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Motivation – What is time?
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Motivation
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History of timekeeping
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[4, Usuem by Creti]

Astronomical observations

[5, Uhren-Hidding]

Pendulum Clock

[6, Wikipedia Quartz Clock]

→ Relative uncertainty =
𝚫𝐭

𝐭
~10−5

~10−8



Accuracy vs. Precision
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Clock instability ~ relative uncertainty
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History of timekeeping
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“The second is defined as 
being equal to the time 
duration of 9 192 631 770 
periods of the radiation 
corresponding to the 
transition between the 
two hyperfine-levels of 
the fundamental 
unperturbed ground-state 
of the caesium-133 atom”

- International Bureau of 
Weights and Measures

[10, IEEE, Arias et. Al.] 2019, NIST, Al+



How does an atomic clock work?

• Interaction between 
light and internal 
electronic states of an 
atom

• In the case of Cs-133: 
hyperfine-transition is 
probed by 
microwaves

• J = Τ1 2

• I = Τ7 2
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Example: CSF1 clock of PTB
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“9.192.631.770 oscillations” 

[13, PTB]
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Optical Clocks
• Transitions with optical 

frequencies ~1015Hz

• Only measurable by frequency 
comb
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Highly Charged Ions (HCI)

• Less sensitive for perturbations

• Dipole forbidden transitions in the optical regime
• Fine and Hyperfinetransitions

• levelcrossings

• Very sensitive for possible 𝛼-variation

• Relative Change of
ሶ𝛼

𝛼
~10−19 per year ?
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CryPTEx-2 at MPIK

• Spectroscopy of 
cold HCI in the 
XUV

• Candidate for 
new frequency 
standards

• Testing QED/SM
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Applications

• International Atomic Time (TAI)

• Coordinated Universal Time 
(UTC)

• Global Positioning System (GPS)

• Geodesy

• PHARAO

• Goal: smaller, cheaper, portable, 
energy efficient and more stable
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Summary

• We can measure time very well

→ achieved relative uncertainty ~10−19

• Definition of 1s is based on a hyperfinetransition of Caesium

• Next generation of optical clocks

• Many applications e.g. navigation systems

• Related experiments such CryPTEx-2

• Testing Standard Model, Special and General Relativity
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Appendix A – Ramsey Fringe Pattern
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http://www.phys.cwru.edu/event
s/mppl/Hanneke/MPPL_clocks.p
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Appendix B – Ramsey Resonance method
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Appendix C - Levelcrossings
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https://www.quantummetrology.de/fileadm
in/quest/quest_institute/Projects/HCI/level_
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