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Abstract: We review the application of configuration-average distorted-wave methods to the photoionization of atoms
and molecules. The configuration-average distorted-wave methods are then applied to cal cul ate photoionization cross
sectionsfor outer and inner subshells of the C atom and the outer subshell of the C, molecule. Comparisons are made with

previous R-matrix and distorted-wave calculations.

1. INTRODUCTION

Photoi oni zation cross sections for atoms and molecules
are needed to better understand the physicsand chemistry
of the interstellar medium using X-ray absorption
spectroscopy [1, 2]. In particular, photoionization cross
sections are needed for various charge states of the
astrophysically abundant elementsfrom C to Fe, aswell
as heavier elements like Kr, Xe, and Pb [3]. Photoioni-
zation cross sections are also needed for diatomic
moleculeslike C,, O,, and CO.

The configuration-average approximation [4] hasbeen
found to be quite useful for calculating the many
photoexcitation and photoi onization cross sections needed
for the modeling of complex laboratory plasmas [5]. A
semi-relativistic configuration-average distorted-wave
method, devel oped for electron collisionswith atomsand
theirions|6, 7], may beapplied to cal culate photoi onization
cross sections for atoms and low-charged atomic ions
[8]. A fully-relativistic configuration-average distorted-
wave method, developed for electron collisions with
atomic ions [9, 10], may be applied to calculate
photoionization cross sections for high-charged atomic
ions[11]. A non-relativistic configuration-average
distorted-wave method, devel oped for electron collisions
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with diatomic molecules and their ions[12, 13], may be
applied to calculate photoionization cross sections for
mol ecul es and | ow-charged molecular ions.

Inthisarticle, we makeafull presentation of al three
configuration-average distorted-wave (CADW) methods
so that they may be easily compared and used for the
photoionization of all atoms, diatomic molecules, and their
ions. Astest cases, we carry out semi-relativistic CADW
calculationsfor the photoi oni zation of the outer and i nner
subshells of the C atom, fully-relativistic CADW
calculationsfor the photoionization of the inner subshell
of the C atom, and non-relativistic CADW calculations
for the photoionization of the outer subshell of the C,
mol ecule. We compare the CADW results with previous
R-matrix and distorted-wave cal culations.

Therest of thearticleisorganized asfollows: in Section
2 we review the configuration-average distorted-wave
methods as applied to the photoionization of atoms and
mol ecul es, in Section 3 we present photoi onization cross
sections for the C atom and the C, diatomic molecule,
while in Section 3 we give a brief summary of future
plans. Unlessotherwise stated, all quantitiesaregivenin
atomic units.
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2. THEORY
2.1 Semi-Relativistic CADW Method for Atoms

The photoionization of an atomic configuration has the
genera form:

()™ - (nl)wi-te I, (1)

wherenisthe principal quantum number, | isthe angular
guantum number, w is the occupation humber of the
subshell, and € isthe electron energy. Inthe dipolelength
gaugefor the external electromagneticfield, the configu-
ration-average photoionization cross sectionisgiven by:

_ 8w 2w, max(li,lf)
ion = "k, Z 3(4l, +2)

P (n 1)
where K; =,/2¢; , w istheradiation field frequency, and

cisthe speed of light. For I, = 0, |, = 1, whilefor I, # 0,
l; =1+ 1. Theradial dipoleintegral isgiven by:

. (2)

D(nl - &)= IdrP )rPy (r)

The energies and bound radial orbitals, P, (r), are
calculated in the Hartree-Fock relativistic (HFR) approxi-
mation [4], which includesthe massvelocity and Darwin
corrections within modified Hartree-Fock differential
equations. The continuum radial orbitals, P, (r), are
calculated by solving asingle channel radial Schrodinger
equation, where the Hartree local exchange distorting
potential isconstructed with HFR bound orbitals and the
continuum normalization is chosen as one times a sine
function.

NE)

2.2 Fully-Relativistic CADW Method for Atoms

The photoionization of an atomic configuration has the
genera form:

(nk)" - (nk;)"*™ . (4)

where nisthe principal quantum number, K is the total

Efo,

1
angular quantum number (k =—(1 +1) forj =1+ 5 and

K=+Iforj=1I —1), w isthe occupation number, and € is

the electron energy. In the dipole approximation for the
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external electromagneticfield, the configuration-average
photoionization cross section isgiven by:

_ By, e_fD
o~ ¢cp; g 2¢? fh % O——

0 g2 0
where p; = é@af w is the radiation field

frequency, and c is the speed of light. The sum over |,
includesonly termsfor whichl, + I, + 1 isan even number.
Theradial dipoleintegral isgiven by:

D(m<i astf)

:J':dr B (R (N+Q., (NTQ (NH

.. (6)

The energies and bound radial orbitals, P, (r) and
Q. (r), arecalculated in the Dirac-Fock (DF) relativistic
approximation [14]. The continuumradial orbitals, P,,(r)
and Q,, (r), are calculated by solving a single channel
radial Dirac equation, where the Dirac local exchange
distorting potential is constructed from DF bound radial
orbitalsand the continuum normalization ischosen asone
timesasinefunction.

2.3 Non-Relativistic CADW Method for
Diatomic Molecules

The photoionization of amolecular configuration hasthe
general form:

(REA )™ = (i)™ - - (7)

where nisthe principal quantum number, | isthe angular
quantum number, A = |m|isthe magnetic quantum number,
w is the occupation number of the subshell, and € isthe
e ectron energy. In the dipolelength gauge for the external
electromagnetic field, the configuration-average
photoionization cross section isgiven by:

)

81t HEPC (A = &N,
o-i n_
o 3k H +IPS(nIA - g1\,

EcleAs,

L
-
JBE
.. (8)
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for A, =0and
%Jc (R~ (00 )E + .
C
O D) o
C
%Bas A, ﬁsflf(xi+1))g -
.. (9)

for A, # 0, where K; =,/2¢;, @ is the radiation field

frequency, and c is the speed of light. The radial and
angular dipoleintegralsaregiven by:

DC(nlA - &)

= [, dr [ deR,,,, (r€)r cosORy, (r,6)
- (10)

DS(nIA — &)

0 s )
=L er’0 der,, ,, (r,6)rsin® Py (r.0)

.. (12)

The energies and bound orbitals, P, (r, 6), are
calculated in aself-consistent field (SCF) approximation
based on alinear combination of Slater type orbitals[15].
The bound orbital s are then transformed [ 16] onto atwo
dimensional (r, 8) numerical lattice. The continuum

orhitals, Py, (r,8) are calculated by solving a single

channel (r, ) Schrodinger equation, where the Hartree
local exchange distorting potential is constructed from
SCF bound orbitals and the continuum normalization is
chosen as one times a sine function.

3. RESULTS

Thesemi-relativistic CADW method of Section (2.1) was
used to cal cul ate photoi oni zation cross sectionsfor the C
atom. The outer subshell transition:

12252207 — 15225%2pel, .. (12)

has an ionization potential of 10.0 eV. A radial doubling
mesh with 1800 points was used to represent the bound
and continuumradial orbitals. Theboundradial orbitalsin
theinitial configurationwereusedto calculatetheHartree
local exchangedigtorting potentia for thel =0, 2 continuum
radial orbital s, theso-called unrelaxed core approximation.
The semi-relativistic CADW cross section results are
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Fig. 1: Photoionization of the outer 2p subshell of the Carbon

atom. Solid curve: Semi-relativistic CADW calculations,

dashed curve: Hartree-Slater distorted-wavecal culations[17],

and dotted curve: R-matrix calculations[18] (1.0 Mb=1.0x
108 ).

presentedin Fig. 1. The CADW resultsarefoundto bein
reasonabl e agreement with Hartree-Slater distorted-wave
photoioni zati on cal cul ationg[ 17] and withthe non-resonant
backgroundin R-matrix photoionization cal cul ations[18].
Theinner subshell transition:

122s°2p? - 1s28°2p?el, .. (13)

has an ionization potential of 298 eV. A radial doubling
mesh with 1800 points was again used to represent the
bound and continuum radial orbitals. The unrelaxed core
approximation was used to calculatethe | = 1 continuum
radial orbital. The semi-relativistic CADW cross section
results are presented in Fig. 2. The CADW results are
found to be in reasonable agreement above the K-shell
threshold with Hartree-Slater distorted-wave total
photoionization calculations [17] and with the non-
resonant background in R-matrix total photoionization
calculations[19].

Thefully-relativistic CADW method of Section (2.2)
wasusedto cal cul ate photoi oni zation cross sectionsfor the
Catom. Theinner subshell transition:

12252 % 128°2p% ek, . (14)
has an ionization potential of 298 eV. A radial doubling
mesh with 1200 points was used to represent the bound
and continuum radial orbitals. The unrelaxed core appro-
ximation was used to calculate the kK = 1, —2 continuum
radial orbitals. Thefully relativistic CADW cross section
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Fig. 2: Photoionization of theinner 1s subshell of the carbon atom.
Solid curve: semi-relativistic CADW calculations, dashed
curve: Hartree-Slater distorted-wave cal culations[17], dotted
curve: R-matrix calculations [19], and solid squares: fully-

relativistic CADW calculations (1.0 Mb = 1.0 x 10718 cn?).
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Fig. 3: Photoionization of the outer 2ptt subshell of the Carbon
diatomic molecule. Solid curve: non-relativistic CADW
calculations, and dashed curve: Hartree-Fock distorted-wave
calculations[20] (1.0Mb = 1.0 x 10718 cm?).

results presented in Fig. 2, are found to be in excellent
agreement with the semi-relativistic CADW calculations.

Thenon-relativistic CADW method of Section (2.3)
was used to cal culate photoionization cross sections for
the C, moleculeat aninternuclear separation of R=2.35.
Theouter subshell transition:

1s022p0?2s023pa?2p - 1s022pa?2s023paZ2pTrel,
.. (15)
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has an ionization potential of 12.6 eV. A uniform radial
mesh starting at Ar = 0.10 with 25,000 points and a
uniform angular mesh starting at A8 = 0.01562571t
with 64 points was used to represent the bound and
continuum orbitals. The unrelaxed core approxi-
mation was used to calculate the | A = 00, 10, 11, 20,
21, 22, 30, 31, 32 continuum orbitals. The non-
relativistic cross section results presented in Fig. 3,
are found to be in reasonabl e agreement with Hartree-
Fock distorted-wave photoionization calculations
[20].

4. SUMMARY

In conclusion, we have presented three different confi-
guration-average distorted-wave methods for the
photoionization of atoms and diatomic molecules. All are
very efficient and reasonably accurate for the production
of non-resonant photoionization cross sections, as seen
intheexamplesfor Cand C,. The semi-relativistic CADW
method for atoms may be easily applied for any subshell
of any atomor itsion. Thefully-relativistic CADW method
for atoms provides a benchmark for the inner subshells
of heavy atomsand their ions. The non-relativistic CADW
method for diatomic moleculesmay also be easily applied
for any subshell of any moleculeanditsion.

Inthefuture, asemi-relativistic CADW method used
to include resonant contributions in the el ectron-impact
excitation of atomsandtheirions[6, 7] will beappliedto
cal cul ate resonant photoioni zation contributions. Weal so
plan to extend the fully-relativistic CADW method for
atomsandthenon-relativisticCADW methodfor diatomic
molecules to include resonant photoionization contri-
butions. Our ultimategoal i stodevel op anefficient method
for the calculation of total photoionization crosssections
for those atoms, molecules, and their ions that are
needed to better understand laboratory and astrophysical
plasmas.
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