PHYSICAL REVIEW A

VOLUME 41, NUMBER 7

1 APRIL 1990

Theoretical multiconfiguration Dirac-Fock method study on the x-ray spectra
of multiply ionized heavy atoms: The structure of the K aL 'M " satellite lines

Marek Polasik
Institute of Physics, Nicholas Copernicus University, 87-100 Torun, ul. Grudziadzka 5, Poland
(Received 28 August 1989)

Very extensive multiconfiguration Dirac-Fock calculations done through the alternative special
average-level version [Polasik, Phys. Rev. A 40, 4361 (1989)] with the inclusion of the transverse
(Breit) interaction, self-energy, and vacuum polarization corrections have been performed on palla-
dium to shed light on the structure of the KaL 'M" satellite lines in its x-ray spectra and moreover,
to explain the influence of additional holes in the M shell on the shapes and positions of K aL' satel-
lite bands. For each type of KaL M line two theoretical spectra have been synthesized: one a sum
of the Lorentzian natural line shapes and the other a convolution of the sum of the Lorentzian natu-
ral line shapes with a Gaussian instrumental response. It has been found that in some cases the
structures of KaL'M" satellite lines are extremely complex and the distances between the neighbor-
ing lines are very small. It has been also observed that the effect of M-shell holes smooths the
shapes of the KaL' satellite bands. Moreover, the positions of the resultant bands are shifted and
their shapes more closely resemble the Voigt profiles than the reference KaL'M° bands. It has
been concluded that removing a 3p electron is more effective in producing a KaL' energy shift than
removing a 3s or 3d electron. The results of this and previous papers of this series can be used for
theoretical simulations of various experimental KaL" spectra of palladium generated by different

inducing projectiles.

I. INTRODUCTION

The K x-ray spectra of multiply ionized heavy atoms
have recently become the subject of intensive experimen-
tal and theoretical studies in atomic as well as nuclear
physics. For example, it is well known that in the case of
the heavy-ion-induced x-ray spectra the shapes and posi-
tions of the KaL" bands are influenced mainly by the
multiple M-shell ionization (the influence of N-shell ion-
ization is much smaller).! Moreover, the analysis of Ka
and K3 bands of x-ray spectra accompanying a nuclear-
fusion reaction, which provides a test of theoretical pre-
dictions for atomic collisions (half-trajectory collisions),
also indicates the multiple ionization of the N, M, and L
shells.2 However, in contrast with the L-shell ionization,
it is not possible to deduce the degree of M-shell ioniza-
tion on the basis of experimental data only.! It was there-
fore thought worthwhile to examine theoretically the
influence of various additional holes in the M shell on the
shapes of the KaL" x-ray spectra. Generally, the groups
of lines labeled by Ka,L"M" and Ka,L"M" correspond
to transitions from initial states that have one hole in the
K shell, n holes in the L shell, and  holes in the M shell.

In the first paper of this series,’ hereafter referred to as
I, multiconfiguration Dirac-Fock (MCDF) calculations in
the average-level (MCDF-AL) version with the inclusion
of the transverse (Breit) interaction, self-energy, and vac-
uum polarization corrections have been carried out on
palladium to shed light on the structure of the KaL" sa-
tellite lines in its x-ray spectra (the first systematic
theoretical study on the structure of these lines for a
heavy atom). The availability of recently measured'
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high-resolution K a x-ray spectra of molybdenum was the
inspiration to perform a theoretical simulation of these
spectra applying a theoretical model in which a spectrum
is represented as a sum of the bands (being the convolu-
tion of the sum of the Lorentzian natural line shapes with
the Gaussian instrumental response) resulting from tran-
sitions of the KaL" type only.* The effect of M-shell
holes has been taken into account in a crude way by sim-
ply shifting a spectrum towards higher energies and ap-
plying larger Gaussian linewidths. Although this pro-
cedure 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 KaL"
satellites it is necessary to perform a detailed investiga-
tion in which various M-shell holes will be taken into ac-
count together with L-shell holes (the KaL"M" lines).
Therefore in the second paper of this series,’ hereafter re-
ferred to as II, detailed MCDF calculations in the alter-
native special average-level (MCDF-SAL) version with
the inclusion of the transverse (Breit) interaction, self-
energy, and vacuum polarization corrections have been
performed on molybdenum, palladium, and holmium to
elucidate the structure of the KaL°M" lines in their x-ray
spectra and to reliably explain the influence of additional
holes in the M shell on the shapes and positions of the
KaL® bands. It has been shown that the structures of
the KaL®M" lines are very complex. Moreover, it has
been found that the structure of the appropriate groups
of KaL°M" lines of molybdenum, palladium, and holmi-
um is very similar while the relevant bands, being the
sum of the Lorentzian natural line shapes, are much
smoother for holmium than for molybdenum and palladi-
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um. The convolution of the sum of the Lorentzian natu-
ral line shapes with the Gaussian instrumental response
smooths the shapes of KaL®M" bands greatly. Because
the distances between the neighboring K aL°M" lines are
very small the effects of multiple M-shell ionization are
manifested in the spectra as an asymmetric broadening
and net shift of Ka,L° and Ka,L° bands. The results
obtained in II corroborate my previous conclusions (see I)
that removing a 3p electron is more effective than remov-
ing a 3s or 3d electron in producing a KaL? energy shift
and that the shift effects remarkably increase with the
atomic number and are strongly nonadditive. Moreover,
it has also been found that for a complete description of
the heavy-ion-induced K a x-ray spectra it is necessary to
perform calculations on the KaL "M " lines. The compar-
ison of the theoretical and experimental (in ®O-induced
x-ray spectra) shifts of the positions of the KaL°M’
bands with respect to the reference KaL°M° bands re-
veals (see II) that in the case of palladium the effect of
shifting measured experimentally can be attributed to the
presence of no more than (in an average sense) two M-
shell holes. Therefore, to explain the influence of addi-
tional holes in the M shell on the shapes and positions of
KaL! satellite bands the present very extensive systemat-
ic study on the structure of the KaL 'M" lines has been
performed on palladium only for r=0,1,2. The study
presented in this paper is the first theoretical study on the
structure of the lines of the KaL "M’ (for n#0) type.

II. THEORETICAL BACKGROUND

The MCDF method employed in the present study has
been described in detail in many papers.®”® Moreover,
all basic ideas of the alternative special average-level ver-
sion of the MCDF method which is used here have been
presented in II. However, for the sake of clarity, some
essential details are very briefly recapitulated below.

Within the MCDF scheme the effective Hamiltonian
for an N-electron system is to be expressed by (atomic
units are used)

N N
H=3 hp()+3 C;, (1
i=1 i<j
where h (i) is the Dirac operator for ith electron (see pa-
per I) and the terms C;; account for electron-electron in-
teractions and come from the one-phonon exchange pro-
cess. Each C;; can be expressed® by

Cy=1/r;+T(ry), 2)

where 1/r;; is the Coulomb interaction operator (due to
longitudinally polarized photons) and T'(r;;) is the trans-
verse Breit operator (due to transversely polarized pho-
tons):

a;-a; cos(wr;;)—1
ij O

In the MCDF method an atomic state function (ASF)

with the total angular momentum J and parity p is as-

sumed in the multiconfigurational form:%°
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Y (JP)=T3 ¢, (s)P(y,,JP), 4)

where ®(y,,J*) are configuration state functions (CSF’s),
¢,,(s) are the configuration mixing coefficients for the
state s, and ¥, represents all the information required to
uniquely define a certain CSF.

Actually, the solving the eigenproblem for such a
Hamiltonian the transverse (Breit) interaction (3) is
neglected. The corresponding energy contribution is add-
ed as a first-order perturbation correction after self-
consistence is achieved.’

In the alternative MCDF-SAL version of the calcula-
tions which was proposed in II the energy functional is
specially averaged over all the initial and final states and
can be expressed by

E=E,,+3 q,e,S(a,a)+ 3 €,S(a,b), (5)

a aaa’ébb
where g, is the generalized occupation number for the or-
bital q, €, and ¢, are the Lagrange multipliers, S(a,b) is

the overlap integral, and E, is taken in the form

1 12 A
E . =—— — — > H;+—— > H y
opt \/n,-+\/nf n; i=1 ! \/nf f=1 I

(6)

where H;; and H, are the diagonal contributions to the
Hamiltonian matrix, the first sum runs over all the initial
CSF’s (n;), and the second sum runs over all the final
CSF’s (ny).

In this version of the calculations the common set of
the orbitals (for all the initial and final states) is to be
determined. This removes the problem of nonortho-
gonality of the orbitals’ and, moreover, greatly reduces
the computational effort, as only the coefficients c,,(s)
have to be determined for each state by diagonalizing the
matrix of the Hamiltonian in the space of the relevant
CSF’s. It is evident that for each particular state such or-
bitals yield a higher energy than those obtained from op-
timal level version of MCDF (MCDF-OL) calculations
for each state (the effect of relaxation). However, usually
all energy levels are shifted by approximately the same
extent (see II). It seems that the orbitals determined in
the MCDF-SAL version are better suited for calculations
of the transition probabilities than those determined in
the standard average-level version (MCDF-AL).’> This is
due to the fact that unlike the MCDF-AL version, where
all states are uniformly represented in the energy func-
tional, in the MCDF-SAL version the weights of the con-
tributions corresponding to the more numerous configu-
rations are reduced in the energy functional. This is
remedy against exaggerating the contribution of the more
numerous configurations to the energy functional.

Apart from the transverse (Breit) interaction two types
of energy corrections are included, namely the self-energy
and vacuum polarization corrections (see I). The formu-
las for the transition matrix elements, spontaneous emis-
sion probabilities, and oscillator strengths can be found in
the work of Grant.!” The studies presented in this paper
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are based on the MCDF package developed by Grant and
co-workers.%’

III. RESULTS AND DISCUSSION

It is well known that removing additional electrons
from the L shell results in the appearance of the KaL"”
satellite bands in the spectrum. As pointed out in the In-
troduction, in the case of the heavy-ion-induced x-ray
spectra the shapes and positions of the KaL" bands are
influenced mainly by the multiple M-shell ionization. To
elucidate for the first time the structure of the KaL'M"
satellite lines and to examine the influence of various
types of additional holes in the M shell on the shapes and
positions of the KaL ' satellite bands in the x-ray spectra
of a heavy atom very extensive MCDF-SAL calculations
have been performed on palladium.

Let us consider the “pure” KaL'M' transitions, i.e.,
those which occur between the states in which there are
no holes in shells higher than M. All possible CSF’s in j-j
coupling scheme due to the nonrelativistic configurations
listed in Table I were used in the present study. It can be
seen from Table I that in most cases removing even one
or two electrons from the M shell causes a very strong in-
crease of the number of states possible for the given ini-
tial and final configurations.

A detailed analysis of the structure of the groups of
KaL'M" lines (r=0,1,2) corresponding to all possible
types of transitions has been carried out as in II. In the
stick spectra the initial states statistical populations,
which are proportional to 2J + 1 have been taken into ac-
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count (J being the total angular momentum of a state).
To show better the influence of various types of addition-
al holes in the M shell on the shapes and positions of the
KaL' satellite bands for each type of KaL'M" lines two
theoretical spectra have been synthesized: one the sum of
the Lorentzian natural line shapes with a width of 9.00
eV (Ref. 11) (dotted lines) and the other one (solid lines)
the convolution of the sum of the Lorentzian natural line
shapes with the Gaussian instrumental response having a
width of 10.0 eV (Ref. 5), to better reflect the experimen-
tal spectra.

In Figs. 1-4 both stick and synthesized spectra for all
types of the KalL 'M’ transitions (r=0,1,2) are presented
together with the summary spectra for a certain r. At
first it should be noted that the “reference” KaL'M°
transitions (without M-shell ionization) can be either of
the type (1s2s)”'—(2s2p)~! [see Fig. a)] or
(1s2p)~'—2p ~? [see Fig. 2(a)]. Generally it can be not-
ed that in all cases of the KaL'!M’ transitions two
separated groups of lines are observed, from which those
of lower energies can be attributed to Ka,L'M’ and
those of higher energies to Ka,;L'M". When analyzing
the shapes of the synthesized K aL 'M" bands (both those
which are the sum of the Lorentzian natural line shapes
and those which are the convolution of the sum of the
Lorentzian natural line shapes with the Gaussian instru-
mental response) it can be observed in general that in the
case of transitions from the initial states having one 2s
hole [see Figs. 1 and 3; e.g., reference (ls2s)”!
—(2s2p)~ ! bands in Fig. 1(a)] there are many more scat-
tered bands than in the case of transitions from the initial

TABLE I. CSF sets used in the calculations of the structures of the particular transition types of the KaL 'M" lines (r=0,1,2). The

numbers of CSF’s in the j-j coupling scheme are also given.

CSF sets

Transition No. of No. of
type Initial CSF’s Final CSF’s

KaL'M°
(1s2s)7! —(2s2p)7! 1s'25'2p®3523p®3d1° 2 15s%25'2p°3523p®3d 1° 4
(1s2p)~! —2p? 1s'25%2p°3523p©341° . 4 1522522p*3523p®341° 5

KaL'M
(1s2s3s)”"  —(2s2p3s)”! 15'25'2p®3s'3p®3d 1° 3 1s?2s'2p®35'3p©34 10 7
(1s2s3p) ' > (2s2p3p)7! 15'25'2p®3523p°341° 7 1s225'2p°3523p°3d 1° 18
(1s2s3d)™"  —(2s52p3d)”"! 1s'25'2p®3523p©3d° 8 15225 '2p33523p®3d° 23
(1s2p3s)!  —>2p 235! 15'2522p335'3p®3d1° 7 1s2252p*35'3p®3d1° 8
(1s2p3p)~!  —2p~23p~! 15'2522p°35%3p°3d 1° 18 15225 22p*3523p3d 1° 21
(1s2p3d)™'  —2p~23d ! 1s'2522p°3s%3p®3d”° 23 15225 22p*3523p©3d° 28

KaL'M?
(1525)7'3s 72 —(2s2p) '35 72 1s'25'2p©35°3p©34 1° 2 1s225'2p335°3p €34 1° 4
(1s25)7'3p72  —(2s2p) '3p 2 1s'25'2p%3523p*3d1° 16 15s225'2p°3s23p*3d \° 42
(1525)7'3d 72 —(2s2p)~'3d 2 1s'25'2p%3523p®3d? 32 1s225'2p33523p 348 90
(152s3s3p)~!  —(2s52p3s3p)~! 1s'25'2p©3s'3p°3d 1° 14 1s22s'2p®35'3p534 1° 36
(152s3s3d)™"  —(2s2p3s3d)~"! 1s'25'2p®3s'3p©3d°® 16 1s225'2p33s13p®34° 46
(1s2s3p3d)~" —(2s52p3p3d)~"! 1s'25'2p®35%3p33d° 46 1s225'2p°3s23p°3d° 130
(1s2p)"'3s72  —(2p3s)~? 15'2522p>35°3p®341° 4 1522522p*35°3p©3d 1° 5
(1s2p) '3p 72 —(2p3p)72 1s'25%2p°35%3p*3d1° 42 1522522p*3523p*3d1° 51
(1s2p)~'3d 7?2 —(2p3d)~? 1s'2522p°35%3p©3d°® 90 1s22522p*3523p®3d°® 111
(1s2p3s3p)~'  —2p "%(3s3p)~! 1s12522p>35s'3p33d 1° 36 1s%2s22p*35'3p°3d 1° 42
(152p3s3d)™' —2p " %3s3d)™! 1s'2522p°35'3p®3d° 46 1s22522p*3s13p®34° 56
(1s2p3p3d)™' —2p~23p3d)~! 15'2522p33523p33d° 130 15225 2p*3523p33d° 158
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FIG. 1. Effect of one-electron ionization of the M shell on the shapes and positions of the (152s)~'—(2s2p) ! satellite bands. Cal-
culated stick spectra (line positions with their relative intensities, to the same scale) and synthesized spectra (one being the sum of the
Lorentzian natural line shapes, dotted lines, and the other one obtained by the convolution of the sum of the Lorentzian natural line
shapes with the Gaussian instrumental response, solid lines) for following transitions: (a) (1s2s)~'—(2s2p)~! (reference satellite
lines, see text), (b) (1s2s3s)™'—(252p3s) ™", (c) (152s3p) "' —(252p3p) ", (d) (15253d) " '—(252p3d)~ !, and (e) summary spectrum

[(B)+(c)+(d)].

states having one 2p hole [see Figs. 2 and 4; e.g., refer-
ence (1s2p )~ '—2p ~2 bands in Fig. 2(a)]. In all cases the
convolution of the sum of the Lorentzian natural line
shapes with the Gaussian instrumental response greatly
smooths the resultant spectrum. Moreover, it can be seen
that in the case of transitions from the initial states hav-
ing one 2p hole (see Figs. 2 and 4) the lines are grouped to
give two KaL'M" bands which are only slightly struc-
tured (being the convolution of the sum of the Lorentzian

natural line shapes with the Gaussian instrumental
response).

In the case of the KaL'M! lines we have six pos-
sible types of transitions: (1s2s3s)”'—(2s2p3s)”},
(1s2s3p) " '—(252p3p) 1, (15253d ) "' —(252p3d) ! [see
Figs. 1(b)-1(d)], (1s2p3s) '—2p 2351, (1s2p3p)~"!
—2p 3p~, and (1s2p3d) " '—2p 23d ! [see Figs.
2(b)-2(d)]. It should be noted that removing even one
M-shell electron results in a considerable increase in the
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FIG. 2. Effect of one-electron ionization of the M shell on the shapes and positions of the (1s2p)~!'—2p ~2 satellite bands. Calcu-

lated stick and synthesized spectra (see Fig. 1) for the following transitions:

(a) reference (1s2p)~'—2p~?% lines, (b)

(1s2p3s) " '—2p 235 7', (c) (1s2p3p) ™' —2p "23p ', (d) (1s2p3d) ~'—2p ~?3d ~', and (e) summary spectrum [(b)+ (c) +(d)].
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stick and synthesized spectra for following transitions: (a) (152s)7'3s 72—(2s52p) '35 72, (b) (1s2s) '3p 2 —(252p) " '3p 2, (c)
(1s25)713d 2—>(2s2p) " '3d 7%, (d) (1s2s3s3p) " '—(2s2p3s3p)~', (¢} (1s2s3s3d) '—(2s2p3s3d)”",
—(252p3p3d) !, and (g) summary spectrum [(a)+ (b) +(c)+(d) + (e) + ()]
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FIG. 4. Effect of two-electron ionization of the M shell on the shapes and positions of the (1s2p)~'—2p ~? satellite bands. Calcu-
synthesized spectra (see Fig. 1) for the following transitions: (a) (1s2p) '35 2—(2p3s)7%, (b)
(152p)"'3p 2 (2p3p) ™2, (¢) (1s2p)'3d "2 (2p3d) "%, (d) (1s2p3s3p) '—2p 23s3p)~", (e) (1s2p3s3d)~'—2p *(3s3d)”", (O
(1s2p3p3d)~'—2p ~%3p3d) "}, and (g) summary spectrum [(a)+ (b) +(c)+ (d) + (e) + (D]
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number of transitions allowed and thus in significantly
more complex stick spectra. In the case of the transition
of the type (1s2s3s)” ' —(2s2p3s) ! also the theoretical-
ly synthesized spectrum being the sum of the Lorentzian
natural line shapes (dotted lines) is slightly more struc-
tured than the reference spectrum in the case of transi-
tions (1s2s)”'—(252p)~!. In the remaining cases the
synthesized bands which are the sum of the Lorentzian
natural line shapes are less structured than the appropri-
ate reference bands. It can be seen that in all cases
KaL'M! bands which are the convolution of the sum of
the Lorentzian natural line shapes with the Gaussian in-
strumental response (solid lines), which better reflect the
experimental spectra, are less structured than the ap-
propriate reference KaL 'M° bands. In the case of each
type of transitions the widths of the KaL 'M' bands are
only somewhat greater than the widths of the reference
KaL'M°bands. It can be found that as positions of vari-
ous types of the KaL M bands are shifted by a different
extent, the widths of summary bands [Figs. 1(e) and 2(e)]
are greater than the widths of the particular components.

In the case of KaL'M? the following types of transi-
tions are possible:

(1s2s) 135 72> (2s52p) 13572,
(1s2s) " '3p "2 (2s2p) '3p 2,
(1s2s)713d 72— (2s2p)~13d 72,
(1s2s3s3p)~'—(2s2p3s3p)~ !,
(1s253s3d) " '—(252p3s3d) !,
(1s2s3p3d) "' —(252p3p3d)~!
[see Figs. 3(a)-3(D],
(1s2p) '35 "2 (2p3s) 72,
(1s2p) " 13p "2 (2p3p) 72,
(1s2p)~'3d 2 —>(2p3d) "2,
(1s2p3s3p) ' —2p "%(3s3p)7 !,
(1s2p3s3d)~'—2p "%(3s3d)” !,
and
(1s2p3p3d)~'—2p ~%3p3d)~"
[see Figs. 4(a)-4(f)]. The first and seventh ones are the
simplest cases as far as the KaL 'M" lines are concerned,
as their structures are identical with the structures of the
reference (1s2s)”'—(2s2p)~! and (1s2p)~'—2p 2
lines, respectively. In the remaining cases the number of
transitions is very great and in the last case it can be ob-
served that the structure of the stick spectrum is the most
complex!'? (288 states and about 12 000 transitions, about
5000 of which are of a remarkable intensity) and the dis-
tances between the neighboring lines become extremely
small, of the order of 0.01 eV. It can be noted that in all
cases the KaL 'M? bands (both those which are the sum

of the Lorentzian natural line shapes and those which are
the convolution of the sum of the Lorentzian natural line
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shapes with the Gaussian instrumental response) are less
structured than the appropriate reference KaL'M°
bands. Moreover, in the case of each type of transition
the positions of the KaL 'M? bands are shifted and their
widths are only somewhat greater than the widths of the
reference KaL 'M° bands. Because the positions of vari-
ous types of the KaL 'M? bands are shifted by a different
extent the summary spectra [Figs. 3(g) and 4(g)] are much
smoother and broader than the particular components.

At this point one must bear in mind that in resolving
the experimental spectra the contribution of a particular
KaL" satellite to the spectrum is approximated by two
Voigt profiles (convolution of a single Lorentzian line
shape with the Gaussian instrumental response), one for
the Ka,L" band and one for the Ka,L" band. It has
been found, very recently, for molybdenum (see Ref. 4)
that the theoretically synthesized summary KoL 'M°
bands (without M-shell ionization), constructed under the
assumption that the populations of the 2s and 2p holes
depend only on the number of ways in which a particular
initial-hole state can be formed, are evidently too narrow,
have too many details not observed experimentally, and
cannot be represented as two Voight functions, even in a
very crude approximation. Therefore it is very interest-
ing to examine the influence of ionization of the M shell
on the shapes and positions of the summary KaL' satel-
lite bands.

In Figs. 5 and 6 the effects of various one- and two-
electron ionizations of the M shell on the shapes and po-
sitions of the “reference” summary KaL'M° satellite
bands have been shown. It should be noted that the
reference summary KaL'MP° satellite bands [Fig. 5(a)]
are the superposition of bands of the types
(1s25)7'—(2s2p)~! [Fig. 1(a)] and (1s2p) '—2p 2
[Fig. 2(a)]. Also, all the summary KaL 'M" spectra (for
r#0) are the superpositions of the appropriate bands of
both types (1s2s) '—(2s2p)”! (Figs. 1 and 3) and
(ts2p)~'—2p 2 (Figs. 2 and 4), constructed under the
assumption that the populations of the 2s and 2p holes
depend only on the number of ways in which a particular
initial-hole state can be formed.

The reference summary KaL'M° satellite bands
(without M-shell ionization) have been shown in Fig. 5(a).
It can be noted that the theoretically synthesized spec-
trum, being the sum of the Lorentzian natural line shapes
(dotted lines), has a subtle structure which is lost in a
large part after convoluting with the Gaussian instrumen-
tal response (solid lines). However, it can also be noted
that the resultant Ka,;L'M° (for higher energies) and
Ka,L'M° (for lower energies) bands cannot be well
represented as two Voigt functions.

It can be found that removing even one M-shell elec-
tron (see Fig. 5) results in a considerable increase in the
number of transitions allowed (the number of transitions
increases in the order going from 3s [Fig. 5(b)] to 3p [Fig.
5(c)] to 3d ionization [Fig. 5(d)]) and thus also in
significantly more structured stick spectra. In all cases
KaL'M' bands (both those which are the sum of the
Lorentzian natural line shapes and those which are the
convolution of the sum of the Lorentzian natural line
shapes with the Gaussian instrumental response) are less
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FIG. 5. Effect of various types of one-electron ionization of the M shell on the shapes and positions of the summary KaL' satellite

bands (see text). Calculated stick and synthesized spectra (see Fig.

1) for KaL'M° and KaL'M' transitions: (a) reference summary

KaL'MP° satellite, (b) effect of 35 7' on the KaL' satellite, (c) effect of 3p ~! on the KaL' satellite, (d) effect of 3d ~' on the KaL' sa-

tellite, and (e) summary effect of M ! on the KaL ' satellite.

structured than the appropriate reference KaL'M°
bands [Fig. 5(a)]. Moreover, the positions of the
KaL'M' bands are shifted towards higher energies and
their shapes are somewhat broader and more close to the
Voigt profiles than reference KaL'M° bands. Because

the positions of various types of the KaL'M" bands are
shifted by a different extent the summary bands [Fig. 5(e)]
are much broader and more close to the Voigt profiles
than the particular components. From Fig. 5 it results
that, very similar to K aL° energy shifts (see I and II), the
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FIG. 6. Effect of various types of two-electron ionization of the M shell on the shapes and positions of the summary KaL ' satellite
bands. Calculated stick and synthesized spectra (see Fig. 1) for KaL 'M? transitions: (a) effect of 3s ~2 on the KaL' satellite, (b)
effect of 3p ~2 on the KaL' satellite, (c) effect of 3d 72 on the KaL' satellite, (d) effect of (3s3p) ™! on the KaL' satellite, (e) effect of
(353d) ™" on the KaL ' satellite, (f) effect of (3p3d) ! on the KaL ' satellite, and (g) summary effect of M ~2 on the KL satellite.
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most significant effect in producing KaL! energy shifts is
the effect of removing a 3p electron (about 10 eV) and
next a 3s electron (about 6 eV), while in the case of a 3d
electron this effect is relatively small (about 0.2 eV).

The influence of various types of two-electron ioniza-
tion of the M shell on the shapes and positions of the
summary K aL' satellite bands has been shown in Fig. 6.
It can be noted that in all cases (with the exception of the
case [Fig. 6(a)] in which only the whole 3s subshell has
been removed from the initial states) the number of tran-
sitions is very great and the KaL 'M? bands (both those
which are the sum of the Lorentzian natural line shapes
and those which are the convolution of the sum of the
Lorentzian natural line shapes with the Gaussian instru-
mental response) are less structured and closer to the
Voigt profiles than the appropriate reference KaL'M°
bands. In the last case [see Fig. 6(f)] it can be observed
that the number of transitions is extremely great (about
15000), the structure of the stick spectrum is the most
complex, and the distances between the neighboring lines
are of the order of 0.01 eV.

The summary effect of two-electron ionization of the M
shell on the shapes and positions of the reference sum-
mary KaL'M? satellite bands has been shown in Fig.
6(g). It can be found that the resultant summary
Ka,L'M?* and Ka,L 'M? bands are much smoother and
broader than the particular components [Figs. 6(a)-6(f)]
and, moreover, than the summary Ka,L!M! and
Ka,L'M! bands [Fig. 5(e)], and can be well approximat-
ed by two Voigt functions.

IV. CONCLUSIONS

To reliably explain the influence of additional holes in
the M shell on the shapes and positions of KaL" satellite
bands in the x-ray spectra of a heavy atom considerable
attention has been paid for the first time to the detailed
analysis of the structure of the groups of KaL'M" lines
corresponding to various types of transitions. On the
basis of the calculations for palladium some general con-
clusions can be drawn.

First, in the case of each type of transition two separat-
ed groups of lines are observed, from which those of
lower energies can be attributed to Ka,L'M" and those
of higher energies to Ka,L'M". Second, generally the
synthesized KaL'M’ bands (both those which are the
sum of the Lorentzian natural line shapes and those
which are the convolution of the sum of the Lorentzian
natural line shapes with the Gaussian instrumental
response) are much more scattered in the case of transi-
tions from the initial states having one 2s hole than in the
case of transitions from the initial states having one 2p
hole. Third, in all cases the convolution of the sum of the
Lorentzian natural line shapes with Gaussian instrumen-
tal response greatly smooths the resultant spectra.
Fourth, in most cases removing even a small number of
electrons from the M shell causes a very strong increase
of the number of states possible for the given initial and
final configurations and a very dramatic increase of the
number of possible transitions. Fifth, in some cases the
structures of KaL 'M? satellite lines are extremely com-
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plex and the distances between the neighboring lines are
very small, of order of 0.01-0.1 eV. Sixth, in all cases the
KaL'M" bands (being the convolution of the sum of the
Lorentzian natural line shapes with Gaussian instrumen-
tal response) are less structured than the appropriate
reference KaL 'M° bands. Seventh, generally, in contrast
to the KaL°M" bands (see II), the widths of the KaL'M”
bands (r#0) for each type of transition are only some-
what greater than the widths of reference KaL'M°
bands. Eighth, because the positions of various types of
the KaL!M" bands are shifted by a different extent the
summary KaL'M' spectra for certain r are much
broader (and smoother) than the particular components.
Ninth, because the KaL'M' bands corresponding to
various r are also overlapped the effects of multiple M-
shell ionization are manifested in the spectra as a
broadening and a net shift of the Ka,L' and Ka,L'
bands. The shapes of the resultant bands are closer to the
Voigt profiles than the reference KaL'M° bands. Tenth,
very similar to K aL° energy shifts (see I and II), the most
significant effect in producing KaL' energy shifts is the
effect of removing a 3p electron and next a 3s electron,
while in the case of a 3d electron this effect is relatively
small. The shift effects are strongly nonadditive.

A general conclusion which can be drawn is that any
experimental technique will be powerless as far as the ex-
amination of the detailed structure of the groups of
KaL"M" lines in x-ray spectra of heavy atoms is con-
cerned. This is due simply to the nature of those groups
of lines, each one of which, in reality, consists of
thousands of very strongly overlapped components.
However, though individual KaL"M" lines cannot be
resolved experimentally it is necessary to very accurately
evaluate the influence of various KaL "M transitions on
the shapes and positions of the resultant KaL " bands in
order to achieve the correct interpretation of the heavy-
ion-induced x-ray spectra.

The author believes that the results of his analysis will
be helpful in discovering and understanding of the struc-
ture of KaL 'M" lines in x-ray spectra of multiply ionized
heavy atoms. Moreover, the results of this and previous
works (see I and II) can be used to construct different
shapes of theoretical KaL" spectrum for palladium, sat-
isfactorily reproducing the shapes of various experimen-
tal KaL" x-ray spectra generated by different inducing
projectiles. Therefore, these results will also be very
helpful in an achievement of the correct interpretation of
the heavy-ion-induced K a x-ray spectra of palladium.

Obviously, the present study concerns the effect of M-
shell holes on the KaL ' bands only. Undoubtedly, for a
complete description of the heavy-particle-induced x-ray
spectra, it is necessary to perform calculations on all the
possible KaL "M " transitions and to examine the effect of
N-shell holes. The investigations are already in progress
and the results will be published in forthcoming papers.
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