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Thorium—-229 and Nuclear Clock 2

o 229Th has the lowest nuclear excited state among all nuclei (isomeric state, 22°""Th)

e F=8.356¢eV corresponds to 148 nm (VUV photons)

. Application to nuclear clocks (frequency standard using **’6Th < %*°""Th transition)

e |In contrast to atomic clocks, solid—-state nuclear clock can be realized

Solid-state
nuclear clock

Optical Littice lon trap Crystal Lattice
Nature 455:207 (2008). NICT NEWS 2021 No. 2 ( Vol. 486)



Our group’s discovery: XIQ 3
° 2018, the X—ray pumping of the 229mTh states -+ wmasuda et al, Nawre 573, 238 (2019)

e 2023, we succeeded in observing VUV photons from 229mTh 1 Hicaki et al, Nat. Comm. 15, 5536 (2024)

Moreover, we found the Controlling (NRS & XI1Q) the

_ | 7o * 229mTh state can update the
X-ray induced quenching (XIQ) of mTh performance of nuclear clock

|ntuitive image Experiment Phys. Rev. Research 7, L022036
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Experiment Setup, X-ray

arXiv:2505.03852v1
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The Nuclear Resonance Scattering method

29,190 eV

»

I3/ = 82 ps

delayed X-ray signal
X-ray beam

‘1 229mTh

vacuum ultraviolet photon signal

229¢Th

T. Masuda et al.,, Natture 573, 238 (2019)
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The discovery of XIQ

(a) isomer production
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(b) iIsomer decay
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XIQ dependence On X—ray flux T. Hiraki et al., Nat. Comm. 15, 5536 (2024) 7

The lifetime of 229mTh during XIQ
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X1Q dependence on crystal temperature

arXiv:2505.03852v1
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The color—-centers in crystals 9

e A mini-review about color-centers in solid-state physics
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The color—-centers in crystals 10

e A mini-review about color-centers in solid-state physics

Anion vacancy

A crystal defect
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The color—-centers in crystals 11

e A mini-review about color-centers in solid-state physics
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Mineral CaFz crystals with different color—-centers
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229mTh Quenching model

arXiv:2505.03852v1

Very Preliminary!
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Summaries 14

e We used the 29.2-keV X-ray to pump the 229Th nucleus to the isomer state
e« The VUV signal was detected by the our setup
e The spontaneous lifetime of 229mTh is measured as 646(37) s in CaF, crystal
e X-ray can induce the quenching of 229mTh in CaF:
e Quench can be used for nuclear clock initialization
e Cooling the crystal can mitigate the XIQ magnitude, resulting in
— Longer lifetime during X-ray irradiation
— Larger 229mTh yields during X-ray irradiation
« A quenching model based on e~ migration in the crystal is proposed More details could

be found at here!

arXiv:2505.03852 [pdf, other] EeJEIEIRIEES nucl-ex

X-ray induced quenching of the 229Th clock isomer in CaFsg
Authors: Ming Guan, Michael Bartokos, Kjeld Beeks, Hiroyuki Fujimoto, Yuta Fukunaga, Hiromitsu Haba, Takahiro Hiraki,
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The thermoluminescence of the Th:CaF, crystal 16
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The cooling setup

M. Guan et al.,, NIMB 562, 165647 (2025)
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Cooling, ice-layer and the copper shield

VUV-PMT counts [scaled]
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M. Guan et al.,, NIMB 562, 165647 (2025)
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FIG. 6. Decreasing radioluminescence counts caused by an
ice-layer formation on the cold crystal at 150 K. Each data
point, averaged over 150 s, corresponds to one frequency scan
during the search for the nuclear transitions. All points are
> 3THz apart from the nuclear resonance. Note the ~ 10X
longer time scale of this effect in comparison to the isomer
decay curves.
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The quench and afterglow

Singal intensity [a.u.]
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