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Strontium Rydberg physics

PRL 130, 193402 (2023), arXiv:2305.03456 (2023)

Alkaline-earth element with two valence electrons

Low-lying optical transitions for imaging and cooling, as
well as a metastable “clock” state

High-lying Rydberg state which allows for controllable
entanglement generation and many-body simulation
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Dynamics are governed by the Rydberg Hamiltonian
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In optical tweezers, the number of atoms per shot is generally
limited by the finite stochastic filling (~50 %). We overcome
this limit with dark-state enhanced loading (DSEL).

Dark-state enhanced loading (DSEL)
1. Image stochastically loaded array
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High-fidelity and large-scale entanglement in a tweezer array
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Quantum simulation at high entanglement

an extension of Nature 613, 468-473 (2023)
What best represents some ideal quantum dynamics?
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Quantum system
Entanglement generation

Classical computer
Can only exactly simulate
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We perform high-temperature
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We achieve single-site

addressing with individual Position

motional control across the
array of tweezers.
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This nanometer-precision
movement introduces a
phase shift in the atom-laser
Interaction picture.
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Quantum fidelity,

Classical fidelity,

is hampered by errors finite entanglement quenches and benchmark — (e C = (6 Wsi)
A ntand " R fidelity using cross-correlation / |
— glement w > . . ) . N
@ %é = / S with a classical simulation. oy [Wsim)
XCrror & . IE — , We can control the bond > s
. @é e dimension of the simulation, SEERER Classical fdelit
A xem . .. . — resources estimator
= - = 2 which limits the maximum ~ Pexp g ——
& Z)’:'arl‘t‘:ym simulable entanglement Experiment Classical simulation
= — " simulable | u * I
SO&C | |1 : NG,
) S | ) Q
L Space ) L Time )
15 If the bond dimension We extrapolate from low entanglement
3 Il isn't high enough, the simulations (nearly 90 TB worth!) in order to
E T “/__;_—‘ classical computer predict the actual fidelity at large system sizes.
% / 1 becomes inaccurate
c 0= when entanglement is We find 0.091(11) fidelity at N=60 when
10° too high, and the bench- entanglement saturates, which corresponds to
2 marked fidelity drops. an effective two-qubit fidelity of ~0.999
é 08| Claccically ayact 1K | — 1 02 | é
N > JOT CIaSS|caIIy exact Q Stretched exponential | %7 Fidelity decay rate .
a 107 = N=6 oQ decay is predicted | @ scales linearly with Q
S % 2 @ fromourerrormodel! | = | system size! /Q -
A | = 3 8 o.®
> 100%@9%;@@0 l § E B QOO
= = £ N S
% m}%%\ % B N=60 S o1t N=60 N (?(?(FQ @ ®
e . O~~_ 11 3 o N | = |
~ O \ ~
I C? CP EF L — —-Early-time fit | 5 <j§OOO
‘GE) o J) g @ Extrapolatlon from X<3072 N
£ 107 oll & Classically 0 5 10 15 ST 2 % a4 e
g + approximate Time (1/ebit) System size
n —]
L 1 1 | 1 | 1 1 1
2 6 10 14 2 6 10 14 10 100 1000
Time (1/ebit) Bond dimension
We tightly lower bound the 7
- We can d@ﬁne the eqUivalent cost for a classical COmPUter mixed-state entanglement using Y éé
oy e . N\ -
% to reach the same fidelities as our quantum simulator. 30 only the system size and fidelity, <<
‘= 104 ' ' I a— E Age of the —————————
&, i ) | / / : i N=60' +— /
o I O Haah-MPS algorithm @ ] UNIVErse I . .
> | [ TeBDalgorithm O«éo*’/ /Q@Q ® O | T Competitive with modern y d 7:\3
Q O ]
32 s | & | quantum advantage %
Y 103 GE) 100 yrs | ! Fe) o i /
S5 | = : D 201 experiments! ) » _
o v [ Caltech HPC 8 /
> ¥ | T o ‘o O Yok
% 10%¢ S e | | Small changes % [ /{6 -
U= - © | infidelity + a0
& | K d : = | - /O
= t takes ~136 core-days £ | @ 10f y @ This work .
S 101} of classical simulation 7 1sec] gé: = o ¥ sycamore (Google)
S | time to match the = i Big Ch,anlgest * Y/ )
‘0 . . in equivalen - . |
C experimental fidelity! o cost Zuchongzhi (USTC)
S 100 | | | | | tus| o o] QP ﬁ? H2 (Quantinuum)
S 12 24 36 48 60 0.99 0.999 0.9999 oL | | | | | | |
j= System size Equivalent two-qubit fidelity 0 20 40 60
2 Effective system size
Arbitrary, parallel, local rotations with atomm movements
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Erasure conversion

arXiv:2305.03456 (2023)

Error detection and removal in quantum simulation

Rearrange

Preparation

Decay & -
Detection \/__I - \,__\/ - \,__\/ - \/__\I - \,__\/ L] \,__\I \/__\I . \,__\/ L \,__\/ - \/__\I - \,__\/ - \,__\/ \/__\/ \/__\I -
Detection 36, Using fast (10 us) imaging,

1Py —— JJJ‘ we can detect preparation
EI ( 3 and Rydberg decay errors,
0 .
15, B . and can excise these shots
Quibit with >98% fidelity.
Preparation i i .
‘ P X l In combination with other
Erasure detection improvements, this yields a
Vl“ record 0.9985(9) Bell state
U X generation fidelity
. . F () Baseline
‘ State projection | _.O 0.999F [ Erasure-excised
£'5 [ | |
‘ Erasure detection %fjg : - :
— =5 099F
3

‘ Final detection |

Detecting and
distinguishing error
sources also leads to

noticeable

Improvements in
quantum simulation
tasks, like preparing
an AFM crystal
ground state across
a quantum phase

transition.
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Excited atoms detection
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Coherent manipulation

and entanglement
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Motional ground state preparation
Spin-motion transduction fidelity
Motional state coherence
Motional Bell-state fidelity (SPAM-corrected)
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Preparation and
decay excision

No erasure-excision
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Coherent motional state control in tweezers

We apply the fast imaging technique to detect atoms in the
excited motional state and selectively cool them further.
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Parity oscillations between motional states
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