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Motivation:  Thorium-229 (*2°Th) nuclear clock

Experiment: Trapping of 22°Th3* ions

Laser spectroscopy of 22°Th3* isomer

Summary & prospects



Low-energy nuclear state in 2>°Th
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Low-energy nuclear state in Th-229

Transition energy is in VUV.
“Isomer” —> Laser spectroscopy of atomic nuclei

|=3/2* e

Long lifetime of isomer
( ~ 103seconds)
8.35574(3) eV* —> Narrow natural linewidth

A:148.3821(5) nm

“Nuclear clock”
\ "4

[ =5/2" n— E. Peik and Chr. Tamm, Europhys. Lett. 61, 181 (2003)

Ground state Highly accurate frequency standard

C. J. Campbell et al., Phys. Rev. Lett. 108 120802 (2012)
K. Beloy et al., Phys. Rev. Lett. 130, 103201 (2024).

*[In crystal]
J. Tiedau et al., Phys. Rev. Lett. 132, 182501 (2024).

Highly sensitive for variations of a

V. Flambaum, Phys. Rev. Lett. 97, 092502 (2006)
M. S. Safronova et al., Rev. Mod. Phys. 90, 025008 (2018)




Laser excitation of Th-229 nuclear transition in crystal (2024)

Wavelength [nm]
148.387 148.382 148.377
(ﬂ) T T T
1000~ .

PTB(GER), TU Wien | Tiedau et al., Phys. Rev. Lett. 132, 182501 (2024).
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Crystal : CaF,
Laser : Pulse, Xe four-wave-mixing
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UCLA(USA) R. Elwell et al., Phys. Rev. Lett. 133, 013201 (2024) -
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Crystal : LiSrAlF, < 06

Z 04

Laser : Pulse, Xe four-wave-mixing

Isomer energy: 8.355 733(10) eV

JILA (USA) C. Zhang et al., Nature 633, 63 (2024).
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Isomer energy: 8.355 733 554 029 (8) eV

Okayama (Japan) T Hirakiet ol arXiv:2509.00041 (2025).  Crystal : CaF,

Laser : Pulse, Xe four-wave-mixing



Nuclear clock based on ??Th3* in a trap
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Why 3+ ? 2D/,

Availability of closed electronic transitions
— Laser cooling, fluorescence detection,

state preparation...

[Previous study]

1088 nm

* Direct laser cooling
of 22°Th3* ions (nuclear ground state)

e 229Th3* jons were prepared
by laser ablation

. transverse beams -
N We cannot use laser ablation
in Japan.
C. J. Campbell et al., Phys. Rev. Lett. 106, 223001 (2011).




2331 as a source of " Th (Isomer) ions
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[Previous studies]

First direct detection Of 229m'|'h L. van der Wense et al., Nature 533, 47 (2019
4 Laser spectroscopy of 22°MTh?* J. Thielking et al., Nature 556, 321 (2018).
X Precise determination of isomer energy B Seiferle et al., Nature 573, 243 (2019). Y

This study

Trapping and laser spectroscopy of 22°MTh3+*




Preparation of 2>°Th3*

233y o decay

(Half life : 1.6 x 10° years)

84 keV
(270 km/s)

/ Recoil ion
o, particle

(4.9 MeV)

86\@\!’\./&.% 1229Thn+
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Metal plate



Electrodeposition of 33U

d90 mm

600 kBq of U-233
is electrodeposited.

Y. Shigekawa and H. Haba
Nuclear Chemistry Lab (RIKEN)



Experimental apparatus
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Extraction of ?°Th3* ions

+V (Pushing field)

“RF carpet”
to extract 22°Th3* as an ion beam

Vacuum chamber

Helium (~2 kPa)

V. Sonnenschein et al., Eur. Phys. J. A48, 52 (2012).
L. van der Wense et al., Nucl. Instrum. Methods Phys. Res. B 376, 260 (2016).



“RF carpet”

Developed by
M. Wada (KEK)

10 cm

M. Wada et al.,
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Hole (®0.32 mm) for ion extraction

Nucl. Instr. And Meth. B 70, 309 (1992).
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“lon Surfing” lEP l l l l l 1 Push field
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lon extraction by “ion surfing” technique (simulation)
G. Bollen, Int. J. Mass Spectrom. 299, 131 (2011).



Experimental apparatus
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U-233

Trapping of ??°Th3* ions

He: 0.2 Pa l
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Spectroscopy of ??°Th3* ions (Doppler broadened)

——— Hyperfine transitions of 2298Th3*
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Nuclear spin: /=5/2 for 22°8Th




Hole-burning spectroscopy

< 1088 nm

229Th3+ < 690 nm
< 984 nm

ROE Scan of 1,088 nm-laser
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Hyperfine spectra of ?>°Th3*

Signal (arb. u.)
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How to extract 22°Th3* spectra?




Nuclear-state-selective spectroscopy

[calculation]
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Signal (arb. u.)

Observation of the 2°™Th3* signal
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Nuclear properties of " Th

Hyperfine structure constants of the D, , state of 22°™Th3*
A (2D3/2) . —267(3) MHz
B, (2D3/2) . 1288(10) MHz

Isomer shift of the *F; , - °D;/, (1088 nm) transition
vit —vs = 320(30) MHz

$

229MTh nuclear parameters

Magnetic dipole moment, —0.378(8)

Electric quadrupole moment, Q,, 8.84(10) eb

<r2,,0 > —<r2, > 0.0097(26) fm?




Nuclear decay lifetime of ?2°"Th3*
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Ground state e
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(. : Reaction rate between Th3*
and impurity gasses

(1, : nuclear decay rate

» Natural linewidth: 80(20) uHz
Quality factor f,/Af = 2.5 X 10%°

A. Yamaguchi et al., Nature 629, 62 (2024).



Summary

Towards a nuclear clock, we performed

* trapping of 22°6Th3* and 22®™Th3*ions

» Laser spectroscopy of 22°™Th3* and determination
of its nuclear parameters

Prospects
* Laser cooling of 22°6Th3* and 22°™Th3* ions

* Direct laser excitation of the 8.4 eV (= 148 nm) nuclear transition in a trap
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