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Photoionization cross sections for all subshells occupied in the ground states of neutral oxygen and each
positive ion 0+" (n = 1-6) have been calculated using Hartree-Slater wave functions. The results show that
removal of a 2p or 2s electron has no effect on the 1s cross section other than shifting the threshold. The
systematics of the cross section as a function of stage of ionization are analyzed, and the limits of applicability
of the hydrogenic model are discussed.

I. INTRODUCTION

A knowledge of the cress section for photoioniza-
tion of positively charged atomic ions is necessary
in connection with plasma physics and controlled
thermonuclear fusion; in connection with upper
atmospheric physics where solar radiation is ab-
sorbed by positive ions as well as neutral atoms
and molecules; and in connection with space and
astrophysics in the transport of radiation through
stellar a.tmospheres and planetary nebulae. No
laboratory measurements of the photoionization
of multicharged positive ions have been performed
owing to the temperatures of over 10' K which are
necessary to produce them in quantity and the in-
tensity limitations of a crossed-beam experiment.
On the theoretical side, the hydrogenic approxi-
mation' has been used fairly extensively to pro-
vide estimates of the photoionization cross section
for positive ions, but the limits of validity of such
a theoretical model are not known. Recently,
however, a very few calculations have been carried
out using more sophisticated wave functions. ' "
Further theoretical work is, thus, desirable.

In this paper we report on the results of calcula-
tions using Hartree-Slater (HS} central-field wave
functions for ions of oxygen from the neutral to
O". These calculations were performed with a
threefold purpose in mind: fir st, to pr ovide input
data to other branches of physics, oxygen being chosen
because of its abundance in planetary and stellar
atmospheres; second, to obtain information on the
systematics of the photoionization cross section as
a function of both energy and ionicity (stage of ion-
ization); third, to compare our results with the
hydrogenic results and, thus, establish the limits
of validity of the latter.

The next section gives a brief review of the theo-
ry of photoionization and the method of calculation
along with some discussion of the accuracy of our

II. THEORY AND METHOD OF CALCULATION

Within the framework of a central-potential
model, the cross section for photoionization of an
electron in the neth subshell is given in the dipole
approximation by"
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Here e„, (in rydbergs) is the binding of an electron
in the neth subshell, e is the fine-structure con-
stant (1/137), a, is the Bohr radius (5.29x10 '
cm), N„, is the number of electrons in the sub-
shell, and e (in rydbergs) is the energy of the ion-
ized photoelectron, i.e., kv =~ —~„„where A& is
the incident photon energy. The radial dipole ma-
trix elements are

R„,(el = J P„,(w)xP, , „(r)ch',
0

(2)

where P„,(r)/r and P, «, (r)/r are the radial parts
of the single-particle wave functions of the initial
(discrete) and final (continuum) states respective-
ly, satisfying the normalization conditions

P„,(r)'dr =1,

P (r) =rr ''e "sin[a''r+~ ~'in2e''r —,'lm—
+o&(&)+5&(&)l, (4)

with o, (c) =argI'(t +1 —ic ' '), and &, (e } is the phase
shift. This normalization of P„(r) is the usual
normalization of continuum wave functions per

calculation. Section III presents and discusses our
results for the 1s, 2s, and 2P subshells of our re-
sults with the hydrogenic. In Sec. IV, our conclu-
sions are summarized and a prospectus for further
work is given.
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unit energy.
Hartree-Slater (HS) central-field wave functions

were used for the wave functions of the discrete
orbitals of the initial ionic states and were calcu-
lated using the program of Herman and Skillman. "
For the final state the wave function of the continu-
um orbital was taken to be the solution to the ra-
dial Schrodinger equation with the same central
potential as the initial state. The orbitals of the
passive electrons in the residual ion core were
taken to be unchanged by the photoionization pro-
cess, i.e., no core relaxation. The details of the
calculation and normalization of the continuum wave
function are given in Ref. 12.

Before proceeding to a discussion of our results,
we note that the HS model of an atom or ion does
not include multiplet splitting because of the in-
exact treatment of exchange as a central field. "
This effect will only be of significance in the vi-
cinity of the threshold of each subshell in an open-
shell atom or ion. One can include the multiplet
effects in an approximate way by introducing the
different multiplet energy levels and relative mul-
tiplet strengths and use the HS dipole matrix ele-
ments. This procedure has been found to provide
reasonably good results. ""

III. RESULTS AND DISCUSSION

Calculations have been performed for the photo-
ionization of each subshell of the ground state of
each stage of ionization of oxygen, O'", from n =0
(neutral) to n =6. 0" is a one-electron system and
the hydrogenic treatment is thus essentially exact
so it is omitted. Energies for each subshell from
threshold to 30 Ry above threshold have been in-
cluded.

has such a negligible effect. Thus, although the
calculation was performed for the ground state, of
each ionic system we also have a„ for excited
states of the atom or ions of oxygen where the ex-
citation involves 2s and/or 2P electrons only.
Secondly, we see that one need do the calculation
for a„ for the neutral atom only and simply shift
thresholds to obtain v„ for the various ions.
Third, these conclusions should hold for the photo-
ionization of 1s electrons in all higher-Z atomic
and ionic systems as well since removal of an
outer electron there is a proportionally smaller
change due to the larger number of electrons.
Operationally, these points will save a great
amount of calculation for o„of the ions of other
elements.

This behavior results from the fact that the spa-
cial extent of the 1s wave function is concentrated
very close to the nucleus ((x)„-0.18a, for oxygen
and its ions)" while the 2s and 2P lie predominantly
much further from the nucleus, by about a factor
of 5 ((&)„»-l.la, for oxygen and its ions). "
This, of course, simply reflects the fact that (&)
is determined almost entirely by the principal
quantum number. Thus, the 1s electrons "see"
the 2s and 2P roughly as spherical shells of nega-
tive charge concentrated at (r)„». Then, since
(&)„» is well beyond the point where the 1s wave
function is effectively zero, their removal only
lowers the potential of the region of space &

& (r)„» by a constant without otherwise affecting
the is wave function. This gives rise to the shift
of the 1s threshold, with removal of 2s or 2P
electrons, without affecting o„ in any other way.

Also shown in Fig. 1 is the hydrogenic result'
with Slater inner screening' (Z,ff Z 0 31 —7.69)

A. ls subshell

The calculated cross sections for photoionization
of 1s electrons for neutral oxygen and its ions
0'" (n =1 —6), i.e. , along the Z =8 isonuclear
sequence, are shown in Fig. 1 plotted against pho-
ton energy. Note that the cross sections lie essen-
tially on the same curve, when plotted vs photon
energy, with only minor variations (& 3/p). This
shows that the removal of outer-shell electrons,
2s or 2P, affects only the 1s threshold ionization
energy, e„, but leaves o„(/zv) constant as long as
hv~ &„. The removal does, however, move some
oscillator strength into the discrete region when
h&«„ for the given ion. This conforms to the
conclusions of Barfield, Koontz, and Huebner. "

This result has several important implications.
First it is clear that O„will be essentially unaf-
fected by excitation of outer-shell electrons inas-
much as the more drastic process of ionization
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FIG. 1. Calculated 1s (K -shell) photoionization cross
sections for the ground states of neutral atomic oxygen
and each of its positive ions +1 to +6. The vertical lines
are the theoretical 1s thresholds for each charge state
and the dashed curve is the hydrogenic result.
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and outer screening" to insure that the hydrogenic
threshold energy equals the HS value. Note that
the hydrogenic results as well lie along the same
curve since the inner screening constant of the 1s
subshell does not change with removal of outer
electrons. The removal does, of course, change
the outer screening, "for the reasons discussed
above, so that the 1s threshold ionization energy
increases in the hydrogenic model as well.

The agreement between HS and hydrogenic re-
sults is fairly good, as seen in Fig. 1. The hydro-
genic &r„ is about 30% too high at the threshold of
neutral oxygen (hv -40 Ry) and by the 1s threshold
of 0" (kv-55 Ry) up to the limit of our calculation
agreement is excellent. The hydrogenic result is
somewhat high at threshold since the matrix ele-
ment is determined primarily near the outer part
of the 1s wave function for which the hydrogenic
Z ff is somewhat high. At higher photon energies,
where the matrix element is determined mostly
in the central region of the 1s function, agreement
is excellent. At very large photon energies, the
matrix element is determined quite close to the
nucleus where the bare nuclear charge Z is opera-
tive, rather than the somewhat smaller Z, ff so
the hydrogenic result will drop below the HS.

B. 2s subshell

The photoionization cross sections for 2s elec-
trons along the oxygen isonuclea~ sequence are
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FIG. 2. Calculated 2s (I.&-shell) photoionization cross
sections per Zs electron for the ground states of neutral
atomic oxygen and each of its positive ions 0+~ to 0+~ in
which the 2s appears.

shown in Fig. 2. The 2s results along the sequence
do not lie along the same curve, even for stages
of ionization for which only 2P electrons are being
removed. This is because (&) for the 2s and 2P

wave functions are approximately the same. "
Thus s ignif icant changes in the sc reening of the
2s electrons occur with the removal of a 2P elec-
tron. The delayed maximum"' '" which is pres-
ent in the neutral is seen to have moved into the
discrete transition region for 0 ' and higher stages
of ionization. The general behavior of the 2s cross
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FIG. 3, Comparison be-
tween our results and the
hydrogenic results for the
photoionization of 2s elec-
trons from neutral atomic
oxygen, 0+, 0+3, and 0+5.
The solid curve is our val-
ue, and the dashed curve
is the hydrogenic result.
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FIG. 4. Calculated 2P {1-2 3-shell) photoionization
cross sections per Zp electron for the ground states of
neutral atomic oxygen and each of its positive ions 0+
to 0+ in which the 2P appears.

section for a given A& is to increase along the iso-
nuclear sequence starting from the neutral, re-
flecting the contraction of the 2s wave function.

Figure 3 shows the comparison of our HS results
with the hydrogenic results which were calculated
using Slater inner screening" and outer screening"
to match with HS ionization potentials. The com-
parison shows that in all cases the hydrogenic re-
sults are muchtoolarge at low kv and too small at
large hv for all stages of ionization. In addition,
at hv-10 B,y the hydrogenic results cross over the
HS for all stages of ionization. This is important

because it is just in this region that the hydrogenic
results are good. Thus it would be very useful
to be able to delineate the crossover point & P&i«&..

From a mathematical point of view, the cross-
over point remains at (roughly) constant kv since
in going along an isonuclear sequence, the HS and
hydrogenic results increase by roughly the same
amount. Physically, the crossover point occurs
when the matrix element is generated primarily
irI the region of intermediate distance from the
nucleus, as discussed previously. As the stage of
ionization increases, the matrix element at the
energy (h&) of the crossover point seems to be
still generated in the same region so that hydro-
genic result remains close to the HS result at that
kv, leading to the relative constancy of the cross-
over photon energy.

C. 2p subshell

The photoionization cross sections for 2P elec-
trons along the oxygen isonucE«r sequence are
shown in Fig. 4. Note that the results are plotted
per electron to isolate the changes in the atomic
matrix elements by removing the effect of the de-
creasing number of 2P electrons with increasing
stage of ionization. As in the 2s case, the neutral
shows a delayed maximum which moves into the
discrete by the first stage of ionization. In addi-
tion, the increase of the cross section, for a
given k&, due to the contraction of the 2P wave
function is also seen, just as in the 2s case.
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FIG. 5. Comparison be-
tween our results and the
hydrogenic results for the
photoionization of 2p elec-
trons from neutral atomic
oxygen, 0+, 0+, and 0+3.
The solid curve is our val-
ue, and the dashed curve
is the hydrogenic result.
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The hydrogenic results are compared with our HS
values in Fig. 5 where the same general trends
as in the 2s case can be noted. In particular, the
hydrogenic results are much too large for small
h& and get progressively too small for large h&

for reasons discussed previously. The crossover
point again remains approximately constant, here
at hv-5 Ry for the same reasons discussed above.

IV. FINAL REMARKS

We have found an approximate constancy (inde-
pendent of stage of ionization) of the photon energy
for which one obtains equality between HS and hy-
drogenic photoionization results for each of the
1s, 2s, and 2P subshell of oxygen. The crossover
values for the 2P and 2s, approximately 5 and 10
Ry, respectively, are each roughly five times the
neutral thresholds of 1.04 and 2.10 Ry, respective-
ly. For the 1s, the crossover point is at about 90
Ry, as against a neutral 1s threshold of 39 Ry, or
about a factor of 2.3. Further work is needed be-
fore an inference can be made reliably to predict
&P&i«i the crossover points and, thus, the re-
gions of usefulness of the hydrogenic approxima-
tion.

We have also verified that in going along an iso-
nucEeax sequence, removal of an electron with
principal quantum number n does not affect the
photoionization of electrons with principal quantum
number n —1, except to shift the threshold, which

has been pointed out previously. " This should be
generally true, not only for 1s electrons, since
it rests on the fact that (&) is determined almost
entirely by principal quantum number. For this
reason, removal of an &l electron affects all elec-
trons with the same n whether or not they are in
the same subshell. In addition, it is expected that
other inner-shell properties will remain largely
unaffected by removal of outer shell electrons, but
this point still needs verification. In any case, it
is clear that a considerable simplification results
from this observation both calculationally and from
the point of view of understanding the systematics
of phptoabsorption of positive atomic ions.

Note further that this observation was made
possible by looking at various stages of ionization
of a given atom, i.e., an isonuclear sequence,
and plotting vs photon energy rather than photo-
electron energy. If isoelecf, onic sequences were
considered, the simplification would not have been
evident, nor would it have shown up if the cross
sections were plotted vs electron energy. This
points up, clearly„ the notion that various ways of
looking at ionic data reveals different aspects of the
systematics. "

Finally we note that this paper is part of a larger
study in which photoionization calculations have
been performed on the isonuclear sequences of N,
Fe, and Hg as well as the isoelectxonic sequences
of Ne, Ar, Kr, Xe, and Hg. These results will
be reported shortly.

*Based upon a thesis submitted to the Department of
Physics, Georgia State University in partial fulfillment
of the requirements for the M.S. Degree.
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