
Probing new physics with precision 
isotope shift spectroscopy

Roee Ozeri group 

Weizmann Institute of Science, Rehovot, Israel.

Nitzan Akerman

ECT* Workshop on Discrete Symmetries in Particle, Nuclear and Atomic Physics and implications for our Universe

October 2018

http://www.weizmann.ac.il/pages/
http://www.weizmann.ac.il/pages/


 Variation of fundamental constant

 eEDM measurements

 Atomic parity violation

 Test of local Lorentz invariance

 Testing general relativity with atom interferometry

 Probing\bounding  new light force-mediators by isotope 

shift spectroscopy 

AMO Precision Measurements
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There are normal contributions :
Mass shift and Field shift

An over simplified picture :
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Measure different isotope

hypothetical new force carriers
A boson that couples to electrons and neutrons 

Isotope Shifts
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Normal Mass Shift
(Reduced mass)
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Specific mass shift 
• correlation in the electrons many body wave 

function.
• Very hard to calculate -> Unknown 𝛿𝜈 𝑁𝑀𝑆
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Isotope Mass Shift



Due to the finite size of the nucleus 
and  Charge distribution

Leading order : 
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Isotope Field Shift

Coulomb potential



• Mass shift dominates in light atoms

• Field shift dominates in heavy atoms

• IS on the order of GHz for A>10

• Theoretical uncertainty is still poor 

Mass shifts and Field Shift

Mass shift 

Field Shift

general trends only
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King plot comparison (to the rescue…)
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W. H. King “Isotope Shifts in Atomic Spectra” Springer (1984)



Gebert at al PRL 115, 053003 (2015)
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King’s plot for dipole transitions in Ca+

Linear at the level of 100 kHz



Berengut et al. Phys. Rev. Lett. 120.9 (2018): 091801.
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For hypothetical new force carriers of 
spin s = 0, 1 or 2 and mass 𝑚𝜙 :

Bounds on new force-mediators



 At least  four different even isotopes (without hyperfine)

 Two narrow optical transitions (could be neutral and ions) 

 Transitions between as different states as possible

 Possible candidates :

• Ion and neutral : Ca, Yb (Sr)

• E2 transitions in ions :  

Ca+, Sr+,Ba+, Yb+

• E2 and E3 in Yb+

 Small Standard Model nonlinearity

Requirements



Nonlinearity in King plots 



Precision isotope shift 
spectroscopy in trapped 

ions



Optical Transition
~100’s THz

A A’

~ GHz

Takano et al. Applied Physics Express 10, 089201 (2017)
Origlia et. al. arXiv:1803.03157 (2018)

Δ𝜈𝑆0,𝑃0

88,87 = 62,188,134.004(10) Hz

Isotope Shift Spectroscopy 



Optical Transition
674 nm ~400 THz

~ 570 MHz

88Sr+ 86Sr+
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→ 𝜓 (𝑇) =  𝑆  𝐷′ + 𝑒𝑖2𝜋𝛿𝑣𝑇  𝐷  𝑆′𝜓𝑖𝑛𝑖𝑡 =  𝑆  𝐷′ +  𝐷  𝑆′

Decoherence Free Subspace  
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The Quadruple transition in Sr+ ion

Isotope Shift Spectroscopy In DFS

Isotope Shift

Synthetic RF 
atomic clock
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Trapped Ions 

Trap RF

5 S1/2

4D5/2

390 ms

Energy levels diagram (partial) 

674 nm

 𝑆  0 ↔  𝐷  1

|  0
|  1
|  2



+

RF (Local Oscillator)

Isotope Shift Spectroscopy In DFS

𝜓 (𝑇) =  𝑆  𝐷′ + 𝑒𝑖2𝜋𝛿𝑣𝑇  𝐷  𝑆′

Measuring the Isotope shift in decoherence free subspace  

Ramsey sequence: 

 𝐷  𝑆′

 𝑆  𝐷′

Need phase relation only 
of the RF not the laser
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Excited state lifetime



  𝐷88

  𝑆86

 𝜋 2
BSB

𝜋
RSB

 𝜋 2

  0𝜈   0𝜈

 𝜋 2

Initializing   Entangling        Interrogating        Detecting

𝑃𝑎𝑟𝑖𝑡𝑦 = 𝑃𝑆𝑆 + 𝑃𝐷𝐷 - (𝑃𝐷𝑆 + 𝑃𝑆𝐷)

The Experiment Sequence - Entangled 

𝜓 (𝑇) = 1/ 2(  𝑆88  𝐷86 + 𝑒𝑖2𝜋𝛿𝑣𝑇  𝐷88  𝑆86 )

𝜓 𝑇 = (  𝑆88  𝐷86 |  0

𝜓 𝑇 = 1/ 2(  𝑆88  0 +  𝐷88  |1 )  𝑆86

1 2 3

1

2

3



The Experimental Sequence - Separable

  𝐷88

  𝑆86

 𝜋 2

 𝜋 2

Initializing Interrogating    Detecting

 𝜋 2

 𝜋 2

𝜓 (𝑇) = 1/2 (  𝑆88  𝐷86 + 𝑒𝑖2𝜋𝛿𝑣𝑇  𝐷88  𝑆86

Average to zero in the Parity signal

𝑃𝑎𝑟𝑖𝑡𝑦 = 𝑃𝑆𝑆 + 𝑃𝐷𝐷 - (𝑃𝐷𝑆 + 𝑃𝑆𝐷)

+𝑒−𝑖𝜙(𝑇)  𝑆88  𝑆86 + 𝑒𝑖𝜙(𝑇)  𝐷88  𝐷86 )

Below 1 Hz in 10 minutes  

Chwalla et al. Applied Physics B 89,4 (2007)
Pruttivarasin et al. Nature 517, 592-595 (2015)



88Sr+ 86Sr+

Sub-Hz Sub-Hz 

 Common mode rejection:
- Common Magnetic field noise
- Quadruple shift (for only two ions)
- Blackbody radiation

 Spatial Inhomogeneity :
- Magnetic field gradient 
- Micromotion :

- Second order Doppler
- ac stark shift

 Light shift (laser light leakage)
 g-factor ?

88Sr+86Sr+

Systematic Uncertainties 



Preliminary Result 

Δ𝜈𝑆1/2,𝐷5/2

88,86 = 570,264,116.382 (±0.005 stat. ) [Hz]

systematic ?



Summary

 King plot linearity has the potential to bound new 
physics

 Isotope shift can be measured with very high 
precision (relatively easy in trapped ions)

 Future plans:

• Measuring King plot for the two E2 transitions is 
Yb+ (Ca+)

• For Strontium we need the fourth isotope 90Sr

• Measuring the isotope g-factor

Quantum 
Information 

Precision 
Measurements Quantum 

Metrology



Roee Ozeri (PI)
Nitzan Akerman
Tom Manovitz
Ravid Shaniv
Yotam Shapira
Tomas Sikorsky

Ruti Ben-Shlomi
Meirav Pinkas
Lee Peleg 
Jonatan Piasetzky
Meir Alon

Weizmann Institute Trapped-ion group

Collaborators:
Gilad Perez
Cedric Deleunay
Yotam Soreq
Dima Budker
Christoph Grojean
Julian Berengut
Victor Flambaum
Claudia Frugiuele
Elina Fuchs
Roni Harnik





Precision mass measurements: 10-10


