
High precision clocks / frequency 
references for experiments at CERN

Michael Doser / CERN

focus on examples from two communities that are currently / will in 
the future carry out very high precision spectroscopy (ΔE/E < 10-12) 

AD: spectroscopy of antihydrogen, antiprotonic atoms, hydrogen-like 
      HCI’s, antiprotonic molecules

ISOLDE: precision spectroscopy of 229mTh

! personal vision for next 10 years!

(in addition: searches for new physics in continent-ranging clock network)



AD:

ALPHA collaboration:  Antihydrogen spectroscopy to ΔE/E < 10-12

ALPHA collaboration: Antihydrogen molecular ion spectroscopy 
to ΔE/E ~ 10-15

challenges: Cs clock, reaches 10-16 (after a day), cavity (stable for few minutes)

need: reference to extend cavity stability for matching duration

H2    spectroscopy: sensitivity via strongly suppressed transition
_

+

H2    spectroscopy: test of CPT symmetry if system can be built
_

H  spectroscopy: 1s-2s @ ΔE/E ~ 10-15

H  spectroscopy: 1s-2s @ ΔE/E ~ 10-12
_

laser cooling of H (to 15 mK): 1s-2s @ ΔE/E ~ 10-15
_

2025?

2028 ?



AD:

ASACUSA collaboration: spectroscopy to ΔE/E < 10-12

need: frequency reference

pHe*  spectroscopy: n-n’ @ ΔE/E ~ 10-11

expect to reach ΔE/E ~ 10-12 2025

AEgIS collaboration: spectroscopy to ΔE/E < 10-12

pA*  spectroscopy: n-n’ @ ΔE/E ~ 10-10

H-like HCI spectroscopy: n-n’ @ ΔE/E ~ 10-12

_

sympathetic cooling of H-like HCI (to sub-mK): HFS @ ΔE/E ~ 10-15

_

H-like pHCI spectroscopy: n-n’ @ ΔE/E ~ 10-12
_

sympathetic cooling of H-like pHCI (to sub-mK): n-n’ @ ΔE/E ~ 10-15
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spectroscopy of p-molecular systems : n-n’ @ ΔE/E ~ 10-12
_
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  a novel ionic system (antiprotonic atoms as gateways)

formation and capture of HCIA

multi-step process that builds on existing techniques
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1 photo-detachment: I → I + e_0_

2 Rydberg excitation: I  → I*0

( γ1 )

( γ2 + γ3 )

3 Charge exchange: p + I* → pI+* + e__ _ (p + Ps* → pe+* + e )
_ _ _
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M. Doser, Prog. Part. Nucl. Phys, (2022), https://doi.org/10.1016/j.ppnp.2022.103964
Antiprotonic atoms     novel Highly Charged Ionic systems

_
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https://mmm.cern.ch/owa/redir.aspx?C=NDQTp_Ai9edklvTOm5b9MkYa7RJMbiF5XgPPGnsDYyZFk1hxBj_aCA..&URL=https%3a%2f%2fdoi.org%2f10.1016%2fj.ppnp.2022.103964
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 novel qubits?  

 novel HCI’s  

  a novel ionic system (antiprotonic atoms as gateways)

formation of single electron hydrogen-like HCIB

9 Charge exchange: HCIZ+ + Ps* → HCI(Z-1)+* + e+

9bis Charge exchange: HCIZ+ + I* → HCI(Z-1)+* + I+ +
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multi-step process that builds on existing techniques
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tests of QED, BSM
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  a novel ionic system (antiprotonic atoms as gateways)

formation of single electron hydrogen-like HCIB

9ter Charge exchange: HCIZ+ + pI+* → pHCI(Z-1)+* + I+ +
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HCI*(stable or unstable), (Z-1)+

antiprotonic HCI

multi-step process that builds on existing techniques

4’

tests of QED, 
5th force, BSM, 
Coulomb potential



ISOLDE (& AD):

229mTh: spectroscopy to ΔE/E < 10-18

need: frequency reference

ISOLDE: decay photons from 229mTh: 
ΔE ~ 8.338(24) eV / 148.71 ± 0.06 (stat.) ± 0.41 (syst.) nm (0.3%)
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spectroscopy of trapped 229mTh(n+) ion to ΔE/E down to 10-18

long term goal: produce new frequency reference

ISOLDE: formation via 229Ac β- decay and implantation of decay nucleus 
      229mTh+ ions in CaF2 and MgF2  crystal lattices

(alternative approach: triply charged thorium ions stored in a radio-frequency ion trap)

AD: formation via p230Th*  and capture of annihilation 
      fragment 229mTh(n+) in Penning trap; sympathetic 
      cooling via e+ or laser-cooled Cs+

_

https://www.nature.com/articles/s42254-021-00286-6

https://www.nature.com/articles/s41586-023-05894-z

https://www.nature.com/articles/s42254-021-00286-6
https://www.nature.com/articles/s41586-023-05894-z

