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ShanghaiEBIT~150keV SH-PermEBIT~60eV SH-HtscEBIT~30eV

Livermore, NIST, Heidelberg, Tokyo, ...EBITs



Neam ,

What can EBIT do? [ %
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 Dielectronic Recombination

« Provide atomic data for astrophysical, ICF, MCF plasma
« For Plasma Diagnostics, e.g. Ne, Te, B...

* Fundamental studies e.g. QED Test...

« HCI clock
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SH-HtscEBIT and Experimental Setup g
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SH-HtscEBIT and Experimental Setup
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Part I:Tungsten data are needed!
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WZ?+_w25+

open 4f electrons

W16+ _\\j24+

- Ground state
- Ground state W7+

PHYSICAL REVIEW A 102, 042818 (2020)
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Identification of visible lines from multiply charged W** and W+ ions
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Theoretical Methods
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Relativistic Configuration Interaction(RCl)

Hp
! v FAC
- ;hdm +Zj?j Relativistic Many-Body Perturbation Theory(RMBPT)

=1 GRASP Multi configuration Dirac-Hartree-Fock(MCDHF)
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Indirect lonization from W4*-W7*
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Indirect lonization from W4*-W7*
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Large scale RCI calculation for W8+ D>
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Alon

W8*: 3 “ground states”

gsl: gs2: gs3:
4f1455.25p4 4f1355'25P5 4f125525p6
Single excitation : Single excitation Single excitation
4f145525p35f 4f135525pt5f  4f125525p55f
4f145s5p*5d ...  4f135s5p55d.. 4f'?5s5p®5d ...
Double excitation: Double excitation;  Double excitation:
4f145525p?5d?  4f135525p3542 4f125525p*5d*2
4f145p° ... Af135p65F .. 4f125p65d? ..,

537,988levels

the 4 d and 4 f electron correlation

Modified FAC1.1.5 to large scale calculation =




PHYSICAL REVIEW A 103, 022808 (2021)

Visible spectra of W3+ in an electron-beam ion trap
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More Spectroscopy works for W10+ Wil+ \Wi2+
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ournal of Quantitative Spectroscopy & Radiative Transfer 262 (2021) 107533

Contents lists available at ScienceDirect

Journal of Quantitative Spectroscopy & Radiative Transfer

journal homepage: www.elsevier.com/locate/jgsrt

Measurement and identification of visible lines from W10+

IOP Publishing Journal of Physics B: Atomic, Molecular and Optical Physics

J. Phys. B: At. Mol. Opt. Phys. 55 (2022) 045001 (8pp) hitps://doi.org/10.1088/1361-6455/ac5432

Re-investigation and line identifications
for W'+ in the visible range

Journal of Quantitative Spectroscopy & Radiative Transfer 279 (2022) 108064

Contents lists available at ScienceDirect
ournal of
uantitative
pectroscopy &
cli

Journal of Quantitative Spectroscopy & Radiative Transfer | s

journal homepage: www.elsevier.com/locate/jqsrt

Experimental and theoretical investigations of visible spectra of W12+

Q. Lu?, N. Fu?, CL. Yan? FH. Qu?, Y. Yang?, K. Wangbr‘, CY. Chen? Y. Zou?, ]. Xiao?* sy

2 Shanghai EBIT Labaratory, Key Laboratory of Nudlear Physics and lon-Beam Application (MOE), Institute of Modern Physics, Fudan University, Shanghai
200433, China
YHebei Key Lab of Optic-electronic Information and Materials, The College of Physies Science and Technology, Hebei University, Baoding 071002, China
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Large scale RCI calculation of energy levels in W®*

Ground states selection
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Comparison with GRASP : —

Small-scale 68,164 energy levels Large-scale 410,086 energy levels
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What’s next?

open 4f electrons

W27+_w25+ W16+_Wz4+ W?+_wl5+

- Ground state
- Ground state WT - 4f13 552 5p®

W2 4dLoafl We*  4f14 52 5p4
W25+ 4d104f 2 WS+ 4f14 552 5p3
W25+ Aql04f3 W10+ 4f14 5g2 B2
W24 4dLoaf 4 W1 4f18 5s? 5p?

Wiz 4fi4 Bg2
W13+ 4f13 532
W14+ 4f12 552
W15+ 4f11 552
W14+ 4f11 551

How to calculate more accurately for ions
with Complex Electronic Structure?
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Part Il: HCI - Test QED

Lamb shift
Fine/ Hyperfine structure splitting

Bound electron g-factor
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The Lamb shift is about
one tenth as large as
the hydrogen fine structure.
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Fine structure of B-like ions

2
| I:)3/2
2s22p 2P° 1
VER
I
I
\ 4 2
I:)1/2
NIST Atomic Spectra Database Levels Data
S XII' 53 Levels Found
Z =16, B isoelectronic sequence Sll+
Data on Landé factors and level compositions are not available for this ion in ASD A . .
Primary data source Query NIST Bibliographic Database for § Xl (new window) M 1 tranSItI O n for BO ro n = I I ke I 0 nS :

IVartin et al_1990 Literature on S XII Energy_Levels

® Astrophysical plasma diagnostics;

2¢%2p 2P | 1y 0. 00000 L7237

" e ® Test quantum electrodynamic (QED);
252p2 P, 24, 0383+
3, s R L. ;
si e @® Candidate transitions for HCI optical clock;

Collaborated with W.Q. Weng from IMP, Lanzhou



B-like lons: Test QED
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Table: Experimental values and accuracy
for 2P,,—?P,,, transition energy

week ending
VOLUME 91, NUMBER 18 PHYSICAL REVIEW LETTERS 31 OCTOBER 2003

High Precision Wavelength Measurements of QED-Sensitive Forbidden Transitions
in Highly Charged Argon Ions

L Dragani¢,"* J.R. Crespo Lépez-Urrutia,' R. DuBois.»2 S. Fritzsche,® V. M. Shabaev.* R. Soria Orts, LL Tupitsyn,"*
Y. Zou.” and J. Ullrich'

'Max-Planck Institut fiir Kernphysik, Saupfercheckweg I, D-69117 Heidelberg, Germany
:Unirersil_\‘ of Missouri-Rolla, Physics Building, Rolla, Missouri 65409-0640, USA

k endi
PRL 98, 173004 (2007) PHYSICAL REVIEW LETTERS 27 APRIL, 2007

QED Calculation of the 2p;3/, — 2p,,, Transition Energy in Boronlike Argon

A.N. Artemyev,"> V.M. Shabaev,"* L. 1. Tupitsyn,"? G. Plunien,” and V. A. Yerokhin®
'Department of Physics, St. Petersburg State University, Oulianovskaya 1, Petrodvorets, St. Petersburg 198504, Russia
2Institut fiir Theoretische Physik, TU Dresden, Mommsenstrafie 13, D-01062 Dresden, Germany

3Center for Advanced Studies, St. Petersburg State Polytechnical University, Polyrekhnicheskaya 29, St. Petersburg 195251, Russia
(Received 20 February 2007; published 27 April 2007)

lons Expt. Energy(eV) Accuracy
Sti+ 1.6285(1) 7.61x10°
Cli2+ 2.1583(25) 1.16x103
Aris+ 2.8090279(6) 2.14x107
K14+ 3.5963(31) 8.62x10*
Cals* 4.5397(37) 8.15x10*
Scle+ 5.6583(4) 7.07x10°
Tit7 6.9732(4) 5.74x10°
Vi8+ 8.5061(50) 5.88x10*
Crio+ 10.2815(17) 1.65%x10*
Mn2o+ 12.3100(12) 9.75x105
Fe2l* 14.6640(35) 2.39x10*
Ni23+ 20.3286(68) 3.35x10%
Cu24 23.7154(93) 3.92x10*4

A. N. Artemyev et al., Phys. Rev. A 88, 032518 (2013)
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Forbidden transition of B-like S*'*and CI'%* §
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Theoretical calculation results

St (eV) Cl12* (eV)
Core-Hartree Kohn-Sham Core-Hartree Kohn-Sham
Dirac 1.76301 1.79581 2.32760 2.36827
Correlation,1 -0.08043 -0.11281 -0.10034 -0.14069
Correlation,2 -0.11063 -0.08568 -0.14108 -0.10825
Correlation,3 +0.0538(2) 0.0285(2) +0.0687(2) 0.0356(2)
QED,1 0.00340 0.00343 0.00441 0.00448
QED,2 -0.0003(3) -0.0003(3) -0.0003(3) -0.0004(3)
Recoil -0.00009 -0.00009 -0.00008 -0.00008
Total 1.6289(4) 1.6289(4) 2.1589(4) 2.1589(4)
Final 1.6289(4) 2.1589(4)
Expt.(This work) 1.628857(6) 2.158826(10)
Expt.(prev.) 1.6285(1) 2.1583(25)




Forbidden transition of B-like S"!'*and CI'?*
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T 1 v 1 h ) S 1 1982 v 1 v ] 1
. ar,
(a) m e © Expt (b) s Curtis. 1982 O Expt.
u Theo' [ | |12-|]S§92 u Theo.
S 11+ o Safronova, 1996 C I 12+ Edlén, 1982
Koc, 2003 1.6303 2.1586
||
162692 Koc, 2009 Safronova, 1996
1.62920 Koc, 2003 2.1604
_ Marques, 2012 215559 Koc, 2009
Wang, 2018 103 215932 Margt;e6§52m2
1.6332 Artemyev, 2013 :
] 6\2’2 fg })38. 2.1593 = 0.0004 -
’ : Natarajan, 2021 Yu, 2019 .
Thiswork. 20211032 2153£0.035 Natarajan, 2021
16289 - 0.0004 e 217036 =
Jefferies, 1969 1 HH 2.1589 + 0.0004
| 1629014 0.00009 Fawcett, 1971 _ . Faweett, 1971 ,
! 1.637£0.013 ~ ' 2156 £0.007 Edlén! 1 '
Edlén, 1983 { = 151 . 1983,
1.6285 + 0.0001 - : n
) This work, 2021 This work, 2021
1 1.628857 +0.000006 | | | 2.158826 + 0.000010 |
1.620 1.625 1.630 1.635 1.640 2.150 2.155 2.160 2.165 2.170
Energy (eV) Energy (eV)

Increased by~200 times
26

Increased by~20 times



Forbidden transition of B-like S1*and Cli2* §
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Comparison of experimental and theoretical results of isoelectronic sequence boronlike ions
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B. Edlén, Phys. Scr. 28, 483 (1983); I. Dragani¢ et al, Phys. Rev. Lett. 91, 183001 (2003); A. N. Artemyev et al., Phys. Rev. A 88, 032518 (2013).



What’s next?
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Hyperfine of B-like lons

Extended Data Table 1| Measured frequency ratios and 2 . . . . . =
absolute frequencies Ceperment
I N\t
Measurement Value Relative uncertainty (e"o — lFle:: ]
R(*°Ar'3) 1.057 769 387 587 480 94(11) 1.0 x 10716 20} —— FF=01
VA3 670216462397 957.43(11) Hz 15 x 1016 2 QN Fitting result
R(*BAr'3+) 1.057 766 462 735187 48(13) 1.2 x 10718 £ Q}\(Q .
v(3CAr'3) 679214584287 424.91(12) Hz 1.7 x 10~ 1¢
(A - L (BArY) 1878110532.51(11) Hz 57 x 10" 8
Optical frequency ratios R(*Ar™) =v(*Ar*)/v(""Yb* E3), derived transition frequencies v(*Ar'™), 7 S P Y S —

. . . . L. 574.00 574.05 574.10 574.15 574.20 574.25 574.30
resulting isotope shift v(**Ar'®*)-v(**Ar'®*) and total relative uncertainties of each of the

; avelength (nm
measurements are given. wavelength (nm)

Nature 611, 43-47 (2022)



the Fine Structure Splitting of : 2p°
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Electron Correlation
Breit Interaction
QED: Self Energy(SE)+Vacuum Polarization(\VVP)

2
PHYSICAL REVIEW A 98, 020502(R) (2018) 9 N
Rapid Communications | % ST Tt TTT T
o F e ===
= e
§ -2t -
Proposal of highly accurate tests of Breit and QED effects in the ground state 5 R
. . . e}
of the F-like isoelectronic sequence = g
R
M. C. Li,' R. Si. T. Brage,"**" R. Hutton,"" and Y. M. Zou' ; /
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the Fine Structure Splitting of : 2p°
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Difference to the GRASP2K results (%)
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Summary

Provide data for fusion

Open 4f electrons
. Tungsten Spectroscopy Calculate more accurately
 Chlorine& Sulfur Spectroscopy

B-like ions

Fine structure/2p5

QED Test
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