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The photoionization of krypton 4p, 4s, and 3d subshells has been studied theoretically from the 4p
threshold and experimentally from the 3d threshold up to a photon energy of 260 eV. In converting
the measured count rates of the 4p, 4s, and 3d main photoelectron lines into partial cross sections,
we have used recent photoion yield measurements to estimate the contribution of multiple-excitation
processes to the total photoabsorption cross section. Theoretical partial cross sections and angular
asymmetry parameters have been calculated using the multichannel Dirac-Fock method. Eighteen
leading single-excitation channels related to the 4p, 4s, 3d, and 3p hole configurations of the final ionic
state were included. Relaxation was taken into account by using separately optimized initial- and
final-state orbitals and by including all the resulting overlap integrals in the transition amplitudes.
The relaxation eKect was found to depend strongly on the photon energy in the near-threshold
regions. For the 3d subshell the relaxation reduces the 3d cross section by 35—40% at the maximum,
whereas it is less significant for the 4p and 4s cross sections.

PACS number(s): 32.80.Fb

I. INTRODUCTION

Photoionization of outer-shell electrons in noble-gas
atoms has served as a benchmark for experimental and
theoretical methods during the past decade [I, 2]. The
total absorption cross sections have been predicted fairly
well by calculations, based on the random-phase approx-
imation (RPA) [3], RPA with exchange [4], or relativistic
RPA (RRPA) [2].

Instrumental progress in the synchrotron-radiation
sources and electron spectrometry as well as new ex-
perimental techniques like photoion spectroscopy have
made it possible for experimenters to partition the total
absorption cross section into partial photoelectron cross
sections. It has also become increasingly feasible to de-
termine separately the single-excitation (main line) cross
section and the related multiple-excitation (satellite pro-
cesses, including double ionization) cross sections for a
particular subshell. Ion spectroscopy has made it pos-
sible to obtain the partial cross section for the shakeoff
process, which, because of its continuous intensity distri-
bution, cannot be determined reliably by photoelectron
spectroscopy.

With increasing experimental accuracy, discrepancies
between theory and experiment have become apparent.
This breakdown is largely related to the incomplete treat-
ment of many-electron excitations and relaxation effects

in the transition amplitudes. The ordinary RPA gives an
estimate for the total subshell cross section without giv-
ing detailed information about how it is divided into the
satellite and main line cross sections [4]. Near-ionization-
threshold satellite processes are energetically forbidden
and must be excluded from the calculations before a
meaningful comparison between theory and experiment
can be done.

While most recent experimental and theoretical works
[I, 2] have dealt with multiple-excitation and resonance
phenomena at photoionization thresholds the role of re-
laxation is still not fully understood. Inclusion of re-
laxation or multiple excitation is dif5cult ab iui]io in
the ordinary RPA although extensions of RPA that ac-
count for these processes in somewhat phenomenologi-
cal way have been worked out [4, 5]. In contrast it has
been shown by Kutzner and co-workers [5] and Altun,
I&utzner, and Iwelly [6) using many-body perturbation
theory, and by Tulkki [7], using the multichannel multi-
configuration Dirac-Fock method (MMCDF), that inclu-
sion of relaxation is necessary for an accurate evaluation
of valence-shell photoionization cross sections.

According to time-independent scattering theory [8]
the transition matrix element of the electron-photon in-
teraction operator must be calculated using wave func-
tions corresponding to the state of the target atom long
before (initial ground state) and long after (final relaxed
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ionic hole states) the absorption of the photon. Relax-
ation is thereby taken into account by using final-state
orbitals that are optimized for the final ionic state of the
absorption process and by including all the overlap in-
tegrals resulting from the nonorthogonality between the
initial and final orbital sets in the transition amplitude.
The use of the relaxed final-state wave function implies
that the calculated cross section gives the probability
that the ion is in a specific quantum-mechanical eigen-
state of the ionic Hamiltonian after photoabsorption [8].
In the electron spectroscopic experiment the excited fi-

nal ionic state is specified (within possible degeneracy) by
the kinetic energy of the photoelectron, which together
with the incoming photon energy define the energy of
the final ionic state. This requires that at the moment
of detection the photoelectrons do not interact with the
target ion, and that correspondingly the target has to
be in a fully relaxed single-hole stat, e. This picture may
break down in the tlireshold region, where the decay of
a single-hole state by Auger decay can affect the photo-
electron via post-collision interaction [9].

The relation between the above scattering theoretical
conditions and the computational methods is especially
transparent in the Ii-matrix formulation [8, 10] used in
this work. Eiowever, basically all theoretical formula-
tions that are not based on direct time integration of
t, he full IIamiltonian including the photon field, target,
and photon-electron interaction make use of the same
boundary conditions.

II. EXPERIMENT

In this work we present experimental 4s, 4p, and 3d
partial cross sections for the 95- to 260-eV photon en-

ergy region. The measurements were carried out us-

ing monochromated synchrotron radiation from the 24-
m spherical grating monochromator [11]at the beamline
3B of the 2.5-GeV storage ring at the Photon Factory.
The photoelectron spectra were measured with a spheri-
cal mirror-type electron analyzer at selected photon en-
ergies between 95 and 260 eV.

In order to convert the count rates associated with the
4p, 4s, and 3d main photoelectron lines to absolute par-
tial cross sections, a partition method was employed as
follows. First, the total absorption cross section, mea-
sured by Marr and West [12] was divided into two contri-
butions, (1) the single-excitation cross sections (related
to the main 4s, 4p, or 3d photoelectron lines) and (2) the
multiple-excitation cross sections (all other processes).
The sum of single-excitation cross sections (1) was ob-
tained by subtracting the total multiple-excitation cross
section (2), determined by using the photoion measure-
ments of Murakami ef al. [13] from the total absorp-
ton cross section [12]. The relative intensities of the 3d,
48, and 4p photoelectron lines were extracted from the
measured spectrum using a least-squares-fitting program.
After that the total single-excitation cross section was di-
vided into 4p, 48, and 3d subshell cross sections according
to their relative intensities.

The measured 48, 4p, and 3d cross sections are given
in Figs. 1—3, together with the present theoretical re-

suits and with earlier experimental data [14, 15]. Since
an earlier RPA calculation by Shanthi, Deshmukh, and
Manson [16]showed an anomalous maximum in the near-
threshold behavior of the 3d5~~-to-3d3~q branching ratio,
we have extracted this ratio from our experimental data
and compared it with our multichannel Dirac-Fock cal-
culation in Fig. 4.

III. THEORY' AND CALCULATIONS

The theoretical cross sections and angular asymmetry
parameters P were calculated using the MMCDF method
[7]. For comparison the cross sections were also calcu-
lated in the single-channel Dirac-Fock approximation us-

ing different ionic potentials for the final state. In the
calculations, including relaxation, the cross sections were
obtained using separately optimized single-configuration
initial and final bound states [17]. The continuum or-
bitals used in the multichannel or single-channel cross
sections were generated by keeping the bound final ionic
orbitals frozen. The Lagrangian multipliers were em-

ployed in all calculations to obtain a set of orthogonal
final-state orbitals. In the calculation of transition am-
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FIG. 1. The krypton 4p partial cross section and the as-
sociated asymmetry parameter P. The cross section is a sum
of fine-structure components corresponding to the 4p&g2 and

4@3/2 hole states and the P parameter represents the weighted
average of values obtained for these two components. The
fine-structure splitting of ionization energies has been ne-

glected. Theoretical cross sections: solid line, multichannel
calculation; dashed line, jj-average single-channel calcula-
tion; chain-dashed line, ASF single-channel calculation with
relaxation; chain-dotted line, ASF single-channel calculation
without relaxation; dotted line, RRPA results (Ref. [2]). The
small gaps in the multichannel cross sections and P parame-
ters at ionization thresholds cover the autoionizing-resonance
region, which is intentionally excluded in this calculation. Ex-
perimental data: solid circles, this work; open circles, previous
work [14]; triangles, Samson and Gardner [19].
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old for 4p and 4s subshell ionization and at the maximum
of the 3d subshell cross section. From a many-body point
of view these methods mainly differ at two points. Relax-
ation is included in our calculation but not in the RRPA,
whereas the ground-state and final-ionic-state correla-
tions are approximately included in the RRPA, in con-
trast to the present calculation.

The effect of relaxation is shown in Figs. 1—3 as a dif-
ference between the ASF partial cross sections calculated
with (chain-dashed line) and without (chain-dotted) re-
laxation. Relaxation does not inAuence the 4p and 4s
cross sections very much, whereas it reduces the 3d par-
tial cross section by about 35 —40%%uo at a photon energy of
160 eV, This reduction decreases as a function of photon
energy being 15%%uo at 330 eV.

Relaxation and interchannel interaction are not mutu-
ally independent many-body effects. Since our ASF cal-
culation neglects interchannel interactions, our estimate
of the relaxation effect may be inaccurate at, ionization
thresholds. For the Xe 5s partial cross section it has been
shown by Tulkki [7] that the relaxation effect can be very
large in the threshold region when the final-state chan-
nel interactions are included. In general the relaxation
tends to reduce the cross section, because in the calcula-
tion of transition amplitudes the one-electron dipole ma-
trix elements are multiplied by overlap factors smaller
than 1. In the threshold region the energy dependence of
the relaxation effect comes from the interference between
several partial amplitudes that contribute to the total
transition amplitude. At higher photon energies only the
principal amplitude, which in the case of 3d includes the

3d~~D(~t f(p) ) dipole matrix element multiplied by
an overlap factor, is preserved. This corresponds to the
sudden approximation limit [20] at which the multiple-
to single-excitation cross section ratio is constant. The
energy dependence of the relaxation effect in the single-
excitation cross section and the energy dependence of
the shakeup and shakeoff processes are governed by the
same kind of interference effects between partial many-
electron transition amplitudes. Therefore our results in-

dicate that there could be an essential energy dependence
in the 3d shake cross section of about 50—100 eV above
the 3d cross-section maximum, which is still below the
sudden limit. This may explain why the multichannel
3d cross section overtakes the experimental one at higher
photon energies. At the 3d cross-section maximum the
present multichannel cross section is clearly below our
experimental values.

As can be seen from Figs. 1—3, the inclusion of the
interchannel interaction tends to decrease the 3d cross
section, whereas the 4s and 4p cross sections increase
above the 3d threshold. Moreover, all our multichan-
nel cross sections are below experimental results at their
respective thresholds. The present calculation neglects
the interaction between the 4s and the double-hole
4p 4d; J =

2 configurations and therefore the calcu-
lated 4s cross section effectively represents the sum of
the 4s single-excitation and the corresponding correla-
t, ion satellite cross sections. According to a separate mul-

ticonfiguration Dirac-Fock calculation the intensity ratio
of the 4s correlation satellites (discrete or continuum) to

the main line is 1.0 at asymptotic energies.
It has been shown by Swanson and Armstrong [21]

that the krypton 4p cross section is strongly influenced
by initial-state correlations at threshold. Since these cor-
relations are excluded in the present calculation, the good
agreement between our theoretical ASF 4p cross sections
and experiment at 4p threshold may be an artifact result-
ing from excluding both the channel interactions and the
ground-state correlation. Our calculated 4s cross section
is very close to the RRPA result [2], except at threshold
where it is considerably lower.

The earlier photoelectron measurement of the 3d5~2 ..

3ds~~ branching ratio [22] was in pronounced disagree-
ment with theory [16]. In contrast to the RRPA result
[16], which exhibits a sharp rise and drop of the branch-
ing ratio, the measured ratio was almost constant, . In
order to verify the earlier results, we have redetermined
the branching ratio both experimentally and theoreti-
cally. The experimental 3d5~~ . 3d3~2 branching ratio
was determined both from the photoelectron lines and
the M~ 5N~ N2 3 P Auger electron lines. The branching
ratio remains almost constant in the 3d ionization region.
The experimental ratio increases slightly around 120 eV.
Due to the overlap of Auger and photoelectron lines an
error limit of 0.05 should be attributed to the experimen-
tal values around 120 eV, otherwise the accuracy is 0.02.
Our experimental and calculated branching ratios agree
rather well, and are also in agreement with previous ex-
perimental data.

The angular asymmetry parameter is less sensitive to
relaxation. Only in the case of 3d is there a larger ef-
fect in the near-threshold region, where our ASF cross
section excluding relaxation result is close to the RRPA
calculation [16], which does not account for relaxation
either. The multichannel 4p and 3d P parameters are in
excellent agreement with experiment. Note that the 4s
P parameter is close to the recent experimental data of
Derenbach and Schmidt [23]. In particular, the depth of
the dip near the "Cooper minimum" is in good agree-
ment with experimental values, in contrast to the RRPA
calculation [2]. However, it is obvious that the coupling
between channels related to 4s single-hole and 4p 24d
double-hole states will make this minimum more shallow
in analogy to the behavior of the xenon 5s asymmetry
parameter [7].

In conclusion, we have shown t, hat photoionization of
Kr 4p, 4s, and 3d electrons is strongly affected both by
interchannel interactions and relaxation. The relaxation
effect is especially prominent for the 3d partial cross sec-
tion and depends on the excitation energy up to a few
hundred eV above threshold, where the sudden approx-
imation becomes valid and relaxation leads to the re-
duction of the cross section by a constant factor. The
remaining discrepancies between experiment, and theory
are attributed to diKculties in obt, aining an accurate eval-
uation of satellite cross sections, and to the incomplete
treatment of correlation effects, in particular to the ex-
clusion of initial and final bound-state correlations and
coupling between single- and double-hole ionizat, ion chan-
nels. On the experimental side it would be particularly
useful to measure the dependence of the satellite cross
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lation of the amplitudes of 4s and 4p ionization chan-
nels an error is made due to the use of the 3d single-hole
ionic state. However, the corresponding electrostatic cor-
rection terms are included in the residual Hamiltonian,
which is later diagonalized in the multichannel continuum
space. This cancels very accurately the error included in
the calculation of single-channel states. This conclusion
was confirmed by auxiliary test calculations that showed
that the multichannel cross sections are very indepen-
dent on a particular valence-shell single-hole state that
was chosen to generate the continuum orbitals. This in-
dicates that all these orbital sets effectively define the
same function space.

The results of our most elaborate calculations includ-
ing both relaxation and final-state channel interaction are
represented by the solid line in Figs. 1—3. For compari-
son we have also included RRPA results of Johnson and
Cheng [2] and Shanthi, Deshmukh, and Manson [16] (dot-
ted line in Figs. 1—3, dashed line in Fig. 4). The krypton
4p, 4s, and 3d cross sections have also been calculated
by Amusia in the pioneering works on the RPA method
[4]. His nonrelativistic cross sections and P parameters
are rather close to the RRPA results. This shows that
the relativistic effect, which influences the results of the
present calculations, mainly via spin-orbit interaction, is
rather small.

IV. DISCUSSION

A. Experiment

Our present experimental Bd cross section agrees well

with the photoion spectroscopy result of Murakami ei al.

[13]. However, since the total multiple-excitation cross
section, which is used in the present work for the deter-
mination of the sum of single-excitation cross sections, is
obtained from the data of Murakami et at. [13], these two
measurements cannot be considered truly independent.

The present experimental cross sections deviate con-
siderably from our previous experimental cross sections
[14] and from the Bd cross section of Lindle et al. [15].
Note that our present data start just at the threshold
of the 3d 4p nl process. The difference in the exper-
imental cross sections evidently stems from differences
in the evaluation of multiple-excitation cross sections.
Since no experimental data for the shake cross section
(including shakeoff) were available at the time of previ-
ous works, Lindle et al [15] obviously ov. erestimated this
contribution. As a consequence they underestimated the
single-excitation cross sections. Since the sum of single-
excitation cross sections was set equal to the total ab-
sorption cross section in our previous work [14] we on
the other hand systematically overestimated the individ-
ual cross sections. The sum of the 4s and 4p single-
excitation cross sections is lower than the total multiple-
excitation cross section in the photon energy range of 120
to 260 eV [13], indicating that a precise determination of
the latter cross sections is necessary for an accurate de-
termination of the 3d, 4p, and 4s single-excitation cross
sections. From the ion yield cross sections of Murakami
e$ al. [13] we estimate the total shake contribution (in-

eluding both shakeup and shakeoff) to be 27% of the Bd
cross section at a photon energy of 170 eV. This figure
involves the assumption that all shakeup processes lead
to triply ionized ions. Therefore 27% should be taken as
a lower limit for the contribution of all shake processes.
Murakami et at. [13] determined the shake cross section
up to 210 eV. In this work we have used the same con-
stant value for photon energies up to 260 eV. In the x-ray
excited Bd photoelectron spectrum [18] the shakeup con-
tribution was observed to be 8% of the Bd main line.

In the present experiment the 4p cross section was
found to be about 5'%%uo and the 4s cross section about
1'%%uo of the 3d cross section at a photon energy of 170 eV.
The inaccuracy in the branching ratio of the 3d, 4s, and
4p cross sections, arising from the spectrometer transmis-
sion and subtraction of the Auger lines from the photo-
electron lines in the region where they partly overlap, is
at least of the order of 1% of the 3d cross section. This
is of the same order of magnitude as the 4s cross section
itself. Therefore our previous and present measurements
of branching ratios of single-excitation cross sections are
in agreement with each other within these error limits.

We have made use of the total absorption cross section
of Marr and West [12] when converting the relative cross
sections to absolute ones. Murakami ef al. [13] also nor-
malized their total cross section to that of Marr and West
[12] in the photon energy range of 120 to 200 eV. Below
the Bd threshold, Murakami et al. [13],however, obtained
0.465 Mb for the total cross section, which is clearly lower
than the value of 0.605 Mb reported by Marr and West
[12]. This discrepancy indicates that there is still an es-
sential uncertainty in the experimental cross section that
should be kept in mind when comparing experiment with
theory.

Between the 4p and 3d thresholds there are only pre-
vious results available [14, 19]. Our previous results [14]
were obtained by partitioning the total absorption cross
section in accordance with the ratio of intensities of the
4p and 48 photoelectron lines without subtracting the
satellite contribution. The total multiple-excitation cross
section is, however, significantly large also in this photon
energy range. The x-ray excited spectrum [18] yields a
branching ratio of 0.5 between the 48 correlation satel-
lites (excluding satellite processes leading to double ion-
ization) and the main line. From the ratio of yields of
doubly and singly charged ions below the 3d threshold
Murakami et al [13] estim. ated that the total multiple-
excitation cross section is at least 72% of the sum of
the 4p and 4s subshell cross sections. This explains, in
analogy to the 3d case, why our previous valence-shell
single-excitation cross sections exceed the theoretical val-
ues [14].

B. Theory and comparison

Our theoretical multichannel cross sections and P pa-
rameters are in moderate overall agreement both with
the experiment and with RRPA calculations of Shan-
thi, Desmukh, and Manson [16] and Johnson and Cheng
[2]. Significant discrepancies between the MMCDF and
RRPA cross sections can, however, be found near thresh-
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old for 4p and 4s subshell ionization and at the maximum
of the 3d subshell cross section. From a many-body point
of view these methods mainly differ at two points. Relax-
ation is included in our calculation but not in the RRPA,
whereas the ground-state and final-ionic-state correla-
tions are approximately included in the RRPA, in con-
trast to the present calculation.

The effect of relaxation is shown in Figs. 1—3 as a dif-
ference between the ASF partial cross sections calculated
with (chain-dashed line) and without (chain-dotted) re-
laxation. Relaxation does not, influence the 4p and 48
cross sections very much, whereas it reduces the 3d par-
tial cross section by about 35—40'%%uo at a photon energy of
160 eV, This reduction decreases as a function of photon
energy being 15' at 330 eV.

Relaxation and interchannel interaction are not mutu-
ally independent many-body effects. Since our ASF cal-
culation neglects interchannel interactions, our estimate
of the relaxation effect may be inaccurate at ionization
thresholds. For the Xe 5s partial cross section it has been
shown by Tulkki [7] that the relaxation effect can be very
large in the threshold region when the final-state chan-
nel interactions are included. In general the relaxation
tends to reduce the cross section, because in the calcula-
tion of transition amplitudes the one-electron dipole ma-
trix elements are multiplied by overlap factors smaller
than 1. In the threshold region the energy dependence of
the relaxation effect comes from the interference between
several partial amplitudes that contribute to the total
transition amplitude. At higher photon energies only the
principal amplitude, which in the case of 3d includes the

3d~~D(~of(p) ) dipole matrix element multiplied by
an overlap factor, is preserved. This corresponds to the
sudden approximation limit [20] at which the multiple-
to single-excitation cross section ratio is constant. The
energy dependence of the relaxation effect in the single-
excitation cross section and the energy dependence of
the shakeup and shakeoff processes are governed by the
same kind of interference effects between partial many-
electron transition amplitudes. Therefore our results in-
dicate that there could be an essential energy dependence
in the 3d shake cross section of about 50—100 eV above
the 3d cross-section maximum, which is still below the
sudden limit. This may explain why the multichannel
3d cross section overtakes the experimental one at higher
photon energies. At the 3d cross-section maximum the
present multichannel cross section is clearly below our
experimental values.

As can be seen from Figs. 1—3, the inclusion of the
interchannel interaction tends to decrease the 3d cross
section, whereas the 4s and 4p cross sections increase
above the 3d threshold. Moreover, all our multichan-
nel cross sections are below experimental results at their
r.espective thresholds. The present calculation neglects
the interaction between the 4s and the double-hole
4p 4d; J =

2 configurations and therefore the calcu-
lated 4s cross section effectively represents the sum of
the 4s single-excitation and the corresponding correla-
tion satellite cross sections. According to a separate mul-

ticonfiguration Dirac-Fock calculation the intensity ratio
of the 4s correlation satellites (discrete or continuum) to

the main line is 1.0 at asymptotic energies.
It has been shown by Swanson and Arnmtrong [21]

that the krypton 4p cross section is strongly influenced
by initial-state correlations at threshold. Since these cor-
relations are excluded in the present calculation, the good
agreement between our theoretical ASF 4p cross sections
and experiment at 4p threshold may be an artifact result-
ing from excluding both the channel interactions and the
ground-state correlation. Our calculated 4s cross section
is very close to the RRPA result [2], except at threshold
where it is considerably lower.

The earlier photoelectron measurement of the 3d5~2 .

3ds~2 branching ratio [22] was in pronounced disagree-
ment with theory [16]. In contrast to the RRPA result
[16], which exhibits a sharp rise and drop of the branch-
ing ratio, the measured ratio was almost constant, . In
order to verify the earlier results, we have redetermined
the branching ratio both experimentally and theoreti-
cally. The experimental 3d5~2 . 3d3~2 branching ratio
was determined both from the photoelectron lines and
the M4 5N~N2 3 P Auger electron lines. The branching
ratio remains almost constant in the 3d ionization region.
The experimental ratio increases slightly around 120 eV.
Due to the overlap of Auger and photoelectron lines an
error limit of 0.05 should be attributed to the experimen-
tal values around 120 eV, otherwise the accuracy is 0.02.
Our experimental and calculated branching ratios agree
rather well, and are also in agreement with previous ex-
perimental data.

The angular asymmetry parameter is less sensitive to
relaxation. Only in the case of 3d is there a larger ef-
fect in the near-threshold region, where our ASF cross
section excluding relaxation result is close to the RRPA
calculation [16], which does not account for relaxation
either. The multichannel 4p and 3d P parameters are in
excellent agreement with experiment. Note that the 4s
P parameter is close to the recent experimental data of
Derenbach and Schmidt [23]. In particular, the depth of
the dip near the "Cooper minimum" is in good agree-
ment with experimental values, in contrast to the RRPA
calculation [2]. However, it is obvious that the coupling
between channels related to 48 single-hole and 4p ~4d
double-hole states will make this minimum more shallow
in analogy to the behavior of the xenon 5s asymmetry
parameter [7].

In conclusion, we have shown that photoionization of
Kr 4p, 48, and 3d electrons is strongly affected both by
interchannel interactions and relaxation. The relaxation
effect is especially prominent for the 3d partial cross sec-
tion and depends on the excitation energy up to a few
hundred eV above threshold, where the sudden approx-
imation becomes valid and relaxation leads to the re-
duction of the cross section by a constant factor. The
remaining discrepancies between experiment, and theory
are attributed to difficulties in obtaining an accurate eval-
uation of satellite cross sections, and to the incomplete
treatment of correlat, ion effects, in particular to the ex-
clusion of initial and final bound-state correlations and
coupling between single- and double-hole ionization chan-
nels. On the experimental side it would be particularly
useful to measure the dependence of the satellite cross
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sections on the photon energy in the near-threshold re-
gions.
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