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(AN B FE B INATY 22 RS T8] S B . A SCR A DIRAC I EXP-T FE/7 3556 T s BE AR IEFF K
RERS RIE AL IS A BN R AR AR AL, T 7 RS E B T . 4, 7E FSCC HESL T, Shgit
SRS 7 [B] 9 RO B R W AE R, (HAE RS EEE B SR RUHT 20, HEEE TIX—¥
Wi, TG R A I R A AR B IR R TR, A SIS FSCCSD iHE k4 Nit2+ B
BRSO RS TE R UAR R S5t . ot e DO RRSRS 1 PP SR AL T T S ER IR SN
1 Nit2+ B RS i B R AR SR BB FSCCSD 451 (e18-SD-10000), EAEAIZE(R] P L7 6

ANBETEEE (3p®. BEEHAN cm™!

The ground-state ionization potential and low-lying excitation energies of the Ni'?* ion obtained by using

the FSCCSD calculations (e18-SD-full). The energies are given in cm™!.

FH
ﬁgﬁ Abasis AQED
aae2z aaedz aaedz V57
3P, (IP) 2833473 2835457 2836352 2836493 141 51
3P 19860 19967 19998 20006 8 53
3Py 20639 20693 20685 20688 3 35
1Dy 48 535 48038 47838 47783 —55 45
1S 102108 101967 101677 101 650 =27 55

3 #RE5i1k

N3 1PR, #ET FSCCSD Jii%k, ASFE ¢ Nit?t B RS R B R MBS R, T REH
BT RAWSAT . M aae2z B aaedz FEMH, THERERIZPUSL, T V5Z HALRT aaedz MELE A7)
i, RY aaedz LA CILBIBIFHEUKT o FEHANTER/BIE Apass (H1 VBZ 5 aaedz FHZ 24T
AMEFHEAEILE Aqep BT I em ™' B4, & TXBERSHKIRMIBIE. REHAXMEEDN,
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* 2 Nil** B PESHBRAREBESERAEN FSCCSDT REELEHR, “hS” Fl “R8” 4Rl /R F A
I P AE 6 NERPUE (3p°) Al 8 MEBEHIE (3s23p%). REEHALN cm™!

Table 2. Ionization potential of the ground state and excitation energies of low-lying states for Ni'?* ion
from FSCCSDT calculations. The notations “h5” and “h®” indicate that the model space P consists of

six hole spinors (3p%) and eight hole spinors (3523p°), respectively. The energies are given in cm™!.

hS h®

>
E}K
78

Theo. [ Exp. [7 Theo. U]

SD SDT Ap SD SDT A

3P, (IP) 2834797 2834098 —699 2834797 2834098 —699
5P 19937 19884 —53 19937 19884  —53 19542 19550
3P, 20678 20401 =277 19979 19973 —7 20060(100) 20078.984(10) 20081
'D, 48041 47968 —73 48041 47968  —73 47033 47033

'Sp 101990 99560 —2431 95270 96085 815 97836 97771
(R T A BTG HARAS PRAL I &, 3K P I 132 AN AT 220

TER 29, FRATHE T FHAEN P AE 6 NEABHUE (A% M 8 MEMEHIE (B8 MitH %
Horp, pS RORBIRE RS RE 3p° 5EEM 6 MENATRIE, 2HESN NIl TR ZEAS
3523p0, JEITREERM AL TR Nit2t B 3pt A hS WHE—¥ 352 RIEM 2 NS E EHE
INBERL AR H], A O R R 35230 3k 8 MATEIE. X —Y R EEEEF 3s M 3p BT H—F =
T2, PUEREEEONET, K RN S A T LR IR 3s-3p HILT ORIRALR .

XFEL S 5 S BEALR ) SD A R AT LUREL, 2P A YDy BHIAE R LIRS, 1T 3P, 1 1S, &
IRE R A R AR E A : 3Py M 20,678 e~ BE4 19,979 cm ™! (FHKZ) 699 cm—1), 1S, M 101,990 cm™?
B2 95,270 em ™! (FRKZY 6,720 e ™). X —IEFEIETARER I, 3s /R 51 NAORRE & 0 AR 1 1) Re s
AR E R o IS BT R AR B, TE RS ARALT, 3Py AN LS, MR A HIR R T 0 3s BB
RENL 2%), HFEXHAESNRE R R,

BB SD 5 SDT £5 R KM, =B FCR KRB A F eSS FFEfFAE 2 & 2 57 . ST 3R,
Sy &, EAVEE 3p NI (RS o, ZHEBEKTTERE R (435liE —277 fl —2,431 em™1),
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#3 Nt BTES CPRy, |M;|=2) WHENBETELSR, BN ea

Table 3. The calculated results of the electric quadrupole moment of the 3s23p* 2P, ground state

(3P,, |Mjy| = 2) of Ni'** jon. The electric quadrupole moments are given in ea?.

SCHRE

M YES ¥l
FSCCSD [l MCDHF [ RHF [

e18-SD-10000

aae2z 0.07379882
aaedz 0.07348660
aae3dz + QED 0.07342700
aaedz 0.07316200
aug-cc-pVbhZ 0.07316744
Ayasis (VbZ-aaedz) 0.0000054
AqED —0.0000596

e18-SD-100 #0 e18-SDT-100

aae2z SD 0.07385842
aae2z SDT 0.07370180
aaedz SD 0.07357878
aaedz SDT 0.07337000

Ar (SDT-SD) @ aae2z  —0.0001566

Ar (SDT-SD) @ aae3z  —0.0002088

Final data 0.07290(5) = 0.07325 0.07383(70)  0.074(3)




A _ESEAEGRAMR G 35-3p BT RHK. — B 3s FIRGIABAL A ] (h®), T 3s-3p KEKCAE SD
Rl B A UHR, = EER TR Z N CPy B2 —7 em™!), H SD BMERCYE SDT KSEg{H

Vi

SR, IXFFAREE LU AS BEALLL RS BERYEE NGB X PUAS [ RS 23 ) R 9 H B8 T LUK IR, &
RS BT, HIE%EE T SDT SKEL, 3Py WORBEMITHEE S LR E 2 M FEL 323 e ™! MW ZE . THITE
RS BEALR, SD BRI 3Py WUREE (19,979 em™Y) S5SIE MM ZESR /N EL) 99 em ™. (EAEFHE R
A&, hSBRUR 3P 5 3Py RSUNSE MBS RAAE SD B b B RAGAY, ORI SD $27H & SDT K,
ARG BTG . XML T FSCC kst E Ie- YUl M & MEh & R R A AEA R 2 b o thAh, T8
Eb#L SD H1 SDT 25 R eJ LAKR I, FSCC J7iE5k B BB R R 22 00T T ik 5 Al i B2 = U T )2 2k T B
IXABE R T AR RS BN, 9 U0 58 4 1) Breit A1 HAEFIZEA LK FSCC THHE h i 2%, BA TRk
B TAEh T LA &

51, ATEE S 5 P RRUAS[AI R A R (IP) A R LUAKHL, FASREEMAL T RO
lE P ORERE: ERMEAENT, IP WEUETE SD A1 SDT A 38 5E Al m. XK, TIRREH

3s UGN 6], HEE 3Py (M| =2 B5r) HIAERTREERFFA.

BAMER 3 PRLT NIl B1iEE 3P, (|My| =2) HIUMAE 0 FitEE %, £ “e18-SD-10000”
THE R, RN aae2z 4R, AT 0 {65 Zhang 55 ARH MCDHF J7iERL K Gilles 55 N :T
FIXHE HEF ikt S RAR Bein . SR, B IRAN aae2z BHY R anedz J1E V5Z, 0 (HRILH
W1 R R, PRI S ZE AR ML - aaedz 5 V5Z [RI4E RT3, KW anedz FEA CIA S m I ISK.
FA TR aaedz 5 VHZ SR ZIBIZMENAFEAANTER/BIE Apags =454 x 1070 FATIEERE T QED 2

1E, AQED = —5.96 x 1075, ﬁ%—/l\%”rﬂéﬂﬁ%ﬁ@$ﬁf@ﬂ@%J\Jﬁfﬁﬁo

fE “e18-SD-100" 1 “e18-SDT-100" i+5H1, FATRH] aae2z Ml aaedz FE4L, HE T SD 5 SDT X
B TR AR, DOPAG =B BURCRION 0 otik. =HIMKMBIE Ar = 0(SDT) — 0(SD) 7£ aae2z %
HRLN —1.57x 1071, 1F aaedz F4L FLIA —2.09 x 1074, EREH, —HERSN 0 A6 R/GHEHLEE
M oTEk, HELLHN 1074, @R THERAATRZEIE (~ 1079 F QED ZIE (~ 107°) K=, K,
FERSHAVHEL 0 i, TR NE B =HMARKRIKAN . ERERNE, Ar MAXEBREAMN aae2z §/EE
aae3z MHEAIR, FOIH KM IELLRRYS 50 70 7 M IR = SEBUR B S (¥ R B 2 18], AT 45 H 3 e 3 11
IR RE TTHR -
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gty ik, BATUAE SR aaedz 1) FSCCSD 25 5AE NEAE, T L Apasiss Aqep M Ar
BIE. —EERBIERA aaedz FEA T Ar {8 (—2.00 x 1074, FEAZIEH REDS 5 704 Hh I8 i i 2=
() o () = F O SRR o FEANHASE BEVPAG T T, SR B IEA QED B IERI B I EUD, EENAE
IR T = EROR KIS IE R . FRATLL aae2z 5 aaedz FH T Ar FIZEME (4 0.52 x 10~ {EAIZTHUE
IERIAHE . 2, AR Nil2+ BFHE 3P, (IMy] = 2) WU AEFEN Ohna = 0.07290(5),
HAPFES W IBUEFORATE B, EER T = F R RIS IE X I AL 1 -

4 él’J ‘Wl:}

AR5y EAM 8 Fock IR G (FSCCO) JiE, REUHHET N2t J1HE (3s23p* °Py)
B RE . RS CPoas Doy 1S0) MUK AELL LA DUARAR 0. T8I R 405 SRR i siert . iy
AR/ (RS vs. h®) DAL HL PR (SD vs. SDT), ATRIL, FEACHTH LM Nit2+ 8R40
PR 2% B Bl P, AR ) 0 326 o0 UK RE R AT SR R RS I, T ) R 8 e M FL DU AR R FE A TE S I o IR 7
T, h® 5 p® BTN REAE S A B, UM R SR UHE(E AN AR A (R R RE I . SR, PP
LSy ARV RETE h® AR RE L (415120 —699 1 —6,720 com™D), 11 2P, 1 Dy & NJLFAZE,

— 45K, 3s BIRBIGIANLONFREXFRYE (J =0 8 1S) BIAF“ERER, X THESHERME,
BUMERIZEE] (RS) O R -

AL aaedz/VHZ i) FSCCSD 455 hHEME, SIMEHBIE. QED ARE IEM = EUK K E
iE, 1837 Nit?t B7E 3P, (IMy| = 2) BB RZIETEE 0 = 0.07290(5). %4508 Yu F4h
11 0.07325 P BSK, JE4 T S /NREIS A E FEAGTE: RIS Zhang 4§ €0.07383(70)) [ #1 Gilles
% (0.074(3)) BT SCREEEAY) A .

AR TR AR R, BEAE b A p® B R 5 8 = U ORI, 153045 A5 5 Seie 80
A—EMmZE. XFEY] FSCC JTIEfEALH 3p* XRMB Z A B H TEMERNAAAE—ERMR, R E
TEL X ZEPRKEL, UIMELLTE AR R AR T ORI . JLI, DU TR = UK
B IE MR AR R e AT R (Ar 1E aae2z 5 aaedz [AIFHZE 0.52 x 107%), HT— ¥ 2 K HE
4 (41 aaedz Fl aug-cc-pVHZ i) DLRIAUSSIHE . EFxf BIRJRBR, FRATHUG KR E @A 2 S5 HE
Y REKTTVE, DLSEIUT A i L 1 TS 2R R B E RORHT B, IR iR B A
7 B TOLEh A R
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Relativistic calculation of the ground-state electric

quadrupole moment of Nil2t*

YU Yanmei?)1

1) ( Key Laboratory of Condensed Matter Theory and Computation, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China)
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100190, China)

Abstract

Highly charged ions (HCIs) are attractive candidates for next-generation optical clocks because their
compact electronic orbitals strongly suppress environmental perturbations while retaining high sensitivity
to possible variations of fundamental constants. Ni'?* has a 3s23p* ground configuration and supports
the ultranarrow 3 P,—3 P, clock transition. The electric quadrupole moment of its 3P, ground state directly
determines the coupling to stray electric-field gradients and is therefore an essential input for evaluating
the quadrupole shift. Its accurate determination is nevertheless demanding because the property depends
on the combined effects of relativistic interactions, multielectron correlation, basis-set completeness, and
quantum electrodynamic (QED) corrections.

We calculate the electric quadrupole moment of the Ni'?* ground state (3P, |M;| = 2) by combining

a four-component Dirac-Coulomb-Gaunt Hamiltonian, the relativistic Fock-space coupled cluster (FSCC)

* Project supported by the National Natural Science Foundation of China (Grant No. 12574534), the
Innovation Program for Quantum Science and Technology (Grant No. 2021ZD0300901), and the
National Key Research and Development Program of China (Grant No. 2021YFA1402104). Project

funded by the China Manned Space Program.
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method, and a finite-field treatment. Ni'®* is used as the closed-shell Fermi vacuum, and the target
Ni'2* states are described in the two-hole sector. The quadrupole moment is obtained from the first-order
response of the correlated energy to an external electric-field gradient. Calculations with the dyall.aaeXz
(X = 2,3,4) and aug-cc-pV5Z basis sets are used to establish basis-set convergence. Single and double
excitations are included in the large orbital space, whereas explicit triple excitations are evaluated with
dyall.aae2z and dyall.aae3z basis sets and a virtual-orbital cutoff of 100 a.u. The QED contribution is
estimated using effective potentials that account for Uehling vacuum polarization and model self-energy
effects.

For the quadrupole moment, the aaedz and aug-cc-pV5Z results differ by only 5.4 x 1075 ea2, demon-
strating that the one-electron basis is well converged. The effective QED correction is —5.96 x 1075 ea2.
In comparison, the triple-excitation correction reaches —2.09 x 10~% ea2 at the aae3z level and is therefore

substantially larger than both the residual basis-set and QED contributions. By combining the converged

FSCCSD value with these corrections, we recommend
0(35%3p* 3Py, |M ;| = 2) = 0.07290(5) ea?.

The quoted uncertainty is dominated by the basis-set dependence of the triple-excitation contribution.

These results show that explicit higher-order electron correlation is the leading refinement required for
a reliable quadrupole moment of Ni'?*. The present finite-field FSCC strategy provides a systematically
improvable route to electric multipole moments of open-shell HCIs and supplies a high-accuracy theoretical
input for evaluating quadrupole shifts in the Ni'2* optical clock.

Keywords: highly charged ion, optical clock, Fock-space coupled cluster method, rela-
tivistic calculation
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