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F£ 1 ANFEEEA T IFEEIEHIE (active orbitals, AO)., FE#IE (virtual orbitals, VO) LAKAR R = Az {2 2525 6]
PRI (number of configuration state wavefunctions, NCFs). J =0 /R 'Sg &%, J=1,3 F/R3D15 &, M

J =2%N 3D, FI'D, &
Table 1.

Active orbitals (AO), virtual orbitals (VO) opened under different calculation models, and NCF's is the total num-

ber of the configurations in the configuration space. J = 0 represents 'Sy state, J = 1,3 represents 3D1,3 states, and the

J =2 corresponds to the 3Dy and 'D, states, respectively.

NCFs
Models AO VO
J=0 J=1 J=2 J=3
DHF 2 1
VV-1 { 5d6s ; 652 } {7s, 6p,6d, 5f, 58 } 15 16 35 24
C5V-2 { 5525p05d6s ; 5525p06s? } { 8s,7p, 7d, 6f, 6g, 6h } 336 1954 4361 3213
C4V-3  {4s24p®4d104f145525p05d6s; 452 4p°4d! 0414552 5p06s2 } {9s,8p,8d,7f, 7g } 2896 20054 49368 37668

C4V-4  {4s24p®4d104f145525p05d6s; 452 4p®4d104f14552 5p06s2 }

{10s,9p,9d,8f,82,8h} 5058 35649 83596 68104

CAV-5 {4s24p®4d104f145525p05d6s; 4s24po4d!04f145525p06s%}  { 11s,10p, 10d,9F,9g,9n} 7822 55699 139251 107472

C4V-6  {4s24p54d104£145525p05d6s; 4s24pS4d!0afld5s25p06s2} {125, 11p, 11d, 10, 10g,9h } 10681 76208 190245 146319

CAV-7 {4s24p®4d104f145525p05d6s; 4s24po4d!04f145525p06s%} {13, 12p, 12d, 11f,10g,9n } 13213 93967 232975 177889

CC5-7 U{ 5s?5p©5d6s; 5s25p°s? } {13s,12p, 12d, 11f,10g,9n } 154602 435843 643878 750192
U{5s?5p°p?; 5s25p25d?; 5525p*6526d7d

MR-3 5s25p8s7s; 5s25p06dTs; 5s25pt5d6s26d; {9s,8p, 8d, 7f, 7g, 7Th } 754484 2123833 3122817 3614260

5525p°5d6s6p; 55%5p° 56p; 552 5p°6s6d }

valence, VV), i FF 552 2 B F [0 1 BL (core-
valence, CV) LA} 52 )2 ML F Z 0] 1Y O BR (core-
core, CC) = F. i o2 % H A K (single
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|
o
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425 F
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375 F
350 F
325F %
300 F
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225 F \
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150 3 T8 o ° >

195 E 1 1 1 1 1 1 1 1
DHF 1 2 3 4 5 6 7

Virtual layers

—a— Babushkin gauge
—o— Coulomb gauge

5d6s 1Dy — 6s2 1Sy E2 transition rate/s—!

K 1 5d6s3D; — 652 'Sq M1 BRiT K 5d6s 1Dy — 652 1S
E2 BRI 9 B M 2 B R S 3 e i AR 1k

Fig. 1. Transition rates for 5d6s 3D; — 652 1Sy M1 trans-
ition and 5d6s !*D, — 652 1Sy E2 transition as a function

of virtual orbital expansion.

5d6s 1°D, — 652 'Sy B2 BRIFMER. & 1 0l 0
HUERMZES LIZ)E, °D) = 'Sg LK 1D, — 'S,
BRIE MR T 25 SR 5k 2k

L2907 A A BB 5d6s *Dy — 652 'Sy
M1 BRI i & e AE . Y40 BRAE H6 P T (reduced
matrix element, RME) FlBRiEHE %R R 19115 45
FomFE 20T VV L CV SEECZ R 3D, — 1S,
M1 BRESEN EZR R, EAERRIT RE 2L
B4 T3 BIAE AL T 5.13% Fil 98.8% . CC S BE X M1
BRITWAFAERATENA . PO REA AR T e EATT
SO R AL 4 B R 3.43% 15 38.79% . LAk,
B B DG I KN A CC Bk 22 0] A7 7E — o TR
MIARTH AN . M1 BREEOR RE TR 45 R 5 NIST
B B0 25 Y OB, A 22 0.24% . B
J&, TE%IE T Breit #HEAEHA QED RV 5, A
FEFN 20 A0 [ oo 1Y A8 6 £ 43 R 0.53% F11 1.37% .
AR RETTRY TS5 RANTESCHR 9] 45 H i I
HIRZEJLEILIA.

#£ 2 AEFEBET 5d6s 3D — 652 'S, M1 BR

TR AE AE (cm™!), RME (a.u.) FIBRIT AR

R(s™h). JHES PIEFIRLL 10 R MIEEL,

S NIERIR IR E

Table 2.  Excitation energy AFE (in em™!), trans-

ition probability R (in s~!), and RME (in a.u.) for

the 5d6s3D; — 6s? 'Sy M1 transition under vari-

ous computational models. The values in brackets

represent exponents with a base of 10, and values in

parentheses indicate errors.

Models AE RME R
DHF 21063.62 1.83[-6] 1.134[-9]
VV-1 24989.1 2.69[-5] 4.059[-7)
C4V-7 22195.61 1.61[-4] 1.019[-5]
CC5-7 22987.31 1.16[-4] 5.887[-6]
MR-3 24430.65 1.47[-4] 1.137[-5]

Breit+QED  24301.85 1.45[-4] 1.088[-5]

Sur§10) 1.34[-4]

Expt. 1.33(20)[-4]

NISTI 24489.10

2 3FH T AR R TR 5d6s 13Dy —
6s2 'So E2 BRiT 1Y ¥ & fiE AE , RME FlBR AT i %
R. o V FR RN, L £ K. #g
AN TRV HRSE T 1 B S B O 7 25 4 [T 1 R 4 ik
FERAE HOR A THR 250, (AR A MCDHF 5 k45
FI Y 2 R BRSBTS 0 pRAR AL, A
T3 PR RS T AT SR — e 2200, 3R 3
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*®3
V AR, L AR KEMTE
Table 3.  Excitation energy AFE (in cm™!),

5d6s 2Dy — 652 'Sy E2 BRITHYIM A BE AE (ecm™" ), RME(a.u.) FIFRTHER R(s™!) fEARRHERI T 45 R,

RME (in au.), and transition probability R (in s~!) for the

5d6s 3Dy — 6s% 'Sy E2 transition under various computational models. “V” denotes the velocity gauge, and “L” represents

the length gauge.

3D, — 1S, Dy — 1Sy
Models AE RMEL RMEy Ry Ry AE RMEL RMEy Ry, Ry
DHF 21114.02 0.05 0.05 0.001 0.001 28822.95 —15.05 —13.59 403.87 329.46
VV-1 25010.57 2.09 2.00 3.85 3.51 26254.24 —15.26 —14.84 238.18 225.08
C4v-7 22406.02 1.18 1.12 0.71 0.64 26208.26 —11.67 —11.26 150.96 140.41
CC5-7 23171.20 0.86 0.85 0.45 0.43 28126.76 —13.55 —12.75 289.61 256.70
MR-3 24685.75 1.21 1.15 1.20 1.10 28313.29 —12.63 —12.84 260.01 232.25
Breit+QED 24553.44 1.18 1.13 1.11 1.02 28206.64 —12.61 —11.94 254.33 228.31
Bowers 30 1.12(4)
Expt. ! 1.45(7)
NISTI 24751.95 27677.67

Al HL, VV Al CV EBEX 5d6s °D, — 652 'Sy E2 Bk
T A BRAT RE AR AR R A5 IR 53501 R 5.1% F1100% .
FER BT F RN R R, 3D, 5 'D, £ 1S,
E2 BRIT A & eI T NIST MR E, 5Hr
HIAEZE 0.26% F12.99% .

4.2 5d6s °D, 5, 'D, FBEAELHS YD

= MR %E

FAGIH T UYL IR ER 1Y ARG AR
FEAE AN H AL A 5 DUARGER RS 40 % 4L B BT T4
W 15 DR A BRI TR SE g6 2 Rk T T e
. Fh Expt.t§ Theory 43 5l & /n 256 & (H 5
FOSTHAE. 5 HAMPS TR LS RAH L, A SCR
I MCDHF J5 #3519 175173 Yb J5LF 5d6s °D 3
5 R AR AR RIT R DL A 200 50 43T S B 099,
B4 173Yb (1) 5d6s Dy 7, A ST AT R R 4
WA, B 5L H 5 AH 22 3.73% F10.43% , Tfi
SCHR [11,40] R CI+MBPT Hig 8 A A Al
B 5 S0 A5 i £ 8K T 5% A 13% . Xt T
5d6s Dy 25, AR CIHHA N A M B 55050 (E 22 1
/NTF 1%, SCHR [40] 458 5 5250 E 53 B AH 2% 3.41%
H9.65% , SCHR [11] 25 58 5 5250 {8 53 5 AH 2% 2.6%
120.5% . 7£ 3CHk [40] iTH5EH, (XEZIET VV 5
CV KHE, MAEASCHHE S, MUEET VV 5
CV kB, &% & T CC FlE B LB . X F
5d6s "D, AR H AL B, ASCH L5 R SR [40]
()25 A 22, (R A 76 S 360 8 45 51 B9 (iR 254
Rl

2 5 5 TR 173Yb J5LF 5d6s D) 23
A EFG {H. 256 525000 5 14 H DU B 68 RS 20 5 40
B, FHPEAG T 1Y IR AR DU . AR S MR-3
BRI THELE R, 5d6s Dy o3 A FAS S A% HL
PR HE 2390 8 QCDy) = 2.79b, Q(Dy) =2.77b,
Q(D;3) = 3.04 b. BUEATTHIFX A & A PEAL 25 51
Q=2.89b, GiiliR2: K 0.02 b. ¥4 5d6s ' D, AHERR
FEAI, TR R A oG £ 500 L~ IR A 4R )
S R P R R ey = R el 51 O QRSP VALY
150 B SRR N AE AR A T B 14249 0 = 411
CC SRHREL N AT EFG 52 M VE R 8 4% F 7 AL
5 RS 22, BRLA_E AR 5 i P B K iR 25 o e
AKR2s. I, AR SCPEAR 9 173 Y b ST A% HL DO AR
7 Q(IT3YDb) =2.89(5) b.

Holmgren!"!) #| AR X116 AT it & T
173Yb JFL - 6s5d 3Dy 23, 'D, Fl 6s6p *Pr,, Py A HY
W PRRI, IR A SRR TN A AERE AR AL B, YRR Y
13yb JE TR HL DU Q = 3.6 b. It Singh 25144
DT 173y JELF 3P, A5 G FEL DU MR A S 41 H 5L B,
IR AT R AR X E AR G 7 (relativistic coupl-
ed-cluster, RCC) J7iEHH A Z M 78 5 A% Ak
(L 3 B B EAL 1YL R TR DU AE N Q =
2.46(12) b. H AT, 73Yb % Y 4 0 ¥ 7
Q(1™Yb) = 2.80(4) b & i P 17 p IR X Bk
FRF# v STERAT R 199 AR SO s A 45 SR
H5HA G5 5 Holmgren DA X Singh 2514
25 S L, AR SO 25 R HEGE F 173Yb R T
VUK A, TR PEAL R 25 /)N,
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4 5d6s3Dy 3 B Dy BRIREEHGBRI AN AL A (MHz) FHPUBGERSA1E %L B (MHz)
Table 4.  Magnetic dipole hyperfine constant A (in MHz) and electric quadrupole hyperfine constant B (in MHz) for the

5d6s 3D17273 and 'D, states.

171 Yb 173Yb
1 P 5 Ref.
—2040(2) 562.8(5) 337(2) [36]
- —2047(47) (37]
xpt.
—2032.67(17) [38]
D 563(1) 335(1) 39]
! — 2349 648 249 1]
596 290 [40]
Theory 507 1]
—2119.3 583.79 338.46 This work
Expt 1315(4) —363.4(10) 487(5) [36]
' —362(2) 482(22) [39]
1354 —373 387 [11]
3D2
—-351 440 [40]
Theory 765 1]
1314.62 —362.13 491.39 This work
Expt. —430(1) 909(29) [39]
- —420 728 [40]
3
Theory —477 [41]
1626.97 —448.17 836.5 This work
Expt. 100(18) 1115(89) [39]
ip 131 1086 [40]
: Theory 465 [41]
—313.87 86.46 1053.44 This work

® 5 AFEBETH EFG(a), PLURHCHIEASH 178 Yb TR IR Q(b)

Table 5.  The EFG (in a.u.) calculated under different models, along with the reassessment of the nuclear electric quadru-

pole moment @ (in b) for 173 Yb.

Dy D, D3
Models
EFG Q EFG Q EFG Q
DHF 0.23 6.09 0.32 6.47 0.55 7.07
C4v-7 0.52 2.75 0.77 2.69 1.29 2.99
CC5h-7 0.43 3.26 0.63 3.27 1.10 3.52
MR-3 0.51 2.79 0.74 2.77 1.27 3.04

4.3 1TYD F1IBYD BIEMEES 5d6s 3D1,3IF'
— 6s2 ISUEZ Eiﬁ

F 6 FIH T UYL A1 YD R TR AN S
5d6s 3Dy 3 — 657 'Sy E2 BRiITHIR & &AL iH5HIR
B F BN A A | A% L DU | T LA R g
G 2 ok A E - B PO J - B N B R R
pr(aw) = pun x pr(nm), py = 1.987131 x 1075, &
L DO Q(a.u.) =3.5706 x 1078 x Q(b) . XF T 171D,
pr = 0.49367(1) nm, Q=0. 1M X F 1™Yb, ur=
—0.67989(3) nm, Q =2.8b.

¥32 3 5d6s 13D, — 652 'S, E2 BRITF Y BRAT
MERETT L KGR 6 il mIR A RERA (23) X5
(26) 2, B AT A5 3] 170y A1 13 YL B RS 415 S
5d6s *Dy 3 F" — 6s* 'Sy BRAE MBREME . TR IF4E
TH T ARG A AN [ 880K 240 AH AR X RS 2
T B2 BIEEGEMER A ST, Wik 7 Brsl), wE il
R RS 40 AH B A FE R BR34BTk EE H DO
W A AH AR R STk s 2—3 N 8E g, NI e
5 45 S BRAE rh e A ARORRS 207 H R B0 SR A
URZR B4y BRGNS T 5d6s *DyTF — 657 'S,
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E2 BT RSSO AT, 3D, S5 1D,

T 25 X8 10 A R ABE R AR B A 6 A 2 B TR
FEI’J/D&/J\ﬁ'ﬁ/UZ/ {HIF— F T 3D, &M STHR UG 2 2
1D, 2509 35 LA L TR IR AT, 3D, &
M TTHR L Dy A 1—2 B 9. X TRDRG Al 5

S 5d6s 3Dy F’ — 652 'Sy E2 BRIT, W4 A A 8 kS 4t
YERT 1Dy ARSI ST IG 2R T 3D, AR 51
Bk, ORI RS TR sha A F X
N FRABAE 20175 5 5d6s 3Dy s TF' — 652 'Sy E2 BRITHY
BRIEMES. AR AT S RE T T38 7 19 Total 1.

&6 UYL ATV S YRR ANIA T 5d6s *DisIF — 657 1o B2 BRIFAIR G R AL (an)
Table 6. Mixing coefficients (in a.u.) for the hyperfine-induced 5d6s3Dj3IF’ — 65> 'Sy E2 transition in 71Yb and
173y
(*Dy,°Dy) ('D2,°Dy)
F’ et eB €1 eh 5 2
7lyh 3/2 —1.54] — 4] 0 —1.54] — 4] 7.1]— 6] 0 7.1]— 6]
7/2 —17.36[ — 5] —5.47[ — 6] —7.91] - 5] 3.39] — 6] 4.04] — 8] 3.43[ — 6]
173y 5/2 —7.17[ - 5] 3.99[ — 6] —6.77[ — 5] 3.30[ — 6] —2.95[ — §] 3.27[— 6]
3/2 —5.03[ — 5] 7.47] — 6] —4.28] — 5] 2.31[ — 6] —5.53[ — §] 2.26[ — 6]
(®D2,°D3) ('D,3D3)
F e B €1 eh B €2
71y 5/2 5.28[ — 5] 0 5.28[ — 5] -1.37[ — 5] 0 —1.37[ — 5]
9/2 2.35] — 5] 2.56] — 6] 2.61[ — 5] —6.13[ — 6] —3.78[ — §] —6.17[ — 6]
7/2 2.54] — 5] —3.46[ — 7] 2.51[ — 5] —6.61[ — 6] 5.1[— 9] —6.61[ — 6]
173y 5/2 2.21[ — 5] —2.41[ — 6] 1.97] — 5] —5.76] — 6] 3.55[ — §] —5.73[ — 6]
3/2 1.61[ — 5] —2.84] — 6] 1.32[ — 5] —4.81] — 6] 4.19[ — §] —4.14] — 6]
1/2 8.40[ — 6] —1.83[ — 6] 6.57] — 5] —2.19[ — 6] 2.7 — 8] —2.16[ — 6]
F 7 YTIYL R IT3YD B EAE A5 5d6s 3Dy 3T F — 652 1Sy E2 WG MERITMEE (7). Tv 5 To M RN G

K A B 5 s DU RS AN EAE R A SRR MR, R 5 Rz BASBREMIA SIRIT 5d6s 3D TF — 652 1Sy
3D, LA 1D, WA S P DR AR NIESIRITME. Ry 5 R, BRSNS T T 5d6s *DyIF’ — 652 'Sy 1 3D,

TARAAN Dy WA *Ds BIRE /5 E'Fﬁ TR, S NAEEACR L 10 MIERITEEL, RIS B SRR 2=
Table 7. ) for the hyperfine-induced 5d6s 3D1731F’ — 652 1Sy E2 transitions in 171Yb

and '73Yb. T, and T, represent the induced transition probabilities under magnetic dipole hyperfine interaction and elec-

Transition probabilities (in s~
tric quadrupole hyperfine interaction, respectively. R1 and R3 represent the transition probabilities in the hyperfine-in-
duced transition 5d6s3DiIF’ — 6s2 'Sy, where the perturbed states 3D, and 'D; are mixed with the *D; state. Similarly,
R} and R} denote the transition probabilities in the hyperfine-induced transition 5d6s 3SD;IF’ — 652 1Sg , where the per-
turbed states 3D2 and lDz are mixed with the 3D3 state. The numerical values in square brackets denote the exponenti-

ation with base 10, while the values in parentheses represent the error.

Ry R3
P 7 T 7 i Total
3/2 1.09[ — 8] 0 2.64[ — 9] 0 2.42(23)[ — §]
7/2 2.48[ — 9] 1.37]—11] 6.00[ — 10] 8.53[ — 14] 6.13(60)[ — 9]
5/2 2.35[ — 9] 7.29] — 12] 5.69] — 10] 4.55] — 14] 4.82(47)[— 9]
3/2 1.16[ — 9] 2.55[ — 11] 2.80[ — 10] 1.60[ — 13] 2.05(20)[ — 9]

Ry Ry
o T1 T 7 T Total
5/2 6.41[ — 10] 0 4.96] — 9] 0 9.16(89)[ — 9]
9/2 1.27] — 10] 1.51[—12] 9.85[ — 10] 3.75[ — 14] 1.94(18)[— 9]
7/2 1.48] — 10] 2.74] — 14] 115 — 9] 6.82[ — 16] 2.10(20)[ — 9]
5/2 1.12[ - 10] 1.33[ - 12] 8.70[ — 10] 3.30[ — 14] 1.50(14)[ — 9]
3/2 5.92[ — 11] 1.85[ — 12] 4.58] — 10] 4.60[ — 14] 7.58(74)[ — 10]
1/2 1.62[ — 11] 7.68] — 13] 1.25] — 10] 1.91] — 14] 2.02(19)[ — 10]

093101-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No. 9 (2024)

093101

#8

171y FI 173 Yb MOAERE AN S 5d6s D TF — 652 'Sy E2 BRIFMBRITIRIE. E24 5 E2p 435137 iR AR RS 410

LA F PO AR AR T B S BRI IR L. B20 FRBE IS v DU RDRS 40 RH ELAE I3 R TR 9375 S BR0E
BRI, D545 N BBUEACR L 10 JWIRRITEEL, IBHE 5 NI BEER R 2

Table 8.

Transition amplitude of the hyperfine-induced 5d6s3D|IF’ — 6s% 1Sy E2 transition in 71Yb and '73Yb.

E2p and E2p represent the induced transition amplitudes under the magnetic dipole hyperfine interaction and electric

quadrupole hyperfine interaction, respectively. EZ2i ¢ denotes the induced transition amplitude under the combined influence

of magnetic dipole and electric quadrupole hyperfine interactions. The numerical values in square brackets denote the expo-

nentiation with base 10, while the values in parentheses represent the error.

I Ref.
1/2,3/2 5/2,3/2 5/2,5/5 5/2,7/2
6.43] — 4] —3.63[ — 4] 6.34] — 4] —7.52[ — 4] Kozlov!'!
E24
1.62[ — 4] —0.53] — 4] 9.26] — 5] —1.09[ — 4] This work
0 —3.90[ — 5] 2.10[ — 5] 2.80[ — 5] Kozlov!'!
E2p
0 —7.88[ — 6] 5.16] — 6] 8.16[ — 6] This work
2 6.40(1.0)[ — 4] —4.00(60)[ — 4] 6.60(1.0)[ — 4] —7.20(1.2)[ — 4] Kozlovl!l
“ 1.62(6)[ — 4] —4.50(20)[ — 5] 9.76(41)[ — 5] —1.01(4)[ — 4] This work

F 8 AN T AR S A BE T B RS 405
5 5d6s 3Dy — 6% 'So BRI PR 04 71545 1 L%
BRAE R I b TR A RS 2L BT Hi R T iy ofe
B GG R E B, A SO A B B BR A PR R S
Kozlov 55 M (2 A E 22 R F R IR G R
BN, B TIRG RECS BG4I TR AR T
FESE, TR SO B RS 20 55 5 e T S 50l i
ghIR.

T 5 PR R DA RS 4075 2 A R Y
THAERZE: 1) IS — BT DRIR2E; 2) #RHT
KRN 5 R AR ZE . XFRT— R A AT 2
AT

_ _|RL— Ry

Max|[Ry, Ry]’
Hrr, Ry RN Ry 43 il B LG AN R A R
M ERAEMERE. X T /5 —FhiR 2, #n=41 CC
DRI A T R A 58 114 532 i 1 Ay ) 4% FL - SR IBR AR
NGRS RIR 2. e, WOPF T AR ZE R K EAE
R EA IR AR 2, VG TR IR 22 RORTESR T H
8.

(29)

5 % #®

ASCHT MCDHF #58, 71T 7Y Al 173 Yb
JRF B AE M5 S 5d6s Dy 5T F — 652 1Sy E2 BRiE
MERIEMER. [FIE, TEARS AT 1A RS FIAN ]
ARG 20 AR B E TR BRI R B DTk, A TR
B, AR D, 53D, , 3D; Z [0 A RE R RS 20 A

HAEM & EE ST A, 2Dy — 'Sy M1 BRI A
MRS 4155 E2 BRIE A BRI AR 2 20 450 1.

A THE AR 89D o5 BRANRL TAE R T
Ak 4 L S0 PR AR S 6 ) BEOR 200 L B, BT
i 71TV SRR DU QTP YD) = 2.89(5) b.
AR T Yy B0 PG T 173 Y Je 5 L
PREAE, PPAGSS RS H AT I E RAT S 1R S

S 30k

[1] Bouchiat M, Bouchiat C 1974 J. Phys. 35 899

[2] Safronova M, Budker D, DeMille D, Kimball D F J,
Derevianko A, Clark C W 2018 Rev. Mod. Phys. 90 025008

[3] Roberts B, Dzuba V, Flambaum V 2015 Annu. Rev. Nucl.
Part. Sci. 65 63

[4] DeMille D 1995 Phys. Rev. Lett. 74 4165

[5] Tsigutkin K, Dounas Frazer D, Family A, Stalnaker J E,
Yashchuk V V, Budker D 2009 Phys. Rev. Lett. 103 071601

6] Antypas D, Fabricant A, Stalnaker J E, Tsigutkin K,
Flambaum V, Budker D 2019 Nat. Phys. 15 120

[7] Tsigutkin K, Dounas Frazer D, Family A, Stalnaker J E,
Yashchuk V V, Budker D 2010 Phys. Rev. A 81 032114

[8] Dzuba V, Flambaum V 2011 Phys. Rev. A 83 042514

[9] Stalnaker J, Budker D, DeMille D, Freedman S, Yashchuk V

V 2002 Phys. Rev. A 66 031403

Sur C, Chaudhuri R K 2007 Phys. Rev. A 76 012509

Kozlov M, Dzuba V, Flambaum V 2019 Phys. Rev. A 99

012516

Stone N 2016 At. Data Nucl. Data Tables 111-112 1

Schwartz C 1955 Phys. Rev. 97 380

Racah G 1942 Phys. Rev. 62 438

Andersson M, Jonsson P 2008 Comput. Phys. Commun. 178

156

Radzig A A, Smirnov B M 2012 Reference Data on Atoms,

Molecules, and Ions (Berlin: Springer) p99

Lu B, Lu X, Wang T, Chang H 2022 J. Phys. B: At. Mol.

Phys. 55 205002

093101-10


https://doi.org/10.1051/jphys:019740035012089900
https://doi.org/10.1051/jphys:019740035012089900
https://doi.org/10.1051/jphys:019740035012089900
https://doi.org/10.1051/jphys:019740035012089900
https://doi.org/10.1051/jphys:019740035012089900
https://doi.org/10.1051/jphys:019740035012089900
https://doi.org/10.1051/jphys:019740035012089900
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1146/annurev-nucl-102014-022331
https://doi.org/10.1146/annurev-nucl-102014-022331
https://doi.org/10.1146/annurev-nucl-102014-022331
https://doi.org/10.1146/annurev-nucl-102014-022331
https://doi.org/10.1146/annurev-nucl-102014-022331
https://doi.org/10.1146/annurev-nucl-102014-022331
https://doi.org/10.1146/annurev-nucl-102014-022331
https://doi.org/10.1146/annurev-nucl-102014-022331
https://doi.org/10.1103/PhysRevLett.74.4165
https://doi.org/10.1103/PhysRevLett.74.4165
https://doi.org/10.1103/PhysRevLett.74.4165
https://doi.org/10.1103/PhysRevLett.74.4165
https://doi.org/10.1103/PhysRevLett.74.4165
https://doi.org/10.1103/PhysRevLett.74.4165
https://doi.org/10.1103/PhysRevLett.74.4165
https://doi.org/10.1103/PhysRevLett.103.071601
https://doi.org/10.1103/PhysRevLett.103.071601
https://doi.org/10.1103/PhysRevLett.103.071601
https://doi.org/10.1103/PhysRevLett.103.071601
https://doi.org/10.1103/PhysRevLett.103.071601
https://doi.org/10.1103/PhysRevLett.103.071601
https://doi.org/10.1103/PhysRevLett.103.071601
https://doi.org/10.1038/s41567-018-0312-8
https://doi.org/10.1038/s41567-018-0312-8
https://doi.org/10.1038/s41567-018-0312-8
https://doi.org/10.1038/s41567-018-0312-8
https://doi.org/10.1038/s41567-018-0312-8
https://doi.org/10.1038/s41567-018-0312-8
https://doi.org/10.1038/s41567-018-0312-8
https://doi.org/10.1103/PhysRevA.81.032114
https://doi.org/10.1103/PhysRevA.81.032114
https://doi.org/10.1103/PhysRevA.81.032114
https://doi.org/10.1103/PhysRevA.81.032114
https://doi.org/10.1103/PhysRevA.81.032114
https://doi.org/10.1103/PhysRevA.81.032114
https://doi.org/10.1103/PhysRevA.81.032114
https://doi.org/10.1103/PhysRevA.83.042514
https://doi.org/10.1103/PhysRevA.83.042514
https://doi.org/10.1103/PhysRevA.83.042514
https://doi.org/10.1103/PhysRevA.83.042514
https://doi.org/10.1103/PhysRevA.83.042514
https://doi.org/10.1103/PhysRevA.83.042514
https://doi.org/10.1103/PhysRevA.83.042514
https://doi.org/10.1103/PhysRevA.66.031403
https://doi.org/10.1103/PhysRevA.66.031403
https://doi.org/10.1103/PhysRevA.66.031403
https://doi.org/10.1103/PhysRevA.66.031403
https://doi.org/10.1103/PhysRevA.66.031403
https://doi.org/10.1103/PhysRevA.66.031403
https://doi.org/10.1103/PhysRevA.66.031403
https://doi.org/10.1103/PhysRevA.76.012509
https://doi.org/10.1103/PhysRevA.76.012509
https://doi.org/10.1103/PhysRevA.76.012509
https://doi.org/10.1103/PhysRevA.76.012509
https://doi.org/10.1103/PhysRevA.76.012509
https://doi.org/10.1103/PhysRevA.76.012509
https://doi.org/10.1103/PhysRevA.76.012509
https://doi.org/10.1103/PhysRevA.99.012516
https://doi.org/10.1103/PhysRevA.99.012516
https://doi.org/10.1103/PhysRevA.99.012516
https://doi.org/10.1103/PhysRevA.99.012516
https://doi.org/10.1103/PhysRevA.99.012516
https://doi.org/10.1103/PhysRevA.99.012516
https://doi.org/10.1016/j.adt.2015.12.002
https://doi.org/10.1016/j.adt.2015.12.002
https://doi.org/10.1016/j.adt.2015.12.002
https://doi.org/10.1016/j.adt.2015.12.002
https://doi.org/10.1016/j.adt.2015.12.002
https://doi.org/10.1016/j.adt.2015.12.002
https://doi.org/10.1016/j.adt.2015.12.002
https://doi.org/10.1016/j.adt.2015.12.002
https://doi.org/10.1016/j.adt.2015.12.002
https://doi.org/10.1103/PhysRev.97.380
https://doi.org/10.1103/PhysRev.97.380
https://doi.org/10.1103/PhysRev.97.380
https://doi.org/10.1103/PhysRev.97.380
https://doi.org/10.1103/PhysRev.97.380
https://doi.org/10.1103/PhysRev.97.380
https://doi.org/10.1103/PhysRev.97.380
https://doi.org/10.1103/PhysRev.62.438
https://doi.org/10.1103/PhysRev.62.438
https://doi.org/10.1103/PhysRev.62.438
https://doi.org/10.1103/PhysRev.62.438
https://doi.org/10.1103/PhysRev.62.438
https://doi.org/10.1103/PhysRev.62.438
https://doi.org/10.1103/PhysRev.62.438
https://doi.org/10.1016/j.cpc.2007.07.014
https://doi.org/10.1016/j.cpc.2007.07.014
https://doi.org/10.1016/j.cpc.2007.07.014
https://doi.org/10.1016/j.cpc.2007.07.014
https://doi.org/10.1016/j.cpc.2007.07.014
https://doi.org/10.1016/j.cpc.2007.07.014
https://doi.org/10.1007/978-3-642-82048-9
https://doi.org/10.1007/978-3-642-82048-9
https://doi.org/10.1007/978-3-642-82048-9
https://doi.org/10.1007/978-3-642-82048-9
https://doi.org/10.1007/978-3-642-82048-9
https://doi.org/10.1007/978-3-642-82048-9
https://doi.org/10.1088/1361-6455/ac8f00
https://doi.org/10.1088/1361-6455/ac8f00
https://doi.org/10.1088/1361-6455/ac8f00
https://doi.org/10.1088/1361-6455/ac8f00
https://doi.org/10.1088/1361-6455/ac8f00
https://doi.org/10.1088/1361-6455/ac8f00
https://doi.org/10.1088/1361-6455/ac8f00
https://doi.org/10.1088/1361-6455/ac8f00
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol.

73, No. 9 (2024) 093101

18]
i
[20]
21]
[22]
23]
[24]

[25]
[26]

27]
(28]
[29]
(30]
[31]

(32]

Bieron J, Pyykks P, Sundholm D, Kells V, Sadlej A J 2001
Phys. Rev. A 64 052507

Li J, Godefroid M, Wang J 2016 J. Phys. B: At. Mol. Phys.
49 115002

Hertel I V, Schulz C P 2014 Atoms, Molecules and Optical
Physics (Berlin: Springer) p212

Johnson W R 2007 Atomic Structure
Springer) p181

Andersson M, Yao K, Hutton R, Zou Y, Chen C, Brage T
2008 Phys. Rev. A 77 042509

Li W, Grumer J, Brage T, Jonsson P 2020 Comput. Phys.
Commun. 253 107211

Lu X, Guo F, Wang Y, Feng M, Liang T, Lu B, Chang H
2023 Phys. Rev. A 108 012820

Johnson W 2010 Can. J. Phys. 89 429

Grumer J, Brage T, Andersson M, Li J, Jonsson P, Li W,
Yang Y, Hutton R, Zou Y 2014 Phys. Scr. 89 114002

Fischer C F, Brage T, Jonsson P 2022 Computational Atomic
Structure: an MCHF Approach (New York: Routledge) p217
Li J, Jonsson P, Godefroid M, Dong C, Gaigalas G 2012
Phys. Rev. A 86 052523

Jonsson P 1993 Phys. Scr. 48 678

Jonsson P, Gaigalas G, Fischer C F, Bieron J, Grant I P,
Brage T, Ekman J, Godefroid M, Grumer J, Li J 2023 Atoms
11 68

Olsen J, Roos B O, Jorgensen P, Jensen H 1988 J. Chem.
Phys. 89 2185

Jonsson P, Godefroid M, Gaigalas G, Ekman J, Grumer J, Li

Theory (Berlin:

(33]
[34]

(35]

(36]
(37]
(38]

(39]
[40]

(41]
[42]
(43]
[44]

[45]

[46]

093101-11

W, Li J, Brage T, Grant I P, Bieron J, Fischer C F 2023
Atoms 11 7

Jonsson P, He X, Fischer C F, Grant I 2007 Comput. Phys.
Commun. 177 597

Fischer C F, Gaigalas G, Jonsson P, Bieron J 2019 Comput.
Phys. Commun. 237 184

Kramida A, Ralchenko Y, Reader J 2023 NIST Atomic
Spectra Database (Version 5.11) https://physics.nist.gov/pml/
atomic-spectra-database

Bowers C, Budker D, Freedman S, Gwinner G, Stalnaker J,
DeMille D 1999 Phys. Rev. A 59 3513

Beloy K, Sherman J A, Lemke N D, Hinkley N, Oates C W,
Ludlow A D 2012 Phys. Rev. A 86 051404

Ai D, Jin T, Zhang T, Luo L, Liu L, Zhou M, Xu X 2023
Phys. Rev. A 107 063107

Kronfeldt H D 1998 Phys. Scr. 1998 5

Porsev S, Rakhlina Y G, Kozlov M 1999 J. Phys. B: At. Mol.
Phys. 32 1113

Holmgren L 1975 Phys. Scr. 12 119

Zhang T, Xie L, Li J, Lu Z 2017 Phys. Rev. A 96 012514
Bieron J, Fischer C F, Jonsson P, Pyykks P 2008 J. Phys. B:
At. Mol. Phys. 41 115002

Singh A K, Angom D, Natarajan V 2013 Phys. Rev. A 87
012512

Zehnder A, Boehm F, Dey W, Engfer R, Walter H,
Vuilleumier J 1975 Nucl. Phys. A 254 315

Cheng K, Chen M, Johnson W 2008 Phys. Rev. A 77 052504


https://doi.org/10.1103/PhysRevA.64.052507
https://doi.org/10.1103/PhysRevA.64.052507
https://doi.org/10.1103/PhysRevA.64.052507
https://doi.org/10.1103/PhysRevA.64.052507
https://doi.org/10.1103/PhysRevA.64.052507
https://doi.org/10.1103/PhysRevA.64.052507
https://doi.org/10.1088/0953-4075/49/11/115002
https://doi.org/10.1088/0953-4075/49/11/115002
https://doi.org/10.1088/0953-4075/49/11/115002
https://doi.org/10.1088/0953-4075/49/11/115002
https://doi.org/10.1088/0953-4075/49/11/115002
https://doi.org/10.1088/0953-4075/49/11/115002
https://doi.org/10.1007/978-3-642-54313-5
https://doi.org/10.1007/978-3-642-54313-5
https://doi.org/10.1007/978-3-642-54313-5
https://doi.org/10.1007/978-3-642-54313-5
https://doi.org/10.1007/978-3-642-54313-5
https://doi.org/10.1007/978-3-642-54313-5
https://doi.org/10.1007/978-3-540-68013-0
https://doi.org/10.1007/978-3-540-68013-0
https://doi.org/10.1007/978-3-540-68013-0
https://doi.org/10.1007/978-3-540-68013-0
https://doi.org/10.1007/978-3-540-68013-0
https://doi.org/10.1007/978-3-540-68013-0
https://doi.org/10.1103/PhysRevA.77.042509
https://doi.org/10.1103/PhysRevA.77.042509
https://doi.org/10.1103/PhysRevA.77.042509
https://doi.org/10.1103/PhysRevA.77.042509
https://doi.org/10.1103/PhysRevA.77.042509
https://doi.org/10.1103/PhysRevA.77.042509
https://doi.org/10.1103/PhysRevA.77.042509
https://doi.org/10.1016/j.cpc.2020.107211
https://doi.org/10.1016/j.cpc.2020.107211
https://doi.org/10.1016/j.cpc.2020.107211
https://doi.org/10.1016/j.cpc.2020.107211
https://doi.org/10.1016/j.cpc.2020.107211
https://doi.org/10.1016/j.cpc.2020.107211
https://doi.org/10.1016/j.cpc.2020.107211
https://doi.org/10.1016/j.cpc.2020.107211
https://doi.org/10.1103/PhysRevA.108.012820
https://doi.org/10.1103/PhysRevA.108.012820
https://doi.org/10.1103/PhysRevA.108.012820
https://doi.org/10.1103/PhysRevA.108.012820
https://doi.org/10.1103/PhysRevA.108.012820
https://doi.org/10.1103/PhysRevA.108.012820
https://doi.org/10.1103/PhysRevA.108.012820
https://doi.org/10.1139/p11-018
https://doi.org/10.1139/p11-018
https://doi.org/10.1139/p11-018
https://doi.org/10.1139/p11-018
https://doi.org/10.1139/p11-018
https://doi.org/10.1139/p11-018
https://doi.org/10.1139/p11-018
https://doi.org/10.1088/0031-8949/89/11/114002
https://doi.org/10.1088/0031-8949/89/11/114002
https://doi.org/10.1088/0031-8949/89/11/114002
https://doi.org/10.1088/0031-8949/89/11/114002
https://doi.org/10.1088/0031-8949/89/11/114002
https://doi.org/10.1088/0031-8949/89/11/114002
https://doi.org/10.1088/0031-8949/89/11/114002
https://doi.org/10.1201/9781315139999
https://doi.org/10.1201/9781315139999
https://doi.org/10.1201/9781315139999
https://doi.org/10.1201/9781315139999
https://doi.org/10.1201/9781315139999
https://doi.org/10.1201/9781315139999
https://doi.org/10.1103/PhysRevA.86.052523
https://doi.org/10.1103/PhysRevA.86.052523
https://doi.org/10.1103/PhysRevA.86.052523
https://doi.org/10.1103/PhysRevA.86.052523
https://doi.org/10.1103/PhysRevA.86.052523
https://doi.org/10.1103/PhysRevA.86.052523
https://doi.org/10.1088/0031-8949/48/6/007
https://doi.org/10.1088/0031-8949/48/6/007
https://doi.org/10.1088/0031-8949/48/6/007
https://doi.org/10.1088/0031-8949/48/6/007
https://doi.org/10.1088/0031-8949/48/6/007
https://doi.org/10.1088/0031-8949/48/6/007
https://doi.org/10.1088/0031-8949/48/6/007
https://doi.org/10.3390/atoms11040068
https://doi.org/10.3390/atoms11040068
https://doi.org/10.3390/atoms11040068
https://doi.org/10.3390/atoms11040068
https://doi.org/10.3390/atoms11040068
https://doi.org/10.3390/atoms11040068
https://doi.org/10.1063/1.455063
https://doi.org/10.1063/1.455063
https://doi.org/10.1063/1.455063
https://doi.org/10.1063/1.455063
https://doi.org/10.1063/1.455063
https://doi.org/10.1063/1.455063
https://doi.org/10.1063/1.455063
https://doi.org/10.1063/1.455063
https://doi.org/10.3390/atoms11010007
https://doi.org/10.3390/atoms11010007
https://doi.org/10.3390/atoms11010007
https://doi.org/10.3390/atoms11010007
https://doi.org/10.3390/atoms11010007
https://doi.org/10.3390/atoms11010007
https://doi.org/10.1016/j.cpc.2007.06.002
https://doi.org/10.1016/j.cpc.2007.06.002
https://doi.org/10.1016/j.cpc.2007.06.002
https://doi.org/10.1016/j.cpc.2007.06.002
https://doi.org/10.1016/j.cpc.2007.06.002
https://doi.org/10.1016/j.cpc.2007.06.002
https://doi.org/10.1016/j.cpc.2007.06.002
https://doi.org/10.1016/j.cpc.2007.06.002
https://doi.org/10.1016/j.cpc.2018.10.032
https://doi.org/10.1016/j.cpc.2018.10.032
https://doi.org/10.1016/j.cpc.2018.10.032
https://doi.org/10.1016/j.cpc.2018.10.032
https://doi.org/10.1016/j.cpc.2018.10.032
https://doi.org/10.1016/j.cpc.2018.10.032
https://doi.org/10.1016/j.cpc.2018.10.032
https://doi.org/10.1016/j.cpc.2018.10.032
https://physics.nist.gov/pml/atomic-spectra-database
https://physics.nist.gov/pml/atomic-spectra-database
https://physics.nist.gov/pml/atomic-spectra-database
https://physics.nist.gov/pml/atomic-spectra-database
https://physics.nist.gov/pml/atomic-spectra-database
https://physics.nist.gov/pml/atomic-spectra-database
https://doi.org/10.1103/PhysRevA.59.3513
https://doi.org/10.1103/PhysRevA.59.3513
https://doi.org/10.1103/PhysRevA.59.3513
https://doi.org/10.1103/PhysRevA.59.3513
https://doi.org/10.1103/PhysRevA.59.3513
https://doi.org/10.1103/PhysRevA.59.3513
https://doi.org/10.1103/PhysRevA.59.3513
https://doi.org/10.1103/PhysRevA.86.051404
https://doi.org/10.1103/PhysRevA.86.051404
https://doi.org/10.1103/PhysRevA.86.051404
https://doi.org/10.1103/PhysRevA.86.051404
https://doi.org/10.1103/PhysRevA.86.051404
https://doi.org/10.1103/PhysRevA.86.051404
https://doi.org/10.1103/PhysRevA.86.051404
https://doi.org/10.1103/PhysRevA.107.063107
https://doi.org/10.1103/PhysRevA.107.063107
https://doi.org/10.1103/PhysRevA.107.063107
https://doi.org/10.1103/PhysRevA.107.063107
https://doi.org/10.1103/PhysRevA.107.063107
https://doi.org/10.1103/PhysRevA.107.063107
https://doi.org/10.1088/0031-8949/1998/T78/E01
https://doi.org/10.1088/0031-8949/1998/T78/E01
https://doi.org/10.1088/0031-8949/1998/T78/E01
https://doi.org/10.1088/0031-8949/1998/T78/E01
https://doi.org/10.1088/0031-8949/1998/T78/E01
https://doi.org/10.1088/0031-8949/1998/T78/E01
https://doi.org/10.1088/0031-8949/1998/T78/E01
https://doi.org/10.1088/0953-4075/32/5/006
https://doi.org/10.1088/0953-4075/32/5/006
https://doi.org/10.1088/0953-4075/32/5/006
https://doi.org/10.1088/0953-4075/32/5/006
https://doi.org/10.1088/0953-4075/32/5/006
https://doi.org/10.1088/0953-4075/32/5/006
https://doi.org/10.1088/0953-4075/32/5/006
https://doi.org/10.1088/0953-4075/32/5/006
https://doi.org/10.1088/0031-8949/12/3/003
https://doi.org/10.1088/0031-8949/12/3/003
https://doi.org/10.1088/0031-8949/12/3/003
https://doi.org/10.1088/0031-8949/12/3/003
https://doi.org/10.1088/0031-8949/12/3/003
https://doi.org/10.1088/0031-8949/12/3/003
https://doi.org/10.1088/0031-8949/12/3/003
https://doi.org/10.1103/PhysRevA.96.012514
https://doi.org/10.1103/PhysRevA.96.012514
https://doi.org/10.1103/PhysRevA.96.012514
https://doi.org/10.1103/PhysRevA.96.012514
https://doi.org/10.1103/PhysRevA.96.012514
https://doi.org/10.1103/PhysRevA.96.012514
https://doi.org/10.1103/PhysRevA.96.012514
https://doi.org/10.1088/0953-4075/41/11/115002
https://doi.org/10.1088/0953-4075/41/11/115002
https://doi.org/10.1088/0953-4075/41/11/115002
https://doi.org/10.1088/0953-4075/41/11/115002
https://doi.org/10.1088/0953-4075/41/11/115002
https://doi.org/10.1088/0953-4075/41/11/115002
https://doi.org/10.1088/0953-4075/41/11/115002
https://doi.org/10.1088/0953-4075/41/11/115002
https://doi.org/10.1103/PhysRevA.87.012512
https://doi.org/10.1103/PhysRevA.87.012512
https://doi.org/10.1103/PhysRevA.87.012512
https://doi.org/10.1103/PhysRevA.87.012512
https://doi.org/10.1103/PhysRevA.87.012512
https://doi.org/10.1103/PhysRevA.87.012512
https://doi.org/10.1016/0375-9474(75)90219-5
https://doi.org/10.1016/0375-9474(75)90219-5
https://doi.org/10.1016/0375-9474(75)90219-5
https://doi.org/10.1016/0375-9474(75)90219-5
https://doi.org/10.1016/0375-9474(75)90219-5
https://doi.org/10.1016/0375-9474(75)90219-5
https://doi.org/10.1016/0375-9474(75)90219-5
https://doi.org/10.1103/PhysRevA.77.052504
https://doi.org/10.1103/PhysRevA.77.052504
https://doi.org/10.1103/PhysRevA.77.052504
https://doi.org/10.1103/PhysRevA.77.052504
https://doi.org/10.1103/PhysRevA.77.052504
https://doi.org/10.1103/PhysRevA.77.052504
https://doi.org/10.1103/PhysRevA.77.052504
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 9 (2024) 093101

Accurate calculation of hyperfine-induced 5d6s *D, ;—6s? 'S,
E2 transitions and hyperfine constants of ytterbium atoms”

Zhao Guo-Dong V234 Cao JinY»¥4  Liang Ting V¥4  Feng Min V349
Lu Ben-Quan Y%t  Chang Hong 1?2341

1) (National Time Service Center, Chinese Academy of Sciences, Xi’an 710600, China)
2) (Key Laboratory of Time Reference and Applications, Xi’an 710600, China)
3) (School of Astronomy and Space Science, University of Chinese Academy of Sciences, Beijing 101408, China)
4) (Hefei National Laboratory, Hefei 230026, China)

( Received 5 January 2024; revised manuscript received 22 February 2024 )

Abstract

The parity violation effects via the 5d6s®D; — 6s* 'Sy transition have been extensively investigated in
ytterbium atoms. However, the M1 transition between the excitation state 5d6s’D; and the ground state
65’ 'Sy, as well as the hyperfine-induced E2 transition, significantly affects the detection of parity violation
signal. Therefore, it is imperative to obtain the accurate transition probabilities for the M1 and hyperfine-
induced E2 transitions between the excitation state 5d6s*D; and the ground state 6s®'Sy. In this work, we use
the multi-configuration Dirac-Hartree-Fock theory to precisely calculate the transition probabilities for the
5d6s *Dy — 6s* 'Sy M1 and hyperfine-induced 5d6s°D;; — 65 'Sy E2 transitions. We extensively analyze the
influences of electronic correlation effects on the transition probabilities according to our calculations.
Furthermore, we analyze the influences of different perturbing states and various hyperfine interactions on the
transition probabilities. The calculated hyperfine constants of the e °D;,3 and 'D, states accord well with
experimental measurements, validating the rationality of our computational model. By combining
experimentally measured hyperfine constants with the theoretically derived electric field gradient of the extra
nuclear electrons at the nucleus, we reevaluate the nuclear quadrupole moment of the 7 Yb nucleus as

Q = 2.89(5) b, showing that our result is in excellent agreement with the presently recommended value.

Keywords: hyperfine induced transition, Yb atom, hyperfine constant, multi-configuration Dirac-Hartree-
Fock method
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