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bstract

Electron-impact ionization cross-sections for all atomic ions in the Sn and Xe isonuclear sequences are calculated using a semi-relativistic
onfiguration-average distorted-wave method. Contributions to the cross-sections are included from both direct ionization and indirect excitation-
utoionization. Branching ratio calculations are carried out for Cu-like Sn21+and Xe25+ and Na-like Sn39+ and Xe43+ to determine when best to
gnore indirect excitation-autoionization contributions due to radiation damping along the isonuclear sequences. Although experiments exist for Xe
hrough to Xe6+, Xe8+, and Xe43+ the configuration-average distorted-wave results only agree well with the Xe8+ measurements, once metastable

tates are taken into account and with the Xe43+ measurements once radiation damping of the excitation-autoionization contribution is accounted
or. Temperature-dependent rate coefficients are calculated for each Sn and Xe ionization stage and then put in a collisional-radiative format that
hould prove useful in modelling astrophysical and laboratory plasmas.
ublished by Elsevier B.V.
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. Introduction

Accurate electron-impact ionization cross-sections and rate
oefficients for atomic ions along isonuclear sequences are
mportant for the fields of magnetic and inertial fusion energy,
strophysics, atmospheric physics, and the development of UV
nd X-ray light sources. In particular, both Sn and Xe are being
xplored as potential EUV radiators for the next generation of
emiconductor devices [1,2].

Over the years, compilations of electron-impact ioniza-
ion rates, generally based on perturbative distorted-wave
alculations, have been made for many light and medium
lements [3–5]. Recently, non-perturbative time-dependent
lose-coupling and R-matrix with pseudostates calcula-
ions have been carried out for electron-impact ionization

ross-sections, temperature-dependent rate coefficients, and
emperature and density-dependent generalized collisional-
adiative coefficients for all atomic ions in the Li [6] and Be
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7] isonuclear sequences. In addition, configuration-average
istorted-wave calculations have also been carried out for
elected heavy element isonuclear sequences, including Kr [8]
nd W [9].

In this paper we carry out configuration-average distorted-
ave (CADW) calculations and report ionization cross-sections

nd temperature-dependent rate coefficients for all atomic ions
n the Sn and Xe isonuclear sequences. To our knowledge,
here are no electron ionization measurements on Sn atomic
ons, although work is in progress1. There have been measure-

ents of the neutral Sn ionization cross-section [10]. On the
heory side there have been plane-wave Born calculations for
he Sn neutral ion stage by McGuire [11]. On the other hand,
lectron-impact ionization cross-sections have been measured
or the neutral Xe atom [12], Xe+[13–15], Xeq+(q = 1 − 4) [16],
e2+[17], Xe3+[18], Xe6+[19], Xe8+[20,21] and Xe43+[22].

heoretical calculations have been performed on Xe+through

o Xe6+using a configuration-average distorted-wave method
or the direct ionization and a term-resolved distorted-wave

1 A. Müller, private communication.

mailto:loch@physics.auburn.edu
dx.doi.org/10.1016/j.ijms.2007.09.016
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ethod for the excitation cross-sections [23,24]. Plane-wave
orn calculations for neutral Xe were done by McGuire

11].
The work presented here is a survey of all Sn and Xe

ons, the configuration-average distorted-wave is expected to
e of reasonable quality, especially for the higher ion stages.
here will, however, be ion stages for which the configuration-
verage distorted-wave approach is not sufficient. These ion
tages will be identified with a view to improving the atomic
ata available for them in future work. In Section 2 we
ive a brief review of the configuration-average distorted-
ave theory, in Section 3 we present selected cross-section

nd rate coefficient results along the Sn and Xe isonuclear
equences, while in Section 4 we conclude with a brief
ummary.

. Configuration-average distorted-wave theory

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

ion = σdion +
∑

j

σj
excB

a
j, (1)

here σdion is the direct ionization cross-section and σ
j
exc is the

xcitation cross-section to an autoionizing configuration j. The
ranching ratio for autoionization is given by:

a
j =

∑
m

Aa(j → m)

∑
m

Aa(j → m) +
∑

n

Ar(j → n)
, (2)

here Aa is an autoionization rate and Ar is a radiative rate.
e neglect the resonant capture followed by sequential double

utoionization process since it is generally a small fraction of the
otal ionization cross-section and is confined to a small energy
ange below the upper excitation-autoionization thresholds.

Configuration-average expressions have been derived [25] for
ll the cross-sections and rates appearing in Eqs. (1) and (2). For
irect ionization, a general transition between configurations has
he form: (nl)wkili → (nl)w−1kelekflf, and the ionization cross-
ection is given by:

dion =
∫ E/2

0
dεe

32w

k3
i kekf

∑
li,le,lf

(2li + 1)

× (2le + 1)(2lf + 1)|M(nl, kili → kele, kflf)|2, (3)

here w is a subshell occupation number, nl are quantum num-
ers of the bound electron, kili, kele, and kflf are quantum
umbers of the initial, ejected, and final continuum electrons,
nd the scattering matrix M is a sum over products of stan-

ard angular factors and radial direct and exchange electrostatic
ntegrals. For electron-impact excitation to autoionizing con-
gurations, a general transition between configurations has the
orm: (n1l1)w1+1(n2l2)w2−1kili → (n1l1)w1 (n2l2)w2kflf, and the

i
t
n
e

ass Spectrometry 271 (2008) 68–75 69

xcitation cross-section is given by:

exc = 8π

k3
i kf

(w1 + 1)(4l2 + 3 − w2)
∑
li,lf

(2li + 1)

× (2lf + 1)|M(n1l1, kili → n2l2, kflf)|2, (4)

here n1l1 and n2l2 are quantum numbers of the bound elec-
rons, and kili and kflf are quantum numbers of the initial
nd final continuum electrons. The energies and bound orbitals
eeded to evaluate all the configuration-average cross-sections
nd rates appearing in Eqs. (1) and (2) are calculated in the
artree–Fock relativistic (HFR) approximation [26], which

ncludes the mass–velocity and Darwin corrections with modi-
ed HF differential equations. The continuum radial orbitals,
ith normalization chosen as one times a sine function,

re obtained by solving a single-channel radial Schrodinger
quation, which also includes the mass–velocity and Darwin
orrections, where the distorting potential is constructed from
FR bound orbitals. The configuration-average distorted-wave
irect ionization cross-sections were evaluated such that the inci-
ent, scattered and ejected electrons were all calculated in a
N potential (where N is the number of electrons on the ini-

ial target). For ion stages more than a few times ionized this is
ot expected to produce significantly different results from the
ther commonly used scattering potential (where the incoming
nd scattered electrons are calculated in a VN potential while
he ejected electron is calculated in a VN−1 potential). The scat-
ering potential used here avoids the possibility of nonphysical
hape resonances sometimes seen for neutral systems with the
ther potential [27].

. Results

We used the configuration-average distorted-wave codes to
alculate the direct and indirect ionization cross-sections. For
elect ion stages, configuration-average autoionizing branching
atios were calculated to determine when the radiative rates from
he autoionizing configurations becomes competitive with the
uger rates.
When choosing which ionization channels to include in our

onfiguration-average distorted-wave calculations we used the
ollowing guidelines. For the direct ionization all subshells that
ad an ionization potential above the single ionization threshold
ere used, including some that may lead to a double ionization.
hus, we included certain direct ionizations whose ionization
otential lay above the double ionization potential. These were
ases where the direct ionization cross-section from these sub-
hells was large. One would need to track the Auger cascades
o know how much of these processes produce single ioniza-
ion and how much leads to double ionization. For example, we
nclude the 5s, 4d, 4p, and 4s subshells in the direct ionization
f Xe6+. Ionization of the 5s and the 4d subshells leads to Xe7+,

onization of the 4p and 4s subshells leads to Xe8+, and ioniza-
ion of the 3d subshell leads to either Xe8+or Xe9+[28]. We do
ot track such cascading processes in our calculations, consid-
ring it better to include such double ionization processes as a
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Fig. 2. Electron impact single ionization cross-section for Xe25+. The dashed
line shows the total direct ionization cross-section. The dot-dashed lines show the
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ingle ionization than omitting these large cross-sections from
he data that will be used in plasma modelling codes. At present
ost tokamak and astrophysics modelling codes do not track
ultiple ionizations, considering only single ionization jumps.
he approach taken above is expected to be the most appropri-
te for application in current modelling codes. Thus, all of the
ross-section plots shown here show only the single ionization
ontributions, for comparison with experiment, while the rate
oefficients we archive include channels that can potentially lead
o double ionization.

Similar guidelines were used when deciding which indirect
rocesses to include. We calculated excitation cross-sections
or inner subshell promotions to excited subshells up to 8f.
ll excitations to autoionizing configurations that lie above the

ingle ionization potential are included. Certain strong exci-
ation channels that lay above the double ionization threshold
ere also included. All of the ionization channels are shown

n Tables 1 and 2, with the channels lying above the double
onization potential shown with the ∗ and † symbols.

.1. Xe ionization

Results are shown for a selection of Xe ion stages in Figs. 1–3
For the low ion stages the Auger rates are much greater than the
adiative rates and the autoionizing levels will have branching
atios of one. Several of the low ion stages have autoionizing
onfigurations with levels that straddle the ionization threshold.
n the configuration-average method the levels of an autoion-
zing configuration will all be counted or will all be omitted,
epending upon its configuration-average energy. For ion stages
e+through to Xe6+ it has already been shown [23,24] that the

xcitation-autoionization contributions are large. Griffin et al.

23] found that the structure of the autoionizing configuration
esulting from a 4d electron being excited into the 4f subshell
howed strong term-dependent effects. The term resolved exci-
ation cross-sections were sensitive to these differences in the

ig. 1. Electron impact single ionization cross-section for Xe8+. The dashed
ine shows the total direct ionization cross-section, the solid line shows the
otal direct ionization plus excitation-autoionization cross-sections. The squares
how the experimental measurement of Stenke et al. [21] and the circles show
he measurements of Bannister et al. [20].

m

F
l
s
w
t
d
e
m

ADW direct ionization plus the CADW excitation-autoionization with unity
ranching. The solid line shows the CADW direct ionization plus the CADW
xcitation-autoionization with CADW branching factors.

tructure and wave functions. The effects were found to be small
or Xe+ but were sizeable for Xe2+ through to Xe6+, making
significant difference to the excitation-autoionization contri-

ution to the ionization cross-section. Griffin et al. [23] also
ound that direct ionization of a 4d electron for Xe4+ leads
o a configuration whose levels straddled the double ionization
hreshold, with only two thirds of these levels lying below the
ouble ionization potential. Thus, for ion stages below Xe7+

he data of Griffin et al. [23] will be of higher quality than the
onfiguration-average distorted-wave data presented here and is
Measurements for Xe8+[20,21] are shown in Fig. 1. There is
easured cross-section below the ground state ionization poten-

ig. 3. Electron impact single ionization cross-section for Xe43+. The dashed
ine shows the total CADW direct ionization cross-section. The dot-dashed line
hows the CADW direct ionization plus the CADW excitation-autoionization
ith unity branching. The solid line shows the total CADW direct ioniza-

ion plus excitation-autoionization cross-sections with CADW branching. The
ouble-dot dashed line shows the CADW direct ionization plus level-resolved
xcitation-autoionization with level-resolved branching. The circles show the
easurements of Schneider et al. [22].
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Table 1
Ground state configurations for Xe ions

Ion stage Configuration Single IP (eV) Direct subshell contributions Excitation-autoionization contributions

0 [Kr] 4d105s25p6 12.49 5p,5s,4d∗,4p∗ 5s,4d∗,4p∗

1 [Kr] 4d105s25p5 21.73 5p,5s,4d∗,4p∗ 5s,4d∗,4p∗

2 [Kr] 4d105s25p4 31.72 5p,5s,4d∗,4p∗ 5s,4d†,4p∗

3 [Kr] 4d105s25p3 42.35 5p,5s,4d∗,4p∗ 5s,4d†,4p∗

4 [Kr] 4d105s25p2 53.58 5p,5s,4d,4p∗ 5s,4d,4p∗

5 [Kr] 4d105s25p 65.33 5p,5s,4d,4p∗ 5s,4d,4p∗

6 [Kr] 4d105s2 90.56 5s,4d,4p∗,4s∗ 4d,4p†,4s∗

7 [Kr] 4d105s 105.09 5s,4d,4p,4s∗ 4d,4p,4s†

8 [Kr] 4d10 180.08 4d,4p,4s,3d∗ 4p,4s,3d∗

9 [Kr] 4d9 205.23 4d,4p,4s,3d∗ 4p,4s,3d∗

10 [Kr] 4d8 231.17 4d,4p,4s,3d∗ 4p,4s,3d∗
11 [Kr] 4d7 257.87 4d,4p,4s,3d∗ 4p,4s,3d∗

12 [Kr] 4d6 285.32 4d,4p,4s,3d∗ 4p,4s,3d∗

13 [Kr] 4d5 313.49 4d,4p,4s,3d∗ 4p,4s,3d†

14 [Kr] 4d4 342.37 4d,4p,4s,3d∗ 4p,4s,3d†

15 [Kr] 4d3 371.96 4d,4p,4s,3d∗ 4p,4s,3d†

16 [Kr] 4d2 402.24 4d,4p,4s,3d∗ 4p,4s,3d†
17 [Kr] 4d 433.20 4d,4p,4s,3d∗ 4p,4s,3d†

18 [Ar] 3d104s24p6 556.28 4p,4s,3d∗,3p∗ 4s,3d
19 [Ar] 3d104s24p5 589.18 4p,4s,3d,3p∗ 4s,3d
20 [Ar] 3d104s24p4 622.59 4p,4s,3d,3p∗ 4s,3d
21 [Ar] 3d104s24p3 656.49 4p,4s,3d,3p∗ 4s,3d
22 [Ar] 3d104s24p2 690.88 4p,4s,3d,3p∗ 4s,3d
23 [Ar] 3d104s24p 725.75 4p,4s,3d,3p∗ 4s,3d
24 [Ar] 3d104s2 819.22 4s,3d,3p∗,3s∗ 3d,3p
25 [Ar] 3d104s 857.42 4s,3d,3p,3s 3d,3p
26 [Ar] 3d10 1500.89 3d,3p,3s 3p,3s
27 [Ar] 3d9 1582.46 3d,3p,3s 3p,3s
28 [Ar] 3d8 1665.62 3d,3p,3s 3p,3s
29 [Ar] 3d7 1750.36 3d,3p,3s 3p,3s
30 [Ar] 3d6 1836.67 3d,3p,3s 3p,3s
31 [Ar] 3d5 1924.54 3d,3p,3s 3p,3s
32 [Ar] 3d4 2013.98 3d,3p,3s 3p,3s
33 [Ar] 3d3 2104.97 3d,3p,3s 3p,3s
34 [Ar] 3d2 2197.51 3d,3p,3s 3p,3s
35 [Ar] 3d 2291.60 3d,3p,3s 3p,3s
36 [Ne] 3s23p6 2584.03 3p,3s,2p∗ 3s,2p†
37 [Ne] 3s23p5 2668.40 3p,3s,2p∗ 3s,2p†
38 [Ne] 3s23p4 2753.67 3p,3s,2p∗ 3s,2p†
39 [Ne] 3s23p3 2839.84 3p,3s,2p∗ 3s,2p†
40 [Ne] 3s23p2 2926.91 3p,3s,2p∗ 3s,2p†
41 [Ne] 3s23p 3014.88 3p,3s,2p∗ 3s,2p†
42 [Ne] 3s2 3245.34 3s,2p∗,2s∗ 2p†,2s†
43 [Ne] 3s 3335.29 3s,2p,2s 2p,2s
44 1s22s22p6 7777.36 2p,2s,1s∗ 2s,1s∗
45 1s22s22p5 8016.98 2p,2s,1s∗ 2s,1s∗
46 1s22s22p4 8259.64 2p,2s,1s∗ 2s,1s∗
47 1s22s22p3 8505.37 2p,2s,1s∗ 2s,1s∗
48 1s22s22p2 8754.16 2p,2s,1s∗ 2s,1s∗
49 1s22s22p 9006.03 2p,2s,1s∗ 2s,1s∗
50 1s22s2 9586.57 2s,1s∗ 1s∗
51 1s22s 9814.99 2s,1s 1s
52 1s2 40302.49 1s
53 1s 41271.32 1s

The direct ionization contributions are shown by subshell, as are the subshell excitations included. Star superscripts denote that the transition lies above the double
ionization threshold for the ion stage. Dagger superscripts indicate that some autoionizing configurations lie in the single ionization regime and some lie above the
double ionization threshold.
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Table 2
Ground state configurations for Sn ions

Ion stage Configuration Single IP (eV) Direct subshell contributions Excitation-autoionization contributions

0 [Kr] 4d105s25p2 7.08 5p,5s,4d∗,4p∗ 5s,4d∗,4p∗

1 [Kr] 4d105s25p 14.40 5p,5s,4d,4p∗ 5s,4d,4p∗

2 [Kr] 4d105s2 29.36 5s,4d,4p∗,4s∗ 4d,4p∗,4s∗

3 [Kr] 4d105s 40.07 5s,4d,4p∗,4s∗ 4d,4p†,4s∗

4 [Kr] 4d10 76.51 4d,4p,4s∗,3d∗ 4p,4s†,3d∗

5 [Kr] 4d9 96.02 4d,4p,4s∗,3d∗ 4p,4s,3d∗

6 [Kr] 4d8 116.49 4d,4p,4s,3d∗ 4p,4s,3d∗
7 [Kr] 4d7 137.83 4d,4p,4s,3d∗ 4p,4s,3d∗

8 [Kr] 4d6 160.02 4d,4p,4s,3d∗ 4p,4s,3d∗

9 [Kr] 4d5 183.02 4d,4p,4s,3d∗ 4p,4s,3d∗

10 [Kr] 4d4 206.79 4d,4p,4s,3d∗ 4p,4s,3d∗

11 [Kr] 4d3 231.32 4d,4p,4s,3d∗ 4p,4s,3d∗

12 [Kr] 4d2 256.59 4d,4p,4s,3d∗ 4p,4s,3d†
13 [Kr] 4d 282.58 4d,4p,4s,3d∗ 4p,4s,3d†

14 [Ar] 3d104s24p6 383.76 4p,4s,3d∗,3p∗ 4s,3d†

15 [Ar] 3d104s24p5 412.21 4p,4s,3d∗,3p∗ 4s,3d
16 [Ar] 3d104s24p4 441.19 4p,4s,3d,3p∗ 4s,3d
17 [Ar] 3d104s24p3 470.67 4p,4s,3d,3p∗ 4s,3d
18 [Ar] 3d104s24p2 500.66 4p,4s,3d,3p∗ 4s,3d
19 [Ar] 3d104s24p 531.14 4p,4s,3d,3p∗ 4s,3d
20 [Ar] 3d104s2 608.55 4s,3d,3p∗,3s∗ 3d,3p
21 [Ar] 3d104s 642.24 4s,3d,3p,3s 3d,3p
22 [Ar] 3d10 1132.71 3d,3p,3s 3p,3s
23 [Ar] 3d9 1204.82 3d,3p,3s 3p,3s
24 [Ar] 3d8 1278.53 3d,3p,3s 3p,3s
25 [Ar] 3d7 1353.84 3d,3p,3s 3p,3s
26 [Ar] 3d6 1430.73 3d,3p,3s 3p,3s
27 [Ar] 3d5 1509.19 3d,3p,3s 3p,3s
28 [Ar] 3d4 1589.23 3d,3p,3s 3p,3s
29 [Ar] 3d3 1670.84 3d,3p,3s 3p,3s
30 [Ar] 3d2 1754.00 3d,3p,3s 3p,3s
31 [Ar] 3d 1838.71 3d,3p,3s 3p,3s
32 [Ne] 3s23p6 2095.06 3p,3s,2p∗ 3s,2p†
33 [Ne] 3s23p5 2171.44 3p,3s,2p∗ 3s,2p†
34 [Ne] 3s23p4 2248.71 3p,3s,2p∗ 3s,2p†
35 [Ne] 3s23p3 2326.88 3p,3s,2p∗ 3s,2p†
36 [Ne] 3s23p2 2405.95 3p,3s,2p∗ 3s,2p†
37 [Ne] 3s23p 2485.91 3p,3s,2p∗ 3s,2p†
38 [Ne] 3s2 2682.19 3s,2p∗,2s∗ 2p†,2s†
39 [Ne] 3s 2764.06 3s,2p,2s 2p,2s
40 1s22s22p6 6497.57 2p,2s,1s∗ 2s,1s∗
41 1s22s22p5 6716.45 2p,2s,1s∗ 2s,1s∗
42 1s22s22p4 6938.35 2p,2s,1s∗ 2s,1s∗
43 1s22s22p3 7163.27 2p,2s,1s∗ 2s,1s∗
44 1s22s22p2 7391.21 2p,2s,1s∗ 2s,1s∗
45 1s22s22p 7622.18 2p,2s,1s∗ 2s,1s∗
46 1s22s2 8102.46 2s,1s∗ 1s∗
47 1s22s 8311.60 2s,1s 1s
48 1s2 34287.60 1s
49 1s 35176.62 1s
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For Xe9+ through to Xe14+ the excitation-autoionization
ontribution is small and we expect the configuration-average
pproach to give accurate results for the direct ionization. The

xcitation-autoionization contribution increases steadily from
e15+ through to Xe25+. Fig. 2 shows the results for Xe25+.
e show results for the excitation-autoionization contribution
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Fig. 4. Electron impact single ionization cross-section for neutral Sn. The dashed
line shows the total direct ionization cross-section, the solid line shows the total
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ith radiative branching of the autoionizing configuration calcu-
ated in the configuration-average distorted-wave approach. The
ecrease in the excitation-autoionization contribution is found to
e small and it would be a reasonable approximation to assume
hat all of the ion stages from Xe15+ through to Xe25+ have Auger
ields of one.

The excitation-autoionization contribution is small for ion
tages Xe26+ through to Xe35+, with direct ionization from
he 3d subshell dominating the total ionization cross-section.
he excitation-autoionization contribution for Xe36+ through

o Xe43+ is large and one would expect the Auger yields to
e less than one. Fig. 3 shows our results for Xe43+, with
adiative branching of the autoionizing configurations included.
xperimental measurements are also available for Xe43+[22].
he radiative rates for the autoionizing configurations dom-

nate over the Auger rates and the excitation-autoionization
ontribution is significantly damped out. The experiment clearly
erifies the reduction in the excitation-autoionization contribu-
ion. Level-resolved excitation-autoionization calculations were
ecently performed for this ion2. While the configuration-
verage distorted-wave results are in reasonable agreement
ith experiment, the level-resolved calculations are clearly an

mprovement to the configuration-average distorted-wave cross-
ections. In both the level-resolved and configuration-average
ases the excitation-autoionization contribution is significantly
amped out. Thus, we recommend using Auger yields of zero for
on stages Xe36+through to Xe42+ and our level-resolved Auger
ields for Xe43+. Ion stages above Xe43+have ionization cross-
ections dominated by direct ionization, and one would expect
he small amount of excitation-autoionization to be completely
adiatively damped.

Thus, our current recommendation is that one uses branching
atios of unity for ion stages below Xe36+ and branching ratios
f zero for ion stages above Xe36+. We are currently working
n level-resolved branching ratios to be used for the ion stages
rom Xe36+ to Xe42+, to improve the excitation-autoionization
ontributions for these ion stages.

.2. Sn ionization

Results are shown for various ion stages of Sn in Figs. 4–6
There are no experimental measurements of electron-impact

onization of Sn ions, however results do exist for neutral Sn.
ig. 4 shows the neutral Sn results. The configuration-average
istorted-wave results clearly overestimate the peak of the cross-
ection, as one might expect for distorted-wave results for a
eutral system. As one progresses up the isonuclear sequence the
xcitation-autoionization contribution is significant up to Sn21+.
ig. 5 shows the results for Sn21+, with configuration-average
adiative branching of the autoionizing configurations included.

21+
or Sn radiative branching makes only a small reduction in
he excitation-autoionization contribution and it would be a rea-
onable approximation to use unity Auger yields for ion stages
p to Sn21+.

2 Z. Altun, private communication.

F
l
s
w
C

irect ionization plus excitation-autoionization cross-section. The circles show
he measurements of Freund et al. [10].

From ion stages Sn22+through to Sn31+ there is very little
xcitation-autoionization, with direct ionization of the 3d sub-
hell dominating the total ionization cross-section. For ion stages
n32+ through to Sn39+ excitation-autoionization becomes sig-
ificant again. We show results for Sn39+ in Fig. 6. It can be seen
hat the excitation-autoionization contributions is significantly
educed by radiative damping. Thus for ion stages Sn32+through
o Sn38+we recommend using Auger yields of zero for the
utoionizing configurations. For Sn39+ we recommend using our
onfiguration-average Auger yields. Above Sn39+ the excitation-
utoionization contribution is small, compared with the direct
onization. We are currently working on level-resolved branch-
ng ratios for ion stages Sn32+ through to Sn39+ with a view to
ig. 5. Electron impact single ionization cross-section for Sn21+. The dashed
ines show the direct CADW ionization cross-section. The dot-dashed lines
how the CADW direct ionization plus the CADW excitation-autoionization
ith unity branching. The solid line shows the CADW direct ionization plus the
ADW excitation-autoionization with CADW branching factors.
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Fig. 6. Electron impact single ionization cross-section for Sn39+. The dashed
lines show the direct CADW ionization cross-section. The dot-dashed lines
show the CADW direct ionization plus the CADW excitation-autoionization
with unity branching. The solid line shows the CADW direct ionization plus the
CADW excitation-autoionization with CADW branching factors.

Fig. 7. Plot of selected Sn and Xe total ionization rate coefficients. Results are
shown for neutral Sn and Xe (upper most lines), for Cu-like Sn21+and Xe25+(next
l
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owest lines) and for Na-like Sn39+ and Xe43+ (lowest most lines). The solid
ines show the tin rate coefficients and the dashed lines show the xenon rate
oefficients.

. Rate coefficients

For all ion stages of Xe and Sn we produce Maxwellian
ate coefficients, for use in modelling codes. We archive the
ate coefficients on a 12-point Z-scaled temperature grid. The
irect ionization rate coefficients, excitation rate coefficients and
ranching factors are stored separately. Fig. 7 shows a selection
f rate coefficients for both ions. The data is storted in the stan-
ard ADAS adf23 data format. The data is made available on the
FADC website [29] and in the ADAS database [30]. We also
rovide a short fortran code that can be used to read the data.
. Summary

The electron impact ionzation of all ion stages of Sn and
e has been calculated, with the results being shown for select

[

[
[

ass Spectrometry 271 (2008) 68–75

on stages. The direct ionization and excitation cross-sections
re calculated using a configuration-average distorted-wave
ethod for all ion stages of both ions. The importance of

xcitation-autoionization is seen for both elements, and the grad-
al reduction of the Auger branching ratios as one progresses to
igher charge states is also seen. For the lower charge states of
e, up to Xe6+, the data of Griffin et al. [23] is recommended. It
as found that Auger yields of unity are sufficient for Xe through

o Xe25+ and for Sn through to Sn21+. The Auger yields can be
ssumed to be zero above Xe35+ and Sn31+ in their respective
so-nuclear sequences. We include non-zero Auger yields in our
e43+ and Sn39+ data files.
Further work is being done on the lower charge states of both

lements, to see if the accuracy of the near threshold excitation-
utoionization contribution can be improved. Level-resolved
xcitation-autoionization calculations with radiative branching
ncluded are planned for Xe36+ through to Xe42+ and for Sn32+

hrough to Sn39+ to improve the data available for these ion
tages. The data for both isonuclear sequences is made avail-
ble on the CFADC web site [29], and in the ADAS database
30], in a standard format so that it can be used in modelling
odes.
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