CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Prediction of 1,6d,, =>1,,7pys, I,,75:, 21, 7p., and I,,7p,,, =>1,,7s,, transition frequencies

in **Th* ion

Shi-Cheng Yu(£: i), Cheng-Bin Li(Z=#5iK), and Lei She(5x 7%
Citation:Chin. Phys. B, 2026, 35 (2): 023701. DOI: 10.1088/1674-1056/ae0016
http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Simulation and experiment of the cooling effect of trapped ion by pulsed laser

Chang-Da-Ren Fang( /7 K% \), Yao Huang(#5 ££), Hua Guan (& ), Yuan Qian(£%J5), and Ke-Lin Gao(/&1 7. /k)
Chin. Phys. B, 2021, 30 (7): 073701. DOI: 10.1088/1674-1056/abf91f

Direct loading of atoms from a macroscopic quadrupole magnetic trap into a microchip

trap

Jun Cheng(F£1%), Jing-fang Zhang (5K 75), Xin-ping Xu(¥F1fr°F), Hai-chao Zhang(5K:#), Yu-zhu Wang(E & 17)
Chin. Phys. B, 2017, 26 (3): 033701. DOI: 10.1088/1674-1056/26/3/033701

Theoretical derivation and simulation of a versatileelectrostatic trap for cold polar

molecules

Shenggiang Li(Z= 4 5i0)
Chin. Phys. B, 2016, 25 (11): 113702. DOI: 10.1088/1674-1056/25/11/113702

Fast thermometry for trapped atoms using recoil-induced resonance

Zhao Yan-Ting (X%4EZE), Su Dian-Qiang (77EX5R), Ji Zhong-Hua ({itf#E), Zhang Hong-Shan (3Kit1l), Xiao
Lian-Tuan (4% [41), Jia Suo-Tang (54 4 %)
Chin. Phys. B, 2015, 24 (9): 093701. DOI: 10.1088/1674-1056/24/9/093701

Conditions for formation and trapping of the two-ion Coulomb cluster in the dissipative

optical superlattice

I. V. Krasnov
Chin. Phys. B, 2015, 24 (6): 063701. DOI: 10.1088/1674-1056/24/6/063701


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae0016
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae0016
https://doi.org/10.1088/1674-1056/ae0016
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abf91f
https://doi.org/10.1088/1674-1056/abf91f
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/3/033701
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/3/033701
https://doi.org/10.1088/1674-1056/26/3/033701
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/11/113702
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/11/113702
https://doi.org/10.1088/1674-1056/25/11/113702
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/9/093701
https://doi.org/10.1088/1674-1056/24/9/093701
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/6/063701
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/24/6/063701
https://doi.org/10.1088/1674-1056/24/6/063701

Chin. Phys. B 35, 023701 (2026)

SPECIAL TOPIC — Advances in thorium nuclear optical clocks
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The 22°Th nucleus has attracted considerable attention due to the existence of its low-energy isomeric state; however,
direct laser excitation in ionic systems poses significant challenges for current laser technologies. In the 22°Th3 ion,
the electronic bridge (EB) process enables the conversion of direct laser excitation into an effective two-photon process
(Ig,6d3/2 — 1g,7p1 /2 — Im, 781 2), thereby circumventing the requirement for laser radiation at 148 nm. In this work,
we employ many-body perturbation theory (MBPT) to calculate the hyperfine structure constants and field shift factors
for several low-lying excited states of the 2 Th3* ion. By combining these theoretical results with previously reported
experimental data, we predict three transition frequencies associated with the EB process in the 22Th3* ion and identify
the most suitable transition pathway for EB-assisted nuclear excitation.

Keywords: thorium nuclear clock, electronic bridge process, nuclear hyperfine mixing

PACS: 37.10.Vz, 31.15.—p, 31.15.am, 31.30.Gs
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1. Introduction

As precision measurement tools, optical clocks fulfill crit-
ical roles spanning from global positioning systems to funda-
mental physics research.!!! The 2>Th nucleus has emerged as
a leading candidate for next-generation nuclear optical clocks,
featuring a low-energy (= 8.3 eV) nuclear transition, a sub-
mHz natural linewidth, intrinsic immunity to external pertur-
bations, and heightened sensitivity to temporal variations of
the fine-structure constant. >~

Direct laser excitation of the *?°Th nucleus presents
formidable challenges for current deep ultraviolet (XUV) laser
technologies. Breakthroughs in solid-state approaches have
demonstrated nuclear excitation in Th-doped crystals and thin
films, 191 where the host material confines nuclei in motional
ground states without requiring cooling lasers. This confine-
ment mechanism, combined with the high nuclear density
(~ 10" cm™3) in crystalline matrices, greatly enhances the
signal-to-noise ratio compared to ion trap systems./!1-1?] The
success of these solid-state platforms establishes a viable path-
way toward compact nuclear optical clocks, significantly sim-
plifying the laser architecture by eliminating auxiliary cooling
and other lasers. 3]

Ionic nuclear clocks offer unprecedented precision po-
tential, with theoretical predictions achieving 10! level ac-
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curacy through relativistic atomic structure calculations and
well-defined nuclear—electronic coupling models.!'*!3 High-
precision spectra of several Th ions, capable of resolving ultra-
fine states, serve as probes for extracting nuclear structure in-
formation. The combination of high-precision relativistic the-
oretical calculations and spectroscopic measurements has en-
abled the extraction of several nuclear structural parameters,

including the o-sensitivity,['®! nuclear charge radius,!!’-1°]

electric quadrupole moment, and magnetic dipole moment. 2!
Additionally, nuclear hyperfine mixing (NHM) enables
two-photon excitation through electronic bridge (EB) pro-
cesses, bypassing the 148 nm laser requirement.!?’->? The
229Th3+ jon provides an ideal platform for nuclear excitation
via EB processes: (i) its simplified electronic configuration
minimizes competing relaxation channels; (ii) its moderate
ionization potential ensures that 2>Th3* ions can be directly
produced by laser sputtering; (iii) the required transition wave-
lengths fall within commercially available laser ranges.
Figure 1 schematically illustrates key transitions in the
EB process of 22*Th*. Transition wavelengths are derived
from experimental measurements of 2>Th3* ions, >3] natu-
ral linewidths are calculated using relativistic coupled-cluster

[24

methods,?*! and EB transition linewidths incorporate both the

229Th nuclear isomer lifetime and EB enhancement fac-
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tor calculations.>!! The 2**Th3* ion has a 5f5 /2 ground state,
which is excited to the 6d3/, state via 1088 nm laser pump-
ing, followed by 196 nm laser preparation into the metastable
7s1 /2 state. The 0.6 s lifetime of this metastable state enables
two-photon EB excitation (269 nm plus 330 nm). In this work,
we predict three transition frequencies in Fig. 1 by combining
many-body perturbation theory (MBPT)-calculated hyperfine
structure constants and field shift factors with existing exper-
imental values. We also identify the most suitable transition
pathway to reduce laser power requirements and laser-induced
ion heating. These results provide critical guidance for realiz-
ing EB-mediated nuclear excitation in 2> Th3*.

P12

781/2—
t=0.6s

6d;/,

Fig. 1. Schematic energy level diagram of 22 Th3* ions. Orange-colored
levels represent the nuclear isomer state (I,), while black-filled levels
correspond to the nuclear ground state (Iy). Transitions are labeled with
the corresponding wavelengths A and natural linewidths I". References
for these transition properties are provided in the main text.

2. Method

The relativistic many-body perturbation theory imple-
mentation in this work utilizes the AMBIT package. Our
treatment of core—valence electron correlations employs the
second-order self-energy approximation @ (E) within the
Brillouin—Wigner formalism. The governing equation for the
valence-electron eigenvalue problem is expressed as

[A+22E)] ly) = Ely), ()
with the Dirac—Fock Hamiltonian defined by
H=ca p+(B—1)mc®+ Vo (r)+ VN1 )

Here Vi (r) represents the finite-nucleus potential (Fermi dis-
tribution model), while VN~! characterizes the direct and ex-
change interaction between core electrons and the valence
electron. Single-particle orbitals are generated through the
Dirac—Fock procedure in the V¥ ~! potential.

The model space P comprises Slater determinants |I) with
fixed core configurations. The eigenstate expansion takes the
form

lv) =Y Cl). 3)

IeP

The energy-dependent self-energy operator X(2) (E) in
matrix representation becomes

(I|H|M)(M|H|J)
E—Ey

PE) =Y

MeQ

“

where |M) denotes intermediate states in the complementary
space Q containing core-excited configurations. The complete
Hilbert space H satisfies the decomposition P & Q = H. Di-
agrammatic analysis confirms that single-valence excitations
exclusively contribute to X(2) (E) in monovalent systems.

The resulting nonlinear eigenvalue problem is formulated
as

HipyHygy
E—Ey

)

JepP

Hy+ )
MeQ

C;=EC. 4)

For the 22 Th3* jon system, significant higher-order cor-
relation effects necessitate scaling adjustments to the second-
order correlation operator. We introduce a x-dependent scal-
ing factor A, to modify the operator matrix elements, enabling
improved agreement between calculated energy levels and ex-
perimental spectroscopic data

A

A+2P(E) = A+ 1Z?(E). (6)

The scaling factor can be calculated as

Eoxpt — E
A~ expt DF ] (7)
Emppr — EDF
The random-phase approximation (RPA) is also taken
into account in the calculation of matrix elements[20]

(ﬁ_Ec)|8C> = _(0+8Vcore)‘c>v (8)

where O is the operator corresponding to the physical quan-
tities of interest, and |c) and |dc) represent the core-electron
states and their corrections induced by the operator O, respec-
tively. The term §Vore denotes the change in VN~! arising
from the variation of the core-electron states and is included
in the calculation of matrix elements

(il01j) — (i|O+ 8Veore| ) )

In our calculation, we use 50 B-splines of order k = 11
and set Riax = 50ag, which is sufficient to describe the behav-
ior of wavefunctions of the low-lying excited states, as shown
in Fig. 2. We expand the true eigenstate using 20spdf orbitals,
and 30spdfghi orbitals are employed for the calculation of the
self-energy operator X () (E). The Breit interaction is taken
into account.
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Fig. 2. Radial density distributions of the valence electron in low-lying states.

3. Results
3.1. Atomic structure

Firstly, we demonstrate the reliability of our calcula-
tions. Table 1 presents our calculated energies obtained from
three different computational models: Dirac—Fock, MBPT,
and MBPT with scaling. The Dirac—Fock model fails to re-
produce the correct ordering of energy levels, whereas the
MBPT model captures electron-correlation effects more accu-
rately and therefore yields the correct sequence of energy lev-
els. For the lowest state of each angular momentum J, the de-
viation amounts to several thousand wavenumbers, while for
the second state of each angular momentum J, the deviation is
reduced to several hundred wavenumbers.

Table 1. Energies of low-lying states in the **Th?* ion (in units of
cm"). The subscripts “DF”, “MBPT”, “sc”, and “expt” correspond to

energies calculated using the Dirac—Fock method, MBPT, MBPT with
scaling, and experimental values!?!, respectively. SE = E — Eexpt-

Config.  Epr EnmBpT Esc Eexpt  OEmBPT OFEs

5fs,  —207309 —238617 —230976 —231065 —7552 89
5f7, —203993 —233823 —226648 —226740 —7083 92
6d;, —211842 —224858 —221838 —221872 —2986 34
6ds;, —207686 —219070 —216550 —216579 —2491 29
Tsy;p  —200183 —211706 —207837 —207934 -3771 97
Tp1p  —164931 —173239 —170739 —170826 —2413 87

Tp3jy  —153506 —159959 —157942 —158009 —1950 67
8s1p  —109163 —112377 —111325 —111443 934 118
7d3;, —108633 —111560 —110877 —111380 —179 504
7ds;;  —107048 —109813 —109196 —109638 —175 442
6fs,  —99982 —104139 —103099 —103796 —343 696
6f7, —99561 —103670 —102661 —103250 —421 589
8pra  —94525 97225 96434 96549 677 114
8p3;n  —89565 91820 91131 -91194 —626 63

To reduce the error in the energy-level calculations, as
discussed in Section 2, we introduce a scaling factor to match

the energies of the first state under each angular momentum to
the experimental results. After introducing the scaling factor,
the error in the energy of the first state under each angular mo-
mentum is reduced to a few dozen wavenumbers. The error
in the energy of the second state under each angular momen-
tum is increased, but it remains at the level of several hundred
wavenumbers. The values of the scaling factors are as follows:

As,, =0.673, Ay, =0.710, A, , = 0.698,
Ay, = 0771, Agg,, =0.781, A, = 0.759,
A, , = 0.763.

Although the scaling factor has a significant influence on
the energy levels, its introduction leads to only a few-percent
change in the calculated matrix elements of other operators,
which is much smaller than the correction introduced by the
RPA. In the subsequent results, we include the RPA correction
throughout.

Table 2. Hyperfine structure constants A in units of MHz for low-
lying states of the nuclear ground state (I; = 5/2 and py = 0.366(6)
un?). The subscripts “sc” and “expt” correspond to results obtained us-
ing MBPT with scaling and experimental measurements, >! respectively.
The uncertainties are given in parentheses.

Config. Age Aexpt Diff. (%)
Sts) 72.46 82.2(6) 13.4%
5t12 27.53 31.4(7) 14.1%
6d3); 135.78 155.3(1.2) 14.4%
6ds )2 —43.83 —12.6(7) 71.3%
781/ 6111(878)

12 1436(206)

We present the calculated hyperfine structure constants
A in Table 2 and compare them with experimental measure-
ments. Our results show deviations of approximately 14%
from the experimental values. However, for the 6ds/, state,
the deviation reaches 71%. We note that this behavior is
not unique to our calculations. In relativistic coupled-cluster
(RCC) calculations,?®! the deviation of the hyperfine structure
constant for this state is significantly larger than that for other
states. The substantial discrepancy in the hyperfine struc-
ture constant for this state obtained using two distinct RCC
methods suggests a high sensitivity to higher-order correlation
effects.[>’]

Therefore, the deviation of the 6ds , state from the exper-
imental values is not adopted. Instead, we select the maximum
deviation of 14.4% as the uncertainty of the hyperfine structure
constants A for the 7sy/, and 7py/; states. As a further veri-
fication of the calculation accuracy, the calculated hyperfine
structure constants B for the 555 7/, and 6d3 5 55 states show
deviations from the experimental values at the 3% level.

The calculated field shift factors are listed in Table 3

and compared with results obtained from relativistic coupled-
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cluster (RCC) calculations./?®! Our results show good agree-
ment with those from RCC, demonstrating that MBPT can ac-
curately capture the essential features of electron-correlation
corrections. In the subsequent calculations, we adopt the RCC
results. The uncertainties are estimated as the differences be-
tween the RCC results and our MBPT values.

Table 3. Field shift factors FS in units of GHz/fm? for low-lying states
in the 22°Th3* ion. The subscripts “DF” and “sc” correspond to re-
sults obtained using the Dirac—Fock method and MBPT with scaling,
respectively.

Config. FSpr FSs Ref. [26]
5f5,2 -51.0 —53.6 —55.0
5t/ —48.9 —51.6 —53.0
6ds/, —21.8 —-229 —233
6ds, -19.0 -19.9 —20.5
Ts1/2 83.7 91.5 92.1
Tp1)2 22 2.5 2.7

3.2. Frequency prediction

Transition frequencies in 2?°Th3* are predicted via iso-
tope shifts relative to 232Th3* spectroscopic data, incorporat-
ing hyperfine-structure corrections

VP = v+ Avis + AW, (10)

where i and j denote the initial and final states of the tran-
sition, Avyg represents the isotope shift, and AW arises from
hyperfine structure.

The isotope shifts are calculated as

Avis = (FS;— FS;)((ryog) — (r332)), an

where FS denotes the field shift factor and (r?) is the nuclear
mean-square charge radius. Here, we neglect the isotope shift
arising from changes in nuclear mass. For heavy elements,
the contribution of this term is much smaller than that of the
dominant field shift. In Table 4, we present the calculated iso-
tope shifts and compare them with experimental values. The
maximum deviation is found to be 4%, which lies within the
estimated uncertainty of the calculation.

Table 4. Isotope shifts Avis in units of MHz between low-lying states
from *2Th to **£Th ({1359,) — (r335) = —0.299(15) fm?!'")). The sub-
scripts “sc” and “expt” correspond to results obtained using MBPT with
scaling and experimental measurements,!>’! respectively. The uncertain-
ties are given in parentheses.

Transi. AV AVespt Diff. (%)
St —+6dy,  —9748(651)  —9856(10) 4.0%
Stsj, = 6ds;y  —10386(619)  —10509(7) 1.9%
Sty —6dsy  —9718(664)  —9890(9) 1.8%
6d3, =+ Tpijn  —T774(416)

Tsi0 = Tprjs  26731(1356)

The transition frequencies of 6d3/, — 7py/2 and 7s /5 —
7p1/2 in 232Th3+ are measured as 195.903 nm and 269.481 nm,
respectively, (>3] corresponding to the following frequencies:

232
Vedr s s7py, = 1530309 GHz, (12)

V72s312/ﬁ7p1 ,, = 1112475 GHz. (13)

In Ref. [23], a general uncertainty of 0.0005 nm was as-
signed to both transition frequencies without detailed analy-
sis. Another Ref. [30] reported a high-precision measurement
of the 6d3/, — 7sy, transition frequency, with an uncertainty
of 30 MHz. This transition frequency can be derived by tak-
ing the difference between the two transition frequencies in
Eq. (12), which reveals a discrepancy of 12 GHz. This devia-
tion significantly exceeds the uncertainty reported in Ref. [23].
In the present work, we re-estimate the uncertainties of these
two transitions as 12 GHz, based on the comparison between
the two references.

Adding the isotope shifts shown in Table 4

229, _

v6d3/;7p1/2 =1530301(12) GHg, (14)
229, _

v751/;7p1/2 = 1112502(12) GHz, (15)

where the superscript ¢ represents the central frequency with-
out hyperfine splitting.
The hyperfine shift AW can be calculated as

AW =W r, — Wi, (16)

where W; i represents the hyperfine splitting of state i with
total angular momentum quantum number F;

1 13Ki(K; + 1) —4J;(Ji + DI(L + 1)
Wip = —KiAi+ =
W it 201,(21; — 1)2J;(2J; — 1)

2 B;, (17

i =5 ) i (17)
where K; = F;(F;+ 1) — L;(I; + 1) — J;(J; + 1). The meaning of
Wi F; is analogous to W; r,.

Table 5. Predicted hyperfine splitting shifts AW and transition frequen-
cies for the Iy, 6d3/5 — Ig,7py transition. Fj and F, denote the quan-
tum numbers F’ for the 6d;/; and 7p, states, respectively. Uncertain-
ties are given in parentheses.

F F  AW(MHz  Freq. (GHz)
1 2 —3283(316)  1530298(12)
22 —1781(316)  1530299(12)
2 3 2526(226)  1530304(12)
32 —1228(316)  1530300(12)
303 3079(226)  1530304(12)
4 3 646(226) 1530302(12)

Table 6. Predicted hyperfine splitting shifts AW and total transition fre-
quencies for the /g, 7s1 /5 — Iy, 7p1/» transition. F and Fy denote the
quantum numbers F for the 7sy/, and 7p, / states, respectively. Uncer-
tainties are given in parentheses.

F R AW (MHz) Freq. (GHz)
2 2 8182(1380) 1112510(12)
2 3 12488(1363) 1112514(12)
3 2 —10151(1010)  1112492(12)
303 —5844(986) 1112496(12)
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Based on the experimental measurements for hyperfine
structure constants of the g, 6d3 ; state and the calculated hy-
perfine structure constants of the /g, 7s /5 and Iy, 7py / states,
the total transition frequencies of Iy,6d3/, — Iy, 7p; /2 and
Iy,781/2 — Iy, 7p1 2 can be calculated. The results are shown
in Tables 5 and 6, and the uncertainties are dominated by the
spectroscopic measurements of 232 Th3*.

Next, we predict the frequency of the EB transition. The
nuclear transition frequencies have been measured with kHz-
level accuracy in Th-doped solids.[®! Since in Th-doped solids,
the four electrons of neutral Th atoms are compensated by the
surrounding F atoms, the nuclear transition frequency in the
Th-doped solid can be regarded as that of the **Th** ion

N (ThiT) = 2020407384.335(2) MHz, (18)

where g represents the 22 Th** ion in the ground state.

Since nuclear transitions change the nuclear charge ra-
dius, the field shift that depends on the electronic structure
will cause a difference Avy in the nuclear transition frequen-
cies under different electronic configurations

VR(Th3], ) = vn(Thg ™) +Aw, (19)

where
Ay = FS(Théjl/z)—FS(Th‘g}*)] x 8(r2)2Pm229  (20)

In MBPT calculations of field shift factors, contributions
from core electrons are not included; hence we can directly use
the values in Table 3 to approximate F'S (Th%:l/z) —FS (Thgﬂ.
The RPA correction validates this approximation. For ex-
ample, multiconfiguration Dirac—Hartree—Fock calculations
show FS(Thgzg/z) — FS(Thy") = —57.1 GHz/fm?,3!! which
is close to our result —53.6 GHz/fm” and the RCC result
—55.0 GHz/fm?.?%1 As a result, combining & (r?)22°m229 =
0.0105(13) fm?,['7! the central frequency of the nuclear tran-
sition in 2 Th3*(7s, ,) is

VR(Th3, ) = 2020408351 (120) MHz. Q1)

The central frequency of the EB transition can also be
obtained, with the uncertainty still dominated by the spectro-
scopic measurements of 23 Th3+

Vip = VR(THY, ) — VIS

T ) Viers iy, = 907907(12) GHz.  (22)

By determining the hyperfine structure constant A of the
229mTh3+(7s, /2) state, the hyperfine splitting shift AW of
the EB transition frequency can be calculated. Combining
the measurements for the hyperfine structure constant A of
229MTh3* (6d35) ) and 2 Th** (6d;,),*”) an improved ra-

tio of nuclear magnetic moments is obtained

b/ 1ty = —1.016(14), (23)

which increases the precision tenfold compared to the pre-
vious result /Uy = —1.04(15).118
tio, we predict that the hyperfine structure constant A of the
29mTh3* (75, 1,) state is —10349(1308) MHz. The total fre-
quencies of the EB transition are shown in Table 7.

1 Based on this new ra-

Table 7. Predicted hyperfine splitting shifts AW and total transition fre-
quencies for the Iy, 7p; j» — Im, 7512 EB transition. Fj and F, denote the
quantum numbers F for the 7p;/, and 7s, states, respectively. Uncer-
tainties are given in parentheses.

F R AW (MHz)  Freq. (GHz)
21 15448(1666)  907922(12)
2 2 —5249(1031)  90701(12)

32 —9556(1007)  907897(12)

3.3. EB transition

The NHM effect arises from the electromagnetic interac-
tion between the nucleus and bound electrons, which can be

described by the total Hamiltonian 333!
H=H.+ H,+ Hg,, (24)
Ho= Y, Y.(-1)"M{ T, (25)
©=E.M Lm

where H. and H, are the Hamiltonians of the electrons and
the nucleus, respectively, and M}, (T}},) are the nuclear (elec-
tronic) multipole operators of rank L.

In the coupled basis |[FMp(IyJ)), NHM can be treated
perturbatively as

|FuMg,) = |[FuMp,) + Z buewe |FMp(LyYerJer)), (26)

— we

A o (_1)Iu+J£/+F {IN’ Js’ F}
gu'e —
HEH Eye—Eype &\ Je Iu L

X <I,u’||MZ||IM><76’J£’||T1f|‘7518>' 27

Here, the underline denotes states corrected by hyperfine in-
teractions, b, ,rer quantifies the mixing between different nu-
clear and electronic states (enabling otherwise forbidden nu-
clear transition channels), and 7y represents other quantum
numbers.

In the 22Th3* ion, there exists an electronic transition
7s1/2 — 8812 whose frequency is close to that of the nuclear
transition. In the NHM calculation for the state |In,7s;2).
contributions from other states are negligible compared to the
state |Ig,851 /2>. Moreover, the 2*Th nuclear transition is
dominated by the M1 channel. Therefore, the summation in
the general NHM expression can be simplified as

(7513, Tm M) = 7512 s - )
+b(F)|8s1 /2,15, F,Mp),  (28)
b(F) = (=)™ 2 (1| M1 |1y

{ I, 1)2 F} (8s10[Ti[7s12)

;29
1/2 Im 1 a)N_w851/2,751/2
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where M1 is the magnetic dipole transition operator, 7] is the
magnetic dipole hyperfine interaction operator, @y is the nu-
clear transition energy, and w; ; = & — €;.

The nuclear matrix element (Iy||M;||I,) is related to the
lifetime of the nuclear isomer state (T = 641 s in crystal, re-
fractive index n ~ 1.586), %! corresponding to (Iy||M; ||Im) =
1.59 x 107% au. The matrix element (8s12l|T1[|7s1/2) =
—0.9391 is calculated using MBPT with scaling plus RPA.
Based on our previous uncertainty analysis of the hyperfine
constant A, we estimate the uncertainty of this value to be
14.4%. As a result, the absolute value of the mixing coeffi-
cient is

|b(2)| =2.91(42) x 1079, (30)

Due to angular momentum coupling, the NHM effect ex-
ists only for F = 2.

Hence, the matrix element of the EB transition can be ex-
pressed as

<7p1/271g7F;M1|E1‘7sl/271m72;M2>

= b(2)<7pl/2a1g7FaMl‘E1|8Sl/2a1g72,M2>7 3D

where E1 is the electric dipole transition operator.

We calculate the EB matrix element by combining the
reduced matrix elements in F-space with the Wigner—Eckart
theorem

F 1F
(FMF|E1|F'M})| = (_MF g M}) VQF+1)(2F +1)

F 1 F’} ,
x UIELITY].
{5 L5 e

The reduced matrix element (7p;/||E1][8s;/) =
1.5610 a.u., calculated by the RCC method,** yielding the
maximum EB matrix element

(32)

[(Tp1)2.1g.3, £3|E1|Ts1 )2, I, 2,£2)| = 2.39(34) x 10 % a.u.
(33)

Table 8. Laser intensity ratios for different hyperfine states of Iy, 7sy /5.
Here, 330 denotes the laser intensity for the EB transition, and Ipeg de-
notes the laser intensity for the Iy, 7s;/, — Iy, 7p) > transition. The re-
duced matrix element (75 || E1|[7p; 2) = 2.4375 a.u., calculated using

the RCC method. 24

M Ratio 330 /69

+2 2.88(83) x 10!
+3 1.73(50) x 10"
+2  5.76(166) x 10'°

W W N ~

Reference literature indicates that, for efficient EB nu-
clear excitation, the Rabi frequencies of the Ig,7s/; —
Iy, 7py/p tramsition (269 nm) and EB transition (330 nm)
should be equal to achieve the maximum excitation efficiency

of 27.9%.13?] Since the Rabi frequency o /I;D for a Gaus-
sian beam (/y is the laser intensity and D is the transition matrix
element), [34] the ratio of the two laser intensities should be in-
versely proportional to the square of the ratio of the transition
matrix elements. These ratios are presented in Table 8.

In the experiment, the strongest EB transition and the
weakest Ig,7s1 /5 — Iy, 7py 2 transition should be selected as
much as possible to reduce the requirement for laser power
and the heating of ions by the laser. Therefore, we recommend
using the following transition path to achieve EB nuclear ex-
citation:

|Ig,751/2,F = S,MF = :|:2>
= |Ig, Tp1 2, F = 3,MFp = £3)

— |In,751/2,F = 2,Mp = £2). (34)

4. Conclusion

In conclusion, we employed the MBPT + RPA method to
calculate the hyperfine structure constants and field shift fac-
tors of low-lying excited states of Th3*, providing a detailed
uncertainty analysis. We also predicted the laser frequency
ranges required to achieve EB nuclear excitation. Addition-
ally, we calculated the matrix elements of the EB transition in-
cluding hyperfine coupling and recommended a suitable tran-
sition path for achieving EB nuclear excitation.
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