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Th-229 isomer transition
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E. Peik & C. Tamm, EPL 61, 181 (2003)
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E. Peik & C. Tamm, EPL 61, 181 (2003)



Th-doped crystal

Nuclear laser spectroscopy of Th-229
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PTB, PRL 132, 182501(2024)
UCLA, PRL 133, 013201 (2024)

JILA, Nature 633, 63 (2024)
Okayama, arXiv:2509.00041 (2025)JILA, Nature 650, 72 (2026)



CW 148 nm laser: nonlinear crystal

Problems:

Strong absorption

Phase matching is hard 
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1.3 nW @ Peik group PTB   

V. Lal et. al, Optica 12, 1971 (2025)

1 uW @ Ye group JILA   



CW VUV laser: four-wave mixing in Hg vapor

Layman-α @ 121.56 nm
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K. S. E. Eikema, J. Walz, and T. W. Hänsch, PRL 83, 3828 (1999)

K. S. E. Eikema, J. Walz, and T. W. Hänsch, PRL 86, 5679 (2001)
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CW 148 nm laser: four-wave mixing (FWM) in Cd vapor

Third-order susceptibility

Confocal parameter, twice Rayleigh range

Phase matching factor Phys. Rev. Appl. 25, 024034 (2026)

PRA 112, 022807 (2025)

➢ Large nonlinearity

➢ Strong fundamental power

➢ Low melting point (321 °C)

➢ Narrow linewidth?
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CW 148 nm laser: four-wave mixing (FWM) in Cd vapor
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PMT

CW 148 nm laser: four-wave mixing (FWM) in Cd vapor

Nature 650, 852 (2026)

Brewster prism

Observed VUV power 
agrees well with theory



CW 148 nm laser: wavelength tunability

10Nature 650, 852 (2026)

Phys. Rev. Appl. 25, 024034 (2026)



CW 148 nm laser: wavelength tunability
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Very widely tunable from 140 nm to 175 nm

Phys. Rev. Appl. 25, 024034 (2026)



Linewidth of the four-wave mixing VUV laser?
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Phase noise induced by high-harmonic generation

13J. Ye, Nat. Photon. 8, 530 (2014)

How coherent is the (CW and resonance-enhanced) 
four-wave mixing process?



CW 148 nm laser: phase noise induced by FWM

CCD

Brewster prism

Beating of separately generated VUV beams
14

Observe the beating signal 
using photodetector?

PMT

Brewster prism

Nature 650, 852 (2026)



CW 148 nm laser: phase noise induced by FWM

CCD

Brewster prism

Beating of separately generated VUV beams

High-contrast fringes with 
10 second exposure time

15Nature 650, 852 (2026)



CW 148 nm laser: phase induced by FWM
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➢ Dopper shift of fundamental beams in the 
atomic rest frame

                                 =
Frequency transformation of the generated 
VUV field back into the lab frame

➢ Dephasing due to collisions is not relevant
since only virtual states are involved. 

Nature 650, 852 (2026)



CW 148 nm laser: improved power and linewidth
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148 nm: 10 uWFiber-based lasers
375 nm: 5 W

710 nm: 10 W

arXiv:2606.08870 (2026)



CW laser fluorescence spectroscopy
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Thorsten Schumm 
       (TU Wien)

Eric Hudson
     (UCLA)
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➢ Bridgman-Stockbarger method

➢ Concentration 8*1016/cm3

➢ Diameter 1.5 mm, length 9.6 mm

CW laser fluorescence spectroscopy

➢ Slow decay

Yin Hang (SIOM)

S1

arXiv:2606.08870 (2026)
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CW laser absorption spectroscopy

arXiv:2606.08870 (2026)
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CW laser absorption spectroscopy

➢ S1+PMT

➢ Each data, 80 seconds

➢ S1+Phototube

➢ Each data, 40 seconds

arXiv:2606.08870 (2026)



Close the feedback loop
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𝑓148 =
4𝑛750 + 𝑛710

𝑛1397
𝑓1397 + Δ

arXiv:2606.08870 (2026)



Close the feedback loop with S1 crystal
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X. Zhang, Science Bulletin 70, 3337 (2025)

arXiv:2606.08870 (2026)



Fabrication of TS1 crystal
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Liangbi Su (SIC)

➢ Extremely limited Th-229, single chance for crystal growth

➢ Temperature-gradient technique

➢ Concentration 2.2*1017/cm3

➢ Diameter 1.09 mm, length 4.94 mm

Beichen Huang Qi Xiao

TS1
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➢ S1+PMT

➢ Each data, 80 seconds

➢ S1+Phototube

➢ Each data, 40 seconds

➢ TS1+Phototube

➢ Each data, 10 seconds

CW laser absorption spectroscopy

arXiv:2606.08870 (2026)



Characterization of clock operation

26arXiv:2606.08870 (2026)



Close the feedback loop
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𝑓148 =
4𝑛750 + 𝑛710

𝑛1397
𝑓1397 + Δ

arXiv:2606.08870 (2026)



Characterization of clock operation
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Frequency reproducibility 10-13

arXiv:2606.08870 (2026)



29

Summary: CW laser spectroscopy and clock operation

➢ CW 148 FWM generation in Cd vapor

➢  Phase noise and linewidth

➢
229Th:CaF2 crystal growth

➢ Fluorescence spectroscopy

➢ Absorption spectroscopy

➢ Clock operation
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