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Overview

Select work from the community

New tools in atomic physics: combine cavity QED, atomic arrays
and Rydberg interactions

« Arrays of optical tweezers
« Cavity QED with arrays of atoms or arrays of cavities

Applications and new physics

« Atom-cavity interactions

 Rydberg quantum computing with neutral atoms

« Arrays, clocks, and entanglement for operation below SQL
« Arrays of molecules

CAMOS 2025



Trapping many single atoms in optical tweezers

Problem: each trap is only loaded with ~50% probability.
Solution: real-time rearrangement after imaging (feedback)

M. Endres, H. Bernien, A. Keesling, H. Levine, E. Anschuetz, A. Krajenbrink, C.
Senko, V. Vuleti¢, M. Greiner, and M.D. Lukin, Science 354, 1024-1027 (2016).



Individual atoms in reconfigurable traps
Lukin — Vuletic - Greiner collaboration

M. Endres, H. Bernien, A. Keesling, H. Levine, E. Anschuetz, A. Krajenbrink, C.
Senko, V. Vuleti¢, M. Greiner, and M.D. Lukin, Science 354, 1024-1027 (2016).




Sorting 300 atoms in two dimensions

Initial loading:

_____

......

________

After sorting:

IIIIIIIIIIIIIIIIIIII

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

JJJJJJJJJJJJJJJJJJJJ

""""""""""

> 98% filling fraction




Three dimensional arrays also possible

c Gy, fullerene-like (84 sites) d Cone (100 sites)

f Eiffel tower (126 sites)

Synthetic three-dimensional atomic structures assembled atom by atom. D. Barredo, V.
Lienhard, S. de Léséleuc, T. Lahaye & A. Browaeys, Nature 561, 79-82 (2018).



Large-scale systems

Record system size of >6,000 qubits
« 1QB global fidelity > 0.9998
« Record hyperfine coherence > 12s
« Record coherent transport distance > 600um

Manetsch, Nomura, Bataille ... Endres

A tweezer array with 6100 highly coherent atomic qubits.
Nature (2025), advanced online,
https://doi.org/10.1038/s41586-025-09641-4

Manuel Endres, Caltech

CAMOS 2025



Continuously loaded large-scale system

- 3000 atoms
.. continuously
loaded

100 pm

Continuous operation of a coherent 3,000-qubit system.

N.-C. Chiu et al., Nature (2025). Lukin-Greiner-Vuletic, Harvard-MIT
CAMOS 2025 ’



Cavity QED



Atoms Interlinked by Light

Nonlocal photon-mediated interactions in arrays of atomic ensembles

adbbe b Dbaasddl

Programmable Interactions

Periwal, Cooper, Kunkel, Wienand,
Davis, MSS, Nature (2021).

€3 Stanford University camM0s 2025 Monika Schleier-Smith, Stanford



Atoms Interlinked by Light

Nonlocal photon-mediated interactions in arrays of atomic ensembles

Programmable Entanglement

Local
rotations

Global entanglement

& R & E DG D @A

€3 Stanford University cAM0s 2025  Monika Schleier-Smith, Stanford



Atoms Interlinked by Light

Nonlocal photon-mediated interactions in arrays of atomic ensembles

Programmable InteractionsM wilililia g ll‘llllllllll. Programmable Entanglement
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Observing atoms with high-cooperativity
ring cavity

Transmission probe 1 Push beam
ot T~ g /’,‘
B field - : ‘B

Single atoms in optical tweezers

Vuletic, MIT



Observing individual atomic collisions
with high-cooperativity ring cavity

(a) Atom # b ofk on
432 T 0 (b) Re‘i-"“mp Re?“mp Atom #
4 tweezers 10 ¢ | | LO—— P R . 4
= _ ¥ R I — -~~~ aToms repumped
5 PR S— S DA oS
: ° 27 = [T AR R R Tatom depumped %~ TUGRAANRL LA Y
AT Yt v i B Mt et
Transmission T' 0 20 40 Time (ms) 60 80 100
1me {ms
(c) (d)
1.0y two-body collisions ' recoolin
1 dipole trap _107'[" y Zo0Ze
E 1 1 E"l"nls
= —
% o 10 . -
£ 0.0F
0.0

0.3 L0 Time (ms)

Transmission T
Vuletic, MIT

Time resolution 100 us, can observe individual inelastic collisions, recooling



Many cavities: Cavity Array Microscope

Light Collection efficiency y is key for scalable quantum computing:
« Determines atom readout speed: T,. q0ur < 1/
+ Determines networking bandwidth: Te,angie < 1/x°

Interfacing each atom with Jjts own cavity ensures large y:
« In situ networking+fast readout
« Small waist+low finesse keeps optics away from atoms, limiting stray E-fields
« Scalable to thousands of cavities

- > ~ Microlens array b L X

L
e b ---'-"‘”li:
/ e et 11 P
) eXox R "
I 2% - i L
| - ...-.'.'-"‘W
e ."'ll..

\ ~Q e - m
\ Y ey = om il
\ /7 | = . : '.”"--I-.g.

. < = Mirror Lens In/out-coupling _® & m g g g = =
- Mirror G

Shaw et al. "A cavity array microscope for parallel single-atom interfacing" arXiv 2506.10919, (2025).
Shadmany et al. "Cavity QED in a High NA Resonator" Science Advances 11, eads8171, (2025).

CAMOS 2025 Jon Simon, Stanford


Presenter Notes
Presentation Notes
Jon Simon and his group at Stanford have developed a way to integrate each atom in an atom array with its own cavity. They call this system the “cavity array microscope”, and because it enhances light collection efficiency, it has the potential to vastly increase the atom readout speed and entanglement distribution rate in atom-array quantum computers.

Basically what Jon and his team realized was that you can get strong light matter coupling either by recirculating light past an atom many times, or by focusing it down strongly. By focusing down to a micron, they were not only able to achieve strong coupling at ridiculously low finesses of around 10-40, but they also built a system compatible with interface with individual atoms in an array.

Amazingly, this system uses no nano-photonics, and thus doesn’t require putting atoms near any surfaces, making it seamlessly compatible with Rydberg based quantum computing!

So how does it work? it’s essentially a normal atom array apparatus with a few extra parts:

Here, as usual, are a a high-NA lens + a tube lens that form an imaging system, that magnifies the atoms up;
what they’ve added that’s new is this retro-reflection mirror that redirects the light back onto the atoms, placing each atom in its own cavity.
The key to making this work, as it turns out, is to then _also_ add a microlens array right before the retroreflection mirror. Without this, aberrations on the optics prevent the light from properly retracing its path after many roundtrips. The microlens array traps the light from each atom and prevents it from wandering off.

This is a relatively accessible technique – there is the possibility of integrating it into existing atom array experiments without too much difficult, since _in principle_ no optics actually have to be added within the vacuum cell!


Tweezer arrays for neutral-atom
quantum computing and simulation



Two-qubit gate fidelity: 8/Rb

0.93 ¢

20.89 ¢+

0.85

‘ F,,= 99.48{2)%'

'@ Time-optimal gate

0 4 8 12 16 20
Number of CZ gates

0.998
 0.996
= 0.994

Row 1 Row 2

+1+;*'+¥**'+?+v+‘++*+*+-+;*++* ]

0.992 &
0

5 10 15 20 25 30
Gate site

Parallel two-qubit gates on
30 pairs of atoms.
Randomized benchmarking.
99.5% gate fidelity

Error below 1% threshold
of surface code.

High-fidelity parallel entangling gates on a neutral
atom quantum computer. S. Evered et al., Nature

(2025).

Lukin-Greiner-Vuletic,
Harvard-MIT-Quera



High-fidelity 2QB gates: 1/1Yb

Record 2QB Rydberg gates with F > 0.997 0.90 | ex’pt ]
. Detailed understanding of error-model ¢FSSB =0.9971(5)
« Clear path to F~0.999 0.89 | Q
™
~ 088} Q Q
Tsai*, Sun®*, Shaw, Finkelstein, Endres D‘( ¢
Benchmarking and fidelity response theory of high-fidelity Rydberg 087t O=2nx7.7 MHz
entangling gates
PRX Quantum 6, 010331 (2025) 0.86

0 2 4 6 8 10 12
Number of CZ gates

Manuel Endres, Caltech
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https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.6.010331

Towards Quantum Computlng W|th Fermlons

* Qubit-based QC of many-fermion problems require
large overhead in number of qubits or gates
to implement fermion exchange

— Use fermions as building blocks of a quantum computer
Quantum register based on fermion pairs

* Utilize Pauli principle for robust initialization (2/site)
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~ 10 seconds c lherence time

* > 200 qubits, encoded in pair vibration oy ‘
e ~ 10 seconds coherence time 50 /\/\/\/\M [\/\\//\/\\//\/\//WM
« Opens the door towards 00. °1tf’s]16 036 0 00115 151 3 t[§]01 6 60112 12,01
- programmable quantum simulation
- fermion-based quantum computation ZWierIein, MIT
CAMOS 2025 T. Hartke, B. Oreg, N. Jia, M. Zwierlein,

Nature 601, 537 (2022)



Array clocks and entangled
clocks



Quantum Computers & Clocks

Effective hybridization of quantum

computers and optical clocks

* Preparation of complex entangled states for

quantum metrology
« Multi-ensemble metrology

Finkelstein®, Tsai*, Sun®, .... Endres

Universal quantum operations and ancilla-based readout for

tweezer clocks
Nature 634, 321-327 (2024)

Shaw™*, Finkelstein*, Tsai, ... Endres
Multi-ensemble metrology by programming local
rotations with atom movements

Nature Physics 20, 195-201 (2024)

CAMOS 2025

Manuel Endres, Caltech
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https://www.nature.com/articles/s41586-024-08005-8
https://www.nature.com/articles/s41567-023-02323-w

Allan deviation o (r)

Programmable optical clocks

High-fidelity multi-qubit gates

Squeezing via local Rydberg-mediated interactions,
Phase estimation w/ cascaded GHZ states

Below SQL performance at 1017 precision

Eckner...Ye, Kaufman, Nature (2023) Cao...Darkwah-Oppong, Kaufman, Nature (2023)

10-15 } Eﬁh '
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Adam Kaufman, Boulder
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Presenter Notes
Presentation Notes
Using Rydberg mediated interactions, the Kaufman group prepared entangled squeezed states on the optical clock transition. Sub-SQL precision was attained in an atom-atom comparison. The suppressed noise distributions giving rise to the enhanced phase estimation are evidenced in the plots on the left, comparing the Rydberg squeezed and coherent states (purple and gray, respectively)

The Kaufman group developed a multi-qubit gate protocol based on an extension of the time-optimal gate. Applying this to up to 9 atoms, they are able to prepare high fidelity GHZ states. This protocol is also capable of preparing multiple different sized GHZ states in parallel, enabling the creation of so-called cascaded GHZ states. These are states which allow phase tracking at multiple clock tick rates, allowing both augmented dynamic range and near Heisenberg performance. The improved dynamic range was witnessed in Bayesian phase estimation (right), showing the improved precision over injected phases relative to a single GHZ state. 


Spin squeezing on atomic clock transition in *7*Yb

sgueezing
light T




Entanglement on

optical spin squeezing

optical transition

measurement

Squeezing generated between nuclear
sublevels in the electronic ground states
The squeezed state is transferred onto the
optical clock transition with a p pulse to

Readout after mapping back to ground state

pumping (RF transition)
Sq ...... " T n :
/2 a - 3 /2 S
‘ - c | n o .
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4 1)
RF
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Vuletic, MIT



Magnification of phase signal through time-reversed
Interactions
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Vuleti¢, Nature Physics 18, 925-930 (2022);
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Arrays for quantum simulation



Quantum Simulation

Preparation of record-size entangled states
« At the boundary of quantum advantage
 New approaches to benchmarking analog simulators

Shaw*, Chen*, Choi*, Mark*,
... S. Choi, Endres
Benchmarking highly
entangled states on a 60-atom
analog quantum simulator
Nature 628, 71-77 (2024)
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https://www.nature.com/articles/s41586-024-07173-x

Assembled Hubbard systems

Large-scale Fock-state boson sampling Atom-by-atom assembly of superfluids
E. Knill, A. M. Kaufman, W. Eckner...L. Polet, A. M. Kaufman, in prep.
ler, Nature (2024)
Disordered array Many-body coherence
Rearrangement
| ®®®®®®®®®<{> + Laser cooling
E & & & &
K & & & & &

Adam Kaufman, Boulder

A. Young....A. M. Kaufman,
Science (2022)
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Presenter Notes
Presentation Notes
Using optical tweezers, an array of atoms is initialized in an optical lattice. Laser cooling is used to prepared these atoms in their motional ground-state. By ramping down the lattice, the system is converted into a Hubbard systems featuring tunneling and interactions. The use of tweezers offers a highly controllable route to this physics, with several benefits over the typical path based on evaporative cooling, including speed and atomic-level control of the initial conditions. 

click

This was used to demonstrate the largest instance of boson sampling using fock states, which is a provably intractable problem classically. It refers to the problem of sampling from the output distribution of a linear beamsplitter network. CLICK. Sampling from the distribution of the atoms in the tunneling coupled emulates this physics. This can be extended to interacting Hubbard systems and studies of transport. 

Click

It has been an open question in the community whether atomic rearrangement could be leveraged for the assembly of many-body ground states. Here we demonstrate the creation of a superfluid starting from a disordered array of atoms loaded into optical tweezers. The superfluid coherence is detected in time of flight images in the lattice (right).  





Atom-resolved Quantum Many-Body Physics

« Continuum quantum gas microscopes for understanding quantum many-body
physics with single particle resolution

e.g. Fermionic Superfluids

0 & / © o ©
«
“
® \\ o o ©
g © 1 © ©
*® | o o : :
BEC of Molecules Crossover Superfluid BCS state ZW|er|e|n, M IT
-3.1 0.7 4.4 loglkparp)
BEC . 1 1 > BCS
B 1 “
bt F :",1_, %
't -I F’: p g r H!-’f.-r
o & w
> : - e
- ; _E*’f{ % b
il ‘?,:l i ke
. X

R. Yao, S. Chi, K. Wang, R. Fletcher, M. Zwierlein, in preparation
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Arrays for molecules



Phase coherence and entanglement in chemical reaction?

Prepare entangled spins within each molecules, then use chemical
reaction to rearrange the atoms into separate, entangled molecules

Questions: Can coherence (phase) be maintained throughout a reaction?

1

‘\ [ | Coherent
08 I statistical mixture

—Q— 8 Measurements

‘\ Bell-state superposition

06

Population

5°2
02r ]
il .S
Liu and Zhu et al., Science 384, 1117 (2024) 10,9} [10,10) |9,10) 19,9)
le.o) |ee) lo.e) l0,0)
Ka ng- Kuen N l, Harvard Coherence is [0.9014, 1] (95% confidence level)
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Presenter Notes
Presentation Notes
change arrow direction to match the arrow with fig 1 schematic
turning entangled spins within each molecules (trivial to prepare as an eigenstate [which is a superposition of bare states]) into entangled spins that are in separate molecules (chemical reaction breaks up the initial molecules)


Entanglement and iSWAP gate between molecular qubits

Gate Gate  Storage
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Presenter Notes
Presentation Notes
Recent result on the first demonstration of 2-qubit gate with trapped molecules; interaction between rotational states



Quantum computing with neutral
atoms



Continuous reloading of atoms for
large processors and deep circuits



Continuous Reloading Harvard Array 2 experiment

3000 atomic
qubits

Lukin-Vuletic-
Greiner
Harvard-MIT-
Quera
collaboration

A. Chiu, E. Trapp, M. Abobeih, T. Guo, S. Hollerith, L. Stewart, et al arXiv 2506.20660 slowed by 500x (2025)







Continuous Reloading

* Neutral atom quantum computers require high
rate atom reloading

* Tweezers loading from optical lattice reservoir
(prepared via conveyor belts)

e Continuous operation beyond lifetime of atoms

- <
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: 42 |
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A. Chiu, E. Trapp, M. Abobeih, T. Guo, S. Hollerith, L. Ste\ Time (s)

See also recent work by M.A. Norcia et al., PRX 13, 041034 (2024) F. Gyger et al., PRR 6, 033104 (2024)






Continuous reloading
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Continuous Operation: Reloading + single qubit operations

Preserving atom number ...
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Example: qubit re-use for fast Rabi calibrations
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Non-Clifford gates



Non-Clifford gates

Universal quantum computation requires two types of
gates: Clifford and non-Clifford

Processes that are hard to simulate on classical
computers require both types of gates

Non-Clifford gates can be small rotations; small
rotations are easy on single physical qubits but hard
to perform on logical qubits

“Magic states” are one approach to implementing
non-Clifford gates

Better magic states can be “distilled” from more
copies of worse-quality magic states



Non-Clifford gates: Magic state distillation (Quera Computing)

« Small-angle rotations are hard on logical qubits 4L 1vo —x :I—w —T—ﬁT—o—ﬁT [AEEE— oistile
. . } Z =
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Experimental demonstration of logical magic state distillation, " 004 006 008 010
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Neutral atom logical processor

Zoned architecture with ~450 atomic qubits,
Up to 96 logical qubits

Storage
* Idle logical qubits are stored, safe from errors

Entangling

* Long-range connectivity via atom motion
* Parallel 2Q gates

* Fully-programmable SQ gates

Readout
* Mid-circuit measurement and qubit re-use

Reservoir
* Refill lost qubits (towards continuous operation)
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Logical (error corrected) qubits



Circuits with high-rate
codes: cluster state
with logical qubits

[[16,6,4]] hypercube code

Architectures and mechanisms for fault-tolerant quan
computation. D. Bluvstein, A.A. Geim, et al., to appeal
Nature (2025).

Harvard-MIT-Quera
collaboration




Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.




Neutral atom logical processor  (ji6,6.41 hypercube code

Zoned architecture with ~450 atomic qubits, up to 96

logical qubits

Storage
* I|dle logical qubits are stored, safe from errors

Entangling
* Long-range connectivity via atom motion
* Parallel 2Q gates

Readout
* Mid-circuit measurement and qubit re-use

Reservoir
* Refill lost qubits (towards continuous operation)

Architectures and mechanisms for fault-tolerant quantum
computation. D. Bluvstein, A.A. Geim, et al., Nature (2025).
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Swap for the Steane movie! Explain what we do before going into the results
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Outlook

 We are entering the era of first algorithms with logical
(i.e. error corrected) qubits

- Path towards larger quantum computers:
 First experiments with ~100 logical qubits, error correction
* Non-Clifford logical gates
« 100,000 physical qubits within reach in next 1-2 years.
« Quantum computers with be useful for science.

« Quantum error corrections seems feasible: 100 logical qubits
with error 10-¢ to 10-° within next three years.

 What useful algorithms exist in this error range?
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