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Our understanding of the universe at present



Our understanding of the universe at present

General Relativity
Gravitational interaction

Standard Model of particle physics
Electromagnetic, Weak, Strong interaction

(photons, bosons Z0&W±, gluons)

Unifying theories  =>  new particles responsible for so far unknown interactions

Currently incompatible



Searching for new physics

The ATLAS experiment at CERN. (Image: Maximilien Brice/CERN) 

Particle accelerators: high energy collisions (GeV – TeV)

Optical Frequency comb used for our high-resolution spectroscopy of Ca+ 

Table-top experiments:  high precision 
measurements at low energies (< 10 MeV)

Complementary approaches



Searching for new physics



King plot & isotope shifts within the Standard Model
Isotope A Isotope A’ Isotope Shift Mass shift

Electron Wavefunction

Field shift

Proton Neutron

King plot: use two transitions i and j 

Mean charge 
radius

m

M

Relative mass change

Leading order prediction !



King Plot and the search for new physics

Electron Wavefunction

Proton

Neutron

New Physics
Coupling constant

Isotope dependentTransition 
dependent

=> Non-linear King plot 

Boson 
f



Candidate-elements
- Many stable isotopes (at least four)
- Preferably no hyperfine structure
- Narrow transitions

Linear Paul traps @ Aarhus University

King plot and the search for new physics

40,42,44,46,48Ca+

84,86,88Sr+

106,108,110,112,114,116Cd+

24,26Mg+

130,132,134,136,138Ba+

Single atomic ions:
- Long interrogation times
- Good shielding from environment

9Be+

168,170,172,174,176Yb+

Vuletic Group, MIT: PRL 125, 123002 (2020);PRL 128, 163201 (2022) 

What species to use?



Ca+

4p 2P3/2

4p 2P1/2

3d 2D5/2

3d 2D3/2

4s 2S1/2

Lifetime ≈ 1s

Relevant electronic levels and transitions of Ca+

729 nm

!∆
Measure the D-fine splitting with 
stimulated Raman spectroscopy

732 nm Measuring precisely the 732 nm 
transition is experimentally difficult.

n0



4p 2P3/2

4p 2P1/2

4s 2S1/2

3d 2D5/2

3d 2D3/2

729 nm

Measurement of the 729 nm transition

Ca+

n0

Accuracy:
∼1 kHz



Ca+

4p 2P3/2

4p 2P1/2

3d 2D5/2

3d 2D3/2

4s 2S1/2

Measurement of the D-fine splitting

!∆
Measure the D-fine splitting with 
stimulated Raman spectroscopy

n0



Optical frequency comb for Raman spectroscopy
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Traditionally: 

Phase-lock two lasers to the comb

Dn~1/tpuls



Direct frequency comb driven Raman transitions

Δn

Δn’

I) No dependence on nCEO 

II) All pairs separated by q are
    resonant 

Frequency
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nm=nCEO+m x nrep

III) All Raman transitions from 
 nrep to ~10 THz possible

Previously demonstrated in the 10GHz range with a 
picosecond frequency comb by Chris Monroe’s group:    
                    PRL 104, 140501 (2010).



Direct frequency comb driven Raman transitions
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What is the Raman Rabi frequency?

ΩRaman =
ΩmΩm−q
Δm

eiϕm ,m−q
m
∑

Optimal when constant !!

nm=nCEO+m x nrep



Measurement of the D-fine splitting

Spectrum
Gauss fit

Far from a “perfect” spectrum !

n0=1.8 THz 

Frequency comb spectrum

nrep=250 MHz  

Menlo-comb



4p 2P3/2

4p 2P1/2

4s 2S1/2

3d 2D5/2

3d 2D3/2

866 nm

729 nm

397 nm

1) Doppler Cooling

4) Readout

3) Comb Spectroscopy

!∆

Frequency Comb

2) State preparation

Measurement of the D-fine splitting

∆𝑣	~	8.5 𝑇𝐻𝑧

n0

Menlo comb



Raman Rabi oscillations

Relatively low Raman Rabi frequency (4 kHz)

Coherence over ms timescale!

99% transfer efficiency!
ΩRaman =

ΩmΩm−q
Δm

eiϕm ,m−q
m
∑

For spectroscopy



Center of scans can be 
determined within 20 Hz!

AC-Stark shifts of the P and D states 
due to the off-resonant comb light:

𝛿𝜈!" =/
Ω#$

4Δ
	∝ 𝐼%&'(

4p 2P3/2

4p 2P1/2

3d 2D5/2

3d 2D3/2

I = Imax
I = Imax/2.3

Raman Spectroscopy

Systematic errors
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Solution:

Vary the frequency comb’s intensity to 
extrapolate to zero laser intensity 

5.5 x 10-12 statistical uncertainty 
limited by our clock inaccuracy

1,819,599,021,504 (37) Hz
Yamazaki et al. PRA 77, 012508 (2008)

C. Solaro et al. PRL 120, 253601, (2018)

Magic polarization

Important: 

For some transitions, there exist a 
”magic” polarization for which the 
differential AC-Stark shift becomes zero!

3d 2D5/2

3d 2D3/2

1,819,599,021,534 (8) Hz40Ca+:



Is the King Plot non-linear?

Accuracy:
∼1 kHz

2D5/2

2D3/2

2S1/2

𝜈 =1.8 THz

Accuracy:
∼10 Hz

42Ca+

44Ca+

46Ca+

48Ca+



FDSIS/F729 = -1,48305(20)x10-3

F732/F729 = 1- FDSIS/F729

F732/F729 = 1,00148305(20)

Very accurate field shift ratio!

No new particles discovered

Is the King Plot non-linear?

Accuracy:
∼1 kHz

2D5/2

2D3/2

2S1/2

𝜈 =1.8 THz

Accuracy:
∼10 Hz

But …



F. Gebert et al. PRL 115, 053003 (2015)

Our results: PRL 125, 123003 (2020)
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Nuclear radius (about 10-4 Å)
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Long range (> 200 Å)

Results by other methods

Predictions by improved isotope shift measurements

Is the King Plot non-linear?

Boson f

… bounds on potential couplings: 



New bounds on new physics

C. Solaro et al., PRL 125, 123003 (2020)

F. Gebert et al., PRL 115, 053003 (2015)

I. Counts et al., PRL 125, 123002 (2020)

Comparison of isotope shift measurements in 2020

Assuming observed non-linearity being a mixture 
of Quadrupole Field Shifts (QFS) and New Physics

Massless limit
Long range (> 200 Å)



Possible future improvements

S1/2 – D5/2 transition

+

Better reference for our frequency comb for more precise
measurement of the D3/2 – D5/2 transition

 



Possible future improvements

ACa+ A’Ca+

IS1/2,mS>A ID5/2,mD>A’ + eif(t) ID5/2,mD>A IS1/2,mS>A’

ID3/2,mD>A ID5/2,mD*>A’ + eif(t) ID5/2,mD*>A ID3/2,mD>A’

Use decoherent-free sub-spaces:

D3/2 – D5/2 transition:

S1/2 – D5/2 transition: f= finit + Dwisotopet + dwZeemant

+ 
Ramsey spectroscopy using the same laser sources to drive the relevant transitions in the two isotopes

86,88Sr+:



Possible future improvements

𝜇 ≡
𝑚!𝑚!)

𝑚! −𝑚!)

Accuracy: 

Dm/m ~ 10-11

King relation: 

Improved mass measurements



Possible future improvements

𝜇 ≡
𝑚!𝑚!)

𝑚! −𝑚!)King relation: 

Improved mass measurements

Klaus Blaum (MPIK), Hannover meeting, Oct.  2022
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Possible future improvements
Carving into interesting regimes by isotope shift measurements seems possible! 

However,…



Possible future improvements

Standard Model nonlinearities (Hz)

Standard Model nonlinearities



Possible future improvements
Standard Model nonlinearities

[16] F. W. Knollmann et al.,, Phys. Rev. A 100, 022514 (2019); [18] C. Solaro et al., Phys. Rev. Lett. 125, 123003 (2020)

This analysis includes 1st + 2nd order mass and field shifts, nuclear polarization correction 
and the cross term between field and mass shifts.



Possible future improvements

Generalized formula for isotope shifts 
including higher order terms (SM):

All the terms upto m-1 can be determined
if m ”clock”-transitions are available, 

AND 
m+1 isotope-pairs can be measured 

168,170,172,174,176Yb+

40,42,44,46,48Ca+

=> m=3

Make generalized King plots



Possible future improvements
Make generalized King plots

Ca+

4s 2S1/2

4p 2P3/2

4p 2P3/2

3d 2D3/2

3d 2D5/2

394 nm

397 nm

866 nm

854 nm

850 nm

729 nm

733 nm

150 mHz

Ca

4s 1S0

5p 1P1

4p 1P1

4p 3P2

3d 1D2

423 nm
458 nm
93 Hz

653 nm 
22 µHz

660 nm
<< 1Hz 

4p 3P1
4p 3P0

657 nm, 480 Hz

150 mHz

3 transitions of Ca+/Ca transitions should makes it possible to correct for 1 SM nonlinearity   

PTB, Hamborg, Groningen,
Argonne, …



Possible future improvements
Make generalized King plots

Ca+

4s 2S1/2

4p 2P3/2

4p 2P3/2
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4s 1S0
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4p 1P1
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3d 1D2
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458 nm
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660 nm
<< 1Hz 

4p 3P1
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657 nm, 480 Hz

150 mHz

5 transitions of Ca+/Ca transitions should makes it possible to correct for 3 SM nonlinearities   

40,41,42,43,44,46,48Ca+ => m=5

PTB, Hamborg, Groningen,
Argonne, …



Possible future improvements
Make generalized King plots

Ca+

4s 2S1/2

4p 2P3/2

4p 2P3/2

3d 2D3/2

3d 2D5/2

394 nm

397 nm

866 nm

854 nm

850 nm

729 nm

733 nm

150 mHz

150 mHz

CaN+ finestructure transitions
Example from Ar13+

Piet Schmidt’s group: Nature 578, 60 (2020) 

t=9.97(27) ms

5 transitions of Ca+/Ca transitions should makes it possible to correct for 3 SM nonlinearities   

40,41,42,43,44,46,48Ca+ => m=5



Possible future improvements
Generalized 3-dimensional King Plots I  

3 transitions in Yb+ : 2S1/2− 2D5/2 , 2S1/2− 2D3/2, and 2S1/2− 2F7/2 



Possible future improvements
Generalized 3-dimensional King Plot II  

2 transitions in Yb+∶ 2S1/2− 2D5/2 and 2S1/2− 2D3/2 (Vuletic-group) + 1 transition in Yb: 1S0 -3P0  



Possible future improvements
Generalized 3-dimensional King Plot II  

2 transitions in Yb+∶ 2S1/2− 2D5/2 and 2S1/2− 2D3/2 (Vuletic-group) + 1 transition in Yb: 1S0 -3P0  

The 3-dimensional King Plot did not improve our Ca+ results, however,
it showed the original analysis in [PRL 125, 123002 (2020)] was a bit too naïve !

C. Solaro et al., PRL 125, 123003 (2020)

K. Ono et al., PRX 12, 021033 (2022)



Conclusion

Other applications of Direct Frequency-Comb driven Raman 
transitions in the THz range:

• Spectroscopy of pure rotational lines in molecules.
       (Us, NIST [Science 367, 1458 (2020); arXiv:2207.10215], NUS,…)

• Qubit manipulation (Monroe [PRL 104, 140501 (2010)]
       and Ospelkaus [PRL 122, 123606 (2019)] groups).

• Spectroscopy of hyperfine transitions in highly charged ions.

• Demonstrated high-resolution direct frequency-comb Raman 
spectroscopy, of the 1.8 THz D-splitting in Ca+ with 10 Hz accuracy.

C. Solaro et al., PRL 120, 253601, (2018)

• Improved bounds on new gauge bosons coupling to neutrons 
and electrons based on isotope shift measurements.

C. Solaro et al., PRL 125, 123003 (2020)• Demonstrated >99% transfer efficiency and ms timescale 
coherence.
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Thank you for your attention !
Elina Fuchs

Julian Berengut


