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Clock network: long baseline interferometer

Unruly spiral galaxiesSpace-time ripples

Telescope: 
   Gravitational waves
   Dark Matter

Microscope: 
    Earth geodesy 

Clock is our “telescope” and “microscope”
Kolkowitz et al., Phys. Rev. D 94, 124043 (2016) C. Kennedy et al., Phys. Rev. Lett. 125, 201302 (2020). 



State-of-the-art clock performances
Precision

Gravitational Red Shift
100 m (10-20)

Bothwell…Ye, Nature (2022)

Accuracy

Aeppli…Ye, Phys. Rev. Lett. (2024)

- - - Quantum Projection Noise

Entangled clock comparison

Robinson…Thompson, Ye, Nature Phys. (2024)

Zheng… Kolkowiz, Nature (2022).

Rydberg-squeezed clocks
Eckner…Ye, Kaufman,  Nature (2023)

A

B

Cavity 
QED

Entanglement

Brewer…Wineland, Hume, Leibrandt, PRL (2019)



Bohr’s Certainty & Heisenberg’s Uncertainty
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Atomic evolution probed by laser
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Quantum Phase Noise of Atoms
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Sr coherence: 1 minute
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Extend coherence to 1 astronomical unit

Optical coherence time approaching 1 minute

A new generation of stable lasers

Laser Interferometer
Space Antenna

  (P. Bender, J. Faller)



Scaling up the quantum clock:  from one to many

Single Hg+ ion



Ye, Kimble, Katori, Science 320, 1734 (2008).

Hold atoms in magic light bowls 
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Clock frequency shifted 

Martin et al., Science 2013; 
Zhang et al., Science 2014 

Clock with many identical atoms
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A Wannier-Stark lattice clock
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Site i + j

Site i

Mg /2

Trap depth: 3 – 15 E  

Bothwell et al., Nature 602, 420 (2022).
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p-wave

s-wave

Mg /2

Aeppli et al., Science Adv. 8, eadc9242 (2022).



Clock precision reaches 6 x 10-21 

6 x 10
for each clock

Resolving the gravitation redshift on length scale of quantum wavefunction ?

Salvador Dali

Bothwell et al., Nature 602, 420 (2022).

Gravitational Red Shift
100 m (10-20)



Quantum noise

Quantum Phase Noise of Atoms Phase of Coherent Laser
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Spin entanglement in state-of-the-art clock 
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• Spin Squeezing at 10-17

• Direct clock comparison
• Robinson et al., Nature Phys. 20, 208 (2024).

- - - Quantum Projection Noise
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Scaling up atom number

Degenerate Fermi gas of Sr atoms:   

1 million atoms 1 atom (clock) per site

Coherence 120 s

Precision 4 x 10-20 at 1 s 

S. Campbell et al., 
Science 358, 90 (2017).

Current Record: 3 x 10  at 1 s 

Quantum simulator & sensor (Fermi Hubbard model)

Densely packed atoms impact light-atom interactions
 
→ limit for measurement precision ?

➢ Spin SU(N) symmetry Nature 563, 369 (2018)

➢ Spin-orbit dynamics & spin exchange Science (May 1, 2025)

➢ Collective dipolar coupling Science 383, 384 (2024)

t



• Transition dipole ~ 10-6 Debye
• Cooperative Lamb shift (10-19 ) 
• Many-excitation limit  

Chang, Ye, Lukin, Phys. Rev. A 69, 023810 (2004); 

eikr

kr

Hutson et al., Science 383, 384 (2024).

Collective coupling of radiative dipoles 
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Historical lesson & Number scaling

Doppler-free transition through motional state control

Atomic clocks
(coherent)

Mössbauer spectroscopy 
(incoherent → coherent)

Single Hg+ ion



Nuclear energy levels vs. atomic energy levels

Electronic transitions

10-10 m

electron

nucleus 0 eV

1 eV

ground 
state

excited 
states

E ∼ 1 eV ⇔ λ ∼ 103 nm

Nuclear transitions

ground 
state

excited 
states

0 MeV

1 MeV

E ∼ 1 MeV ⇔ λ ∼ 0.001 nm10-14 m

X-rays/Gamma rays

protons & 
neutrons

Light Source:

JILA/ Sr clock

SPing-8 synchrotron

Coherent visible/infrared lasers



Coherent Mössbauer spectroscopy for nuclear clock

R. J. Jones et al., Phys. Rev. Lett. 94, 193201 (2005)
C. Gohle et al., Nature 436, 234 (2005)

Uniquely low energy transition in 229Th

L. v.d.Wense et al., Nature 533, 47 (2016)

(2016)

Peik & Tamm, Europhys. Lett. 61, 181 (2003); Tiedau ... Peik, PRL 132,182501 (2024).    Elwell ... Hudson, PRL 133, 013201 (2024).

Urgent: 
• High power, narrow linewidth VUV laser

Phase-coherent vacuum-ultraviolet frequency comb 



VisibleXUV

High Res. SpectroscopyHe+ 1S-2SLi2+ 1S-2S H 1S-2S235U He 1S-2P

• Free electron lasers, synchrotron radiations broadband 

10

Wavelength (nm)

12050 100020

VUV

Need: coherent extreme/vacuum ultraviolet light

229Th

time

frequency

Microwave

Laser 106 :1 

Reduction Gear

• High resolution spectroscopy for atoms, ions, & nuclei



High harmonic generationThe frequency comb revolutionTable-top coherent VUV and XUV radiation

Time domain

Frequency domain

Harmonic Generation with a single IR pulse - a train of attosecond pulses 

7 9 11 13 15 17 19
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Harmonic Generation with a train of IR pulses → XUV frequency comb

10 ns

q = m frep + q f0



Frequency Comb

Optical Cavity

Frequency

FSR

frep

Making a VUV frequency comb
R. J. Jones & J. Ye, Opt. Lett. 27, 1848 (2002)
R. J. Jones et al., Phys. Rev. Lett. 94, 193201 (2005)
C. Gohle et al., Nature 436, 234 (2005)



Parallel scan of comb lines on  229Th – doped CaF2 crystal

ν
NN-1N-2 N+1 N+2

Thorsten
Schumm 

229Th concentration:
4 × 1018 cm-3



Quantum-state resolved nuclear electric quadrupoles 
Zhang … 
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Linewidth ~200 kHz



Nuclear structure & new physics beyond standard modelz

Ԧ𝐼
𝑄is

𝑄g
=1.01791(2)

Quadrupole moment ratio

Beeks … Schumm, Ye, Safronova, arXiv:2407.17300 (2024).
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~50 keV!

Excited

8.4 eV
QCD 

binding 
energy

Ground

Coulomb interaction ∼ 𝛼
Strong force Sensitivity to variation of 𝛼 

49(19) keV

8.4 eV
∼ 5900(2300)



Connecting 229mTh isomeric frequency to 87Sr atomic clock

𝜈229Th

𝜈87Sr

 = 4.707 072 615 078 5

Zhang … Thirolf, Schumm, Ye, Nature 633, 63 (Sept. 5, 2024).



229Th:CaF2 : Frequency reproducibility

X2: 4 × 1018 cm-3

19 May 2021

C13: 0.8 × 1018 cm-3

7 Dec 2020

C10: 0.3 × 1018 cm-3

23 Nov 2020

Higgins … Schumm, Ye, Phys. Rev. Lett. 134, 113801 (2025).



Gravitational red shift measured with nuclear transition

Precision sensing for fundamental physics

Mössbauer spectroscopy
nuclear transitions

Bothwell et al., Nature 602 420 (2022)
Zhang et al., Nature 633, 63 (2024)

A nuclear-atomic connection

57Fe

keV!



K. Kim
A. Aeppli
W. Warfield

L. Yan
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M. Frankel
Y. Lee

Sr optical clock: quantum meets precision

Collaboration: A. M. Rey, J. Thompson, A. 
Kaufman, M. Safronova, M. Lukin, P. Zoller,  
… …
PTB, NIST T&F

Y. Yang
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Y. YangZ. Hu

D. Lee
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Jake Higgins John DoyleTian Ooi Chuankun Zhang

229Th nuclear clock
Many JILA scientists and staff members
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