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Fig. 1. Schematic structure of boron like ions (Take the ex-

ample of a boron like ion with a nuclear spin of 1/2).
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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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#*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!®!.

203102-7


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) 203102

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
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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!®.
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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]

3 AR LA RS TR A0 70 2SR 2R

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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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
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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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