Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

Hg B F5d'%s s, ,=5d°6s” 2D, ,SHERIT R M BB MERHE LT

KAF B AL FEA GEH

Theoretical investigation on hyperfine structure and isotope shift for 5d1%s 281 /2—>5d9652 2D5 /o clock transition
in Hg*

Zhang Xiang  LuBen-Quan LiJi-Guang  Zou Hong-Xin

5] Fi{5% B, Citation: Acta Physica Sinica, 68, 043101 (2019) DOI: 10.7498/aps.68.20182136

TELR TR View online: htips://doi.org/10.7498/aps.68.20182136
M ZE View table of contents: http://wulixb.iphy.ac.cn

AT REBOGEBR  HAN S

Articles you may be interested in

K IS 2 2 & Dirac—Hartree—Fock J5 X Mg 5 - [R5 27 F% Y BRI 5T
Theoretical calculations on isotope shifts of Mg I by using relativistic multiconfiguration Dirac—Hartree—Fock method

PB4, 2017, 66(11): 113101 hitps:/doi.org/10.7498/aps.66.113101

Al+B 1352 1S0—3s3p 3,1P1oKIT [ 2 A B4 H BRI AT ST
Theoretical study on the isotope shift factors for the 3s2 1S0 — 3s3p 3,1P1o transitions in Al+ ion
YrH2E 4. 2018, 67(5): 053101  https:/doi.org/10.7498/aps.67.20172261

FXEZ A EAFE T Mg+ T AL R A%
Calculationof isotope shift of Mg+ ion by using the relativistic multi—configuration interaction method

YIER2A 4. 2018, 67(1): 013101 https://doi.org/10.7498/aps.67.20171817

Cd+155281/2—5p2P3/2 HL 1Rl i A A i AR S SO L T AL B RO BB BT 5
Theoretical study on electron-impact excitation cross section and polarization for 5s251/2 — 5p2P3/2 of Cd

WIFEAEAR. 2015, 64(23): 233401 https://doi.org/10.7498/aps.64.233401

SR FH 5 R L FRL T 8 075 W T 0 52 8 SR I - S DS/ 2725 1 RS A0 T A1 FH 3 8K
Determination of the hyperfine coupling constants of the 5D5/2 state of 85Rb atoms by using high signal-to—noise ratio

electromagnetically—induced transparency spectra

YIBR2EA. 2017, 66(10): 103201 https:/doi.org/10.7498/aps.66.103201


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20182136
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.113101
https://doi.org/10.7498/aps.67.20172261
https://doi.org/10.7498/aps.67.20171817
https://doi.org/10.7498/aps.64.233401
https://doi.org/10.7498/aps.66.103201

) 32 % 3R Acta Phys. Sin. Vol. 68, No. 4 (2019) 043101

Hg" BT 5d'%6s %S, /, ~5d%s? *D; , SRERIE FIfI %
R FB R A BT

KD ALY

S Pl

5 2 % V"

1) (BRSSO, KV 410073)
2) (Abmth Y S BAFST T, JE5T 100088)
3) (PEBFEBERZE LG, PEE 710600)

(2018 4F- 12 H 4 HUk&; 2018 4F 12 H 22 HIEIE )

AR H et Dirac-Hartree-Fock T8 T S PEAL T Hg' B F 5d1%s 2SI/QHE)d%S2 2D5/2 B ER AT W B L
(mass shift, MS) MIZ A% (field shift, FS) 7€ H R Z A% (isotope shift, IS) H AHHXT BTk, & B MS i/ F
FS i vl LA Z 0% . A UL 3Emh b, ot RS R F R &2 b R 2R B F OCIRALN, TH3E T X4 eh R
FS WG4 8 LA Kb B 300 1T P~ Be 4 A BDRS 40 25 7 4, JF45 31 T JURMER 2 SR TRl 6 25 8 % BRAT 1 IS
KRG A 25 R A3 34 JFLrh, THAE G 1O Hg RN 9SHg B 22 ) A0 B BT A SRR R 5 A SE I AR (B A L iR 2N
2% oAy B, ASCE I T ORE T R ILIE) A 3L L TR AR, S SE g BRI AR A T A R

B AR

KRR HREAL, R R, 2413 Dirac-Hartree-Fock Jik, SR ETIE8h

PACS: 31.30.Gs, 31.15.am, 32.10.Fn, 32.10.Bi

TE R B TP, ARGEIET8h (Sneh | #eph A
) 2T Z (BRI  AS BE Al 13 A 2
EIRRS | fBROT T2 LU AL vE, T FH R R 32 29 ROk
TR T s G T X SEPN B, (AT B B
AU BEFIRSE BE. TR T8hh, KBS T B e
12 ARG A RESBRAT R, - Xoh il B 0 = ] i
M REURRBE AR, A BE TR AR5 TSR A, HL
FEES (293 k) PRFVIN 2, F LU AR 2 20
b, AT A RS TR AL E PR
i B B b ads T LA DA G s 0 6 F- 45 A0 KS

DOI: 10.7498/aps.68.20182136

SERE BB oo A B I ] 2840 1) 5088 5 v T i o
F BN )R B H 3R B PR RE XA B AR
B PR B L.

F AR AP RRE AEAE R RIR R AL R LA 7 Fh,
43 )y 96Hg, 198Hg 19F[g, 20g 201[g 202Fg fil
MHg. 3R 145 T ENRMESEL, EiERA R R
R AR B TR R 0 R A e
1 K% BB A% R AR B A H DO .
9Hg 1 0Hg (4% A BEA A M H A B A
KEanshfg.

Y9 g G Bh 1Y B B i 3k B - Do) X
Hg "B - 5d1%6s %S o(F = 0)—5d%s? 2Dy )o( F =
2) BT TEL NS E0M =, Rafac 55 12| Bergquist
A5 81 H Oskay 4 M 2 204 0 500G B2 4 e 31 T

* [EFRAARRERES (S 11604385, 91536106, 11204374, 11874090) F [ Bl K 2FFo I H #HEHES: ZK17-03-11) % BhIK

t BIE1EE. E-mail: li_jiguang@iapcm.ac.cn
i BIE1E#E. E-mail: hxzou@nudt.edu.cn

©2019 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

043101-1


http://doi.org/10.7498/aps.68.20182136
mailto:li_jiguang@iapcm.ac.cn
mailto:hxzou@nudt.edu.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

) 32 3R Acta Phys. Sin. Vol. 68, No. 4 (2019)

043101

R TRRIRREL R RARE SR

Table 1.  Related parameters of seven natural mercury isotopes.

Isotopes’ mass number Relative atomic mass!‘l Abundancel”  R/fmPl /R u /nml?! Q/barnl
196 195.9658326 (32) 0.15% 5.4385 0+ - -
198 197.96676860 (52) 10.04% 5.4463 0+ - -
199 198.96828064 (46) 16.94% 5.4474 1/2- +0.5058855(9) -
200 199.96832659 (47) 23.14% 5.4551 0+ - -
201 200.97030284 (69) 13.17% 5.4581 3/2-  —0.5602257(14) +0.387(6)
202 201.97064340 (69) 29.74% 5.4648 0+ - -
204 203.97349398 (53) 6.82% 54744 0+ - -
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Fig. 1. Trends of field shift and mass shift for the 5d'%s
%8, /5—>5d%s? *Dj ), transition in mercury isotope ions with

respect to 'Hg* as the increase of mass number.
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Table 2.  Effect of electron correlations on energy eigenvalues.

n Active orbitals Virtual orbitals NCF Energy eigenvalue/10* Hartrees
DF 1/1 -1.964857825739/-1.964840329639
7 5d6s 7s, 6p, 6d, 5f, bg 310/1631 1.964887721767/-1.964870006459
8 5spd6s 8s, 7p, 7d, 6f, 6g 4047/19457 -1.964907829871/-1.964890991924
9 4spdf5spd6s 9s, 8p, 8d, 7f, Tg 29884/151235 1.964927346267/-1.964910124355
10 3spd4spdfbspd6s 10s, 9p, 9d, 8f, 7g 69579/334460 —1.964929839430/-1.964912598231
11 3spd4spdf5spd6s 11s, 10p, 10d, 9f, 7g 103101,/480763 -1.964930723063,/-1.964913507368

%3 REEETH YHg BT 5d%6s 28, 550765 2Dy HERERISHE (47 GHz) b TSR
Table 3.  Effect of electron correlations on the FS (in GHz) of the 5d'%s %S, ,—5d%6s” 2Dy, transition in mercury isotope
ions (relative to Hg").

n 196 g+ 198} g+ g+ WGt Wt Wi+
DF -9.01296 —1.11476 7.80962 10.8553 17.6634 27.4329
7 -9.20985 -1.13911 7.98023 11.0925 18.0493 28.0321
8 —8.81504 —-1.09028 7.63813 10.6169 17.2755 26.8305
9 -9.11351 -1.12720 7.89674 10.9764 17.8605 27.7389
10 —9.12483 —1.12860 7.90656 10.9901 17.8827 27.7734
11 —9.14646 -1.13127 7.92530 11.0161 17.9250 27.8392

043101-4


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. 68, No. 4 (2019) 043101

# 4 OHgTMIHgt B 5d1%6s %S, Fl 5d%6s? 2Dy ASHYRE M (A AL MHz) FIH DU (B 54 MHz) #BAG 5

W

Table 4. Magnetic dipole A (in MHz) and electric quadrupole B (in MHz) hyperfine interaction constants for the 5d'%6s

%12 and 5d%6s? *Dy , states of "Hg" and *"Hg*.

n lWAl/Q 199AF)/? 2MAI/Z 2mAS/Q 2”15,5/2
DF 36812.0 986.665 ~13585.7 -364.216 796.132
7 39090.5 1263.67 ~14426.7 ~466.447 755.219
8 38761.2 795.021 14305.1 293.490 765.173
9 40556.1 951.973 ~14967.5 ~353.908 936.169
10 40967.0 951.669 15119.2 351.307 961.161
11 41133.9 963.552 ~15180.8 ~355.692 966.809
Ref. [38] 963.5 355.7 839.4
Ref. [37] 40460 ~14960
Ref. [35] 42366 1315 15527 482 859
Ref. [36] 41477 ~15311
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2 Hg R S Hg R T AR AR 5 H
Fig. 2. Hyperfine level structure diagram of Hg* and "SHg*.
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F# 5 ORFMIEET 5d1%s 28, 1, —5d%6s? 2Dj 5 BRIT LR A48 XA R ME
Table 5. Absolute frequency values of the 5d'%s 28, ,—5d%s? 2Dy, transition in mercury isotope ions.
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Abstract

The Dirac-Hartree-Fock approximation is adopted to calculate the mass shift and the field shift for the
5d!%6s ?S; ,—5d%s” *Dy, clock transition in Hg*. It is found that the field shift is much larger than the mass
shift so that the latter can be neglected in the isotope shift. In addition, we estimate that the isotope shifts of
the levels related to the 5d'%6s S, ,—5d%s? *Dj 5 clock transition of Hg* is on the order of about 10* GHz, while
the hyperfine structure splitting is in a range of 1-10 GHz. However, the isotope shift of the 5d'°6s *S; ,—5d6s*
’Dj/o clock transition is on the same order of magnitude as the hyperfine structure splitting. Therefore, the
hyperfine structure splitting must be taken into account for predicting the frequency shifts of the clock
transition between different isotopes. On the basis of these results, we perform a multi-configuration Dirac-
Hartree-Fock calculation on the field shift of the 5d'%s *S;,,—5d%6s® *Dj, clock transition in Hg* and the
hyperfine interaction constants of the upper and the lower levels involved. In order to give accurate theoretical
results of these physical quantities, we systematically consider the main electron correlations in the atomic
system by using the active space method. The restricted single and double (SrD) excitation method is used to
capture the correlation between the 5d and the 6s valence electrons, and the correlation between the 3s, 3p, 3d,
4s, 4p, 4d, 5s, 5p, and 5d core and the valence electrons. The isotope shifts and hyperfine structure splitting for
this transition of several stable mercury isotopes are given. In particular, the uncertainty of the calculated
isotope shift between Hg* and "Hg*t is about 2%, compared with the experimental measurement available.
Using these results, we predict the absolute frequency values of this transition for seven mercury isotopes, which
provides theoretical reference data for experiments. Moreover, the calculated isotope shifts and hyperfine

structures are also useful for studying the structure, property and nucleon interaction of mercury nucleus.

Keywords: hyperfine structure, isotope shift, multi-configuration Dirac-Hartree-Fock method, mercury ion

clock
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