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Photoionization of 4d electrons in I¿ and I2¿
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It is demonstrated that by taking into account many-electron correlations within the framework of the
generalized random-phase approximation with exchange, it becomes possible to describe within the experi-
mental error the recently obtained data@Kjeldsonet al. Phys. Rev. A62, 020702~R! ~2000!# on the photoion-
ization of iodine ions I1 and I21 near and above the 4d10-subshell threshold. Results are also presented for the
single photoionization cross sections of the I1 and I21 ions.
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I. INTRODUCTION

Experimental data on the photoionization cross section
atomic iodine and its ions above the 4d threshold had long
presented a problem for theory. In a number of experime
investigations the results showed a striking qualitative diff
ence between the data on photoionization above thed
threshold for atomic iodine and its ions@1–4# on one hand,
and Xe@5# on the other. The difference was huge: the m
sured iodine photoionization cross sections, as a functio
photon frequencyv, were found to be quite similar in shap
to that of Xe, but a factor of three smaller. This result co
tradicted intuition and the results of several calculatio
@6,7#, which led to the conclusion that for the intermedia
and inner subshells, particularly well above their ionizati
thresholds, there should not be a prominent difference
tween Xe and its neighbor I. This view was supported by
oscillator strength sum rule that can be applied reason
accurately to each individual subshell of a multielectr
atom or ion. According to this sum rule@8,9#, the area under
the photoionization cross-section curve resulting from the
4d electrons in Xe and its ions Xe1, Xe21 on one hand, and
I and its ions I1, I21, I2 on the other, must be approximate
the same.

On the basis of these qualitative arguments, calculati
of 4d photoionization cross sections of I, I2, I21 that in-
cluded significant electron-electron correlation using
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random-phase approximation with exchange~RPAE! were
performed, along with a careful analysis of the possible c
tributions of other, non-RPAE corrections@10#. It was con-
cluded that the difference between the results of calculati
and experimental data@2–4# could be explained only by the
inaccuracy of the latter. Stimulated by this theoretical res
@10#, absolute measurements of the photoionization cr
section of I1 and I21 @1# confirmed the main points of@10#,
demonstrating that the earlier experimental data requ
renormalization. However, the latest experimental data@1#
shows some deviation from the RPAE results of@10#; the
experimental cross section maximum, in the region do
nated by 4d-electron photoionization, is about 10% small
than the RPAE result and shifted to higher energy by;1 Ry.
It is here demonstrated that by taking into account core
laxation, in addition to multielectron correlations, within th
framework of the generalized random-phase approxima
with exchange~GRPAE!, good agreement is achieved b
tween the results of the recent absolute measurements@1#
and theory for the photoionization cross sections of I1 and
I21 in the energy region dominated by 4d ionization.

II. BRIEF REVIEW OF THEORY

A detailed description of RPAE calculations is given
@9,11#. Briefly, the photoionization amplitude, within th
RPAE, is given by@11#
^nl iD~v!i«,l 61&5^nl id~v!i«,l 61&1S (
n8<F,n9.F

2 (
n.F,n9<F

D 2

3

^n9iD~v!in8&^n8;nl iU1in9;«,l 61&
@v2En91En81 id~122nn9!#

.

~1!
re-
Here nl represents the principal and angular moment
quantum numbers for the initial state of the ejected electr
i.e., of the hole,«, l 61 the final state,n9[n9(«9), l 9
5l 861, andn8[«8(n8), l 8 refer to the intermediate elec
tron and hole Hartree-Fock~HF! states, andD(v) andd(v)
n,
are the RPAE and HF dipole photoionization amplitudes,
spectively. The summation~integration! in Eq. ~1! is per-
formed over occupied (<F) and vacant (.F) one-electron
states, which are determined by their energies~or principal
quantum number! «8(n8) and angular momentuml 8 and the
©2002 The American Physical Society14-1
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limit of d→0 is assumed. In Eq.~1!, nn denotes the Fermi
step function,nn51 for n<F and nn50 for n.F, En are
the HF energies. All single-electron states are calcula
within the HF approximation.

However, somewhat different zeroth-order HF wave fun
tions for the states of I1 and I21, respectively, were used
For the case of I1, in the open-shell RPAE, term dependen
is very important forouter-shell excitation and ionization in
the vicinity of the outer-shell thresholds. But, in the ener
region above the 4d threshold, where photoionization from
the filled 4d10 subshell dominates, the outer-shell cross s
tions are small and insensitive to the term dependence~ex-
change effects are small well-above threshold!, and outer-
shell multiplet structure does not significantly influen
the 4d photoabsorption. Therefore, in case of1

(@Kr#4d105s25p4), the term-averaged HF wave function
@12# associated with the following transitions 4d10→4d9

n(«) f , n(«)p; 5p4→5p3 n(«)d, n(«)s; 5s2→5s n(«)p
have been used. Note that the excited states are calcu
using thesamecore orbitals as in the initial state, i.e., co
relaxation is not included in the RPAE method. Note a
that the use of term-averaged HF wave functions lead
some small disagreement between cross sections obta
with the length and velocity forms of dipole operator. The
fore, the final partial and total RPAE photoabsorption cro
sections presented have been averaged over the results
two different forms of the operator.

The I21 ion possesses a half-filled 5p subshell; therefore
it is convenient to use the spin-polarized version of
HF ~SPHF! @13# in this case for the zeroth order groun
and excited wave functions. Within SPHF framewo
the outer-shell structure of I21 is given by
@Kr#4d5↑4d5↓5s↑5s↓5p3↑, where the arrows represen
electron-spin projections. The convenience of this method
ogy arises from the additional spin-polarized levels that
have as filled subshells, so that the ordinary methods
many-body theory can be applied without additional appro
mations@11,14#. In addition, the equality of length and ve
locity cross sections is preserved within this formulation.
our spin-polarized RPAE calculations, we have included
interaction between eight channels: 4d↑↓→n(«) f↑↓,
n(«)p↑↓; 5s↑↓→n(«)p↑↓; 5p↑→n(«)d↑, n(«)s↑, and
all of the zeroth order wave functions, ground and exci
state, have been calculated using SPHF with no c
relaxation

To make the calculations more accurate, the RPAE form
lation is generalized to the GRPAE that introduces two i
portant alterations into the RPAE, Eq.~1!. First, the vacancy
states are calculated by solving the~term-averaged or spin
polarized! HF equations in the presence of the vacancy its
i.e., the final-state core orbitals are modified to take i
account the existence of this vacancy. Thus, core relaxa
is introduced and the excited orbitals are calculated in
field of these core-relaxed orbitals. Second is that instea
the HF occupied level energiesEv (v<F) corresponding
improved theoretical or even experimental ionization pot
tials are used. As it has been shown earlier@15#, the use of
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corrected energies in GRPAE calculations leads to be
agreement between results obtained with length and velo
forms of a dipole operator.

The ions considered in this paper have open shells. Th
fore, the application of the GRPAE equations to them is lit
bit more complex than in closed-shell systems. But th
complications are the essentially same for the GRPAE
RPAE and have been discussed in detail@10,11#. In addition,
since reliable experimental ionization thresholds are lack
for the inner shells under consideration here, theory is
quired to obtain values more accurate than HF. More ac
rate 4d threshold energies could be approximated by ass
ing that the difference between the experimental value of
4d ionization threshold for I and its ions and the HF valu
are the same as for neutral Xe, a difference of about 7
More accurately, the 4d ionization potentials can be obtaine
by adding to the experimental@1# excitation energy of the
4d→5p resonance, the calculated HF 5p ionization for I1

and I21. These estimates give the following values for t
4d threshold energies:uE4du'67 eV for I1 and uE4du
'82 eV for I21, and these energies have been used in
GRPAE calculations.

III. RESULTS AND DISCUSSION

The total photoabsorption cross sections are obtained
sum of all partial cross sections. The RPAE and GRP
results for I1 and I21 ions in the range of 40–170 eV ar
shown in Figs. 1 and 2, respectively; also presented are
experimental data@1#. Note that for I1 RPAE results are
presented only above 4d ionization threshold, since our aim
is to emphasize the effect of relaxation in the continuo
spectrum. The RPAE 4d maxima are closer to threshold an
higher then the GRPAE results. This is because the rela
GRPAE orbitals are more compact, thus screening
nucleus more efficiently so that the field ‘‘seen’’ by the ph
toelectron is weaker in the GRPAE case, and more energ
required for thef-wave photoelectron to overcome the ce
trifugal barrier. The GRPAE maxima are, therefore, furth
out ~in energy!, broader, and since the areas under the cro

FIG. 1. Photoabsorption cross section of I1. The solid line is the
present GRPAE result, the dashed line is the RPAE result@14#, and
the open circles are experiment@1#.
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section curves are constant, the GRPAE maxima are lowe
well. As seen, the agreement between the GRPAE and
periment is much better, in fact well within the quoted 15
experimental error@1#. The first resonances about 48–49 e
in Figs. 1 and 2, are the 4d→5p excitations. The other reso
nances just below the 4d thresholds are the various excit
tions from 4d to nf and np states. However, it should b
noted that the fine structure of discrete levels and their os
lator strengths are reproduced by the GRPAE only qua
tively. This is understandable because the discrete transit
excitation energy and wave functions are not determi
self-consistently~see@15#!, i.e., by solving the HF equation
for an atom or ion with an inner vacancy and an exci
discrete electron. Although in the GRPAE equations we t
into account electron correlation not only between 4d shell
but also the effect upon them from outer 5s and 5p shells,
the role of the latter in the consideredv region proved to be
unimportant. The use of the more exact energies in the G
PAE calculations principally moves the maxima a bit, wit
out materially altering their shapes; it is the core-relaxat
introduced into GRPAE, that is, primarily responsible for t
calculations being more accurate, as discussed above.
thermore, note that, although we have presented toaverage
of length and velocity cross sections, the difference betw
them, in both RPAE and GRPAE calculations, was ne
more than 2–3%, so this is a nonissue.

In Figs. 3 and 4 we present the GRPAE single-elect
ionization cross section for I1 and I21, respectively. Ioniza-
tion of 4d electrons leads to double ionization, in each ca
because the vacancy is filled virtually 100% of the time
an Auger process. Only photoionization of the outer, 5s and
5p, electrons lead to appreciable single ionization. And a
is has been recently shown for Xe1 photoionization@16#, the
outer-shell cross sections near 4d threshold are strongly af
fected by the interchannel coupling interaction with thed
photoionization channels. As a result, the single-ionizat
cross sections acquire rather strong maxima, owing to in
channel coupling, rather similar to the case of Xe1 photoion-

FIG. 2. Photoabsorption cross section of I21. The solid line is
the present GRPAE result, the dashed line is the RPAE result@14#,
and the open circles are experiment@1#.
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ization @14#. In this case these maxima presented in Figs
and 4 are only very weakly modified by relaxation effects,
might be expected for maxima resulting from interchan
interactions of such widely separated channels. Most imp
tantly, however, the calculated single-ionization cross s
tions agree quite well with the corresponding experimen
data@1#, which indicates that all of the important physics
included in the calculations.

IV. FINAL REMARKS

We have presented results of the GRPAE calculations
the photoabsorption cross section for I1 and I21 in the vi-
cinity of and above the 4d ionization thresholds. Good
agreement with recent absolute experimental data@1# was
found; the introduction of relaxation and more accura
threshold energies brought the previous RPAE results@10#
into agreement. In addition, single-ionization cross secti
for these ions were calculated and good agreement with

FIG. 3. Single photoionization cross section of I1 leading to
I21: the sum of the 5s and 5p cross sections. The solid line is th
present GRPAE and the open circles are experiment@1#.

FIG. 4. Single photoionization cross section of I21 leading to
I31: the sum of the 5s and 5p cross sections. The solid line is th
present GRPAE and the open circles are experiment@1#.
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periment@1# was found here too. The single-ionization cro
sections, the sum of the 5s and 5p cross sections were foun
to be dominated by interchannel coupling interactions w
the 4d channels; relaxation was found to be rather unimp
tant. The good agreement with experiment strongly sugg
that the theoretical methodology employed in these calc
tions includes all of the important physical interactions
these photoionization processes.
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