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Fig. 1. Energy levels of the ground configuration and some single excited states of W'+ W+ and W'+ ions are represented by

green, blue, and pink, respectively. The dotted lines in the figure represent the single and double ionization energies of W3+ ions,

respectively.
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Fig. 2. DI cross-sections for the ground state 4d'05s24f13
of W3+ jons. The black, green and orange dashed lines rep-
resents the contribution of the 4f, 5s and 4d subshells to the
total DI cross-sections, respectively. The red solid line is the
DI cross-sections that contain the configuration interaction,
and the blue solid line represents the DI cross-sections that

do not contain the configuration interaction.
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Fig. 3. EA cross-sections for the ground state 4d'05s24f'3 of W'+ ions: (a) The contribution from the 5s-nl and 4s-nl subshells to
the EA cross-sections; (b) the contribution from the 4p-nl and 4d-nl subshells to the EA cross-sections.
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Fl  WBET R 40105524113 AR ZS 4d105s24F 25p Y REMBES E A, X HIRATHAI T HM KT 1.5x10° s
RIRE. B a+b=a x 10%°

Table 1.  Energy levels and energy level lifetimes for the ground configuration 4d'©5s24f13 and the excited configuration
4d195524f125p of W13+ ions. Only levels with lifetimes exceeding 1.5x10? s are presented. Note that a + b = a x 10%? .

Configuration  Index Level 2J Energy/eV Lifetime/s  Index Level 2J Energy/eV  Lifetime/s
4d105524f13 0 4f7 418 7 0 - 1 4% 45 5 2.22 1.14 -2
2 afS5p- 11 12.77 7.69 -1 37 afS5p 5 31.00 5825
3 4f%5p— 13 13.48 2.07+0 38 4P 4f75p 11 31.31 5.65 5
4fS 5p - 7 14.09 4.50 — 1 39 4F4f15py 5 31.38 5975
5 afS5p- 9 14.47 2.85—1 40 4P4fT5p 11 31.46 5.57—5
6 A5 4f15p— 11 15.32 1.05 — 2 41 4B 4afspy 7 31.67 460-5
7 4P4fT5p_ 9 15.35 4.30 — 3 42 4f%5py 3 31.77 531—5
8  Af4fisp. 7 16.10 1.55 — 2 43 AP4fT5py 7 31.91 522 -5
9  4F4flsp- 5 16.44 1.99 — 2 44 4B 4B 9 31.92 518 — 5
10 4°24f75p 9 16.55 3.73-3 45 aS5py 5 32.24 4.66 — 5
11 4fSsp- 3 1662 551-2 46 4P4f(5p, 9 3265 5415
12 4P4f 5 5 16.93 4.62 -3 47 AP4fTBpL 1 32.72 5.53 — 5
13 4fafisp. 7 17.30 1.93 -3 48 A 4f15pp 3 32.82 4.38 -5
14 4f% 5p_ 9 18.17 3.74—3 49 415 5p+ 7 32.86 5.66 — 5
15 4f% 5p_ 7 19.33 1.02-3 50 441 5py 5 33.12 5545
16 4f°4f75p_ 3 19.53 3.57 -3 51 Aftspy 11 33.33 5845
17 415 5p— 5 19.73 2.35— 3 52 4f* 5py 7 33.40 537—5
18 42 4ff5p 13 20.76 1.11-2 53 4f! 5p . 9 33.68 6.08 — 5
4d10524f125p 19 A4 Bp_ 1 20.97 2.38 — 2 54 4f4f15pL 5 34.49 5.03 -5
20 4f24f1 5 11 21.07 1.24 -2 55 4f24f15p1 15 34.87 6.55 — 5
21 414 5p— 1 21.10 8.16 — 3 56 4af! 5py 3 35.32 423 -5
22 A 4ff5p 3 21.91 1.38—3 57 4 4f5p, 9 35.34 3.87—5
23 Aftsp- 5 22.19 1.31-3 58 AfS5pp 7 35.59 541—5
24 4f% 5p_ 3 22.70 8.31 — 4 59 419 5p+ 1 35.76 5.04 — 5
25 4S5 15 27.41 6.72—5 60 afS5py 3 36.41 4.96 -5
26 4% 5p4 9 28.45 6.04—5 61 4f% 5py. 5 36.59 472 -5
27 4S5 11 28.47 5.00 -5 62  4f4fT5py 11 37.45 458 —5
28 4S5 13 29.23 5.63 -5 63  4P°4f5py 1 37.64 416 -5
20 Af24f05py 7 29.32 5955 64 4 4fT5pL 5 37.84 521—5
30 45 5p¢ 9 29.38 6.14—5 65  4f24f75p1 13 37.86 5.25 -5
31 4f% 5p_ 1 29.65 2.51—4 66 afS5p4 3 37.98 4775
32 4%5p4 5 29.74 5.56 — 5 67 Aftspy 7 38.06 5.40 5
33 AF4f15p 13 29.88 6.27 -5 68  4F4f75p1 3 38.78 4575
34 S5 7 30.01 5645 69 4ft 5p ¢ 1 39.58 3.67—5
35 4S5 11 30.04 5.70 — 5 70 4f* 5py 3 45.70 4.06 -5
36 4f24f1 51 9 30.73 5.02 -5

e 1], ATITAEAES T WBHE 3t FEAR BISI #0a A& 8, % 84S EAERH B ZE R
2H 75 44105524113 T & 7S 441058241 25p 78 N Y BT S, B AR AL X TN REY
BER A KT 1.5x10° s By 71 NAESR, a0y EIST i [FRE S & T4 SAHEAER, 1K 5 Fis.
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] 5(a) & 3k 21 25 4405524 (1) 5 > BE 24 1Y EIST
o, &l 5(b) J& A& 414 4410552411 25p 11 69 1~RE
¢i EIST # . S 158 T3 2 i A UL X S RE L Y
EIST R fRAE O, FRATHSEZR G T Hrp 5 4
(2, 22, 30, 69 Fl 70, XKLL 545 KR 1Y HARRRZLIL
1) aegny EIS #kim, HAbH LR, El 5 7]
DIEF, A 441055245 [ RE S 1Y EISI A%
TH L —FE. a2 4d195s241225p () 69 N REZ%
(%) EIST # M BE & REZUT 5 1935 n, EIST K If 2 7
HOR, B REZR W/, 5 70 D REM HL B BELY
4250 eV, b WBHESF M L B RE LML 40 eV.

(2) —0
—1

IS
T

Cross section/
(10-18 cm?)

1000
Energy/eV

6 F(b)

—2
— 22 — 69
—30 — 70

Cross section/
(10-18 cm?)

1000
Energy/eV

5 WU BRI 71D REGLEY BISTHRIA  (a) JEA
4d105s24f13 ) EISI #%1#; (b) K %5 il & 45 4d105s24f125p
{4 EIST AT . P51 v (3 8 )35 T 7w 1 LA B R L 3% 1,
Pl R AR 1 % B A A

Fig. 5. EISI cross-sections of 71 energy levels of the W+
ions: (a) EISI cross-sections of the ground configuration
4d195524f13 ; (b) EISI cross-sections of the long-lived meta-
stable configuration 4d'05s24f125p. The specific energy
levels indicated by these ordinal numbers in the legend are
shown in Table 1, and logarithmic coordinates have been

used for the horizontal axis of the figure.

3.2 EEHm

BT Schury 45 1) {5256 45 3 DU S A SO
(A EIST AT, FoAT1 & BUZEAR T 5o r 25 ReAb it
LT B AR, N T S BSE IR, AU
& WISHES Tl 251 EIST #f, bR B H B K F
AR BIST #k . T 3L b Jo ik s K 75
ARSI o A 404K, AR SCGE T A B R
Y Hb TR T RS BET 7 B AR, R EIR T Y
B PRVEAE Z BT W H—WIOH 3 TAE R 53] T
Bk 2839 BARRY A B

PO A= o™ (E) = 3 nal(E)] - (10)

X TLANBESL S RN 2 sl

F 2 WBETHISEL 71 M EMRELUIN S 134K
(ReUT 5L 1)

Table 2.  Theory simulates the fraction of W'+ ions from
71 long-lived energy levels (see Table 1 for details of en-
ergy level No.0-No.70).

Index f Index f Index f Index f

0 0.35 18 0.01 36 0.01 54 0.01
1 0.005 19 0.01 37 0.01 55 0.01
2 0.01 20 0.01 38 0.01 56 0.01
3 0.01 21 0.01 39 0.01 57 0.01
4 0.01 22 0.01 40 0.01 58 0.01
5 0.01 23 0.01 41 0.01 59 0.01
6 0.01 24 0.01 42 0.01 60 0.01
7 0.01 25 0.01 43 0.01 61 0.01
8 0.01 26 0.01 44 0.01 62 0.005
9 0.01 27 0.01 45 0.01 63 0.005

10 0.01 28 0.01 46 0.01 64 0.005
11 0.01 29 0.01 47 0.01 65 0.005
12 0.01 30 0.01 48 0.01 66 0.005
13 0.01 31 0.01 49 0.01 67 0.005
14 0.01 32 0.01 50 0.01 68 0.005
15 0.01 33 0.01 51 0.01 69 0.005
16 0.01 34 0.01 52 0.01 70 0.005
17 0.01 35 0.01 53 0.01

FERIG T 1A KA REg b iz )5,
FxX 714~ BE B B4l EIST #% [ 1 Schury
S W] SEE A5 R T U, aniEl 6 R, TEASHL
REART 500 eV B, ASCHIG AR Schury 451

6k This work
« Expt.[15]
!
s af
i
<
g3
ge]
O
g
w 2F
2
o
-
O 1t
O 1 1 1
200 400 600 800 1000
Energy/eV

Bl6 WS T BRI & 1Y EISTRE . 40650 R 24 30
LR, A 5 42 Schury 45 9] 1) 5256 25 1

Fig. 6. The EISI cross-sections fitted by theory of the W3+
ions. The red solid line is the results of the calculations in
this work, and the black dotted line is the experimental res-
ults of Schury et al.l'%.
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Abstract

Electron-ion collision is one of the fundamental processes in atomic and molecular physics, and the study of
this process can provide insight into the mechanism of electron-atom/ion interaction. It has important
applications in plasma physics and astrophysics. Accurate electron-impact cross-sections are important in
plasma modeling. In general, total electron impact single ionization (EISI) cross-section is contributed from the
direct ionization (DI) and the indirect ionization processes, with the latter further divided into excitation auto-
ionization (EA), resonant excitation double auto-ionization (REDA), and resonant excitation auto-double
ionization (READI) processes.

In this work, the EISI cross-section for the ground state [Kr]4d'°5s%4f'® of W% ions is calculated in detail
by using the level-to-level distorted-wave (LLDW) method, which mainly includes the contributions of direct
ionization (DI) and excited auto-ionization (EA) cross-sections to the EISI cross-section.

Our computational results indicate that when configuration interaction is considered, the calculated values
show excellent agreement with experimental data for electron impact energies exceeding 500 eV. However,
significant discrepancies still exist near the ionization threshold. It is confirmed that these discrepancies

primarily originate from the presence of long-lived

metastable ions. 6r . E)}:Eﬁﬁ;rk
To achieve better agreement with experimental %\ sl
observations, we further calculate EISI cross-sections %
for 71 energy levels of the metastable state é ar
4d'%5s24f'25p with lifetimes longer than 1.5x107° s. The E st
total EISI cross-sections of these 71 energy levels are §
obtained through theoretical fitting and compared with % 2r
the experimental results by Schury et al. (2020 J. S 1}
Phys. B: At. Mol. Opt. Phys. 53 015201). It is found
that our results are in good agreement with the %00 200 600 800 1000
experimental results of Schury et al. after considering Energy/eV

the contribution of long-lived metastable.

Keywords: tungsten ions, electron-impact single ionization, metastable states, direct ionization, excitation

auto-ionization
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