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Originally proposed by E.V. Tkalya et al., Phys. Rev. C 61, 064308 (2000)

~29.2 keV

229gTh
229mTh5/2+

3/2+

5/2+

~8 eV 

excitation 2nd excited state

intense X-ray beam

• Production of 229mTh by excitation to the second excited state
- ~60% of the second excited state decay into 229mTh
- established technique by our group

• In VUV search, background information can be obtained
by slightly changing X-ray energy from on resonance 

VUV
signal

de-excitation
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Thorium-229 has the lowest first nuclear-excited state (λ~148 nm, τ~103 s) 
→Direct laser excitation is possible, enabling its application to an optical nuclear clock.

Neptunium 
series

ー Thorium-229

• Radioactive isotope of 
thorium 
• Half-life ~7900 yr  
Natural abundance: 0% 
•  produced by 233U 

Wikipedia

Introduction
Th-229の超低エネルギー原子核状態

Th-229 (8.4 eV)

Mass number A

Typically keV - MeV

Only nuclear 
isomerEx

cit
at
io
n 
en
er
gy
 (e
V)

Excitation with X-rays or γ-rays. 
Studies at accelerator facilities.

Energy of the first nuclear excited state



4Introduction ̶ Thorium-229 nuclear clock

Use a nuclear transition as a frequency standard.

• Accuracy is expected to be Δν/ν~10-19. 
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 α:   K~103-104 
• →These advantages make the nuclear clock promising for both fundamental physics and practical applications.

Th-229原子核時計でenhanceされる理由

51

Th-229の励起エネルギー  が極端に小さいためEIS

δf
f

= K
δα
α

K = ΔEc

ΔEIS

∼ MeV

∼ 8 eV

但し，原子核の変形の効果もあり，Kが小さくなる可能性も残されている

Th-229アイソマーがトラップできれば，アイソマーシフト，同位体シフト
を測定することで，Kを実際に確かめることが可能である。

Typically keV - MeV

Optical clock

Thorium 229

Feedback Detector

Laser 
(λ~150 nm)

• Ion trap
• Doped crystal

• Use a nuclear transition as a frequency 
standard. 
• The effect of external fields can be expected  
to be much smaller. 

• Precision is expected to be approximately 10-19.   
      C. J. Campbell et al, PRL 108, 120802 (2012). 

• As a compact and precision clock, it is 
expected to have many applications in both 
fundamental physics and practical use in 
society. 
• Search for temporal variation of the Fine 
Structure Constant. Sensitivity will be improved 
by 105~106. 

• A prove for dark matter, a gravitational sensor, 
etc. 

• Apply for chronometric geodesy, earthquake 
navigation, etc. 4

isomeric state

ground state

Introduction Thorium-229 nuclear clock

Solid-state nuclear clock 
    ̶  Candidate for next-generation clock 
    ̶  Can excite a large number of 　　　　　
　thorium-229 simultaneously.

VUV Search using NRS technique

J. Phys.: Condens. Matter 26 (2014) 105402 (9pp)

• Need VUV transparent target 

Th:LiSAF (Hudson Group, USA)
Th:CaF2 (Schumm Group, AU)

Solid state nuclear clock
J. Phys.:Condens. Mat. 21, 325403 (2009) 

Th doped UV transparent crystal have been developed
CaF2 target

1x1x1 mm

Type(1).Ion trap

Type(2).Doped into a crystal 
 (solid-state nuclear clock)

> 1018 /cm3
•Simultaneous excitation of 
many 229Th nuclei 
•Strong signal enhancement 
•Compact

•trapped 229Th ions 
•Potential to achieve ultimate precision

cooling pose significant challenges. Thorium is a refrac-
tory metal with a high melting point (2050 K) and low
vapor pressure, and hence producing an atomic source is
not trivial [20,21]. Furthermore, generating multiply ion-
ized species by electron impact is typically much less
efficient than generating singly ionized species.

The general schematic of the apparatus and the relevant
atomic energy levels are shown in Fig. 1. The trap consists
of four stainless steel rods of diameter 9.5 mm whose
centers are arranged on the vertices of a square with sides
of length 12.4 mm. The trapping potential is created by a
3.1 MHz rf voltage (20–700 V0!pk) applied to all four pins.
Confinement in the axial direction is provided by dc volt-
ages (10–600 V) applied to stainless steel end cap elec-
trodes, each having a 5 mm hole coaxial with the trap axis
drilled through for optical access and sample loading. The
end caps are separated by 39 mm and are electrically
insulated from the rf rods by alumina spacers. The large
trap size was chosen to maximize the loading efficiency of
Th3þ.

To create Th3þ, we employ laser ablation of a thorium
target using the third harmonic of a pulsed YAG laser. The
5 ns laser pulses, each with energy of #200 !J, are
focused down to a 15ð10Þ !m spot size on a thorium metal
sample. Because of the conservative nature of the Paul trap,
the potential of the end cap nearest the sample is pulsed
from 100 V to ground and back in sync with each ablation
pulse, allowing cumulative axial ion loading. Much of the
slower moving Thþ and Th2þ components of the ablation
plume are electrically blocked from entering the trapping
volume by careful timing of the potential pulses. To re-
move any trapped pollutant ions, the well understood mass
selective capabilities of rf ion traps are employed.

To increase loading efficiency and facilitate efficient
laser cooling, we introduce 99.9999% pure helium buffer
gas at pressures of 10!7 ! 10!5 torr into the vacuum
chamber. The gas collisionally cools the ablated Th3þ

ions from tens of thousands of Kelvin to about room
temperature, after which it is pumped out, allowing for
laser cooling to take place. In this process, the vacuum
environment returns to a pressure of <2& 10!11 torr
within 30 seconds of shutting off the helium source.

Th3þ offers closed atomic transitions at convenient op-
tical wavelengths that lend themselves to fluorescence

detection and laser cooling (see Fig. 1). There is an avail-
able 2-level system at 1087 nm between the 52F5=2 ground

state and the 62D3=2 excited state. The lifetime of the

62D3=2 state was recently calculated by Safronova et al.

to be 1:09 !s, corresponding to a linewidth of 145 kHz
[22]. Additionally, there is a 3-level system involving the
62D5=2 state and the 52F5=2, 5

2F7=2 states. The lifetime of

the 62D5=2 state was calculated to be 0:676 !s (234 kHz

linewidth) with a 1:8 branching ratio to the 52F5=2, 5
2F7=2

ground states, respectively. The sub-MHz linewidths of the
transitions should allow for direct Doppler cooling into the
motional ground state, if a higher frequency trap is em-
ployed [23].
Initial laser cooling is accomplished by illuminating the

ion cloud with 4 red detuned 1087 nm laser beams prop-
agating in the same plane at 30' angles to the trap axis (see
Fig. 1). The beams, derived from a diode laser, have a
cross-section of 4 by 1 mm, and each have a power of
4 mW, producing an intensity#100& above saturation per
beam. In order to laser cool the atoms from room tempera-
ture to the ultracold regime, the detuning of the 1087 nm
light is swept from!200 MHz to!25 MHz over a period
of #15 s. This slow scan is required due to the relative
weakness of the cooling transition; it is #100-fold nar-
rower than typical ion cooling transitions. At this point, the
690 nm and 984 nm beams, copropagating along the trap
axis, aid in cooling to ion crystallization. Both fields are
derived from diode lasers, with the 690 nm light on reso-
nance and the 984 nm light detuned #1 MHz to the red of
resonance. A low-noise CCD camera (Andor DU401) and
a high numerical aperture collection lens (NA ¼ 0:32) are
used to detect fluorescent signals of the trapped ions. We
have observed fluorescence on each of the transitions
shown in Fig. 1. The 984 nm transition provides the largest
signal due to the optimal combination of the decay rate and
the CCD quantum efficiency.
Through optimization of the trapping parameters and

stability, we have observed a wide variety of crystals and
chains with single ion resolution. Some representative
examples are shown in Fig. 2. For these images, the de-
tected single atom signal is #20 counts=s, and the expo-
sure time is 6 s. The secular frequencies of the trap are 10–
50 kHz. The high charge state of the ions results in a large

CCD

232Th

end cap
end cap

YAG

collection
lens

6D3/2

6D5/2

5F5/2

5F7/2

6D3/2

6D5/2

5F5/2

5F7/2

)b()a(

FIG. 1 (color online). (a) Schematic of linear rf Paul trap and
232Th sample. (b) Lowest electronic energy levels of Th3þ.

FIG. 2 (color online). 984 nm fluorescence images of trapped
Th3þ samples. (Top) A Coulomb crystal of #1700 ions.
(Bottom) A crystallized chain of 14 ions. The integration time
for each image is 6 s.

PRL 102, 233004 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
12 JUNE 2009

233004-2

C. J. Campbell  et, al. PRL 
102, 233004 (2009)
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229Th

VUV Las
er

Background 
• 1976:  The existence of a low-energy nuclear isomer was predicted by γ-spectroscopy 
• However, its energy remained uncertain for many years. 
• For direct laser excitation, precise determination of the isomer energy is essential.
Step for laser excitation of 229Th isomer

229Th Ground state

Isomer 
production

Isometric state  8 eV？  

Isomer Production & 
Direct VUV Observation

Step①

229Th Ground state

Isometric state

Development of a 
Tunable VUV Laser

Step②

VUV Las
er

229Th Ground state

Isometric state

Direct Laser Excitation 
of the Isomer

VUV Las
er

Step③

Isomer 
energy & 
lifetime 
determination

Based on the measured 
isomer energy

Observation of  
de-excited signal

Introduction ̶Step for laser excitation
γ

γ

γspectroscopy 
 Eiso <100 eV 
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Ground state

Isomeric state

2nd excited state (via) 29.19 keV
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（１）研究活動
代表者の吉村は，素粒子実験・宇宙線実験を専門分野として研究活動に従事し，現在は、テーブ
ルトップでできる基礎物理実験に携わり、その一環として、2014年頃から原子核時計のプロジェ
クトを立ち上げるに至った。当時は、まだアイソマーの生成法を、233Uのアルファ崩壊に頼って
おり、放射性バックグランドの環境下での真空紫外光観測は困難であった。そこで、われわれは、
29 keV付近の第 2励起状態に着目し、大強度放射光X線による核共鳴散乱の手法を用いて、第 2

励起状態を経由してアイソマー生成を行うことを考案し、測定器の開発を進めていった。ただし、
予想される寿命は 100 psec 以下と短く、しかも高計数率での測定が必要であった。我々のグルー
プは素粒子実験の測定器技術を生かして超高速高時間分解能なX線検出システムを開発するとと
もに [1]、本研究の主要なメンバーの協力を得て、X線集光、高性能標的システムについても改良
を行っていき、2018年 7月ついに 229Thの第 2励起状態への励起を世界で始めて観測し、そのエ
ネルギーと寿命を測定することができた。これにより、放射光X線のエネルギーをわずかに変え
るだけで、アイソマーの生成を自在にコントロールすることができるようになり、本研究の基礎
となる「能動的アイソマー生成法」を確立することができた [2-3]（図 8）。
分担者の山口はこれまで、中性原子のレーザー冷却、光格子時計の開発とその応用に関する実

験的な研究に携わってきた．また、本研究で対象とする 229Thの核遷移に関する研究にも携わり、
その遷移エネルギーを実験的に決定するという実績をあげた [4]．研究分担者のもつ、レーザー冷
却技術、レーザーによる原子の精密分光技術は本研究の遂行に重要である。
分担者の笠松は 235mUの研究では初めて化学状態の変化に応じた半減期変化と内部転換電子ス
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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 isomer energy and lifetime.
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Originally proposed by E.V. Tkalya et al., Phys. Rev. C 61, 064308 (2000)
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229gTh
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3/2+
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~8 eV 

excitation 2nd excited state

intense X-ray beam

• Production of 229mTh by excitation to the second excited state
- ~60% of the second excited state decay into 229mTh
- established technique by our group

• In VUV search, background information can be obtained
by slightly changing X-ray energy from on resonance 

VUV
signal

de-excitation

Japan
Optical clock

Thorium 229

Feedback Detector

Laser 
(λ~150 nm)

• Ion trap
• Doped crystal

• Use a nuclear transition as a frequency 
standard. 
• The effect of external fields can be expected  
to be much smaller. 

• Precision is expected to be approximately 10-19.   
      C. J. Campbell et al, PRL 108, 120802 (2012). 

• As a compact and precision clock, it is 
expected to have many applications in both 
fundamental physics and practical use in 
society. 
• Search for temporal variation of the Fine 
Structure Constant. Sensitivity will be improved 
by 105~106. 

• A prove for dark matter, a gravitational sensor, 
etc. 

• Apply for chronometric geodesy, earthquake 
navigation, etc. 4

isomeric state

ground state

Introduction Thorium-229 nuclear clock

Solid-state nuclear clock 
    ̶  Candidate for next-generation clock 
    ̶  Can excite a large number of 　　　　　
　thorium-229 simultaneously.

VUV Search using NRS technique

J. Phys.: Condens. Matter 26 (2014) 105402 (9pp)

• Need VUV transparent target 

Th:LiSAF (Hudson Group, USA)
Th:CaF2 (Schumm Group, AU)

Solid state nuclear clock
J. Phys.:Condens. Mat. 21, 325403 (2009) 

Th doped UV transparent crystal have been developed
CaF2 target

1x1x1 mm
229Th:CaF2 

① Isomer Production & Direct VUV Observation

The 229Th-doped CaF2 crystal targets were developed in the
laboratory of TU-Wien14 (see Methods). Two cuboidal pieces of
229Th:CaF2 of appropriate size ~1mm3 (named “Basso” and “Alto”) were
cut from the same crystal ingot and facets were polished to optical
quality. The measured 229Th activities were 20.0 kBq (17.2 kBq), yield-
ing a 229Th doping concentration of 4.0× 1018(4.7 × 1018) cm−3 for the
“Basso” ("Alto”) crystal, respectively. At such high concentrations,
radiolysis during growth leads to a fluoride deficiency of the obtained
crystal, reducing VUV transparency to <1% in the entire VUV region.
Annealing the crystal under a fluoride-rich atmosphere recovered a
transmission of >40% at 150 nm wavelength24.

The experimental setup for VUV-photon detection consists of two
connected vacuumchambers ("irradiation” and “measurement”) with a
vacuum level of 10−3 Pa (see Fig. 1b). The target crystal is mounted on a
moving holder (Fig. 1 (e)), which translates between the two chambers
using a pneumatic stage. The crystal is first irradiated by the X-ray
beam for a certain time to populate the 229mTh state in the irradiation
chamber and is then moved to the measurement chamber within
about one second. This transfer scheme is used to suppress X-ray
beam-induced optical backgrounds.

The 229Th:CaF2 crystal is positioned at the focal point of a para-
bolic mirror with a protected aluminum coating so that the emitted
light is reflected and passes through a spectral filtering device as
shown in Fig. 1c. The spectral filtering device consists of right-angle
prisms with special dielectric coatings so that only light in a specific
wavelength region around 150 nm is reflected. The use of four con-
secutive right-angle prisms (Fig. 1d) with installation directions
orthogonal to each other guides the signal beam to the detector while
reducing the number of background events down to O(10−6) in the
calculation. A set of selectable band pass filters (BPFs) installed on a
rotating wheel is introduced for spectroscopic measurements of the
radiation emitted by the crystal. The filtered light is focused by aMgF2
lens and finally detected by a solar-blind photomultiplier tube (PMT,
Hamamatsu R10454). The dark count rate of the PMT (called VUV-
PMT) was reduced to less than 0.1Hz by cooling it to −30 ∘C.

Another PMT (Hamamatsu R11265-203, called VETO-PMT), which
is sensitive to ultraviolet (UV) and visible (VIS) light, is installed behind
the first right-angle prism to implement temporal filtering of the

optical signal (see Fig. 1b, c). The radioluminescence in the CaF2 crystal
caused by the occasional alpha- and beta-decay of 229Th and its
daughter elements is known toproducebursts of orderO(104) photons
per decay event, mainly in the UV region25, which produces a back-
ground also on the VUV-PMT. Events detected by the VUV-PMT that
coincide with such bursts detected by the VETO-PMT are rejected
using a timing coincidence of the two PMTs.

The waveform signals from the PMTs are amplified and then
recorded by an oscilloscope (National Instruments, PXIe-5162). See
Methods for details of this signal processing. During themeasurement,
reference pulse signals are generated by a delay generator. They are
combined with the VUV-PMT signal and used as the trigger channel.
The reference pulse data are used tomonitor the dead time of the data
acquisition, and the remaining signal after background rejection.

Analysis and results
The clear evidence for VUV photon emission from the 229Th isomer is
the enhancement of the photon counts in the VUV-PMT when tuning
the X-ray energy to be resonant with the 29-keV level. Figure 2b shows
a resonance curveof themeasuredVUV-photon rate, using theTh:CaF2
crystal and the VUV detection system. The crystal was irradiated for
~600 s for each X-ray energy point and VUV photons were counted for
1800 s after each X-ray irradiation. The resonance energy is obtained
by fitting a Gaussian function plus a constant offset value. Taking into
account the systematic uncertainties of the X-ray energy calibration20,
the peak energy is determined to be E = 29,189.89 ± 0.07 eV. This
energy coincides with that of the X-ray signal spectrum within the
error, validating that the observed VUV signal is the result of
isomeric decay.

The small difference in the resonance width (σ = 18.2(25) and
13.4(11)meV in Fig. 2a and b, respectively) between these two reso-
nance curves could be caused by the effects of the solid-state envir-
onment in the different targets: the resonancewidth is determined not
only by the monochromator bandwidth but also by the target-
dependent inelastic scattering processes corresponding to the pho-
non contributions in nuclear resonance scattering26,27.

The wavelength of the VUV radiation emitted by the 229Th isomer
was determined by measuring the transmission of this radiation
through six different BPFs. The BPFs were switched every 10 s with a
switching time of less than two seconds during the 1800s measure-
ment period following an X-ray pumping isomer excitation. Measuring
all six BPF transmissions during single excitation-decay sequence
suppresses possible detrimental effects of beam intensity fluctuations
and crystal damage on the wavelength measurement.

Figure 3 shows the determination process of the radiation wave-
length from the thorium isomer. Each measured transmission Tmeas(i)
(i = 1−6) was obtained (Fig. 3a) by taking the signal ratio with and
without the filters. The filter number #0 corresponding to a blank one
(without the filter) were used once in one rotating cycle for this
Tmeas(i)-calculation. The transmission spectra TBPF(i, λ) for the BPFs
(Fig. 3b) were measured before and after the whole measurement
campaign using a custom-built measurement system with a VUV-
monochromator.

The wavelength of the emitted radiation is obtained by fitting the
parameter λ tominimize the weighted quadratic sum of the deviations
between Tmeas(i) and TBPF(i, λ), describing as

χ2ðλÞ=
X6

i= 1

TmeasðiÞ # TBPFði, λÞ
ΔTmeasðiÞ

! "2

: ð1Þ

From this procedure, the wavelength is determined to be 148.18 ± 0.38
(stat.) nm as shown in Fig. 3c, d. The systematic uncertainties for
Tmeas(i) and TBPF(i, λ) were estimated by off-line systematic studies of
BPF transmission, wavelength calibration, and their reproducibility
(see Methods). Considering these systematic effects, the wavelength
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Fig. 2 | Measured resonance spectra. a The resonance spectrum of X-ray fluor-
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Observation results (w/BPF)
Eiso = 8.368 ± 0.024 eV 
τ=645(23) s 
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The precise determination of the isomer energy and lifetime  
has contributed to nuclear clock research.
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of the 229Th isomer transition is determined as

λ= 148:18 ±0:38ðstat:Þ±0:19ðsyst:Þ nm: ð2Þ

This value corresponds to an isomer energy of 8.367 ±0.024 eV and is
consistent with recently reported energies within the error15,28–30.

The excitation dynamics can be observed by measuring the total
isomer signal yield immediately after X-ray beam-off for various exci-
tation periods (see Fig. 4a). The subsequent radiative decay dynamics
can be directly extracted from PMT time traces recorded after termi-
nation of the excitation beam (see Fig. 4b). To eliminate effects of X-
ray-induced crystal luminescence, the isomer signal is obtained by
subtracting the temporal profile of the VUV signal after the excitation
period at two different beam energies: one on the resonance peak of
Fig. 2b and one far from (about 0.10 eV) the resonance peak, called
“on-resonance” and “off-resonance”, respectively.

Such a subtracted decay signal after the excitation period of the
Basso crystal exhibits a clear exponential decay as expected from a
nuclear process (Fig. 4b). The least squaresfitting yields a half-life ofT1/
2 = 431 ± 23 s. Taking into account several types of systematic uncer-
tainty (see Methods), the result is T1/2 = 431 ± 23(stat.) ± 26(syst.) s.

The same experiment and analysis were performed using the Alto
crystal to check consistency between samples with similar properties.
The obtained half-life is T1/2 = 459± 21(stat.) ± 23(syst.) s, which is
consistent with the Basso-crystal within the error. The half-life value
from the combined data of both crystals is presented as thefinal result:

T 1=2 = 447± 16ðstat:Þ±20ðsyst:Þ s: ð3Þ

We observe no change in the measured isomer half-life using
crystals with different doping concentrations, indicating that the
effects of re-absorption of the emitted VUV isomer photons ("light-
trapping”) can be neglected (see Methods). We also observe no sys-
tematic change of the isomer decay half-life T1/2 with parameters of the
X-ray excitation beam; only the total amount of isomer state popula-
tion is affected by the X-ray energy, photon flux, and spectral purity.

This is in strong contrast to the excitation dynamics, where we
clearly observe a scaling of the isomer population timescale with X-ray
flux. Figure 4 shows an excitation-decay dynamics for an X-ray beam
flux of 2 × 1011 photons/s.

The isomeric state population after the excitation time Tir is fitted
by a build-up function T ðirÞ

1=2= ln 2 # ð1$ expð$T ir ln 2=T ðirÞ
1=2ÞÞ, with an

independently introduced half-life T ðirÞ
1=2 during the beam irradiation.
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transmissions of the radiation from the thorium isomer through the band-pass
filters (BPFs), expressed asTmeas(i) (i = 1–6).bThe transmission spectraTBPF(i, λ) for
each BPF. cThe six overlaid plots between TBPF(i, λ) andTmeas(i) for each BPF,where
the Tmeas(i) are located at the best-fit wavelength (see the text). d The calculated χ2

distribution defined as Eq. (1). The error bars in (a) and (c) represent the 68%
confidence interval of statistical uncertainty.
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Subtracting the background 
•Radio-luminescence 
 from α/βdecays of 229Th and daughter nuclei 
•Photoluminescence   
from X-ray irradiation of crystals

T. Masuda et al., Nature 573, 238-242 (2019).    T. Hiraki et al. Nature Com 15, 5536 (2024).

229Th isomer decay curve
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Four wave 
mixing
Xe gas

νUV

νUV
νVUV

νIR249 nm

～786 nm

749 nm

パルスレーザー 
(ポンプ光)

532nm 
10 Hz

pump

pump

VUV 
pulse

~148 nm

IR 
pulse UV pulse

5p6 1S0

5p5(2P)2[1/2]0

0 eV

9.9 eV

Ti:S 
 amp

pumpTunable 
CW laser

Ti:S crystal
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CW laser ～148 nm

Third Harmonic 
Generator

VUV pulse laser 
system

Excitation

Ti:S Oscilator

Ti:S crystal BBO crystal

Ti:S Oscilator

CW laser
IR 
pulse

• Laser gain media around 148 nm, corresponding to the experimentally 
determined resonance wavelength, are extremely limited.  

• We developed a vacuum ultraviolet (VUV) pulsed laser based on four-wave 
mixing (FWM) using a Xe transition.  

• The system was confirmed to provide a sufficient excitation rate for our 
experiments.

ωVUV = ωUV + ωUV - ωIR IR (749nm) 
pulse signal

                           

UV pulse  signal

IR (786nm) 
pulse signal

Optical clock

Thorium 229

Feedback Detector

Laser 
(λ~150 nm)

• Ion trap
• Doped crystal

• Use a nuclear transition as a frequency 
standard. 
• The effect of external fields can be expected  
to be much smaller. 

• Precision is expected to be approximately 10-19.   
      C. J. Campbell et al, PRL 108, 120802 (2012). 

• As a compact and precision clock, it is 
expected to have many applications in both 
fundamental physics and practical use in 
society. 
• Search for temporal variation of the Fine 
Structure Constant. Sensitivity will be improved 
by 105~106. 

• A prove for dark matter, a gravitational sensor, 
etc. 

• Apply for chronometric geodesy, earthquake 
navigation, etc. 4

isomeric state

ground state

Introduction Thorium-229 nuclear clock

Solid-state nuclear clock 
    ̶  Candidate for next-generation clock 
    ̶  Can excite a large number of 　　　　　
　thorium-229 simultaneously.

VUV Search using NRS technique

J. Phys.: Condens. Matter 26 (2014) 105402 (9pp)

• Need VUV transparent target 

Th:LiSAF (Hudson Group, USA)
Th:CaF2 (Schumm Group, AU)

Solid state nuclear clock
J. Phys.:Condens. Mat. 21, 325403 (2009) 

Th doped UV transparent crystal have been developed
CaF2 target

1x1x1 mm

~0.5 μJ  
Δν~30MHz, 10Hz

                           

② VUV laser system development

(8.367 ± 0.024 eV )

Demonstration on a 229Th  crystal target 

Development of a VUV Pulsed Laser System  
for Ion Trap Spectroscopy of Thorium-229

Introduction 

Optical clock

Thorium 229

Feedback Detector

Laser 
(λ~150 nm)

• Ion trap
• Doped crystal

• Use a nuclear transition as a frequency 
standard. 
• The effect of external fields can be expected  
to be much smaller. 

• Precision is expected to be approximately 10-19.   
      C. J. Campbell et al, PRL 108, 120802 (2012). 

• As a compact and precision clock, it is 
expected to have many applications in both 
fundamental physics and practical use in 
society. 
• Search for temporal variation of the Fine 
Structure Constant. Sensitivity will be improved 
by 105~106. 

• A prove for dark matter, a gravitational sensor, 
etc. 

• Apply for chronometric geodesy, earthquake 
navigation, etc. 4

isomeric state

ground state

Introduction Thorium-229 nuclear clock

Solid-state nuclear clock 
    ̶  Candidate for next-generation clock 
    ̶  Can excite a large number of 　　　　　
　thorium-229 simultaneously.

VUV Search using NRS technique

J. Phys.: Condens. Matter 26 (2014) 105402 (9pp)

• Need VUV transparent target 

Th:LiSAF (Hudson Group, USA)
Th:CaF2 (Schumm Group, AU)

Solid state nuclear clock
J. Phys.:Condens. Mat. 21, 325403 (2009) 

Th doped UV transparent crystal have been developed
CaF2 target

1x1x1 mm

~ 8.4 eV 
 (λ ~ 148 nm)
τ ≈ 103 sec  

 Laser excitation experiments

Iis = 3/2

Ig = 5/2

• Crystal field splitting 
spectra example.

• Based on the spectral 
measurements, the 
line width of the 
developed VUV 
pulsed laser was 
estimated to be 
around 30 MHz.

Time evolution of 229Th isomer decay

In this study, we developed a narrow-linewidth VUV pulsed laser system as a key step toward realizing a nuclear clock based on trapped 229Th ions. Using the developed 
laser, we successfully achieved laser excitation and spectroscopy of 229Th in CaF2 crystals. We are now preparing for the ion-trap experiment using this VUV laser system.

> 1018 /cm3

VUV laser

Thorium 229

• Excite a large 
number of 229Th 
simultaneously.

• High signal intensity

(2) Trapped ion(1) Doping in crystal 
(Solid-state nuclear clock)

• Traps 229Th 
ions like 
atomic clocks 

• High stability 
clock

Frequency scan measurement 

• Performed laser 
excitation 
experiments using a 
229Th:CaF2 crystal as 
the target and 
successfully 
observed the 
radiative decay from 
the isomeric state.

• In 2024, the excitation of the isomeric state using a Vacuum ultraviolet (VUV) pulsed 
laser and crystal target was reported.
• PTB ν=148.3821(5) , line width 6 GHz,  229Th:CaF2  

J. Tiedau et al., PRL 132, 182501 (2024).
• UCLA  ν=148.3858(18),  line width 15 GHz , 229Th:LiSrAlF6  

R. Elwell et al., PRL 133, 013201 (2024). 
• JILA  ν=148.3821828827(1),  line width 300 kHz, 229Th:CaF2 ,  

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

Experimental studies of the 229mTh

6

Some most important recent progress, 

Long research history, since 1976 (~half century).

Thielking et al. Nature 566(2018) 321. Seiferle et al. Nature 573(2019) 243. Kreamer et al. Nature 617(2023) 706.Masuda et al. Nature Lett. 573(2019) 238.

2019. IC electron

energy spectrum

2018. FHS of

229mTh and 229gTh

2019. First artificial 

229mTh manufacture

2023. First Observation

of VUV photons

- High-resolution spectroscopy using trapped ions is considered a next key step toward 
realizing atomic nuclear clocks .

- We developed a VUV pulsed laser system for thorium-229 isomer excitation and future 
high-resolution ion-trap spectroscopy.N. Hanacek/NIST 

Development of  VUV laser  system

Four-wave mixing (FWM)

• There are no commercially 
available pulsed lasers in 
148nm as far.

• Developed VUV laser through 
FWM method using a 249 nm 
UV pulse, a 786 nm IR pulse, 
and the xenon transition  
5p6 1S0 → 5 p5(2P◦3/2)6p2[1/2]0 .

ωVUV = ωUV + ωUV - ωIR

Consistent with the calculated 
value (Finesse= 16) 

Confirmed that it's sufficient for 
VUV generation.

Stability of the frequency during laser  
irradiation using a PI control is  ~1 MHz. 

• Use a nuclear transition of thorium-229 as a frequency standard.
• Precision is expected to be approximately 10-19.   

 C. J. Campbell et al, PRL 108, 120802 (2012).
• As a precision clock, it is expected to have many applications in 

both fundamental physics and practical use in society.
• Search for temporal variation of the Fine Structure Constant. 

Sensitivity will be improved by 105 -106. 

229Th

Isometric state
Low nuclear transition

Laser
Ground state

Thorium-229 nuclear clock

Four wave 
mixing
Xe gas
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νUV
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Radioluminescence per 100 second
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Target holder Kagayaku-
1 Kagayaku-2 Kagayaku-3 Kagayaku-4 Prisms

Moving target 
setup

400 
(2021/07/18)

550 
(2021/07/17)

145 nm

720 
(2021/07/21)

500 
(2021/07/17)

159 nm

600  
(2021/07/19)

150 nm

138 nm

1500 
(2022/02/04)

1625 
(2022/02/05)

145 nm

750  
(2022/02/06)

138 nm

1600 
(2022/06/18)

152 nm (2022 May)

Moving setup (2022/11) 700 
(2022/11/12)

450 
(2022/11/12)

577* 
(2022/11/13)

152 nm (2022 May)

Non-moving  
First parabolic

200 
(2022/10/12)

100 
(2022/10/07)

600 
(2022/06)

152 nm (2022 May)

Non-moving  
second mirror

500 
(2022/10/26)

310 
(2022/10/25)

350 
(2022/10/27)

250 
(2022/10/27)

152 nm (2022 May)

500(anneal)
(2022/11/08)

350(anneal) 
(2022/11/09)

152 nm (2022 May)

* replace spherical ID3 to ID4

229Th:CaF2 

Crystal target

Internal Design 8

876 nm
249 nm
148 nm

690 nm (CW)

148 nm

690 nm (CW)

876 nm 249 nm

148 nm

Alignment assembly

Alignment mechanism

Separation mechanism

2D knife-edges Photodetector

2-axes rotatable mirror

2-axes rotatable D-shaped mirror

Ion-trap center
Alignment mechanism

Separation mechanism

MgF2 windows
MgF2 lens

Window

• We are advancing experimental preparations in collaboration 
with a RIKEN group that is developing the connection 
components to the developed VUV laser.

• We plan to begin the experiment next fiscal year.

Connection part (Alignment chamber)Ion trap of 229Th3+ 
Isomer state(I=3/2)

1088 nm 690 nm
984 nm
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Laser excitation of 229Th isomer 

Third harmonic generation

By using beta barium borate (BBO) crystals as the 
nonlinear medium, 749 nm pulsed light is first 
converted to 375 nm, and then combined with the 
original 749 nm light to generate 249 nm pulses.

Overlap of IR and UV pulses

VUV generation

VUV pulse generation 

Focusing

Xe chamber & VUV separation 

IR (749nm) 
pulse signal

                          UV pulse  signal

IR (786nm) 
pulse signal

• Pulse time jitter ~ 2.4 ns
• IR pulse (786 nm)  Intensity 6 mJ,  

pulse width 40 ns,  line width 18 MHz
• IR pulse (749 nm) Intensity 6 mJ, 

pulse width 30 ns, line width 15 MHz
• UV pulse (249nm)  Intensity 2mJ 

• The VUV light generated inside the Xe 
chamber is separated by a prism and mirrors.

With IR and UV pulse energies set to expected 
operating values, ~0.5 μJ of VUV pulse energy 
was achieved, meeting the target. 
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IR pulse
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Titanium sapphire (Ti:S) oscillatorcontinuous-wave (CW) seed laser
• External cavity 

diode laser 
(ECDL) 

• Tunable by 
adjusting  
Photo Diode the 
LD current, PZT 
voltage, and base 
temperature 

CW laser 
(Seed)

Ti:S 
crystal

Triangle 
Oscillator

Pumped 
pulse(IR) 
~7mJ

Pulse laser 
(Pump)

PZT mirror

OC

Resonance peak

Finesse: FSR/FWHM ~ 16 

Cavity lock system

Pulse intensity

• The differentiated signal of the 
fringe pattern is used as an 
error signal input for the PI 
controller 

• Adjusts cavity length variations 
caused by disturbances

Resonance 
peak

Error signal Sweep signal
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図 3.20 749 nmオシレーター出射パルスの線幅評価．横軸がレンズからの距離，縦軸がビーム径を表す．
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図 3.21 オシレーターポンプ光のパルスエネルギーと出力パルスエネルギーの関係．開発したオシレーターは
両方とも同程度の出力を達成している．

Generation and amplification 
of IR pulses (>7 mJ)

Vacuum ultraviolet (VUV) laser
Optical clock

Thorium 229

Feedback Detector

Laser 
(λ~150 nm)

• Ion trap
• Doped crystal

• Use a nuclear transition as a frequency 
standard. 
• The effect of external fields can be expected  
to be much smaller. 

• Precision is expected to be approximately 10-19.   
      C. J. Campbell et al, PRL 108, 120802 (2012). 

• As a compact and precision clock, it is 
expected to have many applications in both 
fundamental physics and practical use in 
society. 
• Search for temporal variation of the Fine 
Structure Constant. Sensitivity will be improved 
by 105~106. 

• A prove for dark matter, a gravitational sensor, 
etc. 

• Apply for chronometric geodesy, earthquake 
navigation, etc. 4

isomeric state

ground state

Introduction Thorium-229 nuclear clock

Solid-state nuclear clock 
    ̶  Candidate for next-generation clock 
    ̶  Can excite a large number of 　　　　　
　thorium-229 simultaneously.

VUV Search using NRS technique

J. Phys.: Condens. Matter 26 (2014) 105402 (9pp)

• Need VUV transparent target 

Th:LiSAF (Hudson Group, USA)
Th:CaF2 (Schumm Group, AU)

Solid state nuclear clock
J. Phys.:Condens. Mat. 21, 325403 (2009) 

Th doped UV transparent crystal have been developed
CaF2 target

1x1x1 mm

more detail talk 
@23 Oct #vision22 
Atsushi Yamaguchi 

 (RIKEN)

Use a nuclear transition  
as a frequency standard.

FWHM

FSR 

Xe gas  (~100 pa)

Titanium sapphire (Ti:S) amp

Pumped 
IR pulse

VUV pulse intensity dependence 

~ 1x1x1mm 
High doping 
concentrations  
(>1018 cm-3,~ 20kBq)

Irradiation time 20 s   
τ~ 630 s 

30 s irradiation time/point  
acquisition time of 300 s. 

Summary

Amplification of IR Pulses
• To increase the output of the 786 nm IR pulses, an Ti:S amplifier 

using the Ti:S crystal as the oscillator was developed.
• The Ti:S crystal was pumped with 532 nm pulsed light, and 

stimulated emission was induced by injecting the 786 nm IR pulse.

Pulse laser 
(pump)

IR pulse 
(786 nm)

• The output IR pulse increased 
with the number of Ti:S passes 
and pump power.

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

9th Symposium on Frequency Standards and Metrology

Journal of Physics: Conference Series 2889 (2024) 012041

IOP Publishing

doi:10.1088/1742-6596/2889/1/012041

3

 
Figure 4.  Schematic of ion 
trap system for 229Th3+. The 
recoil 229Th3+ ions emitted from 
233U source were extracted by 
an RF carpet and transported to 
the trap. 

Figure 3.  (a) Picture of the apparatus to heat the 233U source up to 600 ℃. The 233U source was 
installed on a heater plate. The heater plate was attached to the vacuum flange. (b) Changes of 
temperature and vacuum pressure during heating. The 233U source was heated at 600 ℃ for two 
days to remove impurities attached on the surface of 233U during the electrodeposition process.  
 

changes during the heating process. We increased the temperature at a rate of  1 ℃/minute. After more 
than two days of heating, the pressure became nearly constant, indicating that the desorption of 
impurity molecules from the 233U source was complete. We then lowered the temperature at a rate of 
approximately −0.2 ℃/minute. This slow cooling was necessary to prevent wrinkling of the titanium 
foil caused by its uneven temperature distribution. 

3.   Extraction and trapping of 229Th3+ ions 
Figure 4 shows a schematic of the apparatus used for extracting and trapping the recoil 229Th3+ ions 
emitted from the 233U source and trap them. The recoiled ions were cooled using a helium buffer gas. 
The buffer gas cooling process also aligns the charge state of 229Th ions to 3+ via the following 
mechanism [20]: Since the 𝛼-decay of 233U is an energetic process (energy of the 𝛼-particle is 4.9 
MeV), 229Th ions are likely to be in the highly charged state just after recoiled from the 233U source. 
The charge state of 229Th ions was lowered by charge-exchange collisions with helium gas. However, 
this process stops when 229Th becomes 3+ because the first ionisation energy of helium is larger than 
the 3rd ionisation energy of Th. 

The buffer-gas-cooled 229Th3+ ions were extracted using an RF carpet (ion collector) [21], 
transported using a quadrupole ion guide, and trapped using a linear Paul trap. The incoming rate of 

VUV pulse

Expected VUV pulse 
intensity w/Ti:S amp 
~ 2uJ (10Hz)

https://www.qmedia.jp/basic-of-iontrap/

• CW IR seed laser is 
injected into a triangular 
resonator to stabilize 
the cavity length and to 
serve as seed light 
within the Ti:Sapphire 
(Ti:S) crystal. 

• A Nd:YAG pulsed laser 
is used to pump the Ti:S 
crystal, inducing 
stimulated emission and 
generating pulsed IR 
light. 

Ti:S 
crystal

arXiv:2509.00041

1 pass

5 pass

Excitation
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weak transitions between m = ±1/2 ! m0 = ±3/2 from site 3
and site 4. The background rejection criterion is based on the
peak height of the smoothed waveform from the PMT used
for background rejection, acquired within ±2µs of the trigger
timing. After each spectra measurement, radioluminescence
data are collected to estimate the background event rate (p2)
after background rejection. For each frequency point, the time
spectrum, after background rejection without e�ciency cor-
rection is fitted using the function p0 exp(�t/p1) + p2, where
p1 = 630 s and p2 are fixed. The obtained p0 value for each
frequency is corrected for the residual signal e↵ect according
to:

c(f) = p0(f)� p0(f +�f) exp

✓
� tdi↵

p1

◆
, (8)

where c(f) is the corrected signal intensity, p0(f +�f) is the
p0 value from the previous frequency measurement, and tdi↵
is the time di↵erence between the two consecutive measure-
ments. Each c(f) is normalized by the corresponding VUV
intensity measured by the photodiode.
The average EFG parameters calculated from the fitting are

summarized in Table 3. The Vzz value for site 1 is close to zero;
consequently, all six transition lines overlap within the exper-
imental uncertainty, rendering a determination of the asym-
metry parameter ⌘ impossible. The statistical uncertainties
from the fits are smaller than the systematic uncertainties,
likely dominanted by frequency fluctuations associated with
the wavemeter and the fiber switch.
The absolute value of the frequency deviates by at most

about 100 MHz from the value reported in ref. [10]. This
deviation appears to originate from the accuracy limitations
of the wavemeter. Di↵erences of the unsplit frequencies with
reference to that for site 2 are within 20MHz, as summarized
in Table.4.
For the X2 crystal with the highest 229Th concentration,

the agreement between the data and the fitted spectrum is
lower than for the other two crystals, which might indicate the
presence of a fifth or further doping sites. However, the EFGs
of the fifth site could not be determined precisely because its
peaks overlap with those from other sites.

Table 3: Vzz (V/Å2
) and ⌘ obtained by spectrum fitting.

Values in parentheses are di↵erences of fitting results of the
two spectra.

target EFG site 1 site 2 site 3 site 4

C10 Vzz 1(1) 106(1) �319(3) 261(1)
⌘ - 0.59(1) 0.22(16) 0.00(0)

C13 Vzz 0(0) 107(1) �319(3) 259(1)
⌘ - 0.61(3) 0.05(9) 0.00(0)

X2 Vzz 2(5) 106(2) �320(3) 258(3)
⌘ - 0.60(1) 0.18(5) 0.21(6)

Table 4: Di↵erence of the unsplit frequencies (MHz)

with reference to that for site 2. Values in parentheses
are di↵erences of fitting results of the two spectra.

target site 1 site 3 site 4

C10 3(1) �6(2) �2(1)
C13 4(4) �4(5) �3(2)
X2 �1(1) �12(8) �11(3)

D Lifetime measurement without
quenching

Figure 5 shows an example of decay curves with and without
radioluminescence background rejection. The amplified VUV
PMT signal is combined with the clock generator signal and
directed to the trigger channel of the oscilloscope for data ac-
quisition. During the lifetime measurements, a 200Hz clock
signal is used for monitoring the data acquisition e�ciency
and the background rejection e�ciency. Lifetime measure-
ments are conducted repeatedly under each condition. The
combined time spectra after background rejection with e�-
ciency correction are fitted by p0 exp(�t/p1) + p2, where p0,
p1, and p2 are the fitting parameters. The e�ciency correction
shifts the fitted lifetime typically by a few seconds. Table 5
summarizes the lifetime measurements of 229mTh without irra-
diation of the quenching laser. For each condition, the lifetime
is estimated to be approximately 630 s, with no clear discrep-
ancies observed.
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Figure 5: Example of a decay curve for purely radiative decay
of 229mTh. Here, the e�ciency correction is not applied and
C13 is irradiated with the VUV frequency corresponding to
the excitation frequency of site 1. The blue curve represents
the fitted curve. The error bars represent the 68% confidence
interval of the statistical uncertainty.
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De-excitation 
light

Irradiation time 20 s 

229Th isomer decay curve

• Successful observation of radiative decay from 
the isomeric state (τ~630 s) 

• We demonstrated 229Th laser excitation and 
detection of de-excitation signal.

Conclusion 

VUV pulse

De-excitation 
light

Photo 
Detector

Focusing 
mirror

Isometric state

Ground state
229Th

VUV pu
lse

 8.4 eV  

VUV PMT

③ Laser excitation experiment

Radioluminescence per 100 second
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Target holder Kagayaku-
1 Kagayaku-2 Kagayaku-3 Kagayaku-4 Prisms

Moving target 
setup
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145 nm

720 
(2021/07/21)

500 
(2021/07/17)
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145 nm
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138 nm
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152 nm (2022 May)

Moving setup (2022/11) 700 
(2022/11/12)
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(2022/11/12)

577* 
(2022/11/13)

152 nm (2022 May)

Non-moving  
First parabolic
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(2022/10/12)
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(2022/10/07)

600 
(2022/06)

152 nm (2022 May)

Non-moving  
second mirror
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(2022/10/26)
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(2022/10/25)
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(2022/10/27)

250 
(2022/10/27)

152 nm (2022 May)
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(2022/11/08)

350(anneal) 
(2022/11/09)

152 nm (2022 May)

* replace spherical ID3 to ID4

Target crystal

~ 1x1x1mm 
(>1018 /cm3,~ 20kBq)



10

Electric field gradient Vzz(V/Å2)
Frequency-scan measurement

Electron charge density 

• 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.)

Split levels by crystal field 6

• Energy splitting by interaction between nuclear quadrupole 
   moment and electric field gradient inside host crystal
• When there are multiple doping sites, complex spectra
    should be observed

229Th with crystal field

Nuclear quadrupole 
moment

Electric field 
gradient in crystal

+

Th

Ca

F

③ Laser spectroscopy
229Th:CaF2  
           site

T. Hiraki et al., arXiv:2509.00041(2025).

M1
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•PTB: linewidth 6 GHz （2024）229Th:CaF2  
•UCLA: linewidth 15 GHz （2024）229Th:LiSrAlF6 
•JILA: linewidth 300 kHz （2024）229Th:CaF2  
•Okayama: linewidth 30 MHz （2025） 229Th:CaF2  
→ High-sensitivity spectroscopy of the nuclear resonance 
•TU Wien: CW excitation（2026）229Th:CaF2 

2024～　Laser excitation achieved

・ISOLDE (Belgium): 148.7(4) nm (2023) 
・Okayama: 148.18(42) nm (2024) 
　→Direct observation enabled precise energy determination, , 
leading to laser development, and nuclear excitation.

2023～　Precise determination of the isomer energy

T. Hiraki et al., arXiv:2509.00041(2025).

ー最近の状況

•Major Progress in Recent Years

→All laser excitation so far has been achieved in solid-state targets. 
Laser spectroscopy of trapped ions is the next major milestone.

T. Hiraki et al., Nature Com 15, 5536 (2024).

Recent Status of 229Th Nuclear Clock Research

The 229Th-doped CaF2 crystal targets were developed in the
laboratory of TU-Wien14 (see Methods). Two cuboidal pieces of
229Th:CaF2 of appropriate size ~1mm3 (named “Basso” and “Alto”) were
cut from the same crystal ingot and facets were polished to optical
quality. The measured 229Th activities were 20.0 kBq (17.2 kBq), yield-
ing a 229Th doping concentration of 4.0× 1018(4.7 × 1018) cm−3 for the
“Basso” ("Alto”) crystal, respectively. At such high concentrations,
radiolysis during growth leads to a fluoride deficiency of the obtained
crystal, reducing VUV transparency to <1% in the entire VUV region.
Annealing the crystal under a fluoride-rich atmosphere recovered a
transmission of >40% at 150 nm wavelength24.

The experimental setup for VUV-photon detection consists of two
connected vacuumchambers ("irradiation” and “measurement”) with a
vacuum level of 10−3 Pa (see Fig. 1b). The target crystal is mounted on a
moving holder (Fig. 1 (e)), which translates between the two chambers
using a pneumatic stage. The crystal is first irradiated by the X-ray
beam for a certain time to populate the 229mTh state in the irradiation
chamber and is then moved to the measurement chamber within
about one second. This transfer scheme is used to suppress X-ray
beam-induced optical backgrounds.

The 229Th:CaF2 crystal is positioned at the focal point of a para-
bolic mirror with a protected aluminum coating so that the emitted
light is reflected and passes through a spectral filtering device as
shown in Fig. 1c. The spectral filtering device consists of right-angle
prisms with special dielectric coatings so that only light in a specific
wavelength region around 150 nm is reflected. The use of four con-
secutive right-angle prisms (Fig. 1d) with installation directions
orthogonal to each other guides the signal beam to the detector while
reducing the number of background events down to O(10−6) in the
calculation. A set of selectable band pass filters (BPFs) installed on a
rotating wheel is introduced for spectroscopic measurements of the
radiation emitted by the crystal. The filtered light is focused by aMgF2
lens and finally detected by a solar-blind photomultiplier tube (PMT,
Hamamatsu R10454). The dark count rate of the PMT (called VUV-
PMT) was reduced to less than 0.1Hz by cooling it to −30 ∘C.

Another PMT (Hamamatsu R11265-203, called VETO-PMT), which
is sensitive to ultraviolet (UV) and visible (VIS) light, is installed behind
the first right-angle prism to implement temporal filtering of the

optical signal (see Fig. 1b, c). The radioluminescence in the CaF2 crystal
caused by the occasional alpha- and beta-decay of 229Th and its
daughter elements is known toproducebursts of orderO(104) photons
per decay event, mainly in the UV region25, which produces a back-
ground also on the VUV-PMT. Events detected by the VUV-PMT that
coincide with such bursts detected by the VETO-PMT are rejected
using a timing coincidence of the two PMTs.

The waveform signals from the PMTs are amplified and then
recorded by an oscilloscope (National Instruments, PXIe-5162). See
Methods for details of this signal processing. During themeasurement,
reference pulse signals are generated by a delay generator. They are
combined with the VUV-PMT signal and used as the trigger channel.
The reference pulse data are used tomonitor the dead time of the data
acquisition, and the remaining signal after background rejection.

Analysis and results
The clear evidence for VUV photon emission from the 229Th isomer is
the enhancement of the photon counts in the VUV-PMT when tuning
the X-ray energy to be resonant with the 29-keV level. Figure 2b shows
a resonance curveof themeasuredVUV-photon rate, using theTh:CaF2
crystal and the VUV detection system. The crystal was irradiated for
~600 s for each X-ray energy point and VUV photons were counted for
1800 s after each X-ray irradiation. The resonance energy is obtained
by fitting a Gaussian function plus a constant offset value. Taking into
account the systematic uncertainties of the X-ray energy calibration20,
the peak energy is determined to be E = 29,189.89 ± 0.07 eV. This
energy coincides with that of the X-ray signal spectrum within the
error, validating that the observed VUV signal is the result of
isomeric decay.

The small difference in the resonance width (σ = 18.2(25) and
13.4(11)meV in Fig. 2a and b, respectively) between these two reso-
nance curves could be caused by the effects of the solid-state envir-
onment in the different targets: the resonancewidth is determined not
only by the monochromator bandwidth but also by the target-
dependent inelastic scattering processes corresponding to the pho-
non contributions in nuclear resonance scattering26,27.

The wavelength of the VUV radiation emitted by the 229Th isomer
was determined by measuring the transmission of this radiation
through six different BPFs. The BPFs were switched every 10 s with a
switching time of less than two seconds during the 1800s measure-
ment period following an X-ray pumping isomer excitation. Measuring
all six BPF transmissions during single excitation-decay sequence
suppresses possible detrimental effects of beam intensity fluctuations
and crystal damage on the wavelength measurement.

Figure 3 shows the determination process of the radiation wave-
length from the thorium isomer. Each measured transmission Tmeas(i)
(i = 1−6) was obtained (Fig. 3a) by taking the signal ratio with and
without the filters. The filter number #0 corresponding to a blank one
(without the filter) were used once in one rotating cycle for this
Tmeas(i)-calculation. The transmission spectra TBPF(i, λ) for the BPFs
(Fig. 3b) were measured before and after the whole measurement
campaign using a custom-built measurement system with a VUV-
monochromator.

The wavelength of the emitted radiation is obtained by fitting the
parameter λ tominimize the weighted quadratic sum of the deviations
between Tmeas(i) and TBPF(i, λ), describing as

χ2ðλÞ=
X6

i= 1

TmeasðiÞ # TBPFði, λÞ
ΔTmeasðiÞ

! "2

: ð1Þ

From this procedure, the wavelength is determined to be 148.18 ± 0.38
(stat.) nm as shown in Fig. 3c, d. The systematic uncertainties for
Tmeas(i) and TBPF(i, λ) were estimated by off-line systematic studies of
BPF transmission, wavelength calibration, and their reproducibility
(see Methods). Considering these systematic effects, the wavelength
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Fig. 2 | Measured resonance spectra. a The resonance spectrum of X-ray fluor-
escence (NRS signals) obtained with the thorium nitrate target. b The resonance
spectrum of VUV-photon signals obtained with the 229Th:CaF2 crystal. The hor-
izontal axes of (a) and (b) indicate the absolute X-ray beam energy (offset by
29,189 eV). The vertical axis is the number of PMT counts in 1800 s after a beam
irradiation time of ~600 s. The error bars in these plots represent the 68% con-
fidence interval of statistical uncertainty. The background components (the con-
stant offset in each Gaussian) show the beam-induced luminescence and
radioluminescence from each target.
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The development of a solid-state nuclear clock requires a
superior-grade 229Th-doped crystal, characterized by an adequate
concentration, facilitating isomer excitation and detection of the iso-
meric decay while suppressing non-radiative decay processes in the
crystal. Theoretical and experimental studies on thorium-doped crys-
tals such as Th:CaF2 suggest that the thorium substitutes a Ca2+ ion in
charge state Th4+ in the crystal13,14, realizing [Rn] electronic configura-
tion. The absence of energetically near-by electronic states should
suppress the internal conversion of 229mTh and make direct radiative
vacuum ultraviolet (VUV) photon emission the dominating decay
process.

One of the crucial matters to verify is whether the excited isomeric
state indeed shows the predicted long radiative lifetimes also in the
crystal environment. In 2023, a successful optical measurement of the
radiative decay of 229mTh was reported for the first time15. The authors
implanted the radioisotopes 229Fr and 229Ra into MgF2 and CaF2 crystals
at the CERN-ISOLDE facility, where the isotopes undergo successive
beta-decays to 229Th with an uncertain branching into 229mTh. The
wavelength of the detected photon from the isomer state was deter-
mined to be 148.71(41) nm by a VUV-spectrometer corresponding to an
isomer energy of 8.338(24) eV. The half-life of the isomer in the MgF2
crystal was determined to be 670(102) s through the analysis of a time
spectrum encompassing multiple beta decays and isomeric decay. If we
restrict our discussion to caseswhere the charge state of thorium is such
that it is 4+, i.e., where internal conversion decay of 229mTh is forbidden,
the half-life of 229mTh in a crystal is expected to be reduced by a factor n3

(n being the refractive index of the crystal at the relevant wavelength) as
compared to the vacuum half-life16,17. Influences of the shallow implan-
tation depth (17 nm) compared with the wavelength of the VUV photon
from 229mTh, realized in ref. 15, require further investigation.

In this work, we synthesized the 229Th-doped CaF2 crystal through
single crystal growth with a concentration of the order of 1018cm−3

(ref. 14). Subsequently, we excited the isomer state from the ground
state of the doped 229Th nucleus with a resonant X-ray beam, and
observed the radiative decay to the ground state accompanied by the

emission of a VUV photon. Using 229Th doped crystals realizes a con-
trolled chemical environment14 in which the excitation to 229mTh does
not introduce disturbances due to radioactive decay or implantation
of the parent isotopes of 229Th which could promote non-radiative
decay paths.

The closed-loop character of our experiment, with time-
controlled isomer excitation followed by VUV-signal-detection, is a
precursor for solid-state nuclear clocks using laser excitation and
provides useful additional information for the excitation and decay
dynamics of 229mTh. One such important finding is the accelerated
decay of the isomer state during X-ray beam irradiation, presenting a
potential key process for quenching the remaining isomer population
to the ground state: “re-initializing” the interrogation cycle for solid-
state nuclear clock operation.

Results
Experimental overview
The experiment was performed at the BL19LXU beamline of SPring-
818,19. The data presented in this paper was taken in May and July 2023.
The energy of the X-ray beam is tuned to the second excited state of
the 229Th nucleus at 29,189.9 eV (see Fig. 1a). The X-ray beam is
monochromatized to an FWHM bandwidth of 30meV by a Si mono-
chromator system consisting of Si(111), Si(660) and Si(880). The beam
has a spot size of ~1.0 ×0.5mm2 at the target position with an intensity
of 2 × 1011 photons per second at maximum. The beam energy and
intensity were regularly monitored by an absolute X-ray energy
monitor20 and free-air ionization chambers during the experiment.
Before searching for the VUV-photon from 229mThdecay using the VUV-
detection system, the absolute center energy of the X-ray beam was
confirmed at the NRS-detection system (see Fig. 1b) by detecting the
nuclear resonant scattering (NRS) signal from the second excited state
of 229Th nuclei with a separately fabricated thorium nitrate target21.
This resonance curve of the X-ray signal is obtained (Fig. 2a) by scan-
ning the Si(660) and Si(880) monochromators. More information on
the NRS measurement can be found in refs. 18, 22, 23.

(a)

8.3 eV

29 keV

0 keV

X-ray beam

VUV-signal

X-ray 
signal

NRS setup

(b)

VUV-PMT

VETO-
PMT

BPFs

Pneumatic stageMirrorMgF2 lens

WR�989
�307

IURP�
FU\VWDO

WR�9(72
�307

(d)

(c)

(e)

Fig. 1 | Experimental setup. a The nuclear levels of 229Th and the scheme of isomer
excitation and the observable signals (X-ray and VUV signals). b Overview of the
system for isomer excitation and the detection of radiative decay. c Setup around
the wavelength filtering devices inside the detection chamber; the moving target

holder, the parabolic mirror, the prism set, theMgF2 lens, the band-pass filters, the
VUV-PMT, and the VETO-PMT. d The four consecutive prisms with dichroic mirror
coating inside the wavelength filtering device. e Enlarged view of the thorium-
doped crystal and the crystal holder. The crystal was fixed by using stainless wires.
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Developing Ion trap nuclear clockDeveloping solid-state nuclear clock

• Laser quenching study and temperature 
dependence study are ongoing. 
• Development of 229Th new samples and 
Evaluation by Laser-Based Mössbauer 
spectroscopy 
• Development of  
CW VUV laser   etc…
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Summary & Future work
• 229Th has an isomeric state with exceptionally low energy, and is expected to be applied to a 
precise nuclear clock. 

• In this study, ① precisely determined the isomer energy through direct detection of de-excitation 
photons, ② developed a VUV pulsed laser based on four-wave mixing, and ③ demonstrated laser 
excitation and precision spectroscopy of the 229Th isomeric transition in a 229Th:CaF₂  crystal.

Nuclear Laser Spectroscopy of Thorium-229  
for the Development of a Nuclear Clock

Introduction 

 Laser Mössbauer of thorium-229 crystal

Time evolution of 229Th isomer decay

Frequency scan (Quadrupole splitting)

Development of VUV pulse laser system

Four-wave mixing (FWM)
• There are no commercially 

available pulsed lasers in 
148nm as far.

• Developed VUV laser through 
FWM method using a 249 nm 
Ultraviolet(UV) pulse, a 786 nm 
Infrared(IR) pulse, and the 
xenon transition  
5p6 1S0 → 5p5(2P◦3/2)6p2[1/2]0 .

ωVUV = ωUV + ωUV - ωIR

Prior Achievements
• Precision Measurement of Decay from Isomer:

• ISOLDE (Belgium): 148.71(41) nm  S. Kraemer et al., Nature 617, 706 (2023).
• Okayama : 148.18(42) nm  T. Hiraki et al., Nature Com 15, 5536 (2024). 

• Laser Excitation of Isomer:
• PTB ν=148.3821(5) nm , line width 6 GHz,  229Th:CaF2  

J. Tiedau et al., PRL 132, 182501 (2024).
• UCLA  ν=148.3858(18) nm,  line width 15 GHz , 229Th:LiSrAlF6  

R. Elwell et al., PRL 133, 013201 (2024). 
• JILA  ν=148.3821828827(1) nm,  line width 300 kHz, 229Th:CaF2 ,  

C. Zhang et al., Nature 633, 63 (2024). C. Zhang et al., Nature 636, 603 (2024).

• Measurements of crystal-field splitting, as well as spectroscopy of trapped 229Th 
ions, are important steps toward realizing nuclear clocks.

• We developed a VUV pulsed laser system for excitation of the 229Th isomer and 
performed nuclear laser spectroscopy of 229Th-doped CaF2 crystals.

Four wave 
mixing
Xe gas

νUV

νUV
νVUV

νIR249 nm

～786 nm

749 nm

パルスレーザー 
(ポンプ光)

532nm 
10 Hz

pump

pump

VUV 
pulse

~148 nm

IR 
pulse UV pulse

5p6 1S0

5p5(2P)2[1/2]0

0 eV

9.9 eV

Ti:S 
 amp

pumpTunable 
CW laser

Ti:S crystal
Pulse 

Nd:YAG laser

CW laser ～148 nm

Third Harmonic 
Generator

VUV pulse laser 
system

Excitation

Ti:S Oscilator

Ti:S crystal BBO crystal

Ti:S Oscilator
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IR 
pulse

Radioluminescence per 100 second
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229Th:CaF2 

Crystal target
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VUV pulse generation 

IR (749nm) 
pulse signal

                          UV pulse  signal IR (786nm) 
pulse signal

• Pulse time jitter ~ 2.4 ns
• IR pulse (786 nm)   

Intensity 6 mJ, pulse width 40 ns,  
line width 18 MHz

• IR pulse (749 nm)  
Intensity 6 mJ, pulse width 30 ns, 
line width 15 MHz

• UV pulse (249nm)   
Intensity 2mJ 

• IR and UV pulses are overlapped in space and time inside 
the Xe chamber to generate VUV light, which is then 
separated from the fundamental beams by a prism and 
mirrors and guided to the target.

• With IR and UV pulse energies set to expected operating values, 
~0.5 μJ of VUV pulse energy was achieved, meeting the target. 

Titanium sapphire (Ti:S) oscillator

CW laser 
(Seed)

Ti:S 
crystal

Triangle 
Oscillator

Pumped 
pulse(IR) 
~7mJ

Pulse laser 
(Pump)

PZT mirror

OC
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図 3.20 749 nmオシレーター出射パルスの線幅評価．横軸がレンズからの距離，縦軸がビーム径を表す．
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図 3.21 オシレーターポンプ光のパルスエネルギーと出力パルスエネルギーの関係．開発したオシレーターは
両方とも同程度の出力を達成している．

Generation of IR 
pulses (>7 mJ)

Vacuum ultraviolet (VUV) laser

Use a nuclear transition  
as a frequency standard.

VUV pulse intensity dependence 

~ 1x1x1mm 
High doping concentrations  
(~1018 cm-3,~ 20kBq)

Irradiation time 20 s,  τ~ 630 s 

• CW IR seed laser is injected into a triangular 
resonator to stabilize the cavity length and to serve 
as seed light within the Ti:S crystal. 

• A Nd:YAG pulsed laser is used to pump the Ti:S 
crystal, inducing stimulated emission and 
generating pulsed IR light. 

arXiv:2509.00041
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electric field through a radio-frequency (RF) and direct-current (DC) 
funnel system towards the buffer-gas stopping cell exit, where they are 
extracted by a supersonic Laval nozzle and injected into a radio-fre-
quency quadrupole (RFQ) structure. While the ions are guided by the 
electric fields provided by the RFQ, the remaining ambient helium gas 
pressure leads to phase-space cooling, such that a recoil-ion beam with 
submillimetre diameter is formed at the RFQ exit. There, most of the 
daughter nuclides from the 233U decay chain are still present, some of 
which are short-lived α or β− emitters. A quadrupole mass-separator 
(QMS) is used for ion-beam purification, such that only 229Th remains. 
Subsequently, the thorium ions are guided with the help of a triodic 
guidance structure with a 2-mm-diameter orifice towards a micro-
channel plate (MCP) detector, used for low-energy electron detection. 
The ions are collected in a soft landing at low kinetic energy (50–75 eV, 
depending on the charge state) directly on the MCP detector (operated 
at −25 V surface voltage), which is placed in front of a phosphor screen. 
The latter is monitored by a charge-coupled device (CCD) camera, 
allowing for a spatially resolved signal detection.

Isomer detection
Because stopping and extraction of 229Th occurs in the form of ions 
and takes only a few milliseconds, there is no significant isomer decay 
during the time of flight. However, when the ions come into contact 
with the MCP surface, charge exchange occurs forming neutral tho-
rium atoms, for which rapid IC is expected to dominate the decay of 
the isomeric state. This process releases a conversion electron, which 
is accelerated into a microchannel of the MCP detector, triggering the 
emission of secondary electrons. The electron ‘cloud’ thus produced is 
accelerated towards the phosphor screen, where the electronic-impact 
signal is converted into visible light that is detected with the CCD cam-
era. This detection technique has some similarity to the MCP-based 
detection of metastable molecular states in chemistry44, and has already 
been successfully applied to the detection of 235mU (ref. 40). A sche-
matic drawing of the detection process on the MCP surface from a 
microscopic perspective is shown in Fig. 3 (see also Methods section).

The 233U source (denoted below as source 1) consists of a layer 
of 233UF4 (of activity level ∼200 kBq) that was evaporated onto a 
20-mm-diameter stainless steel plate. A complete mass scan of ions 
extracted from this source is shown in Fig. 4a. We measured the 229Th3+ 
ion extraction rate from source 1 to be about 103 s−1 (ref. 45). Assuming 
that 2% of the ions are in the isomeric state42 and also accounting for 
an MCP detection efficiency for low-energy electrons of about 1.5%  
(ref. 46), a count rate of ∼0.3 counts s−1 is expected. The isomeric-decay 
signal obtained when extracting 229Th3+ for 2,000 s is shown in Fig. 4c. 
Signals were acquired within a centred field of view as obtained within 
a 20-mm-diameter aperture (see Methods for details of image readout). 
The spatially integrated decay count rate is 0.25 ± 0.10 counts s−1 and 
in good agreement with the expectations. The error was estimated to 
also account for changes in the 229Th3+ extraction efficiency. The MCP 
exhibits a low dark count rate of 0.01 counts s−1 mm−2, leading to a  
signal to background ratio of about 8:1. An overview of different meas-
urements performed under the same conditions is shown in Fig. 4b.  
Each row corresponds to an individual uranium source, as will be 
detailed in the following section, while each column corresponds to a 
different extracted ion species, as indicated by the arrows from the mass 
scan. Clear signals are seen when extracting 229Th2+ and 229Th3+ (Fig. 4b,  
first row). For completeness, measurements were also performed while 
extracting 229Th1+. In this case, no signal could be obtained, which 
might be attributable to the very low extraction efficiency of just 0.3% 
for Th1+, compared to 5.5% for Th2+ and 10% for Th3+ (ref. 45).

Signal identification
In order to prove that the detected signal originates from the 229Th iso-
meric decay, comparative measurements were performed which allowed 
us to exclude all potential background sources. These can be grouped 
into four categories: (A) background attributed to the kinetic energy 
or charge state of the impinging ions, (B) background signals from 
setup components (233U source, buffer-gas stopping and extraction,  
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Figure 1 | Energy–half-life distribution. Blue circles, known nuclear 
isomeric states4 (darkening occurs where circles overlap); red circles 
(numbered, key at bottom left), selected atomic shell transitions used 
for frequency metrology. Orange region, the parameter space currently 
accessible for optical clocks. 229mTh (expected region shown as a blue box) 
exhibits a uniquely low excitation energy, and is the only known promising 
isomer for the development of a nuclear-based frequency standard using 
existing technology. One other nuclear isomer with an energy below 103 eV 
is known (235mU, bottom right), however, it has a significantly longer half-
life. Purely radiative half-lives are shown for 229mTh and 235mU, this being 
the relevant parameter for the development of a nuclear clock.

233U source
Electric RF+DC funnel

Supersonic Laval nozzle

Radio-frequency
quadrupole-ion guide (RFQ),
10–2 mbar 

2 mm diameter electric
aperture 

Quadrupole
mass-separator (QMS),
10–5 mbar  

Triodic extraction
system  

Microchannel plate (MCP)
detector

Phosphor screen on
!bre-optic window 

CCD camera

Buffer-gas stopping cell,
40 mbar 

Figure 2 | Schematic of the experimental setup. The 233U source is 
mounted in front of an RF+ DC funnel placed in a buffer-gas stopping 
cell43. 229Th α-recoil ions, emitted from the source, are extracted for ion-
beam production in a radio-frequency quadrupole system (RFQ). After 

mass purification of the ion beam with the help of a quadrupole mass-
separator (QMS), the ions are attracted at low kinetic energy (for soft 
landing) onto the surface of a microchannel plate detector (MCP). There the 
229Th isomeric decay signals are detected (for details, see text and Methods).
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Nature 533, 47-51 (2016)
• Precision is expected to be approximately 10-19.   

C. J. Campbell et al, PRL 108, 120802 (2012).
• As a precision clock, it is expected to have many applications in 

both fundamental physics and practical use in society.
• Search for temporal variation of the Fine Structure Constant. 

Sensitivity will be improved by 103 -104.

Thorium-229 nuclear clock Nuclear clock

• Thorium-229 possesses an extremely low-
energy first excited state (isomer state) at 
8.4 eV, corresponding to 148 nm in the 
Vacuum Ultraviolet (VUV) region.

Th229 isomer exitation 

Magnitude of crystal field splitting (EFG)

Split levels by crystal field 6

• Energy splitting by interaction between nuclear quadrupole 
   moment and electric field gradient inside host crystal
• When there are multiple doping sites, complex spectra
    should be observed

229Th with crystal field

Optical clock

Thorium 229

Feedback Detector

Laser 
(λ~150 nm)

• Ion trap
• Doped crystal

• Use a nuclear transition as a frequency 
standard. 
• The effect of external fields can be expected  
to be much smaller. 

• Precision is expected to be approximately 10-19.   
      C. J. Campbell et al, PRL 108, 120802 (2012). 

• As a compact and precision clock, it is 
expected to have many applications in both 
fundamental physics and practical use in 
society. 
• Search for temporal variation of the Fine 
Structure Constant. Sensitivity will be improved 
by 105~106. 

• A prove for dark matter, a gravitational sensor, 
etc. 

• Apply for chronometric geodesy, earthquake 
navigation, etc. 4

isomeric state

ground state

Introduction Thorium-229 nuclear clock

Solid-state nuclear clock 
    ̶  Candidate for next-generation clock 
    ̶  Can excite a large number of 　　　　　
　thorium-229 simultaneously.

VUV Search using NRS technique

J. Phys.: Condens. Matter 26 (2014) 105402 (9pp)

• Need VUV transparent target 

Th:LiSAF (Hudson Group, USA)
Th:CaF2 (Schumm Group, AU)

Solid state nuclear clock
J. Phys.:Condens. Mat. 21, 325403 (2009) 

Th doped UV transparent crystal have been developed
CaF2 target

1x1x1 mm
> 1018 /cm3

• Excite a large  
number of 229Th 
simultaneously.

• High signal 
intensity stability

Type:(2) Trapped ion

Type:(1) Doping in crystal 
(Solid-state nuclear clock)

• Traps 229Th ions 
• High precisionλ ~ 148 nm

τ ≈ 103 sec  

Experimental studies of the 229mTh

6

Some most important recent progress, 

Long research history, since 1976 (~half century).

Thielking et al. Nature 566(2018) 321. Seiferle et al. Nature 573(2019) 243. Kreamer et al. Nature 617(2023) 706.Masuda et al. Nature Lett. 573(2019) 238.

2019. IC electron

energy spectrum

2018. FHS of

229mTh and 229gTh

2019. First artificial 

229mTh manufacture

2023. First Observation

of VUV photons

Pulse intensity

Titanium sapphire (Ti:S) amp
Amplification of IR Pulses

• To increase the output of the IR pulses, an Ti:S 
amplifier using the Ti:S crystal was developed.

• The output IR pulse increased with the number of 
Ti:S passes and pump power.

• We are advancing experimental preparations in collaboration 
with a RIKEN group that is developing the connection 
components to the developed VUV laser.

• We plan to begin the experiment this summer.

Connection part (Alignment chamber) Ion trap of 229Th3+ 

A. Yamaguchi et al., Nature 629, 62 (2024). 
C. J. Campbell et al, PRL 102, 233004 (2009) 

9th Symposium on Frequency Standards and Metrology

Journal of Physics: Conference Series 2889 (2024) 012041

IOP Publishing

doi:10.1088/1742-6596/2889/1/012041
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Figure 4.  Schematic of ion 
trap system for 229Th3+. The 
recoil 229Th3+ ions emitted from 
233U source were extracted by 
an RF carpet and transported to 
the trap. 

Figure 3.  (a) Picture of the apparatus to heat the 233U source up to 600 ℃. The 233U source was 
installed on a heater plate. The heater plate was attached to the vacuum flange. (b) Changes of 
temperature and vacuum pressure during heating. The 233U source was heated at 600 ℃ for two 
days to remove impurities attached on the surface of 233U during the electrodeposition process.  
 

changes during the heating process. We increased the temperature at a rate of  1 ℃/minute. After more 
than two days of heating, the pressure became nearly constant, indicating that the desorption of 
impurity molecules from the 233U source was complete. We then lowered the temperature at a rate of 
approximately −0.2 ℃/minute. This slow cooling was necessary to prevent wrinkling of the titanium 
foil caused by its uneven temperature distribution. 

3.   Extraction and trapping of 229Th3+ ions 
Figure 4 shows a schematic of the apparatus used for extracting and trapping the recoil 229Th3+ ions 
emitted from the 233U source and trap them. The recoiled ions were cooled using a helium buffer gas. 
The buffer gas cooling process also aligns the charge state of 229Th ions to 3+ via the following 
mechanism [20]: Since the 𝛼-decay of 233U is an energetic process (energy of the 𝛼-particle is 4.9 
MeV), 229Th ions are likely to be in the highly charged state just after recoiled from the 233U source. 
The charge state of 229Th ions was lowered by charge-exchange collisions with helium gas. However, 
this process stops when 229Th becomes 3+ because the first ionisation energy of helium is larger than 
the 3rd ionisation energy of Th. 

The buffer-gas-cooled 229Th3+ ions were extracted using an RF carpet (ion collector) [21], 
transported using a quadrupole ion guide, and trapped using a linear Paul trap. The incoming rate of 

Expected VUV pulse 
intensity w/Ti:S amp 
~ 6μJ (10Hz)

 Laser excitation of trapped ion Laser-induced quenching (LIQ) 

Figure 1: Schematic view of the
229

Th laser spectroscopy experiment. a, The pulsed VUV laser system. The VUV
beam diameter at the crystal target is approximately 1mm, comparable to the side length of the crystals. Motorized flippers
are positioned upstream of the xenon gas chamber to block the laser from entering it during the observation of de-excitation
light emitted from the crystal. b, Overview of the target and the detection system. A motorized rotating wheel is used to
prevent scattered light from reaching the PMT while the laser irradiates the crystal. c, Nuclear energy level splitting due to
the electric field gradient, assuming Vzz > 0. d, Sketch of spectra when 229Th is doped at more than one site.

tection period is shorter than the radiative lifetime of 229mTh,
hence a residual signal remains in successive measurements,
which is removed from the data in o✏ine analysis (see Meth-
ods). The obtained spectra for C10, C13, and X2 are pre-
sented in the top panels of Fig. 2a–c. We observe a multitude
of nuclear lines with signal amplitudes spanning three orders
of magnitudes. The observed line widths of approximately
30MHz are determined by the laser linewidth.

The observed spectra can be explained and fitted assuming
that 229Th is embedded in the CaF2 crystal at four distinct
sites, each with a characteristic EFG. The Vzz are roughly
0V/Å2, 110V/Å2, �320V/Å2, and 260V/Å2 for sites 1, 2,
3, and 4, respectively. At site 2, all six peaks are observed
and the Vzz value coincides with that reported in refs. [7, 10].
The spectra were fitted assuming a Gaussian lineshape for
each peak and the presence of 229Th at these four distinct
sites. Fit parameters of each site s include Vzz, ⌘, the unsplit
transition frequency us, and relative 229Th doping amount as.
The peak width �, assumed to be Gaussian, is a common
parameter for all sites and lines. The ratio of the electric
quadrupole moments Qe/Qg is the remaining fit parameter,

where Qg = 3.11 eb is used as a fixed input [30]. The fit
function for each frequency spectrum is given by

func(f) =
4X

s=1

6X

i=1

asri exp

 
�
(f � us � f 0

s,i)
2

2�2

!
, (1)

where ri = r(i, ⌘) is the relative transition intensity of the ith
transition and f 0

s,i = f 0(s, i, Vzz, ⌘, Qe/Qg) is the frequency
shift of the ith transition of each site. Calculation of ri and
f 0
s,i are summarized in the Methods section. For ⌘ = 0, the
transition between m = ±5/2 ! m0 = ±1/2 is asymptotically
forbidden. Figure 2 shows a comparison between the measured
spectra and the fit results.

3.1 Quantitative analysis of nuclear
quadrupole spectra

Two full spectra of the 229Th nuclear quadrupole structure in
CaF2 are recorded for all three crystals. The average EFG
parameters calculated from the fitting are summarized in Ap-
pendix. The extracted Vzz parameters are consistent across
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Figure 3: Site-selective isomer lifetime and quenching.
229Th nuclei are excited in sites 1, 2, 3, and 4 by detuning
the VUV excitation laser by 0MHz, �90MHz, +240MHz,
and �210MHz, respectively. a, Example of a radiative decay
curve of 229mTh in site 1 in the C13 crystal. The inset shows a
comparison of the measured lifetimes across di↵erent sites and
crystals. b, Example of laser-induced quenching of 229mTh
in site 1 in the X2 crystal. The shaded area indicates the
time of irradiation of the crystal by the quenching laser. The
inset shows a comparison of measured quenching lifetime ⌧q
for di↵erent sites of the X2 crystal. The error bars represent
the 68% confidence interval of the statistical uncertainty in
both insets.

Recent experimental studies have ruled out interstitial tho-
rium and shown a 4+ charge state [21, 31], leading us to fo-
cus on thorium substituting for calcium (ThCa in Kröger-Vink
notation [32]) as the dominant defect mechanism. Through
this substitution, two of thorium’s four valence electrons are
loosely bound and will likely be compensated by the crys-
tal to achieve a low-energy closed-shell configuration. The
primary compensation mechanisms involve either a calcium
vacancy (vCa), two fluorine interstitials (2 Fi) or oxygen im-
purities (OF, Oi). However, placing these compensations on
nearest neighbor sites violates the necessary cubic symmetry
around thorium [17, 33], suggesting that the charge compen-

sation for site 1 cannot be attributed to these positions.

We explored this setting using DFT simulations. By in-
troducing a calcium vacancy or two fluorine interstitials at
increasingly distant lattice sites, we observe that thorium dis-
plays a 4+ charge state while the band gap remains large,
which is necessary for maintaining the transparency of the
doped crystals in the visible and UV regimes.

Furthermore, with increasing separation of thorium and the
charge-compensating site, the local Oh symmetry is restored,
and the EFG approaches zero (see Methods for a quantita-
tive study). Since other compensation schemes can be ruled
out, we attribute the central zero EFG spectroscopy transition
(site 1) to a charged thorium defect without local compensat-
ing atoms (ThCa�2e, see Fig. 4). Nalikowski et al. [23], using
multiconfigurational theory simulations, attributed the same
defect geometry to one of the features in Th:CaF2 VUV ab-
sorption measurements [20].

The second dominant feature in the spectrum (site 2) is
characterized by an asymmetry parameter of ⌘ ⇡ 0.6. Systems
with more than threefold rotational symmetry would yield ⌘ =
0, ruling out compensation schemes featuring two interstitial
fluorines, which exhibit C3v symmetry [31]. Oxygen impurity
schemes, such as 2OF or OF+Fi, produce EFGs that are too
small [17], while Oi has C4v symmetry. A nearest neighbor
vCa with C2v symmetry has an incorrectly signed EFG and
lower asymmetry, whereas a next nearest neighbor vCa has
C4v symmetry. Consequently, no single thorium defect can
explain the EFG extracted for site 2.

To investigate further, we performed scanning transmission
electron microscopy (STEM) measurements using the high-
angle annular dark-field (HAADF) technique on wedge shaped
⇠20 nm thickness samples (see Methods) of Th:CaF2 (V14,
concentration 2.6 · 1020 cm�3, see [29]). The electron beam
damage to the crystal is knock-on type, inducing some sput-
tering but not lattice disorder, which thus keeps the struc-
ture intact [34]. We imaged single columns of ⇠ 20 Ca atoms
in the [111] crystallographic direction, seen in Fig. 4. Due
to the larger nuclear charge of Th (Z = 90) as opposed
to Ca (Z = 20), the Rutherford scattering of electrons is
902/202 ⇠ 20 times stronger, which allows us to clearly iden-
tify columns containing thorium. It is observed that columns
containing Th generally cluster, indicating that it is energet-
ically favorable to place Th as nearest neighbors in crystal
growth. The data suggests that Th ions prefer being nearest
neighbors at high concentrations, but atomic resolved STEM
tomography is required to observe the 3-D nature, which is
practically infeasible for highly radiation sensitive CaF2. Clus-
tering of dopants and distant charge compensation in CaF2 is
observed for all lanthanides [35, 36].

Thus, we proceeded with a similar approach to the zero EFG
case. We performed DFT simulations on thorium clusters by
placing two thorium atoms at nearest neighbor Ca positions,
removing four electrons from the simulation cell, and relaxing
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229Th nuclei are excited in sites 1, 2, 3, and 4 by detuning
the VUV excitation laser by 0MHz, �90MHz, +240MHz,
and �210MHz, respectively. a, Example of a radiative decay
curve of 229mTh in site 1 in the C13 crystal. The inset shows a
comparison of the measured lifetimes across di↵erent sites and
crystals. b, Example of laser-induced quenching of 229mTh
in site 1 in the X2 crystal. The shaded area indicates the
time of irradiation of the crystal by the quenching laser. The
inset shows a comparison of measured quenching lifetime ⌧q
for di↵erent sites of the X2 crystal. The error bars represent
the 68% confidence interval of the statistical uncertainty in
both insets.

Recent experimental studies have ruled out interstitial tho-
rium and shown a 4+ charge state [21, 31], leading us to fo-
cus on thorium substituting for calcium (ThCa in Kröger-Vink
notation [32]) as the dominant defect mechanism. Through
this substitution, two of thorium’s four valence electrons are
loosely bound and will likely be compensated by the crys-
tal to achieve a low-energy closed-shell configuration. The
primary compensation mechanisms involve either a calcium
vacancy (vCa), two fluorine interstitials (2 Fi) or oxygen im-
purities (OF, Oi). However, placing these compensations on
nearest neighbor sites violates the necessary cubic symmetry
around thorium [17, 33], suggesting that the charge compen-

sation for site 1 cannot be attributed to these positions.

We explored this setting using DFT simulations. By in-
troducing a calcium vacancy or two fluorine interstitials at
increasingly distant lattice sites, we observe that thorium dis-
plays a 4+ charge state while the band gap remains large,
which is necessary for maintaining the transparency of the
doped crystals in the visible and UV regimes.

Furthermore, with increasing separation of thorium and the
charge-compensating site, the local Oh symmetry is restored,
and the EFG approaches zero (see Methods for a quantita-
tive study). Since other compensation schemes can be ruled
out, we attribute the central zero EFG spectroscopy transition
(site 1) to a charged thorium defect without local compensat-
ing atoms (ThCa�2e, see Fig. 4). Nalikowski et al. [23], using
multiconfigurational theory simulations, attributed the same
defect geometry to one of the features in Th:CaF2 VUV ab-
sorption measurements [20].

The second dominant feature in the spectrum (site 2) is
characterized by an asymmetry parameter of ⌘ ⇡ 0.6. Systems
with more than threefold rotational symmetry would yield ⌘ =
0, ruling out compensation schemes featuring two interstitial
fluorines, which exhibit C3v symmetry [31]. Oxygen impurity
schemes, such as 2OF or OF+Fi, produce EFGs that are too
small [17], while Oi has C4v symmetry. A nearest neighbor
vCa with C2v symmetry has an incorrectly signed EFG and
lower asymmetry, whereas a next nearest neighbor vCa has
C4v symmetry. Consequently, no single thorium defect can
explain the EFG extracted for site 2.

To investigate further, we performed scanning transmission
electron microscopy (STEM) measurements using the high-
angle annular dark-field (HAADF) technique on wedge shaped
⇠20 nm thickness samples (see Methods) of Th:CaF2 (V14,
concentration 2.6 · 1020 cm�3, see [29]). The electron beam
damage to the crystal is knock-on type, inducing some sput-
tering but not lattice disorder, which thus keeps the struc-
ture intact [34]. We imaged single columns of ⇠ 20 Ca atoms
in the [111] crystallographic direction, seen in Fig. 4. Due
to the larger nuclear charge of Th (Z = 90) as opposed
to Ca (Z = 20), the Rutherford scattering of electrons is
902/202 ⇠ 20 times stronger, which allows us to clearly iden-
tify columns containing thorium. It is observed that columns
containing Th generally cluster, indicating that it is energet-
ically favorable to place Th as nearest neighbors in crystal
growth. The data suggests that Th ions prefer being nearest
neighbors at high concentrations, but atomic resolved STEM
tomography is required to observe the 3-D nature, which is
practically infeasible for highly radiation sensitive CaF2. Clus-
tering of dopants and distant charge compensation in CaF2 is
observed for all lanthanides [35, 36].

Thus, we proceeded with a similar approach to the zero EFG
case. We performed DFT simulations on thorium clusters by
placing two thorium atoms at nearest neighbor Ca positions,
removing four electrons from the simulation cell, and relaxing
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• High-precision laser spectroscopy have been achieved.
• → A unique method for probing the local structure of 

nuclei within crystals (Laser Mössbauer).

• The nuclear levels are split by the interaction between the 
nuclear quadrupole moment and the electric field gradient (EFG).

• Different dopant sites have different EFGs, resulting in different 
splitting patterns.

• The observed spectral lines can be explained as originating from 
four distinct sites

Experimental setup

• CW laser (wavelength: 405 nm) is irradiated 
after VUV laser irradiation (Δtirr = 200 s)

• Site-dependent laser-induced quenching was observed; 
its mechanism is currently under investigation.

Summary In this study, We developed a VUV pulsed laser system based on four-wave mixing and successfully demonstrated high-resolution nuclear laser spectroscopy of 
229Th-doped CaF2 crystals.  As the next step toward nuclear clock development, we are currently preparing for laser spectroscopy of trapped 229Th ions.

Pumped 
IR pulsePulse laser 

(pump)

IR pulse 
(786 nm)

Ti:S 
crystal

• new physics search using nuclear clocks

- time variation of fine structure constant (𝛼)

- higher sensitivity compared to atomic clocks

• In 2024 laser excitation has been achieved using

229Th in solids

• We performed spectroscopy measurement using 229Th:CaF
2

and 

we found 4 229Th dopant sites (3 are new)

• 229Th has the lowest nuclear excited state among all nuclei

- 𝐸isomer = 8.36 eV (typical nuclear levels: keV~ MeV)

- Excitation by a narrow-linewidth laser (148 nm) is possible

• application to atomic clocks using nuclear levels (nuclear clock)

- trap-based nuclear clock

- solid-state nuclear clock (unique to nuclear clocks)

Takahiro Hiraki for the collaboration

1.  Introduction
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2.  Experimental setup 

J. Tiedau et al., PRL 132, 182501 (2024)       C. Zhang et al., Nature 633, 63 (2024)

R. Elwell et al., PRL. 133, 013201 (2024)       C. Zhang et al., Nature 636, 603 (2024)    etc.

T. Hiraki on behalf of collaboration, Hyperfine 245, 14 (2024) 

Nuclear laser spectroscopy of 229Th doped in CaF2

3. Spectrum measurement 

4. lifetime measurement 

T. Hiraki et al., arXiv:2509.00041 

VUV Intensity: 𝒪(100) nJ, VUV linewidth~ 30 MHz

Laser system target and detector

developed by TU Wien

same crystal used in PTB and JILA

229Th:CaF
2

Quadrupole splitting

• Split by interaction between 

nuclear quadrupole moment and 

electric field gradient (EFG)

• Different dopant sites have 

different EFG

EFG parameters

○ data points

- fitted spectra

target EFG site 1 site 2 site 3 site 4
C10 𝑉𝑧𝑧 1(1) 106(1) -319(3) 261(1)

𝜂 - 0.59(1) 0.22(16) 0.00(0)

C13 𝑉𝑧𝑧 0(0) 107(1) -319(3) 259(1)

𝜂 - 0.63(3) 0.05(9) 0.00(0)

X2 𝑉𝑧𝑧 2(5) 106(2) -319(3) 258(3)

𝜂 - 0.60(1) 0.18(5) 0.21(6)

𝐼𝑔 =
5
2

𝐼𝑒 =
3
2

no split

with crystal

field gradient

𝑚𝑒 = ±3/2
𝑚𝑒 = ±1/2

𝑚𝑔 = ±5/2
𝑚𝑔 = ±3/2
𝑚𝑔 = ±1/2

𝑉𝑧𝑧, : V/Å2

𝜂 = (𝑉𝑥𝑥 − 𝑉𝑦𝑦)/𝑉𝑧𝑧

site 1: small electric field gradient

site 2: consistent with JILA’s experiment

target site 1 site 2 site 3 site 4
C10 72.6(2) 26.4(5) 0.4(3) 0.6(1)

C13 73.8(6) 24.0(7) 1.0(1) 1.2(1)

X2 34.8(3) 58.6(12) 3.6(4) 3.0(12)

2020407 GHz

relative amount of 229Th doped in each site

frequency scan performed for 3 targets

with different 229Th density (X2>C13>C10)

JILA PTB

No clear site/crystal dependence Site-dependent laser-induced quenching was observed

CW laser irradiation after 200 s measurement

5. surrounding atomic structure

Th Ca

F

• DFT calculations are performed by

collaborators (TU Wien)

- calculate EFG for many atomic structure sets

- comparison to EFGs obtained by the experiment

• We found candidates of atomic structure for

site 1 and site 2

• Th4+ replaces Ca2+

• 2 F- for charge compensation 

exist far from Th

• Small EFG by high 

symmetric configuration

Site 1 (small EFG) Site 2

Th Ca

F

• 2 Th atoms locate closely

• 4 F- s for charge 

compensation exist 

far from Th

This (close location) is supported by 

scanning transmission electron microscopy

Figure 2: Comparison of the measured spectra and fit

results for C10 (a), C13 (b), and X2 (c). The height
of each line in the bottom panels indicates the transition in-
tensity obtained from the fit. The center frequencies of site 1
peaks are overlapped, and the corresponding lines are com-
bined into a single line representing the summed intensity.
The error bars represent the 68% confidence interval of the
statistical uncertainty.

the di↵erent crystals. The Qe/Qg ratios obtained from the
fitting are 0.574 for C10, 0.570 for C13, and 0.563 for X2. The
EFGs for site 2 and Qe/Qg are consistent with those precisely
measured in ref. [10]. The relative signal contributions from
229Th at the four identified sites are summarized in Table 1.
Notably, the relative contribution of 229Th doped at site 1 in
X2 is significantly smaller than that in C10 and C13.

Table 1: Relative contribution of microscopic sites to

spectroscopy signal (%). Values in parentheses are di↵er-
ences of fitting results of the two spectra.

target site 1 site 2 site 3 site 4

C10 72.6(2) 26.4(5) 0.4(3) 0.6(1)
C13 73.8(6) 24.0(7) 1.0(1) 1.2(1)
X2 34.8(3) 58.6(12) 3.6(4) 3.0(12)

3.2 Lifetime and quenching of 229mTh in dif-
ferent sites

The direct tunability of the VUV laser allows to selectively
excite 229Th in the four identified crystal sites, enabling a
measurement of the radiative lifetime ⌧ . Figure 3a shows a
representative nuclear decay curve after background rejection,
fitted with a single exponential function plus a constant o↵-
set. The resulting radiative lifetimes are presented in the inset
of Fig. 3a. We observe lifetimes of approximately 630 s, con-
sistent with previously reported values [7, 9]. No apparent
dependence of ⌧ on the doping site was observed.

Laser-induced quenching (LIQ) is also measured using the
X2 crystal. Any potential quenching e↵ect from the VUV
excitation laser on the frequency scan measurement is con-
sidered negligible due to its weak intensity [9]. For the LIQ
measurement, a 405 nm CW laser source serves as the quench-
ing source; it is placed diagonally below the target crystal, as
shown in Fig. 1b. Its average power is roughly 10mW, al-
though power fluctuations makes a precise estimation of the
intensity on the crystal di�cult. Figure 3b shows an example
of a decay curve before and after the quenching laser irradia-
tion. The resulting quenched lifetimes (⌧q), presented in the
inset, clearly show a dependence on the microscopic site. This
is in stark contrast to ⌧ , which is site-independent.

3.3 Assignment of atomic structure to sites

The central frequency peak without discernible nuclear sub-
structure observed in the laser Mössbauer spectroscopy implies
that the microscopic site 1 has a vanishing EFG on the 229Th
position and therefore a high symmetry of the local chemical
environment. Although the pristine CaF2 host crystal lattice
exhibits the necessary Oh symmetry, defects such as vacancies,
interstitials, or impurities generally reduce this symmetry.

4

Quenched lifetimes (τq) 

weak transitions between m = ±1/2 ! m0 = ±3/2 from site 3
and site 4. The background rejection criterion is based on the
peak height of the smoothed waveform from the PMT used
for background rejection, acquired within ±2µs of the trigger
timing. After each spectra measurement, radioluminescence
data are collected to estimate the background event rate (p2)
after background rejection. For each frequency point, the time
spectrum, after background rejection without e�ciency cor-
rection is fitted using the function p0 exp(�t/p1) + p2, where
p1 = 630 s and p2 are fixed. The obtained p0 value for each
frequency is corrected for the residual signal e↵ect according
to:

c(f) = p0(f)� p0(f +�f) exp

✓
� tdi↵

p1

◆
, (8)

where c(f) is the corrected signal intensity, p0(f +�f) is the
p0 value from the previous frequency measurement, and tdi↵
is the time di↵erence between the two consecutive measure-
ments. Each c(f) is normalized by the corresponding VUV
intensity measured by the photodiode.
The average EFG parameters calculated from the fitting are

summarized in Table 3. The Vzz value for site 1 is close to zero;
consequently, all six transition lines overlap within the exper-
imental uncertainty, rendering a determination of the asym-
metry parameter ⌘ impossible. The statistical uncertainties
from the fits are smaller than the systematic uncertainties,
likely dominanted by frequency fluctuations associated with
the wavemeter and the fiber switch.
The absolute value of the frequency deviates by at most

about 100 MHz from the value reported in ref. [10]. This
deviation appears to originate from the accuracy limitations
of the wavemeter. Di↵erences of the unsplit frequencies with
reference to that for site 2 are within 20MHz, as summarized
in Table.4.
For the X2 crystal with the highest 229Th concentration,

the agreement between the data and the fitted spectrum is
lower than for the other two crystals, which might indicate the
presence of a fifth or further doping sites. However, the EFGs
of the fifth site could not be determined precisely because its
peaks overlap with those from other sites.

Table 3: Vzz (V/Å2
) and ⌘ obtained by spectrum fitting.

Values in parentheses are di↵erences of fitting results of the
two spectra.

target EFG site 1 site 2 site 3 site 4

C10 Vzz 1(1) 106(1) �319(3) 261(1)
⌘ - 0.59(1) 0.22(16) 0.00(0)

C13 Vzz 0(0) 107(1) �319(3) 259(1)
⌘ - 0.61(3) 0.05(9) 0.00(0)

X2 Vzz 2(5) 106(2) �320(3) 258(3)
⌘ - 0.60(1) 0.18(5) 0.21(6)

Table 4: Di↵erence of the unsplit frequencies (MHz)

with reference to that for site 2. Values in parentheses
are di↵erences of fitting results of the two spectra.

target site 1 site 3 site 4

C10 3(1) �6(2) �2(1)
C13 4(4) �4(5) �3(2)
X2 �1(1) �12(8) �11(3)

D Lifetime measurement without
quenching

Figure 5 shows an example of decay curves with and without
radioluminescence background rejection. The amplified VUV
PMT signal is combined with the clock generator signal and
directed to the trigger channel of the oscilloscope for data ac-
quisition. During the lifetime measurements, a 200Hz clock
signal is used for monitoring the data acquisition e�ciency
and the background rejection e�ciency. Lifetime measure-
ments are conducted repeatedly under each condition. The
combined time spectra after background rejection with e�-
ciency correction are fitted by p0 exp(�t/p1) + p2, where p0,
p1, and p2 are the fitting parameters. The e�ciency correction
shifts the fitted lifetime typically by a few seconds. Table 5
summarizes the lifetime measurements of 229mTh without irra-
diation of the quenching laser. For each condition, the lifetime
is estimated to be approximately 630 s, with no clear discrep-
ancies observed.
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Figure 5: Example of a decay curve for purely radiative decay
of 229mTh. Here, the e�ciency correction is not applied and
C13 is irradiated with the VUV frequency corresponding to
the excitation frequency of site 1. The blue curve represents
the fitted curve. The error bars represent the 68% confidence
interval of the statistical uncertainty.
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Appendix

てのロッドに印加された 3.1 MHz の rf 電圧（20–700 V0–pk）によって生成される。軸方向の閉じ込めは，ステンレ
ス鋼製エンドキャップ電極に dc 電圧（10–600 V）を印加することで行われる。各エンドキャップには，光学アクセ
スおよび試料導入のため，トラップ軸と同軸な直径 5 mm の穴が設けられている。エンドキャップ間距離は 39 mm
であり，アルミナ製スペーサによって rf ロッドから電気的に絶縁されている。このようにトラップサイズを大きくし
たのは，Th3+ のロード効率を最大化するためである。トラップ設計は、Th

3+ アブレーションプルームのプラズマ
的性質を考慮し、イオンのロード効率を向上させるよう最適化されている [?]。トラップの全長は 188 mm、半径は
3.3 mm であり、トリウム硝酸塩試料とトラップとの距離は 10 mm である [?, ?]。

図 3.6 229mTh3+ ionの準位 [?]

バッファガス冷却
いったん捕獲されると、レーザー冷却だけでイオンを数万 K から結晶化まで冷やすことができるが、得られる総

数は一貫して 100 個未満である。これを 1～2 桁増やすため、純度（不純物）100 ppb 未満のヘリウム・バッファガ
スを、圧力 10－ 5 Torr で真空系に導入し、まず室温程度まで初期冷却を行う。その後バッファガスを排気し、レー
ザー冷却を行う。真空環境はその後数分以内に、ベース圧 <10－ 11 Torr に戻る。Th3+ の生成には，パルス YAG
レーザー第 3 高調波（パルス幅 5 ns，エネルギー約 200 µJ ）をトリウム金属試料上の 15(10)µm スポットに集光
し、トリウム標的（硝酸トリウム）のレーザーアブレーションを用いた。ポールトラップは保存的ポテンシャルであ
るため，試料に最も近いエンドキャップの電位を，各アブレーションパルスと同期して 100 V から接地，さらに元の
電位へとパルス的に変化させることで，軸方向へのイオンの累積ロードを可能にしている。アブレーションプルーム
中の比較的低速な Th+ および Th2+ 成分は，電位パルスのタイミングを調整することでトラップ領域への侵入を電
気的に遮断した。捕獲された不純物イオンの除去には，rf トラップの質量選択能力を利用した。ロード効率向上およ
び効率的なレーザー冷却のため，99.9999% 純度の He バッファガス（10

�7–10�5 Torr ）を導入した。バッファガス
冷却により，アブレーションで生成された Th3+ イオンは数万 K から室温程度まで衝突冷却される。その後 He 供
給を停止すると，30 s 以内に真空度は 2⇥ 10

�11 Torr 以下に回復し，レーザー冷却が可能となる。
レーザー冷却
捕獲された Th3+ 同位体のレーザー冷却は二段階で行う。まず，高温域では，自然線幅の数百倍程度までパワーブ

ロードニングされた遷移を用いて，イオンを数万 Kから数十 Kまで冷却する。6D3/2 および 6D5/2 準位の励起状態
寿命は比較的長く（⇠ 1µs 程度）であるが，高いレーザー強度を用いることでこの不利を補い，マイクロモーション
に伴う加熱を上回る冷却率を確保する。続いて低温域では，遷移が自然線幅の数倍程度にのみパワーブロードニング
されるようレーザー強度を下げ，イオンを mK 領域まで冷却する。
定常状態で 229Th3+ から散乱光を得てレーザー冷却を維持するには，基底状態 5F5/2 および準安定状態 5F7/2 に

存在する複数の超微細準位からのリポンプが必要であり，そのため複数の光学場を用いる。関連する準位構造と本研
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Upgrades to the VUV 
laser and preparations 
for ion trap 
experiments are 
ongoing. 


