling of 2D arrays

Problem: stochastic loading (p ~ 0.5)




Atom-by-atom assembling of 2D arrays

Problem: stochastic loading (p ~ 0.5)

Solution: sort atoms in arrays

Miroshnychenko, Nature 442, 151 (2006)




Atom-by-atom assembling of 2D arrays

Problem: stochastic loading (p ~ 0.5)

Solution: sort atoms in arrays

T REE & Miroshnychenko, Nature 442, 151 (2006)
e

N X, Mm

t/T = —0.04 _#og! -==SLM light
— Moving tweezer + SLM

p ~ 0.993(1)



Initial

Final

Gallery of assembled 2D arrays... (single-shot images...)

14 moves 15 moves 53 moves 41 moves 43 moves

Barredo, de Léséleuc, et al., Science 354, 1021 (2016)




Gallery of assembled 2D arrays... (single-shot images...)

©

o

C
14 moves 15 moves 53 moves 41 moves 43 moves

©

S

LL

Now ~ 200 atoms

~100 pm Schymik, PRA 2020



Gallery of assembled 2D arrays... (single-shot images...)

14 moves 15 moves 53 moves 41 moves 43 moves

Now ~ 200 atoms

Initial
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~100 pm Schymik, PRA 2020



Gallery of assembled 2D arrays... (single-shot images...)

14 moves 15 moves 53 moves 41 moves 43 moves

Now ~ 200 atoms
1D

Schymik, PRA 2020



Gallery of assembled 2D arrays... (single-shot images...)

14 moves 15 moves 53 moves 41 moves

Now ~ 200 atoms L. da Vinci

Schymik, PRA 2020



Now widely used,... with variants (1D, 2D & 3D)

Lukin (Harvard), 2016 Rb Birkl (Germany) Ahn (Korea)
2D

Rb P '.
"R ;-. [ S ‘8 Fhres 3 !. 49, ...
772 e LA
Endres (Caltech) Thompson (Princeton)
~300 atoms Kauffman (JILA) 2018
arXiv:2012.12281 2018




It also works in 3d!

Di Leonardo, Optics Express 15, 1913 (2007)

Averaged fluorescence
imaged “slice-by-slice”

Hyperboloid M&bius strip

Eiffel tower

Barredo, Nature (2018)
Also: Weiss, Nature (2018); Ahn, Opt. Exp (2016)




It also works in 3d!

Di Leonardo, Optics Express 15, 1913 (2007) Assembled Pyrochlore lattice

Averaged fluorescence
Imaged usllce_by_sllce” Plane 1 Plane 2 Plane 3

Hyperboloid M&bius strip

Barredo, Nature (2018)
Also: Weiss, Nature (2018); Ahn, Opt. Exp (2016)
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Experimental considerations: arrays of
individual atoms

“Rydbergology”: scalings, interactions,
blockade...

Johanes Rydbeg

. . 1854-1919
Measurement of interactions between

Rydberg atoms: towards many-body physics

. Application of Rydberg blockade to QIP



References:
“Rydberg atoms”, T. Gallagher, Cambridge (1994)

“An experimental and theoretical guide to strongly interacting Rydberg gases”, R.
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“Rydberg atom” = a highly excited atom (e.g. Rb)

=0 l=1 (=2 |n,l)
— ]» Rydberg
n =9 2;9 o states
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n==~6
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n=3>y




“Rydberg atom” = a highly excited atom (e.g. Rb)

1000? =0 =1 ___ =2 _ I, 1) E_ﬂ o @N.
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n ==~ —
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Energy (THz)
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“Rydberg atom” = a highly excited atom (e.g. Rb)

=0 l=1 (=2 |n,l)
— ]» Rydberg
n =9 Z;y p— states
n = — S
p— "= n>1 |bn=
= n=2>
n==~6
- Quantum defects (experimental)
n = -
For Rb: 0 12
n=3>y
n > 30 1 1/2 2.654
3/2  2.641
2 3/2  1.348
5/2  1.346
=" 5/2  0.016

7/2  0.016




Energy (THz)
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“Rydberg atom” = a highly excited atom (e.g. Rb)

=0 [=1_______ (=2 |n,l) (ry ~ n2aqg
— ]» Rydberg
n=29 ;'%;9 n =7 states ~ 100 nm
n=3~§ n—=06 _
n=717 n>1 e
n="1 n=2>
n==~06
n==~6
n=3>y




Go

Rydberg atoms are huge...
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The Bohr model to recover quickly the scalings...
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“Rydberg atom” = a highly excited atom (e.g. Rb)

2, 1)

Rydberg

states

n > 1

Long lifetime r N@
—>n>60,Tt>100 us
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“Rydberg atom” = a highly excited atom (e.g. Rb)

=0 l=1 (=2 |n,l)
5 ]» Rydberg
n=>3y L= n—7 states
n—=8 Ve n=> n —
n="1T n>1
n=717 T — &
n==~06
n==~6

3

Long lifetime r ~ n
—>n>60,Tt>100 us

Large transition dipole:

@n, ?) —>£n, [ j:‘l)] ~ n*eag

=




1000

800 t

200 1

“Rydberg atom” = a highly excited atom (e.g. Rb)

t 1=0 =1 =2 |p,l)
n_—y — ]» Rydberg
Zig \n:8 n:7 states
n="71 "= n>1
n=7 n=2>
n==~6
n==~6
Long lifetime 7 ~ n?
—>n>60,Tt>100 us
n ==~
Large transition dipole:
d[(n,l) = (n,l £1)] ~ n*eaq
—> Exaggerated properties:
* strong interaction

n=>5 * strong coupling to fields (DC, MW)



~ ¢« ** Rydberg’s have exaggerated properties

K\A%‘JY. D & oe OTru\ab\M.
';' Table 1. Properties of Rydberg states.

Property n—fgeaJ@g Value for 80S; /, of Rb
Binding energy E, n-? —500 GHz
Level spacing E,. | — E, n-3 13 GHz
Size of wavefunction (r) n’ 500 nm
Lifetime 7 @ 200 us
Polarizability o n —1.8 GHz/(V /cm)?
van der Waals coeffi- 4 THz - pm®

cient Cg

1= "1“3 o |
:r%(’\‘%f b ’ Co ~




Rydberg atoms: a few historical landmarks

1975 Spectroscopy using lasers (Gallagher, Kleppner, Haroche...)

1980 - 2000 Cavity Quantum Electrodynamics using Rydbergs

High Q cavity: photon lifetime > 1ms
+ large dipole =
1 Rydberg interacts with 1 photon!
Haroche, Walther...

1998 Rydbergs meet cold atoms Pp. pillet and T. Gallagher

PO _ o'y PO.QP

’péBcp ‘poBop' ’s?.
p+p<>s+5s
P+s<>s+p
“Frozen” gas

Anderson, PRL 80, 249 (1998)
Mourachko, PRL 80, 253 (1998)

Diffusion of excitation faster

than motion = correlations
between all atoms

ksT << Interaction energy
= T<1mK



A new era: the Rydberg Blockade idea

VOLUME 85, NUMBER 10 PHYSICAL REVIEW LETTERS 4 SEPTEMBER 2000

Fast Quantum Gates for Neutral Atoms

D. Jaksch, J.I. Cirac, and P. Zoller
Institut fiir Theoretische Physik, Universitdiit Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria

S.L. Rolston
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

R. Coté! and M. D. Lukin?

VOLUME 87, NUMBER 3 PHYSICAL REVIEW LETTERS 16 Jury 2001

Dipole Blockade and Quantum Information Processing in Mesoscopic Atomic Ensembles

M. D. Lukin,! M. Fleischhauer,!? and R. Cote?

YITAMP, Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138
2Fachbereich Physik, Universitit Kaiserslautern, D-67663 Kaiserslautern, Germany
3Physics Department, University of Connecticut, Storrs, Connecticut 06269

L.M. Duan, D. Jaksch, J.1. Cirac, and P. Zoller

Institut fiir Theoretische Physik, Universitdit Innsbruck, A-6020 Innsbruck, Austria
(Received 7 November 2000; published 26 June 2001)



A new era: the Rydberg Blockade idea
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A new era: the Rydberg Blockade idea

O <« — QO
A R 3
£y

If hQ) < U,qw : ho excitation of |rr) = blockade




A new era: the Rydberg Blockade idea

O < — O
A R B
r7)
E, 1
~— I ) =
| 0
9) >|99)

Ry, R

Blockade = entanglement and gates!!
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Gaétan et al., Nat. Phys. 5, 115 (2009)
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10 20
excitation time (us)

Pfau, PRL 2007
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0 1.0 15 20 25
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Urban et al., Nat. Phys. 5, 110 (2009)
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Outline

3. Measurement of interactions between
Rydberg atoms: towards many-body physics



References:

“Experimental investigations of dipole—dipole interactions between a few Rydberg
atoms”, A. Browaeys et al., J. Phys. B 49, 152001 (2016)

“Calculation of Rydberg interaction potentials”, S. Weber et al., J. Phys. B 50, 133001
(2017)

Softwares to calculate interaction energies
S. Weber et al., arXiv:1612.08053, https://pairinteraction.github.io

ARC: An open-source library for calculating properties of alkali Rydberg atoms, N.
Sibalic et al., arXiv:1612.05529 (2016)



Coherent optical Rydberg excitation (n = 50 — 100)

87Rb
E A

Global excitation

420 nm

‘581/2,F — Q,M = 2>




Coherent optical Rydberg excitation (n = 50 — 100)

87Rb
E A

Global excitation .
()

‘581/2,F c Q,M = 2>

Effective Rabi frequency:

Light-shift:



87Rb
E A

Coherent optical Rydberg excitation (n = 50 — 100)

‘581/2,F — Q,M = 2>
Effective Rabi frequency:

Light-shift:

Optica

1.0

0.2

excitation (Q = 0.5 - 5 MHz)

0.8}
0.6}

0.4}

0.0

nnnnnnnnnnnnnnnnn




Microwave manipulations (n = 50 — 100)

87Rb
EA 62y
T ‘\\:1IGHZ
COnvw J
63p1 /2 )
()
4 F=2 M=2 . . . .
55172, ’ ) Microwave Rabi oscillation

D. Barredo et al.,
PRL 114, 113002 (2015)

MMNWWJVWJW&

Dumtlon of microwave pulse (us)




Questions ?



Interactions between Rydberg atoms

@& v~ i
47T€0R3

Review: Browaeys et al., J. Phys. B 49, 152001 (2016)



Interactions between Rydberg atoms

@& v~ i
47T€0R3

Review: Browaeys et al., J. Phys. B 49, 152001 (2016)



Collective excitation of two interacting Rydberg atoms

o
rr)
E
—~— I 97):Irg)
e
9) >|99)

R, R
If hQ) < U,qw : ho excitation of |7r) = blockade

Dynamics governed by () only



Collective excitation of two interacting Rydberg atoms

Lakoyn ¢
?< R >g o _ Gs
A Uvaw = 76
________________ |77)
1
—2(\7“9> + [gr))
>[99)
7

1
Collective oscillation between |gg) and —=(|rg) + |g7))
: n ). 29 V2
syl + g\ med) = 29/
with coupling Ov/2 (N atoms= Qv/N)



From independent atoms to blockade (62d;),)

. i
R (um) P. [SLV\ St 1 =T,
o A )
1 -/ ?(' . ?(\,
0 : c
10
4

Pulse area Ot



From independent atoms to blockade (62d;),)

R (um) Py
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Pec

4 % l Q) < Uyqw
0

0 27 47 67 8n
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From independent atoms to blockade (62d;),)

R (um) P,
I ——
15 — E/\j\/\/\ hQ > Uyaw
0~ - ' —
10 — Blockade regime

h{) < UvdW

0 271 41 on 8TC
Pulse area Ot



From independent atoms to blockade (62d;),)

= ']’f("‘\’“ + ?
R (um) P, Prg + Py
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10 — Blockade regime
1
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From independent atoms to blockade (62d;),)

R(p.m) P?“?“ Prg_I_Pg?“
e S T
15 —
0
10 =+ Blockade regime
1
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From independent atoms to blockade (62d;),)
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Blockade regime

0 27 4r 6
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Prg + Py,

99)
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Collective excitation of two interacting Rydberg atoms
r o N °

H= an o i

°< R >° 5 iy 70":"\"_
A B
1)
JIAN
% — |7} lg7), |79)
e
9) >|99)

R, R
If hQ) ~ U,qw : dynamics governed by ) and U, qw
Y= «lggde @ 3Ll ey toed

C
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R (um)
O

15 —
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From independent atoms to blockade (62d5,)
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Measurement of vdW interaction between 2 atoms
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Theory curves: direct diagonalization (dipole-dipole interaction)

No adjustable parameter!
Béguin et al., Phys. Rev. Lett. 110 263201 (2013)



Many-body physics with arrays of atoms

Lecture 3: Many-body physics with Rydberg atoms:
spin models and transport



