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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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FHREANSE, fEmBER FARMZES T, 7Am Lit
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Li atom Ion lens
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Fig. 3. Schematic of Li* ion beam source.
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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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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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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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AR T XA HRAONE, AniEL 8(b) Bz, iS5
gEIRISUE T M Fano-Voigt PREUH R & 55K
N A AR . A AR A 25 4 B ] v,
Mo T Z R LT SR ORSFIEAS, i
Fano-Voigt pREUAL B 3P1—2 MRS 41 45 #4055 24 i 5k
Pt A7 BRAEAE A o i 7T 0000 5 A T 4% AN
EE, 454 8 kHz.

WOLTR: S LB, 2% Ramsey Y6 r iy
AR E L 2RI T B = Z—,
(] I ARG T G AN 2 BE v SR B0 2 5 —
T X HASBES SRS 40 Hb A5 5 A G A 24
SR T HOL TR, S, fF 520 mW
Ty SRl PN 22 U I O 5 1) R RS 200 45 B 2
38172 il A L M sR BN B AT L A5 R
ARG B R TRIRS . fe e, bR K M =
TR, WH 1 o MG B AR KPP TR 28
Xof S g 236 il AN E BT, 45558 5 kHz, T
At B K 240 445 4 B 24 0 >R AR AT 10 mW 4%
WLy, PR 3k Sl 2 [R5 kHz 1R AN
ERE. I, ZEE] ac Stark KON FEOGTIR A AH
Kk, PEAE T ac Stark &N 5 & AL i /N T

i HMl

hfs interval —2888000/kHz

380 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180

Linear laser polarization angle/(°)

1 kHz, F-45 800 A & 7R D A48 405 R Y vhC A3t
TP, DU AR B T AT LAEIE.

Zeeman RN : TERG NG, Re s K HE 4y
2. PIBRIE 23S, Fymp—253P, F',mp A, Zeeman
W] LAZRIR N Sv = (grmpr — grmp) s Bex , H:
Hh gr, Mg, gr, Mg St FR e g A
Wi FEL, s BBIRHE A, Bex AN R E .
TESEYG T, RX RGEHATREFRML, 25 P e X 3y
WA 2078 0.3 Gs. FERITHIFI O GIG S, L5k
PRI D' 3 1 T ' F e R 3 D' B S e A Sk
PR, % B35 ZL0E AT B4 it oo 3
g k3 W e 11 PR K T e R N i
7B OGRS OGO B, 452K 0.64(+
0.25)°, X [ /) Stokes Z N S3/S0 = 0.022(9) .
B Stokes ZHH 0.03, I Ze M 41 5 v 174 18] i 41
BTN PO AN E A kHz R

2 RGN T LIRS T 23S, A1 23P o T A
TR A A B SR N . eI B O 4R
% 10 kHz LLF, T4 300 5 G2 A 1 0 L 24/ T
10 kHz. HHT, FE RS IR 2K IE T X Zeeman
RO T PP R 22

§4SO

§460-

%440-

S N R R S I
Té420-l T J J I I { J I J
2 400

A (b)

::9380 L

0 20 40 60 80 100 120 140 160 180

Linear laser polarization angle/(°)

Pl 8 SLi* RS T RS 40 4%t B 24 3P 2 W ik £ S5 X 38O AR U T T 2 % A 7 B B M. () A (D) 43 392 58 i 5 257 Al Fano-

Voigt bR AL G KA 10 5

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

HAF—$E AR, R TRATIM EL5 R, Pach-
ucki ZEHE— 0301 T 23S, B ma” BMEIE, T
BT 6 TLi ) Zemach 245, AHR WY EERIA LT
YT 23S A, B TAX VO AE R DTHRA 2R, A AN BT
% [27,30,55] ﬁu%@i‘j‘?

Eqs(2°S1) = Er(1 + o), (57)
# 5 i 299, ARG 40 5T 2L € BY Zemach
P42, B fm
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)

ac + dqep 77
5HO = Aexp/Alhe -1

Szm -0.0002710(24) ~0.0003773(30)
Rem (Pachucki et al.)b?) 2.39(2) 3.33(3)
Rem (Sun et al.)i! 2.44(2)
Rem (Qi et al.)i 2.47(8) 3.38(3)
Rem (Qi et al.)i 2.40(16) 3.33(7)
Rem (Puchalski et al.)B0  2.29(4) 3.23(4)
Rem (BAAUA)BY 3.71(16) 3.42(6)
Rem (Li et al.)i3032 2.44(6)
6Li !
2008 Nucleariphysics value p——meo—
2013 o Li hfs: 2°5/2—2%5%2
2020 | ‘ Lit hfs: 23809—2%s}
2020 e Li* hfs: 2°S1—2%S?
2020 41 Li* hfs: 2%81/2—2°s%2
2023 ILit hfs: 2981—2%8? & 2°§0—2%s!
2023 b Lit hfs: 2381—2382
2.2 2.3 2.4 2.5 2.6

Rem

2008 + Nuclear physics vialue}—o—{
2013 | |——+——] Li hfs:12°S} ,—2°S7 ,

2020 f
2020 | Li hfs: 2983/2—2°q0/2 |

2023

H By = A(I - 8) J& Fermi %1 B4, A 2K
HNZ5AEH L, TR ATE, SIEHF 8 AlE. 1Ak,
B IEI 6uo H1 F 45

0Ho = @ + 6Qep + Ozm , (58)
Hort ae ZHFHIRE BN, dqep 2 BT QED fE1E
BN, Som = —2Z Rem /a0 WJE Zemach 42 1 5T
Wk, ao MBRAPAE. FRE AR, X BLY Zemach
AR B HA R MUY A Zemach 247,
FAT AT DL 3E o R A A5 A R BOR B E
Zemach 242 P2 XFF 23S, &, A T VARG 4 EE
kIR

1 3
A= §Y1/2-3/2 + T073/2-5/2 (59)

HF S AR B Aexp 165 BRI THA Y Age THES
&, LA ono . WAL, Sl 3L 538 R RERE A QED
#Ar B DTk, BT AAS B oz . % 5810 T Zemach
2ERRBY DTHR 6zm LA LI XE 1Y Zemach 248 Rep, -
2, Pachucki 254305 H T Li A17Li /) Zemach
2K 2.39(2) fm F1 3.33(3) fm, K5 EE S5 TRATAYSE
SAHY.

5 & W

ARSCERIR TIEAFRIET0 TLiTHY 238, M12°P; 45
TR N5 2L A0 e R T T 5 S . AE e
JiT, AR T AR R SRS T Bl ) 2 B

T
"Li :
I
|

Li hfs: 235}/2_2:35:1’/2

Lit hfs: 235?;/2—24'3?/2 & 2%s1/2—23g3/2
I

3.20 3.25 3.30 3.35 3.40 3.45 3.50
Rem

9  67Li 11 Zemach A2 HL AL, B fm

Fig. 9. Comparison of the Zemach radii of % "Li, in fm.
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W, R R RE T IL A kHz B7KF. 78
SE Ty A, AHIBAF R AEO O EE R E2E Ramsey
7k, A BN TLiT AN SLitES F- ) 23S, Al 23P; 25 HY
HERGANEY 2430047 T, HORHA @ B S5 BRI 25 SR M
M., SEE AN S AN I A — 2, T HOR
T 7 95 2 W 285 R8N T — AN g L L. BeAh,
KAWL, 6 Ramsey HRAENS B3/ Lit
BT oR ) U R EST R] R B iX 2 G2F Ramsey £ AR B
YN At R o, T X — AR AR R W HF
2 YA R = 3 ot E A L) P i) VA

G cm 5ae, RATEIBAFIA 23S, &Y
K 4mBESL BiE T SLi F7Li B H9 Zemach 2E4%, 7>
B 2.44(2) fm 1 3.38(3) fm. HrP6Li BY45 R 5
KRR 3.71(16) fm B B ASE, FEAER L 60
2=, [, FATHE—L N T Li Y Zemach
L SL K29 40%. SLi A% iR 19 22 7 4 N TR K,
XA B T (JRTF) R OBIE M S
SRS RIS, WA HE S I TR PR AL EAh,
ARG H SR FH ) 3B RN S50 vk Rl R T 4
AR DG B TSI, A0SR TR Be i F ARG
YEF LR 2 A . XSG SR A Bl TR
BEARR PG R, iR A R4 | Zemach
P42 DL S L OB R A

JEH PSSR . Drake S0RE . SR RESCRE IR 2 1L
LB IR S B B TR BOCREE SUBR Y TR
LRI SRS S S BRI AM L e g
e B TR RS SR AT TR AN AR 2539 SO i
it .

S7% 30k
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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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