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Owing to the presence of a low-energy, long-lived nuclear isomeric state, 22°Th is an ideal candidate for developing
the next generation clock — the nuclear clock — holding great promise for both applied and fundamental physics. The
229Th ionic nuclear optical clock has garnered considerable attention, attributed to its high precision with a relative uncer-
tainty of < 1.5 x 10712 and the potential for common-mode noise cancellation via self-comparison between the nuclear
transition and the electronic transition of thorium ions. In this article, we focus on Th"t ions (n =1, 2, 3) and present a
comprehensive review of the current progress in the development of ionic nuclear clocks, covering essential steps such as
ion generation, trapping, and cooling. Furthermore, we discuss the realization of a closed-loop clock cycle, addressing key
aspects including stable isomer excitation and efficient isomer deexcitation.

Keywords: 2>°Th ionic nuclear clock, ion generation, ion trapping and cooling, closed-loop clock cycle
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1. Introduction

Today’s most precise time and frequency measurements
are performed with optical atomic clocks, which play a pivotal
role in various fields, such as the global navigation satellite
systems, [!=3] the synchronous communication networks, *! the
time reference,!>%! and the fundamental physics research.!”"]
However, a new type of clock, called a “nuclear clock™, is un-
der development. It employs a nuclear transition instead of
an atomic shell transition for precise time measurement.!1%!1]
With a first nuclear excitation state of only ~ 8.4 eV and a ra-
diative lifetime of ~ 10° 5,121 229Th is the sole candidate for
developing a nuclear clock among currently known nuclides.

A nuclear clock based on the nuclear transition of 2> Th is
theoretically capable of achieving a systematic uncertainty of
1.5 x 1071911 outperforming state-of-the-art atomic clocks,
as shown in Table 1. First, the exceptionally low blackbody
radiation (BBR) shift uncertainty in the 22Th nuclear clock
arises from its nuclear transition between nuclear states with
identical electronic configurations. This symmetry results in
a differential polarizability Acs of ~ 1073a3,l'1 which is 7-8
orders of magnitude smaller than those of electronic transi-
tions in 87Sr,[131 27 A1+ [141 op 40Ca 1151 ¢locks. Therefore,
the clock uncertainty from the BBR shift is 1.3 x 10722 at
room temperature,[!! surpassing the limits of present atomic
clocks. Second, owing to the atomic nucleus being about five
orders of magnitude smaller than the electron shell, its mag-
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netic dipole moment is significantly smaller than that of elec-
trons, making nuclear clocks less susceptible to magnetic field
than atomic clocks. Consequently, the systematic uncertain-
ties arising from the Zeeman effect are reduced by an order of
magnitude compared to atomic clocks. Third, the Stark effect
contributes minimally to the overall uncertainty of the nuclear
clock, which is exceptionally low. This remarkable insensi-
tivity originates from the extremely small differential nuclear
polarizability (Aa™ < 10~'4a3)!"!] and the highly effective
shielding of the nucleus from external electric fields by the sur-
rounding electron cloud. For all these reasons, this new type
of clock is being considered for applications such as searching

for the temporal variations in the fine-structure constant,!1%17]

18,19]

detecting the dark matter, | serving as a gravitational wave

detector,!”) and applying to the chronometric geodesy.?"!

To develop a nuclear clock, the first step is to precisely
measure the transition frequency from the ground state to the
isomeric state. Since Kroger and Reich observed the existence
of an extremely low-lying first excited state of 2>*Th nuclei in
1976,1211 extensive investigations into the energy of this iso-
meric state have been carried out via y-ray spectroscopy, 2228
internal conversion (IC) electron spectroscopy,!*®! and di-
rect vacuum ultraviolet (VUV) spectroscopy, [30.311 a5 shown
in Fig. 1(a). With the successful preparation of 2>°Th-
doped crystals and the development of VUV lasers, signifi-
cant progress has been made in energy measurement as illus-

trated in Fig. 1(b). In 2024, a >>Th-doped CaF; crystal grown
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at the Technische Universitit Wien[*?! was irradiated with a
nanosecond-pulsed VUV laser generated at the Physikalisch-
Technische Bundesanstalt (PTB) and the first resonant exci-
tation was observed.*¥ This result was soon independently
verified using a 2**Th-doped LiSrAlFg crystal at the Uni-
versity of California-Los Angeles (UCLA).[**1 Building on
these experiments, researchers at the Joint Institute for Lab-

between Th3* and Th** ions due to electron-induced nuclear

frequency shifts. 38!

Table 1. Comparison of systematic uncertainties among the 1D ®7Sr
optical lattice clock, 2’ AlI* quantum logic clock, liquid-nitrogen-cooled
40Cat jon optical clock, and 229Th3* nuclear clock. All values corre-
spond to fractional frequency uncertainties.

Uncertainty (10—19) 87Sr[13] 27Al+[l4] 40Ca+[15] 229Th3+[11]

oratory Astrophysics (JILA) used a VUV frequency comb to Blackbody radiation 7.3 17 35 0.0013
. . .. . Second order Zeeman 1.0 2.5 14 0
directly excite the narrow *2°Th nuclear clock transition in a .
229 ] ) First order Zeeman 0.7 0.2 0.1
Th:CaF, crystal, improving the measurement result to the Laser Stark 32 24 0.6 0.5
kHz level.!?>! Soon afterwards, JILA also first achieved nu- Background collisions 0.5 0.4 1.8 0.1
clear excitation in >?°ThF, thin films on MgF, and Al,O; Excess micromotion L6 L4 1
. . Secular motion 3.8 0.4 0.1
substrates, respectively.’®! Lately, Elwell et al. obtained the Density 00
first laser-based conversion electron Mossbauer spectroscopy AOM phase chirp <1 1.0
of 22°Th in a thin sample of > ThO,.37! While the above mea- Gravitational 1
surements were conducted on Th*t ions, theoretical calcula- Other effects 0.1 <1 0.1 03
. .. . Total 8.2 5.5 4.7 1.5
tions revealed a —639 MHz clock transition frequency shift
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Fig. 1. Development of 22 Th nuclear transition measurements. (a) Energy measurements over the past half century. The black, red, and blue
points represent the results based on y-ray spectroscopy, internal conversion decay, and direct VUV spectroscopy, respectively. The left panel
represents Th isomer energy measurements from 1976 to 2019 with low precision and the right panel is an enlarged view showing four results
from 2019 to 2024 at the THz level. (b) Recent six high-precision results below the THz level. To date, the most precise measurement of the
nuclear transition frequency is from Zhang et al., with the precision improved by approximately six orders of magnitude to the kHz level.
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With the determination of nuclear transition frequency,
various 22™Th-based nuclear clock concepts are discussed.
Two primary ones are the ionic nuclear clock and the solid-
state nuclear clock.!'>*! The ionic nuclear clock scheme is
based on a single 2>*Th** ion or a Coulomb crystal of 22°Th3+
ions. These ions can be stably trapped for extended periods in
an ion trap, effectively isolating them from environmental per-
turbations and creating favorable conditions for time measure-
ment. For the solid-state nuclear clock scheme, the approach
utilizes VUV-transparent crystals doped with 22°Th, aiming to
directly excite the nuclear clock transition using a VUV laser.
The solid-state path requires parallel advancements in gener-
ating a narrow-linewidth, high-intensity VUV laser for excita-
tion, and in developing high-purity-doped crystals to amplify
the signal for achieving a measurable signal-to-noise ratio.

Detailed performance metrics of the ionic and solid-state
nuclear clocks are summarized in Table 2. Among various
nuclear clock concepts, the solid-state nuclear clock concept
offers compelling advantages for practical applications. The
internal conversion electron Mossbauer spectroscopy (CEMS)
scheme in ThO; enables an exceptionally short interrogation
cycle due to its ~ 10 ps isomer lifetime, theoretically boosting
short-term stability by eight orders of magnitude compared to
radiative approaches, leading to a projected clock instability
of ~2x 1078 at 1 5.37] The large ensemble of nuclei (10—
10'8 cm 313234401y provides a signal enhancement over ionic
systems. The maturity of the thin-film deposition techniques,
as demonstrated with ThF,, facilitates the development of low-
radioactivity, integrated devices, paving the way for portable,
chip-scale nuclear clocks.*!l While the solid-state nuclear
clocks offer superior short-term stability and integration po-
tential, they still face greater challenges. For thorium-doped
crystals, the nuclear transition in the solid-state environment is
influenced by electronic charge density, electric field gradient,
and field gradient asymmetry at the nucleus, all of which are
temperature-dependent. To reach a precision of 10~'%, a sta-
ble crystal temperature of 5 pK is required.[*!! The internal-
conversion-based ThO, nuclear clock is even more limited,
with its precision constrained to ~ 7.9 x 107! due to the
isomer lifetime broadening of 27 x 16 kHz.13’! By contrast,
the single-ion nuclear clock demonstrates a clear advantage
in systematic uncertainty, with a fractional inaccuracy pro-

19 1] Additionally, comparing the

jected to reach 1.5 x 10~
nuclear transition and the electronic transition of thorium ion
system offers an opportunity to measure temporal variations in
the fine-structure constant within a single experimental setup,
with common-mode rejection of certain systematic effects. %!
Calculations indicate that 2>Th3* shows promise as an ionic
clock candidate, capable of achieving 10~ !8-level accuracy via
the 5f 2Fs /2 = 5F ’F, /2 electronic transition. Based on this

frequency accuracy of 22°Th3* ionic clock, measuring the fre-

quency ratio between the nuclear and ionic clock could yield a
precision of 10~2!-yr~! for the drift of the fine structure con-
stant (&¢/o). Building on the above advantages of the ionic
nuclear clock and our group’s established research in this field,
this review focus on the current status and prospects of ionic
nuclear clocks.

Table 2. Performance comparison of different nuclear optical clock
concepts.

Type Uncertainty Stability Ref.
Jonic single ion 1.5x1071  5x1071%//7 [11]
1
multipleion > 1.5x107" 5x107'7/y/t  [39]
stal latti ~1071%  5x10717/ 36,41
Solid-state crystat 1ce. 12 . 18 a ]
internal conversion 7.9 x 10 2x 107187/ [37]

The first detailed proposal for an ionic nuclear clock was
presented by Peik and Tamm in 2003.['°1 The trivalent (34)
state was chosen because it has a suitable electron energy level
structure that allows for direct laser cooling. Apart from the
3+ state, the monovalent (1+) and divalent (2+) states have
received widespread attention. Their abundant electron en-
ergy levels provide more possibilities for resonantly enhanc-
ing excitation via an electronic bridge process.!*** Other
charged thorium ions, such as Th™,[#6:47] Th+ [481 Tho+ [49]
and Th3*,5% have also been investigated. In this paper,
229Th"™* jons (n = 1, 2, 3) are reviewed in terms of their gener-
ation, trapping, cooling, and the realization of the clock cycle.

2. Generation of the thorium ions

Thorium is a refractory metal with a high melting point
(2023 K), making it difficult to produce an atomic source of
229Th. Additionally, the ionization energies of Th, Th™, Th>*,
and Th3 range from several electronvolts to tens of electron-
volts, as shown in Table 3. Therefore, producing thorium
ions via photoionization is complex. Even for generating Th™
ions, three-photon resonance photoionization is required.>!]
Furthermore, 22°Th is an extremely rare radioactive isotope,
with an estimated global stock of ~ 40 g at reasonable iso-
topic purity.3%32 Given these factors, laser ablation is a rela-
tively suitable method for ion generation. From the perspec-
tive of > Th acquisition, another feasible approach to obtain
thorium ions from the a decay of 23U is employed in some
research groups. Comparing these two methods, laser ablation
is easy to operate but has a low ion yield, while o decay en-
ables continuous ion generation yet requires complex purifi-
cation. Alternative approaches, such as inductively coupled

153] and electron-beam evaporation, 1541 are

plasma techniques
also under investigation.

Table 3. Ionization thresholds for several thorium ions. The data are ob-
tained from NIST: Atomic Spectra Database — Ionization Energies Form.

Tonic charge 0 1+ 2+ 3+
Tonization threshold (eV) 6.31 12.10 18.32 28.65
Corresponding wavelength (nm) 196 102 68 43

023703-3
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2.1. Generating thorium ions via laser ablation

Laser ablation uses a short pulse laser with sufficiently
high energy density to irradiate the surface of solid targets,
inducing rapid heating and phase transitions, thereby generat-
ing plasma. At low pulse laser intensities, neutral atoms are
predominantly produced during the ablation process!>>! and
can be further photoionized within an ion trap.*=>1 When
the laser pulse intensity is sufficiently high,®°l large numbers
of charged ions and electrons are produced during the abla-
tion process.[%1-93! For thorium ion generation, when the laser
intensity exceeds a threshold on the order of 103 W.cm™2,
ions escape from the plume (an expanding plasma consist-
ing of various neutral particles, electrons, and ions with di-
verse charge-to-mass ratios and energy distributions)®*! and
move away from the target surface at velocities in the range
of 10* m-s~!.165 Additionally, it has been observed that at
shorter wavelengths, the transition from thermal ablation to
phase explosion occurs at lower laser photon fluences, indicat-
ing that the ablation threshold decreases with decreasing laser
wavelength. [°6-%8] To avoid perturbing the electric potential of
the ion trap, the ablation target is typically positioned outside
the trap.

A 232Th metal target is placed ~ 55 mm away from the
entrance endcap along the trap axis, as shown in Fig. 2(a). A
diode-pumped pulsed laser at 1064 nm wavelength is used for
ablation, with a pulse duration of 8 ns and a pulse energy of
450(30) wJ. It is focused to an 80(10) wm spot size on the
target at an incident angle of ~ 30°, resulting in a laser inten-
sity of 2.80(72) x 108 W-cm 2. Under these conditions, Th,
Th?*, and Th* ions are generated.[®”) A 3D Monte Carlo sim-
ulation of the dynamic process was performed using SIMION
to investigate the velocity distributions of ablated thorium

s.[701 The simulation indicates that the velocity distribu-

ion
tions of ablated ions can be described by the shifted Maxwell—
Boltzmann—Coulomb (MBC) distribution function!”!!

F(v) = A (m/27kT)**exp (—m(v— (v +7c))? /sz) (D)

where A is a normalization constant, k7 is the ion distri-
bution temperature, m and v are the ion mass and velocity,
Vg = \/W is the center-of-mass velocity (y = 5/3 for
monatomic metal samples), and v, is the Coulomb velocity
depending on the magnitude of the effective electric field gen-
erated by the plasma. The MBC velocity distributions of var-
ious ablated charged thorium ions are illustrated in Fig. 2(b).
As the ion charge state increases, the most probable velocity
of the ions increases while the proportion of ions decreases.
According to the mass spectrum signal shown in Fig. 5(b),
the ratio of Th3T ions to Th' ions is 18%, and the ratio of
Th?* ions to Th ions is 50%. This indicates a lower yield
of higher-charge-state ions, as generating such ions involves a
smaller ionization cross section and requires higher energy.

() Entrance
232y, _ endcp
metal .&_ —
target

0.9 ——Th3*
0.8 ——Th2+
0.7 Tht

Endcap

Relative population

at )/
1064 nm ablation laser UO 1 ) 3 4 5 6
Velocity (mm-us™!)

Fig. 2. Generation of thorium ions with different charge states via laser
ablation. (a) Schematic diagram of loading ions via laser ablation. A
1064 nm ablation pulse laser is focused on the target, which is positioned
in front of the entrance endcap along the trap axis. (b) Velocity distribu-
tions of ablated Th** (red line), Th®* (green line), and Th* (blue line)
ions, corresponding to the optimal parameters of the shifted Maxwell—
Boltzmann—Coulomb distribution. %]

Table 4. Corresponding parameters and characteristics of thorium ions
generated via laser ablation.

Laser Laser Aiming
Target wavelength  intensity ion Ref.
(nm) (W-cm™2) species
232Th metal 355 2.26 x 1010 Th3+ [72]
229.B32Th(NO3)4 355 6.37 x 10° Th3+ [73]
232Th metal 337 2.80 x 108 Tht, Th2* [65]
22RTH(NO,)y 1064 Th* [77]
232Th metal 1064 6.37x 10° Th™, Th2t, Th3t [79]
232Th metal 337 1.00 x 108 Tht, Th2* [81]
232Th metal 1064 2.80 x 108 Th*, Th2t, Th3* [69]

Such an ablation method has also been successfully
implemented at the Georgia Institute of Technology,’%73]
PTB,[6>7478]  Moscow Engineering Physics Institute
(MePhI),[5379801 and Griffith University.[®!l The detailed
parameters are summarized in Table 4. Furthermore, laser
ablation can also be combined with photoionization!’®7”! or

electron impact ionization'®?! to generate thorium ions.

2.2. Generating thorium ions via o decay of >3°U

The ?*Th has no natural abundance but can be artifi-
cially produced through the decay of parent nuclides. As
illustrated in Fig. 3(a), 2?°Th is populated via three natural
decay paths: electron capture decay of 2*Pa, B~ decay of
229 Ac, and a decay of 233U.[83 For the first pathway, 2*°Pa
absorbs an electron and converts a proton to a neutron, thus
generating 2 Th with a characteristic half-life of 1.5 days.
The major challenge in obtaining >?°Th via this decay chan-
nel lies in the inherently low production yield of the parent
nuclide 2?Pa itself. As an alternative, > Ac undergoes 3~
decay to produce >?°Th rapidly, with a half-life of 62.7 min.
However, 2*°Ac currently requires production in an online
facility, such as the ISOLDE facility at CERN.[3*] Regard-
ing the o decay of 233U, this radioactive decay has a half-
life of ~ 159200 years. The parent nuclide >3*U can be sus-
tainably and stably produced in Th—-U molten salt reactors
(MSRs).[®] Beyond nuclear decay pathways, 2>Th can be
produced via the neutron transmutation of 226Rqa, 228Ra, 227 Ac
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and 2*8Th in reactor-based production.®87] Additionally, an
alternative approach for 22*Th production has been proposed,
which involves bombarding a polyethylene (CH;) target with
accelerated 232Th ions to induce the neutron-knockout reac-
tion (32Th — 22°Th + 3n). (88!

Among these approaches, the a decay of 233U currently
represents the only means to obtain usable quantities of 22°Th.
The decay chain of 23U proceeds through sequential & and
B~ decays, as illustrated in Fig. 3(b), ultimately yielding sta-
ble 2%Bi as the end product. According to the half-life of
233U, its decay constant is determined to be 1.38 x 10713 571,
Consequently, it can be calculated that 1000 Bq of 2*3U cor-
responds to 7.25 x 10! atoms, with a mass of approximately
2.8 ug. For 22°Th with the same activity level, the correspond-
ing number of atoms and mass are 3.59 x 10'* and 0.137 ug,
respectively. The extraction of *Th from the o decay of
a 23U source can continuously produce 2*°Th ions of vary-
ing charge states, with approximately 2% of them populating
the isomeric state. 8% In 2015, Wense et al. quantitatively
determined the activities of 233U and its decay daughters using
Y-ray energy and ¢-energy spectra, and evaluated the emission
efficiency of o-recoil particles through recoil ion implantation
experiments. (1]

The ?*°Th a-recoil ions leave the source material with
a kinetic recoil energy of 84.3 keV, necessitating a high-
density buffer-gas environment and thus a complex differential
pumping setup. To date, Ludwig—Maximilians—Universitit
(LMU),[77’91’96] PTB,®7%81  and Rikagaku Kenkyusho
(RIKEN)['?I have constructed dedicated setups for thorium
ion extraction from the o decay of 23U sources and success-
fully obtained >**Th ions. The experimental setup at LMU!®?I
is shown in Fig. 4. The 23U source is mounted in front of a
radio-frequency (RF) and direct-current (DC) funnel placed
within a buffer-gas stopping cell. 2*Th ions, along with
other daughter products of the 233U decay chain, are first de-
celerated in the buffer-gas stopping cell filled with 40 mbar
of ultra-pure He 6.0 and then guided by the RF + DC fun-
nel system (comprising 50 ring electrodes) towards a Laval
extraction nozzle. Upon passing through the nozzle, the ex-
tracted ions are accumulated in a radio-frequency quadrupole
(RFQ). Subsequently, a quadrupole mass filter (QMF) is

283 source ——
= Electric RF+DC funnel

Supersonic Laval nozzle

Radio-frequency
quadrupole-ion guide (RFQ),
Buffer-gas stopping cell, 10-2 mbar

40 mbar

—__

—

=——————"

used to select target thorium ions, filtering out thorium ions
in other charge states, other decay products, and molecu-
lar ions formed via reactions with impurities in the buffer
gas. After mass purification of the ion beam, the ions are
transported to an ion trap with low kinetic energy. The ex-
traction efficiencies of Th3*, Th?*, and Th™ ions are 10%,
5.5% and 0.3%, respectively.®!l At PTB,°7] the thorium ion
beam is subsequently bent by 90° via an electrostatic de-
flector to provide unobstructed laser access along the trap

axis. An RF electric octupole guide is used to transport
(a) 230 21 232 33y
1.592x10°a
o: 4.824MeV
o Epe T o
1.50d
€
26Th wth 4 #oTh 1Th
7917a
o: 4.845 MeV
s ac N A e
62.7 min
p:1.1MeV

(b)

233y
1.59X 105 yr

[
:
45.6 min 97.86% 3.7 ps

o o
:
2.2 min 2.14% 32h

Fig. 3. Generation of >*Th via nuclear decay pathways. (a) A section
of the nuclide chart showing the natural decay pathways that lead to the
production of 2 Th.[83! (b) Decay chain of 233U. The data are obtained
from Livechart — Table of Nuclides - Nuclear structure and decay data.
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Fig. 4. Schematic of the experimental setup for extracting thorium ions from the « decay of a 233U source at LMU.(*?]
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the ions from the deflector to the ion trap. In contrast to the se-
tups at LMU and PTB, the extraction process at RIKEN!!?I
is achieved using an RF carpet located in a vacuum cham-
ber, which is filled with helium buffer gas (20 mbar). The
extracted ions are then directly transported to a linear ion trap.
The trap chamber is filled with helium buffer gas at a pressure
of 2 x 1073 mbar, eliminating the need for multistage differ-
ential pumping.

3. Trapping of thorium ions in ion traps

Since thorium ions produced by laser ablation or @ decay
of 233U have relatively high velocities, they typically require
deceleration and transport from external regions into the trap
center for long-term stable confinement, which facilitates the
subsequent manipulation for realizing the ionic nuclear optical
clock. Trapping of 2>*Th ions has been achieved at the Geor-
gia Institute of Technology, (73] PTB,[76’77’9SJ LMU,[77’91J and
RIKEN.!"?!" Additionally, several experiments have reported

the successful trapping of 232Th ions. [65:69.72.74.75.78-81]

3.1. Dynamic loading

Ions are commonly loaded into the trap via two ap-
proaches: axial injection (along the trap axis) or radial in-
jection (perpendicular to the trap axis). For ablated ions, ra-
dial ablation loading exploits co-generated ions and electrons
to momentarily neutralize the RF voltage on the trap elec-
trodes, enabling rapid suppression of the confinement barrier

(a) Entrance endcap Endcap
60
—=— Turn on
. 40 —=— Recover
z
- 20
8
g
3 0 g
8 T T T T T
2
g % j'x] -
: ) f\
S
§ 40 \ IR
E ! /
5 ) j kuj
0 n-u-nmn—m-um:mu»lﬂ" : - O—m-00-0 oo @-00
—40 —20 0 20 40

Distance to the trap center (mm)

within 1 us.[%%) Following ion injection, the RF trapping po-
tential is swiftly restored on a comparable timescale of us,
thereby achieving ion loading. The axial confinement of the
ion trap employs a static electric field, which provides superior
control precision compared to the RF electric field. Further-
more, axial ablation loading demonstrates an enhanced capac-
ity to trap ions with broader kinetic energy distributions when
the distance between the trap center and endcap electrodes

69,99] Currently, following laser ablation, success-

increases.|
ful ion loading along the radial direction is limited to Th* and
Th2* ions,!%! while axial loading accommodates Th*, Th>*,
and Th3" ions.[®7° For thorium ions generated via the o
decay of 233U, they are typically injected into the trap along
the axial direction after collisional deceleration with buffer
gas.[95:97.98]

Compared with passive loading, in which the endcaps
remain fixed, the loading efficiency can be dramatically im-
proved via dynamic temporal control of the axial trapping

(1001 T order to dynamically load thorium ions from

potentials.
the axial direction, when the ablation laser fires, the voltage
on the entrance endcap is switched off within 1 us and held
at 0 V for a period, as shown in the upper panel of Fig. 5(a).
Once the ions reach the center of the ion trap, the voltage at
the entrance endcap is quickly switched back within 1 ps to
realize axial confinement, as depicted in the lower panel of
Fig. 5(a). This dynamic laser ablation loading method allows
the trapping of not only slow, singly charged ions but also fast,
multiply charged ions.

(b)
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Fig. 5. Dynamic loading. (a) Axial electrostatic potential distribution as a function of distance from the trap center; turn on (in red): the voltage
of the entrance endcap is pulsed down from 70 V to 0 V; recovery (in black): the voltage of the entrance endcap is switched back from 0 V to
70 V. Turn-on time of the entrance endcap: the duration for holding 0 V on the entrance endcap.®®! (b) Comparison of the peak areas of Th3*
(red bar), Th>* (green bar), and Th™ (blue bar) ions at different turn-on times in the experiment. (0]

The dynamic ion loading method offers greater control-
lability compared to directly loading laser ablation-generated
ions into an ion trap. In addition to the ion trap’s RF voltage,
endcap voltage, and buffer gas partial pressure, dynamic load-

ing can also control the number and velocity distribution of

loaded ions via the trap’s endcap turn-on time.[*?! Figure 5(b)
illustrates the variation in signal intensity of trapped thorium
ions with different charge states as a function of the turn-on
time of the entrance endcap, which ranges from 10 ps to 55 ps.
Th3*, Th’>*, and Th* ions achieve optimal loading at 15 us,
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20 us, and 35 ps, respectively, which correlates with their ve-
locity distributions. Additionally, the total lifetime of trapped
232Th3+ jons has been measured. In Fig. 6, the black dots show
that the fitted total lifetime of Th3* ions in the presence of he-
lium buffer gas is 24(3) s.[°! By further optimizing the RF
trapping potential to mitigate RF heating effects and purifying
the helium buffer gas, the total lifetime of Th3T ions is sig-
nificantly extended to 493(32) s, as indicated by the red dots.
Under these conditions, laser cooling of Th3* jons becomes
experimentally feasible. Replacing the current ion trap with a
cryogenic ion trap will significantly extend ion lifetimes, ow-
ing to improved vacuum conditions and effective suppression

of electromagnetic interference.[?>-96-101]
1.

N 5 e Previous work
= e Current work
= - - - Lifetime fitting ¢, =24(3) s
kS - - - Lifetime fitting ¢, =493(32) s
£ 10p
[
4 ‘} { l
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Storage time (s)

Fig. 6. Total lifetime enhancement of trapped 232Th3+ ions via optimiza-
tion of the RF trapping potential and purification of the buffer gas. The
black dots show the temporal decay of the Th®* ion signal peak area un-
der pre-optimization conditions[®°! and the red dots represent the current
result after optimization. The exponential decay curve y = A - e(~ /) is
used to fit the peak area of thorium ions, where 1y is the lifetime.

3.2. Detection of thorium ions via mass spectrometry

Due to the short lifetime of trapped thorium ions and the
difficulty of fluorescence detection, existing methods for the
initial demonstration of trapped thorium ions primarily rely
on mass spectrometry techniques, including quadrupole mass
spectrometry (QMS)[°%102.1031 apnq time-of-flight (TOF) mass
spectrometry.[63:69:82.104]

As illustrated in Fig. 7(a), the integration of a linear
ion trap with a time-of-flight mass spectrometer (LIT TOF-
MS) comprises an ion trap, electrostatic lenses, deflection
electrodes, and a channel electron multiplier (CEM) detec-
tor. Similar to the Wiley—-McLaren configuration, the two
trap rods farther from the grounded plate serve as repelling
rods with a higher positive potential (= 1000 V), while the
two closer ones act as extracting rods with a lower positive
potential (= 800 V). Together with the grounded plate, they
form a three-stage Wiley—McLaren-type TOF mass spectrom-
eter. Upon exiting the grounded plate, ions enter a field-free
drift region where transverse divergence occurs perpendicu-
lar to their propagation axis. Two Einzel lenses are used to
focus and collimate the ion beam into a compact profile. Ad-
ditionally, two orthogonally aligned pairs of parallel deflec-
tion plates are mounted between the lenses to control the ion
beam vertically and horizontally. The focused and deflected
ion beam ultimately reaches the CEM detector, where the ion
signal is detected.

Ablated thorium ions with different charge states exhibit
different velocity distributions, as discussed in Subsection 2.1,
and arrive at the trap center with different flight times. A
typical mass spectrum of thorium ions at the turn-on time of
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CEM Repelli d;
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g
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Fig. 7. Mass spectrometry of thorium ions with different charge states.®

| (a) Schematic of the experimental setup. A linear ion trap is integrated

with a TOF mass spectrometer. (b) A typical TOF mass spectrum of thorium ions with various charge states at the turn-on time of 15 ps. (c)

Mass resolutions of thorium ions mass spectrometry.
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15 us is shown in Fig. 7(b). The full width at half maximum
(FWHM) values for Th3t, Th2*, and Th™ ions at a turn-on
time of 15 us are 64 ns, 59 ns, and 87 ns, corresponding to
mass resolutions of 61, 84, and 80, respectively, for thorium
ions mass spectrometry at 300 K. These data (red dot) are pre-
sented in Fig. 7(c). Zimmermann et al. (blue triangle) em-
ployed TOF mass spectrometry to measure the ion yield and
the distribution across the charge states of laser-ablated tho-
rium ions. Due to limitations of laser energy density, only
mass resolutions of 13 and 10 were obtained for Th** and

1651 Borisyuk et al. (green square) used

Th ions, respectively.
a multi-sectional quadrupole linear Paul trap with an energy
analyzer along the trap axis to measure energy distributions,
with mass resolutions of Th3*, Th>*, and Th™ ions being 7,
21, and 34, respectively.””]

Apart from the above works, Churchill et al. modified the
ion trap by integrating a CEM detector positioned off-axis at
one end of the trap for mass spectrometry of thorium ions.[1%?]
Building upon this foundation, Campbell et al. constructed a
segmented hyperbolic ion trap with high-quality quadrupole
potential control, enabling the confinement and mass spectro-
metric detection of trapped thorium ions.['%3 Notably, Groot-
Berning et al. implemented a dual detection scheme that com-
bines non-destructive identification of trapped thorium ions
via Cat Coulomb crystal fluorescence with destructive TOF
analysis, achieving a TOF detection efficiency > 95% and a
mass resolution of m/Am ~ 500 for Th*.[ Telnov et al. de-
veloped a multi-segment quadrupole ion trap equipped with
a secondary electron multiplier (SEM) for thorium ion de-
tection, with TOF mass spectrometry calibrated using 83Sr+

jons. 104

4. Cooling of thorium ions

In ion trap experiments, effective cooling of trapped ions
enables more stable ion confinement and suppresses Doppler
broadening, thereby enhancing measurement precision. Com-
mon methods for ion cooling include buffer gas cooling,[!%!
resistive cooling,!'%! direct laser cooling,'%71 sympathetic

108] gideband cooling,1%°! and so on. Typically, col-

cooling,[
lisions with buffer gas are used to decelerate thorium ions, en-
suring their effective loading. Once the ions are trapped in
the ion trap, sympathetic cooling can be employed to further
reduce their kinetic energy, enabling long-term stable confine-
ment for subsequent operations. In particular, for Th3* ions,

direct laser cooling can also be utilized to achieve ion cooling.

4.1. Buffer gas cooling

Buffer gas cooling is a widely employed technique

for cooling atoms, molecules, or ions

110-113]

to cryogenic
temperatures. ! It is achieved via collisional energy

transfer between target particles and buffer gas particles in a

vacuum chamber. The cooling efficiency depends critically on
the temperature of buffer gas and the mass ratio of the buffer
gas to the target particles, with optimal cooling achieved when
Tyas is low and the mass ratio mgys / Myarger 18 much less than
1.4 Owing to its low atomic mass (4 amu) and high ion-
ization threshold (~ 24.6 eV), helium is usually the preferred
buffer gas.

As discussed in Subsection 2.1, the velocity of thorium
ion produced by laser ablation is on the order of 103 m-s~!,
corresponding to an ion temperature in the range of 10%—
10° K. Such high kinetic energy hinders stable confinement
within the trapping potential, causing ions to escape from
the ion trap. Thus, buffer gas cooling is routinely employed
to cool these ions experimentally. Typical buffer gas partial

69,72,73] while

pressures range from 10~/ mbar to 10~ mbar,!
pressures on the order of 107> mbar are occasionally em-
ployed for cooling ions to room temperature and depopulat-
ing metastable states by collisional quenching.!%>77] Further-
more, when buffer gases are employed to exert a drag force
on ions, partial pressures around 10~2 mbar are used.!3 Sim-
ilarly, thorium ions produced via the o decay channel of 233U
decay carry arecoil energy of 84.3 keV, requiring higher buffer
gas pressures for effectively decelerating ions, typically on the

order of tens of mbar, 1291971

4.2. Direct laser cooling

Laser cooling plays a significant role in modern physics,

s,[115] quantum

having advanced the fields of atomic physic
science,!'1%!17] and precision measurements. [!3:118:1191 Typi.
cally, a cycling transition, in which the ion can continuously
absorb and emit photons, is preferred. Among all thorium
charge states, the Th3" ion, characterized by a Fr-like elec-
tronic configuration with a closed inner shell and one valence
electron, is currently the only one that can be directly laser-
cooled.

The energy level diagram of the 22°Th3* jon is given in
Fig. 8(a), including the nuclear levels for the clock transition
as well as the electronic levels for direct laser cooling. The
laser cooling process is divided into two steps. In the first step,
the two-level transition from 5f 2Fs /2 state to 6d 2D; /2 state
(green arrow) is used for laser cooling, at a laser wavelength
of 1088 nm. In the second step, further cooling is achieved
using a A-type three-level system formed by the 5f 2Fs /2, 6d
’Ds /2 and 5f ’F, /2 states, requiring wavelengths of 690 nm
(pink arrow) and 984 nm (orange arrow).

Due to its lack of hyperfine structure, lower radioactiv-
ity, and good material availability, the 2>>Th?** ion was cho-
sen for the initial feasibility demonstration. Direct laser cool-
ing of 23>Th3* was experimentally achieved in 2009.?! Sub-
sequently, 22°Th3* ion was also successfully laser cooled in
2011 and the isotope shifts of several electronic transitions be-

023703-8



Chin. Phys. B 35, 023703 (2026)

tween 229Th3t and 232Th3" were estimated,[”®! as shown in
the second column of Table 5. Additionally, the isomer shift
of the 5F5/; <> 6D3 ), transition (1088 nm) was measured by
Yamaguchi et al.,['?! as illustrated in the third column of Ta-
ble 5.

For the 22°Th3* ion, the nuclear ground state has a nu-
clear spin of 5/2 and the nuclear isomeric state has a nuclear
spin of 3/2, resulting in the hyperfine level splitting. The
corresponding hyperfine energy splittings are also illustrated
in Fig. 8(a). The energy shifts arising from the hyperfine
structure in 22°Th3* are on the order of GHz. These shifts
can be addressed using electro-optic modulators (EOMs), thus
achieving laser pumping of the hyperfine structure. An image
of 22°Th3*+-232Th** bi-component Coulomb crystal is shown

(a)

Isomer state

[

Clock transition

148 nm

-y

Ground state

2.43 GHz
1088 nm

LRNO UL

in Fig. 8(b).I”*! The top image was taken with both 22°Th3+
and 232Th3* 690 nm fields present. The 23>Th**+ and 22°Th3+
690 nm fields were then removed for the middle and bot-
tom images, respectively. The larger mass-to-charge ratio of
232Th3+ causes it to radially accumulate in the outer shells of
the crystal.

Table 5. Measured relative isotope shifts between 22°Th3*+ and 232Th3+
and isomer shifts between 2™ Th3* and 22°¢Th3*.

Isotope shift (MHz) Isomer shift (MHz)

Transition
Ref. [73] Ref. [12]
SFsj <+6D3;  —9856(10) 320(30)
5F7/2 <~ 6D5/2 79890(9)

Fig. 8. Direct laser cooling of Th3* ions. (a) Energy level diagram of the 22*Th3* ion. The left panel shows the nuclear states involved in the
clock transition, which is indicated by a red arrow. The right panel presents the hyperfine electronic level structure of 22*Th3* employed for
direct laser cooling. The upper levels (blue solid lines) correspond to the electronic energy levels when the nucleus is in the isomer state, while
the lower levels (black solid lines) correspond to the electronic structure with the nucleus in the ground state. (b) Trapped 22°Th3* and 232 Th3+
ions, laser cooled to crystallization.[”>! The images (from top to bottom) were captured with both 22°Th3*+ and 232Th3* 690 nm fields active,
only the 22*Th3* 690 nm field active, and only the 23>*Th3* 690 nm field active.

4.3. Sympathetic cooling

For atomic or molecular ions that cannot be directly laser-
cooled, sympathetic cooling presents an essential methodol-
ogy to reach ultracold regimes. This technique is achieved by
co-confining laser-cooled ions and target ions within the same
ion trap, where target ions are cooled via energy transfer to
the laser-cooled ions through Coulomb interactions. The min-
imum temperature achievable through sympathetic cooling is
constrained by the cooling limit of the laser-cooled ions and
the interaction strength between the two ion species.

In bi-component Coulomb crystals, ions with different
mass-to-charge ratios exhibit radial separation. The radius of
the ionic motion region and the ion’s mass-to-charge ratio sat-
isfy the formula ry/r, = \/Ml /Ql/\/Mz/Qz,mO] where rq
and r, are the radii of the motion regions of the ions with the

mass-to-charge ratio M /Q; and M, /Q», respectively. There-
fore, ions with higher mass-to-charge ratios experience weaker
radial confinement forces, positioning them in the outer re-
gions of the crystal, while those with lower mass-to-charge
ratios are more strongly confined and localized near the cen-
tral regions. When ions have closely matched mass-to-charge
ratios, their close spatial proximity enhances Coulomb inter-
actions, leading to improved sympathetic cooling efficiency
through stronger coupling of collective motions.

To effectively sympathetically cool thorium ions, the
mass-to-charge ratio of the laser-cooled ions should be close
to that of the target thorium ions. In 2019, Groot-Berning et al.
successfully loaded and trapped a 2>>Th* ion in a linear Paul
trap, which was embedded in and sympathetically cooled by
small crystals of trapped “°Ca™ ions.®?] PTB demonstrated
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the first realization of sympathetic cooling between >9Th3+
and 38Sr™ ions, achieving the formation of a two-component
Coulomb crystal.””) Building on this foundation, the hyper-
fine structure of 22Th3* jons in the nuclear ground state has
recently been investigated via laser spectroscopy of trapped
229Th3+ jons that are sympathetically cooled by laser-cooled
8Sr+ ions in a linear Paul trap. (%%

In our laboratory, 88Sr* and 2*Th?* ions generated via
laser ablation of a mixed target are loaded into a linear ion trap.
Laser-cooled 38Sr+ ions produce bright fluorescence, forming
a multi-component Coulomb crystal with dark 2*>Th3* ions.
Ejecting the crystal yields a TOF mass spectrum with distinct
peaks corresponding to 8Srt, 8SrO*, and 2>Th3* ions, con-
firming the successful sympathetic cooling of >*>Th>* ions by
the co-trapped #8Sr* ions.[121]

5. Realization of a closed-loop clock cycle in tho-
rium nuclear optical clock

In contrast to conventional atomic clocks, where closed-
loop clock cycles rely on electronic transitions with accessible
excitation pathways and fast spontaneous decay, the realiza-
tion of a closed-loop cycle in the 22°Th nuclear optical clock
faces unique and formidable challenges. The nuclear transi-
tion in 2>Th involves an extremely narrow linewidth and a
radiative lifetime of ~ 107 s,['? posing significant obstacles
to both efficient excitation and fast deexcitation. This section
summarizes current strategies for nuclear excitation and recent
advances in nuclear isomer quenching.

5.1. Isomer excitation

Since the second nuclear excited state has an energy of
28.4 keV, which is significantly higher than that of the first
excited state, the nucleus can be approximated as a closed
two-level system consisting of the nuclear ground state |g) and
the first nuclear excited state |e) for theoretical calculations of
the direct nuclear transition probability in 22Th. The time-
dependent nuclear excitation probability pexc(?) for a single
nucleus under resonant irradiation is given by Torrey’s solu-
tion to the optical Bloch equations.['??] The Rabi frequency
between the isomeric state and the nuclear ground state is

2mICAT
w3 '

nuc

-Qeg = (2
Here, I represents the intensity of the excitation laser, wyyc is
the angular frequency of the nuclear transition, & denotes the
reduced Planck constant, c is the velocity of light and I" cor-
responds to the linewidth of the isomeric state. The Clebsch—
Gordan coefficient for the sub-state transition between the iso-
meric state and the nuclear ground state Ceg is 1.1 Based
on the above calculation, Li et al. considered the relationship

between the laser linewidth I7, and the Doppler broadening
linewidth I}, and obtained the modified Rabi frequency.!'?*!
So far, VUV pulse lasers generated via four-wave mixing
(FWM)[33.3436.125-1271 and VUV frequency comb3>#!] have
been used to irradiate different 22*Th-doped crystals, achiev-
ing direct nuclear excitation of 2>Th. Most recently, con-
tinuous wave (CW) VUYV laser sources at 148 nm have also
been demonstrated, which are obtained via two distinct ap-
proaches: second-harmonic generation (SHG) in a randomly
quasi-phase matched SrB4O7 crystal!'?®) and FWM in cad-

(129 The detailed parameters are listed in Table 6.

mium vapor.
A power spectral density on the order of femtowatts per hertz
(fW-Hz™!) is sufficient to successfully excite 2>°Th in *?°Th-
doped crystals from its nuclear ground state to the nuclear iso-
meric state. However, the particle density in Coulomb crystals
(~ 108 cm—3[130.1311) j5 seven to ten orders of magnitude lower
than that in thorium-doped crystals (1019-10'8 ¢cm=3 (3234401,
resulting in a corresponding reduction in signal intensity.
Therefore, to achieve direct nuclear excitation in ion systems,
the development of high-power, narrow-linewidth CW VUV
laser sources is still necessary. Notably, the power spectral
density of the latest VUV CW laser can reach nanowatts per
hertz (nW-Hz~!), which is approximately 4 to 6 orders of
magnitude higher than that of previous work, making the di-
rect nuclear excitation of ion systems feasible.

Beyond direct nuclear excitation, alternative excitation
channels are under investigation, among which electronic
bridge (EB) excitation has attracted significant attention. The
EB excitation can be effectively treated as a process where
an electron, when absorbing the energy of single photon, un-
dergoes a transition from an initial state to a virtual inter-
mediate state and then to a final state. At the same time,
the nucleus is excited to the isomeric state from its ground
state. Importantly, the resonance condition must be fulfilled.
The energy difference between the virtual intermediate state
and the final electronic state has to match the nuclear transi-
tion energy. The EB process of thorium ions with different
charge states is discussed, including Th,[43:44] Th3+ [133-135]
Th*+, 481 Tho+ 1491 and Th35+ 00 jons. In 2024, Wang et
al. accounted for both hyperfine structure and atomic decay
of electronically excited ions, and their calculation results
demonstrated that a remarkable 99.7% isomeric population
transfer was theoretically reached via the stimulated Raman
adiabatic passage method, presenting a potential nuclear-laser
scheme based on the EB mechanism.[!36] Beyond direct nu-
clear excitation and EB excitation, other isomeric excitation
schemes are under discussion, including nuclear excitation by
electron capture (NEEC) in plasmal'37-138] or at heavy ion

88.1391 and the nuclear excitation via laser-driven

140,141]

storage rings, !
electron recollision. !
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Table 6. Detailed parameters of different VUV laser sources at 148 nm.

Type Power Linewidth Power spectral density Pump source
FWH in Xe gas!'?0] 0.81 mW <6 GHz 135 fW-Hz ! 249.6 nm; 90 mW
765-800 nm; 480 mW
FWH in Xe gas[??! 0.45 mW <10 GHz 45 fW-Hz™!
FWH in Xe gas!'?7] 300 pW < 6 GHz 50 fW-Hz ! 249.63 nm
Pulsed laser
420-800 nm
FWH in Xe gas[3+30] 30-60 uW 10-15 GHz 2-6 fW-Hz !
FWH in Xe gas!'>] 5uW 30 MHz 167 fW-Hz ! 250 nm
786 nm; 45-60 mW
Frequency comb!3%41-132] 1 nW 300 kHz 3.3 fW-Hz ! 1038 nm; 5-7 kW
SHG in StB407!1%%) 1.3707 nW ~kHz ~ 100 fW-Hz ! 296.8 nm; 325 mW
CW laser FWH in Cd vapor!'?*] 100 nW < 100 Hz 1 nW-Hz! 375nm; 2 W
710 nm; 4 W

5.2. Isomer deexcitation

229mTh decays to the nuclear ground state through both
magnetic dipole (M1) and electric quadrupole (E2) transitions,
with the M1 transition being dominant. According to the latest
experimental results, the radiative lifetime of the isomer state
is ~ 10% 5.2l This relatively long lifetime results in an ex-
tremely slow relaxation process, making it difficult to maintain
the stable and continuous oscillation required for the clock,
thereby limiting the clock’s performance and practical applica-
tion prospects. Therefore, there is an urgent demand to explore
new quenching channels to significantly accelerate isomer de-
excitation.

One approach is to exploit the interaction between the
229Th nucleus and its surrounding environment in 22°Th-doped
crystals. Embedding 2?°Th ions in specific host crystals may
induce changes in nuclear decay properties through crystal
electric field effects, potentially accelerating the decay pro-
cess. A new competing electric-dipole (E1) channel for nu-
clear decay in a solid-state environment has been identified
in Ref. [34].
nuclear isomeric state has been experimentally observed in

Furthermore, the induced quenching of the

229Th-doped crystals. In 2024, the isomer half-life was signif-
icantly reduced under x-ray beam irradiation, suggesting the
existence of additional decay paths.*!1 Subsequently, laser in-
duced quenching was observed independently by Schaden et
al."*1 and Terhune et al.!'*31 The underlying physical pro-
cess remains unclear and has become a focus of further in-
vestigation. Possible candidate mechanisms include couplings
to electronic near-bandgap or defect states, EB processes in
the electron cascades following X-ray-induced core-electron
ionization,*! or an IC decay process either by resonantly ex-
citing defect-state electrons to the conduction band!'**! or by
resonantly transferring the wy,. =~ 8.4 eV energy to a particle—

1441 Recent research has demon-

hole electronic excitation.
strated that the excited nucleus in a thin ThO, sample can
decay rapidly by internal conversion. This process reduces

the isomeric state lifetime to only ~ 10 us, allowing ~ 108

relative reduction in clock interrogation time. A conversion-
electron-based nuclear clock could lead to a ~ 10* improve-
ment in clock instability. 371

All reported advances in nuclear isomer quenching have
been achieved in 2?*Th-doped crystal systems. For ion trap
systems, realizing rapid nuclear isomer quenching mainly re-
lies on the potential of non-radiative channels, such as IC
and EB processes. If these non-radiative channels can be en-
hanced, they might provide alternative pathways for the iso-
meric state to decay efficiently. Therefore, exploring enhanced
IC or EB channels in thorium ions of various charge states will
be a key focus.

6. Conclusion

Since the inference of a low-energy nuclear state in 2> Th
from the a decay of 233U in 1976, this isotope has continued
to attract significant research attention. Over the past decades,
substantial progress has been made, including advancements
toward the realization of the nuclear optical clock. These
advancements include, but are not limited to: the proposals
of practical 2> Th-based nuclear clock schemes, precise de-
termination of the isomeric state energy, direct laser cooling
or sympathetic cooling of Th3* ions in Paul traps, measure-
ments of nuclear properties such as magnetic dipole and elec-
tric quadrupole moments, and the successful demonstration of
direct nuclear excitation.

In this article, we have outlined the essential steps toward
realizing an ionic nuclear clock based on 22°Th ions confined
in a linear ion trap. Starting from the generation of thorium
ions via laser ablation and o decay of 233U, to the success-
ful trapping and mass-resolved identification of various charge
states, a feasible path for preparing suitable ion samples has
been established. Cooling methods including buffer gas cool-
ing, direct laser cooling, and sympathetic cooling have been
discussed, each playing a critical role in reducing the motional
energy of ions and enabling precision spectroscopy. Further-
more, the core challenge in realizing the >**Th nuclear opti-
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cal clock — establishing an efficient closed-loop clock cycle
— has been summarized and analyzed. Despite recent exper-
imental and theoretical progress, particularly in crystal sys-
tems, many open questions remain for ion-trap platforms, es-
pecially regarding efficient excitation under low-density con-
ditions and rapid quenching of the long-lived isomeric state.

Advancing control over nuclear-electronic coupling, im-
proving VUV laser technologies, and exploring enhanced non-
radiative decay mechanisms of the nuclear isomeric state will
be pivotal for the development of the 2>°Th ionic nuclear op-
tical clock with unprecedented stability and accuracy, which
holds great promise not only for timekeeping, but also for fun-
damental physics research. The ultimate realization of the
229Th nuclear clock will represent a transformative advance-
ment in optical clock technology by shifting the fundamental
reference from electronic to nuclear transitions. It will further
open new avenues for probing fundamental physics, allowing
ultra-precise investigations of physical constants, searches for
temporal variations in the fine-structure constant, and rigorous
tests of physics beyond the Standard Model. Such develop-
ments are poised to provide unprecedented insights into the
fundamental principles that govern our universe.!'*! More-
over, coherent control over the nuclear ground state and nu-
clear isomeric state of 2**Th could potentially enable a novel
qubit system. This would expand the range of existing qubit
carriers beyond ions, which is of great significance for quan-
tum computing and quantum information. 1461
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