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Electron Beam Ion Trap, EBIT



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

The Shanghai EBITs

Livermore, NIST, Heidelberg, Tokyo, …EBITs



• 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

• …



Outline

Shanghai EBIT Laboratory - Fudan University 6

EBIT HCI

Spectroscopy

W S Cl



Flat Field Spectrometer
SH-HtscEBIT

SH-HtscEBIT and Experimental Setup

Andor Sharmrock



Flat Field Spectrometer

Andor Shamrock 500/303

SH-HtscEBIT and Experimental Setup

SH-HtscEBIT
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Part I:Tungsten data are needed!
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W27+–W25+

open 4f electrons

Ground state

W7+ 4f13 5s2 5p6

W8+ 4f14 5s2 5p4

W9+ 4f14 5s2 5p3

W10+ 4f14 5s2 5p2

W11+ 4f13 5s2 5p2

W12+ 4f14 5s2

W13+ 4f13 5s2

W14+ 4f12 5s2

W15+ 4f11 5s2

W14+ 4f11 5s1

W7+–W15+W16+–W24+
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corecore

Ground state

W27+ 4d104f 1

W26+ 4d104f 2

W25+ 4d104f 3

W24+ 4d104f 4

Moderately Charged Tungsten Ions

Z=74



𝐻𝐷𝐶

=෍

𝑖=1

𝑁

ℎ𝑑 𝑖 +෍

𝑖<𝑗

𝑁
1

𝑟𝑖𝑗

Ψ Γ𝑃𝐽 =෍

𝑖=1

𝑀

𝑐𝑖Φ(𝛶𝑖𝑃𝐽)

Relativistic Configuration Interaction(RCI)

𝑑𝑁𝑖

𝑑𝑡
= σ𝑗>𝑖 𝐴𝑗→𝑖

𝑟 𝑁𝑗 +σ𝑗<𝑖 𝐶𝑗→𝑖
𝑒 𝑁𝑗𝑛e +σ𝑗>𝑖 𝐶𝑗→𝑖

𝑑 𝑁𝑗𝑛e

−σ𝑗<𝑖 𝐴𝑖→𝑗
𝑟 𝑁𝑖 −σ𝑗>𝑖 𝐶𝑖→𝑗

𝑒 𝑁𝑖𝑛e −σ𝑗<𝑖 𝐶𝑖→𝑗
𝑑 𝑁𝑖𝑛e

𝐼𝑖,𝑗 𝜆 ∝ 𝑁𝑖𝐴𝑖,𝑗𝜙(𝜆)

𝑑𝑁𝑖
𝑑𝑡

= 0 ෍

𝑖

𝑁𝑖 = 1

FAC

Relativistic Many-Body Perturbation Theory(RMBPT)

GRASP Multi configuration Dirac-Hartree-Fock(MCDHF)

collisional (de)excitation  

radiative decay 

Collisional Radiative Model(CRM)
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Theoretical Methods
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Q. Lu et. al, PRA, 99, 042510 (2019 )

Indirect Ionization from W4+–W7+

Collaborated with C.Y. Cheng, J.G. Li, K. Wang
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13C.L. Yan et. al, PRA, 105, 032830 (2022)

Indirect Ionization from W4+–W7+

Multi charge CRM



W6+：50–80 eV(solid line)，ground to 4f 135p55d2 & 4f 125d2，to EA

80–122 eV(dashed line)，ground to 5p55d & 4f 135d，to EA

W5+： 35–65 eV，ground to 5p55d2和4f 135d2 ，to EA

14C.L. Yan et. al, PRA, 105, 032830 (2022)

Indirect Ionization from W4+–W7+



gs1:
4𝑓145𝑠25𝑝4

Single excitation : 

4𝑓145𝑠25𝑝35𝑓
4𝑓145𝑠5𝑝45𝑑…

Double excitation:

4𝑓145𝑠25𝑝25𝑑2

4𝑓145𝑝6…

gs2:
4𝑓135𝑠25𝑝5

Single excitation 

4𝑓135𝑠25𝑝45𝑓
4𝑓135𝑠5𝑝55𝑑…

Double excitation:

4𝑓135𝑠25𝑝35𝑑2

4𝑓135𝑝65𝑓…

gs3:
4𝑓125𝑠25𝑝6

Single excitation 

4𝑓125𝑠25𝑝55𝑓
4𝑓125𝑠5𝑝65𝑑…

Double excitation:

4𝑓125𝑠25𝑝45𝑑2

4𝑓125𝑝65𝑑2…

W8+: 3“ground states”

1s2…4d10 1s2…4p6

Modified FAC1.1.5 to large scale calculation

537,988levels
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the 4 d and 4 f electron correlation

Large scale RCI calculation for W8+



Phys. Rev. A. 2021, 103: 022808 16

RCI 0.88%

MCDHF 0.83%



More Spectroscopy works for W10+,W11+,W12+
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Side Product

Large scale RCI calculation of energy levels in W9+

Ground states selection



Comparison with GRASP : 
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⚫ Large-scale calculation makes the deviation of 3-ground reduce from 14.40% to 3.24% and the deviation 

of 4-ground reduce from 4.34% to 2.11%

Priti et al. Phys Rev A 102:042818（2020）

Small-scale 68,164 energy levels Large-scale 410,086 energy levels



W27+–W25+

open 4f electrons

Ground state

W7+ 4f13 5s2 5p6

W8+ 4f14 5s2 5p4

W9+ 4f14 5s2 5p3

W10+ 4f14 5s2 5p2

W11+ 4f13 5s2 5p2

W12+ 4f14 5s2

W13+ 4f13 5s2

W14+ 4f12 5s2

W15+ 4f11 5s2

W14+ 4f11 5s1

W7+–W15+W16+–W24+
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corecore

Ground state

W27+ 4d104f 1

W26+ 4d104f 2

W25+ 4d104f 3

W24+ 4d104f 4

What’s next?

How to calculate more accurately for  ions 

with Complex Electronic Structure?



Part II: HCI  - Test QED

• Lamb shift

• Fine/ Hyperfine structure splitting 

• Bound electron g-factor

• …
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M1 transition for Boron-like ions:

⚫ Astrophysical plasma diagnostics;

⚫ Test quantum electrodynamic (QED);

⚫ Candidate transitions for HCI optical clock;

B-like
2s22p 2P°

2P3/2

M1

2P1/2

S11+

Fine structure of B-like ions

Collaborated with W.Q. Weng from IMP, Lanzhou



B-like Ions: Test QED

A. N. Artemyev et al., Phys. Rev. A 88, 032518 (2013)

Ions Expt. Energy(eV) Accuracy

S11+ 1.6285(1) 7.61×10-5

Cl12+ 2.1583(25) 1.16×10-3

Ar13+ 2.8090279(6) 2.14×10-7

K14+ 3.5963(31) 8.62×10-4

Ca15+ 4.5397(37) 8.15×10-4

Sc16+ 5.6583(4) 7.07×10-5

Ti17+ 6.9732(4) 5.74×10-5

V18+ 8.5061(50) 5.88×10-4

Cr19+ 10.2815(17) 1.65×10-4

Mn20+ 12.3100(12) 9.75×10-5

Fe21+ 14.6640(35) 2.39×10-4

Ni23+ 20.3286(68) 3.35×10-4

Cu24+ 23.7154(93) 3.92×10-4

Table: Experimental values and  accuracy 

for 2P3/2→
2P1/2  transition energy



The experimental results
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Theoretical calculation results

S11+ (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 S11+ and Cl12+
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Increased by~20 times Increased by~200 times



Comparison of experimental and theoretical results of isoelectronic sequence boronlike ions

B. Edlén, Phys. Scr. 28, 483 (1983); I. Draganić et al, Phys. Rev. Lett. 91, 183001 (2003); A. N. Artemyev et al., Phys. Rev. A 88, 032518 (2013).
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Nature 611, 43-47 (2022)

What’s next?

Hyperfine of B-like Ions



the Fine Structure Splitting of : 2p5

Electron Correlation

Breit Interaction

QED: Self Energy(SE)+Vacuum Polarization(VP)

Inspired by R.Hutton, Collaborated with N.Nakamura & A.Volotka

Single hole in outermost subshell of a shell (SHOSS)

e.g. 1s22s22p5 （F-like）or 1s22s22p63s23p63d9（Co-like）



Q. Lu, et al. PRA 102, 042817(2020)

S7+ and Cl8+ 2p5: 2P1/2 −
2P3/2

Cl8+ :  λ=732.757 ±0.017 nm@SH-HtscEBITS7+ :  λ=991.532 ±0.020 nm @Cobit

the Fine Structure Splitting of : 2p5



PRA 98,020502(R)(2018) PRA 100, 010502(R)(2019)

PRA 102, 032803(2020)PRA 102, 042817(2020)

the Fine Structure Splitting of : 2p5



PRA 98, 012504(2018)

Z=41, 428 nm

Z=74, 18.567(3) nm

the Fine Structure Splitting of : 3d9
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Open 4f electrons

Calculate more accurately

QED Test

B-like ions

Fine structure/2p5

Provide data for fusion



Thanks for your attention！
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