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Outline

* Lecture 3: with programmable Rydberg arrays

+ conclusion/discussion about opportunities and challenges for quantum
science with Rydberg arrays



Programmable quantum platform: modes of operation
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Analog Digital

Engineer the system Hamiltonian such
that the desired phase is the ground
state in accessible range of parameters

Implement quantum circuit to
generate the desired entangled state

Hybrid

analog + digital
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Toolbox: Qubit encoding (alkali)

Rydberg qubit:

Rydberg state: [r) =11)

Q

Ground state; _—
lg) = 10)

mainly used in quantum
simulation applications

87Rb
Hyperfine qubit:

)

o)

Ground states:
1) F=2mr=0
0y F=1mp=0

Q

o

1

LRV PO RS SOUEI T PEUR I LU PO LI S 70 Proves

T; ~ 4-10 ms [1-4] up to 200 ms [5]
T, >1s (upto12.6sin[3])

* Long lived coherence in tweezers —
 High-fidelity manipulation + readout

« Suitable for universal quantum gates (non-interacting)

[1] Kuhr .. Meschede, PRA 2005, [2] Xia .. Saffman, PRL 2015,

[3] Wang .. Weiss, PRL 2015, [4] Levine ... Lukin, PRA 2022,
[5] Sheng .. Zhan, PRL 2018



Toolbox: Single-qubit operations (alkali)
Hyperfine qubit in ®”Rb

—

F'=3  _ — —
1 = o _ — — |780nm
5P3/2 P T [
. F'=0 T Cooling
Imaging
Optical pumping
Pushout of F=2
5Py /5 { Fr=2 — Hyperfine rotations:
F=1 _ - Global microwave (slow, robust)
- Raman transitions
795 nm 173 —
5, %“ SRR Hieti
Raman transitions = éﬂ;}%}; %:gf*”ﬁ} sg@zf%%g%&,‘?éz ﬁ % ?zaé g 2 4%1
_ 1) §05-$+1*+§**§*4H2#” *44: i 34 ! *ﬁ’#"#w i ﬁ?# #f* ‘31*
res — — e ¥ +§: ++§++4§33m LS *i» ﬁ* ft%& %’”& gé
R il
5512 - 6.83468 GHz o : 5 s
Raman pulse time (us)
F=1 — — rt-pulse fidelity (Raman): 0.999873(1) [1]

[1] H. Levine et al, PRA 2022: [2] Sheng et al, PRL 2018 state of the art for global single-qubit gates (mw): 0.99995(1) (2]



Toolbox: Two-qubit gate

Native 2-qubit gate: a Unitary map: )
standard protocol using Rydberg blockade originally ll(())?) : _||8§)>>
proposed by Jaksch et al., PRL 85, 2208 (2000) 110) - —|10)
11) - —[11)

local Rydberg coupling \ J

o o > technically challenging

can we build a CZ gate using global Rydberg coupling?

CONTROL TARGET challenge: designing a symmetric protocol for states

with one or two atoms coupled to the Rydberg state

U >0
W) = \/i_(lrl)+ |17)) g 2 1i Uncoupled
Rydberg |r1) 117) |:> | | |
: Single-particle coupling
blockade: 10
0 ‘\/?Q . >

|11) |11) —— ® e ‘11> } Collective coupling



- R;...... : -
o e, Ko Q Toolbox: Two-qubit gate
0 1) Levine-Pichler gate
1o s A
| (1] T ] 4 Target map: ) /We implement: )
laser |00) — [00) |00) - |00)
phase |01) - —[01) 101) > [01) ei®os
\ J 110) - —[10) 110) - |10) ei®10
|11) - —[11) 11 11) e'Pna
A |07) \ <|>) - [11) e )
CZ gate: 97.4(3)% fidelity
() 1
01 ] 2
o1) 3
o
1
\/—E(Irl)+|1r)) = |W) 00 | 4 L : : |
VAN 00 01 10 11 0.0 0.1 0.2 0.3
Two-qubit state Phase accumulation time (us)
\/59 See also:
l F = 89% from Saffman group, PRL (2019)
TF F = 98% from Zhan group, PRA (2022)

A/ H. Levine et al. PRL 2019



Toolbox: Two-qubit gate

But... 2-qubit gate fidelities still limited!

Google, Satzinger et al arXiv: 2207.06431 Quantum error correction has a threshold
C t E babilit L .
50 gatzrsnponen rrlogé) 1;018_131 z As we grow the lattice (increase distance d), do we
CZ gates 6.05 x 10 > increase or decrease the logical qubit error rate?
Data qubit idle 2.46 x 10~° X
Reset 1.86 x 1073 d+1 -
Readout 1.96 x 1072 P\ 2 >
CZ leakage 2.0 x 10~* PLN (_) 2
Leakage from heating 6.4 x 10~* Pth £
CZ crosstalk 9.5 x 1074
Google SC qubit state-of-the-art (when doing on ~ 1% C7 gat (surf %)
~10s of qubits in parallel): Fcz = 99.4% Pth = 1% L gate error (surface coce

Levine-Pichler CZ gate (2019): 97.4(3)% fidelity Improving two-qubit gate fidelity to 99-99.9% is critical to
building a large-scale quantum computer

Recent significant improvements:
- new gate ideas
- technical improvements to reduce intermediate-state scattering and Doppler dephasing

slide credit: Dolev Bluvstein



Toolbox: Two-qubit gate
Robust, continuous family of gates

Single-pulse, continuous-phase gates (based on S.

Key observation: experimental robust d tunabilit
Jandura, 6. Pupillo, arXiv:arXiv:2202.00903 (2022)) ey observation: experimental robustness and tunability

o AJAy @ /5 Ooooooooo
O 1 24@ ww o 99/998000000 o
[ \ (—36 ) c0o®
. > 1.0¢
Amplitude 5 ®a
[ (@]
E 0'8.. OO
@ oo,
T 067 Oooooo
G>,) OOOOOOO
Phase ha | 000,
6 @]
\_ J o
0078 10 20 30 20
A cos(wt + QD) + 4t Systematic offset (rise time) [ns]
Calibration
[P gat 2 S 10 .
gate: c _ | | |
Laser phase ¢y e = ""*
£ 4
o2
Q_ b
p~:
L

0.99 r’."’. -Fq.mq

0.98 1 } : *

0.11 0.121.02 1.05 -0.08 0.01
S. Evered®, D. Bluvstein*, M. Kalinowski*, et al arXiv: 2304.05420 (2023) A/2m w/Q 0o/ 2




Toolbox: Two-qubit gate
Robust, continuous family of gates: Experimental implementation and benchmarking of new CZ gate fidelities

averaged across 20-60 qubits in parallel
D

1. Bell state measurement

1.0 ™ 7 0.5 f z
> [y [ g 0% T e o= 99.52(4)%
Tt 057 \ o 047 I
Q [ P £ 2 096 T ®
c 9 1 o 037t i
o 0.0 4 3 D
5 ! S 02 T 094 1 ¢
S 05 . -
0O T o X ° \ o]
= J |/ : 0.1 0921 : : ¢
1.0 1< % % 0.0 —t 1 5 9 13
0.0 0.5 1.0 11 10 01 00 Number of CZ gates
Phase of final 7/2 pulse (¢/2) Two-particle state
- | Fr, =99.54(2)9
2. Benchmarking protocol = 0921 ¢ cz i
Nes/2 10 = Noy/2 % 0.901
0)— £
2 0881
‘O> Rrand' 'X} @_ 9
o 0.861
Apply sequence of random rotations interspersed with entangling gate - £ 0gal
carefully calculated final rotation brings back to initial state if no errors occur

0 4 8 12 16 20
Number of CZ gates

See also related work (including erasure)

S. Evered®, D. Bluvstein*, M. Kalinowski*, et al arXiv: 2304.05420 (2023) from Endres (Scholl 2305.03406) and Thompson (Ma 2305.05493)



slide credit: Dolev Bluvstein

Toolbox: Two-qubit gate
Robust, continuous family of gates: Remaining error sources — Can we go higher?

3 Isenhower PRL 2010, Wilk PRL 2010 Simulated error sources
=< @ zhang PRL 2010

> @ Maller PRL 2015 Error source Time optimal
= Scattering® |1) 0.038%

= 3 Scattering |0) 0.017%

= _ Rydberg decay 0.133%

Q . Levine PRL 2019 TQ* _ 3118 0134%

> i Position fluct. 0.012%

< E Power fluct. 0.001%

= @ Evorea 2029 Rydberg my=—%| 0.06 - 0.15%
= Total fidelity 99.51 - 99.60%
o

Next frontier: 99.9% fidelity
 Good understanding of atomic physics error model
 99.9% can be done with e.g. 3x Rabi frequency and 2x detuning, which requires technical optimizations

N - : . : See also related work (including erasure) from Endres (Scholl
S. Evered*, D. Bluvstein*, M. Kalinowski*, et al arXiv: 2304.05420 (2023) 2305.03406) and Thompson (Ma 2305.05493)



Toolbox: Dynamically reconfigurable connectivity how can we generate long-range
entanglement (efficiently)?

> LOCAL

o pair of atoms: can be entangled using Rydberg blockade

* Rydberg pulse:
only atoms within blockade radius
get entangled

« Map down to hyperfine qubit
Long coherence time,
non-interacting
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Toolbox: Dynamically reconfigurable connectivity how can we generate long-range
entanglement (efficiently)?

(D pair of atoms: can be entangled using Rydberg blockade > LOCAL

* Rydberg pulse: o
only atoms within blockade radius P, P
get entangled o ¢ € ¢ o°

- © © _°
* Map down to hyperfine qubit G & © o © -
Long coherence time, © B © ¢ .0
non-interacting © (@ © o

¢ o ¢ ¢
© w& @&
© © © © "

« Tweezers: © © © 0O
allow to move atoms © OO

across the array

« 2" Rydberg pulse:
new layer of gates with different connectivity



Toolbox: Dynamically reconfigurable connectivity how can we generate long-range
entanglement (efficiently)?

> LOCAL

m pair of atoms: can be entangled using Rydberg blockade

* Rydberg pulse:
only atoms within blockade radius -’ o° o
get entangled o © o?ﬁo /@, ©

* Map down to hyperfine qubit o°m¢p e %7
Long coherence time, © oo . ®) (@
non-interacting 90 /@ © ‘p

allow to move atoms ‘®/ OO Long-range entanglement with
across the array e local gates + atom transport

« 2" Rydberg pulse: D. Bluvstein, et al, Nature 604, 451-456 (2022)

new layer of gates with different connectivity related work on coherent transport:
Beugnon et al, Nat Phys 2007; Dordevic et al, Science 2021



D. Bluvstein, et al, Nature 604, 451-456 (2022)

Toolbox: Dynamically reconfigurable connectivity

Transporting entanglement across the array: Bell pairs

Entangle pairs

0

Transport
entanglement

—4§— Stationary
Transported

110 um
Two-atom parity

© © -

o (&) o

I
O
(O3

1
—_

Many potential applications:

complex quantum computing architectures
& new probes for many-body phases

%

-

] s "“
PN ‘ v
J’ IS @) o

W
a0 % o
] ,v‘

O T T T T T
00 02 04 0.6 0.8

1.0

Phase of final /2 pulse (¢/2m)

Coherence is preserved when
transporting the atoms over a hundred pum
in a few hundred us (~10-4T,)

related work on coherent transport:
Beugnon et al, Nat Phys 2007; Dordevic et al, Science 2021



Toolbox: Dynamically reconfigurable connectivity
Many different applications

-

\_

2nd CZ gate

1D cluster states

OO0 0n0n0,0,000000000)

\

1StCZgate 12 3 4 Q ? 9 1 1711
X N AN
D)

TSR e

|
1 2:-3 45 6 7 89 10 11 12

\

J

D. Bluvstein, et al, Nature 604, 451-456 (2022)

-

\
Steane Code
4Iayers____
1 0) X (/2 - g i—g— X
2 |0)4x(x/2) X (r/2H=
3 |0)HX(=/2) X (7/2)H X
4 |0)x(/2) 'T————fﬁz,
5 |0)x(7/2) [ ]
o |0)EG2) X/2H X
7 |0)x(%/2) X (r/2)H~>
+lDynamicaI deooupiilng )

-

Surface Code (2D)

@ Data qubit
@ Ancilla

Toric Code (3D)

~

Measurement of
entanglement entropy

>
Q

gm- l9999 --)
421.2- R M
g1.o-

2. | end of lecture 2

5
= 0.6 1

()
c 0.4+
E
S 0.2

0.0

Half

0 02 04 06 08
Quench time (us) j




Toolbox: Dynamically reconfigurable connectivity

Many different applications

4 1D cluster states A
OO0 000000000
1st CZ gate C;R C;R Q Q g;% %
\ \ \ \ \ \
<oz o[£ TR TCED B 0D DD
\ J
-

D. Bluvstein, et al, Nature 604, 451-456 (2022)
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Application: 12-atom cluster state

i1

Tst parallel layer:

S ©

2" parallel layer:

i1 i1 i1

R R R R R

-bbbbb\

Position defines gate (blockade) — efficient control over many qubit
positions gives efficient control over complex quantum circuits

Si=Zi 41X Ly
Y (r/2)H X 1
! (=} ERR
w2 HA- $0.87
I g 5
[V (/2 A= © 06+

¢ Y2 H X N
1 - 5 02
[V /2) X} C‘DS 1
= 0-

I+ Dynamical decoupling

"2 stabilizers S,

D. Bluvstein, et al, Nature 604, 451-456 (2022)

i1

Shows successful
creation of the state



Application: Toric code on a 3D torus

@ data qubit

. 0 us
® ancilla -

- _—
= —
- —
= —
- —
— —

D. Bluvstein, et al, Nature 604, 451-456 (2022)



Application: Toric code on a 3D torus

@ data qubit
® ancilla

D. Bluvstein, et al, Nature 604, 451-456 (2022)



Application: Toric code on a 3D torus

Stabilizers Two logical qubits!

@ data qubit
® ancilla

| 1.0
0.61 | error |

| 08 detection
0.5 ' N
0.41 0.6-

raw

o
SN
1

o
N

Stabilizer expectation value
o
w
©
N

©
—i

Logical operator expectation value

o
o

& Efficient realization of QEC thanks
| to highly-parallel optical control

0.0- .
X plaquettes

X, 2 X% 7,

D. Bluvstein, et al, Nature 604, 451-456 (2022)



Toolbox: Mid-circuit readout

Fundamental tool for QEC

With single species alkali atoms: Move ancilla qubits in
separate zone

- - . -

Imaging with localized
resonant beam

Coming soon from Lukin group, Harvard see also different approach from Graham ... Saffman, arXiv (2023)
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Alkaline-earth(-like) atoms
Research direction started by Manuel Endres (Caltech), Jeff Thompson (Princeton) and Adam Kaufman (JILA) - 2017

2 valence electrons — interesting spectral structure

Electronic n 3,
structure
Rydberg (UV)
1p, - J=0 Nuclear spin I
3 \.. (fermions)
\ p, Hybr%{nder
3p, hyperfi upling ‘
detection |  narrow cooling 3p, < > ’
transition

Yb: 1/2, 5/2
Sr:9/2

* new type of qubit encoding with
advantageous features
* new tools for qubit manipulation

credit slide;: Adam Kaufman



atoms

Research direction started by Manuel Endres (Caltech), Jeff Thompson (Princeton) and Adam Kaufman (JILA) - 2017

2 valence electrons — interesting spectral structure

Electronic
structure
J=0
HybrithzeAinder
hyperfi upling
< >
3P0
clock
1S, * new type of qubit encoding with

advantageous features
* new tools for qubit manipulation

Nuclear spin I
(fermions)

0
¢

Yb: 1/2, 5/2
Sr:9/2

credit slide;: Adam Kaufman



Alkaline-earth(-like) atoms

omg architecture:

m

5 1—0—|'I )
M 0—|0)
metastable-state

qubit

g
5 —0—|1)
9 @—|0)

ground-state
qubit

Electronic Nuclear

from Lis et al, arXiv:2305.19266 (2023)

omg: Allcock et al, APL 2021, Chen et al, PRA 2022
related idea: Wu et al, Nat Comm 2022

Enables:
- mid-circuit operations
- erasure conversion

Nuclear qubits:
- robust to light shifts
- long T1time

experimental realization with Yb atoms: Lis et al, arXiv:2305.19266 (2023)



Alkaline-earth(-like) atoms

O
3Po:|m) m
= —0—|1)
Dl
~0—|0)
metastable-state
qubit
g
5. £0=1)
_3 AWE
~0—|0)
180 = |g) ground-state
optical qubit qubit
Electronic Nuclear
o)
Is,] & 7
I} & 20
1) |0)

Mid-circuit readout with omg architecture

1)

A4 image 1 G i —
I T P ! .". '4%
O EE u‘. :

image 2 P 0 —
...................... = . 0 2
8 .!IIZIEZ}IZ}IIEIZ-III'IIZII-IIEIKIHZEIIIIZZI?II-ZZEIZEIZ-IIZ-IIEI}I:4' o ¢ (m)

oooooooooooooooooooooooo

qubit encoded in g

data qubits (DQ) that we do not want to image are transferred to /m,
ancilla qubits (AQ) stay in g (local light shifts prevent excitation)
imaging of atoms in g leaves atoms in /7, unperturbed

Lis et al, arXiv:2305.19266 (2023)



Alkaline-earth(-like) atoms

with omg architecture

ancilla qubits can be measured and also reset (cooling and re-initialization)
while data qubits are left unperturbed

g computational subspace

More mid-circuit operations

o)

BPI; = |m) m
= —o—[1)
Ol
~0—|0)
metastable-state
qubit
g9
) I_o_“ )
—o— Y e-0)
'So=lg) ground-state
optical qubit qubit
Electronic Nuclear

m computational subspace

(a) AQ (C) Mid-circuit reset (d) Metastable-state mid-circuit measurement
@ 0.0 x [ L {mcoll L &
DQ {mco}={ heat {amcHsB coofor}g.01{x} AQ
(o) |Q,O)-L wait A @ Im, 1) Ry®) MCO A Hrepumpi— oo
~ (0]
A . DQ i
motional reset spin reset : survival
- id-circui O Im1)qR®H L H wait K =repump —
(b) Ground-state mid-circuit measurement AQ AQ/DQ 9.,{0,1) | x ) A
AQlgzssssssssssssssssssrsssy + /A /=1OP]|SB spec ‘A ETXNAA
D R g DQ g
9,{0,1} DQ 9.{0,1} 1.0 Mco|=1 A Hamct < A = AL
n = ' N\ R
mool={x{{ A] A =1XHA o.so-zzg,jgg)e;)“ FANY
= } 0.5 bos fosormn Rabi oscillation Ramsey experiment
10 n . " I p .. E 0.25 i : :. . v .u. ...; ’ 10 o ...o.“ .m.
. y o '. ’ o ki " \.’ ) .| ¢ 4 H.. Y
= 0.5- 4 1 \ ’ 0.00 A_,_.A_ 0.0+ L W . =051 & & \ 4 4 K]
& \ /[ ' .' -100 0 100 0 1 2 a X, .' v \
0.0 ./ o, o Detuning (kHz) ¢ () 00 o . Y
0 1 2 0 1 2 reset: ® AQ noreset:* AQ . 0 1 2 0 1 2
@ () ¢ () * DQ * DQ e (m) 0 (m)

see also alternative approach in: Norcia et al, arXiv (2023)

Lis et al, arXiv:2305.19266 (2023)



Alkaline-earth(-like) atoms Mid-circuit erasure conversion

idea: convert dominant physical errors into erasures (= errors in known locations) — lower requirements for QEC
see original proposal: Y. Wu ... J. Thompson, Nat Comm 13 (2022)

b Cc1
65595 3S, =Tz “
o . Ry | - fast destructive imaging @ 399nm
0 2 4 6 8 10 . .
Tee [ms] - slow (quasi-)non-destructive
1P . .
1 d, - - — Imaging @596nm
Q. o / ° -] /
150 00.0 § 0:5 : 1:0 .1j5
Tuv [us]

e
L Single-qubit gates with mid-circuit
ol I erasure conversion
2
S| o corrected - * detect decay out of the qubit states, by imaging
| 210 atoms in the ground state manifold
uncorrected @~~_¢é 20 :
O —s converts into erasure errors
0.7 .
¥ [x — easier to handle for QEC

0 50 100 150 200 250 300 |7'7?| EENEN
Circuit depth, d

see also related work: Huie et al, arXiv (2023), Scholl et al, arXiv (2023) Ma .. Thompson, arXiv:2305.05493 (2023)




Jual-species atom arrays

Selective control of the two atomic species (separate wavelengths of control lasers)

Mid-circuit readout of “spectator qubits”

A

MCR

Data (X I x

|27|7|27[7]27{7|27|7|2T[Y|2T|7|2T|XT m

L N M - O - M.

Spectator XD X

Readout Light

Readout light duration (s)

’]'00 I...I. N

@ Data qubits w/o MCR
<) Data qubits w/ MCR

0.75 1 F T

0.50

Coherence

! %,

0.25 -

S . + . Y W

0.02

Total evolution time (s)

Singh et al, arXiv:2208.11716 (2023)



Jual-species atom arrays

Selective control of the two atomic species (separate wavelengths of control lasers)

Mid-circuit correction of correlated phase errors

Spectator ¥ XY4 XX X

1! Feed-forward on
05 - Feed-forward off mEl

A B C =
2

Classical s

Processor CPU > =

>

Mid-circuit Real-time c
readout correction QPU MCR .g
(g0

o

Data [y XY8 (X, 2

V)

]

(o]

=)

o

s

©

(@)

I I I I |
0 m 2m
Analysis phase, ¢ + g

Singh et al, arXiv:2208.11716 (2023)



Jual-species atom arrays

Selective control of the two atomic species (separate wavelengths of control lasers)

Reloading of spectator qubits while maintaining coherence in data qubits

A B
Data 4, . Datapd [ xv8 | X |
Spectator MOT  MOT  PGC 7. N Spectator PGC /.. Y
1.00 0.60 1.00 0.60
_QOO T c = =@=@-@=== c
Toy ~ g © T80 g g
‘x@\ __________ )= = ] ]
g 075 - 0. T o045 & 8 075 - No reload L - 045 £
a | ¥y & & @ Dataqubits & o
@ No reload )} £ 5 , ® £
2 / Q 5 2 Spectator qubits 2 5
S @ Dataqubits . @ 8 S S S
2 0501 @ spectator qubits / ‘Q F030 £ 2 050 8 - 030 ¢
S { S 3 ) E
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