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TOPICAL REVIEW — Advances in thorium nuclear optical clocks
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Recent advances in atomic optical clocks based on electronic transitions have achieved frequency uncertainties at the
10−19 level, enabling wide applications in testing variations of physical constants, exploring dark matter signatures, and
enhancing precision metrology for position, navigation, and timing systems. To pursue higher-precision optical clocks, the
development of nuclear optical clocks has emerged, with the 229Th system distinguished by its unique low-lying isomeric
state at ∼ 8.4 eV and a natural linewidth of approximately 100 µHz, promising uncertainties below 10−19. The intrinsic
insensitivity of nuclear transitions to external perturbations and their subatomic-scale spatial confinement provide signifi-
cant advantages over electronic transitions in mitigating environmental shifts. Recent experimental breakthroughs include
the excitation of the nuclear clock transition in solid-state 229Th-doped crystals with spectral resolution at the kHz level.
However, critical challenges persist, particularly in implementing effective laser excitation schemes (e.g., via the electronic
bridge mechanism) and closed-loop quantum control in trapped ion systems. Addressing these requires comprehensive
understanding of complex many-body interactions in 229Th, encompassing electronic structure, nuclear deformation, hy-
perfine and field shift, and solid-state environmental coupling. This review synthesizes recent advancements in (i) the
characterization of nuclear and atomic structures of the 229Th nuclear clock, and (ii) precise evaluation and mitigation of
external perturbations affecting the clock transitions. The analysis provides a solid theoretical and experimental foundation
for optimizing 229Th-based nuclear clock performance.

Keywords: 229Th nuclear clock, electronic bridge, external field effects
PACS: 31.15.ac, 32.60.+i, 32.10.Fn, 27.90.+b
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1. Introduction

Atomic clocks based on electronic transitions represent
the state-of-the-art in time-frequency metrology, achieving
fractional uncertainties at 10−19.[1–3] These precise instru-
ments play crucial roles in national timekeeping networks,[4,5]

synchronization systems,[6–8] tests of fundamental constant
variations,[9–11] dark matter detection experiments,[12–16] and
satellite navigation systems.[17–21] The emerging nuclear opti-
cal clocks,[22–25] exploit the exceptional environmental insen-
sitivity of nuclear transitions to achieve superb precision, with
theoretical estimates indicating a potential uncertainty as low
as 10−20.[22]

Among all nuclides, 229Th is uniquely distinguished by
its nuclear isomeric state at ωN ≈ 8.4 eV (corresponding to
a wavelength of ∼ 148 nm),[26–29] the lowest known nuclear
excitation energy. This exceptional property, combined with
an ultra-narrow natural linewidth (∼ 100 µHz)[30,31] and sub-
atomic spatial confinement,[22,32–34] enables precise laser con-
trol of nuclear quantum states while minimizing environmen-

tal perturbations. Therefore, 229Th has emerged as the most
promising candidate for nuclear optical clocks,[35] with pro-
found implications for fundamental physics across atomic, nu-
clear, and precision measurement sciences.[26,28,36–39]

The 229Th nuclear clock system consists of the nucleus
and the extranuclear electrons within the atom, which together
interact with the external environment. As shown in Fig. 1, the
nucleus and electrons perturb the energy levels of each other
through Coulomb interaction and hyperfine interactions (HFI),
while both are affected by external perturbations such as laser
fields, thermal radiation, and electromagnetic fields. A thor-
ough understanding of these interactions is therefore crucial
for achieving precise determination of the nuclear transition
energy.

Experimentally, there are two main types of 229Th nuclear
clocks: one based on trapped thorium ions and another uti-
lizing doped solid-state crystals. Experimental progress has
demonstrated the feasibility of 229Th nuclear clock transitions
via excitation and deexcitation, achieving kHz-level precision
in solid-state 229Th-doped crystals,[28,29] but still seven orders
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of magnitude broader than the natural linewidth. For trapped
ions implementations, however, viable effective laser excita-
tion of nuclear transitions remains unrealized. Proposed exci-
tation schemes, particularly the electronic bridge (EB) mecha-
nism, where nuclear excitation is indirectly mediated by elec-
tronic transition,[40–43] face critical limitations. The excitation
efficiency is influenced by precise electronic and nuclear struc-
tural data, highlighting the need for a thorough understanding
of the coupling interactions between the 229Th nucleus, elec-
trons, and their surrounding environment.

E2, M1
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Isomeric state

2nd excited state

Electron
shell
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~8.4 eV

~29 keV

229Th  nuclear clock

µm,Qm
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Fig. 1. The relationship among the nucleus, electrons, and external
fields involves mutual perturbations of energy levels. Specifically, the
nucleus and electrons perturb the energy levels of each other through
field shift (FS) and hyperfine-structure (HFS) couplings, while both are
further influenced by external perturbations such as laser fields, thermal
radiation, and electromagnetic fields.

Theoretically, the accurate characterization of 229Th faces
considerable challenges. Both neutral thorium (Z = 90) and
its ions represent complex many-body systems, where valence
and core electron correlations, inner-shell excitations, nucleon
interactions, and nuclear deformations all critically impact
computational accuracy.[36,44–48] Compounding this complex-
ity, current nuclear models cannot reliably predict the first ex-
citation energy of 229Th.[49] Furthermore, the scarcity of ex-
perimental data severely constrains the development of feasi-
ble EB schemes.[36,50–52]

This review systematically discusses recent advances
in nucleus–electron–environment interactions, emphasizing
emerging research frontiers enabled by high-precision spec-
troscopy of the novel 229Th nuclear clock. Since the underly-
ing physics of 229Th is less well understood compared to com-
pared to established atomic and ionic optical clocks, Section 2
summarizes the nuclear characteristics of 229Th, while Sec-
tion 3 details the electronic properties of various 229Th ionic

systems. Section 4 analyzes electron–nuclear interaction-
induced frequency shifts, and Section 5 addresses various ex-
ternal field effects in Th-based candidates. Section 6 presents
EB processes for developing trapped 229Th ion clock. Finally,
Section 7 outlines current challenges and future prospects in
this rapidly evolving field of 229Th nuclear clock.

2. Nuclear characteristics of 229Th
2.1. Transition energy

Since the extremely low-energy first excited state of the
thorium nucleus was first identified in the 1970s by Kroger
and Reich,[53] the confirmation of its first nuclear excited en-
ergy, which is crucial for developing a nuclear clock, has been
refined over decades, as shown in Table 1.

Initial measurements conducted in the 1990s at INEL
Idaho reported very low energies of 1 eV and 3.5 eV, but
with extremely large uncertainties of 4 eV and 1.0 eV,
respectively.[54,55] These energies correspond to wavelengths
of approximately 1240 nm and 354 nm, respectively. Although
these results highlighted the challenge, their precision was in-
sufficient. A pivotal measurement by LLNL in 2007 reported
a significantly higher energy of 7.6(5) eV (∼163 nm),[56]

substantially reducing the relative uncertainty. Subsequently,
Beck et al. re-evaluated this measurement and corrected
the energy to 7.8(5) eV,[57] which has been widely cited
for many years. This established the transition in the vac-
uum ultraviolet (VUV) range and set the stage for more pre-
cise work. From 2019 to 2023, measurements by JAXA,
LMU Munich, Heidelberg University, and KU Leuven con-
sistently reported energies clustered around 8.1 eV to 8.3 eV
(∼ 149–153 nm).[58–61] The uncertainties steadily decreased
from around 0.17 eV (LMU Munich, Heidelberg University)
to 0.024 eV (KU Leuven). During this period, there was
a strong convergence towards the 8.3 eV region. In 2024,
there was a significant improvement in precision, primarily
driven by laser spectroscopy techniques on 229Th doped in
solid-state crystals such as CaF2 and LiSrAlF6.[26–29,62] Multi-
ple institutions, including PTB, Okayama University, UCLA,
and JILA, achieved remarkably precise energy values, all
converging around 8.3557 eV. Uncertainties dropped to the
milli-electronvolt (meV) and even sub-meV levels. For in-
stance, PTB reported 8.3557(1) eV with an uncertainty of 0.1
meV. JILA reported an astonishing 8.355733552154(8) eV,[28]

corresponding to a frequency measurement precision of 2
kHz. Measurements using ThF4 in different host matrices
(MgF2, Al2O3) showed very slightly different energies (e.g.,
8.355731(2)stat(12)sys eV, 8.355740(3)stat(12)sys eV), likely
due to crystal field effects. However, these values still fell
within the 8.3557 eV region with high-precision.
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Table 1. Chronology of the first excitation energy and state lifetime studies for the 229Th nuclear clock.

Year Institution ∆E (eV) λ (nm) ν τN (s) Method Ref.

1976 INEL, Idaho < 100 > 12.40 < 24.18 PHz [53]

1990 INEL, Idaho 1(4) 1240(4959) 0.24(97) PHz [54]

1994 INEL, Idaho 3.5(10) 354(101) 0.85(24) PHz [55]

2007 LLNL, USA 7.6(5) 163(11) 1.84(12) PHz 5h 229mTh3+ from 233U [56]

2009 LLNL, USA 7.8(5) 159(10) 1.89(12) PHz [57]

2019 JAXA, Japan 8.30(92) 149(17) 2.007(222) PHz 229mTh3+ from 233U [60]

2019 LMU Munich, Germany 8.28(17) 149.7(31) 2.003(41) PHz 229mTh3+ from 233U [58]

2020 Heidelberg University, Germany 8.10(17) 153.1(32) 1.958(41) PHz 229Th from 233U [61]

2023 KU Leuven, Belgium 8.338(24) 148.7(4) 2.016(6) PHz 670(102) 229Ac: CaF2/MgF2 [59]

2024 RIKEN, Japan 2020+866
−433

229mTh3+ from 229U [65]

2024 PTB, Germany 8.355 7(1) 148.382 1(5) 2020.409(7) THz 630(15) 229Th: CaF2 [26]

2024 Okayama University, Japan 8.37(2) 148.18(42) 2.023(6) PHz 645(36) 229Th: CaF2 [62]

2024 UCLA, USA 8.355 733(2)stat(10)sys 148.382 19(4)stat(20)sys 202 040 7.3(5)stat(30)sys GHz 568(13)stat(20)sys
229Th: LiSrAlF6 [27]

2024 JILA, USA 8.355 733 552 154(8) 148.382 182 8827(1) 202 040 738 433 5(2) kHz 641(4) 229Th: CaF2 [28]

2024 JILA, USA 8.355 731(2)stat(12)sys 148.382 23(3)stat(22)sys 202 040 6.8(4)stat(30)sys GHz 153(7)stat(9)sys
229ThF4(MgF2) [63]

2024 JILA, USA 8.355 740(3)stat(12)sys 148.382 06(5)stat(22)sys 202 040 9.1(7)stat(30)sys GHz 150(15)stat(5)sys
229ThF4(Al2O3) [63]

2025 JILA*, USA 8.355 733 550 46(1) 148.382 182 912 8(2) 202 040 738 3.926(3) MHz 229Th: CaF2 [29]

2025 UCLA, USA 8.355 734 3(6)stat(12)sys 148.382 17(1)stat(22)sys 202 040 7.5(2)stat(30)sys GHz 12.3(3) µs 229ThO2 [64]

*Measured under T = 229 K condition.

The verification process for the 229Th nuclear clock tran-
sition energy has evolved from highly uncertain initial esti-
mates in the eV range to extraordinary sub-milli-eV (and even
nano-eV) precision by 2024–2025. This dramatic improve-
ment, particularly through laser spectroscopy of 229Th doped
in crystals like CaF2, has firmly converged on an energy value
of approximately 8.3557 eV, which corresponds to a wave-
length of ∼ 148.38 nm and a frequency of ∼ 2.0204 PHz.
This level of precision is fundamental for the development of
a practical nuclear clock.

2.2. Lifetime of isomeric state

Direct nuclear structure calculations cannot predict the
extremely low first excitation energy of 229Th nuclei, much
less their isomeric state lifetime. In experiments, this lifetime
is instead inferred by detecting decay photons from the tho-
rium isomeric state. The photon count follows the relation[63]

N = N0[1− e−t/τ ], (1)

where N0 represents the effective number of excited 229Th nu-
clei, and τ is the lifetime of the isomeric state.

The experimental determination of the lifetime τN for the
229Th nuclear clock isomer has long been challenging, with
no reliable values reported prior to 2023, as summarized in Ta-
ble 1. Since then, however, significant progress has been made
through measurements conducted in various environments.

Most experiments using 229Th-doped solid-state crystals
(e.g., CaF2 and LiSrAlF6) have consistently reported lifetimes
on the order of hundreds of seconds. In 2023, KU Leu-
ven reported a value of 670(102) s.[59] Subsequent measure-
ments in 2024 further confirmed this scale: PTB reported
630(15) s,[25] Okayama University 645(36) s,[62] UCLA
568(13)stat(20)sys s,[27] and JILA 641(4) s using CaF2.[28]

In stark contrast, a recent study by UCLA in 2025, con-
ducted with ThO2 molecules, revealed a dramatically shorter
lifetime of 12.3(3) µs via the internal conversion electron
mechanism.[64] This discrepancy underscores the profound
sensitivity of the isomer lifetime to its local environment,
likely due to significant differences in electronic interaction
strengths influencing the internal conversion decay channel —
a critical consideration for nuclear clock applications.

Complementing these solid-state studies, experiments
have also been performed in vacuum environments. A no-
table example is the RIKEN experiment, which measured a
half-life of t1/2 = 1400+600

−300 s for trapped ions under near-
vacuum conditions,[65] corresponding to a state lifetime of
τ = 2020+866

−433 s. The relationship between lifetimes in vacuum
and crystal settings is described by τvacuum = n3τcrystal, where
n is the refractive index of the crystal,[62] further highlighting
the environmental dependence of the nuclear transition.

2.3. Nuclear multipole moments

In principle, nuclear multipole moments can be deter-
mined through ab-initio nuclear model calculations. Alterna-
tively, these moments can be inferred via hyperfine interac-
tions, where nuclear multipole moments couple to electrons.
The hyperfine interaction Hamiltonian between electrons and
the nucleus is given by

HHFI = ∑
τ=E,M

∑
Kλ

(−1)λℳτ

K−λ
T τ

Kλ
, (2)

where ℳτ

K−λ
and T τ

Kλ
denote the electromagnetic multipole

operators of rank K for the nucleus and bound electrons, re-
spectively. The explicit mathematical forms of these opera-
tors can be found in Refs. [66,67]. The superscript τ distin-
guishes between electric (τ = E) and magnetic (τ = M) mul-
tipole components of the interaction.
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Through this interaction, the nuclear spin I and the elec-
tronic angular momentum J couple to form a total angular mo-
mentum F . The resulting wave function after the electron–
nucleus coupling can be expressed as

|FmF(IγJ)⟩= ∑
mImJ

C(F, I,J;mF ,mI ,mJ)|ImI⟩|γJmJ⟩, (3)

where mF denotes the magnetic quantum number of the to-
tal angular momentum F , and C(F, I,J;mF ,mI ,mJ) represents
the Clebsch–Gordan coefficient for angular momentum cou-
pling. The states |ImI⟩ and |γJmJ⟩ represent the nuclear and
electronic wave functions, respectively, while γ encompasses
additional quantum numbers.

The first-order energy correction from hyperfine interac-
tion is given by

∆E =
1
2

AC+B
3
4C(C+1)− I(I +1)J(J+1)

2I(2I −1)J(2J−1)
, (4)

where C = F(F + 1)− J(J + 1)− I(I + 1), A and B are the
hyperfine structure constants. Experimentally, A and B can
be determined by measuring the hyperfine splitting of electron
energy levels. These constants are theoretically related to the
nuclear multipole moments[66,68] through

A/µ =
1

I
√

J(J+1)(2J+1)
⟨γJ‖T1‖γJ⟩, (5)

B/Q =

√
4J(2J−1)

(J+1)(2J+1)(2J+3)
⟨γJ‖T2‖γJ⟩. (6)

Here, µ and Q represent the nuclear magnetic dipole moment
and electric quadrupole moment, respectively. The operators
TK correspond to the electronic parts of the hyperfine interac-
tion, with their explicit forms provided in Ref. [69]. Using the
experimentally measured values of A and B, combined with
high-accuracy theoretical calculations of the reduced matrix
elements ⟨γJ‖TK‖γJ⟩, the nuclear multipole moments µ and
Q can be determined.

Furthermore, since the multipole moments of the nuclear
ground and isomeric states satisfy Eqs. (5) and (6), and the
reduced matrix element ⟨γJ‖TK‖γJ⟩ of the electronic state is
invariant under state transitions, the moments of one state can
be derived from those of the other. This provides an alternative
method for determining nuclear multipole moments.

Substituting the spins of the nuclear ground state (Ig =

5/2) and isomeric state (Im = 3/2) into Eqs. (5) and (6), we
can obtain the following relationships:

µm =
3
5

Am

Ag
µg, (7)

Qm = Qg
Bm

Bg
. (8)

Thus, once the ratio of A and B between the two states is
known, the multipole moment of one state can be determined

from the other. This method has been employed in previous
studies.[65,68]

Table 2 comprehensively presents theoretical calculations
and experimental measurements of A and B, as well as the
derived µ and Q for 229Th3+ and 229Th2+ ions in both nu-
clear ground and isomeric states. It is noticed that except
for the nuclear properties obtained through direct shell-model
calculations in Ref. [70], the determination of all other nu-
clear properties relies on a combined experimental and theo-
retical approach to evaluate nuclear moments. For the ground
state of 229Th3+, the A and B have been experimentally de-
termined for multiple electronic configurations: 5f5/2, 5f7/2,
6d3/2, 6d5/2. Campbell et al. measured these via optical
transitions, reporting Qg = 3.11(16) eb,[71] while Zitzer et
al. achieved a threefold reduction in uncertainties using laser
spectroscopy of trapped, sympathetically cooled ions. Theo-
retical results calculated using configuration interaction plus
many-body perturbation theory (CI+MBPT), coupled cluster
with single and double excitation (CCSD), and multiconfig-
uration Dirac–Hartree–Fock (MCDHF) methods show good
agreement with experimental data, converging to nuclear mo-
ments of µg = 0.365(3) µN and Qg = 3.11(5) eb.[72] The only
A constant for the isomeric state is −267(3) MHz,[65] which
has the opposite sign to the nuclear ground state.

Experimental studies of 229mTh3+ are currently limited to
laser spectroscopy work by Yamaguchi et al.,[65] who mea-
sured the A and B for the 6d3/2 electronic state in the nu-
clear isomeric state of 229Th3+, yielding −267(3) MHz and
1288(10) MHz, respectively. Utilizing these experimental re-
sults, they determined µ and Q of the nuclear excited state to
be −0.378(8) µN and 1.77(2) eb, respectively, representing
the most precise determinations to date.

Compared to 229Th3+, experimental and theoretical in-
vestigations of hyperfine structure constants and nuclear mo-
ments for 229Th2+ remain relatively scarce, with primary con-
tributions from the works of Thielking et al.[73] and Müller et
al.[68] For the 229Th2+ isomeric state, Thielking et al. reported
the hyperfine structure constants as Am = −263(29) MHz
and Bm = −151(22) MHz for the 6d2,3 F2 state, and Am =

53(65) MHz and Bm = 498(15) MHz for the 5f6d,1Po
1 state.

Using these values, they obtained the magnetic dipole moment
µm =−0.37(6) µN and the electric quadrupole moment Qm =

1.74(6) eb for the isomeric state. In the same year, Müller
et al. performed MBPT and MCDHF calculations,[68] using
experimental results from Ref. [73] to derive µm = −0.35 µN

and Qm = 1.74(8) eb for the nuclear excited state. These the-
oretical results agree well with those reported by Thielking et
al.,[73] reinforcing the consistency of current knowledge on the
nuclear properties of the isomeric 229Th2+ system.
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Table 2. Listed are the nuclear magnetic dipole moment µ (in µN), electric quadrupole moment Q (in eb). The ratios A/µ (MHz/µN) and B/Q (MHz/eb),
and the hyperfine constants Ag, Bg, Am, and Bm (MHz) for the 229Th3+ and 229Th2+ ions. In Ref. [69], two sets of µ and Q were determined by combining
theoretical values from different methods with experimental data. µN is the nuclear magneton and 1 eb = 1.6022×10−47 Cm2.[74]

229Th3+

5f5/2 5f7/2 6d3/2 6d5/2 Final

Ag/µg theory[75]a 229.2 86.1 431.5 –36.7

Ag/µg theory[69]b 232.28 87.14 442.71 –35.39

Ag/µg theory[69]c 230.53 87.12 431.85 –23.31

Ag Expt.[71] 82.2(6) 31.4(7) 155.3(12) –12.6(7)

Ag Expt.[72] 82.0(2) –12.9(3)

Am Expt.[65] –267(3)

µg
[75] 0.359 0.365 0.360 0.343 0.360(7)

µg
[69]b 0.354(3) 0.360(8) 0.351(3) 0.365(20) 0.355(9)

µg
[69]c 0.357(3) 0.360(8) 0.360(3) 0.241(30) 0.359(9)

µg
[70] 0.53 – 0.66

µg
[76] 0.54

µg
[72] 0.365(3) 0.31(7)

µm
[65] −0.378(8)

µm
[70] −0.25–−0.35

Bg/Qg theory[77]d 740 860 690 860

Bg/Qg theory[75]a 725 809 738 873

Bg/Qg theory[69]b 743 829 746 883

Bg/Qg theory[69]c 783 879 758 897

Bg Expt.[71] 2269(6) 2550(12) 2265(9) 2694(7)

Bg Expt.[72] 2270.3(1.8) 2695.7(1.9)

Bm Expt.[65] 1288(10)

Qg
[75] 3.13 3.15 3.07 3.09 3.11(6)

Qg
[69]b 3.06(1) 3.07(2) 3.04(1) 3.05(1) 3.05(3)

Qg
[69]c 2.90(1) 2.90(2) 3.00(1) 3.00(1) 2.95(7)

Qg
[70] 2.80(27)

Qg
[78] 3.15(3)

Qg
[71] 3.11(16)

Qg
[72] 3.11(5) 3.10(4)

Qm
[65] 1.77(2)

Qm
[70] 1.56

229Th2+

6d2 3F2 5f6d 1Po
1 Final

Am/µm theory[68]d 660 506

Am/µm theory[68]e 749 419

Bm/Qm theory[68]d 22 270

Bm/Qm theory[68]e 23 222

Ag Expt.[73] 151(8) 88(4)

Bg Expt.[73] 73(27) 897(14)

Am Expt.[73] –263(29) 53(65)

Bm Expt.[73] –151(22) 498(15)

µm –0.37(6)[73], –0.35[68]

Qm 1.74(6)[73], 1.74(8)[68]

a from SDpT method, b from LCCSD method, c from CCSD method, d from CI+MBPT method, e from MCDHF method.

3. Electronic properties of 229Th atomic systems

The nuclear transition frequency in 229Th is profoundly

influenced by extranuclear electron configurations through

hyperfine interactions.[69,75,79] Therefore, precise knowledge

of thorium’s electronic structures is critical for selecting

laser-accessible electronic states, designing efficient cooling
schemes, and achieving high-precision quantum-state control.
However, the accurate many-body calculations for 229Th face
significant challenges: the high atomic number (Z = 90) am-
plifies relativistic effects, strong electron correlation compli-
cates open-shell configurations, and complex CI persists in in-
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termediate charge states. These factors collectively contribute
to the scarcity of reliable experimental and theoretical data
for various 229Th ions, particularly in the intermediate charge-
state region. Given these computational challenges and the
scarcity of experimental benchmarks, accurate modeling of
229Th systems requires advanced relativistic many-body meth-
ods. The following subsection is a brief overview of the com-
mon and mainstream many-body theoretical methods used for
such calculations.

3.1. Theoretical methods for electric structure calculations

To accurately determine the electronic structures and
electric properties of 229Th atoms and their ions, it is essential
to employ high-precision theoretical methods capable of si-
multaneously accounting for both strong relativistic and com-
plex electron correlation effects.[32,75,79–81] As thorium be-
longs to the actinide series of heavy elements, its electronic
structure exhibits strong electron correlation effects.[82–84]

Therefore, traditional non-relativistic approaches are insuf-
ficient to meet the required accuracy.[85] Currently, the
most widely used high-precision theoretical methods include
MCDHF, MBPT, and relativistic coupled-cluster (RCC) meth-
ods. A brief overview of these methods is provided below.

The MCDHF method optimizes both orbital func-
tions and configuration mixing coefficients self-consistently
to obtain the best variational description of atomic state
wavefunctions.[86–89] The atomic state function is expressed as
a linear combination of configuration state functions:[87,90,91]

|Ψ(γJ)⟩=
NCSF

∑
i=1

ci|Φ(γiJ)⟩, (9)

where γ denotes all quantum numbers other than J, and ci are
the mixing coefficients. The self-consistent field procedure si-
multaneously optimizes the orbitals and coefficients ci to min-
imize the total energy.[92] Subsequently, a relativistic CI cal-
culation is usually performed, in which the configuration state
function (CSF) space is expanded to include the Breit inter-
action and quantum electrodynamic (QED) corrections.[90–92]

MCDHF provides a fully relativistic and variationally consis-
tent description, making it highly suitable for heavy elements.

MBPT systematically incorporates electron correlation
effects through perturbative expansions.[22,41,93,94] The total
Hamiltonian Ĥ is decomposed as[95]

Ĥ = Ĥ0 +V̂I, (10)

where Ĥ0 contains the nuclear potential and the V N−1 poten-
tial describing the average interaction between core and va-
lence electrons,[83,96] and V̂I represents the residual interac-
tion. For monovalent systems, valence correlation is often ap-
proximated by the second-order self-energy operator Σ (2)(E):[

Ĥ +Σ
(2)(E)

]
|ψ⟩= E|ψ⟩, (11)

which is derived from Brillouin–Wigner or Rayleigh–
Schrödinger perturbative frameworks.[97] MBPT provides a
systematic framework for including correlation effects, and
when the perturbation series converges well, it yields highly
accurate results. However, convergence may deteriorate in
strongly correlated or near-degenerate systems, in which case
non-perturbative methods are required.[84]

The RCC method systematically captures electron corre-
lation effects of all orders through an exponential ansatz for the
excitation operator.[69,98–100] The exact wavefunction is con-
structed as

|Ψv⟩= eS|Φv⟩, (12)

where |Φv⟩ represents the zeroth-order reference state, and S
is the total excitation operator including single (S1), double
(S2), and higher excitations (S3, . . .). In the commonly used
CCSD approximation, only single and double excitations are
retained, while including all linear and nonlinear terms aris-
ing from their exponential expansion. The linearized version,
LCCSD, retains only the linear terms (S1 + S2). It should
be noted that the LCCSD approach is formally equivalent to
the all-order method[84,95,101] used by Safronova et al., where
the nonlinear coupled-cluster terms are neglected.[69,75,79,102]

LCCSD is computationally efficient but slightly less accurate
than CCSD.[69]

For multivalent systems, a single theoretical approach is
often insufficient to accurately capture both core and valence
correlations. Therefore, hybrid methods combining CI with
MBPT or RCC techniques have become important tools in
studying 229Th systems.[68,84] Typically, core–valence corre-
lations are computed to all orders using RCC[25,48,75,84] and
incorporated into the valence-space effective Hamiltonian as
Σ or Ĥeff. The correlations among valence electrons are then
treated using the CI method,[41,80,84,103] ensuring an accurate
description of both valence and core correlations. For the
229Th atom and its ionic systems, CI-based hybrid approaches
such as CI+all-order are typically employed to achieve the
best agreement between theory and experiment.

These theoretical frameworks provide the foundation for
accurate modeling of electronic structures in thorium and its
ions. As summarized in Table 3, recent theoretical studies
have reported various electronic structure properties for differ-
ent thorium ions, with methodological details and validation
benchmarks available in the corresponding references. The
following subsections focus specifically on low-charged ions
(229Th+–229Th4+), motivated by their experimental relevance,
laser-accessible electronic configurations, and the contrasting
performance of current theoretical methods in this regime.

023101-6



Chin. Phys. B 35, 023101 (2026)

Table 3. The electronic structure properties of 229Th ions, including energy (E), Landé factor (g), lifetime (τ), transition rate (Ar), oscillator
strength ( f ), line strength (S), reduced matrix elements of electric and magnetic multipoles (RMEEλ , RMEMλ ), branching ratio (Br), field shift
constant (F0), polarizability (αEλ ), transition amplitudes (TAM1, TAE2), radiative width (Γrad), and radiative lifetime (τrad).

System Method Properties Ref.
229Th CI+all-order E, g [84]

CCSD+CI F0 [80]
229Th+ CI+all-order F0 [104]

CCSD+CI F0 [80]
CI+MBPT E, g, τ [96]
CI+all-order E, g [84]
CI+MBPT E, g [41]
CI+MBPT E, F0 [77]
HFR+CPOL/CI+MCDHF E, f [105]

229Th2+ CCSD+CI F0 [80]
CI+all-order F0 [104]
CIPT F0 [106]
DFT E [107]
CI+all-order E, g, τ , Ar , f , Br , RMEE1, RMEE2, RMEM1, RMEM2 [84]
CI+MBPT E, F0 [77]
CI+MCDHF E, Br , f , Ar [92]

229Th3+ all-order/MBPT E, RMEE1, RMEE2, RMEE3, RMEM1, RMEM2, RMEM3, f , Ar , τ , αE1 [101]
all-order/MBPT E, RMEE2, RMEM1, f , Ar , αE1 [95]
HFR+CP f , Ar [108]
HFR/HFR+CP E, f [109]
TDHF+CP g, TAM1, TAE2 [110]
DF/MBPT/all-order RMEM1, RMEE2 [111]
CCSD F0 [80]
CIPT F0 [106]
SDpT/all-order/MBPT RMEE1, f , τ , Ar , αE1 [79]
MBPT/DFCP E, τ , g, RMEE1, RMEE2, RMEM1, Ar , Br , αE1 [97]
MBPT E, F0 [77]
LCCSD/CCSD E [69]
DF/CCSD E, g, RMEE1, RMEE2, RMEM1, f , S, Ar [112]
FSCCSD E [113]

229Th4+ CIPT E, F0, g [106]
RPA αE1 [79]
MBPT/DFCP αE1 [97]
FSCCSD E [113]
RPA+HF αE1 [109]
CI+all-order/MBPT αE1 [95]
HF αE1 [114]
CCSD(T) αE1 [115]
CI+all-order E, RMEM1, RMEE2, Ar , τ [103]
MBPT E, RMEE1, RMEE2, RMEE3, RMEM1, RMEM2, RMEM3, S, Ar [116]
DF/RPA αE1, αE2 [116]

229Th35+ DHF+CI E [43]
229Th39+ MCDHF E [51]
229Th87+ DFT E, Γrad, τrad [117]
229Th88+ CI E [118]
229Th89+ DFT E, Γrad, τrad [117]

3.2. 229Th+ ion

The 229Th+ ion, a moderately complex 89-electron sys-
tem with three valence electrons, exhibits significant electron
correlation effects that complicate accurate electronic struc-
ture calculations. Figure 2 illustrates its simplified energy
levels diagram. To address the electron-correlation prob-
lem in this system, several advanced theoretical approaches
have been employed, including CI+MBPT,[41,77,96] which in-
corporates second-order perturbative corrections to single-

electron self-energy and screened Coulomb interactions within
the relativistic Dirac–Hartree–Fock framework; CI plus all-
order method (CI+all-order),[84,104] which improves correla-
tion treatment through iterative coupled-cluster corrections;
and the singles-doubles coupled-cluster method combined
with CI method (CCSD+CI),[80] which offers complementary
computational advantages.

The computational challenge in this system is clearly il-
lustrated by the systematic study of Gamrath et al.[105] They
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found that while the MCDHF+CI approach reproduces exper-
imental energy levels reasonably well, its predicted oscilla-
tor strengths show notable discrepancies. This indicates that
for heavy multi-electron systems, achieving accurate radiative
transition properties remains highly challenging. A compar-
ison of different methods is summarized in Table 4, which
shows that both CI+all-order[84] and CI+MBPT[77] reproduce
the low-lying level ordering well, with CI+all-order generally
achieving closer agreement and CI+MBPT tending to slightly
overestimate some excitation energies.

2036 nm 1064 nm 452 nm

787 nm
6d3 2F5/2

6d3 4F5/2

6d7s2 2D3/2

5f7s2 2F5/2

229Th+

Fig. 2. Partial energy levels of the 229Th+ ion. All transition energies
are sourced from Ref. [119].

Table 4. Energies (in cm−1) of selected low-lying states of the 229Th+

ion.

Conf. Term CI+all-order[84] CI+MBPT[77] Expt.[77]

7s2 2F5/2 3882 4856 4490
6d7s 4F3/2 6020 7487 6691
6d7s 4F5/2 6651 8325 7331
6d7s 4G5/2 9229 100 45 9585
6d7s 4H5/2 9978 121 68 106 73
6d7s 2D3/2 106 95 130 54 115 76
6d7s 4D1/2 115 75 128 97 117 25
6d7s 2F5/2 120 45 145 64 124 72
6d7s 4F3/2 126 57 142 33 129 02
6d7s 4G1/2 139 65 158 53 141 02

Despite these challenges, the CI+MBPT approach
achieves an accuracy of ∼ 100 cm−1 for low-lying excited
states[41,96] and predicts unobserved even-parity states.[41]

It also shows less than 0.5% deviation in Landé g-factors
compared to experiment.[96] The CI+all-order method fur-
ther reduces relative errors (e.g., from 18% to 10% for the
6d3 2D3/2 state).[84] Beyond energy levels, CI+MBPT enables
∼ 10% accuracy radiative lifetime calculations for odd-parity
states[96] and intensity-based fitting for strongly mixed states
(J = 3/2).[96] These results illustrate the strengths and lim-
itations of different theoretical approaches. Despite limited
experimental validation for certain predictions, they provide
critical insights into nuclear–electron coupling mechanisms in
229Th+ and related ions like 229Th2+.

3.3. 229Th2+ ion

The 229Th2+ ion, comprising 88 electrons with two va-
lence electrons outside the closed-shell [Rn] core, represents a
promising platform for nuclear optical clock development and
precision tests of fundamental physics constants.[84] The sim-

plified energy-level structure diagram is shown in Fig. 3, high-
lighting key laser-accessible transitions between low-lying
states.

5f2 3F4

5f2 3H4

5f6d 3H4
6d2 3F2

229Th2+

484 nm

660 nm

459 nm

o

5f6d 1P1
o

Fig. 3. Low-lying energy levels of the 229Th2+ ion. All transition ener-
gies are sourced from Ref. [104].

Theoretical studies of 229Th2+ have employed multiple
computational approaches to address its complex electronic
structure. Early work by Mazzone et al. utilized den-
sity functional theory (DFT) combined with coupled-cluster
singles and doubles with perturbative triples (CCSD(T)) to
investigate electronic configurations and chemical reactivity
with water.[107] While this method provided qualitative in-
sights into reaction mechanisms, it failed to resolve ground
state configuration ordering, limiting its utility for precision
spectroscopy. To improve accuracy, Safronova et al. em-
ployed the CI+all-order method to calculate the excitation en-
ergies, Landé g-factors, and electromagnetic dipole matrix el-
ements with sub-1% precision.[84] For strong E1 transitions,
this method demonstrated < 2% deviation from experimental
measurements while maintaining computational feasibility.[84]

Table 5. Energies (in cm−1) of selected low-lying states of the 229Th2+

ion.

Conf. Term CI+all-order[84] CI+MBPT[77] Expt.[77]

6d2 3F3 4938 4023 4056
6d2 3F4 7264 6795 6538
6d7s 3D3 106 41 9204 9954
6d2 1G4 108 22 110 51 105 43
5f2 3H4 145 14 133 58 151 49
5f2 3H5 171 31 160 68 178 87
5f2 3F3 203 78 190 80 208 40
5f2 3F4 217 82 203 66 217 84
5f2 1G4 270 45 252 69 259 72
5f7p 3G3 337 15 33 402 335 62
5f7p 3F3 387 36 386 17 384 32

A systematic comparison of calculated and experimental
energies for low-lying states of 229Th2+ is summarized in Ta-
ble 5, with more comprehensive data available in the work of
Kitovienė et al.[92] The table shows that both CI+all-order[84]

and CI+MBPT[77] calculations accurately reproduce the gen-
eral ordering of 6d2 and 6d7s configurations. For the 6d2 3F3

state, CI+MBPT yields 4023 cm−1, showing a 33 cm−1 devi-
ation, while for the 6d7s 3D3 state, the discrepancy increases
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to 750 cm−1. Although CI+all-order slightly overestimates
excitation energies for certain states, it maintains consistent
accuracy across the spectrum.

For highly-excited states involving 5f electrons, such
as 5f2 and 5f7p, method-dependent performance diverges:
CI+MBPT systematically underestimates the 3H4 and 3H5

levels, whereas CI+all-order reduces deviations by 30%–
50%. This improvement indicates more effective model-
ing of f-electron correlations and core–valence interactions in
the CI+all-order approach. Residual discrepancies exceeding
1000 cm−1 for these states likely arise from QED effects not
fully considered in current methodologies.

The challenge in accurately describing highly-excited
states is further underscored by Kitovienė et al.[92] Using the
MCDHF+CI approach, they reported deviations exceeding
3500 cm−1 for states such as 6d2 1S0 and 5f2 1S0. They noted
that even with the inclusion of Breit interactions and QED cor-
rections, these states remain problematic, suggesting that very
strong electron-correlation effects must be addressed in future
theoretical work.

3.4. 229Th3+ ion

The 229Th3+ ion, characterized by a single valence elec-
tron outside closed shells, leads to a relatively simple elec-
tronic spectrum while retaining significant electron correlation
and relativistic effects. Consequently, 229Th3+ has become
an important system for high-precision theoretical tests and
nuclear clock studies, with its simplified level structure illus-
trated in Fig. 4.

A broad set of theoretical methods has been em-
ployed. The all-order approach[95,101] (equivalent to the
LCCSD method for 229Th3+ ions[102]) has been used along-
side SDpT[79] to sum dominant correlation terms to all or-
ders, enabling calculations of reduced matrix elements, oscil-
lator strengths, transition rates, and polarizabilities. MBPT up
to second and third order[79,95,101,111] has also been applied,
though it tends to overestimate correlations. The LCCSD,
CCSD, and Fock-space CCSD (FSCCSD) methods provide
particularly accurate descriptions of strong 5f correlations,
yielding reliable energies and g-factors.[69,112,113] The Dirac–
Fock plus core polarization (DFCP) method has given accurate
energies, lifetimes, polarizabilities, and g-factors, with aver-
age relative errors of 0.17% and a maximum of 0.59% for the
7d5/2 state.[97]

Li et al. performed detailed comparisons of energies, g-
factors, and transition matrix elements among different meth-
ods (see Tables 2–8 of Ref. [69]). The standalone Dirac–Fock
(DF) calculations show significant deviations from experi-
ment, for instance incorrectly predicting the 6d3/2 and 6d5/2

levels as the lowest, in contradiction with the experimentally
established 5f5/2 ground state.[69] This limitation of DF calcu-
lations in reproducing the correct level ordering has also been

reported previously,[120] emphasizing the importance of corre-
lation effects in the 229Th3+ ion. The incorrect prediction of
energy levels is corrected by including correlations via CCSD,
with most deviations kept within a few hundred cm−1.[69,112]

For low-lying states, the CCSD results are consistent with
those of FSCCSD, with absolute deviations within a few hun-
dred cm−1. Although the SDpT method includes partial triple
excitations, significant uncertainties remain in the calculations
for the 5f states.[79]

In addition to energy levels, key properties such as g-
factors, lifetimes, and transition rates have also been ex-
tensively studied. For example, the CCSD g-factor of the
5f5/2 state reported by Li et al.[112] shows excellent agree-
ment with values calculated using DFCP, MBPT, and all-order
methods,[97] with a relative deviation of only 0.03%. Simi-
larly the lifetime of the 5f7/2 state is consistently predicted to
be around 1.07 s, with a deviation of less than 0.2%.[97]

229Th3+

1088 nm

717 nm

690 nm

984 nm

6p66d 2D5/2

6p66d 2D3/2

6p65f 2F5/2

6p65f 2F7/2

6p67s 2S1/2

Fig. 4. Simplified levels structure of the 229Th3+ ion. All transition
energies are sourced from Ref. [31].

3.5. 229Th4+ ion

The 229Th4+ ion has a closed-shell [Rn] configuration
with 86 electrons. The simplified energy-level diagram is
shown in Fig. 5. A variety of theoretical methods have been
employed to calculate the electronic structure properties of
229Th4+, including DFCP,[95,97] MBPT,[116] the COWAN code
(relativistic HF),[116] relativistic coupled-cluster approaches
such as FSCCSD and CCSD(T),[113,115] the CI+all-order
method,[103] and the CI plus perturbation theory (CIPT)
approach[106] have systematically provided energy and mul-
tipole transition data, including reduced matrix elements, line
strengths, polarizability, and transition rates.

359 nm

155 nm

298 nm 274 nm

1278 nm

6p56d 3P0

6p57s 3P2

6p57s 3P1

6p56d 3D1

6p55f 3D1

229Th4+

Fig. 5. Partial energy levels of the 229Th4+ ion. All transition energies
are sourced from Ref. [113].
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Table 6 compares energies of selected low-lying states
obtained by MBPT, FSCCSD, CI+all-order, and CIPT. For
example, the results obtained by the FSCCSD method are in
relatively good agreement with those from the CI+all-order
and CIPT methods, typically within a few thousand cm−1.
In contrast, MBPT first- and second-order corrections predict
very different values for the 6p5 5f 3D1 state, 140482 cm−1

and 103961 cm−1,[116] thereby highlighting the critical role

of electron correlation in accurate energy-level calculations.
Owing to its closed-shell structure, the electric-dipole

polarizability αE1 of 229Th4+ has attracted particular atten-
tion. Early Hartree–Fock (HF) calculations yielded αE1 =

10.26 a.u.,[114] while Safronova et al. reported 8.957 a.u. and
7.750 a.u. using HF and MBPT methods, respectively,[116]

with the MBPT result being in excellent agreement with the
experimental value of 7.720(7) a.u.[85]

Table 6. Energies (in cm−1) of selected low-lying states in the 229Th4+ ion from different theoretical methods.

Ref. [116] Ref. [113] Ref. [103] Ref. [106]
Conf. Term MBPT1 MBPT2 COWAN FSCCSD CI+all-order CIPT
6p55f 3D1 140 482 103 961 135 013 134 611 134 995 138 922
6p55f 3D2 145 992 103 880 140 469 139 281 139 842 143 129
6p55f 3G4 150 413 111 611 143 819 141 711 143 160 146 618
6p55f 3G5 150 707 115 151 145 606 143 341 144 714 147 335
6p55f 3F3 153 648 114 426 147 698 147 198 146 314 149 812
6p55f 1F3 157 314 117 597 150 759 145 490 148 081 151 891
6p56d 3P0 161 118 142 323 158 019 162 504 – 159 866
6p55f 3F4 162 859 123 001 156 377 153 249 154 552 157 311
6p56d 3P1 165 218 142 612 161 937 165 864 – 163 431
6p55f 1D2 168 847 131 630 160 980 157 311 159 248 161 992
6p56d 3F3 171 752 151 508 167 594 171 749 – 169 790
6p56d 3D2 172 385 152 205 168 716 176 615 – 170 331
6p56d 3F4 172 707 156 599 169 952 174 222 – 171 779
6p56d 1D2 177 529 157 399 173 943 172 331 – 174 617
6p56d 3D3 183 988 163 203 180 490 183 289 – 181 285
6p57s 3P2 199 837 176 394 197 368 199 042 – –
6p56d 3D1 200 125 181 998 196 142 196 048 – 195 273
6p57s 3P1 271 974 244 433 268 988 203 910 – –
6p55f 3G3 216 008 174 712 209 865 204 656 205 597 208 580
6p55f 3D3 220 528 179 353 215 174 209 954 210 417 212 757
6p55f 3G4 223 552 181 736 217 527 – 214 015 215 662

3.6. Other 229Th ions

Beyond the extensively studied low-charged thorium
ions, highly-charged ions (HCI) of 229Th, such as 229Th35+,
229Th39+, and few-electron Th ions (229Th87+, 229Th88+,
229Th89+), have garnered increasing interest. This interest
arises from their simple electronic spectra, which enable ac-
curate calculations.

State-of-the-art atomic structure calculations have been
performed for these systems. Porsev et al. employed
large-scale CI with over 1.2 × 108 determinants to study
229Th35+.[43] They identified a low-lying J = 13/2 excited
state at approximately 8.40 eV above the J = 15/2 ground
state, close to the 229Th isomeric energy of 8.356 eV. This
proximity enables an EB excitation rate of ∼ 0.3 s−1 under
resonance conditions. Koziol and Rzadkiewicz investigated
229Th39+ using the MCDHF method.[51] With an optimized
active space, they determined the first excited state (J = 7/2)
to lie at 8.308(69) eV, in near resonance with the isomeric
energy. This yields a predicted nuclear excitation by electron
transition (NEET) rate of up to 2.5× 1016 s−1 at exact reso-
nance.

For few-electron 229Th ions, Tkalya and Nikolaev[117]

applied DFT to lithium-like 229Th87+ and hydrogen-like
229Th89+ (see Figs. 6 and 8 for simplified energy levels di-
agrams). They evaluated radiative transition width (Γrad),
lifetimes (τrad), hyperfine splittings (including the Bohr–
Weisskopf effect), and state mixing. Meanwhile, Yerokhin
and Surzhykov[118] used relativistic CI to study helium-like
229Th88+(see Fig. 7 for simplified energy levels diagram), cal-
culating fine-structure energies of ns and np states and pro-
viding an uncertainty analysis consistent with available exper-
imental results.

1s23p 2P1/2

1s22s 2S1/2

1s23s 2S1/2

229Th87+

4.58 nm

0.31 nm

0.09 nm

0.07 nm

o

1s22p 2P3/2
o

1s22p 2P1/2
o

Fig. 6. Simplified energy levels of the 229Th87+ ion.
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1s2 1S0

1s2s 3S1

229Th88+

0.014 nm

8.76 nm

9.29 nm

0.323 nm

0.013 nm 1s2p 3P1

1s2p 3P0

1s2p 3P2

Fig. 7. Simplified energy levels of the 229Th88+ ion. All transition en-
ergies are sourced from Ref. [119].

1s 2S1/2 

2p 2P1/2 

2p 2P3/2 

2s 2S1/2 

229Th89+

0.013 nm

0.013 nm

0.302 nm

0.308 nm

Fig. 8. Simplified energy levels of the 229Th89+ ion. All transition en-
ergies are sourced from Ref. [119].

The first transition energy (in eV) of the fine-structure
for different 229Th ions is summarized in Table 7. For lowly
charged ions such as 229Th+ and 229Th2+, the first excitation
energy lies in the laser-accessible regime, while in HCI sys-
tem, the excitation energies shift to hundreds of eV (229Th87+)
and tens of keV (229Th88+, 229Th89+). For example, the value
obtained from the MBPT method is E = 0.188691 eV for
229Th+, whereas the 1s → 2p excitation energy in hydrogen-
like 229Th89+ is 92815.6 eV.[119] This value is five orders of
magnitude larger than that in low-charged 229Th ions, high-
lighting the significant impact of the degree of ionization on
the excitation energies of 229Th ions. The results in Table 7
also indicate that fine-structure energy matching the ∼ 8.4 eV
nuclear isomeric energy may exist in moderately ionized 229Th
ions. This prediction has been validated through theoretical
studies of 229Th35+ [43] and 229Th39+.[51]

Further insight into nuclear–electron coupling comes
from hyperfine structure calculations. Table 8 lists hyper-
fine splittings for representative charge states. In hydrogen-
like 229Th89+, the 1s1/2,F = 2 state exhibits a large split-
ting of −0.64 eV,[121] whereas for 229Th3+ (5f5/2,F = 0) and
229Th2+ (5f6d 3Ho

4,F = 3/2), the splittings are on the order of
1× 10−5 eV.[68,71] The values in Table 8 for extreme charge
states suggest that it is challenging to identify hyperfine split-
ting levels in different 229Th ions that match the ∼ 8.4 eV nu-
clear isomeric energy.

Table 7. The first transition energy (in eV) for the fine-structure of
different 229Th ions.

System Transition Energy Ref.
229Th89+ 1s 2S1/2 → 2p 2Po

1/2 928 15.60 [119]
229Th88+ 1s2 1S0 → 1s2s 3S1 912 88.17 [119]
229Th87+ 2s 2S1/2 → 2p 2Po

1/2 270.76 [119]
229Th3+ 5f6d 3Ho

4 → 5f6d 3Ho
5 1.139 8 [122]

229Th2+ 5f6d 3Ho
4 → 5f6d 3Ho

5 0.556 644 [119]
229Th+ 6d7s2 2D3/2 → 6d7s2 4F5/2 0.188 691 [119]
229Th 6d27s2 3F2 → 6d27s2 3F3 0.355 742 [119]

Table 8. Hyperfine splitting energies ∆E (in eV) of different 229Th ions.

System State ∆E Ref.
229Th89+ 1s1/2, F = 2 −0.64 [121]
229Th3+ 5f5/2, F = 0 1.38×10−5a) [71]
229Th2+ 5f6d 3Ho

4, F = 3/2 1.19×10−5a) [68]

a)Calculated using the A and B coefficients of Refs. [68,71].

4. Electron-nuclear-interaction-induced fre-
quency shifts
For the bare 229Th nucleus, electromagnetic interactions

between electrons and the nucleus can lead to changes in the
electronic structure outside the nucleus, which directly influ-
ence the properties of nuclear energy states. As shown in
the previous section, precise calculations of atomic electronic
structure parameters, such as the g-factor, A, and B, enable
the indirect determination of key nuclear structural informa-
tion. Here, we emphasize that the interactions between exter-
nal electrons and the nucleus induce frequency shifts in the
229Th nuclear clock.

4.1. Hyperfine-interaction frequency shift

For 229Th ions with varying ionization degrees, the dis-
tinct configurations of extranuclear electrons result in differ-
ing hyperfine interactions between electrons and the nucleus.
These variations lead to shifts in the nuclear transition fre-
quency, ωN, from the ground state to the isomeric state.[25]

The frequency shifts caused by hyperfine interactions can be
categorized into first- and second-order effects. The first-order
effect is eliminated by averaging over all hyperfine states,
whereas the second-order effect persists. The second-order
hyperfine structure shift is expressed as[25]

∆Ev

= ∑
n

[
⟨v|ĤA|n⟩2

Ev −En
+2

⟨v|ĤA|n⟩⟨n|ĤB|v⟩
Ev −En

+
⟨v|ĤB|n⟩2

Ev −En

]
. (13)

The explicit forms of the matrix elements ⟨v|ĤA|n⟩ and
⟨v|ĤB|n⟩ are detailed in Ref. [123]. The operators ĤA and ĤB

represent the electron–nucleus hyperfine interactions. They
are written as

ĤA = ∑
λ

(−1)λℳ1−λ T1λ , (14)

ĤB = ∑
λ

(−1)λℳ2−λ T2λ . (15)
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Table 9 presents the differences in nuclear transition fre-
quencies ∆ωN among various 229Th ions, as reported by Dzuba
and Flambaum,[25] as well as their relative percentages com-
pared to the total nuclear transition frequency ωN. The au-
thors performed hyperfine structure calculations for 229Th and
its ions to analyze the dependence of the nuclear clock fre-
quency on the HFI. They found that the first-order HFI shift
exhibits significant magnitude for specific hyperfine compo-
nents but cancels out when averaged over all hyperfine states.
The second-order HFI shift is small but it does not vanish af-
ter averaging. It is 3 to 6 orders of magnitude smaller than the
shift of the nuclear frequencies due to the Coulomb electron-
nucleus interaction.[25] However, it is 5 to 8 orders of magni-
tude larger than the projected nuclear clock accuracy of 10−19.

Table 9. Second-order hyperfine-induced frequency shifts in nuclear transi-
tions of 229Th ions.[25] The numbers in square brackets stand for powers of
ten.

System ∆ωN ∆ωN/ωN

(MHz) (eV)
229Th – 229Th+ −4.916[−2] −2.033[−10] −2.438[−11]
229Th – 229Th2+ 3.495[−4] 1.446[−12] 1.734[−13]
229Th – 229Th3+ 2.459[−4] 1.017[−12] 1.220[−13]
229Th+ – 229Th2+ 4.951[−2] 2.048[−10] 2.456[−11]
229Th+– 229Th3+ 4.940[−2] 2.043[−10] 2.450[−11]
229Th2+ – 229Th3+ −1.037[−4] −4.287[−13] −5.142[−14]

4.2. Field shift

For different ions, besides hyperfine interaction-induced
frequency shifts, size-effect-induced shifts arise from varia-
tions in Coulomb potential due to differences in nuclear charge
radii between ground and isomeric states. This finite nu-
clear size causes electrons, especially s-orbital electrons, to
experience Coulomb interactions slightly deviating from the
point-charge approximation. This deviation, known as the
FS, can be quantitatively derived using first-order perturbation
theory,[124]

∆E(1)
FS = ∑

n≥0,even
Fnδ ⟨rn+2⟩A,A′ , (16)

where δ ⟨rn+2⟩A,A′ is the nuclear parameter reflecting the iso-
topic variation of the nuclear charge distribution,[124] and Fn

represents the FS electronic factor, which describes how sen-
sitive the nuclear probability density of electron wavefunction
is to variations in the nuclear charge distribution. The leading
term of approximate analytical form of Fn is given by[124]

F0 =
2π

3
Z |ψ(0)|2 , (17)

where |ψ(0)|2 denotes the total probability density of the
electronic wave function at the origin and Z represents the
atomic number. Dzuba and Flambaum recently employed the
CCSD+CI method to calculate the FS constant for 229Th+,
obtaining F0 = 49.6 GHz/fm2.[80] The magnitude and sign of

this value are strongly influenced by valence orbital penetra-
tion.

Due to the different electronic configurations of 229Th
ions, the energies of nuclear transitions within these 229Th ions
will also exhibit variations. The resulting difference in nuclear
transition frequencies between 229Th ions A and B can be ap-
proximated as

∆ωN = (F0,A −F0,B)δ ⟨r2⟩229g,229m, (18)

where δ ⟨r2⟩229g,229m represents the change in the nuclear root-
mean-square radius between the nuclear ground and isomeric
states, F0,A and F0,B are the FS factors for the electronic ground
state of 229Th ions A and B, respectively.

As detailed in Table 10, the nuclear transition frequency
ωN of 229Th ions exhibits significant dependence on the charge
state. Dzuba and Flambaum[106] theoretically demonstrated
that the relative frequency shift between 229Th3+ and 229Th4+

reaches ∆ωN/ωN ≈ −2.8× 10−7, corresponding to an abso-
lute shift of approximately −570 MHz. This shift exceeds the
projected 10−19 fractional uncertainty target for nuclear clocks
by twelve orders of magnitude. It is worth noting that the shift
does not contribute to the uncertainty budget. It only indi-
cates that the nuclear transition frequency differs among tho-
rium systems. The phenomenon originates from the Coulomb
interaction between atomic electrons and the nucleus.[80,106]

To precisely quantify this effect, Si et al.[91] employed a
non-perturbative MCDHF approach, revealing that the nuclear
clock transition frequency in 229Th3+ is 639(1) MHz lower
than in 229Th4+. In addition to research targeting low-charge-
state Th ions, Perera et al.[125] have also calculated the FSs
for all noble-gas-like thorium ions, with the relevant data pre-
sented in Table 10. By analyzing their data, it can be observed
that, among noble-gas-like thorium ions, the FS exhibits a cu-
mulative effect with respect to the electron count, gradually
increasing as the degree of ionization decreases.

Table 10. Field shift ∆ωN (in GHz) in the nuclear transition frequency
ωN between different 229Th ions, where the latest high-precision mea-
surement ωN = 2020407384.335(2) GHz is used.[28] The numbers in
square brackets stand for powers of ten.

System ∆ωN ∆ωN/ωN
229Th88+ – 229Th90+ 1.632[4]a

229Th80+ – 229Th90+ 1.927[4]a

229Th72+ – 229Th90+ 2.005[4]a

229Th54+ – 229Th90+ 2.021[4]a

229Th36+ – 229Th90+ 2.026[4]a

229Th4+ – 229Th90+ 2.1[4]b, 2.014[4]a 1.0[–2]b

229Th3+ – 229Th4+ −0.57b , −0.639c −2.8[–7]b

229Th2+ – 229Th3+ −0.15b −7.4[–8]b

229Th+ – 229Th2+ 1.3b 6.4[–7]b

229Th – 229Th+ 0.1b 5[–8]b

aRef. [125]; bRef. [106]; cRef. [91].
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5. External field effects
When considering the nucleus and electron as an inte-

grated system, environmental perturbations such as electro-
magnetic fields, laser fields, and thermal gradients can alter
the strength of nucleus–electron interactions, leading to shifts
in nuclear transition energy. This phenomenon is referred to as
external field effects. The natural shielding by outer electrons
is expected to suppress systematic uncertainties from oscillat-
ing (AC) Stark, electric quadrupole, Zeeman, and blackbody
radiation (BBR) shifts to the 10−19 level.[22] However, recent
studies identify the AC Zeeman shift as a critical systematic
effect, exceeding other shifts and the target uncertainty by or-
ders of magnitude.[23] Therefore, accurately evaluating exter-
nal field effects in various 229Th ions is essential for the devel-
opment of a high-precision 229Th nuclear clock.

5.1. Zeeman shift

Ion traps inherently generate parasitic radiofrequency (rf)
magnetic fields (𝐵⊥) perpendicular to the static (DC) field
(𝐵). While DC Zeeman shifts are suppressible via Zeeman
averaging,[126] this fails for AC Zeeman shifts,[127] which are
governed by M1 polarizabilities,

∆E =−1
4
(β‖𝐵

2
‖ +β⊥𝐵

2
⊥), (19)

where 𝐵‖ and 𝐵⊥ are rf field components parallel and perpen-
dicular to 𝐵, respectively. The polarizabilities β‖ and β⊥ are
defined as

β‖ =− ∑
γ ′F ′m′

F

∑
σ

|⟨ΨγFmF |µ0|Ψγ ′F ′m′
F
⟩|2

EγFmF −Eγ ′F ′m′
F
+σ h̄ω

,

β⊥ =−1
2 ∑

γ ′F ′m′
F

∑
σq

|⟨ΨγFmF |µq|Ψγ ′F ′m′
F
⟩|2

EγFmF −Eγ ′F ′m′
F
+σ h̄ω

. (20)

Here µq is spherical components of 𝜇 (q = 0 aligned with 𝐵),
σ and q take on the values ±1 in the summations, ω denotes
the angular frequency of the field and h̄ is the reduced Planck
constant, while ΨγFmF and EγFmF represent wave functions
and energies of hyperfine states. The magnetic dipole oper-
ator 𝜇 is

𝜇= gI µNI −gJ µBJ, (21)

where gI and gJ are the nuclear and electronic g-factors, µN

and µB are the nuclear magneton and Bohr magneton, and I
and J are the nuclear and electronic total angular momenta.

The 229Th4+ ion’s electronic ground state (J = 0)
fundamentally suppresses AC Zeeman shifts in ion traps,
as its lack of mixable electronic states via AC mag-
netic fields leaves only a negligible first-order nuclear-spin-
induced shift (±0.04 Hz/µT). Averaging symmetric Zeeman

components[106] can further cancel this residual effect, high-
lighting the ion’s suitability for precision metrology. In con-
trast, the 229Th3+ system exhibits significantly larger Zeeman
shifts due to its electronic structure,[23] leading Beloy et al.
to propose three mitigation strategies: operating the nuclear
clock at a magic magnetic field 𝐵* to suppress AC Zeeman
shifts, regulating perpendicular magnetic fields (𝐵⊥) to µT
precision near 𝐵* to minimize residual effects, and employing
frequency-difference stabilization or rf spectroscopy for cali-
bration. Despite nuclear clocks being inherently designed to
suppress systematic shifts, electronic contributions to AC Zee-
man shifts remain significant, with rf field sensitivity compara-
ble to or exceeding that of conventional ion optical clocks.[23]

5.2. Nuclear electric quadrupole shift

Solid-state nuclear clocks, created by doping 229Th into
wide-bandgap crystals (e.g., CaF2, LiSrAlF6),[27,62,128–131]

offer significant advantages: high thorium density (≈
1018 cm−3) for improved stability, Lamb–Dicke confinement
suppressing recoil and Doppler shifts, and inherent insensitiv-
ity to electromagnetic perturbations ideal for portability. How-
ever, the crystal environment induces a temperature-dependent
electric quadrupole shift.

The quadrupole shift originates from the interaction be-
tween the nuclear quadrupole moment and an external elec-
tric field gradient (EFG). For a single trapped 229Th ion clock,
where the shift is dominated by the axial confinement field of
the trap, this effect is negligible.[22] However, in solid-state
materials, it becomes significant due to the crystal EFG inter-
acting with the nuclear quadrupole moment.[28] The Hamilto-
nian is described as[28,29,132]

H =
QαVzz

4I(2I −1)
[3I2

z − I2 +η(I2
x − I2

y )], (22)

where Qα is the nuclear quadrupole moment, with α = g,m
denoting nuclear ground and isomeric states, respectively. Ix,
Iy, and Iz are components of nuclear angular momentum, with I
as its magnitude. Vzz is the maximum value of the z-component
EFG, and η = |Vxx−Vyy|/Vzz represents the asymmetry param-
eter.

A non-zero η induces state mixing in quadrupole levels,
altering transition strengths. In CaF2 crystals, 229Th nuclei ex-
perience strong EFG effects from surrounding lattice ions and
fluorine interstitials, resulting in electric quadrupole splitting
on the order of hundreds of MHz.[28] Experimental measure-
ments reveal that both Vzz and η decrease with increasing tem-
perature. For example, from 150 K to 293 K, Vzz decreases
by 1.2% while η decreases by 3.3%. This temperature de-
pendence is a critical systematic effect for solid-state clock
operation and requires careful consideration.[29]

To mitigate these effects, solid-state nuclear clocks can
suppress the fractional shift to the 10−19 level by rotating the
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electric field direction to the magic angle and averaging over
mF sublevels.[133] Cubic symmetry crystals, like ThO2,[64] ex-
hibit Vzz = 0 under ideal conditions, which suppresses EFG
effects and enhances clock performance.[63] For non-cubic
hosts like CaF2, recently, Zhang et al. directly excited the
nuclear clock transition in 229Th doped CaF2 host materials
using a VUV frequency comb, precisely measuring the nu-
clear quadrupole splitting. Through proper averaging of the
quadrupole splitting pattern, the unsplit transition frequency
free from EFG effects can be recovered.[28]

5.3. Stark shift

The Stark shift describes energy-level displacements
caused by atomic polarization in external electric fields, such
as those from trapping fields, probe lasers, or cooling lasers.
Due to the extremely small nuclear differential polarizability
(< 10−14 a3

0) and the effective shielding of DC electric fields
at the nuclear site by surrounding electron clouds, the direct
nuclear contribution to DC Stark shifts is negligible. For AC
electric fields, the 229Th3+ nuclear clock still benefits from fa-
vorable conditions. Since E1 transitions must change parity,
the AC Stark effect produces no intramanifold contribution.
Consequently, the 229Th3+ nuclear clock exhibits intrinsic im-
munity to AC Stark shifts.[23] The Stark energy shift can be
expressed as

∆Estark ≈−1
2
[∆αN +∆αe]ℰ2, (23)

where ∆αN and ∆αe denote the differential polarizabilities of
the nuclear and electron respectively, and ℰ is the external
electric field strength. In addition to the above-mentioned fac-
tors affecting the 229Th3+ nuclear clock, the shielding effect
of electrons on external electric fields in ions is also an im-
portant aspect to consider. Dzuba et al. pointed out that the
shielding factor of electrons against external electric fields can
be roughly estimated as Zi/Z, where Zi is the ion charge. For
higher charge-state ions, electron shielding of external elec-
tric fields is generally stronger. For example, in the case of
the 229Th4+ ion Zi/Z = 4/90. This enhanced shielding further
suppresses the effect of static or low-frequency electric fields
acting on the nucleus.[106]

In addition to the intrinsic suppression mechanisms dis-
cussed above, there are also other techniques available to fur-
ther suppress Stark shifts. Averaging over mF sublevels can
eliminate electric quadrupole shifts. Under this condition,
the contribution of the tensor polarizability to AC Stark shifts
is also removed.[97] Furthermore, the super-Ramsey interro-
gation scheme provides additional suppression of AC Stark
shifts.[97,134] Nevertheless, in ion traps, stray electric fields
displace ions from the rf potential minimum, generating ex-
cess micromotion that induces Stark shifts.[22] For 229Th3+

ions cooled to 1 mK with a 2 MHz secular frequency, this

micromotion-induced AC Stark fractional shift is estimated at
−1×10−22. Owing to the large mass of the ion and its small
differential scalar polarizability, such micromotion-induced
shifts can be further suppressed to 10−19 level.[97]

5.4. BBR shift

The BBR shift scales with the fourth power of tem-
perature T , and is proportional to the differential scalar
polarizability,[22]

∆EBBR ≈−α3π3

15
[
∆α

S
N +∆α

S
e
]

T 4, (24)

where α is the fine structure constant, ∆αS
N and ∆αS

e denote
the differential scalar polarizabilities of the nuclear and elec-
tron respectively. For 229Th3+ ion, the direct nuclear contri-
bution to this shift is negligible due to minimal differential
nuclear polarizability and effective electron-cloud shielding of
DC electric fields at the nucleus.[22] In 229Th4+ ion, Dzuba
et al.[106] introduced an effective nuclear differential polar-
izability ∆αS

N ≈ (4/90)2δ ⟨r2⟩ fm ≈ 2 × 10−5 fm3 ≈ 1.3 ×
10−19 a3

0, where the mean-square radius differnce between
the clock states is δ ⟨r2⟩229g,229m = 0.0105(13) fm2. This nu-
clear polarizability is orders of magnitude smaller than typ-
ical electronic polarizabilities in atomic transitions, justify-
ing the neglect of direct nuclear contributions. The BBR
shift is therefore dominated by the electric monopole mech-
anism. For 229Th3+ at T = 300 K, the scalar differential polar-
izability ∆αS

e = −4× 10−5 a3
0 yields a fractional clock shift

< 1.3 × 10−22, several orders of magnitude below conven-
tional atomic clocks.[22] In 229Th4+ ion, the closed-shell elec-
tronic structure further makes smaller differential polarizabil-
ity ( ∆αS

e =−1×10−6 a3
0), which suppresses the BBR shift as

low as ∼ 4.3×10−24 at T = 300 K.[106]

6. Electronic bridge process for 229Th nuclear
clock
In the field of solid-state nuclear optical clock re-

search, the excitation and detection of nuclear transitions have
been successfully achieved based on crystalline or thin-film
materials.[26–28,62,63] However, the research progress on nu-
clear clock based on trapped thorium ions has been relatively
slow, primarily due to the current lack of effective nuclear ex-
citation schemes. The core issue lies in the fact that although
theoretical concepts for nuclear excitation have been proposed,
they have not yet been experimentally validated, thus neces-
sitating high-precision control technologies to advance this
field.

For laser-implemented nuclear optical clocks, it is essen-
tial to achieve effective excitation, closed-loop control, and
locking of nuclear clock transitions. Despite various theoret-
ical schemes for electron-mediated nuclear excitation having
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been proposed, such as nuclear excitation by electron cap-
ture (NEEC),[135,136] nuclear excitation by inelastic electron
scattering (NEIES),[137] and recollision-induced nuclear exci-
tation (RINE),[138–140] they all rely on strong laser fields and
require precise control of laser parameters, such as field in-
tensity, wavelength, and pulse interaction time, to enhance nu-
clear excitation efficiency.

However, despite these theoretical advantages, all current
proposals remain experimentally unverified due to the con-
straints mentioned above, as well as low excitation efficiency.
In contrast, although the EB mechanism process still requires
precise laser control to excite electrons to high-energy states
(or virtual states), it has emerged as a primary research fo-
cus due to its theoretical feasibility and comparatively sim-
pler laser parameters. During the excitation, energy is trans-
ferred to the nucleus via radiative decay, thereby inducing a
transition from the nuclear ground state to the first excited
state. Crucially, the EB approach demonstrates significantly
higher efficiency than direct laser excitation — particularly for
trapped Th-ion nuclear clocks — with a key advantage lying
in its elimination of strict energy-matching requirements be-
tween atomic and nuclear transitions; any energy mismatch is
compensated through photon emission or absorption. Never-
theless, experimental confirmation of this scheme has yet to be
achieved.

6.1. EB mechanism

The EB process is illustrated by the two Feynman dia-
grams in Fig. 9. When the initial electronic state i and the final
state f have opposite parity, the process involves the emis-
sion or absorption of an electric dipole photon, in which case
the EB probability is much higher than that for transitions be-
tween states of the same parity. Moreover, since the intermedi-
ate states n can span all energy levels allowed by the selection
rules, the process provides multiple enhancement channels.

i n f i n f

m g m g

Fig. 9. Feynman diagrams of the EB process. The blue and red solid
lines relate to the electronic and the nuclear transitions, respectively.
The dashed line is the photon line.

The probability ΓEB of the electronic dipole transition is
given by[120]

ΓEB =
4
3

(
ω

c

)3
|𝐷EB|2 , (25)

where the photon frequency ω satisfies energy conservation,
ω = εi − ε f +ωN. For simplicity, hyperfine splitting is ne-

glected, the amplitude 𝐷EB is expressed as[120]

𝐷EB = ∑
Kλ

(−1)λ

[
∑
n

⟨ f |𝐷|n⟩⟨n |TK−λ | i⟩
ωin +ωN

+ ∑
k

⟨ f |TK−λ |k⟩⟨k |𝐷| i⟩
ω f k −ωN

]
⟨g |ℳKλ |m⟩ , (26)

where ωab = εa − εb. Averaging over the initial electronic
states and applying the Wigner–Eckart theorem, ΓEB decom-
poses into multipole contributions as ΓEB = ∑K Γ

(K)
EB , where

Γ
(K)

EB can be represented by

Γ
(K)

EB =
4
3

(
ω

c

)3
∣∣〈Ig ‖ℳK‖ Im

〉∣∣2
(2K +1)(2Im +1)(2Ji +1)

(27)

×
(

G(K)
1 +G(K)

12 +G(K)
2

)
,

where

G(K)
1 ≡ ∑

Jn

1
2Jn +1

∣∣∣∣∣∑
γk

〈
γ f J f ‖D‖γkJn

〉
⟨γkJn ‖TK‖γiJi⟩

ωik +ωN

∣∣∣∣∣
2

, (28)

G(K)
12 ≡ 2 ∑

Jt Jn

(−1)Jt+Jn

{
Ji Jt 1
J f Jn K

}
×∑

γk

〈
γ f J f ‖D‖γkJn

〉
⟨γkJn ‖TK‖γiJi⟩

ωik +ωN

×∑
γs

〈
γ f J f ‖TK‖γsJt

〉
⟨γsJt ‖D‖γiJi⟩

ω f s −ωN
, (29)

G(K)
2 ≡ ∑

Jn

1
2Jn +1

∣∣∣∣∣∑
γk

〈
γ f J f ‖TK‖γkJn

〉
⟨γkJn ‖D‖γiJi⟩

ω f k −ωN

∣∣∣∣∣
2

.

(30)

The terms G(K)
1 and G(K)

2 represent the contributions of the first
and second Feynman diagrams in Fig. 9, respectively, while
G(K)

12 describes their interference. Enhancement factors βM1

and βE2 relative to M1 and E2 nuclear decay channels are de-
fined, respectively, as

βM1 =

(
ω

ωN

)3 1
3(2Ji +1)

(
G(1)

1 +G(1)
12 +G(1)

2

)
, (31)

βE2 =

(
ω

ωN

)3 1
k2

N

4
(2Ji +1)

(
G(2)

1 +G(2)
12 +G(2)

2

)
, (32)

where kN = ωN/c. Using the known ratio of the nuclear M1
and E2 widths, γ = ΓN(E2)/ΓN(M1) = 6.9× 10−10,[141] the
total enhancement factor can be written as β = βM1 + γβE2.

6.2. EB scheme for the 229Th3+ ion

The trapped-ion nuclear clock based on 229Th3+ relies
on precise control of both ground state (229gTh3+) and iso-
meric state (229mTh3+) ions. While 229gTh3+ ion generated
via laser ablation of 229Th(NO3)4 and 229mTh3+ ion produced
from 233U sources have been successfully confined in ion
traps,[65,71] major challenges remain, most notably the nuclear
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transition frequency of trapped 229Th ions has not yet been
experimentally determined due to the absence of nuclear exci-
tation in ion-trap environments. Recent measurements of the
229mTh3+ lifetime and hyperfine constants[65] provide critical
parameters for clock development, but direct nuclear excita-
tion is still required for practical applications.

To circumvent direct nuclear excitation, theoretical ef-
forts have focused on optimizing EB and laser-induced EB
(LIEB) processes. Li et al. illustrated the schematic en-
ergy level diagram and EB process in their 2023 work, elu-
cidating the coupling pathways between electronic and nu-
clear excitations.[31] A detailed diagram of the EB scheme is
provided in Fig. 1 of the referenced work. Early EB mod-
els showed that appropriate laser frequencies could enhance
coupling efficiency by several orders of magnitude,[52,142]

while relativistic many-body calculations revealed EB-to-
radiative transition probability ratios ranging from 0.01–0.1
for 5f5/2 → 6d3/2,6d5/2,7s, and up to 20 for 7s → 7p1/2,7p3/2

transitions.[102] However, the revised value of ∼ 8.4 eV (pre-
viously assumed to be 7.6 eV) for the nuclear isomer energy
necessitates recalculations using higher-accuracy methods like
coupled-cluster theory. A significant advancement was the
LIEB proposal,[42] in which dual-photon absorption (one from
nuclear deexcitation and one from an external laser) can lead
to enhancements of up to 108 for transitions such as 7s → 8p j

in 229Th3+ at nuclear energies around 8–12 eV, providing a
promising route toward observable nuclear excitation.

Practical realization of 229Th nuclear clocks demands pre-
cise control over ion cooling and electronic state prepara-
tion. Doppler cooling of 229gTh3+ has been demonstrated
via 5f5/2 ↔ 6d3/2 (1088 nm) or three-level 5f5/2 ↔ 6d5/2 ↔
5f7/2 transitions (690 nm/984 nm).[31,72] Numerical simula-
tions suggest optimal EB/LIEB pathways: initial 7s1/2 state
coupled to final 7p1/2 or 8p1/2 states maximizes M1 electronic
transition probabilities.[42,120] Critical unresolved issues in-
clude (1) experimental verification of LIEB-enhanced nuclear
excitation rates, (2) mitigation of systematic shifts from laser-
ion interactions, and (3) integration of these methods into com-
pact trap architectures. Addressing these challenges will de-
termine the feasibility of 229Th based nuclear clocks as ultra-
precise sensors for new physics beyond the Standard Model.

Building upon these theoretical pathways, recent progress
has further extended the understanding of the EB in 229Th3+

by explicitly incorporating hyperfine interactions. Wang et

al.[143] developed a quantum-optical framework that treats
the hyperfine electronic bridge (HEB) excitation nonpertur-
batively, providing new insights into the efficiency limits and
control strategies of nuclear excitation. Their results indicate
that dynamic coupling schemes, such as stimulated Raman
adiabatic passage, can substantially enhance the population
transfer efficiency, suggesting a promising pathway toward co-
herent nuclear-state manipulation in trapped 229Th3+ systems.

6.3. EB scheme for the 229Th2+ ion

The doubly charged thorium ion 229Th2+ possesses a rel-
atively simple electronic structure with two valence electrons
above a closed-shell core, making it amenable to accurate the-
oretical modeling. At the same time, its spectral complexity
remains sufficient to enable strong EB enhancement effects, a
key requirement for practical nuclear excitation schemes.

Theoretical investigations have identified two primary EB
pathways in 229Th2+. One is the two-step excitation model
proposed by Dzuba and Flambaum,[144] where the ion is first
pumped to an intermediate state t (with energy Et ) via a strong
E1 transition using a primary laser (ω1). A second laser then
drives the system to a final state s (with energy Es), satisfy-
ing energy conservation relation: ω1 + ω2 = ωN + Es. No-
tably, large enhancement factors (on the order of 104–105)
demonstrate the efficiency of this approach. A critical pa-
rameter for optimizing this scheme is the energy denomina-
tor ∆ = En − Es − ωN, where En and Es denote electronic
state energies of the intermediate electronic state and the final
state, respectively. For example, an optimal case was identi-
fied for t = 5f7p(J = 4), n = 5f7d(J = 3), and s = 5f6d(J = 3)
states,[144] yielding an enhancement factor β = 10014. De-
tailed parameters for these states, including energies, laser fre-
quency, energy difference, and the specific enhancement fac-
tor, are listed in Table 11.

An alternative EB scheme was suggested by Müller et
al.,[146] where nuclear excitation occurs during the decay of
a high-lying electronic state, (e.g., 5f7d(J = 2 or J = 3)) to
the low-lying metastable state 6d2(J = 2), with the excess
energy emitted as a photon. While the enhancement factor
in this scheme is lower due to the relatively low energy of
the emitted photon,[144] it provides the distinct advantage of
enabling controlled nuclear isomer excitation via hyperfine
interactions.[146]

Table 11. The EB process with resonance nuclear excitation involves three key electronic states.[144,145] Notations t, n, and s represent the
intermediate state excited from the ground state via the first laser with laser energy ω1, the virtually excited state populated by the second
laser with laser energy ω2, and the final electronic state, respectively. The energy detuning is defined as ∆ = En −Es −ωN, where the nuclear
transition energy ωN = 67393.34 cm−1. The total enhancement factor β = βM1 + γβE2. For 229Th2+, it is assumed that Et = 38580 cm−1. For
229Th+, it is assumed that Et = 36390.53 cm−1.

Ions t n s En Es ω2 (cm−1) ∆ (cm−1) β

229Th2+ 5f7p (J = 4) 5f7d (J = 3) 5f6d (J = 3) 828 27 154 53 442 66 –19 100 14
229Th+ 6d27p+5f6d2 (J = 3/2) (J = 3/2 or 5/2) 6d27s (J = 1/2) 736 37.54 6244.29 372 47.10 –0.09 1.6×105
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6.4. EB scheme for the 229Th+ ion

The 229Th+ ion possesses a complex electronic structure
featuring three valence electrons and an ionization potential
of approximately 12 eV. This system offers a unique platform
for nuclear clock development based on EB mechanisms. The
high density of states in 229Th+ creates a electronic transitions
close to the nuclear isomer energy (∼ 8.4 eV). However, the
resulting spectral congestion poses a significant challenge for
the precise classification of energy levels, including the deter-
mination of orbital angular momenta for excited states.

Pioneering work by Porsev et al. demonstrated, using the
CI+MBPT method, that a two-photon resonant EB process in
229Th+ could excite the nuclear state with an estimated rate
of ∼ 10 s−1.[40] Recently, Dzuba and Flambaum proposed an
atomic excitation scheme that maximizes the EB effect and
to estimate the magnitude of this effect.[145] With the small-
est energy difference being ∆ =−0.09 cm−1 and a proper se-
lection of laser frequencies, the maximum enhancement factor
reached to 1.6×105, the corresponding atomic states and other
parameters are given in Table 11. Additionally, they showed
that the interaction with electrons significantly shortens the
lifetime of the nuclear excited state.

6.5. EB schemes for other 229Th ions

For other 229Th ions, theoretical and experimental studies
remain scarce, and no systematic EB excitation schemes have
been developed. To date, Bilous et al. have reported prelim-
inary explorations of EB processes in the 229Th35+ ion.[147]

Their approach specifically addressed bound-state EB pro-
cesses, in which an inner-shell electron transfers absorbed
photon energy to the nucleus through intermediate states.
In addition, Wang et al.[148] extended the concept of HEB
excitation to highly charged thorium ions. They identified
laser-accessible HEB transitions between hyperfine levels in
229Th32+ and 229Th40+, which exhibit exceptionally high sen-
sitivities to variations of the fine-structure constant. These
results suggest that highly charged 229Th ions may serve as
promising candidates for next-generation nuclear clocks and
for precision tests of fundamental physics.

7. Challenges and prospects
This review has provided a comprehensive overview of

key advancements in the 229Th nuclear optical clock. We
traced the historical progress in precisely determining nuclear
transition energy, examined the current research landscape of
the 229Th nuclear structure, and reviewed both progress and
challenges in electronic structure studies of various thorium
ions. We also summarized the EB nuclear excitation schemes
which aim at the realization of a Th nuclear clock based on
trapped 229Th ions.

In the future, the further promotions of 229Th nuclear op-
tical clocks will depend on the synergistic progress between
theoretical and experimental research, as well as the inter-
disciplinary integration of atomic physics, optical physics,
and nuclear physics. Crucially, further progress necessitates
high-precision theoretical calculations that encompass both
the electronic structure of thorium ions and the nuclear struc-
ture of the 229Th isomer state.

Significant challenges persist in the electronic structure
calculations of 229Th ions. For example, the computed wave-
functions for excited states often fail to accurately reproduce
experimental energies, and the specific mechanisms of elec-
tronic coupling for certain key states remain unclear. Over-
coming these is paramount, as precise electronic structure data
is essential both for identifying viable resonant EB processes
thus to enhance nuclear excitation rates and for accurately
evaluating the uncertainties of the nuclear clock transition to
external field effects.

A critical bottleneck also exists in nuclear structure the-
ory: no existing nuclear model can accurately predict the
229Th nuclear isomer energy (∼ 8.4 eV). This deficiency un-
derscores the urgent need to develop more effective nuclear
theoretical methods. Precise nuclear parameters, including the
energy of the isomer, transition probabilities, and the forma-
tion mechanism of its low-lying state, are vital not only for un-
derstanding the nucleus itself but also for elucidating electron-
nucleus coupling mechanisms and enabling the practical de-
velopment of nuclear clocks.

Building upon recent confirmations of the 229Th isomer
transition, this review outlines transformative pathways en-
abled by emerging capabilities. In the solid-state 229Th sys-
tem, the nuclear transition frequency with a kHz precision
has been achieved benefiting from VUV frequency-comb tech-
niques. Even higher accuracy is expected for trapped-ion
clocks via novel EB nuclear excitation schemes. However, the
synergistic development of low-perturbation thorium-doped
crystals and environmental-shift suppression protocols will es-
tablish the foundation for functional nuclear clocks. Concur-
rently, advances in relativistic many-electron theory and con-
strained nuclear models will address fundamental challenges
in electron-nucleus coupling dynamics and isomeric state for-
mation. These developments will unlock pioneering appli-
cations in next-generation frequency metrology, tests of fun-
damental constant variations beyond the standard model, and
quantum-controlled nuclear systems.
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