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Electron-impact ionization of tungsten ions
in the configuration-average distorted-wave approximation
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Single-ionization cross sections for W W°', and WP are calculated in the configuration-average
distorted-wave approximation. Contributions from excitation autoionization are found to be strong for each
ion. When comparing theory with the recent crossed-beams measurements ofestahke Phys. B28, 2711
(1999)], ionization from the ground configuration dominates fof"'Wand WP, while ionization from meta-
stables of excited configurations dominates fot"WS1050-294{@7)06208-7

PACS numbd(s): 34.80.Kw

Various highly refractory metals, including tungsten, aremay refer to LS terms or LSJ levels. In any case, one aver-
currently being tested for use as plasma facing divertor plateages over initial states and sums over final states. The ener-
in controlled fusion experiments. An important process forgies and wave functions for the various W configurations are
divertor modeling is the electron-impact ionization of the calculated using the relativistically corrected Hartree-Fock
metallic atom in low charge states. In this paper, we calculatatomic structure code of Cowdb]. The bound and con-
single-ionization cross sections for'W W°", and W* us-  tinuum radial orbitals are solutions to radial Satirger
ing a configuration-average distorted-wa¥€ADW) ap-  equations, which contain both mass-velocity and Darwin op-
proximation[1]. For complex atomic ions with many sub- erators[6].
shells available for both direct ionization and excitation The single-ionization cross sections from the
autoionization, the CADW method provides a convenient5s?5p®4f145d46s? ground configuration of neutral W and
starting place for sorting out the relative strengths of thethe 5°5p®4f145d*6s ground configuration of W are domi-
many ionization pathways. The CADW method can yieldnated by direct ionization from the outer subshells. Previous
surprisingly accurate results for certain charge-state range€ADW calculationg 7] for W and W" reported large shape
as was recently shown for the Mo isonuclear sequéss, resonances in the direct ionization cross sections for the 6
and is again shown in this report when theory is compare@nd 5 subshells of W, but no shape resonances were found
with the crossed-beams experiments of Steekal. [4] for in the same subshell ionization cross sections for. \Wfter
the W ions. recent comparisons of the distorted-wave method with a

The total single-ionization cross section for complexmore accurate time-dependent close-coupling method for the
atomic ions is dominated by contributions from direct ion-
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where gy, is the direct ionization cross section ang, is

the inner-shell excitation cross section. In a configuration-
average distorted-wave calculation the indicgjs refer to FIG. 1. Electron-impact single ionization of A/ Solid curve:
configurations of the initiaN-electron ion, while the index total ionization from the §?5p®4f45d? ground configuration;

f refers to a configuration of the finaN( 1)-electron ion.  dashed curve: direct ionization only; solid circles: crossed-beams
For more detailed distorted-wave treatments, the indiciesneasurementst].
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TABLE I. Direct ionization and inner-shell excitation cross sec-
tions for the $25p®4f145d? ground configuration of W .

TABLE II. Direct ionization and inner-shell excitation cross
sections for the §5p%4f1%d ground configuration of \AF.

Transition  Threshold energieV) Cross section (10'€ cn?) Transition  Threshold energigV) Cross section (10 cn?)
5d—Kkl 50.03 20.56 5d—kl 63.98 6.24
4f —kl 87.25 13.83 4f —kl 103.62 11.45
5p—kl 94.82 12.81 5p—kl 109.58 9.75
5s—kl 135.91 1.76 5s—kl 151.44 1.43
4f —5d 35.03 58.07 4f—5d 37.22 62.57
4f —5f 64.47 6.67 4f —5f 71.32 9.05
4f—5g 73.40 0.09 4f—5g 83.66 0.20
4f—6s 42.94 1.67 4f—6s 48.16 1.33
4f—6p 51.78 2.87 4f—6p 58.11 2.43
4f —6d 62.85 4.10 4f—6d 71.03 3.83
4f —6f 72.89 3.29 4f —6f 83.25 3.85
4f—69 77.65 0.08 4f—6g 89.79 0.17
5p—5d 43.95 173.80 5p—5d 44.79 214.96
5p—5f 72.11 6.01 5p—5f 77.47 8.06
5p—6s 50.91 551 5p—6s 54.64 5.48
5p—6p 59.68 11.28 5p—6p 64.50 11.34
5p—6d 70.65 6.92 5p—6d 77.30 6.58
5p—6f 80.52 2.69 5p—6f 89.32 3.04
5s—5d 84.35 6.06 5s—5d 85.88 7.31
5s—6s 92.01 1.30 5s—6s 96.49 1.41
55— 6p 100.69 0.50 5s—6p 106.25 0.52
5s—6d 111.66 0.57 5s—6d 119.05 0.59

twice the threshold energy of 24.87 eV and @55d cross
gction of 106.26 Mb at the threshold energy of 42.29 eV.
Alone, these two contributions to the total ionization cross
section are about 50% higher than the peak experimental
the Cross section of 170 Mp4]. For low charged ions, correla-
tion effects beyond the single configuration approximation
found in the CADW method can produce healthy reductions
in both the direct ionization and inner-shell excitation cross

direct ionization of hydrogef8], we now believe that the
shape resonances in neutral W are due to a poor choice
potentials for the low angular momentum states of the sca
tered electron and do not exist.

The single-ionization cross section from
5s?5p84f145d* ground configuration of W has a strong
5p—5d excitation-autoionization contribution. CADW cal-
culations yield a 8 ionization cross section of 144.83 Mb at

sections.
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FIG. 2. Electron-impact single ionization of W. Solid curved: FIG. 3. Electron-impact single ionization of % Solid curve:
total ionization from the §°5p®4fl%d ground configuration; total ionization from the §?5p®4f1 ground configuration; dashed
dashed curve: direct ionization only; solid circles: crossed-beamsurve: direct ionization only; solid circles: crossed-beams measure-
measurementst]. ments[4].
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TABLE Ill. Direct ionization and inner-shell excitation cross TABLE IV. Direct ionization and inner-shell excitation cross
sections for the §5p®4f4 ground configuration of \W. sections for the §5p®4f13d excited configuration of W .

Transition  Threshold energieV) Cross section (10'€ cn?) Transition  Threshold energigV) Cross section (10 cn?)

4f —kl 120.98 9.76 5d—kl 81.34 3.77
5p—kl 125.07 7.40 4f —kl 132.12 7.81
5s—kl 167.76 1.15 5p—kl 129.92 6.92
5p—5d 45.60 258,21 5s—kl 173.92 1.09
5p—5f 82.43 9.69 4f—5d 48.14 35.70
5p—6s 58.52 5.38 4f —5f 88.24 7.81
5p—6p 69.44 11.25 4f—5g 104.87 0.24
5p—6d 84.00 6.16 4f—6s 63.74 0.68
5p—6f 98.08 3.14 4f—6p 75.00 1.38
5s—5d 87.46 8.61 4f—6d 89.91 2.28
Bs—6s 101.17 1.48 4f —6f 104.50 2.93
55— 6p 111.98 0.53 4f—6g 113.22 0.20
5s—6d 126.55 0.60 5p—5d 47.85 215.66
5p—5f 86.39 9.51

5p—6s 62.17 4.49

The  single-ionization ~cross section from the 5p_6p 73.34 10.11
5s*5p°®4f1“5d°® ground configuration of W also has a 5p_.6d 88.10 5.26
strong $—5d  excitation-autoionization  contribution. 5, gf 102.48 2.96
CADW calculations yield a 8 ionization cross section of g ,5q 90.61 7.44
55.29 Mb at twice the threshold energy of 36.95 eV and a5 ¢ 105.73 1.35
5p—5d cross section of 134:88' Mb at the thrgshqld energyss_.ep 116.77 0.50
of 43.11 eV. The p—5d excitation cross section is calcu- ¢ ¢ 13155 0.52

lated by averaging over the states in 8 LS terms or 19 LSJ
levels of the initial $°5p®4f145d3 configuration and sum-
ming over the 68 LS terms or 180 LSJ levels of the finalcorrelation effects in general decrease with higher charge
5s25p%4f 14504 configuration. The levels of the initial con- State, they are still fairly sizable for .

figuration are spread over a 6.7-eV energy range, while the The  single-ionization cross section from the
levels of the final configuration are spread over a 25.4-e\bs°5p®4f!*5d® ground configuration of W is compared
energy range. With respect to the lowest level of the groundvith experiment4] in Fig. 1. Various direct ionization and
configuration, 175 of the 180 LSJ levels are autoionizinginner-shell excitation cross sections between configurations
Alone, the % ionization cross section and 97% of the are presented in Table I. The ionization cross sections are
5p—5d excitation cross section are about 35% higher tharfeported at twice the threshold energy, while the excitation

the peak experimental cross section of 135[Mb Although ~ Cross sections are reported at the threshold energy. The
5s—kl ionization cross section is not included in Fig. 1

since its threshold energy of 135.91 eV is above the double-
ionization threshold of 114.01 eV. Thep5-5d excitation
cross section is calculated by averaging over the states in 6
40 | LS terms or 9 LSJ levels of the initials85p®4f145d? con-
figuration and summing over the states in 48 LS terms or 110
LSJ levels of the final §5p°4f5d® configuration. The
levels of the initial configuration are spread over a 6.4-eV
energy range, while the levels of the final configuration are
spread over a 22.0-eV energy range. With respect to the low-
est level of the ground configuration, 26 of the 110 LSJ
levels are autoionizing. We included 2148 autoionizing
states out of 720 total stajesf the 5p— 5d excitation cross
section at the average threshold energy for the autoionizing
states of 54.46 eV to take into account its unique character of
having the largest relative strength of all the inner-shell ex-
0 100 200 300 400 500 citations and yet having its levels straddle the ionization
Energy (ev) threshold. Besides theps-5d, the dominant excitations
that contribute to ionization areps—6p, 5p—6d, and
FIG. 4. Electron-impact single ionization of 8. Solid curve: ~ 4f—5f. As seen in Fig. 1, the agreement between theory
total ionization from the §°5p%4f'%d excited configuration; and experiment for this ion is reasonably good.
dashed curve: direct ionization only; solid circles: crossed-beams The  single-ionization cross section from the
measurements]. 5s?5p®4f1%5d ground configuration of W is compared
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with experimen{4] in Fig. 2. Various direct ionization and ionization cross section from thes%p°4f1%5d excited con-
inner-shell excitation cross sections between configurationfiguration of W*. The 55?5p®4f145d cross section is quali-
are presented in Table Il. The dominant excitations that contatively quite similar to the §5p®4f135d cross section, thus
tribute to ionization are p—6p, 4f—5f, and p—5f. As  making the identification of the precise metastable states in
seen in Fig. 2, the agreement between theory and experimefie experiment even more difficult.
the &s°5p°4f*5d? final configuration of the f—5d exci-  jgnization of W* as measured by the crossed-beams experi-
tation are now bound and thus do not contribute to ionizanent of Stenkeet al. [4]; the 5525p®4f13 ground configura-
tion. Among the 19 LS terms are 6 quartet terms with relasion and the 525p54f12%5(, 5525p54f14 55250541135,
tively !ong lifetimes. The early ons_et of ionization seen in the ;4 5%25p%4f145d excited configurations. We did not carry
experimental measurements of Fig. 2 may be due to a smal};+ cADw calculations for Vi*, and higher charge states,
amount of ionization from these metastable terms.6 . due to the uncertainty as to what initial configurations are
The single-ionization cross section from.th925p 4f present in the experiment, and due to the increasing impor-
ground configuration of W is compared with experiment (5ce of radiation damping in the excitation-autoionization
[4] in Fig. 3. Various direct-ionization and inner-shell exci- -qntributions.
tation cross sections between configurations are presented in |, conclusion, configuration-average distorted-wave cal-
Table Ill. The complete disagreement between theory and,jations for the single-ionization cross sections of "W
experiment in Fig. 3 is strong evidence that ionization in th 5+ and W were found to be in reasonable agreement
experiment is taking place predominately through metastablgih  recent crossed-beams measuremefds. Strong
states in excited configurations. Unfortunately, informationgy citation-autoionization contributions were found to be
on the fraction of metastable states in thé"Vion beam is present in each cross section. lonization from metastable
difficult to obtain experimentally. Only one excitation in giates of excited configuration was found to dominate the
Table Ill, the 55— 6d, has a threshold energy above thie 4 experimental results for .
ionization potential. The single-ionization cross section from
the 55?5p%41135d excited configuration of W is compared We would like to thank the members of Professor
with the same experimep4] in Fig. 4, while direct ioniza- Salzborn’s group at Giessen University for providing us with
tion and inner-shell excitation cross sections are presented & data file containing their experimental measurements in the
Table IV. Experiment is in much better agreement with cal-W isonuclear sequence. This work was supported in part by
culations of ionization from the excited configuration, asthe U.S. Department of Energy under Contract No. DE-
seen in Fig. 4. The excited configuration contains many tripFG05-96ER54348 with Auburn University and Contract No.
let terms with relatively long lifetimes. The dominant exci- DE-FG05-93ER54218 with Rollins College. Computational
tations in the excited configuration are-45f, 5p—5f, work was carried out at the National Energy Research Su-
and 55— 5d. We also carried out calculations for the single- percomputer Center in Berkeley, California.
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