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The electron-impact single ionization cross section for W8+ jon has been calculated using flexible atomic code,
employing the level-to-level distorted-wave approximation. This calculations takes into account contributions form both
direct ionization (DI) and excitation autoionization (EA). However, the theoretical predictions, based solely on the ground
state, tends to underestimate the experimental values. This discrepancy can be mitigated by incorporation contributions
from excited states. We extended the theoretical analysis, including the contributions from the long-lived metastable states
with lifetimes exceeding 1.5 x 107> s. We employed two statistical models to predict the fraction of ground state ions in
the parent ion beam. Assuming a 79% fraction of parent ions in ground configuration, the experiment measurements align
with the predictions. Furthermore we derived the theoretical cross-section for the ground state as correlated plasma rate
coefficients, and compared it with existing data. Despite the uncertainty in our calculations, our results are still acceptable.

Keywords: tungsten ions, electron-impact ionization, cross section

PACS: 34.50.Fa, 34.80.Dp, 32.80.Aa

1. Introduction

Tungsten is utilized to coat sections of the inner walls
in fusion devices due to its exceptional attributes, including
a high melting point, resistance to neutron radiation, low tri-
tium retention, and minimal chemical erosion.!'"] When en-
ergetic particles bombard the inner walls, tungsten atoms are
expelled and migrate towards the central regions of the ther-
monuclear plasma. During their journey from the wall regions
to the plasma center, these tungsten atoms undergo multiple
ionizations. The presence of tungsten ions in the plasma sig-
nificantly contributes to radiative losses. Consequently, pre-
cise atomic data are indispensable for forecasting the impact
of tungsten as a plasma impurity on plasma performance, en-
compassing atomic processes and the atomic structure of tung-
sten across all charged states.’] Among the various ionization
processes in fusion plasma, electron-impact single ionization
(EISI) stands as the most dominant.*>! Therefore, compre-
hensive knowledge of ionization cross sections for tungsten
ions, extending up to the highest charge states, is essential for
fusion plasma modeling.

Over the years, investigations related to electron-impact
ionization of tungsten have been conducted. Montague and
Harrison!®! initially presented experimental cross sections for
single ionization of W . These results were subsequently cor-
roborated by Stenke et al.,l’! encompassing a range of W4+
(where g = 1-10). Additional, experimental cross sections
were measured for W7 and W!°T using an electron—ion
crossed-beam setup.[*#! Most recently, Schury et al. addressed
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the remaining gap for low to moderately high charge states
with measurements for W9+ (where 11 < ¢ < 18).1]
Theoretically, calculating electron-impact ionization
(EII) cross sections for tungsten ions presents challenges due
to its complex many-electron nature, relativistic effects, and
the presence of open d or f shells. Consequently, several the-
oretical methods have been employed, including the widely
used Lotz expression,!!”! binary-encounter Bethe (BEB)
model, '] plane-wave Born (PWB) approximation,[!314! R-
matrix method,!>! and configuration-averaged distorted wave
(CADW) method.!'! For instance, Kwon et al. calculated
cross sections for the electron-impact ionization of neutral
W atoms and W' ions using the BEB model and PWB
approximation.!'”! Balance et al. employed the distorted wave
theory to calculate direct ionization (DI), while the rela-
tivistic R-matrix method was used to compute the excited
autoionization (EA) contribution of W3+ 1181 The CADW
method was employed to investigate electron-impact single
ionization (EISI) for the ground state of all charged states
of W ions.[10] Additionally, the level-to-level distorted wave
(LLDW) method is widely applied in calculations, such as the
investigation of EISI cross sections for W38+—-W* using the
LLDW method."! Our research group conducted detailed the-
oretical calculations and investigations on the electron-impact
ionization of W4, W3+ and W!7* using the LLDW method,
considering both direct ionization (DI) and excitation autoion-
ization (EA) contributions.!>!" Jonauskas et al. meticulously
reevaluated the EISI cross section of W>*, both through rig-
orous experimentation and comprehensive theoretical analy-
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sis. They discovered that metastable states exert a pronounced
influence on the overall ionization cross-section, particularly
with regards to contributions stemming from the 5p?5d* and
4f135d? configurations. Remarkably, the agreement between
theory and experiment was found to be excellent when assum-
ing that approximately 85% =+ 9% of the parent ions are in the
ground configuration. ! Furthermore, detailed LLDW calcu-
lations for W7+, W%, and W'+ have been presented by Chen
et al.>!) and Bao et al.'??) placing particular emphasis on un-
derstanding the contribution of metastable states to the overall
EISI cross section.

In collision experiments, the presence of metastable ions
in the ion source is inevitable. Therefore, the measure-
ment of W9 ions is often influenced by numerous unknown
metastable fractions. From the experimental data of W3+ jon,
we have observed significant ionization signals below the ion-
ization threshold for the ground state. As described by Stenke
in the literature, these ionization signals manifest in the en-
ergy range of approximately 90 eV to 100 eV, precisely align-
ing with the ionization threshold for the excited state config-
uration involving 5p—5d excitation.!”! Furthermore Lu et al.
have also reported the presence of characteristic spectral lines
arising from configurations 4f'35p> and 4f'25p® when observ-
ing visible spectral lines of W8 using an electron—beam ion
trap apparatus.'>*! Due to the nearly identical energy levels of
the 4f and 5p electron orbitals for the W38+ ion, the calcula-
tions remain highly challenging. Previously, only Stenke pre-
dicted the electron-impact single ionization cross sections of
the ground state 4f'#5p* and the excited state Sp>5d of W8+
using the semiempirical Lotz formula. However, due to the
influence of metastable states, the experimental results were
severely underestimated. To comprehensively analyze the ex-
perimental data, we conducted a more detailed LLDW theoret-
ical calculation for W8+ ion using the FAC code developed by
Gu et al.'**! Additionally, we also accounted for contributions
from metastable states.

2. Theoretical approach

The total ionization cross section for the main EISI pro-
cess is given by

oj(e) = c,’?‘(e)+;c,%‘3(e> “ (1)

where € is the energy of the incident electron, G}/)-I(e) is the

direct ionization cross section from level i of AY" to level

j of A7, 6$E(¢) is the collisional excitation cross section

from level i of A9" to level k of A9T, B ; is the autoionization

branching ratio from level k of A?* to energy level j of A9t

The autoionization branching ratio can be expressed as
’ Akj

Bl = et @)
Y Zm Akm + Z’l AZn

where AJ, is the radiative decay rate of A?" ion from level k of
A7 to level m of A7t, and A{, is the autoionization rate from
level k of A7* to energy level n of A4+,

When the incident electron energy is €, the DI cross sec-
tion is expressed as

1
DI
o (&) = Q. 3)
(€)= 12y
The EA cross section is expressed as
T

1

o (€) = 5 Qu, “@
where k; is the kinetic momentum of the incident electron, g;
is the statistical weight of the initial state, and £2;;, £ are the
collisional strength.

The experimental results indicate that the ionization cross
section of W includes a contribution from excited states.
Hence, it is essential to calculate the total ionization cross sec-
tion for both the ground state and the excited states. In order
to fit the experimental cross section, it is necessary to estimate
the different fractions of the ground state and excited states in
the parent ion beam.

The experimental cross section can be expressed by
m
0P (e) = ) hio" (&), )
i=1

where A; is the ion-beam fraction of level i, m is the number

of levels contributing to the measurements. "]

3. Results and discussion
3.1. The ground state 4f'45p*
3.1.1. Energy levels

Figure 1 shows the energy levels for the ground state of
the W3+ ion, as well as select excited states. Additionally, en-
ergy levels of the main configurations for W2 and W' ions
produced by collisional ionization. The figure clearly illus-
trates that the energy levels of 5/nl’ and 4 fnl’ either exceed or
below the first ionization threshold, while the energy levels as-
sociated with the 4d°5p*71’ configuration span the second ion-
ization threshold. In these cases, the configuration-averages
approach may yield inaccurate results when considering con-
tributions from these autoionization configurations to the total
EISI cross sections. However, dealing with the EA cross sec-
tion of excited configurations near the ionization threshold is
more convenient for the LLDW method. It is important to
mention that the energy levels of the 4d hole system lie above
the second ionization threshold, resulting in net double ion-
ization. Therefore, the 4d subshell only contributes to indirect
processes.
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Fig. 1. The energy levels of W8+, WoF, and W'0* configurations considered in this paper. Where red indicates even configurations, blue
indicates odd configurations, and green indicates part of excited state energy levels for Sp subshell (a), 4f subshell (b), 5s subshell (c), 4d
subshell (d) electrons excited to n < 20, I’ < 6.

3.1.2. Comparison of theoretical and experimental re-

sult

In Table 1, we present the ionization thresholds for the
outer subshell electrons of both the ground state and the ex-

cited state Sp35d configuration of the W8+ ion. Experimental

results and NIST recommended values are included for com-

parison. Notably, the deviation between theoretical calcula-
tions and experimental results does not exceeds 1 eV.

Table 1. Threshold energies for the ionization of electrons in the outer subshells of W8+ ion ground state 4f'#5p* and excited state 5p35d.

Configuration Method 5d (eV) 4f (eV) S5p (eV) 5s (eV) 4d (eV)
4f145p* FAC 157.60 160.04 198.18 377.20
Expt® 157.60 160.60 198.20 378.00
NIST® 160.20£1.20
4f145p35d FAC 114.55 160.00 161.62 197.35
Expt? 114.50 160.00 160.00 196.80

aRef. [7], PRef. [25].

Based on Fig. 1, the DI channel can be represented as

follows:

e + [Kr]4d!05524f145p* —
[Kr]4d'05s24f145p% +-2¢~,
[Kr]4d'05s%4f135p* +-2¢
[Kr]4d'05s'4f135p* +-2¢
(Kr]

Kr]4d®5s%4f145p* 42~ (6)

According to Fig. 1, the EA contribution within the EISI
of W8 encompasses the 5p, 5s, 4f, and 4d subshells. These
excitation channels can be expressed as

e + [Kr]4d!95s24f45p* —
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Kr)4d'%5s24f145p35(d, £, g) + e,
4d'05524f135p%5(d, £, g)! + e,
4d'0554f'5p45(d,f,g)! + e,
4d%5524f15p*5(d,f,g) + e,

]
Kr]
]
J4d
14d105s%4f145p3n1" + e,
]
]
]
]
]

Kr
Kr

A

4d'9524f35p 1" + e,
4d'9554f"45p% 01" + e,
4d%5s24f145p 01 e,
Kr|4d'%5s4f145p% 4 e~
Kr|4d?5s24f'45p° + ¢~
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where 5 < n <20, I’ < 6, These excitation channels can be
performed via autoionization (AI) or radiative (RT)

Al —
Kr]4d!05s25p*4f13 4 e~
Kr]4d!05s25p34f14 4 e~
Kr]4d'05s5p%af!* 4+ e~
14d°5s25p*4f!4 4 e,
14d%5s25p 4t + e,
14d'05525p%4f12 4 ¢~
14d!05s5p34f13 e~
14d!05s25p*4£125(d, f,g) + e,
14d'05s25p34£135(d, f,g) + e,
14d'05s25p24£145(d, f,g)! + e,
14d105s5p*4f135(d, f,g)! + e,
14d105s5p34f145(d, £, g)! + e,
14d105p*4f!45(d, £, g)! + e,
14d'05s%5p*4f12nl’ + e,
14d'05s%5p34f3nl’ e,
14d'05s%5p24f 0l + e,
14d'05s5p*af3nl’ + e,
14d105s5p34fM4nl’ + e~
14d105p*af!4nl’ + e, (8)
N
14d°5s%5p 44 + b,
14d105525p*4f14 1 py,
14d°5s%5p%4f!3 + hv,
14d°5s%5p 4f1%5(d, f,g)! + hv,
14d105525p*4£135(d, f,g)! + hv,
14d105525p24£145(d, f,g)! + hv,
]
]
]
]
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All energy levels within the 5s, 5p, and 4f hole system in
DI are situated below the double ionization threshold. Figure 2
shows the contribution of the DI cross section originating from
the 5p, 5s, and 4f subshells. It is evident that the primary con-
tribution to the DI cross section arises from the 4f subshell,
while the contribution of the 5p and 5s subshells decreases
successively.

Regarding the contribution of nl’ energy levels to the total
cross section in the EA process of the ground state, we calcu-
lated the ratio of nl’ to the total EA cross section at the peak

energy (i.e., 377 eV). As shown in Fig. 3, the most significant
contribution comes from excitations involving nl’ (n =5). The
nl’ (n = 20) level’s accounts for approximately 1.3% of the
total EA cross section. Contributions from higher nl’ values
beyond 20!" are expected to be even smaller. In this study, we
have disregarded the contribution of the nl’ (n > 20) levels.

...... 5p-di
/_\10' ..... 4f-di
NE ..... 5s-di
S gl — Total-DI
1
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a
2
S 4r
@
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O b b e
O0 500 1000 1500 2000 2500 3000

Energy (eV)

Fig. 2. Present calculated direct ionization (DI) cross sections for the Wi+
ground state (contributions from different subshells).
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Fig. 3. The proportions of nl’ (n = 5-20) energy levels to the total cross
section in EA processes of ground state [Cd]4f!45p*.
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Fig. 4. Accumulated excitation autoionization (EA) cross sections (contri-
butions from different subshells) for the W8 ground state. The shadow
areas show contributions from different subshells.

Figure 4 illustrates the contribution of nl” energy levels to
the total cross section for EA, originating from the 5p, 5s, 4f,
and 4d subshells. As observed in Fig. 1, energy levels in the
5p-nl’ and 4f-nl’ configurations rarely reach the first ioniza-
tion threshold. Consequently, the contributions of the 5p and
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4f subshells to the overall EA cross section are minimal. It is
evident that the primary contribution to the EA cross section
arises from the excited states of the 5s-nl’ and 4d-nl’ configu-
rations.

Figure 5 presents a comparison between our computed
cross section for the ground state of the W8 ion and exper-
imental results obtained by Stenke et al.l” It is evident that
the theoretical cross section of the ground state is 20% lower
than the experimental measurement at the peak energy (i.e.,
300 eV). Notably, the experimental measurements reveal a
significant ionization signal occurring near 100 eV (while we
have calculated an ionization potential of 157.6 eV), indicat-
ing that the ionization channel has been opened well below the
ionization potential of the ground state.!”! Therefore, it is im-
perative to consider for the influence of metastable states on
the ionization cross section of W8+,

= = =
Ao 0 O N A
T T T T T T

Cross section (10718 ¢cm?)

V)
T

0

0 100 200 500 1000
Energy (eV)

Fig. 5. Total direct ionization (DI) and excitation autoionization (EA)
cross sections for the W3+ ground state, comparison of total EISI cross
sections with the experimental results.

3.2. Theoretical modeling of metastable fraction

We have computed the total ionization cross sections for
the long-lived energy levels associated with the configurations
4f145p* 4f135p, 4f125p°, and 4f1#5p>5d. All possible E1, E2,
E3, M1, and M2 transitions have been considered from these
energy levels to determine their lifetimes. Based on previous
research, we understand that the lifetime of excited ions gen-

erated by the ion source must exceed 1.5 x 107> s in order to

reach the interaction region.?"!

Table 2 displays the lifetimes of specific energy levels
within the aforementioned configurations 4f'4Sp*, 4f'35p>,
4f125p®, and 4f'45p35d.

Referring to Table 2, the four energy levels of ground state
[Cd]4f'45p* (see Table 2 for the index i) have long lifetimes,
their contributions to the total cross section should be consid-

ered, as shown in Fig. 6(a).

3.2.1. The metastable configuration [Cd]4f'35p°

The twelve energy levels of metastable [Cd]4f!35p> (re-
fer to Table 2 for index i) exhibit long lifetimes, necessitating
their inclusion in the evaluation of the total cross section, as

illustrated in Fig. 6(b). The DI channel can be expressed as

e~ +[Pd]5s%4f135p5 —
[Pd]5s24f135p% 4 2e
[Pd]5s%4f!25p° +2e 7,

[Pd]5s4f135p° +-2¢ . (10)
Table 2. Long-lived levels of W3+ and associated lifetimes. Only levels
with lifetime over 1.5 x 1072 s are presented. Note that a &b = a x 10+,

Configuration Index Level 2J Energy (eV) Lifetime (s)
4f145p* 0 Sp2sp:t 4 0 -
1 Spisp2 0 3.32 4.16x107!
2 5p3sp_ 2 11.06 7.03x1073
3 Sp_5p> 4 12.99 1.10x 107
4 5pt 0 25.73 2.04x107°
4f135p3 5 4% 5p3. 8 0.78 8.11x10°
6 4% 5p3 6 0.87 8.17x10°
7 4 5p3 10 1.34 5.15
8 a55p% 6 278 1.14x1072
9 4l 5pd 4 2.92 5.49x1073
10 46 5p3 4 3.59 8.77x1074
11 4f% 5p3 8 4.42 4.24x1073
12 415 5p3 2 4.67 2.34x1072
13 4f% 5pt 6 13.71 5.75%1073
14 4f7 5pt 8 14.07 543x107°
15 415 5p! 6 15.44 5.93x1075
16 4 5pt 4 16.61 5.09%1073
4f125p° 17 4f5 12 6.40 3.35x107!
18 418 8 7.41 1.41x107!
19 a4t 10 8.51 7.47%1073
20 415 4f7, 8 9.39 1.72x1072
21 418 4 9.63 8.99x 1072
22 45 4, 6 9.76 9.13x1073
23 4 8 11.33 4.35x1073
24 4% 47, 4 12.38 4.54x1073
25 a4t 12 13.45 7.83%1073
26 415 0 13.81 1.24x1072
27 4% 4f7. 2 14.27 7.41x1073
28 4t* 4 14.77 3.38x1073
29 4 0 21.70 6.03x10~*
4f145p35d 30 5p,.5d; 8 4491 1.08x1072
31 Sp_5p25d. 8 54.84 1.10x10~*
32 5p_Spi5d- 8 55.90 3.39x1074
33 5p_S5p25d. 8 57.02 4.73x10~*
34 Sp_5pi5d. 10 57.34 3.99x1074
35 Spisd. 8 69.58 3.19x107?

The EA process includes excitations from the 5s, 5p, and
4f subshells of the metastable configuration. These excitations
are graphically represented as

e~ + [Pd)5s%4f135p° —
[Pd]5s24f'45p* 4 ¢~
[Pd]5s4f145p° + e,
[Pd]5s%4f!25p% 4 e~
[Pd]5s4f135p° + e,
[Pd]5

Pd)5s24f125p°5(d, f,g)! + e,
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[Pd]5s24f35p*5(d, )" + e,
[Pd]5s4f135p°5(d,f,g) + e,
[Pd]5s24f'25p7nl’ 4 e~

[Pd]5s24f35p*nl’ + e~

[Pd]5s4f135p7nl’ + ¢, (11)

where 5 < n < 12, I’ < 6, These excitation channels can be
performed via autoionization (Al) or radiative (RT)

Al —
[Pd]5s%5p4f!2 + e,
[Pd]5s25p*4f!3 + e,
[Pd]5s%5pS4f!! + e~
[Pd]5s%5paf!* e~
[Pd]5s5p°4f'3 4 e,
[Pd]5s5p%4f'? 4 e~
[Pd]5s5p*4f'> + e,
[Pd]5s25p 4f'15(d, ) +
[Pd]5s25p*4f!25(d, f,g)! + e~
[Pd]5s25p>4f135(d, f, ) +
[Pd]5s%5p4f!inl’ + e,
[Pd]5s25p*afi2nl’ + e~
[Pd]5s25p>4f3nl’ + e, (12)
—

55%5p 43 + hv,

’5

Pd
Pd]5s5p%4f'3 + hv,

Pd|5s5p 4f!* + b,
Pd]5s25p%4f'2 + hv,
Pd|5s25p*af'* 4+ hv,
Pd]5s%5p°4f'25(d, f,2)" + hv,

Pd]5s5p°4f'25(d, £, )" +hv,
Pd]5s5p*af'*5(d,f, )" +hv,
Pd|5s25p 4f'2nl’ + hv,
Pd]5s25p*4f3nl’ + hv,
Pd]5s5p°4f%nl’ + hv,

[Pd]5s%4f115p% +2e 7,
[Pd]5s4f125p® 4+-2¢ . (14)
The EA process includes excitations from the 5s, 5p, and 4f
subshells of the metastable configuration. These excitations
are graphically represented as
e~ +[Pd]5s%4f125p5 —
[Pd)5s24f135p° 4 ¢,
[Pd]5s4f135p° + e,
[Pd]5s24f'25p°5(d, f,g)' + e,
[Pd]5s24f'15p°5(d, f,g)' + e,
[Pd]5s4f'25p%5(d,f,g)' + e,
[Pd]5s24f'25p7nl’ + e,
[Pd]5s%4f115p5nl’ + e,
[Pd]5s4f125p%nl’ + ¢, (15)
where 5 < n < 12, I’ < 6, These excitation channels can be
performed via autoionization (Al) or radiative (RT)
Al —
Pd]5s25p04f!! + e,
p
Pd]5s25p°4f'% + e,
P
[Pd]5s>5p*af!® 4 e,
[Pd]5s5p 412 + e,
[Pd]5s5p®4f'% + e~
[Pd]5s25p®4f105(d, f, )" +
[Pd]5s25p*4f125(d, f,g)' + e~
[Pd]5s25p>4f'15(d, )" +
[Pd]5s25p%4f10nl’ + ¢,
[Pd]5s>5p*af2nl’ + e,
[Pd]5s>5paf'inl’ + e, (16)
_>
s25p%4f'? 4 hv,
Pd)5s25p°4f13 + v,
Pd)5s5p°4f'3 + hv,
Pd)5s5p 4f'* + hv,
Pd]5s%5pS4f!!5(d,f,g)! + hv,

E

Pd

[Pd]5
[Pd]
[Pd]
[Pd]
[Pd]
[Pd]
[Pd]5s25p*4f135(d, £, g)! +hv,
[Pd]
[Pd]
[Pd]
[Pd]
[Pd]
[Pd]

Pd]5s5p*af'4nl’ + hv. (13)

3.2.2. The metastable configuration [Cd]4f!25p®

The thirteen energy levels of metastable [Cd]4f'25p®, in-
dexed as i in Table 2, exhibit long lifetimes. It is important to
take into account their contributions to the total cross-section,
as depicted in Fig. 6(c). The DI channel can be expressed as

Pd)5s5p°4f135(d, £, ) + hv,
Pd]5s25p%4f!  nl’ + hv,
Pd]5s25p°4f'2nl’ 4+ hv,

[Pd]5
[Pd]
[Pd]
[Pd]
[Pd]
[Pd]5s%5p4f125(d, f,2)! + hv,
[Pd]
[Pd]
[Pd]
[Pd]5s5p 4f'3nl’ + hv. 17)

e~ + [Pd]5s%4f125p° —
[Pd]5s24f125p> +2e ™,

3.2.3. The metastable configuration [Cd]4f'*5p35d

The six energy levels of metastable [Cd]4f145p35d (refer
to Table 2 for index i) exhibit long lifetimes. It is important to
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take into account their contributions to the total cross-section,
as depicted in Fig. 6(d). The DI channel can be expressed as

e~ +[Pd]5s%4f145p35d —

[Pd]5s%4f145p +2¢ 7,

[Pd]5s24f'45p?5d +2¢
[Pd]5s%4f135p35d +2e ™,
[Pd]5s4f145p>5d +2e . (18)

The EA process includes excitations from the 5s, 5p, and 4f
subshells of the ground configuration. These excitations are
graphically represented as

e + [Pd]5s%4f145p>5d —
[Pd]5s%4f'35p*5d + e,
[Pd]5s4f!45p*5d + e,
[Pd]5s24f45p%5d% 4 ¢~
[Pd]5s%4f35p35d% + e,
[Pd]5s4f'45p35d2 + e,
[Pd]5s24f'45p35(f, g)! + e,
[Pd]5s%4f!145p?5d5(f,2) ! + e,
[Pd]5s24f135p35d5(f,g)! + e,
[Pd]5s4f!45p35d5(f,e)! + ¢,
[Pd]5s%4f145p3nl’ + e,
[Pd]5s24f'*5p?5dnl’ + e,
[Pd]5s%4f135p35dnl’ + e,
[Pd]5s4f145p>5dnl’ + e, (19)

where 5 < n < 12, I’ < 6, These excitation channels can be
performed via autoionization (AI) or radiative (RT)

Al —
[Pd]5s%4f135p* + e~
[Pd]5s%4f!45p° + e~
[Pd]5s4f'45p* + e,
[Pd]5s24f'25p*5d + e,
[Pd]5s%4f'35p>5d + e,
[Pd]5s24f'25p*5d + e,
[Pd]5s4f!45p35d + e,
[Pd]5s4f35p*5d 4+ e,
[Pd]5s24f'25p35d% 4 ¢ ™,
[Pd]5s24f135p?5d% 4 ¢~
[Pd]5s24f45p'5d% 4 ¢~
[Pd]5s%4f135p35(f,¢)! + e,
[Pd]5s24f'*5p5(f, g)! + e,
[Pd]5s4f145p%5(f, g)! + e,

[Pd]5s24f'25p35d5(f,g)! + e,
[Pd]5s24f135p25d5(f,g)! + e,
[Pd]5s24f'45p5d5(f,g)' + e,
[Pd]5s4f'35p>5d5(f, g)! + e,
[Pd]5s4f'45p?5d5(f, g)! ,
[Pd]5s24f35p3nl’ + e,

[Pd]5s%4f45p%nl’ + e,
[Pd]5s4f'45p°nl’ + e~
[Pd]5s24f125p5dnl’ + e,
[Pd]5s%4f135p25dnl’ 4 e~
[Pd]5s24'45p5dnl’ + e~
[Pd]5s4f135p>5dnl’ + e,
[Pd]5s4f145p?5dnl’ + e, (20)
—

[Pd]5s4f!45p> 4+ hv,
[Pd]5s%4f145p* + hv,
[Pd]5s%4f45p35d + v,
[Pd]5s4f1%5p>5d + hv,
[Pd]5s24f'35p*5d + hv,
[Pd]5s24f'45p35d + hv,
[Pd]5s4f'45p*5d + hv,
[Pd]5s4f'35p*5d% + hv,
[Pd]5s4f'45p35d% + v,
[Pd]5s%4f'45p25d% + hv,
[Pd]

[Pd]

[Pd]

[Pd]

[Pd]

[Pd]

[Pd]

[Pd]

[Pd]5

«

o

o

Pd|5s%4f35p%5d% + hv,
Pd)5s24f'45p%5(f, g)! + hv,
Pd|5s4f'45p*5(f,2)! + v,
Pd)5s4f125p*5d5(f, g)! + hv,
Pd|5s%4f35p%5d5(f, g)! + hv,
Pd]5s24f'45p°nl’ + hv,
Pd]5s4f45p*nl’ + hv,
Pd]5s4f'35p*5dnil’ + hv,

Pd]5s%4f"35p35dnl’ + hv. (1)

In order to analyze the distribution of metastable energy
levels, it is necessary to assess the fraction A; (index i, see Ta-
ble 2) of all possible energy levels. Due to the unavailability
of this information from experimental data, Jonauskas intro-
duced two models to fit the experimental data, and their va-
lidity has also been confirmed through calculations of W4
(g=15,9,10).120:221

In the first model, a statistical weight was assigned to each
contributing configuration

Yi(2 x5+ 1) x ke (E,)
eXP(E ) — i
THE) ;Ck Yi(2xki+1) 7

(22)
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where ¢y, is the fitting coefficient, KJ; is the total angular mo-
mentum for the energy level i of configuration k, and “o"(E,)
is the EISI cross section of energy level i in configuration k.

In the second model, it assumes that the excitation levels
satisfy the Boltzmann distribution

Yi(2 xKJ;i+ 1) exp[—E;/ (kT)] x *oM (E.)

Z,(Z X kJ,' + 1) exp[—E,-/ kT ’
(23)

cP(E.) =Y i

k

where ¢ is the fitting coefficient, kJ: is the total angular mo-
mentum for the energy level i of configuration k and ¥ Gith (Ee)
is the EISI cross section of energy level i in configuration
k. T is the temperature of peak tungsten ion abundance,

20
< 1sf (@) 4
2 \
T4} P
S /’N
5 10} / '?'/m
2 8t 70 1
Q I
g 6
0 I/’/
g
O 2F 'l;

0 A L

0 100 200 500 1000

Energy (eV)

14}
g 12}
0
710t
o
i
~— 8F
g
£ 67
O
& 4t
2
: o2
&)

ol .

0 100200 500 1000

Energy (eV)

T =5.14x 10° K for W8+ 126l

In this work, EISI cross sections have been computed for
both the long-lived levels of the ground state (4f'45p*) and the
excited states (4f135p°, 4f125p°, and 4f'45p35d). From Fig. 6,
it is evident that under the same configuration, as the energy
level index i (see Table 2) increases, the ionization thresh-
old for each energy level gradually decreases, and the ion-
ization cross section correspondingly increases. Compared to
the ground state 4f'#5p*, the cross sections for excited states
4f135p> and 4f'25p° are smaller than that of the ground state,
but the cross section for excited state 4f'45p35d is greater than

that of the ground state.

14
g 12
0
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%
e 2
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Fig. 6. Cross sections for the long-lived levels of the ground state 4f'5p* (a) and the excited states 4f'35p> (b), 4f'25p® (c), and 4f'*5p35d (d)
long-lived energy levels. Few selected cross sections are labeled by their index given in Table 2.
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Fig. 7. Electron-impact ionization cross sections for the W8 ion ground state,
blue dashed line: the result for model 1, yellow dashed line: the result for
model 2, red dotted line: the experimental results of Stenke et al. 1!l green
solid line and the black dashed line respectively represent the results obtained
by fitting configurations 4f145p*, 4f135p3, 4f125p° and 4f145p35d using two
different models.

The comparison between the model cross sections and ex-
perimental data is shown in Fig. 7. The blue dashed line rep-
resents the results of model 1, while the yellow dashed line
represents the results of model 2. The corresponding fractions
of ions in the relevant configurations are 79% for the ground
state 4f145p*, 5% for 4f135p°, 5% for 4f'25p°, and 11% for
4f145p35d. It can be observed that the differences between the
two models are very minor, and the fitted results align more
closely with the experimental data.

3.3. Plasma rate coefficients

In order to facilitate modeling of thermonuclear fusion
plasmas, we have generated plasma rate coefficients (PRCs)
from our calculated EISI cross section for the W3+ ion ground
state. The rate coefficient a;;(T:) for Maxwell-Boltzmann dis-
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tribution at an electron temperature 7; is given by

1 \32/ g\~
0;j(Te) = (hﬂé) <me7t>
=~ €
. ~ % )de. (4
X/o soj(s)exp< an)ds (24)

Here kg is the Boltzmann constant, m, is the electron mass,
and o;;(€) is the cross section for the transition from the level
i to the level j.

Figure 8 illustrates the PRCs of the W8 ion transitioning
from the ground state level i to all ionization final state levels j,
alongside previously reported data calculated by the FLYCHK
code.?’1 It is evident that the electronic temperature ranges
from 0 K to 1.16 x 107 K, with the results in the previous
data slightly higher than our calculations. As the electronic
temperature continues to rise, our calculated PRCs surpass ex-
isting results; however, our results exhibit a more pronounced
decreasing trend. Therefore, after reaching 5.22 x 107 K, the
PRCs from our calculations once again fall below their values.
Nonetheless, the currently available PRCs data show minimal
distinctions from one another. The reason for this difference
may be attributed to variations in calculation methods, and un-
fortunately, we are unable to obtain further calculation-related
information from the database. Considering the uncertainty in
calculations, our results are still considered acceptable.

3.50

FLYCHK

3.001 —e— This work

2.50
2.00
1.50
1.00
0.50

ok

Rate coefficient (1078 cm?-s~1)

0 2 4 6 8 10
Temperature (107 K)

Fig. 8. Present plasma rate coefficients for electron-impact single ion-
ization of W8 ions in the ground state (circle solid line). The triangle
solid line represent the data calculated by the FLYCHK code./?”!

4. Summary and discussion

The EISI cross section for the ground state of the W8+ ion
was calculated using the level to level distorted-wave method
implemented in the FAC code. The experimental results re-
vealed a nonzero ionization signal below the ionization poten-
tial for the ground state 4f'#5p*, clearly indicating the pres-
ence of excited state ions in the parent ion beam. In order to
estimate the metastable fractions, it was necessary to calcu-
late the cross sections for all possible energy levels. Therefore
theoretical cross sections were calculated for both the levels
of the W8+ ground configuration 4f'45p* and the excited con-
figurations 4f'35p>, 4f125p®, and 4f'#5p5d, all with lifetimes

exceeding 1.5 x 107 s. Assuming a 79% fraction of parent
ions in ground configuration, the previous experimental mea-
surements can be well reproduced. Additionally we derived
the theoretical cross-section for the ground state as correlated
plasma rate coefficients and compared it with existing data. It
is reasonable to expect slight differences within the uncertainty
range.
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