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TOPICAL REVIEW — Advances in thorium nuclear optical clocks
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The thorium-229 nucleus possesses a uniquely low-energy nuclear transition (~ 8.4 eV, corresponding to a wavelength
of ~ 148 nm), which is the first confirmed nuclear excitation that can be coherently manipulated by narrow-linewidth lasers.
Consequently, this transition has garnered widespread interest over the past decades. Owing to the small nuclear size and
strong resistance to environmental perturbations, a thorium-based nuclear clock is theoretically capable of achieving an
unprecedented fractional frequency uncertainty at the 10720 level, offering great promise as a next-generation frequency
standard. Among the key ingredients of such a thorium-based nuclear clock, a high-performance 148 nm excitation source
is of critical importance. Since the feasibility of directly exciting the transition, as well as the overall clock performance,
depends heavily on the availability and quality of such a source, the development of high-quality 148 nm laser sources
represents a frontier for scientists worldwide. In this article, we provide a systematic overview of the current development
of 148 nm laser sources. First, we briefly introduce the scientific motivation for high-precision spectroscopy of the thorium
nuclear transition and the corresponding technical requirements for 148 nm laser sources. Then, we summarize four main
types of existing 148 nm source generation schemes and their working principles, along with recent progress in nuclear

transition measurements using such sources. Finally, we discuss potential future directions.
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1. Introduction

Among the more than 3000 known nuclides, thorium-
229 has a nuclear transition that is lower in energy (only
8.4 eV) than almost every other known nuclear transition, and
has therefore received considerable attention.!!! This excited
state, referred to as 22°™Th, is a metastable isomeric state
of the thorium-229 nucleus. Its transition wavelength is ap-
proximately 148 nm, which lies within the vacuum ultraviolet
(VUV) region, accessible by modern laser technology. This
unique feature enables precise control of nuclear states using
laser-based techniques. Compared to electronic transitions,
this nuclear transition offers several significant advantages.
First, the spatial scale of the nucleus is about three orders of
magnitude smaller than that of the atom, making it less sus-
ceptible to spatial inhomogeneities of electromagnetic fields
under similar conditions. Second, the electrons surrounding
the nucleus provide natural shielding, which significantly re-
duces the sensitivity of the nucleus to external electromagnetic
perturbations. Third, the excited nuclear state exhibits an ex-
tremely narrow linewidth and an exceptionally long lifetime
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(exceeding 1000 seconds), resulting in a quality factor (Q) on
the order of 10'°.1>-71 Thus, optical clock systems based on the
229Th nuclear transition can achieve superior frequency stabil-
ity. Theoretically, the stability of a nuclear clock based on this
transition could reach the 107! level,!®! making it a promis-
ing candidate for the next generation of time and frequency
standards.

The low transition energy arises from a near cancellation
between the change in Coulomb energy between the isomers,
which depends linearly on the dimensionless fine-structure
constant o, and the contribution from the nuclear force, which
exhibits only weak o dependence. This cancellation leads to
an extremely low transition energy (E = 8.4 eV) compared to
typical nuclear transitions. Consequently, any change in ¢ or
the Coulomb energy leads to a relative change several orders
of magnitude larger in the transition energy. According to the-
oretical calculations, the enhancement factor for o variation
is K = —(0.8240.25) x 10%, which is much higher than the
typical values of K ~ 0.1-6 for current atomic clocks. 13!
This characteristic makes the 2> Th nuclear transition an ideal

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

020601-1


https://doi.org/10.1088/1674-1056/ae0d78
https://cstr.cn/32038.14.CPB.ae0d78
mailto:hualq@wipm.ac.cn
mailto:xjliu@wipm.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 020601 (2026)

platform for testing temporal variation of ¢, exploring funda-
mental questions such as dark matter, testing physics beyond
the Standard Model, and investigating the Einstein equiva-
lence principle. Thus, the thorium nuclear clock holds great
promise not only for timekeeping but also for fundamental
physics research. [1°]

Owing to its significance, the nuclear transition in 22°™Th
has been a focal point of global research for nearly 50 years.
In 1976, Kroger and Reich!!”l measured the y spectrum of
229Th produced by the o-decay of 23U, and their analysis pro-
vided the first indication of the 2*™Th nuclear isomeric transi-
tion. Over the following decades, researchers have employed a
range of advanced techniques — including high-resolution de-
tectors, magnetic microcalorimeters, and precise y-ray energy
and branching ratio measurements — to improve the accuracy
of nuclear transition energy determinations. These efforts have
ultimately constrained the transition energy to approximately
8.4 eV.l18201 In 2024, researchers from the Physikalisch-
Technische Bundesanstalt (PTB)2! and the University of Cal-
ifornia, Los Angeles (UCLA) 7] successfully achieved laser
excitation of the 2> Th nuclear transition using GHz-linewidth
four-wave-mixing pulsed light sources. These experiments
employed 2*Th-doped CaF, and LiSrAlFg crystals, respec-
tively, and the transition wavelength was precisely determined
to be 148.382 nm. Subsequently, by using a vacuum ultra-
violet (VUV) frequency comb, the Joint Institute for Labo-
ratory Astrophysics (JILA) research team established a di-
rect frequency link between the *?°™Th isomeric transition
and the ®'Sr atomic clock, determined the absolute transi-
tion frequency to the kHz level, and directly resolved the nar-
row line structure arising from the interaction between the
nuclear electric quadrupole moment and the crystal electric
field gradient.!”) With these breakthroughs, the development
of the thorium nuclear optical clock entered a phase of rapid
progress.

These research developments demonstrated that break-
throughs in thorium nuclear transition measurements require
both precise manipulation of thorium systems and high-quality
148 nm radiation sources. The natural linewidth of this nu-
clear transition is only 80 420 pHz.’! This necessitates that
the excitation light source not only possess an ultra-narrow
linewidth to match the extremely narrow bandwidth of the nu-
clear transition, but also exhibit sufficiently high power den-
sity to overcome the inherently low transition probability and
the resulting limitations in excitation efficiency. Moreover,
the thorium nuclear transition at 148 nm lies within the VUV
spectral range, which is well beyond the operational limits
of conventional nonlinear crystals. Most crystalline materi-
als either exhibit strong absorption or encounter severe phase-
matching challenges in this spectral region, rendering conven-
tional nonlinear frequency conversion approaches ineffective.

Consequently, the realization of practical laser sources at this
wavelength necessitates either gas-phase nonlinear conversion
schemes or the development of specialized nonlinear crystals
with VUV transparency.

Through persistent efforts, scientists have successfully
developed several types of 148 nm light sources capable of ex-
citing the thorium nuclear transition. These currently available
sources include synchrotron radiation, gas-phase four-wave-
mixing pulsed sources, high-harmonic-generation-based VUV
frequency combs, and 148 nm continuous-wave lasers. In the
following sections, we provide a detailed introduction to these
critical light sources.

2. Synchrotron radiation-based 148 nm light
sources

Synchrotron radiation is electromagnetic radiation emit-
ted when relativistic charged particles undergo acceleration
perpendicular to their velocity. This phenomenon was first ob-
served around 1947.1?2) When electrons circulate in a storage
ring at near-light speeds, the Lorentz force induced by bending
magnets causes them to emit highly intense and highly colli-
mated electromagnetic radiation.[>*!

A synchrotron radiation facility typically consists of six
main components: an electron injector, an electron trans-
port line, a storage ring, insertion devices, beamline systems,
and experimental stations. A representative example is the
Super Photon Ring-8 (SPring-8, as shown in Fig. 1) facil-
ity, a third-generation large-scale synchrotron radiation facil-
ity jointly operated by the Rikagaku Kenkyiijo (RIKEN) and
the Japan Synchrotron Radiation Research Institute (JASRI) in
Japan.[?¥! The electrons emitted by the electron gun are accel-
erated to 8 GeV by the accelerator, injected into a storage ring
with a circumference of about 1500 m, and circulated while
maintaining an energy of 8 GeV. To further enhance the bright-
ness and spectral tunability of the emitted radiation, the stor-
age ring is equipped with a variety of insertion devices, includ-
ing standard undulators, elliptical wigglers, and double-helical
undulators. These devices enable the generation of highly co-
herent radiation spanning from the VUV to the hard x-ray re-
gion. The generated synchrotron radiation is guided through
the beamline to experimental stations located inside and out-
side the storage ring building and is used for a wide range of
experiments.

At a time when the energy of the 2*°Th nuclear transi-
tion was still uncertain on the order of eV, early experimen-
tal efforts focused on using high-brightness synchrotron radi-
ation sources to induce excitation. However, in most cases,
direct observation of the transition to the isomeric state was
not achieved. For example, in 2015, Jeet ef al.!*>! used the
Advanced Light Source (ALS) synchrotron to expose 22°Th-
doped LiSrAlF¢ crystals with 7.3-8.8 eV VUV photons and
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did not observe any resulting fluorescence from 22°™Th. Al-
though no evidence of the thorium nuclear transition was ob-
served, this measurement excluded roughly half of the fa-
vored transition search range and provided valuable guidance
for subsequent experiments. In 2018, Stellmer et al.[*! per-
formed a similar direct excitation experiment using the ALS
synchrotron, and no signatures of the nuclear transition were
detected. These results suggested that the transition may pos-
sess an exceptionally narrow bandwidth or that its energy may
differ significantly from earlier expectations.

In 2019, Masuda et al.'*”! used narrow-band 29 keV
synchrotron radiation from SPring-8 to resonantly excite the
second excited nuclear state, which predominantly (about
58%) decays into the isomer, thereby effectively generating
the 22™Th nuclear isomer state through an indirect process.
Their study not only precisely determined the energy of the
second excited state (29189.93 £+ 0.07 eV) and its half-life
(82.2£4.0 ps), but also further constrained the possible energy
range of the isomeric state to 2.5-8.9 eV. This work motivated
the community to pursue direct laser excitation of the first ex-
cited state. In 2024, Yamaguchi er al.P’! also used narrow-
band 29 keV synchrotron radiation from SPring-8 to excite
the nuclear transition in a VUV-transparent 22°Th-doped CaF,
crystal. The transition wavelength of the metastable state was
determined to be 148.18 4 0.38(a¢) +=0.19(sys) nm.

Although precise optical clock operation based on the
thorium nuclear transition has not yet been realized, syn-
chrotron radiation facilities in China are capable of deliver-
ing high-quality 148 nm or 29.2 keV light sources for such
investigations. For example, the second-generation Beijing
Synchrotron Radiation Facility (BSRF) can provide UV-VUV
light covering a wavelength range from 360 nm to 120 nm. 8]
The third-generation Shanghai Synchrotron Radiation Facil-
ity (SSRF) operates a VUV beamline with first-order radiation

covering the photon energy range 7-165 eV.[*’]

Main Building
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2|
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Fig. 1.
facility.!

Schematic diagram of the SPring-8 synchrotron radiation
24]

3. Four-wave mixing-based 148 nm pulsed light
source

To achieve enhanced spectral selectivity and higher ex-
citation efficiency, researchers have turned to light sources
based on resonance-enhanced four-wave mixing (FWM) pro-
cesses in gaseous media. Using this advanced light source, re-
searchers have for the first time achieved direct laser excitation
of the first excited state of 2*Th. This milestone represents
a substantive breakthrough in thorium nuclear excitation re-
search. In the following section, we introduce the principle of
the FWM process and present experimental work on 22°Th nu-
clear transition excitation and measurement using FWM-based
148 nm pulsed light sources.

When a strong laser propagates through a nonlinear
medium, it induces polarization in the medium, with the po-
larization strength depending on the electric field of the laser.
This relationship can be expressed as

P =g (x(')E(a)) +xYE(w)E(m)
+2VE()E(@)E(@3)+ - ). (1)

In the above expression, P denotes the polarization strength,
& is the vacuum permittivity, ¥ ") is the linear susceptibility,
and ¥ denotes the n™M-order nonlinear susceptibility. FWM
is a third-order nonlinear optical process in which three driv-
ing laser beams — with wave vectors 1231, I::z, 1233 and corre-
sponding frequencies m;, @, @3 — interact with a nonlin-
ear medium to generate a fourth beam with wave vector k4
and frequency @y, as illustrated in Fig. 2. The generation of
four-wave mixing in the VUV region typically requires a non-
linear medium with a nonzero third-order nonlinear suscepti-
bility x® (commonly inert gases) and must simultaneously
satisfy the conditions of energy and momentum conservation,
expressed as

O+ — 03 = 0, 2
]::14-’;:24-]::34-]:34:0. 3)

As a typical FWM laser source demonstrated by Peik
et al.®! from PTB, the VUV laser source generation sys-
tem consists of two continuous-wave (CW) Ti:sapphire (Ti:Sa)
ring lasers with two pulsed dye amplification stages, a third-
harmonic generation (THG) unit, and a Xe gas cell for four-
wave mixing, as illustrated in Fig. 3. It operates at a repeti-
tion rate of 30 Hz, with a pulse duration of 10 ns and a mean
pulse energy of ~ 15 pJ over the wavelength range 148.3—
149.1 nm. The VUV source provides a spectral photon flux
exceeding 2 x 10* photons/(s-Hz), 3! with a spectral linewidth
of < 10 GHz. This corresponds to a VUV power spectral den-
sity of ~ 0.1 pW/Hz.
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Fig. 2. Schematic diagram of the four-wave mixing.

Using this laser system, the Peik research group carried
out VUV excitation experiments on trapped Th™ ions in 2023.
The system was designed to operate over a wide scanning
range from 148 nm to 155 nm. The source produces pulses
with durations of 6—10 ns and energies of up to 40 uJ, and is
coupled via a vacuum beamline to a linear radiofrequency ion
trap. In the first implementation of VUV laser spectroscopy of
trapped Th™ ions, three previously unknown resonance lines
near 148 nm were excited, with the upper states lying close
to the Th-229 isomer state. The resonances were detected and
analyzed via fluorescence from the excited Th™ ions. After
subtracting a Doppler broadening of 2.7 GHz, the linewidth
of the VUV radiation was estimated to be < 6 GHz, mainly
limited by phase noise amplified during the harmonic gener-
ation and four-wave mixing processes. This result confirms
that the pulsed FWM light source possesses high spectral res-
olution and tunability, fulfilling the requirements for nuclear
spectroscopy excitation. 3]

cw Pulsed
Ti:Sa laser » dye amplifier
Vi V:'sm
v Xe cell
THG | &,

Ti:Sa laser p{ dye amplifier -7 €2,
v, Q=v,-5,,

Q
QI:3(VI_6HI) if \ e
\ 4
CW Pulsed i E ﬂ

Fig. 3. Experimental setup?!] of the FWM laser source at PTB, Germany.

Subsequently, in 2024, the same research group used the
VUV laser to excite 2?*Th-doped CaF, crystals. Under cryo-
genic conditions (< 180 K) and high vacuum (107> Pa) to
minimize background signals and suppress non-radiative pro-
cesses, a resonance fluorescence signal was observed in two
crystals with different Th-229 dopant concentrations, while it
was absent in a comparison experiment using Th-232, mark-
ing the first realization of direct laser excitation of the 22°Th
nucleus to the first excited state. The nuclear resonance for
Th** ions in Th:CaF, was measured to be 2020.409(7) THz,
and the fluorescence lifetime in the crystal was 630(15) s, cor-
responding to an isomer half-life of 1740(50) s for a nucleus
isolated in vacuum or a transition rate of B(M1) = 0.022 in
Weisskopf units (W.u.).?!]

Almost simultaneously, the Hudson group from UCLA
also realized direct laser excitation of the 22°Th nucleus to the

first excited state using a pulsed FWM VUV laser source.
The crystal employed in this work was 2?°Th:LiSrAlF,
and the transition frequency was determined to be
2020407.3(5)stac(30)sys GHz (148.38219(4)stat(20)sys nm),
with a measured lifetime of 568(13)gt((20)sys s. This study
confirms the feasibility of exciting the 2?°Th nuclear transition
in doped crystals.!”!

In the same year, a collaboration between the Ye
group from JILA and the Hudson group from UCLA re-
alized direct laser excitation of the 2>Th nucleus in thin-
film 2*ThF, targets using a pulsed FWM VUV laser
source. Thin-film *?°ThF, targets with thicknesses of 30—
100 nm were fabricated by miniaturized radioactive physi-
cal vapor deposition (PVD) on different substrates, includ-
ing Al,O3 and MgF,. A single peak was observed at
2020406.8(4)star(30)sys GHz for the > ThF; film on the MgF,
substrate and at 2020409.1(7)st(30)sys GHz on the Al,O3
substrate. This work laid the foundation for the future devel-
opment of simple and portable solid-state nuclear clocks.3!!

In contrast to previous studies using thin-film 22°ThF,

1321 from UCLA very recently re-

targets, the Hudson group
ported measurements performed using a thin 2>ThO, tar-
get. In this work, a laser-based conversion-electron detection
scheme was realized for the first time, paving the way toward
nuclear clocks based on conversion electrons. The transition
frequency was measured to be 2020407.5(2)sa¢(30)sys GHz,
and the internal conversion decay channel was found to have
a lifetime of approximately 10 ps. The excitation laser source
was the same pulsed FWM VUV laser system.

In China, a research group led by Mo33! at Tsinghua Uni-
versity has developed a wavelength-tunable VUV/extreme ul-
traviolet (XUV) laser source using a two-photon resonance-
enhanced four-wave mixing technique in Kr/Xe gas. The
resulting radiation covers an effective energy range of 8.0—
14.0 eV. This setup is presently intended for applications in
high-resolution spectroscopy and mass spectrometric imaging.

4. VUV frequency comb-based 148 nm light
source

Following the realization of direct laser excitation, re-
searchers introduced a VUV frequency comb system to further
improve the precision of transition frequency measurements,
achieving kHz-level accuracy for the first time.[?!

4.1. Basic configuration of the VUV frequency comb sys-
tem

A frequency comb is a laser source whose spectrum con-
sists of a series of equally spaced frequency components. This
comb-like spectral structure arises from a train of femtosecond
pulses emitted by a mode-locked laser, where periodic pulses
in the time domain correspond to evenly spaced “teeth” in the
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frequency domain. Owing to its excellent temporal coherence
and frequency stability, the optical frequency comb has be-
come an indispensable tool in modern precision measurement.

The pulse train emitted by a mode-locked laser appears in
the time domain as a Dirac comb function

HIr(t) = i 8(t—nT). )

n=-—oco

The Fourier transform of the Dirac comb function is

117 (1) = 11, (f). 5)
Assuming that the pulse repetition rate of the mode-locked
laser is stable and that the phase difference between successive
pulses remains constant, the resulting femtosecond pulse train
forms a comb-like structure in the frequency domain, as illus-
trated in Fig. 4. In practice, there is an offset between the first
comb tooth and zero frequency, known as the carrier-envelope
offset frequency. The frequency of each comb tooth, f,, is
given by f, =n X fr + fo, where f; is the pulse repetition fre-
quency and fp denotes the carrier-envelope offset frequency.

Fig. 4. Schematic diagram of the frequency comb.

Through nonlinear frequency conversion techniques such
as sum-frequency generation (SFG) or harmonic generation,
the spectral coverage of an optical frequency comb can span
from the ultraviolet to the mid-infrared (MIR) range using
nonlinear crystals. However, due to the lack of suitable non-
linear crystals in the VUV/XUYV band, direct generation of fre-
quency combs in this spectral region via conventional methods
is unfeasible. Consequently, high-harmonic generation (HHG)
in gaseous media has become the main viable approach for
spectral extension into the VUV and XUV regimes.

Spectral extension into the VUV band via HHG faces a
critical challenge, namely the achievement of sufficiently high
peak intensities (> 10! W/cm?)[*¥! to drive the nonlinear pro-
cess efficiently. A femtosecond frequency comb laser typically
operates at a relatively high repetition rate of around 100 MHz
to maintain its excellent temporal coherence. To achieve the
peak intensities required for HHG, the average laser power

must reach the kW level. This necessitates the implementa-
tion of a femtosecond enhancement cavity (fsEC) for power
scaling.

A fsEC is a type of Fabry—Pérot interferometer that can
be designed to increase the intracavity power. When the length
of the cavity matches the repetition period of the laser pulses,
a stable coherently enhanced field is formed inside the cav-
ity. Figure 5 shows the structure of a fSEC, which is com-
posed of six mirrors. One of them serves as the input coupling
mirror, allowing infrared femtosecond pulses to be injected
into the cavity, while the remaining five are high-reflectivity
mirrors that maintain stable circulation of the light within
the cavity. Two concave mirrors are used to focus the laser
into a small spot within the cavity, where the local intensity
reaches the threshold required to drive high-order harmonic
generation. Through mode matching and the application of
the Pound-Drever—-Hall (PDH) locking technique, femtosec-
ond pulses can be stably resonated in the cavity, fulfilling the
peak power requirement for efficient HHG. In the focal region
of the enhancement cavity, an inert gas beam (such as xenon)
is injected. Within the intensified laser field, the gas medium
undergoes tunnel ionization; electrons are liberated and sub-
sequently accelerated away from, and then driven back toward
their parent ions by the oscillating laser field. A small frac-
tion of these electrons recombine with the parent ion, emitting
high-energy photons in this process. This cycle repeats peri-
odically, generating multiple odd-order harmonics — this is
known as the three-step model of HHG.!*! Due to the excel-
lent coherence properties of HHG, each generated harmonic
retains the frequency spacing and phase stability of the orig-
inal infrared frequency comb. As a result, a VUV frequency
comb is formed.

Fig. 5. Schematic diagram of the fSEC. MA-MF are high-reflectivity mir-
rors, with MA and MB being concave mirrors and MF (IC) serving as the
input coupling mirror. BP denotes a Brewster plate, and the gas nozzle is
placed at the focal point.

In 2005, the group of Yel¢! from JILA and the group
of Hinsch®”l from Max—Planck-Institut fiir Quantenoptik
(MPQ) independently reported the generation of coherent ra-
diation in the VUV/XUV using HHG within a fsEC, mark-
ing the birth of the VUV/XUV optical frequency comb. In
2012, Cing6z et al. 3% performed direct frequency-comb spec-
troscopy using the 13" harmonic at 82 nm in argon atoms
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(3s23p® — 3s23p>5d). The uncertainty of this transition was
measured to be about 3 MHz, and the upper bound of the
13th-harmonic comb linewidth was determined to be less than
10 MHz, providing clear evidence that the XUV frequency
comb exhibits a well-defined comb structure. In 2013, Pu-
peza et al.3%) coupled out the generated radiation through a
pierced mirror. Harmonics up to an order of 91, correspond-
ing to 11.45 nm or 108 eV, were obtained. This represents
the shortest-wavelength XUV frequency comb demonstrated
to date, approaching the soft x-ray region. In 2014, Benko
et al.' performed a heterodyne beating measurement be-
tween harmonics generated by two separate XUV frequency
comb systems driven by the same optical comb. They mea-
sured a beat-note linewidth of 62.5 mHz for the 17th har-
monic, confirming that the XUV comb possesses a coherence
time exceeding one second. In 2018, Porat et al 411 yged
high-temperature gas mixtures as the generation medium to in-
crease the gas translational velocity, thereby achieving phase-
matched XUV frequency comb generation. They demon-
strated an XUV comb output at 97 nm with a power of 2 mW,
which remains the highest-power XUV frequency comb re-
ported to date.

5. Measurement of the nuclear transition based
on the 148 nm VUYV frequency comb

Building on measurements with 148 nm pulsed lasers via
four-wave mixing, researchers have started excitation of the
229Th nuclear transition with VUV frequency combs. In 2024,
the research group led by Yel?! from JILA successfully real-
ized the direct excitation of the >>Th nuclear transition with
a VUV optical frequency comb system. They stabilized the
fundamental frequency comb to the JILA 37Sr clock!*?! and
coherently up-converted the fundamental to its seventh har-
monic in the VUV range using a fSEC. The comb has a rep-
etition rate of 75 MHz, and the available power in the sev-
enth harmonic on the target is approximately 200 uW, cor-
responding to 1 nW per comb mode. The VUV beam has a
diameter of 0.2 mm. Through system noise suppression and
frequency stabilization, the linewidth of the VUV comb teeth
was maintained at less than 300 kHz (FWHM), meeting the
requirements for high-resolution nuclear spectroscopy. The
measurement was conducted using a 2> Th:CaF, single crys-
tal with a doping concentration of 5 x 10'® cm™3, dimensions
of 1.8 x 0.7 x 1.4 mm?>, and a crystal temperature of 150 K.
The researchers irradiated the CaF, crystal with the VUV fre-
quency comb and successfully observed the VUV fluorescence
For the first time, the five
lines corresponding to the nuclear quadrupole structure of the

emission from the Th nucleus.

229mTh transition were measured. The central frequencies of
four main transition lines were determined with a precision of

2 kHz, and the measured fluorescence lifetime was 641(4) sec-
onds. This result improved the measurement accuracy of the
229Th nuclear transition to the kHz level, advancing experi-
mental nuclear spectroscopy and providing key technical sup-
port for the development of high-stability solid-state nuclear
clocks.

Building on this work, in 2025, the Ye group further used
a VUV frequency comb to investigate the temperature sensi-
tivity of the 2> Th nuclear transition in a *?°Th:CaF, single
crystal. They measured the four strongest transitions at three
temperatures: 150 K, 229 K, and 293 K. They observed shifts
of the unsplit frequency and the electric quadrupole splittings
due to decreases in the electron density, electric field gradient,
and field-gradient asymmetry at the nucleus as the temperature
increases. The m = +5/2 — +3/2 line (i.e., the 2™ Th transi-
tion) shifts by only 62(6) kHz over the temperature range, i.e.,
approximately 0.4 kHz/K, representing a promising candidate
for a future solid-state optical clock. 3]

6. Progress in the development of 148 nm VUV
frequency combs in China

In China, institutions such as East China Normal Univer-
sity, the Institute of Physics of the Chinese Academy of Sci-
ences (CAS), and the Innovation Academy for Precision Mea-
surement Science and Technology (APM) have also carried
out related research on VUV/XUYV combs, keeping pace with
international developments in this field.

The research team led by Zeng/** at East China Nor-
mal University has conducted studies on coupling schemes
for VUV/XUYV frequency combs. They proposed an efficient
scheme to generate and out-couple extreme ultraviolet fre-
quency combs based on cavity-enhanced noncollinear high-
harmonic generation. The harmonics generated around the
focus and propagating along the bisectrix of the two cross-
ing fundamental-wave (FW) beams escape from the cavity
through the gap between the concave mirrors (along the angle
bisector of the FW beam propagation directions), resulting in a
direct output coupling of XUV frequency combs. By adjusting
the crossing angle of the two fundamental beams at the focal
point, as well as the intracavity gas pressure and the funda-
mental beam power, they simulated the ionization probability
and the far-field distribution of the HHG. This approach can
significantly enhance both the generation and coupling effi-
ciency of HHG. Subsequent experimental implementations of
this method have successfully achieved 60% XUV coupling
efficiency.!*! The research team led by Wei!“®! at the Institute
of Physics, Chinese Academy of Sciences, has also carried out
work on the construction of XUV frequency comb systems. In
2012, they conducted systematic simulation studies on the de-
sign of a fSEC and experimentally built a six-mirror enhance-
ment cavity. Using broadband femtosecond laser pulses with
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a repetition rate of 175 MHz, a pulse duration of 15 fs, and a
central wavelength of 790 nm as the driving light source, they
achieved an enhancement factor of approximately 10.

The group led by Hua and Liul*’! at APM has carried
out systematic work on the development of VUV/XUV fre-
quency combs in China. In 2019, they self-built a kilowatt-
level near-infrared fSEC system and successfully generated
HHG using xenon gas. The experimental setup is shown in
Fig. 6(a). The system employed a Yb-doped fiber laser with a
central wavelength of 1038 nm, a repetition rate of 100 MHz,
and a pulse duration of 100 fs. Using the fSEC, which utilized
an input coupling mirror with R ~ 99.2% and five additional
high-reflectivity mirrors (R > 99.95%), an average intracav-
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ity power of 6.08 kW was achieved, corresponding to a power
enhancement factor of about 225 and a peak intensity of ap-
proximately 4.8 x 10'3 W/cm?. The entire fSEC is placed in
a vacuum chamber to avoid the influence of air or dust. The
chamber is evacuated with a dry pump and a turbo pump, and
a background pressure as low as 10~* Pa can be achieved.
To couple the co-propagating HHG light out of the cavity,
a 350-um-thick sapphire plate is placed behind the focus at
the Brewster angle for the fundamental laser. The out-coupled
HHG is diffracted by a grating and detected by a sodium sali-
cylate plate. Bright fluorescence on the sodium salicylate plate
was observed, as shown in the inset of Fig. 6(b), indicating that
HHG in the fsEC was generated.
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Fig. 6. (a) Schematic view of the six-mirror bowtie fsSEC setup. The inset at the upper right shows an IR-viewer photograph of the fSEC under air
conditions. The acronyms in the figure are: HV, high voltage; FG, function generator; PZT, piezo transducer; CCD, charge-coupled device; PD,
photodetector; IC, input coupler; PID, proportional-integral-derivative circuit; MA(MF), mirror A (mirror F). (b) Intracavity power as a function
of incident power. The inset shows a photograph of the focus region of the fsSEC.[47]
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Fig. 7. (a) Image of experimentally observed high-order harmonics fluo-
rescing on a plate coated with sodium salicylate. (b) Spectra of the out-
coupled high-harmonic radiation obtained from images of the fluorescent
plate. The black dots and the corresponding drop lines indicate the wave-
lengths of the first-order diffraction.[*$]

In 2020, the group at APM further optimized the cou-
pling output scheme and harmonic generation, achieving a fre-
quency comb output in the XUV spectral region.*8) They em-
ployed a nanograting as the coupling output scheme, which
simultaneously enables extraction and separation of the gen-
erated harmonics. The grating parameters were similar to
those used in Yost er al.[*”! With a pump power of 24 W, they

achieved an intracavity power of 4.5 kW. As shown in Fig. 7,

the experiment successfully obtained harmonic spectra rang-
ing from the 5th to the 19th order. The 7th harmonic (148 nm)
reached a power level of 51.9 uW, and in the XUV region, the
11th harmonic (approximately 94 nm) exhibited the highest
average power of 10.2 uW.

In 2024, the same group further optimized the pulse du-
ration of the fundamental beam to enhance HHG efficiency
and extend the generated XUV spectrum. A Yb-doped fiber
laser was used as the driving source, with an output power
of 100 W, a pulse duration of 490 fs, and a central wave-
length of 1035 nm. Using a photonic crystal fiber and a set
of chirped mirrors, the pulse duration was compressed from
approximately 490 fs to 56 fs. At an input power of 30 W, an
intracavity average power of about 3 kW was achieved, result-
ing in a peak intensity of 9.3 x 103> W/cm?. Based on this,
HHG was generated using Xe, Kr, and Ar gases, ultimately
achieving XUV radiation with a shortest wavelength of 30 nm
(corresponding to the 35th harmonic), as shown in Fig. 8. At
61 nm (the 17th harmonic), the coupled output power reached
up to 9.3 pW.DY

Meanwhile, the APM group measured the linewidth of
the home-built 148 nm VUV comb using direct frequency
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comb spectroscopy with Xe/NO,.! In an early study, they
showed that the beat linewidth between the generated third-
order harmonics and the fundamental beam’s third harmonic
is approximately 3 Hz, indicating that the high-order harmonic
process introduces minimal broadening. For direct frequency
comb spectroscopy, the 7th harmonic!®’! was used to excite
the single-photon transition of Xe/NO, media. The excitation
frequency for NO, was determined to be 2021.25 THz, with

an uncertainty of 0.24 THz (8 cm™!), limited by the tuning
range of the repetition frequency. The transition is assigned
to 6a; (v{ =0, v}, = 0) — 3po, (v{ =3, v, = 8), where V|
and v} are the symmetrical stretching and bending vibrational
frequencies, respectively.>>>* The upper bound of the VUV
comb teeth linewidth was estimated to be less than 28 MHz,

as shown in Fig. 9.

harmonie order

8iiiiidii i i i i 18 1n

(d) Xe

Fig. 8. Fluorescence images obtained using Xe, Kr, and Ar as the gas medium, respectively. (a)—(c) Fluorescence images on a sodium salicylate

plate generated by high-order harmonics; (d)—-(f) photographs of the plasma and the fluorescence radiation at the gas nozzle.

Normalized signal(arbitrary units)

20 40 60 80
VUV comb tuning frequency (MHz)
Fig. 9. Average fluorescence signal as a function of the tuning frequency
of the VUV comb tooth, obtained from four measurements. The red curve
represents a Lorentzian fit to the data, with the best fit corresponding to

a linewidth of 29.8 4.5 MHz. The blue dashed line shows a fit using a
sin* function. 5!

In 2025, the team further increased the power of the
148 nm frequency comb by optimizing the output coupling
efficiency, addressing the low out-coupling efficiency of both
nano-gratings and Brewster plates (e.g., sapphire and calcium
fluoride) at 148 nm. For instance, the diffraction efficiency of
the nano-grating at 148 nm was found to be less than 10%,
as reported in their work at 2020,/*®! and the reflection rate of
the sapphire Brewster plate at 148 nm was below 5%, as re-
ported in 2019.47 To improve the out-coupling efficiency of
the 148 nm comb, they customized a batch of CaF, Brewster

[501

plates with coatings specifically designed for 148 nm. Simi-
lar to the previously used sapphire Brewster plate, these CaF,
plates exhibit high transmittance for 1040 nm laser light at the
Brewster angle, but a reflection rate of approximately 80% at
148 nm. By gradually increasing the intracavity average power
of the near-infrared frequency comb, they inferred the seventh-
order harmonic power from the photodiode current and the
reflection rates of the mirrors. The highest measured power
of the seventh harmonic was 226.6 uW, as shown in Fig. 10.
Considering that the number of comb teeth in the seventh har-
monic was on the order of 10°, the power of each comb tooth
was approximately 2.2 nW.
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Fig. 10. Measured power of the out-coupled 148 nm VUV frequency comb.
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7. Continuous wave 148 nm light source

To ultimately realize a high-precision and stable thorium
nuclear clock, developing a CW 148 nm light source is highly
desirable to meet key requirements such as narrow linewidth
and sufficient power. Currently, there are generally two main
approaches to generate a CW 148 nm light source with narrow
linewidth: one is the FWM approach using gas media, and
the other is the frequency-doubling approach using nonlinear
crystals.

In the early stages, Timmermann et al.’> and Nolting
et al.,>%

por media to generate CW VUYV radiation through nonlinear

as well as other researchers, employed metal va-

processes, with wavelengths demonstrated down to 133 nm.
However, the linewidth of these VUV sources was not well
characterized. More recently, using a similar technique, the
research group led by Ding at Tsinghua University demon-

strated 148 nm CW laser generation via FWM in cadmium

8P

[+

€

2
=

200

0

200

vapor, achieving a linewidth well below 100 Hz. The scheme
of the light source is illustrated in Fig. 11. Two photons (4,
and Ay) at 375 nm, tuned to a two-photon resonance with
the 6'Sy state, and a third photon (A3) at 710 nm are com-
bined and focused into a 50 cm-long cadmium oven held
near 7 = 550 °C. The fundamental beams originate from two
Ti:sapphire lasers, each locked to a common ultrastable ul-
tralow expansion (ULE) cavity to ensure narrow linewidths.
The generated VUV beam is spatially separated from the
fundamental beams using a Brewster-angle MgF, prism for
148.4 nm. To evaluate phase coherence, the fundamental
beams are split and directed into two independent cadmium
ovens. The resulting VUV beams are overlapped on a CCD
camera with a small crossing angle, producing high-contrast
interference fringes that allow direct extraction of the relative
optical phase. The source delivers 100 nW of power with a

linewidth well below 100 Hz and supports broad wavelength
[57]

tunability.

Frequency comb

Ultra-stable ca'rty

1550 nm 750 nm 710 nm

Fig. 11. Generation of a CW VUV laser with narrow linewidth. !>}

In terms of the frequency doubling approach, sev-
eral crystals, such as BaMgF,; (BMF),%%1 KBe,BOsF,
(KBBF),[00011 and SrB40; (SBO)®2%4 are considered as

promising candidates owing to their short cut-off wavelengths.

However, phase matching for 148 nm light generation with
these crystals is extremely challenging, and no CW 148 nm
light generation using crystals had been reported for decades.

In 2025, significant breakthroughs were achieved in the
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development of CW light sources based on crystals. Peik ef al.
demonstrated a CW laser source at 148.4 nm based on second-
harmonic generation (SHG) in randomly quasi-phase matched
(RQPM) strontium tetraborate (SBO). They reported three se-
quential SHG steps starting from a diode laser at 1187 nm,
and successfully frequency-doubled CW laser radiation from
296.8 nm to 148.4 nm in a RQPM SBO crystal.

As shown in Fig. 12, the laser radiation is focused into an
SBO crystal with dimensions of 0.9 x 6.4 x 5.6 mm?, placed
in a vacuum chamber for the final conversion to 148.4 nm. The
temperature-stabilized crystal is mounted on a five-axis trans-
lation stage. The SBO used was the same uncoated crystal
with an irregular domain structure. 1631 Two dichroic mirrors, a
VUYV grating, and a solar-blind CsI PMT are employed for the
detection of the VUV power. The system provided 1.3f8:g nW
of VUV power in a single pass for an incident UV laser power
of 325 mW.[63]

VUV
spectrometer

VUV/IUV  Csl PMT

/ separation
v @ mirrors

297 nm

Zoom
beam expander

Movable
mirror

148 nm

y Lﬁﬂ Collimation
/ — lens
Focusing ¥.. Vacuum

lens 5-axis translation stage chamber

Th-229
spectroscopy

Fig. 12. Experimental setup for SHG at 148.4 nm.[63]

Other than SBO, crystals such as KBBF and BMF are
also under development. The KBBF crystal produced by, e.g.,
the Technical Institute of Physics and Chemistry (TIPC) and
the Fujian Institute of Research on the Structure of Matter
(FJIRSM), has been mature for VUV light generation for sev-
eral years.[01-90] At present, efforts focus on optimizing the
cutoff wavelength.

In addition, a research group led by Hang[®”l at the
Shanghai Institute of Optics and Fine Mechanics (SIOM),
CAS, has successfully grown high-quality BMF single crystals
with considerable size of 30 mm x 60 mm using the Czochral-
ski method. They also investigated the formation mechanism
of scattering particles in the BaMgF, crystal and preliminarily
addressed the issue of stray light caused by scattering paths.
The group led by Chen!®! at Shanghai Jiao Tong University
has conducted studies on the growth of BaMgF, crystals and
successfully produced the largest BaMgF, single crystal re-
ported to date, with a diameter of approximately 80 mm and a
length of about 55 mm. The research group led by Zhu!®’! at
Nanjing University performed a detailed study on the periodic
poling of different crystals, aiming to improve the quasi-phase
matching (QPM) of BaMgF, crystals, making them suitable

for generating a 148 nm light source. In 1995, they proposed a
method for periodically poling LiTaO3 single crystals at room
temperature by applying an external pulsed field. The growth
of inverted domains can be controlled by the duration of the
pulsed field. A domain structure with period A > 8 pm was
fabricated in a 0.3-mm-thick LiTaO3 plate. In 1997, they re-
ported THG achieved through quasi-phase matching technol-
ogy in a quasi-periodic optical superlattice (QPOS). By de-
signing a Fibonacci sequence structure in LiTaOs crystals,
they directly realized high-efficiency conversion from infrared
to green light (with a conversion efficiency of 23%) via SHG
and sum-frequency generation (SFG) processes.[”’! In 2024,
they demonstrated a wafer-scale periodic poling technique on
a 4-inch lithium niobate on insulator wafer with high fidelity.
The reversal lengths span from 0.5 mm to 10.17 mm, cover-
ing an area of ~ 1 cm? with periods ranging from 4.38 um
to 5.51 um. Domain inversion was ultimately implemented
across the entire wafer with a 100% success rate and an aver-

age 98% high-quality rate.[”"]

8. Perspective and outlook

Th-based nuclear optical clocks are widely regarded as
promising candidates for next-generation time and frequency
standards, with potential precision levels reaching 10~2° or be-
yond. Compared to existing atomic clocks, Th nuclear clocks
not only promise to drive a redefinition of the “second”, be-
coming a new global timekeeping benchmark, but also offer
exceptional sensitivity to variations in the fine-structure con-
stant. This makes them powerful tools for testing the temporal
variation of fundamental constants and exploring physics be-
yond the Standard Model. Furthermore, the compactness and
potential for solid-state integration of nuclear clocks signifi-
cantly broaden their application prospects in engineering fields
such as space-based navigation and geophysical sensing.

As the core technology enabling this nuclear transition,
the linewidth, stability, and power of the excitation light source
directly determine the excitation efficiency, measurement pre-
cision, and ultimately the frequency uncertainty of the nuclear
clock. These factors are thus critical for its successful opera-
tion. For comparison, the key parameters of the four types of
VUV light sources discussed above are listed in Table 1.

Synchrotron radiation sources offer the highest photon
energies, broad frequency coverage, and tunable spectral
bands. However, in the VUV region, the emitted radiation typ-
ically exhibits a relatively broad linewidth, limiting its effec-
tiveness for directly exciting the extremely narrow-bandwidth
nuclear transition. Moreover, such facilities are large and im-
mobile. Developing narrow-linewidth synchrotron radiation
sources therefore represents a promising direction for future
advancement.
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Table 1. The realized 148 nm coherent laser sources.

Light sources Linewidth Average power  Power spectral density 229mTh excitation
Synchrotron radiation!! 46 THz 1.3 mW 0.03 fW/Hz unsuccessful
Pulsed FWM 21301 4-10 GHz 450-1200 pW 0.1-0.3 pW/Hz successful
Pulsed FWM!7:31,321 10-15 GHz 30-240 uW 2-24 fW/Hz successful
Frequency comb!>#3! 300 kHz ~1nW ~3.3fW/Hz successful
CW FWMB7! 100 Hz 100 nW 1 nW/Hz
CW SHG!®! ~ 100 kHz 1.3nW ~ 10 fW/Hz
The FWM method with pulsed lasers features relatively ~ Acknowledgments

simple experimental setups and significantly lower cost com-
pared to synchrotron radiation sources, making it accessible in
standard laboratory environments. It can generate higher VUV
pulse energies and offers a broad range of frequency tunabil-
ity. However, the typical linewidth of FWM-generated pulsed
VUV light remains at the GHz level, limiting spectral resolu-
tion. In the future, the development of narrow-linewidth FWM
pulsed sources will be a valuable and promising research di-
rection.

The greatest advantage of VUV optical frequency combs
lies in their frequency tunability and high spectral resolu-
tion. Each comb tooth corresponds to a stable and precisely
known absolute frequency, determined by f,, =n- f; + fo, both
of which can be accurately controlled. This makes VUV
combs ideally suited for probing ultra-narrow nuclear transi-
tions, such as those in 2>™Th. By locking the VUV optical
frequency comb to an atomic clock, a measurement uncer-
tainty at the kHz level can be achieved. Fine tuning of the rep-
etition rate allows precise scanning across the entire spectral
region. The linewidth of each comb tooth is significantly nar-
rower than the natural linewidth of the > Th nuclear transition
in a crystal, enabling high-resolution spectral discrimination.
However, the power of each individual comb tooth remains
limited, and compared to other light sources, the operational
stability of VUV combs is still constrained, making continu-
ous long-term operation (on the scale of days) challenging at
present. Moreover, unused comb teeth contribute noise to the
experiment, which must be well suppressed.

CW light sources offer several advantages, including nar-
row linewidth, concentrated power, stable frequency, and con-
tinuous temporal structure. At present, two approaches have
been demonstrated to realize a CW 148 nm source: one based
on SHG in SBO crystals and the other on four-wave mixing
in cadmium vapor. These light sources will greatly promote
the development of the Th nuclear clock. Nevertheless, fur-
ther efforts are still required to improve their performance.
For example, the main limitation for SBO lies in achieving
reproducibility and higher efficiency in the RQPM process.
Additionally, BMF and KBBF crystals are considered promis-
ing candidates, and further work is required to develop phase-
matching techniques for BaMgF,, while optimizing absorp-
tion near 148 nm is necessary for KBBE.
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