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with 20-MeV/amu *°C ions

J. RzadkiewicZ, D. Chmielewska, and Z. Sujkowski
The Andrzej Softan Institute for Nuclear Studies, 05-408, Poland

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

M. Polasik and K. Stabkowska
Faculty of Chemistry, Nicholas Copernicus University, 87-100 ToRoiand

M. Pajek
Institute of Physics, Akademiavigtokrzyska, 25-405 Kielce, Poland
(Received 24 April 2003; published 16 September 2003

The KB, x-ray spectra of zirconium, niobium, molybdenum, and palladium targets bombarded with 20.8-
MeV/amu '%C ions were measured with a high-resolution transmission-type bent crystal spectrometer. Well
resolvedM! and M? satellite lines were observed. Averalyeshell and 3,p- and 3-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 th& 3, M™=12 satellite lines are compared with values obtained from extensive
multiconfiguration Dirac-Fock calculations.
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[. INTRODUCTION satellites is encountered in measurements concerning the de-
termination of the energy differences between hypersatellite
In the past years the phenomenon of ionization of inneand diagrank «; , lines[9]. A precise determination of these
and outer(subshells by charged particles has been a subjecenergy differences yields new information on the QED ef-
of intensive studies in both bas[d] and applied physics fects in electron-electron interaction. This provides an impor-
[2—4]. The study of multiple ionization provides rich and tant input for the development of theoretical structure calcu-
valuable information on the ionization mechanisms and elechations.
tronic structures of multiple-vacancy states in atoms, as well The structure of a multiply ionized atom is much more
as on the various electronic relaxation proce$Sg¢sResults complicated than that of a neutral or singly charged one due
of ionization studies can also be used to probe the goodne$s many possible configurations, which depend on the num-
and accuracy of theoretical models such as, the multiconfiguser of electrons ejected from different orbitals. Multiple-
ration Dirac-Fock(MCDF) [6], the plane-wave Born ap- vacancy configurations give rise to many initial and final
proximation[7], and the semiclassical approximatiICA) electronic states, which may differ in their total angular mo-
[8]. In general, results of inner- and outer-shell ionizationmentumJ. The number of allowed transitions between these
studies are useful in many disciplines, such as trace elemestates increases correspondingly. The deexcitation of an atom
analysis, ion implantation, plasma diagnostics, astrophysicgan be investigated by observing the x-ray or Auger-electron
solid-state physics, atmospheric physics, x-ray lasers, anspectra. The&K x-ray spectra consist of diagram lines, which
nuclear physics. originate from transitions characterized by a sinflshell
Regarding theM shell which is of interest in the present hole in the initial state, and satellite structures, which are due
paper, it has to be mentioned that a precise knowledge db the presence of spectator holes in thendM shells at the
M-shell ionization probabilities is needed for a correct determoment of the x-ray emission. As a consequence of the
mination of the energies and relative intensitieskok-ray = change in the electron screening of the nuclear charge, the
lines that are characterized by unreso\Mddsatellite struc- satellite lines are shifted towards the high-energy sides of the
tures. From the known ionization probabilities, the yields ofdiagram lines.
the unresolvedM satellites can indeed be determined and For theL-shell ionization data are rich and in general well
used as fixed parameters in the fitting procedure from whicheproduced by theory10-14. In contrast, data for the
more precise transition energies and intensities can then bBé-shell ionization cross sectionfsl5-19 and ionization
obtained. For instance, the difficulty related to unresolved probabilities|20—22 are scarce and in many cases not con-
sistent. In low-resolution x-ray spectroscopy experiments,
the difficulties originate mainly from the poor fluorescence

*Electronic address: jacek@iriss.ipj.gov.pl yields characterizing th®l shell and from the contamination
TPresent address: European Synchrotron Radiation Facilityof the observedl x-ray spectra byK x rays of trace impu-
F-38043 Grenoble, France. rities in the targets. Moreover, in these experiments, the fluo-
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rescence, Auger, and Coster-Kronig yields are needed to caterland. The?C®* ions delivered by a 10-GHz CAPRICE
culate the final ionization probabilities and cross sectiongCR source were accelerated to the energy of 250 MeV. The
from the intensities of the observed x-ray transitions. Thegeam intensity was about 200 nA.

large uncertainties of these yields are then reflected in the Tpe K 8, x-ray spectra were measured by means of high-
errors of the final experimental values. In high-resolution.oqqiution x-ray spectroscopy using a DuMond-type curved-
measurements, the majpr difficulty arises from the small en(’:rystal spectrometer operated in the slit geomé&y]. In

ergy shifts of theM satellites that cannot be resolved in gen-y.is’ oo metry, the line shapes of the observed transitions are

eral from the parenK diagram lines and the complex line . " : .
shape of the satellite structures. For these reasons, most %I ost insensitive to the beam-induced thermal deformations

the available data concerning thMeshell ionization of mid- '?h tt:qe talrge(;. Th? 0.215-m_m-fW|dte rfet(;]tart]gulatr slit, Iogzﬁ]ed on
Z atoms were obtained from measurements of Auger- € Rowland circie, 2 cm in front ortne target, served thus as

electron production cross sectiof3] and electron-capture an effgcnve source of raQ|at|c_)n. _The gngle between the
cross sectionf24]. heavy-ion beam and the direction in which the target x-ray

Because the energy shift of a satellite line increases witlgMission was measured was 55°, while the angle between
the principal quantum number of the transition electron, it isthe beam and target surface was 85°. The targets consisted of
possible to resolve the! satellites from their parent diagram Self-supporting metallic foils of natural Zr, Nb, Mo, and Pd
lines provided that the measured transitions involve electronwith thicknesses of 12.7 mg/ém9.1 mg/cni, 9.3 mg/cns,
from outer shells and the measurements are performed withnd 8.8 mg/crh, respectively. They were mounted on a spe-
high-resolution instruments such as crystal spectrometersial aluminum holder.

For instance, as shown in RéR5], for mid-Z elements the A 1-mm-thick SiQ (110 crystal (A=2.456 671 A) was

M satellites of thek 3, x-ray lines (4-1s transitiong can be  used for the diffraction of the x rays. The crystal plate was
clearly resolved. In this case, the energies of Meshell  bent cylindrically to a radius of 313 cm and the effective
satellites can be determined directly from the centroids of theeflecting area was about&b cn?. The K3, spectra were
well-separated satellite lines. Furthermore, from the relativeypserved in first order of reflection. The Bragg angles were
intensities of the latter yield, thél-shell ionization prob-  measured by means of an optical laser interferometer with a
abilities for nearly-central collisions can be deduced. Theprecision of about 0.01 arc sec. The diffracted x rays were
relative intensities of the satellites are only weakly influ- yotected wit a 3 in. diameter and 1-mm-thick Nal scintilla-
enced by uncertainties in the fluorescence and Coster—KroniQ)r surrounded by an anti-Compton ring. Good events were
yields. The so-derived ionization probabilities are thereforesorted by setting energy-windows in the analog-to-digital
more precise than those obtained by means of other techy,erter spectra. The energy windows were adjusted auto-
niques. - . . atically by the acquisition program as a function of the

Actually, similar high-resolution methods have been use ragg angles. The heavy-ion beam intensity was monitored
earlier to determine the energies Kfa and KB M-shell by means of a 13-m#Si p-i-n photodiode, viewing the tar-
x-ray satellites and the averadyeshell ionization probabili- get through the same slit as the crystal 6f the spectrometer.
ties in nearly central collisions of mid-atoms with protons  Tha gata were collected for each Bragg angle until a preset
[22], *He [20,26, and *°O ions[21,27. In these works the ey ofKa,KB x rays was obtained in the monitor de-

energies of the diagram and satellite x-ray lines were foungctor 5 that each point of the high-resolution spectra corre-
to be in good agreement with results from the MCDF theory’sponded to the same number of collisions.

whereas thé/-shell ionization probabilities were found to be 11,4 energy calibration of the spectrometer was performed

i eoy measuring for each target the photoindud¢éd, ; and
wave functions{28,2¢], A better agreement was, however! KB, lines on both sides of reflection and using the energies

observed by using an improved version of the SCA model "buoted by Bearden and Buf82]. The photoinduced lines

which the M-shell ionization probabilities were calculated e e g150 employed to determine the Gaussian instrumental

with Dirac-Hartree-Fock electronic wave funcyo[rﬁi)]. . response of the spectrometer. Depending on the target, a full
In the present paper, we report on a detailed analysis Qg at half maximum(FWHM) instrumental broadening

theK 8, spectra ofyoZr, .41Nb' a2Mo, ".md asPd targets bom_— between 4 e\(Zr) and 7 eV(Pd) was found. This resolution
barded by fast carbon ions. The main goal of this paper is t‘bermitted us to clearly separate tg8,M°, KB,M?, and

provide a deeper insight into thd-shell satellite structure K 8,M? lines, the first- and second-ordsf satellites being

a;}nddt'o det((:ermline éh.M—sheII_ ioni_lz_ﬁtio; grob%bli\l/iltieﬁ (Ijlu_e t.o shifted by 25—-30 eV and 50-60 eV, respectively, with re-
the direct Coulomb interaction. The deduced M-she Ionlza’spect to their parent diagram lines. In the photoionization

i iliti : 1,2 ;
tion probabilities gnd average energies of khg, M Imels measurements the targets were irradiated with the brems-
are compared with theoretical predictions. We also d'scus§trahlung of a Au anode Coolidge x-ray tube equipped with a

the relative contributions of thé subshells to the total . . :
AR e ) 1-mm-thick Be window and operated typically at 60 kV and
M-shell ionization probabilities and the influence of these50 mA. P ypicaly

subshell holes on the energies and shapes okiag M*
satellite lines. Ill. DATA ANALYSIS
Il. EXPERIMENT A. Correction for the K absorption edge

The experiment was performed at the variable energy cy- For midZ atoms such as Zr, Nb, Mo, and Pd, tKeab-
clotron of the Paul Scherrer InstituteSl), in Villigen, Swit-  sorption edges fall in the firsM-satellite energy regions.

032713-2



HIGH-RESOLUTION STUDY OF THEK B, X-RAY SPECTRA. .. PHYSICAL REVIEW A 68, 032713 (2003

C(250 MeV) -> b singly ionized atoms. The shift depends on the subshell
where the spectator vacancy is located. Because there are
five differentM subshells and many possibilities to couple
the angular momenta of the op&h subshell with those of
the 1s hole in the initial state andpthole in the final state,
the KB, M?! satellite lines consist of numerous components
which differ in energy and transition probability. As a con-
o s B RN sequenceM-shell satellite structures are usually very com-
17950 18000 18050 18950 19000 19050 plex. For theKa; , (2p-1s) andK B, 3 (3p-1s) transitions,
the energy shifts of thM satellites are smaller than the natu-
2000+ C(250 MeV)-> Mo C(250 MeV) -> ,Pd ral widths of the transitions so that the compleixsatellite

\ 20000 structures cannot be separated from the main lines. Only
broadenings of the latter can be observed and shifts of their
centroid energies. In this case it is thus very difficult to ob-
tain reliable quantitative information about the energy, inten-
sity, and line shape of th®l satellites. More precise results
can, however, be derived from ti&B, (4p-1s) transitions
0 for which theM satellites can be resolved.
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FIG. 1. High-resolutiorK 8, x-ray spectra of Zr, Nb, Mo, and tﬁ refproducehthg Shaples\(/)f_the CO][.TpIeX satellite lstruc(;curesf_. In
Pd before correction for thK absorption edge&ashed lingsand the |r.st method, sing e. 0|gt profiies were em_p oye. to it
i the diagram and satellite lines. The energy, intensity, and
after (solid lines. - . o -
Lorentzian width of each Voigtian as well as a linear back-

Therefore, the measureéds, spectra had to be corrected for ground were used as free fitting parameters, whereas the
the resulting increased self-absorption in the targets. A§aussian width corresponding to the instrumental broaden-
shown in Refs[20,22, the corrections can be derived di- INg was kept fixed at its known value. From this first step of
rectly from high-resolutionK absorption-edge measure- the analysis, we obtained the experimental energy shifts of
ments. the M-shell satellites that are reported in Sec. IVE. They
An alternative method, which was used in the presentvere determined from the energy differences between the
study, is to construct theoretically the shapes ofktabsorp- cen;rmds of the fitted Voigtians corresponding to Hg,
tion edges, using the known instrumental broadening of thé-* satellites and<g, M° diagram lines. Although the
spectrometer and the literature valy@s] for the natural complex and asymmetric shapes of the satellites could not be
widths of theK-shell hole states. In the calculations for the ~accurately reproduced by single Voigtian profiles, the satel-
absorption-edge corrections, the heavy-ion-induced ionizdite centroids were found to be well approximated by the
tion was assumed to be constant over the entire target thickentral energies of the fitted Voigtians. In addition, this
ness. This assumption is reasonable since the energy lossdgple method presented the advantage to provide pure ex-
of the heavy ions in the employed targets are small and thBerimental energies, i.e., values that do not depend on any
K-shell ionization cross sections can be considered as neartjeoretical parameter.
constant throughout the target thickness. The effect of the In order to better reproduce the shapes of the experimen-
calculatedK absorption-edge corrections on the measured@l spectra, an improved analysis of the data was then per-

KBZ X-ray spectra is depicted for the four targets in F|g 1. formed, in which theoretical pI’Ofi|eS were employed to fit the
K B, diagram and satellite lines. The theoretical profiles were

B. Fitting procedure determined by means of extensive MCDF calcglati()sm
Sec. Il B. Results of MCDF calculations are stick spectra
For singly ionized atoms thi€ 8, x-ray spectrum consists which represent the energies and relative intensities of the
of two lines, which correspond tosT'—4py; and 1s™*  components pertaining to the diagram and satellite transi-
—4pg; transitions, respectively. Since the differences in entions. To be compared with the experimental spectra, Voi-
ergy between these two transitions are 1.4, 1.8, 2.1, and 4@ian profiles were attached to the MCDF components and
eV for Zr, Nb, Mo, and Pd, respectively, whereas the naturathen all Voigtians corresponding to the same spectra were
transition widths vary from about 5 eV for Zr to 12 eV for added together. The same Lorentzian widths were employed
Pd, theK B, doublets could not be resolved in the experi-for all MCDF components. They were derived from the level
mental spectra. widths reported in Ref{33]. The Gaussian widths were let
In a doublyK+ M ionized atom, the additional-shell  free in the fitting procedure in order to account for the unre-
vacancy reduces the nuclear charge screening. As the resudslvedN satellites. A further free fitting parameter was em-
ing change of the binding energy of the atomic levels deployed to anchor the MCDF energy scale to the experimental
creases with the principal quantum number of the levels, thenergies. An intensity scaling factor and a constant back-
x rays emitted by such doubly ionized atoms are in generagjround were also used as free fitting parameters. More de-
shifted towards higher energies relative to those emitted byails about this MCDF-based data analysis can be found in
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Refs.[20,22,27,34 Assuming a binomial distribution for the den for midZ atoms and were therefore not considered.
number of M-shell holes, the averag®l-shell ionization The K~* M ! double-vacancy states may also be pro-
probabilities could then be derived from the values providedduced by the decay &€ ~1L ~! states via radiative ~1-M 1

by the fits for the above-mentioned intensity scaling factorstransitions. However, the contribution of these second-order
As already mentioned, the number of spectator holes and thgrocesses to thiél-shell ionization being small for the inves-
numerous possibilities to couple them increase the number dfgated collisionsabout1%), they were also neglected.

initial and final atomic states and consequently the number of The observed x-ray yieldX® and X* of the K3, M*?
X-ray transitions. For instance' for Pd which has in itSti‘anSitionS are related to the initial vacancy y|e|89nd|l
ground-state electronic configuration only complete subPy the following equations:

shells, thek 8, M andK 8, M? satellite lines consist of 72

: > X%=(1°+RI) 0% 1
and 1704 components, respectively. For the remaining mea- ( )wﬁz’ @
sured elements which have open subshells in their ground 1 1
state, the number of components is significantly larger. This X =("=RI )“’62’ @)

made the MCDF-based analysis more complicated and time ) i .

consuming. On the other hand, the satellite line shapes couljhere R is the socalin(_i] factor describing the electron rear-

be reproduced more precisely than in the first analysis. ThEangement and; , wg represent the partial fluorescence

average M-shell ionization probabilitiesp,, quoted in vyields of the K3, transitions with zero, respectively, one

Sec. IV C were obtained from this second stage of the datd-shell spectator vacancy. The total rearrangement fdgtor

analysis. is given by the weighted sum of the partial coefficieRtsof
Finally, as the energy shifts and relative intensities of thethe differentM subshells:

satellites depend on thd subshells in which the spectator

holes are located, we tried in a further step to reanalyze the >

spectra with the MCDF method, using distinct intensity scal- RZ; WiR; . ()
ing factors for the differenl subshells. The objective of this

third step was thus to determine separdtsubshell ioniza- Assuming equal ionization probabilitiéper electron for

tion probabilities. Actually, diie to the weak intensity of the o m subshells, the weighting factong can be estimated to
satellite components associated to the spectator holes, proportional to the numbers of electrons in #esub-
only two intensity scaling factors corresponding to tt®B  ghells of the neutral atom,  i.e. Wy Wy Ws Wy W
and 3 subshell ionization probabilities were used as free_5.5.4.4:6.

fiting parameters. In addition, in order fo keep the data The partial factors, , which give the probability that the
analysis at a tractable level, only theg, M ™ satellite lines  _subshell vacancy has been promoted to an dstéyshell

i i 2
were analyzed with this method, the second-ori@, M within the lifetime of theK-shell hole, can be written as:
satellites being fitted with the one-intensity parameter MCDF

method described in the preceding paragraph. Vhe , -
andM , y-subshell ionization probabilities discussed in Sec. FMi_E Fi T M x

IV D were obtained from this third stage of the data analysis. R= <)

[P VPR @

C. Correction for the M-shell electron rearrangement )
. _whereI'y andI'y, are the total widths of th& and M;
The electron rearrangement processes occurring in the io ' . Co

relative Coster-Kronig yields. The lat-

; _ SRS o atomic levels and; ;
during the time between the collision-indud&eshell ioniza ter were taken from Ref§36—3§ and theK and M level

tion and the emission of th& B, x-ray transition ma . . . )
change the total number M-shelli}\zlacanzies This 8 Mmy widths from[33]. Using this procedure the following values
: 2 were obtained for the total rearrangements factors

satellite yields extracted from the fitting procedure reflect_
thus theM-hole distribution in the target atoms at the mo- R:0.020,0.022,0.031 and 0.031 f@gZr, Nb, 4;Mo, and
&Pd, respectively.

ment of theK x-ray emission and not the initial hole con- 4 Finally. if the elds of
figuration induced by the interaction with the projectile. The inadly, 1t we eissume_ the Tiuorescence yields o t[yﬁ. 2.
M® and KB, M- transitions to be the same, the initial

initial number of M-shell holes can, however, be estimated ) . i ) . .
by taking into account all those processes that modify thesatellite-to-diagram line yield ratios can be written as
number of M-shell vacancies prior to the x-ray emission. L /X0
These processes were accounted for using simple statistical o= (5)
scaling procedures as discussed in REZ8,35. M7 o 1—R(1+X1/X°)'

For theM-shell, the main rearrangement processes are the
M XY Auger transitions which diminish the initial number of
M-shell holes by one unit. The radiatiié transitions which
also reduce the number of M holes by one unit can be ne- Only those processes which modify the distribution of the
glected because thil-shell fluorescence yields are small. M holes among thé/, , ,, andM,, \, subshells and conse-
The MMM super-Coster-Kronig transitions which increasequently affect the 8,p- and 3d-subshell ionization prob-
the number oM holes by one unit are very weak or forbid- abilities were considered. THd M X Coster-Kronig tran-

D. Correction for the M-subshell electron rearrangement
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sitions which transfer thes3or 3p holes into the &8 subshell  wherepy andp,, represent the averadgé andM-shell ion-

and produce extra holes in thé¢ shell represent the main ization probabilities per electron, respectively. The corre-

process for this intrashell electron rearrangement. As a corsponding cross sections are obtained from the integration of

sequence of the Coster-Kronig transitions, the degree of thine ionization probabilities over the impact paramdter

3s or 3p ionization at the moment of the x-ray emission is

smaller than that at the moment of the ion-atom collision. *

The contrary is true for the @ ionization. ForMgyM4X Ume""_ZWJO b Pmicnm(b)db. (10

Coster-Kronig transitions, one hole in the 8r 3p subshell

and one electron in thed3subshell must exist in the initial Since the meamM-shell ionization probabilitypy, is al-

state. Thus, in the rearrangement calculations MRgM4X  most constant over the impact parameter rang®,(f),

Coster-Kronig transition probabilities have to be multiplied where theK-shell ionization probability is significant, one

by the average number o&nd 3 holes (n;s,) and by the  finds that

factor (1—p3q) which is proportional to the number ofd3

electrons. Sincemzg, and (1-psq4) factors were still un- TIKAM 18py(0) (11

known when performing the rearrangement calculations, oiwwow M 1-pw(0)’

they were determined by an iterative procedure, using the '

x-ray yield ratios quoted in Table Il as initial values. Finally, whereo i gy and oy 1y are the cross sections for the pro-

the probability that aM ;M 4X Coster-Kronig transition oc- duction of theK ~M? single- andk ~*M ~! double-vacancy

curs after a 8 or 3p ionization and prior to th&K 3, x-ray  states andy, is the initial vacancy yield ratio. Using the

emission can be written as relations(5) and(11), the probability for the averagd-shell
ionization per electron can finally be expressed as

(6) Y
PM= 1857,

. (1= Paa) Maspl M mgx
Sopm3dT (1~ P3a)Maspl'm  mx+ Tk’

(12

where FMspMdX is the total width of theM M X Coster-

Kronig transitions for singly ionized atoms afd; is the
K-shell width. The Coster-Kronig widths were derived from
the values reported in Refi36—43, leading to the follow-

Corresponding relations for th&-subshell ionization
probabilities are

ing subshell rearrangement factoRgg, ,34: 0.15, 0.14, p35p=81r%, (13
0.14, and 0.13 foyeZr, 41Nb, 40Mo, and 46Pd, respectively. 3sp
Finally, the initial vacancy yield ratiosss, andizq used .
for the determination of th#&l-subshell ionization probabili- P3d=|3—d-- (14)
ties can be expressed as 10+i44
Xésp(lJr R35p—>3d)lxo Relations(12), (13), and(14) do not depend on the vacancy

i3sp= 3 , (7)  production processes.

1 0
! izl w'R'[1+X3Sp(1+R33%3d)/X ] F. MCDF calculations
1 0 The experimentalK B8, spectra were decomposed into
P X3d(1~ Rasp.30)/X ®) three groupsKpB, M° KB, M', andKB, M?. For each
3d ° ' group the spectrum was constructed theoretically using the
1- 2 oR[1+X34(1— Ragp39)/X°] transition energies and transition probabilities determined
=4 from extensive MCDF calculations. The MCDF method
which was used in the present study was already described in
E. lonization probabilities detail in many paper$6,44—48§, so only some essential
ideas are given below.

Within the MCDF scheme the effective Hamiltonian for
{an N-electron atom is given by the sum of the Dirac opera-
torshp(i) and the term<;; which account for the electron-
&£lectron interactions arising from one-photon exchange pro-
cesses:

If direct uncorrelated Coulomb ionization is the main pro-
cess governing th&l-shell ionization, then thé-shell va-
cancy distribution can be described in the independen
particle approximation by the binomial distribution with the
ionization probability per electron as free parameter. Th
probability that a collision with an impact parametepro-

duces exactlym vacancies in th& shell andn vacancies in N N
the M shell can be written as sz hp(i)+ 2 Cy. (15)
i=1 i>i=1
2\/18 . -
Pmknm(b)= m\ n [Pk(D)]™[1—pk(b)] The C;; terms are given by
X[pu(b)1"[1—pu(b)]**", C) Cij=Urij+T(ryj), (16)
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where 1f;; is the Coulomb interaction operat@due to lon- andKg, L'M™ satellite lines in the x-ray spectra of mid-Z
gitudinally polarized photonsand T(r;;) is the transverse atoms induced in near-central collisions with various light
Breit operator(due to transversely polarized photpns and heavy projectileg20—-22,26,27,3%

In the MCDF method an atomic state function with the In the present study, we have used the computer program
total angular momenturd and parityp is assumed to have packagesrRAsP[46] which allows to include the Breit inter-
the following multiconfigurational form: action and QED(self-energy and vacuum polarizatjocor-
rections in the MCDF calculations. The following outer-shell
electronic configurations were employedd®ss?® for Zr,
Wo(3P) =2 cn(8)P(ymd®), (17 4d%s! for Nb, 4d*5s? for Mo, and 41 for Pd,

Ne

where ®(y,,JP) are configuration state function€SF's,

i.e., the antisymmetrized products of one-electron spinors of
specified angular symmetry labeled byand parityp; N, is A. Theoretical shapes of thek 8, spectra
the number of CSF’s included in the expansiap(s) are
configuration mixing coefficients for stage and vy, repre-
sents the information required to uniquely define a certai
CSF.

Various versions of MCDF calculations were developed,
depending on the choice of the form of the energy functiona
[45,47-51]. In order to make the MCDF calculations for the | ‘D di th b d locati £ th
K B, transitions of midZ atoms as reliable as possible, in the element. epending on the number and focation ol the Spec-
present study we use the modified special average-level ve ator vacancies, _thk§,82 transitions canobe0d|\_/|ded Into vari-
sion of MCDF calculations MCDF-MSAL), proposed in °YS 9roups of lines such as theB,L"M" diagram,K 3,

Oppl Opp2 1ng0 Ingl H
Ref.[48]. In this version the energy functional is expressedIT M® KBz L'M?, KBy L™MT, and KB, L™M*® satellite
by lines, etc.

The KB, L°M%! theoretical spectra corresponding to the
four measured elements are presented in Figs. 2-5. They

IV. RESULTS AND DISCUSSION

A proper interpretation of the experimentdl3, x-ray
ns.pectra corresponding to the multiple ionization of rdid-
atoms by fast heavy ions requires a good theoretical knowl-
edge of the structure of the diagram and satellite x-ray lines
Pccurring in the spectra. Therefore, the extensive MCDF cal-
culations (see Sec. Il |F were carried out for each target

E=Eopt+§a: a€aS(a,a) + ;) eapS(ab), (18

azb (a) 1s"->4p"

whereq, is the generalized occupation number for the or-
bital a, €, ande,, are the Lagrange multiplier§(a,b) is the

overlap integral, and,, is taken in the form '

(b) 1s™'3s"->4p ™38

nj

1 [ 1
Eopt:H_l n_..zl H“+n_ff21 Hel, (19 |. I‘I |

] ] ] 1 -13 -1_>4 -13 -1
where H;; and H¢; are the diagonal contributions to the (915 3p"=>4p"3p

Hamiltonian matrix, the first sum runs over all initial CSF's
(n;), the second one over all final CSFs;), and\ is a
factor which accounts in a simple way for the difference in
quality of the description of the initial and final states.

One can see that if =1 one obtains a formula in which
the compensation for the exaggerated contribution of the t
more numerous state#itial or final) to the energy func- b1
tional is completd48]. This result is a good reproduction of (e) sum
the relative positions of the spectral lines. However, Xor
=1 the calculated diagram and satellite line energies for the |
transitionsKa; , L'M™, KBy 5 L'M™, andKB, L'M™ are '
shifted with respect to the experimental ones by similar
amountg48]. The optimum values of depend strongly on Energy [eV]
the spectral line type, but they are almost ind_ependent of the FIG. 2. MCDF theoretical profiles of thesd4p transition of Zr
W_Pe of atoms_. It was founf#8] t_hat _the experimental ener- with (a) no spectator vacancy, respectively, one spectator vacancy in
gies of the diagram and satellite lines of ndatoms are  he () 3s level, () 3p level, and(d) 3d level. The profile depicted
well reproduced by the formulél9) if values of 0.5, 0.65, in (g) is the sum of the components)—(d). Each stick spectrum
and 0.8 are chosen for for theKa, L'M™, KB13L'M™,  \yas normalized so that the sum of the transition probabilities is
and KB, L'M™ transitions, respectively. The above func- equal to 1. To be compared with the experiment, the satellite part of
tional has already been applied with success in the extensiuie profile (e) must be multiplied by the totall-shell ionization
MCDF study on the structure dfa;, L'M™, KB 5L'M™,  probability.

Lol

Relative intensity

(d) 1s73d™"->4p"3d"

A
17 960 17 980 18 000 18 020
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IJJLLh
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FIG. 3. Same as Fig. 2 but for Nb.

(a) 1s"4p™

N

(b) 15'3s™->4p™"3s™

(c) 1s"3p™->4p™3p™

I.I.||.‘||J

(d) 1s™'3d"->4p™"3d”
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Lo,

19940 19960 19980 20000 20 020

Energy [eV]
FIG. 4. Same as Fig. 2 but for Mo.
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(a) J\
(b) 1s"'3s™->4p™ J\

(c) 1s"3p"->4p"3p™

(d) 1s"3d"->4p™ J\
uh

(e) sum

Relative intensity

] wode 1
24260 24280 24300 24320 24340 24360 24380

Energy [eV]

FIG. 5. Same as Fig. 2 but for Pd.

were constructed as described before, using Lorentzian
widths of 4.6, 5.3, 6.3, and 12.1 eV and Gaussian widths of
5.5, 6.0, 6.5, and 8.6 eV, respectively, for Zr, Nb, Mo, and
Pd.

The KB, L°M? diagram lines, which correspond to the
transitions (]sfl—>4pi,§’3,?) with all other electronic states
occupied, were constructed first. Results are shown in Figs.
2(a)-5(@). The energy difference between the two diagram
line components ranges from 5.1 eV fgfZr to 7.1 eV for
4oMo, but falls down to 4.1 eV fopgPd. This smaller energy
difference combined with the longer Lorentzian and Gauss-
ian widths associated to the Pd lines explains whyKh
spectrum of this elemefsee Fig. )] looks more symmet-
ric than that of the three other targets.

In the case of th& 8, L°M? satellite lines, three groups
of transitions were considered:s1'3s ' —4p 13571,
1s 13p 1—4p 13p~ %, and 1s713d 1 —4p13d 1 The
energy differences between neighboring lines in tipeadd
3d groups are smaller than in thes roup.

As a consequence, thes1s 13s 1 -4p 13s71) line
shapegsee Figs. th)—5(b)] look somewhat less smooth than
those corresponding to thegp3and 3 satellite lines. For Zr,

Nb, and Mo asymmetries are observed in the profiles corre-
sponding to the transitions with additionap Jsee Figs.
2(c)—4(c)] and I holes[see Figs. @)—4(d)]. For the same
reasons as those discussed for the diagram line, these asym-
metries are not visible for Pfsee Figs. &) and 8d)]. Fi-

nally, for all targets, it can be noted that the and 3
satellites are more shifted towards higher energies than the
3d ones.
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B. RelevantM-shell ionization processes for collisions TABLE I. K3, M? satellite tok 8, M? diagram line yield ratios
with fast *2C ions (in %) observed as a result of photon, 25-MeV proton, 25-MeV/

With the satellite technique employed in the present studyﬂj‘mLI a particle, and 20-MeV/amu“C ion bom_bardment. Rear-
only those excitation processes that prodKGéM -m mul- fangement processes were not accounted for in .the. quoted values,
tivacancy states have to be considered. The most importaPﬁh'Ch reflect thus the relatlvg n_umber of doubly ionized atoms at

. : . R . the moment of th& x-ray emission.
one is certainly the direct Coulomb ionization. In this pro-
cess, due to the Coulomb interaction between the chargeg
projectiles and th&- and M-shell target atom electrons, the ement
latter are excited from their bound states into the continuum, 7z, 8.3935  7.0367) 16.91.6° 108(20)
Several other processes may also contribute, to a smallery,, 10426)
extent, to the production ok M~ ™ multivacancy states. 41Mo 8.6036  6.2746) 13.60.7)° 98(17)°
Such competitive processes are shake-up and shake-off, r?fbd 2I4624) 2'7:{33) 6lﬂ0.4)b 86(11)
diative and nonradiative electron capture and internal con2® ' ' —
version of y rays following Coulomb nuclear excitation.
However, except shake-up and shake-off which are discussezT aken from Ref{22].
below, other processes can be neglected because their cr gken from Ref|20].
sections are several orders of magnitude smaller than thdken from Ref{63].
direct Coulomb ionization cross secti¢b2—55. . i . .

In a shake process, as a result of the sudden change of tHtB) are given in Table 1. For comparison, similar x-ray
atomic potential caused by the removal dfahell electron, yield ratios obtalne_:d in former experiments with photons,
one or even severavl-shell electrons can be promoted to Protons, anda particles are also presented. The data were
higher unfilled orbitals(shake-up or excited into the con- Not corrected for the intensity of the overlappiKg, tran-
tinuum (shake-off [56-58. Actually, the M-shell shake s_|t|ons. It can be noted that the ratlt_)s obtained after subtrac-
probabilities for midZ atoms are rather small and only the tion of the values labeleghotq which correspond to the
yields of the first-orderM satellites may contain non- shake pluK g, contrlbutlo_ns, vary almost'lmearly with the
negligible contributions from shake processes. Furthermoresduared charge of the projectiles, as predicted by theory. Fur-
the shake probabilities do not depend on the mechanisifiermore, for collisions with“C ions, ratios close to 1 are
leading to the creation of theslvacancies. As a conse- Observed. Assuming a binomial distribution for theshell
quence,M satellites originating from shake processes ardoles, thl_s ratio of about 1 indicates tha_t there is an average
also present in the photoinducédx-ray spectra and their of approximately on&/-shell h_ole_ per collided target atom at
intensities are the same as those one would observe in tfa€ moment of th& x-ray emission. - .
heavy-ion-induced spectra in the absence of the direct Cou- The x-ray yield ratios X*/X") resulting from the direct
lomb ionization process. In addition, since in photoinducedcoulomb ionization process alone can be obtained as fol-
K x-ray spectra thé/-shell spectator vacancies result exclu- 1OWs:
sively from shake-off and shake-up processes, the contribu-

Photd 25-MeVp? 100-MeVa® 250-MeV C

tions of the latter to theM-satellite yields observed in the Xt [1(KB, MY (KB, M1
heavy-ion-induced spectra can be deduced straightforwardly ol o ool Tl o ool (20)
from the measured intensities of the photoindutsgg, M* X I(KB2 M) 12¢ (KB2 MT) ],

satellites.
Shake probabilities can also be calculated using the so-
called sudden-approximation mod&A) [57,59,60. In gen- ~ where  [I(KB; MY)/I(KB;M%)],,. and  [I(KB, MY
eral, however, results of such calculations underestimate thgK 3, M%) ], are the ratios derived from th&C-induced
experimental probabilities. For instance, for Ar experimentaland photoinduced K3, spectra. For Nb, the ratio
M-shell shake probabilities followingslphotoionization are  [I1(KB, MY/1(KB, M%) ]y was determined from a linear in-
larger by about 10% than the SA predictions, whereas for Kterpolation of the values quoted for Zr and N&ee Table)L
the deviation is still morg¢about(50%)] [61]. For Zr, Mo, Introducing these new ratios in E() and using then Eq.
and Pd, the experimental shake probabilities derived fronf12), one obtains the experimental averadeshell ioniza-
the relative yields of photoinduced g, M* satellites were  tion probabilities per electron listed in Table II. As the latter
found to be up to three times larger than the values predicted
by the SA model[22]. A similar big discrepancy was ob-  TABLE II. Experimental and theoreticBCA mode) average
served for pure metallic Mo and Mo compounfB2]. In  M-shell ionization probabilities per electron for midtargets bom-
these former studies, the discrepancies were attributed to theirded by 20.8-MeV/amu C ions.
guadrupole-allowedK B, (4d-1s) transitions which are

overlapping with theKg, M?! satellite lines and have Element Expt. SCA-HYD SCA-DHF
strongly enhanced intensities as a result of solid-state effects:.
gy 202" 0.05411) 0.010 0.041
Lo . 2Nb 0.05214) 0.010 0.039
C. Average M-shell ionization probability Mo 0.0509) 0011 0.039
The X! (KB, MY) to X°(K B, M%) x-ray yield ratios ob-  ,pd 0.0477) 0.010 0.040

tained from the second step of the fitting procedisee Sec.
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were determined with the satellite technique, the observed 8
M-shell ionization is obligatorily accompanied by a simulta- (a
neousK-shell ionization. In other words, the results quoted
in Table Il are only valid for collisions that are nearly central
in the M-shell scale. In addition, as discussed above, they
only reflect theM-shell vacancies produced by the direct
Coulomb ionization process.

For comparison, theoretica-shell ionization probabili-
ties are also presented in Table Il. They were computed using 2]
the SCA. The SCA model is based on the first-order pertur- | ==m=mmmmmmmmmm oo
bation theory. This theory is especially useful for the descrip-
tion of the impact-parameter-dependent single-electron ion- 31
ization probabilities for fast asymmetric ion-atom collisions ®)
(Zp<Zt). The SCA theory was introduced and developed
by Bang, Hansteen, and co-work@83$ and successfully used
in the description of thé- andL-shell ionization[64—64.

The present calculations for thé shell were performed
by means of the SCA version of Trautmann ands&o

expt/ HYD
F-9
—e—

-

expt / DHF
|—:—0—[>—|
Di—e—
e

[28,29. The M-shell ionization probabilities were calculated * A
with the use of both relativistic hydrogenlike wave functions *

(SCA-HYD) and Dirac-Hartree-Fock(SCA-DHP wave ol . . . . . .

functions. The wave functions for the bouMtshell elec- 40 41 42 43 44 45 46
trons were computed using tleRASP program, whereas the z

wave functions for the electrons in the continuum were com-
puted using the COdBONTWVG deve_loped by Halabulet al. DHF theoreticalM-shell ionization probabilities per electron as a
.[30]' For each target, t?ﬁ calculations were p_erform'ed Tor @ nction of the target atomic number fo®() collisions with 20.8-
impact parameter ob, =500 fm. Hyperbolic projectile  nev/amu C (present work and (A) 25-MeViamu He[20] ions.
paths were used and the recoil effect of the nucleus Washe dashed lines correspond to ratios of 1.
included in the calculations. The united atom picture was
employed and multipole terms up to=6 were considered.
The theoreticaM-shell ionization probabilities quoted in . . - .
Table Il correspond to weighted gverage valﬂes of thé:)ecause of the differences in the binding energies of Eh_e 3
M-subshell ionization probabilities, the statistical weights be-SP: @nd 3 electrons and shapes of their wave functions.
ing proportional to the number of electrons in the subshells] herefore the fitting procedure using a single parameter for
The experimental errors are due to the uncertainties on th@€ M-shell ionization probability can be improved by the
fitted M-satellite yields and rearrangement processes. introduction of two independent parametgrs, and psq,
Comparing the experimental probabilities with the theo-Which represent the ionization probabilities per electron for
retical ones, one sees first that the SCA-HYD values strongl§he 3s,p and 3 subshells, respectiveligee Sec. Il B. Us-
underestimate the experimental resylip to a factor of 5 ing this improved fitting procedure, it was possible to better
In contrast to that, a better agreement is observed with theeproduce the shapes of tieB8, M?! satellites(see Figs.
SCA-DHF predictions, although there is a systematic trend?—10.
of the experimental data to be slightly larger than the calcu- The M-subshell satellite-to-diagram line yield ratios were
lated values. Similar differences between theory and experietermined from the fitted relative intensities of tkg,,,
ment were qbsgrved in earller.experlments using 24.8-Meré, and X° components. As the shake aKg3, transition
amu He projectile§20]. The variation of the experimental o ¢onuinutions are still included in these ratios, the latter were

theoreticalM-shell ionization probability ratio as a function cqrected to correspond to the sole direct Coulomb ionization
of the target atomic number is presented in Fig. 6. One CaBrocess using the following equations:

see that for both the present experiment and the He one, a

FIG. 6. Ratio of experimental te) SCA-HYD and(b) SCA-

drastic improvement of the theoretical predictions is ob- X1 (KB, ML (KB, ML

served when Dirac-Hartree-Fock wave functions are used in- 3§p= (KA 3;p) - ('82—3;'3) . (21

stead of relativistic hydrogenlike ones, and that the X [(KB2 M) [ | H(KB2 M7) |

Z-dependent deviation between experiment and theory ob-

served with the SCA-HYD model seems to vanish in the

A-DHF .

SCADHE one Xy [1(Keo M| [10KB, M|

X0 [ 1(KBy MO) |ppn [ KBy MO) |

D. M-subshell ionization probabilities

The ionization probabilities and rearrangement processes
corresponding to differenk subshells may differ largely, where
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800 1000
KBZMO C->uf C->,Mo
0
20.8 MeV / amu 8004 KpM 20.8 MeV / amu
600 -
400 £
2] - c
t =1
3 8
200 -
0 T T T Y f
17960 18000 18040
Energy [eV] Energy [eV]
FIG. 7. Comparison between the measured and fit8d spec- FIG. 9. Same as Fig. 7 but for Mo.

tra for 250-MeV C impact on Zr. The solid line represents the total
fit, while the lines labeled 8p and 3 stand for the fitted satellite 1 0
components corresponding to one spectator vacancy insloe 3p [H(KB2 M3g)/l (K2 MT)]x

and 3 levels, respectively. . . ) )
P Y are the ratios derived from the fits of tHéC-induced and

1 0 photoinducedK B, spectra.
[1(KB2 Magp)/1(K B2 M) Juze, As the satellite yields concerning the photoionization
[1(KB ML V(KB MO)]12c measurements were taken from other sources, the photoin-
2 M3zq 2 ,

duced spectra could not be reanalyzed with the third step
1 0 fitting procedure. For this reason, the relative subshell satel-

[1(KB2 M3p)/1(KB2 M) ]x, lite yields were simply derived from the averadéshell
satellite yields reported in Table I, assuming the relative in-

and tensities of the subshell satellites to be proportional to the
800
C-> Nb 1000 - c->_Pd
4 0 45
Ke,M" hch 20.8 MeV /
20.8 MeV/amu 1 © Mev/amu
600- I 800-
600 -
£
£ 5
3 8
400 1
200 1
= 0 T ' | p— T -
18930 18960 18990 19020 19050 24240 24280 24320 24360 24400
Energy [eV] Energy [eV]
FIG. 8. Same as Fig. 7 but for Nb. FIG. 10. Same as Fig. 7 but for Pd.
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TABLE Ill. X3, to X° and X3, to X x-ray yield ratios(in %) TABLE V. Same as Table IV but for th#l,, , subshell.
observed at the moment of th€ x-ray emission as a result of
collisions with 250-MeV*?C ions. Element Expt. SCA-HYD SCA-DHF
Element X, X° XL,: X pvds 0.0479) 0.010 0.045

2Nb 0.05114) 0.010 0.043

4oZr 42(10) 63(10) Mo 0.04610) 0.011 0.042
4Nb 3213 67(17) 46Pd 0.04%10) 0.011 0.045
Mo 35(11)2 61(13)2
2P 2613) 55(11)

results. Actually, as shown in Fig. 11, present experimental
“Taken from Ref[63]. subshell ionization probabilities are all consistent with the
SCA-DHF predictions, except for thes3 subshell of Zr for

numbers of electrons in the different subshells. As the heavywhich a small but significant deviation is observed.
ion-induced vyield ratios are much larger than the photoin-
duced ones, this approximation although crude is acceptable.
The M-subshell satellite x-ray yield ratios, corrected for the
shake and g8, transition contributions but not for the rear-  TheK 3, M-shell satellites are shifted with respect to their
rangement processes are presented in Table III. parent diagram lines towards higher energies. The energy

The M, (3s+3p)- and My (3d)-subshell ioniza-  shifts depend on the hole configuration in the initial and final
tion probabilities per electron were obtained from the cor-states of the ionized target atoms. As already mentioned, we
rected x-ray yield ratios listed in Table llI, using first EG. ~ were able to resolve experimentally thé satellite lines
and(8) to determine the initial subshell vacancy yield ratioswhich correspond to zero, one, and tWbshell holes. Note
and then Egs(13) and (14) to derive the ionization prob- that the additionaN-shell ionization causes only a broaden-
abilities. The results are presented in Tables IV and V wheréng and an asymmetry on the high-energy flanks of the ob-
they are compared with SCA-HYD and SCA-DHF theoreti- served lines. The energy shifts resulting from this additional
cal predictions. The SCA values were derived, using again ahl-shell ionization being almost the same for the diagram and
impact parameteb=500 fm. The rather big errors in the M-satellite lines, the energy differences between the resolved
experimental probabilities originate from the uncertainties ofK 3, L°M*2 satellite andk 8, L°M? diagram lines are prac-
the fitting procedure and rearrangement calculations. tically not influenced by the addition&-shell vacancies.

We would like to point out that in spite of the fact thatthe = The experimental energy shifts obtained from the first
M-subshell and averadé-shell ionization probabilities were step of the data analysisee Sec. llI B for the first- and
determined from two different fitting methods, the sets ofsecond-ordeM satellites are presented in Table VI together
results presented in Table Il and in Tables IV and V arewith theoretical MCDF values computed for different con-
consistent within the quoted uncertainties. For instance, fofigurations of the spectator vacancies. For any given transi-
Zr the totalM-shell ionization yield derived from Table Il is

E. Energies of theM-shell satellites

0.9720), whereas the one obtained from Tables IV and V is 2,0
0.8913). The (3+3p) and A subshell probabilities ob- (a)
tained from the SCA-HYD theory are approximately equal, 1,51
and hardly change witlz, for the investigated elements. l
They underestimate considerably the experimental data ob- 1,01
tained in the present work, deviations up to a factor of 5 J L
being observed. The SCA-DHF theory predicts higher ion- 0.5
ization probabilities for the @ subshells than for thes3or L ’
3p ones. Except for Zr, this theoretical prediction is con- o 0.0
firmed by the present experimental results. 3 ’ b

In general, for the SCA-DHF model a quite satisfactory ® 45 )
agreement is found between the experimental and theoretical %

o 578 %

TABLE IV. Experimental and theoretical(SCA model 1 1 1
M ;1. -subshell ionization probabilities per electron for nzidar- 0,5
gets bombarded by 20.8-MeV/amu C ions.
Element Expt. SCA-HYD SCA-DHF 00 217 42 a3 a1 45 46
2T 0.05312) 0.010 0.036 z
2Nb 0.04G16) 0.010 0.035 FIG. 11. Ratio of present experimental to SCA-DEFM ;-
Mo 0.04314) 0.011 0.034 and (b) M,y y-subshell ionization probabilities per electron as a
46Pd 0.03417) 0.011 0.034 function of the target atomic number for collisions with 20.8 MeV/

amu C ions. The dashed lines correspond to ratios of 1.
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TABLE VI. Comparison of the experimental energy shifts ob- the K absorption edges falling in the same energy regions as
tained in the present work for theB, L°M"? x-ray satellites with  the M satellites for the investigated elements. In spite of
theoretical results from MCDF calculations. these severe intensity problems, @, M* and K 3, M2
x-ray satellites resulting from the radiative decay lof*

Element Expt.  SCAHYD SCA-DHF M1 andK~! M~2 vacancy states could be observed and
3s7! 26.5 28.0 29.2 32.0 well resolved from the paremt, M° diagram lines. To our
3p ! 28.5 30.3 31.6 35.0 knowledge, this is the first observation of resolWddsatel-
3d? 22.3 24.0 25.3 28.4 lites in the heavy-ion-inducel x-ray emission of medium-
M1t 24.8 26.5 27.7 30.9 Z targets.
Expt. M~1  25.00.4  25.70.5 26.60.7  32.50.8 The observeK B, x-ray spectra were analyzed in three
steps. At first, single Voigt profiles were employed to fit the
3s7? 53.9 57.0 59.3 64.8 diagram and satellite lines. From this first step of the data
3p 2 57.9 61.4 64.0 70.6 analysis, the energy separations betweerkiie M*? satel-
3d~? 45.9 49.3 51.9 57.9 lites andK B, M° diagram lines could be determined. For
3s!3p~?t 55.9 59.2 61.6 67.7 both the first- and second-order satellites, an almost perfect
3s713d7!? 49.8 53.1 55.5 61.2 linear dependence on the atomic numBevas found for the
3p 13d? 52.0 55.4 58.0 64.3 energy separation. The experimental results were also com-
M2 50.7 54.1 56.6 62.8 pared to theoretical predictions from MCDF calculations. A

Expt. M2 51.50.9 51.31.4) 52.61.89 62.12.6 good agreement was observed except for the seconddgrder
satellites of Nb and Mo for which the MCDF calculations
were found to overestimate by 3—4 eV the experimental val-

was calculated by taking the weighted average of the enel®s: The deviations were ex_plained by the questionable reli-
gies of all MCDF components pertaining to the considerecfPility of the MCDF C?ICUIat'OnS for atoms such as Nb a”O_'
transition. The weights were calculated by multiplying the MO that are characterized by two or more open subshells in

transition probabilities by the degeneracigst2l of the ini-  the ground state.
tial states. In the second step of the data analysis, theoretical profiles
The theoretical results presented in Table VI corroboratdased on extensive MCDF calculations were employed to
previous expectation@7,48 that the shifts in energy df x reproduce the diagram and satellite line shapes. More accu-
rays are more pronounced fos 2nd 3 holes than for @  rate satellite-to-diagram yield ratios could be obtained by
holes. The average theoretical energy shifts are, in general, f€ans of that improved fitting procedure. From the fitted
agreement with the experimental results within the quotedield ratios corrected beforehand to account for the atomic
uncertainties. A detailed comparison shows, however, somgarrangement processes that modify the numbev-shell
discrepancies. In particular, foNb and ;Mo the MCDF ~ Vacancies prior to th& x-ray emission, we were able to
theory overestimates significantly the energy of k& sat- ~ derive the averag#l-shell ionization probabilities per elec-
ellites. This may originate from the difficulties encountered(ron corresponding to the investigated collisions. The ob-
with the MCDF calculations for multiply ionized atoms with tained values were com_pared to theoretical predictions from
two or more open subshells in the ground state. the SCA model, employing SCA-HYD and SCA-DHF wave
Nb and Mo are indeed characterized by opefy4and functlons.to describe the target atom electrons in the.bc_)und
5s,/, subshells in their ground state, whereas Zr and Pd hav@nd continuum states. Whereas the SCA-HYD predictions
only one and zero open subshells in the ground state, respe®€re found to underestimate considerably the experimental
tively. Finally, it can be noted that the increase of the energyProPabilities, a good agreement was found between experi-
shifts with the atomic number is remarkably linear for bothment and theory in the case of the SCA-DHF model. This
the first- and second-order satellites, confirming thus similaFonfirms similar observations made in former experiments

observations made in earlier works7,68. with lighter projectilef. o _
Finally, theK B8, M* satellite lines were reanalyzed using

distinct MCDF profiles to fit the components corresponding
to 3s,p and 3 spectator vacancies. The changes in the

The KB, x-ray spectra ofsoZr, 4Nb, 4;Mo, and 4,Pd  M-subshell vacancy configurations resulting frdiy M X
produced in energetic collisions with 20.8-MeV/antdC  Coster-Kronig transitions were included in the rearrangement
ions were measured with a high-resolution DuMond-typecalculations. From the correcteds,p and 3 satellite-to-
curved-crystal spectrometer. The major experimental diffidiagram line yield ratios, théM, , - and M, \-subshell
culty originated from the poor fluorescence yields of khe, ionization probabilities per electron could be determined. As
(1s-4p) transitions. These weak transitions were chosen befor the averagevi-shell ionization probabilities, the experi-
cause theirM satellites can be resolved, contrary Kax; ,  mentalM-subshell ionization probabilities were found to be
and K3y 5 transitions for which the energy shifts of thdé  well reproduced by SCA-DHF calculations and in strong dis-
satellites are smaller than the natural widths of the transiagreement with SCA-HYD predictions. The latter underesti-
tions. The intensity problem was made still worse because ohate indeed strongly the experimental results, deviations by
the strong self-absorption of the satellite x rays in the targetdactors comprised between 3 and 5 being observed.

tion, such as 4 '3d 2—4p~13d 2, the theoretical energy

V. SUMMARY AND CONCLUSIONS
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