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𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡(𝐸𝐸𝑒𝑒)=𝜎𝜎𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷+𝐵𝐵𝑙𝑙𝑙𝑙 • 𝜎𝜎𝑖𝑖𝑖𝑖𝐸𝐸𝐸𝐸

The atomic data were calculated by using the flexible atomic code (FAC);
The autoionization rates and election-impact excitations rates were calculated within
the distorted-wave approximation by using FAC;
The calculated atomic data were adopted to calculate the level-to-level EISI cross
section by using a homemade program as massive data were involved.

Method



Results

 Red: even parities; Blue: odd parities

 W9+energy level diagram



Results

𝒆𝒆− + 𝑷𝑷𝑷𝑷 𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏

→ 𝑷𝑷𝑷𝑷
𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟐𝟐𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏

𝟓𝟓𝟓𝟓𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏
+ 𝟐𝟐𝐞𝐞−

 W9+ DI cross sections



Results
𝒆𝒆− + 𝑷𝑷𝑷𝑷 𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏 → 𝑷𝑷𝑷𝑷

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝒏𝒏𝒍𝒍′

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟐𝟐𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝒏𝒏𝒍𝒍′

𝟓𝟓𝟓𝟓𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝒏𝒏𝒍𝒍′
+ 𝐞𝐞− W9+ EA cross sections

𝑨𝑨𝑨𝑨 𝑷𝑷𝑷𝑷

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟐𝟐𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏

𝟓𝟓𝟓𝟓𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟐𝟐𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝟓𝟓 𝒅𝒅,𝒇𝒇,𝒈𝒈 𝟏𝟏

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝟓𝟓𝟓𝟓𝒇𝒇𝟏𝟏𝟏𝟏𝟓𝟓 𝒅𝒅,𝒇𝒇,𝒈𝒈 𝟏𝟏

𝟓𝟓𝟓𝟓𝟓𝟓𝒑𝒑𝟐𝟐𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝟓𝟓 𝒅𝒅,𝒇𝒇,𝒈𝒈 𝟏𝟏

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟐𝟐𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝒏𝒏𝒍𝒍′

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝟓𝟓𝟓𝟓𝒇𝒇𝟏𝟏𝟏𝟏𝒏𝒏𝒍𝒍′

𝟓𝟓𝟓𝟓𝟓𝟓𝒑𝒑𝟐𝟐𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝒏𝒏𝒍𝒍′

+ 𝒆𝒆−

𝑹𝑹𝑹𝑹 𝑷𝑷𝑷𝑷

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟒𝟒𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏

𝟓𝟓𝟓𝟓𝟓𝟓𝒑𝒑𝟒𝟒𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝟓𝟓 𝒅𝒅,𝒇𝒇,𝒈𝒈 𝟏𝟏

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟐𝟐𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝟓𝟓 𝒅𝒅,𝒇𝒇,𝒈𝒈 𝟏𝟏

𝟓𝟓𝟓𝟓𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝟓𝟓 𝒅𝒅,𝒇𝒇,𝒈𝒈 𝟏𝟏

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝒏𝒏𝒍𝒍′

𝟓𝟓𝒔𝒔𝟐𝟐𝟓𝟓𝒑𝒑𝟐𝟐𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝒏𝒏𝒍𝒍′

𝟓𝟓𝟓𝟓𝟓𝟓𝒑𝒑𝟑𝟑𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝒏𝒏𝒍𝒍′

+ 𝒉𝒉𝒉𝒉 + 𝒆𝒆−



Results
 W9+ ground state only

 Stenke M, Aichele K, Harthiramani D, Hofmann G, Steidl M, Volpel R and Salzborn E 1995 J. Phys. B 28 2711

 LLDW calculation is about 

20% lower than 

experimental measurement；

 Lotz calculation also 

underestimated EISI;

 IP=176.6 eV; Signal at 

154.7 eV; metastable 

states 174.1 eV (𝟒𝟒𝟒𝟒𝟏𝟏𝟏𝟏𝟓𝟓𝒑𝒑𝟒𝟒) 

and 131.2 eV (𝟓𝟓𝒑𝒑𝟐𝟐𝟓𝟓𝟓𝟓).



Results
 W9+ metastable states [Cd]𝟒𝟒𝒇𝒇𝟏𝟏𝟏𝟏𝟓𝟓𝒑𝒑𝟒𝟒 and [Cd]𝟓𝟓𝒑𝒑𝟐𝟐𝟓𝟓𝟓𝟓

 Ion flight time ~1.5×10-5 s.

 Lifetime > 10-6 s.



Results
 W9+ comparison with experiment

Blue dashed line: the result of model 1. 
Red dotted line: the result of model 2. 
Black solid line: the result of model 3.

 Run Jia Bao, et al., 2023 Chin.. Phys. B 32 063401
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 Garland N A, Chung H K, Zammit M C, McDevitt C J, Colgan J, Fontes C J and Tang X Z 2022 Phys. Plasmas 29 012504

 Baring M G 1991 Mon. Not. R. Astron. Soc. 253 388

 Hansen S B and Shlyaptseva A S 2004 Phys. Rev. E 70 036402



 Maxwellian：

𝐹𝐹𝑀𝑀 (𝜖𝜖,𝑇𝑇𝑒𝑒 ) =
2 𝜖𝜖
𝜋𝜋𝑇𝑇𝑒𝑒1.5 𝑒𝑒𝑒𝑒𝑒𝑒(−𝜖𝜖/𝑇𝑇𝑒𝑒 )

 Gaussian：

𝐹𝐹𝐺𝐺 (𝜖𝜖,𝑇𝑇𝑒𝑒 ) =
1

𝑤𝑤 𝜋𝜋
1 −

2
1 − 𝑒𝑒𝑒𝑒 𝑓𝑓 −𝑇𝑇𝑒𝑒 /𝑤𝑤

× 𝑒𝑒𝑒𝑒 𝑝𝑝 −
𝜖𝜖 − 𝑇𝑇𝑒𝑒
𝑤𝑤

2

 Maxwell-Juttner：

𝐹𝐹𝑀𝑀𝑀𝑀 (𝛾𝛾) = 𝛾𝛾𝑏𝑏
2 𝛽𝛽

𝜃𝜃𝐾𝐾2 1/𝜃𝜃
𝑒𝑒𝑒𝑒𝑒𝑒(−𝛾𝛾𝑏𝑏 /𝜃𝜃)

 Power-law：

𝐹𝐹𝑝𝑝 (𝜖𝜖,𝑇𝑇𝑒𝑒 ) =
𝛾𝛾 − 1
𝑇𝑇𝑒𝑒
1−𝛾𝛾 𝜖𝜖−𝛾𝛾

 Rate coefficient：𝑅𝑅 = ∫𝐼𝐼0
∞ 𝑣𝑣𝑣𝑣 𝜖𝜖 𝑓𝑓𝑒𝑒 𝜖𝜖 𝑑𝑑𝑑𝑑
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Method

Four different types of EEDFs: 
Maxwellian distribution at different Te (solid black line), 
Gaussian distribution at different half-widths (dashed line) with Te = 10 keV, 
Power-law distribution with Te = 10 keV at different decay constants
(dotted line
Maxwell–Juttner distribution at different Te (dash-dotted line).



 Fitting formula：𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐸𝐸𝐼𝐼0 𝜖𝜖 = 10−13

𝜖𝜖𝐼𝐼0
𝐴𝐴0𝑙𝑙𝑙𝑙

𝜖𝜖
𝐼𝐼0

+ ∑𝑖𝑖=18 𝐴𝐴𝑖𝑖 1 − 𝐼𝐼0
𝜖𝜖

𝑖𝑖

 W46+-W55+ EISI cross sections

Results



Results
 W46+ EISI rate coefficients under different EEDFs



Results
 W46+ EISI rate coefficients using various distributions 

and fractions of hot electrons

suprathermal (‘hot’) electrons： 𝑭𝑭(𝝐𝝐) = 𝟏𝟏 − 𝒇𝒇𝒉𝒉𝒉𝒉𝒉𝒉 𝑭𝑭𝑴𝑴 (𝝐𝝐,𝑻𝑻𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 ) + 𝒇𝒇𝒉𝒉𝒉𝒉𝒉𝒉𝑭𝑭𝒙𝒙 (𝝐𝝐,𝑻𝑻𝒉𝒉𝒉𝒉𝒉𝒉 )
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核科学与技术学院 8

The influence of metastable states on the total ionization cross section must be
considered in the theoretical study.
The contributions of metastable states on the total ionization cross section other
low charged W ions or other adjacent elements should be considered
In the tokamak plasma devices, the presence of high-atomic-number ion species
can lead to the formation of runaway hot electrons. Using the two temperature
model, we investigated the EISI rate coefficients for different proportions of hot
electrons under various electron distribution scenarios for W46+-W54+.
The results indicate that the fraction of hot electrons has a greater impact on the
EISI rate coefficients compared to the forms of the EEDFs.
We have demonstrated that the understandable sensitivity of the ionization rates
calculated by various distributions in low bulk temperature.

Conclusion
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two more things





New fitting coefficients



核科学与技术学院 1

In general, the single ionization
process is the most intense of all
ionization processes.

However, in the environment
where high-energy electrons
are abundant, multiple
ionization also contributes
greatly. Compared to other
multiple ionization processes,
double ionization has the
greatest impact on the
ionization process with different
charge state distributions.M S Pindzola et al, J. Phys. B: At. Mol. 

Opt. Phys. 50 (2017) 095201 

Background

EISI

EIDI



核科学与技术学院 2

M Stenke et al, J. Phyr. B: At. Mol. Opt. Phys. 28 (1995) 4853-4859. 𝑊𝑊𝑞𝑞+(q=1-6) Exp (crossed-beam)

M S Pindzola et al, J. Phys. B: At. Mol. Opt. Phys. 50 (2017) 095201 𝑊𝑊 Theo(distorted-wave)

M.S. Pindzola et al,  Eur. Phys. J. D (2019) 73: 78 𝑊𝑊+ Theo(TDCC)

V. Jonauskas et al, Lithuanian Journal of Physics, 49 (2009) 415 
𝑊𝑊𝑞𝑞+(q=2,4,6)Theo(distorted-wave)
J Rausch et al, J. Phys. B: At. Mol. Opt. Phys. 44 (2011) 165202 𝑊𝑊17+ Exp(crossed-beam)

There are less works on double /triple ionization of tungsten.

None of the current work takes into account metastable states.

Background



核科学与技术学院 3

The process of double ionization can be expressed as:

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝐷𝐷𝐷𝐷)
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝐷𝐷𝐷𝐷𝐷𝐷)�

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝐼𝐼𝐼𝐼)
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝐸𝐸𝐸𝐸𝐸𝐸)
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝐼𝐼𝐼𝐼𝐼𝐼)

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝐼𝐼𝐼𝐼)

The total cross-section can be expressed as the sum of them:

𝜎𝜎𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷(𝜀𝜀) = 𝜎𝜎𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷𝐷𝐷(𝜀𝜀) + �
𝑗𝑗

𝜎𝜎𝑖𝑖𝑖𝑖𝐶𝐶𝐶𝐶(𝜀𝜀)𝐵𝐵𝑗𝑗𝑗𝑗𝑎𝑎

where 𝜎𝜎𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷𝐷𝐷is the DDI cross section and a term ∑𝑗𝑗 𝜎𝜎𝑖𝑖𝑖𝑖𝐶𝐶𝐶𝐶(𝜀𝜀)𝐵𝐵𝑗𝑗𝑗𝑗𝑎𝑎 describes the indirect double ionization process: 
ionization with subsequent autoionization (IA) through the intermediate level j of the ionized ion.

Method
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Result-II
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Result-EII
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Result-IEI
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In terms of O4+, we have performed calculations under two different potentials:
(ⅰ): the potential of ionizing ions  
(ⅱ): the potential of ionized ions  

The arrows indicate the ionization threshold 
of the inner shell

The experimental results are from:
Physica Scripta. Vol. T80, 285-286, 1999
M Westermann et al.

If we take the potential of ionized
ions, the theoretical results are in
better agreement with the experiments.

Result-Comparison
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In terms of tungsten, the double ionization process is expected to be important
but there are few works about tungsten. Theoretical work involved only tungsten
atom and 𝑾𝑾𝒒𝒒+(𝑞𝑞 = 1,2,4,6). Investigation on the double/triple ionization of
tungsten is needed.

There are two additional processes of double ionization: EI-AI and IE-AI. For
Be-like-O, the contribution of these two processes is orders of magnitude smaller
than others so it can be neglected. But we don’t know the exact results in terms
of tungsten. Need detailed calculation.

Looking through the whole double ionization process, the direct ionization is
dominant when the energy was low, and the indirect process contributes the most
in the medium-energy and the high-energy range. For tungsten? Remains unclear.

Looking ahead
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