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Decay of the Ar 2sÀ1 and 2pÀ1 and Kr 3 pÀ1 and 3dÀ1 hole states studied
by photoelectron-ion coincidence spectroscopy

S. Brünken,* Ch. Gerth,† B. Kanngießer, T. Luhmann,‡ M. Richter,§ and P. Zimmermann
Institut für Atomare Physik und Fachdidaktik, Technische Universita¨t Berlin, Hardenbergstraße 36, D-10623 Berlin, Germany

~Received 11 October 2001; published 21 March 2002!

The decay channels of the Ar 2s21 and 2p21 and Kr 3p21 and 3d21 electronic hole states have been
investigated by means of photoelectron-photoion coincidence measurements following innershell ionization
using synchrotron radiation. With the method of final ion-charge resolving electron spectroscopy it has become
possible to disentangle different contributions to the electron spectrum and to determine the decay probabilities
P(nl21→n1) of the above-mentioned hole states (nl21) to the final ionic charge statesn1. A high corre-
lation with threefold or even fourfold charged ions has been found in all cases. Possible decay routes, via
cascade or direct double Auger processes, are discussed on the basis of energy-level schemes calculated with
the Hartree-Fock method. Special emphasis is laid on the examination of the Kr 3p21 decay process, where the
two fine-structure components (j 51/2,3/2) exhibit noticeably different decay probabilities to Kr31 and Kr41

final ionic charge states.
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I. INTRODUCTION

The decay of inner-shell hole states in the sub-keV reg
is dominated by Auger transitions involving the emission
electrons with element-specific, discrete kinetic energ
Auger-electron spectroscopy, therefore, has been establi
as a standard analytical method@1# as well as a method fo
the investigation of inner-shell hole states. The creation o
inner-shell hole state in a many-electron atom is followed
a multistep cascade process, in which vacancies are tr
ferred via different decay channels to the outer shells. He
for the investigation of the decay of inner-shell hole sta
one has to take into account additional decay channels,
radiative transitions or double Auger decay involving t
multiple emission of electrons with continuous energy dis
butions. A complex situation is thus created where elect
spectroscopy alone is of limited use. Coincidence techniq
provide a way to select a subset of possible transitions
order to disentangle these complex decay routes.

The photoelectron-ion coincidence technique with ener
analyzed electrons has proven to be a powerful tool for
investigation of different decay routes following inner-sh
photoionization@2–7#. The initial ionic state is marked in a
photoelectron-ion coincidence experiment by the ene
measurement of the emitted photoelectron. The subseq
measurement of the charge state of the coincident ion
reveals the final ionic charge state of the decay route.
different ionic charge states are correlated to different de
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routes. No increase in the charge state with respect to
initial ionic state implies radiative transitions; any increase
the charge state is connected with the corresponding num
of emitted Auger electrons. This way, the photoelectron-
coincidence method relates information about the initial st
obtained by electron spectroscopy to information about
final ionic charge state obtained by ion spectroscopy.

In this paper, we report on electron-ion coincidence m
surements investigating the decay of the Ar 2s21 and 2p21

and Kr 3p21 and 3d21 hole states. Special emphasis is la
on the decay routes connected with 31 and 41 charged
final ionic states, i.e., multistep and direct double Auger
cays.

II. EXPERIMENT

A. Principle setup

The experiments were carried out at the electron stor
ring BESSY I in Berlin, Germany. Monochromatic synchr
tron radiation was provided by the toroidal grating mon
chromators HE-TGM 2 and TGM 3 for the photoionizatio
of Ar and Kr.

Electrons emitted in the photoionization process are a
lyzed according to their kinetic energy by a cylindrical m
ror analyzer. These electrons serve as start signals for t
of-flight ~TOF! measurements of ions, in which the ions a
separated by their mass-to-charge ratio. Photoions that
duce stop signals in the TOF measurements are denote
coincidence signals and registered in the coincidence s
trum. A full account of our experimental setup can be fou
in Ref. @6#.

B. Coincidence measurements

The relative intensities of the different ion species in
coincidence spectrum do not represent directly the corr
tion probabilitiesp(e,n1), i.e., the probabilities for the cor
relation of n-fold charged photoions to electrons of the s
lected kinetic energye. The following distortion effects have
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S. BRÜNKEN et al. PHYSICAL REVIEW A 65 042708
to be taken into account for the determination of the cor
lation probabilities:~i! the occurrence of false starts and fal
coincidences,~ii ! the dead time in the coincidence sign
registration,~iii ! the finite transmission of the TOF spectrom
eter, and~iv! the detection efficiency of the ion detector.
order to deduce the true coincidences from a coincide
spectrum, the distribution of false coincidences is measu
in a reference spectrum under the same experimental co
tions, where the start signals are generated periodically
pulser with the identical start rate as in the coincidence m
surement. The spectrum of true coincidences is then ca
lated from both the coincidence and reference spect
whereby the above-mentioned distortion effects are ta
into account; this evaluation procedure is described in de
in Ref. @8#. The transmission and detection efficiencies of
TOF spectrometer are mainly dependent on the ionic cha
state leading to a discrimination of ions with a lower char
state. In order to correct the coincidence spectra for th
detection distortions, the ratios of the different ion cha
states were determined from the reference spectra and
pared to those found in the literature@9,10# measured at the
identical photon energy. The resulting correction fact
were applied to the ratios of the respective ionic charge st
measured in the coincidence spectra.

C. FIRE spectroscopy

The main goal of a photoelectron-ion coincidence m
surement is the determination of the probabilitiesP(nl21

→n1) for the decay of an inner-shell hole statenl21 into
the different final ionic charge statesn1. Due to photoion-
ization processes causing a continuous distribution in
electron spectra, e.g., direct double photoionization or di
double Auger decay, the correlation probabilitiesp(e,n1),
measured at a kinetic energye of a specific photoelectron
line, in general, deviate from the decay probabiliti
P(nl21→n1) of the corresponding core hole statenl21.
Various photoionization processes have been disentangle
the electron spectrum of Ar and Kr with our method of fin
ion-charge resolving electron~FIRE! spectroscopy. FIRE
spectroscopy is an extended form of photoelectron-ion c
cidence spectroscopy, where coincidence measurement
carried out for a complete electron spectrum, i.e., meas
ments are also performed in the energy regions between
photoelectron lines.

To demonstrate the capability of FIRE spectroscopy
have chosen the relatively weak Ar 2s photoelectron line
@0.25~10! Mb at 360 eV@11##, which is superimposed on
comparably large background of a continuous electron dis
bution. The upper part of Fig. 1 shows the 2s photoelectron
spectrum of Ar recorded at a photon energy of 360 eV. Ba
ground in the electron spectrum that does not originate fr
Ar photoionization processes has been subtracted. The
sults of the coincidence measurements are presented in
lower part of Fig. 1: the correlation probabilitiesp(e,n1)
for the final ionic charge states 11 to 41 in the energy
range 20 eV<e<40 eV. For each coincidence measur
ment at kinetic energye, the sum(n51

4 p(e,n1) is normal-
ized to 1. As a first result, the electrons in the vicinity of t
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2s emission are mainly correlated to doubly and trip
charged ions, i.e., Ar21 and Ar31. However, the correlation
probabilitiesp(e,21) andp(e,31) in the vicinity of the 2s
photoelectron line differ drastically from those of the ad
cent continuous electron distribution. Since the 2s line is
superimposed on this continuous distribution, electrons or
nating from photoionization processes that result in t
background contribute significantly to the correlation pro
abilities measured at kinetic energies of the 2s line. Hence,
for an accurate analysis of the decay probabilitiesP(2s21

→n1), this contribution of the continuous electron distrib
tion to the correlation probabilities has to be subtracted.

With the aid of the correlation probabilities obtained fro
the coincidence measurements, the electron spectrum ca
decomposed into parts that are correlated to photoioniza
processes ending up in a certain final ionic charge state. S
a final ion-charge resolved electron spectrum@FIRE(n1)
spectrum# can be produced by multiplying the correlatio
probabilitiesp(e,n1) for a certain charge staten1 at each
kinetic energye with the corresponding signal intensity o
the photoelectron spectrum. The FIRE(n1) spectra for the
charge states 11 to 41 in the region of the 2s photoelectron
line have been determined by applying this method and
shown in the lower part of Fig. 2~dots with error bars!. The
solid lines represent the results of fits with Voigt profiles. T
upper part of Fig. 2 depicts the 2s photoelectron spectrum
with its decomposition into the different FIRE(n1) spectra
represented by gray areas, whereby each gray shade c
sponds to one charge state as shown in the lower part. Du

FIG. 1. Top: 2s photoelectron spectrum of Ar recorded at
photon energy of 360 eV. Bottom: correlation probabilitiesp(e,
n1) for the final ion-charge states Ar11 to Ar41 measured at ki-
netic energiese.
8-2
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DECAY OF THE Ar 2s21 AND 2p21 AND Kr 3 p21 . . . PHYSICAL REVIEW A 65 042708
the normalization relation of the correlation probabilities, t
sum of all FIRE(n1) spectra amounts to the original ele
tron spectrum. The decay probabilitiesP(2s21→n1) for
the 2s21 core hole have been calculated from the areas
the corresponding Voigt profiles in the FIRE(n1) spectra
and the results have been included in Fig. 2~in percent!. By
means of this procedure, the 2s photoionization process ha
been separated from processes leading to a continuous
tron distribution, and an accurate determination of the de
probabilities became possible. A detailed description of
photoelectron-ion coincidence method and the generatio
FIRE spectra can be found in Ref.@6#.

III. RESULTS AND DISCUSSION

The method of FIRE spectroscopy has been applied
study the decay probabilities for each fine-structure com
nent of the Ar 2s21 and 2p21 and Kr 3p21 and 3d21 hole
states.

A. Argon 2sÀ1 and 2pÀ1

Let us first concentrate on the decay of the Ar 2s21 hole
state. As described in detail above, the upper part of Fig
shows the 2s photoelectron spectrum of Ar together with i
decomposition into the various FIRE(n1) spectra. The
lower part of Fig. 2 presents the FIRE(n1) spectra for the
final charge states 11 to 41 as well as the decay probabil
ties P(2s21→n1) determined from the FIRE(n1) spectra.
As can be seen from the decay probabilities, the 2s21 hole

FIG. 2. Top: 2s photoelectron spectrum of Ar recorded at
photon energy of 360 eV. Bottom: FIRE(n1) spectra of the charge
states Ar11 to Ar41 ~note the change of scale!.
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state decays predominantly with 89~3!% into Ar31 final
states. The probability for the decay into Ar41 final states is
10~2!%. The FIRE(21) spectrum reveals a nearly continu
ous intensity distribution that can be related to direct dou
photoionization processes, and the decay probab
P(2s21→21) amounts to only 1~4!%. As expected for
shallow inner shells, the fluorescent decay connected w
Ar11 final states is negligible. A verification of the theore
cal prediction for theL-shell fluorescence yield of 0.147%
@12# is limited due to the statistical error of the measur
valueP(2s21→11)50(2)%. The 2s21 hole state is ener-
getically allowed to decay into Ar11 up to Ar61 final ionic
states. However, signals of Ar51 and Ar61 ions were not
observed in the ion spectrum and, hence, decay routes
these final ionic states can be neglected and are not discu
further.

The 2p photoelectron spectrum and the correspond
FIRE(n1) spectra are shown in Fig. 3. The photon ener
was tuned to 280 eV in order to resolve the fine-struct
splitting into the 2p1/2

21 and 2p3/2
21 states. From the deca

probabilities included in the lower part of Fig. 3, it can b
concluded that transitions into Ar21 final states dominate the
decay of the 2p21 hole states. The values for both fine
structure states are quite similar. The probability of the 2p3/2

21

state for the decay into Ar31 final states of 12.5~4!% is
slightly smaller than the value of 13.4~5!% for the 2p1/2

21 state
at higher ionization energies. A small probabilityP(2p21

→41)50.3(1)% wasfound for the decay into Ar41 final

FIG. 3. Top: 2p photoelectron spectrum of Ar recorded at
photon energy of 278 eV. Bottom: FIRE(n1) spectra of the charge
states Ar11 to Ar41 ~note the change of scale!.
8-3
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S. BRÜNKEN et al. PHYSICAL REVIEW A 65 042708
states. As in the case of the 2s21 hole state, radiative deca
of the 2p21 states into Ar11 final states is negligible. Again
the upper limits of the measured decay probabilities
0.4%60.4%(2p1/2

21) and 0.5%60.4% (2p3/2
21) due to the

statistical error are much larger than the theoretical pre
tion @12#. The measured decay probabilitiesP(2s21→n1)
andP(2p21→n1) of Ar are summarized in Table I.

For the interpretation of the decay probabilities, sing
configuration Hartree-Fock~SC-HF! calculations for various
energy levels of Ar11 to Ar41 in the energy range 0–350 e
were carried out with the use of theCOWAN code@13#. The
energy-level scheme shown in Fig. 4 summarizes the res
and represents a simplified picture of the states relevan
the decay of the 2s21 and 2p21 hole states. Arrows indicate
main decay routes.

From the energy-level scheme in Fig. 4, it can be seen
the main decay routes of the 2s21 hole state are cascad
transitions to Ar31 final states: Ar112s21

→Ar212p21(3s,3p)21→Ar31(3s,3p)23. Here, the nota-
tion (n1l 1 ,n2l 2)2x includes all possible combinations ofx
hole states in the subshellsn1l 1 andn2l 2, e.g., the expression
(3s,3p)23 comprises the hole states 3s223p21,3s213p22,
and 3p23. This two-step decay gives rise to discrete Aug
lines in the electron spectrum. TheL1L2,3M Auger lines

TABLE I. Decay probabilitiesP(2s21→n1) and P(2pj
21

→n1) of Ar. Values are given in percent~%!.

Final ionic charge state
Hole state 11 21 31 41

2s21 0~2! 1~4! 89~3! 10~2!

2p1/2
21 0.4~4! 85.8~6! 13.4~5! 0.3~1!

2p3/2
21 0.5~4! 86.6~5! 12.5~4! 0.3~1!

FIG. 4. Energy-level scheme of Ar calculated with the H
method in single-configuration approximation. Energy positions
the Ar21 3s22, 3s213p21, and 3p22 levels have been derive
from Ref. @16#.
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stemming from the first step of the decay occur at kine
energies between 28 eV and 50 eV@14#. This Auger decay
mainly determines the natural width of the 2s photoelectron
line of 2.25~5! eV @15#. The L2,3M -MM Auger lines of the
second step are superimposed on theL2,3MM Auger lines
resulting from the decay of the 2p21 hole states. These Au
ger lines have been studied intensely by electron spect
copy @16,17# and by electron-ion coincidence spectrosco
after K-shell ionization@18,19#.

Due to the large overlap of 2s and 2p wave functions in
the L shell, the transition probabilities of the Auger dec
Ar112s21→Ar212p21(3s,3p)21 as the first step of the cas
cade transitions are apparently much larger than those o
Auger transitions creating two holes in theM shell
Ar112s21→Ar21(3s,3p)22. The latter transitions are con
nected with the production of Ar21 final states and would
show up as Ar21 signals. From the small decay probabili
P(2s21→21)51(4)%, it can beconcluded that these tran
sitions contribute only weakly to the decay of the 2s21 hole
state.

It is interesting to consider the decay routes that are c
nected with the production of Ar41. From the energy-leve
scheme in Fig. 4 one can deduce that one possible de
route corresponds to cascade transitions for which the
step Ar112s21→Ar212p21(3s,3p)21 is the same as for the
main decay into Ar31 final states. However, the second st
of the decay Ar212p21(3s,3p)21→Ar31(3s,3p)24nl com-
prises Auger decays with an additional shake up leading
Ar313s213p23nl or Ar313s223p22nl states that subse
quently decay to Ar413p24 or 3s213p23. Another possibil-
ity for the production of Ar41 are direct double Auger
~DDA! transitions in the second step of the cascade suc
Ar212p21(3s,3p)21→Ar41(3s,3p)24.

The 2p1/2
21 and 2p3/2

21 states decay predominantly vi
L2,3MM Auger transitions Ar112p21→Ar21(3s,3p)22

leading to Ar21 final ionic states. The decay into Ar31 final
ionic states can be explained by cascade transitions via in
mediate shake-up states Ar112p21→Ar21(3s,3p)23nl
→Ar31(3s,3p)23 or by direct double Auger deca
Ar112p21→Ar31(3s,3p)23.

The only calculation on the decay of the Ar 2s21 and
2p21 hole states we found in the literature has been p
formed by Kochuret al. @20#, who applied a straightforward
HF model to construct deexcitation trees following the c
ation of the hole states. As the authors already pointed
for the shallow hole states, the calculations underestimate
decay probabilities for the ions with higher charge sta
(Ar31 and Ar41). Deviations from the measured values a
most pronounced for the decay probability of the 2p21 hole
state: the measured mean value ofP(2p21→31)513%
cannot be reproduced by the calculation, which yields
value of 0.8%.

B. Krypton 3 pÀ1 and 3dÀ1

In the following we discuss the decay of the Kr 3p21 and
3d21 hole states. The 3p and 3d photoelectron and
FIRE(n1) spectra are shown in Figs. 5 and 6, respective
As in the case of the Ar 2s21 and 2p21 hole states, radiative

f
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decay of the 3p21 and 3d21 hole states into Kr11 final ionic
charge states has been found to be negligible (,1%). In
order to reduce the statistical error for the charge states o
than 11, Kr11 has been omitted from the final evaluatio
procedure, and the FIRE(11) spectra are not shown. For th
3p21 hole states, the decay into Kr51 and Kr61 is energeti-
cally allowed but has also been found to be negligi
(,0.1%) and is not discussed further. The decay proba
ties P(3dj

21→n1) and P(3pj
21→n1) of each fine-

structure component, determined from the areas of the V
profiles, have been included in Figs. 5 and 6 and are s
marized in Table II.

The 3p spectrum of Fig. 5 was recorded at a photon e
ergy of 284 eV, i.e., well above the 3p ionization energies of
214.6 eV (3p3/2

21) and 221.8 eV (3p1/2
21) @21#. The most strik-

ing feature of the 3p FIRE(31) and FIRE(41) spectra is
the remarkable difference of the relative intensities for
3p1/2

21 and 3p3/2
21 fine-structure states. As a result, the dec

probability P(3p1/2
21→41)544(7)% isconsiderably larger

than P(3p3/2
21→41)523(3)%.Consequently, the probabil

ity for the decay into Kr31 final ionic states also differs
significantly: 55~8!% for 3p1/2

21 and 72~5!% for 3p3/2
21 . Decay

routes leading to Kr21 final ionic states occur with a prob
ability less than 10% within the error limit. For the 3d spec-
trum, the photon energy was tuned to 116 eV. The 3d3/2

21 and
3d5/2

21 hole states decay predominantly into Kr21 final ionic
states with about 70% probability. The probability for th
decay into Kr31 final ionic states is about 30% for bot
fine-structure states.

FIG. 5. Top: 3p photoelectron spectrum of Kr recorded at
photon energy of 283 eV. Bottom: FIRE(n1) spectra of the charge
states Kr21 to Kr41 ~note the change of scale!.
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For the discussion of possible decay routes, we perform
SC-HF calculations with theCOWAN code @13# for the rel-
evant energy levels of Kr11 to Kr41. Figure 7 gives a sim-
plified picture of the level scheme for ionization energies
the range 0–240 eV. Arrows indicate main decay routes.

In comparison to the energy-level scheme of Ar, the le
structure of Kr shown in Fig. 7 exhibits distinct difference
that manifest themselves in the different experimental res
for the Ar and Kr FIRE(n1) spectra with respect to th
higher charge states. These differences are the greater a
dance of levels associated with the extra 3d shell in krypton
and correlation effects of the hole states with relevant lev
of the next higher charge state. This is most obvious for
Ar11 2p21 states and the analogous Kr11 3p21 states. The
latter overlap considerably with the nearby Kr21 3d22

states, giving rise to strong correlation effects. These str
correlations between these states and their influence on

FIG. 6. Top: 3d photoelectron spectrum of Kr recorded at
photon energy of 115.2 eV. Bottom: FIRE(n1) spectra of the
charge states Kr21 and Kr31 ~note the change of scale!.

TABLE II. Decay probabilitiesP(3pj
21→n1) and P(3dj

21

→n1) of Kr. Values are given in percent~%!.

Final ionic charge state
Hole state 11 21 31 41

3p1/2
21 ,1 1~9! 55~8! 44~7!

3p3/2
21 ,1 5~5! 72~5! 23~3!

3d3/2
21 ,1 69~1! 31~1!

3d5/2
21 ,1 71~1! 29~1!
8-5
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3p photoelectron spectrum have been observed experim
tally by Svenssonet al. @22,23# and discussed theoreticall
by Ohno and Wendin@24#. Due to the large overlap of the 3p
and 3d wave functions there are strong super-Coster-Kro
~SCK! transitions Kr113p21→Kr213d22. The subsequen
cascade transitions Kr213d22→Kr313d21(4s,4p)22

→Kr41(4s,4p)24 are responsible for the relatively larg
number of decays ending up in Kr41 final ionic states. Due
to the relatively large spin-orbit splitting of the fine-structu
components 3p1/2

21 and 3p3/2
21 that amounts to 8 eV, a large

number of energetically allowed 3p-3d3d SCK transitions
are available for the 3p1/2

21 state. This may explain the sig
nificantly larger decay probabilityP(3p1/2

21→41) of 44~7!%
for the 3p1/2

21 state compared to 23~3!% for the 3p3/2
21 state.

Various decay routes into Kr31 final ionic states are availabl
for the 3p21 states. Here, the two-step decays v
Kr113p21→Kr213d21(4s,4p)21→Kr31(4s,4p)23 seem
to be the most favorable decay channels that lead to de
probabilities of 72~5!% for the 3p3/2

21 state and 55~8!% for
the the 3p1/2

21 state. As regards the decay probabil
P(3p21→21), Auger decays into (4s,4p)22 final states are
negligible.

The 3d3/2
21 and 3d5/2

21 states decay predominantly by abo
70% into Kr21 final ionic states, most likely by Auger deca
into the final states 4s214p21 and 4p22. This is corrobo-
rated by the high intensity of the correspondingM4,5NN Au-
ger lines@25,26# in the electron spectrun. In contrast to th
Ar112p21→3s22 transitions leading to Ar21 final ionic
states, the Kr 4s22 states are located above the 31 threshold
and, thus, the 3d21→4s22 transitions decay further in a
subsequent step into Kr31 final ionic states. The decay prob
abilities P(3d3/2

21→31)531(1)% and P(3d5/2
21→31)

529(1)% for thedouble Auger decay deviate from earli
results that were also obtained in a photoelectron-ion coi

FIG. 7. Energy-level scheme of Kr calculated with the H
method in single-configuration approximation. Energy positions
Kr21 4s22, 4s214p21, and 4p22 levels have been derived from
Ref. @25#.
04270
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dence experiment performed by Shigemasaet al. @2#. They
reported on an intensity ratio for Kr31 to Kr21 of 0.330~5!
when measured in coincidence with 3d electrons, which cor-
responds to a decay probabilityP(3d21→31)524.8(3)%.
This value is smaller than our mean valueP(3d21→31)
530(1)%, taking into account the branching ratio o
3d5/2

21 :3d3/2
2151.55:1 @27#.

No theoretical predictions have been reported in the
erature. As in the case of Ar, there only exist HF calculatio
by Kochuret al. @20# that do not predict satisfying results fo
shallow hole states. The calculated probabilities for the
cay of the 3d21 hole states into Kr31 final ionic states
amount only to 1.2% and for the decay of both fine-struct
components 3p1/2

21 and 3p3/2
21 into Kr41 final ionic states only

to 3%.

IV. SUMMARY

The decay of the Ar 2p21 and 2s21 and the Kr 3d21 and
3p21 hole states has been investigated by means
photoelectron-ion coincidence spectroscopy and possible
cay routes have been discussed on the basis of energy-
schemes calculated with the SC-HF method. By applying
method of FIRE spectroscopy we have been able to sepa
discrete and continuous photoionization processes in
electron spectrum and to determine the probabilities for
decay of the above-mentioned hole states into the var
final ionic charge states. It has been demonstrated that F
spectroscopy may be applied successfully to extremely w
photoelectron lines such as the Ar 2s line even when super
imposed on a comparably large background of continu
processes.

Fluorescence decay is negligible for all investigated h
states and the electronic decay is by far the most domin
process. A high correlation with threefold or even fourfo
charged ions has been found for all hole states. Double
ger decay into 31 final ionic states contributes considerab
to the decay process of the Ar 2p21 ~13%! and Kr 3d21

~30%! hole states. The Ar 2s21 hole state and the Kr 3p21

hole states decay mainly into 31 final ionic states. The de
cay probabilities of the fine-structure components of
3p21 hole states were found to show remarkable differenc
This could be explained by the considerable overlap of th
states with the Kr21 3d22 levels, which open intense deca
channels to Kr41 final ionic states. Hence, the probability fo
the decay into Kr41 final ionic states increases drastically f
the 3p1/2

21 state at higher ionization energies. Theoretical p
dictions @20# strongly underestimate the decay into high
charged ions for shallow hole states. Hence, there is a
stantial need for more elaborate calculations for the p
cesses involved in the decay into higher charge states.
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