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Overview Optical Clocks I+II 

• Introduction 

– brief history of time (keeping) 

– principle & characterization of clocks 

• The atomic reference 

– ions & neutrals 

– frequency shifts 

• The clock laser 

– Requirements or “Mission impossible” 

– Important design aspects 



Frequency shifts 

• magnetic fields 
• electric field gradients 
• electric fields 
• special relativistic effects 
• general relativistic effects 

 



Frequency shifts: electric field gradients 

• electric quadrupole shift (𝐽, 𝐹 > 1
2
): 𝐻𝑄 = 𝛻𝐸(2) ⋅ Θ(2) 

Δ𝑓𝑄 ∼ 𝑑𝐸𝑧
𝑑𝑑

Θ 3𝑚𝐹
2 − 𝐹 𝐹 + 1 ⋅ 𝑓(𝛼, 𝛽)  

Θ ∼: electric quadrupole moment 
𝑓 𝛼, 𝛽 : orientation of Θ 2  with 𝐵 

• cancellation schemes: 
– average single transition over 3 orthogonal magnetic field directions 

(symmetry property of 𝑓(𝛼, 𝛽)) 
– average several transitions, such that ∑ 3𝑚𝐹

2 − 𝐹 𝐹 + 1𝑚𝐹 = 0 
è possibility to cancel QP & linear Zeeman shift at the same time 
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Frequency shifts: electric fields 

• Stark effect: 𝐻𝑆 = −𝜇⃗ ⋅ 𝐸  with el. dipole moment 𝜇⃗ 

• no linear Stark effect, since 𝜇 = 0 for an unperturbed atom 

• AC Stark effect in atoms: „dipole force“ 
Δ𝑓𝐿 = 2𝛿Ω𝑅

2 /(4𝛿2 + Γ2)   

• more general: quadratic Stark effect 

ℎΔ𝑓𝑆 = − 𝛼𝑆 𝛾, 𝐽 + 1
2

𝛼𝑇 𝛾, 𝐽, 𝐹 𝑔 𝐹, 𝑚, 𝛽 𝐸
2

2
  

𝑔 𝐹, 𝑚, 𝛽 = 3𝑚2−𝐹 𝐹+1
𝐹 2𝐹−1

(3 cos2 𝛽 − 1)  

𝛼𝑆 𝛾, 𝐽 = 4𝜋𝜖0𝑒2ℏ2

𝑚𝑒
∑

𝑓𝛾𝛾,𝛾′𝐽′

𝐸 𝛾′,𝐽′ −𝐸 𝛾,𝐽 2𝛾′𝐽𝐽   

𝛼𝑇 𝛾, 𝐽 = ⋯ (tensor shift only for 𝐽, 𝐹 > 1/2) 

angle between E  
and quantization axis 

oscillator strengths 

Ω𝑅 
𝛿 



Frequency shifts: electric fields 

• clock/cooling laser Stark shift: 
Δ𝛼𝑆 𝑓𝐿 = 𝛼𝑆 ↑ 𝐶 , 𝑓𝐿 − 𝛼𝑆 ↓ 𝐶 , 𝑓𝐿   
important when laser linewidth ≫ natural linewidth 

• AC Stark shift from rf trapping field: 𝑞𝐸 = 𝑚 𝑑𝑣⃗ 𝑑𝑑⁄  

⇒ 𝐸2 = 𝑚2

𝑞2
𝑑𝑣
𝑑𝑑

2
= ∑ 𝑚𝜔𝑖

𝑞

2
𝑣⃗2

𝑖𝑖   

⇒ hΔ𝑓𝑟𝑟 = − Δ𝛼𝑆 0 𝐸2 2�   

• black-body radiation shift: 
hΔ𝑓𝐵𝐵𝐵 = −Δ𝛼𝑆 0 𝐸2 𝑇 1 + 𝜂 𝑇2 /2  
𝜂(𝑇): dynamic correction factor 

𝐸2 𝑇 = 831.9
V
m

2 𝑇
300 K

4
 

…
 

↓ 𝐶  

↑ 𝐶  

𝑓𝐿 

è largest shift uncertainty for most neutral and ion species! 



Black-body radiation 

• need to know thermal radiation seen by ion precisely (Δ𝑇 ≪ 1𝐾) 
• trap design considerations: 

– rf vacuum feedthrough: sapphire/copper feedthroughs 
– ohmic & dielectric losses: gold/fused silica 
– thermal contacts & thermal conductivity: soft metals & large cross sections 

courtesy 
of CMI thermal image of PTB Yb+ ion trap 



Frequency shifts: relativistic effects 

• frequency observed by an atom moving at velocity 𝑣∥ in the 
direction of the probe laser beam: 

𝑓′ = 𝑓𝑓 1 − 𝑣∥
𝑐

  with 𝛾 = 1 1 − 𝑣2

𝑐2�  

• proper frequency of atom: 𝑓′ = 𝑓0; laser frequency: 𝑓 = 𝑓 

⇒ 𝛿𝛿
𝑓0

= 𝑓−𝑓0
𝑓0

= 1
𝛾 1−𝑣∥ 𝑐⁄ − 1 ≈ 𝑣∥

𝑐
− 𝑣2

2𝑐2 + 𝑣∥
2

𝑐2 + 𝑂 𝑣
𝑐

3
  

 

• linear Doppler creates sidebands, but carrier is not shifted 𝑣∥ =0 

• 2nd order Doppler mostly relevant for light atoms (e.g. Al+) 

linear Doppler 
2nd order Doppler 
(rel. time dilation) 



Frequency shifts: relativistic effects 

• 2nd order Doppler has same velocity dependence as trap-induced 
AC Stark shift: 

⇒ Δ𝑓2𝐷+𝑟𝑟

𝑓0
= � −

 𝑣2
𝑖

2𝑐2 1 + 𝑓𝑖
𝑓𝑆

2

𝑖

  

with 𝑓𝑆 = ℎ𝑓0
Δ𝛼𝑠

𝑞
2𝜋𝜋𝜋 

≈ 575 31  MHz  for Al+ 

• cancellation scheme for 2nd order Doppler & rf AC Stark if 
Δ𝛼𝑠 < 0: Ca+, Sr+ 

general relativistic effect: 

• clocks in a gravitational potential tick slower: 
𝑓1−𝑓2

𝑓0
= − 𝑈1−𝑈2

𝑐2 = − 𝑔Δℎ
𝑐2 ≈ 10−16/m  on earth 

è relativistic geodesy 

 



Fundamental limits to clock accuracy? 

 

S. Sinha and J. Samuel, Quantum Limit on Stability of Clocks in a Gravitational Field, arXiv:1401.0774 

gradient in  
gravitational potenial 

Δ𝑧 = ℏ 2𝑚𝑚⁄  

gradient in  
gravitational potenial 

squeeze trap 

but: Δ𝑓2𝐷 
becomes larger!  

Δ𝑓
𝑓

≈
𝑔Δ𝑧
𝑐2  Δ𝑓2𝐷

𝑓
≈

ℏ𝜔
𝑚𝑚2 

log 



Comparison of clock ions 

• evaluation of frequency shifts and type-B uncertainties: 
– most shifts can be determined with high accuracy using “leverage” 

– usually 2 contributions: e.g. uB
Δ𝑓𝐵𝐵𝐵

𝑓
= 𝛿𝛼𝑠

𝛼𝑠

2
+ 2 𝛿𝛿

𝐸

2
 

 

[Ludlow, Boyd, Ye, Peik, Schmidt, arXiv:1407.3493] 

atomic property external field 



State of the art: stability 
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THE CLOCK LASER 

Laser Oscillator 

Reference: 
Atom(s) 

fs-comb 

11:15am 

Internal State Detection 

Frequency 
Feedback 

500 THz 



Requirements & Limitations 

• Laser derives frequency stability from passive cavity length: 
Δ𝑓
𝑓

= − Δ𝐿
𝐿

 with resonance frequencies  𝑞 ⋅ 𝑐
2𝐿

 

 
 
 
è Δ𝐿 < Δ𝑟proton/100 (!) for 10−16 instability 

• Limitations: 
– thermal noise 
– vibrations 
– thermal expansion 
– … 

𝐿 

𝐿 + Δ𝐿 
𝐿 

[K. Numata et al. PRL 93, 250602 (2004)] 



Thermal noise limit 

• Analytical estimates from Fluctuation Dissipation Theorem: 
Δ𝑓
𝑓

|𝑠𝑠𝑠𝑠𝑠𝑠 ∝ 𝑇
𝐿

𝜙  

Δ𝑓
𝑓

|𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒 ∝ 𝑇
𝑤0

𝜙 1
𝐿
  

Δ𝑓
𝑓

|𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∝ 𝑇𝑇
𝑤0𝐿

  

• important material parameter: loss angle 𝜙 ∼ 1 𝑄⁄  

• Improve stability: 
– cryogenic system (𝑇) 

– single-crystal coatings (𝜙)  

– increase 𝑤0 

– increase 𝐿 

w0 

Spacer (ULE) 

L 

Substrate (FS) 
HR Coating 

[K. Numata et al. PRL 93(25), 250602 (2004) 
T. Kessler et al. J. Opt. Soc. Am. B 29, 1 (2012)] 

L 

𝑅 ≈ L/2 𝑅 ≈ L/2 

Near-concentric cavity  

𝑅 ≈ ∞ 𝑅 ≫ 𝐿 

L 

Near-planar cavity 

[Amairi et al.,  
Appl. Phys. B 113,  

233–242 (2013)] L 

𝑅1 ∼ 1 m 𝑅2 ≈ ∞ 
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Cavity component Spacer Substrate coating

σy = 5 × 𝟏𝟏-17 

σy = 7.20 × 𝟏𝟏-17 

σy = 1.85 × 𝟏𝟏-16 

w: average waist on both mirrors 

σy = 4.05 × 𝟏𝟏-16 

Calculated thermal noise limit 

è Problem: vibrations [Amairi et al.,  
Appl. Phys. B 113,  

233–242 (2013)] 



Vibration insensitive mounting 

• acceleration of mounting structure causes deformation 
è length changes 
 
 
 

• optimum mounting @ horizontal symmetry plane 
• deformation of cavity already through gravity 
 
 
 
 
ènumerical simulation (FEM) for optimum support point position 

 

  



vertical (y) 
(10-12/g) 

horizontal (x) 
(10-12/g) 

axial (z) 
(10-12/g) 

3.6 12 2.3 

Measured vibration sensitivity: 

Vibration sensitivity as a function of support point position 

Vibration Insensitive Long Cavity 

Effective 3-point support: load balancing 
39.5 cm length 



Temperature Stability 

• Measured thermal expansion zero-crossing: 0.16(1)MHz/K2 @ 45.5°C 
è required temperature stability: <0.5 mK @ cavity 
• 2 heat shields in vacuum chamber: projected time constant >10 days 
• linear drift: <0.1 Hz/s 

Serpentine heating system 
actively stabilized homogenous 

 heating under vacuum  
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ULE (ultra-low expansion) material 



• operation in UHV 
• several thermal shields 
• passive vibration 

isolation platform 
• in sandbox in cellar 
• only soft cables 



Current limitations of 39.5 cm cavity 

 

[S. Amairi, PhD thesis 2014] 



Other approaches 
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