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Time scales

Lifetime of the Universe: 14 billion years (1018 s）
1000,000,000,000,000,000 seconds

Quantum pendulum period: 10-15 s
(0.000,000,000,000,001 second)

The mid point (geometric mean) ~ 1 minute

Quantum superposition / coherence



A new generation of stable lasers

PTBJILA

Matei et al., PRL 118, 263202 (2017);  Zhang et al., PRL 119, 243601 (2017).  
Si

gn
al

 a
m

p
lit

u
d

e
 

0

0.1

0.2

0.3

0.4

0.5

Beat frequency (Hz)

0 0.100.05-0.10 -0.05

Optical coherence > 10 s

1015 cycles 

per second

Cryogenic silicon crystal cavityOptical frequency comb



A new generation of stable lasers

PTBJILA

Matei et al., PRL 118, 263202 (2017);  Zhang et al., PRL 119, 243601 (2017).  

Optical coherence > 10 s

1015 cycles 

per second

Cryogenic silicon crystal cavityOptical frequency comb



A new generation of stable lasers

PTBJILA

Matei et al., PRL 118, 263202 (2017);  Zhang et al., PRL 119, 243601 (2017).  

Optical coherence > 10 s

Silicon cavity (1.5 m)  –  Sr (698 nm): 
3.5 x 10-17 (10 – 104 s)

Oelker et al., Nature Photon. 13, 714 (2019).

1015 cycles 

per second

Cryogenic silicon crystal cavityOptical frequency comb



Scaling up atomic clocks:  from one to many

Single Hg+ ion

|g>

|e>

Clock (1 mHz)

Ye, Kimble, Katori
Science (2008).



Clock frequency shifted (~10-17) 

Martin … Gorshkov, Rey, Ye,  Science 2013; 
Zhang … Safronova, Zoller, Rey, Ye,  Science 2014. 

Clock with many identical fermions
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A Wannier-Stark lattice clock
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Bothwell … Ye, Nature 602, 420 (2022).
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Aeppli … Rey, Ye, Science Adv. 8, eadc9242 (2022).

Microscopic frequency shift profile
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Optical atomic coherence of 2 minutes

ۧ|𝑒

ۧ|𝑔
Site i

Trap depth: 3 – 15 E  

Kim … Rey, Ye, Phys. Rev. Lett. (in press, 2025).

Mg /2

𝜋

2

Coherence 118 (9) s

Q > 1017



Clock precision reaches <10-20 

Bothwell … Ye, Nature 602, 420 (2022).

Gravitational Red Shift
100 m (10-20)

Kim 2025:
1.5 x 10-18 / 𝜏

Zheng … Kolkowitz, Nature 602, 425 (2022).Kim … Rey, Ye, Phys. Rev. Lett. (in press, 2025).



Clock precision reaches <10-20 

6 x 10
for each clock

Resolving the gravitation redshift on length scale of quantum wavefunction ?

Bothwell … Ye, Nature 602, 420 (2022).

Shift ~ 10-23 - 10-24

Commute with HGR

Not commute with HGR

Chu… Zoller, Hammerer, Ye, Rey, Phys. Rev. Lett. 134, 093201 (2025).

Zheng … Kolkowitz, Nature 602, 425 (2022).Kim … Rey, Ye, Phys. Rev. Lett. (in press, 2025).



Wannier-Stark offsite resonances
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𝜐𝑊𝑆+𝑗𝜐𝑊𝑆−𝑗

Sum → time
Diff  → gravity g

Simultaneous measurement of gravity (g) & gravitational potential (time)

Atomic clock & atom interferometer: all in one

Aeppli …. Ye, in preparation (2025).



Single photon mass: equivalence to gravitational time dilation
Aeppli et al., in preparation (2025).

𝑀𝑒 = 𝑀 +
ℎ𝜈

𝑐2

𝑀

ۧ|𝑒

ۧ|𝑔

… Weigh photon 
rest mass with a 
cavity



Quantum noise

Quantum Phase Noise of Atoms Phase of Coherent Laser
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Ueda, Wineland, Vuletic, Polzik, Kasevich, Thompson …



Spin squeezed clock 
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Cavity QED

Clock laser
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• Spin Squeezing at 6 x 10-17

• Robinson … Thompson, Ye, Nature Phys. 20, 208 (2024).

|g>

|e>

|aux>

Pedrozo-Peňafiel … Vuletic, Nature 588, 414 (2020).



Spin squeezed clock 
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• Spin Squeezing at 6 x 10-17

• Robinson … Thompson, Ye, Nature Phys. 20, 208 (2024).
- - - Quantum Projection Noise

Ye & Zoller, Phys. Rev. Lett. 132, 190001 (2024).



Challenges: chasing the absolute state of the art

Single clock instability: squeezed Τ~1 × 10−15 𝜏   vs.  (JILA Sr1) Τ1.5 × 10−18 𝜏

Rydberg-squeezed clock

Eckner…Ye, Kaufman,  Nature (2023).Pedrozo-Peňafiel … Vuletic,  Nature 588, 414 (2020).

• Generation of squeezed state of large N

• Long-lived quantum entanglement

• High fidelity spin preparation & readout

Need:



−7.2 dB

anti-squeezing

δQND

Clock
Cavity
Probe

3P1
δc

g

e

Cancelling QND probe Stark shift

Making QND truly non-demolition (coherence) 

2 mode separation

2 x FSR



2.0(2) dB below SQL

JILA Sr1: unentangled atoms
N = 105

7 s interrogation

• Spin-squeezed clock: 5.7 x 10-17 (1 s),  1 x 10-18 (3000 s)
• x20 improvement
• Yang … Ye,  arXiv:2505.04538 (2025).

Chasing the absolute state of the art

N = 3 x 104

0.06 s interrogation

JILA Sr3: entangled atoms

JILA Sr3: Projected 

N = 5 x 104

5 s interrogation



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 … Ye, 
Science 358, 90 (2017).

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 388, 503 (2025)

➢ Collective dipolar coupling Science 383, 384 (2024)

t

Milner … Ye, 
PRA 107, 063313  (2023).



Historical lesson & Number scaling
Can we have an Avogadro’s number of quantum absorbers? 

Atomic clocks
(coherent)

Mössbauer spectroscopy 
(incoherent → coherent)

Single Hg+ ion



Coherent Mössbauer spectroscopy for nuclear clock

Uniquely low energy transition in 229Th

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

(2016)

Peik & Tamm, Europhys. Lett. 61, 181 (2003).   

Urgent: 
• High power, narrow linewidth VUV laser

Tiedau ... Peik, PRL 132,182501 (2024).   Elwell ... Hudson, PRL 133, 013201 (2024).



1015 cycles 

per second

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

High resolution extreme/vacuum ultraviolet light

229Th

PTB – JILA
(2007 – present)
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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 
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High harmonic generationThe frequency comb revolutionTable-top coherent VUV and XUV radiation

Time domain

Frequency domain

7 9 11 13 15 17 19

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 … Ye, Phys. Rev. Lett. 94, 193201 (2005)
C. Gohle … Hänsch, Nature 436, 234 (2005)



Comb parallelism – high resolution, broad bandwidth

ν
NN-1N-2 N+1 N+2

229Th concentration:
4 × 1018 cm-3

Zhang … Thirolf, Schumm, Ye, Nature 633, 63 (Sept. 5, 2024).
Thorsten
Schumm 
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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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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);     Ooi ... Schumm, Ye, arXiv:2507.01180 (2025). 

280 Hz



Temperature-independent linewidth 

∼ 25 kHz

X2: 4 × 1018/cm3

C13: 0.8 × 1018/cm3

C10: 0.3 × 1018/cm3

229Th:CaF2 : linewidth vs. doping concentration 



Gravitational red shift measured with nuclear transition

Precision sensing for fundamental physics

Mössbauer spectroscopy
nuclear transitions

A nuclear-atomic connection

57Fe

keV!

∆𝜈

𝜈
 = 10-15

∆𝜈

𝜈
 = 10-20



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
S. Lannig
M. Frankel
Y. Lee

Sr optical clock: quantum meets precision

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

Y. Yang
Y. M. Tso
J. Hur
M. Miklos
S. Kraus

Z. Hu
D. Lee
B. Lewis



Jake Higgins John DoyleTian Ooi Chuankun Zhang

229Th nuclear clock
Many JILA scientists and staff members
T. Schumm (TU Wien)
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