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M-shell ionization resulting from near-central collisions of mill-Z atoms
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The Ka and KP x-ray spectra of palladium and lanthanum bombarded by 5.5-MeV/amu ' 0 ions

were measured with a high-resolution transmission crystal spectrometer. The observed complex struc-

ture of the KaL and KP»L lines consisting of many M satellites was analyzed by means of theoretical

line profiles based on multiconfiguration Dirac-Fock calculations. The average M-shell and M-subshell

ionization probabilities in near-central collisions are determined. The experimental results are compared

to the predictions of the semiclassical-approximation theory. The agreement is much improved by using

Dirac-Hartree-Fock (DHF) wave functions instead of screened relativistic hydrogenic wave functions.

The importance of DHF wave functions in the calculation of the M-shell ionization probabilities is illus-

trated with other examples.

PACS number(s): 34.50.Fa, 32.30.Rj, 35.80.+s

I. INTRODUCTION

The aim of the present study is to contribute to the un-

derstanding of the ionization mechanism in near-central
collisions of energetic heavy ions with atoms. In the past
few decades great interest has been devoted to the inner-
shell ionization processes [1]. While not yet satisfactory,
the knowledge about the ionization of the K and L shells
is far better [2—6] than for the M shell. Data for the M-
shell ionization cross sections [7—11] and data for the
impact-parameter-dependent M-shell ionization probabil-
ities are scarce and difficult to obtain.

Generally, ionization cross sections are determined by

measuring the x-ray or Auger production cross sections
and converting them to ionization cross sections by using
fluorescence, Auger and Coster-Kronig yields. These
yields have rather large uncertainties which reflect the er-
rors of the final cross-section values. Further problems
arise from the complexity of the L and M x-ray spectra,
from their low energies and from target contaminations.
For the M-shell ionization, discrepancies up to a factor of
2 are observed between the experimental data reported by
different authors [9].

The impact-parameter dependence of the ionization
probability is expected to be more useful to test ioniza-
tion theories and the behavior of the wave functions dur-
ing the collision than the total ionization cross sections.

*Present address: NREL, 1617 Cole Boulevard, Golden, CO
80401-3393.

To our knowledge, a measurement of the difterential M-

shell ionization cross section has not yet been attempted
in view of large experimental difficulties. In Ref. [12] we

presented a new way for determining the M-shell ioniza-

tion probability in near-central collisions. Using a high-

resolution crystal spectrometer in DuMond geometry

[13] we were able to separate the diagram and the L
satellite E x-ray lines of a Mo target bornbarded with He
ions. For the KPz transition, the M satellites could also

be resolved. Assuming the independent-particle model
without any correlations [14—16] it was possible to
deduce the ionization probabilities from the measured sa-

tellite intensity ratios. Because the latter are only weakly
influenced by the uncertainties of the fluorescence and
Coster-Kronig yields, accurate results could be obtained.
In Ref. [17]a similar experiment, performed with Pd and
La targets was described. A comparison with theoretical
ionization probabilities, calculated with the semiclassical
approximation using screened relativistic hydrogenic
wave functions, showed discrepancies up to a factor of 4
and more. The deviations increased with increasing re-
duced velocities.

For heavier projectiles the structure of the x-ray spec-
tra becomes much more complex, since due to the ion-
atom collision several electrons are ejected simultaneous-

ly resulting in multiply ionized target atoms. A correct
analysis of the x-ray spectra is then difficult and the
theoretical knowledge of line profiles is needed, which re-

quire calculated x-ray energies and transition probabili-
ties. In Ref. [18]an alternative method for the analysis of
such complex spectra was presented and applied to the
Ka and KP spectra of Mo bombarded by 5.5-MeV/amu
oxygen ions. The comparison of the measured M-shell
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ionization probability with the one calculated within the
semiclassical approximation (SCA) model showed again a
discrepancy of a factor of 3.

In this paper we apply our method of analysis to the K
x-ray spectra of Pd and La targets bombarded with 5.5-
MeV/amu oxygen ions. The resulting M-shell ionization
probabilities in near-central collisions are compared with
new SCA calculations using more realistic Dirac-
Hartree-Fock wave functions instead of screened relativ-
istic hydrogenlike wave functions. A satisfactory agree-
ment is obtained.

For the E and L shells relativistic hydrogenic wave
functions are, in general, suitable. For the M shell, due
to the larger influence of screening, a better approxima-
tion is needed. The M shell is thus a good probe to assess
the importance of the choice of the proper wave func-
tions in SCA calculations.

II. EXPERIMENT

An in-beam bent-crystal spectrometer in the modified
DuMond slit geometry, installed at the PSI variable-
energy cyclotron in Villigen, Switzerland, was used for
the high-resolution study of the palladium and lantha-
num spectra. The spectrometer and the experimental set-
up were described in detail elsewhere [13,12]. The spec-
trometer was equipped with quartz-crystal plates of 1.5
or 2.5 mm thickness and a 1-mm-thick Na(T1) detector,
surrounded by an anti-Compton ring. The radius of cur-
vature of the crystals was 3.15 m. A high-frequency al-
ternating electric field was applied to the crystals [19],
enhancing the peak reflectivity by a factor of 3—4. Tar-
gets of natural Pd and La about 15 mg/cm thick were
bombarded by 112-MeV ' 0 ions. Beam intensities of
about 100 nA were used. The beam intensity was moni-
tored by observing the target Ea x rays with a 6-cm
Ge(Li) detector. The ions were fully stripped by passing
the 4.4 mg/cm Havar entrance window of the target
chamber. The target was cooled by a low-pressure He
gas flow, pumped through the target chamber. Taking
into account the energy loss in the Havar foil, the self-
absorption and stopping power of the target, and the en-

ergy dependence of the E-shell ionization cross section,
the effective beam energy for producing the observed x
rays was about 5.5 MeV/nucleon.

The instrumental resolution and the line shape were
obtained by measuring the 25.7-keV y-ray line of a ra-
dioactive ' 'Tb source, placed 30 cm behind the target
and observed through the slit. The instrumental resolu-
tion was comparable to the natural linewidth of the E x-
ray lines. According to Salem and Lee [20] the Lorentzi-
an width of the Ea transitions is about 9 eV for Pd and
18 eV for La, respectively, and about 8.5 eV (Pd) and 19.5
eV (La) for the KP transitions. The full width at half
maximum of the Gaussian, representing the instrumental
line shape, was 11 eV for the Ea and EP transitions of
Pd, 25 eV for the La Ea transitions, and 32 eV for the La
EP transitions. The energy calibrations are based on the
48.91562(14) keV and the 74.56711(22) keV y-ray lines

[21] in the ' 'Tb decay, measured in second order on both
sides of reflection.

As a result of the shift towards higher energies of the
satellite transitions with respect to the diagram ones, a
part of the measured F13 spectrum lies above the K edge,
which is at 24.3503 keV for Pd and 38.9246 keV for La
[22]. For this part of the spectrum the self-absorption in
the target is strongly increased. Taking into account the
dependence of the ionization cross section on the projec-
tile energy, the measured intensities of this region of the
spectrum were multiplied by a factor of 1.4(0.2) for Pd
and 1.2(0.1) for La, after substraction of the background.

III. DESCRIPTION OF THE METHOD OF ANALYSIS

The measured Pd and La E x-ray spectra are shown in
Fig. 1. In an energetic heavy ion-atom collision, multiple
inner-shell ionization is an important fact. Since the re-
moval of electrons modifies the screening of the nuclear
charge, the x-ray transitions of a multiply ionized atom
(x-ray satellite transitions) are shifted in energy with
respect to the energy of the diagram transitions. The en-

ergy shifts depend on the subshells where the holes are lo-
cated. Therefore the Ea x-ray spectrum of a multiply
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FIG. 1. High-resolution crystal spectrome-
ter Ka and Kp x-ray spectra of palladium and
lanthanum. (a) 5.5-MeV/amu ' 0-induced Ea
spectrum of Pd. (b) 5.5-MeV/amu ' 0-induced
KP spectrum of Pd. (c) 5.5-MeV/amu ' 0-
induced Ea spectrum of La. (d) 5.5-MeV/amu
' 0-induced KP spectrum of La.
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ionized atom consists not of two single lines (Ka& and

Kaz) but of several lines with dozens or hundreds of un-

resolved components. Taking into account the different
coupling possibilities of the angular momenta j of the
open subshells, a x-ray line can be composed of many
thousands of components and can have a very complex
structure. The energy shift for a satellite x-ray transition
decreases with the principal quantum number of the
spectator vacancy and is higher for K13 than for Ka tran-
sitions. Depending on the shifts and on the instrumental
and natural widths, well-resolved peaks or, on the con-
trary, broadened bumps are observed in the measured
spectra. This can be seen in Fig. 1: for Pd the L-satellite
x rays (x-ray transitions with one or several additional
holes in the L shell) are well resolved, for La the resolu-
tion is just at the limit. In both cases is it not possible to
resolve the M satellites, the peaks being strongly
broadened and somewhat shifted. However, in the case
of weakly ionizing projectiles like He ions, and for the
KP2 (X»», ~K) transitions, it was shown that it is possi-
ble to resolve also the M satellites [12,17].

As mentioned in the Introduction, this paper deals
with M-shell ionization. Since the individual KaM and
KPM™satellites cannot be resolved, a detailed analysis is
necessary. A trustworthy analysis is only possible if one
knows the M-satellite structure underlying the broadened
peaks. We will use the new method proposed in Ref. [18]
for the analysis of the K x-ray spectra of multiply ionized
mid-Z atoms, which are produced in near-central col-
lisions with energetic heavy projectiles. In the following
we give a short description of this method.

The measured Ka and KP lines are assumed to be
linear combinations of all possible KaL "M and

KPL "M profiles. The latter are constructed theoretical-
ly using transition energies and transition probabilities
determined by extensive multiconfiguration Dirac-Fock
(MCDF) calculations. Assuming a binomial distribution
(see Secs. IV and V) of holes in the M shell and treating
the M-shell ionization probabilities as adjustable parame-
ters, the measured Ka and KP spectra are simultaneously
decomposed into these theoretically constructed shapes.
The MCDF method employed in the present study has
been described in detail in several papers [23—28].

In the present study we used the computer program
package GRASP [29], which allows relativistic MCDF cal-
culations with the inclusion of the transverse (Breit) in-

teraction and QED (self-energy and vacuum polarization)
corrections. Transition energies and probabilities were
calculated using the modified special average level ver-
sion [30] of MCDF with the same factors A, as in Ref.
[18]. The jj coupling scheme was applied. The coupling
of the open subshells produces many initial and final

states and herewith the number of x-ray transitions in-

creases very rapidly. The Kn spectrum of an atom with
full outer subshells (e.g. , Pd) consists of two diagram
lines. One spectator vacancy in the L shell raises the
number of transitions to 20, and two vacancies to 84.
The KaL M' complex consists of 72 components and
the Ko,L M one consists of 1697. For KaL 'M' one has
996 components and for KnL'M more than 16500.
Practically it is thus only possible to calculate the
KaL M but not all KaL "M (n ~ 1) satellite transi-
tions. For the analysis of the M-shell ionization this is
enough, since the M-shell hole distribution and therefore
the M-shell ionization probability are contained in the L
peak. Calculated average energy shifts due to several M-
shell holes are given in Table I.

An essential point of the method is the simultaneous fit

of the Ka and KP spectra. Only in this way can reliable
results be obtained. Since the energy shifts of the satel-
lites are different for Ka and KP, this puts a strong con-
dition for the fit to find the correct parameters [18].

By folding the Lorentzian natural line shape with the
Gaussian instrumental response and using the calculated
energies and transition probabilities the shapes of the
KL M lines were constructed. Assuming a binomial
distribution of the M-shell holes, the KL M lines were
combined to form the KaL and KPL peaks. The bino-
mial distribution is governed by a single parameter p~,
which is the probability per M-shell electron at the mo-
ment of the K x-ray transition. This parameter is com-
mon for all subshells and represents an average value.
The envelope of the theoretically constructed KaL and

K13L peaks are fitted to the measured K x-ray spectra.
The L' satellites and also for Pd Ka the L satellites
were taken into account in the fitting procedure as single

peaks with larger Gaussian widths. The only free param-
eters in the fit were pM, the background level, and an in-

tensity scaling factor.
The calculated energy shifts are different for holes in

different subshells. The shifts due to 3s (M, ) and 3p

TABLE I. Calculated average energy shifts (eV) of KaM'" and KP»M x-ray satellite transitions of
Pd and La in comparison with the instrumental (cr ) and natural (I ) widths (eV).

NUmber of
M holes
or width

M
M
M4

3.9
6.9

10.2
13.6

Pd

3.2
6.3
9.0

12.2

Kp) 3

15.5
31.6
48.3
65.7

3.1

10.8
16.2
21.2

La

7.3
10.1
14.5
19.3

K/3, ,
24.7
50.0
77.3

103.3

o
r

11.0
8.8

11.0
9.2

11.0
8.5

25.0
17.4

25.0
18.1

32.0
19.5
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TABLE II. Calculated energy shifts (eV) of the Pd and La M
x-ray satellite transitions with respect to the diagram lines due
to a hole in the different M subshells.

be described by a binomial distribution with the ioniza-
tion probability per electron as parameter. The cross sec-
tion for the production of 1 K-shell and m M-shell holes
1s

Transition Pd

Ka,MI
Ka 1M11,111

1

Ka,MIv, v
1

Ka2MI
Ka2MII, III

1

«2MIv, v
1

Kpl 3Mr

KP1,3MII, III
1

KP& 3Mgv v

5.7
10.4

—0.5
5.7
8.9

—0.8
20.4
19.4
12.4

9.1
14.9

—4.1

8.6
12.9
1.8

31.0
30.1

20.8

IV. RESULTS

The uncorrelated direct Coulomb ionization of the
atomic electrons in the independent-particle picture can

(M», «) holes are similar, but for the 3d (M,v v) holes

they are different (see Table II and [31)). Since the wave
functions of the M subshells are rather different, one can
expect the ionization probabilities to also be distinct.
Therefore, in a further step, the analysis was performed
by using two different probabilities: one, p3 p common
for the 3$ and 3p subshells and another, px3d, for
the 3d subshells. Assuming again binomial distributions
for the M-subshell holes the EaL (3sp) '(3d) and

EP, &L (3sp) '(3d) lines were fitted to the measured
spectra and the two probabilities p 3 p and p && were deter-
mined.

For the MCDF calculation of La with the GRASF code,
a modification of the experimental electron configuration
had to be made. The experimental electron configuration
of La is Ss Sp Sd'6s and the atom has therefore one
open subshell in the ground state. The number of cou-
pling possibilities increases very rapidly with the addition
of spectator holes so that a calculation is practically no
longer possible. Therefore the outer electron in the Sd
subshell was neglected and the ground state was assumed
to be 5s 5p 5d 6s, corresponding to a singly ionized
atom with full subshells. Since the 5d electron is only
weakly bound, its influence on the E x-ray transitions is
very small and the calculated transition energies are al-
most not affected (see Table III). For Pd, the correct
4s 4p 4d' electron configuration was used for the calcu-
lation.

b 2
o =2trf db b

1
px(b)[1 px—(b)]

0

i k

Xk,. =m i =1,5

X[1 psr
—(b)] '

8
ps'(b) [1—p~(b) l"

J

b,„ is given by the condition that for b )b,„,px(b) is

negligibly small and the integral remains almost constant.
The main contribution to the integral comes from the im-

pact parameters b =500 fm. In the impact-parameter
range b =[O,bm»], p~(b) is nearly constant: pM(b
& bm»)=pM(500 fm) and the cross section behaves as a
binomial distribution

18
o cc ps'(500)[1 —p~(500)]' (3)

In order that the measured vacancy distribution can be
represented by a binomial distribution two conditions
have to be met. First, ionizing processes other than
direct Coulomb ionization as electron capture, electron
shake off, or target activation have to be negligible or
small (see Sec. V). Second, competing decay processes to
the K x rays (L and M Auger, Coster-Kronig, and radia-
tive transitions) have to play a minor role (see Secs. IV B
and IV D). In our case, the influence of both factors is
sma11 and the assumption of a binomia1 distribution is in
a first approximation justified.

We would like to mention at this point a further effect

where b is the impact parameter, px(b) is the impact-
parameter-dependent ionization probability per E-shell
electron, ps' (b) is the M, -subshell ionization probability

l

per electron, and m; is the number of electrons in the M
subshells. If the M;-subshell ionization probabilities do
not differ much, an average ionization probability for the
M shell can be defined and Eq. (1) can be written as

J

max
0 +M 2~

1 Psc
0

1

TABLE III. Calculated (E„&,) and standard (Ea„,~,„)(Ref. [66]) K x-ray energies in eV for Pd and
La. The electron configuration of Pd was 4s 4p 4d' . For La the configuration 5s 5p65d 6s' of the
singly ionized atom was used for the ground state (see text).

Transition

Ka2
Kal
KP3
KP,

Eea1e

21020.3
21177.1
23791.4
23819.2

Pd
EBearden

21020.1(1)
21177.1(1)
23791.1(2)
23818.7(2)

Eea1e

33033.2
33440.4
37718.0
37798.6

La
EBearden

33034.1(2)
33441.8(2)
37720.2(5)
37801.0(3)
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which may influence and change the M-shell vacancy dis-
tribution prior to the E x-ray decay: interatomic electron
transfer. A comparison of heavy-ion-induced Ka satel-
lite x-ray spectra of solid and gaseous fluorine (Z =9)
compounds showed that for solid compounds the L-
vacancy filling prior to K-vacancy decay occurs with a
probability of almost 1 for highly ionized states [32]. For
third-row target atoms, where the L-shell electrons are
not valence electrons, the effect is of the order of 5%
[33,34]. Rossel et al. [35] investigated the eff'ect of the
di6'erent chemical environment on the L x-ray satellite
transitions of molybdenum compounds and alloys and
found diff'erences in the intensity yields of Lu and Lpi M
satellites, which were correlated with the valence electron
density. For Pd and La, to our knowledge, no gas-solid
target comparison data exist. An estimation of the order
of magnitude of interatomic transitions to the target M
shell is difficult and further investigation is needed. Nev-

ertheless, since for Pd and La the M shell is an inner shell
and the K x-ray transitions are very fast (-10 ' s), the
change of the M-shell vacancy distribution due to intera-
tomic electron transfer is expected to be small and was
therefore neglected. Substantial interatomic transition
probabilities would cause an underestimation of the M-
she11 ionization probability at the moment of the ion-
atom collision pM.

the lines. The Gaussian widths, the shifts of the lines,
and the L" peak intensities were then free parameters in
the fit.

The simultaneous fit of the Kai 2L and the Kpi 3L
peaks gives for pM a value of pM =0.18+0.03 for Pd and

pM =0.18+0.04 for La. This corresponds to an average
number of M-she11 holes of I =3.2+0.5 for Pd and
m =3.2+0.7 for La, respectively.

The separate fit of the Ka, 2L peaks, on one hand,
and of the Kpi 3L peak, on the other, yields the values

p~(Ka, Pd) =0.12, p~(KP, Pd) =0.20, p~(Ka, La) =0.16
and pM(KP, La)=0.20. The simultaneous fit gives cer-
tainly the most reliable value, since it takes into account
different component shifts in the Ka and KP spectra. If
the Ka spectrum is fitted alone, the determination of pM
is diScult since the shift due to the removal of 3d elec-
trons is very small (see Table II). Figures 2(a) and 2(b),
and 3(a) and 3(b) show the detailed analysis of the KaL
and KI3I 3L lines of Pd and La with their M-satellite
components. The measured L lines are reproduced
rather satisfactorily, but nevertheless the fitted curves
seem to be slightly shifted (Ka towards higher energies
and KP towards lower energies). These discrepancies can
be attributed to unequal M-subshell ionization at the mo-
ment of the K x-ray transition (see Sec. IV C).

A. Average M-shell ionization
at the moment of the E x-ray emission

For the determination of the average M-shell ioniza-
tion probability per electron at the moment of the E x-
ray emission pM the KaIL, KazL, and KpI 3L peaks
have been analyzed. The intensities of the L" (n & 1) sa-
tellites were fixed. They have been determined by using
the method described in Ref. [18]. Briefly, the energies
and probabilities of the KaL "M, KP, 3L "M, and

KP2L
"M transitions were calculated with the GRASp

code [29] and the theoretical line shape was constructed
by folding a Gaussian with a Lorentzian and summing up
aH the components. The e6'ect of the M-shell holes was
taken into account by using a larger Gaussian width than
the instrumental one and shifting the center of gravity of

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

The probability PM reflects the number of holes in the
M shell at the moment of the K x-ray transition. Al-

though the decay of the K holes occurs very fast, several
competitive processes may change the originally induced
hole distribution. They can be accounted for by a statisti-
cal scaling procedure [36,37]. In our case, processes
which produce one (LMX Auger and radiative L Mtran--
sitions) and two (LMM Auger) M-shell holes and process-
es which fill up M-shell vacancies (MXY Auger and radia-
tive M transitions) are important. Note that the MMX
Coster-Kronig transitions change the distribution be-
tween the subshel)s, but not the total number of M holes.

600

a400
C3
C3

200

Vi

w400
O
C3

21000
I I

21100 212QO
ENERGY (eV)

400-

300-

0
23700

L0 400—I

M

&200—0

I I

23800 23900
ENERGY (eV)

KP, 3L
0

I

24000

FIG. 2. Fitted L lines of the Pd K x-ray

spectra induced by 5.5-MeV/amu ' 0 ions. {a)
KeL lines fitted with one parameter pM. The
solid curves represent the KaL M lines, the
thick solid curve represents the sum of the

KuL M curves (all corresponding to the best

fit value of pM), and the dashed curve the simu-

lated L' satellite line. (h) KP, ,L lines fitted

with one parameter pM. (c) KaL lines fitted

with two parameters pi, and p,d. (d} KI3~,L
lines fitted with two parameters p&,~ and p3d.

I

21000 21100
ENERGY (ev)

I

21200

0 I I

2380Q 23900
ENERGY (eV)

I

240QO



49 M-SHELL IONIZATION RESULTING FROM NEAR-CENTRAL. . . 2529

500-

400-

}—300-

Oo200-

100-

(a)
Ka, L

0
O

200-
U)I—
Z:
O

100-

(b)

0

KP, 3L
0

o
O~ 0 OO

O o O

33300

500-

400-

}-300-VJ

Oo200-

100-

33400 33500
ENERGY (eV)

Ka, L
0

0
37500

200-
MI—
X
O

100-

O4 a
i1

38000
ENERGY (eV)

Kp)3L

I

38500

0
O~ 0 OO

0

FIG. 3. Same as Fig. 2 but for La.

33300
0

I I

33400 33500
ENERGY (eV)

0
37500

I

38000
ENERGY (eV)

I

38500

For La the LLM Coster-Kronig transition is energetically
not possible. The rearrangement correction has been de-
scribed in detail in Ref. [18]. The factor a [see Eq. (5) of
Ref. [18]]is in our case a(Pd) =0.51 and a(La) =0.32.

Taking into account these corrections, the ionization
probabilities per M-shell electron at the moment of the
ion-atom collision are ps'(Pd)=0. 17+0.03 and pl(La)
=0.18+0.04. The differences between the average M-
shell ionization probabilities at the moment of the K x-
ray transition and the ones at the moment of the ion-
atorn collision are thus rather small.

C. M-subshell ionization
at the moment of the K x-ray emission

As mentioned above, the use of a single parameter for
the M-shell ionization probability, equal for all subshells,
gives a good but not a perfect fit. The same problem was
encountered in a similar investigation of Mo [18]. Due to
different subshell ionization probabilities and rearrange-
ment processes the M subshells may be unequally ionized
at the moment of the K x-ray transition. MMX Coster-
Kronig transitions especially can transfer holes from the
3s or 3p subshells into 3d ones. The different binding en-
ergies of 3s, 3p, and 3d electrons and the different shape
of their wave functions allow us to suppose that the sub-
shells have different ionization probabilities.

For the ionization probability at the moment of the K
x-ray transition two parameters, p3p and p3d, were
chosen. p3 p represents the ionization probability for the
3s and 3p subshells and p3d the one for the 3d subshells.
For their determination a simultaneous fit of the KaL
and KP, 3L lines is essential, since two parameters have
to be determined. If the fits are carried out independent-
ly, unrealistic results are obtained, especially for the Ea
spectrum. By fitting Ka and KP, 3 simultaneously with
two parameters it is possible to reproduce the experi-
mental data in quite a satisfactory way [see Figs. 2(c),
2(d) and 3(c), 3(d)]. The probabilities obtained are
p3,&(Pd) =0.14+0.03, p3d(Pd) =0.25+0.03 for palladium
and p3, (La}=0.16+0.04 and p3d(La}=0.23+0.04 for
lanthanum.

D. M-subshell ionization
at the moment of the ion-atom collision

(1—p3d)m3, I M M x

(1—p„)m„,r, +r; ' (4)

where I z is the K-shell width with m additional M-shell
holes and I ~ ~ z is the width of the MzpMdX Coster-

sp d

Kronig transition for singly ionized atoms. Calculated
transition probabi1ities for singly ionized atoms are
known [38—44].

In a similar way the other alternative transitions have
to be taken into account. It should be reminded that L
transitions can only occur if the initial state has an L-
shell hole. Therefore, only atoms with one L-shell vacan-
cy can change the M-shell hole distribution of the L
peak. The M-subshell ionization probabilities deduced
from the measured values p3, and p3d are for Pd:
p3,& (Pd) =0.17+0.3, p 3d (Pd}=0.22+0.03; for La:

In the case of distinguishable subshell ionization proba-
bilities, the subshell dependence of the rearrangement
corrections has to be taken into account. The M, MdX
Coster-Kronig transitions especially change the occupa-
tion of the M subshells. These transitions transform 3s
and 3p holes into 3d holes. Therefore, the ionization
probability of the 3s and 3p subshells is higher at the mo-
ment of the ion-atom collision than at the moment of the
K x-ray transition. For the 3d subshells it is the contrary.
For M,pMdX Coster-Kronig transitions the initial state
must have necessarily a hole in the 3sp subshells. This
condition is fulfilled in most of the Pd and La atoms since
as mentioned above p3, (Pd)=0. 14 [i.e., the average
number m3, of holes in the 3s and 3p subshells is about
1.1] and p3~(La}=0.16 [i.e., m3, (La)=1.3]. As the
probability for an electron to be moved from the 3d sub-
shells into the 3p or 3s subshells is proportional to the
number of electrons and holes (1—p3d)m3, present in
the 3d and 3p or 3s subshells, respectively, the probability
that such a M, MdX Coster-Kronig transition occurs be-
fore a K transition is given by
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p3, (La)=0. 19+0.04, p3d(La)=0. 21+0.04. The change
of the probabilities is again relatively small, so that the
binomial distribution is only slightly influenced.

K. Error analysis

The specified error estimates are caused by the follow-
ing:

(i) Calculated transition energies and measured x-ray
energies are within 2 eV for Pd and 3 eV for La. Inaccu-
racies caused by errors in the relative yields of the calcu-
lated x-ray transition probabilities are assumed to be
negligible. This assumption is based on the fact that for
diagram lines the calculated yields correspond well with
literature values. The absolute values of the transition
probabilities have no influence, since we use the intensity
scaling factor.

(ii) Errors resulting from the fitting procedure (includ-
ing the statistics of the measured spectra).

(iii) Errors resulting from the rearrangement correc-
tion. We assumed a 10% error on the radiative and
Auger widths.

An increase or decrease of the parameter pili (or p3,
and p3d} produces a significant change of the theoretical
line shape. Due to the simultaneous fit of the Ka and EP
spectra, the determination of pM is unique, resulting in an
accurate value.

V. DISCUSSION

A. Other ionizing processes than direct Coulomb ionization

The capture of target electrons by the projectile may
play an important role in the ionization process, depend-
ing on the electron binding energies and on the projectile
energy. We have estimated the probability per M-shell
electron of Pd and La to be captured by a bare oxygen
projectile of 5.5 MeV/amu energy in a near-central col-
lision, using an n-body classical trajectory Monte Carlo
(nCTMC) program [45]. In the calculation we assumed
the simplest version of the input, i.e., a three-body col-
lision between the projectile and the target nucleus with
charges Zz and ZT, respectively, and one electron, being
initially in the M shell of the target atom. The experi-
mental electron binding energy was used. The obtained
values are pM (Pd) =(2.7+0.2) X 10 for Pd and

pM (La}=(5.9+0.5) X 10 for La. The probabilities for
electron capture are therefore much smaller than the
measured ionization probabilities and the contribution of
electron capture to the M-shell ionization can be neglect-
ed.

The removal of one or several inner-shell electrons
causes a change of the central potential acting on the tar-
get electrons. Due to that change, electrons can be pro-
moted to higher shells (shake up) or into the continuum
(shake ofi). For the case of a K hole creation we have cal-
culated the shake-of probability per M-shell electron
probability per M-shell electron pM" "' in the sudden ap-
proximation limit [46). The calculated values are for Pd,
p~'"'(Pd) = 1 X 10 3 and for La, p~'"'(La) =0.5 X 10

Target activation and Coulomb nuclear excitation can

also contribute to additional E-shell ionization. These
processes increase the intensity of the K diagram lines.
The internal conversion of y rays or the nuclear electron
capture which follows the target activation, as well as the
nuclear Coulomb excitation cause mainly a single pri-
mary inner-shell ionization. This is because the lifetimes
of the nuclear states involved are much longer than those
for the atomic transitions, so that an inner-shell vacancy
is always filled prior to a subsequent nuclear transition
[47]. In the measured spectra no significant increased in-
tensity of the diagram transitions was observed. An es-
timation of the E-shell ionization cross section stemming
from nuclear reaction processes has shown that these
processes contribute less than 1% of the total E-shell ion-
ization cross section.

The negligible influence on the inner-shell ionization of
the above discussed ionizing processes and the relatively
small change of the ionization probabilities by the rear-
rangement, show that the assumption of a binomial dis-
tribution of the M satellites at the moment of the I(: x-ray
transition is a good approximation.

B. Calculation of the M-shell ionization probability

For a theoretical description of the ionization process
caused by a charged projectile passing an atom, we may
use the semiclassical approximation (SCA). The SCA
model is a first-order perturbation theory, requiring that
the collision is asymmetric, i.e, Z~ &ZT ~ Zp and ZT are
the atomic numbers of the projectile and the target, re-
spectively. The reduced velocity g, i.e., the ratio of the
projectile velocity to that of the target M-shell electron is
given by

1/2
EI,m,

UMMp
(5)

where EI, is the beam energy, U~ is the average M-shell
electron binding energy, and m, and Mp are the electron
and projectile masses, respectively. These ratios are
g(Pd) =2.6 and rl(La)=1.7, i.e., 7)) 1, and therefore the
SCA model is applicable.

The SCA theory is the only theory sufficiently
developed to allow a detailed comparison with impact-
parameter-dependent ionization probabilities. This
theoretical model was originally introduced and
developed by Bang and Hansteen [48] and co-workers.
The SCA treatment has been shown to be very successful
in the description of the E- and L-shell ionization by im-
pact of light ions (e.g., [49—51] and references therein).
The perturbed-stationary-state (ECPSSR) model of
Brandt and Lapicki [52] incorporating energy-loss,
Coulomb deflection, and relativistic corrections, is anoth-
er successful theory for the description of the inner-shell
ionization process. It gives, however, only total cross
sections and no impact-parameter-dependent values.
This theory is thus not suitable for a comparison with the
measured ionization probabilities in near-central col-
lisions.

The SCA version of Trautmann and Rosel [53] in a
modified form [54) was used for the calculation of the
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TABLE IV. Experimental and theoretical average M-shell
ionization probabilities in near-central collisions of 5.5-
MeV/amu ' 0 ions with Pd and La atoms. p~ is the experimen-
tal average M-shell ionization probability per electron common
for all M subshells and p3,~ the one obtained by taking the
weighted average ofp3 p and p3d. The theoretical values are cal-
culated within the SCA model using relativistic hydrogenic
(SCA-HYD) and Dirac-Hartree-Fock (SCA-DHF) wave func-
tions.

Target p3s d SCA-HYD SCA-DHF

Pd
La

0.17+0.03
0.18+0.04

0.20+0.03
0.20+0.04

0.071
0.071

0.227
0.186

impact-parameter-dependent ionization probabilities.
The main modification consists in the use of relativistic
Hartree-Fock (DHF) wave functions instead of relativis-
tic hydrogenic wave functions. This replacement seems
to have a strong influence on the calculated values and
brings the theoretical values in a much better agreement
with the measured ones.

The calculations were performed using a classical hy-
perbolic trajectory including the recoil term. The latter
may increase the M-shell ionization probability for zero
impact parameter by a factor of 3 [12],however, for im-
pact parameters b ~ 50 fm the recoil effect becomes negli-
gible. The separated atom assumption was used and the
multipole terms up to L =5 were included. The Dirac-
Hartree-Fock (DHF) wave functions describing the
bound atomic electrons and the continuum electrons
were calculated with the use of the GRASP program [29]
for bound electrons and the CQNTWvG (continuum wave
function solver for GRAsP) program [55] for continuum
electrons.

The experimental results are compared in Table IV
with SCA calculations using relativistic hydrogenic
(SCA-HYD) and Dirac-Hartree-Fock (SCA-DHF) wave
functions. A weighted average of the calculated M-
subshell ionization probabilities is used.

The M-subshell ionization probabilities are given in
Table V. As one can see, the differences between the 3s
subshell and the 3p subshells on one hand, and the 3d
subshells on the other hand, are quite large. The weight-
ed average for the 3s, 3p, subshells is for Pd,
pscA-DHF(Pd)=0. 16 and for La pscA-DHF(La)=0. 12. For
the 3d subshells one has p 3d "(Pd) =0.28 and

p 3,d "(La)=0.24. The corresponding experimental
values are the following: p3, (Pd) =0.17+0.03,
p3, (La)=0. 1920 04. p3d(Pd)=0. 2220. 03, and p3d(La)
=0.21+0.04.

The M-subshell ionization probabilities calculated with
hydrogenic wave functions (see Table V) are almost iden-
tical. The eff'ective charge of the target atom was calcu-
lated according to the Slater rule and the experimental
binding energies were used. For the ones calculated with
DHF wave functions differences of a factor of 2 exist be-
tween the 3s and 3d subshells. This shows the impor-
tance of using DHF wave functions in the calculation of
the M-shell ionization.

The average experimental M-shell ionization probabili-
ties calculated from the experimental subshell ionization
probabilities are p3, d (Pd) =0.20+0.03 for Pd and

p3, d(La)=0. 20+0.04 for La, respectively. These values
are slightly higher than the values obtained by fitting
with only one parameter pM. Since the two-parameter fit
is better than the one-parameter fit, the p3 pd values are
more realistic than the p~ ones and the calculated values
should be compared with them. pM seems to underesti-
mate the ionization probability, which can be explained
by the almost zero energy shift of the Ea 3d-satellite
transitions. The ionization probability of the 3s and 3p
subshells, which is smaller than the one of the 3d sub-
shells, becomes in the fit important and has a consider-
able contribution to the determination ofpM.

It has to be mentioned that coupling effects [56,57] (for
a review see [58]), which may change the subshell ioniza-
tion probabilities noticeably [59,60] were not included in
the calculation. It has been shown [56,61,62] that for not
too symmetric collision systems the couplings in the con-

TABLE V. Experimental (Expt. ) and calculated M-subshell ionization probabilities for collisions of
5.5 MeV/amu 0 projectiles on Pd and La targets and an impact parameter b =500 fm. For SCA-HYD
hydrogenic wave functions were used and for SCA-DHF Dirac-Hartree-Fock wave functions were
used.

Hole

S I /2

3p i/2

3p3/2

3d3/2
3d 5/2

Expt.

0.17+0.03

0.22+0.03

Pd

SCA-HYD

0.065
0.075
0.071
0.068
0.068

Calculated
SCA-DHF

0.137
0.173
0.175
0.276
0.276

3& I/z

3p I/2

3p3/2
3d 3/2

3d 5/2

0.19+0.04

0.21+0.04

0.048
0.081
0.078
0.071
0.070

0.114
0.119
0.122
0.241
0.240
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FIG. 4. Experimental and calculated ionization probabilities
in near-central collisions of 5.5 MeV/amu 0 and 6.7-MeV/amu
He ions with mid-Z target atoms. The dashed lines represent
results of the SCA-HYD calculations. The solid lines those of
the SCA-DHF calculations. Experimental values: ~ this paper;
6 from Ref. [18];~ from Ref. [17].

The use of relativistic hydrogenic wave functions in-
stead of relativistic Hartree-Fock wave functions seems
to be the main reason for the discrepancies between the
measured and the calculated average M-shell ionization
probabilities in near-central collisions, observed in Refs.
[17] and [18]. In the experiment described in Ref. [17],
Mo, Pd, and La targets were bombarded by He + ions of
6.7-MeV/amu energy. From the x-ray satellite intensity
yields the ionization probabilities for near-central col-
lisions were deduced. A comparison with a SCA calcula-
tion using relativistic hydrogenic wave functions brought
discrepancies up to a factor of 4 or more. Also in Ref.
[18] (5.5-MeV/amu 0 ions on a Mo target) a discrepancy
of a factor of 3 was observed. The measured M-shell ion-
ization probabilities are plotted together with the results
of this paper in Fig. 4. We have recalculated the M-shell
ionization probabilities, using the SCA model with DHF
wave functions. The differences in comparison with the
ones calculated with relativistic hydrogenic wave func-
tions are substantial. They are also shown in Fig. 4.

Recently, Rymuza et al. [63] and Anagnostopoulos
et al. [64] have pointed out the importance of using
Hartree-Fock —type wave functions also for describing
the L-shell ionization probabilities in near-central col-

tinuum may be neglected. The M-shell ionization proba-
bility averaged over the M subshells should be therefore
not substantially influenced by coupling effects. The cal-
culated and measured M-subshell ionization probabilities
should be compared only under the above-mentioned re-
striction.

C. Relevance of using DHF wave functions
in the SCA calculation

lisions. The latter have shown that the measured lantha-
num K x-ray spectra induced by the bombardment with
403-MeV nitrogen could be much better reproduced
theoretically by using wave functions from a variationally
determined optimized potential than screened relativistic
hydrogenic ones. This potential gives wave functions
which are similar to Hartree-Fock wave functions [65].
For the I.-subshell ionization differences up to a factor of
2 were found.

VI. SUMMARY

The essential goal of this paper is the verification of
our recently presented (Ref. [18]) method of analysis of
complex spectra by using two targets differing by their Z
value. Although in the measured E x-ray spectra the M
satellite transitions are not resolved, it is nevertheless
possible to determine the M-shell ionization probability.
In collisions of 5.5-MeV/amu oxygen ions with Pd and
La, electron capture from the M-shell, M-shell electron
shake-off, and I-shell ionization by target activation play
a minor role compared with the direct Coulomb ioniza-
tion. Thus, the M-shell hole distribution can be approxi-
mated by a binomial one. In the case of not too different
M-subshell ionization probabilities, the binomial distribu-
tion is governed by a single-parameter p~, the average
ionization probability per M-shell electron at the moment
of the 1 x-ray transition. However, the M-subshell ion-
ization probabilities are different. Therefore in the
analysis of the E x-ray spectra we introduced two
different ionization probabilities, p3, for the 3s and 3p
subshells and p3d for the 3d subshells, respectively. In
consequence a considerable improvement of the At was
achieved. Taking into account the rearrangement pro-
cesses, the ionization probabilities at the moment of the
K x-ray transition were converted to ionization probabili-
ties at the moment of the ion-atom collision.

SCA calculations have shown that if Dirac-Hartree-
Fock instead of screened hydrogenic wave functions are
used, a much better agreement with the experiment is ob-
tained. This demonstrates that for the M-shell ionization
the use of wave functions from self-consistent calcula-
tions with respect to the inner screening is relevant. It
should be mentioned that the coupling effect has not been
included in our calculations, but the possible error due to
this omission has been estimated to be small.
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