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AR HERIG IO T Ar B T R
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R 441.2559(1) nm, K5 BE L JFAT RAAREIE5 A £ =
T 3R, 2 R G800 AN BB PP AL Ry
F 5 x 10° nm. 2021 4 Liang 45 26 g B} 7 —Fil
it 38 SR AL 2D IR R AE SW-EBIT Hrul (4%
Z)T R E TS NI BT, SR EN RS
ANHSE BEWETEAG 0 0.002 nm. AHRT T MG 20 7 1
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B IEEsz b tha EBIT Hhid AGUR, &85
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ERA 2 ((POIERAT) ISR 3 X =R Ak
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Ho A, WIS A R 4B 2 TR A9 e LR 28 0 R
HEANERE Nk B Hbrfe i, S5ItEm, iR
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R IEAH LR, TR i+ 51 A EBIT BYJ5
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TR Wb B, L fr AT R, 2 F S A
PR RS E FAESE D SZH S EY
W 1) BB A (] R RTS8 X S AR ] 24 B
2) o iR L 7 A (A X B AR ) 2 R
3) TEEERS A He T T2 LA S BH0 2  iy h ) 24 2.
o Tk R R B AT DA AR e R R 5 B 2 0.25 T,
2R P8 i B K HL T 30 A, R TR S 4R B 14 B0
AR ARSI, LB EIEAEA TR 4.7 L i A
H AR T AE R 5 EBIT 847 T BE A
%, 1F 0.6—1.5 L/h 284k, WAL H R G Ae e
SR IEF TAR M FIIA T DU AR O R
() LA B TE— 20 . I I T AR AR R R
AT AR B IX i A 2 B - R LA S0 AT . L
St A TR I, IR AR IR . 7E BT
i S g, EBIT (9 EARANE R HITE 1 x
10 Torr (1 Torr = 1.33322 x102 Pa) 25, = H
23 FESE TN Y F A 2R E AR e LT A T
IRE.

# 1  SH-HtscEBIT HyZ:%k 30
Table 1. Parameters of SH-HtscEBIT.

S8 BeittEtn
T IRREE 30—4000 eV
LTI 10 mA

MR ~65 um
HASE ~1.0 x 109 Torr
AT FEER 0.6—1.5 L/h
WS 0-025T

B == -

T i\ RIS

S

EREE ——— *% ) '.'._ i e
i B

Bl H T SR T B SRR 5 A [ DL B v R AR i —
STy B AR

Fig. 1. Schematic diagram of the electron beam ion trap
and some of the atomic physical processes in EBIT.

2.2 SEMEEIER

S5 e R R X T L Ik B 1 )
1Y J& % [E Andor 2\ F] Y Shamrock 303i Y615 4Y,
J& T Czerny-Turner BUEAHHEREL, FpyRLs 40
E 2 frs. OGN f = 303 mm, K
Wk F/4 (F = f/D, f R, D RCEER),
HECREEE 56 B N 0.01—2.5 mm. %Y e 4% 5 )
AT LA I L SR, S BRI R
Rl /N, Rt R, (R AN G R & B
oAb X NSRRI, 2 BRI R 5
FEARS (50 L 25, FE G N B sh i 4E T2
BA 3 YRR, FEA SR R ZI R G
PRSI0 DL RS At B8 S e 28 I i S
A AN S R0 2148 % B 1200 1/mm, [N
P 500 nm, ZFFEFR 0.10 nm, AT % K7
200—865 nm. [AIBHEIEIGARLA — & H AL G

HZS
s o
(e BEART
Ko
ML — | LB

&l 2 Andor Shamrock 303i Y143 P9 845 44 &
Fig. 2. Inner structure of the Andor Shamrock 303i spectro-

graph.
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4 (charge couple device, CCD) #ill#% (ANDOR
DU971P-UVB) XG4 8 g 5.

3 REFEHR

A RGRIE T

#[E Andor 24 F] A Shamrock 303i JGiE A%
MR OGS EA AR ZIYI6E, S hom
PR AHAE FE N 0.04 nm, 25 H A 1085 E AU
SRRSO ) ROk R I K Ak
P, T BEATICIER . LA 2l 2 fd 6 IE X
Dt L RN AR ZID TR A i, 38 2 XA DGR
WA A s (a7 g Al H ke =k 2 T A,
RN K S5 ELAR RO B R R, IR A
B ZIL B /DT EA 3 5 (CkEIE) 5
455 (kIR BE) RHTILE, IR RIRHDE
EERER, HIEAR R OHeR L, RIS 2R
AN €

& 3 JRAE G R v Al R A 3 Aot
W25, Hrh &l 3(a) EIMEZIT 5, [ PRI
ZIKTTE EBIT AMEES #1615 R Z]; B 3(b) /2N
KeZ e, Mt WA EBIT MG SRS 2 ik

3.1

(a) DT2

DT2

(b) .
HCl+inert gas _

HCI

Lens DT2

()

Lamp

225 mm )L

RN [a) 9 ' 3 A 2 U5 26

450 mm

K 3

(trap)

T IT S GIE R % 18] 3(c) S A SCisH BT G
K2R G, FHFRER 2T 45 A 3 5 A i B 4
HiER LN RS, & TR IME 25 5. SEu v fifi
FH A Z KT A2 7o AR HE A 1 SR I B TE b AR %)
KT, TERRUEREZIXT U IH 15 A & A7 % 1 i Be e 1)
LRI, [AIEERT LR NIST %04k 1 b i B ik £k
BT H A F A 226 AR

2020 4E, 7F SH-HtscEBIT H#E47 1925 9 5 HL
TS T STHRI CI8+ B LSRG AN S5 F4 2 S i
AR B AN 3(a) BT iIRe )5 4, Hirp
HiE IS EBIT B B LN f = 150 mm,
FEX R A DGR B 5 EBIT HRpil g 7
SIRM LB AR TR A, BTSSR Z R G IR KR
22, MM B K AR AS, e 25 2 IR K A
224 0.013—0.016 nm. 2019 4F, Kimura % 2732
TEZ/R 50 CoEBIT H 47 BaSt Ml Ba™ & F 1 &
SOGTE I EE TAE, E R ANE 3(b) FroR 1AL
27 58, T N 4R I Il K AN A S BE 4 ) o
0.002 1 0.003 nm, HHR 21 R G A E FE 535 h
0.001 A1 0.0025 nm, 5 &l 3(a) B £ 2 J7 A0 L,
W ZR Gl e i1 25 KRR, AR PR 20 7 %8
Pl 7 25 A R ZI e RAROEIE L, RIFHATS

Spectrometer

Lens

300 mm

300 mm

(trap)

(a) (A 2 X778 EBIT S B8 G B84 20 77 485 (b) S WL i A EBIT B 45 #3141 4 18
EBIT A B 4% N2 5 585 (c) TR 20K0 456 4 09 L5 0t 18 A 20 2R G 1) R 2y 28

Fig. 3. Three different spectral calibration schemes: (a) Direct calibration scheme by using the calibration lamp at outside of the

300 mm

300 mm 300 mm

EBIT; (b) direct calibration scheme in the EBIT by observing the inert gas spectrum line injected into the EBIT; (c) the external

calibration scheme using the calibration lamp combined with the new conjugate spectrum calibration system.
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BLLRIE S T AR R R F ey A B T RE S R gt
F7, T LA BAHVC L Y fL TR AE . SR e FLfar 2
BT S5EMHAARR R S AHZER R, HERHE A
LR LT A B 2 A FL A S 4, ol A DU v L
BEFHMSRL, 2RGS0 AR 5. R
XFRRE 220 7 2 SR A 2 R GE iR =100, (HE 551
ik 23t AR AR L, (ARSI R EAE K,
PR TP AR A I SR R

Bl 3(c) BT 7 S A Wl A 00 e 0 O %8 L A
EBIT fZEME ] f = 150 mm () ™MiE Bifdiie Z14T
JEUEAE EBIT A B X Ao lse g, 1K 3(c) hig
PE 5yl S G R AR, USRI ZD TR
(0 B 5 EBIT " B0 S A ) Xzl
J5 SRR T 18 3(a) BRI KR ZI R Gi1R 2%,
[ LI 3(b) 5 P i, A K2 iyl FH R
il BT 2 R G R HE S L E 3(b) iR
(A N 220 7 2R AR N1 3(c) Bt AR 20
B, AR SR ZDGER AT g e L E
T R RAAR T A 220 2R BE AN 52 B

3.2 FRZARZGRMK

Xt T R Z R G ng ik, ST R 3(b) M
Kl 3(c) PRI R ZI 7 58 S GG SO Ne 1
[ 585.24 nm FRIF Lk IR R 2= 7R IPA ] 3(c) £
Z) R GE W AN RE FE Y. FE S P SRR B
BREEVEE N 30 pwm, I3 i rp e DR D 4y
500 nm, Z|4% % B 4 1200 1/mm B9 6HE. & 3(b)
() N 2 7 283t 1) EBIT Hhide A Ne &, #5010
REARGSIERFFLE 9.0 x 100 Torr, 1#74Y HL T HAE
N 90 eV, PR R 9.6 mA, WL Ne J7+
55 H PRI IR IR O A Ne T AOGIG L, Bk
HFIE] A 1200 s. & 3(c) s 20 2 G808 AR HERE
ZIKT Ne 4T, R AT L& H Ne T 585.24 nm 9%
TELR, TR ZIIT BRI H Ne SRR T &G0
FER, B DAERL U £ 15 3] & 300 s. Ne 45 Ne <,
()G A& 4(a) FToR, S8 H Ne KRG = 5
Ne §T I A HEAT, SR T 0/ it 3 A v i) 2
THRZE, LWHT T 2N E, H81 Ne U
Ne kT A G IS 200t Ab FEAS 2 LIS 2 OoM RS A A, 14K
F YA AR B RE L. Al = TS Ne 1 585.24 nm
Stk ] g g, 753 2R TR R, RPN
T MY Ne T (2 R RAE 22 E 1) 4 %A,
R 2R M B 6 1 1 i KRS, 2 H THT AL 21 &

G R B KNI E B, WAl 4(b) B, e
FRARFE 1 5 1] . B RS ) FR G ) S W 2
JFE B PEAR A 10 4 I 2% SR 4 6P E Y - 30, R
0.0047 pixels, HCHT 4 %1 28 G 10 I A 2 5 Xt
RN 1.76 pm.

(a) Ne lamp Ne I 585.24 nm
106 ¢
n =L
*510" Lot “.“, | L A\ Al ]
3 Ne gas Ne I 585.24 nm
106
105..1“144, Lot obe s ]
0 200 400 600 800 1000 1200 1400 1600
Column number
0.15
(b)
0.10 1 1 } J 14
0.05 T T 42

—0.05

|
N

Pixel shift
o
——
—
—
——
———i
L —_— e |
—
————
o
Wavelength shift/pm

—0.10 : : : :
0 2 4 6 8 10
Measurement number
4 (a) B HIB B 20 2 2 0 4 B89 Ne STOG % 18 5 A
EBIT ) Ne J& ¥ 2k 5635 & (b) K %1 3R 5 2 0o 25 5
(ESREAR M TT W), BOLLERWE R E
Fig. 4. (a) Spectrum of Ne lamp measured with the new cal-
ibration system and the observed spectrum of Ne atomic
line injected into the EBIT; (b) the multiple test results of
the proof system (positive and negative indicate the offset
direction), the black solid line indicates the arithmetic aver-

age of the offset.

4 KR ArB3tE T ML K S0 &

4.1 ArHBEFHBAEHSRIHNE

R TR BT R 2 3R G A T TR TR Z FR
GEASHAE B R TSR, S 0 T LA A Axtst
BT IESHE LG 1522572p 2Py jp— 2P plRIT HY K
ST NS F 5 ML BRE AT T =R B
55 QED #5007, I H 2 i i far 4% B 1R ph i e R A
VRIRAE 22—, T2 Ar'3+ Bl M1 BT 2 &
XoF 52 16 55 R A AT B O AL RN 4% B 12 Wk
FEOCHEBEMIE. LA ER RGN Ar RE
A EBIT 1, ERRGSTERETE 1.0 x 100 Torr,
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HRAE B b e AT A B T A L B RE, R A S LT
SRE L, Al AR A T R AT AN B . At
(1 1522522 2Py j5—2Py o BRI I 5 ] |34 F) SH-
HtscEBIT M 3(c) MBI ZI RS, fiktis Rl
FIFaTK 3600 s, T I AL 1 h, BrLATE
U B S A AR B AR A S R P HLRIE RS, S350 4
—EMIRZE, HREIIZ IR ZE, TE RN T )5 AR 53
SR 2, 58 20235 SR RO ) S P K )1
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Fig. 5. (a) Spectrum of Kr lamp calibration line; (b) all resi-
duals from the dispersion function fit, using first (square), se-
cond (circle), and third (cross) degree polynomials; (c) second-
and third-degree polynomial residuals (enlarged scale), the
light-colored band is a 1-o confidence band.
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Table 2. Pixel positions of the fitted Ar'** spec-
tral calibration lines and the corresponding reference
wavelength in the NIST database.
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Fig. 6. (a) With SH-HtscEBIT in the range of 415-465 nm,
the visible spectrum of the M1 transition for the 2s?2p P
ground term of Ar'** with nominal electron beam energy of
780, 800, 810, 820 and 870 eV were obtained; (b) Gaussian
fitting example of 441 nm transition spectrum of Ar!3*;
(¢c) multiple measurement results of Ar'3* transition
wavelength, the dark line in the figure represents the
weighted average wavelength, and the light color band rep-
resents the uncertainty of the weighted average wavelength.
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Table 3. Uncertainties of the measured wavelengths
for Ar'3+,
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Abstract

The precise measurement of the transition wavelength of the fine structure of highly charged ions can not
only test basic physical theories including the quantum electrodynamics effect and the electronic correlation
effect but also provide key atomic data for astrophysics and fusion plasma physics. Furthermore, highly charged
ions are considered as a potential candidate for optical clocks with extremely ultra-high precision. In this work,
a new spectral calibration system is built in a high-temperature superconducting electron beam ion trap (SH-
HtscEBIT) in the Institute of Modern Physics, Fudan University, and the uncertainty of its spectrum
wavelength measurement is evaluated by combining internal and external calibrations. The minimum
wavelength uncertainty caused by the new spectral calibration system in the visible light band reaches 0.002 nm.
On this basis, the precise measurement of 2s*2p *P;,—?P3/, M1 transition wavelength for boron-like Ar'** is
performed at the SH-HtscEBIT by utilizing the new calibration system. The experimentally measured transition
wavelength is (441.2567 4+ 0.0026) nm. It is currently the experimental result with the highest measurement
accuracy of spectroscopy of highly charged ions at the SH-HtscEBIT, which lays the foundation for the precise

measurement of the hyperfine splitting and isotope shift of highly charged ions in the future experiments.

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