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Fig. 1. Two-photon exchange diagrams in lepton-nucleus systems. The diagrams from left to right are respectively the box, cross

and seagull diagrams. Wiggled, thin-straight, thick-straight lines and ellipse represent respectively the photon, lepton, nuclear

ground state and nuclear excited states.
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AU PRI IR 22 R 1 S0 B iR B 43 B A%
PR ER PR BER AL T B RS S

CREMA & 1E41 7 2016 4E i T p?H A 22
WAL A%, M B B SRR B B AT R AR g =
2.12562(78) fml. HRGIRZE FLIHT Brep iR
T () AN 2 . i 45 53 B CODATA #r i fE /)N
6.00lY, 5 eZH K % i I 12 45 SR AH 22 3.5000. I H
uH — p2H 22 WA B A% L ar 2P A R R A RS 1Y)
25 5 5 A N 1Y FL T R RE RS DU S (B AR 22 2.6007)
CREMA S AE4 T 2021 4E 5 2023 4E 43 51 I H
T piHet 5 pPHet BYEIAS, FEHAE T *He 5 3He

F 1 AFE T Srop BITRZERMBILTR2E (BN meV). 45 RPI Ry PR A R AL TR 53, LA T B T304

TOHEARIR TSR [51]

Table 1.  Theoretical prediction and uncertainty of dtpg in various muonic atoms (in unit of meV). The results are decom-

posed into elastic, polarizability, and single-nucleon parts. Data collected from Ref. [51].

oy 5511 54 56?,1 OTPE
u2H -0.030(02) -0.020(10) -0.423(04) ~1.245(13) ~1.718(17)
W3H 0.033(02) 0.031(17) -0.227(06) -0.480(11) ~0.771(22)
WPHet ~0.52(03) -0.25(13) -10.49(23) ~4.23(18) ~15.49(33)
wiHet 0.54(03) 0.34(20) 6.14(31) ~2.35(13) -9.37(44)
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A% AT AR 0 0 R g = 1.67824(83) fm 5 ry =
1.97007(94) fml*10) S25 [F] I 1 34 He Hi faf 2
FERIRNL RS, 3 —25 5 i I 1 RG  f
AR E: Ny s S A -V e =
G

14 IS AEXT HES H TPE R0 A4 10K
AEERE. A I F R RITA 2 H 1S HES h
[ TPE 20% 0469 5 1o, (2H) — voep(2H) = 45.2 kHz
TE 5% Y1 N — 25 1927, 2 B 5 s SOpk SRk [66]
PR A5 uH 2S & HFS H1 i) TPE &4 by 6768,
SRINT, A% IR AR AL R A 7oA A A
AR 33% Mo 22, I HLEEIE H RE A RN Y
PEMCE A AR BT, MBS A R AR K A 2 i
B AT SRR

73— PR G IS T R E T Low-term A3,
FIFHHESE &ML A I TPE s S5k sk 51
R, fff TPE 7E3230 AT [ Ji 4% FE A8 1 I8 bR
B SR, YARECR W B RS 5% B A XY I
IR T AU AR B AR, Low-term 233X
T 2H 1S 2549 TPE R00H 46 kHzI200) K1, B
FHE 2 T AT TPE simk ey i w531k
N, 5 vexp — vorp MIAFE A TR, IR+ 5T
BRIEIE S5 19 TPE B0 45 5 5 % N Bree moa(2H) =
64kHz, 5 Vexp — VQED FH 2= 43%. Kalinowski 4 [70]
W T ARG ALEIEY R T Low-term A, I
T8 28 &9 TPE 03, 1581/ HE 45
R Erpe(p?H) = 0.0383(86) meV , {15 vexp(W2H)—
voep (W2H) = 0.0966(73) meV A 40%08. H T X —

HEGIA T FEF UL RER R RTT, TR 7354
P T WA B R R RE TTER, JF 325 Low-
term TTRRAY AR, 1S SR A R 22 5.

FIRT o /v FH 8358 #% 11, TPE #4544
RN eH 5 w2H  HFS BB IE, 40 R 1 45 4
SR ST SRR AL TTR. BT TPE R0 A9 BTk
Al LK 5 PR TPE #0077 28
e eR Y LB OC BRI AL MR 2 H 5 w?H A STR.
2 D45 T H FpH o s A A T
TPE 00 Je HEE R 22, -5 I i (A H AR 38
BT T . BB TR E FEORIE T X n A
R0 BRAS A U U AUk B BB B9 i B 18 IE 1522 )
BT R AR 5 S 80R 2 T ORI
FRBUARF TPE OV A LS R 22 | DLy =k
TR B IE IR 2E (Ag,) 10 X T e B0 55 o
THEAY2H 1S HFS HiY TPE Ti#ikh 41.7(4.4) kHz.
XA HEFS (525650 {5 QED BHg Wil {5 22 [|]
255 Vexp — voep TE Lo NAFE. TRINEYu2H 2S HFS
Hif) TPE 58k~ 0.117(13) meV, # H 5256-QED
25 17%, (578 1.30 JGEINFS .

5 #

ARG RALRD) T TPE 208043 5
HH TR LB T WS HES IR RS
MELR R A ik Ji. ¥R T F A% 4% [ AH BAE
A, Jf 454 LS J7 2 . EIHH & 1 2K 05 Al
Lanczos >R FIFHLIN B, X TPE % £ — FR 5 5

F£ 2 BRI TPE 0% 5 2H S5u2H H HES MBI, Bk 5T S0k [29]

Table 2.  The single-proton, single-neutron, nuclear elastic, and nuclear-polarizability TPE contributions to HFS in ?H and pH.

Data from Ref. [29].

°H (18)/kHz

u?H (1S)/meV w?H (2S)/meV

Eq -42.1(2.1) ~0.984(46) -0.123(6)
Epol 109.8(4.5) 2.86(12) 0.358(14)
Euuet = Eel + Epol 67.7(4.2) 1.878(88) 0.235(11)
Byl ~35.54(8) ~1.018(2) -0.1272(2)
Ep, ™ 9.6(1.0) 0.079(32) 0.010(4)
Asy +0.49 +0.052 +0.0065
Erpp 41.7(4.4) 0.94(11) 0.117(13)
Ref. [64,65] 43
Ref. [26,69] mod 64.5
Ref. [70] 0.304(68) 0.0383(86)
Vexp — VQED 09 45.2 0.0966(73)

e “mod” X JFSCHRE IE A% F R M S AR 0NT ; TPEAN FEpn?HIY 1S A28 A AH 22845
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T A TTRR A 5 — P R PR . S8 X AN R
JIRERIE LU A BT RN 22 R TR B R GE VT, A%
ST BRIE IR 25X TPE B0 (520, M H A3t
K B AT S A BRI IO 45
5T R, A TPE S X T4 & 7T
i S 50 0 A2 L iy 2148 S, Zemach 72 SE A% 45 )
BRI RS R CHE. N T iE—HT TPE
SN PSS RE, AR T 7 22 R R BEORS A A%
Jistie, SR 2T RN, IR
G THE XS TPE S AT ) o VS L it 5
EokE R OGS A G, XS A
B T R A% 25 48 FAZ 4% A TAE FH i 3L
g b QED BRIE, ik 21 A MR R AH O
A% A5 DN S [ R AL 174 DL
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Abstract

The development of precision atomic spectroscopy experiments and theoretical advancements plays a
crucial role in measuring fundamental physical constants and testing quantum electrodynamics (QED) theories.
It also provides a significant platform for studying the internal structure of atomic nuclei and developing high-
precision nuclear structure theories. Nuclear structure effects such as charge distribution, magnetic moment
distribution, and nuclear polarizability have been accurately determined in many atomic spectroscopy
experiments, significantly enhancing the precision of nuclear structure detection.

This paper systematically reviews the theoretical research and developments on the corrections of two-
photon exchange (TPE) effects on the Lamb shift and hyperfine structure (HFS) in light ordinary and muonic
atoms. Advanced nuclear force models and ab initio methods are employed to analyze the TPE nuclear
structure corrections to the Lamb shift in a series of light muonic atoms. The paper compares the calculation of
TPE effects from various nuclear models and evaluates the model dependencies and theoretical uncertainties of
TPE effect predictions.

Furthermore, the paper discusses the significant impact of TPE theory on explaining the discrepancies
between experimental measurements and QED theoretical predictions in atomic hyperfine structures, resolving
the accuracy difficulties in traditional theories. Detailed analyses of TPE effects on HFS in electronic and
muonic deuterium using pionless effective field theory show good agreement with experimental measurements,
validating the accuracy of theoretical predictions.

The theoretical studies of TPE effects in light atoms are instrumental for determining nuclear charge radii
and Zemach radii from spectroscopy measurements. These results not only enhance the understanding of
nuclear structure and nuclear interactions but also offer crucial theoretical guidance for future experiments,
thereby advancing the understanding of the proton radius puzzle and related studies.

Keywords: two-photon exchange, nuclear ab initio method, Lamb shift, hyperfine splitting
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Fig. 3. Schematic diagram of the heavy ion storage ring in Lanzhou, includes the ECR ion source, the sector focusing cyclotron
(SFC), the large separating sector cyclotron (SSC), the SSC linear injector (SSC Linac), the CSRm and the CSRel®?.
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ERES T % LIEp )
K [erensei

REE

Kl 4 BB EBIT 095 #1450 1 DL X b R A 1Y
— L 5 S R )

Fig. 4. Schematic diagram of the principle structure of an
electron beam ion trap and some atomic processes occur-

ring within!0s],
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#*1 B EBITWEESH
Table 1. Main parameters of available EBIT.
E4 Ay =P fie kit /keV H /mA/ i/ T 2530k
Super EBIT 1986 e 10—200 150 3 [79]
EBIT-II 1993 EKHE 30 200 3 [80]
NIST EBIT 1993 Eq| 33 200 3 [81]
Oxford EBIT 1993 H[E 0.7—50 200 2.8 [82]
Berlin EBIT 1997 (1| 40 200 3 [83]
Tokyo EBIT 1996 H A 180 330 5 [84]
Heidelberg EBIT 2000 | 100 535 8 [85]
Shanghai EBIT 2005 s 130 160 5 [86]
Stockholm EBIT 2007 Fiii gt 27 150 3 [87]
TITAN EBIT 2007 VN 27 500 [88]
CoBIT 2008 H A 0.1—1 10 0.2 [89]
SH-PermEBIT 2012 LS| 0.06—5 10.2 0.48 [73]
SH-HtscEBIT 2013 i 0.03—4 10 0.25 [74]
HC-EBIT 2018 | 10 80 0.86 [90]
SW-EBIT 2019 LHE! 0.03—4 9 0.21 [77]

WA (radiative recombination, RR) ., X HL ¥
24 (dielectronic recombination, DR), LI B F5
BT Z IR HL A Ac it . TR S v (ARG
AP [F] RE i DG IR I, RS 2 5+
WA A I R R S W B B BB S A1 .
EBIT BA BN 217 RIE R, [RIE
EBIT H it A7 i Ho ff 25 2 - B 65 B B A A7
B R TR R R, R, 25 A s e Bt
A B A R DA 2 3 P LA S R vy T A 2 g
R &, sk 1 s, HErE R b E2A 2%
Il 57 48397 37 96 LR [ RS2 4 & 9 LLNL EBITE,
e FE HAR Rl S EORBIFEBE ) NIST EBITI)
T ] 3 A% W B 52 0T Heidelberg EBITRY, H
AR B SGE R K21 Tokyo EBITI 452 5 18
9% EBIT %< B LI EIR IR S0 /MR EBIT %
BT i F A A B T S IR oY . REE HOR
% H EWERIY i EBIT 2 ENME——f#ig EBIT
g 4 BRI /W T £ /08 EBIT
e T AR T E R B A B 5 L
FERFEBEE R R ICH . E R Bk 25 I &R
ASEs Z NIRRT M it A NN = 2F 27 & K DAL
SeJETE— S E GUER /ML EBIT 4% & T i

H 2 R B S BE

3.2 XMEFREEHIIEMRIERE
ST g P A B TR S B SE BRI ST, T LA 9]

| 1943 4, Edlen FiJ F IR SCUM £ 4L T 2 55
HLF I F0H M1 BRI . 1983 4F, Edlénld fifi FH

Electron beam

\ Collector
El
ectron
gun Laser

Chopper wheel

Pl 5 (a) fl 1R 5 07- 325 I 5w i 52 0T 0 80 RS 2 i 2 9L 00
B Y. W EBOLHE N G EBIT MR #EA EBIT
R OERE, SR mAE FHEEEM; (b) ArBE T
OGS BN B 2 S 30 J I e 09

Fig. 5. (a) Laser Precision Spectroscopy Experimental Setup
The blue laser
beam passes through a reflector from the collection pole of
the EBIT into the central drift tube of the EBIT, where it
interacts with highly charged state ions; (b) principle Dia-~

in Max Planck Institute of Germany!%.

gram of Laser-Combined Precision Spectroscopy Experi-

ment for Ar'3* jonll9.
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MBPT J7 kA4 B THA SRS 1943 45 K ORI
ST T R, AT T R L. R R
SCOULI RS BE/NTF 1074 SR T ARAS RS A A 25 0
FItitE. 1997 42, Bieber 5% 19 £ Oxford EBIT I
ot 25T Ari+ B F of 1522622p 2Py 2P, 5 19 M
KNS BRE ST T Rk I i, I BRAEA T AT 0
S B, WA ARG B Tx 1075, IXCh Z A
RIFF LRI R T - EENL S %,
2000 4F, Trabert &5 (656791 7 {8 /] TSR 3 [H
LLNL EBIT F5EfEili 72500 CL2+, Art3+fl TilT+
B 15225%2p 2Py 2P o [ M1 BRIT 1Y ERIT AR
AT R SR [ CIRHES T IX 46 M1 BRIT
LRIE H R, KPS BS TR EE TR R
M1 BRIEMER TN () AN B/ NF 10%.

JEH Art3 B RSN NS5 H B BRIE 5T
AN A D A v e B AR Y TAE.
2003 4F, Dragani¢ 45 17 F| Fij Heidelberg EBIT %}
Kl Ar'3trf 15225%2p 2Py 2Py o RUBRIT REZEAT
TR BN TR T OGRS 2 A LI B R S
fitl b, HSZgem RS L 1997 4F Bieber !0 7 Ox-
ford EBIT U AAEEER T 200 i, Wosit EBIT
TE/DHL AR R T ESE QED SN YR KHE . 2006
4, Lapierre %% 92 7£ Heidelberg EBIT |=LAWE 106

(a) » EBIT: HCI production
= at MK temperatures

Beamline: deceleration and
pre-cooling of HCI bunches

PEEEINE T AT B 11 15228%2p 2Py WARASHE
7. [FEE Orts 5518 7E Heidelberg EBIT [FAMY
SR T 4OA T3 AFES 3L, IRSER T 230 10 A3+
[l R AR RS 2 i, JE0FE T b A A XS
TR . QED RO A S iy . B2 0ot
TEH AR K, 2011 4F Miickel 45 19 ) FH 0645
4 Heidelberg EBIT £ XF S0l Ar'3+ 88 A 551
BRIT 15%28%2p 2Py 2Py o S T IARBOEILIE L
B, HST e i R R R LR 5 B, Al 2%
R EEARSAT T H o HE S, DA IR
K h 441.25568(26) nm, K5EEEFF 106 Hi .
FEZSH At B T ROBRRE I o, RS T
ZE T 2R H K KEELT EBIT thE iy 2%
SRR SR ISR, E RSO G ) S R I
IR AN BIWE AR AR, T 6175 = B Y
i DN S 5 P ey A B TR, A T 0 TE T
R R 225 BN It R B sE . K EBIT Hp™
5 IFF A3 Penning BiFol Paul Birb itk
— LV AN, MM 22305 80 P Sl AT S 3
ARG R4 8 100 /K. 2015 4, Schm-
oger 45 MU 7E EBIT = A OAr3*+ |l i ipl 8%
LRI ) R g Rk, A O A3 5 | I
FEEAZR] Paul BEHY, WK 6 Frs, Bl G ©Ar's+Es

Paul trap: crystallization
and cooling of HCls to
mK temperatures

Loading

HCls
—

700 eV/Q

B 6 (a) LWHRALFERBERE, @5 —EHN HCL A7~ iy EBIT., — 48 Tl fgl2> HCT SRRy b i . — B 4h
AR T A DRI AGIR IR T BE (T A6k HCT Jf-H H P [R]¥% 20 2 2 T AR SCIRAS ) A K — I T7E 313 nm 4b X Bet ¥ 2157 88 - ik
FTHOETHE PO B RR R 0 (b) & 75| 2 P iR 8 i R AL Al om 22 Y

Fig. 6. (a) Illustration of experimental setup consisting of an EBIT as HCI production site, a beamline for deceleration and reduc-

tion of energy spread of HCI bunches, a cryogenic Paul trap with external ion injection capabilities for HCI storage and sympathe-

tic cooling to the millikelvin regime, and an imaging system for laser-induced fluorescence detection of the Be* coolant ions at 313 nm[*;

(b) schematic of the drift tube voltage change during ion elicitation!®!.
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T 5O HA Bet & il S A B AEH
SEPRPBEIA A, (45 O Ar SRR IR TE SR oh gk
R, ST EANEOGR A Bet ) XS
A ArE PR PR A XA LE T, AT A
B HIEE WIRTIT (MK) 24 FE K 3] Z T (mK)
WL R TNET 7T AEGEN, AU R SR
O LIS R m AT B G T EE RS,
h ST R L T B A

R 7 B2 A HCT 48 e R Ay i
B P51 [, S0 4OAT B 1Y A A AR i 45 8 1
J&, T 2020 4F, Micke % PO X H AT T 1Y
JeeFI . TR EBIT 72 A ) i v A A5 S 1
HHOCREER Bet B F—EINEE T2tk Paul Bf
I PR RIS Z0RE OArSTES R A2 4 1k
BACAIRE (<50 pK), LT —A XU F A,
(] B FH 32 O 5 RSB b 1 OAr ST
AT, FEALHE 441 nm A5 RT A RT A5
R OMERTFWA g T, WEREERE] 1070 %L
Y, A TGO R ROR S T 8 AR
RIS =, I E A R B R A S B
TOCHER M. TE SRS B R Ok ny SR
2022 4, King 4 12 B RSB 1 3 T80 ArB+ iy
HCLGAp, F A+ i R GO 0 A o M
BEARE 2.2 1077, L WA 8 FIr/R f a2 45 K [
Bk, A Y b B R AHD G N T L
B, IERIF Z o Hoga SR i I s 45 51, i 1T
IR RTR AN E A 1.5x 10716, 5 2006 4
) TAEAH LG, RO R S (36 ©0Ar) B9 &4E BN
1895(93) MHz!"8| $2 % %] 1878.11053251(11) MHz,
PEE T 9 NEURE. ZIERIE B4 X BRI AN R
R (30 OAr) M AT E RS T 8 MG
G0l ArHSEah S, AU HCT BB Y &
BEE T HE BRI, I8 AR R R AR
RIH et T S

Brittz4h, 2021 4F, Liu % ) £ SH-HtscEBIT
T 2EE ST CL2 RS 2Py 2P Y M1
BOE U, SRS IR E) 100 5%, K 9 Won T8
M F (16< Z2<29) F:25 M1 BT By S 56 10659 5
Artemyev %5 DY H QED M3k it+8 07 i1 5 Y B
WHERZIMPEKITRER 2 (AE). B 9 Wos T2
BT (16<Z<29) W95 {H (Edlen® H1 Liu 55 1Y
SCEGEAE) 5 Artemyev %5 PO F QED M GSKiTE
kTR R S 45 R 2 A BRI REZE (AE). M

B9 ] LUE t, 78 Z (H28 18 247 By Xk, Sk
PR Aff B A v T e, BRIS S S a0 1 2 R R — 3
B, RIIE, X5 Z=20 05 B A Sl 88 A 7 moks B
P SEgSIN &, NMSCA B TR Z R SRS R (WK 2)
DL Artemyev ZEIEEIS, i Aok SCEL I 2 1
FEEAE 2053 541 S B i B e T SR

7 AR T AR AR FF, BT KYCH, B 50—
100 5% 56 “Bet B 41 B 68 A FE A & A 9 KL 1l 2
B PEh . B AR IR A, A, )5 5%Bet
gL, TR AR AN Bet A HEREH, B RN
—AE KB R BOER IR T, 209 °Bet
B3l Y Paul BES AR EL S TR 2 R 0B T
Jei, il Art3t9Bet BUES F b R 120

Fig. 7. Time sequence of HCI recapture and two-ion crystal
preparation. In order from top to bottom, a laser-cooled
Coulomb crystal of 50100 fluorescing ‘Be* ions is confined
in the Paul trap. A single Ar'®* ion is injected along the
crystal axis, sympathetically cooled and finally co-crystal-
lized with “Be*. It appears as a large dark void owing to the
repulsion of the ‘Bet by the high charge state. Excess ‘Be*
ions are removed by modulating the Paul trap radio-fre-
quency potential in the absence of laser cooling, resulting in
heating and ion losses. Finally, the Ar'**+-?Be* two-ion crys-

tal is prepared(20,

33 EHREASEFEFHEMIBHAR
it &

ML AFR, ey A S RS 40 43 24 a4
KLY, FEAN TR E B R At £ 3 EBIT
FFRERY, tnZE 3 B4, 1994 4F Klaft 25 2 pg R ff
HHOESE A8 = B 15 o0 I B AR AR
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HCI clock Frequency comb 1 Frequency comb 2 Ybt clock
HCI ion trap Ybt ion trap
N7 N7
Nk > | | | || THoK >
ZN all li.. ll L N
441 nm
1542 nm 467 nm
Si2
ultrastable
il 882 nm laces 934nm | [ 0
Arls+ Yb+
clock laser clock laser

B8 TASEEOEE (ArS AT b)) M BUE TR F O BAS H R R RIS At b HEAT TIURRAE , JF 308 el 8507 47 ) B e ¢ B 1) YL )
SR ISR BUETE S0 A ORI L. 3l IR 5 3, AR T AR HO SO 5 S HotAs Z [R5 g 12

Fig. 8. Each of the two clock lasers (Ar'3* and '"'Yb') is locked for pre-stabilization to its own local cavity and frequency comb,

and ultimately steered to the corresponding optical transition by a digital control loop. The two frequency combs are locked to the

exceptionally stable cryogenic silicon cavity Si2. This method yields for each comb the frequency ratio between its clock laser and

the Si2-stabilized laser. The dedicated laboratories are linked through phase-stabilized optical fibres('2.

16 o) = 203780+ ] 2057]80+(26,28] ?@ ESR Lﬁ%T%ﬁ%ﬂ
b | : S B0 T R A5 2 O
1.2} —_— én 5L ﬁ AN A ™ v >,

% 1ol Gt (e 5 B 4. I 1994 455 2017 4], B SR

S o3 2 LBl Eaten (338 ORI, SR IA 10 LTS 10

Losf| 4]t } B, I, S A R 2 SRR T T

& osf it { BFGEA 2 — S, 0625 SR ] M R

o IS TLL: FEHRR T U 5 B TR RS NSO 32 B,
16 17 6 18 20 22 22 26 28 30 RS Al B SE R 1 BT HE SRR fE S A, SE AR
TRz

9 RME T 16<2<29 MIHIEEE R 5 9L I 1 45 R
Fe B9, [l 0 Ab R BR (LEEEERR Edlenl 5 B 4511 AE
TR QED PSP BT ZE R 5 Edlenl® (1) AE
£1 @K R Liu 55 09 i 250 I 45 28 5 Edlend ) AE
{5 AR Liu 55 09 i BRI 45 R 5 Edlen® /) AR

Fig. 9. Comparison of calculated results with experimental
measurements for the boron-like ions 16 < Z < 29 b,
where the black baseline at 0 denotes the AE of Edlén!”
versus its own results, the blue box (M) denotes the AE of
theoretical calculations of first principles® versus Edlénl®,
the red circle (@) denotes the experimental measurements of
Xin Liu et al.experimental measurements with AEof Edlén(®,
and black triangle (A) denotes the theoretical calculations
of Xin Liu et al.’” with AE of Edlén!®.

ESR S8 T A BB 1 29Bis2 %A 1s LT AN
RG22 . B4 Crespo 55 PV FES7 1R 1
F 5 SR SER 2 A HL SR B B SuperEBIT L fift
FH ARG G & T A8 1OHo T 1s RGN
Moy, e HERE | Seeling 45 27 78 ESR 52/ 128
AT T TP RS 2 4 SO TS I
BtiJe, AMT7E SuperEBIT E & T 5 #h U2k &
B 1s BERAVEAEAN 024, B 19Re™+, 1STRe™,

FER RS A oy 242 g TP EE 2 Y “Hyperfine Puzzle”
VIR T 0T DA% 85 ) TR s R S S e PR LR
L BT SR, XTI -, H AT R B
Y53 AR AH OGS IR 5 gk A .

Ry SEAN I B R A 4 2 S B R 1 S
T S SRR Al A A B TR A R, Hrh
PERRIE A SE I i A 2 S -, LR R EIRAE
TEBU I IERZIY, 456 /M EBIT S50 %6 8 12
HO8T il RIS TN N B R A 2 ke
B, B AS A RE QL ] BRAT pY O, SRR 2] T an
& 10 itz 2S00 S M AS A o 2O6E L. Britkz
A, I LI X B o S B RS 20 43 SR N Y
FES RV K R Z R S, ATAIAH GRASP
Y rhfszeeman BFALTHR T 1EE SN E T7E 0—
1 T AMEGEGE R B 282 43 3K/ NOT LG EERIIE
SMEEHA KT 0.2 T, 22 73 240 K/ B ARFll
S G 20 3 2 1 S 3 0 S ) e 3R T LA 22
AT, U DL ) S B DA R 1
B, BEE bt nT DASC IR 2 R A0 o AL n0 S 5

.
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# 2 HHTEERIE LR 5 SR A A 0 2L 2P s g—2Py o SERINEE IR, Hoh 455 v 5 B 2 7m BRI Rl kO A
Table 2.  Experimental measurements of the boron-like ion ground-state fine-structure splitting 2P /QfQP 1/2 that have been

reported so far, where the numbers in parentheses indicate the uncertainties in the transition energies.

BF BRiTfgHt feV 275 30k BT BRITHERE /eV E PN
N2+ 0.02157(13) [6] A 13+ 2.8090135821306312(5) (12]
03+ 0.04786(13) (6] A1 2.8090058148895724(5) [12]
Pt 0.0924(4) (6] K14+ 3.5963(31) [6]
Neb+ 0.1623(5) [6] Cals 4.5397(37) [6]
Naf+ 0.2652(8) [6] Sclo+ 5.6583(4) [6]
MgT+ 0.4094(3) (6] TilT+ 6.9732(4) [56]
AlS+ 0.6063(13) (6] Vist 8.5061(50) [6]
S+ 0.8665(3) (6] Crio+ 10.2815(17) [56]
plo+ 1.202(2) [6] Mn20+ 12.3100(12) [6]
Si+ 1.628860(6) [55] Fe2l+ 14.6640(35) [56]
cr+ 2.158835(10) [55] Ni2+ 20.3286(68) [56]
Cu2t+ 23.7154(93) [56]

R3O AR RATASES TR RS A0 RS AR

Table 3.  Existing experimental measurements of hyperfine splitting of highly charged ions.

== K ZAl A SR BRITRER 4
2003182+ 1.6x104 B 1994 ESR (181/2) s, 5 243.87(4) nm!
165 66+ 2.6x104 KA 1996 SuperEBIT (181/2) p—3.4 572.61(15) nm/??!
185R T4+ , e ) 456.05(30) nm2¢l
ISTR T 6.6x10* KA 1998 SuperEBIT (181/9) 2, 3 451.69(30) nm
2093480+ 3.1x102 R 1998 SuperEBIT (18°2819) s, 5 0.820(26) eV
07PHSL+ 1.9x104 R 1998 ESR (181/9) oo, 1 1019.7(2) nmf7
20880+ ) 385.822(30) nm/2!
8.9x10°° R 2001 SuperEBIT (181/2) r=0, 1
20580+ 382.184(34) nm
Sc!s+ 1.3x10? ELe] 2008 ESR (182251 5) s, 4 0.00620(8) eVl
6.1x1073 (152251/2)1?:2. 3 0.1965(12) eV[C‘l]
14156+ %%ﬂg
1.7x10°7? (15°2py ) s, 3 0.0640(11) eV
9.4x10°* 2014 SuperEBIT (152281 92D j2) s 2, 72 0.1494(14) VB!
HIpy5s+ 1.8x10°2 B4 (157281 52P1/2) =32, 572 0.1033(19) eV
7.1x10°% (152281 92D j2) posya, 72 0.2531(18) eV
200182+ 2.1x104 RE (I81)9) pes. 5 5.0863(11) eVi22
2014 ESR
20980+ 2.3x10* S (182251 9) ps. 5 0.79750(18) eV
20982+ 2.4x107° KA 2015 ESR (181/2) s, 5 243.821(6) nm3
20982+ 1.7x10°° KA (Is1/2)r=s. 5 243.8221(8)(43) nm[4
2017 ESR
209380+ 9.0x10°¢ B (18281 /9) g 5 1554.377(4)(14) nmY
1/2) F=4,5

. ‘ BRSSP BRI S BRI, OFRERE

4 RHEHRZ . S
KAy B SR 70 45 1 PR BT 5 B O B I 1
NS T A K 20 4 g 3 SRR RS 20 2 PIBESAR. RS TR A DS T SC gt
XFEE QED SOV | AR RN FIRS: 30 AH A% 45 RIS, JETH T IEAS L, I HARObHES) T A1
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(a) 0—1

350112+
FWHM: 0.02 nm

Intensity

574.20 574.25 574.30 574.35
Wavelength/nm

(c) 5—4

11Ca15+
FWHM: 0.01 nm

Intensity
5
o+
=3

273.78 273.80 273.82 273.84 273.86
Wavelength /nm

(b) 10K 14+
11/2—9/2 FWHM: 0.02 nm
—9/29/2
— 9/27/2
. |—7/2-972
2 |—1/2-7/2
£ 572072
£ |— Total
S
344.56 344.60 344.64 344.68
Wavelength /nm
(d) 5—4
45516+ - i:;
FWHM: 0.03 nm e
— 34
— 33
i
% —— Total
2
5

219.00 219.05 219.10 219.15 219.20 219.25
Wavelength/nm

P10 F 0 G s e BN e 1 2 W0 8 T R A A 20 BB IE 1AL, B s il TR BUGIE B R R AREAER F (2Py5)—

F' (2P, o) BRI LR

Fig. 10. Simulation of the ground-state hyperfine splitting spectra of some boron-like ions, with the resolution of the corresponding

simulated spectra shown. Each line represents the F' (*Py/3)—F' (*Py5) transition line.
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SPECIAL TOPIC—Precision spectroscopy of few-electron atoms and molecules

Experimental and theoretical research progress of
’Py/ — ?P3/, transitions of highly charged boron-like ions”
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1) (Key Laboratory of Nuclear Physics and Ion-Beam Application (MOE), Institute of Modern Physics,
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3) (Institute of Applied Physics and Computational Mathematics, Beijing 100088, China)
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Abstract

The precise measurement of the fine structure and radiative transition properties of highly charged ions
(HCI) is essential for testing fundamental physical models, including strong-field quantum electrodynamics
(QED) effects, electron correlation effects, relativistic effects, and nuclear effects. These measurements also
provide critical atomic physics parameters for astrophysics and fusion plasma physics. Compared with the
extensively studied hydrogen-like and lithium-like ion systems, boron-like ions exhibit significant contributions
in terms of relativistic and QED effects in their fine structure forbidden transitions. High-precision experimental
measurements and theoretical calculations of these systems provide important avenues for further testing
fundamental physical models in multi-electron systems. Additionally, boron-like ions are considered promising
candidates for HCI optical clocks. This paper presents the latest advancements in experimental and theoretical
research on the ground state 2P3/2*2P1 /2 transition in boron-like ions, and summarizes the current
understanding of their fine and hyperfine structures. It also discusses a proposed experimental setup for
measuring the hyperfine splitting of boron-like ions by using an electron beam ion trap combined with high-
resolution spectroscopy. This proposal aims to provide a reference for future experimental research on the
hyperfine splitting of boron-like ions, to test the QED effects with higher precision, extract the radius of nuclear

magnetization distribution, and validate relevant nuclear structure models.

Keywords: highly charged ion, hyperfine structure, quantum electrodynamics, highly charged ion optical

clock
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(2024 4E 5 A 14 BULE]; 2024 4E 9 A 13 AU EMEHH)

LT B T RS L g R O A I e A B R T TR R AT R RS T R B 1 °F (QED) BIEHY
AROERAS. PR RAE R AT A E R R, AT N TSR T 2 AR R ) R R LA D 9 A i L T
RIS 9 QED S50 A T — T8 TR A E A 0 0 e RS L T g IR, I AT LA AT A RO, 0 E R
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1.1 HHEBFEF
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BRI RN SEL H Landel! F 1921 442
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SR REAES ML T 153 240 IR
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891 LA K 12672 9% & KR A BEAE AL, H
B A A BUE 7 kAT O e Ah, i g A
R R DR S Y VAN L3 A N M L S AR
e ALIi (hadronic vacuum-polarization) f*) 51 #k £
25 TG QED R0 FEE EAE B35 sk Bk
XIE H T g P ZECHEZE0. 5255 |, Fan 450
BT T8 T BER NS BN 1 X RH g R
AT T RO EE R SE I 5, Bop LR as R R g B
TR DI DRS B EL 28355 0.13 ppt (ppt #m 10712).
4E4 QED FHEHAAZEE, 76 0.1 ppb (ppb /K8 10°9)
WETHD THASHE R MBS HME, ZES
(Rb, Cs) JiF WAL A A AAE W Ak 22, Lh
T H X — 4T sk 5 A A = ik

(a) (b)

B1 AmET gl TRIEK QED & IE i %% & ik,
HEARRE A MAERFE LT, = M8 RR BRI &RR
BT SH#ESERTELCT  (a) ARRRUL; (b) HZS KR
a5

Fig. 1. Feynman diagrams of the first-order QED correc-
tions of the free electron g¢-factor, the straight line repre-
sents the electron, curved lines as the photons and the
triangle as the magnetic field: (a) The self-energy term;

(b) the vacuum-polarization term.
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SIS 2 SR IEOE EIT RE 7 AR IO R v R 5 B AR i
&, Er g HFAEL H B/ 17%. A5, a0
Kl 3 iR, =B QED 20 (1-loop QED A 2-loop
QED) P K Jit 1% 880 0y A 45 A BRAZ RS 20 (fi-
nite nuclear size, FNS), # & % i (nuclear re-
coil, NR) DL ZA% AR (nuclear susceptibility,
NS) ZF#R bt A [ 7 B3 K S IS B K 3.

41016
41015 T
£
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E 1014 E/
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1.6 L L L L 10
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Fig. 2. g factor of 1s electron and the mean electromagnetic

field as a function of atomic number Z.
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Fig. 3. Relative contributions of the g factors of H-like ions

as a function of atomic number Z, from Ref. [11].
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F1 o RERCH, 180T, DNet, BSiBHHIISSn LA g BRI FHRG SRR

Table 1.  Experimental and theoretical g factors of 12C%*, 1607+, 20Ne*, 28Sil3+ ] 18S9+,
1205+ 1607+ WN I+ 28G{13+ 118G 49+

IDirac 1.99872135439(1) 1.99772600306(2) 1.99644517090 1.9930235716 1.90807920530
Free QED 0.00231930437(1) 0.00231930437(1) 0.00231930435 0.00231930437(1) 0.00231930435
BS-QED 0.00000084340(3) 0.00000159438(11) 0.00000265069(12) 0.0000058558(17) 0.000148098(298)

FNS 0.00000000041 0.00000000155(1) 0.000 00000476(1) 0.000000 205 0.000014489(24)

NR 0.00000008762 0.00000011697 0.00000014641 0.0000002051(1) 0.000000726
Hadronic — — — — 0.000000002

Ftheo 2.00104159018(3) 2.00004702128(11) 1.99876727711(12) 1.995348958 0(17) 1.910561821(299)

Joxp 2.0010415964(45) 2.0000470254(46) 1.99876727699(19) 1.99534895910(81) 1.910562058962(914)

F: gpiac 10 Dirac IR g TH, Free QEDIUE H i (FL T ) QEDRLUY 51ifik, BS-QEDACF KA (FL 1) QEDRLY Fiifik, FNSAL
NG RE 380 TRk, NRARFAZ S oh&i h; 51k, Hadronic/ R 5 FRUN 5Tk, 12C5+, 1807+ 28SiB5diiok [ F3CHk[10], 20Ne+ i EE K A

FCHR[12], S0+ (HHER T SCHR[13],

W RS H T g T RBFOE A B TR R T
55 A% 22 8] ) 5 AR A P A R A 0 7 i L
AT QED HUs i ER M, A H RTEIS AYE
FHE R A AR 2R 1T R AL (T 2 11011,

S I, FEE SRR KA B st B ve A% )
FRRFFZE AT IR S e X 28 & 1200+, 1607+, 2Ne*,
SISO B F YL (1s) BT g I FiFAT
T, £ 1 RE T g T RSEIR AR LK
QED %500 583000 1 A B AR 2 1205 8 13k
BHT g FrR4EE QED &V (1-loop QED
il 2-1oop QED) Tk 0.00000084340(3), i 18Sn 9+
BT s g PR 425 QED &0 5Tk A
0.000148098(298), P #H L% T % H i A4 25
QED #UW B EB R T 175 1%, HAES, BT g HTH
SCUG N RS B AT 1010 K, I WL 2-
loop QED U HA 5 T S T8 B HERa I, 7E
TCER T UA E LT 3-loop QED W TRk, A2
T, REEBET g NSRS 5T T
B Z 3G B WA, 2R R B ek
XF B QED AN i B i 2 2 4 A 1 T A A
AR AT 82T, IR R BE 8 215 Y S By
QED S L Ff Zo S A6 B K, P ABAT BT >k
(PR 25 TE E TR "PHARR UK.

1.3 RlEEX

BT g TR I b — AR 2
REESHL, ERE T BTSN E A R4 Rl
PLE. B X HT g T RO AR I, ol DUSTRAE
AR —L8 (3055 04) w5 B AN, g 52 2%
VEFIBLA A BEAR, A L2 TR 2B BRI BRI

R, Bk & BUHT B (ERET .

AR SCH 2 R T B TR R OR S
T g TR E TG 2A I SL A5, ALFE S 0028 i | U
YRS BT R

SIENHBET g HF BB & L e B
I 5, sl A B ET g N SR
T g PR Bl T o7 g T 25 & By
QED 500 | B R 3500 S5 A GRSl [
HLT g 7 mR B R SE B0 I i, 45t T RS A0 2548 5
BSG HA 5P PRSI 25 RANTT & KBRS 5T
JFPEIGK, BT R s T g AT R WE Al d
F g AT HEHMAL.

SV HE A A T B TR AR, D
HL T2 T OREEAS LT g AT I i R, LB S 56
T FIAE NS 25 I R AR 1 2 e

FEFF R FBENRLLFILZ. 1) ALP-
HATRAP IREIHTER A EE F 1s B g K7
WA T R AR TR E TBF (EBIT) S5k %% T
BT, WRET DR TR T RESHE T g N R
UK, S T 1SSt B T (1s) T g
R, K250 QED HHSTER F R IR EE T 13 A
2) I TR R GE T B 2 TR R (R4
ERIMAR) g K2 -2 T 5 TR R Y
HL T g PR R T L - H T I N 5 L T B
e QED 0. i i X HEA LT g R ARl LA
3 5645 b I 235 K BRI S X L - i G RR N R
FIIERAME. BEAh, WAt I R — T R A e
FZEME T BT g T, IR A 5240 (5
H) T g T IOAE 2, ol LIHBR R TR
SERINE SR, DT AR B SRS BE R RS QED e,
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PEAL T — kT A 4548 H RO B AR, 3) g
e A TR 3R B 5 LT g TR T D A SR
JE RO NS5 SR T vk

HRJa, ARSCRXT H AT T B TR R RS
T g R S I R 5 I i e ) Bk At A 7 4
I XoF ik S PR MESR H it Dl SR B, XHZ SR K
JETJ5 T BEAT L.

2 iR

TR TR (PRI T D) Je— il AR
TIT NG 0 () S0 R BT T B e A —
A IS LR A A SR RES R AR T, TR
FE TR ¢, BUREh m B R Il igis 3l
WA ] LIRIR

qB

We = E7 (5)

WARXAE T HA R Ck HRTia3h), IRE2

G REH ML), ST LI
=22 (6

4254 LR RIER G B, ATLMRE] g T 1Rk
W)

Wl

g=2——-. (7)

TEFUR S AT S RS T (AR IR T 5T
Jo RO BE AT CODATA B 4 ), L 2aam i il i

BT I ieas SR w, SRR wp wltn] L
5] g .

21 FETHIRE
T B g IR RO SR e
Al 1o %) ) ARG 37 R D AN L B2 5 B H 3 S
PUXTHT HURL T 1 4225 (R 2 B, 55 G 37 H R IR
LR A T A A R Ut T AR B
HIRR AR = (Al 4). 7 Bk e T B
A 3 MAMEIE S, WK 4 FoR, 433 IE F
i€ i23)) (modified cyclotron motion), ¥ iz 3l
(magnetron motion) LA A& ] () i 1 HR 3% (axial
oscillation), 3 Fliz g BRI w , w5 w,
%ﬂ?, F R LR We "W Wy > W, > Ww_ . A

e Jer 2 (4
we = y/wi +w?+w?. (8)

I 3 ADAEZ SR, AT LLTHE A i 1] iE
18 BT,

T BFC R A R BRI R T, XA AT
PUBROR AR LI N RGUNE RIS, R, X A B 13
Fr R Ta] B B A PRI, st R AR REARE /Y
7k, BVBE AR, INTE] 4 Fs, BT TR
TP R IR iE Bh e AR AR R T T — R
FLIAL, SNSRI AR 5 B T R IR S A —
B OPETIH B GRERRAE A Y,

Modified cyclotron motion

- Axial and magnetron
motion

S I S R i il T

%H

FYIEL, B T8 205 B AR R T ) e SR s B P (BT b B 20 3R o L s 30705 B e A g BELRIT 5 T 42 AL )

Fig. 4. Cut model of Penning traps with illustration of ion motion and image current detection system (some of the materials in the

image are provided by the Max-Planck-Institute for Nuclear Physics).
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— A 2R JB S ] BT 7 T LR XA B AR S
PR L EAR 5, PRl O A% L s 4B 4Y
(FFT) #tnl LIS 2 B T IR 5. B 05l
Pz sl E SR A o X B, WiAR )32 B4
AW RS 2 g )E, RS
HL AT Y 0],

2.2 gEAFNEFRE

T Bk g R ) U E T I L R
R-ZE PN (continuous Stern-Gerlach effect),
B IR TR LR T 2 2R .

SRR T U R LB —A B ik
FEIR, AW narn A
B(z,p) = By + By (2* — p*/2). (9)

B2 S5 R AE ) b 28532 B — A~ Z i )
EAIRSE iR
0B,
F, = MZW, (10)
PR, B %%k ) SR S R s R TR RS )5
] (RSB A A % -

W =w, + Aw, = w, + pe

XPREAR TS, 1s BT H ™ A W E R Rk
Y7 M BOHAEN £1/ 29y . AR HIBEGR 53 40] LI
RN

B, (11)

AFE = wai = g,uBBO, (12)
1F 3.8 T REMIRIE T, 1205 BTHY 1s L FRYFI 5L
P w ~ 21 x 104GHz.

8 B S A0 TT LLS S R P 4 S RE S
[ BRAE, B) A S 2 HKE. — BB HES

30

20

10 +

Spin-flip probability /%

-5 0 5 10 15 20
Larmor precession frequency —103958/MHz
[ 5 RO TSR IR S, B (R ok F Sk [16]
Fig. 5. Larmor resonance of '2C°* bound-state electron,
from Ref. [16].

vF O, AR i 0% 2 R B 5 PR AONE , B Y
)iz SRR s A A A% . LT AT DL A
U AT 2 5 P B S8 I8 AR IR, > S0 fl
iR 5 i SRR LRI, L E AR (spin-flip
probability) 15 2 & K. 38 1 1 ST IR I
i 2O 1 1s 1Y F BERHAL SO0, wimT A3k
PRPLBERR IR EE . anlEl 5 Frs. JedRiE SR H B
W AYAEXTRREEARY, X FBE T B R iRE o)
SRS BT R 1 B

2.3 WHLEHEESMWERKAR

W& 5 AL Zs SR rh, JEXTFRZE R S Xy 5Lk
S AT R B R 2SO T R — ] R
XU S ek e e AL . AR 6 FF s, 3 T B O
XA ES TR, 20 ml oG 2 B (precision
trap) 5 HTBE (analysis trap). #5250 & B4 7E
W RS IX I, (B By, = 0), 11758 7 [l igis
S GRS SR A RS HER. BT B
s AR FERREME A B, SR e B 27—
B REH AR . LT i SRR -1 RS R T
DATESTHIT B 6 o 7 [ B B E T, BRREH TR R
AR 1.

Microwave
inlet % H
B

Electron beam
reflection
electrode

Analysis trap
(inhomogeneous
magnetic field)

Nickel electrode —x

Precision trap
(homogeneous
magnetic field)
Anode with
carbon target =
Tungsten FEP

Electron gun

P 6 B2 36 ke P v s AL, PR ok SOk (18]
Fig. 6. Cut model of double penning trap system in Mainz,
from Ref. [18].

Y TFIR I, Lk T REAF e T, R
TR A R T A e, AR AR (11) 30 5 i 1 119
FUOBEIC ). Bt , K 8 e i A0S 2 0 ek B o,
BT S B A w . [R]— B[R] L 5L
R wr, B AT A S O wre . S, PRGBS 115
fa 1l o3 A B e, PO E A RERRC . AR A
AT B R RIS PN R A LT RS A A T R,
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T2 W 5 I B R BB A AR o 5 HL T
PIEEIIR w ISR, SeZ MIASE SR, 7220
B2 ), AT LR FL 3~ FBERS B O E R 5 1140
W corg R[] JE 2 Bl AR o B LU AEL AR P AR 48
(7) SEAL AL g T B4R (WL 7). izt ki
RIS AR, HA s e/ TR 5 ik
Xof R SEH G B e, T XL HAR, ¢
TR ARG T LAAR] 109, e, S8 R
DR R R e T ARG &7 (PnA) | LT S g5t
Ve AIEOREE, K g AT RO ERRZEFE(R R 10 10
PAR 1217 g HRTR TR 1 g P i ey
KL

35

Spin-filp probability /%

-30 —-20 -—10 0 10 20 30
g—2.001041597/10~°

P 7 T XU SE 0 ke A g IR SRR, K ok A
ik 18]
Fig. 7. g-factor resonance spectrum from double Penning

trap system in Mainz, from Ref. [18].

3 VEFHFRASETF gHTFEE
3.1 KEEEFHARETF ¢EAFEZENE
& IR R W IR 4 5 I 26 7 B 2
12054—[18]7 16()7+(19] i1 288713+ [20] %7& g %ﬁﬁiT%
I SCde AR PR/ INRL H R U
(mini-EBIT) 7 AR E B . 45K 6 iR, H
S e S B e ik ) P o o BT A, A H AR
A D IR ke O L S e R R
SRR P A m AT S B . T mini-EBIT N
TREEF RHAAE 2RO, BRI T in 8 IR Fn BH
WelRl 322 PRI e A R e TR A B
It RN 2T, WS F s B Fmgs
BEZIN 100 keV ZE 1R T mini-EBIT H 1 T3 AE
i (B keV). Wit By 9 s A Y BRESE
) ALPHATRAP SREHFH T = aem R &+

B (Heidelberg EBIT)PY = AE A & 5 851, /4%
BT RIS IR AR T IR, 618 A~ 2 IR
TRAEETERRABT g KRG,
ALPHATRAP S50 RGN 8 Fizn 19, w6k
LTI T B A R L IR AR DA S —
YA TR R 24 2R P AL A F SR PR TR o O
Zo 3t RS AE 1 H N 3 5 T e BT ) SR
YiE4h G, TEERE O TR AER AT A 100 keV
PLE, SRR T 101 A Jomd. Y et 5w S 1
B RS EAMNEFRHEZ 5, JEF N2 R 71
BORD Bl bR L S TR R L A S . SRR
T-W5E M BhBE R AITE 8 KV x ¢, Zoad e W k0 vk
SR AT S, RSB IKP EERS A AT LA RO

1 Ground floor  Not to scale
| Laboratory

Cryostat
Injection

=

= f‘ [ —||

— P\

Microwave guide

To the trap stack

|51 8 ALPHATRAP 5:30 R G /8 B, m i & E 5
Hi Heidelberg EBIT H1 ) 4=, 8 F dC A1 5 1 5 4 3 iy 77 25
ORI D VB | SR RS W T DR AR, TSR IR R T LA
JH A B % IR 4R SRR B T B B 8, RIIE B T B
P EBELZS BEAL T 10717 torr, & Ak H SCHk [13)

Fig. 8. Schematic diagram of the ALPHATRAP experi-
ment, the highly charged ions are produced in the Heidel-
berg EBIT, the ions are extracted, with charge-state selec-
tion, and injected into the Penning trap, the cryogenic
valve can be closed to isolate the trap vacuum from the

beamline, resulting in a vacuum better than 107'7 torr, from
Ref. [13].
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BB F FIGEE] 100 V x ¢, 55 A H R B 50K
B ) 2 T B AR . Bl R S - AT a]
REA AT 28E s, TR (W 143
HHAT) ANRIFREAY . B PR RAERA eV,
X LT I BE . A 24 e e 20 5 8 - 4lifk
FAR AT DK B 7L 4l Fe 20 A il BRI 2
+ (IRE2 6 K).

T XENI RS, Morgner 45 31RERAI & T
A B TS T g T 1.910562058962
(73)stat(42)5y5(910) e, FHRFERZETE 5 x 10710 7K F-.
AR S H AT EE T RE 1.910561821(299) 1E
LAFRHEIR 22 WA, W] 2-loop QED Y 5TR,
Kigs T R4S QED HISEZ A Sn(2=50) & Tk
Z (FHECHI N 10 V/em) HIOHERRTE. 5256
() FERZER A TIA MR TS SR E,
X 1R 25 B R T B A DU SR, i A 5
B0 H K R T LAGA S 10 1L BE TR S0 A
A DLW E] 3-loop QED &0, {H 232 BT H R B
WITHE R (2-loop QED & i H i iR 22 K F
3-loop QED HJTBTHR), 3X ™51 PRl v Tk 4o

32 XEERWEFERBF gEFHEE
=

FER SR S T R R /D H TR R, ]
FRAE— DT, a0 2s il 2p1 /o SR, BRI
FIHEES ¢ W EE R A T2 4 HIRYER
Z. FEARMAENFT)Z BT 24— Bl
XA FEMCAAE S d 77 R B EAE G A
fEIE (R A interelectronic-interaction m¥, Hi - -Hi
F RN ) P2, 18 0T LLXT FR L F QED & 7 A
BT BB IE (screened QED #0123, DL2KAH B

TR AW, g 25853 10 TTmk BE 51 e A K
HOCRWNE 9 JroR, L - OCIR AU & 2 i it
1-loop QED &I B BTRk, 1M BE# 51 A B9 QED
BN B IEAR T4 B3, BB T 2-loop QED R0
A TTHR.

100
101
10-2
10-3
104
10-°
10-6
1077
10-8
109
10-10
101 F
1012

Dirac

Interelectronic interaction

i B B |\ Wik B B

Relative contribution to the g-factor

1I0 2I0 3I0 4IO 5I0 6IO 7I0 SIO 9I0
Nuclear charge Z

9 KA TIE gHNTRE N QED TTHK, -l T

FBERLN | Screened QED 0 | JF T 4% %50 BE R T 7 5Ly

HOAEOC R, Hdl (1817) 2 A SCRR [10]

Fig. 9. Relative contributions (QED corrections, interelec-

tronic interaction and screened QED) of the g factors of Li-

like ions as a function of atomic number Z, from Ref. [10].

S b, S8 R IR i B B o A
%}3)? E’J i%i@?ﬂﬂ@ 285111+7 1 T+H] 40Ar13+%7.§ %
T g T AT TR, 25518 T3¢ 2B, i
R GREAE TR g WA G, (HEE
WIS (R TR R) ik 5 T2
SR T, XA R T N e LT B AR
g R FIH5 R 2. Bead e, i T Se gk BE AR
v, PRI A 2 S A 2R S S B T A 0
L, PRI RO S0 A W] 5 A B UAE g D13t
B PR .

F 2 WS, OCalTHIVArHIER g TR S S HUE %R

Table 2. Theoretical and experimental g factors of 28Sill+ 40Cal™ and “°Ar!3+,

QSSill+ 4UCa17+ 40Ar13
IDirac 19982547533 1.9964260253 0.66377545
QED 0.0023202857 (17) 0.0023216601(17) ~0.0007682(4)
e-e int. 0.000314 8098 (22) 0.0004542910 (24) 0.0006500(2)
FNS + NR 0.0000000436 0.0000000662 ~0.0000091(2)
Gitieo 2.000889 8924 (28) 1.9992020426 (29) 0.6636482 (5)
Gexp 2.00088988845 (14) 1.9992020405 (11) 0.66364845532(93)

I QEDIURE VB LR B S EQEDRUY, e-e int AU T-H T ORBKAUN TTRK; 25Sit+510Cal ™ ik A T 3CHk[23], ©0Ar!

Bk A T SCHk[24].
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3.3 HBHEREHNRE

H1 gpinae B9 2B 2 (4) BTN, 30 225 A 00 2
g RTFE AT LU RS AR E B o W TFRAE T
WRME, oiRZER TR PeE 2.
%a ~ (alz)z\/@gexp)z + (Bgneo)”. (13)
(13) B HALEAF JELI LIS g N TR ZE R
O, MEEZITTRNBE T g K RIERRIR o (H
WAERG. HAT, S5 g IR B 2 101
I, IR A QED BN AT LIRS K A A i il
13RI TSRS BE 35 2 [ 3 K7, AR 4@ it U9+
TS g HF0T LK o (E I E 2] 107 OKEELIT .
SR, ARG R 3 iR, B R 4EZS QED Bifk
A RASE M, (0 i T e R AR R
o MIRAARBUE N iR £ 5k A TS
WA AR R BEE IR 22, I, R E T
TE NG ML T B 2 2 R T A S iR 22
R T AR IMZ N R, SRS A B A A A 4
25 ¥ 1 %L, Shabaev 45 291 1 Yerokhin 5% 26 J: J5
PEH TS EREE TR T g N5 E—IT
A T AT g TR 2%
W52 ol g RFAE2Z(EN IFR N
g = gHi®)—like _ ¢ gHi—like (14)
Horhe = AgdP e/ aglidive Sy H (8K ) g
T R R TR S 2R g T R R B
(FNS) BTk FfE, XA~ B AT DL R P R 1T
BNk, FEZME o 2 R TR S50 E
o BRI IR ZET (AR ) HE 7T A8 4T B,
ALPHATRAPUM A £ 28 51 X% 28 4 5 250 115Sn
BT RS g W7 TR, EHE TR M R
TR A X — ST IR Ak st

3.4 EBHEZMNN=E
XFPAN RN R, B R R 0Cal T+ Fll

BCal™, LT g NI A TR P L - LSRR

WRERZS TR QED BN AR EAHIRI B . AR 3R
g T D 22 A BRAEAZ RO L, WA R 3800
R R Kohler 45 27 3843 3 51 & 40Cal ™Al
BCl T HYFEAS g N TIFVEZE(E, S TSR,
XF 2s - g BRI TR, BEJT, Sailer 55 25 B
BRSO, R 2ONe 8 7 5 H A i 3 22Ne*
BT INESAE Rl — ARG is shuE b, XA T

TEAHRI I RE IR T IR B st ). IR
VR 2 IR XL R = R 7 R 2 O Nt
LT 5 R B B AR R 2 (R — M 22, X225
(B e AR IR AE [F) 25 Fr 5 By R AR A7 2 23 B (] 22
PR G, g, RIS Ramsay ik
Ty MERREIN R XA, ST | 20Ne
52N B FIAHRT g NFRFEM R MR, £ 3
ST g TR R WA S 50 gn g R L
£ B A VRS BE 3R 3 5.6 < 10~ B BT BB - ¢
I SRS B B 2, TS T AR XS B
8.2 x 1012 . ik M EKE FERY g PRI [RI67 25 A A
i, Rk T QED ZOw FEAZ R rprh TR (3 3
i1 Recoil QED = 0.0435). FH 4% R TR0 AR 22
R, B B R P IE AU 4 TE AT B 56
RSN T A LT A2 R A S,
2Ne I 2Ne #% 1M & , AT AR 2ZESEH
S 6(r2)' % = 0.0530 (34) . 1 H F T 52 56 I A
g TR ZAmALVE N JE e, 7T LU R 42
ZAH R 6(r2) % = 0.0533 (4), FTHIEHRE L S 2 (T
T, Ak, i g P R ER R RS AR A
WA LIRSS 5 VR H) (fifth-force) HEEI A8 H
UL HR SRS S UL 0 L 128290,

# 3 N I 2Ne A g KT 22 LU M A% A4 N BT
MRBYTHRAE, Btk A SCRR 28]
Table 3.  Contributions of the g-factor difference of 22Ne?*+

and ?Ne’* as well as the experimental result, from Ref. [28].

Ag =g (20NCQ+) —g (22N69+)

(x1079)
FNS 0.166(11)
Recoil, non-QED 13.2827
Recoil, QED 0.0435
Recoll, (a/n)(m./ M) -0.0103
Recoil, (m,/M)? -0.0077
Nuclear polarization 0.0001(3)
Ag total theory 13.474(11)

Ag experiment 1347524(53)stat(99)svs

XA AR/ DB SRR, i Het
BT (I=1/2), B8 1s RBRAEING T 4 4 5%
BB, 4> BRI (1) : (my = 1/2,my = 1/2), [2) -
(mj =1/2,mr =—-1/2)|3) : (mj = —1/2,m; =1/2)
514) : (my = —1/2,m; = —1/2) . A4 A W REE
A LAFRIR Sy B0
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Eyrs

B4 = 1

F (e + p11) B;

E 1
IZFS = 5\/EP21FS +4(ue — p)* B2, (15)

Hrh Eups HICHMNG T R AN 2L, 5256 R
IR F g BRI, XT(1) < [2), |1) < [3) ,
12) <> |4) 5 [3) <> [4) PUASBE LK [AIHE 4T T I 44,
PRI T g T ge = —2.00217741579(34) 1, (30) 45
BF g I g1 = —4.2552506997(30) g (17) gy (1) o ~
HRGA Y HFEL Brs = —8665649865.77(26) 4, (1),
X 3N T AW S B A A R e =
—16.217050033 (14) MHz/T, 22 BB B 12
fm— R, W Ewrs 38 7] LA %He ) Zemach
HAEH 1, = 2.608(24) fm, AT L FHUR A S
N HEAE r, = 2.528(16) fm TonH—E 2.

Ey3=—

4 RAEEERZ

FETWE T B PR A B S
BT g N FREN & ERESTA 20 R4, i)
TRy R )

R RO I SR AR | LR S0 5 ik L AR R A
(R i L B PR HIBOR S, B g TSR
DA B AR T 2 5 x 1071 (0Cal ™t 27), R
W TR A H AR 5 F2 Ramsay Sl #0k g5
o FME g F I, S AE B A 2 5.6
10718 R TIE T g BRIFIIERSRE 100 %528,
WAL T/ SRR TR QED RN L 5K
o A5 A B AN e AT A U, AR R
TBif, SRR R AL T2 50t I 2 AT
R, WX 18Snt+ FEAH T g T SE IR &
EMESAHAET g HFRME AR ER, K5
T HREZE QED FETE 10 V/em FECHI TR
T 03 S EES T1R R B D 1 I B oY 24
EWRERMETIRR, WX 2s, 2p BT g AT
WS, AT LUK A UL FE - F - G IRRL N L FL 7
W QED &0 45, K50 5450 i BRIS . M A e
0 R R R AE O B A TR R, (5B
W Z A T 24 RE 9, ANE AT LUK i 3R 15 FL 7
g K18, BT LI EZT g B HBpER S
FERG A 5328 R B B R T A5 S50

FEM AR X E F H - g 0
K O 28 i s PR, B2 = A B2 & ppt 7KF

WE SRR REMmZE. BT, TENRGEMN
2K B TG AR e 53R 515 A I
EAHEYE. R R M RO TR
HEA B NATE A B v R T A R R R B S XA
e sh it — 2 Bl B2, g AR Y 2 vEs I A
1) 2R Ge 1R 2 02 5 B - IS B i B R A O A B3
B INZIRZE AT DA — 2D RS AR, Tu 55 B
TR T OGRS U R e AT, B
Ji, Bohman % 35 1 Will % 36 i DIpks I iR %
HF) 100mK £2%.

bi% ALPHATRAP P84 iU fl & T = e
L 5 B B S5 8 250 77 PF——M EBIT 5] i
FA SO F IR AW TR AT RS T
g PRF- ARG 2 0 o, DB m] DA o [ AR AT
TCRERREAEFHRT g BFHE. AR FETH5E
1y, Ho—, A F WG T s R R A A8
PR B AT AS. ALPHATRAP S50 2 48 it
DN A & 18S9+ B T AR [N I I, A3 T &
205ppsi+(Z=82) BT ] IR INEE 2 14 1 UEM
THERA LRGP IR SRE g HFL58rnT
vk Ho, 28 A PSR HL B AEZ) 100 keV, B
£ EBIT H 7= A 0% 50 i 1 2 225K i 7 R g
HHiAF) 250 keV, HHETHY HD-EBIT J& AR Y.
AH S TR 2H A 57 IF A I R R B T AR T
B Hyper-EBIT, 7] LA™ Az 58RI of . B /&1 g i 19
HL TR

PR — o R A I (B 2R R
MIHLF g P FACER 22 (E PR UG A 2540 50 (e, J2—
T 43 ) SR A A5 R B D7k (B A B Y
M ZOR AT g KB SCH6 RN BSR40k
10 BTETFHRZC LU T8 En]
ik, Be FEEES 101 BKSEE BARISAEAEAS /N 2E
P, FEIFEETET & B QED 0% B E 74 Z 1
TR o, BE T DGR B B B O VR v ek
$ 2-loop QED TS84, s A e I AT &
BN R A PR . X — 7 TS TR
Fit— AL B i i B T B

SR EEMRAE A S T AR P S ) TR

Sk
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SPECIAL TOPIC—Precision spectroscopy of few-electron atoms and molecules

Precise measurements of electron g factors in
bound states of few-electron ions”

Tu Bing-Sheng |
(Shanghai EBIT Lab, Key Laboratory of Nuclear Physics and Ion-Beam Application (MOE), Institute of Modern Physics, Fudan

University, Shanghai 200433, China)

( Received 14 May 2024; revised manuscript received 13 September 2024 )

Abstract

The electron ¢ factor is an important fundamental structural parameter in atomic physics, as it reveals
various mechanisms of interactions between electrons and external fields. Precise measurements of g factors of
bound electrons in simple atomic and molecular systems provide an effective method for investigating the
bound-state quantum electrodynamics (QED) theory. Especially in highly-charged heavy ions (HCIs), the strong
electromagnetic interactions between the nuclei and inner-shell electrons provide unique opportunities to test
QED under extremely strong fields. Accurate measurements of the ¢ factors of the bound-state electrons are
also important for determining nuclear effects, nuclear parameters and fundamental constants. The research on
g factors of the bound-state electrons has become a frontier topic in fundamental physics. A Penning trap,
which uses steady-state electromagnetic fields to confine charged particles, is utilized to precisely measure the g
factor. This paper presents a comprehensive review of the experiments on ¢ factors for few-electron simple
systems in Penning traps, including experimental principles, experimental setups, measurement methods, and a
summary of important research findings. The physical concept of the electron ¢ factor and its historical research
background are introduced. The electron g factor is considered as an effective probe to study higher-order QED
effects. Through high-precision measurements of the free electron g factor, discrepancies between the fine-
structure constants and other experimental results in atomic physics are identified. Notably, the g factor of the
1s electron in HCIs deviates significantly from the value for free electrons as the atomic number increases.
Experimental principles, including the principle of the Penning trap and the principle of measuring the bound-
state electron ¢ factors are discussed. A double-trap experiment setup and related precision measurement
techniques are also introduced.

This paper reviews several milestone experiments including (1) the stringent test of bound-state QED by
precise measurement of bound-state electron g factor of a 3Sn*™* jon, (2) measurement of the g factors of
lithium-like and boron-like ions and their applications, and (3) measurement of the g-factor isotope shift by
using an advanced two-ion balance technique in the Penning trap, providing an insight into the QED effects in
nuclear recoil. Finally, this paper summarizes the challenges currently faced in measuring the g factors of
bound-state electrons in few-electron ion systems and provides the prospects for the future developments of this
field.

Keywords: few-electron ions, g factor, Penning trap, precision measurement
PACS: 31.30.js, 32.10.Dk, 37.10.Ty DOI: 10.7498 /aps.73.20240683
CSTR: 32037.14.aps.73.20240683
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(2024 4E 8 H 6 HY3; 2024 4 8 H 27 HikZIEMH)
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20 HEE ) R 2 A T 5 T 20001 1 1R 40 BY 2400 9K T Breit-Pauli W 2 0 19 B8 . BEE 21 2909k
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Table 1.  Determination of the proton-electron mass ratio through precision spectroscopy of hydrogen molecular ions.
E4y EEWITIM) BT (v, L) — (v, L) B3R /MHz A /MHz iinidia
HD+
Koelemeij .
| 0,2 4,3 6(0. ) [62) _
2007 (HHU) 1 (0,2) — (4,3) 214978560.6(0.5) 214978560.88(7)
2016 etB :fs}(lglgilm] (0,2) — (8,3) 383407177.38(41) 383407177.150(15)2  1836.1526695(53)
Alighanbari
0,0) = 0,1) 5 5. a 5. b ,
2018 S (HHU) (0,0)j=2 = (0,1) =3 1314935.8280(4)(3) 1314935.8273(10) 1836.1526739(24)
Alighanbari - 1836.152673449(24)
‘ 0,0 0,1 5. . be
2020 (HHU) 2! (0,0) — (0,1) 1314925.752910(17)  1314925.752896(18)(61) (25)(13)¢
2020 ot alP ?t\;%)m] (4,2) = (9,3) 415264925.5005(12) 415264925.4962(74)>  1836.152673406(38)
Kortunov 1836.152673384(11)
. 0,0) — (1,1 . e . be y
020 o (HHU) o (0,0) — (1,1) 58605052.16424(16)(85)°  58605052.1639(5)(13) (31)(33)(12)"
Alighanbari 259762971.0512(6) 1836.152673463
; 0,0) — (5,1 5 _ )
2023 Al (HHU)M 0,0) = (5,1) (0.00004)° 259762971.05091 (10)(35)(1)(6)f
Hy
2024 Schenkel (1,0) — (3,2) 124487032.7(1.5) 124487032.45(6) [0 1836.152665(53)
et al. (HHU)6! ’ ’ T ' )
CODATAMEAFE
2014 CODATA groupl®¥ CODATA 2014 1836.15267389(17)
2018 CODATA group? CODATA 2018 1836.15267343(11)
2022 CODATA group? CODATA 2022 1836.152673426(32)

H: e B MRENGIHRE, B N NRGIRE; P K H Korobov, % SE CFMILFIMEE; < 55— MREK HHIE, £ 1kA
CODATAk 2018HAMINH K, ¢ 55— R2ER A S, 5 R ARIE, 55 =1k A CODATAk 2018HEAYIRH KL © 55— iRk
H S8, 5 Ak ARSI L T — N IRZER H LR, S TR A QEDEIE, B =k AR AN A IS, SRR A
CODATA 20183EAY B H KL, & 3 F NISTIHFHEA Y HL# §3Ehttps: / /physics.nist.gov/cuu/Constants /index.html.

55 % (Laboratoire Kastler Brossel, LKB) [ Hilico
2091 rh R B A 25 I B R S R R 5T
Bz (Innovation Academy for Precision Measurement
Science and Technology, APM) %) 7 Wy £ [0l 7
£ 20 4, SEERRYAHXTRE BE N 2.3 x 1079 16 4
] 2.3 x 10712 07 XA MOLTE R I BT T
H, o LR BE WA B B2 5. SR, S A 1 o
TR S E AR R 51 2s (CODATA)
Y HE 7 —3 19, 2016 4, Koelemeij 2 181 ] &
T HD* (v, L) = (0,2) — (8,3) BYBRIT A2, A BE
1.1 x 109, 5 2014 4 KorobovZs 1920 fi) # i
FH—2 e A BT LE = 1 836.1526695(53)
FORSRE 2.9 x 109, 24, XA S5 CODATA
201024 By HEAFH — 30, (AR T 1 DB
2018 4F, Schiller £1 15 i T HD 4l §% 2 IR 1T
)RR A0 BE L3 32(0,0) 522 = (0,1) =3 ¥, HHIE
5 3.8 x 107, g BT lEAEE N 1.3 x 1079,
X Y G CODATA 201822 3 #E (A% 14~ %K

@ J A J" 5350 R B R R S R S 1 S A Bl

%.

B2 S RS B R W v, BT R
B HDOGIE T i i i LR O &t 1T
CODATA #E#{A. 2020 4, Schiller ZH#1 Koelemeij
2 3 | T HDHR 5% BRE (0,0) — (0,1) 23 A0
(0,3) — (9, 3), FHRIAPREEEN 1.5 x 10 11 Fl1 2.3
10 2. WF5E R, HDHIREE BRI T 2 L my, /m
U L, R ma/my, W HA BRI A4
F5 BT HLAT ARy L ITAZ FR AT AR g DL BLAE AR
WA R . Alighanbari 45 23 )\ HD Gk $2 B
T — AR B A
Roem(my ' +mg ") = 8 966.20515050(12)cxp

Em

X (12)heory (4)copatazots 1/m, (HDT i),

(1)

= 8966.20515041(41) 1/m, (CODATA 2018),  (2)
Hirp HD s g R A a0 sE = /MR 222k B B 7 H far
A% vy FTAZ LA AR g . 31X — 5 B B I A X
TRZEHE2.0 x 10711 FuAHLN. CODATA {E/) 2.4 4%,
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mT Z;jdlﬁl 5 Eﬁmﬁﬁi@ g5 45 Jﬁ% t%ﬂ/a‘
R = iy g o T = R
PR 20T, IR LIE Y, 24HT HD*
F 2 TSI Y R RS BE O T T B R [ e A 2
P L B (29 Jo S (O8] RO T 290 (4
A, FBHAE T 2018 42 CODATA HEF#{E. SR 1M,
BT U255 2023 4F HD* (0,0) — (5,1) YREL K
T 255 T AR — R 22, SRR MR TE AL S
Bk [17) VEARAHT T R HL 4l A R AR 2208, O
25 AR IR T S B 1R 22 B A
R =
1223.899228720(7 ) exp (24) theory.rv (0) heory:nfi (3) coDATA20185
(3)
HoAr sz iR 22 I B /NF RIS IR E, i) — M iR%E
K AT CODATA 2018 #7219 i T Hi gy 242 A0 HE
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UNEER TR (o ~ 1/137) BTG EURIT T -
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FErfr B o2 108 1 5K A AR i 8- BUAS T BRI DL ) P

S (LR FE 000 e 1 7 s 2 1R AH
XHERED, E™ J&ma™ i) QED BIE, Ene &5
TRV R oTRR. H AT, N A 535455 Hylleraas
FEPREL, X TARIRFL SRR NS RE B, WOAGFE ]
I8 10730 FE A H R P2 AR HAAEIES LI B Sk [
Breit-Pauli I3 % il f, Zhong 5 032 FLAR Z [y
BIETTE 3T Hz B2 8 & WK . Aznabayev
85 B3 T 2019 SRR B & A FE 4 T A 24 1Y
R, WAHE IR BO) JEF QED R0, [
HL T HBE . L RCH R . B AL FITEE IR 32
e AEH, Horh DUREXT 209 (Bethe logarithm) (1911
AR NG E TS P U XEEL. Korobov Fl Zhong
S B3] 3 A Sy S T DU RO TR, il
EO B IET RS B35 5 10 Hz 2 4¢. QED & I1E5
EO 41 & mal B AH X5 18 AR 5518 1E . 2007 4
Korobov #l1 Tsogbayarl % i BO T Lil & T
ma® A XIS B IE, FAE B P B T kHz 2.
ma” Bt QED B IE [R5 L H RE . L SR
i HLAS AR ATE RO ¥ A VR, b i1 F BB
#1431 $5 AH XT38 D1 R X BLI0 (relativistic Bethe
logarithm), H IS FIECE 1B H BT R T S5
F . E S FETMEETF. 2014 4, Korobov 4§ [19:20)
ST A5 BT HDTH ma” B QED & IEHIE,
HUHKE TR T ED, K HDMEEZ (0, 0)
F| (1, 0) Ay BRIE M0 28 BRI 0K B2 42 55 3] 4x 101
2017 4, Korobov 45 101 % & T maS fir 46 #41& 1F
IEERITFE T ma® BTk, i — 206 HDHHES
BR AT (0,0) — (1,0) By BRI 40 % HLI5 RG 1 42 & 3
7.6x10712 2021 4, M fITHR P CODATA 2018 #
TR BOE BT T WO AUR e (E 1.

23t 20 ZAE R KR, HDHREOGIE I O &
s E R BHRTC AL T ma” B QED EIE
MRS, IFXF ma® B QED B IESEAT T
BRI, HEMCE —4 mab Flma™ By QED B1F

F* 2 JET HDHPORIR RO PR BRI I i 7 Hh o B LU R =2 LA 1)

Table 2.  Comparison of the combined mass ratio R determined from the measurements of different rovibrational tran-
sitions in HD* [17],
A0y PRl T R AHXT R 2E 513
2020 (0,0) — (0, 1) 1223.899228658(23) 1.9 x 10~ 11 HHUER!
2020 (0,3) = (9,3) 1223.899228735(28) 2.3 x 10711 VUl
2021 (0,0) — (0, 1) 1223.899228711(22) 1.8 x 1011 HHU®
2023 (0,0) = (5,1) 1223.899228720(25) 2.0 x 10711 HHUI)
— 1223.899228642(37) 3.0x 10711 T P06
— 1223.899228723(56) 4.8 x 10711 CODATA 20187
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+ E7{2L” (I sc) — 3[(L - 1) (L - s¢)

+ (L se) (L 14)]} + Es{2L* (I, - 1)

=3(L- L) (L-1a) + (L - Io) (L - T,)]}

PR -S(@ 1) -3 L], )

X LR SIE M REAT, s, I A I 7352
F B AU H O B AT, (B} &EAS
AN LE R BE SRR H 3 2020 4, Korobov 45 48] %

RTAETERE ma® BroTEkig HDH HY HOR 41 8%
e, JFHE T B &5 SRR, Karr 45 1)
X HDHY E, 1 Ey #4771, 3] 2022 4, Haidar
45 B SERL T HD 1 By, By, Br ma® BikemaT In(a)
[ilpan=M
HorF B HD IR 45 1 3ie O 4 4 e
F maS B QED RUNL, BR T Ey F1 Ey, AHN A £ (E
THEARIEASE B, SR, T A i EEiE 3 i Korobov
BN SE %, St = Al Sr B RUE. BLAk, MG AN 2
o B8 5 50 06 25 R Z RV — o 1 25, B,
Patra 55 24 ¥£ 2020 4E#£47 17 (0,3) — (9,3) IRELER
TR AN 6, e B rh R S RS A B 403 S 2 RNl
T H SIS E Z FAEAE—E A D 22
it theo-Koroboy = 178247.7(3.3) kHz, (6)

fotsoxp = 178254.4(0.9) kHz. (7)

MBS E T ma? B Y Breit-Pauli M 251
ok, AR, FEA—4F, Karr 5519 8T F|, E,
N Es, F3RA5 T HES(E:

Sifs theo-Karr = 178246.4(1.8) kHz. (8)

AT LUE Y, 7575 1R o3 A A 8% 24 2808 mal By
IR, PRI S0 2 A A 22 1A I8, BT
A K. 2022 4F, Haidar % B9 5858, T By, Eg fl
E, FE B ETTR, KBS 5 S5 2 ] 1Y)
M ZEATISRAFAE.

A FEFIH—AEEWFEMEEHT, L
KA HIS %Ik F5 HDZERL. HY 5 HDZ
] B DO T 1) B Ry B g R 1/2, A BA
HL DU AR 2) Hy PSRBT, A%
ot FRbE. e b, 1 RS 0BT 2400 SR 2
HEAJ DL B

Hen (Hy) =

be(I - se) + ce(L - 8e) + ei(L - I) + di{2L*(I - s¢)

= 3[(L-I)(L-se) + (L-se) (L-I)]}
3
2
9T 5 HD SRR R IR — 2, X L
¥ dy A dy L) 3(2L — 1)(2L + 3) , LME- 5 3k [51]
TR E CAHPCHED. L& HY BE M sh R EAT, s,
H I 53 RS B RIS BT 1Y A BESAT. bp S
T HIES IR A e Z 1] 4 fl AH B AR &R

+d2[L2I27 (LoI)fS(L~I)2}. 9)

203104-4


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
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. 73, No. 20 (2024) 203104

co T cp 232 HL T RN R A% A e -5 i £ 3h
2B A - AR R, d) S TR
TR ZIE Y A E- A e BAE ok R4 d, 2R
T Z A1 A E- A BER B ki R 5k 1969 4,
Jefferts?? 3/ o AT SCI0I & T HY 1Y 30 558
R 20 B AR BRIT 126, A5 A3 1.5 kHz, X 26
WS TR BT v =4S MR THL =
1,2 BAREEZS. 1992 4F, Fu %5 63 A Hy A LA 25
HRECT HY B33 (0, 1) BYEDRS 408 20 280, K
JEh 20—29 kHz, 3 Jefferts AU L5 RAE T 11
B . 2004 4F, Osterwalder 45 Pt )\ H, A H
TR T °HY #3074 (0, 1) iR AIEF R R
. 9K, 2004 4F /) LB 45 R AE bp LIRS L LL
1992 YL RAR T 1 D EEE, M E R, E
ZIAAFAE 0.2 MHz F R 2%

H M Jefferts 7£ 1969 4 % AT 1) 5L 56 25
DK, VP30 TAESUT TR Hy 1R 41454
B ELS LT BO ). Lukel! Fl McEachran
A5 156 7 20 20 70 AT TR S B A A A HY
REL SR 24 1 MHz. M 1991 4F %)
1992 4F | Babb Fil Dalgarnol*4! gt —2& %5 [& T 44
PAEIE, (HHLE 5 5056 2 8] 1) 22 MR — 250N, il
WrE (0, 1) &1 by MWZEREDF] 50 kHz. 2006 4F,
Korobov %5 PU i YR FHAE BO i LA BRIS, 41
FIE T Breit-Pauli A IEAHCHIM TR, (i1 55
e R W22 2 50 kHz LA F. 2009 4E, Korobov
SBT 28T bp (4 maS(m/M) By QED &8, K3
WS AR 5 2 2—3 kHz, (H 5525645 5 B2 517 1
6—9 kHz MY 2=. ELF) 2016 4F, M1 EH M T
JIA maS(m/M) By ) 5TER, RIT —A Z A A A
(5 5 A% 32 ShAH 56 9 B e A6 1 0 B8, 7E i
— B R (W ma” B B E - H BER A
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FHIL:

Ha Ta X P
HesgN(4) — a a c

B cdg
ml, 3

__HMa |:1_Zamp1a:| "“aXPa.
Maly Malla

X HLE AR N7 s A

I,, (41)

3
Ta

3.3 ESMHEILE

TERAS AL R, LT FRES R F e A A
HARHIA L 1 e S B A AR A O R
TR R . O 14 o RS 40 B 2L BB B, A A
BT P IE.

3.3.1 wFAR-FEAEAER

FL - [ E- 20038 RH B FH %) 8 B s S OE LA FR
+ B W B AR IAE ma* By 1 Breit-Pauli
ne R, BRI (12) 200 (13) =X

L [ - FUE A EAE B ma™ BrAEX S B IE
Al LL i NRQED #ig S i, 5 B il = 58 4%
A FEISHESL. 2022 4F, Haidar % B9 45 tH7EHL T B
Je-LTE A B AE H maT B & IE 5Tk 5 K ) 00
Ema na. Hr, 5 —T{ A NRQED 1y FW
(Foldy-Wouthuysen) M % il 5 H1 (%) ¢, REL S

AT ey, FECS 2N TS AHE R (W3R [59)
i (29) 2N), KK

Uy, [Pe X 410 (7T4)Pe] - Sc -

b

Z/%J:Fﬁ:@, ma” In a I — BB 1 S8 500G 2505
wHN

4« la

so(7ln) _ =% -2 b — =

Vea 3n In (@™%) U, 3n

FiAh, ma” Ina B B R STk ok

AES(T — 2<H:3(4)Q(E0 — HO)_lQH51H>, (42)

Horh g o B BAE maS B fL T -85 M A
M B e iE b, B4R (35) A (37) R
BCHL 5™ I oS B S8 IE H AL In(a2) T
4

H°M = 043% In (a™?) [Z46 (ra) + Zu6 (rp)] . (43)

In (a™?) Uy, -

3.32  wF ar-RTHaALERRER

L A e A% 1A BEAH B F A bR S 30 15
B IE T2 o S A T0 6, Bl ikl BAE
A THAEAR XS B R E P 7 5 R P E A L
FPEJ7, IXARBTE 2K 6 pREUH B .
I, HL - A -S4 A R B AR R B Y v By
EIETT Dhid o SR oL, TR 4 2 )
g iRs. BT AR AL P QED & IE
e TV (W Sk [49) T (3)—(5) X)), Bk w]
DA RIS ZRoK S AH N R 5, IF N B S 0 F
BT AR s BRI .

e S RS 1 RS A B 1 SRSk T PR
PKAELL (Fermi energy )™, 7 [ B v v il v
e

m 21 +1 (1 m

8 3
By = - Z%0%cRoo i — 7)
P gl o U)o (44)

Hrp Z 2 F B, MRR PR, oot
B, Roo & BAEAEE L, pn VA i 0B )R

ON THi 5 i 28 P (L Sk [59] iy (27) 20), Hi&s MR, TR F# Al AL X —REZUE ma?
UK B LT - DR A% e AH BLAVE R bR B 0 A SR T
7, FEAS I PTASHERG 4 8% 2435 2 [B] (0 RB 1 22, HH N 1Y)
Uet = Gy Pe > 410 (re) P = PuoAmd(ra)pel e gy i gt o075 7
|
3 5 a(Za)? 8 8 281
APEns (QED) = Ep{ne +5(Za)*+ (1n2 - 5) + % [ ~ S In%(Za) + 5 ln(Za)(ln4 - @)
O[Z(ZOZ) (4)
+ 16.903 772 - - } +0.77099(2) —— + D(a, Za) + - - } : (45)
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ot o Br B 1E R B 24528 O 0677

DW (a, Za) = g (Za)* + a(Za)® { <5ln2 + 4—87

2 2
Lo (nZza) [ 4
AW E TEERK Za 5Tk, 7 (Za)® B
IEHE —2.102(3) i,

BT QED BIEZS, AA1E R B IE, 4
15T R B E AR R A5 A 1 (7707779

AEs = AE; + AEX + AE,,, (47)

Hrp 85— I AE, J2 5 28 E iR Ry I, 5 A
Zemach i (GLFEFRGHEIE )E081:

AE;=—-2(Za)m(1 + 6§r, Br~40x 10 5 Fg, (48)
X HL o8 = 0.015, 7y 42 BT 1Y Zemach 42, 5
T AER =58 x 10°5Ex (3% 3CHik [49] KX H 5]
) WG (Za)(m/M)E: By . (Za)?(m/M)Er Bt Fl
a(Za)(m/M)Eg B 09 ¥ B i iR 5818 1E . 5 =T
ABEyo BIEFIERAIEIE, BRiA AT
B4 L 1.88(64) x 10 S ER™ Fl 1.4(6) x10 6 B8,
IR EF B EN e AGE TR, R
BT WA FTAE. BT b —A
RS HL R R AR R ge, HAZ A IE IE TTER O 240
1079 B 83, - H BB IEM EZoRIE. [FIR}, Zemach
B IERI RN R —100 x 106 B B4,

3 A R R ) A A B S S U {E Fhugs (exp)
ik 240 QED & IE Fin(QED) = Fy + AEy(QED),
AT LAAS B A0S T A AR ) o

AFEp(nucl) = Eyg(exp) — Engs(QED) . (49)
it IR PR BRI, W] LRI %8 1E
TRFR) 250 (L SCHiR [49] TABLED )

A Eyg(nucl) {_32~616 x107%, H, (50)

B 138.256 x 1076, D.

R TR ESFE TR AR SR A
JREAH EAE B pR S 0 S BB E, P LATE SR B0
THIPOKRRR G E R (B T R o?):

it m

Hy = ?M—pIuMé(r) (8e-1). (51)

BANRAT RN T 218 TR 4B 2 ma* B
HLF A -5 ST A% A BEAR AR FH A s

-3 In? (Za) +1.278 001 - - - In (Za) + 10 (2.5)} —1.358 (1.0)

) In (Za) — 2.102 (3)}

ad (Za)
\
o = ) (s L) . (52)
3 M,

5 (12) XF (13) XA 95 5 WA L, (52) AL
LT B2 pe/m = —(1 + ke) . ZREE —TiH]
g (52) 3, WEE I ke, R TR TS A0
QED Hig s —ui, 2% (45) . AR
MEFZE QED B IE MM 15 ma® Pril 7 AIES
ST A BERIRR LI Vs A AESOS) MR, 1
UL (30) A (31) 2. H A& B8 IE & 1E SOk
[49] Hhag B ok, ELR Wz SCEk R Y (12)—(16) =X
A1 (31) =

Ve = (2 J)atvan.
pa(Za)?nt(Za) _ _% In? (0) a3V (54)
Vo) — 0,767 x 1076750 | (55)

Vime) = —32.616 x 10~ V0@ (56)
Vb — 138,256 x 100150 (57)

(55)—(57) A Z W T MM TTRK. (55) =X
R A R DTk R, R K TR a(Za)? In(Za)
W, (45) AHEE ARSI TE (56) 2XUF (57) =X
Hh, AR R BT R (Za)? (m/ M) B 89, 3L
AIT TTERAE A% B 2 L. R, T B SR
AL AE R A = B 1R 22, Rl HY A AE 4nEY
SLZH bp VU HD G 0B 2L 250 B, M B 1)
EI B IE SR 2

AB 2~ 0.93 x 1070V30W

AE™ ~0.93 x 10757300

AESM ~0.93 x 10767504 (58)

3.3.3  ©F AR TH A4 EAERKEDR

Haidar 4 9 §8 1, NRQED H&1#) ma” In(a)
I A5 R B i AN e 1A e SR B T, ME—
A TTHERITOE B T g i
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S =2 (HVQ (By — Ho) ™ QH™) .
4 BERBAFRBETEMER

4.1 HEITE

SRR T3 TR %3 0 PR AE ZR I A8,
H AP RGeS Eq FIE PREL Wo & 38 1o A8 4370 5K fif
AEAHXHE B B T PR A1

HoYy = FEo¥y, (59)
2 P2 P2
Hy=Le p “o L0 Ly (60)
2m = 2m, 2my

Zelq n VA n Zo Ly, 7
Ta Tp R
Hrp Hy 2280 B AEEXT ISR B, Vi
PECH, o M0 I FRR PR T, th THEC =1k
(] RBTC L AT SR A, Eo N W 387 il I AR ik g A
Hylleraas & pR BT HUE A, BRI v 210
SCHk [27-29).

B AN EF 2L QED & 1E 1Y 55 R0 G 56 0l & 1) —
Ml il AFEZ B R BB - T3 — T Re 1Y
SEAT R B o0 AT D ok figp B 4 S R A BT 001, B SR
FrATREEA A1 Sk, PR 2 A AT S AR5 1900, f
R XA RIUEC S ER O PIVAR GRS 7/ Bl v N Y P €1
FRAY. SEPRT SR B, B A iy A& B BE % AH B A%
T 7. HRS 4HE¥ 24 QED & 1E /Y B A& 1E 3 ]
PIKH Dalgarno-Lewis J5 i iE 471148 91.92),

SN S ¥ S B R s R S | I 7 e )
A LRI T SR TR O TR AU TR A R Ak
R R A B 2R B BAR T L, AT S S AL RN
BFF3 A2, 3 G VT ROERRS AN BT 435 SR S i
(Y HE B T IR R B A T X0 FR Ak, AT AR AR AH 1L 1 A
R BT I, T 0L T 3

V =

(61)

4.2 Hi BIEMEN

Hy KA RZE0D, be, o M1 d) AEUAE
R = A F8L, SR B 240 R oRTE. AL
2T, HAPIAZEL ¢, 1 dy MU T BSOS L.
BT bp 255 WL TSGR [49] 1922 II1 P, 6 T (v =
0-10,L =1,3) IR A, HiR2ZWH R 0.7—
0.9 kHz. ZH ¢, Ml d; 1Y e 25 5 00 43 51 51 F 3¢
ik [59] B2 T AR TV o, Horr e, AA (v = 0, 4—6,

L=1)M(v=0—1,L=2) %R, =2 0.10—
0.15 kHz Z[a], 1 dy WA (v =0,4—6,L =1) 1Y
g REEVERIN 11—17 Hz, B8 ¢ F1 dy 735505
N TR AZ ) A E- U A E- H AR B AR H 3K
T, ANE E T ma? By i) Breit-Pauli B 2510 &, H
W2 O/ N T HAL = A R EBUW R 22, B, XA
ARBATEEHEENRN. £ 35 T —efRi s
B R R 2B L R B P (0 = 78, L = 1) IREE S
HATA bp MEIREHE, 1 ., o, d Al dy MAKA
R KRR, TEFE IS, 1969 4F Jefferts SCH
TR ARG i 5 (9) e AT AN

Heg =b(I - se) +cI?sZ+d(L-se)+ f(L-I), (62)

Horble b T A% A TERAR AR R 5K REL 4,

It G130 REL ¢, WA 5 WA IER. X HAY

FH05 (9) X RECZ BIFETE DT e o &
b=br—¢/3, ¢c=dy, d=c., f=c. (63

1995 4F, Babbli6) %} Jefferts i 5256 80 #4717 &
B, FE T, BUMH, RiBRE] 2 FARBCF, =
254 1.5 kHz, HARZERILE 3.

BN, R G AR A R A  EORG 20 B R
FH, bp WSCEORS B e, IR TE JE ma® B I
B OO0 I s B 1A 2 RORGRE 0 AR 3 0]
VI, bp RBMSES SR EAMAT S, MRIE T
KT ZE bp WHEIRTE A T B TR 45T 2P Y
TERAYE. A TR b RUREEE, BRIR RS
fE‘: ma’” IKJ/I\E:E ma® FJ/I\EM'%IE %? Ce %ﬂ d1 %é&ﬂ’]
ma® B L & ma” In(o) B & 1E B BF5E 2 B Haidar
0N SERK, AR (v =4—6, L = 1) RS EUETT
BT o M dy BB, R mat BrELEE 58
R0, IF HISE SRR EZ MR EC 2/ T
SLH iR 2E B,

XFHY, TR s &G I %, H
TR A B SRR KR b BOBUE IR, T LLE Sk
HL T EIE s, 5T 4% A IE THb&, 15258 A e F.
R, BHIE F RS8P0 M LG, &2
S J

I=IL+I,, F=I+s., J=L+F. (64)

ARIEIFAAH A, AN ST AS AT REAL T AR R AY
HTA, (AN A B R S BRIk, ST A
ERR SIS, EATTAY L A e TR 108 0, XEERE
EANTHEE S T RBOR ), DY S A BE A 3l
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L SRIFEARERL. 105 PS5 FOBEAH R, e AT

L+1
Bu (F=1/2,7 =L—1/2) = _%Ce,

SH R TR TN 1, RN M AR, &

s L35k, Karr 25 931 7F 2008 4E45 11
THS fashwe S50 (1 F,J) W] REEBUE, 1RILE 4.
I, AT LU |FJ) K37s HY ARG AnEE 2428500 3l

L
B (F: 1/2,]2 L—|—1/2) = §Ce.

X TR THON L = 0 U3, AETEER A8 2L,
A —AREG. 2 LEarfin, 24 6 Mgl

(66)

EURAL. H LA, T =0, SRR0E T T

HA AN

ZEHS N, AER R A AP B B 2R

JHE B IS

7 AR

|F =3/2,J = L+3/2),
\F=3/2,J =L+1/2),
|F=1/2,J = L+1/2),

ths:ce(L-se):%(Jz—LQ—sg) . (65)

(67)

9, 3

£33 HF SRR ERE (9) IR OB R B, B0k KHz, AR I T RIS, BS R IE. 4 F

dy TFEFRLAF T 3(2L — 1)(2L + 3) A5 3CHk [51] thAy{EITAL
Table 3. The hyperfine splitting coefficients in the effective Hamiltonian of H;r , as appeared in Eq. (9), in units of kHz.

The first line of each rovibrational state is for the theoretical values, followed by the experimental ones. d; and d, need to be

multiplied by 3(2L — 1)(2L + 3) to match the values in Ref. [51].

L v b Ce el dy dy

1 0 922 930.1(9)* 42 417.32(15)" ~41.673¢ 8566.174(17)" ~19.837¢
922 940(20)5 42 348(29)31 ~3(15)5 8550.6(1.7)53
923.16(21)6

1 4 836 728.7(8)" 32 655.32(11)" ~35.826¢ 6537.386(13)" ~16.414¢
836 729.2(8)152 32 63607 ~34(1.5)° 6535.6152

1 5 819 226.7(8)* 30 437.80(11)" ~34.148¢ 6080.400(12)" ~15.531¢
819 227.3(8)P2 30 42102 -33(1.5)° 6078.7552

1 6 803 174.5(7)* 28 280.95(10)" ~32.385¢ 5637.627(11)" ~14.633¢
803 175.1(8)152 28 266052 -31(1.5)° 5636.052

1 7 788 507.5(7)"
788 507.9(8)6 26 156652 -29(1.5)° 5204.9152

1 8 775 171.2(7)*
775 172.0(8)P2 24 08002 -27(1.5)° 4782.252

TR A S BB IR TR, Sk [ SCHR[49]; P AL S R BB IR BTIR, Sk [ S0k [59]; © ORI mad MK Breit-Paulifg 545 (1 51k,
IRZENAHRETLL o ~ 5.3 x 1075 | 2k A CHK[51]; I UTE LT ma?* By i Breit-Paulilfs 80w 1Y STk, 1522 0 A W (B 3R LA
a? 2 5.3 x 1078 | 3 [ 3CHR[30]; © i Babb T 19954E F 3 L& SC U AR 3515, Sk 1 SCRHik[46).

F 4 HY TERRENEEhI A LR, WRERA MORIRLE B e T80 F RUE A S T80 T IME. n R AR R AR 408
ZEMEE , WS [93]) & 1

Table 4. Possible values of different total spin quantum number F and total angular momentum quantum number J that

H;’ may have under specific rotational quantum number L. n is the number of corresponding hyperfine splitting states, see

Table I in Ref. [93].

L 56 I F J n

0 1/2 0 1/2 1/2 1

1 1/2 1 1/2 1/2,3/2 5
3/2 1/2,3/2,5/2

1 1/2 0 1/2 L—1/2,L+1/2 2

¥ 1/2 1 1/2 L—-1/2,L+1/2 6
3/2 L—3/2,L—1/2,L+1/2,L+3/2
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\F=3/2,0=L—1/2),

F=1/2,J=L—1/2),

\[F =3/2,] =L —3/2). (68)
F1EB/ART L=1fL=3FFEL TSN
SURTEKE, L=10{0A 5 M HFEEFRE. @il
A FS T AU B i Her A IETT, 15
Bl Hegr 70 ERS 20 BF 2425 MO0 [

A0 0 0 0 0
0B C 0 0 0
5 0 C D 0 0 0
HS: 9
i 00 0 & F 0 (69)
00 0 F G 0
000 0 0 H
Hrp
be L
A=+ 5 lee+2e— (2L~ 1) (2d1 + dz)], (70)
b L—3 1
B—5+T(Ce+201)+§(l’+3)
x (2L —1) (2d1 + d2) , (71)
L(2L+3 1
Czﬁ(%_q)_f(u—l)
3 2
x /L (2L +3) (dy — dy) , (72)
D:be—g(cefllq), (73)
bp L+4 1
5_§—T(Ce+2cl)+§(l’_2)
x (2L +3) (2dy + do) (74)
L+1)(2L -1 1
7 VLD ) eom o)+ L 2L +3)
3 2
x /(2L = 1) (L +1)(dy — dz) , (75)
L+1
G=—br+ 6 (06761)7 (76)
bp  L+1
M= - %[ce+2cl+(2L+3)(2d1 +da)]. (77)

TR, R Z AT E L, T2 d F dy LI R
$3(2L — 1)(2L + 3) , LAS3GHR [93] 1 (12)—(19) =X
PRFE—30 BAh, AEXT A TTRE RN T B A Bhit JAH[R]
ENSNEN A NEEIEN

H RS 20 B R4 380 1 W] LA o % A Ak e
Hug 3615, 32 5 M T HRS 4H5F 2478 2 (R BR A4 %
MESAEFISEI(E, A 1.2—1.6 MrfkiRzEl
Bl A — 2. T REAY R 22 R 2 ¢, REUT ma™ B1E

AR AR RS R P A AR

i LRTR, Hy HURTARES S oL T R AL bp
A C 242 A AL, (BT ¢, M dy BT
DA B 5 SR A R — BRI L, 7T AT 2
RSB A E-PUE ma” BirfE b AR £

J

3/2
F=3/2 5/2
(v, L=1) 1/2
3/2
J
9/2

7/2

5/2
3/2

5/2
7/2

1 ANTETHSRES (v,L=1,3) KB40 5 2
=yt
Fig. 1. Hyperfine structure of hydrogen molecular ion H;r

rovibrational states (v,L =1,3).

4.3 HDBFEHELEM

HD KB R BT A TR 6, Hrp (U
TS ¥ KIS (v, L):(0, 0), (0, 1), (1, 1),
(6, 1), (0, 3), (9, 3) HYZE S, HD RS 40 BF 2 &
$4 Breit-Pauli P52 i 119 5TER 7T 2% 5| 3C [47] 11
TABLE II, Hrp 8l e K =4 R85 E),
E5 F1 By, 43 56 b B F - F e BAE R Y
P I, L E BE- ST AR AR FH 04 1 R
L [ -5 £ i A BAE . k2 B Al
B, o B N TR L, SRR L A E- T
T B AH ELAE FH ) 5K 2 500R HL T A - A EFH
HAEF R kT HA REL By, B3, Ex F Ey L6 B,
IN A EHRLL L. B ) mal ERSAT T A Korobov
L HAVEZ SR, $EUL513C [48] ) TABLE 111 E,
By 1) ma® PHEIETHA B Karr 5858 1, 7051
X [49] B TABLE V. E; il E; fima® Fiflma’ In(a)
K QED FREFAH Haidar 255258, FEWLE]SC [50]
) TABLEII MITABLEIIL E, fma” In(a) B QED
TR ZE RG] F5]13C [50] 1) TABLE L. 4 6 i85 1
THREEAS (1,0) MRG0 BT 2 A E-H0E M gh A0 b
VEFRE G 2B By, B Ml E; B2 (E. XX =4
A SLRE SIS0 IR 2575 2.0—3.3 FrifE 2
PN, JE T BHE L
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*£5

HY 7RG (v=4—8,L =1) T, BRFAEFAE (F, J) Z BT FRBIE S I A5 R K, S MHz. 5

—A714& Korobov &5 P8 157 (Y BS54 — AT AYSEIR(EDR IR T SCHK [52]. X T v = 4—6 FIBRIT (1/2,3/2)—(1/2,1/2) ,
HBEC T 2022 AFFFRVEHT P, ARRL A SEIR B A 513C [94]

Table 5.

al state (v=4—8,L=1),

Comparison of theoretical and experimental transition frequencies between hyperfine states of H; in rovibration-

in MHz. The first row shows the theoretical values calculated by Korobov et al.l’8; the experi-

mental values in the second row are from the Ref. [52]. For transitions (F,J) = (1/2,3/2)—(1/2,1/2) for v =4—=6, the

theoretical values were updated in 2022/, and the corresponding experimental values are cited from Ref. [94].

!

33\ _(35
2’2 272

33\ (31
2’2 272

(23)~(52)

(23)-(2)

33y (13
272 272

4 5.7202 74.0249 15.371316(56)* 1270.5504 1276.2706
5.721 74.027 15.371407(2)" 1270.550 1276.271
5 5.2576 68.9314 14.381453(52)* 1243.2508 1248.5084
5.258 68.933 14.381513(2)" 1243.251 1248.509
6 4.8168 63.9879 13.413397(48)* 1218.1538 1222.9706
4.817 63.989 13.413460(2)" 1218.154 1222.971
7 4.3948 59.1626 12.4607 1195.1558 1199.5506
4.395 59.164 12.461 1195.156 1199.551
8 3.9892 54.4238 11.5172 1174.1683 1178.1576
3.989 54.425 11.517 1174.169 1178.159

2R A 51309 RIS P ok A 51 3C[94) ) SE5E.

#* 6 U R HD YRGS AL, S0 kHz. IRFEES (0, 1) RS B, Es M E; SX8{E (3£ =14 H) i Haidar

252 150) J\ SRR 23 PP

Table 6. Hyperfine coefficients for rovibrational states of HD*, in kHz. Experimental values (the second entry) of coeffi-
cients Ej, E; and E; for rovibrational state (0, 1) were extracted by Haidar et al. in Ref. [50] from experimental data(®.
(v, L) (0, 0) (0,1) (1,1) (6, 1) (0, 3) (9, 3)
A 31985.41(12) 30280.74(11) 22643.89(8) 31628.10(11) 18270.85(6)
31984.9(1)
Eyl17) ~31.345(8) ~30.463(8) ~25.356(7) ~30.832(8) ~21.304(6)
E,4 —4.809(1) —4.664(1) -3.850(1)* —4.733(1) -3.225(1)
E) 925394.2(9) 924567.7(9) 903366.5(8) 816716.1(8) 920480.0(9) 775706.1(7)
pAL 142287.56(8) 142160.67(8) 138910.27(8) 125655.51(7) 141533.07(8) 119431.93(7)
Eg50] 8611.299(18) 8136.859(17) 6027.925(13) 948.5421(20) 538.9991(12)
8611.17(5)
E, P 1321.7960(28) 1248.9624(27) 925.2072(20) 145.5969(3) 82.7250(2)
1321.72(4)
Eglt] -3.057(1) ~2.945(1) ~2.369(1)" -0.335 -0.219
Ey) 5.660(1) 5.653(1) 5.204(1)* 0.612 0.501

T RIT kT, A SRR T

XF HDT, ok AR B R AR MO T
5 #9 A Jie- A AR EAE AR R By, HUCOR T
5T FE- FURER FAE IR 300 B, hiFL 5
Jie- B TE AR EL AR H BT XS LA R B B LE B/ 5 A7
Pt o0& B A Sl i T U

F=s.+I,, S=F+1I, J=L+S§. (78)

5 HS B0, SFFIRES (v, L), AT H AT REAY
KEANEF RS | FST) (FEWLER 7), 115 HD 155300

Wi (5) BIFEREIT, SR 5 XA M AT A, B
AT BRAGAH R PRI A (A B A A0 B 2.

MFE 7 HET T, — A HDHRTE S0 24
KEAnEs s, | 2 J& HDHREEZ (v, L > 2) RS
YRR, M L =00 4 MEBRAEFAE, 7
FIXERE (F,S) : (0,1),(1,0),(1,1),(1,2) 5> X4 H—
ARG AN B S RE DL, L= 1H 10 S HE
B, Horh (F, S) = (1,2) 8328 L > 2y fE /b
TJ=L-28J=L—1W ML L>2
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AT 12 ISRRANEY 2, WLIAT 2. %5 1 2 e e S 2Z ) i i 2578 2—5 INAREZE Z [8), R BRAT
AF =0, AS=0H AJ =0,£1, FIMREEAN S IS 2 (8] A 22 KT 5 MRifEZE, Do

BRI BRA ARG A 45 . UL (v, L) = L2 RF] 9 AFRE2E. Haidar 4576 3k [50] s
(0,0) — (0, 1) sl ZRITERA 32 SHATANETR . J
F 8 BT SRR BF LRI AT 1 2878 i 5 P/ —
KA. Rl LI (A #8730 1) Al 22 b I
6 1 AFRUEZE LA, B4 (0,0) — (1,1) MG 0EF 2L e | osen i
12 — 16 [ ABREARF (0,0) — (0, 1) HREAIEF \ . I
19 — 21 [A] BRI AR AR - BRAT A 4 1 BRI Al r
(v, L)
R 7T HDHREEZS (v, L) WTRERA BB A IE M 3l
i FALEMBhE TRYE
Table 7. Possible total spin angular momentum F
and total angular momentum J values for HD™ rota-
tional state (v, L). F=0 S=1 §+1
L F S J L-1
Lo Fhne 12 SUNTE T HDAREEA (o, L > 2) BRI 41052
1 0 S
B
1 L-1,L,L+1 Fig. 2. Hyperfine structure of hydrogen molecular ion HD*
2 L—-2L-1,L,L+1,L+2

rovibrational states (v,L > 2).

# 8  HDHBRGABZERITIAR f; (IS IHASIRE AL, B kHe. fi; = f5 — fi, XB f BREERIT (v, L) — (v, L)
TG i ERABE A%, 255 SR (23, 24, 64]. Ay = 57 — Sl R SIEZ IR, oo = {[u(f5")*+
[u( fheor)|23}1/2 S0 5 S L2 I RUPRIEDR 2E, SXHL w(f) F7R fHOAIDR IR 22

Table 8.  Comparison between experimental and theoretical results for some hyperfine intervals, in kHz. f;; = f; — fi,
exp

where f; is the ith hyperfine component of rovibrational transition (v,L) — (v',L’), see Refs. [23, 24, 64]. A;; = f.*

7
fl?l}e"r is the deviation between experimental and theoretical frequencies, and oc = {[u( ffj’.‘p)]2 =+ [u( fl?l}e"r)]z}l/ 2 is the

standard deviation, with w(f) being the relative uncertainty in f.

i FSJ — F'S'J j FSJ — F'S'J 5 fiheor g, Aij Aij/oe

(v=0,L=0)— (' =0,L' =1) fi;" K[1313[23]

12 122121 14 100101 2434.211(75) 2434.465(23) ~0.254 32
12 122121 16 011012 31074.752(43)  31074.102(56)  —0.350 4.9
12 122121 19 122123 43283.419(54)  43284.10(12) ~0.677 5.0
12 122121 20 122122 44944.338(72)  44945.289(64)  -0.951 9.8
12 122121 21 111112 44996.486(61)  44997.14(11) 0.652 5.3
14 100101 16 011012 6939.541(66) 6939.636(42) -0.095 1.2
14 100101 19 122123 1949.208(47) 1948.63(11) ~0.423 32
14 100101 20 122122 20810.127(88)  20810.823(63)  —0.696 6.5
14 100101 21 111112 20862.275(79)  20862.673(91)  —0.398 -33
16 011012 19 122123 12200.667(41)  12209.994(72) 0327 4.0
16 011012 20 122122 13870.586(62)  13871.187(42) 0.601 7.9
16 011012 21 111112 13922.734(49)  13923.037(51)  -0.303 4.3
19 122123 20 122122 1660.919(70) 1661.19(10) ~0.274 22
19 122123 21 111112 1713.067(59) 1713.042(25) 0.025 0.4
20 122122 21 111112 52.148(6) 51.850(75) 0.298 2.8
(w=0,L=0)— (=1, =1) [} FHFIX64]
12 122121 16 122123 41294.06(32) 41293.66(12) 0.40 1.2
(v=0,L30) — (v/ = 9,1 =3) fi}’ FH5I3[24]
F=0 014014 F=1 125125 178254.4(9) 178245.89(28) 8.5 9.0
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W, A EIREE (0,0) — (0,1) (W3 8 55—&B4) 1Y
PSSR 2 [ w22 7T A 28X By, E; M1 B, 1Y
BRZERARRE. R, an SR R A LS R 2SR 26
FEBNERIE (0,0) — (0, 1) #EATRE S, WISk ERE
(0,0) — (1,1) A f 22 M 0.4 kHz % K F] 0.9 kHz.
Fioh, B alJa MBS IR 22 HY R o,
OIS I B S0 0 B9, Haidar 45 50 DA i 26
25 YA R SE I AR — B 8. A8
I, %F HAEj{UA Korobov M HLAEVEE T T A
T BTSSR, SRS AT T
(B S e}

5 & @

AR LRGN T S5 B HORG 40 25 A B
() % R IR AN IR, ARG NRQED Blit, 80 75
TG AN 25 F S AE L Breit-Pauli M 2501 i
fill EELKRIER] T mal Bk, IFEE T ma” In()
B A - AR B R DR A ERY
SRR HeAh, R AR R, B A
TE-JR T4 B iehn s 0% R E = B IE. HY
i 20055 24 R B0 DA B RS A B A B R 1 BEe 5
SIS SE AT A s, A7 HD RS 4055 24 BRI
H AR —E I 2E. SC S HEE 2 ] 25 57 0] B>
H 5255 77 1, 0T BeJE BT A E-PUE AH AR
B ma™ BrAEXHEmT U 2. BAR H A 24
SERGAH AEPEA TR SEHIESY, (HAR R) S 000 i 9 BRAE AN
JAETR], BRI A 2 A — BT A T H A I . 7R
PRV T, Ph7 A5 5 Korobov /N 9 45 F 2 AR
AL Ak, ARG AR 2 maT B SRR BTSSR
EA TR NRQED SEFLHY.

VERMRIE T3 TR s — 0, 0T+
FEEIE MR WE) TIREPRERRI SR, WH
HIEIE MSL IS RO E, MM — Lo AN RE MR
R ZE, T8 B DI A 28 P & 3 P B A 3
XA T T AR B b S 30 T 3 Y B R R

SRR AR Bt 58 2 S S O R R A R,
H R 27 B 2 I e R S BOR BB FTEBE (APM) S
oIS GO AR P B0 R DO 5 X O i 2 g ] 4~
R BB RSB E AT 8 Bl APM ZEHTHIFSE 01 | A5HEDT
FEGL | R SR BRI [ BB AR R A K I A
TG BRI IS

Mt KA AR A S ER A
Al —MRIRE R P
TSR (9) A (5) Kb, B— HBEMA AR
FHAERT B T — B 5. B A4 T LIS 40l w4~ —
[ sk B A o i A AR AR
uf") _ Iwi(”) . U(n) ,

Hrp n ARk E IR, T MEE 2 ek K L, Ut
VEFIE FE R L.

X TRk, o™ AT LA R Ry AR i v R
FEAEF LR ¢ . Ml Wigner-Eckart &3, £

(1) Dy,
o :<vL\m HvL>: (o7 oL ) @
! (Z|L|L) L(L+1)(2L+1)

A FHR A AR N S A 25 (R PR T AN ] 29 AR (.
TRk, Dhoag i E e SR A BEAE BAE A
TRERITUA B, T HBET A BT R Rk
ij (2)

31, ., . .. .
U}P:{sc@l}f’:5 5 (P 4 sll) = S (s D). (A3)
u

XET=1 +LERMET A B Wigner-Eckart &
AT HR T

(LeL)? (se0D)? =

n=12 (A1)

%\/g[(bse)(bl)+(L~I)(L~se)—%Lz(se-l)] . (A4)

T LAAS BUAR R P AT 20 B R R R

1 {(enln®er)

- 1
' 26 (Ll(rern)® L)

(vITPoL)
- . (A)
2y/L(L+1)(2L - 1) (2L + 1) (2L +3)

A2 ZHiHERF
A TETHRIES (v, L) BN R T — HidieE
AT I R — Bt

ABq, = <vLS.]M) (Ske - OF) Q(Ey
~ Ho)'Q(spr - of)

Horh o I F 355 1) % sRELHY kb, B AR 1T 295K B4
Ske 55 S A FH B B DR Bk, BYAS T 2 5K B A
[vLSJTM) &— N ai A A B A, Hh s 2 8 AT,
J=L+82AMAZNRAR. Korobov 7 3 # [48] 1)@
AR T QAR — A B S U A O R R 2k B R OR, [
T Pk H R R T 2 1 2 ) B AR BE S A I

=N
TR,

vLS’JM> , (A6)
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SPECIAL TOPIC—Precision spectroscopy of few-electron atoms and molecules

Review of the hyperfine structure theory of
hydrogen molecular ions”

Zhong Zhen-Xiang 12T
1) (Theoretical Physics Research Center, School of Physics and Optoelectronic Engineering, Hainan University, Haikou 570228, China)
2) (Department of Theory and Interdisciplinary Research, Innovation Academy for Precision Measurement
Science and Technology, Chinese Academy of Sciences, Wuhan 430071, China)
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Abstract

The study of high-precision spectroscopy for hydrogen molecular ions enables the determination of
fundamental constants, such as the proton-to-electron mass ratio, the deuteron-to-electron mass ratio, the
Rydberg constant, and the charge radii of proton and deuteron. This can be accomplished through a
combination of high precision experimental measurements and theoretical calculations. The spectroscopy of
hydrogen molecular ions reveals abundant hyperfine splittings, necessitating not only an understanding of
rovibrational transition frequencies but also a thorough grasp of hyperfine structure theory to extract
meaningful physical information from the spectra. This article reviews the history of experiments and theories
related to the spectroscopy of hydrogen molecular ions, with a particular focus on the theory of hyperfine
structure. As far back as the second half of the last century, the hyperfine structure of hydrogen molecular ions
was described by a comprehensive theory based on its leading-order term, known as the Breit-Pauli
Hamiltonian. Thanks to the advancements in non-relativistic quantum electrodynamics (NRQED) at the
beginning of this century, a systematic development of next-to-leading-order theory for hyperfine structure has
been achieved and applied to Hf and HD" in recent years, including the establishment of the ma” In(«) order
correction. For the hyperfine structure of Hj , theoretical calculations show good agreement with experimental
measurements after decades of work. However, for HDT, discrepancies have been observed between
measurements and theoretical predictions that cannot be accounted for by the theoretical uncertainty in the

7

non-logarithmic term of the ma" order correction. To address this issue, additional experimental measurements

are needed for mutual validation, as well as independent tests of the theory, particularly regarding the non-

7

logarithmic term of the ma’ order correction.

Keywords: hydrogen molecular ions, hyperfine structure, quantum electrodynamic (QED) corrections, spin-

orbit and spin-spin interactions
PACS: 31.15.aj, 31.30.Gs, 31.30.J—, 31.30.jy DOI: 10.7498/aps.73.20241101

CSTR: 32037.14.aps.73.20241101
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T8 PEFEFITRHEIL

T4 FET HDREHMNEENE

KEEn) axX W) HFxmEDV) T EH
TXEV MEEV EZEHT DY

1) ("h ERE B I R SRR AQUF TR, Bk 5 oY E R S s, B 430071)
2) (PEBFFEBEAY, dEE 100049)

3) (RDUEFHAMIRE, :IL 430074)

(2024 4F 7 A 31 HYHE; 2024 4E 9 A 18 HUEMERH)

M — BT — NI — T AU S 2 1 B T “HD Y R e S S AU T 1, A B
(9 TR B 3 R0 A0 1 IR B R i 2k 3 e D R A DI T S 6 O A R SR XS L, T S B B R
KisaehE, BRI BIe R, TR 1B AR R Y B R S H AT, HD A0 PR 5% BRE SR i
AR N R B2 2 E AT 1012 5 4, JF iy AR AT 1 24 10 e e R B Y 51 fR B BE, R 6K EE 35 B 20 ppt
(1 ppt = 10 12). ASCARMAZA T HFf HDHRFOLIE T IUR S HIS 15 5, Wik 72T Bet B 7 a2 &0 HD*
O3 B 0 R R BE AR G I i )5 s A4 Bet i 1 F HD 43 1 8 1Y 7 A 5 N A, HDHAM S8 A1 5 N 25
e, WAy PEC R R HDEH A a2, LS HD RS BRIT Y PRIN . Jg ), SCRE R B2 7 b — 20 488 i M3 )
R RE BOETE IO, BRI 38 S0 188 1 I IR B O 7 R SR F 5 v ) K g i 5t

KEIR: REOEIE, HD O TE T, hEH
PACS: 33.20.Vq, 67.63.Cd, 37.10.Rs
CSTR: 32037.14.aps.73.20241064

1 3

HD* 53+ B F1E i (A 5 R AU T4 1,
HARFEREHASFATTE 10 ms 2%, HHIRFEERIT A
e T R AZOBUR 5~ 431 HA ORI H B AR BRI HE
TESEH EREMS ARG = /0 R RS #OGIE. HDJr ¥
BT Rl — A AR =R RS,
P A BRAE AR 1T DL pR R = AR A S 1 i L )
Ji% 88 (QED) KE#fit . ik, HD o+ &+
B FE 5 S A5 G B A ) 3R R G
QED B T 4O A S R R

il

DOI: 10.7498/aps.73.20241064

HD > T T IR S e B -5 3EA R
KEALAFR A Y

E:Roo[Enr(NpeaNde)‘i’azF(O‘)‘i’Enuc(Tpard)]a (1)

HP, R, e faes 0 1y g 5390002 BLEEAF 9 4
Jot - HL B L STOR R T R BE L ORG A A A
VOIS LIRS S AR AR IS S G O E | 222D
WHERLT, AR SRR B M REZITRI; o?F)
& THXBBIE (Eq) FSHMEIES (Eqrp) Fi
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1A BRAZ R S & 1.
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BAEMAEH R, TR 1, T
TR pge. BT HUAT AR v SO 2R AR
rq FVREAIZE A H 0 o X 6 S IEA YR %05 HD*
O3B R I BRAE IR AN B B AH DGR TR 1
Fizs, R B H p,, XREE S BE R
K. L, HDor+ 8 IR B Sl & 45 5
RIS T AT LA A B b o o H o o LL 2

HD 8 F IR e it 1 BRIe 1153 ] LAE B
FPEASHE AL HT, BRI ER e BGE AL PL s
HD*+o3 T B T i T 338 1 so BHRFERE & ] Dlad i
MEKTHEE (ab initio calculation) 3845 Bl HD*+43
T E IR RE RS T LIS A 4 N850 1)
e ARSI By, FIIHAS 43 WA 4R
fe s AR S TR XA BE AT LLGAE 1071901 B -
APRFERE T A 0] LIGR F] 10 30 OAHXHE R 1
2) MXHEAEIET B, ¥ HD*4>F & i 3l
RE AR XIS AE 1IE A2 LIRS AN Z5 40 550 o BB IR e T
Ty, 7% I8 E] of WK AHX RS IE I, X 4R Bk
TEARRAEXRG BE 52 MR/ N T 10712 1 3) FRSHMEIE
Tl Eqpp, AERAE IEWORIE T4 A f 5 7 n i 7,
Al S R ELS R A XS QED MBFHR. B
JEFFE] o8 T, FRAFX RGN 1012 AHXTREEE B
4) ATERERIN B, X MREERIE T T BT H
TEHEH IR S T8 8l AT s R 2
A EAER. RS AN G 25 A

ifg 5 FEFE 0.1 kHz 52 Y. [# N Zhong 55 10-12] X}
HD 4T B T ¥ ik e i 19 A XIS A& 15 331 10) 5 S5
BRI M D H ERE 0 2 TR T TR, R 2
G TR /NGB HD MR sh 2225 24k o0
556 R (v, L):(0, 0)—(6, 1) BRIz Wk T
Wi, Horp o SHRSIE TEL Lo AL

£ HD* o188 R e & M BS540 1
RS A R B R, HD -5 TR EOLIg 2
IO FIREAR ) TR B DN . HD 501 B FHRFL R
IERYSC B R H 1976 4F Wing 4 12 R F HD+43
T T ARSI BRI LISk, 1 2 L4 D
AEEEAEANWIHE 5. 2007 4F, Koelemeij %5 M 1] FH Pl
e HIFE ARG 10 mK R HDrF B F, I
X HARFEBRAT (v, L):(0, 2)—(4, 3) BEA7IH. %X —
TR KRN T 2385 8 8 5, I 2 AT GRS
H2x1079, g5 A5 S QED g E T
Ji T HLF i EE. 2012 4F, Bressel 45 19 ] FH 06
T AR LI HDH43F B T I e SE A 28 il 4%,
FEXT (v, L) = (0, 0)—(1, 1) IREFZERITHATIN &, #F
SR 1.1x1079. 2018 4, Alighanbari 55 16 $2
i HD o F B e s B h R s shu F7E 1 pm
R, AR TR K IR R, EiE it A
T Lamb-Dicke X 3. fifiT#E Lamb-Dicke [X I
XA #6h 1.3 THz 1 %% g BRiE (v, L) : (0, 0)—
(0, 1) FEA7T I &, W45 89 6 3E A4S B 3.8x10710.

1 SRR HD 1 B T IRGE IR I3 JEE ) S [

Table 1.

molecular ionsl.

Influences of fundamental physical constants on the uncertainty of the vibrational transition frequencies of HD™

R Hpe Hde Y Ta a
YT AR AN 2 1.9 ppt 60 ppt 35 ppt 0.002 350 ppm 0.15 ppb
STURAR Sy B e 1 UK R AR ~1 ~0.1 ~0.01 ~107 ~10° ~10°
OB Yo A SR X AN A JEE R ~1 ppt ~10 ppt ~1 ppt ~1 ppt ~0.1 ppt ~0.1 ppq

: FHppm(part per million), ppb(part per billion), ppt(part per trillion), ppq(part per quadrillion)437|3&7~10°6, 109, 102, 10 1.

# 2  QED #HigH R K HDHREIKIE (v, 1):(0, 0)—(6, 1) £ 5TiHk

Table 2. Contribution of QED theory calculation of HD* rovibrational transition (v, L):(0, 0)—(6, 1).
$R /MHz BRI
Upr 303393178.0114(8) SARAEARXTIS R E 15 T R R
(O ~0.096(1) A FRALRL
Vg2 4571.102 59(3) Breit-Pauliift il AIAIXS iR 1E
Vns ~1 234.8136(3) ARIHE IE Gk I
Ut ~8.9607(3) 1 2B AR BHELE; BB AR IE
VUas 0.537(1) 3B B SHE IE ; Wichmann-Kroll 5TERT
Ung 0.003(5) RSB IE
hot 303303396505.784(5)
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2020 4, Alighanbari 55 7 3 2 5 57 0 Ak 52 50 %
F, AT (v, L) : (0, 0)—(0, 1) FahBRaT #:47m
i OERRTEEIR R E 1.3 1011, 2021 4, Kortunov
A 18 %) HDH 4R BRAE (v, L) : (0, 0)—(1, 1) £
Lamb-Dicke XN SEBL 148 =k BE N i, DG iias
FEIk 3.3x10712. 2023 4F, Alighanbari %19 ¥ HD*
SRS FBE PR R R E 1 mK, i
1.15 pm PR PR IR S A Lamb-
Dicke X3k, 345 T H A f = FAHRAF B 2.3x 10712
%48, Koelemeij /NH 7E 2016 4F S B % HDTRYZ
WRBRIT (v, L) : (0, 2)—(8, 3) By, JEilRs g A
1.1x10°. Koelemeij % 20 /242 HY HD 155 TR
OISR AT LIS T8 5 R A S TR ).
2020 4, Patra 5% P A RO EFTH 2551
J5 ¥EAE Lamb-Dicke X 3808 i X IR 7% BR AT (v, L):
(0, 3)—(9, 3) #EATIIEE, JEIRE IR 2.9x 10712,

HD 3 F B F IR IS % 7 i F i e
B E I A EE A W 1 FoR, B
T R BE B T RO LR B 2023 4 Aligh-
anbari &% 1] & () HD*43 7 85 F 4k % 615
R 1836.152673449(37), HAHXPKG A 20 ppt. -
9B JoT - R B o Ll R R B e A
YIFEF I (Max-Planck-Institut fiir Kernphysik,
MPIK) (75 T B (Penning trap) Hill+ [ b1 &
1 H E - R A 23 ) v R S P2, X
Pl ARG B — A 2R B — S Ty ok 1) o — L
222223 (&) 1 B2k, ot BT F i Lh s
BB R 3 ™ H S, (SR 2 N T
A.H CODATA (committee on data) 4 t BLA
HIGIENL (K 1 g a2 Br). 1 BHie HD* 5+
B ARE I ARG Y BT B LRSS R
6. K, HD* 43 55 4 BT R 25O Bk
REARTS 0T HL o i H R 4, SOPT X s 50 HAt
SEERIN gk BT TR . 4N, HD 43
FE PRI S5 A W BTFF B A R
(Y AF B LG A 3 T AR 48 QED g 5 [ i kLT
2030 1A H0AE . HD T3 PR OIS S5 X
L2060 P iR B EIERR SR T CPT (charge con-
jugation, parity and time reversal) XJFx{4:.

HD /3 & IR OIS IS 5 5250 1Y Lo id
ATDVHRI L 1A ). fEm e, —1 0
AAEAE I #  HE 8% 155, ARl 3R] LA
MESR S B R Yukawa #ATE 2 29 DA MG 26 H

AR AFEIR A
Vs (1) = hcag,NlNQM, 2)

Hrr ag, XNl BN ms (ms = h/(Ae)) Y
FIE B 15 FAE R BV E ISR EE A RUE B,
e 43 AR TR 2408 ) v 8 i L2, NV, i
Ny 53 SR A AR T A% 8L, r AR R PFR
L PR B AR — A6 58 HOR O 4 S50 50
HR A 2 5 W BE S X\ BRI AH BLAE SR o
A 3 2R 1 FH B PR ROk T A2 8 Ny AN NG (B
FAASIR I AR 2R ), O PR 4 R 5 (R
AR IR A 1 2 ) 358 P LA AR 265 0 g 1% B il
2k, MIMTAEAS [F] B B R TR S 1R ). X
F HD* 5 F B F IR BT, BT ARRIIRE &M
SR (B FE A ], )R Bk e A Az B[R] i 56
il g 25 it RS BROE MR 0 3RS, H TR HD+4)
T B F B4R B B S 36 5 A UL 81 55 b g s B
HINRAS, PR sk B S I0f 2E T 5 2 X6 N 26 R )
B LRR. aniEl 2 iR, Hy 437  HDVrF B F . )
i FA 3FRLT AN [R] BR K 1T BE A i 7 5 5 T
AHEAE FH 00 275 R g BR e 28 1 X (A X ]
9 90%) 26,

Hori 2016
Koelemeij 2020
e
Schiller 202(
[—
Schiller 2021 o HDHREE G
’—.? oo PenningBk iR
Seilr 202 o R TAKH
CODATA# )%
4.0 6.0 8.0 10.0

(myp/me—1836.152673) /107

Blo1 BT T o LR R

Fig. 1. The measurements of proton-electron mass ratio.

HD 5> 8 T IR i BE 5 i T3
AT R, 1E BT SR X LA R B A R RO
32 F|—7E PR JCHURBER 57 i F R
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2 JH BRI R R (1 R T L R L
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50 10 5 1 0.5
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10-8F § % W W, Dy 410-7
N
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3
g <
< = S
10-10F 8 109
10-11 F ; ses ] 10-10
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T 5 58 AH BRI 5 F0RD 7 1 L R 1200

Fig. 2. Spectroscopic measurement of H, molecule, HD* mo-
lecular ion, and antiprotonic helium constrains on the fifth
force of hadron-hadron interaction(26l,

AR Z— A 43 HD o1 B TR FEO G S5
H B — R BVEOR T %, 5 2 W 4 Be B 1.
HD 38 517 AR MINAE; 5 3 W5 400 RO
Y HNHY Be B 1 U AV 50 HD 01 B DA T 52 2R
HDARSRIAE S 5 4 A4 HDV TR TN
(il #5265 5 T PPN E TP R A0 HD
TETEERNINE, 6 N4 HD T E T
PRICERIT RO ERIN 7 3k; 5 7 W T HD'r 15
TIRFOCEARK BT TR 5.

2 BYWFEAELENE

AR LR TR AR DT ISE R AT 3 R, 23
L AR SR 127 BOEIHA 25290 MG g oSt Hy
TR Rk, TS Rl RE R T
B Z T A B TRyl A (DA i B RER R Y
BT SLg T, TR AT A S RE R T R B
25T FERATMAAN Hy, Ny, HyO, 2l #1981
A F 5k, R AU R, TR 2
HAER TP L, SR INAE S, OGS YR
T B TR A B TP, s R
(L R PR THBR S B, 2 T REAS IRt A 1
BF R IR B IAAE B2 SR, TS 0 7 Mg 1 B
TE &1 Bk LRIt 2 a1 INEE . er B
F ] 9 1 PRO A v LR R LIOKE H B DX RR A 7 g
FBF AL BRF A, DRGSR T B A

R AR AP D AT e R 1 i F B8 T DA
A RO HRRE T

£ HD* 43+ B IR i e g, e 7 s
F BetHl HD43F 5 7 1977 A 75 2L 0 fL B e i 40
B4 9.3 eV Al 15.4 eV, HIH 7S50 i T 241 1Y)
HLE R, 77 E Bet B 7 it (1 h 4 Be AT L
W FEF YA Be &8 B IR B3 ol E
SIS Be 4@ BY ;= A ;R A HDYr 8 1A
T HD 431 0l DL 8 75 1 o 199 el ol
(CEIPNGEN

77 R B B A B A oy BE RO DUAR TR (5
FR Paul BF) o ASEAT T — 25 ORI . o Br 2k
TE DU AR AT R 3= 6 A 1) 8 % 1) B A it i A
Q W . U, cos(Qt), TE 5 ] i S Ab il i ELI
HLUE Uyg, SEEUES T IAIZE. 87 BHRAEAR [0) 7 [ A A
AR g KA Ry Rl G A BS EL 34 ¢, 4351k

U,ccos (2t
(br (Z’)y) = aCT%() (xQ - y2) )
U.
¢z (.’E,y,Z) = 2:12(1 (22’2—.’E2 - y2) ’ (3)
0

Forb g AR 18] B 1 Bk O B AT RIS, 2
S = e R B SR U N R P N
iz 3l a] LLH Mathieu J5 P i3 BUi & B7:

u; (t) = uiocos (wit) + uw%cos (w;t) cos (),

i=a,y,z, (4)

o, B8 1 URAE RS T R18 3, 5 2 URIER T

MROS BN, wy WEBERE, RiBNER w; =

;Q\/étfﬁ , Hd vy, ¢ i Mathieu RIS
1 4QUeng

a/x:a :—7az:—
v 2 M2z20?%’

4QUsyc
G =0y = ~qpagn O
Hr, Q, M AIAES B 1 Ha far R BT
R R B 3 B R R TR A AT
HL 25 5 [N AR R AR HD 0 7 5 TR ik 5
B H.

2.1 HEFEXRE

FE, A 25 o 2 R R AL 7 A e R e v T Y
TR Rl PR, SRS ks A2 L T
JE By 1F HL oy A S TR0 R, HL A P S A9 B AR

=0, (5)
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Fig. 3. The change of voltage on the ion trap under the in-

fluence of laser ablation.
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2s4s 1Sg
2s2p 'Py A1 =201 nm
A
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K 4 Be J5UTHIHD 731G ALES B R C AELL

(a) Be LU B UG AELL, M OFT L FR 0 IR R, 2 OFL 2R [1+1]

BOEF R, W @5 k2R [2+41) =06 TR E; (b) HD 2 7B B A SCRE SR, 3 D (i Sk 418 2w [241) =0t 14t
PRELES, PR G Sk M — L AH R A A FoR 241 e TR g

Fig. 4. The related levels of Be atom and HD molecule photoionization: (a) The relevant energy levels for photoionization of the Be

atom, black arrows indicate two-photon non-resonant ionization, purple arrows indicate [141] two-photon resonant ionization, and

blue arrows indicate [2+1] three-photon resonant ionization; (b) the relevant energy levels for photoionization of the HD molecule,

three blue arrows represent [2+1] three-photon resonant ionization, and combination of two blue arrows and a red arrow represent

[241'] three-photon resonant ionization.
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Fig. 5. The schematic diagram of a bi-component Coulomb
crystal in the view of a radial cross-section, where M, is the
mass of the sympathetically cooled ions in the inner shell,
M, is the mass of the laser-cooled ions in the outer shell, b,
and a, are the radius of the outer and inner surface of the
ions with the mass of M,, respectively, b, is the radius of
the outer surface of the ions with the mass of M;.
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Fig. 6. Related energy levels of Be™ laser cooling.
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Fig. 7. Schematic of the experimental setup for frequency stabilization of the 313 nm laserl®s).
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Fig. 8. The images of Be* Coulomb crystals with cooling laser locked to ULE cavity (a) or wavelength meter (b)), the image time
points are at 2, 40, 80, 120, 160, 200, 240 s after the laser frequency is locked.
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Fig. 9. Rotational-state distribution of the vibrational
ground state after applying the optical pumping schemel™,
the red, black, and blue data points represent the experi-
mental collected signals, simulated signals, and simulated
population after using the optical pumping method, respec-
tively, the gray data points represent the experimental col-

lected signals without using the optical pumping method.
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Fig. 10. HD* ion signals produced by two processes under
the different power of 201 nm laser[*s,

5 HD™F &ty % E R

TEBS T BEh AT 7638 A6 5 1) HD 7015
T e, T EAS HD 78 17 5 1B %L
H. T HD* 5 78 F itz — A HE B BTG 3,
PRI TEEE HDE AR % HEARI S, HD /> 18 1
PO A Be & TUMRIVG AN, R8T B
RINA R CHIRE B 1.

BA 5 RO AR R I B T AR TR0 20
F B 1 T RS AR B Dy IR . S b R
A 3 B INE R BE b s R 0 8 H AT R
55 1 Fh 5 e i R B RS TR g |
I B TR g, 8 R B T Y TR AT T
(time of flight, TOF) JBiii%, PFAl A ] BT fif b 5+
AR, X ATk SR A A R T A,
AL B ITSE 1878700 5 2 Bh 5 AR R AB S
KIT I, MBS NIER S 0 B 1 s SR ek
B SR R S IR I 78 - W 5 s Bl ORI
B H RE A B A IO L A B B 1, S0
e HNE T TR A A, FOltas B2 RS ]
TG s SRR B B H . XA TR
IR AR, BT EAR A MY 208 SR N T
Ha ey 7 @ik, 2 T O & Bosu, 55
3P FIH CCD (charge coupled device) FHAL
KA B T AT, IF 570781 1% (mole-
cular dynamics, MD) U GO0 LEARITAG G 29

203301-9


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 2 3R Acta Phys. Sin. Vol. 73, No. 20 (2024) 203301

TR . FOLEG I B 1 XA 25 R R T
POV SRS T PIM RV R 5 8 - A . X T
TEANTIRES 1 b A, A 20 8 7 A A A T I
Or B A A BRI AR R B S T
7 B, X T8 B P AR 2 TR S 1 B DUYE
PASCBURGBVEAG. 207 R il B B R
T im AR A R AR (552,

N ICVEARS Y Z3 00 0 R s B A N T B
FIEERAU BT A HD 3188 5 R B R T 0PAG

5.1 RIBEHMEEFE
T s B PR T A AR T B AR i A
R, mE 11 PR, B s, BV 7ER
()25 (%) AL B v S i fRT 1S iz 30 ((4) =X) s,
AN S Y U, cos(Q,.t) FeIRMBA
Hz gfRIR. PRI IR B 5t n] LA o 55 5
B e - 22 1) 9 - AH B AE R e B e A% 1) ] 1]
FIHOER AR+ b, T miot e J 0 s 19
. LR E PR E B, s shik ik
PO, b FHROECREEA R R o FOER
B F IO F R AT LRI
sI'/2
T s+ 400 — ko2 2
Hr s Bz, Do LS ARRBHE, 6
WOCIAE, K MHOCI R, TEE D, #OP RS
T B A R A R R 252 A, IS A A
HF A RO HT B T BT 5o

Ruwz/fﬁxmpwjvm, (1)
Hdr p(o, T) NBEIRZE S HRE 4347 I HE 3 ek 4K

(6)

PMT

U(#) = Unecos(@ut) /- L U(t) = Usecos(uet)

4

N

o:ooo:o

0® o %o
B H

/

U(t) = Usccos($set) //U(t) = Upccos(ut)

11 RBFMR R E R B, B0 /NIRRT
Ve HI B B ¥R G2 SR IR 1§ 88 1

Fig. 11. Schematic diagram of secular excitation, the blue
and red balls represent coolant ions and dark ions heated

by secular excitation, respectively.
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Fig. 12. The change of fluorescent signals when sweeping
frequency of the secular excitation for HD* molecular ions!*S,
the red and blue lines represent the fluorescent signals be-
fore and after the dissociation of HD* molecular ions, re-

spectively.
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Fig. 13. Determination of the number of sympathetically
cooled HD* jons by molecular dynamics simulation, com-
paring the crystal structures in the experimental and simu-
lated images, the shape and size of the internal dark core
are related to the number of HD* ions (within the red
square), and the simulated image containing (15 4+ 1) HD*
molecular ions is the most consistent with the experimental

image.
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(b) REMPD it #2 i AH BB DL ; (c) ML BRIT (v, L):(0, 0)—(6, 1) MR BRE M LE M BERIE, Hoh it FHCF, S, T2 T A BE 5.
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Fig. 14. Resonance enhanced multiphoton dissociation (REMPD) process of HD* molecular ions: (a) The distribution of electrons
two-dimensional probability density p before and after dissociation, and its chromaticity is proportional to logigp; (b) the relevant
energy levels of the REMPD process; (c) the relevant hyperfine structure levels of the rovibrational transition (v, L):(0, 0)—(6, 1),
the quantum numbers refer to the following coupling scheme for the electron spin s,, proton spin I,, deuteron spin I3, and molecu-
lar rotation N: J = S+L, where S = F+1, I' = s.+1I,. The four strongest hyperfine transitions for AF = 0 and AS = 0 are represen-
ted by four different colored arrows.
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Fig. 15. Schematic diagram of the experimental setup for the HD* molecular ion rovibrational transition (v, L): (0, 0)—(6, 1) spec-

trum.
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SPECIAL TOPIC—Precision spectroscopy of few-electron atoms and molecules

Precision measurement based on rovibrational spectrum of
cold molecular hydrogen ion”

Zhang Qian-Yu'Y?  Bai Wen-LiY? Ao Zhi-Yuan??  Ding Yan-Hao !?
Peng Wen-Cuit  He Sheng-Guo* Tong Xin 13
1) (State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Innovation Academy for Precision Measurement
Science and Technology, Chinese Academy of Sciences, Wuhan 430071, China)

2) (University of Chinese Academy of Sciences, Beijing 100049, China)
3) (Wuhan Institute of Quantum Technology, Wuhan 430074, China)
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Abstract

A molecular hydrogen ion HD', composed of a proton, a deuteron, and an electron, has a rich set of
rovibrational transitions that can be theoretically calculated and experimentally measured precisely. Currently,
the relative accuracy of the rovibrational transition frequencies of the HD* molecular ions has reached 10'2. By
comparing experimental measurements with theoretical calculations of the HD' rovibrational spectrum, the
precise determination of the proton-electron mass ratio, the testing of quantum electrodynamics(QED) theory,
and the exploration of new physics beyond the standard model can be achieved. The experiment on HD™
rovibrational spectrum has achieved the highest accuracy (20 ppt, 1 ppt = 10'?) in measuring proton-electron
mass ratio. This ppaper comprehensively introduces the research status of HD* rovibrational spectroscopy, and
details the experimental method of the high-precision rovibrational spectroscopic measurement based on the
sympathetic cooling of HD* ions by laser-cooled Be' ions. In Section 2, the technologies of generating and
trapping both Be' ions and HD™" ions are introduced. Three methods of generating ions, including electron
impact, laser ablation and photoionization, are also compared. In Section 3, we show the successful control of
the kinetic energy of HD™ molecular ions through the sympathetic cooling, and the importance of laser
frequency stabilization for sympathetic cooling of HD™ molecular ions. In Section 4, two methods of preparing
internal states of HD* molecular ions, optical pumping and resonance enhanced threshold photoionization, are
introduced. Both methods show the significant increase of population in the ground rovibrational state. In
Section 5, we introduce two methods of determining the change in the number of HD* molecular ions, i.e.
secular excitation and molecular dynamic simulation. Both methods combined with resonance enhanced
multiphoton dissociation can detect the rovibrational transitions of HD' molecular ions. In Section 6, the
experimental setup and process for the rovibrational spectrum of HD* molecular ions are given and the up-to-
date results are shown. Finally, this paper summarizes the techniques used in HD* rovibrational spectroscopic
measurements, and presents the prospects of potential spectroscopic technologies for further improving
frequency measurement precision and developing the spectroscopic methods of different isotopic hydrogen
molecular ions.

Keywords: rovibrational spectroscopy, HD* molecular ion, sympathetic cooling
PACS: 33.20.Vq, 67.63.Cd, 37.10.Rs DOI: 10.7498 /aps.73.20241064
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Fig. 2. Energy level diagram of Li". Only a few of the low-
est S and P states are displayed, with the ground state
11Sg of Lit designated as the reference point for energy

levels.
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Fig. 3. Schematic of Li* ion beam source.
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WA PR Z 8] B e £, 8 ok i 30 1 R RO R S
B, i Je M mT LA HIAE 25 prad N, SR ARHIE
FEAE kHz 7KF. 1 By Doppler 5 5 e it 12 22
WISIE T B F R 13z 21y, AR 25 F R BRI (AN
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X T ORI R 2, BT R T 2% S8
(DA EA T AT 38 0 SIS W, R O 58 2 F2 57
MR PERE. 7ESEh, S E 5 MR R B
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N5 R IR ZE AR kHz S
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F T T W 2R 0 R GE Gkl & 50 56
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Fig. 4. Schematic of the saturated fluorescence spectroscopy setup!®.
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Fig. 5. Measurement of the hyperfine splitting of the 23Py state for 7Li* between F = 1/2 and F = 3/2B3: (a) The pure Lamb dip

signal and its Voigt-Fano line shape fitting; (b) statistical distribution of the measured values; (c) histogram of the measurement data.
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) A & 5RO, Mok X ar & POty Bk
A XA 3 2 ) 5 A 2 (i 2%
DT L i 25 P 174 AL G R TGS, AT 00
Fe—ILYRAEH A A R WAL . iz T T R
1) D #1255 RO 11 2 D 41 £ B2 52 300 = A pRI
KER P X —RAEA AT OGS S g b As
B 7TUESE B0 S TIH R T TR0, SIS
() 2 7 bR R T e B — I B k. K
fITABA K T Fano-Voigt BRECE =0T e AT
FeTELLIE -G BU. 8 ot Fano-Voigt BRI & 15
B A 25 R AE Sy vhoC L TR R LA 5 Fano-
Voigt BREEE Z 18] A 22 AR B T TR0 5 |
FAIRZE.

B R FARRATRER) RGTR 22T, 3
TI3RAS T TLi+ Y MRS 40 45 10 8% 248008 . DL 23P, &
P =3/2 8 F = 5/2 Z BB 2L ], ik
HIRZEIL AR 1. Hh R oR IR ZE R T4 iR
2 TR0

F1 Lit BT 23, SF F=3/2MF=5/22#
KAnEF R, Ll kHP)

Table 1. Uncertainty budget for the hyperfine splitting
between F = 3/2 and F = 5/2 in 23Py of Li*, in kHzP.
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A~ Lamb MBAAJE, HH OO %4y 5 MHz. X}
T 28—2P BRAT A X AR 0, B XTI ATk
RIA FAR G AR B AT . R Ry T 345 kG
YHSEF B, T BT RO R BRI . Lit 5
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Fig. 6. Schematic of the experimental setup for the Ramsey spectroscopy of Li* ionl.
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Fig. 7. Measurement of the 3P?71 interval in SLi*P: (a) Ramsey spectrum from a single scan of one of the measured transitions.

The solid red line is an experimental data fit to a Gaussian-damped sinusoidal function. Residuals of the fit are shown in the lower

panel. (b) Experimental results for the 3P(1)71 interval of °Li*.
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SEAE AL 5 I A R B O IR A . R
Ramsey Y% BEA% 14 Bk Doppler 24 5| A9 = 2 .
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gEIRISUE T M Fano-Voigt PREUH R & 55K
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Fig. 8. Dependence of the measured hyperfine interval 3P%72 of SLi* on laser polarization angle relative to the direction of the pho-

todetector. (a) and (b) are obtained by fitting the envelope with a Gaussian and Fano-Voigt function, respectively.

#* 2 SLiYEST 2381 M 23Py o ZUERGANEY 2L BEE SR 22, H7 kHZP)

Table 2.  The measured values and errors of the hyperfine splittings in the 23S; and 23P; 2 states of SLi* ions, in units
of kHzl,
IRIEK IR 23501 235]72 23p)~1 23p} 2 23pi—2 23p2~3
GiitiRzE 3001783(6) 6003618(4) 1317652(6) 288423(4) 2858019(6) 4127891(4)
—BrDopplerZf )i (3.5) (3.5) (3.5) (3.5) (3.5) (3.5)
“KrDoppler&iz 0.27(1) 0.54(3) 0.12(1) 0.26(1) 0.26(1) 0.37(2)
WOt % (5.0 (5.0 (5.0 (5.0) (5.0) (5.0)
ZeemanZ{ i (6.3) (0.3) (1.6) (3.2) (3.2) (1.6)
TR (8) (8) (8) (8) (8) (8)
MR2E 3001783(13) 6003619(11) 1317652(12) 288423(11) 2858019(12) 4127891(11)
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4 BEMBEEHE

LR O TLIYES - 23S, H1 23P 25 ) NG 4 B 24
BT SRR & w] LA 5 A Y HL R E
J7F A% Zemach 42, 3 3 FIEK 4 /R T SLitHl
TLit BT 23S, 1 23P ; AN ARG 4B 2400 S 00T
SRR, IS Z RIS R T T AL A
FPnT LA WSO Ramsey ik s & (1)
TLit I SLi+ B I 45 RS Kowalski 55 11 fifi J]
WO OG22 N Clarke %5 28 i F A G 8 ) 5
RIS 25 FARLF, BN EER Z H 25 4
T—EHLE, SR N LT kHz.

TEARL RS A BIF 5 B4, TL ) RS A0 B 2
S5 3 A R I G v I AL M 2381282
2383/275/2 [y B S LR Y Zemach 1 7843 By
3.33(7) fm A1 3.38(3) fm, SAZYFH(E 3.42(6) fm
MEFE, e 5 Fra. SR, SLi 2 HY) Zemach 42

ERT Kowalski 25 111983 4E X} 23S, 25K 41 ¥
ZARI 25 AR . b 2389 2382
4 B 2L 43 B E N 2.40(16) fmFll 2.47(8) fm.
XA R S5 Y YA 3.71(16) fmfF7E & 22 5,
Mt 6 MR

T kLA —25 5%, IR A Ramsey
TR SLi AT TG, JF A 2389 Fn23si—2
F14) R RS 200 55 24 h H BT B Y Zemach 4%, 4391
4 2.40(4)(7) fm Al 2.44(1)(2) fm, Hh ¥ R
B B R TS B0 i, 55 — AR IE T B QED
BIE RN PTA . R, FRATTRE 2.44(2) fm 1EH
SLi #% Zemach A2 W HEFAE, A& B R E IR
HATHE R ma” By QED Ti. A EH S Zemach
RRIRE R A, P SRR 2 A (Y 25 T
KAFRN . B, R85 R — 2 00A T OLi &1
SRR TEAN LT WLIE 9.

FRAE OLi 5 TLi A9 A% HL DO AR AR AR Qq =
—0.0806(6) fm?2 Fl Qq = —4.00(3) fm?2, DA K 24 i

£ 3 SLivETF 23Sy Ml 23P,; AABREANEFZ, Hfy MHZP3), BRIl FH A% H UL SH-0.0806(6) fm?PY, Zemach

450 2.44(2) fm

Table 3. Hyperfine splittings in the 2387 and 23P; states of SLi*, in MHz*3. The nuclear electric quadrupole moment
used in theory is —0.0806(6) fm?°! and the Zemach radius used is 2.44(2) fm.

L i

Kowalski et al.l'!] Clarke et al.s! Sun et al.? Drake et al.?”] Qi et al.B Sun et al.l?!
23591 3001.780(50) 3001.83(47) 3001.782(18) 3001.765(38)
238172 6003.600(50) 6003.66(51) 6003.620(8) 6003.614(24)
23p0~1 1316.06(59) 1317.647(40) 1317.649(46) 1317.732(31) 1317.736(15)
23p} 2 2888.98(63) 2888.429(21) 2888.327(29) 2888.379(20) 2888.391(10)
23pi—2 2857.00(72) 2858.028(27) 2858.002(60) 2857.962(43) 2857.972(21)
23p2~3 4127.16(76) 4127.886(13) 4127.882(43) 4127.924(31) 4127.937(15)

%4 TLIVET 295, M 25P, ASHMREANBEEL, MR MHZ ), BE R b 6 R F PO 4.00(3) fm2 5, Zemach

420 3.38(3) fm

Table 4. Hyperfine splittings in the 23S; and 23P; states of "Lit, in MHzB334, The nuclear electric quadrupole moment

used is —4.00(3) fm? P and the Zemach radius used is 3.38(3) fm.

S5

b5/

Kotz et al.l1:23] Clarke et al.2®!

Guan et al.? Drake et al.2”] Qi et al.3

23g1/278/2 11890.018(40) 11891.22(60)
23g3/275/2 19817.673(40) 19817.90(93)
9 3pi/273/2 4237.8(10) 4239.11(54)
93p3/2-5/2 9965.2(6) 9966.30(69)
93pl/2=3/2 6203.6(5) 6204.52(80)
9 3p3/2-5/2 9608.7(20) 9608.90(49)
9 3},3/2*7/2 11775.8(5) 11774.04(94)

11890.088(65 11890.013(38)
19817.696(42 19817.680(25)

)
)

4238.823(111) 4238.86(20) 4238.920(49)
)

9966.655(102 9966.444(34)

( (

9966.14(13) (
6203.319(67) 6203.27(30) 6203.408(95)
9608.220(54) ( (54)

9608.12(15) 9608.311(5

11772.965(74) 11773.05(18) 11773.003(55)
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1 E ) °Li 5 "Li i) Zemach 2 72 2.44(2) fm FlI
3.38(3) fm, FATIHE T 23p, BMHKEAEFZ, W
P3O 4. 25 R KM, BSTHRE A SLit M LIt
{E 5 Drake &4 RAHFT G, I B 5 9 Hi 1Y
SEHRHEST A Bk, LY T R NS Z T R 4
Rgm TR
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Table 5. Determination of the Zemach radii by the

hyperfine splittings of the 23S, state, in fm.

OLi+ Li+
Agpe/kHzl7 2997908.1(1.4) 7917508.1(1.3)
Acxp/kHz(Guan et al.)  3001805.1(7)  7926990.1(2.3)
0.0015709(5)  0.0015749(5)
0.0012999(24)  0.0011976(29)
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Fig. 9. Comparison of the Zemach radii of % "Li, in fm.
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SPECIAL TOPIC—Precision spectroscopy of few-electron atoms and molecules
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Abstract

Precision spectroscopy of lithium ions offers a unique research platform for exploring bound state quantum

electrodynamics and investigating the structure of atomic nuclei. This paper overviews our recent efforts dedicated

to the precision theoretical calculations and experimental measurements of the hyperfine splittings of 7Li* ions in

the 3S; and ®P; states. In our theoretical research, we utilize bound state quantum electrodynamics to calculate

the hyperfine splitting of the 3S; and ®P, states with remarkable precision, achieving an accuracy on the order

of ma®. Using Hylleraas basis sets, we first solve the non-relativistic Hamiltonian of the three-body system to

derive high-precision energy and wave functions. Subsequently, we consider various orders of relativity and

quantum electrodynamics corrections by using the perturbation method, with accuracy of the calculated hyperfine

splitting reaching tens of kHz. In our experimental efforts, we developed a low-energy metastable lithium-ion

source that provides a stable and continuous ion beam in the *S; state. Using this ion beam, we utilize the
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saturated fluorescence spectroscopy to enhance the precision of hyperfine structure splittings of "Lit in the 3S;

and 3P; states to about 100 kHz. Furthermore, by utilizing the optical Ramsey method, we obtain the most

precise values of the hyperfine splittings of SLi*, with the smallest uncertainty of about 10 kHz. By combining

theoretical calculations and experimental measurements, our team have derived the Zemach radii of the ¢7Li

nuclei, revealing a significant discrepancy between the Zemach radius of 6Li and the values predicted by the

nuclear model. These findings elucidate the distinctive properties of the °Li nucleus, promote further investigations

of atomic nuclei, and advance the precise spectroscopy of few-electron atoms and molecules.
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| |
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1 2008  Nuclear physics v'plue}—o—{
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Fig. 1. A schematically view of the principle of the direct
frequency comb spectroscopy: (a) Femtosecond pulse trains
after carrier-envelop phase stabilization; (b) comb teeth in

the frequency domain; (c) atomic energy level.

I AR A, BRI A
WA fo —FBOAL TR B, LR B AR TR
BV ARG B 00 AR, AR S B8 S DU 75 A
THOLTE . X T B MR T BRIE R o, HHARZE
/N O E =R f, AT L E A
(v— fo)/ fr SRIG BUBREOTHRAT R n, LR B IR
S RV 2% D B NS B DR R T REY
v BORERE . (ERCER AN B, i T B RS B DT
I, R 2O AR 3 A — P Bl B M BT fE
G v BN E T R R TR B AR f,, IR
BRI RE AL 1A n 2 LR O T TA B0
BT R B S, BRI SR i e
Btk AN a0 M7 IR R AR — AR

i I RESLR , w2 B IR G J IR
MR E R, 1EZRFLE 5 R — T RE

IR, e 5 e 2 ] FR) A0 3R (] B gl 2 B A2 00
R f BRGNS [ 5, 15 e A1 HY (AR At 2
B (BN, BN 2 FrR At ; 244
T2 R I s, A BACH — AR 22 E
T f B v BEWE L M2, WRVEE T AR 0.
TESEBRIN BRI, I AT BESE, GEBULA
FEWR f IR B T E

i
: ” e

Il I
M||| |J||‘[II||||I\||||J| |||H |_,|||‘ U l"l

00

@

Intensity

0.

.;;

0.

V]

0 k& . .
0.05 0.06 0. 07 0. 08 0.09 0.10

f:/GHz

P2 Y A B A2 R A B 1 B REAS A e A
A v=AE

Fig. 2. A schematically view of the population oscillation
when scanning the f, of the frequency comb for a large

range.
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Fig. 3. A schematically view of the principle of the Ramsey comb spectroscopy®): (a) The population of the upper state oscillate

with a single frequency if only one transition is excited; (b) the population of the upper state oscillate with multiple frequencies if

multiple transitions are excited.
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Fig. 4. A schematic view of measuring the 1s—2s transition in cold Het with extreme ultraviolet comb [,
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Fig. 5. A schematically view of measuring the 1s—2s transition in cold He" with Ramsey comb spectroscopy in the extreme ultravi-
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Fig. 6. Measurement of the 1s—2s transition of He using
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He* while tuning the excitation frequency!!?).
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Fig. 8. Comparison of the experimental (blue) and calcu-
lated (magenta) results of the 1s—2s transition of H atom.
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SPECIAL TOPIC—Precision spectroscopy of few-electron atoms and molecules

Precision spectroscopic measurements of few-electron atomic
systems in extreme ultraviolet region”
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Abstract

Precision spectroscopic measurements on the few-electron atomic systems have attracted much attention
because they shed light on important topics such as the “proton radius puzzle” and testing quantum
electrodynamics (QED). However, many important transitions of few-electron atomic systems are located in the
vacuum/extreme ultraviolet region. Lack of a suitable narrow linewidth light source is one of the main reasons
that hinder the further improvement of the spectral resolution.

Recently, narrow linewidth extreme ultraviolet (XUV) light sources based on high harmonic processes in
rare gases have opened up new opportunities for precision measurements of these transitions. The recently
implemented XUV comb has a shortest wavelength of about 12 nm, a maximum power of milliwatts, and a
linewidth of about 0.3 MHz, making it an ideal tool for precision measurements in the XUV band. At the same
time, the Ramsey comb in the XUV band can achieve a spectral resolution of the kHz range, and may operate
throughout the entire XUV band.

With these useful tools, direct frequency spectroscopy and Ramsey comb spectroscopy in the XUV region
are developed, and precision spectroscopic measurements of few-electron atomic systems with these methods are
becoming a hot topic in cutting-edge science. In this paper, we provide an overview of the current status and
the progress of relevant researches, both experimentally and theoretically, and discuss the opportunities for
relevant important transitions in the extreme ultraviolet band.

Keywords: few-electron systems, precision spectroscopic measurements, extreme ultraviolet comb, Ramsey

comb, quantum electrodynamics (QED)
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