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Introduction  — Thorium-229
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Thorium-229 has the lowest first nuclear-excited state (A~148 nm, T~103s)
—Direct laser excitation is possible, enabling its application to an optical nuclear clock.



Introduction

Use a nuclear transition as a frequency standard.

Clock
Laser

— Thorium-229 nuclear clock

~

Type(1).lon trap 102, 233004 (2009)

- trapped 229Th ions
- Potential to achieve ultimate precision

Typically keV - MeV

Accuracy is expected tobe Av/v~10-19,

Type(2).Doped into a crystal

(solid-state nuclear clock)

many 22°Th nuclel

. Compact
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- Simultaneous excitation of

- Strong signal enhancement

/

Since the nucleus is much smaller and less polarizable than the atom, it is less sensitive to external fields.
Large sensitivity to variations in the fine-structure constant a: K-~103-104

— These advantages make the nuclear clock promising for both fundamental physics and practical applications.




Introduction —Step for laser excitation

: Y
Background 5 M
- 1976: The existence of a low-energy nuclear iIsomer was predicted by y-spectroscopy !l r
- However, Its energy remained uncertain for many years.
_ . . . . . . . . . Y spectroscopy
- For direct laser excitation, precise determination of the isomer energy Is essential. £ <100 eV

Step for laser excitation of 229Th isomer
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@D Isomer Production & Direct VUV Observation

T. Masuda et al., Nature 573, 238-242 (2019). T. Hiraki et al. Nature Com 15, 5536 (2024).
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We developed an excitation scheme to populate the 229Th isomer via the well-known 2nd
excited state using synchrotron X-ray irradiation.

We then directly detected VUV photons from isomer decay, enabling a precise determination
of the iIsomer energy and lifetime.



@D Isomer Production & Direct VUV Observation

229Th lsomer decay Curve
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from X-ray irradiation of crystals

The precise determination of the isomer energy and lifetime Eiso = 8.368 + 0.024 eV
has contributed to nuclear clock research. T=645(23) s




@ VUV laser system development
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- Laser gain media around 148 nm, corresponding to the experimentally

determined resonance wavelength, are extremely [imited.

- We developed a vacuum ultraviolet (VUV) pulsed laser based on four-wave

MNP N\NP
Seed stimulated p 90 -
||ght emission 1180 nm

mixing (FWM) using a Xe transition.

- The system was confirmed to provide a sufficient excitation rate for our

experiments.



@ Laser excitation experiment

229Th iIsomer decay curve
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@ Laser spectroscopy

229Th:CaF2 | T. Hiraki et al., arXiv:2509.0004 1 (2025).
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We achieved spectroscopy of the crystal-field splitting in the host crystal.
The observed spectrum can be consistently explained as a sum of contributions from 4 different sites.
(Confirmed weak peaks (site3, 4) that had not been observed in previous studies.)



Recent Status of 229Th Nuclear Clock Research

-Major Progress in Recent Years { @ ~2kev |
2023~ Precise determination of the isomer energy ‘ U VWQ% '
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—All laser excitation so far has been achieved in solid-state targets. e e e netee e emarese eeesrereeer e

Laser spectroscopy of trapped ions is the next major milestone.



Summary & Future work

229Th has an iIsomeric state with exceptionally low energy, and is expected to be applied to a
precise nuclear clock.

In this study, D precisely determined the isomer energy through direct detection of de-excitation
photons, @ developed a VUV pulsed laser based on four-wave mixing, and @ demonstrated laser
excitation and precision spectroscopy of the 229Th isomeric transition in a 22°Th:CaFz crystal.

Developing solid-state nuclear clock Developing lon trap nuclear clock

. O Upgrades to the VUV
- Laser quenching study and temperature =__ M Trapped Th .
. B ’ ions laser and preparations
dependence study are ongoing. Toeh s Bt el

. o, for ion trap
- Development of 22°Th new samples and experiments are

Evaluation by Laser-Based Mossbauer | * ongoing.
spectroscopy 56
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