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the ionization in collision processes: The structure of the K@1qL0M" lines
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Very extensive multiconfiguration-Dirac-Fock calculations in the modified special average-level
version with the inclusion of the transverse (Breit) interaction and quantum electrodynamics correc-
tions have been carried out on molybdenum, palladium, and lanthanum to elucidate the structure of
the KPq sI M" lines in their x-ray spectra and to explain reliably the inIIuence of additional holes
in the M shell on the shapes and positions of KPz sL bands. For each type of line, two theoretical
spectra have been synthesized, one being a sum of the Lorentzian natural line shapes and the other
one being a convolution of the sum of the Lorentzian natural line shapes with the Gaussian instru-
mental response. It has been shown that the structures of the appropriate groups of KPg 3L M"
lines of molybdenum, palladium, and lanthanum are similar, while the relevant bands being the sum
of the Lorentzian natural line shapes are much smoother for lanthanum (large natural line width)
than for molybdenum and palladium. For atoms having suKciently large atomic numbers (such as
lanthanum), the convolution of a sum of the Lorentzian line shapes with the Gaussian instrumental
response can be well represented as two Voigt functions in all cases (large distance between the
KP&L M" and KPsL M lines). For mid-Z atoms (such as molybdenum and palladium), only
in some cases do the resultant bands retain the structure of the reference KPi, sL M lines. It
has been found that the most significant effect in producing KPi, sL energy shifts is the effect of
removing a 38 electron and, next, a 3p electron, while this occurs far less with 3d electrons. The
shift eBects are nonadditive and increase remarkably with increasing atomic number. The results of
this and previous papers of this series can be used to determine the M-shell ionization probability
in near-central collision processes via the theoretical analysis of various experimental Ka and KP
spectra of molybdenum, palladium, and lanthanum induced by different energetic light ions (such
as electron, proton, and He ions) and heavy ions (such as N, 0, Ne, Ar, and other ions).

PACS number(s): 32.30.Rj, 32.70.Jz, 31.15.—p

I. INTRODUCTION

Study of the collision processes has always played an
important role in the development of modern atomic
physics. At the fundamental level it provides data nec-
essary for an evaluation of quantum mechanical mod-
els of many-body interactions. At a more practical level
the experimental data are of great importance to other
branches of physics such as solid state physics, trace
element analysis, laser physics, astrophysics, plasma
physics, and nuclear physics. In the latter, for example,
the analysis of Kn and KP x-ray spectra of products of
nuclear fusion reactions (half-trajectory collisions), which
are the result of the inner-shell ionization by projectile,
may provide a clock for nuclear reaction studies and valu-
able insight into the nuclear reaction mechanism [1,2].

In the last two decades, a great deal of attention has
been devoted to the understanding of the inner-shell ion-
ization mechanism in collision processes. About 15 years
ago, a method was developed to determine I-shell ion-
ization probability in near-central collisions from mea-
sured K x-ray spectra of multiply ionized atoms. In the
beginning this method was applied to many studies of
target atoms with Z ( 30 [3—24], but since 1987 it has
been applied to studies of target atoms with Z & 40
[25—31]. Carlen and co-workers [32,33] have extended

this method to determine M-shell ionization probability
in near-central collisions with light ions as projectiles.

In the case of the near-central collisions of energetic
heavy ions (such as N, 0, Ne, and Ar ions) with mid-Z
target atoms, multiple ionization of the M and L shells of
the target atoms (with simultaneous K-shell ionization)
is extremely likely to occur, resulting in a very complex
structure of the observed Kn and KP x-ray spectra. In
this case, from the relative intensities of the Ko.L (or
KPL ) satellite bands (n indicate number of holes in the
L shell), which can be resolved in high-resolution spec-
trometers, we can get the distribution of holes in the L
shell at the moment of the x-ray transitions. The pri-
mary L-hole distribution at the moment of a collision
with a heavy ion can be deduced via statistical scal-
ing procedure, taking into account the competition of
other possible decay processes [26]. On the other hand,
additional M-shell holes merely broaden and shift the
measured lines and it is not possible to deduce the de-
gree of M-shell ionization on the basis of the experi-
mental data only. Therefore, a correct analysis of the
K x-ray spectra accompanying the ionization of target
atoms in collisions with energetic heavy ions requires the-
oretical knowledge of the structure of the KnI M" and
KPL M" lines. Generally, the groups of lines labeled
KnL M' and KPL M' correspond to transitions from
initial states that have one hole in the K shell, n holes in
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the L shell, and r holes in the M shell. The KPi 3L M
reference lines are usually denoted 18 ~ 3p

In recent years, the author has started to d.evelop and
apply theoretical models for reliable descriptions of very
complex x-ray spectra of multiply ionized atoms being
observed as a result of the ionization processes of target
atoms in near-central collisions with energetic heavy ions.
In the first study concerning the x-ray spectra of mul-
tiply ionized atoms [34], multiconfiguration-Dirac-Pock
(MCDF) calculations in average-level (AL) versions with
the inclusion of the transverse (Breit) interaction, self-
energy, and vacuum polarization corrections have been
carried out on palladium to elucidate the structure of
the Kn1 2L M satellite lines in its x-ray spectra. The
availability of the measured high-resolution x-ray spec-
tra of molybdenum [25] provided the inspiration to per-
form a theoretical simulation of these spectra, applying
a model in which a spectrum was represented as a sum
of the bands (which is the convolution of the sum of the
Lorentzian natural line shapes with the Gaussian instru-
mental response) resulting from the transitions of the
Ko.i 2L M type only [35]. The effect of M-shell holes
has been taken into account in a crude way by simply
shifting a spectrum towards higher energies and applying
larger Gaussian linewidths. Although this procedure has
succeeded in general, it has turned out that to reproduce
accurately both the positions of the bands and the shape
of the experimental spectrum including Ko;1 2L satellite
bands it is necessary to perform a detailed investigation
in which various M-shell holes are taken into account
together w'ith L-shell holes (the Kni 2I M lines).

In the third and fourth papers of this series, the MCDF
method has been successfully applied in an extensive and
detailed study of the structure of the Kni 2L M" lines
in molybdenum (Z = 42), palladium (Z = 46), and
holmium (Z = 67) [36], and also of the structure of the
Kai 2L M' lines in palladium [37].

Recently we proposed a method for the analysis of very
complex K x-ray spectra accompanying the ionization of
the target atoms in near-central collisions with energetic
heavy ions [38]. In this method the measured Kn and
KP spectra are simultaneously decomposed into the the-
oretically constructed. line shapes for Kai 2L M" and
KPi 3L M" transitions, assuming a binomial distribu-
tion of holes in the M shell and treating the M-shell
ionization probabilities per electron (pM) as adjustable
parameters. Thus, the value of the single pM parameter
is extracted from the best fit of the theoretical profiles
to the analyzed spectrum. This is the only known way
to extract the pM from complex K x-ray spectra induced
by heavy ions.

To the best of my knowledge, no systematic study has
been carried out of the structure of the KP lines in the
x-ray spectra of heavy elements. Therefore, in this paper
I concentrate on the systematic theoretical study of the
structure of KPi sL M' lines. To explain reliably the
infIuence of additional holes in the M shell on the shapes
and positions of KPi sL bands, extensive MCDF stud-
ies on the structures of KPi sL M" lines have been per-
formed for molybdenum, palladium, and lanthanum in
the modified special average-level (MCDF-MSAL) ver-

sion (see Sec. II) with the inclusion of the transverse
(Breit) interaction, self-energy, and vacuum polarization
corrections.

The results of these as well as previous studies were
implemented in theoretical analyses of Kni 2L M" and
KPi sL M' x-ray spectra of molybdenum [38] and of pal-
ladium and lanthanum [39] generated in near-central col-
lisions of the above-mentioned atoms with oxygen ions
and have potential application in theoretical analyses of
various experimental x-ray spectra induced by collisions
with helium, nitrogen, neon, argon, and other ions. It
is worth noting that the calculations performed for one
specific target atom are sufIicient to describe its ioniza-
tion in a collision with incident ions having a wide range
of Z numbers.

II. MCDF CALCULATIONS

The MCDF method used in the present study has been
described in detail in many papers [42—47,38]. Therefore,
only a brief description will be given here pointing out the
essential details. Within the MCDF scheme, the effective
Hamiltonian for an %-electron system is to be expressed
by

where hD(i) is the Dirac operator for ith electron and
the terms C,~ account for electron-electron interactions
and come from the one-photon exchange process. The
latter are a sum of the Coulomb interaction operator (due
to longitudinally polarized photons) and the transverse
Breit operator (due to transversely polarized photons).

In the MCDF method an atomic state function with
total angular momentum J and parity p is assumed in
the rnulticonfigurational form

(2)

where 4(p J") are configuration state functions (CSF),
c (s) are the configuration mixing coefficients for state
8, and p represents all information required to uniquely
define a certain CSF.

Various versions of MCDF calculations can be defined
by the choice of the form of the energy functional. In
the standard optimal-level version of MCDF (MCDF-
OL) calculations we get for a particular state the optimal
energy, the optimal set of one-electron spinors, and the
optimal set of the CSF mixing coefficients rc (s)) . The
application of the MCDF-OL version to the calculations
of the transition probabilities should take into account
the fact of nonorthogonality of the spinors correspond-
ing to the pairs of initial and final states. Moreover, in
the theoretical studies on x-ray transitions, we must not
forget that for many cases they occur between hundreds
of states. The application of the MCDF-OL method for
those studies would thus imply a separate MCDF-OL
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E = E~i) q e S(a, a) +) e gS(a, b),
a, b

ahab

(3)

where q is the generalized occupation number for the
orbital a, e and e i, are the Lagrange multipliers, S(a, b)
is the overlap integral, and E~q [38] is taken in the form

(4)

where Hii and Hff are the diagonal contributions to the
Hamiltonian matrix, the first sum runs over all the initial
CSFs (n, ), and the second sum runs over all the final
CSFs (nI). The presence of a factor A in formula (4)
compensates in a simple way for the difference in quality
of descriptions of initial and final states, which is the

calculation for each state, which is very time consuming.
In order to cope with the above difhculties, some other

methods (different &om MCDF-OL) are used to study
the transition probabilities. The main feature of those
methods is the fact that they use a common set of
orbitals for all initial and final states. Two standard
schemes have been elaborated up to the present which
are based on this idea, namely, the average-level version
of MCDF (MCDF-AL) and extended average-level ver-
sion of MCDF (MCDF-EAL).

Preliminary test calculations have shown that MCDF-
AL and MCDF-EAL schemes are indeed not accurate
enough in some cases. The reason for the insufficient
accuracy of the MCDF-AL (or MCDF-EAL) approach
seems to be the fact that the functional does not consider
the different number of initial and final states. There-
fore, the orbitals obtained in this scheme in a sense favor
those states (initial or final) that are more numerous.
Because the essence of the present investigations is the
reliable calculations of the transition energies and transi-
tion probabilities between the initial and final states, it is
appropriate to formulate a functional that compensates
to some extent for this imbalance.

Therefore, in the modified special average-level version
of MCDF calculations, which is used in this work, the
energy functional can be expressed by

main problem in performing reliable theoretical (MCDF)
studies of the structure of Kni 2I M, KPi sL M", and
KP2L M' lines in the x-ray spectra.

One can see that if A is equal to 1 we will obtain a for-
mula in which exaggerating the contribution of the more
numerous states (initial or final) to the energy functional
is completely compensated. This results in a good re-
production of the relative positions of the spectral lines.
However, for A = 1 the calculated (diagram and satel-
lite) transition energies are shifted for the type of transi-
tion considered (such as Kai 2L"M', Kpi sL"M", and
KP2L"M") by similar amounts relative to experimental
ones. Test calculations have shown that the optimum
values of A depend strongly on the type of spectral line,
but is almost independent of atom type. They can there-
fore be treated as a parameter characteristic of the type
of spectral line. It is very significant that this simple
formula, with the particular values of A = 0.5, 0.65, and
0.8 for Kni 2L M", KPi sL M", and KP2L M' transi-
tions, respectively, reproduces very well experimental di-
agram (see Table I and Refs. [33,38,39]) and satellite (see
Ref. [33]) lines for medium Z atoms. Therefore, formula
(4) provides a simple and effective way of calculating the
absolute positions of spectral lines.

This functional has already been applied with suc-
cess in the extensive MCDF study on the structure of
Kni 2L"M" and KPi sL"M lines in the x-ray spectra
induced in near-central collisions of the oxygen ions with
molybdenum [38], and with palladium and lanthanum
[39]. Recently, it has been used in the study of the
Kni 2L M", KPi sL M", and KP2L M" lines in zirco-
nium, molybdenum, palladiuin, and praseodymium [40]
generated by helium ions and also KP2L M" lines in zir-
conium, molybdenum, and palladium induced by proton
and photon beams [41]. The present studies are based on
the GRAsp (general-purpose relativistic atomic structure
program) package [47], which allows relativistic MCDF
calculations with the inclusion of the transverse (Breit)
interaction and @ED (self-energy and vacuum polariza-
tion) corrections.

III. RESULTS AND DISCUSSION

As pointed out in the Introduction, accurate analysis of
the K x-ray spectra accompanying the ionization of tar-

TABLE I. Comparison of the theoretical KnL M and KPI M transition energies (E~h,, „)
calculated in the MCDF-MSAL scheme for molybdenum, palladium, and lanthanum with their
experimental (E „q) counterparts [48].

Transition
type Mo

Energy (in eV)
Pd La

Etheor Eezpt Et he or Eezpt Etheor Eexpt

Ka21 M

Kaj I M

KPgL M

KPiL M

17374.8

17479.6

19589.8

19607.4

17374.3(1)

17479.3(2)

19590.3(3)

19608.3(3)

21020.3

21177.1

23791.4

23819.2

21020.1(1)

21177.1(1)

23791.1(2)

23818.7(2)

33033.2

33440.4

37718.0

37798.6

33034.1(2)

33441.8(2)

37720.2(5)

37801.0(3)
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get atoms in collisions with energetic heavy ions requires
theoretical knowledge of the structure of the KnL M"
and KPL M' lines. To explain reliably the inHuence of
various types of additional holes in the M shell on the
shapes and positions of KPi sL bands, extensive MCDF
studies on the structure of KPi sLoM" lines have been
performed for molybdenum, palladium, and lanthanum
in the modified average-level version (see Sec. II).

The usability of the MCDF method with the inclu-
sion of the transverse (Breit) interaction, self-energy,
and vacuum polarization corrections in the studies of
the structures of x-ray lines is well known [34,37]. To
test the quality of the MCDF-MSAL scheme used in fur-
ther studies, I Grst compared the calculated Kai 2I M
and KPi sL M transition energies for molybdenum,
palladium, and lanthanum with their experimental
counterparts (see Table I). For each Kni 2L Mo and
KPi sL M transition the MCDF-MSAL results were in
excellent agreement with experiment. This means that
the MCDF-MSAL scheme is adequate to describe reliably
the relevant states and reproduce correctly the effect of
removing M-shell electrons on the KPi sL bands.

Let us consider the "pure" KPi sL M' transitions, i.e.,
those in which there are no holes in shells higher than M.
All types of transitions considered here can be classified
into groups, depending on the number of holes in the M
shell in the initial states. These are KPi sLoMo (refer-
ence lines), KPi sL M (preliminary results for Mo have
been presented in Ref. [38]), and KPi sL M .

In Figs. 1—6, both stick and synthesized spectra for
all types of KPi sL M' transitions (r = 0, 1, and 2) for
molybdenum, palladium, and lanthanum are presented,
together with the summary spectra for a particular r.
Two synthesized spectra for all cases have been con-
structed, one being the sum of the Lorentzian natural
line shapes with a width of 6.5 eV for Mo, 8.5 eV for
Pd, and 19.5 eV for La [49] (dotted lines) and, to better
simulate the experimental spectra, the other one (solid
lines) being a convolution of the sum of the Lorentzian
natural line shapes with the Gaussian instrumental re-
sponse having a width of 8.0 eV for Mo [38], 11.0 eV for
Pd, and 32.0 eV for La [39].

For the simplest case of the KPi sL M" transi-
tions (KPi sL M reference lines) for all atoms, two
well resolved lines are present, namely, KPiLoMo and
KP3L M [see Figs. 1(a), 2(a), and 3(a)]. It is worth
noting that the distance between the KPiLoMo and
KPsL M lines strongly increases with Z. The sepa-
ration is 18.0 eV, 27.6 eV, and 80.8 eV for Mo (Z = 42),
Pd (Z = 46), and La (Z = 57), respectively.

In the case of KPi sL M lines (see Figs. 1—3) we have
three possible types of transitions: (ls3s) i —+ (3s3p)
(ls3p) ~ 3p, and (ls3d) ~ (3p3d) i. In the first
case there are 6 states and 6 possible transitions, w'hile in
the second case there are 9 states and 14 transitions, of
which ll are of a remarkable intensity. In the last transi-
tion type there are 16 states and 36 transitions, of which
34 are of a remarkable intensity. In this case the dis-
tances between the neighboring lines are small. It can be
noted (see the stick spectra in Figs. 1—3) that the struc-
tures of the appropriate groups of KPi sLoM" lines of

(a)

(b)

(c)

(d)

(e)

I

19600

ENERGY (eV)

1965

FIG. 1. Calculated stick (line positions with their rela-
tive intensities) and synthesized [one being the sum of the
Lorentzian natural line shapes (dotted lines) and the other
obtained by convolution of the sum of the I orentzian natural
line shapes with the Gaussian instrumental response (solid
lines)] for KP& 3L M and KPi, sL M transitions in molyb-
denum of the types (a) 1s ' —+ 3p (KPi 3I M reference
lines), (b) (ls3s) —+ (3s3p), (c) (1s3p) ~ 3p, (d)
(1s3d) ~ (3p3d), and (e) for KPi, 3L M summary—
spectrum [(a)—(d)].

molybdenum, palladium, and lanthanum are similar. For
all types of KPi sL M' transitions, weakly structured
bands (much smoother for lanthanum than for molybde-
num and palladium) are observed only in the case of a
sum of Lorentzian line shapes (dotted lines), while the
convolution of Lorentzian line shapes with Gaussian in-
strumental response greatly smooths the resultant spec-
tra. For lanthanum, the resultant spectra (solid lines)
retain the structure of the reference lines KPi sLoM
in all cases (large distance between the KPiLoM" and
KPsLoM" lines), while for molybdenum and palladium
this occurs only in the case of (ls3p) -+ 3p transi-
tions.

In the case of KPi sL M we have six possible types
of transitions: 1s 3s ~ 3s 3p, 1s 3p
3p-', ls '3d —' -+ 3p '3d ', (ls3s3p) —' ~ 3s—'3p —',
(ls3s3d) ~ (3s3p3d) i, and (ls3p3d) —

& 3p 23d
Both stick and synthesized theoretical spectra are dis-
played in Figs. 4, 5, and 6 for molybdenum, palladium,
and lanthanum, respectively. The first one is the sim-
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TABLE II. Number of transitions for each transition type and the theoretical relative average po-
sitions ofeach group of KPz, zL M" lines (with respect to KPz, zL M ) for molybdenum, palladium,
and lanthanum.

Transition type The number
of transitions Mo

Energy shifts (eV)
Pci La

1s ~ 3p

(1s3s) ' -+ (3s3p)
(1s3p) -+ 3p

(1s3d) ' m (3p3d)

6
14
36

56

0.0

17.8
16.8
10.5

13.2

0.0

20.4
19.5
12.5

15.5

0.0

31.0
30.1
20.8

24.7

s '3s ' ~ 3s 23@

1s 3p -+ 3p—13' 2 ~ 3 —
13'

—2

(1s3s3p) ' m 3s '3p
(1s3s3d) -+ (3s3p3d)
(1s3p3d) -+ 3p 3d

2
35

401
47
131
413

36.5
34.4
21.9
35.4
29.1
28.1

41.4
39.5
25.7
40.4
33.5
32.6

62.7
60.9
42.4
61.8
52.5
51.6

Kpi, 3L M 1029 27.3 50.1

plest case as far as the KP~ qL M" lines are concerned
because its structure is identical to the structure of the
Kpq sL M reference lines. In the remaining cases the
number of transitions is very great (see Table II). In some
cases [e.g. , ls ~3d 2 -+ 3p 3d 2 and (ls3p3d) ~ -+
3p 23d ~j it can be observed that the structure of the
spectra is very complex (more than 400 transitions) and

the distances between the neighboring lines become ex-
tremely small. Moreover, the structures of the appro-
priate groups of KPq sL M lines of molybdenum, pal-
ladium, and lanthanum are similar (see stick spectra in
Figs. 4—6) while the relevant KPq sL M" bands that are
the sum of the Lorentzian natural line shapes are much
smoother for lanthanum than for molybdenum and pal-

(b) (b)

(c) (c)

~ ~

I

(d)

~ ~

I
~ ~

I

(e) (e)

I

23800

~ ~ ~
~ ~

I

23850

ENERGY (eV)

I

23900

~ ~ ~

I

37700
I

37800

ENERGY (eV)

I

37900

FIG. 2. Same as Fig. 1, but for KPq, qL M and
KPq, qL M transitions in palladium.

FIG. 3. Same as Fig. 1, but for KPq, 3L M and
KPx, qL M transitions in lanthanum.
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ladlum.
Generally, it can be seen that in most cases, remov-

ing even one or two electrons from the M shell causes a
strong increase in the number of possible transitions. It
can be found that for all types of the KPq sL M" transi-
tions [ with the exception of ls ~3s —+ 3s 3p and
(ls3s) -+ (3s3p) ] the distances between the neigh-
boring lines are very small, i.e. , of the order of 0.1—5 eV
for palladium.

It can be noted for molybdenum and palladium that
the theoretically synthesized spectrum that is the sum
of the Lorentzian natural line shapes (dotted lines) has

(a)

a subtle structure that is substantially lost after con-
volution with the Gaussian instrumental response (solid
lines). Moreover, for all types of the KPq sL M' tran-
sitions of molybdenum and palladium [with the excep-
tion of (ls3p) ~ 3p, ls 3s m 3s 3p, and
ls 3p ~ 3p ] the resultant bands have the form
of one shapeless and broad peak and cannot be well
represented as the sum of two Voigt functions. In the
case of lanthanum (see Figs. 3 and 6), only for a sum
of Lorentzian line shapes are very weakly structured
bands (KP&LoM"' and KPsLoM') observed, while for
the convolution of the sum of the Lorentzian line shapes
with the Gaussian instrumental response, the shapes of
both bands are very smooth. Moreover, for lanthanum
two clearly separated groups of lines (KPqL M" and
KPqL M") are observed for each type of transition and
the resultant bands can be well represented as two Voigt
functions.

A comparison of Figs. 1—3 and Figs. 4—6 indicates that

(b)

(c)

(d)

(c)

(e)

(d)

~ ~ I I ~ ~ ~ ~

(e)

(g)

19600

ENERGY (eV)

19650

(g)

FIG. 4. Calculated stick and synthesized spectra [the
sum of the Lorentzian components (dotted lines) and the
convolution of the sum of the Lorentzian natural line
shapes with the Gaussian instrumental response (solid lines)]
for KP&,sL M transitions in molybdenum of the types
(a) ls '3s + 3s 3p ', (b) ls '3p —+ 3p, (c)
Is '3d m 3p '3d, (d) (1s3s3p) ' m 3s 3p, (e)
(].s3s3d) ~ (3s3p3d), (f) (ls3p3d) m 3p 3d, and

(g) for KPq, sL M —summary spectrum [(a)—(f)].

I

23800 23850
I

23900

ENERGY (eV)

FIG. 5. Same as Fig. 4, but for KPq, qL M transitions in
palladium.
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the structures of the appropriate groups of KPq qL M"
lines of molybdenum, palladium, and lanthanum are sim-
ilar (see stick spectra), while the relevant bands that are
the sum of the Lorentzian natural line shapes (see dotted
lines) are much smoother for lanthanum than for molyb-
denum and palladium. For lanthanum the convolution of
the sum of the Lorentzian line shapes with the Gaussian
instrumental response (see solid lines) retains the struc-
ture of the reference lines KPq sLOM in all cases (large
distance between the KPqLoM" and KPsjoM" lines),
while for molybdenum and palladium this occurs only in
the case of (1s3p) ~ 3p 2, 1s 3s 2 ~ 3s ~3p
(the efFect of removing the whole 3s subshell), and
1s 3p ~ 3p transitions. It can be seen that for all
cases (with the exception of ls ~3s 2 ~ 3s 23p ~) the
widths of KPq sL M bands obtained by the convolution
of a sum of the Lorentzian line shapes with the Gaus-
sian instrumental response are greater than the widths
of reference KPq sLoM bands. It can also be found

(a)

that because the positions of various types of KPq qLoM"
bands are shifted by a difFerent amount (with respect to
KPg 3L M ), the summary KPq sL M' spectra for cer-
tain r are broader (and smoother) than the particular
components.

The theoretical relative "average" positions of each
group of KP~ sLOM" lines (with respect to KPq sLoMo)
for molybdenum, palladium, and lanthanum have been
given in Table II. It can be found from Table II that re-
moving a 3s electron is more efFective in producing the
KPLo energy shift (towards higher energies) than remov-
ing a 3p electron and much more than removing a 3d
electron. It can also be observed that the shift efiects are
strongly nonadditive and increase remarkably with the
atomic number.

Only the structures of the particular types of groups
of KPz sL M" lines and the summary spectra of all
types (for certain r) have been presented above. In fact,
the situation is much more complex, because the real
KPq qL M bands consist, in general, of all the groups
of lines (corresponding to all the possible KPq sL M'
transitions) which also strongly overlap. Therefore, to
simulate theoretically the bands that are experimentally
observed as the "KP~ sLo" bands one should combine lin-
early all contributions to the KPq sL M type spectrum.
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g (c)
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~ ~
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FIG. 6. Same as Fig. 4, but for KPq, sL M transitions 'in

lanthanum.

IV. CONCLUSIONS

The test studies have sho~n that the MCDF-MSAL
version of the MCDF method with the inclusion of the
transverse (Breit) interaction, self-energy, and vacuum
polarization corrections is accurate enough to describe
reliably the relevant states and reproduce correctly the ef-
fect of removing M-shell electrons on the KPq sL bands.

To explain reliably the inhuence of additional holes
in the M shell on the shapes and positions of KPq 3L
bands, considerable attention has been paid to the anal-
ysis of the structure of the groups of KPq qLoM" lines
corresponding to various types of transitions. On the ba-
sis of the calculations for molybdenum, palladium, and
lanthanum, some general conclusions can be drawn.

First, in the case of KPq sL M reference lines for
all atoms, two well-resolved lines are observed, namely,
KPqL Mo and KPsL Mo. It is worth noting that the
distance between the KPqL Mo and KPsL M lines
strongly increases with Z. Second, in most cases, remov-
ing even a small number of electrons from the M shell
causes a strong increase in the number of states possible
for the given initial and final configurations and a dra-
matic increase in the number of possible transitions. In
some cases, the structures of the KPq sL M" lines are
very complex and the distances between the neighbor-
ing lines are very small, i.e., of the order of 0.1—5.0 eV
for palladium. Third, the structures of the appropriate
groups of KPq sL M" lines of molybdenum, palladium,
and lanthanum are similar, while the relevant bands that
are the sum of the Lorentzian natural line shapes are
much smoother for lanthanum (large natural line width)
than for molybdenum and palladium. Fourth, for atoms
having sufficiently large atomic numbers (such as lan-
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thanum), the convolution of a sum of the Lorentzian
line shapes with the Gaussian instrumental response re-
tains the structure of the reference lines KPi sLoMo
in all cases (large distance between the KPiL M' and
KPsLoM" lines) and the resultant bands can be well
represented as two Voigt functions. For mid-Z atoms
(such as molybdenum and palladium) only in the case of
(ls3p) i 3p, ls 3s -+ 3s 3p (the effect of
removing the whole 3s subshell) and ls 3p ~ 3p
transitions do the resultant bands retain the structure of
the reference lines %Pi sI M . Fifth, for all cases (with
the exception of ls 3s ~ 3s 3p ) the widths of
the KPi sL M" bands are significantly greater than the
widths of reference KPi qL M bands. Because the po-
sitions of various types of K13i qL M" bands are shifted
by a difFerent amount, the summary KPi sL M" spec-
tra for certain r are broader (and smoother) than the
particular components. Because the KPi sL M' bands
corresponding to various r are strongly overlapped, the
effects of multiple M-shell ionization are manifested in
the spectra as an asymmetric broadening and a net shift
of KPi 3L bands. Sixth, the most significant efFect in
producing KPi sL energy shifts is the efFect of removing
a 38 electron and next a 3p electron, while this occurs far
less with 3d electrons. The shift effects are strongly non-
additive and increase remarkably with increasing atomic
number.

The author believes that the results of his analysis will
be helpful in achieving better understanding of the struc-
ture of the KPi sL M' lines in x-ray spectra of multi-

ply ionized heavy atoms. Moreover, the results of this
work can be used to construct different shape theoreti-
cal KPi sLo bands for molybdenum, palladium, and lan-
thanum, satisfactorily reproducing the shapes of various
experimental KPi qL bands generated by difFerent en-
ergetic light ions (such as electron, protons, and helium
ions) and heavy ions (such as nitrogen, oxygen, neon,
argon, and other ions).

Obviously, the present study concerns the effect of
M-shell holes on the principal KPi sL bands only.
Undoubtedly, for a complete description of the heavy-
particles-induced x-ray spectra, it is necessary to perform
calculations on all the possible KPi sL M' transitions
and to examine the effect of N-shell holes. Investiga-
tions are already in progress and the results will be pub-
lished in forthcoming papers. Also, both theoretical and
experimental research with other target atoms has been
initiated and the results will be reported soon.
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