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Advancing atomic clocks
Precision

Gravitational Red Shift
100 mm (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)



Number scaling

Doppler-free transition through 
motional state control:

Atomic clocks
(coherent)

Mössbauer spectroscopy 
(incoherent → coherent)

Single Hg+ ion (NIST)



Gravitational red shift measured with nuclear transition

Bring coherence to Mössbauer spectroscopy

Mössbauer spectroscopy
nuclear transitions

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

C. Zhang et al., Nature 633, 63 (2024).

A nuclear-atomic connection

57Fe

keV!



Build a nuclear clock ?

Laser

Frequency counter

Δ𝐸 = ℎ𝜈

Phase-coherent vacuum-ultraviolet frequency comb 

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)

E. Peik and C. Tamm, Europhys. Lett. 61, 181 (2003) 



Broadband laser excitation of 229mTh

229mTh excitation

First observation of radiative decay photons

S. Kraemer et al., Nature 617, 706 (2023)

Until last year…

152.7±2.1 nm

148.71 ± 0.06 (stat.) ± 0.41 (syst.) nm

Experimental measurements 
L.v.d. Wense, Physics 13, 152 (2020)

148.3821(5) nm

148.38219(4)stat(20)sys nm

Dilemma: 
• High peak power VUV
• Narrow spectral line for precision spectroscopy



High harmonic generationThe frequency comb revolutionCoherent VUV and XUV radiation

Time domain

Frequency domain

Harmonic Generation with a single IR pulse - a train of attosecond pulses 
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Harmonic Generation with a train of IR pulses → XUV frequency comb

10 ns

q = m frep + q f0



2 decades of development for XUV frequency comb

Time

2000 2005 2010 2015

Femtosecond enhancement cavity XUV comb spectroscopy

R. J. Jones & J. Ye, Opt. Lett. 27, 1848 (2002)
R. J. Jones & J. Ye, Opt. Lett. 29, 2812 (2004)

A. Cingöz et al., Nature 482, 68 (2012)

Coherence times > 1s

C. Benko et al., Nat. Photon. 8, 530 (2014)

2020

Phase-matched XUV comb generation

G. Porat et al., Nat. Photon. 12, 387 (2018)

XUV comb

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

~100 pW Tunable VUV comb

C. Zhang et al., Opt. Lett. 47, 5591 (2022)

>1 mW

Frequency Comb

Optical Cavity

Frequency

FSR

frep
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XUV frequency comb spectroscopy

VisableXUV VUV

Ar 5dNe 4s

Cingöz, Yost … Ye, Nature 482, 68 (2012).

• Scan single tooth of XUV comb across resonance
• Direct fluorescence detection
• Transition linewidth ~10 MHz

17th harmonic

transition

Comb teeth

10 MHz

Ne at 63 nm

Ar at 82 nm



Solid-state host: 229Th:CaF2

W.G. Rellergert et al., Phys. Rev. Lett. 104, 200802 (2010)
G A Kazakov et al., New J. Phys. 14, 083019 (2012)

Parameters Values

Dimensions 1.8×1.4×0.7 mm

Doping concentration 4×1018/cm3

Transmission @150 nm 45%

Thorsten Schumm Kjeld Beeks



Parallel scan of comb lines: precision + speed

ν

νcomb = 𝑓0 + 𝑁 × 𝑓rep

NN-1N-2 N+1 N+2



High resolution line-shape and decay lifetime

N ×

~240 kHz



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).



Quantum state resolved nuclear electric quadrupoles 



Understanding of the quadrupole splitting

Parameter Value

𝜂 0.59163(5)

𝑄𝑖𝑠𝑉𝑧𝑧 339.258(7) eb V/Å
2

𝑄𝑔𝑉𝑧𝑧 193.387(5) eb V/Å
2

𝑄𝑖𝑠/𝑄𝑔 0.57003(1)

𝐸

Q

z

𝐻𝐸2 =
𝑄𝑉𝑧𝑧

4𝐼(2𝐼 − 1)
[3𝐼𝑧

2 − 𝑰2 + 𝜂(𝐼𝑥
2 − 𝐼𝑦

2)]

Nuclear quadrupole moment
∇𝐸 component

∇𝐸 asymmetry



New insight to nuclear structure

z

Ԧ𝐼

𝑄𝑖𝑠

𝑄𝑔
= 0.57003 1 ⇒

𝑄is,0

𝑄g,0
=1.01791(2)

Body-fixed frameLab frame

Beeks … Ye, Safronova, Schumm, arXiv:2407.17300 (2024).

𝑉𝑖𝑠

𝑉𝑔
= 1.00055Nuclear volume:



49(19) keV

8.4 eV
∼ 5900(2300)

Sensitivity to  variation

Sensitivity to new physics beyond standard model

Coulomb repulsion ∼ 𝛼
Strong force binding
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~50 keV!

Excited

8.4 eV
QCD 

binding 
energy

Ground

Higher order moments?

Higher order moments?

Gaffney et al., Nature 497, 199 (2013)Beeks et al., arXiv:2407.17300v1 (2024)

https://o365coloradoedu-my.sharepoint.com/personal/diol5851_colorado_edu/Documents/JILA/Ye%20Group/Group%20Meeting%20Slides/Group%20Meeting%2009_01_2022.pptx?web=1


Temperature shift → crystal structure

𝐸

Q

z

𝐻𝐸2 =
𝑄𝑉𝑧𝑧

4𝐼(2𝐼 − 1)
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𝐻𝐸0 =
2

3
𝜋𝑍𝑒2𝜌𝑒 0 ⟨𝑟2⟩

Higgins … Schumm, Ye, arXiv:2409.11590 (2024).



Temperature shift → crystal structure

𝐻𝐸2 =
𝑄𝑉𝑧𝑧

4𝐼(2𝐼 − 1)
[2𝐼𝑧

2 − 𝑰2 + 𝜂(𝐼𝑥
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2)]

𝐻𝐸0 =
2

3
𝜋𝑍𝑒2𝜌𝑒 0 ⟨𝑟2⟩ ⇒ 𝛿𝜌𝑒 0  ~10−3/(Å3 ⋅ K)



Vapor deposition for future solid-state nuclear clocks

1 cm

✓ Works! Narrow spectral feature observed
?   mg material required

✓ Efficient use of material! (µg)
?    Narrow line transition not yet observed

229Th:CaF2 Pure 229ThF4 vapor deposition

50 μm

30 nm

Zhang … Alexandrova, Derevianko, Hudson, Ye, Nature, in press (2024), arXiv:2410.01753



Nuclear transition observed in JILA ThF4 thin film

Eric Hudson Ricky Elwell James Terhune

τ ~ 570 s

τ ~ 160 s

229ThF4 #22

Nuclear quantum optics

W. Liao et al., Phys. Rev. Lett. 109, 262502 (2012)

Emitter density: ∼ 107/𝜆3

Zhang … Alexandrova, Derevianko, Hudson, Ye, Nature, in press (2024), arXiv:2410.01753



Jake Higgins John DoyleTian Ooi Chuankun Zhang

229Th nuclear clock
Many JILA scientists and staff members
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