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Controlling 229Th isomeric state population
in a VUV transparent crystal
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The radioisotope thorium-229 (229Th) is renowned for its extraordinarily low-
energy, long-lived nuclear first-excited state. This isomeric state can be excited
by vacuum ultraviolet (VUV) lasers and 229Th has been proposed as a reference
transition for ultra-precise nuclear clocks. To assess the feasibility and perfor-
mance of the nuclear clock concept, time-controlled excitation and depopu-
lation of the 229Th isomer are imperative. Here we report the population of the
229Th isomeric state through resonant X-ray pumping and detection of the
radiative decay in a VUV transparent 229Th-doped CaF2 crystal. The decay half-
life is measured to 447(25) s, with a transition wavelength of 148.18(42) nm and
a radiative decay fraction consistent with unity. Furthermore, we report a new
“X-ray quenching” effect which allows to de-populate the isomer on demand
and effectively reduce the half-life. Such controlled quenching can be used to
significantly speed up the interrogation cycle in future nuclear clock schemes.

The exceptionally low-energy nuclear-excited state of the isotope 229Th
has attracted considerable attention because of its potential use in
ultra-precise optical clocks1–4. Such nuclear clocks will find multiple
applications, ranging from fundamental physics studies5–7 to practical
implementations as compact solid-state metrology devices8,9. With
only a few electron volts of excitation energy, this laser-accessible first
excited state is predicted to have a long half-life exceeding 103 s (called
an “isomer”), making it a candidate for a clock state.

Given that direct excitation experiments from the ground to
the isomeric state 229mTh are ongoing worldwide10,11, a more precise
determination of the isomer half-life, and a measure of radiative

decay fraction in material environments is highly desirable. The
spectroscopic studies on the isomer transition and the develop-
ments of the nuclear clock are currently focusing on two different
physical implementations: Th3+ in an ion trap12 and thorium-doped
ionic single crystals with a large band gap8,9. A valuable feature of
the latter “solid-state nuclear clock” using thorium-doped crystals
is that a much larger number of thorium atoms (≈1018 cm−3) can be
used than in an ion-trap-based clock. This allows the solid-state
nuclear clock to be used as the fast-averaging reference clock,
wherein the temporal stability converges with a short aver-
aging time.

Received: 8 March 2024

Accepted: 12 June 2024

Check for updates

1Research Institute for Interdisciplinary Science, Okayama University, Okayama 700-8530, Japan. 2Institute for Atomic and Subatomic Physics, TU Wien,
Vienna 1020, Austria. 3National Institute of Advanced Industrial Science and Technology (AIST), 1-1-1 Umezono, Tsukuba, Ibaraki 305-8563, Japan. 4RIKEN, 2-1
Hirosawa, Wako, Saitama 351-0198, Japan. 5Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan. 6Institute for Integrated
Radiation and Nuclear Science, Kyoto University, Kumatori-cho, Sennan-gun, Osaka 590-0494, Japan. 7Japan Synchrotron Radiation Research Institute, 1-1-1
Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198, Japan. 8RIKEN SPring-8 Center, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5148, Japan. 9These authors
contributed equally: Takahiro Hiraki, Koichi Okai. e-mail: yoshimi@okayama-u.ac.jp

Nature Communications |         (2024) 15:5536 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-6235-5830
http://orcid.org/0000-0002-6235-5830
http://orcid.org/0000-0002-6235-5830
http://orcid.org/0000-0002-6235-5830
http://orcid.org/0000-0002-6235-5830
http://orcid.org/0009-0004-7610-9122
http://orcid.org/0009-0004-7610-9122
http://orcid.org/0009-0004-7610-9122
http://orcid.org/0009-0004-7610-9122
http://orcid.org/0009-0004-7610-9122
http://orcid.org/0000-0002-8707-6723
http://orcid.org/0000-0002-8707-6723
http://orcid.org/0000-0002-8707-6723
http://orcid.org/0000-0002-8707-6723
http://orcid.org/0000-0002-8707-6723
http://orcid.org/0000-0003-1477-726X
http://orcid.org/0000-0003-1477-726X
http://orcid.org/0000-0003-1477-726X
http://orcid.org/0000-0003-1477-726X
http://orcid.org/0000-0003-1477-726X
http://orcid.org/0009-0007-1156-1881
http://orcid.org/0009-0007-1156-1881
http://orcid.org/0009-0007-1156-1881
http://orcid.org/0009-0007-1156-1881
http://orcid.org/0009-0007-1156-1881
http://orcid.org/0000-0001-8122-5145
http://orcid.org/0000-0001-8122-5145
http://orcid.org/0000-0001-8122-5145
http://orcid.org/0000-0001-8122-5145
http://orcid.org/0000-0001-8122-5145
http://orcid.org/0009-0000-3563-2516
http://orcid.org/0009-0000-3563-2516
http://orcid.org/0009-0000-3563-2516
http://orcid.org/0009-0000-3563-2516
http://orcid.org/0009-0000-3563-2516
http://orcid.org/0000-0001-5654-7708
http://orcid.org/0000-0001-5654-7708
http://orcid.org/0000-0001-5654-7708
http://orcid.org/0000-0001-5654-7708
http://orcid.org/0000-0001-5654-7708
http://orcid.org/0000-0001-7784-463X
http://orcid.org/0000-0001-7784-463X
http://orcid.org/0000-0001-7784-463X
http://orcid.org/0000-0001-7784-463X
http://orcid.org/0000-0001-7784-463X
http://orcid.org/0009-0000-6762-0982
http://orcid.org/0009-0000-6762-0982
http://orcid.org/0009-0000-6762-0982
http://orcid.org/0009-0000-6762-0982
http://orcid.org/0009-0000-6762-0982
http://orcid.org/0000-0001-7154-0440
http://orcid.org/0000-0001-7154-0440
http://orcid.org/0000-0001-7154-0440
http://orcid.org/0000-0001-7154-0440
http://orcid.org/0000-0001-7154-0440
http://orcid.org/0000-0002-1066-202X
http://orcid.org/0000-0002-1066-202X
http://orcid.org/0000-0002-1066-202X
http://orcid.org/0000-0002-1066-202X
http://orcid.org/0000-0002-1066-202X
http://orcid.org/0000-0003-2895-4917
http://orcid.org/0000-0003-2895-4917
http://orcid.org/0000-0003-2895-4917
http://orcid.org/0000-0003-2895-4917
http://orcid.org/0000-0003-2895-4917
http://orcid.org/0000-0003-0280-0928
http://orcid.org/0000-0003-0280-0928
http://orcid.org/0000-0003-0280-0928
http://orcid.org/0000-0003-0280-0928
http://orcid.org/0000-0003-0280-0928
http://orcid.org/0000-0003-1440-0518
http://orcid.org/0000-0003-1440-0518
http://orcid.org/0000-0003-1440-0518
http://orcid.org/0000-0003-1440-0518
http://orcid.org/0000-0003-1440-0518
http://orcid.org/0000-0002-8705-9624
http://orcid.org/0000-0002-8705-9624
http://orcid.org/0000-0002-8705-9624
http://orcid.org/0000-0002-8705-9624
http://orcid.org/0000-0002-8705-9624
http://orcid.org/0000-0002-3981-3872
http://orcid.org/0000-0002-3981-3872
http://orcid.org/0000-0002-3981-3872
http://orcid.org/0000-0002-3981-3872
http://orcid.org/0000-0002-3981-3872
http://orcid.org/0000-0002-2438-1384
http://orcid.org/0000-0002-2438-1384
http://orcid.org/0000-0002-2438-1384
http://orcid.org/0000-0002-2438-1384
http://orcid.org/0000-0002-2438-1384
http://orcid.org/0000-0002-2415-718X
http://orcid.org/0000-0002-2415-718X
http://orcid.org/0000-0002-2415-718X
http://orcid.org/0000-0002-2415-718X
http://orcid.org/0000-0002-2415-718X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-49631-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-49631-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-49631-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-49631-0&domain=pdf
mailto:yoshimi@okayama-u.ac.jp


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)
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VETO-
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(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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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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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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We find an effective half-life

T ðirÞ
1=2 = 39:2 ±4:9ðstat:Þ± 5:8ðsyst:Þ s, ð4Þ

a factor of about ten times shorter than the isomer decay half-life T1/2.
This indicates the presence of an additional isomer decay channel
during the exposure of the Th-doped crystal to the X-ray source, which
we refer to as “X-ray quenching”. We have investigated the scaling of
this effect with X-ray intensity and found an approximately linear
scaling of the quenching factor T 1=2=T

ðirÞ
1=2 with X-ray beam flux as

shown in Fig. 5.
These observations raise the question on the probability of

emitting a VUV photon in a single decay event from the 229Th isomer
back to the ground state (in the absence of the X-ray beam). The 8 eV
nuclear-excited state in the crystal may interact with the surrounding
chemical environment. As a result, the isomer state has the possibility
to decay to the ground state through non-radiative processes.

The radiative transition probability BðisÞ
rad is estimated by compar-

ing the experimentallymeasurednumber of VUV-photonswith the one
calculated, based on the production yield of 229mTh and the experi-
mental detection efficiency (see Methods).

For the parameters of Fig. 4, an excitation time of 600 s, an
effective half-life T ðirÞ

1=2 = 39:2 s, we expect to excite in total
(3.0–3.5) × 105 nuclei to the isomeric state which will decay back to the
ground statewith thehalf-lifeT1/2 = 447 s. Integrating thedetectedVUV
count rate over 0–1800 s and dividing with the detection efficiency
and trigger efficiency (ϵdet = 6:5 × 10

�3 and ϵtrig = 0.845) (see Methods)
yields a number of 3 × 105 emitters.

We conclude that the probability of radiative decay BðisÞ
rad is con-

sistent with one, the lower limit (90% confidence level) for this prob-
ability is estimated to be 0.45 (0.37) for the Basso (Alto)-crystal,
respectively.

Discussion
Our findings indicate that, in the absence of the X-ray beam, radiative
decay under the emission of a VUV photon is the dominant de-
excitation process for the 229Th isomer in the crystal. However, more
systematic studies are needed to clarify whether weak non-radiative
decay channels exist and under which experimental conditions. The
long half-life of T1/2 = 447 s measured after the excitation period is
considered to be close to the half-life of the radiative decay, indicating
the predicted narrow transition linewidth. Since the isomeric

transition is expected to be mainly magnetic dipole (M1)31,32, the
measured half-life in the crystal is corrected by applying a factor of
n3(ref. 16) to the half-life in vacuum if we assume the condition where
internal conversion decay is forbidden. By using n = 1.588 at 148.2 nm
for a CaF2 crystal, the obtained half-life value for an isolated nucleus in
vacuum is 1, 790 ± 64(stat.) ± 80(syst.) s, which is consistent with the
recently reported isomer half-life of 1,400+600

�300 s of the trapped
229mTh3+ ion33.

This value is as long as expected by several theoretical works. In
fact, there are several reports for the isomeric half-life of O(103) s
predicted using the microscopic nuclear model31, and the simple
rotational model of the deformed nucleus using the relevant experi-
mental data34,35. More specific studies comparing predicted and mea-
sured values are expected in the future.

The half-life obtained from measurements recently performed at
CERN-ISOLDE was 607(102) s15. Possible reasons for this discrepancy
are the effect of different substrates (MgF2 and CaF2), different
environmental conditions (heavy-ion implantation vs. crystal doping),
and the effect of different depths of the Th-isomer end-position with
respect to the crystal surface. In the present experiment, the pumped
229mTh nuclei are distributed over the entire (illuminated) crystal
volume and are expected to interact with a common crystal environ-
ment (refractive index).

The significantly reduced (flux-dependent) isomer half-life
observed during X-ray beam irradiation suggests the existence of
additional decay paths. Possible candidate mechanisms are couplings
to electronic near-bandgap or defect states, or electronic bridge pro-
cesses in the electron cascades following X-ray-induced core-electron
ionization. This “isomer-quenching" facilitates an artificial acceleration
of nuclear isomeric decay, which has been discussed in other research
fields, such as triggering the energy release of long-lived isomer states
(sometimes called “isomer depletion")36–38. In atomic clock operation,
the atomic state is initialized within milliseconds after measuring the
excitation efficiencyof the clock transition. However, there is currently
no available method to initialize the isomer state to the ground within
a short time scale for a solid-state nuclear clock. Identifying and con-
trolling the present decaydynamicsopens up the possibility to actively
quench the remaining isomer populations, which can be used to speed
up the interrogation sequences in future solid-state nuclear clocks
based on 229Th8.

A recent publication reported resonant laser excitation of the
Thorium-229 isomer39. The excitation energy and radiative decay life-
time are compatible with values reported in this work. We find it
interesting to note that the crystal X2 used in ref. 39 was cut from the
same ingot as the “Alto” and “Basso” crystals used here.

In conclusion, we have excited the 229Th nuclear clock isomer
from the ground state using resonant X-ray pumping and observed the
subsequent VUV-photon emission of the radiative isomeric decay. We
identify direct VUV photon emission as the predominant de-excitation
process for 229Th doped into bulk CaF2 single crystals. The determined
isomer excitation wavelength is consistent with recently reported
values15,28–30. We explored the temporal profiles of the excitation and
decay dynamics and found substantially different half-lives, indicating
qualitatively different coupling mechanisms between the isomer and
the crystal environment. The X-ray-induced isomer quenching effect,
as revealed in this study, is anticipated to becomea pivotal element for
the forthcoming operation of nuclear clocks.

Methods
Th-doped CaF2 target
To obtain high doping concentrations exceeding 1018 cm−3 with the
available restricted amounts of 229Th source material, a miniaturized
version to the commonly used vertical gradient freeze method was
developed by TU-Wien with support by the Fraunhofer institute for
integrated systems and device technology (IISB). We grow 3.2mm

No quench (QF=1) 
without X-ray beam 

)F
Q( rotca f gn ih cn eu

Q

flux 1010 (s-1)

Fig. 5 | Scaling of quenching factor T 1=2=T
ðirÞ
1=2 with X-ray beam flux. The hor-

izontal axis indicates the weighted average beam intensity in photons per second.
The inset shows an enlarged view near the zero-flux region. The green diamond-
shaped point indicates the quenching factor at zero flux, which is equal to one. The
point with the flux of 18.6 × 1010/s corresponds to the excitation dynamics depicted
in Fig. 4b. The error bars represent the 68% confidence interval of statistical
uncertainty. The solid line indicates a fit with a linear functionwhere the intercept is
fixed at one.
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diameter, 11mm long crystals by applying a steep temperature gra-
dient (20 K/cm) across the starting growth material (dopant powder
and single crystal seed) and dynamically control the liquid-solid
interface. A typical growing speed is (<0.5mm/h). The crystal growing
device is kept under vacuum during the growth process, ~10−4 mbar at
the start of the growth. The vacuum prevents oxidation of the used
graphite insulation and CaF2 powder.

Crystal growing starts from a mechanically processed seed single
crystals, which ismilled down from commercially available bulk crystal
(with known crystal orientation) to 3.2mm cylinders of 11mm height.
From the top, a 2mmdiameter hole is drilled (5mm) into the crystal to
form a pocket for the doping material.

The doping material is 15mg of 229ThF4:PbF2:CaF2 powder. PbF2
acts as a scavenger for oxygen removal and as a carrier that facilitates
the handling of theminuscule (micrograms) amounts of 229ThF4 during
the wet chemistry preparation. 229Th is obtained as dried nitrate from
OakRidgeNational Laboratory, an activity of 1.6MBqwas used to grow
the crystal used in the reported experiments. It is dissolved in 0.1M
HNO3 and mixed with PbF2 and CaF2. Subsequently,

229ThF4:PbF2:CaF2
was precipitated by addition of hydrofluoric acid, washed and dried
(80 °C, 4 days).

The doping material is transferred into the pocket of the seed
crystal using a funnel and inserted into theVGFgrowingdevice. Crystal
growth itself consists of 5 sections: (1) 18 h of heating up the system to
800 °C, outgassing, and restoring pressure (2) 6 h of scavenging oxy-
gen through reaction with PbF2 at constant temperature (3) 22 h of
melting the top half of the crystal and also slowly freezing it, reaching
melting temperature around 1418 °C. The temperature (gradient) has

to be controlled to 1 °C (0.1 °C/cm) level, respectively, to adjust the
melting depth into the crystal to 1mm precision (4) 18 h of annealing
the crystal at 1200 °C (5) 14 h of cooling down. A vacuum of at least
10−4 mbar is obtained before growth. During growth (especially during
section 1) the pressure can go up to 10−2 mbar. The complete growth
process typically takes 3 days.

After growth, the crystal is cut to the required dimensions using a
diamond-wire saw (80microns) and polished using standard polishing
disks and slurry. Details of the crystal fabrication and characterization
of the optical properties can be found in ref. 14.

To improve the VUV transmission, the crystal is heated again to
≈1150 °C in a separate device under CF4 atmosphere at ambient pres-
sure to counteract a fluoride deficiency that occurs due to radiolysis
and losses during growth.

DAQ scheme and background rejection
The data used in this work are derived from two voltage-time traces,
simultaneously registered from the VUV-PMT and the VETO-PMT,
recorded by an oscilloscope, that is triggered by an event on the VUV-
PMT. During measurement, most of the triggering events are
radioluminescence-induced background: 98–99.9% depending on the
elapsed time from the stop of beam irradiation. Most of the radi-
oluminescence background can be rejected using waveform informa-
tion of the VETO-PMT. Basically, pulse height and timing information
of radioluminescence are used for background rejection. An example
of a waveform of radioluminescence background events is shown in
Fig. 6. At the beginning of the measurement, strong photo-
luminescence signals were measured that caused a shift from the
ground level. This shift size depends on the crystal used, the elapsed
time from the stopof beam irradiation, and the reduction of the crystal
transmittance due to beam irradiation. Therefore, the radi-
oluminescence rejection condition depends on each measurement
and the elapsed time in the measurement.

The threshold for the VUV-PMT signal was set to –5mV, the
minimum value at which it can operate effectively. For a quantitative
estimate of the obtained VUV isomer photon yield, it is important to
evaluate the data loss resulting from the failure to capture the dis-
tribution of signals with pulse height less than –5mV.

To determine the trigger efficiency, an analysis was carried out on
the decrease of the pulse-height distribution of the trigger signal from
near-threshold to zero. By performing this analysis with different
threshold settings, we estimated the number of low pulse-height sig-
nals (–10 to 0mV) that were missed throughout the data acquisi-
tion (DAQ) procedure at the threshold of –5mV. The efficiency was
then estimated to be ϵtrig = 84.5(14)%. The uncertainty in this estima-
tion comes from the minimum edge value and the fitting error of the
distribution function in the measured pulse height distribution.

The data acquisition efficiency ϵDAQ (or dead time) was also esti-
mated because the oscilloscope may not record all triggered data due
to accidental coincidence with another event or oscilloscope dead-
time. The clock pulse (frequency of 10Hz or 100Hz depending on the
run condition) of thedelay generatorwas used as the additional trigger
for the data recording in order to estimate the DAQ efficiency. The
measured time-averaged efficiencies ranged from 98.31 to 99.95% in
various runs.

Another important source of possible data loss is due to the
rejectionof the trueVUV signal by theVETO-cut procedure. This VETO-
cut efficiency ϵveto corresponding to the survival probability through
the VETO-cut selection is estimated by the reduction of the clock
trigger events by the VETO-cut selection. The efficiencies ranging from
27.0 to 32.7% were measured in different runs.

Systematic uncertainties in lifetime measurements of 229mTh
Asdescribed in themain text, the half-life of the isomeric state after the
X-ray beam termination was determined by fitting the temporal

Fig. 6 | An example of the waveform of the oscilloscope. Time origin t =0 indi-
cates the timing of the triggered event from the VUV-PMT. Some strong peaks in
the waveform of the VETO-PMT are caused by radioluminescence. a Waveform
taken at the beginning of one measurement. b Waveform taken at the end of one
measurement.
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spectrum (Fig. 4b) with the single exponential decay function. Three
types of systematic uncertainty were considered in the analysis. One
is the uncertainty in the constant offset parameter of the exponential
decay function in the fitting procedure. This type of half-life uncer-
tainty was evaluated to be 16 s in the analysis of the spectrum Fig. 4b.
Another one is the uncertainty arising from the choice of cut para-
meters for pulse-height selection in the VETO-PMT signals. This
uncertainty was estimated to be 12 s in the same spectrum. The last
systematic uncertainty was estimated from the choice of the fitting
time window. The possible maximum deviation was 16 s if we use the
fitting timewindow 200–1780 s instead of 0–1800 sWe also included
the 16 s for the systematic error. By using the quadratic sum of the
above three systematic uncertainties, the result of the half-life
value for the Basso crystal is T1/2 = 431 ± 23(stat.) ± 26(syst.) s. The
same evaluation of the systematic error was applied to other
crystal data.

Reabsorption effect
If the absorption length in the crystal of the on-resonance VUV-photon
from the isomer state is smaller than the crystal length, so-called
radiation trapping occurs due to reabsorption of the photon by the
ground state of other 229Th nuclei8. Such a situation tends to prolong
the observedhalf-life for the isomeric radiative decay. The efficiencyof
reabsorption (or reabsorption length) dependson the inhomogeneous
broadening for the isomeric transition in the crystal, which is currently
unknown. However, by comparing the measured radiative half-life of
the isomer state for different 229Thdoping concentrations, the effect of
such reabsorption can be investigated. We additionally measured the
isomer half-lifewith a low-density Th:CaF2 crystal of 7 × 1017cm−3, which
is one order of magnitude lower concentration compared the Basso/
Alto-crystals used in the main result. The measured half-life is
471 ± 67(stat.) ± 59(syst.) s. This value is consistent with the measure-
ment using the high 229Th density crystal (Basso/Alto). This means we
did not observe any reabsorption effect in the radiative decay of 229mTh
by other 229Th nuclei.

Detection efficiencies
In the present scheme of the radiative decay measurement from
229mTh, the 229Th-doped CaF2 target crystal is irradiated by the X-ray
beam for a time period of Tir. The number of 229Th isomer nuclei
excited at the end of the excitation period Tir is calculated as

Nis =Risτir 1� exp �T ir

τir

� �� �
ð5Þ

where τir is the lifetime of the isomeric state inside the crystal target
during beam irradiation (τir =T

ðirÞ
1=2= ln 2). Ris is the production rate of

229mTh by the X-ray beam irradiation and is obtained by

Ris =R2ndBr
in
tot ð6Þ

R2nd =nThσeffϵshiftΦlxð1� e�L=lx Þ ð7Þ

whereR2nd is the excitation rate to the second excited state, Brintot is the
branching ratio to the isomeric state ("in”-band transition in the rota-
tional band structure of the 229Th nucleus) including γ-decay and
internal conversion. The parameter ϵshift indicates the reduction of
excitation cross section due to a shift from the on-resonant energy.
The parameters of nTh, Φ, lx, and L are the number column density of
229Th inside the crystal, the X-ray beam flux irradiating the crystals, the
attenuation length of the X-ray beam in the crystal, and the crystal
thickness, respectively. The nTh was estimated bymeasuring 193 keV γ-
ray intensity following the α-decay of 229Th by using a germanium
detector. The effective cross section from the ground state to the

second excited state of 229Th, σeff, is written as

σeff =
λ22nd
4

Γcrγffiffiffiffiffiffi
2π

p
σx

ð8Þ

where λ2nd, Γ
cr
γ are the wavelength and the cross-band transition width

between the ground state and the second excited state of 229Th,
respectively. The σx is the root mean square energy width of the X-ray
beam. The excitation width Γcrγ and its uncertainty are described in
ref. 18. The branching ratio Brintot is also described in this article, but the
updated value in the ref. 40 is used in the present analysis. The
uncertainty of the branching ratio is estimated with the uncertainties
of the relevant measured quantities. These parameter values and their
uncertainties are summarized in Table 1.

Using the above estimated number of the isomer state population
and several efficiency parameters, the detection rate of the VUV signal
from the radiative isomer decay is calculated as follows:

RdetðtÞ=NisB
ðisÞ
rad � ϵtrigϵDAQϵvetoϵdetC � 1

τ
exp � t

τ

� �
ð9Þ

where each parameter in this equation is explained in the following.
The time origin t =0 is defined as the timing when the target holder
was moved in front of the focusing mirror. The parameter τ is the
lifetime of the isomeric state inside the crystal in the absence of X-ray
irradiation. The parameter BðisÞ

rad is the probability of photon emission
from 229mTh in the absence of X-ray irradiation, the efficiencies ϵtrig,
ϵDAQ and ϵveto in the data processing are explained in section D.2. The
parameter ϵdet is the total detection efficiency of the experimental
apparatus, which is written as a product of several component
efficiencies as

ϵdet = ϵcrys � ϵgeom � ϵmir � ϵprism � ϵlens � ϵPMT ð10Þ

where each term corresponds to the VUV-photon transmission of the
crystal, geometrical efficiency, reflectance of the parabolic mirror, the
reflectance of four dichroic mirror prisms, the transmission of the
MgF2 lens, and the quantum efficiency of the VUV-PMT, respectively.
The ϵcrys, ϵmir, ϵprism, and ϵlens were measured by using a deuterium
light source and a VUV spectrometer. The geometrical efficiency,
which was estimated using optical simulations, depends on ϵcrys and
ϵlens. Therefore, it is appropriate to evaluate these three detection
efficiencies as a single term, which was estimated to be
ϵcrysϵgeomϵlens = 0.071 ± 0.019. The remaining three efficiencies were
estimated to be ϵmir = 0.89 ± 0,04, ϵprism = 0.45 ± 0.02, and

Table 1 | Theparameter values and their uncertainties for each
component

Item Value Uncertainty

Γcrossγ 1.70 neV 23.5%

λ2nd 42.48 pm 0.0003%

Brintot 0.72 16.1%

σx 13.4meV 17.9%

Φ (1.48–1.86) × 1011s−1 11.1%

nTh(Basso) 4.0 × 1018cm−3 6.8%

nTh(Alto) 4.7 × 1018cm−3 9.4%

L(Basso) 0.8mm 11.4%

L(Alto) 0.7mm 13.8%

lx @ 29.19 keV 1.34mm 1%

τir 56 s 13.4%

The values with a range mean the run-dependent values. Some uncertainty parameters also
dependonexperimental conditions. Theseareused for theestimationofdetectableVUV-photon
number from the 229mTh.
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ϵPMT = 0.22 ± 0.01. The parameter C is the correction factor describing
the reduction in crystal transmission by beam-induced damage and
target holder movement time. The reduction factor due to crystal
damage was estimated by observing the decrease in
radioluminescence-induced VUV-event rates over several measure-
ment cycles and scaling this decrease to an irradiation time of 600 s,
resulting in a value of 0.997 per one excitation period of 600 s. The
above efficiency parameters are estimated at the wavelength of
148 nm. The estimated wavelength dependence of the total detection
efficiency ϵdet is plotted in Fig. 7.

Wavelength determination
The transmission spectra of each BPF and the dichroic-mirror set were
measuredwith the custom-made setup consisting of a deuterium lamp
(Heraeus, D200VUV), a VUV-monochromator (Vacuum & Optical
Instruments, VMK-200-II), two collimators, and a photomultiplier
(Hamamatsu, R6836). The systematic error in the wavelength deter-
mination arises from uncertainties in wavelength calibration for the
monochromator. The absolute wavelength calibration of our assess-
ment setup was performed using the discharge light source with the
nitrogen and oxygen gas mixture. We used the several atomic transi-
tions of O(I) andN(I) in the vicinity of 150nm as listed inTable 2 for the
calibration procedure. The uncertainty includes the error of the cali-
bration itself and the effect of off-axis mounting of the light sources
(deuterium lamp and N2/O2 gas discharge). The measured systematic
uncertainty in thewavelength calibrationwas conservatively estimated
to be 0.1 nm.

The wavelength of the radiation from the 229mTh was coarsely
selected by the dichroic-mirror set placed upstream of the BPFs.
This wavelength selection was investigated using different sets of

dichroic mirrors without the BPFs. Figure 8a shows the reflec-
tance of three different dichroic mirror sets. For each dichroic
mirror set, the signal yield was measured by changing the X-ray
beam energy. The wavelength λis is determined by minimizing the
following χ2:

χ2ðC, λisÞ=
X3

i= 1

NdataðiÞ=ΦðiÞ � CRði, λisÞ
ΔðNdataðiÞ=ΦðiÞÞ

� �2

, ð11Þ

where C and λis are the two independent variables for the minimiza-
tion. The quantities Ndata(i)/Φ(i) is the number of events measured in
thedichroicmirror set i, which is normalizedbybeamfluxdensityΦ(i).
Δ(Ndata(i)/Φ(i)) is its uncertainty. From this measurement, the wave-
length is determined as

λis = 148:14 ±0:40ðstat:Þ±0:53ðsyst:Þnm: ð12Þ
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Fig. 7 | Thewavelength dependence of total detectionefficiency of the isomeric
radiation. This total efficiency curve is estimated by multiplying the wavelength
dependence of each efficiency in eq. (10).

Table 2 | List of transition wavelengths used for calibration of
the transmittance measurement system

Transition wavelength (nm) Element

130.2168 O(I)

130.4858 O(I)

130.6029 O(I)

141.1939 N(I)

149.2625 N(I)

149.2820 N(I)

149.4675 N(I)

174.2729 N(I)

174.5252 N(I)

The wavelength values are taken from NIST Atomic Spectra Database41.

Fig. 8 | Determination of wavelength using different dichroic mirrors.
a Reflectance of different dichroic mirror sets used for determination of the
wavelength of radiative decay photon from 229mTh. b The obtained energy spectra
of VUV-signal with the three different dichroicmirror sets. Each point corresponds
to a measurement result with a beam irradiation period of 600 s. The error bars
represent the 68%confidence interval of statistical uncertainty. Solid lines show the
simultaneous result of a Gaussian fit with a constant background of the three
spectra, where center and width are the common parameters. Color of each line in
(a) corresponds to that in (b).
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This wavelength value is consistent with the λis measurement
using BPFs.

The wavelength of the radiation from the 229mTh is finally deter-
mined by comparing the transmission of this radiation through the six
different BPFs and their transmission spectra as described in the main
text. Therefore, the systematic uncertainties in wavelength determi-
nation come from both measurements of transmitted isomeric radia-
tion and transmission spectra of BPFs.

One of the systematic uncertainties was determined by calculat-
ing the difference in wavelength between two spectra measured
before and after the VUV search experiment. This uncertainty was
found to be 0.05 nm. The uncertainty in the measurement of BPF-
transmission spectra, which includes the position dependence inside
each BPF and the measurement reproducibility, produces another
systematic error in wavelength determination. This type of systematic
uncertainty was measured to be 0.07 nm. Systematic uncertainty also
comes from the analyzing procedure in the Tmeas(i)-determination,
such as the selection of a timewindow in the radiative decay signal and
how to integrate the multiple measurement runs. These uncertainties
were estimated to be 0.09 nm and 0.15 nm, respectively.

By taking the quadratic sum of the above several systematic
errors, we concluded that the final result of the measured wavelength
with the BPF system is

λis = 148:18 ±0:38ðstat:Þ±0:19ðsyst:Þ nm, ð13Þ

as described in the main text.

Data availability
All data needed to evaluate the conclusions in the paper are present
in the paper. The data that generated in this study have been
deposited in the Figshare repository https://figshare.com/s/
5b3a21ce2a654b1db980.

Code availability
The script to create some figures are available in the Figshare reposi-
tory https://figshare.com/s/5b3a21ce2a654b1db980.

References
1. Peik, E. & Tamm, C. Nuclear laser spectroscopy of the 3.5 eV tran-

sition in Th-229. Euro. Phys. Lett. 61, 181 (2003).
2. Campbell, C. J. et al. Single-ion nuclear clock for metrology at the

19th decimal place. Phys. Rev. Lett. 108, 120802 (2012).
3. Peik, E. & Tamm, C. Nuclear clocks for testing fundamental physics.

Quantum Sci. Technol. 6, 034002 (2021).
4. Beeks, K. et al. The thorium-229 low-energy isomer and the nuclear

clock. Nat. Rev. Phys. 3, 238 (2021).
5. Flambaum, V. V. Enhanced effect of temporal variation of the fine

structure constant and the strong interaction in 229Th. Phys. Rev.
Lett. 97, 092502 (2006).

6. Berengut, J. C. Proposed experimental method to determine sen-
sitivity of splitting between ground and 7.6 eV isomeric states in
229Th. Phys. Rev. Lett. 102, 210801 (2009).

7. Fadeev, P. et al. Sensitivity of 229Th nuclear clock transition to var-
iation of the fine-structure constant. Phys. Rev. A 102,
052833 (2020).

8. Kazakov, G. A. et al. Performance of a 229Thorium solid-state nuclear
clock. New J. Phys. 14, 083019 (2012).

9. Rellergert, W. G. et al. Constraining the evolution of the funda-
mental constants with a solid-state optical frequency reference
based on the 229Th nucleus. Phys. Rev. Lett. 104, 200802 (2010).

10. Jeet, J.Search for the LowLying Transition in the 229ThNucleus. Ph.D.
thesis, University of California (2018).

11. Thielking, J. et al. Vacuum-ultraviolet laser source for spectroscopy
of trapped thorium ions. New J. Phys. 25, 083026 (2023).

12. Radnaev, A. G. et al. Observation of the 717-nm electric quadrupole
transition in triply charged thorium. Phys. Rev. A 86,
060501(R) (2012).

13. Dessovic, P. et al. 229Thorium-doped calcium fluoride for
nuclear laser spectroscopy. J. Phys. Condens. Matter 26,
105402 (2014).

14. Beeks, K. et al. Growth and characterization of thorium-doped cal-
cium fluoride single crystals. Sci. Rep. 13, 3897 (2023).

15. Kraemer, S. et al. Observation of the radiative decay of the 229Th
nuclear clock isomer. Nature 617, 706 (2023).

16. Tkalya, E. V. Spontaneous emission probability for M1 transition in a
dielectric medium: 229mTh (3/2+,3.5±1.0eV) decay. JETP Lett. 71,
311–313 (2000).

17. Rikken, G. L. J. A. & Kessener, Y. A. R. R. Local field effects and
electric and magnetic dipole transitions in dielectrics. Phys. Rev.
Lett. 74, 880 (1995).

18. Masuda, T. et al. X-ray pumping of the 229Th nuclear clock isomer.
Nature 573, 238 (2019).

19. Yabashi, M. et al. Design of a beamline for the SPring-8 long
undulator source 1. Nucl. Instrum. Methods Phys. Res. A 467-468,
678–681 (2001).

20. Masuda, T. et al. Absolute X-ray energy measurement using a high-
accuracy angle encoder. J. Synchrotron Rad. 28, 111 (2021).

21. Shigekawa, Y. et al. Preparation of a small high-density 229Th target
for the X-ray pumping of the 229Th nuclear clock isomer. RIKEN
Accel. Prog. Rep. 56, 147 (2023).

22. Masuda, T. et al. Fast X-ray detector system with simultaneous
measurement of timing and energy for a single photon. Rev. Sci.
Instrum. 88, 063105 (2017).

23. Yoshimi, A. et al. Nuclear resonant scattering experiment with fast
time response: photonuclear excitation of 201Hg. Phys. Rev. C 97,
024607 (2018).

24. Beeks, K. et al. Optical transmission enhancement of ionic crystals
via superionic fluoride transfer: growing VUV-transparent radio-
active crystals. Phys. Rev. B 109, 094111 (2024).

25. Stellmer, S. et al. Radioluminescence and photoluminescence of
Th:CaF2 crystals. Sci. Rep. 5, 15580 (2015).

26. Chumakov, A. I. et al. Nuclear inelastic scattering of synchrotron
radiation by 119Sn. Phys. Rev. B 58, 254 (1998).

27. Seto, M. et al. Observation of nuclear resonant scattering accom-
paniedbyphononexcitation using synchrotron radiation.Phys. Rev.
Lett. 74, 3828 (1995).

28. Sikorsky, T. et al. Measurement of the 229Th isomer energy with a
magnetic microcalorimeter. Phys. Rev. Lett. 125, 142503 (2020).

29. Seiferle, B. et al. Energy of the 229Th nuclear clock transition. Nature
573, 245 (2019).

30. Yamaguchi, A. et al. Energy of the 229Th nuclear clock isomer
determined by absolute γ-ray energy difference. Phys. Rev. Lett.
123, 222501 (2019).

31. Minkov, N. & Pálffy, A. Reduced transition probabilities for the
gamma decay of the 7.8 eV isomer in 229Th. Phys. Rev. Lett. 118,
212501 (2017).

32. Burke, D. G. et al. Nuclear structure of 229,231Th studied with the
230,232Th(d,t) reactions. Nucl. Phys. A 809, 129–170 (2008).

33. Yamaguchi, A. et al. Laser spectroscopy of triply charged 229Th
isomer for a nuclear clock. Nature 629, 62–66 (2024).

34. Shigekawa, Y. et al. Estimation of radiative half-life of 229mTh by half-
life measurement of other nuclear excited states in 229Th. Phys. Rev.
C 104, 024306 (2021).

35. Tkalya, E. V. Radiative lifetime and energy of the low-energy iso-
meric level in 229Th. Phys. Rev. C 92, 054324 (2015).

36. Chiara, C. J. et al. Isomer depletion as experimental evidence of
nuclear excitation by electron capture. Nature 554, 216 (2018).

37. Walker, P. & Dracoulis, G. Energy traps in atomic nuclei.Nature399,
35 (1999).

Article https://doi.org/10.1038/s41467-024-49631-0

Nature Communications |         (2024) 15:5536 9

https://figshare.com/s/5b3a21ce2a654b1db980
https://figshare.com/s/5b3a21ce2a654b1db980
https://figshare.com/s/5b3a21ce2a654b1db980


38. Karamian, S. A. Prospects for isomeric energy release. Phys.Part.
Nuclei 39, 490 (2008).

39. Tiedau, J. et al. Laser excitation of the Th-229 nucleus. Phys. Rev.
Lett. 132, 182501 (2024).

40. Kirschbaum, T. et al. Nuclear coherent population transfer to the
229mTh isomer using x-ray pulses. Phys. Rev. C 105, 064313 (2022).

41. Ralchenko, Y. & Kramida, A. Development of NIST atomic databases
and online tools. Atoms 8, 56 (2020).

Acknowledgements
The synchrotron radiation experiments were performed at the BL19LXU
line of SPring-8 with the approval of the Japan Synchrotron Radiation
Research Institute (JASRI) (proposals No. 2014B1524, 2015B1380,
2016A1420, 2016B1232, 2017B1335, 2018A1326, 2018B1436, 2019B1619,
2020A1284, 2021A1389, 2021B1516, 2022A1401, 2022A1732, 2022B1418,
2023A1358, 2023B1311) and RIKEN (No. 20180045, 20190051,
20200042, 20210042, 20220059, 20230042). The authorswould like to
thank all members of the SPring-8 operation and supporting teams.
Special thanks should go to Mr. T. Kobayashi for technical assistance at
SPring-8, to Dr. K. Konashi andDr.M.Watanabe for 229Th extractionwork,
and toMr. H. Kaino, Mr. K. Suzuki, Dr. H. Hara, Dr. Y. Miyamoto, and Dr. S.
Uetake for support at Okayama. This work was supported by JSPS
KAKENHI Grant Numbers JP18H01230, JP19K14740, JP19K21879,
JP19H00685, JP21H01094, JP21H04473, JP22K20371, and JP23K13125.
This work was also supported by JSPS Bilateral Joint Research Projects
No. 120222003. T.H. acknowledges the Itoh Science Foundation for a
grant. S.T. acknowledges the support by “Initiative for RealizingDiversity
in the Research Environment” from MEXT, Japan, and Okayama Uni-
versity Dispatch Project for Female Faculties. T.M. is supported by the
Inamori Foundation. This work has been funded by the European
Research Council (ERC) under the European Union’s Horizon 2020
research and innovation program [Grant Agreement No. 856415]. The
project 23FUN03 HIOC [Grant DOI: 10.13039/100019599] has received
funding from the European Partnership on Metrology, co-financed from
the European Union’s Horizon Europe Research and Innovation Pro-
gramme and by the Participating States. This research was funded in
whole or in part by the Austrian Science Fund (FWF) [Grant DOI:
10.55776/F1004, 10.55776/J4834, 10.55776/P33627, 10.55776/
PIN9526523].

Author contributions
T.H., K.O., Y.F., T.M., M.G., R.O., N.S., K.S., S.T., A. Yoshimi, K.Y., K.B.,
M.B., S.K., N.N., F.S., M.S., Y.S., K.T., A. Yamaguchi, and Y.Y. performed
the synchrotron radiation experiments. Okayama University group
developed the detector system. K.O. measured the performance of

optical components. M.B., K.B., A.L., M. Pimon, M. Pressler, F.S., T.
Schumm, T. Sikorsky developed the Thorium-229 doped crystals. Y.F.,
H.H., Y.K., K.O., Y.S., and K.Y. developed the thorium nitrate target for
NRSmeasurements. H.F., T.W., and Y.Y. developed the absolute energy
monitor. T.H. analyzed the data with input from all authors. T.H.,
T. Schumm, A. Yoshimi, and K.Y. prepared the manuscript with input
from all authors. All authors discussed the results.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-49631-0.

Correspondence and requests for materials should be addressed to
Akihiro Yoshimi.

Peer review information Nature Communications thanks Jens Dilling,
Kyle Leach, and Iain Moore for their contribution to the peer review of
this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-49631-0

Nature Communications |         (2024) 15:5536 10

https://doi.org/10.1038/s41467-024-49631-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Controlling 229Th isomeric state population in a VUV transparent crystal
	Results
	Experimental overview
	Analysis and results

	Discussion
	Methods
	Th-doped CaF2�target
	DAQ scheme and background rejection
	Systematic uncertainties in lifetime measurements of 229mTh
	Reabsorption�effect
	Detection efficiencies
	Wavelength determination

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




