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Introduction 
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AXIONS?

Strong CP problem?

Dark Matter? Sensing?

Theory?
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Classical type detectors aren’t 
sensitive enough!

Image: “The decay of a lambda particle in the 32 cm hydrogen 
bubble chamber” CERN 

Image: ATLAS, CERN
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Paul traps



Introduction

5

Axions exist

Their field interacts with ions

We measure this interaction

We know parameters of axions

(hopefully)
Axions

Ions
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“Classical” approach “Quantum” approach

Increased sensitivity by 
adding more ions or getting 
rid of the noise

Increased sensitivity by 
using entanglement/spin 
squeezed states



Axion electrodynamics
Strong CP problem 

● Non-zero dipole moment for the neutron:
● Experimentally: 
● Stringent upper limit for      :

Image: “Storage ring steps 
up search for electric 
dipole moments” CERN 
Courier 7



Axion electrodynamics
The Peccei-Quinn mechanism  1977

● Addition of the new U(1) symmetry that breaks at high energy scale 
● At long times axion field absorbs theta term

But! New particle axion, which has not been yet discovered experimentally

Dark Matter candidate?
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Image: amazon.com



Axion electrodynamics
Coupling to EM fields

● Oscillating axion field

Image: “Collapse of an axion scalar field” Soumya Chakrabarti
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Axion electrodynamics
Coupling to EM fields

CP-even form

CP-odd form

Consequence:  time-oscillating values for EM constants
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axion-photon coupling constant



Sensing with ions
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Couple motion and spin states!

Axion field effects 
the motion of  ions

The number of ions in the 
“up” state is changed!



Ion crystals
Trap potential

Paul traps:
● Electrostatic + oscillating electric fields

RF electrodes

RF electrodes Static voltage

Static voltage

Endcap electrodes
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Ion crystals
Trap potential

Paul traps:
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Electrostatic + oscillating electric fields Coulomb repulsion



Ion crystals
Equilibrium positions

Assume ions are sufficiently cold:
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Solve:



Ion crystals
Equilibrium positions

To approximate the eq. positions solve 
the equations of motion:
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Ion crystals
Motional modes

Lagrangian of the system:
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Eigenvectors             determine the normal modes 
of the ions corresponding to the mth mode

Eigenvalues         are squares of 
frequencies of mth mode



Ion crystals
Motional modes

Center-of-mass (COM) mode Breathing mode
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Ion crystals
Motional modes

Hamiltonian in terms of motional modes:
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Spin dependent forces
Yb+

1. resilient to the effect of magnetic fields,
2. a narrow optical transition linewidth,
3. long coherence time
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171 Define our “spin”:

Yb

s
p
d
f



Spin dependent forces
Laser-ion interaction

– Rabi frequency strength

– difference in momenta of the laser beams
– position of an ion

– spin polarization states

Effective Hamiltonian:
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Spin dependent forces
Manipulation of spin states - sideband transitions

Image: “Quantum simulation of 
interacting spin models with 
trapped ions” K. Islam 21

Lamb-Dicke regime: 
transition in motional state by 



Force sensing
“Classical” approach
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Force sensing
“Classical” approach

1. Couple spin and motion

2. Outside electric force, which has 
frequency far from COM 
resonance 

● Displacement of ions

● Spin precession 
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Force sensing
Optical-dipole force

– ion position operator

– Pauli spin matrix for ith ion

– beatnote frequency

– ODF magnitude

ODF pulse has frequency          
far from COM resonance frequency!
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Force sensing
Optical-dipole force

Apply external electric field, so that 
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Force sensing
Optical-dipole force

Amplitude of displacement:
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At τ=20 ms approximation error is 2% 



Force sensing
Protocol 
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Force sensing
Protocol 
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Force sensing
Protocol 
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SNR:



Force sensing
Pro’s and con’s

Pro’s Con’s

● Simple Ramsey-type 
experiment

● SNR can be improved 
with increasing N and 
reducing Γ

● For smaller values of 
axion parameter need 
stronger EM fields

● Not sensitive enough

Can be improved!

Image: SmarterEveryDay on youtube
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Force sensing
Phase-coherent protocol

δ = const
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Force sensing
Closer to COM frequency

Sensing COM motion resonant with        is much more sensitive.

But! Thermal noise
Zero-point noise 
Entanglement-induced back action

Future work
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Force sensing
Closer to COM frequency

Sensing COM motion resonant with        is much more sensitive.

But! Thermal noise
Zero-point noise 
Entanglement-induced back action

Time reversal technique

+spin squeezing
Image: pngegg.com

Future work
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Force sensing
At the COM frequency

Future work
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Force sensing
“Quantum” approach – on the COM frequency

Future work
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Force sensing
Spin-squeezing

Future work
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Amplified displacement!



Force sensing
Spin-squeezing

Future work
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Force sensing
“Quantum” approach

Image: “Quantum-enhanced sensing of displacements and electric fields 
with large trapped-ion crystals” K. A. Gilmore et al.

Sensitivities:

Future work
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Conclusions
And future work

1. Learnt and derived for myself important theory on ion traps and 
laser-ion interactions

2. Introduced myself to axions and their electrodynamics

3. Investigated various methods in measuring axion parameters:
Classical approaches - phase-incoherent and phase-coherent

“Quantum” approach, quantum metrology and QFI
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Thank you for your attention!
Any questions?
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