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ABSTRACT

We present a complete set of analytic fits to the nonrelativistic photoionization cross sections for the
ground states of atoms and ions of elements from H through Si, and S, Ar, Ca, and Fe. Near the ioniza-
tion thresholds, the fits are based on the Opacity Project theoretical cross sections interpolated and
smoothed over resonances. At higher energies, the fits reproduce calculated Hartree-Dirac-Slater photo-

ionization cross sections.
Subject headings: atomic data — atomic processes

1. INTRODUCTION

Photoionization cross sections of atoms and ions are
needed for many astrophysical applications. In earlier
papers (Verner et al. 1993, hereafter Paper I; Verner &
Yakovlev 1995, hereafter Paper II) we presented the
Hartree-Dirac-Slater (HDS) calculations and analytic fits to
the partial photoionization cross sections for all subshells nl
of the ground states of all atoms and ions from H to Zn.
Comparison with available experimental and theoretical
data made in Paper II demonstrated the high accuracy of
the cross section fits for inner shells and far from the thresh-
olds of outer shells. However, the theoretical HDS cross
sections can be inaccurate near the thresholds of the outer
shells, especially for neutral and low ionized species. The
recent Opacity Project (OP) calculations (Seaton et al. 1992)
based on the higher level methods such as the R-matrix
method give more accurate low-energy photoionization
cross sections.

In this paper we present a set of analytic fits to the photo-
ionization cross sections, interpolated and smoothed over
resonances, for the ground states of atoms and all ions of
the OP elements (H, He, Li, Be, B, C, N, O, F, Ne, Na, Mg,
AL Si, S, Ar, Ca, Fe). Our fits are valid in the energy range
from the ionization threshold up to the first cross section
jump due to inner shell photoionization. In combination
with the earlier fits to the inner shell cross sections (Paper
II), we obtain an accurate and complete set of nonrelativis-
tic photoionization cross sections for calculating the ioniza-
tion balance in astrophysical plasmas.

2. DATA

We have retrieved the ground-state photoionization
cross sections for all the OP species from a database
TOPbase version 0.7 (Cunto et al. 1993). The OP calcu-
lations reproduce many autoionization resonances near the
ionization thresholds. For many practical purposes, it is
often sufficient to use the photoionization cross sections
smoothed over the resonances (except for some very wide
resonances). Autoionization resonances could be important
for calculating the photoionization rate produced by radi-
ation in spectral lines whose positions coincide with the
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autoionization resonances. However, the OP theoretical
energy levels deviate from experimental ones by 1%-2%
(Verner, Barthel, & Tytler 1994). This accuracy is clearly
insufficient for astrophysical spectroscopy, because the
uncertainty in the position is greater than the width of the
resonances. If one would use the original OP photoioniza-
tion cross sections for calculating the photoionization rates
produced by radiation in spectral lines, one could obtain
occasional coincidences and/or disagreements between
spectral line energies and the OP resonances, which do not
occur in nature. Therefore, smoothing of the OP photoion-
ization cross sections is preferable.

For ions with a number of electrons 5 < N < 10, the OP
calculations give the total photoionization cross section
from 2p + 2s shells. The HDS calculations show a jump in
the total cross section at the 2s shell ionization threshold.
However, more advanced R-matrix calculations reveal a
series of autoionization resonances approaching the 2s
threshold. After smoothing over the resonances, the jump in
the total cross section disappears. Experimental data avail-
able (see, e.g., Samson & Angel 1990) do not show such
jumps either. However, a large cross section jump at the
subsequent 1s ionization threshold is observable. This jump
at the 1s shell edge is real due to a large energy difference
between the 1s and 2s shell ionization potentials. Therefore,
it is reasonable to give a fit to the total (2p + 2s) photoion-
ization cross section from the ionization threshold up to the
1s shell edge, and to supplement it by a separate fit to the 1s
shell photoionization cross section at energies above the 1s
edge energy. Note that the inner 1s shell ionization leads to
subsequent ejection of Auger electrons.

A similar situation occurs for the 3p and 3s photoioniza-
tion cross sections of the third-row elements with
13 < N < 18. The OP data present the total cross sections,
and there are no jumps at the 3s ionization thresholds. For
these species, we give the fits to the total (3p + 3s) cross
sections. The photoionization from inner 2p, 2s, and 1s
shells is followed by ejection of Auger electrons. The partial
photoionization cross sections from these shells can be
taken from Paper II; the probabilities of corresponding
Auger processes are listed by Kaastra & Mewe (1993).

The R-matrix OP calculations have been done at energies
below the largest energy of the target states in the close-
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coupling expansion. At higher energies, the TOPbase gives
simple power-law tails. Comparison with experiment made
in Paper II shows that these tails are inaccurate. They have
been excluded from our consideration. For each species, the
low-energy OP data were interpolated, and the dataset with
a constant energy step (<the smallest step in the original
OP data) was created. This dataset was smoothed until all
resonances disappeared. In most of the cases, this happened
at an energy step AE/E < 2%-3%, which is comparable
with the accuracy of the OP energy calibration. In some
cases, very big resonances cannot be smoothed at any rea-
sonable energy step. In these cases, our fits match the effec-
tive background determined from smoothing of all smaller
resonances.

For most of the species, the smoothed OP data at the
largest energies calculated by the OP are in a very good
agreement with the fit to the total photoionization cross
section from Paper II. Discrepancies are usually less than
2%. In these cases, we simply add the HDS data to the
smoothed OP data at higher energies to trace the cross
section up to the subsequent inner-shell ionization edge.
The situation is more complicated for neutrals and singly
ionized species with outer 3p electron. The HDS data do
not match the OP data at the highest OP energy below the
power-law tail. Experimental data for these species are
available in the case of Ar 1. Figure 1 shows the recommend-
ed experimental photoionization cross section of Ar 1 (Marr
& West 1976). Both the experimental and the OP data show
the cross section maximum near the threshold. Both the
experimental and the HDS data show the cross section
minimum at a higher energy, and then the second cross
section maximum. The OP data are available only at ener-
gies below the position of the cross section minimum. The
absolute value of the cross section minimum is in reason-
able agreement with the HDS calculation, but the HDS

data do not give an energy position of the minimum. The
HDS data are in good agreement with the experiment at
energies above the energy of the second cross section
maximum. For fitting such cases, we have used the
smoothed OP data supplemented by the HDS data above
the second maximum. We have also taken into account the
absolute value of the cross section minimum. For Ar 1, we
fitted the recommended experimental data. We also give a
fit to the smoothed experimental data for the 4s shell photo-
ionization cross section of Ca 11 (Lyon et al. 1987), since the
TOPbase gives only a simple power-law tail for this ion.
The TOPbase does not include the data for Fe 1 and Fe 1.
For these species, we have used the smoothed total
(4s + 3d) photoionization cross sections taken from the R-
matrix calculations by Nahar & Pradhan (1994) and Bau-
tista & Pradhan (1995). For He 1, we give a fit to highly
accurate experimental absolute photoionization cross
section measured by Samson et al. (1994).

3. FITS TO THE PHOTOIONIZATION CROSS SECTIONS

We propose to describe the photoionization cross sec-
tions a(E) from the outer shells of atoms and ions in ques-
tion (§ 2) by the fitting formula:

o(E) = g, F(y) Mb,,

E
X=go " Vos V= x*+71,

Fy) =[x — 12+ y21y*" 730 + Jyyv) P, ()

where E is photon energy in eV, and o, Ey, V> Vas P> Vo5
and y, are the fit parameters (1 Mb = 10~ '® cm?). Equation
(1) generalizes the fitting formula used in Papers I and II,
and it reduces to the formula of Papers I and II if y, =
y, = 0. Additional fitting parameters y, and y, are required
to describe adequately the more complicated behavior of
the smoothed OP data near the thresholds of the outer

L T T ™

100
™

log Cross Section, Mb

log Energy, eV

Fic. 1.—Total photoionization cross section of Ar 1. Solid line, present work; dashed line, fit from Paper II; dotted line, Opacity Project data; circles,
recommended experimental data from Marr & West (1976); crosses, calculations from Reilman & Manson (1979).
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FIT PARAMETERS FOR PHOTOIONIZATION CROSS SECTIONS®

TABLE 1

Ey,
V)

E

‘max

V)

E,
eV)

To
(Mb)

Ya

P

Yw

Yo

Y1
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1.360E+1
2459E+1
5442E+1
5.392E+0
7.564E+1
1.225E+2
9.323E40
1.821E+1
1.539E+2
2.177E+2
8.298E+0
2.516E+1
3.793E+1
2.594E+2
3.402E+2
1.126E+1
2438E+1
4.789E+1
6.449E+1
3.921E+2
4.900E +2
1453E+1
2.960E +1
4.745E+1
7.747TE+1
9.789E+1
5.521E+2
6.671E+2
1.362E+1
3512E+1
5.494E+1
7.741E+1
1.139E+2
1.381E+2
7.393E+2
8.714E+2
1.742E+1
3.497E+1
6.271E+1
8.714E+1
1.142E+2
1.572E+2
1.852E+2
9.539E+2
1.103E+3
2.156E+1
4.096E+1
6.346E +1
9.712E+1
1.262E+2
1.579E +2
2.073E+2
2.391E+2
1.196E+3
1.362E+3
5.139E+0
4.729E+1
7.162E+1
9.892E+1
1.384E +2
1.722E+2
2.085E+2
2.642E+2
2.999E +2
1.465E+3
1.649E+3
7.646E+0
1.504E+1
8.014E+1
1.093E+2
1.413E+2

5.000E+4
5.000E +4
5.000E + 4
6.439E+1
5.000E+4
5.000E+4
1.193E+2
1.299E +2
5.000E +4
5.000E+4
1.940E +2
2.098E+2
2.274E+2
5.000E +4
5.000E+4
2.910E+2
3.076E+2
3.280E+2
3.522E+2
5.000E +4
5.000E +4
4.048E+2
4.236E+2
4473E+2
4.753E+42
5.043E+2
5.000E+4
5.000E +4
5.380E+2
5.581E+2
5.840E+2
6.144E+2
6.491E+2
6.837E+2
5.000E+4
5.000E +4
6.940E 42
7.122E+42
7.392E+2
7.709E+2
8.091E+2
8.502E+2
8.905E+2
5.000E+4
5.000E +4
8.701E+2
8.831E+2
9.131E+2
9.480E +2
9.873E+2
1.031E+3
1.078E+3
1.125E+3
5.000E +4
5.000E+4
3.814E+1
1.074E+3
1.110E+3
1.143E+3
1.185E+3
1.230E+3
1.281E+3
1.335E+3
1.386E+3
5.000E+4
5.000E+4
5.490E+1
6.569E +1
1.317E+3
1.356E+3
1.400E+ 3

4.298E—1
1.361E+1
1.720E+0
3.107E+0
2.006E +1
3.871E+0
9.539E+0
1.181E+0
1.760E+1
6.879E+0
5.213E—-1
2.869E+0
1.041E+0
3.336E+1
1.075E+1
2.144E+0
4.058E—1
4.614E+0
3.506E+0
4.624E+1
1.548E+1
4.034E+0
6.128E—2
2.420E—1
5.494E+0
4471E+0
6.943E+1
2.108E+1
1.240E+0
1.386E+0
1.723E—1
2.044E—1
2.854E+0
7.824E+0
8.709E+1
2.754E+1
1.297E+1
1.763E+0
2.542E+0
7.744E—1
7.286E—1
4.008E+0
2.563E+0
1.131E+2
3.485E+1
4.870E+0
1.247E+1
7.753E—1
5.566E+0
1.248E+0
1.499E+0
4.838E+0
1.003E+1
1.586E+2
4.304E+1
6.139E4-0
8.203E+0
1.069E +1
6.690E —1
5.408E+0
4.846E+1
2.096E+0
1.535E+2
1.391E+1
2.268E+2
5211E+1
1.197E+1
8.139E+0
1.086E +1
2912E+1
9.762E—1

5475E+4
9.492E+2
1.369E +4
6.245E+1
3.201E+2
6.083E+3
2932E+5
2.678E+2
5.458E+2
3.422E+3
5.466E+0
1.859E+4
5.393E+1
2.846E+2
2.190E+3
5.027E+2
8.709E+0
1.539E+4
1.068E+2
2.344E+2
1.521E+3
8.235E+2
1.944E+0
9.375E—1
1.690E +4
8.376E+1
1.519E+2
1.117E+3
1.745E+3
5.967E+1
6.753E+42
8.659E—1
1.642E+4
6.864E+1
1.329E+2
8.554E+2
3.803E+3
8.013E+1
1.541E+2
3.165E+0
4.690E—1
1.157E+4
6.930E+1
1.039E+2
6.759E+2
4.287E+3
1.583E+3
5.708E+0
1.685E+3
2.430E+0
9.854E—1
1.198E+4
5.631E+1
6.695E+1
5.475E+2
1.601E+0
1.040E+3
1.885E+3
2.330E+0
2.346E+1
7.101E+1
1.609E+0
7.215E+3
4.729E+1
3.995E+1
4.525E+2
1.372E+8
3.278E+0
5.377E+2
1.394E+3
1.728E+0

3.288E+1
1.469E+0
3.288E+1
1.501E+1
7.391E+0
3.288E+1
4.301E—1
5.645E+0
1L719E+1
3.288E+1
8.618E+0
1.783E+0
1.767E+1
2.163E+1
3.288E+1
6.216E+1
1.261E+2
1.737E+0
1.436E+1
2.183E+1
3.288E+1
8.033E+1
8.163E+2
2.788E+2
1.714E+0
3297E+1
2.627E+1
3.288E+1
3.784E+0
3.175E+1
3.852E+2
4931E+2
1.792E+0
3.210E+1
2.535E+1
3.288E+1
2.587E+0
1.667E+1
5.742E+1
1.099E +2
1.400E +2
1.848E+0
7.547E+1
2.657TE+1
3.288E+1
5.798E+0
3935E+0
6.725E+1
6.409E 42
1.066E +2
1.350E+2
1.788E+0
3.628E+1
3.352E+1
3.288E+1
6.148E+3
8.259E+0
3.613E+0
1.205E+2
2913E+1
3945E+1
2473E+2
3.886E—1
3.889E+1
5.315E+1
3.288E+1
2.228E—1
4.341E+7
9.779E+0
2.895E+0
9.184E+1

2963E+0
3.188E+0
2.963E+0
4.895E+0
2.916E+0
2.963E+0
1.052E+1
1.170E+1
3.157E+0
2.963E+0
1.728E+1
1.618E+1
9.540E+0
2.624E+0
2.963E+0
5.101E+0
8.578E+0
1.593E+1
7457E+0
2.581E+0
2.963E+0
3928E+0
8.773E+0
9.156E+0
1.706E +1
6.003E+40
2.315E40
2.963E+0
1.764E+1
8.943E+0
6.822E+0
8.785E+0
2.647TE+1
5.495E+0
2.336E+0
2.963E+0
7.275E+0
1.050E+1
6.614E+0
9.203E+0
9.718E+40
2.446E+1
6.448E+0
2.255E+0
2.963E+0
8.355E+0
7.810E+0
1.005E+1
3.056E+0
8.999E+0
8.836E+0
2.550E+1
5.585E+0
2.002E+0
2.963E+0
3.839E+0
7.362E+0
9.803E+0
9.714E+40
8.260E+0
2.832E+0
7.681E+0
8.476E+0
5.265E+0
1.678E+0
2.963E+40
1.574E+1
3.610E+0
7T117E40
6.437E+0
1.006E +1

0.000E+0
2.039E+0
0.000E+0
0.000E+0
0.000E +0
0.000E+0
3.655E—1
0.000E+0
0.000E+0
0.000E+0
1.887E+1
3.503E+0
0.000E+0
0.000E+0
0.000E+0
9.157E—-2
2.093E+0
5922E+0
0.000E+0
0.000E+0
0.000E+0
9.097E—2
1.043E+1
1.850E+0
7.904E+0
0.000E+0
0.000E+0
0.000E+0
7.589E—2
1.934E—-2
1.191E—1
3.143E+0
2.836E+1
0.000E+0
0.000E +0
0.000E+0
2.170E—-3
5.103E—-1
1.115E+0
6.812E+0
2.570E—1
2411E+1
0.000E+0
0.000E +0
0.000E+0
2434E—-1
6.558E—2
4.633E—1
8.290E—3
6.855E—1
1.656E+0
2.811E+1
0.000E +0
0.000E +0
0.000E +0
0.000E +0
2.328E+40
8.579E—-2
7.365E—1
9.275E—1
1.285E—2
1.895E+0
9.121E—1
0.000E +0
0.000E +0
0.000E +0
2.805E—1
0.000E+0
2.604E+0
4.326E—2
8.090E—1

0.000E+0
4.434E—1
0.000E+0
0.000E+0
0.000E+0
0.000E+0
8.278E—4
0.000E +0
0.000E+0
0.000E+0
1.319E+1
4.960E—3
0.000E+0
0.000E+0
0.000E+0
1.133E+0
4929E+1
4.378E—-3
0.000E +0
0.000E+0
0.000E+0
8.598E—1
4.280E+2
1.877E+2
6.415E—3
0.000E+0
0.000E+0
0.000E+0
8.698E+0
2.131E+1
3.839E-3
3.328E+2
3.036E—2
0.000E +0
0.000E+0
0.000E +0
1.701E—4
1.715E+1
1.641E+1
9.531E+1
1.506E +2
2071E-2
0.000E +0
0.000E +0
0.000E+0
4.236E—2
1.520E+0
7.654E+1
5.149E+0
9.169E+1
1.042E+2
2.536E—2
0.000E+0
0.000E+0
0.000E+0
0.000E+0
3.375E+0
3.725E+0
1.383E+2
2.204E+1
9.603E—4
9.940E+1
1.667TE—1
0.000E+0
0.000E+0
0.000E +0
0.000E+0
0.000E+0
4.860E+0
9.402E—1
1.276E+2

0.000E+0
2.136E+0
0.000E+0
0.000E+0
0.000E+0
0.000E+0
1.269E—2
0.000E+0
0.000E+0
0.000E+0
4.556E+0
3.400E—2
0.000E+0
0.000E+0
0.000E+0
1.607E+0
3234E+0
2.528E—-2
0.000E+0
0.000E +0
0.000E+0
2.325E+4+0
2.030E+1
3.999E+0
1.937E-2
0.000E+0
0.000E+0
0.000E+0
1.271E—-1
1.503E—-2
4.569E—1
4.285E+1
5.554E—2
0.000E+0
0.000E+0
0.000E +0
1.345E—-2
7.724E—1
5.124E+40
9.781E+0
2.574E—1
3.998E—-2
0.000E+0
0.000E+0
0.000E+0
5.873E+0
1.084E—1
2.023E+0
6.687E+0
3.702E—1
1.435E+0
4417E-2
0.000E+0
0.000E+0
0.000E+0
0.000E+0
4.010E+0
2.279E—1
4.260E+0
7.577TE—1
6.378E—3
3.278E+0
1.766E —2
0.000E +-0
0.000E+0
0.000E+0
0.000E+0
0.000E+0
3.722E+0
1.135E—1
3.979E+0
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TABLE 1—Continued

E th
V)

Emax
V)

E 0
V)

)
(Mb)

Ya

P

Yw

Yo

V1

1.865E+2
2.249E+2
2.660E +2
3.282E+2
3.675E+2
1.762E+3
1.963E+3
5.986E+0
1.883E+1
2.845E+1
1.200E+2
1.538E+2
1.905E+2
2414E+2
2.846E+2
3.301E+2
3.994E+2
4421E+2
2.086E+3
2.304E+3
8.152E+0
1.635E+1
3.349E+1
4.514E+1
1.668E+2
2.051E+2
2.465E+2
3.032E+2
3.511E+2
4.014E+2
4.761E+2
5.235E+2
2.438E+3
2.673E+3
1.036E+1
2.333E+1
3.483E+1
4.731E+1
7.268E +1
8.805E+1
2.809E+2
3.282E+2
3.791E+2
4471E+2
5.048E+2
5.647TE+2
6.517E+2
7072E+2
3.224E+3
3.494E+3
1.576E+1
2.763E+1
4074E+1
5981E+1
7.502E+1
9.101E+1
1.243E+2
1435E+42
4.225E+2
4.787E+2
5.390E+2
6.183E+2
6.861E+2
7.558E+2
8.548E+2
9.180E+2
4121E+3
4426E+3
6.113E+0
1.187E+1
5.091E+1
6.727E+1

1.449E +3
1.501E+3
1.558E+3
1.618E+3
1.675E+3
5.000E +4
5.000E+4
8.040E+1
8.997E+1
1.026E+2
1.588E+3
1.634E+3
1.688E+3
1.739E+3
1.799E+3
1.862E+3
1.929E+3
1.992E+3
5.000E+4
5.000E+4
1.060E 42
1.186E+2
1.311E+2
1.466E +2
1.887E+3
1.946E +3
2.001E+3
2.058E+3
2.125E+3
2.194E+3
2.268E+3
2.336E+3
5.000E+4
5.000E +4
1.700E +2
1.846E+2
1.995E+2
2.164E+2
2.350E+2
2.557TE+2
2.569E+3
2.641E+3
2.705E+3
2.782E+3
2.859E+3
2.941E+3
3.029E+3
3.107E+3
5.000E +4
5.000E + 4
2492E+2
2.662E+2
2.801E+2
2987E+2
3.200E+2
3.426E+2
3.667TE+2
3.925E+2
3.361E+3
3.446E+3
3.523E+3
3.613E+3
3.702E+3
3.798E+3
3.898E+3
3.988E+3
5.000E+4
5.000E+4
3443E+1
4.090E +1
3.731E+2
3944E+2

1.711E+0
3.570E+0
4.884E—1
3.482E+1
1452E+1
2.042E+2
6.203E+1
1.381E+1
2.048E—1
1.027E+1
3.130E+0
2414E+1
3483E—1
2.636E+0
4.866E —1
1.842E+0
8.044E+0
2.355E+1
2.738E+2
7.281E+1
2317E+1
2.556E+0
1.659E—1
1.288E+1
7.761E—1
6.305E+1
3.277E—-1
7.655E—1
3.343E—-1
8.787E—1
1.205E+1
3.560E+1
2.752E+2
8.447E+1
1.808E+1
8.787E+0
2.027E+0
2.173E+0
1.713E—1
1.413E+1
3.757E—1
1.462E+1
1.526E—1
1.040E+1
6.435E+0
2.443E+0
1474E+1
3.310E+1
4.390E +2
1.104E+2
1.709E +1
2.494E+1
1417E+1
6.953E+0
1.031E+1
5.440E—1
2.966E—2
3.884E+0
1.926E—1
1.040E+1
1.257E—1
5.310E+0
3.209E—1
1.557E+0
1.888E+1
4.154E+1
4.468E +2
1.399E+2
1.278E+1
1.553E+1
2.436E+1
4.255E+0

2.185E+0
3.104E+0
6.344E—2
9.008E+2
4427E+1
6.140E+1
3.802E+2
7.195E+0
6.948E—2
4915E+0
1.513E+1
2.925E+2
1.962E—2
1.889E +2
2.350E—1
4982E—1
1.774E+4
3.388E+1
4.036E+1
3.239E+2
2.506E+1
4.140E+0
5.790E—4
6.083E+0
8.863E—1
7.293E+1
6.680E —2
3477E-1
1.465E—1
1.950E—1
1.992E+4
2.539E+1
4.754E+1
2.793E+2
4.564E+4
3.136E+2
6.666E +0
2.606E+0
5.072E—4
9.139E+0
5.703E—1
3.161E+1
9.646E +3
5.364E+1
1.275E+1
3490E—1
2.294E+4
2.555E+1
2453E+1
2.139E+2
2.106E+1
2.503E+1
3.580E+1
2.035E+1
9.946E 40
1.080E+0
3.693E+0
3.295E+1
8.279E—1
8.204E+0
1.760E +3
7.018E—1
2459E—-2
4.997E—-2
2.5T1E+4
2.135E+1
3.108E+1
1.690E +2
5.370E+5
1.064E +7
3.815E+1
7.7136E+0

9.350E+1
6.060E + 1
5.085E+2
1.823E+0
3.826E+1
2.778E+1
3.288E+1
1.621E+3
5.675E+2
1.990E +6
1.674E+1
6.973E+0
1.856E+1
1.338E+2
7.216E+2
2.568E+2
1.653E+0
3432E+1
3.567E+1
3.288E+1
2.057E+1
1.337E+1
1.474E+2
1.356E+6
1.541E+2
1.558E+2
4.132E+1
3.733E+2
1.404E+3
7.461E+2
1.582E+0
3.307E+1
2.848E+1
3.288E+1
1.000E+0
3.442E+0
5.454E+1
6.641E+1
1.986E +2
1.656E+3
1.460E +2
1.611E+1
1.438E+3
3.641E+1
6.583E+1
5.411E+2
1.529E+0
3.821E+1
4405E+1
3.288E+1
2.645E+2
1.272E+2
3.776E+1
1.400E+1
7T444E+1
9.419E+2
9.951E+3
7.082E+2
2.392E+2
1.495E+1
1.579E+3
1.001E+2
2.285E+3
5.031E+2
1.475SE+0
4118E+1
3.039E+1
3.288E+1
3.162E—1
7.790E—1
2931E+2
1.355E+1

9.202E+0
8.857E+0
9.385E+40
1.444E+1
5.460E +0
2.161E+0
2.963E+0
3.642E+0
9.049E+0
3.477E+0
1.180E+1
6.724E+0
2.084E+1
6.204E+4-0
8.659E+0
8.406E 40
2.655E+1
5.085E+0
1915E+0
2.963E+0
3.546E+0
1L191E+1
1.336E+1
3.353E+0
9.980E+0
2.400E+0
1.606E +1
8.986E+0
8.503E+40
8.302E+40
2425E+1
4.728E+0
2.135E+0
2.963E+0
1.361E+1
1.281E+1
8.611E+0
8.655E+0
1.307E+1
3.626E+0
1135E+1
8.642E+0
5.977E+0
7.090E+0
7.692E+0
7.769E+0
2.568E+1
5.037E+0
1.765E+0
2.963E+0
4.796E+0
4.288E+4-0
5.742E+0
9.595E+0
6.261E+0
7.582E+0
7.313E4+0
4.645E+0
L121E+1
1L115E+1
6.714E+0
8.939E+0
8.810E+0
8.966E+0
2.634E+1
4.945E+0
2.092E+0
2.963E+0
1.242E+1
2.130E+1
3.944E+0
1.236E+1

6.325E—1
1.422E+0
6.666E —1
2.751E+0
0.000E+0
0.000E+0
0.000E+0
3.166E—1
4.615E—1
0.000E+0
5.342E+0
1.000E—1
8.839E+0
1.836E+0
2.7713E—1
6.945E—1
2953E+1
0.000E+0
0.000E+0
0.000E +0
2.837E—1
1.570E+0
8.626E—1
0.000E+0
1.303E+0
2.980E—-3
3.280E+0
1.476E—3
1.646E+0
4.489E—1
2.392E+1
0.000E+0
0.000E+0
0.000E+0
6.385E—1
7.354E—1
4.109E+0
1.863E+0
7.880E—1
0.000E +0
1.503E+0
1.153E-3
1.492E+0
2.310E+0
1.678E+0
7.033E—1
2.738E+1
0.000E +0
0.000E +0
0.000E +0
4.185E—1
5.108E—1
6.316E—1
8.842E—1
4.885E—1
1.107E+1
1.363E—2
0.000E +0
1434E+0
9.203E—4
1.975E+0
4.987E—1
6.692E —1
2.938E—1
2.909E+1
0.000E+0
0.000E+0
0.000E+0
4477E—1
6.453E—1
3.126E—1
1.369E+0

1.007E+2
5.452E+1
5.348E+2
5.444E+0
0.000E+0
0.000E+0
0.000E+0
2.041E—1
9.149E+1
0.000E+0
3.994E+1
3.495E+0
5.675E—2
3.552E+1
5.704E+2
1.719E+2
2.538E—2
0.000E+0
0.000E+0
0.000E +0
1.672E—5
6.634E+0
9.613E+1
0.000E+0
2.009E+2
1.115E+0
1.149E—-2
3.850E+2
1.036E+3
4.528E+2
1.990E—2
0.000E +0
0.000E+0
0.000E +0
9.935E—1
2.782E+0
1.568E+1
1975E+1
9.424E+1
0.000E+0
2222E+2
1.869E+1
1.615E—3
1.775E+1
3.426E+1
2.279E+2
2.203E-2
0.000E+0
0.000E+0
0.000E+0
1.688E+0
9.299E—1
2.384E+0
7.501E+0
6.406E+0
1.700E +2
4.383E—4
0.000E+0
3.814E+1
3.804E+1
3.286E—-3
1.099E+2
2.068E+3
4.552E+2
2.445E-2
0.000E+0
0.000E+0
0.000E+0
1.012E-3
2.161E—3
1.802E+0
1467E+1

1.729E+40
2.078E+0
3.997E-3
7918E-2
0.000E+0
0.000E+0
0.000E+0
4.753E—1
6.565E—1
0.000E+0
4.803E+0
2701E—1
2.768E—1
8223E—-3
1.580E—1
6.595E+0
1.203E—2
0.000E +0
0.000E+0
0.000E+0
4207E—1
1.272E—-1
6.442E—1
0.000E+0
4.537E+0
8.051E—2
6.396E—1
8.999E -2
2.936E—1
1.015E+0
1.007E—2
0.000E+0
0.000E+0
0.000E+0
2.486E—1
1.788E—1
9.421E+0
3.361E+4+0
6.265E—1
0.000E+0
4.606E+0
3.037E—1
4.049E—1
1.663E+40
1.370E—1
1.172E+0
1.073E—-2
0.000E +0
0.000E+0
0.000E+0
8.943E—1
7.195E—1
1.794E+0
1.806E—1
3.659E—-3
1.587E+1
2.513E+0
0.000E +0
4.649E+0
6.390E—1
3.226E—-1
2.202E—-1
2.113E+1
6.459E 40
1.054E—2
0.000E+0
0.000E +0
0.000E+0
1.851E—-2
6.706E —2
1.233E+0
3.298E—-2
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FITS FOR PHOTOIONIZATION CROSS SECTIONS 491
TABLE 1—Continued
Eth Emax EO Oo
Ton Z N V) V) (eV) (Mb) Ya P Ve Yo 2 Notes
Cav......... 20 16 8451E+1 4.175E+2 6.882E—1 1.523E—1 1.502E+2 1.061E+1 8227E+0 1210E+2 3.876E+0 C
CaVl......... 20 15 1088E+2 4423E+2 9.515SE4+0 7.642E4+1 8973E+1 5141E4+0 2471E+0 4829E+0 5.824E+0 C
Cavi........ 20 14 1272E+2 4.687E+2 8.080E—1 4.760E—1 3.682E+2 8.634E+0 5720E—1 1487E+2 1.283E+0 C
Cavil....... 20 13 1472E+2 4967E+2 1366E+0 6.641E—1 3.188E+2 8.138E+0 2806E—1 1.039E+2 3.329E+0 C
Cax......... 20 12 1883E+2 5.270E+2 5.520E—2 2.076E+2 1.790E+4 5893E+0 1843E—3 2826E—4 1.657E+0 C
Cax......... 20 11 2113E+2 5.569E+2 1.605E+1 1.437E+1 6989E+2 3.857E+0 0.000E+0 0.000E+0 0.000E+0 B
Caxi......... 20 10 5919E+2 4265E+3 2.288E—1 9.384E—1 2.549E+2 1.103E4+1 1390E+0 2478E+1 3.100E+0 (o
Caxi........ 20 9 6572E+2 4.362E+3 2345E+1 1.227E+1 1312E+1 9.771E+0 6.842E—4 2417E+1 5.469E—1 cé
Caxil....... 20 8 7267E+2 4453E+3 1.008E+1 1.849E+3 1.792E+4 2868E+0 2410E+2 6.138E—3 6.931E+1 C
Caxiv....... 20 7 B8177E+2 4555E+3 9980E+0 1.116E+0 5918E+1 9.005E+0 3.879E+0 7.104E+1 5.311E+0 C
Caxv........ 20 6 8946E+2 4.659E+3 1.309E+2 5513E+1 3.828E+2 2023E4+0 9.084E—2 1.833E—2 9.359E—1 C
CaxVl....... 20 5 9745E+2 4767E+3 4.293E+0 1.293E+0 1.691E+1 1438E+1 3461E—5 9.363E—1 4.589E—2 C
Caxvi ...... 20 4 1087E+3 4.880E+3 2.618E+1 2.028E+4 1456E+0 2560E+1 2803E+1 2402E—2 9.323E—3 C
Ca xvi...... 20 3 1157E+3 4982E+3 9472E+1 1.105E+1 3.818E4+1 4.192E4+0 0.000E+0 0.000E+0 0.000E+0 B
CaxiX....... 20 2 S5129E+3 S5000E+4 6.297E+2 1936E+1 3921E+1 1.862E+0 0.000E+0 0.000E+0 0.000E+0 B
Caxx........ 20 1 5470E+3 5000E+4 1729E+2 1369E+2 3.288E+1 2963E4+0 0.000E+0 0.000E4+0 0.000E+0 A
Fer.......... 26 26 7902E+0 6.600E+1 5461E—2 3.062E—1 2.671E+7 7923E4+0 2069E+1 1382E+2 2481E—1 E°
Fem.......... 26 25 1619E+1 7.617E+1 1.761E—1 4.365E+3 6.298E+3 5204E+0 1.141E+1 9272E+1 1.075E+2 E°
Fem......... 26 24 3.065E+1 8.705E+1 1.698E—1 6.107E+0 1.555E+3 8.055E+0 8.698E+0 1.760E+2 1.847E+1 De
Ferv......... 26 23 5480E+1 1.067E+2 2.544E+1 3.653E+2 8913E+0 6.538E+0 5.602E—1 0.000E+0 0.000E+0 Fe
Fev.......... 26 22 7501E+1 1288E+2 7.256E—1 1.523E—3 3.736E+1 1.767E4+1 5064E+1 8871E+1 5280E—2 Fe
Fevi......... 26 21 9906E+1 1.527E+2 2.656E+0 5259E—1 1450E+1 1.632E4+1 1.558E+1 3.361E+1 3.743E—3 Fe
Fevo........ 26 20 1250E+2 1.783E+2 5.059E+0 2420E+4 4.850E+4 2374E4+0 2516E—3 4546E—1 2683E+1 De
Fevm ....... 26 19 1511E+2 2055E+2 7.098E—2 1979E+1 1.745E+4 6.750E4+0 2158E+2 2542E+3 4.672E+2 De
Fexx......... 26 18 2336E+2 9.211E+2 6.741E4+0 2.687E+1 1.807E+2 6.290E+0 2387E—4 2494E+1 8251E+0 C
Fex.......... 26 17 2621E+2 9.590E+2 6.886E+1 6470E+1 2.062E+1 4.111E4+0 2778E—4 1.190E—5 6.570E—3 C
Fexi......... 26 16 2902E+2 9983E+2 8.284E+0 3.281E+0 5360E+1 8.571E+0 3279E—1 2971E+1 5220E—1 C
Fexm........ 26 15 3308E+2 1.039E+3 6.295E+0 1.738E+0 1.130E+4+2 8.037E4+0 3.096E—1 4.671E+1 1425E—1 C
Fexmr ....... 26 14 3610E+2 1.081E+3 1317E—1 2.791E—3 2487E+3 9.791E4+0 6938E—1 2170E+3 6.852E—3 C
Fexiv ....... 26 13 3922E+2 1.125E+3 8.509E—1 1454E—1 1239E+3 8.066E+0 4937E—1 4.505E+2 2.504E+0 C
Fexv........ 26 12 4570E+2 1.181E+3 5.555E—2 2.108E+2 2045E+4 6.033E4+0 1.885E—3 2.706E—4 1.628E+0 C
Fexvri....... 26 11 4893E+2 1.216E+3 2873E+1 1207E+1 5150E+2 3.846E+0 0.000E+0 0.000E+0 0.000E+0 B
Fe xvm....... 26 10 1262E+3 7.651E+3 3444E—1 1452E4+0 3960E+2 1.013E+1 1264E+0 2891E+1 3.404E+0 C
Fe xvmr ...... 26 9 1358E+3 7.769E+3 3.190E+1 2388E+0 2.186E+1 9.589E+0 2902E—2 3.805E+1 4.805E—1 C
Fexx ....... 26 8 1456E+3 7918E+3 7.519E—4 6.066E—5 1.606E+6 8.813E4+0 4.398E+0 1915E+6 3.140E+1 c?
Fexx........ 26 7 1.582E+3 8.041E+3 2011E+1 4455E—1 4.236E+1 9.724E+0 2757E4+0 6847E+1 3.989E+0 C
Fexxi....... 26 6 1689E+3 8.184E+3 9.243E+0 1.098E+1 7.637TE+1 7.962E+0 1.748E4+0 4446E+1 3.512E+0 C
Fe xxiI....... 26 5 1799E+3 8.350E+3 9.713E+0 7.204E—2 1.853E+2 8.843E+0 9.551E—3 1.702E+2 4.263E+0 C
Fe xxmI ...... 26 4 1950E+3 8484E+3 4.575E+1 2580E+4 1.358E+0 2.604E+1 2.723E+4+1 3.582E—2 8.712E—3 C
Fexxiv ...... 26 3 2046E+3 8638E+3 7.326E+1 1276E+1 4914E+1 4941E+4+0 0.000E4+0 0.000E4+0 0.000E+0 B
Fexxv....... 26 2 8829E+3 5000E+4 1057E+3 1.195E+1 5.769E+1 1.718E+4+0 0.000E4+0 0.000E4+0 0.000E+0 B
Fexxvi...... 26 1 9278E+3 S5.000E+4 2932E+2 8.099E+1 3.288E+1 2963E+0 0.000E4+0 0.000E+0 0.000E+0 A

Note—A, B, C, D, E, F are classes of accuracy (see text).

® 1.360E + 1 denotes 1.360 x 10%.
® Fit to experimental cross section.

© Fit goes through the averaged near-threshold resonances. A steplike structure of the near-threshold cross section is smoothed.
¢ In the OP cross section, there is one isolated data point that is approximately 2 orders of magnitude larger than all neighboring data (e.g., Fe XIX cross
sections are 0.2143, 103.8, and 0.2421 Mb at 1485.3, 1485.5, and 1485.6 eV, respectively). This isolated data point is not included in the averaged cross section.

¢ Fit should not be extrapolated above E,

‘max*

shells of neutral and low ionized species, including the two-
maxima cross section structure for the third row elements.
The fit parameters E, and o, determine, respectively,
typical energy and cross section scales (see Papers I and II
for details). Other fit parameters reflect the cross section
features. In particular, y can be rewritten as y = {[(E — E,)*
+ T'}]/Eo}?, where E, = y, E, shows the position of the
first (after the threshold) cross section maximum, and I'; =
y1 Eo is an “energy width” of this maximum. Similarly,
(x—1*+y2=[(E— E,)* + T%]/E%, where E, = E, + E,
indicates the energy position of the cross section minimum
(dip), and I';, =y, E, can be treated as the “dip energy
width.” The fit parameter P determines the power-law cross
section behavior o(E) oc E°-F 735 in the energy interval
E, < E < E, behind the dip (provided E, > E,), where
E, =y, E, is the upper boundary of this interval. Finally,
equation (1) reproduces the correct nonrelativistic high-

energy asymptote, 6(E) oc E~ 33, for E > E,. Note that all of
the cross sections to be fitted (§ 2) include the contribution
of the outer s subshell at high E. If we considered the partial
photoionization cross sections for another subshell [, equa-
tion (1) should have been modified by replacing 0.5P — 5.5
with 0.5P — 5.5 —1 to ensure the correct high-energy
asymptote (see Papers I and II).

Equation (1) can be generalized further to describe more
complicated near-threshold behavior of the photoioniza-
tion cross sections smoothed over resonances. For instance,
the smoothed (3p + 3s)-shell ionization cross section of S 1
looks as if another minimum occurs very near the outer
3p-shell ionization threshold. This conclusion is not defi-
nite, since there are many autoionization near-threshold
resonances. If, however, this were so, we could include the
effect into the fitting by introducing into (1) an additional
factor [(E — E3)* + I'2]/E?, where E; and I'; are two new

© American Astronomical Society * Provided by the NASA Astrophysics Data System
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FiG. 2—(a) Total photoionization cross sections of C 1. Solid line, present work; dashed line, fit from Paper II; dotted line, Opacity Project data; circles,
Opacity Project data interpolated and smoothed over resonances; crosses, calculations from Reilman & Manson (1979). The cross sections are shown in

linear scale for the Opacity Project energy range. (b) Same as (a), with the cross sections shown in logarithmic scale from the threshold up to the 1s ionization
edge.

fit parameters that determine, respectively, the position and generalization could be helpful in the future for fitting new
energy width of the new dip. We do not introduce this cross sections.

improvement into the present results, since our “standard ” All the fitting parameters and experimental ionization
formula (1) gives satisfactory accuracy even for S 1. This threshold energies E,;, taken from Kelly (1987) are listed in

© American Astronomical Society * Provided by the NASA Astrophysics Data System
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F1G6. 3.—(a) Same as Fig. 2a for C 1. (b) Same as Fig. 2b for C 1.
Table 1. The fits are obtained for energies below the energy energies, taken from Paper I, are listed as E_,, in Table 1.
of the subsequent inner shell ionization edge. For species At E > E_,,, the present fits should be supplemented by the
with 3 < N < 10, this is the 1s shell ionization energy; for fits to the inner shell photoionization cross sections given in

11 < N < 18 this is the 2p shell ionization energy; for Paper II. For H-like and He-like species (N < 2), the only
19 < N < 26 this is the 3p shell ionization energy. These ground state shell is the 1s shell. Since the present fitting
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F1G. 4.—(a) Same as Fig. 2a for C 1. (b) Same as Fig. 2b for C .
formula has a correct nonrelativistic asymptote, our fits are species, which do not show resonances in the OP calcu-
accurate at all nonrelativistic energies. Thus, we put E,, = lations, we keep the fits to the cross sections from Paper IL
50 keV for the H-like and He-like species. Note that for the All the fits can be divided to several classes of accuracy

H-like, He-like (except He 1), and Na-like (except Na 1) listed here, starting with the most accurate:

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...465..487V

>
=

S I 465. .48

Ald

[{e]]
(=]
[=h

No. 1, 1996 FITS FOR PHOTOIONIZATION CROSS SECTIONS 495

Ll v T M T M T M T

Cross Section, Mb

Energy, eV
FIG. 5a

10

log Cross Section, Mb

log Energy, eV

Fi1G. 5b

FiG. 5—(a) Same as Fig. 2a for Si1. (b) Same as Fig. 2b for Si 1. The cross sections are shown in logarithmic scale from the threshold up to the 2p ionization
edge.

A. Hydrogenic cross sections. They are known exactly, C. Regular cross sections. In these data, smoothed reso-
and rms accuracy of the fits is better than 0.2%. nances reliably match the background cross section.

B. Cross sections without near-threshold resonances (He- D. The same as C, but for neutral and low-ionized species
like, Li-like, and Na-like species). with N > 13. They are less accurate than cross sections of

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...465..487V

496 VERNER ET AL. Vol. 465

}!
H
i
H
i
+

Cross Section, Mb

log Cross Section, Mb

20 50 100
log Energy, eV
F1G. 6b

F1G. 6.—(a) Same as Fig. 2a for Si 1. (b) Same as Fig. 5b for Si .

class C (see discussion in § 2). Some comments concerning the fits to experimental cross
E. Cross sections with broad near-threshold resonances. sections deserve mention. The He 1 data by Samson et al.
F. The OP cross sections calculated with an insufficient (1994) have the estimated accuracy better than 2% in low-
number of target states in the close-coupling expansion. energy region, and better than 10% in high-energy region,
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and our fit does not lead to any loss of accuracy, keeping in
mind that it matches the smoothed cross section in the
region of resonances. The Ar 1 experimental data recom-
mended by Marr & West (1976) have lower accuracy (see

Samson et al. 1991) and contain uncertainties as high as
30%. The Ca m experimental data by Lyon et al. (1987)
include several huge resonances that cannot be smoothed at
any reasonable energy step.

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1996ApJ...465..487V

)
=

S I 465. .48

Ald

[{e]]
(=]
[=h

498 VERNER ET AL.

As an illustration, Figures 2-7 compare the present fits
with the OP and Reilman & Manson (1979) data and also
with the fits to the HDS cross sections from Paper II for the
neutral, singly ionized and double ionized atoms of the
astrophysically important elements C (Z =6) and Si
(Z = 14). At high energies, the present fits coincide with
those from Paper I1.

In conclusion, the present fits are generally accurate at
low energies, where they are based on the smoothed OP or
experimental photoionization cross sections, and at high
energies where the fits are based on the HDS photoioniza-
tion cross sections. The fit parameters in electronic form
and a Fortran subroutine that implements these fits and
fits from the Paper II are available through anonymous
ftp at asta.pa.uky.edu, cd dima/photo, or through the
World Wide Web page “Atomic Data for Astrophysics”:

http://www.pa.uky.edu/ ~ verner/atom.html. The fits will
be updated as soon as new, more accurate photoionization
cross sections become available.
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APPENDIX

Table 2 lists references to the Opacity Project photoionization cross sections.

TABLE 2

REFERENCES TO THE OPACITY PROJECT PHOTOIONIZATION
CROSs SECTIONS

Reference

B-like ions .................
Clike...ovvvvnienninnnn.

Si-like .....ooiiiiiiiiinn.
P-like, S-like, Cl-like......
Ar,CarCamr...........
Fem-Ferv................
Fev i,

Fernley et al. 1987

Peach et al. 1988

Tully et al. 1990

Berrington & Hibbert, in preparation
Fernley et al., in preparation
Luo & Pradhan 1989

Burke & Lennon, in preparation
Butler & Zeippen, in preparation
Hibbert & Scott 1994

Taylor, in preparation

Butler et al. 1993

Mendoza et al. 1995

Nahar & Pradhan 1993

Butler et al., in preparation
Berrington et al, in preparation
Sawey & Berrington 1992
Butler, in preparation

Mendoza, in preparation

Saraph et al. 1992
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