Acta Physica Sinica

e
=

=imit S FREFH SL-EBIT SIS SR M

A = \Iilre-‘l\‘ =B %
SERBFRERILNZE

Jawmems VY g Y wchak VT gepe U2 g Y s V)

FIEpk V2 gk V2 e V2 4E DT sk V2 g
1)2)

1) (PEBEBGTRYBIPITIRT, T TPl SRR EE AL E, 22/ 730000)
2) (PEFBEEBERS, dLnt 100049)

3) (B BR=FBUCHBBIFIRT, WS i r oy B A B A%, B 200433)

4) (FEBEEARREERY LR, GIHMREY R 2EEZBI G, G 230026)

o LT A S 1 AP CIE R I A 25 B TR W BT A . AT IRR SOl i
TEPBER AT OCRAER . 0 TRE TP (EBIT) IR S A0 P AT TR R L
AR T, AREETESCENGERE, 2RSS LRSI RN AT 5. 2T,
AT T — il EBIT 3 E—— BifE- =N T T PF (SL-EBIT). ZAE M HE 71,
BB BT, SR SRR R AR R G, HHER T 20 ARG SR
H RO A R GE . Horp, — X i 2k B 7 A B 2R g 37 (s 0.24 T), HUTIREAE
IR 80-8000 eV, HUHiFA/NT 65 pm, FHKAUAE 10 mA. SRR EERE, 7E SL-EBIT
HIXS Art [ 15%2522p° 2 Py g — 2 Prjo BEMSRERITHERT TOGREI &, M5 553.3274(54) nm,
SEA R EERAMBIC AR EY) G MR, SL-EBIT H&71 R m i s AR %0t
TWITFEIRE ST, NIRRT RS | . BRANEOC A AR A 25 I B B T S ARt

R BTHE T, mRASE T, RENE, SR

PACS: 07.77.Ka, 32.30.-r, 41.75.-i, 07.90.+c



1 5 =7

FHASE TR ETREZ MR TR RN Z SRR, HEEBASHRRE, FaR TR 2
JR TR 3 BRI, XTSRRI T B 2RO LA B BRI A R 3K, (o o LA
FHCATESR O3 PRIARXNE A E R R A e T R, Er ST
M HAE B AR E X Mg T A IR R, BoA A2 T — O I i il FL v T i sk 4
F B OUH RO BT BA W RS SN, I IRRIEA TR o B Z28 4 U910 s s
R RAAEE U5 DL IR R bR MERT R F i B PO 4RI T RSP G AL, RS E T2 AT
TETHEE NS B 1Esh B AR R B P2 AR R A i B AR SR AR S B T
PRsgep PTOOL R H R R I R 5 B TR S RO T B X IE R E G IR S It T B SRR

LB TBE (electron beam ion trap, EBIT) /25 % iy A B oem i S8 TV ZEEE. B
SRR LA vl Sk Y s e AR I e e SR i e R LT ER RO LR b
BTk o X A T T Rs s R 2 B Y., TR R T A T B A AR
 PH g B ST TR I 2 20 40 60 AR TR R (EBIS) MK H, BIEM] T R AR
TR A QAR AT T P25 B EBIS JF3E, 20 40 80 4R, EEZHEHT - AIFBE/RIE R %L
B2 W T & EBIT 28 L3900 JEm sy 072 IR ks BEOL RG] e RIS T &
Ko, EBIT nl =L i i B R 7o), KRR s i &, AR ARV, ke,
W PRI, FRFRASE 74 N SEENE =006, Har, EBIT 2ok An] IEE]
X SR TR BOE BB R TS B 00 ARG, Ch RS ENG . B A S R
PEBE T AN TR R S I R

WEARE, FEM, B THRAER EBIT RE0HHR & Rkl i S8 TR ol S
W B FERWTIRAT I, . AR RO R CoBIT R4¢ 94 S bt 5 2 T IR R A i S B
H, LBl 2 I BRI BR AT R RO AN A A (O GG I i BT e R S A EBIT
PRAVEE R R SRR 2SR T e R TR TR U LRSS TR AR R T AR A

T #I51E#E. E-mail: venweiqiang@impcas.ac.cn (HIG/EH)
T #fE{E#. E-mail: xiao_jun@fudan.edu.cn (E{E/E#H)

%—4E#. E-mail: zhouxiaopeng@impcas.ac.cn  (ZF—{E#)
* ERESEPFRITRTE (No. 2022YFA1602500) . EZK H %R A2EREETH (No. 12393824, No. 12334010. No.

12374228)



WS BT, A RS 5 W] I B BAM GRS ). %P G 8 RGE TR i
e RLAFAS B RGN S5 5 RS A Sl Al & 1200 TR A s AR ST 1, i T S AL EBIT
FENG B E TS TP A8 A . AR B0 K EBIT DA PTB-EBIT/PolarX-EBIT “F-& 259 jid4f
BT P TROOEE SRS & SIS R DA EROE R SR BRI, e e S e R T
Bhscmy R e M. T E R RORE R I R R S BORBE S e 5 R B AR SW-EBIT -
A P ST R AR NPT AR L SRR AL Paul B, ERFEZZEBEH ST NIt
BT RO, WS T TS B T TR SR AR S U2 MeAh, B BRI R
CUbic-eBIT (CUBIT) &% /R 1 RSB TR0 A 551 AT, N Rk et R
Bt TR g R TR PO #BE UNIST EBIT SRAK# AT, Sl XFEL BCAIFR 1B R E &
WFgE PO HA JAXA-EBIT 3 8KIT SPring-8 [MB4R4T, TR MG TRk SE:, HRIE X
GHEOEHHR LR TR S T stk AR, BR AL (RABRE EBIT BT AU R LS B 10T
FEPHIRL S5, FREE SR R BT B S OS2 ST A
# 1 #8 EBIT 3B XESLAOS L

Table 1. Comparison of key parameters among various EBIT devices
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Fig. 1. Structure of the SL-EBIT. The main components are the EBIT core (for highly charged ion
production and extraction) and the vacuum chamber. Highly charged ions are generated and trapped

within the central drift tube (DT2). In the figure, DT1-DT3 are drift tubes 1-3.
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Fig. 2. Schematic diagram of the vacuum differential sample injection system
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Fig. 3. (a) Schematic of the SL-EBIT power supply configuration. (b) Simulated axial distributions of
electrostatic potential, magnetic flux density, and electron beam trajectories along the trap axis.
Voltages applied to DT1-DT3 create an axial potential well centered at DT2 for trapping highly charged
ions. The superconducting coils generate a peak magnetic field of about 0.21 T at the trap center,

enabling magnetic compression and stable transport of the electron beam.
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Fig. 4. (a) Electron-beam current as a function of extraction voltage in the SL-EBIT. (b) Dependence of

the emission and collector current on the cathode heating current at an electron beam energy of 1000 eV.
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Fig. 5. Electron collection efficiency (black curve, left axis) as a function of electron beam energy,
together with the corresponding cathode voltage (red solid line, right axis) and DT2 voltage (red dashed

line, right axis). The electron beam energy is defined as E. = Vpra — Veathode- LThe polyline
characteristic of the red curves reflects the voltage settings of the piecewise linear scanning over the

broad energy range.
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S PR TS K SRR 0N, RS AEREAE LY 10710 Torr BRI R B4, T B M IR AR S
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TR (DT2). BZDGIE-SEREOURAEX PR T BER M 2f AL, WRILIERRARAIT, K
ZPDGIE BT RS DORS B 25 IIATHE . A BOH RO C B IR AS T R 1 R ST 2% -

AVRZ I 2 R G B R A B, RAbRIE Ar AT EBIT =4 Ar 51 R SHELIF L
X, PEH Ar T Y 557.03 nm BRITZABHERT R, BATITBEF BHM EARE Ar ATk, UHRIEA
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TREFERCZ A Ar R RE0 AR R KOG ER . SRELLIOE Omni-A50081 SEi (Ol EHikLR , Gt
FAWHHOOHE, HASEOLE 2, B 1200 £ /mm SEHE (ARRK 500 nm) SEROGREER, 5
H1 Andor DU971P-VB # CCD I gREE. B THRSHEAERN [ = 150 mm FYEFICE GG 20
o SRS FAEFERE N 30 pm, BRI R 1800 s, PRI, JLoe il 8 ALk 5L .
SIS A TR A, 2 BRI RE Rk D IR R AL, THHR R R 4%, 8 41
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Fig. 6. Integrated schematic of the SL-EBIT experimental setup. The system mainly consists of the
EBIT, a spectrometer, and an external conjugate calibration system. The ion emission light is collected

by a lens system and coupled to a CCD spectrometer. The external conjugate calibration system images
the calibration lamp onto the trap center and then onto the spectrometer slit.
LR FIEE R Z R LB R MR, 1558 Ap = 0.0053 RFK . MRIDCIHE) CQHER L, %3k
KAL) FHL dA/dp HFFGE] AN = |dA/dp| - Ap = 1.78 pm, AR TAZDEIS BT A X2 1E] Xt
5k R 22 OB R IRZE , RIS A2 RGBT E L
F 2 Omni-AS0081 JEHE(EHIESHK

Table 2. Grating parameters of the Omni-A5008i spectrometer

St R LHE Q) 2SS A TP

Grating No. Groove density Blaze wavelength Wavelength range Resolution

(lines/mm) (nm) (nm) (nm)
1 2400 300 250-600 0.045
2 1200 500 330-1000 0.110
3 600 500 330-1000 0.238
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HEAE SL-EBIT WS RGNS AE /), MR A%t BTSN R, 0 BSR4 25
BRI T iR BE K I i 1000, LSl O PRI 7R, SEBRad A, 4RI LaBs W10 A5 i 73R
ZmEmEZMEEEATRE, gomiiB LA sy 0.21 T Simpaiem g 22 150 pm. PFIXARE

TR GR TR R, WO TR, B TS AT R AR T8
SLR: TR RO RIEL . BRI L, WA SRS L B o Sk
IR R4 TR R

Kl 7 SL-EBIT JB&5 MR A

Fig. 7. Schematic diagram of the SL-EBIT principle.

BTHEAS EER R TR R DUE . PR AT FTERR RN TR AE RS 422.60 eV, JIlEE ORI BT
RAEE N Ar®t SRR ISRIE, ZERANES (c) PR, 7R 8 mA . ML TIRAEE N 480 eV I, Ar®" Bf T
GRS LB . TELIRALARAT T, X Ar™ 1 15225°2p° 2Py o — 2Py o Rl (M1) BRaEMEATZ UL
D, BV E RN RSO 8 h, MIPAMRTHEMRLL; B IE M TR m SIS TR a5 R A T R

FERESCREM F LR B 2 (=7 551), W 8(a) Frw, WAE@HOy T (Phm) B ST
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BoAE)—4eik 2k (K 8(b))s BIMAITHNERT o G L™ LR ILE T EUR . e TARRER & (29 1700
K), HIAGRN TR NBERT R CCD idsk, SEUREARMEE R I & (B Bil”). 44
TR BB (8(d)) , RN mETREO ARG IR IATIA, a2 R RER IR E
B, #E At ERIESKY 553.3274 nm.,

[ 25 I AL 2 L F A ORI iR 22, T BOKE IR S I E BEVPAG , S5 RANESHR . EFR A
GEVAMPRHEAR NG T TR B S AL ZIT IR, i et R R E bG8+ s T Bk O X, # e
PRIGIES B T RS ST HE . B TARSHECA I f = 150 mm REFICER GG 2CEL, Aoz
RIS Kr ARiEAT I o ALz, DAV N R GE IR ZE -

BRUWERHERES T

Xf At BROE K RSN 8 AT T RGN, AN E R R BEORIE T IOA E  RAL. EER
B BCZIRER AR Z R GER R BE 1270 A IR R0 T

LI AR L . BRSNS B AT A T DIl S WU A E . PO AL B SETT N E E
TR A R S B NMEAIIE R, X Ar®t T T 12 YOsr e, SRATIBCT-S (R
WAEAFE LN ER) LG, BRI P OAERSN 0.9 pm.,

PR BT L . SR R ROl K SZIKT B2 4 B MBCRIE L E . anEs(e) B,
RZIITAE 552-570 nm JFEBINI SRS, MR ELITRIMAEEGREIE PO pi, USHFEK N

HAARE . p HBEAEITT 2 E
Mp)=A+B-p+C-p?

Hr A, B,C UGS R EF B R AR DR . OB B AT B IR T RN L i il &
DRIE M ZIAM ARG ATE P TrTE . WES(g) A (h) B, 43 53R F— Bl B 2 T (il
BREL, TTRMARERTMERIF AN 1o BEXE. HEREMTIA, U2 A5 mWE, &
P B 2. (e B AN LA R AR I T SR, 0 2 R e 5 A R BP9 1
e 24 5 (L RR B A B 2 SR 3.4 pm

FEZNE AL L . ALZTELX AT E RIRT HSH PR PRI E L . A TARRT 2ok
BUH NIST JE-uilifioi e ©F, SRR E L /INT 0.01 pm. Sl AT H 8 a5 e R 50
#, %—H 0.01 pm,
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Fig. 8. M1 transition emission spectra and calibration spectra of ArF. (a) Two-dimensional pixel image
in the range of 522-544 nm; (b) Integrated spectrum by longitudinal accumulation of pixel image; (c)
Emission spectra of Ar?* at electron beam energies of 420, 430, 948, 400, 600, 1200 eV; (d) Gaussian
fitting of Ar®* spectrum; (e) Residuals of Gaussian fitting; (f) Calibration spectrum of Kr standard lamp
within 552-570 nm; (g) First- and second-order polynomial fitting residuals of calibrated spectral lines;

(h) amplified residuals and 1o confidence bands.
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Table 3. Uncertainty budget for the measured wavelength of the Ar®* M1 transition
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Abstract

Precision spectroscopy of highly charged ions (HCIs) plays a crucial role in plasma diagnostics, tests of
quantum electrodynamics (QED), exploration of nuclear structure, and the development of optical atomic

clocks. Electron beam ion traps (EBITs) are capable of producing and confining HCIs of any element
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under well-controlled laboratory conditions. By bombarding neutral atoms or low-charge-state ions with
a high-energy electron beam, these devices utilize electromagnetic fields to keep the ions nearly at rest
within the trap region, thereby suppressing Doppler broadening and serving as ideal platforms for precision
spectroscopy. Here, we report on the design, commissioning, and first spectroscopic application of a newly
developed high-temperature superconducting EBIT, designated as the Shanghai-Lanzhou Electron Beam

Ion Trap (SL-EBIT).

The apparatus fundamentally comprises an electron gun, a three-section drift tube assembly, ion
extraction electrodes, high-temperature superconducting coils, and a liquid nitrogen cryogenic system. A
pair of high-temperature superconducting coils generates an axial magnetic field of up to 0.24 T, providing
strong radial compression of the electron beam. The electron beam energy is continuously tunable from 80
to 8000 eV, with a beam radius better than 65 ym and a maximum beam current of 10 mA. The trap region
is maintained at an ultra-high vacuum of ~ 1071° Torr via differential pumping and liquid nitrogen cooling,
which effectively suppresses charge exchange between the produced HCIs and residual background gases.
For wavelength calibration, the device is equipped with an innovative conjugate optical calibration system
that images a standard emission lamp directly onto the trap center; this architecture inherently eliminates
systematic geometric errors caused by optical path misalignment, enabling high-precision wavelength
determination of emission lines in the visible range. In addition, dedicated spectroscopic access ports for
both X-ray and visible wavelengths allow for precision spectroscopy of HCIs over a broad spectral range,

laying a solid foundation for future experimental extensions toward the low-energy X-ray region.

To characterize the performance of the device, we produced and confined fluorine-like Art ions
via successive electron-impact ionization of injected argon gas, and performed high-resolution wavelength
measurements of the ground-state magnetic-dipole (M1) transition (1s*2s*2p® ?Py/5 — 2P;/5). The ion
emission spectra were recorded using a 0.5 m spectrometer equipped with a 1200 lines/mm grating and
a liquid-nitrogen-cooled CCD detector. The line centroid was extracted by a Gaussian profile fit to the
line shape, and the absolute wavelength scale was calibrated against a standard krypton (Kr) lamp. The
transition wavelength is determined to be 553.3274(54) nm, which is in excellent agreement with previous
high-precision measurements of 553.3260(2) nm from the Heidelberg EBIT, yielding a residual deviation
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of less than 0.002 nm. The total uncertainty of 5.4 pm is dominated by the dispersion function fitting
(3.4 pm) and the calibration system stability (1.8 pm). These commissioning results demonstrate that the
SL-EBIT achieves a spectroscopic precision comparable to that of leading international facilities.

The successful operation of the SL-EBIT establishes a novel, compact platform for precision spec-
troscopy of HCIs in China. Its integrated ion extraction capability opens up distinct possibilities for
future trap-external laser spectroscopy, charge-state-selective manipulation, hyperfine structure measure-
ments, and investigations of clock-relevant forbidden transitions. The device effectively bridges the gap
between conventional low-energy compact EBITs and large-scale heavy-ion storage ring facilities, offering
a versatile tool for both in-trap spectroscopy and extracted-ion-beam experiments.

Keywords: electron beam ion trap, highly charged ions, precision spectroscopy, forbidden
transition
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