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THEL 5s4d ®Dy g5, "Dy Hl 5s6s 39, 25 1Y MRS 4045 44
HRCFITE g R, XPARSCSE R BT HA i 2 3%
YER, oy 715 B SR I i 5507 ) i F e 4 4t
T AT EE R BRI,

FHIF 7St T 9D, 5, 1Dy 5158, ARG
e AT ISR GBL VN T ER O G S 1 3 e g 4
PE A e 2. X3 F 5s4d *D, 2%, Mani #1 Angom '
K Fock ZS[RIFHXESHAHE (Fock space relativistic
coupled-cluster, FSRCC) J5 &3 T ARG RS 4N
ZERTH B A O 158.586 MHz; 525 |, Barsanti 2519
BT AR AT OGRS Y SE B 45 R 139.9(2)
MHz, Bushaw 55 16 38 iof He 28 300 0% e il = 1)
450 140(2) MHz. W4~ S2 56 45 R 2 (Al 22 /N T
0.1%, {B5 Mani A1 Angom ™ ¥ 38 {H 1 2= £ 48
i1 10%. & TZAS B UGBS NS5 40 5L B, Bk
PSSR AH 25 Hh 45 2R 53 5] D -6(4) MHz 1 15(2)
MHz, 455225 W3, XELL R SC iRt nT 5 i £hai
SCHE. SR, R JC 5Dy 25 R DUAR RS 20 2548
BB RS THAR, A BT SR B s T
FORBAMZS IS 2 1, IR ek it 2%
XFF 3Dy Fl 2Dy 2%, {X Mani #1 Angom!™ 25 4 T
A WESAE, 439 -h-49.65 MHz F1-133.78 MHz,
5 Bushaw 4 16 1§ 52 5 45 5 —78.08(5) MHz il
~115.3(2) MHz AHEL, fiZe#d 10%. Bushaw 2519
M BAE M 18(1) MHz A1 51(9) MHz, {H % JC
FHRE [ BIEHFTE. XD, &, Tang!'™ SR A ASAHH
1E 45 & #6777k (relativistic configuration-
interaction combined with a coupled-cluster
method, RCICC) Jrkit4iny) A {55-5.3(0.3) MHz;
Grundevik 5517 SRR A {H0-5.5734(4) MHz,
B A 55.421(6) MHz, Hig 55256455000 A {E R
Z0 5%, (B BEMIEIBL R, XT3
S: &, Bender 55 SIS A {H N-542.1(4) MHz,
Barsanti %19 “A-543(2) MHz, Bushaw Fl1Cannon[*!
-542.57 MHz, Courtillot 25 20 I 4y —542.0(1)
MHz, %S84 R 2E /N T 0.2%, R HEAFHY
— 3Pk, BN RGN HENSTHE SR S 2 L
25 BATIR, AR oG R B BE T R GRS
St JEF-D 5 5 RIS, ASHEDRT AL 1 5 4L

Olmos %5 PU £ #8)F 5s5p “Py—5sdd *D,
BRI T 3 Jek A2 4 K O 7 A AR - AR A LA
NI RA KA EAE T 2R R G T
BT, iz, D, SHPITE ¢

TS HONRE I HUE 2 G V22 4R, B
HXT R Bsdd °Dy ARIHATE g 7 A EEIS A5
A L. X Zhang 45 P2 BT LS FRA AL 45
THNEIH 0.4988, 5 HAm R 10 FE &0k A Y
SCEA 0.4995(88) Z M1 AR 224 0.2%, 1 k= H
M RIS T M ST BIIE. AR, BT X 3Dy 5 F13S, 25
M RATE g RIS 4 i AR DL AR IA.

F—J7 T, 3Dy IS, A 5P, AR HL AR ER
TEJLEX 3Py A sl Ty 2t AL R B 3
Tk P20 KR E 2D, R3S, B E 3P, BV ER
T P TR PEAS SRR SRS A R AR KA
R S AR A S A BE K 2 P PRI TR
PR P TT T LATHC R BB A5 i, MLAMES 5 EGL
T ) LRI 25 5K 3 AT DA BRAE AR T AT A
RMET R AR B 2. HATC A 20505
5T 22630 JR38E T 3D, 138, ) BEL FF il =
R, H S, BRI 45 R Z AFAAE W 2500 (T
23R T%—27%)120 2 S T, SCHR [24,25,
31 45 T XIS AT R, 23S, B
PRIE A5 IR o3l 2 [AIAFEAE 6% w22, T 3 538435
IS 12028 i I 22 AT Ak 6%—22%, PR A wh L
i 2N AR SR Y R ENS S S e A5 R AT
SEVE.

AR ICR £ 47 Dirac-Hartree-Fock (multi-
configuration Dirac-Hartree-Fock, MCDHF) /7%,
FRGEARAL T RS 5s5p *Py 9, Py, 5sdd *Dy o3,
D, Fl 5s6s 3S;, 'So M REHM L5, 1155 T 5sdd
5Dy 93, "Dy Hl Bs6s 35, B HERG A0 25 K w8, A
g IHFRIE FFar. AR, RESHT T CHK
BN Breit A B AE A FH 3 S 1E (quan-
tum electrodynamics, QED) %5 K X} F 2501
SO AR SO RGN B AS A 5k A 55050 (E
T 2E/NT 3%, °S, I AR 22 AT 0.4%, 4iih
T HNS A R H DA ERS 40 E 5L BE, 5 SR
AR AN, ASCHATE g B ITHROR BE R
YT LARTA BRI 25 .

2 HEpFE
2.1 HBIREMEEIER

T M 2 W 5 4 2 1
e FRVBR o R AAFLTL A2, O S8 o 25
T2 ) 5 T 2 AR 2
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Hy=» T® . M®), (1)
k>1

B F M® 43512 AE FH T 23 18] A 4% 25 [
EVJ kB ERK BT, k= 1 F0 k= 2 20 500 W RE A
AR ELAE AT DUR A AR TR (k=
3) R A AR P 0 53 R S /N TR P, FE
KEHM5T AT DL Z

FEJEF RN, Rk B AT TO) i3k
A

N W
T — Z —iv2ar;? ( (1)(3)) o (2)
N
T = =) "r3C?y(j), (3)

j=1
Horp i W BECRAL, o AKEAREH H AL, o kT
SRR, v S A TR R TR, OV 2
k Rk R AT

B (A sk AT MY 5 TR R oy F1
HL DB Qp YR FR Ny B

(MO 1) = g2 (4)
o= EEIET.

Hoh, TRJRFAZ E e R T2 REARAN RS A0 2540
WAL A 5 UG RS AN A5 H H EL B Ry )

7 WUUHT(DWJ% (6)

J(2J—1)

1/2
— _ sl =) (2
B=20| 7y T @)

2.2 Zeeman M
MEF (8 F) e FrE e, 50
Zeeman FHEAEF R 9
Hy, = (NY +ANW)B, (8)
Hpr, N FL AN 535013 R — B i i oA AR
BT M HASHSBIET. X F—4 N TRR, B
TR BRI AT

(1)_2 (1

g: 1\2/7?7"] (ag C(l)(j))(l)7
(9)

al (95— 2)
AN®D — ZAn(1)<j) — Z STBjEj, (10)

Jj=1 j=1
Horp, 2 MHIXTS ATERERE, g, = 2.00232 HHLT
M EHTE g . AR — B G RIS, RS 245 10 S
g HF g, % H
(rJ|N® 4+ AN<1> | IJ)

Horp PRFRR, J N B R TR, M, NEET
B, |DT) MR F AP R%L (atomic state wavefun-
ction, ASF).

2.3 HEERRKT

JRF35 | 0T) 5 |1 J7) Z 18 5 BRGE A R S5
GRS El v s
(rajo®|r'.y), (12)
Horr, OW J2& kWi 2 EGERAT. AR (k= 1)
BRAT B ATAE Babushkin #L{E A Coulomb #yE F H
AARFEBCEFIE L, PR S510 B AEAERE 4%
P A BE RO A R, FEAS SCRYTHER R
FHRK BRI EE R
X HLAB I ER AT, AR 8 S AR IS, RS
[Ty Jy) 5 | o Ja) Z AR AR BRI J LA AT 7R oy ()
g2 SEL(Jy, J,)
3eohN, 2J,+1 7
A IR, Rkl
2.02613 x 10'® SFL(.J,, J,)
Aba 2Jp+1 7
(14)
Hrr, S8 R IR LR EE (AR a), Ay,
R (BANIHA), TR | DT) SRR SRR TR
Ji 25 ) 75 i B EG 1) BT B o SRS A BRAE
e, 88 (D) I FF A 7, 7T R N TR
A FERRIT I 18 A BRIT JLAE R 5L
1

o
Dy Ao

Ag1 (TyJp, Tody) =

(13)

AEl (Fbe, Faja) ==

Ty = (15)

3 WEFEEIHEHRA

F& MCDHF B¢, J507 2507 s 80T i — 41
HAMEFRR P B A J M4 M, A
A PREL (configuration state function, CSF) £k
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e BT (35-37).
NCSF
ITPIMy) =Y cilyiPIM,), (16)

Forfr, NCSF R AW R BB, ¢ RXFI T
55 i CSF WIRG R4, v, &ombk P, JH M, LA
S IRIZ CSF 1Y HA & 750 A B R 5k
[y: PJM ;) AT Y —2H AH X 18 B H - BIUIE I ek AT
Slater 17812 L 41 A =,

TE H 15 (self-consistent field, SCF) J5ikH,
BT ARy BRI OL AR S B P R B S S
RARZBSAS B S, XS S E A
H (relativistic configuration interaction, RCI) J7
2, SO TR G R BT I, S T E
PREUA TR Z A . 78 RCL A, AR SC] DL —
A% )& Breit M HAEHIH QED & 1E, Hh QED
EIE AL B A R ARSON F 3 BB 1E 5.

AR S 3 17 B As 18] 75 2 B899 2 L - R IR AL
. ARIEAR I, WA OCHRALN AT LA — B
DRI I v o H - DGR AR . AE S5, e
J 7S H, - LY F, T BA XU K 2 R I 1 7
Az ] FRATES N () SHAB LK
RN 717 S — B L RIS HE v — [ DG Ik
FEALFE U A 50 L 22 R A OCHR (valence-
valence correlation), #iHL ¥ Fl Ji 5L B Z [A] 1Y

KK (core-valence correlation), DA K Ji— 55 HL F-
Z [H] [ CHX (core-core correlation). FfiJ5 , FAIHE
— [ L DGR ) A 2 s ] v sk o S 2H S A
WESFHUR, Wit ZSH ARG K I
fE I N 1] e = = N i S [T ¢
MCDHF &, BB THRHAS{ 1522522p03s23p03d 10
4524p%5s?, 1525?2pf3s23pf3d104s24pi5sdd, 1s22s22pf
3s23pf3d104s24pS5s6s } FIAT TR A 152257283523 p0
3d1°4s?4pS5s5p MEASHZ A, e DHF (Dirac-
Hartree-Fock) L i} &, XF 2% AR CIEHUE
HETRAL. TR 2% AT ERSNZ P HL
Fpr S, HoR 1A RS0 F. 78 SCF itA:
th, ASCEE T Ui L (valence-valence,
VV), i SLH T A4 T (core-valence, CV) Z
) A OCIBR RN . A28 () B9 i 3d o NS5 1A 1)
FR il 1 B XKL (restricted single and double
excitations, rSD) SCH, Rl 2 R F— 1 HF MR
TR B RERE, ARk AT RSk
HL - IO ke Fi RS HT T 4sp 72)2, Je#TIF 3spd 5
JERT, BRI OR 2 B HE. T i TE
WS, AP R T 7R BPUE, 2ot EEALC
C3V-7. ¥ Y i HUIE LK™ A= R 2880 H Lk 1.
7E RCI 158, A SOk — 2525 G R 1 OV OCHKk
DL n = 4 JFFS0H - Z A1) CC RIRAUN. TRtk
BB, 825 MY i NS 450 (BRI

F1 EARBRIP, BIFHR 5s?, 5sdd, 5s6s AIAFAFFHR 5sbp A=Ak FI AL A R AR H

Table 1. Numbers of configuration state functions (NCSFs) generated from the even-parity 5s?, 5s4d, 5s6s configuration

and the odd-parity 5s5p configuration in different computational models.

» o L NCSF
A IGESIL7 RIS R IE
J=0 J=1 J=2 J=3
DHF {5s% bsdd; 5s6s} 2 2 2 1
{4s24pf5s?; 4s?4p®5s4d; 4s?4pS5s6s} 7s, 5p, bd, 4f, 5g 598 2175 3196 2771
{3s23p®3d104s24p®5s?; 3s23pb3d104s24pbhsdd;
Intait et 8s, 6p, 6d, 5, 6g 1966 8110 14913 11108
{3s%3p¥3d!4s%4p®5s?; 3s?3pf3d!104s%4pt5sdd; - .
302335t} 9s, 7p, 7d, 6f, Tg 3665 15658 27965 20469
{3s%3p®3d!4s%4p®5s?; 3s?3pf3d104s%4pP5sdd; ] ]
Bttt 10s, 8p, 84, Tf, 8g 6181 27168 48271 35429
{3s23p®3d'4s%4p®5s?; 3s?3p®3d104s%4p©5sdd; )
39230130 445065} 11s, 9p, 9d, 8F 8738 38732 67912 49339
{3s%3p®3d'4s%4p®5s?; 3s?3pP3d104s%4pt5sdd,; ‘ .
39233445065} 125, 10p, 10d, 9f 11760 52441 91070 65644
{3s23p®3d104s24p®5s?; 3s23pb3d104s?4pbhsdd; ‘
C3V-7 Bntaithietion 135, 11p, 11d 14187 63104 107939 76885
{1s%25?2pf3s23pY3d!104s24pF5s?;
C1V-7 162252p03523p03d 104s24p05s4d; 13s, 11p, 11d, 9f, 8¢ 19897 87697 147242 104686
1522822p93s23pf3d104s?4pB5s6s }
CC4-7 {4s24p%5s2; 45%4pS5sdd; 45*4pf5s6s) 13s, 11p, 11d, 9f, 8 32954 157132 284219 188120

MR-3 U {4s?4pf5p?; 4s?4pS5p6p; 4s?4p*hs?4d5d }

9s, 7p, 7d, 6f, 7g 543726 1522251

2214686 2524821
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F1 (L) TEARFRERIG, RETFK 52, bsdd, 5s6s HZFNZT THK bsop LAk i 4H 25 0% pe B8 H

Table 1 (continued). Numbers of configuration state functions (NCSFs) generated from the even-parity 5s?, 5s4d, 5s6s con-

figuration and the odd-parity 5s5p configuration in different computational models.

" e » NCSF
T EEHIL7 BN REIE
J=0 J=1 J=2 J=3

DHF {5s5p} 1 2 1 —

{4s%4p%5s5p} 7s, 5p, 5d, 4f, 5g 584 2000 1827 —

{3523p63d104s24pS5s5p} 8s, 6p, 6d, 5f, 6g 1780 7096 6859 —

{3s%3p¥3d!4s%4p®5s5p } 9s, Tp, 7d, 6f, 7g 3627 15341 15059 —

{3523p63d104s24pS5s5p} 10s, 8p, 8d, 7f, 8g 6125 26735 26427 —

{3s?3p¥3d'4s%4p®5s5p } 11s, 9p, 9d, 8f 8664 38220 37642 —

{3523p63d104s24pS5s5p} 12s, 10p, 10d, of 11660 51856 50915 —

C3V-7 {3s?3p¥3d!4s%4p®5s5p } 13s, 11p, 11d 14058 62459 60780 —

C1V-7 {1522522p03523p53d 104524 pS5s5p } 13s, 11p, 11d, 9f, 8 19914 86726 83569 —

CC4-7 {4%4pS5s5p} 135, 11p, 11d, 9f, 8g 27603 152938 142523 —

MR-3 U {4s4pS4d5p; 4s?4pS5s6p, 4s?4pS5p6s; 4s?4p®4d6p} 9s, 7p, 7d, 6f, 7g 175310 486011 692056 —

) BUBGH & 2 4T RE I S B, AR AL 53531
PRidly C1V-T 5 CC4-7. Muhh, TEMTFRRAN AT THR
1) CCA-7 M2 [, 3 A ASTR & R 8 o
= 0.05 FlI 0.04 Dy B 2% 1, i e th B A, 1
BB, K, TR {4s4pS
5p?, 4s?4pS5pbp, 4s?4p*Hs?4dsd}, A FHRHES /3 N A
{4s?4p54d5p, 4s?4pS5s6p, 4s?4pS5p6s, 4s24pb4d6p}.
HEE 0= 4 RS TR B OCHR AN, AR S
FKHZ HE BRI A (multi-reference single and
double, MR-SD) J5 ¥k 874043 3 | ik &2 5% 20 45
W LT PR A E AT 3 2 LA R — 2
AIZ545 0], RGN MR, 7 MR BB 5ERE |-
ARG T Breit 1 EAE M5 QED BIER
o, AR E O MR-BQ. i a3 # # DL F i SR
R ARG H & T — B i 7 OCHERON (VV, CV
1 CC KHR), & i L SCHK, Breit AH & /F FH A1
QED & IESE P Xt 552, 5sdd, 5s6s Fl 5s5p 41
A RE ML, RS 402549 5 BOR IS g 155
SR, P AT TR Rl iE GRASP 2018 2
J (4] S

4 H#EREH#®
4.1 BFEPEHES

25 T 3T MCDHF J7 815 3 1)
5sdd *Dy o4, Dy A5 F 5s6s S, 4 M K5 40 45 4
BAE. T RS ECR: w = —1.0936 1y,

Q = 0.328 blidl,

TERGARHRERT AN ZE A WAL A )i, VV I
CV HLF ORI i F 2 OCHRAL . I DHF 452 #Y
F| C3V AL, 5s4d °D, 53, Dy Z5F 5565 *S; A1
AMEEAMR N 29%, 44%, 28%, 30% F1 69%. H
C3VY R E CIV BRI, °D) 5 & AI3S, 1 A
25465 51K 2.0%, 0.2%, 0.6% F1 1.7%, T 1D,
BAACLIH 9%. CC KBTS A {E A 5THR 551
F-6%, 17%, -10%, 17% F1-18%. w5 F-oLBex}
Dy 3 & AERSZ AN T 0.5%, Xt 2D, 5 H11D,
BHEEI/NT 5%, X138, ZAYTTHRZI A 11%. Breit
FHEAEHIFN QED B8 XS T-°Dy 55 A5F1%S, 25 A {H
HI S BI7E 0.3%, 1% 1Dy 25 A0 AT 3k 7%. %t
F HL DU RS A 45 48 H L B, C3V RS 1) 1 ik e
N, KT 554d *D) 55, Dy AHI 5s6s S, A TTHR
Bt 60%; 1 C1V AR RZmE/N, AAE 0.4%—
0.7% ZJal. CC JIRFIEEA W&, XF 5s4d °D 5
D, W TTER ST 8%, —9%, 8% F-19%.
B CHRAS 5s4d °Dy o 5 M TTBRZIN 1.5%, X 1D,y
B 2N 26%. Breit il QED B IEXF 424 (B
3S1) MITTERIE T 0.4%.

A BEEY B E n < 13H1] < 4,
T n 5 IWPBERES, B CVXEKES n=14
SR CO KM e W2 BHLEY RMas Rz 2
VERWS IR ZE. 75 CV RS, IBURZERT D, 5 5,
D, A H13S, 25 A 20 4540 B 2L A B 1952 8 53 5]
4 0.3%, 0.02%, 0.2%, 1.3% F1 0.03%; XA |47
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F 2 SSr [T 5s4d °Dy 55 Dy AFI 5s6s 38, AR ANZE T H AL (MHz), BIHE S NESAE R, IriEs NmERR
P10 SRR R
Table 2. Hyperfine structure constants (MHz) of the 5s4d *D; 53 "Dy and 5s6s 3S; states for *7Sr, values in parentheses rep-
resent the uncertainties, and values in square brackets represent the exponents with a base of 10.
5D, 5D, 5D, D, 53,
A B A B A B A B A B
DHF 112.1 8.9 —60.3 12.6 -99.6 24.3 -11.8 24.7 -349.0 0
C3V-7 145.1 14.8 -87.0 21.3 -127.8 40.9 8.2 55.3 -589.5 —2.9[-4]
C1V-7 148.0 14.8 -87.2 21.5 —128.6 41.2 7.5 55.6 -599.4 —2.9[4]
CC4-7 139.2 13.6 -72.4 19.5 -116.1 37.8 -8.8 45.2 —-493.9 -2.0[-3]
MR 138.9 13.8 —~76.0 19.8 -116.5 38.4 -9.1 56.8 -047.4 1.1[-3]
MR-BQ 139.2(5) 13.9(1.0) -75.7(7) 19.9(1.5) -116.9(2) 38.5(2.8) -9.7(1.0) 56.7(4.1)  -549.2(7) 1.0(0)[-3]
Other theories
Mani and Angom!™ 151.59 — -49.65 — -133.78 — — — — —
Tang!!"] — — — — — — -5.3(0.3) — — —
Experiments
Bushaw et al.lf  139.9(2) 15(2) -78.08(5) 18(1) -115.3(2) 51(9) — —  s4257(10)00  —
Bender et al.l'®l — — — — — — — — ~542.1(4) 0.00
Barsanti et al.l'¥l  140(2)  -6(4) — — — — — — -543(2) —
Courtillot et al.l?! — — — — — — — -542.0(1) 0.1(5)

Grundevik et al.[*7)

~5.5734(4) 55.421(6)

i M A e 2 (B AHE RN A #8777 (Fock space relativistic coupled cluster method, FSRCC);
07 SAHEAE S SR A 75 (relativistic configuration-interaction combined with a coupled-cluster method, RCICC).

(38, ZSBRAM) B BAESEWIIIZ) 0.8%. 76 n = 4 F%)2
) CC SCIRER 73, ISR ZEXT A 5 BERIZZ I
T 0.1%. BT CC IR 55 AH N 1Y f&1 By S IR AR
TEAETROIGTH, ARSCK n = 3 52208 CC KRB
PR LT OCRAAN BT | ARSI BE . A3 %
Dy g3, Dy 5 HI3S, & AME B TTHR 4351 Ry 0.2%,
0.07%, 0.05%, 0.6% 1 0.1%, XF IR & (38, A% BR
Hb) BRI B3, YITE 7%—8% Z IA]. 1&
MR BRI 2 ) — Y R 2 3 )2 MU,
TS w2 A 25 - 2 224E 8 MR 1L
SR ZE. X T 5Dy 5, 1Dy ABAISS, AR A{H, MR
WS R 25 B NT 0.1%, XF AR A (S, A Bk
AN BAE RS /NT 0.3%. A8 BB 28
2P ERORAE. H T BRI, A SCRADEAL Y
3D, & A M 139.2(5) MHz, B 4 13.9(1.0) MHz. *D,
A A ~-75.7(7) MHz, B A4 19.9(1.5) MHz. 3Dy 7%
A A-116.9(2) MHz, B>~ 38.5(2.8) MHz. 'D, &
AN-9.7(1) MHz, B4 56.7(4.1) MHz. 33, & A
-549.2(7) MHz. UL FHLSZE RS E A S0 500 &
HAEIR LRI 5.

SEA PG S LT e X F3D, 2, Mani

Fl Angom™ 3£ F FSRCC J7 AR K AN
151.59 MHz, 5 52 % I & {8 139.9(2) MHz['%
140(2) MHz!"! 19 I 22 2 R 8%, i A< SC Y 45 2R
139.2 MHz 55290 fw 22 (UAE 0.5% Ay . A SCHHE
B9 B A 13.9 MHz, tH4LTF Bushaw 45 16 SZHG &
AR ZEJE RN . X T3D, &, A A 55850 AH 2
2y 3%. BAE 555 HE{E 18(1) MHz!0 AH£F. X5 T
3D, 2%, 86 161 JfE A h-115.3(2) MHz, 5 FSRCC
IR 25 R-133.78 MHz 222 16%. A 3CHY
455 0-116.9 MHz, 55080 W 2500 1% 247,
Dy &, ASCHHER A2 RE80K, =& H Dy HxT
F, DI A5 A S R, 5 2255 SR 2 e - O TR
BN 38, A AME 5 555 i {H -543(3) MHz!',
~542.1(4) MHz['"¥), -542.57(10) MHz'9 F1-542.0(1)
MHz20 g 2525 45 1%. B{HAE 103 8=, Bk T
%, 5L E—30, 55 S A U BAE
A 22 W ) R .

4.2 BEgHETF
3G T WIE g HFRETHRBA AR fb. )

& g N7 BE L 7 ORI (L4 VV AT CV 5Kk
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F 3 SrJEF 5s4d °Dy g3, 'Dy Fl 5s6s 38, AR g K7, BG5S IR ARHE

Table 3. Landé-g factors of the 5sd4d ®D; 55 'Dy and 5s6s *S; states for Sr. values in parentheses represent the uncertainties.

D, D, Dy 'D, 8
DHF 0.498793 1.166999 1.334060 0.999960 2.002293
C3V-7 0.498748 1.166705 1.334054 1.000235 2.002257
C1V-7 0.498747 1.166703 1.334054 1.000236 2.002257
CC4-7 0.498772 1.166920 1.334061 1.000032 2.002302
MR 0.498759 1.166806 1.334064 1.000157 2.002300
MR-BQ 0.498759(4) 1.166828(3) 1.334063(1) 1.000134(3) 2.002300(37)
Theory 0.4988122 — — — —
Experiment 0.4995(88)22 — — — —

CC KRR B OCHR) AR fLAE® /N, R eA
it 0.02%. VV il CV Sk (5 C3V Fl CLV) Xf
9(°Dy 53, 'Dy) Fl g(3Sy) B9 5 MW 43 1]k -4.6x 107,
—2.4x10°, -5.7x10°6, 2.7x10* 1 -3.6x10°. CC
KIXFTF g(°Dy o5, 'Dy) Hl g(3Sy) USRI 2.5
10°, 2.2x104, 6.9x10°6, —2.0x104 1 4.5x10°5,
15 B EL SISO 2 0 43 51 - 1.3} 107, ~1.1%
104, 2.7x10°6, 1.3x104 A1 -1.3x10°6, CC L AN
1o B SRIRAT g PR 1% 5% W A7 AR AH BRI . Breit AH
HAEHF QED R X g PRI 152 0 L & B Gk
IN—AEERE . g TR BEPEAL O ik 5 RS
S5 R0 BT R FH B 5 1 — 30 X g(°Dy )
9(®S1), CV KBS n = 45821 CC BN AT
Sk B SIR 22 A S MR ISR £ 35 7E 10 7 121,
n = 3 5¢)z CC RN AE AT 42 i+ AL 5 |
AR ZE KR, KBtk 7358 -4.1x10°6, 1.0x10°°
M 3.7x10°°. XFF g(13D,), Fx KAYASHH 2 K A
F CV 5 CC R ISR 2, FR/N 51k
3.1x10°0 1 2.8x 1076, Fol 3 H - JCIRAL N (19 BTk 53
BIRH-1.6x106 1 1.4x107. HEHER ¢(3D,) M
0.498759(4), 5 S 55 A5 1 25 2R 0.4995(88) it 22
1E 104 Hr k.

4.3 5s4d °D, , 3 F 5s6s °S, ANEELF

AT 5s4d D) o, 5s6s 3S; 5 5s5p *Py ;5
AZ[E MR (E1) BREFEFETT, 45632 EREK
FriES F R 5EBE (National Institute of Stand-
ards and Technology, NIST) 4} & 8] P () HE 2
22, T X SIS Z ] BRI AR A 5s4d SDy 5,
5s6s 38, AW FF 1w, LR 4 FioR. LA BRAE
FBE IO BEVPAR A Ok, TR g R+ oA
YA FA) B ET R A 7 3. F A OCHR AR,

FUARIAGA E FE el .25 X T 5sdd SDy o5 5 H
B IR BT M T R 2 MR A TE 1.8%—3.2% Z[a], R
5s4d *D;—5s5p P A HL MR BT T Y DTk 2
R 1.4%; KT 5s6s S 75 1) L AHS A BR 1 4 B T 1)
M ZY0h 0.4%. MR WSS 22 X% bR 5 [ T 1 52
M KT 0.2%.

T 5s4d 3D;—5s5p P, i E1 BRiT 4 e,
AR SO A 45 R 5 W 45 23 (DFCP+RCI) Y45
iz VT 1.3%, 5 Safronova 45 P4(CI+all-order)
F1 Porsev 55 25)(CI+MBPT) (1 BRI E w25 3 /NF
3.0%. A SCIHHE 3D, A M HL S B A 5 Porsev
85 2I(CI+MBPT) BIZRAAZEN 2.7%, 5s4d *Dy 55
A% 5 Safronova %5 PU(Cl+-all-order) FFRIS(E
FHZETE 5%—9% W, °Dy SRS Fr 5 52 4 2
(2156.4 ns) AH 2= 2§ 8%. XF F 5s6s 3S,—5s5p Py
AT, 5 Wu %5 23(DFCP+RCI) fO%5 Rl 22 /N T
4.5%. XFF 5s6s 3S;—5s5p Py BRiT, A SCAY 4
(3.67 a.u.) 55 Cooper ¢ P BT Cl+all-order J7ik
25 M PIEIE 3.425 (17) a.wfFAEZ % HfwZE. XF
38, AfEHF 4, MCDHF kAT AL RS Havey
S PT SERHE R 2 29 6%.

FIRGEIRIERY], ASCT AT RN 5s4d 3Dy 3,
5s6s 3S; A 5s5p Py o A HL I ERIT AR M oT 5
Safronova & P4 A REFELE T . X~ HEHR
A R AR bt R R ER B, N Si 45 P E Zn
XVIII &5 3p3d(°F)4s ‘Fyg )y F1 3p2(°P) 4f Gy 5 25
BRI LR B F, &8 MCDHF 5 CI4+MBPT
Tk Z BT 7% DR 2. T S irEE
X 26 F BT AN O S A AR
B RERARAR R, ISR T BT T S KT
WER KA BE . A SC 41, MCDHF J7 3k (45 5 5 H
IS AEAEZE R, FTREA LU PR 1) AN 2
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# 4 5s4d *Dy oy 5s6s °S) 5 5sbp Py A Z 8] 1Y HL K BRIE AR B JC D (Babushkin #L3E ) (a.u.) F1BR 1T HE %
A(s™), 5s4d °Dy 55 5s6s *S, BFFfr T(ns), BIFES N AAHE R, 5 NIERR L 10 AIRIHEE

Table 4.  Electric dipole transition matrix elements D (Babushkin gauge) (a.u.) and transition rates A(s!) for the 5s4d

3Dy 93, 5s6s 3S; states to the 5s5p 3Py o states, and lifetimes 7(ns) of 5sd4d 3D; 45 5s6s 3S; states, the values in parentheses

represent the uncertainties, the values in square brackets represent the exponents with a base of 10.

D/a.u.
Upper level Lower level

A/st T/ns

This work Other theories  This work

Experiments ~ This work Other theories Experiments

2.740251,
24]a
2712[ ] s 2163[24]3
2.66714P, 2113[24]1,7 2180(10)B0
3D P 2. 2.76123 .00(1 2.7619(64)[5]2  1984(1 ’
1 0 80(8) 237169[14], 3.00(17)[5] 7619(64)[5] 984(137) 2171(24)2 2156(5)2
’ ' 20401271
2.4957149], 0
2.53(14)60)
2.3781014
5p 2.4 ! 1. — — —
! 3(0) 2.322(11)bY 95(8)15]
3P, 0.63(9) 0.963014 9.29(2.65)[3] — — —
3D 3p [14] 2337[24]“’
2 1 4.21(7) 3.4114 3.66(12)[5] — 2203(100) 2403(27)240 _
P,y 2.44(4) 2.3952014 8.83(28)[4] — — —
D p ) 273812102,
3 2 5.78(14) 5.3938 3.87(19)[5] — 2584(172) 2816(31)240 _
1.9622%,
1.96242, 13.92(11)P)
1.940240 14.129) 10.9(11)126],
39 5p 2.1 " .50(2 . (52 12.15(1 -~
! 0 0(3) 2.00202%, 9:50(27)(6]  8.9(8)(6] 5(13) 13.3061) 12.9(7)27,
1.9734049), 15.0(8)2
1.90(1)5)
3P, 3.67(1) 3.425(17)5U 2.79(2)[7]  2.71(20)[7]2 — —
3P, 4.85(2) 4.49(4)[7]  4.15(40)[7)6 — —

1 P B EAEHLS A& 2 RIS 77 (configuration interaction combined with many-body perturbation theory, CI+MBPT,

random phase approximation correction was included);

(4o 2] Z5AH HAE 45 A AR B 775 (configuration interaction combined with many-body perturbation theory, CI+MBPT,

random phase approximation correction was included);

R4b U A B AEFISS A 4B 771 (configuration interaction combined with all-order method, CI+all-order, random phase
approximation-+core Brueckner+two-particle4-structural radiation+normalization correction were included);

e LA AR FHES & 2B 77 (configuration interaction combined with all-order method, Cl+-all-order, recommand value);
B ZSHHEAEFHZS & 2B J77 (configuration interaction combined with all-order method, CI+4-all-order, random phase

approximation correction was included);

(23] A O AL A FA XS 1S 4L A5 AH B4 F 757 (Dirac-Fock plus core polarization and relativistic configuration interaction method,

DFCP+RCI);

(4] 3 v 25 [ A XS AR 75  (Fock space relative coupled cluster method, FSRCC);
(9] 3 vi 25 AR HE AR A 777 (Fock space relative coupled cluster method, FSRCC);
(0] 21 25 A0 AR F N2 2 B0 AR A AR I3 7 75 (configuration interaction with a semiempirical core-polarization model potential

method, CI+CPMP);
(1 2 2255777 (semi-empirical method).

VO R FL A OCHR AR Y Ak 387 AR [R]. MCDHF
J5 38 i 2l 7S (] 5 BT R G L OCIRAR
L, Cl+all-order 55 5 kil A EAEH 5%
JEHT LT 2 [E] B RN, SR 2R e % &
TJRF LA Z B 5 R S 22 Y
DRIRALNE. 3% 7] R BN 7 i A i D R B0 &
%%&Eﬁﬁ%ﬁﬁmfﬁﬁz%éﬁﬁ%# M T AER X —
A, FATEF ] Cl4-all-order 75318 T 552 1Sy,

5s4d 3Dy 53, 5s6s °S; AHTRER A, FRIT T X X Lk
Jirt 285 BT R A K 118 35 43 A A5 FIURT R R TR AR AR
%5 R TR BIS TR R IR & RS R
2) MCDHF 77 %76 L bt 8 vh Z BR T 5 R R,
Tk BT 1 = B FL - OCHR AR KAk, Cl+-all-
order B¢ CI+MBPT J7 1 75 #4) i 21 A5 %5 [A] 5 ik
T 15 = A 22 S R T SR A A R T B
Pt 25 1) E D A
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#* 5 A MCDHF J5 M Cl+all-order J5ikit
B 5s? 1S, 5sdd Dy o 3 Fl 5s6s 33, A TUHkE K Y
H AL ASHINT L R A R B A X

Table 5.  The dominant partial configurations and
the absolute value of their corresponding mixing
coefficients for the 5s® 1S, 5s4d *D; 53 and 5s6s 33,
states, calculated by the MCDHF and Cl+all-order

methods.
JRFES AFs MCDHF ClI+all-order
552 1S, 552 1S, 0.96 0.96
5p? 1S, 0.12 0.13
5p6p 'Sy 0.09 0.02
5p? 3P, 0.09 0.18
5565 1S, 0.08 0.13
557s 1S, 0.07 0.03
5p6p 3P, 0.07 0.03
442 3P, 0.06 0.07
5s4d 3D, 5s4d 3D, 0.98 0.97
5s5d 3D, 0.10 0.16
5s4d 3D, 5s4d 3D, 0.79 0.78
5s54d 1D, 0.59 0.58
5s5d 3D, 0.08 0.04
5s5d 1D, 0.06 0.03
5s4d 3D, 5s4d 3D, 0.98 0.97
5s5d 3D, 0.11 0.05
5s6s *S; 5s6s 33, 0.98 0.93
6s7s 33, 0.13 0.01
5s7s 38, 0.06 0.32
5 & %

AR MCDHF #ig, RG04k TR T
5s5p 3P012, Py, 5sdd *Dy 53, "Dy Fl 5s6s 3y, 'S,
SIREH LS, JFH FITH T 5sdd °Dy 53, 1Dy Ml
5%&&MMEﬁ% BRI RRL, W g R
Eﬁ%¢%%%%T%%%%ﬂ@@ﬁﬂw\
CV. CC FIFE B B . Breit M EAEFHAHE T HL3h
712 (QED) B IE S5 R X R F S8 m , IFXt
FISEAT T ANB A2 BEPEAL . FEE NS AN s
) H O T, 3Dy 5 F13S ) 25 1) BE (AR B RS Al 254
HEC A WS THEAE S 5050 I E I 25 53 51 R
0.6%, 2.9%, 1.4% F1 1.3%; I EIRLA I T 2Dy 55 &
F14) FEL DU AR R A AN 2549 H 5 B AR B AE, TT5 45
RGLIEHE, B TS5 ST 7 T i =S
M. BT g B ry oK B R, Dy S

5 g N F 5 L5025 /N T 8x 10 REH ATt
RARERW, 5D, 55 M5, A BYHLE A i 5 Ho A 3
VS TIUIN Ko S 560 S ABLARAS . 38 A % LU AN [R] B8 T ik
TEBGER ORI E i 2E 5, ASGHE— 20 Hr
T MCDHF J7 ¥ 5 Cl+all-order, CI+MBPT %
7R AE T ORI AL BRAILH . 21 2525 R R4 sy
By SCER N AR 55 7 TR R GEvE 2200, A BN [+]
PRI THR Z ] ) w25 P 4L Ty R

25 I, ARFRAMCA IR L Mg s 115
SRR S I e S AR OGS IR AR AL T SR B B S
R s, WIRTE T MCDHF bk R G5+
SRR S W PR AN %o 1 Y e A TR T S B ) T
AR TR

R BRI A RS2 B A A (8 e 7 o
Pt AR R L S L

S 3k
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Abstract

Strontium atoms are widely used in quantum information and precision measurement, with their excited

states 5s4d *D;,3 and 5s6s *S; playing key roles in related experiments. However, existing key atomic

parameters such as hyperfine structure constants and Landé-g factors are inconsistent, limiting further research.

In this work, we employed the Multi-configuration Dirac-Hartree-Fock (MCDHF) method to systematically

optimize the energy levels of the 5s5p *Py; 5, 5s4d ®Dj 53, 'Dy and 5s6s 3S,, 'S states for strontium, and focused

on calculating the hyperfine structure constants (A and B) and Landé-g factors of the 5s4d D 53, 'D,, and 5s6s
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3S, states. We comprehensively considered electronic correlation effects through an active space approach and
multi-reference single and double excitations (MR-SD) method. The Breit interaction and quantum
electrodynamics (QED) corrections were also included to improve calculation accuracy. Moreover, a rigorous
uncertainty assessment was conducted in this work. Our results show that the magnetic dipole hyperfine
structure constant A of the 5s4d *D; 53 triplet has a deviation of less than 3% from experimental values, while
that of the 5s6s 3S; state is only 0.4%, significantly reducing the prior theory-experiment discrepancy, as shown
in figure. Notably, we first reported the theoretical values of the electric quadrupole hyperfine structure
constant B for the 5s4d ®D;,3 states, which are in good agreement with experimental data, filling the
theoretical gap. The Landé-g factor of the 5s4d D, state deviates by no more than 10 from the experimental
value, achieving higher precision than previous studies. Additionally, the calculated lifetimes of these states are
consistent with most theoretical and experimental results. This work provides high-precision theoretical
parameters for experiments related to strontium optical lattice clocks and quantum information, and verifies the
reliability of the MCDHF method in studying highly excited atomic states, laying a foundation for further

research on atomic structure and properties.
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