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The Ka and Kf3 x-ray spectra of molybdenum bombarded by 5.5-MeV/amu '%0 ions were measured
with high resolution. In such heavy-ion—atom collisions, multiple ionization of the M and L shells of the
target atoms is extremely likely to occur, resulting in a complex structure of the observed spectra. The
L "-satellite structure was resolved, whereas M vacancies produce only a shift and a broadening of the
lines so that it is not possible to obtain in a direct way information about the M-hole distribution. We
thus propose a method for the analysis of x-ray spectra of multiply ionized atoms. In this method the
measured Ka and Kf3 spectra are simultaneously analyzed as a sum of KaL"M™ and KBL"M™ com-
ponents, respectively, with theoretically determined profiles. A binomial distribution of holes in the M
shell is assumed and the M-shell ionization probabilities are treated as adjustable parameters. The
profiles are constructed as sums of Voigt functions, whose positions and heights are determined by exten-
sive multiconfiguration Dirac-Fock method calculations. If, in a simultaneous fit to the KaL® and
KB, ;L° lines, just one parameter ps describing the M-shell ionization at the moment of the K x-ray
transition is used, the experimental data are not reproduced in an entirely satisfactory way
(p¥ =0.19+0.02). Therefore, two parameters, one common for the 3s and 3p subshells p’fsp and the oth-
er for the 3d subshells, were introduced and a much better fit to both lines (pi,, =0.17£0.02,
p%,=0.23+0.02) was obtained. The importance and influence of alternative ionizing processes as
electron-capture and rearrangement processes are discussed and the M-shell ionization probability at the
moment of the collision (py =0.18+0.02) is deduced from the p§ value. It is shown that the differences
between pg‘;,, and p%; are mainly due to Coster-Kronig transitions, rather than due to different subshell
ionization probabilities. The spectra were also analyzed with respect to the L-shell ionization on the
basis of the calculated KaL"M° K3, ;L"M°, and K3,L"M° components. The M-shell ionization was
taken into account by taking a larger Gaussian width and by shifting the positions of the lines. The in-
tensity yields of the L satellites were determined, the primary vacancy distribution was deduced, and the
results from K a and K3 spectra are compared.

PACS number(s): 32.30.Rj, 32.70.Jz, 34.50.Fa, 35.80.+s
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I. INTRODUCTION

It is well established that in a collision of an energetic
heavy ion with an atom, multiple ionization of the inner
shells plays an important role. For the ionized atom
many different configurations are possible, depending on
the number of electrons ejected from the different shells
and subshells. A particular configuration with more than
one open subshell gives rise to many configuration-state
functions, which may differ in their total angular momen-
tum J.

The excited atom decays by filling up the inner-shell
holes via x-ray or Auger transitions. For a particular
configuration dozens or hundreds of initial and final
states may exist and between these states hundreds or
thousands of transitions (with different energies) are pos-
sible. Therefore, a measured x-ray line may consist of
many thousand components and has a very complex
structure.

X-ray transitions between multiply ionized states are
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called satellite transitions. Since the removal of electrons
modifies the screening of the nuclear charge, the x-ray
satellites are shifted in energy with respect to the energy
of the diagram transition. The energy shifts for satellite
x-ray transitions increase on one hand with the principal
quantum number characterizing the electron undergoing
the transition and decrease on the other hand with the
principal quantum number of a spectator vacancy.
Therefore, a KBL ! satellite, i.e., a K3 transition with one
additional hole in the L shell, is more shifted in energy
than a KaL! satellite, while a KaL' satellite is more
shifted than a KaM ' one.

Measuring the K x-ray spectra of medium-Z elements
with high-resolution instruments, it is possible to resolve
the L satellites for K3 and K a transitions. On the con-
trary, energy shifts induced by additional M-shell vacan-
cies are in general smaller than the natural linewidths of
the diagram and L-satellite K x-ray lines. The latter are
therefore just broadened and shifted by the removal of
M-shell electrons. The Kf3, transition is, however, a re-
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markable and stirring exception: due to the fact that the
transition electron comes from the N shell, the energy
shift is much larger and in that case K3,M"™ satellites
may be observed as well-resolved lines, for example, in
spectra induced by He beams [1,2].

In the beginning of the 1970s a method was developed
to determine the L-shell ionization probability in near-
central collisions from measured K x-ray spectra. This
method has been applied to many studies of target ele-
ments with Z smaller than 30 [3-25]. From 1987 on, tar-
get elements with Z =40 have also been investigated
[26-31]. Carlen et al. [1,2] extended this method to
determine the M-shell ionization probability in near-
central collisions with light ions as projectiles.

There are several advantages in measuring K x rays in-
stead of L or M x rays for the study of the L- or M-shell
ionization process.

(1) The ionization probabilities determined by this
method are valid for near-central collisions, i.e., they
represent values valid for a narrow impact-parameter
range. This is of special interest since, with the total
cross sections due to an integration over the whole
impact-parameter range resulting in smearing out of os-
cillation effects, a detailed comparison with the theoreti-
cal predictions cannot always be made. Furthermore, a
direct measurement of the differential cross section is
connected with experimental difficulties, especially for
the M shell.

(i1) To determine the ionization cross section from ob-
served x-ray yields, the knowledge of the Auger and
Coster-Kronig yields is necessary, which have large un-
certainties. In the analysis of K x rays, these quantities
only enter in the rearrangement calculation, which is a
correction for processes occurring before the ionized
atom emits the K x ray. This correction is rather small
since the decay of the K hole is very fast, so that the
configuration of the atom at the moment of the K x-ray
transition is not very different from its configuration after
the collision.

(iii) Since the K x rays are of higher energy, the spectra
are much less complicated than L or M x-ray spectra and
target contaminations from low-Z elements have no
effect.

We have performed high-resolution measurements of
the Ka and K3 x-ray spectra of ,,Mo bombarded by 5.5-
MeV/amu '°O ions. The measured Ka spectrum was
presented in Ref. [26]. Rymuza et al. [27] found from
the analysis of the KaL" satellite distribution that, be-
sides direct Coulomb ionization, electron capture to the
projectile must play an important role in the ionization
process. Polasik [32-34] performed theoretical calcula-
tions using the multiconfiguration Dirac-Fock (MCDF)
program of Grant et al. [35] and compared the theoreti-
cal KaL" spectrum with the measured one. He conclud-
ed that, due to the complexity of the experimental K« x-
ray spectra of multiply ionized atoms, a correct analysis
needs theoretical knowledge of the structure of KaL"
lines and the effect of M-shell holes has to be taken into
account. The present method has been therefore
developed to determine the distribution of M-shell holes
at the moment of the x-ray emission.

In this paper we concentrate on the determination of
the M-shell hole distribution by analyzing the K aL° and
KBHLO lines. The obtained result is compared with one
from semiclassical-approximation (SCA) calculations.
Furthermore, the L-shell hole distribution is determined
from the KalL" and K3, ;L " lines and the results from
Ko and K3 are compared.

II. EXPERIMENT

The experiments were performed at the Paul Scherrer
Institute variable-energy cyclotron in Villigen, Switzer-
land. The x rays, produced by a 5.5-MeV/amu 'O ion
beam impinging on a natural molybdenum target, were
measured with an in-beam bent crystal spectrometer in a
modified DuMond slit geometry. The experimental setup
has been described in detail elsewhere [36] and the advan-
tages of the slit geometry have been pointed out in Ref.
[2]. Figures 1(a) and i(b) show the oxygen-induced K«
and Kf x-ray spectra. Figures 1(c) and 1(d) show for
comparison the corresponding photoinduced spectra
which have been taken with a 3-kW x-ray tube operated
at 80 kV and equipped with an Au anode.

180%™ jons were accelerated by the cyclotron to an en-
ergy of 112 MeV. Beam intensities of about 100 nA were
used. The ions were fully stripped by passing the 4.4-
mg/cm? Havar entrance window in the target chamber.
The 11-mg/cm?-thick self-supported metallic target foil
was cooled by a He gas flow, pumped through the target
chamber. Taking into account the energy loss in the Ha-
var foil, self-absorption and stopping power of the target,
and the energy dependence of the K-shell ionization cross
section, the effective beam energy for producing the ob-
served x rays was about 5.5 MeV/nucleon.

Quartz crystal plates of 1.5-mm and 2.5-mm thickness
and dimensions 10X 10 cm?, clamped between two steel
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FIG. 1. High-resolution crystal spectrometer spectra of
molybdenum K x rays. (a) 5.5-MeV/amu '®O-induced K a spec-
trum. (b) 5.5-MeV/amu '®O-induced KB spectrum. (The
correction for the increased self-absorption for energies higher
than the K-edge energy is not taken into account.) (c) Photoin-
duced Ka x-ray spectrum. (d) Photoinduced Kf3 x-ray spec-
trum.
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blocks, have been used. The blocks have cylindrical sur-
faces with a radius of curvature of 3.15 m. The reflecting
planes were the (110) planes and the reflecting area was
5X5 cm® The peak reflectivity of the crystals was
enhanced by a factor of 3-4 by applying a high-
frequency alternating electric field across the lamina [37].
This field produces periodic deformations of the
reflecting planes resulting in an induced quasimosaicity of
the crystal which increases its reflectivity. The deteriora-
tion of the resolution is negligible with respect to the
large natural linewidths of the x rays.

The instrumental resolution and the line shape were
obtained by measuring the 25.7-keV y-ray line in the
16!Th decay. They mainly depend on the slit width, the
crystal mosaicity and curvature, and on the ac voltage
applied to the crystal. The radioactive source was placed
30 cm behind the target and was observed through the
slit. The instrumental resolution was chosen to match
the natural linewidth of the K diagram lines. According
to Salem and Lee [38] the Lorentzian width of the Ka,
transition of Mo is 6.8 eV and an extrapolation of these
tables gives for the KB, transition a natural linewidth of
about 6.5 eV. The full width at half maximum (FWHM)
of the Gaussian function, representing the instrumental
line shape, was 6.5 eV at 17.4 keV (Ka) and 8.0 eV at
19.6 keV (K ).

A 1-mm-thick Nal(Tl) detector, surrounded by an
anti-Compton ring was used. The beam intensity was
monitored by observing the target Ka x rays with a 6-
cm® Ge(Li) detector positioned at 90° with respect to the
beam line. The spectra were measured in first order of
reflection and in several scannings, in order to survey the
stability and reproducibility of the measurements. The
energy calibration is based on the 48.91562(14)-keV y
line [39] in the '*!'Tb decay, measured in the second and
third order on both sides of reflection. The reflection an-
gles were measured by means of an optical laser inter-
ferometer.

As a result of the shift towards higher energies of the
satellite transitions relating to the diagram ones, a part of
the measured Kf3 spectrum lies above the K edge, which
is at 19.9995 keV for Mo [40]. For this part of the spec-
trum the self-absorption in the target is strongly in-
creased. Taking into account the dependence of the ion-
ization cross section on the projectile energy, the mea-
sured intensities of this region of the spectrum were mul-
tiplied by a factor of 1.5(2), after subtraction of the back-
ground.

III. METHOD OF ANALYSIS

In order to illustrate the complexity of the Mo K x-ray
spectra induced by oxygen ions, a comparison with the
photoinduced one is presented in Fig. 1. The conspicu-
ous differences are due to the fact that, in the case of the
collisions with energetic O ions the M and L shells of the
Mo atom are multiply ionized. For example, in the O-
induced spectrum the K3, and K 3, lines are not resolved
and form just one broad peak Kp,,L° Also the Kp3,

transition is not resolved but disappears in a broad and
flat bump. However, the KB, ;L' and KpB, ;L? satellite
lines have high intensity and can be recognized. From
the relative intensities of the L satellites we can get the
distribution of holes in the L shell at the moment of the
x-ray transition. On the contrary, additional M-shell
holes just broaden and shift the lines and it is not possible
to obtain in a direct way information about the M-shell
ionization. It is obvious that the O-induced K x-ray spec-
tra are rather complicated and need therefore an
elaborated analysis.

In order to obtain information about the M-shell ion-
ization we propose a method for the analysis of the K x-
ray spectra of multiply ionized medium-Z atoms, which
are produced in near-central collisions with energetic
heavy projectiles. In this method the measured Ka and
KB lines are assumed to be linear combinations of all pos-
sible KaL"M™ and KBL"M™ profiles. The latter are
constructed theoretically using transition energies and
transition probabilities determined by extensive MCDF
calculations. Assuming a binomial distribution of holes
in the M shell and treating the M-shell ionization proba-
bilities as adjustable parameters, the measured Ka and
KB spectra are simultaneously decomposed into these
theoretically constructed shapes.

A. MCDF calculations

The MCDF method employed in the present study has
been described in detail in several papers [35,41-45].
Therefore, for the sake of clarity, only some essential
ideas are briefly presented below. Within the MCDF
scheme the effective Hamiltonian for an N-electron sys-
tem is expressed by

N N
H= 3 hpli)+ 3 C; , (1

i=1 ij

where A, (i) is the Dirac operator for the ith electron and
the terms C;; account for electron-electron interactions.
The latter are a sum of the Coulomb interaction operator
and the transverse Breit operator. In this method the
state function with the total angular momentum J and

parity p is assumed to have the multiconfigurational form

Y, (JP)= 3 ¢, (s)P(y ,, JP) , 2)

where ®(y,,J?) are configuration-state functions (CSF),
i.e.,, the antisymmetrized products of one-electron spi-
nors, c,, (s) are the configuration mixing coefficients for
state s, and y,, represents all the information needed to
uniquely define a certain CSF.

There are several ways to perform MCDF calculations;
in the optimal level (OL) version [35] the set of one-
electron spinors and the set of CSF mixing coefficients
are optimum for a particular state a: E,,=E.. For
multiply ionized heavy atoms the x-ray transitions occur
between hundreds of initial and final states so that the
MCDF-OL calculations require a great amount of com-
puter time. Another difficulty arises from the nonortho-
gonality of the orbitals corresponding to pairs of initial
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and final states in the calculation of the transition proba-
bilities. Therefore the versions of the MCDF method,
which use a common set of orbitals for all the initial and
final states are a good alternative. In the standard

average-level scheme of MCDF calculations [35] E,, is
taken in the form
1 n
Eopt:_ 2 Hll > (3)
=1

where n is the total number of CSF’s (initial and final)
and H), are the diagonal elements of the Hamiltonian ma-
trix. This removes the problem of the nonorthogonality
of the orbitals. However, the definition of E,, in Eq. (3)
does not consider the different numbers of initial and final
states, but favors those states (initial or final) which are
more numerous. Therefore, it was proposed [34] in the
special average-level version of MCDF calculations to
make use of an energy functional which gives a compen-
sation of this imbalance.

An even better agreement with experimental diagram
(see Table I) and satellite (see Ref. [2]) x-ray energies is
obtained by using the recently proposed functional in the
modified special average-level (MSAL) version [47] of
MCDF,

1 | A< 1

Eop A+l | n 2 H;

s
— X Hg |, (4)
ii=1 Ny f=1
where n; and n, are the numbers of initial and final
states, H,;; and H, are the diagonal elements of the Ham-
iltonian matrix, and A is a factor which depends on the K
X-ray transition: Ag,=0.5, kKﬁ, ,—0.65, and kKEZZO.S.
In the present study we used the computer program
package GRASP [48], which allows relativistic MCDF cal-
culations with the inclusion of the transverse (Breit) in-
teraction and QED (self-energy and vacuum-polarization)
corrections.

B. Couplings and shifts

The multiple initial and final states leading to a single
L"M" satellite line are caused by a coupling of the open
subshells. In the code GRASP the jj coupling scheme is
applied. Assuming full outer subshells, for KaL°M°
transitions there is only one initial state but two final
states, leading to the K, and K a, transitions. With one
additional vacancy in the L shell a coupling between K

TABLE 1. Calculated and standard (Ref. [46]) K x-ray ener-
gies in eV for Mo. E , was calculated with the experimental

4d3ss
electron configuration 4s*4p®4d°ss' and E, . , with the
configuration 4s%4p®4d$,,4d?,,55° (see text).
Transition E4455s‘ E, 42 E gearden

Ka, 17479.6 17479.5 17479.34(2)

Ka, 17374.8 17374.2 17 374.3(1)

KB, 19 607.4 19 607.2 19 608.3(3)

KpB; 19589.8 19589.5 19 590.3(3)

Kp, 19 964.8 19965.5 19965.2(6)

and L shell is possible and the initial state consists of six
different states. If the K hole is filled by an electron from
the L shell the two L-shell holes can form nine states.
Between these initial and final states 20 transitions of the
type KaL'! are allowed. If the K hole is filled by an elec-

TABLE II. Calculated average energy shift of the satellite
transitions with respect to the diagram lines (in eV), total inten-
sity per second (sum of products of transition probability times
degeneracy of initial state), and number of transitions for
different diagram and satellite K x-ray lines of Mo. The
configuration 4s24p°4d?% ,4d?,,5s? has been used for the ground
state of Mo. The numbers in brackets denote a multiplicative
power of ten.

X-ray line Energy shift Intensity Number
Ka,L°M° 5.637[15] 1
Ka,L°M' 3.0 1.026[17] 42
Ka,L°M* 5.1 8.735[17] 1057
Ka,L°M* 7.4 4.652[18] 15722
Ka,L°M* 10.2 1.754[19] 137315
Ka,L°M° 2.963[15] 1
Ka,L°M' 22 5.378[16] 30
Ka,L°M? 4.4 4.597[17] 640
Ka,L°M? 6.5 2.461[18] 8'602
Ka,L°M* 8.8 9.235[18] 75'338
Ko, L'M° 53.8 4.143[16] 11
Ka,L'M! 56.4 7.463[17] 589
Ka,L'M? 59.8 6.408[18] 16010
Ka,L'M° 50.2 2.010[16] 9
Ka,L'M' 52.5 3.617[17] 407
Ka,L'M? 54.4 3.199(18] 10528
Ka,L*M° 110.3 1.266[17] 47
Ka,L*M° 104.6 6.185[16] 37
Ka, ,L*M° 166.9 3.207[17] 170
KB, ;L°M° 1.423[15) 2
KB, sL°M' 13.1 2.458(16] 56
KB, ;L°M? 27.2 1.999(17] 1029
KB, ;L°M* 422 1.011[18] 11'631
KB, ;L°M* 58.0 1.219[18] 81'184
KB, ;L'M° 119.4 1.219[16] 36
KB, ;L'M! 136.0 2.043[17] 1’515
KB, ;L'M? 148.7 1.658[18] 32083
KB, sL*M° 241.1 4.398(16] 233
KB, ;L*M° 364.7 9.186[16] 688
KB,L°M° 2.598[14] 2
KB,L°M! 30.7 2.292[15] 36
KB,L°M? 62.7 4.568[16] 1’698
KB,L'M° 146.8 2.292[15] 36
KB,L'M! 179.2 4.381[16] 1'921
KB,L'M? 212.5 3.985[17] 53'123
KB,L*M° 296.9 8.811[15] 233
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tron from the M ; 11y subshells, the coupling of the specta-
tor L- and the M-shell hole gives 14 final states and 36
KB, ;L' transitions. Adding more L- or M-shell holes in-
creases the number of states and transitions enormously.
Of course, many of these transitions have only weak
probabilities and can be neglected. The transition ener-
gies are slightly different and are distributed around some
average energy.

The magnitude of the energy splitting depends on the
shells which are coupled. For example, a 2s,,, and a
2p,, hole can build a J=0 and a J =1 state. The calcu-
lated energy difference of these two states is 21.3 eV. For
a 2s,;,, and a 4p,,, hole the difference is only 0.2 eV.
These values have then to be compared with the natural
width of the x rays (6.8 eV for Ka,) and the instrumental
resolution (6.5 eV for Ka,;). Most of the transitions are
lying so close together that the individual components
are not resolvable. The splitting caused by the coupling
of N- or O-shell holes to K-, L-, or M-shell holes is small
(much smaller than the natural width) and its influence
on the shape of the x rays can be neglected.

Spectator vacancies produce not only a widening of the
line shape, but also a shift of the average energy with
respect to the diagram line. The latter is caused by. the
reduction of the screening of the nuclear charge. The
shift depends on the shell and subshell of the spectator
vacancy and on the type of the K x-ray transition. In
Table I the calculated energies of the K diagram x-ray
transitions are presented and Table II gives for different
satellite lines the calculated average shifts with respect to
the diagram line, the total intensities, and the number of
transitions. Shifts due to L-shell holes are almost an or-
der of magnitude bigger than shifts due to M-shell holes.
N- or O-shell vacancies produce negligible shifts.

It is worth noting that not only the average shifts
presented in Table II are of importance for our analysis,
but also the different shifts due to distinct AM-subshell
holes. A hole in the 3s or 3p subshells, for example, shifts
the Mo K f3, transition energy by about 17 eV but a hole
in the 3d subshells by 10 eV. The energies of the Ka
transitions with one additional 3s hole are shifted by
about 4 eV, with one 3p hole by about 8 eV, whereas for a
3d hole small shifts towards lower energies of —1 eV are
obtained. This fact is very important for the analysis of
the spectra and will be shown later.

C. Details of analysis

The theoretical energies and probabilities of all transi-
tions contributing to a particular KL"M™ line were cal-
culated by means of the MCDF-MSAL version [47] of
the code GRASP [48]. The line shapes of these transitions
were constructed by folding their Lorentzian natural line
shape with the known Gaussian instrumental response,
resulting in so-called Voigt profiles. The theoretical
KL"M™ x-ray line shape was then computed by summing
up all these Voigt functions multiplied by their transition
probabilities. Applying this method to all possible
KaL"M™ and KBL"M™ lines and assuming that the K
spectra are linear combinations of the latter, we were able
to reproduce the observed spectra.

3897

In practice, to keep the problem tractable, some trun-
cations have to be made. The experimental electron
configuration [49] of the neutral Mo atom is
4s%4p%4d>5s', i.e., Mo has in its ground state two open
subshells, namely the 4d and the 5s. If we remove one
electron from the K shell, the three open subshells give
rise to 144 configurations in the initial state and to 417
configurations in the final state of a K diagram transition.
The Ka, KB, 3, or K3, lines consist thus of 28 076 transi-
tions. For example, for K a the most intensive transitions
are concentrated in two very narrow groups correspond-
ing to Ka; and Ka,. Such a calculation is very difficult
and needs much computer time and memory space. Add-
ing spectator vacancies makes the problem even much
more complicated and in practice it is impossible to per-
form these calculations. Therefore, we have chosen for
the neutral atom the configuration 4s%4p®4d%,4d? ,5s>.
The neutral atom has then only full or empty subshells
and Ko, and Ka, consist of just one transition each.
This artificial configuration produces a negligible energy
shift (see Table I) and after convolution with the instru-
mental response, the change in the shapes of the K x-ray
lines is insignificant.

Since with an increasing number of spectator vacancies
the number of transitions increases very fast (see Table IT)
the calculation of K x-ray lines with multiple additional
L- or M-shell holes becomes tedious. Thus, we decided to
analyze with the above-described method only the KaL®
and the K B1,3L0 peaks to investigate the M-shell ioniza-
tion and to take the shape of the KaL "M° and KBL"M°
peaks for the analysis of the L-shell ionization.

All KaL°M™ and KpB,;L°M™ transitions, where
0=m =4, with all possible combinations of M-subshell
holes were calculated. Figures 2 and 3 show these lines.
It can be seen that the M?%, M3, and M* satellites are
shifted in energy, but the line shapes are not very
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FIG. 2. Calculated K3, ;L°M/ spectra of Mo with vacancies
in the different subshells. Line positions and relative intensities
(bars), Lorentzian natural line shapes (dashed line), and Voigt
profiles after convolution with the instrumental line shape (solid
line) are shown. The additional vacancy is in the (a) 3s subshell,
(b) 3p subshells, (c) 3d subshells, (d) sum spectrum (a) plus (b)
plus (c).
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FIG. 3. Calculated Kf3; ;L°M™ spectra of Mo. (For an ex-
planation of the lines see Fig. 2.) (a) K3, ;L°M°, (b) KB, ;L°M ",
(©) KBy ,L°M?, (d) KB, ,L°M?, (e) KB, \L°M*.

different. Thus the M>, M® and M satellites have been
simulated by taking the line shapes of the M* satellites
but shifted in energy. The energy shifts were determined
as a combination of (3sp)™ and (3d)™, S<m <7, calcu-
lated shifts.

Assuming a binomial distribution (see Sec. IV) of the
M-shell holes, the KaL® and K B, ,L° peaks were repro-
duced by fitting the theoretical KaL°M™ and
KB, ;L °M™ lines to these peaks. The b1n0m1a1 distribu-
tion is governed by a single parameter pj, which is the
probability per M-shell electron to be ionized at the mo-
ment of the K x-ray transition. This parameter is com-
mon for all subshells and represents an average value.
The L' satellites were taken into account in the fitting
procedure as single peaks with larger Gaussian widths.
The only free parameters in the fit were pjy, the back-
ground level, and an intensity scaling factor.

In a further step the analysis was performed by using
two different probabilities: one, p3sp, common for the 3s
and 3p subshells, and the other, p%;, for the 3d subshells.

(d)

()

>
=
@
z
=
z LEDDN
Y (®)
54
'}
& AJ“\
(@)
K82
T AI T
19600 19800 20000 20200

ENERGY (eV)

FIG. 4. Calculated K3, ;L "M° and K 3,L "M° spectra of Mo.
(For an explanation of the lines see Fig. 2.) (a) KBL°M°, (b)
KBL'M°, (c) KBL*M®, (d) KBL’M°.

TABLE III. Fitted energy shifts (eV) of the measured KaL"
and K3, ;L " lines with respect to the calculated KaL "M° and
KB, ;L"M° profiles and fitted Gaussian widths (in eV) of the
K3, ;L" lines.

Energy shift Energy shift

n KalL" KB sL" Gaussian width
0 7.0£0.3 48.4+0.7 69.8+1.8
1 8.0+0.4 50.2+0.8 67.2+2.7
2 9.4+0.7 51.8x1.5 74.8+5.1
Assuming again binomial distributions for the
M-subshell holes the KaL%3sp)"'(3d)"> and
KB, ,L%3sp )"1(3d) " lines were ﬁtted to the measured

spectra and the two probabilities p3sp and p¥, could be
determined.

In the analysis of the L satellites on the basis of the cal-
culated KaL"M° and KBL"M° lines (see Fig. 4) the
effect of M-shell holes has to be taken into account, since
the latter produce a shift of the center of gravity of the
lines and a widening of the peaks. The widening can be
simulated by taking a larger Gaussian width for the con-
volution with the Lorentzian curve. The calculated
KaL®? » KB, ,L%73, and K B,L°? lines were fitted to the
experlmental spectra. For the KB, ,L%2 lines, energy
shifts, Gaussian widths, and peak intensities were left as
free parameters. Table III shows the fitted values of the
energy shifts and Gaussian widths of these three peaks.
For K3 ,L* the energy shift and the Gaussian width had
to be fixed (corresponding to the values of K3, ;L?) and
only the intensity was fitted. Since no significant struc-
ture appears in the Kf, region, energy shifts and en-
larged Gaussian widths had also to be fixed. A shift of
110 eV which corresponds to about 3.5 M-shell holes and
a Gaussian FWHM of 117.5 eV for the Gaussian were
chosen. An identical procedure was applied to the Ka
spectrum, but only one free parameter for the Gaussian
width, common for all L satellites, was used (FWHM
equal to 26.5 eV).

IV. RESULTS AND DISCUSSION

A. M-shell ionization

The removal of target M-shell electrons in a collision of
5.5-MeV/amu O ions with Mo is mainly due to the direct
Coulomb-ionization process. In this process electrons are
excited by the Coulomb interaction from their bound
states to the continuum. If the independent particle pic-
ture is assumed and the excitation occurs without any
correlations, the multiple ionization can be expressed by
a binomial distribution with the ionization probability
per M-shell electron p,, as the parameter. Other ionizing
processes may, however, contribute to the M-shell ioniza-
tion and change this distribution. In particular two pro-
cesses have to be considered: the capture of bound target
M-shell electrons by the projectile and competing decay
processes to the K x rays, as LMM Auger transitions.
But the influence of both processes is small and the as-
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sumption of a binomial distribution is in a first approxi-
mation justified. (For a discussion of the competitive pro-
cesses, see Sec. IVA 2))

The probability per target M-shell electron to be cap-
tured by a bare oxygen projectile of 5.5-MeV/amu energy
in a near-central collision was estimated using an n-body
classical-trajectory Monte Carlo code [50]. The obtained
value pEC is on the order of 2X 1073, A comparison with
the experimental value for the M-shell ionization at the
moment of the x-ray transition (see Sec. IVA 1) shows
that in our case the capture process can be neglected. A
confirmation of the minor role of electron capture with
respect to direct ionization can be deduced from the re-
sults presented in Fig. 5. In this figure the ratios of ex-
perimental to theoretical (only direct Coulomb ioniza-
tion) L- and M-shell ionization probabilities for the col-
lisions of He and O projectiles with medium-Z target ele-
ments are plotted as a function of the reduced velocity
n=v,/v, (v, is the projectile velocity and v, the L- or
M-shell electron velocity). For He projectiles the experi-
mental L-shell ionization probabilities are not very
different from the calculated ones, whereas for the M-
shell ionization probabilities the difference is striking. A
calculation shows that for He projectiles the cross section
for electron capture and other ionizing processes is very
small compared to the one for direct ionization [2]. The
observed discrepancies were attributed to the use of hy-
drogenic electron wave functions [2,31]. For the L-shell
ionization the ratios are much higher for collisions with
O than with He ions, whereas for the M shell they are
about equal. This indicates that for the L-shell ionization
by O ions other ionizing processes are of importance,
whereas for the M shell this is not the case. The most
probable process to consider is electron capture [27].

Deviations from the independent-particle picture may
be understood as electron correlation [51,52]. The
shake-up and shake-off of electrons is such a correlation
process. The ionization of the K shell causes a sudden
change of the central potential acting on the target elec-
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FIG. 5. Ratio of the experimental to the theoretical (RSCA)
L- and M-shell ionization probability values plotted as a func-
tion of the reduced velocity. O denotes He-induced values: L
shell (Ref. [31]), He (6.7 MeV/amu)+ Mo, Pd, La; M shell (Ref.
[2]), same as for L shell. * denotes O-induced values: L shell
(Ref. [27]), O (5.5 MeV/amu)+ Mo, Pd; M shell (this work), O
(5.5 MeV/amu) +Mo.
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trons. Due to that change, electrons can be promoted to
higher shells or into the continuum. Carlson and Nestor
[53] calculated electron shake-off probabilities as the re-
sult of x-ray photoionization of rare gases. Their results
are applicable to any process that leads to a sudden
creation of a vacancy in an atom. By creating a sudden
vacancy in the K shell, we can estimate for Mo a shake-
off probability of about pjiek*=2X1073. This value is
much smaller than the value describing the M-shell ion-
ization at the moment of the x-ray transition (see Sec.
IVA1).

1. Average M-shell ionization at the moment
of the K x-ray emission

The pjy value determined from the fit of the KB, ;L°
peak is pj‘;(KBm):O.ZO. For the determination of this
parameter from the Ka spectrum it is advantageous to
consider the K a,L° line only because of an overlap of the
intensities of the Ka,L° peak and of the K a,L? satellite.
The fit gives pf(Ka,)=0.15. Since the shift of the Ka
transitions due to the removal of 3d electrons is very
small (see Sec. III B), the value of pj determined from
the Ka spectrum is less reliable than from the K3 spec-
trum. A simultaneous fit of Ka,L° and KBHLO has also
been performed. The resulting ionization probability is in
good agreement with the value obtained by fitting the
Kﬁl,3L0 line alone, i.e., p¥=0.19+0.02. This corre-
sponds to an average number of M-shell holes of
m =3.510.4. Figures 6(a) and 6(b) show the Ka,L° and
the KBHLO lines in detail with their M-satellite com-
ponents. As one can see, the measured L° lines are
reproduced rather satisfactorily, but nevertheless the
fitted curves seem to be slightly shifted (Ka towards
higher energies and K3 towards lower energies). These
discrepancies can be attributed to not equal M-subshell
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FIG. 6. (a) Fitted Ka,L° line of Mo induced by 5.5
MeV/amu 'O ions. One parameter py common for all M sub-
shells is used. The solid lines represent the K a,L°M ™ lines, the
thick solid one the sum of them, and the dashed line the simu-
lated L '-satellite line. (b) Same as (a) but for the K3, ;L° line.
(c) Same as (a) but using two parameters p§,, and p};, describing
the unequal ionization of the M subshells. (d) Same as (c) but
for the KB, ;L ° line.
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ionization at the moment of the K x-ray transition (see
Sec. IV B).

2. Average M-shell ionization at the moment
of the ion-atom collision

The probability pi¥ reflects the number of holes in the
M shell at the moment of the K x-ray transition. Al-
though the decay of K holes occurs very fast, several
competitive processes (the Auger, the Coster-Kronig, and
radiative transitions for L and higher shells) may change
the originally induced hole distribution. They can be ac-
counted for by a statistical scaling procedure [54,27]. In
our case, processes which produce one (LLM Coster-
Kronig, LMX Auger, and radiative L-M transitions) and
two (LMM Auger) M-shell holes and processes which fill
up M-shell vacancies (MXY Auger and radiative M tran-
sitions) are important. Note that the MMX Coster-
Kronig transitions change the distribution between the
subshells, but not the total number of M holes.

The probability that an alternative transition takes
place before the K-shell vacancy is filled is given by

Loy

R -
alt Fa|[+FK s (5)

where 'y is the K-shell width and T, the width of the
alternative transition. Calculated transition probabilities
for singly ionized atoms are known [55-61]. In a first-
order approximation, for multiply ionized atoms the
width of a transition is proportional to the number of
electrons which can undergo the transition and to the
number of holes in a subshell which can be filled.

All processes producing one or two additional M-shell
holes need in the initial state one hole in the L shell.
Therefore, only a part of them given by

a=——=——=0.57 )
(L°)

can contribute to the production of M-shell holes (see
Sec. IVD). I(L°) and I(L") are the intensities of the L°
and L' satellite transitions, respectively. The absolute
number of additional holes m  is then

my = g aR,; =0.32 , @)

where g,;, is the number of M-shell holes produced by a
particular alternative process.

Among the processes which contribute to the filling up
of the M-shell vacancies, the radiative M transitions can
be neglected. The transition probabilities of the MXY
Auger transitions have to be multiplied by a factor of
about 3.5, since in the initial state the atom has not only
one but about 3.5 M-shell holes, so that m_ =0.09 M-
shell holes disappear by this process before the K x ray
takes place. Taking into account these corrections the
ionization probability per M-shell electron at the moment
of the ion-atom collision is p,, =0.18+0.02.
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B. M-subshell ionization

Different M-subshell ionization probabilities and rear-
rangement processes may give rise to unequally ionized
M subshells at the moment of the K x-ray transition.
Especially MMX Coster-Kronig transitions can transfer
3s or 3p holes into 3d holes. To take into consideration
the possibility of unequal M-subshell ionization, a second
step in the analysis was performed, in which the single
ionization probability parameter pj was replaced by two
free parameters, p{sp and p%,, the ionization probabilities
for the 3s and 3p subshells and for the 3d ones, respec-
tively. For their determination a simultaneous fit of the
Ka,L® and K[J’HL0 lines is essential, since two parame-
ters have to be determined. The fit should not be carried
out independently: for a fit of K a, alone, for example, an
absurd value for p%, is obtained, because 3d holes pro-
duce only a very small negative shift. In a simultaneous
fit of both lines, Ka2L0 is important for the determina-
tion ofpg'(sp, since the whole shift of the latter is due to 3s
and 3p vacancies. In the same way K/31,3L° is important
for p%;, because this parameter cannot be determined
from Ka. Fitting Ka, and Kf, ; simultaneously with
two parameters it is possible to reproduce the experimen-
tal data much better [see Figs. 6(c) and 6(d)]. The ob-
tained  probabilities  are p{w =0.17£0.02  and
p3;=0.23+0.02.

The weighted average of these two numbers is
pg‘;deO. 205. This shows that the value of pjiy, which is
about 6% smaller is also reasonable. The pj value is
slightly smaller, because by fitting with just one parame-
ter the higher ionization of the 3d subshells at the mo-
ment of the K x-ray transition cannot be taken into ac-
count.

As mentioned above, the main difference in the ioniza-
tion of the M subshells is caused by the M, M, X Coster-
Kronig transitions. The probability that such a process
occurs before the K x ray takes place is given by

rM.vadX — 2 1
TumxTTx  2.14+4.5

=0.32 . (8)

A necessary condition is that the initial state has at least

one vacancy in the 3s or 3p subshells. Thus £ of all M-
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shell holes can contribute to this process so that 14% of
all M holes change from the 3s or 3p subshells to the 3d
subshells. Taking also into account that the LLM
Coster-Kronig process produces only 3d holes, the ex-
pected subshell ionization probabilities at the moment of
the x-ray transition were deduced from the measured
average value pj. They are p3, (theor)=0.17 and
p%,(theor)=0.22. This good agreement with the mea-
sured values suggests that differences between p{w and
p%, are mainly due to Coster-Kronig transitions, rather
than to different subshell ionization probabilities at the
moment of the collision.

C. Calculated SCA M-shell ionization probability

For the comparison of the ionization probabilities with
theoretical calculations we have used the semiclassical
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approximation [62], which is the only sufficiently
developed theoretical model to allow a detailed compar-
ison with impact-parameter-dependent probabilities. The
measured M-shell ionization probability refers to a near-
central collision since for a K transition an initial K-shell
hole must be present and the M-shell ionization probabil-
ity can be considered as constant over the whole impact-
parameter range for which the K-shell ionization occurs.

Using the SCA version of Trautmann and Rosel
[63,64] the calculations were performed with relativistic
hydrogenic wave functions and a classical hyperbolic tra-
jectory (RSCA). The screening effects were taken into ac-
count by introducing an effective charge according to the
Slater rule. The calculations show that the differences in
the M-subshell ionization probabilities for an impact pa-
rameter b =500 fm (for the choice of b see Ref. [2]) are
negligibly small, which confirms our conclusion about the
reasons for differences in the M-subshell ionization (see
Sec. IV B). The average of the calculated values is pS>cA
(500 fm)= 0.06. This value is three times smaller than
the experimental one.

A similar disagreement was observed in measurements
where He was the projectile (see Fig. 5 and Refs. [2] and
[31]). The discrepancies were attributed to the improper
approximations associated with the use of hydrogenic
electron wave functions [2,31].

D. L-shell ionization

The fitted relative intensity yields X” of the Mo
KB, ;L" lines are given in Table IV and the fitted Mo K3
spectrum is shown in Fig. 7. For the rearrangement
correction the same procedure as in Ref. [27] has been
used, but with the assumption that the widths are propor-
tional to the number of vacancies located in the subshell
which is filled by the electron undergoing the transition.
The errors on the calculated radiative and nonradiative
widths [58,60,61] have been assumed to be 10%. The
corresponding primary vacancy yields are also shown in
Table IV. Contrary to the M-shell ionization (see Sec.
IV A1), the rearrangement procedure shifts the mean
value of L-shell hole number from 1.04 to a slightly
higher value of 1.15.
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FIG. 7. Fitted Mo Kf spectrum induced by 5.5-MeV/amu
'°0 ions. (The correction for the increased self-absorption for
energies higher than the K edge is taken into account.)

TABLE IV. Relative x-ray intensity yields X" and primary
vacancy yields I" deduced from the Ka and K3 x-ray L-satellite
intensities. X are the values from Ref. [27], where the L”
satellites were reproduced by just one Voigt function. The sum
of the intensities is normalized to 1000.

n X"(Ka) Xr(Ka) X"KB) I"(Ka) I"(KB)
0 382(13) 373(7) 304(7) 293(19) 274(30)
1 403(18) 440(34) 403(9) 400(34) 388(42)
2 179(7) 160(19) 239(9) 222(22) 257(33)
3 374) 27(7) 54(8) 85(10) 84(16)

The experimental x-ray intensity ratio X(Kp,L°):
X(KB,L"): X(KB,L?) is 100(10):135(11):80(17). It is in
good agreement with the result obtained for the K3, ;
lines. The ratio X(KB,L°):X(KpB, ;L°)=0.26(2) can be
compared with the corresponding ratio obtained from the
He-induced measurements, which have been performed
with the same experimental setup, ie.,
X(KB,LOY:X (KB, ;,LOHe=0.17(1). The difference is
mainly due to the much stronger M-shell ionization in
the O-induced spectrum, which diminishes the relative
intensity of the K3, ; transitions. It should be noted that
the ratios have not been corrected for the energy-
dependent efficiency of the spectrum.

Using the calculated KaL "M° satellite structure, the
Ka spectrum has been reanalyzed. The results are also
given in Table IV together with the values of Rymuza
et al. [27]. In this previous work the satellites were fitted
with just one line with a larger Gaussian width. Com-
pared to the theoretical K3, ;L" yields, the satellite in-
tensities from the new fit are smaller. Since 2p electrons
are responsible for a Ka transition, additional L-shell
holes reduce the K« transition intensity. Therefore, the
yields corrected for rearrangement processes and fluores-
cence yields and not the x-ray yields have to be com-
pared. The mean value of the L-shell hole number is
shifted by the rearrangement procedure from 0.87 to
1.10.

The analysis of the K8, ;L" lines evinces that the de-
gree of M-shell ionization is the same for the n =0, 1, and
2 lines. Table III shows that the energy shifts and the
Gaussian widths are almost identical. This justifies the
choice of fixed values for these parameters for the
K, ;L" and for the Kf3,L" lines.

V. SUMMARY AND CONCLUSIONS

The principal aim of the present study was to extend
our knowledge on the ionization process in near-central
collisions of energetic heavy ions with medium-Z atoms.
High-resolution measurements of O-induced K x-ray
spectra of molybdenum were performed. Since in heavy-
ion—-atom collisions multiple ionization of the M and L
shells of the target atom is very likely to occur, the struc-
ture of the observed spectra is very complex. In order to
obtain information about the M-shell ionization in such a
collision, an alternative method is proposed. In this
method the measured Ka and K3 spectra are simultane-
ously decomposed into theoretically constructed profiles
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for all KaL"M™ and KBL"M™ transitions, assuming a
binomial distribution of holes in the M shell and treating
the M-shell ionization probabilities as adjustable parame-
ters. The average number of M-shell holes at the moment
of the K x-ray transition has been determined to be
m =3.5+0.4, corresponding to pj =0.19+0.02. Taking
into account the effect of rearrangement processes the
ionization probability at the moment of the collision is
Py =0.18+0.02. For comparison the theoretical (RSCA)
value is pRS¢A=0.06. The ionization of the 3s or 3p and
3d subshells was determined to be pg‘;p =0.1740.02 and
p¥,;=0.2310.02.

The spectra were also analyzed with respect to the L-
shell ionization on the basis of the calculated KaL°M°,
KB, 5L "M, and KB,L"M° lines. The additional M-shell
ionization was taken into account by using a larger
Gaussian width and shifting the positions of the lines.
The intensity yields of the L satellites were determined
and the primary vacancy distribution was deduced. The
analysis of the Ka and K3 spectra gives an average num-
ber of L-shell holes at the moment of the collision of
1=1.12.

On the basis of the presented study some general con-
clusions can be drawn. First, reliable results can only be
obtained by fitting simultaneously the Ka and K3 spec-
tra. Second, to obtain a good fit to both spectra it is not
enough to use a common parameter for all the subshells,
which describes the average M-shell ionization at the mo-
ment of the K x-ray transition. The use of two parame-
ters, one common for the 3s and 3p subshells and the oth-
er for the 3d subshells, gives a much better fit. Third, the
fact that the average value of these two parameters is
only slightly larger than pj shows that, although the fit
with one parameter is not very good, the pi value is
reasonable. Fourth, the differences in the M-subshell ion-
ization at the moment of the K x-ray transition are main-

ly due to Coster-Kronig transitions, rather than to a
different probability of the subshell ionization at the mo-
ment of the collision. Fifth, the discrepancy between our
results deduced from the analysis of K x-ray spectra and
the theoretical SCA values is attributed to the use of
screened hydrogenic wave functions in the calculations.
Sixth, in the case of L-shell ionization the rearrangement
processes are much more important than in the case of
the M-shell ionization (due to the importance of L Auger
transitions). Only if they are taken into account, the va-
cancy distributions deduced from the Ka spectrum and
from the K3 spectrum are similar.

The authors do believe that the results of this study en-
able a deeper insight in the near-central collision process-
es and will stimulate a development of theoretical
methods for the determination of ionization cross sec-
tions. The present study is a part of a broader project
consisting of experiments with the aim of studying the
multiple ionization induced in medium-Z atoms by heavy
ions.
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