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ABSTRACT

Aims. The interpretation of astrophysical spectra depends directly on a knowledge of the ionization state of the emitting plasma. This
is determined, in part, from collisional ionization rate coefficients. The most recent assessments of these were performed by Arnaud &
Rothenflug (1985, A&AS, 60, 425) and Arnaud & Raymond (1992, ApJ, 398, 394). Since their work, new laboratory measurements
of ionization cross sections have become available as well as the Flexible Atomic Code (FAC) which enables theoretical calculations
of these rates. Our goal is to provide a complete set of ionization rate coefficients for the elements hydrogen through zinc.

Methods. A scaling law, which assists the analysis of ionization cross sections and rate coefficients, has been developed following
the approach of Burgess & Tully (1992, A&A, 254, 436). Essentially all available measured cross sections along each isoelectronic
sequence have been examined and compared to cross sections calculated with the Flexible Atomic Code (FAC) and with other
calculations. Two approaches has been taken to provide a complete set of ionization cross sections. In the first, fits to scaled measured
ionization cross sections, particularly for neutral and singly ionized species, are performed. In the second, fits to scaled calculated
direct ionization and excitation-autoionization cross sections are performed to provide the remainder of the set. The fits to the cross
sections are then integrated over a Maxwellian velocity distribution to derive ionization rate coefficients.

Results. A complete set of ground level ionization cross sections and rate coefficients has been developed through the combination of
these two approaches. A tabulation of parameter fits to ground level ionization rate coefficients for all atoms and ions of the elements

of H through Zn is provided.

Key words. atomic data — atomic processes — plasmas

1. Introduction

The interpretation of astrophysical spectra depends directly on
a knowledge of the ionization state of the observed plasma. In
a collisionally dominated plasma, such as the solar corona, the
ionization state is determined by a balance of the electron colli-
sional ionization rates and the radiative and dielectronic recom-
bination rates. Whether the plasma is considered to be in a steady
or transient state, it is necessary to have an accurate knowledge
of these rates. This paper describes a new complete set of ion-
ization rate coefficients for all ions of all elements from hydro-
gen through zinc based on the most recently available laboratory
measurements and theoretical calculations.

Prior to this work, the most recent analysis of ionization
rates was performed by Arnaud & Rothenflug (1985) and by
Arnaud & Raymond (1992) for iron. Since that time, a number
of new laboratory measurements have been performed and re-
ported and the Flexible Atomic Code (FAC) has been devel-
oped by Gu (2002) to enable calculations of ionization cross
sections. In addition, the use of scaling laws, such as those
developed by Burgess & Tully (1992) for collisional excitation,
have proven useful. In many important respects, this analysis
follows the earlier analyses of Arnaud & Rothenflug (1985) and
Arnaud & Raymond (1992) with a strong reliance on both ob-
servational and theoretical results.

* Full Table 29 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/466/771

http://www.aanda.org

The result of this analysis is a set of spline fits to scaled tem-
peratures and scaled ionization rate coefficients that are available
electronically. Further, the cross sections and rate coefficients
will be available through the CHIANTI atomic database for as-
trophysical spectroscopy Dere et al. (1997), Landi et al. (2006).

2. Approach

Ionization caused by the collision of electrons with neutral and
ionized species occurs primarily through two mechanisms. The
first is direct ionization (DI) where a bound electron is con-
verted to a free electron in the collision. The second process
is usually referred to as “excitation-autoionization” (EA). Here,
a bound electron is excited into an autoionizing state. At this
point, there is a competition between a stabilizing radiative tran-
sition and an autoionizing transition. The relative contributions
of the two processes can vary considerably with isoelectronic se-
quence. For the hydrogen through neon isoelectronic sequences,
direct ionization dominates. For more complex ions, EA is often
the dominant ionization process.

2.1. Empirical scaling laws for ionization

Lotz (1967a) developed the “classical” ionization scaling, where
the scaled cross section is given by cross section multiplied
by the square of the ionization potential and the scaled en-
ergy is given by incident electron energy divided by the ioniza-
tion potential. The importance of this scaling is that classically
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scaled ionization cross section plotted versus scaled energy
varies slowly along an isoelectronic sequence, particularly at
high values of the nuclear charge Z.

Bethe (1930) showed that at high energy, the ionization cross
section scales as o ~ Clogu/u where o is the direct ionization
cross section, u is the scaled energy E/I, E is the energy of the
incident electron and I is the ionization potential. The constant C
is the Bethe coefficient and is give by Younger (1981c)

c=L [Ty )
o €

where « is the fine structure constant, opy is the photoioniza-
tion cross section and € is the photon energy. The photoion-
ization cross sections of Verner & Yakovlev (1995) have been
used to calculation the Bethe coefficient for all of the ioniza-
tion cross sections reported here. Further, the collision strength,
a component of the EA rate, also approaches a high energy limit
Q ~ (4g9f/AE)logu where gf is the weighted oscillator strength
and AE the excitation energy Burgess & Tully (1992).

The CHIANTI database has made extensive use of the scal-
ing laws that Burgess & Tully (1992) developed for collisional
excitation. A similar scaling law for ionization cross sections has
been developed here. It is based on a combination of the classi-
cal cross section scaling of Lotz (1967a), the Bethe (1930) limit
for direct ionization and the Burgess & Tully (1992) scaling for
allowed transitions. The scaling involves a scaled energy U,

g log f
v=1 logu =1 + f) @

and a scaled cross section X
Burgess & Tully (1992),

in a manner similar to

uoI?
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Here f is an adjustable parameter. This type of scaling will be re-
ferred to as BT scaling and has several advantages. The energy
range from threshold to infinity is mapped onto a finite scale
from zero to unity. The extended high energy range is highly
compressed while the energy range just above threshold is ex-
panded. The scaled cross section X approaches a known constant
at high energy and for fitting cross sections, the threshold value
for X for U = 0 (u = 1) can be set to zero. As with classically
scaled cross sections, the BT cross section scaling approaches
a fixed function as one proceeds along an isoelectronic sequence,
at least in the case of direct ionization.

Figure 1 shows an example of this approach as applied
to measurements of Lill. This ion contains only 2 elec-
trons in the 1s shell so that the direct cross section should
not show any structure resulting from ionization from dif-
ferent shells. The measurements extend to nearly 400 times
the threshold value. The cross sections at the highest ener-
gies are from the measurements of Peart & Dolder (1968) who
sought to verify the high energy scaling. The other measure-
ments are from Lineberger et al. (1966), Peart et al. (1969b),
and Wareing (1967). The fit to the experimental data is shown
for classical scaling (top) and for BT scaling (bottom). It can
be seen that the ionization cross section does approach a con-
stant value at BT scaled energies of about 0.8 but this that value
is about 40% higher than the high-energy Bethe limit. In fact,
the measured cross sections have often been found to approach
a high-energy limit that is a factor of 1.4 to 2.0 higher than the
Bethe limit. Nevertheless, the Bethe limit has been used for all
of the ionization cross section fits.
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Fig. 1. Top: classically scaled ionization cross section for LiIl. Bottom:
BT scaled cross section versus scaled energy and the fit to the data.

One of the techniques used here to obtain ionization cross
sections over the entire range of energies is to derive a spine
fit to the BT scaled measurements. As this procedure results in
a smoothly varying curve, it is only used for cases where there is
little apparent structure in the measured cross sections. Typically
this is the case for neutrals and singly ionized species.

2.2. Calculation of ionization cross sections

FAC has been used to calculate the DI cross sections from
inner and outer shells of the various ions as explained later
in the text. The ionization potentials are taken from the
CHIANTI database, which in turn, are largely based on val-
ues from the NIST database Ralchenko et al. (2006). Cross sec-
tions for excitation autoionization have also been calculated with
FAC. This involved solving the atomic structure, calculating col-
lision strengths into auto-ionizing levels and determining the
branching ratio for ionization. All of the rates have been summed
into a reduced set and fit with a Burgess & Tully (1992) scaling,
including a value for the high energy limit. The FAC distorted
wave calculations tend to be most accurate for doubly ionized
species and higher. The use of scaling law fits to the cross sec-
tions of neutrals and singly-ionized ions is often the most accu-
rate approach.

2.3. Error estimates

Estimates of the errors in the cross sections are provided, as in
Table 1. The column labeled Experimental error lists the total
error in the individual experimental measurements. The column
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Table 1. Ionization cross section measurements for the hydrogen iso-
electronic sequence.

Ion Data source Experimental error Final error
HI1 Shah et al. (1987) 7% 7%

He1n Achenbach et al. (1984) 10% 15%

Defrance et al. (1981a) -

Dolder et al. (1961) 25%

Peart et al. (1969b) 12%
Limm Tinschert et al. (1989a) 10% 10%
Bv Aichele et al. (1998) 10% 10%
Cvi Aichele et al. (1998) 10% 10%
Nvil  Aichele et al. (1998) 10% 10%
Ovir  Aichele et al. (1998) 10% 10%
Fe XxXv1 O’Rourke et al. (2001) 15% 15%

labeled Final error lists an estimate of error in the final cross sec-
tion as compared to the experimental measurements. For exam-
ple, if the the measurements are reproduced by the adopted cross
sections to within the experimental error, then the experimental
error is listed. If the adopted cross sections show deviations from
the experimental measurements beyond the experimental errors,
then an estimate of the typical deviation is listed.

3. lonization cross sections
3.1. The hydrogen isoelectronic sequence

Aside from H 1, the available cross section measurements for the
hydrogen isoelectronic sequence are listed in Table 1. For H1,
the cross sections of Shah et al. (1987) have been selected as
an accurate, representative set. FAC has been used to calculate
the DI cross sections. In addition, there are the relativistic dis-
torted wave cross sections of Fontes et al. (1999) who suggest
that their parametric fits should be accurate for Z > 4 (Be1v).

For H1 ionization cross section measurements cover more
than 2 orders of magnitude in the incident electron energy.
The BT scaled values are well fit and appear to approach
the predicted high energy Bethe limit. For HeIl measure-
ments are reported by Peart et al. (1969b), Dolder et al. (1961),
Defrance et al. (1981a), and Achenbach et al. (1984). These val-
ues are all in agreement to within their quoted errors. The mea-
surements of Peart et al. (1969b) extend to the highest energies
and approach approach a value roughly 1.6 higher than the
Bethe limit.

For the ions Lill andBvV, neither the FAC nor the
Fontes et al. (1999) cross sections provide optimal fits to the data
but the BT scaled cross section measurements are well described
by 6 point spline fits.

For Cv1, NvII and O vi, the measurements are well de-
scribed by the Fontes et al. (1999) cross sections. The C VI cross
sections are shown in Fig. 2. The Fontes et al. (1999) cross sec-
tions are also in fairly good agreement with the measurements
of O’Rourke et al. (2001), being about 15% below the measured
values at low energies but in good agreement above about 2/.

To summarize, the final compilation of ionization cross sec-
tions uses the fits to the BT scaled measurements for the ions H1,
He1, Linr and B V. For Belv the fits for BV are included
with the appropriate ionization potential. For all other ions, the
Fontes et al. (1999) cross sections are included.

773

2.00107HT - - —————————1

1.50107"

1.0e107"

Cross section*[2 (Cm2 eVz)

5.00107"

0Lt . . . N |
1 10
Energy/l

Fig. 2. Ionization cross sections for C VI. Diamonds — measurements of
Aichele et al. (1998), solid line — calculations of Fontes et al. (1999).

3.2. The helium isoelectronic sequence

The available cross section measurements for the helium isoelec-
tronic sequence are listed in Table 2. FAC has been used to calcu-
late the DI cross sections. Fontes et al. (1999) has calculated rel-
ativistic distorted wave cross sections and provided parametric
fits which are said to be accurate for Z > 5. At energies near 10/,
they are generally higher that the FAC calculations since in the
relativistic limit they approach a constant value rather than the
classical non-relativistic Bethe limit.

For the ions Hel and Lil, a distorted wave calculation
can not be expected to accurately reproduce the measured
cross sections and 6 point splines fit to the BT scaled mea-
surements have been used. For B1v, the FAC cross sections
are about 12% higher than the measurements at the peak of
the cross section and the Fontes et al. (1999) cross sections
do not accurately reproduce the measurements near threshold.
Consequently, the BT scaled measurements were fit by a 6 point
spline fit to provide greater accuracy. The FAC cross sections
for CV reproduce the measurements of Crandall et al. (1979a)
and Donets & Ovsyannikov (1981) quite well while those of
Bannister & Havener (1996) show considerable cross section
well below the threshold and are not considered further. The
cross sections of Fontes et al. (1999) do not provide as good
a fit. The FAC and measured cross sections for CV are show
in Fig. 3 The measurements for N VI are not in good agreement
with the other measurements in the sequence. The measure-
ments for NeIX are reproduced by both the FAC cross sections
and those of Fontes et al. (1999) to well within the experimental
uncertainties.

For the final compilation of ionization cross sections, the fits
to the BT scaled measurements for Hel, Lill and BIV were
used. For BeIll, the fits for BIv were used with the appropri-
ate ionization potential. For C Vv through F vIiI the FAC cross
sections are used. For ions with higher Z, the cross sections of
Fontes et al. (1999) are included.

3.3. The lithium isoelectronic sequence

Measurements of ionization cross sections for ions in the lithium
sequence are shown in Table 3. The experimental cross sections
show a noticeable EA contribution for the more highly ionized
species. DI and EA cross sections were calculated with FAC.
The DI cross sections include ionization from the 1s and 2s lev-
els. The EA cross sections include excitations to the 1s2/2/” and
152131’ levels. Chen et al. (1996) has calculated EA ionization
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Table 2. Ionization cross section measurements for the helium isoelectronic sequence.

Experimental ~ Final
Ton Data source Unused data source error error
Her1 Stephan et al. (1980) 8% 10%
Montague et al. (1984b) 4%
Shah et al. (1988) 6%
Lim Lineberger et al. (1966) 12% 20%
Peart et al. (1969b) 11%
Wareing (1967) 15%
Biv Crandall et al. (1979a) 4% 10%
Cv Crandall et al. (1979a) Bannister & Havener (1996) 7% 10%
Donets & Ovsyannikov (1981) 6%
Nv1 Crandall et al. (1979a) 14% 30%
Neix Donets & Ovsyannikov (1981) 17% 20%
Duponchelle et al. (1997) 11%
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Fig.3. FAC DI cross sections for CV and the measurements of
Crandall et al. (1979a) (diamonds) and Donets & Ovsyannikov (1981)
(triangles, plotted with an arbitrary 10% experimental error).

rates for the lithium isoelectronic sequence and these agree well
with the FAC calculations. The FAC cross sections are also in
good agreement with the calculations of Reed & Chen (1996)
for Nv and FvIl, Chen & Reed (1992) for ArXVvI and Fe XXIV
and Badnell & Pindzola (1993) for Fe XXIV.

For LiT, Jalin et al. (1973) and McFarland & Kinney (1965)
provide absolute measurements at high energies and
Brink (1964) provides relative measurements at low en-
ergies. There is a difference of about a factor of 2.2 be-
tween the measurements of Jalinetal. (1973) and those
of McFarland & Kinney (1965). The measurements of
Jalin et al. (1973) show the smoothest extension to the high
energy limit and so this set is considered the most accurate. The
measurements of McFarland & Kinney (1965) were divided by
a factor of 2.2 to provide a consistent set of measurements at
high energy. The measurements of Brink (1964) were normal-
ized to the high energy set and the BT scaled values of the 3 sets
were fit with a 6-point spline fit. The error estimate refers to the
high energy values.

For Be 1T and B 11T the measurements are well fit by a combi-
nation of a spline fit to the BT scaled DI cross sections and the
addition of the FAC EA cross sections. In the case of CIv, the
measurements of Teng et al. (2000) are about 22% higher than
those of Crandall et al. (1979b) and Howald & Gregory (1984)
but are in good agreement with the FAC DI and EA cross sec-
tions. The cross sections for N v, O VI and Ne VIII were well de-
scribed by the FAC calculations although for Ne VIII the EA val-
ues appear to be somewhat underestimated. For the remaining

members of the lithium isoelectronic sequence, the FAC values
have been used. Cross sections over narrow ranges of energy
near the EA peak have been measured by Kenntner et al. (1995)
for SiXII and C1XV. The estimated error in these measurements
is 20% but the FAC cross sections are about a factor of 1.3 higher
than the Kenntner et al. (1995) measurements. The FAC cross
sections also agree with the measurements of Wong et al. (1993)
for a single energy near the peak of the direct ionization cross
section for the ions of TiXX, VXXI, CrXXIl and Mn XXIII
and Fe XX1v. The FAC and experimental cross sections for NV
are shown in Fig. 4.

To summarize, the final compilation includes spline fits to
the BT scaled measurements of Lil, spline fits to the DI cross
sections plus the FAC EA cross sections for Be II and B 111, and
the FAC DI plus EA cross sections for all other ions.

3.4. The beryllium isoelectronic sequence

The measured cross sections for ions in the beryllium isoelec-
tronic sequence are listed in Table 4. DI and EA ionization
cross sections for the beryllium isoelectronic sequence have
been calculated with FAC. The DI values include ionization
from the 1s and 2s shells. The EA rates consider excitation to
the 1s2/* and 1s2/?31’ levels with the appropriate branching ra-
tios. The FAC cross sections agree with the DI calculations of
Younger (1981c) at the 10% level. For Ne V11, the FAC values lie
midway between the DI+EA cross sections of Chen et al. (1998)
and Laghas et al. (1999). The FAC values also agree to with 10%
with DI+EA values of Badnell & Pindzola (1993) for Fe XXIII.
From an inspection of Fig. 4 of Loch et al. (2003), the FAC cross
sections also appear to be in good agreement with their calcula-
tions for O v.

The BT scaled measurements for BeI and B1I are well re-
produced by a spline fit. It should be noted that Tawara (2002)
provides cross sections for ionization of all neutrals considered
in this study. However, the author provides no citation of where
the values come from nor any estimates of the errors. These val-
ues are only used if no others seem to be available. Laboratory
measurements are also available for C111, NIV and OV but
these are apparently compromised by the existence of signifi-
cant populations of ions in metastable 1s>2s2p levels. This sit-
uation was previously noted by Arnaud & Rothenflug (1985).
Since their analysis, measurements of the ionization cross sec-
tions for Ne VII have been reported by Duponchelle et al. (1997)
and Bannister (1996) that appear to be free of contamina-
tion by metastable levels. These measurements are well re-
produced by the calculations of Laghasetal. (1999). The
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Table 3. Ionization cross section measurements for the lithium isoelectronic sequence.

Experimental ~ Final
Ton Data source Unused data source error error
Li1 Brink (1964) - 15%
Jalin et al. (1973) 18%
McFarland & Kinney (1965) 10%
Be1r Falk & Dunn (1983) 8% 5%
B Crandall et al. (1986) 7% 5%
Civ Teng et al. (2000) Crandall et al. (1979b) 14% 12%
Howald & Gregory (1984)
Nv Crandall et al. (1979b) 7% 15%
Defrance et al. (1990) >7%
OvI Crandall et al. (1979b) 16% 10%
Crandall et al. (1986) 7%
Defrance et al. (1990) >7%
Rinn et al. (1987) 8%
Ne vl Defrance et al. (1990) >8% 15%
Aichele et al. (2000) 9%
Donets & Ovsyannikov (1981) 7%
Duponchelle et al. (1997) 6%
Riahi et al. (2001) -
Sixm Kenntner et al. (1995) 20% 30%
Clxv Kenntner et al. (1995) 20% 30%
Ti XX Wong et al. (1993) 11% 11%
V XXI Wong et al. (1993) 10% 10%
Cr XX Wong et al. (1993) 9% 9%
MnXxXm  Wong et al. (1993) 9% 9%
FexX1mv  Wong et al. (1993) 9% 9%
Table 4. Ionization cross section measurements for the beryllium isoelectronic sequence.
Experimental ~ Final
Ton Data source Unused data source error error
Bel Tawara (2002) -
Bt Falk et al. (1983) 7% 7%
Cur Falk et al. (1983)
Woodruff et al. (1978)
N1v Falk et al. (1983)
Howald & Gregory (1984)
ov Crandall et al. (1979a)
Falk et al. (1983)
Nevil  Bannister (1996) 9% 6%
Duponchelle et al. (1997) 6%

200107 ‘ ] Fig. 5. It can be seen that the FAC cross sections reproduce the
i 1 measurements quite well.

1.50107 @@Eﬁ i il B To summarize, the final compilation of ionization cross sec-
I Loy i | tions uses the spline fits to the BT scaled measurements for BeI
i 4 % a% i 1 and B 11 and the FAC cross sections for all of the remaining ions
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Fig. 4. FAC ionization cross sections of NV and experimental values.
Triangles, Crandall et al. (1979a), squares, Defrance et al. (1990).

FAC cross sections and the measurements by Bannister (1996)
and Duponchelle et al. (1997) for Ne VII are plotted together in

3.5. The boron isoelectronic sequence

Table 5 shows the sources of cross section measurements for
the boron isoelectronic sequence. There is no evidence for
significant EA contributions to the measured cross sections.
Consequently, FAC DI cross sections only, from the n = 1
and n = 2 shells, have been calculated for comparison with
the measured values. The FAC values are in good agree-
ment with the calculations of Chen et al. (1998) for Ne VI and
Badnell & Pindzola (1993) for Fe22. From an inspection of
Fig. 3 of Loch et al. (2003), the FAC cross sections also appear
to be in good agreement with their calculations for O Tv.
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Diamonds — Bannister (1996), squares — Duponchelle et al. (1997),
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Table 5. Ionization cross section measurements for the boron isoelec-
tronic sequence.

Experimental ~ Final
Ion Data source error error
B1 Tawara (2002) -
Cu Yamada et al. (1989a) 10% 10%
N1 Bannister & Havener (1996) 8% 8%

Mueller et al. (1983) 9%

orv Crandall et al. (1979a) 8% 8%
Nevi Bannister (1996) 11% 12%

Duponchelle et al. (1997) 6%

For B1 and C11, the measurements extend in energy to 1000
and 40 times threshold, respectively and fits to BT scaled mea-
surements are satisfactory.

For the ions NIII through Ne VI, the FAC cross sections
underestimate the measured values from threshold to about
twice threshold but are in good agreement at higher energies.
For N1II, two sets of measurements are available. The mea-
surements of Mueller et al. (1985) extend from near thresh-
old to about 5 times threshold while the measurements of
Bannister & Havener (1996) extend from near threshold to about
20 times threshold. The two are not in strict agreement but the
average of the two is in better agreement with other measure-
ments along the isoelectronic sequence than either set of mea-
surements on their own. In order to better reproduce the low en-
ergy cross sections, fits to the BT scaled measurements of both
sets of measurements have been used.

The only set of measurements for OIV are those of
Crandall et al. (1979a). In the case of Ne VI, the measurements
of Bannister (1996) Duponchelle et al. (1997) are in good agree-
ment at energies below about 1.7 times threshold. Near the peak
cross section, the measurements of Duponchelle et al. (1997) are
about 20% higher than those of Bannister (1996). As there is no
apparent reason to value one over the other, a fit to the combined
measurements has been used.

To summarize, the final compilation of ionization rates uses
spline fits to the BT scaled measurements for B 1, C I, N1II, O IV
and Ne VI. For F v, a linear interpolations of the N TIT and Ne VI
fit parameters is used with the appropriate ionization potential.
For the ions Na VII through Zn XXVI, the FAC DI cross sections
are used.

K. P. Dere: Ionization rate coefficients for the elements hydrogen through zinc

3.6. The carbon isoelectronic sequence

Measurements of ionization cross sections for the carbon iso-
electronic sequence are listed in Table 6. There is no evidence
of EA contributions to the cross sections and FAC has been used
to calculate the DI values for ionization from the n = 1 and
n = 2 shells. Very good agreement with the Fe XXI DI cross sec-
tions of Younger (1982a) is found. From an inspection of Fig. 2
of Loch et al. (2003), the FAC cross sections appear to be in
good agreement with their calculations for O 1I. The FAC val-
ues also appear to agree with the calculations for Al v of
Aichele et al. (2001) as shown in their Fig. 6.

The BT scaled measurements of C1 were fit with a spline.
There is reasonably good agreement (+£30%) between the
FAC calculations and the measurements for N 11, O III and Ne V.
However, fits to the BT scaled measurements provide a better
reproduction of the measurements.

The measurements for Al VIII are described as problematical
by the authors Aichele et al. (2001).

In summary, the final compilation of ionization cross sec-
tions used spline fits to the BT scaled measurements of C1, NI,
O1r and NeV. For F1v, the OmI and NeV fits were linearly
interpolated. For Al vl and all other ions, the FAC DI cross
sections are used.

3.7. The nitrogen isoelectronic sequence

Cross section measurements for the nitrogen isoelectronic se-
quence are listed in Table 7. There is no evidence for significant
EA contributions and FAC has been used to calculate DI cross
sections from the n = 1 and n = 2 shells. The FAC val-
ues are in good agreement with those of Chen et al. (1998)
for Ne1v (+30%) and those of Younger (1982a) for Fe XX
(£10%). For Nelv, the measurements lie between between the
two calculations. The FAC values also appear to agree with those
of Aichele et al. (2001) for Al VII as shown in their Fig. 5.

Fits to the BT scaled cross sections for NI, O1, FII
and Ne1v were satisfactory. The FAC cross sections for NeIv
agree well with the measurements with a maximum deviation of
about 12% near the peak. Cross section measurements for Al VII
are provided by Aichele et al. (2001). These appear to be en-
hanced by the presence of metastables in the beam and do not
agree well with the FAC DI cross sections. The measured cross
sections for SiVII and Ar XII are in good agreement with the
FAC DI cross sections.

To summarize, for the final compilation, fits to the BT
scaled cross sections are used for NI through NeIv and the
FAC DI cross sections for the ions Na v through Zn XXI1V.

3.8. The oxygen isoelectronic sequence

The available cross section measurements for the oxygen iso-
electronic sequence are listed in Table 8. As with the boron, car-
bon and nitrogen isoelectronic sequences, there is no evidence
for significant EA contributions. FAC has been used to calcu-
late DI cross sections from the n = 1 and n = 2 shells. The
FAC cross sections are in good agreement (+10%) with those
of Chen et al. (1998) for NemI and those of Younger (1982a)
for Fe X1X. The FAC values also appear to agree with those of
Aichele et al. (2001) for Al VI as shown in their Fig. 4.

For O1I1, the measurements of Brooketal. (1978) and
Thompson et al. (1995) were used. The cross sections of
Brook et al. (1978) below 30 eV indicated the presence of
metastables so only their points at higher energies were included.
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Table 6. Ionization cross section measurements for the carbon isoelectronic sequence.

Experimental ~ Final
Ion Data source Unused data source error error
C1 Brook et al. (1978) 5% 5%
N1 Yamada et al. (1989a) 10% 10%
om Falk et al. (1980) 10% 10%
NevVv Bannister (1996) 9% 5%
Duponchelle et al. (1997) 5%
Al vin Aichele et al. (2001)
Table 7. Ionization cross section measurements for the nitrogen isoelectronic sequence.
Experimental ~ Final
Ion Data source Unused data source error error
NI Brook et al. (1978) 4% 4%
on Yamada et al. (1989a) 10% 10%
Fm Mueller et al. (1985) 9% 9%
Ne1v  Donets & Ovsyannikov (1981) 7% 8%
Gregory et al. (1983) 8%
Alvin Aichele et al. (2001)
Sivill  Zeijlmans et al. (1993) 7% 10%
ArxXn  Zhang et al. (2002) 17% 17%
Table 8. Ionization cross section measurements for the oxygen isoelectronic sequence.
Experimental ~ Final
Ion Data source Unused data source error error
O1 Brook et al. (1978) 5% 5%
Thompson et al. (1995) 5%
Fu Yamada et al. (1989b) 10% 10%
Nemnr Bannister (1996) Matsumoto et al. (1990) 9% 9%
Al vl Aichele et al. (2001)
Sivil  Zeijlmans et al. (1993) 7% 12%
ArX1  Zhang et al. (2002) 9% 12%
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Fig. 6. Classically scaled ionization cross sections of Ne V. Diamonds —
Bannister (1996), squares — Duponchelle et al. (1997), solid lines —
FAC and the spline fit as noted.

Spline fits to the BT scaled cross sections for OT and F1I pro-
vide a good reproduction of the measurements. For Ne 11, the
measurements of Bannister (1996) and Matsumoto et al. (1990)
are in relatively good agreement, especially at energies less than
roughly twice threshold and at energies above about 5 times
threshold. At these energies, both are also in good agreement
with the FAC DI cross sections. At the peak cross section,

the values of Bannister are about 15% lower than those of
Matsumoto et al. (1990). The FAC DI cross sections are essen-
tially accurate to within experimental uncertainties. However,
the fits to Bannister (1996) for the Ne III cross sections have been
used.

For more highly ionized species in the oxygen isoelectronic
sequence, measurements by Aichele et al. (2001) for Al VI, mea-
surements of Zeijlmans et al. (1993) for SiVII, and measure-
ments of Zhang et al. (2002) for Ar XTI are available. For Al VI,
Aichele et al. (2001) suggests that the enhanced cross sec-
tion at threshold is due to a fraction of the beam ions in
a metastable 'Sy state. Our FAC DI rates appear to be con-
sistent with the DW rates calculated by Aichele et al. (2001).
Zeijlmans et al. (1993) suggest that the Si VII measurements also
indicate the presence of metastable ions. The measured cross
sections for Si VIT are roughly 10% higher than the FAC cross
sections. The Ar XI measurements are in good agreement with
the FAC cross sections.

In summary, for the final compilation of ionization cross sec-
tions, spline fits to the BT scaled measurements are used for O1,
F1I and Ne 111. Given the general level of agreement of the Ne I1I,
Sivi and Ar XI measurements with the FAC DI cross sections,
they are used for the ions Na1Vv through Zn XXIII.

3.9. The fluorine isoelectronic sequence

The available cross section measurements for the fluorine iso-
electronic sequence are listed in Table 9. FAC has been used to
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Table 9. Ionization cross section measurements for the fluorine isoelectronic sequence.

Experimental ~ Final
Ion Data source Unused data source error error
F1 Hayes et al. (1987) 20% 20%
Nell  Achenbach et al. (1984) Miiller et al. (1980) 10% 3%
Diserens et al. (1984) Yamada et al. (1989b) 3%
Man et al. (1987b) 3%
AlvV  Aichele et al. (2001) 8% 8%
Sivi  Thompson & Gregory (1994) 4% 4%
Arx  Rachafi et al. (1987) 11% 16%
Table 10. Ionization cross section measurements for the neon isoelectronic sequence.
Experimental ~ Final
Ion Data source Unused data source error error
Nel Almeida et al. (1995) 8% 8%
Nagy et al. (1980) 7%
Stephan et al. (1980) 8%
Wetzel et al. (1987) 15%
Nan Hirayama et al. (1986) 13% 6%
Hooper et al. (1966) 10%
Peart & Dolder (1968) 6%
Mgin  Peart et al. (1969a) 8% 8%
Al1v Aichele et al. (2001)
Siv Thompson & Gregory (1994)
Arix Defrance et al. (1987) 10% 10%
Zhang et al. (2002) 5%

calculate DI cross sections from the n = 1 and n = 2 shells.
Calculations by Aichele et al. (2001) for AlV suggest that the
EA contributions to the cross section can be disregarded. The
FAC values are in good agreement (+12%) with the calculations
of Laghas et al. (1999) for ArX and those of Younger (1982a)
for Fe XviL. The FAC values also appear to agree with those of
Aichele et al. (2001) as shown in their Fig. 3.

For F1, the BT scaled measurements were well fit
by a 6 point spline. For Nell, the measurements of
Achenbach et al. (1984), Diserens et al. (1984) and Man et al.
(1987b) are in excellent agreement and extend to en-
ergies well above the threshold. The measurements of
Yamada et al. (1989b) were in good agreement with these 3 sets
of measurement but tended to diverge above 400 eV. Because
the fit was well defined with the 3 sets of measurements just
mentioned, the Yamada et al. (1989b) measurements were not
included in the fits. The measurements of Miiller et al. (1980)
were at significant variance to all of the other sets and were not
used. The BT scaled measurements of the 3 data sets are well fit
with a 6 point spline.

The measurements of AlV Aichele et al. (2001) apparently
correspond to excitation from the ground level alone and are in
good agreement with the FAC and their CADW cross sections
which include both direct and resonant ionization processes.
The FAC cross sections for Si VI are in best agreement with the
measured values of Thompson & Gregory (1994) at low ener-
gies and are about 23% higher at higher energies. For Ar X, the
measured cross sections Rachafi et al. (1987) are in good agree-
ment with the FAC cross sections.

For a compilation of the complete set of cross sections for the
fluorine isoelectronic sequence, fits to the measured rates for F1,
Nell, Alv and Si VI are used. For all other members of the se-
quence, the FAC DI rates are used.

3.10. The neon isoelectronic sequence

The available cross section measurements for the neon isoelec-
tronic sequence are listed in Table 10. The FAC DI cross sections
consider ionization from the n = 2 shell only and are in good
(=10%) agreement with the calculations of Younger (1981a)
for AlTv, AriX and Fe XVIIL.

There are 4 sets of ionization cross sections measure-
ments for NeI. The measurements of Stephan et al. (1980) and
Wetzel et al. (1987) are for energies less than 10/ and agree
with each other. The measurements of Almeida et al. (1995) and
Nagy et al. (1980) are for energies above 6/ and 20/ respec-
tively and agree with each other as well. In the overlap region
between 6 and 101 there is a disagreement of about 13% which
is outside the quoted errors. For NeI a 6 point spline fit to all
4 sets of the BT scaled measurements is used.

For Nall, there are 3 sets of measurements which
are in reasonable agreement except that the values of
Hirayama et al. (1986) at energies above about 10/ do not
tend toward the high energy limit as well as those of
Peart & Dolder (1968). Consequently, all of the data, except for
the high energy points of Hirayama et al. (1986) has been used
to arrive at a composite fit. The BT scaled measurements of
Mg 11 byPeart et al. (1969a) are well described with a 6-point
spline. Aichele et al. (2001) have analyzed their measurements
for Al11v and suggest that the beam contained about about 20%
of the ions in an excited state. When this is taken into account,
the measurements seem to be consistent with the FAC direct ion-
ization cross sections. Similarly, Thompson & Gregory (1994)
found that their measured cross sections for SiVv were affected
by the presence of impurity metastable states. The two sets of
Ar1xX measurements were well fit by the FAC DI cross sections.

In summary, the fits to the BT scaled measurement for the
Nel, Nall and Mg and the FAC DI cross sections for Al1vV
through Zn XXI are included in the final compilation.
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Table 11. Ionization cross section measurements for the sodium isoelectronic sequence.

Experimental ~ Final
Ion Data source Unused data source error error
NaIl McFarland & Kinney (1965) Brink (1964) 8% 8%
Zapesochnyi & Aleksakhin (1969) 15%
Mgt Becker et al. (2004) Crandall et al. (1982) 10% 10%
Martin et al. (1968) Miiller et al. (1990) 11%
Peart et al. (1991Db) 9%
AlTIn Thomason & Peart (1998) Crandall et al. (1982) 8% 10%
Sitv Crandall et al. (1982) 12% 12%
Arvin  Rachafi et al. (1991) Zhang et al. (1992) 40% 40%
Ti X1 Gregory et al. (1990) 7% 8%
Crxmv  Gregory et al. (1990) 10% 25%
FeXxvl  Gregory et al. (1987) 14% 20%
Linkemann et al. (1995) 20%

3.11. The sodium isoelectronic sequence

The available cross section measurements for the sodium iso-
electronic sequence are listed in Table 11. FAC has been used
to calculate the DI and EA cross sections. The DI cross sections
include ionization from the 3s and n = 2 levels. The EA cross
sections include excitation into the 273/31” and 27 3141’ levels.

For Narl, the low energy range (1-6[)is covered by
Zapesochnyi & Aleksakhin (1969) and the high energy range
(20-1001) is covered by McFarland & Kinney (1965) and
Brink (1964) which are in reasonable agreement. The mea-
surements by McFarland & Kinney (1965) show a more nat-
ural extrapolation to the high energy limit and so only
the cross sections of Zapesochnyi & Aleksakhin (1969) and
McFarland & Kinney (1965) have been used for the final fit. The
BT-scaled cross sections for NaI data are well fit with a 7 point
spline.

Five sets of measurements for Mg II are available. The mea-
surements of Miiller et al. (1990) were normalized to those of
Crandall et al. (1982) by a multiplicative factor of 1.09. The
measurements of Crandall et al. (1982) are about 10% lower
than those of Peart et al. (1991b) and Becker et al. (2004). The
measurements of Martin et al. (1968) extend over a large en-
ergy range and agree with those of Peartetal. (1991b) and
Becker et al. (2004) at low energies. There is no clear evi-
dence for significant EA processes although resonant-excitation-
double-autoionization signatures are present. Consequently, the
measurements of Martin et al. (1968), Peart et al. (1991b), and
Becker et al. (2004) and been used and their BT-scaled Mg11
data are well fit with a 6-point spline.

For Alm the FAC DI values are about 14% lower
than those of Younger (1981b), agree well with the mea-
surements of Thomason & Peart (1998) and are about 30%
higher than the measurements of Crandall et al. (1982). The
Crandall et al. (1982) measurements have been normalized to
those of Thomason & Peart (1998) by a factor of 1.35. The
FAC EA cross sections, which are in agreement with those of
Griffin et al. (1982a), are too large to explain the observed cross
sections. This problem was noted by Griffin et al. (1982a) who
suggested that the 2p — np transitions were overestimated. It is
not clear why these particular transitions should be problematic.
For the results used here, the FAC EA cross sections have been
multiplied by a factor of 0.4 to reproduce the measured values
rather than excluding the 2p — np transitions.

For Si1v, the FAC DI cross sections are about 11% higher
than those of Younger (1981b). The FAC EA cross sections
are comparable to those, including the 2p — np excitations, of

Griffin et al. (1982a), who noted that these were also larger than
the measured values. The measurements are well described by
the FAC DI cross sections plus the EA cross sections multiplied
by a factor of 0.65.

The measured cross sections of Arvil by
Rachafi et al. (1991) and Zhang et al. (1992) do not agree very
well. At low energies, the error bars are quite large. The FAC
and Younger (1981b) DI cross sections agree at the 10% level.
EA cross sections have been calculated by Tayal (1994),
Reed & Chen (1996), Teng & Xu (1996) and Griffin et al.
as reported by Zhang et al. (1992). The FAC DI + EA cross
sections are in rough agreement with all of the above calcu-
lations except those of Griffin et al., which are approximately
twice the value of the other calculations near the peak of the
EA contribution at about 400 eV. In this area, their calculations
agree with the measurements of Zhang et al. (1992). At energies
above 700 eV, the FAC, Tayal (1994), Reed & Chen (1996) and
Teng & Xu (1996) cross sections are in good agreement with
the measurements of Rachafi et al. (1991) and the cross sections
of Griffin et al. appear to approach these measurements as well.
For Ar v, the FAC cross sections, without any scaling, provide
a reasonable estimate of the ionization cross sections.

For Ti X11, the FAC cross sections are in good agreement with
the measurements and the calculations of Griffin et al. (1987).
For CrXx1v, the FAC cross sections agree with the measure-
ments and with the calculations of Griffin et al. (1987) and
Qi et al. (2002) to within 20%.

For FeXvl, the measurements measurements of
Gregory et al. (1987) are about 30% higher than those of
Linkemann et al. (1995) near the peak of the EA contribu-
tion around 900 eV. The FAC cross sections lie between the
two measurements at those energies and appear to agree with the
calculations of Griffin et al. (1987) to with 10%. The FAC cross
sections for NiXVIII agree with those of Pindzola et al. (1990)
to better than 10%.

In addition to DI and EA, resonant excitation dou-
ble Auger (REDA) ionization LaGattuta & Hahn (1981) con-
tributes to ionization of ions in the sodium isoelectronic se-
quence. The first calculations of REDA cross sections were
for Fe XvI by LaGattuta & Hahn (1981). Later calculations by
Griffin et al. (1987) suggested that the REDA process was not as
important as originally reported by LaGattuta & Hahn (1981),
perhaps because of a simplification in their model. For this
reason, and because of the difficulty in the calculation of
REDA rates, they are not included in the present analysis.

To summarize, the final compilation of ionization cross sec-
tions includes the fits to the BT scaled measurements for NaT
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Table 12. Ionization cross section measurements for the magnesium isoelectronic sequence.

Experimental ~ Final
Ton Data source Unused data source error error
Mg1 Boivin & Srivastava (1998) 11% 10%
Freund et al. (1990) 10%
McCallion et al. (1992a) 12%
Al Belic et al. (1987) Montague et al. (1983) 9% 9%
Si Djuri¢ et al. (1993b) 9% 20%
Sv Howald et al. (1986) 9% 20%
Clvi  Howald et al. (1986) 10% 10-30%
Arvil  Chung (1993) Howald et al. (1986) 6% 10%
Zhang et al. (2002)
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and MgTr, FAC cross sections with adjusted EA components
for Al1l and Si1v and unadjusted FAC cross sections for all
other ions.

3.12. The magnesium isoelectronic sequence

The available cross section measurements for the magnesium
isoelectronic sequence are listed in Table 12. Direct ioniza-
tion from the n = 2 shell results in an excited level that
can autoionize into a neon-like ion, as previously suggested
by Griffin & Pindzola (1988). FAC has been used to calculate
DI cross sections from the n = 2 and n = 3 shells. For DI
from the n = 2 shell, the branching ratios for radiative decay
into a stable sodium-like ion relative to the autoionization to
a neon-like ion have also been calculated and used to reduce
the DI value. In all cases, autoionization leading to double ion-
ization is the dominant process. The EA cross-sections for ex-
citation into the 2/731”3 and 2173s? 4/’ levels have been calcu-
lated with FAC. Theoretical distorted wave calculations of the
ionization cross section of Si Il (Djuri¢ et al. 1993b), S v, Cl VI,
and Ar vII (Pindzola et al. 1986a) and Fe Xv (Mitnik et al. 1998)
are in good agreement with the FAC values. Figure 7 shows
measurements of double ionization in Ar VII and the FAC di-
rect ionization cross sections from the n = 2 level corrected by
the branching ratio. It appears that the measured cross section
is about 66% of the FAC cross section, while the average calcu-
lated branching ratio for autoionization into ArIX is about 0.93.

This leads to the question of which processes should be in-
cluded in the determination of the ionization cross section for
ions in the magnesium isoelectronic sequence. This question will
become more apparent when the cross sections for Sv, Cl VI,

Chung (1993), solid lines — FAC.

and Ar VII are discussed below. Laboratory measurements typi-
cally refer to ionization into a particular ionization stage whether
it is single, double, triple, etc. In order to maintain a consistent
analysis, the cross sections and rate coefficients developed here
pertain to single ionization processes.

For Mg1, the BT scaled measurements listed are well de-
scribed by a 6 point spline fit. For Al1l, the two sets of measure-
ments agree well up to about 2.5 times threshold but those of
Belic et al. (1987) showed the best extension to the high energy
limit. The Belic et al. (1987) measurements suggest a small but
insignificant contribution from EA processes. BT-scaled values
of these measurements were fit with a 6 point spline.

Measurements are also available for the ions SiIL, S v, Cl VI,
and Ar VII. A major uncertainty in these measurements is the
presence of ions in 3s3p>P metastable levels. Their presence is
clear in all of these measurements to varying degrees, except
for those of ClVI and the measurements of Chung (1993) for
Ar VII. These cross sections, shown in Fig. 8, are relatively well
described by the FAC DI + EA cross sections.

To summarize our treatment of the Mg isoelectronic se-
quence, fits to the BT scaled measurements of Mgl and Al
have been used and for the remaining ions the FAC DI and
EA cross sections are used.

3.13. The aluminum isoelectronic sequence

The available cross section measurements for the aluminum iso-
electronic sequence are listed in Table 13. For all ions P1II
through Zn XvI11, the DI cross sections from the n = 2 and n =
3 shells have been calculated by FAC. As with the magnesium
isoelectronic sequence, the DI cross section from the n = 2 level
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Table 13. Ionization cross section measurements for the aluminum isoelectronic sequence.

Experimental ~ Final

Ton Data source Unused data source error error

Al1 Freund et al. (1990) 10% 10%

Siln Djuric et al. (1993b) 9% 9%
Clv Bannister & Guo (1993) 9% 15%
Arvi Gregory & Crandall (1982) Mueller et al. (1983) 11% 15%
Zhang et al. (2002)

FeX1v  Gregory et al. (1987) 16% 20%

Nixvi  Cherkani-Hassani et al. (2001) 9% 15%
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Fig.9. Double ionization cross sections for Ar VI Triangles —
Zhang et al. (2002), diamonds — Tinschert et al. (1989b), solid line —
FAC.

mostly results in double ionization. In Fig. 9 the measured and
FAC values for the cross section for double ionization for ar VI
are shown. The calculated values are roughly 20% higher than
the measured values. For the ions P1II through Arvi FAC EA
cross sections through the 2p®3s3pn/ levels where n = 3,4, 5 are
included. For P11 through Zn Xviil the FAC EA cross sections
through the 2/73s>3pnl’ levels with n = 3, 4 are also included.

For AlT, the BT-scaled cross sections of Freund et al. (1990)
are well reproduced by a 9 point spline fit. For SiII,
Djuri¢ et al. (1993b) pointed out the strong role of EA through
the 2p%3s3pnl levels. These EA transitions are significantly
greater than the DI cross sections at low energies. At higher
energies, the EA cross section through the 2p°3s>3pnl levels
is also important Djuri¢ et al. (1993b), and gains in importance
for higher values of Z. The FAC cross sections provide a fair
reproduction of the Sill cross sections but a 9 point spline fit
to the BT-scaled cross sections of Djuri¢ et al. (1993b) is more
accurate.

For Clv the measurements of Bannister & Guo (1993) are
well reproduced by the FAC calculations at low energies but
at about 6/, the the FAC cross sections for single ioniza-
tion are about 40% higher than the measured values. For
Ar Vi, all of the listed measurements are in reasonable agree-
ment at energies above about 37 and are well reproduced
by the FAC cross sections. At lower energies, the mea-
surements of Zhang et al. (2002) show evidence of significant
metastable ion populations. At energies below 3 I, the measure-
ments of Gregory & Crandall (1982) are well reproduced by the
FAC cross sections. Figure 10 shows the classically scaled mea-
surements and the FAC calculations for C1 v and Ar VI.

The Fe XIV cross section measurements of Gregory et al.
(1987) are about 15% higher than the values calculated by FAC.
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Fig.10. Classically scaled ionization cross sections for ClvV and
Ar V1. Experimental points Bannister & Guo (1993) (diamonds) and
Gregory & Crandall (1982) (crosses). FAC calculations for Cl1v (bot-
tom line) and Ar VI (top line).

The Ni XVI measurements of Cherkani-Hassani et al. (2001) are
well described by the FAC values and also agree well with the
calculations of Pindzola et al. (1990). The measurements of dou-
ble ionization of NiXVI by Cherkani-Hassani et al. (2001) agree
well with the FAC double ionization cross sections from the
n =2 level.

In summary, for the ions AlT and Sill the spline fits to the
BT scaled measurements are included in the final compilation
of ionization cross sections. For all other ions, the FAC DI and
EA cross sections are used.

3.14. The silicon isoelectronic sequence

The available cross section measurements for the silicon isoelec-
tronic sequence are listed in Table 14. DI cross sections from
the n = 2 (including the single ionization branching ratio) and
n = 3 levels have been calculated with FAC. EA cross sections
have also been calculated with FAC and include excitations from
the n = 3 level into autoionizing levels of n = 3,4,5 for the
ions S111, Cl1v and ArV. For all ions, EA cross sections from
the n = 2 shell to the n = 3, 4, 5 levels are included.

For Si1, the BT-scaled cross sections of Freund et al. (1990)
are well reproduced by an 8 point spline fit. Similarly, for P11,
the BT scaled cross sections of Yamada et al. (1989a) are well
described by a 6 point spline fit.

The experimental S TIT cross sections of Yamada et al. (1988)
are well matched by the FAC values near threshold and above
10 times threshold but exceed the measurements at interme-
diate energies by about 25%. For ArVv the experimental and
FAC cross sections are shown in Fig. 11. The measurements of
agree with each other to about 40% and there does not appear to
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Table 14. Ionization cross section measurements for the silicon isoelectronic sequence.

Experimental ~ Final

Ton Data source Unused data source error error
SiI Freund et al. (1990) 10% 10%
P1r Yamada et al. (1989a) 10% 10%
St Yamada et al. (1988) 10% 20%
Arv Crandall et al. (1979a) 6% 30%

Miiller et al. (1980) 10%

Zhang et al. (2002) 4%
CrXI Sataka et al. (1989) 5% 15%
Ni XV Wang et al. (1988)

Cherkani-Hassani et al. (1999)
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Fig.11. Classically scaled ionization cross sections for ArV.
Experimental points —  Crandall et al. (1979a) (triangles),
Miiller et al. (1980) (squares), Zhang et al. (2002) (x), solid lines —
FAC.

be a logical way to decide on a consistent set of measurements.
For Cr XI the measurement of Sataka et al. (1989) may indicate
the presence of some ions in metastable levels in the beam but
provide fair agreement with the FAC calculations, especially
in the region where EA transitions are significant. For NiXV,
Griffin & Pindzola (1988) showed that the measured rates of
Wang et al. (1988) were commensurate with their calculations
of ionization cross sections from the 3p3d excited configuration.
There appears to be a similar problem with the measurements
of Cherkani-Hassani et al. (1999) which do not agree well with
those of Wang et al. (1988). Our FAC cross sections are in good
agreement with the cross section of Griffin & Pindzola (1988)
from the ground level.

In summary, spline fits to the BT scaled cross sections of Sil
and P 11 are included in the final compilation. There appears to be
sufficient agreement between measured and the FAC cross sec-
tions for all ions S II through Z XVII that the FAC cross sections
have been included as described.

3.15. The phosphorus isoelectronic sequence

The available cross section measurements for the phosphorus
isoelectronic sequence are listed in Table 15. For Ar1v and all of
the higher members of the phosphorus isoelectronic sequence,
DI cross sections from the n = 2 (adjusted for double ioniza-
tion) and n = 3 level has been calculated with FAC. For Ar1v
it has been necessary to include EA cross sections from the
n = 3level tothe n = 3,4, 5 levels. For Ar1v and all of the higher

members of the phosphorus isoelectronic sequence, EA cross
sections from the n = 2 shell to n = 4, 5 have been included.

For P1, the BT-scaled cross sections of Freund et al. (1990)
are well reproduced by a 7 point spline fit. There are two sets of
measurements for S II, those of Yamada et al. (1988) and those
of Djuri¢ et al. (1993a), and these are in agreement at about the
15% level. The cross sections of Yamada et al. (1988) are more
numerous and extend to higher energy and they are used here.
The BT scaled values are well reproduced by a 8 point spline fit.
The Cl I are also well reproduced by a 7 point spline fit to the
BT scaled measurements.

For Ar1v, the measurements of Miiller et al. (1980) and
Gregory et al. (1983) show a significant cross section at the
threshold suggesting that these measurements are compromised
by metastables in the beam. The FAC cross sections are in rough
agreement(+£25%) with the measurements at higher energies.

For Fe X1 the measurements of Gregory et al. (1987) indi-
cate contributions to the DI cross section from metastable ions
in the beam. At higher energies where n = 2 EA contributions
are important, their measurements are about 20% higher than
the FAC cross sections which are in good agreement with the
calculations of Pindzola et al. (1986b). For NiXI1v, our calcu-
lations are in very good agreement with the measurements of
Cherkani-Hassani et al. (2001), see Fig. 12, and the calculations
of Pindzola et al. (1990).

In summary, the fits to the BT scaled measurements of P1,
S11 and Clur and the FAC cross sections, for all of the other
ions, have been included in the final compilation of ions in the
phosphorus isoelectronic sequence.

3.16. The sulphur isoelectronic sequence

The available cross section measurements for the sulphur iso-
electronic sequence are listed in Table 16. For all ions from Ar IIT
through ZnXVv the FAC ionization cross section includes the
DI cross section from the n = 2 and n = 3 levels and the
FAC EA cross sections from the n = 2 level to the n = 4, 5 levels.
In addition, for Ar 1l through CaVv, the FAC EA cross sections
from the n = 3 to the n = 3 level are included.

For S1, the BT-scaled measurements of Freund et al. (1990)
are well described by a 9-point spline fit. For Cl111, the measure-
ments of Yamada et al. (1989b) are about 25% higher than those
of Djuri€ et al. (1993b) over most of their energy range, except
near threshold where they are in good agreement. The measure-
ments of Djuric¢ et al. (1993b) are used because their classically-
scaled values are in better agreement with those of the ArIIL
The BT-scaled ClT measurements of Djuri¢ et al. (1993b) are
well described by a 6-point spline fit.

For Arml, there are 6 sets of experimental measure-
ments reported in the literature. The measurements by
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Table 15. Ionization cross section measurements for the phosphorus isoelectronic sequence.

Experimental ~ Final
Ion Data source Unused data source error error
P1 Freund et al. (1990) 10% 10%
S Yamada et al. (1988) Djuri€ et al. (1993a) 10% 15%
Cln Mueller et al. (1985) 5% 6%
Ar1v Miiller et al. (1980)
Gregory et al. (1983)
Fe X1 Gregory et al. (1987)
Nix1v  Cherkani-Hassani et al. (2001) 8% 10%
Table 16. Ionization cross section measurements for the sulphur isoelectronic sequence.
Experimental ~ Final
Ion Data source Unused data source error error
S1 Freund et al. (1990) 10% 10%
Clix Djuri€ et al. (1993b) Yamada et al. (1989a) 7% 10%
Ar1nn Danjo et al. (1984) 10% 20%
Diserens et al. (1988) 3%
Man et al. (1993) 3%
Matsumoto et al. (1990) 10%
Miiller et al. (1980) 10%
Mueller et al. (1985) 9%
Tivi Hartenfeller et al. (1998)
Crix Sataka et al. (1989)
Fe X1 Stenke et al. (1999)
Ni X1 Cherkani-Hassani et al. (1999)

Wang et al. (1988)
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Fig. 12. Classically scaled values of NiXIV cross sections. Points with
error bars are the measurements of Cherkani-Hassani et al. (2001).
Solid line is the FAC calculation.

Diserens et al. (1988) and Man et al. (1993) were made with the
same apparatus and are nearly identical. The measurements by
Danjo et al. (1984) and Matsumoto et al. (1990) are also nearly
identical and appear to be by the same research group. The var-
ious measurements agree at the 10-25% level. The FAC cross
sections agree with these measurements at the 20% level.

For TivIl, the measurements of Hartenfeller et al. (1998)
were made on a beam containing both metastable and ground
state ions. Their calculations are in reasonable agreement with
the FAC calculations, and their measurements at high energies
are also in reasonable agreement with the FAC calculations. The
Sataka et al. (1989) measurements for CrIX also show the pres-
ence of metastables in the beam and are generally about 25%
higher than the FAC calculations. The Fe XI measurements also

show strong indications of metastables and are about 35% higher
than the FAC cross sections at high energies.

The experimental measurements for NiXII by
Cherkani-Hassani et al. (1999) and Wanget al. (1988) are
in good agreement but pertain to ionization from an excited
metastable state, based on a comparison with the calculations
by Griffin & Pindzola (1988). The FAC cross sections are in
good agreement with those of Griffin & Pindzola (1988) from
the ground level.

In summary, the ionization rate coefficients are derived from
the fits to the measured cross sections for ST and Cli. For
the other members of the sulphur isoelectronic sequence, the
FAC ionization cross sections as described above are included
in the final compilation.

3.17. The chlorine isoelectronic sequence

The available cross section measurements for the chlorine iso-
electronic sequence are listed in Table 17. For the ions KT
through Zn X1V, ionization cross sections have been calculated
with FAC. These include the DI cross section from the n = 2
(reduced by for double ionization) and n = 3 shells and the
EA cross sections from the n = 2 level to the n = 4,5 levels
and from the n = 3 to the n = 6,7, 8 levels.

For ClI1, the BT-scaled measurements of Hayes et al. (1987)
are well described by a 9-point spline fit. For Ar 11, there is good
agreement among all of the measurements listed in Table 16 ex-
cept for those of Miiller et al. (1985a) which are significantly
lower than the rest. The BT scaled cross sections of Arll, ex-
cluding Miiller et al. (1985a), are well fit with a 9-point spline.

For Ti v1, Hartenfeller et al. (1998) compared their measure-
ments with those of Chantrenne et al. (1990) and distorted wave
calculations. They find that the two sets of measurements are
in good agreement but that they both lie between the ionization
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Table 17. Ionization cross section measurements for the chlorine isoelectronic sequence.

Experimental ~ Final
Ton Data source Unused data source error error
Cl1 Hayes et al. (1987) 14% 14%
Ar1n Gao et al. (1997) Miiller et al. (1980) 10% 5%
Man et al. (1987b) 3%
Miiller et al. (1985a) 3%
Yamada et al. (1989b) 10%
Tivi Chantrenne et al. (1990)
Hartenfeller et al. (1998)
Crvin Sataka et al. (1989)
Mn I1X Rejoub & Phaneut (2000)
Fex Gregory et al. (1987)
Stenke et al. (1995b)
Nixm  Cherkani-Hassani et al. (1999) 6% 10%
Table 18. Ionization cross section measurements for the argon isoelectronic sequence.
Experimental  Final
Ion Data source Unused data source error error
Arl Ma et al. (1991) 15% 5%
MccCallion et al. (1992b) 6%
Nagy et al. (1980) 6%
Stephan et al. (1980) 8%
Straub et al. (1995) 3%
Wetzel et al. (1987) 15%
K1 Hirayama et al. (1986) 13% 6%
Hooper et al. (1966) 15%
Peart & Dolder (1968) 6%
Tiv Hartenfeller et al. (1998)
Crva Sataka et al. (1989)
Mn viII Rejoub & Phaneut (2000)
Ni X1 Cherkani-Hassani et al. (1999)

rate they calculate from the ground state and from the 3p*3d
excited state and concluded that there were significant levels of
metastables in both beams. The FAC cross section sections are in
generally good (15%) agreement with the measurements at high
energies.

Tonization cross sections of Cr VIIT have been measured by
Sataka et al. (1989). They found a significant cross section at en-
ergies below the ground level threshold and showed that these
enhanced values were consistent with the direct ionization rate
predicted by the Lotz Lotz (1967b) formula for ionization from
a metastable 3p*3d level. The FAC cross sections generally lie
about 15% below the measurements of Sataka et al. (1989).

Cross sections for MnIX have been measured by
Rejoub & Phaneuf (2000). However, when the classically
scaled measurements for ions in the chlorine isoelectronic
sequence (Ti VI through Ni XII) are compared, the Mn IX values
are the highest, for no apparent reason. Consequently the
Mn IX measurements are not included.

Gregory et al. (1986) and Stenke et al. (1995b) have mea-
sured the ionization cross section of Fe X. Stenke et al. (1995b)
shows there is good agreement between the two sets of mea-
surements and that both are consistent with ionization from the
3p*3d metastable level. The FAC cross sections lie about 25%
below the measurements above about 900 eV where the EA con-
tributions are apparent and about 10% above the calculations by
Pindzola et al. (1986Db).

Cross sections for NiXm have been measured by
Cherkani-Hassani et al. (2001) and are in good agreement
with the FAC calculations and those of Pindzola et al. (1990).

In summary, the fits to the BT scaled cross sections for Cl1
and ArIl and the FAC cross sections, for all other ions in the
Cl isoelectronic sequence, are included in the final compilation.

3.18. The argon isoelectronic sequence

The available cross section measurements for the chlorine iso-
electronic sequence are listed in Table 18. Ionization cross sec-
tions have been calculated with FAC. These calculations in-
cluded the DI cross section from the n = 3 shell and the EA cross
sections from the n = 2 level to the n = 4,5 levels and from
the n = 3 to the n = 4,5 levels. Not all levels contribute to
the EA transitions. For example, for V VI and above, most of
the n = 4 levels are below the ionization limit.

For ArI and K11, the measurements listed in Table 18 are
well fit by a 6-point spline fit to the BT scaled values.

Measurements of the ions Ti v, Cr VII and Ni XI show strong
evidence of significant levels of metastables in the beams. The
measurements for Mn VIII show no evidence of a significant
cross section below the ground level threshold. However, their
classically-scaled values are higher than the other members of
the sequence and also significantly higher than the FAC cal-
culated values. For NiXI, the FAC cross sections are in good
agreement with those of Pindzola et al. (1990) from the ground
level and in good agreement with the DI cross sections of
Younger (1982b)

In summary, the fits to the BT scaled cross sections for
ArT and K11 are used for the final compilation of ionization
cross sections. For the higher Z members of the argon isoelec-
tronic sequence, there are no reliable ground state ionization
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Table 19. Ionization cross section measurements for the potassium isoelectronic sequence.

Experimental ~ Final

Ton Data source Unused data source error error
K1 Brink (1964) 20% 15%

Korchevoi & Przonski (1967) -

McFarland & Kinney (1965) -

Zapesochnyi & Aleksakhin (1969) 15%
Can Peart & Dolder (1975) 10% 25%

Peart et al. (1989) 8%
Scn Pindzola et al. (1994) 8% 8%
Titv Falk et al. (1983) van Zoest et al. (2004) 9% 9%
Mn vil Rejoub & Phaneuf (2000)

measurements. Consequently, the FAC cross section, based on
their agreement with the calculations of Pindzola et al. (1990)
for NiXI, are included for all other ions in the argon isoelec-
tronic sequence.

3.19. The potassium isoelectronic sequence

The available cross section measurements for the potassium iso-
electronic sequence are listed in Table 19. FAC has been used
to calculate the DI cross section from the 3p and 3d shells.
The EA cross sections were calculated including excitation from
the 3p%3d to the 3p°3dn/ levels with n = 4, 5, 6.

For K1, the measurements are well fit by a 6-point spline fit
to the BT-scaled values.

For Cal, the ground level is 3p%4s. Calculations by
Burke et al. (1983), Griffin et al. (1984), Pindzola et al. (1987)
and Badnell et al. (1991) have attempted to reproduce the ion-
ization cross section of Call by including direct ionization and
excitation-autoionization through the 3p>3d4s and 3p°4s? levels.
Badnell et al. (1991) has been the most successful in modeling
the energy range between 25 and 45 eV, where the EA contribu-
tions are important, by means of an R-matrix calculation. FAC
has been used to calculate the direct ionization cross sections
from the 4s and inner-shell 3p level and the EA cross sections
through the the 3p>3d4s and 3p4s? levels. All of the calculations
just mentioned required an adjustment to the DI cross sections
below 25 eV to reproduce the measured values and the current
FAC DI cross section from the 4s level has been multiplied by
a factor of 0.5. At energies above about 100 eV there appears
to be a significant contribution to the cross section from direct
ionization from the n = 3 level. With the modified DI cross sec-
tions plus the EA cross sections, a reasonable reproduction of
the measured Call ionization cross sections are found although
the Badnell et al. (1991) calculations provide a better fit in the
region between 25 and 45 eV.

For Sc1iI the best reproduction of the measured cross sec-
tions has been with R-matrix calculations (Pindzola et al. 1994).
For Sc, the FAC cross sections are in good agreement with
the measurements about about 2/ but not below that energy. The
best reproduction of the measured cross sections are obtained
with a 6-point spline fit to the BT scaled cross sections.

For Ti1v the measurements of van Zoest et al. (2004) and
Falk et al. (1983) are in reasonable agreement at high energies
but differ by as much as 40% near the peak. Perhaps the most
accurate calculations of the TiIV cross section are the R-matrix
results of Burke et al. (1984) and Gorczyca et al. (1994). These
appear to agree somewhat better with the measurements of
Falk et al. (1983) than those of van Zoest et al. (2004). The FAC
distorted wave calculations for TiIV significantly overestimate
the measurements at energies somewhat above threshold but are

in good agreement at high energies. Consequently, 7-point spline
fits to the BT scaled cross sections of Falk et al. (1983) are used
for Ti1V.

The measurements for Mn VII by Rejoub & Phaneuf (2000)
are about 80% higher than the FAC calculations. However, these
measurements, when scaled classically, appear to be out of line
with other measurements and calculations. In the case of NiX,
the FAC cross sections are about 30% lower than those of
Pindzola et al. (1990).

To summarize, the fits to the BT scaled cross sections have
been used for K1, SciI and Ti1v. For Call and the ions VV
through Zn X11, the FAC cross sections have been used as de-
scribed for the final compilation of ionization cross sections.

3.20. The calcium isoelectronic sequence

The available cross section measurements for the calcium iso-
electronic sequence are listed in Table 20. For members of the
calcium isoelectronic sequence, FAC has been used to calculate
DI and EA cross sections. The DI cross sections include ion-
ization from the 3p and 3d shells. For the EA cross sections,
autoionizing levels include the n = 3, 4, 5, 6 and 7 shells (Sc1I
through Mn V1), n = 4, 5, 6 and 7 shells for all other ions.

For Ca1, the BT scaled values of the available measurements
are well fit by a 9-point spline fit.

The Sc1I measurements of Jacobi et al. (2004) are well de-
scribed by their R-matrix calculations. In order for the FAC cal-
culations to reproduce the measurements, it is necessary to mul-
tiply the FAC EA contribution by a factor of 0.4. For TiIil, of
the three sets of measurements those of Mueller et al. (1985)
and Diserens et al. (1988) are in the best agreements. Those
of Hartenfeller et al. (1998) indicate the presence of metastable
ions in the beam and have not been included in the present anal-
ysis. The measurements are best reproduced if the FAC EA con-
tributions are reduced by a factor of 0.4. For MnVI the
measurements are in rough agreement with the FAC val-
ues. However, it should be noted that the measurements of
Rejoub & Phaneuf (2000) have often been problematical, as
mentioned before. For Fe VII, the FAC cross section are in good
agreement with the measured values and with the calculations of
Pindzola et al. (1986b). The FAC cross sections for NiIX are in
fair agreement with the measurements but agree well (15%) with
the calculations of Pindzola et al. (1990).

For Ca1 a spline fit to the BT scaled measured cross sections
are used for the final compilation of ionization cross sections.
For all other ions, the FAC calculations have been used. For Sc II
and Ti1ll only, the FAC EA contributions have been reduced by
a factor of 0.4.



786

K. P. Dere: Ionization rate coefficients for the elements hydrogen through zinc

Table 20. Ionization cross section measurements for the calcium isoelectronic sequence.

Experimental ~ Final
Ton Data source Unused data source error error
Cal Okuno (1971) 8% 8%
Rakhovskii & Stepanov (1969) 24%
Vainshtein et al. (1972) 16%
Scnn Jacobi et al. (2004) 15% 15%
Timn Mueller et al. (1985) Hartenfeller et al. (1998) 9% 25%
Diserens et al. (1988) 3%
MnvVvi Rejoub & Phaneuf (2000) 25% 50%
Fevil  Gregory et al. (1986) 5& 12%
Stenke et al. (1999) 8%
Nizx  Wang et al. (1988) 6% 25%

Table 21. Ionization cross section measurements for the scandium iso-
electronic sequence.

Experimental  Final
Ton Data source error error
Sc1 Tawara (2002)
Tin Diserens et al. (1988) 3% 40%
Hartenfeller et al. (1998) 8%
Fe vi Gregory et al. (1986) 7% 10%
Stenke et al. (1999) 8%
Nivir  Wang et al. (1988) 6% 15%

3.21. The scandium isoelectronic sequence

The available cross section measurements for the scandium iso-
electronic sequence are listed in Table 21. For TiIl, which has
a 3d?4s ground configuration, FAC has been used to calculate
the DI cross sections from the 4s and 3d shells and to calculate
the EA cross sections for excitation to the 3p°3d34s level. For
the remaining members of the scandium isoelectronic sequence,
which have a 3d® ground configuration, FAC has been used to
calculate the DI cross sections from the 3p and 3d levels and the
EA cross sections from the 3s and 3p levels to the n = 3,4, 5, 6,
and 7 levels. For Co vII through Zn X the n = 3 levels are bound
and do not contribute to EA.

For Sc1, the BT scaled measurements are well fit by by
a 9 point spline, however, the experimental errors are unknown.
The FAC cross sections for Till are in reasonably good agree-
ment with the measurements, especially at the highest ener-
gies. The measurements for Fe VI are fit to 10% or better by
the FAC cross sections which also appear to be in very good
agreement with those of Pindzola et al. (1986b). The FAC cross
sections for Ni VIIT also agree with the measurements and the
calculations of Pindzola et al. (1990) to better that 15%.

Consequently, for ions in the scandium isoelectronic se-
quence, the spline fit to the BT scaled measurements of ScI are
used for the final compilation and the FAC DI and EA cross sec-
tions have been used as discussed above, for all other ions.

3.22. The titanium isoelectronic sequence

The available cross section measurements for the titanium iso-
electronic sequence are listed in Table 22. FAC has been used
to calculate the DI cross sections from the 3p and 3d shells and
the EA cross sections, including excitation to the n = 3,4, 5, and
6 shells.

For Ti1, the BT scaled measurements of Tawara (2002) are
well fit by by a 7 point spline. However, Tawara (2002) does not
provide error estimates.

Table 22. Ionization cross section measurements for the titanium iso-
electronic sequence.

Experimental ~ Final
Ion Data source error error
Ti1 Tawara (2002)
Fev Stenke et al. (1999) 8% 8%
Nivii  Wang et al. (1988) 6% 10%
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Fig.13. Fe v ionization cross sections. Points with error bars are the
measurements of Stenke et al. (1999). Solid line is the FAC cross
section.

For Fev, Stenkeetal. (1999) were able to reproduce
their measurements with their own distorted wave cal-
culations. In the case of NiVIl, the measurements of
Wang et al. (1988) are relatively well reproduced by the cal-
culations of Griffin & Pindzola (1988). The FAC cross sections
for Fe v are in good agreement with the measurements for Fe v
and for Ni VII. The Fe v cross sections are shown in Fig. 13.

For the final collection of ionization cross sections, the
FAC calculations are used with the except of spline fits to the
BT scaled measurements of TiT.

3.23. The vanadium isoelectronic sequence

The available cross section measurements for the vanadium iso-
electronic sequence are listed in Table 23. FAC has been used
to calculate the DI cross sections from the n = 3 level and the
EA cross sections, including excitation from the 3s and 3p levels
to the n = 3 shell and from the 3p level to the n = 4 shell.

For VI and Cr11, the BT scaled measurements are well fit by
6 point and 9 point splines, respectively.
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Table 23. Ionization cross section measurements for the vanadium iso-
electronic sequence.

Experimental Final

Ion Data source Unused data source error error

V1 Tawara (2002)

Cri Man et al. (1987a) 2.5% 5%

Ferv Stenke et al. (1999)

NiVvI Wang et al. (1988) 6% 15%
Stenke et al. (1995a) 6%

For Fe1v, Stenke et al. (1999) notes that there seem to be
a significant amount of metastable (3p*4s) impurity ions in
their beam. The FAC cross sections are in good agreement
with the CADW cross sections reported by Griffin et al. (1982b)
and Stenke et al. (1999). For NiVvI the measurements of
Wang et al. (1988) and Stenke et al. (1995a) are well described
by the FAC calculations which are also in agreement with the
calculations of Griffin & Pindzola (1988).

For the final compilation of ionization cross sections, the fits
to the BT scaled cross sections of VI and Cr1I are used and the
FAC cross sections are used for all other ions.

3.24. The chromium isoelectronic sequence

The available cross section measurements for the chromium iso-
electronic sequence are listed in Table 24. The ground configu-
ration of Mn 11 is 3s?3p®3d>4s and for more highly ionized mem-
bers of the chromium isoelectronic sequence, it is 3s23p®3d°. For
all ionized species, FAC has been used to calculate the DI and
EA cross sections. For Mn1I, DI cross sections from the 3d
and 4s levels are included and EA cross sections for 3p to 3d
and n = 4 levels are included. For the other ions, DI from the 3p
and 3d levels are included and EA excitations from the 3s and
3p levels to the 3d level and from the 3p levels to the n = 4 shell.

For CrI there do not appear to be any available measure-
ments of the ionization cross section. Tawara (2002) has ap-
parently combined the theoretical values of Reid et al. (1992)
at low energies and those of McGuire (1977) at high energies.
The BT scaled values of Tawara (2002) are well fit by a 6 point
spline.

For Fel, the measurements of Mueller et al. (1985) and
Stenke et al. (1999) were not used since they showed a sig-
nificant cross section at the threshold indicating the pres-
ence of metastables in the beam. The FAC cross sections are
somewhat larger than the CADW cross sections reported by
Stenke et al. (1999), probably because more transitions have
been included in the FAC calculations

The measurements for Ni VvV of Bannister & Guo (1993) and
Stenke et al. (1995a) are well-reproduced by the FAC calcula-
tions and are in very good agreement with the calculations of
Pindzola et al. (1990).

In the final tabulation, FAC cross sections for all the mem-
bers of the chromium isoelectronic sequence, aside from the
spline fits to the BT scaled measurements of CrI, have been in-
cluded in the final compilation.

3.25. The manganese isoelectronic sequence

The available cross section measurements for the manganese iso-
electronic sequence are listed in Table 25. The ground configura-
tion of FeII is 3s?3p®3d®4s while for more highly ionized mem-
bers of the chromium isoelectronic sequence, it is 3s23p®3d’.
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For Co 111 and above, FAC has been used to calculate the DI cross
sections from the 3p and 3d levels.

For Mn1 the BT scaled measurements are well fit by 6-point
spline. In the case of Fell and Nilv, the two sets of mea-
surements by Stenke and colleagues show a significant cross
section at threshold, indicated the presence of metastable ions.
Consequently, 9 and 6 point spline fits to the BT scaled cross sec-
tions of Montague et al. (1984a) and Gregory & Howald (1986),
respectively, have been used.

The FAC DI cross sections for NiIV overestimate the mea-
surements by about 25% near the peak. The same situation ap-
plies to the cross sections of Pindzola et al. (1990). Since there
is little structure in the cross section of NiIV a spline fit to the
scaled BT cross sections are a practical approach.

To summarize, the final compilation of ionization cross sec-
tions use the BT scaled fits for Mn1, Fell and Ni1v. The fits
for NiIv together with the appropriate ionization potential have
been applied to the remaining members of the manganese iso-
electronic sequence.

3.26. The iron isoelectronic sequence

The available cross section measurements for the iron isoelec-
tronic sequence are listed in Table 26. FAC has been used to
calculate the DI cross sections from the 3d level.

For Fe1 the BT scaled measurements are well fit by 6 point
splines. It should be noted that the ionization cross sections
of Tawara (2002) is an unreferenced compilation. In this case,
the FeI values appear to be a correction of Freund et al. (1990)
which show a significant cross section at the ionization thresh-
old, indicating the presence of metastable ions in their beam.

The measurements of NiIll by Stenke et al. (1995a) show
a significant cross section at the threshold, indicating ions
in metastable levels in the beam. However, at about 31,
their measurements agree with the CADW calculations
of Pindzola et al. (1990). The FAC DI cross sections are
20-30% higher than the values of Pindzola et al. (1990).

For Cu1v, the measurements are not well reproduced by the
FAC DI cross sections and a 6 point spline fit to the BT scaled
measurements is used.

The fits to the BT scaled cross sections of CulVv have been
used together with the appropriate ionization potential for all
ions in the iron isoelectronic sequence aside from FeI.

3.27. The cobalt isoelectronic sequence

The available cross section measurements for the cobalt isoelec-
tronic sequence are listed in Table 27. For Co1, NiIl and CuT,
the BT scaled measurements are well fit by 6 point, 7 point and
6 point splines, respectively. For the remaining member of the
cobalt isoelectronic sequence, the BT scaled fit for Cutll has
been used together with the appropriate ionization potential.

3.28. The nickel isoelectronic sequence

For Ni1, the BT scaled measurements of Tawara (2002) are well
fit by a 6 point spline. For Cull and Zn 111, there are no known
measurements available and the FAC DI cross sections from the
3d shell have been used.
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Table 24. Ionization cross section measurements for the chromium isoelectronic sequence.

Experimental ~ Final
Ion Data source Unused data source error error
Cri Tawara (2002)
Fe 1t Mueller et al. (1985)
Stenke et al. (1999)
Niv  Bannister & Guo (1993) 7% 15%
Stenke et al. (1995a) 8%
Table 25. Ionization cross section measurements for the manganese isoelectronic sequence.
Experimental ~ Final
Ion Data source Unused data source error error
Mnl  Tawara (2002)
Ferl  Montague et al. (1984a) Stenke et al. (1999) 2.4% 2.4%
Ni1tv  Gregory & Howald (1986) Stenke et al. (1995a) 5% 5%
Table 26. Ionization cross section measurements for the iron isoelectronic sequence.
Experimental  Final
Ion Data source Unused data source error error
Fel Tawara (2002)
Nin Stenke et al. (1995a)
Culv  Gregory & Howald (1986) 4% 8%
Table 27. Ionization cross section measurements for the cobalt isoelec- 5 0 """" T T T T T T
tronic sequence. F ] 1
40F 3
Experimental ~ Final
Ion Data source error error F ]
Col  Tawara (2002) 5 0 E
Ninn  Montague et al. (1984b) 3% 5% E
Cum  Gregory et al. (1986) 4% 4% Z 2k E
10F 3
3.29. The copper isoelectronic sequence Ot w w w w w 1
0 10 20 30 40 50 60

The available cross section measurements for the copper isoelec-
tronic sequence are listed in Table 28. For Cul and ZnTI, the
BT scaled measurements are well fit by 6 point splines. The mea-
surements of Freund et al. (1990) have not been used because of
an apparent presence of metastable ions in their beam.

3.30. The zinc isoelectronic sequence

For Zn1 the BT scaled measurements of Tawara (2002) are well
fit by a 6 point spline.

3.31. Error assessment

Figure 14 shows a histogram of the final errors given in Tables 1
through 28. The median value of the final errors is 10% and the
average value is 13%. Generally, the final errors are smallest for
the neutral and singly ionized species where the measurement
are made with high accuracy. The cross sections are usually fea-
tureless and can be well fit. For highly ionized species, where
the distorted wave FAC calculations should be the most accu-
rate, there are typically few measurements and the accuracy of
these measurements is not particularly high and so the final error
is then also high.

Error (per cent)

Fig. 14. Histogram of final errors.

4. lonization rate coefficients

The ionization rate coeflicients R(7) for all ions of all ele-
ments hydrogen through zinc have been calculated by a 12 point
Gauss-Laguerre integration over the ionization cross sections.
The DI and EA rates were calculated separately and summed.
A Burgess-Tully type scaling has been applied to these rates with
a scaled temperature x,

_ _logf
log(t + f)

where t = kT /I and kT is in the same units as the ionization
potential /. A value of f = 2.0 has been used for all fits presented
here. The scaled rate coefficient p is given by

“)

p = 12 IF R(T)/E\(1/1) (5)

where R(T) is the DI + EA ionization rate coeflicient at the tem-
perature 7 and E| is the first exponential integral.
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Table 28. Ionization cross section measurements for the copper isoelectronic sequence.

Experimental ~ Final

Ion Data source Unused data source  error error

Cul  Bolorizadeh et al. (1984)  Freund et al. (1990) 13% 13%

Zn1l  Peartetal. (1991a) 10% 10%
Rogers et al. (1982) 10%

Table 29. Spline fits, multiplied by a factor of 10, to the scaled ionization rate coefficients. Table 29 in its entirety is only available in electronic

form at the CDS.
V4 Ton NS 7eV) T
Spline nodes ...
Spline values ...
2 1 20 24.587  1.000e+04
0.0244 0.0500 0.1000 0.1500 0.2000 0.2500 0.3000 0.3500 0.4000 0.4500
0.5000 0.5500 0.6000 0.6500 0.7000 0.7500 0.8000 0.8500 0.9000 0.9151
1.1152  1.2670 1.5608 1.8526 2.1431 2.4328 2.7222 3.0121 3.3048 3.6029
39066 4.2150 4.5277 4.8442 5.1551 54444 5.6808 5.7493 53837 5.1643
2 2 20 54.418  2.239e+04
0.0247  0.0500 0.1000 0.1500 0.2000 0.2500 0.3000 0.3500 0.4000 0.4500
0.5000 0.5500 0.6000 0.6500 0.7000 0.7500 0.8000 0.8500 0.9000 0.9059
1.6093 1.6839 1.8089 1.9142 2.0097 2.1001 2.1891 2.2779 23649 2.4510
2.5330 2.6077 2.6758 2.7302 2.77551 2.7353 2.6698 2.5085 2.1720 2.1219
3.50107°F 1 As an example of how to apply Table 29, for He 11 (Z = 2, stage =
3.0010-F E 2), a spline node value of x = 0.10 corresponds to a temperature
Ei%j\% ; of 1.01 x 105 K, using an ionization potential I = 54.42 eV and
2 250107 ] k=8.617x 107 eV K~! in Eq. (6). The reduced temperature ¢ =
= n ] (kT/I) = 0.16. The spline value corresponding to this temperature
2 2.0010°F E is 1.8095 x 107%. The factor of 107° recovers the scaling used
E L 7 to create Table 29. Using Eq. (7), the ionization rate coefficient
2 1.3+107F E R =3.06 x 1072 cm® s7!. In order to determine the ionization
E 1'0,10_6:, B rate coeflicient at other temperatures, it is best to scale the tem-
F ] perature using Eq. (4) and then interpolate between the slowly
500107 . varying scaled rate coefficients p.
05 S S 1 In order to assess the differences between these new
0.0 02 0.4 0.6 0.8 1.0 ionization rates and those of Arnaud & Rothenflug (1985),

Scaled Temperature

Fig. 15. BT scaled ionization rates for C1v (1), N v (2) and Fe XX1V (3).

Figure 15 shows BT scaled ionization rates for ions in the
lithium isoelectronic sequence. It can be seen that the scaled
rates are rapidly approaching the high Z limit.

Table 29 presents the spline fits to the BT scaled rate coef-
ficients. The first line gives the nuclear charge Z, the ionization
stage (following spectroscopic notation), the ionization poten-
tial 7 in eV and the minimum temperature for which the fits are
applicable. The fits are accurate up to a temperature of 10° K
in all cases. The second entry, broken across two lines, are the
values of x where the spline has been fit. The third entry, also
broken across two lines, are the values of the spline fit multi-
plied by 10°. The fact that the values of the spline fits are nearly
constant indicates the usefulness of the scaling procedure. As the
complete Table 29 is very large it is only available electronically
and only the value of Hel and He I are shown here.

To recover the rate coefficients from the scaled values, the
inverse formulae are used:

(B2

R =t'"212E (1 /np. @)

Arnaud & Raymond (1992), ionization equilibria  have
been calculated for the elements C, N, O, F Ne, Mg,
Si, Ca, Fe, and Ni using the recombination rates of
Mazzotta et al. (1998). These include the radiative recom-
bination rates of Shull & Steenberg (1982) and a compilation
of dielectronic recombination rates from the literature. A com-
parison between these two sets of ionization equilibrium shows
typical differences ranging from negligible to 20-30%. The
greatest differences were found for the ions NiV through Ni XI
that can be traced to the fact that Arnaud & Rothenflug (1985)
did not include EA rates for ions with more than 18 electrons
(beyond the Ar isoelectronic sequence). For the case of iron, this
was corrected by Arnaud & Raymond (1992). For some of these
nickel ions, differences can approach 60%. Similar problems
are likely to be found for the elements cobalt, copper and zinc
but these do not have very high astrophysical abundances.
Another significant difference is for the ions Cv and C VI and
is attributable to an apparent error in ionization equilibrium
tabulation by Mazzotta et al. (1998) for these ions and not
their stated ionization rate. This error is apparently widely
recognized.

In Fig. 16, the ionization rate coefficients for the ions Fe IX,
Fe X1,Fe X111, and Fe XV developed here are plotted together with
the rates from Arnaud & Raymond (1992). The differences can
be as large as about 30%. Similarly, the present rate coefficients
for the ions Ni v, Ni VII, and NiIX are shown in Fig. 17 together
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Fig. 16. Ionization rate coefficients for selected iron ions. Solid line —
present results, dashed line — Arnaud & Raymond (1992).
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Fig. 17. Ionization rate coefficients for selected nickel ions. Solid line —
present results, dashed line — Arnaud & Rothenflug (1985).

with those of Arnaud & Rothenflug (1985). The differences can
be quite substantial and would affect the calculated ionization
equilibria.

5. Discussion

Through the use of a combination of ionization scaling laws and
atomic calculations with FAC and other codes, it has been pos-
sible to reproduce measured electron ionization cross section to
a fair degree of accuracy, generally on the order of about 20% or
better. In all cases, the high-energy Bethe limit for the ionization
cross sections has been incorporated.

Since the earlier investigations of electron ionization rates
of Arnaud & Rothenflug (1985), Arnaud & Raymond (1992),
there have been a considerable number of reported measure-
ments of ionization cross sections. Future improvements in our
knowledge of ionization cross sections will likely come about
through improvements in our ability to calculate these cross sec-
tions and through new measurements. Further, the current set of
cross sections and rate coefficients refer to ionization from the
ground level. The inclusion of ionization from metastable lev-
els will be useful in exploring the ionization state of plasmas,
such as the solar corona, where metastable levels have signifi-
cant populations, e.g. Nussbaumer & Storey (1975).

K. P. Dere: Ionization rate coefficients for the elements hydrogen through zinc

6. Summary

A complete, new set of ground level electron collision ioniza-
tion rate coefficients has been developed for all atoms and ions
of the elements from hydrogen through zinc. These are based on
an analysis of measurements of ionization cross sections and the-
oretical calculations with FAC and other codes. The use of scal-
ing laws for ionization has facilitated this analysis. Differences
between these rates and those of Arnaud & Rothenflug (1985)
and Arnaud & Raymond (1992) are not particularly large except
for some ions of nickel. Fits to the scaled rate coefficients are
presented here as an electronically available table. In the near
future, the cross sections and rate coefficients will be inserted
into the CHIANTT atomic database where they will be freely
available.
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