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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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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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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
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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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Fig. 5. Larmor resonance of '2C°* bound-state electron,
from Ref. [16].
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Fig. 6. Cut model of double penning trap system in Mainz,
from Ref. [18].
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Fig. 7. g-factor resonance spectrum from double Penning

trap system in Mainz, from Ref. [18].
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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
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HL TR
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M ZOR AT g KB SCH6 RN BSR40k
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ik, Be FEEES 101 BKSEE BARISAEAEAS /N 2E
P, FEIFEETET & B QED 0% B E 74 Z 1
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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”
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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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