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High-resolution study of the Kb2 x-ray spectra of mid-Z atoms bombarded
with 20-MeVÕamu 12C ions

J. Rzadkiewicz,* D. Chmielewska, and Z. Sujkowski
The Andrzej Sołtan Institute for Nuclear Studies, 05-400 S´wierk, Poland

J.-Cl. Dousse, D. Castella, D. Corminboeuf, J. Hoszowska,† and P.-A. Raboud
Physics Department, University of Fribourg, CH-1700 Fribourg, Switzerland

M. Polasik and K. Słabkowska
Faculty of Chemistry, Nicholas Copernicus University, 87-100 Torun´, Poland

M. Pajek
Institute of Physics, Akademia S´wietokrzyska, 25-405 Kielce, Poland

~Received 24 April 2003; published 16 September 2003!

The Kb2 x-ray spectra of zirconium, niobium, molybdenum, and palladium targets bombarded with 20.8-
MeV/amu 12C ions were measured with a high-resolution transmission-type bent crystal spectrometer. Well
resolvedM1 and M2 satellite lines were observed. AverageM-shell and 3s,p- and 3d-subshell ionization
probabilities for nearly central collisions were deduced. These values are compared with theoretical predictions
from the semiclassical approximation using hydrogenlike and Dirac-Hartree-Fock wave functions. The experi-
mental energy shifts of theKb2 Mm51,2 satellite lines are compared with values obtained from extensive
multiconfiguration Dirac-Fock calculations.
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I. INTRODUCTION

In the past years the phenomenon of ionization of in
and outer~sub!shells by charged particles has been a sub
of intensive studies in both basic@1# and applied physics
@2–4#. The study of multiple ionization provides rich an
valuable information on the ionization mechanisms and e
tronic structures of multiple-vacancy states in atoms, as w
as on the various electronic relaxation processes@5#. Results
of ionization studies can also be used to probe the good
and accuracy of theoretical models such as, the multiconfi
ration Dirac-Fock~MCDF! @6#, the plane-wave Born ap
proximation@7#, and the semiclassical approximation~SCA!
@8#. In general, results of inner- and outer-shell ionizati
studies are useful in many disciplines, such as trace elem
analysis, ion implantation, plasma diagnostics, astrophys
solid-state physics, atmospheric physics, x-ray lasers,
nuclear physics.

Regarding theM shell which is of interest in the presen
paper, it has to be mentioned that a precise knowledg
M-shell ionization probabilities is needed for a correct det
mination of the energies and relative intensities ofK x-ray
lines that are characterized by unresolvedM satellite struc-
tures. From the known ionization probabilities, the yields
the unresolvedM satellites can indeed be determined a
used as fixed parameters in the fitting procedure from wh
more precise transition energies and intensities can the
obtained. For instance, the difficulty related to unresolvedM
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satellites is encountered in measurements concerning the
termination of the energy differences between hypersate
and diagramKa1,2 lines@9#. A precise determination of thes
energy differences yields new information on the QED
fects in electron-electron interaction. This provides an imp
tant input for the development of theoretical structure cal
lations.

The structure of a multiply ionized atom is much mo
complicated than that of a neutral or singly charged one
to many possible configurations, which depend on the nu
ber of electrons ejected from different orbitals. Multipl
vacancy configurations give rise to many initial and fin
electronic states, which may differ in their total angular m
mentumJ. The number of allowed transitions between the
states increases correspondingly. The deexcitation of an a
can be investigated by observing the x-ray or Auger-elect
spectra. TheK x-ray spectra consist of diagram lines, whic
originate from transitions characterized by a singleK-shell
hole in the initial state, and satellite structures, which are
to the presence of spectator holes in theL andM shells at the
moment of the x-ray emission. As a consequence of
change in the electron screening of the nuclear charge,
satellite lines are shifted towards the high-energy sides of
diagram lines.

For theL-shell ionization data are rich and in general w
reproduced by theory@10–14#. In contrast, data for the
M-shell ionization cross sections@15–19# and ionization
probabilities@20–22# are scarce and in many cases not co
sistent. In low-resolution x-ray spectroscopy experimen
the difficulties originate mainly from the poor fluorescen
yields characterizing theM shell and from the contaminatio
of the observedM x-ray spectra byK x rays of trace impu-
rities in the targets. Moreover, in these experiments, the fl

ty,
©2003 The American Physical Society13-1
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rescence, Auger, and Coster-Kronig yields are needed to
culate the final ionization probabilities and cross sectio
from the intensities of the observed x-ray transitions. T
large uncertainties of these yields are then reflected in
errors of the final experimental values. In high-resoluti
measurements, the major difficulty arises from the small
ergy shifts of theM satellites that cannot be resolved in ge
eral from the parentK diagram lines and the complex lin
shape of the satellite structures. For these reasons, mo
the available data concerning theM-shell ionization of mid-
Z atoms were obtained from measurements of Aug
electron production cross sections@23# and electron-capture
cross sections@24#.

Because the energy shift of a satellite line increases w
the principal quantum number of the transition electron, i
possible to resolve theM satellites from their parent diagram
lines provided that the measured transitions involve electr
from outer shells and the measurements are performed
high-resolution instruments such as crystal spectrome
For instance, as shown in Ref.@25#, for mid-Z elements the
M satellites of theKb2 x-ray lines (4p-1s transitions! can be
clearly resolved. In this case, the energies of theM-shell
satellites can be determined directly from the centroids of
well-separated satellite lines. Furthermore, from the rela
intensities of the latter yield, theM-shell ionization prob-
abilities for nearly-central collisions can be deduced. T
relative intensities of the satellites are only weakly infl
enced by uncertainties in the fluorescence and Coster-Kr
yields. The so-derived ionization probabilities are theref
more precise than those obtained by means of other t
niques.

Actually, similar high-resolution methods have been us
earlier to determine the energies ofKa and Kb M-shell
x-ray satellites and the averageM-shell ionization probabili-
ties in nearly central collisions of mid-Z atoms with protons
@22#, 4He @20,26#, and 16O ions @21,27#. In these works the
energies of the diagram and satellite x-ray lines were fo
to be in good agreement with results from the MCDF theo
whereas theM-shell ionization probabilities were found to b
much larger than the SCA predictions using hydrogenl
wave functions@28,29#. A better agreement was, howeve
observed by using an improved version of the SCA mode
which the M-shell ionization probabilities were calculate
with Dirac-Hartree-Fock electronic wave functions@30#.

In the present paper, we report on a detailed analysi
theKb2 spectra of40Zr, 41Nb, 42Mo, and 46Pd targets bom-
barded by fast carbon ions. The main goal of this paper i
provide a deeper insight into theM-shell satellite structure
and to determine theM-shell ionization probabilities due to
the direct Coulomb interaction. The deduced M-shell ioni
tion probabilities and average energies of theKb2 M1,2 lines
are compared with theoretical predictions. We also disc
the relative contributions of theM subshells to the tota
M-shell ionization probabilities and the influence of the
subshell holes on the energies and shapes of theKb2 M1

satellite lines.

II. EXPERIMENT

The experiment was performed at the variable energy
clotron of the Paul Scherrer Institute~PSI!, in Villigen, Swit-
03271
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zerland. The12C51 ions delivered by a 10-GHz CAPRICE
ECR source were accelerated to the energy of 250 MeV.
beam intensity was about 200 nA.

The Kb2 x-ray spectra were measured by means of hi
resolution x-ray spectroscopy using a DuMond-type curv
crystal spectrometer operated in the slit geometry@31#. In
this geometry, the line shapes of the observed transitions
almost insensitive to the beam-induced thermal deformati
of the target. The 0.15-mm-wide rectangular slit, located
the Rowland circle, 2 cm in front of the target, served thus
an effective source of radiation. The angle between
heavy-ion beam and the direction in which the target x-
emission was measured was 55°, while the angle betw
the beam and target surface was 85°. The targets consist
self-supporting metallic foils of natural Zr, Nb, Mo, and P
with thicknesses of 12.7 mg/cm2, 9.1 mg/cm2, 9.3 mg/cm2,
and 8.8 mg/cm2, respectively. They were mounted on a sp
cial aluminum holder.

A 1-mm-thick SiO2 ~110! crystal (2d52.456 671 Å) was
used for the diffraction of the x rays. The crystal plate w
bent cylindrically to a radius of 313 cm and the effecti
reflecting area was about 535 cm2. The Kb2 spectra were
observed in first order of reflection. The Bragg angles w
measured by means of an optical laser interferometer wi
precision of about 0.01 arc sec. The diffracted x rays w
detected with a 3 in. diameter and 1-mm-thick NaI scintilla
tor surrounded by an anti-Compton ring. Good events w
sorted by setting energy-windows in the analog-to-dig
converter spectra. The energy windows were adjusted a
matically by the acquisition program as a function of t
Bragg angles. The heavy-ion beam intensity was monito
by means of a 13-mm2 Si p-i-n photodiode, viewing the tar
get through the same slit as the crystal of the spectrome
The data were collected for each Bragg angle until a pre
number ofKa,Kb x rays was obtained in the monitor de
tector so that each point of the high-resolution spectra co
sponded to the same number of collisions.

The energy calibration of the spectrometer was perform
by measuring for each target the photoinducedKb1,3 and
Kb2 lines on both sides of reflection and using the energ
quoted by Bearden and Burr@32#. The photoinduced lines
were also employed to determine the Gaussian instrume
response of the spectrometer. Depending on the target, a
width at half maximum~FWHM! instrumental broadening
between 4 eV~Zr! and 7 eV~Pd! was found. This resolution
permitted us to clearly separate theKb2M0, Kb2M1, and
Kb2M2 lines, the first- and second-orderM satellites being
shifted by 25–30 eV and 50–60 eV, respectively, with
spect to their parent diagram lines. In the photoionizat
measurements the targets were irradiated with the bre
strahlung of a Au anode Coolidge x-ray tube equipped wit
1-mm-thick Be window and operated typically at 60 kV an
50 mA.

III. DATA ANALYSIS

A. Correction for the K absorption edge

For mid-Z atoms such as Zr, Nb, Mo, and Pd, theK ab-
sorption edges fall in the firstM-satellite energy regions
3-2
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Therefore, the measuredKb2 spectra had to be corrected fo
the resulting increased self-absorption in the targets.
shown in Refs.@20,22#, the corrections can be derived d
rectly from high-resolutionK absorption-edge measure
ments.

An alternative method, which was used in the pres
study, is to construct theoretically the shapes of theK absorp-
tion edges, using the known instrumental broadening of
spectrometer and the literature values@33# for the natural
widths of theK-shell hole states. In the calculations for theK
absorption-edge corrections, the heavy-ion-induced ion
tion was assumed to be constant over the entire target th
ness. This assumption is reasonable since the energy lo
of the heavy ions in the employed targets are small and
K-shell ionization cross sections can be considered as ne
constant throughout the target thickness. The effect of
calculatedK absorption-edge corrections on the measu
Kb2 x-ray spectra is depicted for the four targets in Fig.

B. Fitting procedure

For singly ionized atoms theKb2 x-ray spectrum consist
of two lines, which correspond to 1s21→4p1/2

21 and 1s21

→4p3/2
21 transitions, respectively. Since the differences in

ergy between these two transitions are 1.4, 1.8, 2.1, and
eV for Zr, Nb, Mo, and Pd, respectively, whereas the natu
transition widths vary from about 5 eV for Zr to 12 eV fo
Pd, theKb2 doublets could not be resolved in the expe
mental spectra.

In a doublyK1M ionized atom, the additionalM-shell
vacancy reduces the nuclear charge screening. As the re
ing change of the binding energy of the atomic levels
creases with the principal quantum number of the levels,
x rays emitted by such doubly ionized atoms are in gen
shifted towards higher energies relative to those emitted

FIG. 1. High-resolutionKb2 x-ray spectra of Zr, Nb, Mo, and
Pd before correction for theK absorption edges~dashed lines! and
after ~solid lines!.
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singly ionized atoms. The shift depends on the subs
where the spectator vacancy is located. Because there
five different M subshells and many possibilities to coup
the angular momenta of the openM subshell with those of
the 1s hole in the initial state and 4p hole in the final state,
the Kb2 M1 satellite lines consist of numerous compone
which differ in energy and transition probability. As a co
sequence,M-shell satellite structures are usually very com
plex. For theKa1,2 (2p-1s) andKb1,3 (3p-1s) transitions,
the energy shifts of theM satellites are smaller than the nat
ral widths of the transitions so that the complexM-satellite
structures cannot be separated from the main lines. O
broadenings of the latter can be observed and shifts of t
centroid energies. In this case it is thus very difficult to o
tain reliable quantitative information about the energy, inte
sity, and line shape of theM satellites. More precise result
can, however, be derived from theKb2 (4p-1s) transitions
for which theM satellites can be resolved.

The measuredKb2 x-ray spectra were analyzed by mea
of a least-squares-fit program, using three different meth
to reproduce the shapes of the complex satellite structure
the first method, single Voigt profiles were employed to
the diagram and satellite lines. The energy, intensity, a
Lorentzian width of each Voigtian as well as a linear bac
ground were used as free fitting parameters, whereas
Gaussian width corresponding to the instrumental broad
ing was kept fixed at its known value. From this first step
the analysis, we obtained the experimental energy shifts
the M-shell satellites that are reported in Sec. IV E. Th
were determined from the energy differences between
centroids of the fitted Voigtians corresponding to theKb2
M1,2 satellites andKb2 M0 diagram lines. Although the
complex and asymmetric shapes of the satellites could no
accurately reproduced by single Voigtian profiles, the sa
lite centroids were found to be well approximated by t
central energies of the fitted Voigtians. In addition, th
simple method presented the advantage to provide pure
perimental energies, i.e., values that do not depend on
theoretical parameter.

In order to better reproduce the shapes of the experim
tal spectra, an improved analysis of the data was then
formed, in which theoretical profiles were employed to fit t
Kb2 diagram and satellite lines. The theoretical profiles w
determined by means of extensive MCDF calculations~see
Sec. III F!. Results of MCDF calculations are stick spect
which represent the energies and relative intensities of
components pertaining to the diagram and satellite tra
tions. To be compared with the experimental spectra, V
gtian profiles were attached to the MCDF components
then all Voigtians corresponding to the same spectra w
added together. The same Lorentzian widths were emplo
for all MCDF components. They were derived from the lev
widths reported in Ref.@33#. The Gaussian widths were le
free in the fitting procedure in order to account for the un
solvedN satellites. A further free fitting parameter was em
ployed to anchor the MCDF energy scale to the experime
energies. An intensity scaling factor and a constant ba
ground were also used as free fitting parameters. More
tails about this MCDF-based data analysis can be found
3-3
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RZADKIEWICZ et al. PHYSICAL REVIEW A 68, 032713 ~2003!
Refs.@20,22,27,34#. Assuming a binomial distribution for the
number of M-shell holes, the averageM-shell ionization
probabilities could then be derived from the values provid
by the fits for the above-mentioned intensity scaling facto
As already mentioned, the number of spectator holes and
numerous possibilities to couple them increase the numbe
initial and final atomic states and consequently the numbe
x-ray transitions. For instance, for Pd which has in
ground-state electronic configuration only complete s
shells, theKb2 M1 andKb2 M2 satellite lines consist of 72
and 1704 components, respectively. For the remaining m
sured elements which have open subshells in their gro
state, the number of components is significantly larger. T
made the MCDF-based analysis more complicated and
consuming. On the other hand, the satellite line shapes c
be reproduced more precisely than in the first analysis.
average M-shell ionization probabilitiespM quoted in
Sec. IV C were obtained from this second stage of the d
analysis.

Finally, as the energy shifts and relative intensities of
satellites depend on theM subshells in which the spectato
holes are located, we tried in a further step to reanalyze
spectra with the MCDF method, using distinct intensity sc
ing factors for the differentM subshells. The objective of thi
third step was thus to determine separateM-subshell ioniza-
tion probabilities. Actually, due to the weak intensity of th
satellite components associated to the 3s spectator holes
only two intensity scaling factors corresponding to the 3s,p
and 3d subshell ionization probabilities were used as fr
fitting parameters. In addition, in order to keep the d
analysis at a tractable level, only theKb2 M1 satellite lines
were analyzed with this method, the second-orderKb2 M2

satellites being fitted with the one-intensity parameter MC
method described in the preceding paragraph. TheM I,II,III -
andM IV,V-subshell ionization probabilities discussed in S
IV D were obtained from this third stage of the data analys

C. Correction for the M-shell electron rearrangement

The electron rearrangement processes occurring in the
during the time between the collision-inducedK-shell ioniza-
tion and the emission of theKb2 x-ray transition may
change the total number ofM-shell vacancies. TheKb2 Mm

satellite yields extracted from the fitting procedure refl
thus theM-hole distribution in the target atoms at the m
ment of theK x-ray emission and not the initial hole con
figuration induced by the interaction with the projectile. T
initial number ofM-shell holes can, however, be estimat
by taking into account all those processes that modify
number of M-shell vacancies prior to the x-ray emissio
These processes were accounted for using simple statis
scaling procedures as discussed in Refs.@22,35#.

For theM-shell, the main rearrangement processes are
MXY Auger transitions which diminish the initial number o
M-shell holes by one unit. The radiativeM transitions which
also reduce the number of M holes by one unit can be
glected because theM-shell fluorescence yields are sma
The MMM super-Coster-Kronig transitions which increa
the number ofM holes by one unit are very weak or forbid
03271
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den for mid-Z atoms and were therefore not considered.
The K21 M 21 double-vacancy states may also be p

duced by the decay ofK21L21 states via radiativeL21-M 21

transitions. However, the contribution of these second-or
processes to theM-shell ionization being small for the inves
tigated collisions~about1%), they were also neglected.

The observed x-ray yieldsX0 and X1 of the Kb2 M1,2

transitions are related to the initial vacancy yieldsI 0 and I 1

by the following equations:

X05~ I 01RI1!vb2

0 , ~1!

X15~ I 12RI1!vb2

1 , ~2!

where R is the scaling factor describing the electron re
rangement andvb2

0 , vb2

1 represent the partial fluorescenc

yields of the Kb2 transitions with zero, respectively, on
M-shell spectator vacancy. The total rearrangement factoR
is given by the weighted sum of the partial coefficientsRi of
the differentM subshells:

R5(
i 51

5

wiRi . ~3!

Assuming equal ionization probabilities~per electron! for
theM subshells, the weighting factorswi can be estimated to
be proportional to the numbers of electrons in theM sub-
shells of the neutral atom, i.e.,w1 :w2 :w3 :w4 :w5
52:2:4:4:6.

The partial factorsRi , which give the probability that the
M-subshell vacancy has been promoted to an outer~sub!shell
within the lifetime of theK-shell hole, can be written as:

Ri5

GMi
2(

i , j
f i , jGMi M jX

GK1GMi

, ~4!

where GK and GMi
are the total widths of theK and Mi

atomic levels andf i , j relative Coster-Kronig yields. The lat
ter were taken from Refs.@36–38# and theK and Mi level
widths from@33#. Using this procedure the following value
were obtained for the total rearrangements fact
R:0.020,0.022,0.031 and 0.031 for40Zr, 41Nb, 42Mo, and
46Pd, respectively.

Finally, if we assume the fluorescence yields of theKb2
M0 and Kb2 M1 transitions to be the same, the initia
satellite-to-diagram line yield ratios can be written as

i M5
I 1

I 0
5

X1/X0

12R~11X1/X0!
. ~5!

D. Correction for the M-subshell electron rearrangement

Only those processes which modify the distribution of t
M holes among theM I,II,III and M IV,V subshells and conse
quently affect the 3s,p- and 3d-subshell ionization prob-
abilities were considered. TheMspMdX Coster-Kronig tran-
3-4



n
o
t
is
n

l

ed

n
th
y,

m

o-

n
e
h

re-
n of

e

o-

y

to

the
ed
d
d in
l

r
ra-
-
ro-

HIGH-RESOLUTION STUDY OF THEKb2 X-RAY SPECTRA . . . PHYSICAL REVIEW A 68, 032713 ~2003!
sitions which transfer the 3s or 3p holes into the 3d subshell
and produce extra holes in theN shell represent the mai
process for this intrashell electron rearrangement. As a c
sequence of the Coster-Kronig transitions, the degree of
3s or 3p ionization at the moment of the x-ray emission
smaller than that at the moment of the ion-atom collisio
The contrary is true for the 3d ionization. For MspMdX
Coster-Kronig transitions, one hole in the 3s or 3p subshell
and one electron in the 3d subshell must exist in the initia
state. Thus, in the rearrangement calculations, theMspMdX
Coster-Kronig transition probabilities have to be multipli
by the average number of 3s and 3p holes (m3sp) and by the
factor (12p3d) which is proportional to the number of 3d
electrons. Sincem3sp and (12p3d) factors were still un-
known when performing the rearrangement calculatio
they were determined by an iterative procedure, using
x-ray yield ratios quoted in Table III as initial values. Finall
the probability that aMspMdX Coster-Kronig transition oc-
curs after a 3s or 3p ionization and prior to theKb2 x-ray
emission can be written as

R3sp→3d5
~12p3d!m3spGMspMdX

~12p3d!m3spGMspMdX1GK
, ~6!

where GMspMdX is the total width of theMspMdX Coster-

Kronig transitions for singly ionized atoms andGK is the
K-shell width. The Coster-Kronig widths were derived fro
the values reported in Refs.@36–43#, leading to the follow-
ing subshell rearrangement factorsR3sp→3d : 0.15, 0.14,
0.14, and 0.13 for40Zr, 41Nb, 42Mo, and 46Pd, respectively.

Finally, the initial vacancy yield ratiosi 3sp and i 3d used
for the determination of theM-subshell ionization probabili-
ties can be expressed as

i 3sp5
X3sp

1 ~11R3sp→3d!/X0

12(
i 51

3

v iRi@11X3sp
1 ~11R3sp→3d!/X0#

, ~7!

i 3d5
X3d

1 ~12R3sp→3d!/X0

12(
i 54

5

v iRi@11X3d
1 ~12R3sp→3d!/X0#

. ~8!

E. Ionization probabilities

If direct uncorrelated Coulomb ionization is the main pr
cess governing theM-shell ionization, then theM-shell va-
cancy distribution can be described in the independe
particle approximation by the binomial distribution with th
ionization probability per electron as free parameter. T
probability that a collision with an impact parameterb pro-
duces exactlym vacancies in theK shell andn vacancies in
the M shell can be written as

PmK,nM~b!5S 2

mD S 18

n D @pK~b!#m@12pK~b!#22m

3@pM~b!#n@12pM~b!#182n, ~9!
03271
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wherepK andpM represent the averageK- andM-shell ion-
ization probabilities per electron, respectively. The cor
sponding cross sections are obtained from the integratio
the ionization probabilities over the impact parameterb:

smK,nM52pE
0

`

bPmK,nM~b!db. ~10!

Since the meanM-shell ionization probabilitypM is al-
most constant over the impact parameter range (0,bmax),
where theK-shell ionization probability is significant, on
finds that

s1K,1M

s1K,0M
5 i M5

18pM~0!

12pM~0!
, ~11!

wheres1K,0M ands1K,1M are the cross sections for the pr
duction of theK21M0 single- andK21M 21 double-vacancy
states andI M is the initial vacancy yield ratio. Using the
relations~5! and~11!, the probability for the averageM-shell
ionization per electron can finally be expressed as

pM5
i M

181 i M
. ~12!

Corresponding relations for theM-subshell ionization
probabilities are

p3sp5
i 3sp

81 i 3sp
, ~13!

p3d5
i 3d

101 i 3d
. ~14!

Relations~12!, ~13!, and~14! do not depend on the vacanc
production processes.

F. MCDF calculations

The experimentalKb2 spectra were decomposed in
three groups:Kb2 M0, Kb2 M1, and Kb2 M2. For each
group the spectrum was constructed theoretically using
transition energies and transition probabilities determin
from extensive MCDF calculations. The MCDF metho
which was used in the present study was already describe
detail in many papers@6,44–48#, so only some essentia
ideas are given below.

Within the MCDF scheme the effective Hamiltonian fo
an N-electron atom is given by the sum of the Dirac ope
tors hD( i ) and the termsCi j which account for the electron
electron interactions arising from one-photon exchange p
cesses:

H5(
i 51

N

hD~ i !1 (
j . i 51

N

Ci j . ~15!

The Ci j terms are given by

Ci j 51/r i j 1T~r i j !, ~16!
3-5
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where 1/r i j is the Coulomb interaction operator~due to lon-
gitudinally polarized photons! and T(r i j ) is the transverse
Breit operator~due to transversely polarized photons!.

In the MCDF method an atomic state function with t
total angular momentumJ and parityp is assumed to have
the following multiconfigurational form:

Cs~Jp!5(
m

Nc

cm~s!F~gmJp!, ~17!

where F(gmJp) are configuration state functions~CSF’s!,
i.e., the antisymmetrized products of one-electron spinor
specified angular symmetry labeled byJ and parityp; Nc is
the number of CSF’s included in the expansion;cm(s) are
configuration mixing coefficients for states; and gm repre-
sents the information required to uniquely define a cert
CSF.

Various versions of MCDF calculations were develope
depending on the choice of the form of the energy functio
@45,47–51#. In order to make the MCDF calculations for th
Kb2 transitions of mid-Z atoms as reliable as possible, in th
present study we use the modified special average-level
sion of MCDF calculations~MCDF-MSAL!, proposed in
Ref. @48#. In this version the energy functional is express
by

E5Eopt1(
a

q̄aeaS~a,a!1 (
a,b

aÞb

ea,bS~a,b!, ~18!

where q̄a is the generalized occupation number for the
bital a, ea andeab are the Lagrange multipliers,S(a,b) is the
overlap integral, andEopt is taken in the form

Eopt5
1

l11 F l

ni
(
i 51

ni

Hii 1
1

nf
(
f 51

nf

H f f G , ~19!

where Hii and H f f are the diagonal contributions to th
Hamiltonian matrix, the first sum runs over all initial CSF
(ni), the second one over all final CSFs (nf), and l is a
factor which accounts in a simple way for the difference
quality of the description of the initial and final states.

One can see that ifl51 one obtains a formula in which
the compensation for the exaggerated contribution of
more numerous states~initial or final! to the energy func-
tional is complete@48#. This result is a good reproduction o
the relative positions of the spectral lines. However, forl
51 the calculated diagram and satellite line energies for
transitionsKa1,2 LlMm, Kb1,3 LlMm, and Kb2 LlMm are
shifted with respect to the experimental ones by sim
amounts@48#. The optimum values ofl depend strongly on
the spectral line type, but they are almost independent of
type of atoms. It was found@48# that the experimental ener
gies of the diagram and satellite lines of mid-Z atoms are
well reproduced by the formula~19! if values of 0.5, 0.65,
and 0.8 are chosen forl for the Ka1,2 LlMm, Kb1,3 LlMm,
and Kb2 LlMm transitions, respectively. The above fun
tional has already been applied with success in the exten
MCDF study on the structure ofKa1,2 LlMm, Kb1,3 LlMm,
03271
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andKb2 LlMm satellite lines in the x-ray spectra of mid-
atoms induced in near-central collisions with various lig
and heavy projectiles@20–22,26,27,34#.

In the present study, we have used the computer prog
packageGRASP @46# which allows to include the Breit inter
action and QED~self-energy and vacuum polarization! cor-
rections in the MCDF calculations. The following outer-sh
electronic configurations were employed: 4d25s2 for Zr,
4d45s1 for Nb, 4d45s2 for Mo, and 4d10 for Pd.

IV. RESULTS AND DISCUSSION

A. Theoretical shapes of theKb2 spectra

A proper interpretation of the experimentalKb2 x-ray
spectra corresponding to the multiple ionization of midZ
atoms by fast heavy ions requires a good theoretical kno
edge of the structure of the diagram and satellite x-ray li
occurring in the spectra. Therefore, the extensive MCDF c
culations ~see Sec. III F! were carried out for each targe
element. Depending on the number and location of the sp
tator vacancies, theKb2 transitions can be divided into vari
ous groups of lines such as theKb2L0M0 diagram,Kb2
L0M1, Kb2 L0M2, Kb2 L1M0, and Kb2 L1M1 satellite
lines, etc.

The Kb2 L0M0,1 theoretical spectra corresponding to t
four measured elements are presented in Figs. 2–5. T

FIG. 2. MCDF theoretical profiles of the 1s-4p transition of Zr
with ~a! no spectator vacancy, respectively, one spectator vacanc
the ~b! 3s level, ~c! 3p level, and~d! 3d level. The profile depicted
in ~e! is the sum of the components~a!–~d!. Each stick spectrum
was normalized so that the sum of the transition probabilities
equal to 1. To be compared with the experiment, the satellite pa
the profile ~e! must be multiplied by the totalM-shell ionization
probability.
3-6
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FIG. 3. Same as Fig. 2 but for Nb.

FIG. 4. Same as Fig. 2 but for Mo.
03271
were constructed as described before, using Lorentz
widths of 4.6, 5.3, 6.3, and 12.1 eV and Gaussian widths
5.5, 6.0, 6.5, and 8.6 eV, respectively, for Zr, Nb, Mo, a
Pd.

The Kb2 L0M0 diagram lines, which correspond to th
transitions (1s21→4p1/2,3/2

21 ) with all other electronic states
occupied, were constructed first. Results are shown in F
2~a!–5~a!. The energy difference between the two diagra
line components ranges from 5.1 eV for40Zr to 7.1 eV for
42Mo, but falls down to 4.1 eV for46Pd. This smaller energy
difference combined with the longer Lorentzian and Gau
ian widths associated to the Pd lines explains why theKb2
spectrum of this element@see Fig. 5~a!# looks more symmet-
ric than that of the three other targets.

In the case of theKb2 L0M1 satellite lines, three group
of transitions were considered: 1s213s21→4p213s21,
1s213p21→4p213p21, and 1s213d21→4p213d21. The
energy differences between neighboring lines in the 3p and
3d groups are smaller than in the 3s group.

As a consequence, the 3s (1s213s21→4p213s21) line
shapes@see Figs. 2~b!–5~b!# look somewhat less smooth tha
those corresponding to the 3p and 3d satellite lines. For Zr,
Nb, and Mo asymmetries are observed in the profiles co
sponding to the transitions with additional 3p @see Figs.
2~c!–4~c!# and 3d holes@see Figs. 2~d!–4~d!#. For the same
reasons as those discussed for the diagram line, these a
metries are not visible for Pd@see Figs. 5~c! and 5~d!#. Fi-
nally, for all targets, it can be noted that the 3s and 3p
satellites are more shifted towards higher energies than
3d ones.

FIG. 5. Same as Fig. 2 but for Pd.
3-7
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B. RelevantM-shell ionization processes for collisions
with fast 12C ions

With the satellite technique employed in the present stu
only those excitation processes that produceK21M 2m mul-
tivacancy states have to be considered. The most impo
one is certainly the direct Coulomb ionization. In this pr
cess, due to the Coulomb interaction between the cha
projectiles and theK- andM-shell target atom electrons, th
latter are excited from their bound states into the continuu
Several other processes may also contribute, to a sm
extent, to the production ofK21M 2m multivacancy states
Such competitive processes are shake-up and shake-of
diative and nonradiative electron capture and internal c
version of g rays following Coulomb nuclear excitation
However, except shake-up and shake-off which are discu
below, other processes can be neglected because their
sections are several orders of magnitude smaller than
direct Coulomb ionization cross section@52–55#.

In a shake process, as a result of the sudden change o
atomic potential caused by the removal of aK-shell electron,
one or even severalM-shell electrons can be promoted
higher unfilled orbitals~shake-up! or excited into the con-
tinuum ~shake-off! @56–58#. Actually, the M-shell shake
probabilities for mid-Z atoms are rather small and only th
yields of the first-orderM satellites may contain non
negligible contributions from shake processes. Furtherm
the shake probabilities do not depend on the mechan
leading to the creation of the 1s vacancies. As a conse
quence,M satellites originating from shake processes
also present in the photoinducedK x-ray spectra and thei
intensities are the same as those one would observe in
heavy-ion-induced spectra in the absence of the direct C
lomb ionization process. In addition, since in photoinduc
K x-ray spectra theM-shell spectator vacancies result exc
sively from shake-off and shake-up processes, the contr
tions of the latter to theM-satellite yields observed in th
heavy-ion-induced spectra can be deduced straightforwa
from the measured intensities of the photoinducedKb2 M1

satellites.
Shake probabilities can also be calculated using the

called sudden-approximation model~SA! @57,59,60#. In gen-
eral, however, results of such calculations underestimate
experimental probabilities. For instance, for Ar experimen
M-shell shake probabilities following 1s photoionization are
larger by about 10% than the SA predictions, whereas for
the deviation is still more@about ~50%!# @61#. For Zr, Mo,
and Pd, the experimental shake probabilities derived fr
the relative yields of photoinducedKb2 M1 satellites were
found to be up to three times larger than the values predi
by the SA model@22#. A similar big discrepancy was ob
served for pure metallic Mo and Mo compounds@62#. In
these former studies, the discrepancies were attributed to
quadrupole-allowedKb4 (4d-1s) transitions which are
overlapping with theKb2 M1 satellite lines and have
strongly enhanced intensities as a result of solid-state effe

C. AverageM-shell ionization probability

The X1 (Kb2 M1) to X0(Kb2 M0) x-ray yield ratios ob-
tained from the second step of the fitting procedure~see Sec.
03271
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III B ! are given in Table I. For comparison, similar x-ra
yield ratios obtained in former experiments with photon
protons, anda particles are also presented. The data w
not corrected for the intensity of the overlappingKb4 tran-
sitions. It can be noted that the ratios obtained after subt
tion of the values labeledphoto, which correspond to the
shake plusKb4 contributions, vary almost linearly with the
squared charge of the projectiles, as predicted by theory.
thermore, for collisions with12C ions, ratios close to 1 are
observed. Assuming a binomial distribution for theM-shell
holes, this ratio of about 1 indicates that there is an aver
of approximately oneM-shell hole per collided target atom a
the moment of theK x-ray emission.

The x-ray yield ratios (X1/X0) resulting from the direct
Coulomb ionization process alone can be obtained as
lows:

X1

X0
5F I ~Kb2 M1!

I ~Kb2 M0!
G

12C

2F I ~Kb2 M1

I ~Kb2 M0!
G

X

, ~20!

where @ I (Kb2 M1)/I (Kb2M0)#12C
and @ I (Kb2 M1/

I (Kb2 M0)#X are the ratios derived from the12C-induced
and photoinduced Kb2 spectra. For Nb, the ratio
@ I (Kb2 M1/I (Kb2 M0)#X was determined from a linear in
terpolation of the values quoted for Zr and Mo~see Table I!.

Introducing these new ratios in Eq.~5! and using then Eq.
~12!, one obtains the experimental averageM-shell ioniza-
tion probabilities per electron listed in Table II. As the latt

TABLE I. Kb2 M1 satellite toKb2 M0 diagram line yield ratios
~in %! observed as a result of photon, 25-MeV proton, 25-Me
amu a particle, and 20-MeV/amu12C ion bombardment. Rear
rangement processes were not accounted for in the quoted va
which reflect thus the relative number of doubly ionized atoms
the moment of theK x-ray emission.

Element Photoa 25-MeV pa 100-MeV ab 250-MeV C

40Zr 8.39~35! 7.03~67! 16.9~1.6!b 108~20!

41Nb 104~26!

42Mo 8.60~36! 6.27~46! 13.6~0.7!b 98~17!c

46Pd 2.46~24! 2.73~33! 6.1~0.4!b 86~11!

aTaken from Ref.@22#.
bTaken from Ref.@20#.
cTaken from Ref.@63#.

TABLE II. Experimental and theoretical~SCA model! average
M-shell ionization probabilities per electron for mid-Z targets bom-
barded by 20.8-MeV/amu C ions.

Element Expt. SCA-HYD SCA-DHF

40Zr 0.054~11! 0.010 0.041

41Nb 0.052~14! 0.010 0.039

42Mo 0.050~9! 0.011 0.039

46Pd 0.047~7! 0.010 0.040
3-8
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were determined with the satellite technique, the obser
M-shell ionization is obligatorily accompanied by a simult
neousK-shell ionization. In other words, the results quot
in Table II are only valid for collisions that are nearly centr
in the M-shell scale. In addition, as discussed above, t
only reflect theM-shell vacancies produced by the dire
Coulomb ionization process.

For comparison, theoreticalM-shell ionization probabili-
ties are also presented in Table II. They were computed u
the SCA. The SCA model is based on the first-order per
bation theory. This theory is especially useful for the desc
tion of the impact-parameter-dependent single-electron
ization probabilities for fast asymmetric ion-atom collisio
(ZP,ZT). The SCA theory was introduced and develop
by Bang, Hansteen, and co-workers@8# and successfully use
in the description of theK- andL-shell ionization@64–66#.

The present calculations for theM shell were performed
by means of the SCA version of Trautmann and Ro¨sel
@28,29#. TheM-shell ionization probabilities were calculate
with the use of both relativistic hydrogenlike wave functio
~SCA-HYD! and Dirac-Hartree-Fock~SCA-DHF! wave
functions. The wave functions for the boundM-shell elec-
trons were computed using theGRASPprogram, whereas the
wave functions for the electrons in the continuum were co
puted using the codeCONTWVG developed by Halabukaet al.
@30#. For each target, the calculations were performed for
impact parameter ofbK

e f f5500 fm. Hyperbolic projectile
paths were used and the recoil effect of the nucleus
included in the calculations. The united atom picture w
employed and multipole terms up toL56 were considered

The theoreticalM-shell ionization probabilities quoted i
Table II correspond to weighted average values of
M-subshell ionization probabilities, the statistical weights b
ing proportional to the number of electrons in the subshe
The experimental errors are due to the uncertainties on
fitted M-satellite yields and rearrangement processes.

Comparing the experimental probabilities with the the
retical ones, one sees first that the SCA-HYD values stron
underestimate the experimental results~up to a factor of 5!.
In contrast to that, a better agreement is observed with
SCA-DHF predictions, although there is a systematic tre
of the experimental data to be slightly larger than the cal
lated values. Similar differences between theory and exp
ment were observed in earlier experiments using 24.8-M
amu He projectiles@20#. The variation of the experimental t
theoreticalM-shell ionization probability ratio as a functio
of the target atomic number is presented in Fig. 6. One
see that for both the present experiment and the He on
drastic improvement of the theoretical predictions is o
served when Dirac-Hartree-Fock wave functions are used
stead of relativistic hydrogenlike ones, and that t
Z-dependent deviation between experiment and theory
served with the SCA-HYD model seems to vanish in t
SCA-DHF one.

D. M-subshell ionization probabilities

The ionization probabilities and rearrangement proces
corresponding to differentM subshells may differ largely
03271
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because of the differences in the binding energies of thes,
3p, and 3d electrons and shapes of their wave function
Therefore the fitting procedure using a single parameter
the M-shell ionization probability can be improved by th
introduction of two independent parametersp3sp and p3d ,
which represent the ionization probabilities per electron
the 3s,p and 3d subshells, respectively~see Sec. III B!. Us-
ing this improved fitting procedure, it was possible to bet
reproduce the shapes of theKb2 M1 satellites~see Figs.
7–10!.

The M-subshell satellite-to-diagram line yield ratios we
determined from the fitted relative intensities of theX3sp

1 ,
Xd

1 , and X0 components. As the shake andKb4 transition
contributions are still included in these ratios, the latter w
corrected to correspond to the sole direct Coulomb ioniza
process, using the following equations:

X3sp
1

X0
5F I ~Kb2 M3sp

1 !

I ~Kb2 M0!
G

12C

2F I ~Kb2 M3sp
1 !

I ~Kb2 M0!
G

X

, ~21!

X3d
1

X0
5F I ~Kb2 M3d

1 !

I ~Kb2 M0!
G

12C

2F I ~Kb2 M3d
1 !

I ~Kb2 M0!
G

X

, ~22!

where

FIG. 6. Ratio of experimental to~a! SCA-HYD and ~b! SCA-
DHF theoreticalM-shell ionization probabilities per electron as
function of the target atomic number for (d) collisions with 20.8-
MeV/amu C ~present work! and (n) 25-MeV/amu He@20# ions.
The dashed lines correspond to ratios of 1.
3-9
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@ I ~Kb2 M3sp
1 !/I ~Kb2 M0!# 12C ,

@ I ~Kb2 M3d
1 !/I ~Kb2 M0!# 12C ,

@ I ~Kb2 M3sp
1 !/I ~Kb2 M0!#X ,

and

FIG. 7. Comparison between the measured and fittedKb2 spec-
tra for 250-MeV C impact on Zr. The solid line represents the to
fit, while the lines labeled 3sp and 3d stand for the fitted satellite
components corresponding to one spectator vacancy in the 3s or 3p
and 3d levels, respectively.

FIG. 8. Same as Fig. 7 but for Nb.
03271
@ I ~Kb2 M3d
1 !/I ~Kb2 M0!#X

are the ratios derived from the fits of the12C-induced and
photoinducedKb2 spectra.

As the satellite yields concerning the photoionizati
measurements were taken from other sources, the pho
duced spectra could not be reanalyzed with the third s
fitting procedure. For this reason, the relative subshell sa
lite yields were simply derived from the averageM-shell
satellite yields reported in Table I, assuming the relative
tensities of the subshell satellites to be proportional to

l
FIG. 9. Same as Fig. 7 but for Mo.

FIG. 10. Same as Fig. 7 but for Pd.
3-10
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numbers of electrons in the different subshells. As the hea
ion-induced yield ratios are much larger than the photo
duced ones, this approximation although crude is accepta
The M-subshell satellite x-ray yield ratios, corrected for t
shake andKb4 transition contributions but not for the rea
rangement processes are presented in Table III.

The M I,II,III (3s13p)- and M IV,V (3d)-subshell ioniza-
tion probabilities per electron were obtained from the c
rected x-ray yield ratios listed in Table III, using first Eqs.~7!
and~8! to determine the initial subshell vacancy yield rati
and then Eqs.~13! and ~14! to derive the ionization prob
abilities. The results are presented in Tables IV and V wh
they are compared with SCA-HYD and SCA-DHF theore
cal predictions. The SCA values were derived, using again
impact parameterb5500 fm. The rather big errors in th
experimental probabilities originate from the uncertainties
the fitting procedure and rearrangement calculations.

We would like to point out that in spite of the fact that th
M-subshell and averageM-shell ionization probabilities were
determined from two different fitting methods, the sets
results presented in Table II and in Tables IV and V a
consistent within the quoted uncertainties. For instance,
Zr the totalM-shell ionization yield derived from Table II is
0.97~20!, whereas the one obtained from Tables IV and V
0.89~13!. The (3s13p) and 3d subshell probabilities ob
tained from the SCA-HYD theory are approximately equ
and hardly change withZ, for the investigated elements
They underestimate considerably the experimental data
tained in the present work, deviations up to a factor o
being observed. The SCA-DHF theory predicts higher io
ization probabilities for the 3d subshells than for the 3s or
3p ones. Except for Zr, this theoretical prediction is co
firmed by the present experimental results.

In general, for the SCA-DHF model a quite satisfacto
agreement is found between the experimental and theore

TABLE III. X3s,3p
1 to X0 andX3d

1 to X0 x-ray yield ratios~in %!
observed at the moment of theK x-ray emission as a result o
collisions with 250-MeV12C ions.

Element X3sp
1 : X0 X3d

1 : X0

40Zr 42~10! 63~10!

41Nb 32~13! 67~17!

42Mo 35~11!a 61~13!a

46Pd 26~13! 55~11!

aTaken from Ref.@63#.

TABLE IV. Experimental and theoretical~SCA model!
M I,II,III -subshell ionization probabilities per electron for mid-Z tar-
gets bombarded by 20.8-MeV/amu C ions.

Element Expt. SCA-HYD SCA-DHF

40Zr 0.053~12! 0.010 0.036

41Nb 0.040~16! 0.010 0.035

42Mo 0.043~14! 0.011 0.034

46Pd 0.034~17! 0.011 0.034
03271
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results. Actually, as shown in Fig. 11, present experimen
subshell ionization probabilities are all consistent with t
SCA-DHF predictions, except for the 3s,p subshell of Zr for
which a small but significant deviation is observed.

E. Energies of theM-shell satellites

TheKb2 M-shell satellites are shifted with respect to the
parent diagram lines towards higher energies. The ene
shifts depend on the hole configuration in the initial and fin
states of the ionized target atoms. As already mentioned
were able to resolve experimentally theM satellite lines
which correspond to zero, one, and twoM-shell holes. Note
that the additionalN-shell ionization causes only a broade
ing and an asymmetry on the high-energy flanks of the
served lines. The energy shifts resulting from this additio
N-shell ionization being almost the same for the diagram a
M-satellite lines, the energy differences between the reso
Kb2 L0M1,2 satellite andKb2 L0M0 diagram lines are prac
tically not influenced by the additionalN-shell vacancies.

The experimental energy shifts obtained from the fi
step of the data analysis~see Sec. III B! for the first- and
second-orderM satellites are presented in Table VI togeth
with theoretical MCDF values computed for different co
figurations of the spectator vacancies. For any given tra

TABLE V. Same as Table IV but for theM IV,V subshell.

Element Expt. SCA-HYD SCA-DHF

40Zr 0.047~9! 0.010 0.045

41Nb 0.051~14! 0.010 0.043

42Mo 0.046~10! 0.011 0.042

46Pd 0.045~10! 0.011 0.045

FIG. 11. Ratio of present experimental to SCA-DHF~a! M I,II,III -
and ~b! M IV,V-subshell ionization probabilities per electron as
function of the target atomic number for collisions with 20.8 Me
amu C ions. The dashed lines correspond to ratios of 1.
3-11
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RZADKIEWICZ et al. PHYSICAL REVIEW A 68, 032713 ~2003!
tion, such as 1s213d22→4p213d22, the theoretical energy
was calculated by taking the weighted average of the e
gies of all MCDF components pertaining to the conside
transition. The weights were calculated by multiplying t
transition probabilities by the degeneracies 2J11 of the ini-
tial states.

The theoretical results presented in Table VI corrobor
previous expectations@47,48# that the shifts in energy ofK x
rays are more pronounced for 3s and 3p holes than for 3d
holes. The average theoretical energy shifts are, in genera
agreement with the experimental results within the quo
uncertainties. A detailed comparison shows, however, so
discrepancies. In particular, for41Nb and 42Mo the MCDF
theory overestimates significantly the energy of theM2 sat-
ellites. This may originate from the difficulties encounter
with the MCDF calculations for multiply ionized atoms wit
two or more open subshells in the ground state.

Nb and Mo are indeed characterized by open 4d5/2 and
5s1/2 subshells in their ground state, whereas Zr and Pd h
only one and zero open subshells in the ground state, res
tively. Finally, it can be noted that the increase of the ene
shifts with the atomic number is remarkably linear for bo
the first- and second-order satellites, confirming thus sim
observations made in earlier works@67,68#.

V. SUMMARY AND CONCLUSIONS

The Kb2 x-ray spectra of40Zr, 41Nb, 42Mo, and 46Pd
produced in energetic collisions with 20.8-MeV/amu12C
ions were measured with a high-resolution DuMond-ty
curved-crystal spectrometer. The major experimental d
culty originated from the poor fluorescence yields of theKb2
(1s-4p) transitions. These weak transitions were chosen
cause theirM satellites can be resolved, contrary toKa1,2
and Kb1,3 transitions for which the energy shifts of theM
satellites are smaller than the natural widths of the tra
tions. The intensity problem was made still worse becaus
the strong self-absorption of the satellite x rays in the targ

TABLE VI. Comparison of the experimental energy shifts o
tained in the present work for theKb2 L0M1,2 x-ray satellites with
theoretical results from MCDF calculations.

Element Expt. SCA-HYD SCA-DHF

3s21 26.5 28.0 29.2 32.0
3p21 28.5 30.3 31.6 35.0
3d21 22.3 24.0 25.3 28.4
M 21 24.8 26.5 27.7 30.9
Expt. M 21 25.0~0.4! 25.7~0.5! 26.6~0.7! 32.5~0.8!

3s22 53.9 57.0 59.3 64.8
3p22 57.9 61.4 64.0 70.6
3d22 45.9 49.3 51.9 57.9
3s213p21 55.9 59.2 61.6 67.7
3s213d21 49.8 53.1 55.5 61.2
3p213d21 52.0 55.4 58.0 64.3
M 22 50.7 54.1 56.6 62.8
Expt. M 22 51.5~0.8! 51.3~1.4! 52.6~1.8! 62.1~2.6!
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theK absorption edges falling in the same energy regions
the M satellites for the investigated elements. In spite
these severe intensity problems, theKb2 M1 and Kb2 M2

x-ray satellites resulting from the radiative decay ofK21

M 21 and K21 M 22 vacancy states could be observed a
well resolved from the parentKb2 M0 diagram lines. To our
knowledge, this is the first observation of resolvedM satel-
lites in the heavy-ion-inducedK x-ray emission of medium-
Z targets.

The observedKb2 x-ray spectra were analyzed in thre
steps. At first, single Voigt profiles were employed to fit t
diagram and satellite lines. From this first step of the d
analysis, the energy separations between theKb2 M1,2 satel-
lites andKb2 M0 diagram lines could be determined. F
both the first- and second-order satellites, an almost per
linear dependence on the atomic numberZ was found for the
energy separation. The experimental results were also c
pared to theoretical predictions from MCDF calculations.
good agreement was observed except for the second-ordM
satellites of Nb and Mo for which the MCDF calculation
were found to overestimate by 3–4 eV the experimental v
ues. The deviations were explained by the questionable
ability of the MCDF calculations for atoms such as Nb a
Mo that are characterized by two or more open subshell
the ground state.

In the second step of the data analysis, theoretical pro
based on extensive MCDF calculations were employed
reproduce the diagram and satellite line shapes. More a
rate satellite-to-diagram yield ratios could be obtained
means of that improved fitting procedure. From the fitt
yield ratios corrected beforehand to account for the ato
rearrangement processes that modify the number ofM-shell
vacancies prior to theK x-ray emission, we were able t
derive the averageM-shell ionization probabilities per elec
tron corresponding to the investigated collisions. The o
tained values were compared to theoretical predictions fr
the SCA model, employing SCA-HYD and SCA-DHF wav
functions to describe the target atom electrons in the bo
and continuum states. Whereas the SCA-HYD predictio
were found to underestimate considerably the experime
probabilities, a good agreement was found between exp
ment and theory in the case of the SCA-DHF model. T
confirms similar observations made in former experime
with lighter projectiles.

Finally, theKb2 M1 satellite lines were reanalyzed usin
distinct MCDF profiles to fit the components correspondi
to 3s,p and 3d spectator vacancies. The changes in
M-subshell vacancy configurations resulting fromMspMdX
Coster-Kronig transitions were included in the rearrangem
calculations. From the corrected 3s,p and 3d satellite-to-
diagram line yield ratios, theM I,II,III - and M IV,V-subshell
ionization probabilities per electron could be determined.
for the averageM-shell ionization probabilities, the exper
mentalM-subshell ionization probabilities were found to b
well reproduced by SCA-DHF calculations and in strong d
agreement with SCA-HYD predictions. The latter underes
mate indeed strongly the experimental results, deviations
factors comprised between 3 and 5 being observed.
3-12
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