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Optical clocks

Poli et al., Riv. Nuovo Cimento 36 (2013)
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Highly charged ions

Hydrogen H-like ion
Linear Stark shift Z 1

Second order Stark shift VA

Linear Zeeman shift A

Second order Zeeman shift

Electric quadrupole shift A

Intrinsically less sensitive to
external perturbations

Kozlov et al., Rev. Mod. Phys 90, 045005 (2018)



Optical transitions in HCI
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Optical transitions in HCI
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Fundamental physics with HCI
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State-of-the-art HCl spectroscopy
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Uncertainty ~150 MHz
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Quantum logic spectroscopy

Dipole-allowed optical transitions for

laser cooling / electron shelving
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HCI lab at PTB ’
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Quantum logic spectroscopy
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Cooling is challenging 10

Large q/m mismatch between ions

—large difference in amplitudes

—inefficient cooling of radial modes T
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Cooling with quantum logic 11

Coherently transfer radial mode phonons to efficiently-cooled axial modes
Algorithmic cooling
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radial motion—> HCl spin HCI spin = axial motion axial ground state cooling

Universal applicable
Does not depend on g/m

King et al., Phys. Rev. X 11, 041049 (2021)



Cooling during clock operation

Excitation probability
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Summary of systematic shifts (*°Ar?3*) 13

Mitigation Shift Uncertainty
(10—18) (10—18)
22

Micromotion Real-time measurement —443
Probe-laser- Calibration at much 0 2 no fundamental
induced shift higher powers and limitations

extrapolation

First-order Counter-propagating <1 <1

Doppler beams

Linear Zeeman  Averaging over multiple 0 <1 Systematic uncertainty
Zeeman components ~2 % 10717

Quadratic Small coefficient, small <1 K1

Zeeman field

Electric Small coefficient, 0 <1

qguadrupole Averaging over multiple

Zeeman components

2" order Algorithmic cooling —1 <1
Doppler

atomic data from Y-M. Yu and B.K. Sahoo, PRA 99, 022513 (2019)
King, Spield et al., Nature 611, 43—-47 (2022)



Clock comparison
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Absolute frequency 15

Absolute frequenc Relative
q Y . Method
(GHz) uncertainty
40AF13+[1] 679 216.464 (6) §.8x10°  enning 8 us]
trap eSt Previously (11 eai et ar, phys. Rev. Lett. 123, 123001 (2019)
IS [2] publlshed values [2] Soria Orts et al., Phys. Rev. Lett. 97, 103002 (2006)
4013+ 367 p13+ 1.89 (9) 4.8 x 102 EBIT
40A 13+ 679 216.462 397 957 42 (11) 1.5x 10716 QLS Soria Orts et al. (2006) .
IS 1
soppi3e. 36p,13. 187811053252 (11) 5.7 x 10 aLs Naze et al. (2014) .
Zubova et al. (2016) *
Improvement by almost eight and nine TW (Theory, No QED)1 -
orders of magnitude respectively |
TW (Full theory) —_— ]
-1.0 0.0 1.0
TW (Experiment) - 4 Relative deviation / Hz
10 -5 0 5 10 15 20 25

Relative deviation / MHz

King, Spield et al., Nature 611, 43—-47 (2022)



Atomic parameters

16

g-factor Quadrupole moment ®
o 0 (¢ a})
L g 88y Ca* 1.83
© e 3.8x1074NT
3 vy Srt 2.6
5 ., Yb* E2 1.95
2 107 R Yb* E3 -0.0297
5 e
5 | Hg* -0.510
° i Ar3* (Theory)  0.0235 [1]
00 10 BT - 10¢ 40Ar13+ (Exp.) -0.02 (9)
Averaging time T /servo cycles
OAr13*: g,/ g,,= 2.0075142(25) °Art* (Exp.) -0.03 (14)
Ar13*: g, ./ g,,= 2.0075154(32) Avgs @aaEz
Z

40Ar13+2p, 1, g-factor
1.332 283 7 (17)
1.332 282 5 (14)

Ludlow et al., Reviews of Modern Physics 87(2), 637-701 (2015)
Lange et al., Phys. Rev. Lett. 125, 143201 (2020)

[1] Yu and Sahoo, PRA 99, 022513 (2019)
Note: units for quadrupole moment in Tab. VI. should read
x10~7 Hz/(V/m?) (Y-m. Yu, priv. comm.)

King, Spield et al., Nature 611, 43—-47 (2022)

Experiment

Theory

Agababaev et al., X-Ray Spectrometry 49: 143— 148 (2019)



Summary and outlook

Summary

* Optical clock based on HCI with statistical uncertainty of 1 X 1

e Systematic uncertainty of ~2 X 1017

 Demonstrated optical clock comparison and improved the

absolute frequency by eight orders of magnitude

* Isotope shifts for fundamental physics tests

Qutlook

* Further reduce systematic uncertainties

* Investigating finding narrow transitions in HCls

* HCl optical clock based on Nit?*

Atomic parameters test ab-initio calculations
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Yb* Experiment
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