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X-ray study of M-shell ionization of heavy atoms by 8.0-35.2-MeV O?* ions:
The role of the multiple-ionization effects
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The M-shell ionization in high-Z atoms by O7* ions have been studied systematically in the energy range of
8.0-35.2 MeV in order to verify the available theoretical approaches describing the M-shell ionization by
charged particles in asymmetric collisions. The measured M x-ray spectra were analyzed taking into account
the effects of x-ray line shifting and broadening caused by the multiple ionization in the M and N shells. The
M-subshell ionization cross sections, derived by using the M-shell decay rates modified for the multiple
ionization effects, have been compared with the theoretical predictions based on the plane-wave Born approxi-
mation (PWBA), the semiclassical approximation (SCA), and the binary-encounter approximation (BEA). In
the PWBA approach two theoretical calculations were considered: the energy-loss Coulomb deflection per-
turbed stationary state relativistic (ECPSSR) theory and its recent modification called the energy-loss Coulomb
deflection united and separated atoms relativistic (ECUSAR) theory, which corrects a description of the elec-
tron binding effect to account for the united and separated atoms (USA) electron binding energy limits. In the
SCA calculations performed with relativistic hydrogenic wave functions the binding effect was included in the
limiting cases of separated-atom (SA) and united-atom (UA) limits. The measured M-subshell ionization cross
sections are the best reproduced by the SCA-UA calculations, with exception of the M, 3(3p)-subshell cross

sections which are strongly enhanced and cannot be reproduced by the discussed calculations.

DOI: 10.1103/PhysRevA.79.032710

I. INTRODUCTION

The excitation of x rays in ion-atom collisions is an im-
portant fundamental process of interaction of charged par-
ticles with matter. In asymmetric (Z, <<Z,) collisions, with Z,
and Z, being the atomic numbers of projectile and target
atom, respectively, a creation of inner-shell vacancy is domi-
nated by the direct Coulomb ionization. The excited atoms
decay radiatively by emission of x rays or nonradiatively by
the Auger or Coster-Kronig processes. Consequently, the in-
vestigations of ion-induced x rays allow us to determine the
ionization cross sections for ion impact, which are both of
fundamental and practical interest. The experimental studies
of inner-shell ionization by ions are important for testing the
theoretical description of this process as well as for applica-
tions, for instance, for the particle induced x-ray emission
(PIXE) technique.
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In early studies concerning inner shells ionization by
charged particles mainly K and L-shell ionization by light
ions was investigated, which is summarized in Refs. [1-9].
The investigations of the M-shell ionization by observation
of M x rays excited by ion impact are generally more diffi-
cult experimentally due to very low energies of studied
M x rays, being typically within the range of 1-3 keV, which
furthermore cannot be fully resolved by a semiconductor
x-ray detector. For these reasons the results of early measure-
ments of M-shell ionizations by light ions, which were done
with gas proportional counters, were less accurate than the
results obtained in later studies which were performed using
semiconductor x-ray detectors. For accurate measurements
of M x rays a precise efficiency calibration of x-ray semi-
conductor detector is necessary. Such a calibration technique,
which was described in detail in Ref. [10], was used in the
systematic studies of M-shell ionization by light ions
[11-16], which were undertaken in our group. The results of
these studies concerning the M-shell ionization by light L2y
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and **He ions were recently summarized in Ref. [17], where
the references to earlier experiments on M-shell ionization
by light ions can be found.

The studies of M-shell ionization by heavy ions (Z;> 1)
[18-25] are generally much more complex, mainly, due to
the multiple ionization effects and increasing role of the elec-
tron capture. In particular, the multiple ionization process
affects substantially the observed x-ray spectra by shifting
and broadening the M x-ray lines, which additionally com-
plicates a resolution of individual M x-ray transitions. More-
over, the multiple ionization process influences conversion of
the measured x-ray yields into the ionization cross sections
by modifying the M-shell decay radiative, Auger, and
Coster-Kronig yields. Additionally, the vacancy rearrange-
ment processes, taking place between a moment of collision
and x-ray emission, have to be considered. Consequently, the
multiple ionization effects are very important for correct in-
terpretation of M x-ray emission induced by energetic heavy
ions. In fact, the investigations of a role of the multiple ion-
ization effects in the M-shell ionization by heavy ions was
our main motivation to study the M x-ray production and
M-shell ionization cross sections of selected heavy atoms
(79Au, ¢;Bi, ¢ Th, and 4,U) in collisions with oxygen ions. In
contrast to previous experimental studies [18-25] on the
M-shell ionization by heavy ions, in the present work the
effects of multiple ionization were included in interpretation
of the data which resulted, in our opinion, in a substantial
improvement of a quality of the reported results.

In strongly asymmetric collisions (Z; <Z,) the inner shell
vacancies are created in direct Coulomb ionization process,
i.e., by exciting a bound electron directly to a continuum.
This process can be described theoretically within the first-
order perturbation approaches, namely, the plane-wave Born
approximation (PWBA) [26] and the semiclassical approxi-
mation (SCA) [27]. The direct ionization can be described
using the binary-encounter approximation (BEA) [28,29],
which is a nonperturbative approach based on the classical
treatment of the collision. The PWBA-based approach was
further extended to include the corrections for the binding
and polarization effects, treated within the perturbed station-
ary states (PSS) approximation, as well as the Coulomb de-
flection, energy loss, and relativistic effects. This theory,
which is known as the energy-loss Coulomb deflection per-
turbed stationary state relativistic (ECPSSR) theory [30],
was further modified to reproduce correctly the binding ef-
fect in the united- and separated-atoms limits. In the result-
ing energy-loss Coulomb deflection united and separated at-
oms relativistic (ECUSAR) theory [31] the binding
correction was saturated at the united-atoms limit. In the
semiclassical SCA approach the direct ionization of a bound
electron by a projectile is described within the time-
dependent first-order perturbation treatment, with projectile
moving on the classical trajectory. In the SCA calculations
the hyperbolic projectile trajectory and relativistic electronic
wave functions can be used in an exact way, while the bind-
ing effect can be treated only approximately for the extreme
cases of separated atoms (SCA-SA) or united atom (SCA-
UA) limits.

In the present paper the results of systematic measure-
ments of the M-shell ionization of ,4Au, ¢;Bi, ¢oTh, and U
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atoms by O7* ions in the energy range of 8.0-35.2 MeV are
discussed. As it is demonstrated in the paper the multiple
ionization in outer M and N shells is crucial for a correct
interpretation of the measured M x rays to obtain reliable
M-shell ionization cross sections. The results are discussed
in terms of available theoretical treatments of the direct Cou-
lomb ionization, which are based on the basic SCA, PWBA,
and BEA approaches. The paper is organized as follows. The
experimental aspects of this work are described in Sec. II. In
Sec. III the multiple ionization effects in the measured x-ray
spectra are discussed, while the data analysis is described in
Sec. IV. In Sec. V the main experimental results are pre-
sented including a discussion of a modification of the
M-shell decay rates in multiply ionized atoms needed to de-
rive the M-shell ionization cross sections. In Sec. VI the
available theoretical approaches (PWBA, SCA, BEA,
ECPSSR, ECUSAR) treating the M-shell ionization are de-
scribed followed by a discussion of the results in Sec. VII.
The paper is summarized in Sec. VIIL.

II. EXPERIMENT

In the present experiment oxygen ions of energies 8.0—
35.2 MeV and charge states from 3+ to 6+ were obtained
from the 5-MeV tandem Van de Graaff accelerator at the
Institute of Physics of Erlangen-Niirnberg University. Accel-
erated ion beams were focused by the system of two quad-
rupole lenses and, after selecting given charge state in the
analyzing magnet, were directed onto studied targets. The
ion beams collimated to a 2-mm diameter, having intensities
0.5-60 nA, excited the M x rays in thin metallic layers of
79AU, ¢3Bi, oyTh, and 4, U having thickness between 10 and
30 umg/cm?, evaporated onto ~20 ug/cm? carbon back-
ings. The targets were mounted at an angle 30° with respect
to the beam direction. The M x rays excited in the targets
were detected by a 30-mm? Canberra ultra-low-energy ger-
manium (ULEGe) x-ray detector having a 25-um beryllium
window. The ULEGe detector, which was mounted outside
the vacuum chamber perpendicularly to the ion beam direc-
tion, had x-ray energy resolution of 150 eV for 6.4 keV. A
number of oxygen ions impinging on the target was moni-
tored by surface barrier Si detector recording the elastically
backscattered projectiles at an angle 150° with respect to ion
beam direction. A typical spectrum of excited M and L x
rays, as well as elastically backscattered projectiles, is shown
in Fig. 1 for 20.8 MeV O* ion impact on gold target.

The efficiency of a ULEGe x-ray detector was measured
by two complementary methods covering the energy range
1.5-60 keV, following the procedure described in detail in
Ref. [10]. We emphasize here that the measurements of de-
tector efficiency in a wide energy range are very crucial for
accurate (5%) modeling [10] of the low-energy part (1.5-5
keV) of efficiency curve covering the range of energies of
the studied M x rays. First, the calibrated (=1.8%) x-ray
sources of °'Co, **Ba, '’Eu, and **' Am were used to de-
termine the efficiency for x-ray energies above 12 keV. The
x-ray detector efficiency in the photon energy range between
1.5 and 11 keV was measured by bombarding thin targets of
low-Z and mid-Z elements with 3-MeV |H ions. From the
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FIG. 1. The measured x-ray spectrum of M and L x rays of gold
excited by 20.8-MeV oxygen ions. The inset shows the spectrum of
elastically scattered ions measured at an angle 150° for the normal-
ization of x-ray intensities.

measured K x-ray yields, normalized to a number of elasti-
cally backscattered ions, the efficiency of a ULEGe detector
was determined using the “reference” K-shell ionization
cross sections (see Ref. [32]) and the screened elastic cross
sections [33]. By using this method we were able to deter-
mine the efficiency of a ULEGe detector in the energy range
1.5-5 keV with total experimental uncertainties ~4%. The
measured and fitted efficiency of a ULEGe detector used in
the present study is shown in Fig. 2. Due to strong multiple
ionization effects observed in the measured spectra a precise
x-ray energy calibration of the detector was needed. In the
present experiment the energy calibration was monitored
during the measurements by using the radioactive x-ray
sources. This approach allowed us to estimate the absolute
x-ray energies with the uncertainties better than =5 eV.

III. MULTIPLE IONIZATION EFFECTS IN X-RAY
SPECTRA

The M x rays excited in collisions of energetic heavy ions
with atoms, when measured by a semiconductor detector,
appear to be shifted and broadened [34]. The observed x-ray
line shifting and broadening is caused by a presence of the
multiple spectator vacancies present during the x-ray emis-
sion, which reduce a screening of the nuclear charge. Con-
sequently, the observed x-ray energies are changed toward
higher energies with respect to the diagram x-ray lines cor-
responding to a single vacancy configuration. Additionally,
the complex satellite structure of x-ray transitions reflecting
a distribution of spectator vacancies in multiply ionized atom
during the x-ray emission leads to effective broadening of
x-ray lines measured with a semiconductor detector.
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FIG. 2. The measured and fitted efficiency of a semiconductor
ULEGe x-ray detector used in the present study. The fitted curve
was obtained using a model of detector efficiency described in Ref.
[10].

In a simple approach based on the independent electron
model, which assumes constant ionization probability per
electron and constant energy shift per vacancy in a given
shell, a binomial distribution of number of vacancies PN[(k,-)
is expected, namely,

Ni\ 4, —k;
L )pf'(l - p)"h, (1)

P Ni(ki) = (
where N; is a number of electrons, k; is a number of vacan-
cies, and p; is the ionization probability per electron in a
given shell. In general, the ionization probability per electron
appearing in Eq. (1) depends on the impact parameter b,
namely, p;,=p;(b). For direct Coulomb ionization process
dominating in asymmetric collisions the ionization probabili-
ties weakly depend on the impact parameter and conse-
quently they can be well approximated (see Ref. [27]) by the
ionization probabilities for the zero impact parameter p;(0),
which can be both extracted from the measured x-ray spectra
as well as calculated from the SCA approach. Consequently,
in discussion of the multiple ionization effects the ionization
probabilities per electron for the zero impact parameter p;
=p;(0) will be considered in this paper.

Within the developed model, which was discussed in de-
tail in Ref. [34], the profile of measured x-ray line modified
by the multiple ionization effects can be represented by
Gaussian profile having the shifted energy (E) and variance
0(E) expressed, respectively, in terms of average number of
vacancies {k;)=N,p; and its variance o*(k;)=N,p,(1-p,) and
calculated average x-ray energy shifts per vacancy OF; as
follows:

(EY=E,+ 2 Nip;OE; (2

and, correspondingly,
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TABLE 1. The calculated Dirac-Fock energy shifts (in eV) for
selected M x-ray transitions for gold (Au) and uranium (U).

Au U
Transition M shell N shell M shell N shell
My 5N, 3 35.6 4.7 479 8.8
M;N, 28.5 3.8 35.5 8.9
M5Ng 7 38.3 6.2 49.1 8.2
M yN¢ 36.8 3.9 50.5 8.2
M3Nj5 31.4 7.6 39.7 9.2
M,N, 32.0 3.7 42.8 8.4
M0, 40.5 13.3 58.4 20.3
M50,5 46.8 154 63.1 24.5
M,N, 34.1 5.2 45.7 9.6
M>0, 48.0 13.0 70.2 25.0
M,0,; 45.8 14.3 62.1 21.9

o(E) = 2 Nip(1 = p) 6E; + 03, (3)
1

where E, is the energy of a diagram line and o represents
the variance of internal x-ray energy spread in a detector. For
illustration, the M- and N-shell ionization probabilities per
electron p;(0) measured for oxygen ion impact on the studied
elements are below 0.05 and 0.25 [35], respectively, corre-
sponding to the mean number of vacancies less than 1 and 8
in the M and N shells.

This model, called the averaged binomial model (ABM),
allows us to analyze the M-shell x-ray spectra modified by
the multiple ionization effects, which will be discussed in
Sec. IV. In order to apply this approach one has to know the
values of x-ray energy shifts per vacancy, JF;, entering Eqs.
(2) and (3). The Dirac-Fock calculations of x-ray energy
shifts were performed for selected M-N,O transitions for Au
and U. For Bi and Th their linearly interpolated values were
used, knowing that the energy shifts per vacancy exhibit
nearly linear dependence on the atomic number [36,37]. The
calculated Dirac-Fock values of x-ray energy shifts per va-
cancy for selected M x-ray transitions in Au and U are sum-
marized in Table I.

IV. ANALYSIS OF M X-RAY SPECTRA

The M x rays excited in the studied atoms (Au, Bi, Th,
and U) exhibit a complex structure which cannot be fully
resolved by a semiconductor x-ray detector (see Fig. 1). A
diagram of M x-ray transitions of interest is shown in Fig. 3
together with estimated relative intensities of individual
x-ray lines shown for uranium excited by 35.2 MeV oxygen
ions. The measured M x-ray spectra are dominated by
Mal,z(MSNGJ) and Mg(M,Ng) transitions, while the
My, (MysN>3), M3Ny, M(M3Ns), MoNy, M0y, M30ys,
M,N4, M,0,, and M0, ; transitions are weaker, but strong
enough to be observed and thus included in M x-ray spectra
analysis.
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The interpretation of complex M x-ray spectra excited by
oxygen ion is a difficult task taking into account that the
energy spacing of individual x-ray lines is of the order of
energy resolution of a semiconductor x-ray detector. More-
over, the multiple ionization effects shifting and broadening
the x-ray lines, by tens of electron volts (see Table I), make
practically inapplicable a standard method of x-ray spectra
analysis by fitting individual Gaussian x-ray lines with the
energies being completely free fitting parameters. For this
reason, in the present paper, we propose a different approach
of analysis of complex M x-ray spectra, which is based on a
description of the multiple ionization effects given in Sec. III
[see Egs. (2) and (3)]. Using this approach, in the first stage,
the ionization probabilities per electron for the zero impact
parameter p;(0) for the M and N shells are derived from the
measured L x rays following the method described earlier
(see Ref. [38]). This can be done quite accurately for the L x
rays since characteristic impact parameter for the ionization
of the L shell is much smaller than the corresponding one for
the M and N shells. The measured ionization probabilities
pi(0) for the M and N shells for oxygen ion impact, which
were used in the present study, are compared with the pre-
dictions of the SCA calculations in Fig. 4. These results were
discussed in detail in Ref. [35]. In the next step of M x-ray
spectra analysis the ionization probabilities for the M and N
shells derived from the measured L x rays and the Dirac-
Fock x-ray energy shifts from Table I were used to calculate
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FIG. 3. A scheme of energy levels in M, N, and O shells show-
ing the diagram M x-ray transitions with their relative intensities
calculated for uranium excited by 35.2 MeV oxygen ions.

_.
<
——r

Relative intensity

_.
<

032710-4



X-RAY STUDY OF M-SHELL IONIZATION OF HEAVY ...

10I E T T T T
2 10
:'§ -
S L
& 10" 3
8 3
2 10% O—>Au,Bi, Th,U -
B F | ;
g ]
A ]
10°F m M-shell 4
3 O N-shell ]
F SCA
10—4 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5

FIG. 4. Scaled ionization probabilities for zero impact parameter
pi0)/(Z,/vyn;)* for the M and N shells, n;=3 and 4, respectively,
measured for oxygen ion impact on studied elements (from Ref.
[35]) plotted versus the relative projectile velocity in comparison
with the predictions of the SCA calculations.

the expected positions and widths [Egs. (2) and (3)] of M
x-rays lines shifted and broadened by the multiple ionization
effects. Finally, by knowing approximately, but reasonably
well, the starting values of energies and widths the M x-ray
lines were fitted by the least-squares method allowing only
for very fine adjustment of energies and widths, in the range
of 10-15%. This approach was found to be sensitive enough
for resolving uniquely a structure of measured M x rays. We
note here that the crucial points for applying the proposed
approach are the following: (i) independent determination of
the ionization probabilities from the L x rays measured si-
multaneously with studied M x rays, (ii) realistic modeling
of the multiple ionization effects [Egs. (2) and (3)] and, fi-
nally, (iii) application of restricted fitting of energies and
widths.

An example of such analysis of measured M x-ray spec-
trum of uranium excited by 11.2-MeV oxygen ions is shown
in Fig. 5. In order to verify the correctness and accuracy of
applied fitting procedure the measured and fitted spectra for
uranium were compared with the simulated spectrum of M
x-ray satellites based on the binomial model of vacancies
distribution described in Sec. III. The positions and widths of
simulated satellites were given by Egs. (2) and (3) with the
M- and N-shell ionization probabilities derived from mea-
sured L x rays. The intensities and background shape in the
simulated spectrum were taken from the measured spectrum.
The measured, fitted, and simulated spectra of uranium
M x rays, which are compared in Fig. 6, clearly demonstrate
a correctness of the present method of M x-ray spectra analy-
sis. This fitting approach was found to be sensitive on fine
details of the measured spectra. For instance, the widths of
fitted M x-ray lines were found to be systematically slightly
wider by about 5-15 eV than ones calculated from Eq. (3).
This observation can be explained by the fact that the indi-
vidual x-ray satellites are not single, equally spaced, x-ray
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FIG. 5. (Color online) Measured M x-ray spectrum of uranium
excited by 11.2 MeV oxygen ions showed with the fitted structure
of Gaussian profiles for M-shell x-ray transitions.

lines as it was assumed in the binomial model used. In fact,
the M x-ray satellites have complex structure (see Ref. [39])
which can be obtained using the relativistic multiconfigura-
tion Dirac-Fock (MCDF) calculations. As an illustration, in
Fig. 7 the Gaussian-convoluted spectra of the satellite
M al(M‘l) x-ray transition in gold assuming a single transi-
tion having shifted energy (ABM model) and the MCDF
multiplet structure are compared to demonstrate the dis-
cussed widening effect.

V. RESULTS
A. M x-ray production cross sections

The intensities of resolved M x-ray transitions were used
to determine the M-ray production cross sections for these
transitions. The x-ray cross sections were obtained by nor-

+
10} 112 MeV 0> U |
M-x-rays:
o experiment
simulated
1Z] fitted
E 10'E E
S ;
10 E
. 2.5 . 3.0 . 3.5 . 4.0 . 4.5 . 5.0 . 5.5 .
Energy (keV)

FIG. 6. Comparison of measured M x-ray spectrum for uranium
excited by 11.2 MeV oxygen ions with the fitted and simulated
spectra (see the text).
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FIG. 7. (Color online) Comparison of Gaussian-convoluted pro-
files of the satellite M al(M"') X-ray transition in gold assuming a
single transition according to the simplified ABM model discussed
and a multiplet structure obtained from the MCDF calculations
which demonstrate the widening effect.

malizing the x-ray yields, corrected for the efficiency of the
ULEGe x-ray detector, to a number of elastically scattered
oxygen ions which were measured by a silicon surface bar-
rier detector. Additionally, the cross sections were corrected
for the effects of projectile energy-loss and x-ray self-
absorption in the targets following a procedure described in
Ref. [11]. This correction was very small, below 2%. De-
rived x-ray production cross sections for all resolved M x-ray
transitions were summed to obtain the total M x-ray produc-
tion cross sections, while the cross sections for the MsNg 7,
M Ng, M3Ns, M,N,, and M0, ; x-ray transitions were fur-
ther used to determine the M-subshell ionization cross sec-
tions. The experimental uncertainties of total M x-ray pro-
duction cross sections were in the range 7-10%, being
mostly affected by the uncertainties associated with determi-
nation of efficiency of ULEGe detector. The measured values
of total M x-ray cross sections are summarized in Table II. In
Fig. 8 the measured M x-ray production cross sections for
MsNg 7, MyNg, M3Ns, M,N4, and M0, 3 Xx-ray transitions in
gold bombarded by oxygen ions are compared with the pre-
dictions of the ECPSSR and SCA calculations. The total M
x-ray production cross sections measured for ;oAu, ¢;Bi,
9oTh, and 4, U are compared in Figs. 9-12 with the predic-
tions of different theoretical approaches, namely, the
ECPSSR, ECUSAR, SCA, PWBA, and BEA, which will be
discussed in Sec. VI. For calculation the theoretical M x-ray
production cross sections shown in Figs. 8—12, the M-shell
fluorescence, and Coster-Kronig yields are needed, which
additionally can be affected by the multiple ionization ef-
fects. This is an important aspect of the present work which
is discussed in details in Sec. V B. We note only here that the
calculated total M x-ray production cross sections, shown in
Figs. 9—12, are generally less sensitive than the individual M
X-ray cross sections to possible modifications of the M-shell
decay rates due to the multiple ionization effects.

PHYSICAL REVIEW A 79, 032710 (2009)

TABLE II. The measured total M x-ray production cross sec-
tions (in barns) for oxygen impact on Au, Bi, Th, and U. Note: here
1.41+4 means 1.41 X 10* barn.

Element
Energy
(MeV) Au Bi Th U
8.0 1.41+4 8.51+3 3.98+3 2.87+3
11.2 2.62+4 2.09+4 9.68+3 7.37+3
14.4 4.05+4 3.32+4 1.62+4 1.20+4
17.6 6.52+4 4.26+4 2.59+4 1.80+4
20.8 7.89+4 5.31+4 3.38+4 2.38+4
22.4 8.60+4 6.22+4 4.17+4 2.83+4
25.6 1.02+5 6.76+4 4.71+4 3.49+4
28.8 1.15+5 7.81+4 5.62+4 4.08+4
32.0 1.27+5 8.84+4 6.01+4 4.49+4
35.2 1.29+5 9.48+4 6.59+4 4.84+4
Uncertainty (%) 9-12 8-12 7-10 7-10

B. M-shell decay rates in multiply ionized atoms

In order to relate the M-shell x-ray production and ioniza-
tion cross sections the M-shell radiative and nonradiative
decay rates determining the fluorescence and Coster-Kronig
yields are needed. However, the multiple ionization affects
the radiative, Coster-Kronig, and Auger rates in various
ways, which was discussed in detail in Ref. [40]. In multiply
ionized atom the M-shell decay rates can be changed due to
the following effects: (i) reduced number of electrons avail-
able for given transition, (ii) closing of selected Coster-

,g 10' £
S I
g [
L T S S
1\/Lroz,s‘
| 0 experiment
10 ¢ ECPSSR
o | 4 SCA-SA
- SCA-UA
1¢ —_
0 5 10 15 20 25 30 35 40

Energy (MeV)

FIG. 8. Measured M x-ray production cross sections for selected
transitions for oxygen ion impact on gold. The experimental results
are compared with the theoretical predictions calculated according
to the ECPSSR and SCA approaches discussed in Sec. VI.
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FIG. 9. The measured M x-ray production cross sections for
oxygen impact on gold. The experimental results are compared with
the predictions of the PWBA, ECPSSR, ECUSAR, SCA, and BEA
calculations which are discussed in Sec. VI. The results from our
previous low-energy experiment [22] are shown for comparison.

Kronig transitions which become energetically forbidden,
and (iii) modification of electronic wave function. The first
two effects can be treated within simplified models in terms
of the ionization probabilities for the M and N shells, while
the wave function effect is much more difficult to be ac-
counted for due to complex atomic structure calculations
needed for various multivacancy configurations. Conse-
quently, this effect was neglected here, which was justified
by a rather small number of vacancies created in the M shell
by the multiple ionization. The simplest effect of reduction
of a number of electrons available in multiply ionized atom
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FIG. 10. The measured M x-ray production cross sections for
oxygen impact on bismuth. The experimental results are compared
with the predictions of the PWBA, ECPSSR, ECUSAR, SCA, and
BEA calculations which are discussed in Sec. VI.
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FIG. 11. The measured M x-ray production cross sections for
oxygen impact on thorium. The experimental results are compared
with the predictions of the PWBA, ECPSSR, ECUSAR, SCA, and
BEA calculations which are discussed in Sec. VI. The results from
our previous experiment [22] are shown for comparison.

for a given transition can be accounted for by the statistical
scaling [41] of single vacancy decay rates by a fraction of
available electrons.

The change in electron binding energies in the multiply
ionized atoms can also have a strong effect on the Coster-
Kronig transitions, in particular, for those for which the
Coster-Kronig electrons have low energies, being of the or-
der of energy shift of the electron binding energy. Such
Coster-Kronig transitions can be energetically forbidden
(closed) in multiply ionized atoms. This happens when the
kinetic energy of Coster-Kronig electron becomes negative,
which can be estimated by using a simple model of electron

T T T T T T T
a
/g 10* E
& E
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FIG. 12. The measured M x-ray production cross sections for
oxygen impact on uranium. The experimental results are compared
with the predictions of the PWBA, ECPSSR, ECUSAR, SCA, and
BEA calculations which are discussed in Sec. VI.
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binding based on the so-called “Z+1” rule [42]. Using this
approach we have calculated that the closing effect can occur
for the MI_M2N6,7’ M2—M3N4’5, and M3—M5N6’7 Coster-
Kronig transitions in studied atoms multiply ionized by oxy-
gen ions. Closing of these transitions, contributing substan-
tially to the M-shell Coster-Kronig and total decay rates, had
strong effect on the fluorescence and Coster-Kronig yields
for the M shell. For illustration, the modified M-shell fluo-
rescence and Coster-Kronig yields calculated for gold multi-
ply ionized by oxygen ions are shown in Figs. 13 and 14.
Consequently, the effects of modification of M-shell fluores-
cence and Coster-Kronig yields were found to be important
for deriving the M-subshell ionization cross sections from
the measured x-ray production cross sections, which will be
discussed in Sec. V C.

C. M-subshell ionization cross sections

In order to describe the emission of M x rays from an
ionized atom one has to take into account the M-subshell
ionization cross sections, the Coster-Kronig transitions lead-
ing to the rearrangement of vacancies prior to x-ray emission
and, finally, a probability for radiative decay of a vacancy by
emission of a given M x-ray transition. For the M shell, an
ionized atom with a single vacancy in one of the M subshells
decays radiatively with emission of x-ray photon, or nonra-
diatively, by emitting of an electron via the Auger, Coster-
Kronig, or super-Coster-Kronig process. In order to relate the
M -subshell ionization cross sections, Oy with the x-ray
production cross section TMx, for a given M x-ray transition
(M X,), filling an initial vacancy in the M; subshells, first, the
vacancy rearrangement processes taking place prior to a mo-
ment of x-ray emission have to be taken into account. More
precisely, a vacancy created at a moment of collision in the
M; subshell can be transferred to higher M; subshell (j>1i)
via the Coster-Kronig or super-Coster-Kronig processes with
a probability which is given by the corresponding (super-)
Coster-Kronig yield f;; [43]. Consequently, to account for the
vacancy rearrangement enhancing a number of vacancies in
the subshell due to the (super-) Coster-Kronig transitions, the

effective Coster-Kronig yield J_‘ij are introduced here, which
are the probabilities for transferring a vacancy between the
M; and M; subshells taking into account all possible paths
(see also Refs. [1,43]). Consequently, the effective Coster-

Kronig yields f,»j can be expressed in terms of Coster-Kronig
yields f;; as follows:

=it 2 fafut 2 fafwles
i<k<j i<k<k'<j
+ 2 fafwfeel nj (4)

i<k<k'<K'<j

with additional condition f;;=1. Introducing the M-subshell
fluorescence yields w; and relative emission rates
ka(i)/ I'x(i) for individual M x-ray transitions, the M-shell
x-ray production cross section Oy x, can be expressed as fol-

lows:
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FIG. 13. (Color online) Fluorescence yields for gold changed by
multiply ionization in comparison of the theoretical predictions of
SCA and GM models.

oux, =[x OTx(0)] o Ef,;U'M (5)

J=i

Using this notation the tofal M-shell x-ray production
cross section, discussed in the previous sections, reads as
follows:

Opux = 2 EfﬂU'M (6)

J=i

However, the total M x-ray production and ionization
cross sections can be directly related by introducing the ef-
fective M-shell fluorescence yield @,,;, namely,

Opx = OyOy. (7)

It is important to note that the effective M-shell fluores-
cence yield @, can be well approximated, usually within 1%
by simply approximate expression [11]

E)M = 04((,04 +f45w5) + 06(1)5 (8)

This approximation, in fact, reflects a dominating role of
the M, 5 subshells, weighted by corresponding statistical fac-
tors, in M-shell ionization. In the present paper Egs. (7) and
(8) were used to calculate the total M x-ray production cross
sections for the BEA model, for which only the total M-shell
ionization cross sections can be calculated.
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FIG. 14. (Color online) Selected Coster-Kronig yields for gold
changed by multiply ionization in comparison of the theoretical
predictions of SCA and GM models.

The M-shell fluorescence and Coster-Kronig yields ap-
pearing in Egs. (5) and (6) are expressed in terms of the
M-shell decay rates, namely, ;=I'y(i)/T'(i)) and f;
=T ex(i)/T (i) with I'(i)=Tx(i) + I (i) +I'4(i) being the to-
tal M-shell decay rate, i.e., a sum of rates for radiative (X),
Coster-Kronig (CK), and Auger (A) processes. In multiply
ionized atoms, as it was discussed above, the decay rates are
modified, which can be described in terms of the measured
ionization probabilities for the M and N shells. It is impor-
tant to emphasize here that such modified M-shell decay
rates were used in the present study in calculation of the
theoretical M x-ray production cross sections as well as deri-
vation of the experimental M-subshell ionization cross sec-
tions [see Egs. (5) and (6)]. In particular, the x-ray produc-
tion cross sections for M, (MsNg;), Mp(MN),
M ,(M3Ns), MyN,, and M0, 5 X-ray transitions in gold bom-
barded by oxygen ions, which were calculated using the dis-
cussed theories describing the M-subshell ionization, are
shown in Fig. 8, while the calculated total M x-ray produc-
tion cross sections for ,4Au, ¢:Bi, ooTh, and ¢, U atoms are
compared with the data in Figs. 9-12.

A reliable resolution of a structure of M x rays excited by
oxygen ions allowed a determination of experimental
M-subshell ionization cross sections Oy, from the measured
x-ray production cross sections for the M, (MsNgj),
M g(MN¢), M (M3Ns), M,N,, and M,0, 3 x-ray transitions.
This was achieved by solving a system of linear equations
[see Eq. (5)] relating the corresponding cross sections. The

PHYSICAL REVIEW A 79, 032710 (2009)

10’
10
10
10

10’
10
10

1¢°

105 r //(f ® present results
. SCA-SA
e /2 T SCA-UA

L/ —— ECPSSR
1 03 ...... ECUSAR

c,, (ban)

10
100
10
10

1¢°
10’
10

103.|.|.|.|
15 20

25 I 30 35 I 40
Energy (MeV)

[«]
W
—
[e]

FIG. 15. (Color online) M-subshell ionization cross sections for
oxygen impact on gold. Experimental results are compared with the
predictions of the ECPSSR, ECUSAR, and SCA calculations which
are discussed in Sec. VI.

measured M-subshell ionization cross sections for oxygen
impact on ;4Au, ¢;Bi, ogTh, and 4,U are compared with the-
oretical predictions in Figs. 15-18. Since the M-shell ioniza-
tion cross sections are expected to be approximately univer-
sal, when expressed in terms of the scaling parameter &; (see
Sec. VI), the reduced M-shell ionization cross sections mea-
sured for all studied elements are compared with discussed
theoretical predictions in Fig. 19.

VI. THEORIES OF M-SHELL IONIZATION

In asymmetric collisions (Z;<Z,) discussed in the
present paper the M-shell vacancies are created mainly by
direct Coulomb ionization. Other competing processes,
namely, the electron capture (EC) to the projectile [44—47],
the molecular excitation [48—54], and the recoil ionization
[55-58] are negligible in comparison with direct Coulomb
ionization. The available theoretical approaches treating the
direct ionization were formulated using the PWBA, the SCA,
and the BEA.

A. PWBA

A nonrelativistic treatment of direct Coulomb ionization
using the plane-wave Born approximation was introduced by
Bethe [59], while the application of the PWBA approach to
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FIG. 16. (Color online) M-subshell ionization cross sections for
oxygen impact on bismuth. Experimental results are compared with
the predictions of the ECPSSR, ECUSAR, and SCA calculations
which are discussed in Sec. VI.

the M-shell ionization by heavy, charged particles was sys-
tematically presented in Refs. [26,60]. An applicability of the
PWBA approach to treat direct Coulomb ionization is gener-
ally well justified for asymmetric (Z,<<Z,) collisions due to
a weak perturbation of the initial electronic state by the pro-
jectile.

The PWBA approach was further developed [30,61] to
include the effects which go beyond the first-order treatment,
namely the binding, polarization, Coulomb deflection,
energy-loss and relativistic effects, which is known as the
ECPSSR theory [30,61]. The predictions of the PWBA and
the ECPSSR theory can be expressed by a dynamical scaling
parameter &; which is proportional to a ratio of the projectile
v and classical M-shell electron velocity vy, =(2Ey / m,)"?,

&=(2/ \‘”E‘)Ul/UMi- 9)

The scaled electron binding energy 0i=n2EMi/ ZZZW_R de-
scribing the outer screening is expressed by the electron
binding energy Ey, and the screened target atomic number
Zy, with n being the principal quantum number and R the
Ryaberg constant. Using the scaling parameters & and 6; the

nonrelativistic  PWBA ionization cross sections for the
M-shell reads [60]
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FIG. 17. (Color online) M-subshell ionization cross sections for
oxygen impact on thorium. Experimental results are compared with
the predictions of the ECPSSR, ECUSAR, and SCA calculations
which are discussed in Sec. VL.

O{XBA(& 9,') = 877‘13(2%/2341)FM[.(§" ai)/ah (10)

where the F Mi(gi, 6, functions were tabulated in Ref. [60]
and a, denotes the Bohr radius. For the M shell the 6; pa-
rameter has nearly constant value and, additionally, for low
energies (£<1) the PWBA scaling function F (&, 0)
=~ F) (&). This observation shows that the M-shell ionization
cross sections are expected to be universal with respect to §;
in the low-energy limit [60,62].

In the ECPSSR theory the ionization cross sections for M;
subshell, a'EfPSSR, are expressed in terms of the PWBA cross
section, oﬁWA(fi, 60;), with the modified scaling parameters
&E— &/ and 0;,— (;0,, where {; is dimensionless parameter
describing a change in the electron binding energy, times the

Coulomb deflection factor C;(x;) and the energy-loss factor
fiz;), namely (see [30,61])

gy = Cl)f)ay TN ELGe). (D)

The exact forms of 5?, {;, x;, and z; quantities can be
found in Refs. [30,61]. The parameter (,(Z,;,&), which
describes in the ECPSSR theory the binding effect, i.e., an
increase in the electron binding energy due to a presence
of a projectile in the vicinity of target atom nucleus,
for the extreme adiabatic regime §=0 tends to
(i(gi:O):1+2Z1/0iZMi [61]. This value is higher than the
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FIG. 18. (Color online) M-subshell ionization cross sections for
oxygen impact on uranium. Experimental results are compared with

the predictions of the ECPSSR, ECUSAR, and SCA calculations
which are discussed in Sec. VI.

physically expected ratio of electron binding energies in the
united atom, EMi(Z, +Z,), and separated atom, EMi(Zz), lim-
its, namely, Ey (Z,+2,)/ Ey (Z;) = (1 +Z1/ZMi)2. An overes-
timation of the electron binding effect in adiabatic regime,
quantified by ;(&=0), accounts for the observed systematic
underestimation of the ECPSSR M-shell ionization cross
sections at very low energies. This can be explained by a
strong dependence of M-shell ionization cross sections on {;,
namely, o‘}';:,,(?P SSR o 1/§}3 for dominating M, s subshells for
low energieé [60].

For this reason the ECPSSR theory has been recently
modified [31] to correct for the observed overestimation of
the binding effect. In this approach, called the ECUSAR
theory [31], a saturation of the corrected electron binding
energy at its UA limit value was proposed. Consequently,
both the united and separated atom electron binding energies
are reproduced in the ECUSAR theory. We note that for
asymmetric collisions the predictions of M-shell ionization
according to the ECPSSR and ECUSAR theories agree quite
well, within 3%, over wide energy range, with exception of
the lowest energies below 1 MeV/amu for which the predic-
tions of both theories become systematically different.

B. SCA

The cross section of inner-shell ionization by charged par-
ticles can be calculated in the semiclassical approximation

PHYSICAL REVIEW A 79, 032710 (2009)
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FIG. 19. The total M-shell ionization cross sections for oxygen
ions in the energy range of 8.0-35.2 MeV plotted as the reduced
ionization cross section g,/ oo versus the scaled velocity param-
eter &, for all targets. The experimental results are compared with
the predictions of the PWBA, ECPSSR, ECUSAR, SCA, and BEA
calculations which are discussed in Sec. VI.

which was used by Bang and Hansteen [27] for description
of the ionization process. In this approach a charged particle
is moving along the classical trajectory R(b,), which for a
given impact parameter b is parametrized by time ¢, while
the ionization is described quantum mechanically. A validity
of the SCA approach is given by the Bohr criterion for the
classical trajectory [63],

27,Z,¢>
it L

: 12
ho, (12)

implying that the SCA approach is expected to be valid in the
low-energy regime.

The SCA amplitude for the excitation of initially bound
electron in a state |¢;) to the final state |E;) in the continuum
can be expressed using the first-order time-dependent pertur-
bation theory as follows:

()=~ f " ey =y
a;(b,E;)=—— e MET———|®;).
PAOED=T M —R(b,0)|'©

(13)

in the SCA approach is expressed by the following formula:

aﬁfiAzzwrdb b(E |aif(b,Ef)|2>, (14)

0 Ey

where the summation extends over possible electron final
states |Ef> in the continuum. The SCA ionization cross sec-
tions for the straight-line trajectory and nonrelativistic hydro-
genic wave functions for the M shell were tabulated by Han-
steen et al.[64] (see also Refs. [65-67]). However, for a
more realistic description of the ionization process within the
SCA the hyperbolic projectile trajectories and relativistic
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wave functions were used in more complex numerical SCA
calculations (see, e.g., Refs. [58,67,68]).

For interpretation of the measured M-shell ionization
cross sections the SCA calculations were performed follow-
ing basic Egs. (13) and (14). In these calculations, which are
described in detail in Ref. [58], the hyperbolic projectile tra-
jectories and hydrogenic relativistic electronic wave func-
tions were used. The binding effect, caused by an increased
electron binding energy due to a presence of the projectile in
the vicinity of the target nucleus, was included in the SCA
calculations in two extreme cases, namely the separated
(SCA-SA) and united (SCA-UA) atom limits. Noting that a
characteristic impact parameter for the ionization, the so-
called adiabatic radius ry=hv,/ Ey,, scales with the projec-
tile velocity one expects that the SCA-UA approximation is
valid for the low energies, while for the high energies the
SCA-SA treatment is adequate.

C. BEA

A formulation of the binary-encounter approximation,
which goes back to classical description of ionization pro-
cess, was developed almost a century ago by Thomson [69].
In this treatment the ionization by ion impact is treated as a
two-body collision in which the energy transfer to the elec-
tron exceeds its binding energy and the velocity distribution
of electron is given by the electronic wave function in the
momentum space. This approach to the atomic collisions has
been used to formulate the BEA [70-73], which was further
developed to treat the inner-shell ionization by heavy par-
ticles [28,29,74]. The BEA model predicts a universal scal-
ing of total ionization cross sections for arbitrary shell which
are expressed in terms of the relative projectile velocity
V=v,/vy, as follows [29]:

oy = (NiZioo/Ey ) Gi(V), (15)

where N; is a number of electrons in given shell and a con-
stant o, can be found in Ref. [29]. The scaling function
G;(V) was tabulated for different n€ states with n=2 in Ref.
[29]. For higher shells, by using the arguments of Fock theo-
rem [75] stating that a velocity distribution of electrons in a
closed shell is the same as for the s state, the total BEA
ionization cross sections for arbitrary closed shell can be
obtained using the scaling function for the K shell. For this
reason only the total M-shell ionization cross sections calcu-
lated in the BEA model were discussed here (see Figs. 9-12).
Due to this limitation, and noting additionally that the clas-
sical BEA model is less rigorous than quantal PWBA and
SCA based treatments, the present M-shell ionization data
will be compared in more detail with the SCA, ECPSSR, and
ECUSAR approaches.

VII. DISCUSSION

The M-shell x-ray production cross sections measured in
the present work for heavy (;9Au, ¢;Bi, ¢oTh, and 4,U) atoms
in collisions with oxygen ions in the energy range 8.0-35.2
MeV were obtained by applying a developed approach for
the M x-ray spectra analysis and interpretation of the data

PHYSICAL REVIEW A 79, 032710 (2009)

which takes into account the multiple ionization effects play-
ing an important role for heavy ion impact. In this approach,
the intensities, energies, and widths of x-ray lines, the letters
being shifted and broadened by the multiple ionization ef-
fects, were obtained in a restricted fitting procedure using the
ionization probabilities for the M and N shells extracted from
the measured L x rays. Moreover, the M-shell fluorescence
and Coster-Kronig yields, used to obtain the M-subshell ion-
ization cross sections from the measured x-ray production
cross sections, were also modified for the multiple ionization
effects. Consequently, in the present results on the M-shell
ionization by oxygen ions the multiple ionization effects
were accounted for systematically. The measured total M
x-ray production cross sections are shown in Figs. 9-12,
while the M-subshell ionization cross sections are presented
in Figs. 15-18. The results are compared with the theoretical
predictions of M-shell ionization using the PWBA, ECPSSR,
ECUSAR, SCA-SA, SCA-UA, and BEA approaches dis-
cussed in Sec. VI.

The measured total M-shell ionization cross sections are
in the best agreement (+=20%) with the ECUSAR theory,
clearly evidencing the improvement done in this approach
with respect to the ECPSSR calculations which overestimate
systematically the data, up to 30%. The predictions of the
BEA approach reproduce qualitatively the energy trend in the
data, but they overestimate the results for the higher ener-
gies. The SCA calculations within the united-atom limit
(SCA-UA) are in good agreement with the low-energy data,
while the high-energy points are systematically higher than
calculated SCA-UA values, approaching the SCA-SA predic-
tions.

The total M-shell ionization cross sections can be
discussed in a universal manner in terms of the reduced
M-shell ionization cross sections oy,/0yn, Wwhere oy
=87Ta(2)(Z%/Z;‘,,i). According to the PWBA approach the re-
duced ionization cross sections scale with the dimensionless
velocity parameter £y, %v,/vy,, [see Eq. (9)] describing a dy-
namics of the ionization process. Such scaling of the ioniza-
tion cross section with v;/v M, is approximately valid for the
SCA calculations, which gives a possibility to present
M-shell data for different systems in a unified manner in
order to compare them with the theoretical predictions. In
Fig. 19 the reduced M-shell ionization cross sections for all
measured elements are shown versus the scaled velocity &,.
These data are compared with the theoretical predictions of
the PWBA, ECPSSR, ECUSAR, SCA, and BEA calcula-
tions. The scaled relative velocity &,, parameter separates the
low- and high-energy regimes with &,<<1 and &,>1, re-
spectively. Consequently, Fig. 19 explains the agreement of
the SCA-UA calculations with the data for low energies, for
which small impact parameters dominate justifying the
united-atom approximation. Similarly, the observed agree-
ment between data and the SCA-SA calculations for high
energies is due to the large impact parameters dominating the
ionization process, which validates the separated-atoms ap-
proximation.

The measured M-subshell ionization cross sections for
oxygen ion impact, shown in Figs. 15-18 for Au, Bi, Th, and
U and in the form of a universal plot in Fig. 20, reveal the
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FIG. 20. The measured M-subshell ionization cross sections for
oxygen ions in the energy range of 8.0-35.2 MeV plotted as the
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ity parameter &), for all studied elements. The experimental results
are compared with the predictions of the ECPSSR, ECUSAR, and
SCA calculations which are discussed in Sec. VI.

features, which were not accessible in the total M-shell ion-
ization cross sections. Here, the M-subshell ionization cross
sections for M-, M- and M5 subshells, i.e., involving 35,
and 3d;, 5, electrons, agree quite well (=20%) with the
SCA-UA calculations (with exception of M,-subshell data
for thorium), while the ECUSAR and ECPSSR predictions
seem to be too low for M, subshell and too high for M, s
subshells for high energies. For the M, ; subshells (3py, 3,
electrons) the measured ionization cross sections are found to
be substantially higher than theoretical predictions discussed.
This effect could be, in our opinion, related to the subshell
couplings, which are not treated in the present theoretical
approaches. As other possible explanation, a modification of
M, 5 decay rates going beyond the treatment of this effect
used in the present paper can be considered. These effects,

PHYSICAL REVIEW A 79, 032710 (2009)

however, need further studies in the future. Finally, the
present results demonstrate that a rather good agreement of
the ECUSAR/ECPSSR and BEA predictions with the total
M-shell ionization cross section is not observed for the
M-subshell ionization data, which are better described by the
SCA-UA calculations using relativistic hydrogenic wave
functions. This observation evidences the importance of the
relativistic description of the electronic wave functions for
the M shell.

VIII. CONCLUSIONS

The emission of M x rays from heavy Au, Bi, Th, and U
atoms bombarded by oxygen ions in the energy range 8.0-
35.2 MeV was studied systematically in order to investigate
the M-shell ionization by heavy ions (Z,> 1) in asymmetric
(Z,<Z,) collision for which the direct Coulomb ionization
dominates. The data were interpreted taking into account the
multiple ionization affecting the measured x-ray spectra and
M-shell fluorescence and Coster-Kronig yields relating the
x-ray production and ionization cross sections. The measured
ionization cross sections for the M shell were compared with
theoretical predictions based on the PWBA, SCA, and BEA
approximations. In particular, the electron binding effect was
studied in more detail to investigate its description between
the SA and UA limits. In this context the SCA-SA, SCA-UA,
ECPSSR, and ECUSAR approaches were compared system-
atically with the data. Generally, the ECUSAR and ECPSSR
theories reproduce the measured rofal M-shell ionization data
reasonably well. In contrast, the experimental M-subshell
ionization cross sections for M and M, s subshells (3s and
3d electrons) are better described by the SCA-UA calcula-
tions, with exception of the M, 5 subshells (3p electrons) for
which the data are systematically higher than the theoretical
predictions. This effect, in our opinion, needs further inves-
tigations related to a role of the M-subshell couplings effect
in ionization and the modifications of 3p-vacancy decay
rates in multiply ionized atoms. Finally, we would like to
point out that the present measurements of the M-subshell
ionization cross sections revealed important aspects concern-
ing theoretical description of the ionization process in the M
shell, which were not accessible interpreting the total
M-shell ionization.
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