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Table 2. Long-lived levels (exceeding 10 % s) and its lifetimes (a & b = a x 10¥?) of the W* jon.
Configuration Index  Level J Energy/eV Lifetimes/s || Configuration Index  Level J Energy/eV Lifetimes/s
5p® 0 505 0 0 — 30 5p35fi 4 7881 8.70% 107!
1 4t 5dt 9 36.18 2.63x101 31 Spisfi 2 79.10 4.12x10"!
2 4ffsdt 3 3744 2.11x10'! 32 5plsfl 3 954 7.15%10°
3 4ffsdl 4 3772 3.38% 107! 33 Splsfl 3 8961 7.18x10°
4 4f75dL 6 37.98 6.19%10°2 34 5plsfl 4 89.70 7.00x10°3
5 4f(5dL 2 3829 2.59%10°2 35 5pi5fl 2 90.00 6.78%10°
6  4f15dL 4 3878 1.26x10°2 36 Af5fL 1 7570 1.23x10+2
7 4Aff5d 3 38.04 2.03x10°2 37 AL 2 7572 1.48x10+!
8  4ff5dl 5 3910 2.75%10°2 38 A5t 6 7577 1.92x10+
4flii5d1
9  4ff5dl 4 3922 1.10x10°2 39 4f5f% 3 7591 4.47x10+!
10 45dL o 39.41 8.02x 102 40 451 3 7612 4.60x10+?
11 4ff5dt 2 39.53 5.97x10 % 41 A5ty 76.13 6.76x 10!
12 4f5dt 3 4023 5.14x102 42 4751 5 7617 2.11x10%!
13 4P5dy 5 4052 4.06%10° 43 AL 2 7618 2.97
14 4f55dL 2 4079 4.96x10°3 44 MI5EL 5 76.20 2.95%x10*!
15 4f55dL 3 4123 4.39%10°73 45 MI5fL 6 76.22 1.67x10+!
16 4fP5dl 4 4137 4.69x10°3 46 A5 4 76.26 6.77x 10+
17 5pisdl 1 3918 3.16x10+! 47 A5 0 76.81 3.36x102
fl’} fl
18 5pisdl 3 4064 5.40x10! 48 4P 1 7773 1.31x10°2
19 5p35sdl 2 40.69 1.17x102 49 451 1 7801 1.19x10°2
20 5pisdl 4 4088 3.15 50 451 5 78.03 1.10x10°2
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23 Bptsdl 2 51.40 4.05x10° 53 45 3 7831 1.07x10°2
24 Bptadi 2 5283 4.30x10°° 54 4B 51 3 7840 1.10x10°2
25 Splsdy 3 5344 3.42x10° 55 45 2 7344 9.91x10°
26 5pisft 2 77.81 2.43 56 45 4 7847 1.07x10 2
27 5p35ft 4 7811 1.75% 10! 57 4F5fL 4 7850 1.04x10°2
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Fig. 1. Energy levels of the main configurations of W6+ W+
and W** ions. Dotted horizontal lines mark the thresholds

for single and double ionization of W6+,
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Fig. 2. DI cross sections for ground state W®* ions. The
blue, red and green dashed lines represent the contribution
of the 5s, 5p and 4f subshell to the total DI cross section re-

spectively, the black solid line is the total DI cross section.
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EA cross section.
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Fig. 4. EA cross sections for ground state W% ions. The
green, yellow and red shadow areas represent the contribu-
tion of the 5s, 5p and 4d subshell to the total EA cross sec-
tion, respectively.
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Fig. 5. Total EISI cross section for ground state
[Kr]4d'05s24f145p5 of W6+ jons. Black solid circles are the
experimental results of Stenke et al.26l, black solid line is
the present LLDW total cross section, red solid line is
CADW calculated result!'0.
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Table 3. Fractions of the various metastable W% ions in
Model 1 and Model 2.

Energy range Energy range
(Model 1)/eV (Model 2)/eV

[0, 118] [118,1000] [0, 118] [118, 1000]

Configurations

5pb 0 0.35 0 0.31
4£13541 0.40 0.10 0.35 0.10
5p°5d! 0.40 0.11 0.35 0.12
5p°5ft 0.10 0.22 0.15 0.23
4f135¢1 0.10 0.22 0.15 0.24

FESS 2 AR (Model 2) Hh, [BIR REZUAT 54T
BRURIKEM, H (21) B
o™ (E.)

S @x i+ 1) exp - Ei/(kT)) o (E)

4

= o Zi (2 x K J + 1) exp [—E;/(kT)]
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Hor B R e BOR R kR IR 2% 2 B
T WOHES T o W (AL 3R T, N
274000 K.

1055 3 A (Model 3) h, J45/ KAkl
BIBTEN, FEA TR MR 2R (3 4):

o (E,) = zr: o™ (Ee), (23)
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Fig. 6. EISI cross sections for the metastable levels in the configuration 4d'05s24f135p05d! (a), [Kr]4d!05s24f145p55d (b),

4d105524f145p55f1 () 1 4410552413 5p05¢L (d).

#4
Table 4.

B 3 WO 1 60 4> 1 75 i AE S A LU AEL A,
Fractions A; of 60 long-lived levels for for W+ ions the Model 3.

Level index

Energy range/eV

Energy range/eV

Level index

[0, 118] [118, 1000] [0, 118] (118, 1000]
0 0 0.31000 30 0.00800 0.02300
1 0.04468 0.00625 31 0.00800 0.02300
2 0.04468 0.00625 32 0.00800 0.02300
3 0.04468 0.00625 33 0.00800 0.02300
4 0.04468 0.00625 34 0.00800 0.02300
5 0.04469 0.00625 35 0.00800 0.02300
6 0.04469 0.00625 36 0.00333 0.01000
7 0.04469 0.00625 37 0.00333 0.01000
8 0.04469 0.00625 38 0.00333 0.01000
9 0.04469 0.00625 39 0.00333 0.01000
10 0.04469 0.00625 40 0.00333 0.01000
11 0.04469 0.00625 41 0.00333 0.01000
12 0.04469 0.00625 42 0.00333 0.01000
13 0.04469 0.00625 43 0.00333 0.01000
14 0.04469 0.00625 44 0.00333 0.01000
15 0.04469 0.00625 45 0.00333 0.01000
16 0.04469 0.00625 46 0.00333 0.01000
17 0.13880 0.01333 47 0.00333 0.01000
18 0.13890 0.01333 48 0.00333 0.01000
19 0.13890 0.01333 49 0.00333 0.01000
20 0.13890 0.01333 50 0.00333 0.01000
21 0.13890 0.01333 51 0.00333 0.01000
22 0.13890 0.01333 52 0.00334 0.01000
23 0.13890 0.01334 53 0.00334 0.01000
24 0.13890 0.01334 54 0.00334 0.01000
25 0.13890 0.01334 55 0.00334 0.01000
26 0.00800 0.02300 56 0.00334 0.01000
27 0.00800 0.02300 57 0.00334 0.01000
28 0.00800 0.02300 58 0.00334 0.01000
29 0.00800 0.02300 59 0.00334 0.01000
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Abstract

Due to its unique characteristics, metal tungsten has been selected as the wall material for the tokamak
magnetic confinement fusion device. The wall material directly interacts with the plasma for a long time, thus
causing tungsten atoms and ions to be sputtered and ionized into different charge states, which then enter the
tokamak device as plasma impurities. To ensure stable plasma combustion conditions, highly complex model is
currently being used to evaluate the behavior of tungsten impurities and their influence on the tokamak plasma.
This requires various high-precision atomic data for tungsten atoms and different ionized states of tungsten
ions. Electron collision ionization, as a fundamental atomic physical process, is widely encountered in laboratory
and astrophysical plasma environments. The parameters such as electron collision ionization cross-sections and
rate coefficients are crucial for plasma radiation transport simulations and state diagnostics.

Electron-impact single-ionization (EISI) cross sections of the ground state and metastable state for W6+
ions are calculated by using the level-to-level distorted-wave (LLDW) method. The contributions of direct
ionization (DI) cross section and excited autoionization (EA) cross section to the total EISI cross section are
primarily considered.

Comparison of our calculation results with the experimental data from Stenke et al. (Stenke M, Aichele K,
Harthiramani D, Hofmann G, Steidl M, Volpel R, Salzborn E 1995 J. Phys. B: At. Mol. Opt. Phys. 28 2711)
reveals that the EISI cross section considering only the ground state is significantly smaller than the
experimental result. Therefore, it is imperative to take into account the contribution from the metastable state.
To determine the fraction of ions in long-lived energy levels within the parent ion beam, three models are
employed.

Our results, which include the contribution of metastable states, accord well with the experimental results
of Stenke et al. Compared with the theoretical calculation result of Pindzola et al. our calculaiton provides a
more comprehensive understanding of the electron-impact single-ionization process for W% ions. The

comparison is illustrated in the attached figure.
Keywords: tungsten ions, electron-impact, metastable states, direct ionization, excited autoionization
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