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Electron-impact ionization cross sections for all atomic ions in the W isonuclear sequence are calculated
using a variety of theoretical methods. For the direct ionization process, a semirelativistic configuration-
average distorted-wave method is used for low to moderately charged ions, while a fully relativistic
subconfiguration-average distorted-wave method is used for highly charged ions. For the indirect ionization
process of excitation autoionization, a semirelativistic configuration-average distorted-wave method is used for
the bulk of the transitions, but a semirelativistic level-resolved distorted-wave method is used for selective
strong transitions that may straddle the ionization threshold. For moderately charged ions it is important to
include radiation damping of the excitation-autoionization process through explicit calculation of autoioniza-
tion branching ratios. Checks are made on the theoretical predictions by comparison with available crossed-
beams experimental measurements, which only exist for low stages of ionization. The ionization cross sections
for the entire W isonuclear sequence are converted to temperature-dependent rate coefficients and put in a
collisional-radiative format that should prove useful in modeling laboratory plasmas that contain W impurities.
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I. INTRODUCTION

With the future construction of the International Tokamak
Experimental Reactor �ITER� in Cadarache, France, most ex-
isting tokamak experiments are investigating design issues
and diagnostic applications relevant for ITER operation. The
design plans for ITER call for certain plasma facing compo-
nents in the divertor region to be made out of tungsten, to
withstand the high heat load on those surfaces. There are also
plans to use heavy species, like hafnium and tungsten, for
diagnostic purposes, such as wall erosion markers. In light of
these plans, there have been numerous experiments using
tungsten in current tokamak devices, such as the ASDEX-
Upgrade �1�. These experiments, and future ITER operation,
require a significant amount of atomic data for tungsten
emission modeling. The data required involve mainly
electron-ion collisions, and include excitation, recombination
�radiative and dielectronic�, and ionization processes.

Experimental measurements for the electron-impact ion-
ization cross sections for W ions have been confined to the
lower charge states. The crossed-beams technique has been
used to measure ionization cross sections for W+ �2� and for
all Wq+ ions in charge states q=1–10 �3�. Experimental
measurements �2,3� for W+ are found to be 40% lower than
semirelativistic distorted-wave calculations �4� for the direct
ionization cross section alone. However, for W4+, W5+, and
W6+ reasonable agreement is found between theory �5� and
experiment �2�, where excitation-autoionization contribu-
tions are found to be strong for each ion. We are not aware of
other ab initio theoretical work on the ionization of tungsten
ions.

In this paper, we calculate electron-impact ionization
cross sections for all atomic ions in the W isonuclear se-

quence using a variety of theoretical and computational
methods. Of specific interest in this paper is the trend along
the isonuclear sequence of various physical effects. For ex-
ample, when is excitation autoionization important, when
does radiative damping quench the excitation-autoionization
cross section, and at what point does one need to use a fully
relativistic treatment in the ionization cross-section calcula-
tions? Our ionization cross sections for all W ions are con-
verted to temperature-dependent rate coefficients and put in a
collisional-radiative format that should prove useful in mod-
eling laboratory plasmas that contain W impurities. In the
following section we describe the semirelativistic and fully
relativistic distorted-wave methods used to calculate the di-
rect ionization and excitation-autoionization processes, in
Sec. III we present selected examples of W ionization cross
sections to illustrate physical effects, and in Sec. IV we dis-
cuss the overall accuracy of the present calculations and
what remains to be done in future work.

II. THEORY

In the independent processes approximation the total ion-
ization cross section is given by

�total = �direct + �
j

�excit
j Bj

a, �1�

where �direct is the direct ionization cross section, �excit is the
excitation cross section of an inner-shell electron to an au-
toionizing level j, and Bj

a is the branching ratio for autoion-
ization from the level j, given by
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Bj
a =

�m
Aa�j → m�

�m
Aa�j → m� + �n

Ar�j → n�
, �2�

where Aa is the autoionizing rate and Ar is the radiative rate.
We neglect the resonant excitation followed by sequential
double autoionization process, since it is computationally in-
volved, even at the configuration-average distorted-wave
level, it is generally a small fraction of the total ionization
cross section, and it is confined to a small energy range be-
low the upper excitation-autoionization thresholds �6�.

A. Direct ionization

For low to moderately charged atomic ions, the direct
ionization cross section may be calculated using a semirela-
tivistic configuration-average distorted-wave method �7�.
The most general transition between configurations is of the
form

�nl�wkili → �nl�w−1kelekflf , �3�

where w is the occupation number, and nl, kili, kele, and kflf
are the quantum numbers of the bound electron and the
incident, ejected, and final continuum electrons. The
configuration-average direct ionization cross section is given
by

�direct = �
0

E/2

d�e
32w

ki
3kekf

�
li,le,lf

�2li + 1��2le + 1��2lf + 1�

��Md + Me − Mx� , �4�

where the linear momentum k=�2�, the total energy E=�nl
+�i=�e+� f, and the continuum normalization is chosen as 1
times a sine function. The direct, exchange, and interference
scattering terms M are products of standard algebraic nj
symbols and radial integrals which include static electrody-
namic interactions. The energies and bound orbitals needed
to evaluate the cross section of Eq. �4� are calculated in the
Hartree-Fock relativistic �HFR� approximation �10�, which
includes the mass velocity and Darwin corrections within
modified HF differential equations. The continuum radial or-
bitals are obtained by solving a single-channel Schrodinger
equation, which also includes the mass-velocity and Darwin
corrections, where the distorting potential is constructed
from HFR bound orbitals.

For highly charged atomic ions, the direct ionization cross
section may be calculated using a fully relativistic
subconfiguration-average distorted-wave method �8,9�. The
most general transition between subconfigurations is of the
form

�nlj�wpiliji → �nlj�w−1pelejepflf j f , �5�

where nlj, piliji, peleje, and pflf j f are now the quantum num-
bers of the bound electron and the incident, ejected, and final
continuum electrons. The subconfiguration-average direct
ionization cross section is given by

�direct = �
0

E/2

d�e
16w

pi
3pepf

�
li,le,lf

�
ji,je,j f

�2ji + 1��2je + 1��2j f + 1�

��M̄d + M̄e − M̄x� , �6�

where the linear momentum p=�2�+�2 /c2 and the con-
tinuum normalization is �1+� /2c2 times a sine function. The

direct, exchange, and interference scattering terms M̄ are
products of standard algebraic nj symbols and radial inte-
grals which include static, magnetic, and retardation electro-
dynamic interactions. The energies and bound orbitals
needed to evaluate the cross sections of Eq. �6� are calculated
in the Dirac-Fock �DF� approximation �11�. The continuum
radial orbitals are obtained by solving a single channel two-
component Dirac equation, where the distorting potential is
constructed from DF bound orbitals.

B. Inner-shell excitation

For low to moderately charged atomic ions, the inner-
shell excitation cross section may be calculated using a semi-
relativistic configuration-average distorted-wave method �7�.
The most general transition between configurations is of the
form

�n1l1�w1+1�n2l2�w2−1kili → �n1l1�w1�n2l2�w2kflf , �7�

where n1l1 and n2l2 are quantum numbers of the bound elec-
trons and kili and kflf are quantum numbers of the initial and
final continuum electrons. The configuration-average excita-
tion cross section is given by

�excit =
8�

ki
3kf

�w1 + 1��4l2 + 3 − w2�

��
li,lf

�2li + 1��2lf + 1��Md + Me − Mx� . �8�

The energies and orbitals needed to evaluate Eq. �8� are
again calculated in the HFR approximation.

The inner-shell excitation cross section may also be cal-
culated using a semirelativistic level-resolved multiconfigu-
ration distorted-wave method �12�. The most general transi-
tion between levels is of the form

��iJi�kilijiJ → �� fJf�kflf j fJ , �9�

where Ji is the total angular momentum for the target bound
state, �i represents all other quantum numbers needed to
specify the intermediate-coupled target bound state, J is the
total angular momentum of the electron-ion system, and kiliji
and kflf j f are the quantum numbers of the incident and final
continuum electrons. The level-resolved excitation cross sec-
tion is given by

�exc�i → f� =
4�

ki
3kf

1

2�2Ji + 1��liji �
lf j f

�
J

�2J + 1�

��T��iJikilijiJ → � fJfkflf j fJ��2, �10�

where the T matrix for a given J and parity is related to the
K matrix by the expression
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T = −
2iK

1 − iK
, �11�

and the K matrix is given by

Kfi
J = − 	� fJfkflf j f�H − E��iJikilijiJ
 , �12�

where H is the semirelativistic Hamiltonian for the collision
system. The energies and orbitals needed to evaluate Eqs.
�10�–�12� are again calculated in the HFR approximation.

C. Branching ratios for autoionization

For low to moderately charged atomic ions, the radiative
and autoionization rates needed to evaluate the branching
ratio for autoionization of Eq. �2� may be calculated using a
semirelativistic configuration-average distorted-wave method
�7�. The most general autoionizing transitions between con-
figurations are of the form

�n1l1�w1�n2l2�w2�n3l3�w3 → �n1l1�w1+1�n2l2�w2−1�n3l3�w3−1kele,

�13�

or

�n1l1�w1�n2l2�w2 → �n1l1�w1+1�n2l2�w2−2kele, �14�

where n1l1, n2l2, and n3l3 are quantum numbers of the bound
electrons and kele are the quantum numbers of the ejected
continuum electron. The configuration-average autoioniza-
tion rate for the first transition type is given by

Aa =
w2w3�4l1 + 2 − w1�

ke
�4le + 2��Md + Mx − Mc� , �15�

with similar expressions for configuration-average radiative
rates and autoionization rates of the second transition type
�7�. The energies and orbitals needed to evaluate the rate of
Eq. �15� are again calculated in the HFR approximation.

The autoionization branching ratios may also be calcu-
lated using a semirelativistic level-resolved multiconfigura-
tion distorted-wave method, as found in the Cowan atomic
structure package �10�. The bound and continuum orbitals
are again calculated in the HFR approximation. We note that
for highly charged atomic ions, the indirect ionization pro-
cess of excitation autoionization makes very little contribu-
tion since the autoionization branching ratios are essentially
zero.

III. RESULTS

Semirelativistic configuration-average distorted-wave
�CADW� calculations for both direct and indirect ionization
contributions have been performed along the entire W iso-
nuclear sequence. These have been supplemented by more
detailed semirelativistic level to level distorted-wave
�LLDW� calculations for excitation-autoionization contribu-
tions of particular ion stages and by fully relativistic
subconfiguration-average distorted-wave �SCADW� calcula-
tions for direct ionization contributions of highly charged ion
stages. In Table I we list the ground configurations for the
entire W isonuclear sequence and the direct ionization cross

section contributions by subshell. The ground configurations
are taken from theoretical energy-level tables �13�. The ma-
jority of the direct ionizations result in a single ionization,
however, there are some which lie above the double ioniza-
tion threshold. Indirect excitation-autoionization contribu-
tions are determined from the same set of listed subshells,
minus the outer subshell. Excitations begin with inner sub-
shell transitions to the first unfilled outer subshell, followed
by transitions to all allowed outer subshells with n�8 and
l�3. A contribution whose excitation threshold energy is
below that of the single ionization threshold is discarded,
since its states cannot autoionize.

For near-neutrals, distorted-wave theory performs poorly
and tends to overestimate experiment, however, by W4+,
W5+, and W6+, distorted-wave theory �5� is in reasonable
agreement with experimental measurements �3�. For these
low ion stages the autoionization branching ratios of Eq. �2�
are very close to 1. As an illustration of a typical low ion
stage, we compare distorted-wave theory and experiment for
W9+ in Fig. 1, where both direct ionization and indirect ex-
citation autoionization have been included. W9+ has the
ground configuration �Kr�4d104f135s25p4. Direct ionization
from the 5p, 5s, 4f , and 4d subshells and excitation autoion-
ization from the 5s, 4f , and 4d subshells were calculated in a
CADW approximation. The indirect ionization makes a rela-
tively small contribution, however, it is important in obtain-
ing good agreement with experiment �3�. Above W10+ ex-
perimental data are not available, however, the good
agreement between theory and experiment by W4+ gives
confidence in the accuracy of the distorted-wave results.

From W11+ to W27+ excitation-autoionization contribu-
tions remain relatively small. For these ion stages the total
ionization cross section is generally dominated by direct ion-
ization from the outer 4d and 4f subshells. The autoioniza-
tion branching ratios are still close to 1 for these ion stages.

FIG. 1. Electron-impact ionization cross section for W9+.
Dashed curve: CADW calculations for direct ionization; solid
curve: CADW calculations for direct and indirect ionization; solid
circles: experimental measurements �3� �1.0 Mb=1.0�10−18 cm2�.
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We show direct and indirect ionization cross sections
for W22+ in Fig. 2. W22+ has the ground configuration
�Kr�4d104f6. Direct ionization from the 4f , 4d, and 4p sub-
shells and excitation-autoionization from the 4d and 4p sub-
shells were calculated in a CADW approximation. Excitation
autoionization is about a third of the direct cross section.

From W28+ through to W45+, CADW calculations with
autoionization branching ratios set to 1 find that excitation-
autoionization cross sections become equal in magnitude to
the direct ionization cross section. However, for these mod-
erately ionized stages, radiative decay may become higher
than autoionization, and the branching ratio is then consider-
ably less than 1. This reduces the excitation autoionization
contribution. For these ion stages, configuration-average
distorted-wave ionization calculations were carried out that
included configuration-average autoionization branching ra-
tios. For W28+ these branching ratios are close to one, but
reduce significantly by W45+

To check the accuracy of the configuration-average
distorted-wave calculations of excitation-autoionization con-
tributions, we also carried out level to level distorted-wave
calculations. This is illustrated for W45+ in Figs. 3 and 4.

TABLE I. Ground-state configurations for W ions and direct
ionization contributions by subshell.

Ion stage Configuration
Direct subshell
contributions

0 �Xe�4f145d46s2 6s ,5d ,5p

1 �Xe�4f145d46s 6s ,5d ,5p

2 �Xe�4f145d4 5d ,5p ,5s

3 �Xe�4f145d3 5d ,5p ,5s

4 �Xe�4f145d2 5d ,5p ,5s

5 �Xe�4f145d 5d ,5p ,5s

6 �Xe�4f14 5p ,5s ,4f ,4d

7 �Xe�4f13 5p ,5s ,4f ,4d

8 �Kr�4d104f135s25p5 5p ,5s ,4f ,4d

9 �Kr�4d104f135s25p4 5p ,5s ,4f ,4d

10 �Kr�4d104f135s25p3 5p ,5s ,4f ,4d

11 �Kr�4d104f135s25p2 5p ,5s ,4f ,4d

12 �Kr�4d104f135s25p 5p ,5s ,4f ,4d

13 �Kr�4d104f135s2 5s ,4f ,4d

14 �Kr�4d104f125s2 5s ,4f ,4d

15 �Kr�4d104f115s2 5s ,4f ,4d

16 �Kr�4d104f115s 5s ,4f ,4d

17 �Kr�4d104f11 4f ,4d ,4p

18 �Kr�4d104f10 4f ,4d ,4p

19 �Kr�4d104f9 4f ,4d ,4p

20 �Kr�4d104f8 4f ,4d ,4p

21 �Kr�4d104f7 4f ,4d ,4p

22 �Kr�4d104f6 4f ,4d ,4p

23 �Kr�4d104f5 4f ,4d ,4p

24 �Kr�4d104f4 4f ,4d ,4p

25 �Kr�4d104f3 4f ,4d ,4p

26 �Kr�4d104f2 4f ,4d ,4p

27 �Kr�4d104f 4f ,4d ,4p

28 �Kr�4d10 4d ,4p ,4s ,3d

29 �Kr�4d9 4d ,4p ,4s ,3d

30 �Kr�4d8 4d ,4p ,4s ,3d

31 �Kr�4d7 4d ,4p ,4s ,3d

32 �Kr�4d6 4d ,4p ,4s ,3d

33 �Kr�4d5 4d ,4p ,4s ,3d

34 �Kr�4d4 4d ,4p ,4s ,3d

35 �Kr�4d3 4d ,4p ,4s ,3d

36 �Kr�4d2 4d ,4p ,4s ,3d

37 �Kr�4d 4d ,4p ,4s ,3d

38 �Ar�3d104s24p6 4p ,4s ,3d

39 �Ar�3d104s24p5 4p ,4s ,3d

40 �Ar�3d104s24p4 4p ,4s ,3d

41 �Ar�3d104s24p3 4p ,4s ,3d

42 �Ar�3d104s24p2 4p ,4s ,3d

43 �Ar�3d104s24p 4p ,4s ,3d

44 �Ar�3d104s2 4s ,3d ,3p

45 �Ar�3d104s 4s ,3d ,3p

46 �Ar�3d10 3d ,3p ,3s

TABLE I. �Continued.�

Ion stage Configuration
Direct subshell
contributions

47 �Ar�3d9 3d ,3p ,3s

48 �Ar�3d8 3d ,3p ,3s

49 �Ar�3d7 3d ,3p ,3s

50 �Ar�3d6 3d ,3p ,3s

51 �Ar�3d5 3d ,3p ,3s

52 �Ar�3d4 3d ,3p ,3s

53 �Ar�3d3 3d ,3p ,3s

54 �Ar�3d2 3d ,3p ,3s

55 �Ar�3d 3d ,3p ,3s

56 �Ne�3s23p6 3p ,3s ,2p

57 �Ne�3s23p5 3p ,3s ,2p

58 �Ne�3s23p4 3p ,3s ,2p

59 �Ne�3s23p3 3p ,3s ,2p

60 �Ne�3s23p2 3p ,3s ,2p

61 �Ne�3s23p 3p ,3s ,2p

62 �Ne�3s2 3s ,2p ,2s

63 �Ne�3s 3s ,2p ,2s

64 1s22s22p6 2p ,2s

65 1s22s22p5 2p ,2s

66 1s22s22p4 2p ,2s

67 1s22s22p3 2p ,2s

68 1s22s22p2 2p ,2s

69 1s22s22p 2p ,2s

70 1s22s2 2s

71 1s22s 2s

72 1s2 1s

73 1s 1s
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W45+ has the ground configuration �Ar�3d104s. The presence
of a single 4s electron above a filled 3d subshell leads to
large 3d→nl excitation cross sections. However, it is found
that the inclusion of autoionization branching considerably
reduces the contribution of excitation-autoionization, seen in
both the CADW calculations of Fig. 3 and the LLDW calcu-
lations of Fig. 4.

From W46+ to W55+ excitation-autoionization contribu-
tions again remain relatively small. The ionization cross sec-
tion is dominated by direct ionization from the outer 3d sub-
shell. As we move to the highly ionized stages of W56+ and
beyond, the normally important excitation-autoionization
contribution is almost completely eliminated by radiation
damping. The total ionization cross section is approximately
equal to the direct cross section. This is illustrated for W63+

in Fig. 5, where CADW calculations are presented. For
lighter elements than W, the Na-like ion stage generally has
large excitation-autoionization contributions �14�. However,
as can be seen in Fig. 5, with the inclusion of radiation
damping through the autoionization branching ratio, the
excitation-autoionization contributions are almost wiped out.

For the highest ion stages, relativistic effects become in-
creasingly important and it is important to use a fully rela-
tivistic treatment. Fully relativistic SCADW and semirelativ-
istic CADW calculations are compared for Ne-like W64+ in
Fig. 6. The CADW results lie about 20% below the SCADW
calculations. Fully relativistic SCADW and semirelativistic
CADW calculations are compared for He-like W72+ in Fig. 7.
By W72+, relativistic effects dominate, leading to a factor of
2–3 difference between the CADW and SCADW results.

Thus the electron-impact ionization cross sections for the
entire W isonuclear sequence are calculated using the follow-
ing approximations. For ion stages W–W27+: CADW calcu-
lations for direct ionization and for excitation with unit auto-
ionization branching ratios; for ion stages W28+–W45+:
CADW calculations for direct ionization and for excitation
and autoionization branching ratios; for ion stages
W46+–W63+: CADW calculations for direct ionization only;

FIG. 2. Electron-impact ionization cross section for W22+.
Dashed curve: CADW calculations for direct ionization; solid
curve: CADW calculations for direct and indirect ionization
�1.0 Mb=1.0�10−18 cm2�.

FIG. 3. Electron-impact ionization cross section for W45+.
Dashed curve: CADW calculations for direct ionization; dot-dashed
curve: CADW calculations for direct and indirect ionization with
unit branching; solid curve: CADW calculations for direct and in-
direct ionization with full branching �1.0 kb=1.0�10−21 cm2�.

FIG. 4. Electron-impact ionization cross section for W45+.
Dashed curve: CADW calculations for direct ionization; dot-dashed
curve: CADW calculations for direct ionization and LLDW calcu-
lations for indirect ionization with unit branching; solid curve:
CADW calculations for direct ionization and LLDW calculations
for indirect ionization with full branching �1.0 kb=1.0
�10−21 cm2�.
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and for ion stages W64+–W73+: SCADW calculations for di-
rect ionization only. These ionization cross sections for the
entire W isonuclear sequence have been converted to
temperature-dependent Maxwellian-averaged rate coeffi-
cients and put in a collisional-radiative format dictated by the
JET-Strathclyde Atomic Data and Analysis Structure
�ADAS� project �15�. Electron-impact ionization
Maxwellian-averaged rate coefficients are now available in
electronic format at the ORNL Controlled Fusion Atomic

Data Center �CFADC� �16�. Total temperature-dependent
rate coefficients are available for the Fe �17�, Ni �18�, Kr
�19�, and now W isonuclear sequences; level-resolved
temperature-dependent rate coefficients are available for all
ionization stages of the light elements Be, B, C, N, O, and
Ne �20�; and temperature- and density-dependent generalized
collisional-radiative rate-coefficients are available for the Li
and Be isonuclear sequences.

IV. SUMMARY

In this paper, the electron impact ionization of tungsten
has been studied along its entire isonuclear sequence. For
near-neutrals, distorted-wave theory performs poorly, how-
ever, by W4+, distorted-wave theory and experiment are in
reasonable agreement when both direct and indirect ioniza-
tion contributions are included in the calculations. As we
move higher in ion stage, radiation damping becomes impor-
tant, acting to reduce the indirect excitation-autoionization
contributions. This was illustrated for W45+, where the inclu-
sion of radiation damping was seen to considerably reduce
the large excitation-autoionization contributions. For higher
ion stages, excitation autoionization is almost wiped out by
radiation damping. Finally, the importance of using a fully
relativistic treatment of direct ionization was demonstrated
for the highest ion stages in the W isonuclear sequence.

Based on our calculations for electron-impact ionization
along the entire W isonuclear sequence, we have assembled a
database of Maxwellian-averaged rate coefficients for use in
laboratory plasma modeling. Various approximations were
used in the electron-impact ionization calculations to obtain
a complete database. For near-neutral ion stages, our theoret-
ical predictions for direct plus indirect ionization are

FIG. 5. Electron-impact ionization cross section for W63+.
Dashed curve: CADW calculations for direct ionization; dot-dashed
curve: CADW calculations for direct and indirect ionization with
unit branching; solid curve: CADW calculations for direct and in-
direct ionization with full branching �1.0 kb=1.0�10−21 cm2�.

FIG. 6. Electron-impact ionization cross section for W64+.
Dashed curve: CADW calculations for direct ionization; solid
curve: SCADW calculations for direct ionization �1.0 b=1.0
�10−24 cm2�.

FIG. 7. Electron-impact ionization cross section for W72+.
Dashed curve: CADW calculations for direct ionization; solid
curve: SCADW calculations for direct ionization �1.0 b=1.0
�10−24 cm2�.
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generally larger than experimental crossed-beam measure-
ments. Unfortunately, the use of experimental measurements
for low ion stages is complicated by the unknown fraction of
ground and metastable states present in the ion beam. In the
future much work remains to be done. At a minimum, we
plan to extend our ionization calculations to include excited
configurations that may contain sizeable numbers of meta-
stable levels. We also plan to revise our present database
with nonperturbative calculations of direct ionization in low
ion stages and with further LLDW calculations of excitation-

autoionization contributions through to the highest ion
stages.
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