#) 32 2 3R Acta Phys. Sin. Vol. 72, No. 22 (2023) 223101

/

KIE FIPER TR RRIBBHE I E H

FEAE g BHF

TEY B EY kA

gAY

FHEAV XFW ITgEY

1) (e YR S T ECEMT T, THAY B 5000, JEaT 100088)
2) (EHR%¥:, BYM S5EFRMABEESATRE, 1 200433)
3) (ALK T A=, MY SEARDTE G, L5 100871)

(2023 4£ 6 A 5 HY3l; 2023 45 8 A 14 HkEIEMH)

A SCH ] 2 4175 Dirac-Hartree-Fock J5 ¥ THE 1255 i 77 S Sit 3| Ko 8 T 54175 35%3p 2Py, 500
FE 5 11 A 200 45 K 5 BORN AT g DR 58k R e WA F - DG ER KON X Sit T Col+ 88— v T OG0 JiF S 50 52
Wel , JTH I 5 N 522 L AR SC  SC IR RN, A8 A 1 AT SRS A A TSR ARTAL ) BR SitEy oAb, BUORT AN 45 4 BRI
g B F 3R 2 40 i il A 1% A2 AR 1075 By . Bbah, ilf— 25 408 T RS 40 45 44 5 50rh o 735 40 0 B
JUH g BB P4 Z (7R AR AR, IR LG T eyl 5 Z @ |IREOCR, FIHME 20T DU
FARE T 14 < Z < 54 KA NAE R R 2 09 B ARS 4N 2544 5 0 g [RF.

KEEH . AR, IS ¢ AT, 2417 Dirac-Hartree-Fock 72, HLFRBRRN , 2REAE T

PACS: 31.15.A—, 31.30.Gs, 32.10.Fn,

1 3

v FE A A R AT DAAE SRy B T T
A, AT LA 56 ) $H 2 B AR A B4 R oA A
T B O H AR ORI E E Ak B 1071
IKF- 231 H 2 ) B2 SR AT SR AE S8 25 ] 8 ek
ARG EER IR, = ATAE T (highly charged ion,
HCI) o v 732 B0 i e 1 G A AR,
Aoy Z ARG T, T — U T 68 Y
DLk xt gz — -0 BRIl i R A4 HCL 551
P RO T 23 X0 200 235 4 i S I 1) 7 722 Ak L IR
Jr PR R AT AT LA TS R AR A
HH. Yudin 55 B4R 2R TSP p —
2Py o TR W R T A Sy P R S 430 23 s o )k 2

i

*ER HRBIARES (EES 11874090) ¥ BhAYIRAL.
t BIEMEE. E-mail: lijiguang@iapem.ac.cn
©2023 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.72.20230940

Z—, R A PE AT T 500 RE R 5 A A /)
A HL DU R W A% . BE S, Yu A1 Sahool® & FHAH XT 18
pripas (coupled-cluster method with singles and
doubles excitation approximation, CCSD) J5 ik
RGO T RASER T FF N VI F] Culsteg 1
323D 2Py o, 30 RESLIGRDRS NS H B BOR o PO T I
I HCDEM® Z B R T2 BB B S NG
JZ B A G I =R RN O 45 v B SR IR AH O
SRS H DTk, RS NS F 5 RO HL P BN
A BRI R R i AR RO b S e
TSR NI, o 144 )5 HCL GRS (iR i nl
SEMETZHL, AT AR TN SR XF
AHOCIR T2 7).

AT, TR 045 AL 1) S 3000 5 RS AN 25
FaH B RS BT AN L85 B e W e R T i 2

http://wulixb.iphy.ac.cn

223101-1


http://doi.org/10.7498/aps.72.20230940
mailto:li_jiguang@iapcm.ac.cn
mailto:li_jiguang@iapcm.ac.cn
http://wulixb.iphy.ac.cn
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 2 3R Acta Phys. Sin. Vol. 72, No. 22 (2023) 223101

R AT ) T Sl S 5 VA i Y DA% L
SN T AR, A 00 A% 2 A e
St T E EARYE 10, Hep PR AR L, HCT
TREZIN T Z R CHEAR S S, AF
THRTHE AT RS L, 5 SIS b
Jot. A R TR AR 4 R R e R TR S R
WO A B E b AN 1T i J5 - 24

BN E T HERS BE LIS A KR B SR A 4
BRI A FEE AN D2 N, ZRERAY Felst
BIT2P, ), —> 2Py, BT A B H 0 T B
WY F2EL 2 —, I HAE A B DL R 3R B
Hh L 2L 1) 5k 23 2 091 ) F 5k 263 28 W] LA
s 1B T B N B SRS, o prlE R IR L
ML FRE A R R AL T L. FATE g Al
G A 45 1 RO 3 b R AR B P R 37 5 B LA RO
I fE R TR M B S M SR R Y
BN E TR AN AL H RO g T A 5 T R
FHIOGTE 73 Hr B3 2 1 B SLA.

ASCHZAZ Dirac-Hartree-Fock (multi-con-
figuration Dirac-Hartree-Fock, MCDHF) J5 i fiff
5T RERERFIF I Sit 3] K F AUl 3¢2
3p P1a, 30 RESHIHURT A5 14 7 BOH g N 1.
it RGES M T ORI X Sit s Col B 11154
ZERW, RIS NGEZE 2p PUBAHSCHI R FC
WA EE B O R A0 45 4 50 sk K g ik
] 18%. fEBLIALAN E, %5 J& T Breit A EAREHI Al
THLZN 2B IR, B SiTES A, MRS A0 4514 H 4L
g T AR o ik 2] 1% A1 107 4. A
SCHE— 2B A BT TR AR A A R BT L S
JCH g R HT 2R 40 55 B 7 R S AR M, O 4t
T XY B R P Z KOG R FE T
B A TR RS A0 4548 H 805 SRR 4
FEE PR EF, P nl DUH T 15 2 85 8 11 X R
14 < Z < 54 WARE R A RRT 4045 14 H 2o
g N7

2 Rk
2.1 MCDHF Fi&

7 MCDHF HUgHE S 17 R J5 5 25 O ok 5
(atomic state wavefunction, ASF) ¥ i f HA #H
[R5k P ALESghE: J A 2 D5 m) o3t M, 92

AU PREL (configuration state wavefunction, CSF)
& ZMEETT, R
Ncsr
W(IPIMy) =Y e®(yPIM)), 1)
r=1

e, oy, I DArBIEAA CSF Al ASF b2 HAY
HTEL, Nesp A0S RB AL, o RARIRE
FE AP RBUE H T Dirac BB B pRE B
i) Slater 174 R L PELH . B0 |, 44
AR ECR TCG5 22 I A R R LS ) 5 F
PR EL, HRAESLPRh H AR RS
W ek B, T LA 2SI R B0 e O U H 2 /0 e
FE T LT ORI 1Y 7% EAR R, B e J A
PRI it B AN R - S ARG 2

T AR R H ) FIH B IG5 (self-consistent
field, SCF) 773 R B e AL LA i1 R BRI IR A
FEUL A0 5 SRR BIRAR, AT $RAS—
EPIERN . RIS TR R, AR
WHSHEANER (relativistic configuration interac-
tion, RCI) J5 ¥ Al LA R et 2% J& H 1 OCHK 0. 757
BRI, RCLHH AR B R E A &
B, HHFHUE B RO A AR, 35h, #E RCI
oAk AT DL AL 4 Breit A BAF H AR - HL 8h D)4
(quantum electrodynamics, QED) f&1E [81.

2.2 BRESHER
AT A AH ELAE R R A R 2 O S
FL - 43 O RE A FH 5 12 g (190, A 1) e %25 i i
ET)
Hygs = ZT(/f) ~M(k), (2)
k>1
Horp T 0 MO G352 A R AR 1 & By
KEEA. k=1 R EER, k=2 FR
L VOAAH BAE R, SCrp RS T PRI, A A
U E R )
I )
A=~ NAED) <&D(FPJ)||T |\LP(FPJ)>. (3)
FE, DUl RS 20 2354 i B
J(2J - 1)

B =20 (J + 1)(2J + 3)

x <W(FPJ)||T(2)\|W(FPJ)>, (4)

Hob 1w, Q3 nIRRIE TR A e . BB |

223101-2


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 2 3R Acta Phys. Sin. Vol. 72, No. 22 (2023) 223101

HL DU SR, 7EJR T80 R, BT p sk AT TO
T 551k

J )

N
T = -3 ia(a; - ;0 )y (5)

J
N
T® = -y 3, (6)
J

Hrr, 1 SRR o SERTAN A WAL oy kAL
ORI v RS TR IO BE B R
FENRERT, O R kBRI, T4
HL BB 4 BRI PR OC R A

O =\ 5o Vi 7)
WA (3) ST (4) 2T LA HE, HDRE AN H 3 R
THBOMHEMEIC Ay = AIJu M B, = B/Q 55 1%
T, HAHSE AT L ph JBUF-45 40 13S0 . 1T L,
AR IR 2 O I T A BER 1, 1T LM S50 -3
o R A2 BN R (R R B

2.3 BAfEgEAF

S SN A v R R SN G 3 22 18] A
HARHGIE R R0, HG i nl 5

1
HmziN-B:guBJ~B7 (8)

Horb ) g BWURRE T, B NRERRVGREE, J N T
F A SR EAT, g M g 7. E—2L 18 ¢
TRESH

1 (w(IPJ)|INW||@(I'PJ))

I s JIT+ DRI D)

AN

9)

N
N = =S ia(ay - 1;C)r;. (10)
HoAf 1) &R o3-S RS 4R A i i 84T (5) X
FAAL. BATE g 7/ QED BN
Ag— (95 —2) <W(FPJ)IIAN(”IIW(FPJ)>’ (11)
2 VI +1)(2J +1)

Hrp g, = 2.00232. B4F AND

N
AN =383, (12)
j

o, B 32 I3 AT s RE R ARS8 1R .

3 irEmA

A SCHF S M A 2 MCDHF J7 ik & R 1Y
GRASP2018 £ /5 {1 . 7& MCDHF HLEHES T,
ARSCR T 8l 23 (6] 07 125 R G0 7% TR 1 QIR L
P AL G, o7 OCIR ] 43R — B SCHR AN g G
. — BRI S5 A S B R Y R A %5
() i 3, ST 3 — 25 %) o3 Sy A L T 22 D) Y S IR
(valence-valence, VV) . JiL t5 L ¥ 5 i Hi ¥ Z [f]
YICHK (core-valence, CV) DL K5t HL ¥ 22 [A] Y
KHK (core-core, CC). T—Br QAR FE /35, #
HABEMPAERRKHASIMAS S A EIA,
2275 4 75 B 20 B RO J8 ) 20 253 B) il ik
B B L 7 DGR GOy B3 B g M 22 2 2% 2H 2
B RGO 2 T B S BRI MR = DY
1 O W T Wi - 2 S P S R RN P
7, BT LATEAT BRI BT IR T ROR$ i 115K
ARSI, 3s il 3p FLE B VEM B,
HAR 1s, 2s Fil 2p PUBF AR HUE.

3.1 VV#CV EEBt

B 4, 7£ Dirac-Hartree-Fock (DHF) iz )l
XIS A 15°2522p53s23p (1A o 4 3 (] el i
ik, AR SR P AL, BER%IE VV
OV OCHK, i A S NS HHS T
vl 3 2L Rl P 3 K — A B A f T B SR IR
E AR, BRI SRR RS 0E R 2 Rir—1
R & . & 141 T SCF iR f rh BRI
TIEARRI L K SitAn COI4+%?2P1/2 — 2P3/2 08
RERHA S 25 [ R AW BB BL. Nos S1BCF LR
TER A N AR E . i A g6 &
BE bR @ S A3 £ Bl Y DGR B TE X R A 45
TR g IR F- 5200 43 53/ N T 0.1% F1 1078,
A B S HE ARG Shas [ b ange 1 rp i
G, BIZTHSHAE T HIEPEE (active orbitals,
AO)W[E R}, SCERHIE (virtual orbitals, VO) HJ&
BEUINGEY, I HAER EREHT S a4 o AT
b, X BEAFRIC R VV+CV-n, n LK 3l
23 [T FJZEL. T 25 B - OGRS BEfg ik
FFEE sk, W shas |h A T 10 EOCHBUA,
Hoi 2 RBUEM SRS s, p, d, £ g, HPIE] 2
EHBE AT s, p, d M £, J5 6 EHEEAE

223101-3


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] 32 % 3R Acta Phys. Sin. Vol. 72, No. 22 (2023)

223101

£ s, p Al d. HHIL DHF #8455, % & VV+CV
BERUS , Si+E T Bk RE LTI U8, Co i 1
WO RERFINT 345 cm .

% 245 T SCF TR e rhdoRG 40 25 14 4
HL T A4 4E T Ay Il By DL B2 B g PR T BEZH 25
Y RSB L. FTLAE H, Ay M By EEUR
] 72 B2 1 IR WSSk 3, g PRl e &l s3] 10°S.
5 DHF HBLER I, VV4+CV BT SitE T Ay

%1

1 B,y W BTERIS 2] 15% LA I, WX Co &+ Ay
H1 By WIDTERILAE 7% 2247, XK —Fr VV fl CV
ST RS A 25 F W RO A R . B Ak, Mg
InENSE 9 JZ A 10 JZ A S, SitFl Coltt i
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Table 1.

Excitation energies AE (in cm') of 3s?3p 2Py, 3/, states of Sit and Co'* ions as functions of various computa-

tional models. DHF stands for the single configuration approximation model. AO and VO represent the occupied orbitals

allowed to be replaced and the added virtual orbitals in each computational model, respectively. Ncgp represents the corres-

ponding numbers of CSFs.

AE

Model AO VO Nese
Si+ C014+
DHF — 2 305 23957
1 {3s, 3p} {4s, 4p, 3d, 4, 5g} 204 203 23471
2 {25, 2p, 3s, 3p} {5s, 5p, 4d, 5¢, 6g} 8577 305 23588
3 {1s, 2s, 2p, 3s, 3p} {6s, 6p, 5d, 6f, 6g} 20491 304 23598
4 {1s, 2s, 2p, 3s, 3p} {7s, Tp, 6d, T, 6g} 33508 304 23605
5 {1s, 2s, 2p, 3s, 3p} {8s, 8p, 7d, 7, 6g} 44508 305 23609

VV + CV

6 {1s, 2s, 2p, 3s, 3p} {9s, 9p, 8d, 7, 6g} 57218 305 23610
7 {1s, 2s, 2p, 3s, 3p} {10s, 10p, 9d, 7f, 6g} 71638 305 23611
8 {1s, 2s, 2p, 3s, 3p} {11s, 11p, 10d, 7f, 6g} 87768 305 23611
9 {1s, 2s, 2p, 3s, 3p} {12s, 12p, 11d, 71, 6g} 105608 305 23611
10 {1s, 2s, 2p, 3s, 3p} {13s, 13p, 12d, 7, 6g} 125158 305 23611

%2

g PP BB A2 [ R A 0. DHF Sy B2 2530 (RIS Y

Table 2.

SitHl Col™* BT 3s23p 2Py sy, 370 REHMINE 4145 14 8 B T #R A0 465 TC Aq (MHz/uy) Fl By (MHz/b) DL K B

Electronic parts of hyperfine structure constants A, (MHz/uy) and By (MHz/b) and Landé g factors of 3s?3p

*Pys, 3/2 states in Sit and Co'*" ions as functions of various computational models. DHF stands for the single configuration

approximation model.

Sit Col*+
Model Ay B, g Ay By g
Py Py *P3 *Py ) *P3/ Py "Pyp Py Py *P3

DHF 682.2 134.4 248.7 0.6658188  1.3340409 28653 5391 10060 0.6645201 1.3329968
1 647.7 154.5 237.1 0.6658181 1.3340408 27658 5879 9804 0.6645062 1.3330011
2 741.9 175.0 289.1 0.6658123  1.3340361 28843 6071 10282 0.6644682  1.3329818
3 783.5 172.2 296.2 0.6658100  1.3340348 29191 5814 10276 0.6644659  1.3329820
4 799.1 160.4 298.3 0.6658098  1.3340346 29287 5766 10290 0.6644616  1.3329826
5 799.8 163.2 299.2 0.6658099  1.3340344 29307 5799 10273 0.6644639  1.3329808
vV ev 6 800.9 163.4 297.3 0.6658093  1.3340345 29319 5788 10255 0.6644639  1.3329812
7 801.1 163.9 297.7 0.6658094  1.3340345 29321 5797 10255 0.6644622  1.3329818
8 802.7 163.7 295.6 0.6658094  1.3340343 29326 5796 10239 0.6644634  1.3329815
9 802.8 164.0 295.8 0.6658092  1.3340344 29326 5799 10244 0.6644630  1.3329810
10 802.6 163.9 295.5 0.6658088  1.3340346 29321 5796 10245 0.6644622  1.3329812
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QED & IEXF Bt 7€ BATE g PR ma s/, s
RGBS [T B X3 & e FIE S A 2544 7
b LTI HERE T Ay A By O TTRR.

T, £ VV+CV-10 SR SEah -, 2 &40
FEIZPBE M E R, AN ZZSF 4 (multir-
eference, MR) i 5 1%) 3s F1 3p HL T BB & 35
BRI FIrE B 20 2823 AR R, FRidh MR,. 7E
AR MR SRR T —Br VV4+CV KR 3485
P PRBCHACE KT 0.05 BIZHAS, B 3p® AT 3s3p3d;
SEUN RIS 2 (P QR REE S 0] s G E T s
ZAIHE 5 JRCHRIE. i MR, BALfS, &9 Sit
Il Co " B TR BERYZSALAE 1 em ™ LAPY, 24 AY
X Ay By B DTER AT 0.33%.

£ MR, FEAI R ERE I 70 H 2p P
CC RHRFT LUE A B2 H H AT Y 2p HL XU
KB FT A BB TE il n A Sk A bRl i
CCyy,. WIFER L, CCy, BRI SitAHl Coldtiy +Jk
ARG MEERI 2 I T 29 5 cm ' AT 45 cm'!
(B 1.4% F110.2%), XX PRIES T Ay Fll By I BTHR

43510 10% F 3% ZiAq.

5 2p HL - AH G Y 8 B IS A 343 A
A, PR N 5T B OCERRUN 85, TE— B
B T2 U R B P AR XEPk % ) EE B CSFs
WEZ ke WSl 2 =2 PN IS VoAl RvS
TEATE G 7% 185 N7 )2 FL A DG e B DGR S8
AR SCR 5.2 75 2R A BRI = DU 1 7 Aok %
JEIX R HL - OCHK, I HRAEARIC N T Q. il
ANUBEGAEVETHIAR R B 45 B v A Sl I BILE fE
B I OCHIE LA NS 138 4 2p A T
[ & 4 AN TxF Ay 1 By B9F2 IR L AT LA
ZWEATE. P, TQ,, BARIIAL & T = 2 HE M 5
HON s, p A d By SRERBLIE ; WOk T b R A
2p HIAEM 3s, 3p Moc)Z MBI A 1, 2, 3 f1 4 1~
+, EFRE T 2p BUE B SR EUREE] 3. TQy,
RERLAS Sit Al Col+ B T IL AL NG 4544 43 24 73 5|
W/NT 292 F1 38 et (R 0.7% F1 0.16%), XF Aq
' By W KBTI 3K 6%. CCyy, Fl TQy, HERIAR
{UAFAEFR 3 A B AR, X Sitl Col+ 5 s 4i
SEREH R S ST 3.7% N 0.3% A, T4
i B A o e S B AEONE XoF R T S B0 R B 1)
SN ANRE R 208

MR R A R B 45 51 AT LR
th, FLF OGN X S S I A I R R
H i R ELBERE R B R . 7ERL b
RO P2 A g 2 S oS A B b P g Rt T
Breit A B /E H AT QED &5 & 1E, #rid b BQ.
XEBMEIESE Sit5 Co i TR REAT AR T
16 F1 574 cm ' (B 5.5% #1 2.5%), %I A, 3¢ B, #Y
TR 291K 0.06% F1 0.17%, X Ui T Breit M1 H.

# 3 AFHERET Sit5 Col* B T 3s23p 2Py )y 5 BERIVIURBE AE (cm V) EURSANSE Y £l TA8 M HERE T Ay
(MHz/uy) Fl By (MHz/b) LI KIS g [N
Table 3.  Excitation energies AE (cm '), electronic parts of hyperfine structure constants A, (MHz/uy) and By (MHz/b)
and Landé g factors of 3s?3p 2Py, 3 /2 states in Si* and Co!** ions as functions of various computational models.
Sit Col4+
Model AE Ay By g AE A Ba g
Pijp— "Pyp *Pipp Py Py PPyp Pyjy Py Py Py Py PPy Py Py
DHF 305 682 134 249 0.665819 1.334041 23957 28653 5391 10060 0.664520 1.332997
VV+CV-10 305 803 164 295 0.665809 1.334035 23611 29321 5796 10245 0.664462 1.332981
+MR, 305 803 164 296  0.665809 1.334035 23611 29319 5797 10245 0.664462 1.332981
+CCy, 310 785 150 288  0.665811 1.334036 23656 29287 5757 10232 0.664465 1.332983
+TQy, 307 785 160 292 0.665810 1.334036 23618 29245 5784 10229 0.664464 1.332983
+BQ 291 785 160 292 0.665810 1.334036 23044 29230 5788 10211 0.664464 1.332983
CCspl! — - — — — — 22932(13) — — — — —
NISTY 287 — — — — — 22979 — — — — —
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PERAE T 2SR A ROR g n] St b — 2B gT s
PG T T B AS AN 2540 W HOR g I FEEE T —
S B R,

3.3 ITHEIRE

15 TQup BRI IHERI | 544 T 722
25 Fil 1s HL T CC I I 5 AT 1Y 5 M X e
SIS TSR R . A2 AL HE T M %
ol 25 25 i1 1s U 7] IR WA P T 5 AT
ST L BB = | DU S A S LT
P21 e PR, 6 HLE = D B B 46
T 1A 2 AT 2 1 1s BLIE KR, 5
B, 5 i3 LI L R 1 S U X T I
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GHT SRR s, p A d OB,
VIR BUR 5 1s A 28 A1 19 CC TS B eIt

4 2H 25 PR B B T LA (HD, B Sit
BT 2Py RES A LA BRBE NG 045 F4) 5 80 STk 7
3% ZEAT LIS, o FAL S A0 25 1 5 B R i 4/
T 1%, MWITE g T ARSI 7E 100 B7KF
R, S T X BT i A5 B 1 R 500 K BT 1
PR fd FTAH R A RSB RIETH AR, IR&HY
TR PR BB SN TR 1s F1 25 T4
KMl CC M B SRH, Mof Tk ot iR 22 %
JE. AEAF IR IR, A0 3.2 WHNA, HL T OCIBRAL NS
JEF 2RI R BE I PP RO s, 455
HRIERIET T RO Pl P e B T PRl 24
Hh, DR T B A R s R R G ER 22 N L S B
ZER.

4 HR 51

4.1 Ael? Bel *u g %

FABIH TR BQ BT R AR T
FeF A Sit#l Ko 8 124135 3523p 2Py, 550 AE

R4 RSB TG 3°3p 2P,y 4 BEGIOHREANES 43 500 T RIMEIT Ay (MHz/uy), By (MHz/b) FBIE g

T AR R IR T LA R AR L B AN E B2

Table 4.  Electronic parts of hyperfine structure constants A, (MHz/uy) and B, (MHz/b) and Landé g factors of 3s?3p

P, /2, 3/2 states of Al-like isoelectronic sequence ions. Numbers in parentheses represent the computational errors.

Ions Aq By g
*Py )5 *P3/5 *P3/5 B2V *P3/5
Si+ 785(8) 160(8) 202(3) 0.66581 1.33404
p2+ 1387(14) 200(3) 512(5) 0.66576 1.33399
g+ 2172(22) 457(5) 797(3) 0.66570 1.33394
Cl 3160(32) 664(7) 1152(12) 0.66562 1.33389
Arit 4372(44) 914(9) 1585(16) 0.66555 1.33383
Ko+ 5828(58) 1212(12) 2104(21) 0.66546 1.33376
Ca™ 7553(76) 1561(16) 2714(27) 0.66536 1.33368
Scd+ 9569(96) 1965(20) 3425(34) 0.66526 1.33360
Tiv+ 11902(119) 2430(24) 4243(42) 0.66515 1.33352
Vio+ 14576(146) 2957(30) 5175(52) 0.66503 1.33342
Crli+ 17618(176) 3553(36) 6230(62) 0.66490 1.33332
Mn'2+ 21055(211) 4220(42) 7416(74) 0.66476 1.33322
Felst 24916(249) 4964(50) 8740(87) 0.66462 1.33310
Colit+ 20230(292) 5788(58) 10211(102) 0.66446 1.33208
Nl 34028(340) 6696(67) 11836(118) 0.66430 1.33286
Culé+ 39344(393) 7693(77) 13625(136) 0.66413 1.33273
ZniT+ 45209(452) 8783(88) 15587(156) 0.66395 1.33259
Gals+ 51659(517) 9970(100) 17729(177) 0.66377 1.33244
Gel* 58734(587) 11259(113) 20059(201) 0.66357 1.33229
As20+ 66469(665) 12654(127) 22588(226) 0.66337 1.33214
Se?l+ 74908(749) 14160(142) 25326(253) 0.66316 1.33197
Br22+ 84092(841) 15779(158) 28281(283) 0.66294 1.33180
K2 94066(941) 17519(175) 31462(315) 0.66271 1.33162
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Fig. 1. (a) Electronic parts of hyperfine structure constants and (b) Landé g factors of 3s?3p *Pyj, 3/, states of Al-like isoelectronic

sequence ions as functions of atomic number. The solid line represents these results obtained by from numerical fitting formula, and

the discrete point represents these results obtained by our ab initio calculation using MCDHF method.
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*£5

KRG TITH 3523p 7Py o 50 AERIBREANZE B AL A, B (MHz) FINIHE g T IS 1 (uy) 1 Q (mb)

Hok A TOCHR [25, 26]. 25 ERH] CCSD 7kt B fas R U 4 5 AR SR T3 S5 A R AN R 1

Table 5.

Hyperfine structure constants and ¢ factors of 3s23p 2P, /2, 32 states of Al-like isoelectronic sequence ions. Nuclear

parameters u (uy) and @ (mb) are taken from Ref. [25, 26]. Asterisk represents these results calculated by CCSD method!?.

Numbers in parentheses represent the computational uncertainties.

B g

fon ! a Q 2p, . 2p, . 2P, , P, :p, .

1/2 3/2 3/2 1/2 3/2
s1y10+ 7/2 5.1464 -52 21433(214) 4349(43) ~269(3) 0.66503 1.33342
21456(146)" 4342(68)" -222(6)" 0.665196" 1.333460"
BCr!t 3/2 ~0.4743 ~150 ~5571(56) ~1123(11) -935(9) 0.66490 1.33332
~5578(30)" ~1122(14)" ~964(10)" 0.665081" 1.333363"
55Mn!2+ 5/2 3.4669 330 20198(292) 5853(59) 2447(24 0.66476 1.33322
29096(3)" 5821(35)" 3162(20)" 0.664957" 1.333258"
STRel3+ 1/2 0.09064 160 4517(45) 900(9) 1398(14) 0.66462 1.33310
4509(39)" 897(2)" 961(10)" 0.664825" 1.333148"
M CoH+ 7/2 4.615 420 38542(39) 7632(76) 4289(43) 0.66446 1.33298
5245(42)" 1037(47)" 3603(40)" 0.664684" 1.333032"
OIN{I5+ 3/2 0.7497 162 17006(170) 3348(33) 1917(19) 0.66430 1.33286
~17016(66)" ~3345(27)" 1918(20)" 0.664536" 1.332909"
63Cy 16+ 3/2 2.2259 -220 58383(584) 11416(114) ~2998(30) 0.66413 1.33273
58412(254)" 11416(511)" 3012(60)" 0.664379" 1.332779"

TR BT, Z ik B T 16% F1 30%. 36X
S 22 ) g D DR S SR PR O SR TR TR A S
F% L DU AR A 20201, 1T i 3 o A B TR |
EAY 2R 0.25%. K, g g & B,
FREE G ARSI AR By, W1 LLEH E oh n 5E Y
B Q. ASCIHHAER g 75 CCSD 11545
TR 22 A/ IO i 65 DA B A

5 % #®

ASCRH MCDHF J7ik, 58 7 2R A5 1
JP N SitH] Ke 8 1 FE 203 3523p 2Py ), 3 HiE
T ABAE AN ZEAE B BORIAE o N1 lad KRG
TRTRZEATH F BN X Sit5 Co' i FiT 8
SUORBYFC, FA T AT SRS BTSRRI AL BR Sit
BTN, AR RS A #5550/ g P00k
FEAT T 1% A1 1079 K. dE—2, e TR
UMZEAE H RN g PR Rl AT P B AR fe R, 24
T HERR LA A, XA Rl ] DLt —2
Her 2N EF P EUNT 54 BIZRERE T A SCHYITHE
55 5 R ARy BN J - AT 5 A0S P2 4t T ] g
(R F S

Sk

[1] Safronova M S, Budker D, DeMille D, Kimball D F J,

2l

[11]
[12]
[13]
[14]
[15]
[16]

(17]

(18]

223101-8

Derevianko A, Clark C W 2018 Rev. Mod. Phys. 90 025008
Zhang B L, Huang Y, Zhang H Q, Hao Y M, Zeng M Y,
Guan H, Gao K L 2020 Chin. Phys. B 29 074209

Brewer S M, Chen J S, Hankin A M, Clements E R, Chou C
W, Wineland D J, Hume D B, Leibrandt D R 2019 Phys.
Rev. Lett. 123 033201

Kozlov M G, Safronova M S, Lépez-Urrutia J R C, Schmidt
P O 2018 Rev. Mod. Phys. 90 045005

Derevianko A, Dzuba V A, Flambaum V V 2012 Phys. Rev.
Lett. 109 180801

Dzuba V A, Derevianko A, Flambaum V V 2012 Phys. Rev.
A 86 054501

Dzuba V A, Flambaum V V 2017 Highly Charged Ions for
Atomic Clocks and Search for Variation of the Fine Structure
Constant (In: Wada M, Schury P, Ichikawa Y (eds) TCP
2014 Springer, Cham.) p79

Yudin V I, Taichenachev A V, Derevianko A 2014 Phys. Rev.
Lett. 113 233003

Yu Y, Sahoo B K 2016 Phys. Rev. A 94 062502

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

Lu B, Zhang T X, Chang H, Li J G, Wu Y, Wang J G 2019
Phys. Rev. A 100 012504

Goyal A, Khatri I, Singh A K, Mohan M, Sharma R, Singh N
2016 Atoms 4 22

Beiersdorfer P, Triibert E, Pinnington E H 2003 Astrophys. J.
587 836

Schiffmann S, Brage T, Judge P G, Paraschiv A R, Wang K
2021 Astrophys. J 923 186

Booth A J, Blackwell D E 1983 Mon. Not. R. Astro. Soc. 204
7

Roederer I U, Lawler J E 2021 Astrophys. J. 912 119

Grant I P 2007 Relativistic Quantum Theory of Atoms and
Molecules-Theory and Computation (New York: Springer)
P393

Dyall K G, Grant I P, Johnson C T, Parpia F A, Plummer E


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/10.1088/1674-1056/ab9432
https://doi.org/10.1088/1674-1056/ab9432
https://doi.org/10.1088/1674-1056/ab9432
https://doi.org/10.1088/1674-1056/ab9432
https://doi.org/10.1088/1674-1056/ab9432
https://doi.org/10.1088/1674-1056/ab9432
https://doi.org/10.1088/1674-1056/ab9432
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1103/PhysRevLett.123.033201
https://doi.org/10.1103/RevModPhys.90.045005
https://doi.org/10.1103/RevModPhys.90.045005
https://doi.org/10.1103/RevModPhys.90.045005
https://doi.org/10.1103/RevModPhys.90.045005
https://doi.org/10.1103/RevModPhys.90.045005
https://doi.org/10.1103/RevModPhys.90.045005
https://doi.org/10.1103/RevModPhys.90.045005
https://doi.org/10.1103/PhysRevLett.109.180801
https://doi.org/10.1103/PhysRevLett.109.180801
https://doi.org/10.1103/PhysRevLett.109.180801
https://doi.org/10.1103/PhysRevLett.109.180801
https://doi.org/10.1103/PhysRevLett.109.180801
https://doi.org/10.1103/PhysRevLett.109.180801
https://doi.org/10.1103/PhysRevLett.109.180801
https://doi.org/10.1103/PhysRevLett.109.180801
https://doi.org/10.1103/PhysRevA.86.054501
https://doi.org/10.1103/PhysRevA.86.054501
https://doi.org/10.1103/PhysRevA.86.054501
https://doi.org/10.1103/PhysRevA.86.054501
https://doi.org/10.1103/PhysRevA.86.054501
https://doi.org/10.1103/PhysRevA.86.054501
https://doi.org/10.1103/PhysRevA.86.054501
https://doi.org/10.1103/PhysRevA.86.054501
https://doi.org/10.1103/PhysRevLett.113.233003
https://doi.org/10.1103/PhysRevLett.113.233003
https://doi.org/10.1103/PhysRevLett.113.233003
https://doi.org/10.1103/PhysRevLett.113.233003
https://doi.org/10.1103/PhysRevLett.113.233003
https://doi.org/10.1103/PhysRevLett.113.233003
https://doi.org/10.1103/PhysRevLett.113.233003
https://doi.org/10.1103/PhysRevLett.113.233003
https://doi.org/10.1103/PhysRevA.94.062502
https://doi.org/10.1103/PhysRevA.94.062502
https://doi.org/10.1103/PhysRevA.94.062502
https://doi.org/10.1103/PhysRevA.94.062502
https://doi.org/10.1103/PhysRevA.94.062502
https://doi.org/10.1103/PhysRevA.94.062502
https://doi.org/10.1103/PhysRevA.94.062502
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/10.1088/0953-4075/49/11/115002
https://doi.org/10.1088/0953-4075/49/11/115002
https://doi.org/10.1103/PhysRevA.100.012504
https://doi.org/10.1103/PhysRevA.100.012504
https://doi.org/10.1103/PhysRevA.100.012504
https://doi.org/10.1103/PhysRevA.100.012504
https://doi.org/10.1103/PhysRevA.100.012504
https://doi.org/10.1103/PhysRevA.100.012504
https://doi.org/10.3390/atoms4030022
https://doi.org/10.3390/atoms4030022
https://doi.org/10.3390/atoms4030022
https://doi.org/10.3390/atoms4030022
https://doi.org/10.3390/atoms4030022
https://doi.org/10.3390/atoms4030022
https://doi.org/10.3390/atoms4030022
https://doi.org/10.1086/368280
https://doi.org/10.1086/368280
https://doi.org/10.1086/368280
https://doi.org/10.1086/368280
https://doi.org/10.1086/368280
https://doi.org/10.1086/368280
https://doi.org/10.3847/1538-4357/ac2cca
https://doi.org/10.3847/1538-4357/ac2cca
https://doi.org/10.3847/1538-4357/ac2cca
https://doi.org/10.3847/1538-4357/ac2cca
https://doi.org/10.3847/1538-4357/ac2cca
https://doi.org/10.3847/1538-4357/ac2cca
https://doi.org/10.3847/1538-4357/ac2cca
https://doi.org/10.1093/mnras/204.3.777
https://doi.org/10.1093/mnras/204.3.777
https://doi.org/10.1093/mnras/204.3.777
https://doi.org/10.1093/mnras/204.3.777
https://doi.org/10.1093/mnras/204.3.777
https://doi.org/10.1093/mnras/204.3.777
https://doi.org/10.3847/1538-4357/abf142
https://doi.org/10.3847/1538-4357/abf142
https://doi.org/10.3847/1538-4357/abf142
https://doi.org/10.3847/1538-4357/abf142
https://doi.org/10.3847/1538-4357/abf142
https://doi.org/10.3847/1538-4357/abf142
https://doi.org/10.3847/1538-4357/abf142
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 2 3R Acta Phys. Sin. Vol. 72, No. 22 (2023) 223101

P 1989 Comput. Phys. Commun. 55 425 012514
[19] Jonsson P, Parpia F A, Fischer C F 1996 Comput. Phys. [23] LiJ G, Jonsson P, Godefroid M, Dong C Z, Gaigalas G 2012
Commun. 96 301 Phys. Rev. A 86 052523
[20] Cheng K T, Childs W J 1985 Phys. Rev. A 31 2775 [24] Kramida A, Ralchenko Yu, Reader J, NIST ASD Team 2022
[21] Froese C F, Gaigalas G, Jonsson P, Bierén J 2019 Comput. NIST Atomic Spectra Database
Phys. Commun. 237 184 [25] Stone N J 2005 At. Data Nucl. Data Tables 90 75
[22] Zhang T X, Xie L' Y, Li J G, Lu Z H 2017 Phys. Rev. A 96 [26] Pyykks P 2008 Mol. Phys. 106 1965

Hyperfine interaction constants and Landé g factors

. ° £
of clock states of Al-like ions
Wang Xia!) Jia Fang-Shi?  Yao Ke?  Yan Junb
Li Ji-Guang Yt Wu Yong!?  Wang Jian-Guo V)
1) (National Key Laboratory of Computational Physics, Institute of Applied Physics and
Computational Mathematics, Beijing 100088, China)
2) (Key Laboratory of Nuclear Physics and Ion-beam Application, Fudan University, Shanghai 200433, China)

3) (Center for Applied Physics and Technology, College of Engineering, Peking University, Beijing 100871, China)

( Received 5 June 2023; revised manuscript received 14 August 2023 )

Abstract

The highly charged Al-like ions are the potential candidates for the next-generation atomic optical clocks,
and their atomic parameters are also useful in plasma and nuclear physics. In the present work, the hyperfine
interaction constants and Landé g factors of 3s?3p ?Py 5 3/, states in the ground configuration for Al-like ions in
a range between Sit and Kr?** ions are calculated by using the multi-configuration Dirac-Hartree-Fock method.
Owing to the fact that hyperfine interaction constant is sensitive to electron correlation -effects, we
systematically investigate its influence on the hyperfine interaction constants, particularly for the high-order
correlation related to the 2p electrons. According to this investigation and by taking into account the Breit
interaction and QED corrections, we achieve the computational accuracy at a level of 1% and 107 for the
hyperfine interaction constants and Landé g¢ factors, respectively, except for the Sit ion. Furthermore, the
electronic parts of hyperfine interaction constants and g factors are fitted with functions of atomic number. The
deviations between these fitted formulas and the ab initio calculations are less than 2% and 10° for the
hyperfine interaction constants and the g factors, respectively. As a result, the hyperfine interaction constants
and g factors of all isotopes can be determined for Al-like ions with 14 < 7 < 54.

Keywords: hyperfine structure constant, Landé ¢ factor, multi-configuration Dirac-Hartree-Fock method,

electron correlation effect, Al-like ions
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