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Multiple ionization and coupling effects in L-subshell ionization of heavy atoms by oxygen ions
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The multiple-ionization and coupling effects inL-shell ionization of atoms by heavy-ion impact have been
studied by measuring theL x-ray production cross sections in solid targets of Au, Bi, Th, and U bombarded by
oxygen ions in the energy range 6.4–70 MeV. The measuredL x-ray spectra were analyzed using the recently
proposed method accounting for the multiple-ionization effects, such as x-ray line shifting and broadening,
which enables one to obtain the ionization probabilities for outer shells. TheL-subshell ionization cross
sections have been obtained from measured x-ray production cross sections for resolvedLa1,2, Lg1, andLg2,3

transitions using theL-shell fluorescence and Coster-Kronig yields being substantially modified by the multiple
ionization in theM and N shells. In particular, the effect of closing of strongL1-L3M4,5 Coster-Kronig
transitions in multiple-ionized atoms was evidenced and discussed. The experimental ionization cross sections
for the L1 , L2, andL3 subshells have been compared with the predictions of the semiclassical approximation
~SCA! and the ECPSSR theory that includes the corrections for the binding-polarization effect within the
perturbed stationary states approximation, the projecticle energy loss, and Coulomb deflection effects as well as
the relativistic description of inner-shell electrons. These approaches were further modified to include the
L-subshell couplings within the ‘‘coupled-subshell model’’~CSM!. Both approaches, when modified for the
coupling effects, are in better agreement with the data. Particularly, the predictions of the SCA-CSM calcula-
tions reproduce the experimentalL-subshell ionization cross section reasonably well. Remaining discrepancies
are discussed qualitatively, in terms of further modifications of theL-shell decay rates caused by a change of
electronic wave functions in multiple-ionized atoms.
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I. INTRODUCTION

Inner-shell ionization by charged particles@1,2# has been
extensively investigated in last three decades, mainly
cause of its importance for the particle induced x-ray em
sion ~PIXE! in analytical studies. On the other hand, an a
curate knowledge of the cross sections for ionization indu
by light and heavy ions over a wide energy and elem
ranges offers an experimental basis for developing and
ing theoretical descriptions of both ionization@2–4# and
inner-shell deexcitation@5,6# processes. Initially, most ex
periments were performed for light-ion impact forK and L
shells@7–13#. Following increased availability of heavy-io
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beams, inner-shell ionization measurements have been
tended to heavier ions andL andM shells@14–16#.

Simultaneously with experimental studies, the main th
retical effort has been focused on the description of asy
metric collisions (Z1!Z2), whereZ1 andZ2 are the projec-
tile and target atomic numbers, respectively. In su
collisions, the inner-shell vacancies are produced predo
nantly by the direct Coulomb ionization process, which c
be treated perturbatively using the first-order perturbation
proaches, namely, the plane-wave Born approximat
PWBA @3# and the semiclassical approximation~SCA! @4#.
Besides the quantum-mechanical treatment, the class
nonperturbative approach, known as the binary-encou
approximation~BEA! @17#, was developed for describing d
rect ionization. This model treats the ionization process i
more simplified way and, for this reason, it will not be di
cussed here. The standard PWBA@18–20# and SCA@21–23#
approaches for direct ionization were further developed
include the hyperbolic trajectory of the projectile@24–26#,-
©2003 The American Physical Society05-1
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the relativistic wave functions@25,27–30#, and the correc-
tions for the ‘‘binding-polarization effect’’@31–33#. The
most advanced approach based on the PWBA, which g
beyond the first-order treatment to include the corrections
the binding-polarization effects within the perturbed statio
ary states~PSS! approximation, the projectile energy los
(E), and Coulomb deflection~C! effects as well as the rela
tivistic ~R! description of inner-shell electrons, is known
the ECPSSR theory@34#. On the other hand, the state-of-th
art SCA calculations, which are presently available~see Refs.
@35–38#!, use the hyperbolic projectile trajectory and relat
istic electronic wave functions in an exact way, but the bin
ing effect can be treated within this approach in the extre
cases of separated atoms~SA! or united atoms~UA! limits.

The best description of the ionization process is found
theK andL shells for light ions in a broad range of projecti
energies and target atomic numbers. Heavier project
however, perturb initial electronic states more strongly a
consequently, the ECPSSR and SCA theories cannot des
these data as well as for lighter ions, particularly f
L-subshell ionization by low-velocity heavy ions. Serio
discrepancies between the data and the theoretical pre
tions were reported for heavier ions such as C and N@39,40#.
However, the number of experimental studies concerninL
subshell ionization by ions heavier than helium is rather li
ited. For instance, for oxygen ions, which are discussed
this work, only a handful of experiments have been p
formed @14,15,41–43#.

The main reason for the discrepancies observed betw
the data and the theoretical predictions forL subshell ioniza-
tion could be the fact that the theoretical approaches m
tioned above treat the ionization ofL subshells independen
of each other, neglecting the intrashell coupling effec
Since the electronic wave functions for theL subshells are
very close to each other, both in energy and space, the
namical couplings between the states can strongly mo
the initial L shell vacancy distribution. For this reason, t
strong discrepancies between the experimental results
the theoretical predictions, being as much as the orde
magnitude, forL2-subshell ionization by heavy ions of low
velocity were observed@44,45#.

The mechanism of vacancy sharing was first studied
Sarkadi and Mukoyama in a simple two-step model@44#,
which treated the creation and rearrangement of vacancie
two independent processes. Later, more refined models
developed by the same authors on the basis of the sec
order Born approximation@46,47# and the simplified
coupled-states model@48–51#. Full coupled-channel calcula
tions, including the continuum, have been reported by Ma
et al. @52#, using a target-centered expansion and ps
dostates for the continuum, and by Mehleret al. @53#, using
wave packets. The calculations by Mehleret al. @54# showed
that for very asymmetric collisions, theL-subshell vacancy
production is not very sensitive to the couplings in the co
tinuum. Thus, the couplings between the subshells can
treated in a close-coupling approach, whereas the couplin
the continuum in the perturbation theory. Full semiclassi
calculations based on this idea, called the ‘‘coupled-sta
approximation’’ were reported by Amundsen and Jakubas
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Amundsen@55#, using target hydrogenic Dirac wave func
tions and including multipole transitions up tol 52 for the
electron final states. More refined coupled-channels calc
tions, accounting for the screening effect of the specta
electrons upon the couplings strength, have been perfor
by Legrandet al. @56#. A simplified coupled-channels calcu
lation, known as the ‘‘coupled-subshells model’’~CSM!, has
been proposed by Sarkadi and Mukoyama@48–51#. In the
CSM model, one calculates the relative change of the ion
tion cross section caused by the subshell couplings ef
assuming the dominance of transitions to the continuum w
a minimum-energy transfers, and limiting the final states
those with l f50,1. Independently, the few-state couple
channel model have been developed by Sˇmit and Orlić @57#
on the basis of first-order approximation and in the uni
atom limit. All these models confirm the role of vacanc
sharing process inL subshell ionization induced by heav
ions and reproduce the dominant tendencies of theL subshell
ionization cross-section data@49–58#. However, in most of
the works discussed, the role of coupling effects was c
firmed for the relativeL subshell ionization cross section
The absolute data measured for heavy ions are still not
isfactorily reproduced by the theories discussed, particula
in the very adiabatic region@57,58# as well as forL1 andL3
subshells over a wide energy range@50,51,57–59#.

The binding and polarization effects, which are not i
cluded in first-order calculations, are expected to contrib
to the observed discrepancies for heavy ions due to a st
ger perturbation of the initial electronic wave function. In th
SCA calculations of Trautmannet al. @36,37#, the binding
effect was merely simulated in the extreme low- and hig
velocity limits by bracketing it with, respectively, observe
binding energies of the united projectile ion target atom~UA!
and separated target atom~SA!. The same approximation
was used by Sˇmit and Orlić @57# in their few-state coupled-
channel model. The binding correction derived in t
ECPSSR theory using the hydrogenic wave functions
known to overestimate the binding effect@60#. The increase
of the binding energies of the target electrons in the field
the projectile has been included in the simplified CSM mo
by Sarkadi and Mukoyama@48–51#, in terms of the distor-
tion approximation@61#. In order to quantify these effect
systematically, more data concerningL subshell ionization
by heavy ions are needed, particularly in the low-veloc
regime.

It is well known that multiple-ionization of atoms migh
be a potential source of observed deviations. The vacan
which are created in the shells that are above theL shell,
alter the fluorescence and Coster-Kronig yields and radia
widths, the parameters that are used to convert the meas
x-ray production cross sections to theL subshell ionization
cross sections. Experimental studies on the influence of
multiple-ionization onL shell x-ray production are, howeve
rather scarce and generally performed with standard Si~Li !
detectors@62,63#. Multiple-ionization probabilities have bee
usually estimated from the analysis of x-ray energy sh
@62,63#. In an alternative method@64#, a change in the inten
sity ratios ofL3-M1 /L3-M4,5 and L2-M1 /L2-N4 transitions
in singly and multiply ionized atoms was used to inf
multiple-ionization probabilities forM4,5 and N4 subshells.
5-2
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MULTIPLE IONIZATION AND COUPLING EFFECTS IN . . . PHYSICAL REVIEW A68, 022705 ~2003!
However, the effects of multiple-ionization on x-ray spect
intensity ratios of characteristic x-ray lines, andL x-ray pro-
duction have never been studied systematically.

The aim of this work is a systematic study ofL shell
ionization of heavy atoms (79Au, 83Bi, 90Th, and 92U) by
16Oq1 ions to investigate the role of multiple-ionization an
coupling effects. The paper is organized as follows. The
perimental setup and measurements are described in Se
The data analysis is discussed in Sec. III, where deta
description of the applied method of analysis of x-ray spec
modified by the multiple-ionization effects is given. The e
fects of the multiple-ionization on theL shell fluorescence
and Coster-Kronig yields and radiative emission rates, wh
are used to relate the ionization and x-ray production cr
sections, are discussed in Sec. IV. In this section, in part
lar, an important effect of closing of strong Coster-Kron
transitions is described. In Sec. V, theL shell coupling effects
are discussed within the CSM model to modify the SCA a
ECPSSR ionization cross sections. The final discussion
the present results is given in Sec. VI and the work is c
cluded in Sec. VII.

II. EXPERIMENTAL PROCEDURE

The beams of oxygen16Oq ions of different charge state
(q52261) were obtained from the EN tandem accelera
at the Institute of Physics of the University of Erlange
Nürnberg and from the heavy-ion cyclotron U-200P at t
Heavy Ion Laboratory~HIL ! of the Warsaw University. The
energies of oxygen ions ranged from 6.4 to 70 MeV, wh
corresponds to 0.4-4.4 MeV/amu. The measurements for
highest energies of 51 and 70 MeV performed at HIL aim
to investigate a contribution of the electron-capture proc
to the L shell vacancy production, which is expected to
dominated by the direct ionization process for the asymm
ric collisions studied. However, due to formation ofK shell
vacancies in the projectile by its charge-state equilibration
the target, the electron capture could play a role for h
energies even for the projectiles with initially filledK shell
(q<6). Consequently, substantially enhancedL x-ray yields
for highest projectile energies, with respect to the direct i
ization, would indicate an importance of the electron capt
~EC!. This effect, however, has not been observed in
present data, thus indicating a minor role of the EC proc
for the studied systems.

The experimental details, which are important for t
quality of the present data, are briefly described below. T
targets (10–26mg/cm2) of Au, Bi, Th, and U, prepared by
vacuum evaporation onto 10–15mg/cm2 carbon backings,
were irradiated with typical beam currents of 2–30 nA. T
ion-beam currents were monitored by charge collection
the target and in a Faraday cup. The targets were mounte
an angle of 30° with respect to the beam direction. The s
tered ions were monitored by a Si surface-barrier dete
placed at 150° relative to the beam axis. The x-rays w
counted by a Canberra HPGe detector mounted outside
target chamber, perpendicul to the ion-beam axis. The x-r
before reaching the active volume of the detector, pas
through a 25-mm metallized Mylar chamber window,
02270
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10-mm air gap, and a 25-mm beryllium detector window. An
additional Mylar absorber (400-mm) was applied occasion
ally, to cut out intense and softM-shell x-rays produced in
the target. The resolution of the x-ray detector was measu
to be 150 eV at 6.4 keV. Low x-ray detector count rates w
maintained in order to minimize pileup and dead-time c
rections. These corrections did not exceed 6%. In orde
determine precisely the energies of individual x-ray tran
tions, after each change of the ion-beam energy, the radi
tive x-ray sources were used to calibrate the energy of
x-ray detector. Additionally, to check the x-ray energy ca
bration, theL x-ray spectra induced by protons were me
sured. For these, the multiple-ionization effects are not
pected to play a role and the energies of x-ray transiti
observed correspond to their diagram values. In fact, thL
x-rays induced by 3-MeV protons were found to agree
deed within experimental uncertainties,65 eV, with their
diagram values. As an example, typicalL x-ray spectra of
gold, induced by oxygen ions and protons are shown in F
1, which clearly demonstrates a magnitude of the multip
ionization effects observed for heavy ions.

The efficiency of a HPGe x-ray detector was carefu
measured by means of two different methods. Calibra
~61.8%! radioactive sources of57Co, 133Ba, 152Eu, and
241Am were used to determine the efficiency for x-ray en
gies above 6 keV. The x-ray detector efficiency, in the ran
between 2 keV and 28 keV, was obtained by bombarding t
targets of low-Z elements~from S to Sn! with 3-MeV pro-
tons. The resultingK x-ray yields were normalized to th
number of elastically scattered ions. The ‘‘reference’’K shell

FIG. 1. Comparison ofL x-ray spectra of Au excited by 3 MeV
protons and 35.2 MeV oxygen ions, which shows the effects
x-ray line shifting and broadening due to the multiple ionizatio
The x-ray energies for proton impact coincide with the energies
diagram transitions~vertical solid lines! for single-vacancy configu-
rations.
5-3
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PAJEK et al. PHYSICAL REVIEW A 68, 022705 ~2003!
ionization cross sections@66# and the screened Rutherfor
cross sections@67# were then used to determine the ef
ciency of the x-ray detector. Special attention was devote
an accurate determination of the detector efficiency clos
the Ge-K absorption edge, whereL x-rays of the studied
elements were expected to occur. A procedure originally s
gested for Si~Li ! detectors by Lennard and Philips@68# and
subsequently developed by Pajeket al. @69# has been ex-
tended to HPGe detectors and used to analyze the det
efficiency in our case. We found that the observed increas
the detector efficiency above the Ge-K absorption edge co
not be explained by the detector model used@69#. Therefore,
the fitting was performed independently in two energy
gions, below and above the Ge-K absorption edge, resu
in overall efficiency uncertainties of about 4%.

III. DATA ANALYSIS AND RESULTS

Figure 1 shows a typical spectrum ofL x-rays produced
by oxygen ions in Au target, in comparison with a prot
induced spectrum. In both the spectra, the peaks corresp
ing to L, , La1,2, Lh, Lb, Lg5 , Lg1 , Lg2,3,6, andLg4,48
transitions can be easily distinguished. In contrast to the p
ton induced spectrum, some x-ray peaks in the spectrum
cited by oxygen ions are broadened and shifted towa
higher energies. The widths and the energy shifts are cha
teristic for individual lines. Both features are evidences
existence of additional~spectator! vacancies in outerM, N,
andO shells. Such multiple ionization results in the appe
ance of the so-called ‘‘satellite lines,’’ whose energies
higher than the energy of ‘‘diagram’’ transitions in a sing
ionized atom. This effect is particularly pronounced for t
outer M, N, andO shells of heavy target atoms bombard
by energetic heavy ions with energies of about 1 MeV/am
This arises from the fact that in this condition the project
velocity matches the electron velocity and thus the ionizat
probabilities for outer shells reach their highest values.

The multiple ionization is usually studied by means
high-resolution x-ray spectroscopy with crystal spectro
eters@70–72# that resolve x-ray satellite structure originatin
from the multiple ionization, and provide information on io
ization probabilities for different shells. In the following, w
demonstrate that ionization probabilities for the outerM and
N shells can still be obtained from a careful analysis oL
x-ray line energy shifts and widths measured with 150–2
eV resolution of commonly used semiconductor x-ray det
tors. Detailed description of this procedure can be fou
elsewhere@73#, therefore here just a short synopsis of t
method is presented.

Assuming the binomial character of the intensity distrib
tion of x-ray satellites and their Gaussian energy spread
the semiconductor detectors, the average energy shiftDE of
an x-ray line can be expressed in terms of the multip
ionization probabilities per electronpi and the energy shif
per electrondEi as follows:

DE5(
i

nipidEi , ~1!
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where ni is the number of electrons ini 5M , N, and O
shells. We note here that the present treatment neglect
fact, a possible subshell dependence ofpi and dEi , an as-
sumption which is well justified for theM andN shells dis-
cussed@73#. Through such an approach we found additio
ally that the resulting broadened x-ray peaks can
described satisfactorily by Gaussian profiles with the wid
given as@73#:

w5FwG
2 18ln 2(

i
nipi~12pi !~dEi !

2G1/2

, ~2!

wherewG denotes the width of a Gaussian peak unaffec
by the multiple-ionization~e.g., as measured by proton bom
bardment! ~Fig. 2!. Figure 3 shows the energy profile of th
Lg1 transition in Au with a structure of satellite peaks due
spectator vacancies in theM andN shells. This figure exhib-
its the satellite structure convoluted with a Gaussian ene
spread in the detector, for comparison with the shifted a
broadened Gaussian peak whose mean value and width
fitted in our model@see Eqs.~1! and ~2!#. We note here that
an important ingredient of the present model is the introd
tion of ionization probability dependent peak widths in t
analysis of x-ray spectra.

As we discuss in Ref.@73#, this model allows for a reli-
able analysis of measuredL x-ray spectra because the num
ber of free parameters is substantially reduced to at most
fitting parameters determining the width and position of
peaks, namely,pM , pN , pO , wG and one additional intensity
parameter for each transition in the group ofLg x-ray lines.

FIG. 2. Measured x-ray energy shifts of selectedLg and Ll

transitions in gold vs the energy of oxygen ions. Solid lines rep
sent the expected projectile energy dependence of x-ray en
shifts, as calculated from Eq.~1!, with the ionization probabilities
taken from the ‘‘geometrical model’’@65#. The theoretical predic-
tions, which are not corrected for the vacancy rearrangement,
normalized to the data at impact energy 20.8 MeV.
5-4
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The x-ray energy shifts and line broadening reflect a num
of spectator vacancies, mainly, in theM, N, andO shells. The
energy shifts of individualLg transitions per spectator va
cancy in the pertinent subshellsdEi adopted in the presen
work were obtained using the relativistic Dirac-Fock calc
lations @74#, assuming a single initial vacancy in th
Li-subshell and one spectator vacancy in the appropriate
shell of M, N or O-shell. The results of such Dirac-Foc
calculations are given in Table I for the extreme eleme
studied, namely, Au and U, where the calculated sh
averaged energy shiftsdEi , appearing in Eqs.~1! and ~2!,
are listed. A typical result of a fitting done for theLg spec-

FIG. 3. Calculated satellite structure of theLg1(L2-N4) x-ray
transition in gold for multiply ionizedM and N shells. The line
profile, which is expected to be measured with a semicondu
detector~convoluted!, is compared with the predicted Gaussian p
file with mean shift and width given by Eqs.~1! and~2!. The values
of assumed ionization probabilities and x-ray energy shifts per
cancy forM andN shells as well as detector energy resolution,
shown in the figure. The profiles are plotted versus the x-ray en
shift with respect to the diagram transition.

TABLE I. The calculated Dirac-Fock average energy shifts p
spectator vacancy inM, N, and O shells for individualLg x-ray
transitions in Au and U~in eV!.

Au U
Transition dEM dEN dEO dEM dEN dEO

Lg5(L2-N1) 64.8 5.6 82.3 9.4
Lg1(L2-N4) 66.8 6.3 85.1 10.5
Lg2(L1-N2) 61.1 5.6 78.9 9.8
Lg3(L2-N3) 64.0 6.0 83.3 11.2
Lg6(L2-O4) 85.1 18.0 2.6 109.7 26.1 3.2
Lg48(L1-O2) 82.8 14.6 1.8 102.8 23.1 3.0
Lg4(L1-O3) 86.9 15.4 2.1 105.7 25.7 4.2
02270
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trum of gold, using the method discussed, is shown in Fig
In this spectrum, seven dominating transitions have been
solved: Lg5(L2-N1), Lg1(L2-N4), Lg2(L1-N2),
Lg3(L1-N3), Lg6(L2-O4), Lg4(L1-O2), andLg48(L1-O3).
It is inferred from the data that a number of spectator vac
cies inM andN shells of the lighter target atoms~Au and Bi!
is, on an average, about one and six, respectively. A de
of multiple-ionization, and correspondingly a number of v
cancies, for heaviest target atoms~Th and U! is two times
smaller. The number of additional vacancies inO shell re-
mains rather uncertain because of their small contribution
the observed x-ray energy shifts. It is further obscured b
high ~80%! uncertainty in determination of the x-ray shif
per vacancy in theO shell ~see Table I!. Moreover, the ob-
served increased intensity of theLg6 line relative to theLg1
suggests that the outerO shell vacancies are quickly filled b
a capture of loosely bound electrons from the valence ba
before x-ray emission. This ‘‘solid-state’’ effect, which wa
observed earlier@75#, becomes less important for increasin
atomic number of the target atom. Fortunately, an inclus
of O shell in fitting the x-ray spectra by using Eqs.~1! and
~2! has small influence on the resulting ionization probab
ties for M and N shells. As we have checked, by fixing
extreme valuespO50 or 1, this effect could modify the
probabilities forM and N shells by less than 3%. Conse
quently, the multiple-ionization inO shell was neglected in
analysis of x-ray spectra measured and consequently, the
ization probabilities forM and N shells were only derived
from the data.

As a typical example, the measured ionization probab
ties for M and N shells for gold bombarded by oxygen io
are shown in Fig. 5, in comparison with theoretical pred
tions. The measured probabilities forM andN shells, which

or
-

-
e
y

r

FIG. 4. The measured, and resolved, spectrum ofLg x-ray tran-
sitions in gold excited by oxygen ions of energy 20.8 MeV. T
ionization probabilities forM and N shells, derived by fitting the
data, are shown in the figure.
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PAJEK et al. PHYSICAL REVIEW A 68, 022705 ~2003!
were extracted fromL shell x-ray spectra, were compare
with calculated probabilities for the zero impact parame
modified for the vacancy rearrangement processes. S
probabilities were obtained from the semiclassical SCA-
model @37,76# and the ‘‘geometrical model’’ ~GM!
@65,77,78#. An extended discussion of the multiple-ionizatio
of M and N shells for studied systems can be found in o
earlier work@76#.

An important advantage of the proposed fitting method
that it allows one to separate reliably theLg2,3(L1-N2,3) and
Lg6(L2-O4) x-ray transitions. That is because the ene
shifts per vacancy, both in theM andN shells, are generally
higher for transitions from the outerO shell. These lines
which cannot be resolved with a semiconductor detecto
they arise from a single vacancy configurations, due to cl
transition energies, can be resolved in multiply ionized ato
~see Fig. 4!. As is shown below, it has important cons
quences on the evaluation of theL subshell ionization cross
sections.

TheL x-ray production cross sections forL, , La1,2, Lh,
Lb, Lg5 , Lg1 , Lg2,3, Lg6, andLg4,48 transitions were ob-
tained from the measured x-ray intensities, using the pro
dure described in detail elsewhere@80#. The measured x-ray
yields were normalized to the number of elastically scatte
ions, and corrected for x-ray absorption and the projec
energy losses in a target@80#. The magnitude of this correc
tion was always less than 10%. The influence of anisotro
emission of L3 x-ray lines on measured cross section
caused by collisionally induced alignment, was estimated
ing the alignment parameterA20 calculated by Trautmann
and Baur@81#. Using these data, we have estimated that

FIG. 5. Comparison of ionization probabilities for theM- and
N-shell for gold bombarded by oxygen ions with the predictions
the semiclassical~SCA-UA! calculations and the ‘‘geometrica
model’’ @65#, both corrected for the vacancy rearrangement@76#.
The probabilities were derived by fitting the x-ray spectra with
present method accounting for the multiple-ionization effects.
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influence of anisotropic emission of theL3-subshell x-rays is
negligible for our targets, being smaller than 2%. The to
uncertainties of the measured x-ray cross sections w
found to be between 9% and 13% forLa1,2 andLg1 transi-
tions and 10–25% forLg2,3 transition. They are cause
mainly by the 5% uncertainty of the x-ray detector efficien
determination, the statistical uncertainty of the x-ray yie
~2–5%!, and the 5% uncertainty of the target thickness mo
tored using Rutherford backscattering.

Table II lists theLa1,2, Lg1, andLg2,3 and the totalLXtot

x-ray production cross section measured in this work. As
example, a dependence of totalL x-ray production cross sec
tion for Au, as a function of oxygen ion energy, is shown
Fig. 6. One finds here that the measuredL x-ray production
cross sections are generally in good agreement with the
perimental results reported by other authors. The totaL
x-ray cross sections are compared with the predictions of
SCA calculations for direct ionization, both for the SA an
the UA limits, as well as the the ECPSSR theory describ
direct ionization and electron-capture processes. Figur
shows that a contribution of the electron capture is gener
small, below 15%, as estimated from the ECPSSR theory
highest energy, and practically negligible for most of t
present data. This means, in the light of a magnitude of
crepancies observed between the data and theoretical pr
tions ~see Figs. 6 and 7!, that it is enough to compare th
present results with the theories describing the direct ion
tion process. Among the theories discussed, both
SCA-UA and ECPSSR calculations reproduce the totaL
x-ray cross sections for higher energies equally well, ho
ever, the low-energy results are systematically better
scribed by the SCA-UA approach. In fact, this is the res
one expects for adiabatic collisionsv1 /v2!1.

The measured x-ray production cross sections
La1,2,Lg1, andLg2,3 transitions in gold~see Table II!, se-
lected to show typical features in the data, are shown in F
7. These results are compared here with the prediction
the SCA-UA and ECPSSR theories as well as the SCA-C
calculations, which are discussed in detail in Sec.V. In g
eral, the x-ray production cross sections forLa1,2, Lg1, and
Lg2,3 are related to theL1-, L2-, andL3-subshell ionization
cross sections via the following relationships:

sLg2,3
5v1

Gg2,3

G1
sL1

, ~3a!

sLg1
5v2

Gg1

G2
@sL2

1 f 12sL1
#, ~3b!

sLa1,2
5v3

Ga1,2

G3
@sL3

1 f 23sL2
1~ f 131 f 12f 23!sL1

#,

~3c!

where the fluorescence (v1 , v2, andv3) and Coster-Kronig
( f 12, f 13, and f 23) yields can be found in Ref.@79# and the
theoretical x-ray emission ratesG in Ref. @82#. In these
works, the theoreticalL shell atomic parameters have be
calculated for single-vacancy configurations. It is know

f
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TABLE II. The measured x-ray production cross sections~in barns! for La1,2, Lg1, andLg2,3 and totalLXtot
for Au, Bi, Th, and U

bombarded by16O ions. The ranges of experimental uncertainties are shown in the table.

Au Bi
Energy~MeV! La1,2 Lg1 Lg2,3 LXtot

La1,2 Lg1 Lg2,3 LXtot

6.4 2.8810 4.4021 1.2421 6.6910 2.1110 3.8121 9.9922 4.9810
8.0 7.6810 9.1921 1.5721 1.6111 6.1010 8.4921 1.3721 1.3111

11.2 2.8711 2.6810 4.4821 5.5111 2.2511 2.2610 3.7021 4.2911
14.4 5.8011 4.7310 8.8521 1.0712 4.4611 3.9210 5.6121 8.2011
17.6 1.0812 8.4810 1.5110 1.9612 7.3411 6.0010 7.6221 1.3312
20.8 1.7812 1.3111 2.2210 3.1912 1.2812 9.9210 1.2810 2.2812
22.4 2.2012 1.5611 2.6910 3.9212 1.5012 1.7411 2.5310 2.7312
25.6 3.1112 2.1511 3.8610 5.3912 2.0712 1.5111 2.1910 3.6412
28.8 3.8812 2.5911 5.1710 6.8112 2.9412 2.0911 2.9710 5.1312
32.1 5.6212 3.6611 7.2710 9.8212 3.9712 2.7811 4.3110 6.9112
35.2 6.5612 4.2011 8.2310 1.1413 4.9012 3.3511 5.4410 8.5312
51.0 1.6113 9.6311 2.2011 2.9113 1.1913 7.0711 2.1011 1.5213
70.0 1.7613 1.0812 3.4011 3.1513
Uncertainty~%! 9–12 10–13 10–25 7–9 10–12 10–12 10–15 8–10

Th U
Energy~MeV! La1,2 Lg1 Lg2,3 LXtot

La1,2 Lg1 Lg2,3 LXtot

6.4 7.6521 1.9221 6.2222 2.1610 2.0321 5.4022 1.5122 5.5221
8.0 2.3610 4.3921 7.9322 5.8310 6.1321 1.4821 2.7022 1.6710

11.2 9.7210 1.3210 2.2821 2.1011 3.6610 5.5821 1.0821 8.0810
14.4 2.1711 2.4610 4.0921 4.4411 1.7911 2.2010 4.2521 3.6611
17.6 4.1611 4.2510 7.0521 8.2011 3.5411 3.9110 6.7821 7.2111
20.8 6.6311 6.3210 9.5421 1.2812 5.2411 5.3510 8.2421 1.0012
22.4 9.8611 9.1610 1.3710 1.8912 7.7711 7.7510 1.1710 1.4812
25.6 1.2212 1.1011 1.5010 2.3112 8.8611 8.5010 1.1810 1.6712
28.8 1.7512 1.5011 2.0310 3.2712 1.3112 1.2011 1.6410 2.4312
32.1 2.1812 1.8211 2.3510 4.0412 1.6212 1.4311 1.8810 2.9812
35.2 2.6112 2.1411 2.7510 4.7912 2.3412 2.0411 2.5810 4.2712
51.0 4.3412 2.3411 4.1710 7.0612
70.0 1.0513 5.7711 1.1011 1.7213
Uncertainty~%! 10–12 10–12 10–15 7–9 10–12 10–12 11–25 7–10
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however, that the fluorescence and Coster-Kronig yields
well as x-ray emission rates can be modified when ato
undergo multiple-ionization. Consequently, the effect of
fluence of multiple-ionization on the atomic parameters
curring in Eq.~3! has to be discussed in detail in order
compare the x-ray cross section data with the theoretical
dictions for the ionization process. This effect will be di
cussed in Sec. IV.

The effect of multiple-ionization on theL subshell ioniza-
tion cross sections, as derived fromL x-ray cross sections, is
even more severe. According to Eq.~3!, the L subshell ion-
ization cross sections can be derived from the x-ray prod
tion cross sections measured for the x-ray transitions fromM
(La1,2) andN (Lg1 ,Lg2,3) shells. By doing so, the resultin
L subshell ionization cross sections can be biased by
systematic uncertainties ofL shell atomic parameters, whic
are modified by the multiple-ionization effects. There is a
other important ramification for the determination of t
02270
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L1-subshell ionization cross section. In earlierL shell ioniza-
tion studies, theL1-subshell cross section has been routin
derived from a sum ofLg2,3(L1-N2,3) andLg6(L2-O4) x-ray
lines which were difficult to distinguish experimentally. I
some experiments, the intensity of theLg2,3 line was ob-
tained from the line intensities ofLg2,3,6 andLg1 transitions
@64,63#, using the intensity ratio ofLg6(L2-O4) and
Lg1(L2-N4) lines, which was determined theoretically fo
single-hole configurations@79#. However, the ratio of these
lines for heavy-ion impact can be strongly modified due
different probabilities of the multiple-ionization inN andO
shells. These effects can be further modified by the seco
ary processes such as the vacancy redistribution due to
Coster-Kronig and Auger transitions as well as the solid-s
effects mentioned earlier@76#. We point out here that the
fitting method of x-ray spectra adopted in the present w
allows one to resolveLg2,3 andLg6 x-ray lines and thus to
5-7
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omit, in calculations, the uncertainty of the relative emiss
rate.

IV. MULTIPLE IONIZATION EFFECTS

In this section, the influence of the multiple-ionizatio
effects on theL shell decay widths and, consequently, t
fluorescence and Coster-Kronig yields as well as the ra
tive emission rates is discussed. Generally, the multip
ionization can affect the radiative, Coster-Kronig, and Aug
rates in three ways:~i! by reducing the number of electron
available for a given transition;~ii ! by making the Coster-
Kronig transition energetically forbidden, or closed, due to
change~typically increase! of the binding energies of elec
trons participating in the transition; and~iii ! by modifying
the wave functions of active electrons. In order to treat
these effects in multiply-ionized atoms, one needs comp
atomic structure calculations for large number of multiv
cancy configurations. However, one expects that the w
function effects should not affect too much the relative qu
tities, such as the fluorescence, Coster-Kronig, and rela
x-ray emission rates, due to a partial cancellation of the
fects. This argumentation holds in particular for not too hi
ionization probabilities, such as in the present study, wh
they are below 25%. For this reason the multiple-ionizat
effect on the electronic wave functions is not discussed h
On the other hand, the other multiple-ionization effects m
tion above, namely the reduction of a number of electro
and closing of selected Coster-Kronig transitions, which c

FIG. 6. Comparison of totalL x-ray production cross section
for gold bombarded by oxygen ions with the predictions of t
semiclassical calculations@37# for separated~SCA-SA! and united
atom~SCA-UA! limits for direct ionization, as well as the ECPSS
theory @33,34# both for direct ionization~DI! and electron capture
~EC!, using single-vacancyL-shell decay rates@79#. The present
data are compared with available results reported by other aut
@14,15,41–43#.
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be accounted for in the multiple-ionized atoms in a simp
way, are discussed in the present paper in more details.

The simplest effect, which decreases the widths for b
radiative as well as the radiationless transitions, is due
reduction of the number of electrons available for a giv
transition. This can be accounted for by using the so-ca
statistical scaling@83# of the single-vacancy width by a frac
tion of available electrons, which, in turn, can be expres
in terms of the ionization probabilities for the shells of inte
est. We note, however, that for the discussed experime
the L shell decay widths are mainly modified by th
multiple-ionization in theM and N shells. Here, the esti
mated ionization probabilities for theL shell are negligibly
small (&3%), as theinfluence of multiple-ionization in the
O shell, is estimated to be below 5%, due to a small con
bution of the transition involvingO shell electrons to theL
shell decay widths. Consequently, following the idea of s
tistical scaling of Larkins@83#, the widths for radiative,
Coster-Kronig, and Auger processes were scaled by ap
priate statistical factors expressed in terms of the meas
ionization probabilities for theM andN shells, assumed to b
constant for a given shell. Generally, the statistical fact
(12pj ), (12pj )(12pk), or (12pj )(12pj21/Nj )/(1
2Nj ) were used if one or two active electrons, respective
from different or the same shell were involved in the proce
Here, Nj denotes the maximum number of electrons in
given shell. Using the measured ionization probabilities
M andN shells and the theoretical atomic widths@79,82#, the
L subshell decay widths for the individual radiativeG i j

X ,
Coster-KronigG i 2 jk

CK , and AugerG i 2 jk
A processes were cal

culated. By summing up these widths, the partialL subshell
decay widths for radiativeG i

X(pM ,pN), Coster-Kronig

rs

FIG. 7. Comparison of measured x-ray production cross sect
for La1,2, Lg1, andLg2,3 transitions in gold bombarded by oxyge
ions with the predictions, which are based on the semiclass
SCA-UA and SCA-CSM calculations ofL subshell ionization cross
sections and single-vacancyL-shell decay rates@see Eqs.~3!#. For
comparison, the calculations for the SCA-CSM model were p
formed usingL-shell rates modified by the multiple-ionization e
fects ~see the text!.
5-8
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TABLE III. The L-shell fluorescence (v i) and Coster-Kronig (f i j ) yields for Au, Bi, Th, and U for single-vacancy and multivacan
configurations. For single-vacancy configurations the semiempirical values of Krause@86# and the theoretical relativistic values of Che
et al. @79# are shown. For atoms multiple ionized by16O ions, the table shows the modified values of the relativistic yields of Chenet al.
@79#, which were obtained by applying the ‘‘statistical scaling’’@83# ~see the text!, as well as their modified, configuration averaged@see Eq.
~7!# values accounting for the effect of closing the Coster-Kronig~CK! transitions. These modifications were calculated using the meas
ionization probabilities for theM andN shells. The values of statistically scaled yields are shown for the maximum projectile energy,
the ranges of the modified yields correspond to the projectile energy range.

Source v1 v2 v3 f 12 f 13 f 23

Gold (79Au)
Semiempiricala 0.107 0.334 0.320 0.140 0.530 0.122
Relativisticb 0.078 0.358 0.314 0.068 0.711 0.129
Statistical scaling 0.080 0.380 0.321 0.060 0.720 0.118
Closed CK transitions 0.174–0.191 0.372–0.378 0.312–0.321 0.086–0.086 0.420–0.388 0.110–

Bismuth (83Bi)
Semiempiricala 0.117 0.387 0.373 0.110 0.580 0.113
Relativisticb 0.099 0.416 0.358 0.055 0.700 0.119
Statistical scaling 0.101 0.433 0.362 0.048 0.707 0.106
Closed CK transitions 0.142–0.166 0.430–0.433 0.356–0.362 0.054–0.062 0.592–0.534 0.102–

Thorium (90Th)
Semiempiricala 0.161 0.479 0.463 0.090 0.570 0.108
Relativisticb 0.140 0.498 0.423 0.057 0.656 0.106
Statistical scaling 0.142 0.511 0.424 0.052 0.659 0.098
Closed CK transitions 0.142–0.145 0.506–0.511 0.418–0.425 0.043–0.041 0.664–0.666 0.098–

Uranium (92U)
Semiempiricala 0.176 0.467 0.489 0.080 0.570 0.167
Relativisticb 0.150 0.505 0.443 0.051 0.656 0.138
Statistical scaling 0.152 0.516 0.444 0.048 0.659 0.136
Closed CK transitions 0.153–0.156 0.528–0.533 0.438–0.445 0.041–0.041 0.658–0.657 0.105–

aBy Krause@86#.
bBy Chenet al. @79#.
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G i j
CK(pM ,pN), and AugerG i

A(pM ,pN) transitions were ob-
tained to be further used to calculate the modified rela
radiative widths as well as the fluorescence and Cos
Kronig yields. As we have found these effects modify t
atomicL-shell parameters occurring in Eqs.~3! by less than
25% ~see also Table III!.

The multiple ionization, despite the statistical scaling
fect discussed above, can also modify theL shell decay
widths much stronger, namely, by making some transiti
energetically forbidden. This happens, as we have shown
lier @84#, for strongL1-L3M4,5 Coster-Kronig transitions in
gold multiply ionized by oxygen ions. In this case an i
crease of almost a factor of two in the fluorescence yield
L1 subshell was reported@84# using a simplified model.
However, in order to discuss this effect in more detail, in
present paper we report on the similar calculations perform
for Au, Bi, Th, and U, resulting in the configuration-averag
L subshell fluorescence and Coster-Kronig yields.

The multiple-ionization, which modifies the binding ene
gies of electrons, results in changing the energies of Cos
Kronig transitions which are called, in this case, the sate
Coster-Kronig transitions. For substantial ionization in theM
and N shells, selected Coster-Kronig transitions, which
allowed in singly ionized atoms, can become energetic
forbidden for multivacancy configurations. In order to d
02270
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cuss this effect, one has to consider the kinetic energy of
Coster-Kronig electron, which has to remain positive to t
allowed transitions. The kinetic energy of the Coster-Kron
electron for the satellite transition with one additional v
cancy, sayLi(S

21)-L jMk(S
21) with S5M ,N, can be ex-

pressed, using the ‘‘Z11 rule’’ @85# to account for the screen
ing effect, in terms of the electron binding energiesBs(Z) as
follows:

«sat
i 2 jk~s!5Bi~Z!2Bj~Z!2Bk~Z11!1Bs~Z11!

2Bs~Z12!. ~4!

This expression can be easily generalized for the cas
arbitrary number of vacanciesm and n in the M and/or N
shells @73#, respectively, by introducing the average ener
shift of energy of Coster-Kronig electron per vacancy,dBs
5Bs(Z11)2Bs(Z12), namely,

«sat
i 2 jk~m,n!5«diag

i 2 jk1mdBM1ndBN , ~5!

where the electron energy for the diagram Coster-Kro
transition reads«diag

i 2 jk5Bi(Z)2Bj (Z)2Bk(Z11). The rela-
tivistic calculations ofL shell Coster-Kronig energies ar
5-9
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presently available@85# and those values were used in E
~5! to obtain the electron energies for the satellite Cos
Kronig transitions.

In this way, the electron energies for the satellite Cos
Kronig transitionsLi(M 2mN2n)-L jMk(M 2mN2n) were cal-
culated for eachM 2mN2n spectator-vacancy configuration
We have found that for the studied heavy elements~Au, Bi,
Th, and U!, the following Coster-Kronig satellite transition
were energetically forbidden~closed! in multivacancy con-
figurations:L1-L3M4,5, L1-L2N4,5, and a few weaker tran
sitions. We note here that the strongest effect was obse
for Au and Bi, for which the dominatingL1-L3M4,5 Coster-
Kronig transitions, contributing about 50% to total dec
width for L1 subshell, were closed in multiply ionized atom
This effect is demonstrated in Fig. 8, where the energies
Coster-Kronig electrons for the satellite transitions a
shown for different multivacancy configurations. The effe
of closing of selected Coster-Kronig transitions was
counted for in calculation of the partial Coster-Kronig dec
widths for a given multivacancy configurationM 2mN2n, by
excluding from the sum those transitions which were fou
to be closed, namely,

G i j
CK~m,n!5 (

k5open
G i 2 jk

CK ~pM ,pN!. ~6!

Consequently, two effects of the multiple-ionization o
theL shell decay widths, namely, the statistical scaling of
decay rates and the closing of selected Coster-Kronig tra
tions, were accounted for, as discussed above. Finally,
Coster-Kronig widths modified in this way, as well as t
modified radiative and Auger widths discussed earlier, w
used to calculate the configuration averagedL subshell fluo-
rescence yields:

FIG. 8. Calculated Coster-Kronig energies@Eq. ~5!# for the
L1-L3M4,5 transition in gold for different configurations with add
tional vacancies inM andN shells. The dotted lines mark the rang
of Coster-Kronig energies corresponding to the average numbe
vacancies expected for the range of projectile energies studied
02270
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P~m,n!v i~m,n!. ~7!

For the statistical weightsP(m,n) for each M 2mN2n

configuration, the products of two binomial distribution fa
tors were assumed, following the idea of the independ
electron model@17# picture for the multiple-ionization pro-
cess. With the measured ionization probabilitiespM and pN
for theM andN shell, respectively, andM andN denoting the
maximum number of electrons in these shells, the statist
weight reads as follows:

P~m,n!5S M

mD pM
m~12pM !M2mS N

n D pN
n ~12pN!N2n.

~8!

In the same way, the configuration averagedL shell
Coster-Kronig yields, f i j . were calculated. We note her
that due to the fact that theL shell relative radiative widths
were not affected by the discussed effect of closing
Coster-Kronig transitions, their values were modified only
the statistical scaling effect, as discussed above. The num
cal values of the modifiedL shell fluorescence and Coste
Kronig yields as well as the relative emission rates of inter
for Au, Bi, Th, and U are summarized in Table III.

Generally, strong influence of the multiple-ionization e
fects on theL shell decay widths was found. While the e
fects of the statistical scaling modified the fluorescence
Coster-Kronig yields and relative emission rates less t
25%, the effect of closing strong Coster-Kronig transition
mainly L1-L3M4,5, in multiple-ionized Au and Bi atoms
caused drastic, about a factor of two, increase of the fluo
cence yields forL1 subshell. For the heavier Th and U atom
this effect was not observed, mainly due to much high
energies for the diagram Coster-Kronig transitions for th
elements. Figures 9 and 10 show the predicted changesL
shell fluorescence and Coster-Kronig yields for gold,
which the effect was the strongest, versus the projectile
ergy. Summarizing, we have evidenced substantial modifi
tions of theL shell fluorescence and Coster-Kronig yield
and relative emission rates due to the multiple-ionization
the M andN shells. These effects, as we discuss in Sec.
are very important for deriving reliableL subshell ionization
cross sections from the measured x-ray production cross
tions @see Eqs.~3!#.

V. THEORY OF IONIZATION CROSS SECTIONS

In the semiclassical approximation~SCA! @4,37#, the pro-
jectile, assumed to move along the classical trajectory,
duces the transition of electron from an initial statei 5L1 ,
L2 , L3 to free final statef in the continuum. In the SCA
approach, this transition is treated quantum mechanic
within the first-order time-dependent perturbation theory.
the impact-parameter formulation, the SCA ionization cro
sections i

SCA is expressed as follows:

s i
SCA52pE

0

`

bdb(
f

uaf~b,t5`!u2, ~9!

of
5-10
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whereb is the impact parameter andaf(b,t) is the transition
amplitude at timet. In order to account for theL subshell
coupling effects within the SCA approach, the ‘‘couple
subshells model’’~CSM! of Sarkadi and Mukoyama@51# was
used here, which is a simplified version of the more gene
‘‘coupled-states model’’ proposed by Amundsen a
Jakubassa-Amundsen@55#. Assuming only the couplings be
tween the initialL shell substates (j 5$ l , j ,mj%), the time
evolution of the transition amplitude leading to the final st
f 5$« f ,l f% is described by the following equations:

FIG. 9. Modified, average values@Eq. ~7!# of L-shell fluores-
cence yields for gold atoms multiply ionized by oxygen ions. T
calculations, including the effects of statistical scaling and clos
of Coster-Kronig transitions, were performed using the experim
tal ionization probabilities forM and N shells, as well as their
theoretical values obtained from the ‘‘geometrical model’’~GM!
@65,77# and the semiclassical SCA-UA calculations@37#. The
shaded areas indicate the range of changes of the yields due t
effect of the closing of strongL1-L3M4,5 Coster-Kronig transitions.

FIG. 10. ModifiedL-shell Coster-Kronig yields for gold atom
multiply ionized by oxygen ions. See the caption to Fig. 9 for
further description.
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daf

dt
52

i

\ (
j

Vf j~b,t !aj~ t ! ~10!

and

daj

dt
52

i

\ (
j 8

Vj 8 j~b,t !aj 8~ t !. ~11!

Here the interaction matrix element reads

Vj j 8~b,t !5^C j u
2Z1

ur2R~ t,b!u
uC j 8&expS i

\
~Ej2Ej 8!t D ,

~12!

with R(b,t) denoting the vector between projectile and t
center of mass of the system andC j andEj being the elec-
tronic wave function and energy in statej, respectively. In
the first-order SCA treatment, one assumes that theL shell
substates remain unperturbed in the collision and con
quently,aj (t)5d j i , which leads to the following expressio
for the first-order ionization amplitude:

af
(1)~b,t51`!52

i

\E2`

1`

dtVf i~b,t !. ~13!

The semiclassical SCA calculations of theL shell ionization
cross sections were reported both for the straight-line
hyperbolic trajectories, describing the electronic states by
ing the hydrogenic nonrelativistic or relativistic as well
Dirac-Fock wave functions. The state-of-the-art SCA calc
lations were reported by Trautmann and co-workers@36,37#,
who also included the binding effect in the time-depend
manner@87#, or in the simplified UA approximation. In this
calculations, the recoil term was also included, but a mag
tude of this process, in comparison to the direct Coulo
ionization, is negligible for the studied collision systems.

On the other hand, by solving the coupled-channels eq
tions ~10! and ~11!, the ionization amplitudeaf

(c)(b,t5
1`) accounting for the couplings between individualL shell
substates can be obtained within the coupled-subshells m
@51#. In this case, the ionization process is viewed as
transition from a ‘‘mixed’’ ~or coupled! initial state to the
continuum. In order to reduce the numerical complexity
solving the coupled-channels Eqs.~10! and~11!, the follow-
ing simplifying assumptions are adopted in the CSM mo
@51#: ~i! the final states in the continuum have been restric
by regarding only the electronic states with zero kinetic e
ergy « f'0 and angular momentum ofl f50,1; ~ii ! the mul-
tipole expansion of the perturbing potential is limited to t
monopole, dipole, and quadrupole terms; and~iii ! the matrix
elements@Eq. ~12!# were derived using screened nonrelat
istic wave functions. Within such simplified SCA approac
the approximate coupled-channels cross sections were c
lated using hyperbolic trajectories. This approach inheren
includes the correction for the binding effect@51# in terms of
the symmetric matrix elementsVj j (b,t) in Eq. ~10!. Such
approximate cross sections, due to a restricted number o
final states, have only relative character and thus can onl
used to extract the correction factors to be applied to
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first-order cross sections, to account for the higher-order
fects discussed. In fact, this can be achieved by dividing
approximate coupled-channels cross sections (c)app(hyp),
which account for the coupling, binding, and hyperbolic t
jectory effects, by the approximate first-order cross sec
s (1)app(sl) calculated within the same simplified approa
using the straight-line trajectory. In this way, the approxim
correction factors

ci
app~coup,bin,hyp!5

s i
(c)app~hyp!

s i
(1)app~sl!

~14!

were obtained to correct the first-order SCA cross secti
s i

SCA(sl) calculated@37# for the straight-line~sl! trajectories.
The coupled-channels calculations are generally known
underestimate the coupling effects~see, e.g., Refs.@51,55#!,
probably due to the simplifying approximations used
make the problem mathematically manageable. In fac
similar feature was observed for the present CSM calc
tions. We have found that the calculated totalL shell ioniza-
tion cross sections, including the coupling effects, obtain
by using the correction factors of Eq.~14! were smaller than
the total cross sections, including only the correction for
binding and hyperbolic trajectory effects, in particular, f
higher projectile energies for which the couplings are
expected to play any role. We have interpreted this effec
a systematic underestimation of the correction factors of
~14! due to adopted approximations. In order to compens
for this effect, the correction factors of Eq.~14! were renor-
malized by taking into account that the couplings only red
tribute the vacancies betweenL subshells@51#, i.e., the total
number of vacancies is conserved. Following this obser
tion, normalization factora, assumed to be constant for allL
subshells, was introduced as follows:

a5
( is i

SCA~bin,hyp!

( ici
app~coup,bin,hyp!s i

SCA~sl!
. ~15!

The ionization cross sections, including the corrections
the binding and hyperbolic trajectory effects,s i

SCA(bin,hyp),
were obtained from the first-orders i

SCA(sl) cross sections in
a similar way, namely, as

s i
SCA~bin,hyp!5

s i
(1)app~bin,hyp!

s i
(1)app~sl!

s i
SCA2SA~sl!. ~16!

The binding effect was accounted for in calculation of t
approximate first-order cross sections i

(1)app(bin,hyp) by us-
ing the effective electron binding energyEi

e f f5Ei1Vii (b,t
50), as suggested in Ref.@33#. By applying this procedure
the values ofa51.021.5 were found and thus, the fina
correction factors were obtained asci(coup,bin,hyp)
5aci

app(coup,bin,hyp) for the studied systems. Finally, t
theoretical SCA-CSM ionization cross sections, includi
the corrections for the coupling, binding, and hyperbolic t
jectory effects were obtained:
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s i
SCA2CSM5ci~coup,bin,hyp!s i

SCA2SA~sl!. ~17!

It is worth noting that the SCA-CSM ionization cross se
tions of Eq.~17!, despite including the correction for theL
subshell couplings, also account for the binding effect@51#,
which is a real progress in comparison to the united-at
limit usually used to simulate the binding effect for rath
slow v1 /v2&1 collisions.

The direct ionization of inner-shell electrons by hea
projectiles can be also described within the plane-wave B
approximation~PWBA! @3#. This approach has been furthe
developed to include the effects going beyond the first-B
PWBA. The ECPSSR theory of Brandt and Lapicki@33,34#
accounts for the binding-polarization and Coulomb defl
tion ~hyperbolic trajectory! effects as well as the correction
for the projectile energy loss and electronic relativistic wa
functions. The ECPSSR theory, on the other hand, does
treat theL subshell coupling effects, which become impo
tant for heavy-ion impact (Z1@1).

Following a discussion of the coupling effect within th
SCA-CSM approach presented above, the correction fa
purely describing the coupling effect can be obtained, to
further used to modify the ECPSSR cross sections for
direct ionization. In fact, the approximate correction fac
ci

app(coup) can be derived from the simplified couple
channels CSM model and the first-order SCA calculation
follows:

ci
app~coup!5

s i
(c)app~hyp!

s i
(1)app~bin,hyp!

. ~18!

Using the same arguments as discussed above, these co
tion factorsci

app(coup) have to be renormalized to compe
sate for the simplifications of the CSM calculations usi
factora of Eq. ~15! introduced earlier. Finally, the correctio
factorsci(coup)5aci

app(coup) obtained in this way from the
CSM model were used to modify the ECPSSR ionizat
cross sections for the coupling effect as follows:

s i
ECPSSR2CSM5ci~coup!s i

ECPSSR. ~19!

In this way, theL subshell coupling effects estimated fro
the CSM model were included in the ECPSSR theory for
direct ionization. The vacancy production by the electr
capture to the projectile can also be included within t
ECPSSR theory as the additive term. Such calculations
based on the Oppenheimer-Brinkman-Kramers approxi
tion modified by Nikolaev@88# ~OBKN! with the same cor-
rections for the higher-order effects as for the direct ioni
tion. However, the contribution of the electron capture
small compared with the direct ionization for the studi
systems and energies. Consequently, the electron cap
does not play a significant role in interpretation of t
present data~see the following Sec. VI for detailed discus
sion!. In this way, by using the presented approach, we w
able to account for the coupling effects in both the SCA a
the ECPSSR calculations.
5-12
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VI. DISCUSSION

The measured ionization cross sections forL1 , L2, and
L3 subshells of Au, Bi, Th, and U bombarded by oxyg
ions, derived from Eqs.~3! using the modifiedL shell decay
fluorescence and Coster-Kronig yields and emission r
~see Sec. IV!, are shown in Figs. 11–14. These data a
compared with the predictions of the semiclassical SCA c
culations @37# for the direct ionization performed in th
united-atom limit ~SCA-UA! as well as the SCA-CSM
model discussed in Sec. V, which accounts for theL subshell
coupling effects. In Figs. 11–14, the predictions of t
ECPSSR theory@33,34# and the modified ECPSSR-CSM
calculations, which include corrections for theL subshell
couplings adopted from the CSM model~see Sec. V!, are
also shown.

The ECPSSR calculations discussed account for
electron-capture process. For heavy ions, the electron cap
may be important and it depends on the ionic charge-staq,
which generally has some distribution for ions penetrat
the solids. For the conditions of the present experimen
was assumed that the equilibrium charge state fractionsF(q)
were reached in the targets, having thicknesses in the ra
10–26mg/cm2. Thus, the measured ionization cross sectio
have to be compared with the theoretical equilibrium cr
sectionsseq calculated for the equilibrium charge-state d

FIG. 11. Measured ionization cross sections forL1 , L2, andL3

subshells of gold bombarded by oxygen ions plotted vs rela
projectile-electron velocityv1 /v2. The data are compared with th
predictions of the standard semiclassical SCA-UA calculations@37#
and the ECPSSR theory@33,34# as well as their modifications ac
counting for the coupling effects, namely, the SCA-CSM a
ECPSSR-CSM calculations~see the text!.
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FIG. 12. The same as in Fig. 11, but for bismuth bombarded

oxygen ions.

FIG. 13. The same as in Fig. 11, but for thorium bombarded
oxygen ions.
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tribution @89#. Noting that only the electron-capture cro
sectionssEC(q) depend on the ion charge state, the follo
ing expression for the equilibrium total vacancy producti
cross section, i.e., a sum for direct ionization~DI! and elec-
tron capture~EC! processes, can be obtained:

seq5sDI1(
q

F~q!sEC~q!. ~20!

The equilibrium ion charge fractionsF(q) were taken from
Ref. @89#. It is worth noting here that this approach is a
alternative approach to the well-known method@62# of mea-
suring the ionization cross section for a given charge st
which requires extremely thin targets.

For asymmetric (Z1!Z2) and rather slow (v1 /v2&1)
collisions studied, the contribution of electron capture@Eq.
~20!# is generally small. In order to obtain more quantitati
estimation of a contribution of the electron-capture proce
dedicated measurements at higher projectile energies
MeV and 70 MeV were performed, for which a substant
fraction of completely stripped and one-electron projecti
is expected. In this case, an increased contribution of the
process is anticipated, however, the data do not give
evidence of increased EC contribution. This observation
supported by the calculations of the EC cross sections,
formed using the ECPSSR theory. These calculations, w
are known to rather overestimate the EC cross sections,
dict a contribution of this process to be smaller than 15%
highest projectile energies and practically negligible bel
40 MeV. Consequently, the effect of the electron capt

FIG. 14. The same as in Fig. 11, but for uranium bombarded
oxygen ions.
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does not play, practically, a role in interpreting the data,
comparison with the direct ionization process, i.e.,seq

'sDI . This observation justifies a comparison of the pres
data with the prediction of the SCA calculations, which d
scribes only the direct ionization. In the light of these arg
ments the experimentalL subshell ionization cross section
which are shown in Figs. 11–14, could be compared with
predictions of the SCA calculations only for DI, and with th
ECPSSR theory both for DI and EC processes@Eq. ~20!#,
due to small contribution of the latter process.

A detailed comparison of the measuredL subshell ioniza-
tion cross sections for Au, Bi, Th, and U with theoretic
predictions that neglect the coupling effects, namely,
SCA-UA and ECPSSR, as well as, on the other hand,
count for theL subshell couplings within the CSM mode
namely, the SCA-CSM and ECPSSR-CSM, can be found
Figs. 11–14. The conclusions, which can be drawn from t
comparison are the following. An inclusion ofL subshell
couplings improves substantially the agreement of theor
cal predictions~SCA-CSM and ECPSSR-CSM! with the
data, as compared to the standard SCA-UA and ECPS
calculations, which, e.g., underestimate the experime
cross sections forL2 subshell at low energies almost by a

y

FIG. 15. The ratios of experimental-to-theoretical ionizati
cross sections forL1 , L2, andL3 subshells of Au, Bi, Th, and U
atoms bombarded by oxygen ions plotted vs relative project
electron velocityv1 /v2. The theoretical SCA-UA and SCA-CSM
calculations are compared in order to show an improvem
achieved by includingL subshell coupling effects in the prese
theoretical approach.
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order of magnitude~see also Fig. 15!. Similarly, the coupling
effects improve drastically an agreement of the energy
pendence of ionization cross sections forL1 subshell. In par-
ticular, an absolute agreement observed for Au is very go
almost within experimental uncertainties, while for Bi, T
and U, the calculations systematically underestimate
data. This effect can be possibly related to still insufficie
modifications ofL1 subshell decay rates in multiply ionize
atoms, which will be discussed later on. The results
L3-subshell are reasonably well reproduced by the SC
CSM calculations, but it is interesting to note that the co
pling effects systematically improve an absolute agreem
for this subshell.

Generally, the SCA-CSM calculations are systematica
closer to the experimental data for all subshells and elem
studied. For this reason, in Fig. 15, the measuredL subshell
ionization cross sections are compared systematically w
the predictions of the SCA-CSM theory by plotting the ex
theory ratios versus relative projectile velocityv1 /v2. This
figure clearly shows the systematic trends in the data as
as an improvement achieved by including theL subshell cou-
plings in theoretical treatment. This can be observed by c
paring the ratios obtained for SCA-CSM with those for SC
UA. Looking at systematic trends, it is worth noting that t
SCA-CSM calculations agree with the high-energy d
within 20–30%, while the residual discrepancies at medi
and low energies are within 60% forL2 and L3 subshells,
which we attribute to the approximations adopted for treat
the coupling effects. Much bigger discrepancies, up to a
tor of three for Bi, Th, and U, found at low energies forL1

subshell can, in our opinion, manifest a necessity of e
stronger modifications of the fluorescence yield forL1 sub-
shell as discussed in Sec. IV. We note that the effect of c
ing the L1-L3M4,5 Coster-Kronig transitions for Au, which
substantially increases theL1-subshell fluorescence yields
results in much better agreement between the data and
SCA-CSM calculations.

In fact, adopted modifications ofL shell decay widths
include the statistical scaling and much stronger effect
closing, mainly, theL1-L3M4,5 Coster-Kronig transitions in
multiply ionized atoms. We note, that in the adopted appro
mate treatment of the latter effect, the modifications of el
tronic wave functions in multiply ionized atoms were n
glected to simplify the problem. It is well known@90–92#,
however, that the wave function effect can possibly furth
enhance the closing of Coster-Kronig transitions, ultimat
leading to a closure ofL1-L3M4,5 Coster-Kronig transitions
for Bi, Th, and U, as predicted for Au, and partly for B
using the present approach~see Sec. IV!. As we have calcu-
lated, this effect would result in an increase ofL1-subshell
fluorescence yield by a factor of 2–3, which correspon
well, in magnitude, to the discrepancies observed for Bi,
and U at low energies~see Fig. 16!. In order to answer this
question more quantitatively, the complex calculations of
rates for radiationless transitions for multivacancy config
rations are needed. Such calculations are, unfortunately
of the scope of the present work.
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VII. CONCLUSIONS

The L subshell ionization cross sections for Au, Bi, T
and U have been studied systematically for incident oxyg
ions for rather slow (v1 /v2&1) collisions. The measured
x-ray spectra were strongly affected by the multip
ionization effects. The adopted method of analysis of x-
spectra from multiply ionized atoms allowed the resoluti
of individual Lg transitions and derivation of the ionizatio
probabilities for multiply ionizedM and N shell. A drastic
change ofL shell fluorescence and Coster-Kronig yields
multiply ionized atoms has been evidenced and discusse
particular, by using a simple model we have showed that
to a closing of strongL1-L3M4,5 Coster-Kronig transitions in
multiply ionized Au, the decay rates forL1 subshell can be
modified by as much as a factor of two. Estimated modifi
tions of L shell yields for heavier atoms~Bi, Th, and U! are
smaller within adopted simplified model, but can be possi
further increased by the effect of modification of electron
wave functions in multiply ionized atoms.

The measured ionization cross sections forL1 , L2, and
L3 subshells cannot be reproduced by standard theore
approaches such as the SCA-UA and the ECPSSR the
This is due to the neglect of coupling effects, which play
important role for heavier projectiles (Z1@1), in particular

FIG. 16. The ratios of experimental ionization cross sections
L1 , L2, and L3 subshells of Au, Bi, Th, and U bombarded b
oxygen ions, as obtained from Eqs.~3!, usingL-shell fluorescence
and Coster-Kronig yields for assumed completely closedL1-L3M4,5

Coster-Kronig transitions, and theoretical SCA-CSM cross secti
plotted vs relative projectile-electron velocityv1 /v2. Note that a
substantial improvement is achieved, in particular for theL1 sub-
shell, as compared to Fig. 15.
5-15



ai
s
s

s.
on
o
ly

en

g
is
nt

of
bing

e-
OL-
e-

e
ff at
he
n

PAJEK et al. PHYSICAL REVIEW A 68, 022705 ~2003!
for lower energies. The couplings betweenL subshells were
accounted for within the CSM, which was adopted to obt
the modified SCA-CSM and ECPSSR-CSM ionization cro
sections. In particular, the present data are described rea
able well by the predictions of the SCA-CSM calculation

Summarizing, we have shown that the multiple-ionizati
and coupling effects are very important for interpretation
theL shell ionization of atoms by heavy ions, which strong
perturb theL shell electrons. Present results partly explain
long-standing discrepancy observed between experim
and theoretical predictions ofL shell ionization by heavy
(Z1@1) projectiles. In conclusion, it is worth emphasizin
that the magnitude of the multiple-ionization effects, d
cussed for heavy projectiles, exceeds typical experime
y
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uncertainties of the data and thus, a final interpretation
results depends strongly on the assumed model descri
the relaxation of multiply ionized atom.
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by S. Flügge ~Springer, Berlin, 1958!.

@4# J. Bang and J.M. Hansteen, K. Dan. Vidensk. Selsk. Mat. F
Medd.31, 13 ~1959!.

@5# W. Bambynek, B. Crasemann, R. Fink, H.-U. Freund,
Mark, C. Swift, R. Price, and P.V. Rao, Rev. Mod. Phys.44,
716 ~1972!.

@6# Atomic Inner Shell Processes, edited by B. Crasemann~Aca-
demic Press, New York, 1978!.

@7# C.H. Rutlege and R.L. Watson, At. Data Nucl. Data Tables12,
197 ~1973!.

@8# T.L. Hardt and R.L. Watson, At. Data Nucl. Data Tables17,
107 ~1976!.

@9# R.K. Gardner and T.J. Gray, At. Data Nucl. Data Tables21,
515 ~1978!.

@10# R.S. Sokhi and D. Crumpton, At. Data Nucl. Data Tables30,
49 ~1984!.

@11# H. Paul and J. Muhr, Phys. Rep.135, 47 ~1986!.
@12# G. Lapicki, J. Phys. Chem. Ref. Data18, 111 ~1989!.
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