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Ultrafast Rydberg experiments with 

ultracold atoms in optical tweezers

Rydberg timescale
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Interaction-driven ultrafast CZ gate

Ultrafast Rydberg

Entanglement to motion

▪ Mechanical force on the 

atoms: let’s measure the 

momentum kick !

▪ Use squeezed state of 

motion to amplify or suppress 

the kick

▪ The kick entangles the 

motion of the two atoms:

let’s explore this ! 

Rydberg states

Ultracold atoms in tweezers

Ultrafast Rydberg interaction (nanosecond)
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Interaction area

▪ Use an orbital resonance between 

atoms to quickly imprint a 

conditional π-phase shift
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Rydberg states

Dipole-dipole 

interaction

First-order

(resonant dip-dip)
Second-order

(van der Waals)

1 μm -> nanosecond timescale !
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✓ Entered the ultrafast regime

✓ Controlled excitation in 10 ps

✓ Controlled interaction in <10 ns

Raman detuning (kHz)

Raman sideband spectrum

Ultracold 

axial and 

radial modes
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Arthur Ashkin

Trap depth

= 1 mK

T = 0.1 mK

optical tweezers

Trap freq.

= 100 kHz

Trap size

= 1 μm 

… improved down to the quantum limit

Quantum fluctuations Thermal fluctuations

Interaction

noise

Position

noise

Uncertainty of distance is a problem …

Raman sideband cooling
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High NA: Small tweezers

1 um
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• Waist: 600 nm

• Controllable separation >1.2 um

Quantum-limited control of position

95% of Rydberg experiments are hereNo investigations here 

so far…

a few groups are working here

 (Rydberg dressing, circular states)

Ultrafast Rydberg excitation (picosecond)

resonant

off-resonant

Single-atom spectrum Two-atom spectrum

Dipole-dipole 

interaction

25 ns lifetime

Metastable! 
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Ultrafast, picosecond-scale, Rabi oscillation

“easy”

Hard !

Damping: 

Pulse-to-pulse energy

fluctuation

100 ps10 ps1 ps

Rydberg state 

splitting
Binding energy

As FAST as possible !

Speed:

- Limited by physics

- Not limited by tech.

Interaction area

Ultrafast, nanosecond-scale,  Förster oscillation Theory

➢Dotted: ab-initio C3 

➢Dashed: entanglement with motion

➢Solid: off-resonant channels

❑ Phase-space 

representation

❑Wavefunction 

representation

pkick

Momentum kick

momentum

position
▪ Advantage: resilient to noise (E-field, finite lifetime, scattering, Doppler, …)

▪ Challenge: need to control interaction (many interaction channels, coupling to motion…)
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