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The relativistic photoabsorption cross section in the vicinity of the xenon and radon E-absorption edges is
calculated using the Dirac-Pock method. The relaxation is included by constructing separate solutions for
the initial ground state and for the final 1s-hole state and by including the resulting overlap integrals into
the transition amplitude. The relativistic effect is found to lower the cross section with 12'k and 35'lo for
xenon and radon, respectively. One-third of this effect results from the change in the E-ioriization energy
and two-thirds from the change in the wave functions. The full overlap correction is shown to increase the
cross section by a factor of 2 in the threshold region. The influence of the postcollision effect on the xenon
E cross section was found to be negligible. The cross sections are shown to be nearly gauge invariant with
the E1 multipole dominating. In radon the higher multipoles contribute with 4%.

INTRODUCTION

Prompted by a controversy over the near-edge behavior
of the inner-shell photoabsorption cross sections, ' we have
recently reported a thorough study of photoionization in the
vicinity of the argon E-absorption edge. The detailed form
of the atomic photoabsorption cross sections in the thresh-
old region is of fundamental importance because of its
usefulness as a reference spectrum in the extended
x-ray-absorption fine-structure (EXAFS) and x-ray-
absorption near-edge-structure (XANES) spectroscopies. In
our work3 we showed that the deviations from the mono-
tonic decrease in the cross section predicted by Manson and
Inokuti' are most evidently caused by the numerica1 pro-
cedure in obtaining the photoelectron wave function.
Furthermore, it was shown that the effect of the postcol-
lision interaction (PCI) on the K-ph'otoabsorption is small in
contrast to results by Amusia, Ivanov, and K.upchenko,
who found PCI decisive at threshold.

In this work we consider the K-photoabsorption edges of
xenon and radon with special emphasis on relativistic effects
in conjunction with relaxation and PCI. The relativistic E-
photoabsorption cross sections have been calculated earlier
by Scofield4 by use of the Dirac-Slater model, but he did not
consider the near-edge behavior in detail. For high photon
energies5 various one-electron models have been used to
calculate the photoabsorption cross sections. - In these
models the screening, exchange, and correlation effects are
accounted for parametrically, which does not make them
suitable for the analysis of the near-edge behavior of the
spectrum.

THEORY

The relativistic photoabsorption cross sections were calcu-
lated by the Dirac-Fock (DF) method by use of a continu-
um program implemented to the multiconfiguration DF pro-
gram package by Grant et a/. The relativistic continuum
wave functions of the photoelectrons elj, l=0, 1,2, and

j= ~-~ were calculated by keeping the bound orbitals
fixed for the given core configuration. The Lagrangian mul-
tipliers technique was used to enforce orthogonality between

bound orbitals and the continuum orbital. Consequently,
the wave function of the photoelectron is obtained by itera-
tively solving the equations
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In Eq. (1) P and Q are the large and small radial com-
ponents of the four spinors. The nuclear attraction and
direct electron-electron repulsion are included in Y, whereas
the nonlocal exchange potentials are given by g and g.
Equation (1) has been discussed in detail by Grant. 7 For
the normalization of the continuum wave function we used
the orthodox procedure of fitting the numerical solution to
a linear combination of the regular and irregular solutions of
the Coulombic Dirac equation outside the ion. In particu-
lar, the Coulombic solutions were calculated without the
asymptotic approximation by use of a special numerical ap-
proach, which enables an accurate evaluation of pertinent
%hittaker functions also at distances of a few atomic units.
Therefore, our cross sections are free from ariy artifacts
caused by inaccurate normalization.

The calculation of the transition amplitude is based on the
covariant electron-photon interaction HI = —cy~A„, which
gives in the first-order perturbation theory and single con-
figuration and channel approximation the photoabsorption
cross section (in atomic units)
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where +& and P, f are the initial and final many-electron
wave functions of the absorbing atom, respectively. The in-
dex L gives the rank of the multipole and g denotes the
magnetic (g = m ) and electric (g = e ) multipoles. The
gauge transformations are included by the parameter 6
which obtains the values 0 and I/W2 for the Coulomb
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(velocity) and length gauges, respectively. The retardation
is taken into account by the energy dependence of the
Bessel functions in the transition operators. For the de-
tailed definition of the multipole operators see Grant. In9

the case of xenon, only the electric dipole (El ) transition
was considered, whereas for radon we also included magnet-
ic dipole (Ml ) and electric and magnetic quadrupole
(E2,M2) transitions. The nonorthogonality of the initial
and final basis sets was taken into account using Scofield's'
formulation. For that purpose the reduced one-electron and
overlap matrix elements were first calculated using formulas
given by Grant. The summation over the various products
of overlap integrals and one-electron amplitudes was then
performed using an efficient computer code.

RESULTS AND DISCUSSION

The cross sections were calculated using both local
Kohn-Sham exchange and full nonlocal exchange potentials.
Since the cross sections obtained in various local approxima-
tions were qualitatively similar to those reported earlier for
argon, 3 we have only plotted the cross sections calculated
using ground-state orbitals for both the initial and final
states in order to compare with Scofield's4 results. As in
the case of argon, this approximation involves the Latter's
tail correction in the asymptotic region, which, because of
the discontinuity in the derivative of the potential, causes
the weak oscillating behavior shown in Figs. 1 and 2.
Although Scofield's tables do not include information on
the near-edge behavior, his values at thresholds 5.79 and
1.67 kb for xenon and radon, respectively, are in perfect
agreement with our results.

The calculation with the nonlocal exchange potential was
done by calculating separate bound-state wave functions for
the initial and final states. For radon we used a potential
with a uniformly charged finite nucleus in the calculation of
both the bound and continuum orbitals. The finite-nucleus

correction was, however, found to be small, because of the
low photoelectron energies. The transition amplitudes were
calculated for xenon in the electric dipole approximation,
but for radon we also calculated the magnetic dipole and
electric and magnetic quadrupoles which contributed at the
threshold with 1.5, 64, and 5 b, respectively. In the full re-
laxation calculation all the resulting one-electron overlap in-
tegrals were included in the transition amplitude. The
results are given by solid lines in Figs. 1 and 2. The cross
sections were calculated both in the velocity and length
gauge, which were found to differ at most of the order of
one percent.

We also calculated the nonrelativistic cross sections in-
cluding full relaxation. This was achieved by using the same
Dirac-Pock equations and electron-photon coupling as
above, but with the velocity of light multiplied by a factor of
1000. Since the electronic configurations involved include
only s-like open shells, our procedure gives the unique non-
relativistic limit. The nonrelativistic cross sections which
were calculated using the nonrelativistic K-shell ionization
energy are given by dashed lines in Figs. 1 and 2. In order
to distinguish between relativistic energy and orbital effects,
we also calculated these cross sections with the relativistic
ionization energy. The result shows in the case of radon
that the energy shift covers one-third of the relativistic ef-
fect. The relativistic orbital contraction was investigated by
constructing the effective total and exchange potentials of
the ionized electron. The most physical approach would be
to apply the phase-amplitude method, "but no proper refor-
mulation for the nonlocal potential exists. Hence we plotted
the potentials

l eff= y(«) + l exch

V,„,„=—c«g(«)/0 («),
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FIG. 1. The K-photoabsorption cross sections for xenon in elec-
tric dipole approximations. The solid line represents the Dirac-Fock
cross section including full relaxation. The chain-dashed line
represents the same as the solid line, but without the overlap
corrections. The chain-dotted - line represents Dirac-Slater with
ground-state orbitals and Latter's tail correction. The dashed line
represents the nonrelativistic cross section including full relaxation.

FIG. 2. The relativistic and nonrelativistic photoabsorption cross
sections at the radon E-absorption edge. All the nonlocal cross sec-
tions include full relaxation. The solid line represents the Dirac-
Fock cross section. The chain-dotted line represents the Dirac-
Slater approximation with ground-state orbitals and Latter's tail
correction. The dashed line represents the nonrelativistic cross sec-
tion. The dotted line was obta ned using nonrelativistic wave func-
tions but relativistic E-ionization energy. The relativistic cross sec-
tion includes also the contributions from the magnetic dipole and
magnetic and electric quadrupole transitions, which contribute alto-
gether about 4%.
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which effectively determine the large radial component of
the continuum orbital. The potentials, as well as the pho-
toelectron wave functions, are given in Fig. 3. The relativis-
tic results are represented by the solid line. The one-
electron wave functions plotted are actually the large com-
ponents which in the nonrelativistic case are equal to the ra-
dial part of the wave function. In the relativistic case the
continuum orbital refers to the j=~ component. Note,

however, that the relativistic j = ~ and ~ orbitals are quite
similar, as demonstrated by the fact that the beta parame-
ter'2 describing the angular photoelectron distribution is
very close to two for both considered atoms. The most
prominent feature in Fig. 3 is the overall relativistic contrac-
tion bringing the electrons closer to the nucleus. The
changes are significant both in the 1s and continuum orbital.
The variation in the exchange interaction is more complicat-
ed. If the exchange potential is assumed to be approximate-
ly proportional to a fractional power of the electron density
the shift to its local minima towards zero is also in accor-
dance with the relativistic contraction phenomenon.

For xenon we also estimated the influence of PCI on the
cross section. ' The numerical procedure in this calculation
was nearly similar to that used in the case of argon. ~ In
contrast to argon, the probability for recapture of the pho-
toelectron into Rydberg states was found to be significant
for excess energies up to 30 eV. The PCI distortion of the
ELL Auger lines was considerable, resulting in an energy
shift from 3 to 2.5 eV for excess energies from 10 to 50 eV,
comparable to the shift found recently for xenon LLM
Auger lines by Armen et ai. '4 The influence of PCI on the
photoabsorption cross section was, ho~ever, negligible. The
reason is that the radiative mode dominates the E-shell hole
decay in xenon. The radiative PCI effect is most evidently
small, although no direct calculations exist.

In conclusion, we have shown that the relativistic effects
at the E-photoabsorption edge become important already for
xenon, for which they contribute with 12'/o. In radon the
relativistic correction at the absorption edge is 36%. The in-
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FIG. 3. The exchange and effective total potentials seen by the
photoelectron in the near-edge E photoabsorption in radon. The
relativistic and nonrelativistic results are given by solid and dashed
lines, respectively. The one-electron initial 1s and final ~p& orbitals

(j=
2 in the relativistic case) are also given. See text for a detailed

definition of the given potentials. The kinetic energy of the contin-
uum electron is 10 eV.

elusion of the full overlap correction increases the cross sec-
tion by a factor of 2 in the threshold region. As in the case
of argon~ this exchange-induced relaxation effect results
from dipole excitations of the 1s electron to initially occu-
pied np& states, followed by monopole ionization to ~pj
states. Altogether, these amplitudes contribute with
31-33% to the total transition amplitude. Analogous effects
were also found for higher multipoles in radon. The experi-
mental data presently at hand do not allow for a direct com-
parison with our theoretical results, since such a comparison
is possible only below the double ionization threshold.
Therefore, the need of synchrotron-radiation measurements
of the absorption near the E edges is apparent.
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