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Trapped atomic ions have both internal and 
external degrees of freedom

Both of them are quantized



2D crystal 91 Calcium ions
(Innsbruck)

• Quantum control via lasers and/or microwave 
pulses

• Single and two qubit gates fidelities > 99.99 %

• Coherences times > 10 s

• Make good Quantum Computers

• Make excellent  Atomic Clocks / sensors

Impressive advances on quantum control also in 
Penning traps

Johannes Heinrich 

Ions trapped in Paul traps

Trapped-ion quantum computing: Progress and challenges
Applied Physics Reviews 6, 021314 (2019); 
Colin D. Bruzewicza et al.

Chain of six Barium ions



•The internal electronic states of trapped 
ions serve as exceptionally stable and 
well-isolated quantum references.

•Fractional frequency uncertainties below 
10-18, setting the benchmark for time and 
frequency standards.

•Entanglement between clocks likely to be 
the next major improvement

•Make some of the best sensors ever built

•Motion of ions is in general detrimental 
for the operation of the atomic clocks



Quantum lock-in force sensing using optical clock Doppler 
velocimetry
•Ravid Shaniv & Roee Ozeri
Nature Communications (2017)

Force amplitude sensitive
2.8 × 10−20 NHz−1/2

Sensing using an optical clock transition

https://www.nature.com/articles/ncomms14157#auth-Ravid-Shaniv-Aff1
https://www.nature.com/articles/ncomms14157#auth-Roee-Ozeri-Aff1
https://www.nature.com/ncomms


Using the motion for force sensing

Phase-coherent sensing of the center-of-mass 
motion of trapped-ion crystals
M. Affolter, K. A. Gilmore, J. E. Jordan, and J. J. Bollinger 
Phys. Rev. A 102, 052609 (2020)

sensitivity of 12 x 10-24 N Hz-1/2 per ion with a crystal of ∼ 88 
ions



Using quantum Gaussian states of motion for 
force measurement

Hempel, C., et al. "Entanglement-enhanced detection of 

single-photon scattering events." Nature Photonics 7.8 

(2013): 630-633.

Burd, S. C., et al. "Quantum amplification of mechanical 

oscillator motion." Science 364.6446 (2019): 1163-1165.



• Go beyond Gaussian limits: Enable sensitivities 
surpassing standard quantum and Heisenberg 
limits.

• Sharper phase estimation: Interference fringes 
enhance phase resolution.

• Stronger quantum correlations: Access forms of 
entanglement unavailable to Gaussian states.

• Essential resource: Required for true quantum 
advantage in metrology and information 
processing.

• Noise resilience: Certain non-Gaussian states (e.g. 
GKP) offer robustness against decoherence and 
loss.

Sensing with Non-Gaussian states 



Our work in Oxford: efficient creation of non-
Gaussian states of motion 

Băzăvan, O., et al. "Squeezing, trisqueezing, and 

quadsqueezing in a spin-oscillator system." arXiv

preprint arXiv:2403.05471 (2024).



Arbitrary superpositions of 
non-Gaussian states

Saner, S., et al. "Generating arbitrary superpositions of 

nonclassical quantum harmonic oscillator states." arXiv

preprint arXiv:2409.03482 (2024).



Grid (GKP) states for multi-parameter sensing

As Δ is increased (and ⟨ ො𝑛⟩)

We get:
• Better defined blobs 
• More squeezing
• More symmetry between x and p
• More sensitivity

Valahu, Christophe H., et al. "Quantum-enhanced 

multiparameter sensing in a single mode." Science 

Advances 11.39 (2025): eadw9757.



Modular operators



Another way to represent modular translations is 
using “Shift” operators

If, for example:

And both can be 
measured 
simultaneously





Sydney experiment:

LB* = simultaneous lower bound of the Fisher information

SQL * = simultaneous standard quantum limit

The lowest variance is obtained at ⟨n⟩ = 3.2(∆ = 0.37), 
giving a gain of 5.1(5) dB over the simultaneous SQL

(here and throughout, the terminology SQL*is used to 
refer to the simultaneous standard quantum limit for two 
non-commuting quadrature measurements). 

We observe that the variance does not further decrease for 
⟨n⟩ > 3.2, and attribute this to bosonic dephasing

Valahu, Christophe H., et al. "Quantum-enhanced multiparameter sensing in a single 

mode." Science Advances 11.39 (2025): eadw9757.



Many opportunities and challenges
• Ions are small but massive particles (10-25 kg)

• Narrow band sensors

• Each ion in a Coulomb crystal introduces 3 
motional modes. 

• In principle, each of the motional modes can be 
controlled independently

• The physics of creating highly quantum states is 
the same in any system where you can use Spin-
depend forces



Perdriat, Maxime, et al. 

"Spin-dependent force from an NV center ensemble on a microlever."

Physical Review B 112.9 (2025): 094419.

Promising for the creation of quantum states of motion!

meff= 10-10 kg 

Ground state cooling of radial modes of a 2D crystal. Quantum control of 

the global oscillation modes of the crystal

Hainzer, H., et al. "Correlation spectroscopy with multiqubit-enhanced phase 
estimation." Physical Review X 14.1 (2024): 011033.

100 um

Some interesting recent results


