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1. INTRODUCTION

Various anomalies, approximate symmetries, strong correlation and dyna-
mical effects as well as other new features of complex atoms with open
shells have been revealed due to the recent lnvestlgs;tions of free atoms
(Mehlhorn 1982, Fano 1983, Connerade 1984, AMycba 1987). The main direction
of this progx;eas in the atomic physics as well as in some other fields of
physics, 1s the higher energles. At the strong perturbation of the atom by
X-rays or energetic particles the configurations with inner vacancies are
arising. Thelr detailed investigation becomes -c;re accessible with the deve-
lopment of modern expe;‘lnental tools, such as synchrotron radiation, heavy
lon accelerators, electronic spectrometers. A new branch of the atomic phy-
sics - atomic inner-shell physics -~ has formed in the second half of this
century (Aberg et al. 1975, Aberg et al. 1985). It was provided by the im-
portance of inner-shell processes in plasma physics, astrophysics, colli-
sion physics and by the progress in the area of short wavelength lasers.

After some peﬂod, when X-ray and Auger spectroscopy was closely rela-
ted to the solid state physics, from the 60-ties the high xesolntlbn spectra
of varlous free atoms became accessible. They contain the valuable informa-
tion on the structure of electronic shells and elementary processes within
them. It requires the elaboration of the adequate heory of excited many-
electron atoms, complex X-ray and electronic spectra. '

Such theory has originated from the angular momentum theory of Condon
and Shortley (1935), Buuc u ap. (1960), and the irreducible tensor operators
method, elaborated by Wigner (1955) and Racah (1942, 1943). In the case of
atoms with outer closed or half-filled shelis perturbation theory has been
effectively used (Kelly 1969, Amycbs 1887 and others) The second quantlza-
tion representation, specified for atoms by Judd (1967a) and extended by
Pynauxac, Kausycxac (1984), and the theory of continuous groups of higher
ranks (Judd 1962, Wybourne 1970) are perspective in this fleld too.

The main aim of the theory ¢f X-ray and electron:c spe-tra is not only
to develop effective methods, ‘tu calculaie and interpre. ~omplex spectra,
but also to investigate general spectral regularitles, to establish the re-
lations between the open shell features and the structure of atomic spectra.
pescription of complex spectra especially requires the girbal characteris-
tics, revealing physical phenomena, obscured By their abundant structure
(Bauche et al. 1988). Consequently, genersl summation methods for obtalning
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explicit expressions for mean characteristics of spectra and groups of lines
or levels in them are needed.

The present work was initiated about tuenty vears sgo by Prof. A.Jucys,
the head of Vilnius theoretical school, at the request of the experimenters.
At that time and later the theoretical work was greatly stimulated by the
collaboration with experimenters Profs. 'L.L.M'akarov, T.M.2imkina, M.A.Elan-
go, Dr. E.T.Verkht tseva, Doc. A.Sirvaitis and others, by the neéds and the
problems related to the interpretation of particular spectra. The author’s
aim however was not the extensive calculatlions of spectra, but the elabora-
tlon of theoretical methods, the investigation of spectral regularities and
their relations to the structure of open electronic shells. )

There have been set the following main problens:

-investigation of the specific features of configurations with vacan-
cies as well as their influence on ‘atomic properties and spectra;

- wlaboration of the general summation method over all nax\ybelectron
quantum numbers and its application for obtalning e*plicit expressions of
maln global or sean characteristics of energy levels, X-ray and Auger
spectra, investigation of their regularities; ' ’

~ elaboration and appl ication of the methods for obtaining explicit ex-
pressions of mean’ charéucterlstlcs of the line a-1 level groups;

~-investigation of the configuration mixing effects in complex atoms and
their influence on X-ray and Auger spectra. )

The maln results of this work were published in [1-39], presented in
the author’'s review reports at the VI-th All-Union Conference on the Theory
of Atoms and Atom)c Spectra (Voronezh, 1980), the VII All-Union Conference
on the Theory of Atoms =nd Atomic Spectra (Tbilisi, 1981), the First
USSR-Poland Seminar on the Investigation of f FElectron Systems (Vilnius,
1988) and reported at various All-Unlon and international conferences on the

theory of atoms and atomic spectra, X-ray and electronic spectra, etc. =

2. SPECIFIC FEATURES OF CONFIGURATIONS WITH VACANCIES AND -
THEIR INFLUENCE ON ATOMIC PROPERTIES AND SPECTRA

Cgﬁfigurations with lnner vacancies are conslderably less Investigated
as compared to the configurations with ‘excitations in outer shells. The
production of the vicancy essentially changes some characteristics of an
atom, increases thc configuration mixing effects, leads to the various

relaxation and deexcitation processes (Aberg et.al. 1975, ' 1985). The
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relativistic eféects alse beceme wore important in the inner shells. The
theoretical investigation of .he coanfigurations with sacancles and their
influence on corl;‘espondlng X-ray and electronic spectra are summarized in
this Chapter.

2.1.Influence of the vacancy on single-electron characteristics, binding
1

and X-ray energies. The {nfluence of the wvacaacy n'l""" on the single-

electron quantity 2nl may be characterized by tia difference of its values
for configurations without end with thls vecancy
Axmsxnl-xnl{n’l'"-l), (1)

Systematlic calculations of the electron screening constants of various
electrons in conflgurations with the inner 1s"?, 2p *and 3p™* vacancies have
shown that the influence of the vaczncy is the strongest not on the charac-
teristics of nelghboring shells, but on the outer weakly binded electrons
{10, 11}. The screening constant of the ocuter electror decreases by 2 and
" even 3 units at inner vacancy creation i{Fig.1), which is due to the change
of the asymptotic behavior of the potentiai By the way, it shows, that "2+1
approximation” for the Auger energies is insufficient in the case of outer
electrons.

The application of the Koopmans theorem to the changes of single-

electron energlies gives the approximate relation {10}

1

-1 -
DTN ‘ 1
Aenl(n 1 )} o= Acn‘.l,\nl ), (2}

showing that the influence of vacancy r:'l’;l cn electrow nl is approxima-
tely the same as that of the vacancy n1™? on electron r'1'.

The generalization of Koopmaus theorem for the configurations with va-
cancles in two (or more) shells n‘l;ql nzl;qz allows one ‘o obtain expliclt
expressions for the shift of binding anergy and X~-ray energy in atom with
respect to lon, containing these vacancles {7, 121
(m7he 6, A (ni Ve

w2

-4, . =q )
AL (ng2 7 nylpt2) = g, Fal,

- . -1
+q,(q-1) A (0l Yye qyt1,mi) AL (ol dvqq9, By (nl ) (3)
1 22 e

AEnl-)n) (nlll
33 4 4

q i P ~ R
1n,l, ) w rnlll’ 9 “n,lz‘ aglay-1i Apy *

laT A L % Bayin (4)
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The simple formulae for the parameters A, A', B, B’ and C in
nonrelativistic and reiativistic approximations have been obtalned {7, 12,
1]. For their calculation the wavefunctions of the atom and ion with only
one vacancy nl-‘zand/br n’i"_lare needed, whiie ihe.accuracy of (3} and
especially (4) differs a little from thé accuracy of the formula, containing
the differences of total energles, as it was shown by TymumH, Bpartues
(1979), and exceeds the accuracy of usually ewpioyed approximate formula,
both requiring calgulations of the saavefum;‘tinns‘for all ve'ues of q, and q,
(Fig.2). The explicit form and accuracy of (3}, (4) as well es a weak

dependence of the parameters on the configurstion [7, 8, 1€] favored their

60 |- .

(11745 N N
T2 3 4 5 g

-

Fig.2. Binding energy shirt Alzp as a function of the number of Sp-1

vacancies [12]. Resulté of calculations using formula (3) (full curve) and

by total energy differences (dark points).
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use for the investigailons of chemical shifts of X-ray and electronic llnes
(Makapos u pp. 1975, Jafues w Ap. 1978, TuxoHos u mp. 1988, [13] u np.).

2.2. Relativistic corrections to inner electron energies in Hartree-

Fock-Paull approximation. Relativistic effecis play =n important role in the

inner shells of heavy ard even intermediate amtoms (Grant 1983). Since the
complete relativistic calculetions were complicated., there was accomplished
the investigation accounting for the main relativistic corrections to inner-
electron, X-ray and Auger energles in the first order of perturbation the-
ory, i.e. in Hartree-Fock-Paull approximation (Bethe, Salpether 1957, Borpa-
HOBHUY M ip, 1977). The results for noble gas atoms Ar, Kr and Xe have shown
the efficiency of thls method for inner and subvalent vacancles, except for
the outer ones {14]. There was established the following regularity: the
difference between relativistic and experimental values of inner-electron
binding energies or correlation cor;ectlon increases 1in absolute value at a
given principle &uantun number with the increas of the orbital quantum num-
ber. This regularity has been confirmed by subsequent systematic calcula-
tions (McGilp, Weighiman 1980, Chen et al, 1985), ‘It is caused by the inte-
raction of the vacancy ngl;n with super-Coster-Kroning and Coster-kronlng
cont inua )

-1 -1 -ife -1 =1fe ' '
gl iy [n]l * iyl [n]l’ 11y (5

Theilr number increases for the shells with the smaller value of l’ at the
glven n. Such cgrrelatlpn effects, the strongest in the configurations with
vacancies, and their influence on X-ray and Auger spectra will be considered
in the following chapters. snartiree-Fock-Pauli approximation was used in the

majority of calculations, referred to in this thesis.

2.3. Collapse of an excited electron and the pecullarities of atomic

spectra. Due to the “"centrivugal”™ repulsion of the electron with the orbital
quantum number 1>1 from ithe nucleus and Coulomb exchange interaction, the
effective potential can obisain = furm of two wells, separated by a barrier.
Furthermore, at the change of conf!guration (Griffin et al. 1969) or even
many-electron state of the atom (Kyua: u gp. 1976), a sudden contraction of
th: electron orbital may occur. Verious manifestations of the collapse and
potentiQI barrier effects in atoms were rev&eﬁed in (4], where thelr

importance for the configurations with inner vacancy was stressed. In this

10
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work the collapée of the slow free electron near the atom was also
considered and there were suggested important potential! barrier effects for
negative ions, the disappearance of some Auger lines at small energies not
forbidden energetically and (basing on some anomalies for X-ray llne
chémicél shifts and other characteristics of rare earths) the possibility
for the f electrons to take part in the chemical bonding.

‘The:posltlve barrier disappears for the higher ionization degrees J
(Kapocewe u ap. 1973). However it has been shown in {(20], that the
considerable dependence of the excited electron orbital on many-electron
quantum numbers may take place up till J= 8-10.

The existence of the positive barrier can lead to the strong dependence
of the Auger transition probability on the free electron energy [22].

2.4. Radiative and Auger widths of leveis and thelr approximate invari-

ance. In the case of short living states with inner vacancies the width of
- excited levels me nly consists of their natural width. These states can de-
cay not only by radiative but also by Auger transitiocns. Supposing radial
orbitals are term-independeni, the summation in an expression for the partial
radiative or Auger width (corresponding to the transitions to all states of
the given final configuration) can be accomplished in the second quantiza-
tion representation and these quantities are expressed ir terms of a matyix
element of an effective operatcr. The effective operators for the radfative
width were obtained by Forpawoeuu m pp. (1985, 1988) and in {2]). The effec-
tive operators for Auger width follow from tbe genera: expressions, re-~
ferred in Sec. 5.1.

In the case of some configurations only the scalar part of the effec-
tive operator gives a contribution to the partial width and then it becomes
term-independent. Auger width acquires this property for the following
transittions [21, 1]:

Ky 1)1 15122 131" x Ny 13723 o)

ko 1 1372% kN il at (6)
and the radiative width lnk¢We cases:

KO lTx 1;12*2’ KO lTl‘i lgla’ii

Ky 19152 sk 1l 1Nt e

Here any symbol ll stands for nll‘" Kn means "vassive” open or closed



shells.

When all pariial widths of level are term-independent, the total width
of level also become invariant (in fact., apprcximately invariant). This
takes place only for conf.iguratlons with one open shell above closed
"passive” shells K;. So far as radiative and Auger widths depénd on the
number of electrons N in this shell through the simple multipller 41+2-N,
the total radiative or Auger width and the total natural width of levels of
such configuration, differing by the number of electrons in an open shell,
fulf1ll relation [21] ‘

ragin) o aneen L
N = . (8)
ragy o) anteew

Then the fluorescence yieid also becomes approximately independent on
the nux :rr of elections or vacancieg in this shell. It corresponds to the
experimental data on the approximate equality of fluorescence yleld for
configuratloné wiih one and two vacancies in the same shell {Campbell et al.
1977, Venugbpala et al. 1974, 1Indira et al. 1979). The obtained
term-independent formula of. the partial and total . widths considerably
simplifies the calculation of these gquantities. '

2.5 Sudden perturbation of an atom due to the vacancy product ion. Many-

electron processes, suc: as simultaneous ionization and excitation or two-
electron ionization of the atom play an important role in the inner-shell
physics (Aberg et al. 1985), but the accurate probability calculations of
such processes fc;r complex atoms are cumbersome. If the initial perturbation
of the atom is sudden and ‘electrons are removed from different, weakly cor-
related she}ls. the sudden perturbation model can ‘be used (Aberg 1967,
MaTeeeB, [lapnmc 1982). In this model many-elect:un process is d.vided into
two steps: p‘roductibn of the initial vacancy in frozen core and subisequent
excitation or ionization due to the relaxation of electronic shells. The
probablilities of such sheke-oft and shake-up processes, depending on many-
electron quantum numbers, ar: needed for the calculations of X-ray and Auger
spectra, arising at the rearrangement of the electronic shells. Cdrrespon-
ding expressions have been obtained in [15] while integrating the (N-1)-
electron density matrices, which describe an electronic system, except the

removed electron.

12
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2.6. Cascade of pro.zsses, following a vacancy production, and the

structure of X-ray spectrum. An inner varancy production by X-rays,

electronic: or ionlc beams gives rise to the cascade of elementary processes:
the excitation and ionization of other shells, radiative and Auger
transitions. X-ray or Auger spectra, generated in such a way, depend on the
populations of various levels. Therefore the accurate theoretical
interpretation of spectra reJuires to calcuiate the whole cascade of
processes. The first such detailed theoretical investigation was
accomplished in {17} {or Le,a soft X-ray spectrum of Ar, excited by
electronic beam (BepxoBueea M pp. 1976). The main processes of the cascade
were defined by the preliminary approximate calculation of the total
populations of conflgurations (Fig.3). Level populations at electron beam

energy of 1 keV were calculated by using semiempyrical electron ionization

Intensity (arb units)

p
8
21

] ' 1
T A }4: Bl L B T L1
210 220 230 240 E(eV)

12

Fig.4. Ar L,‘!':3 soft X-ray spectrum. Full curve corresponds to the
experiment (BepxoBuesa u np. 1976), separate lines represents the results of
calculation taking into account the populations of excited levels. [1‘7].
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cross-sections, as well as the expressions for the shake-oi'f probabilities,
referred above, and the formulae of Auger transition probtabilitles, obtained
in [8). The strohg mixing of configurations :.is.'Jp(‘l + 3s23pa3d + 3323p°4s.
corresponding to the épecific type of correlations (5), was also taken into
account. A reasonable agreement of the theoretical and experimental spectrea
(Fig.4) has allowed to adJust the interpretation of its structure, proposed
by BepxoBuepa M ap.(1976). For example, it was shown that the main line at
221 eV corresponds to the satellite, not to a diagram transition and the low
energy maximum is caused by two-electron radiative iransitions 3p2—¢ 3s83d
and 3p2—» 3s4s. The interpretation of this spectrum was continued by Dyall,
Larkins (1982), Cyxopyxos w zp. (1985).

Similar investigation of the ultrasoft X-ray spectr-um of Kr was accomp-
lished in [23]. There was analyzed the role of various elementary processes
on formation of this spectrum. An estimation of the strong correlation ef-
fects in the configuration with 3p-l vacancy had shown that they could not

explain anomalous high population of 3472 conflguration levels.
3. MEAN CHARACTERISTICS OF ATOMIC SPECTRA AND THEIR REGULARITIES

The atomic spectra are usually Iinvestigated on performing their
detalled calculations and bconsidering single eleciron quantities or radjal
integrals. A new perspective method in the theory of complex spectra 1s
glven by-the analysis of their glcbai or mean characteristics, such as
average energy (E), varience (o°), scewness (Kl)‘ and excess (k, ), @hich are
the central spectral moments

=k )
e = LER Ry 9
(E‘ is energy of the i-th level or line, and P, stands for the probability
of finding it in the spectrum) or are expressed by them
3 =

2 L2 2.2
o= u,, nlh AL ), X u4/(o' yo-3, (10)

Average energy characteriues the “center” of spectrum, variance repre-
sents its width, scewness describes its ,asymmetfy and excess stands for its
level or line density. The main problem is to obtain expiicit expressions of
these characteristics which do not need calculations of spectra. About ten
years ago such a general formula was known only for the average energy of

energy level spectrum. Bauche-Arnoult et al.(13973, 1982) obtained some new

15
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formulae for this and eaission spectra and effectively applied them for the
approximate description of complex spectra of highly charged ions. Some 1n-
vestigations of spectral regularities were accomplished by using mean cha-
racteristics calculated directly from experimental and theoretical spectra
(Cowan 1881, Bancewicz, Karwowski 1983 et al.). The authors alm was to ela-
borate the general summation method for obta‘ning expressions of spectral
moments, to find such formulae for various spsctra and to illustrate their

usefulness for the investigation of spectral regularitles.

3.1.General method of summation over all many-electron quantum num-

bers. Matrix elements of atomic operators contain fractional parentage
coefficients, having a non-standard form, so the direct summation of matrix
elements is very cumbersome. (Nomura 1972). Bauche-Arnoult et al.( 1978)
obtalned some explicit formulae combining the second quantization
representation with a sinple fermula’ for some configurations. However this
method becomes lr;sufflcient for the third and even for the second moments of
some spectra. A general group-thecretical method for deriving the averages
of operators, acting in many fermlon spaces, wes proposed by Glnocchio
(1973). To solve this. problem the continuous groups of higher ranks were
used: the rotationr group R(81+5) =and its unitary subgroup U(41+2). The
operator average is expressed by its vacuum expectation value and a unitary
scalar coefficlent which (due to the fact that every Iirreducible
representation of U(41+2) appears once and only once in a glven irreducible
representation of this rotation group) has a simple expllcit expression.
While evaluatlr{g all possible distributions of contractions between
operators of creation and annihilation of electrons in the vacuum
expectation the speclal summation diagrams were suggested (iylk, Ginocchio
1974).

In [30, 32, 2, 5! this method was specified to electronic shells and
its diagrammatic form was elaborated. The average of the product of opera-

tors is expressed as follaws:

K .
<0,0,...0, > = T N, M . (11)
172 k diag diag dlag
where 01 is the operator of _nteraction or transition, irreducible with
respect to the R(8:!+5) and U(4i+2) groups; Ndla.g is the N-multipllier,

containing all dependencles on the electron numbers in the shells,'and Mdlag

is the minimal sum of one- and two-electron matrix elements. The summation

16
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in (11) is carried out over all nonequivalent diagrams. The general rules
For obtaining all diagrsms and excluding topologically equivalent from them
as well as the graphical technique for evaluating ‘he expressions of minimal
sums were formulated (F1g.S5, 6). Also the groups of diagrams, corresponding
to the same minimal sum, as well as the permutation operators, acting on the
matrix elements, were introduced. It considerably simplifies the evaluation
of averages. This diagrammatic method is valid in nonrelativistic and
relativistic, single- and many-con:iguration approximations (the last one
will be considered in Chapter 5). It was implementec in a general computer
program by S.Kucas.

Various operators cen be expressed in terms of the standard un{t opera-
tors ylke [3]. The summation method was applied to obtain the averages of

scalar and tensor products of two, three and four such operators [2].

3.2. First four moments of the energy level spectrum and their peculia-

rities. The k-th entral moment of the energy level spectrum of the configu-
ration K is expressed by the average of the product of irreducible traceless
Hamiltonians #= H-E(K) in the following way:
u, (K)= ETI?T T (<K [H{Kp~-EK)1¥ = E}TG I <K7V|R|x7>k =05 (2
\——W_J
4 ¥ k operators

where E(K) is an average energy, and 7 is a state of the configuration K.
General formulae for the average energy were obtalned by Slater (1960),
for the varlance by Bauche-Arnoult et al. (1978), for some terms of the third
and fourth moments in the j} coupling by Nomura (1972). In {2, 33} there we-
re derived the expressions for any order moment, caused by one-electron
spin-orbit interaction, and for the third and the fourth moments of any con-
figuration. They were used tc investigate some peculiarities of the spectra
‘for atoms with the open p", d" and " shells [33]}: the contributions of Cou-
lomb and spin-orbit interactions to variance, scewness and excess as a fun-
ction of a principal quantﬁm number, the dependence of scewness and excess
on a number of electron in a shell (Fig.7)" (the symhetry with respect to a
half shell is distorted by the contraction of radial wavefunctions and the
presence of a noninvariant spin-orbit term). The values of the coefficients
x and <, for atoms with the np" shéll are in a good agreement with experi-

mental data for n=3-5 (Fig.8). Discrepancles for n=2 are caused by the well-
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Fig.7. Excess xz for neutral ato;us with nd" and Af' shells (Hartree-
Fock results) [33].

known strong configuration mixing 25.22‘552# 2p', changing the energy distances
between terms; thus, spectral moments are sensitive to correlation effects.
. The ratio \/o':o/%r:, where cr:cand o': are spin-orbit and Couiomb interac-
tion parts of the variance, may serve as a measure of the coupling in a
shell [33]: This 1s a more accurate measure than the ratic of tﬁe main ra-
dial integrals as 1t takes spin-angular parﬂs of the matrix elements into

account as well.
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Fig.8. Scewness nl(a)‘ and excess nz(b) for neutral atoms with np" shell
f33]. o - Hartree-Fock results; x—npa, -npa, + - np‘ -experimental results
(Moore, 1948, 1952, 1958). -

3.3.Moments of the emisslon spectrum and line strength distributlon. Gene-

raplly the Iintensity of egisslon lines and, therefore, the moments of
spéctrum depend on the exc:tatio‘n conditions, but in some realistic cases
the assumption can be made t:hat all states ‘hre populated equally
(populations of levels are propcrtional to thelr statistical weights)., This
usually corresponds to the physical conditlons in high temperature plasma as
well as in arcs and sparks. When the energy of a transition between two
configurations is much larger as compared to the sum of configuration widths
(this condition is as a rule fulfilled for X-ray spectra), the iransition

20


Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand


energy in the expression for line probability as an averaging factor may be
replaced by the average energy, and the k-th moment is given as follows [5]):

N L (<Ky|H|Kp>-<K'y" [H]K 3" >-E(k-K' ) 1% S(K.K'7")
B (K-K")= 97’ -

T S(KyK'7')
o

= C_ (KK) %;0(—1)" G‘,] K. K a“,xx,.,.xx,a;;,f‘ =
k-p operators p operators
= I;: E‘p -1)P {;} [‘“"] (K-K') SE(K-K")P*P’ '
b0 p'=0 p' ) Ye-p-p’ : (13)

where RK is the traceless Hamiltonian, DKK' is a transition operator taken
in a dipole form, SE is the shift of the average transition energy with re-
spect to the difference of average el;ergles of the initlal (X) and the final
(K’) configurati-ns. The factor C“(K.K’) has a simple expression, depending
on the number of electrons in the shells and single-electron transition line
strength.

The general expression of the average energy was obtained by Bauche-
Arnoult et al. (1882). In the case of frozen wavefunctions the formula of
variance was presented by Bauche-Arnoult et al. {1982) and the general f:or-
mula for this quantity was obtained in [30]. Some terms of the third moment
were given by Bauche-Arnouit et al. (1984) and the expression of thls moment
in terms of the minimal sums in [2].

An “"electron-vacancy” symmetry of the gvcr;ge, containing an even num—
ber of spin-'orbit interaction operators [32, 2], leads to the symmetry of
the first and the second moments of emisslon spectrum with respect to the
substitutions

Nl-) Ql-Nl—l , Nz-b ﬂZ-NZOI, (14)

where n‘ is the nungber of states in a shell, and N‘ {s the number of elec-
trons in the initial configuration. '

Some terms of the emission spectrum moments can be expressed by the
corresponding terms of the energy level spectra moments. As it was shown in
[32, 2], the relation
) <l(7|H|l(7>k S(Ky, ¥K'7") T <K7|Hl!(1>k
¥’ I (18)

S(K, X'} g(K;
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((S(Ky, X'y') is a line strength and, S(K, K’) is a total line strength)
holds for transitions (7). The similar relation

s

T <y |H!K'1'>k S(Ky, K'7") T <Ky [HlK'1’>k
i 4 - 7 (18)
S(K, X') g(X')
takes place for th transitions
4] +1 N 41 +2 N -t N N +1
Ko ll 1 Iza > Ko 11 1 122 , KO 111 12—) KO 111 ) an

Bauche et al. (1983) introduced the concepts of the "emissive zone* and
"receptive zone", defined by its initial moments

I < iBjxrK sy, x'9")

em 7’ -
(K)= = , (18)
*x S(K, K')

I <« HK X sk, k)
rec ., 7’
(K') = . (18)
ak S(K, K')

They ware useful for ‘the estimation of the sprotrum array, taking part in
given transitions, and reveal deep relations between the properties of
energy levels and structure of the, emission spectrum. As it follows from
(15), (16), the "emissive zone" is identical to the array of initial levels
in the case of transitlons (7) and the “"receptive zone" coincides with the
array of final ievels for trensitions (17). When the moments of zone and
configuration differ, the first one 1s shifted up by Coulomb exchange
interaction ~ it follows from the formula for SE(X-K') [2].

As far-as the distribution of emission lines is ;:lose to the Gaussian,
usually the knowledge of only three or even two moments enables one to de-
"scribe approximately the envelope of the complex. spectrum (Fig.9).

The analysis of the moments and thelr parts reveals the role of various
interactions on maln features of spectrum and their variation along the
sequences of atoms or lons. An example is given~in Fig.10. ’

The .above considered mean characteristics correspond to the array of
lines, the width of which is not taken into accqunt. Usually the X-ray or
Auger line width is not small in comparison with the spacings of lines, but
the line profiles depend weakly on the many-electron quantum numbers. Let us
suppose that all lines are described by the same profile, and its moments u:
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Fig.8. SrXII 3d84p~3d9 experimental emission spectrum excited by the
vacuum spark of small inductivity (3amxus n gp. 1983) =and its envelope,

calculated using first two moments [2}.

exist. Then the moments u; 9(‘ the array of broadened IU\QS’FN expressed [2,

5]

“l'(-g_o[:]“p“g-p, ; : ) (20)

where S {s the moment (13).
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Fig.10. Square root ef the variance of emission spectrum, corresponding
to the transitlons 4a°ar™-4d'°af™? for neutral atoms(I) and first fons(I1)
cf rare earths. Dashed line represents the spin-orbit part of this quantity

[2].

3.4.Mean characteristics of the Auger spectrum. Mean chamteri}su‘cs of
the 'A\gger, spectrum were pmtléally uninvestigated. The expression for the

average energy of Auger transitions array, correspondlng“tb the transitions

xoiuxz-»xox"’l N e

N .N_ N N+l N-1
Koxll 7&22 Asaaxolxt Azz, A

€A, ‘ (21)

N -1
43 €A (22)
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Fig.11. Kr M N N Auger spectrum: a - experiment (Werme et al.
1972); b - calculation in Hartree-Fock-Paull approximation {22}.The enve-
lope of the spectrum 1s obtained using two first moments [2]. The arrow

marks position of the average energy without taking Into account its shift.
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(Ko means the “passive" shells, A denotes 1 in the LS or 1) in the Jj coup-
1ing within = shell) were obtained in {289, 2]. The formula of the varlance
was derived by the computer program [39]. As in the case of the emission
spectrum the intensities of Auger lings are supposed to be proportional to
their probabilities as well as the radial 1nt§grals being term-independent.
All or only some shells can be treated in the JJ coupling.

The first two moments of the Auger spectrum can be used to calculate
approximately its envelope (Fig.11). The shift of the average energy of
Auger spectrum, describing its change due to the distribution of transition
probabilities, can reach several eV a.nd its account essentially improves the
position of the intensity center.

3.5. Mean characteristics of the photoelectron and photoexcitation

spectra. The phot.oelectrnn and photoexcitation spectra of free atoms belong
to the other type of atomic spectra, corresponding to the transitions from
some levels, usually from one ground level of the initial configuration, to
all levels of the final configuration. The formulae of their moments can be
obtained by accomplishing the summation over all states of the final .confi-
guration in the second quantization representation and are expréssed by the
matrix element of a certain effective operator with respect to the ground
state wavefunctions [2]. v A
The evaluation of the mean charécteristics of photoelectron spectrum is
considerably simplified by the fact that the operators of creation and
annihilation of the photoelect}-on appear only in transition operators and
are absent in the Hamlltonian. As a result the transition operators do not
enter into the effective 'ope!'ator and the shift of the average energy ls
expressed by the matrix element of the tr;nceless Hemiltonian {2, 37)

N.-p
N N -1 1 N N
oF, | (K, 1)1 7 > Ky 1)1 )= ‘); o Ko 1yt 1|®|Ky 11 Py . (23)
-where ¥ is a p-electron part’ of the effective o;;erator. the subscript at

th.e matrix element indicates the 'c’onﬁ'gurauon,‘ radial orbitals of which are
used in this matrix element. Similarly the effective operator

»® Heo K EH“ (24)

is used in the expres.ion of the varlance
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crz (K LN 7+ K]l Nl-l) =

-z N-:‘—-<K0111{Rp|x0117>x.-6€ (KI:v-»Kolxl. (25)
The "excitation zone" can be introdyced for the photoelectron spectrum too.
As it was shown in [37], it is much narrower than the energy level array of
the upper configuration.

During soft x-ray absorption the ionisation process is, conpetlng with
the excitation process, especially when an electron from the subvalent shell
is excited into an open shell with the same principal quantum number. If its

radial orbital in the final state is collapsed, the intense photoexcitation

41 +Z N 41 +1 N +1
11 nlzz -)nl1 122 . 1281141 R (26)

leads to the rising of giant photoabsorption resonances (Connerade 1984,
[4]). In the case of such transitions the expression of the average energy
was obtained in [26) and that of the variance by I'pyasunckac (1986). These
formulae are also valid for the couplenéntary transitions

N N -1
nlls > nllx nl2 y “‘(27)

Absorption coefficient (arb.vmts)

! 1
" 140. 160  E(eV)

Fi’é 12. Gd photoabsorbtion spectrum corresponding to the transitions
44"%ar7-ad Sar® ( Bemexum, lenkosuu 1974) (solid line), and its envelope, cal-

culated using two first moments (broken line) (Z].
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considered by Bauche et al. (1988).
An example of the photoexcitation spectrum envelope, computed with the
ald of two, first moments, is shown 1n Fig. 12

4. LEVEL AND LINE GROUPS IN THE SPECTRA

When one interaction in a configuration mostly predomipates over the
others, the atomic spoctra are separated into level or line groups. ‘rhese
groups c“ten maintain their characteristic features in various atoms and are
monotonous}y depending on the number of electrons in the open shell or
fonization degree. In such cases it is useful to introduce the mean
quantities, characterizing not the whole spectrum, but the separate group of
levels or lines. A work in this direction only begins. The average energy
and variance of levels with given spin for the configuration l" was obtained
by Slater (1968).l Some formulae for the first two moments of spin-orbit
split arrays were presented by Bauche-Arnoult et al. (1985). The auther's
alm was to develop the methods of summation over some quantum numbers, to
obtajn new formulae of lower moments and ,1in certaln cases, to perform the
analysis of the existence and regularities ¢© such groups as well as to
reveal the dependen = of energy on the more ‘mportant qmntm numbers.

4.1. Mean characteristics of level or line groups, formed by the spin-
orbit mnrgction For the atom with the inner vacancy nlJ (1 Q) the
spin-orbit interaction within this shell predominates over other

interactions. Thus energy levels of such conflguration are separated ipto
two spin-doublet groups and the emissien or Auger spectrum, corresponding to
the transitions to this configuration, in spin-doublet groups of lines
(Fig.13). In heavy atoms or high lons the splitting of other shells becomes
important as well. When all the shells split into sybshells, the mean
characteristics of the subarray, égrrgspondlng to the transitions between
two s_ubconﬂgum.tions. can_be obtained by the general summation method,
referred in Sec.3.1. This nethbd is also useful for finding the mean
characteristics of spin-doublet groups of levels or lines in the case of the
LS coupling within shells. A - ell containing a single vacancy with the
glven total momentum quantum number §j can be separated definitely into two
subshells '

141+1 2) J,zyn'

JaJ where J'= 1t 1/2 at j= 1% 1/2. (28)
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Fig.13. Kr M, M N Auger spectrum: a - experiment {Siegbshn K. et
al. 1967); b - calculation in Hartree-Fock-Paull approximation on taking in-

to account natural width of lines [22]. Arrows mark the average energles of
spin-doublet groups of lines.
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A closed subshell does not give a contribution to the mean characteristics
of spectrum. Thus accomplishing the summation in spaces of inner subshell
and outer shells independently, we obtaln the. mean characteristics, depen-
ding only on the total quantum number of the inner vacancy [2].

As in the case of Auger spectrum (Sec.3.4) the general expressions of
moments can be presented in such form, that they would remain in force for
both coupling schen s in any shell. l

The independence of summation in the spaces of separate shells or sub-

’shells can also be used for obtalning the mean characteristics of  spin-
doublet groups of lines in photoexcitation or photoelectron spectra 3

(some of the operators are acting on the single electron states nljm and the
others on states nlw).'

The mean characteristic method is useful for the calculation of
spin-doublet lines, which are broudened by the nult.lplet sputtlng due to
the interaction between a vacancy and an outer open shell. Scic preliminary
results on the Kﬂ;.alines multiplet broadening in transition elements were

presented in [36].

4.2. Coulomb exchange interaction in the complex conﬂgurdélon‘s and pe-

cullarities of spectra. Decomposition of Couviomb ei(change interaction

operator Into scalar product of two one-electron operators and the electron
number operator reveals the structure of exchange matrix elements,
coefficients of which can be presented in the form [2, 38)

NN . a1 N N (k) N+1 N-1 .,
g (Ky 151 1.2 77°J)= [(2.1»1) E..J..«Oll’lf”'u K g7y 12,7 773

N N,
x(Ko 1,11 _122 AR L 'Ko 1

-1 : N N
- {(ZJ#I) E“J"'(Ko 111 122 7w

N
(x) Nn N 1 gnse vy 2 &y 2,
J">-3(7,7") 2--——”2* } <11|C |12>

49

() -1 N wqn
|K°11 z ThIx (29)

N

X$K011121J|U o

|I)| I an>; a( ) s N <1.lc |1 >2
Ko It - 7)) 37y +1 ol 2>

‘18 the general unit operator. If the ;ern structure of configu-

ration nl?: nl:z is nﬁinly determined by the largest member of a matrix ele-

where H“)

ment with - then its terms have a tendency to separate into two groups:
the lower group with the negative term-independent Coulomb exchange energy
and the upper group' 5f terms, which are linked by the matrix elements of

with the terms of configurations 1" e 1 132;1

w(k)
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The simplest such configurations are n(l-l)'lnl (Hansen 1972, Kyuac u
ap. < 1976), which have one high-lying level 'P and a lower group of remaining
levels. The upper group in configurations n(1-1)""n1* and n1****Mp(1+1) at
N=2 consists of three terms, which at 1=3 are usually lying quite distant
from the lower group‘(Flgtld). At a iarger number of e]ectrdﬁs or vacancies

N the levels of both groups tend to overlap. It is expedient to describe the

£(1000cm ')

300 ————
200 |-

100 - ——— ==
B == —_
R == S
= R
= T—— =
B prvmsusennd m
[\l ———— | ——
CeV Baxh

Fig.14. Energy term spectra of CeIV /4d”af®, and Ba XII 4d%4f (with re-

' spect to the lowest term of configuration) calculated in Hartree-Fock-Pauli
approximation [(38]. - :
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distant groups by different radisl orbitals. For these purposes the expres-
slons of the average exchange coefficlent for the upper group were obtafned
[27, 21.

By diagonalising the matrik of sain coefficierts g“,-‘lél it is pos-
sible to obtain the wavefunction basis, which is Woré eéxstt than the usual
coupled momenta basis [27,38) (Due to the cancellation efféet, thi€ mixing of
terms, belohging to both groups, remalns sWall on taking into sccoit all
Coulomb interaction). This basis can be comnistructéd éxplicitly by using the
operator LT particular, on obtaininig the wavefunctions of this 'o'pera-
tor. At li‘tl2 and min k=0 this operator is propoftional to the isospin ope-
rator (Pynsuxsc, Kemsyckac 1984), while at i1 to the éléctric multipole
transition operator; the last basis, elaboruted mathemstically by Beérnotas
et al. (1990), was named particle-hole basis.

Relationship (29) between the exchangeé coéfficient g and éleéctric di-
pole transition amplitudes explains the ktiown pattérn ot photoexcitatlon
spectra, corresponding to transitions (26). Ir the dipole approximation the
photoexcitation is possible only to those téris of & final configuration,
which belorig to the upper group of terms, arid the mailn maximis of spectrs is
shifted to the higher energles (Sugar 1972).

4.3. Dependence of atomic quantitiés on spin, iscospin afid quasispin
quantum numbers. Levels with given spin quaiitum nuibers dré rarely resolved
into separate groups, but the tendency to irfsngé levels with the higher
multiplicity lower {n the spectrun is peciiliar to theé électronié conflgura-
tions, especially with one openr shell. Eveii If sich groups do not arise,
sometimes it is important to detérmine the dependénce of the energy and
other atomic quantities on the approximately good spin quiﬁtd- riukbers.

In the case of the LS. coupling within §hélls, the summation in orbital
and spin spaces can be accomplished indepéndently. Since only the scalar
part of the operator gives a contribution to its average, we céan put all the

resulting orbital ranks of the operator in the subspaces of all shells equal
to O {2]). When the ovperator is one-eléctron operator in all subspaces, the
averaged spin operator is obtained immediately, its matrix element has the
explicit expression. (In this way the dependence of the Coulomb exchange in-
teraction\enérgy between shells-on the spins is easily determined.) If the
operator is of two-electron type in certain subspace, it can be transformed
into a spin operator in the following way (2]. The paliring operator (its
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eigenvalue gives the number of electron palrs in a shell) is transfor-ed in-
to a coupled form

7e-3E [t oS at), (30)
Ls
11
where a ot ” (- gles LS. Each term of sum (30) over §, represents
the operator of pairing with the given moment S Multiplying its eigenvalue

aV 1Ls|?(51)|1-~ 7LS>» N(S, S,) (31)

by the average energy of the electron pair with the spin ‘5l and summing
over all possible values of Sl we obtain the average energy of the terms
with the spin S )

E(l )= §N(S S ) E(l S ) (32)

The corresponding operator (obtalned replacins in the right hand of (32)
the elgenvalue N(S, S,) by the paring operator P(S,)) represents an average
spin operator, introduced by Pygsukac, Kewmycxac (1984). It can be used for
evaluating other moments of the term group with given multiplicity.

The averaging of the transjtion probabilities can be accomplished by
using the relation for the fractional parentage coefficients

LoV asp™t 7L s? " ReseTT [ 2 +sts’1)-§(§+1)] (33)
7L ‘

and the correspopding relation for the two electron coefficients ([31],
Bymonnc, BeproTac 1983).

A similar method can be .ppl ied for obtaining the energy dependence on
the 1sospin quantum pumber 7. By treating the creation and annihilation
operators as triple tepsors in orbital, spin and isospin  spaces and
introducing the operators of pairing -with a given isospin number, it 1is
possible to ‘evaluate the coefficients for Coulomb interaction matrix
elements averaged over all many-electron quaptum nusbers exce,.. T [31]):

_ N N 2<llc(k)i 2 ‘
fk(l.x 172 T}= ~ - [,!(1*1)","2* (21+1)X ], kw0, (34)
’ (21+1)(41+1)(41+3) ) :
_ 2<1'C(k)'l)2
g, 0" 1M - - [E%E NN+ X ] k»0, (35)
. (2141)(41*1)(4193)
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- N N 1 : '

go(} 11 2),' 5N N+ X, (36)
where

N, (N +1) N_(N_+1)

X« T(Ten) - Ao 22 (an

At T-(N -N )72 (Nt N) these formuime describe the Coulomb interaction
energy, averaged over all terms, .absent in the lower configutations l“l
INz_p (p>0) ‘{18]. Their use in Hartree-l-‘ock equations gives the wavefunc-
tions, which are automatically orthogonal to the functions of lower states
with the same symmetry. ‘

The quasispin Q, the second analog of the spin, is related to the sen-
iority quantum number v. Using the pairing operator P(Q) it is possible to
obtain the interaction energy, averaged over all quantum numbers, except v
[31], De Shalit, Talmi (18963). The coefficient at the integral Fk(nl.nl)
reads: i

- N(41+2-N) _ (41+4-v)y Ky, 2 »
fi V= MERD - aany Far®p?, (38)

The shell” 1™ has only one term with uv=0 or u=1, which is usually the
highest term of this configuration .[25], so (38) gives the formula for such
term and, together with the expresslon for the ground level (see Sec.4.4),
enables to find the width of the energy spectrunm.

4.4. Peculiarities ‘of the ground state and regularities of the bind-

ing energles. Levels of the ground term often form a separate group of
levels. Thus, at normal tenperaiurgs (Ts 500K) only this group of levels or
usually only the ground level are populated, so they are playing an
important role 1n the formation of spectra. In the LS coupling the ground
term often is of the hlghe,st multiplicity. The other quantum numbers of this
term and its lowest level also have sinple expressions in the case of one

open shell
S= N/2, u= N, L= N(21+1-N)/72, J= N(21-N)r2, (39)

where N is the number of electrons at N<21+1 andv't,he; number of vacancies at
NzZl+1l. The formulae for W and U juantum numbers of the ground term of the
¥ shell were obtained In [25].

A shell in tts highest multiplicity state ‘can be separated into- two
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Fig.15. Binding energy of 3d electron in third lons of transition
elements as a function of the number of electrons in agd" shell. - experiment
(data, taken from Cowun (1981)); ~--- calculation in Hartree-Fock-Pauli ap-

proximation; -:- calculation taking into account only average energ!és {35).

oL R ) 1
1 2 - 3 4 5 6 N.
n P B M M Rn

Fig. 16, Bincing energy of Bp electron !n neutral atoms as a function ot
the number of electrons in 6[.)'I shell. - experiment (data, taken from Cowan
(1981)), =--- calculation in lhrtroe;Fock-Paull approximation; =-::- the same,
but missing spin-orbit interaction contribution [(35].
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subshells with electron spins directed up and down (Judd 1867b), one of
which is eupty' or closed. The additional relations far scalar products of
standard unit operators can be found in the spin-directed space. It leads to
the explicit expressions for the energles of the highest multiplicity terms
[25]. The substitution of the ground term quantum-numbers (39) gives the
formulae of the ground term energy as the polynomial of the electron number
in a shell (25].

A subshell remalns invariant on replacing electrons by vacancies (at
frozen radial wave functions). Thus a shell in its highest multiplicity state
obtains an additional symmetry with respect to a half of shell ™ RN

The electron binding energy in an atom is expressed by the difference
of ion and atom ground state energies. So while uging the obtained formulae
for them, it was possible to evaluate explicit expressions of the
term-dependent part of the blnding' energy and to shaow their approximate
symmetry with respect to the numbers of ejectrans Nsl+i and 31+2-N. This
dependence has w different pattern in the cases, when Coulomb or spin-orbit
interactions are dominating in a shell. The experimental results usually
correspond to the Coulomb pattern, impogsed on the lipearly inereasing
difference of aver;.ge energfes (Fig. 15),. but in a row of atoms with the Sp'
open shell a spin-orbit pattern gives an evidence (Fig.16). Taking 1inte
account all parts of the binding energy the “interval rules” for this
quantity were derived [35]

1+1-N 1+14N 141 ‘
[0 ™ 1,0 )] 71,0tz  wo
1+1-N 1+1+N
1, Ny It . ‘
nl ni =1, D1, (a1)
1+1-N? 1+1+N’
1,0 a )

where N=0,1,...,1. Corresﬁanding rules for the almost filled shell follow
from (40), (41) on replacing in them 1+1 by 31+2. These rules were estab-
lished empirically for f electrons by Criusm u ap. (1987). Their applfca-
tions to p, d and f electrons :f various atoms and fons have shown a high

accuracy even at high degree of ionization.
5. CON?!GURATIO}J MIXING AND ITS INFLUENCE ON X-RAY AND AUGER SPECTRA.

The investigation of correlation or many-body effects is one of ‘the
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main problems in atomlc theory and In particular in inner-shell physics.
Configuration mixing (CM) or configuration interaction method is the mostly
used correlation method. Besides the numerous calculations, performed by
this method, some attempts to investigate the regularities of coﬁﬂguration
mixing effects (Layser 1889, Froese-Fisher 1977, Cowan 1981.‘1"Beck, Nicolal-
des 1982, and others) and to introduce their mean characteristics (Ra jnak,
Wybourne 1963, Bauche et al. 1988) were made. Such & theoretical approach
was developed in this work by introducing the new mean characteristics, eva-
luating their expressions and applying t,hen. sometimes together with de-
tailled calculations, for the investigation of strong mixing effects in X-ray
and Auger spectra.

5.1, Mean characteristics of the configuration mixing. The complex of
two or more mixing configurations and the transitions between such two comp-
lexes can be described by their moments. It is very lnpor;tant that these mo-
Wents can be expresged in terms of the averages of the operators In a sin-
gle—conf‘lgurétion approximation [2 ]. Instead of the central (uk) and the
inftial (uk) moments it ls useful to intrqduce their changes due to the con-

figuration mixing

ane SR, s oM g : (42)
where the sub’serlpts “CM" ahd “sum" indicate moments of complex In CM and
single-configuration approximations. For giulple. the changes of the second
and the third initlal moments of energy level spectrum are expressed by the
averages as follows [2]):

N yya 2
Aaz (X) im L g(K ) <HK K HKK ,‘ (43)

CMy e -3 ;
by 100= 2130 {E' athL S 5 ,
27 guc)< >1}. (44)
s My x HK,K,"K,‘K‘ | .
where'HK and H'K x are the Hamlltonians, acting in the configuration K’ or

between the configurations ﬁ‘.md Kj. The susmation in (43), (44) is carried
out over all configurations of the complex X.

‘The main problem of the CM method is & cholice of the configuration ba-
sis. So far as the CM is stronger at the larger absolute value of intercon-
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figuration matrix elements and at the smaller distances betweén interacting
levels, the 'followlng measure of the configurations K and K’ mixing, the
configuration mixing strength, can be introduced (24, 1]
L KrHET> ki)
T(K,K' )= 5 = 3 ’ . (45)
o (K,K') o (K,K') :
where c"'(x,x') is the variance of spacings between interacting fevels
’ . 2

L [<Ky[H[kp> - <% [H|K'7">)2 <Ky [H|K'3">
Ak 7 ' S (48)
T <x7]H|K’1'>2 ‘
’

Approximately T(K,K’') has a meaning of a square of an average coefficient
in a wavefunction expansion. This quantlty was used to investigate the

N+1

mixing of (s+d) configurations in the iron group (0’ (K,K') in (45) was

approxlnately replaced by the squared du‘ference of the average energiles
(E(K)-E(x')?).. As Fig.17 shows, the CM between d's and d*'s?
confligurations is prevailing in the second half of the period, mainly due to
the strong overlap of these configurauons

The shift of the level Ky energy due to its CM with all levels of the
dlstant configuratlon K can be cnlculated approximately in t.ha second order
of perturbation theory by replacing the energy difference in the denominator .
by the average difference :

b [<K1|R|x7> - <K'y’ |H|K 7' >] <|(1|H|x'1'>2

E(ky. k)= 77 . (47)
r. <K7|H|K'1k'>2
7’

Thus the average energy shift may be. expressed in the form

’ ’ 2 »
E <Kk7|H|K¥'> <o |H ef‘t‘lxp . -
- . 48
E(kr.x')  E(Xg,K')

AE(K7,K’" )=

The for-\ilae of the effective operator H'" for different . configurations
with one or more open shells were given by Rejnak, Wybourne (1963),
Forganomruy, Xyxayckac (1883), Uylings (1985), the general formulae were pre-
sented in [2].

The average shift of the level energy of configuration K is given by
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Fig.17. (s+d)™? mixing in iron series [24]). Deshed line éorrespbnds to
the average energies of configurations duﬂ(l); d"s (2) and d"'%? (3) with
respect to the energy of configuration d" 's®, shaded areas show the bands
Et 1,178 Ve? for configurations st (vertical shading), d*'s? (nhorizontal
shading) and ™! (oblique shading). Solid lines in the bottom represents
the mixing strength T(K,K') (45): 1- d"s- d*'s?; 2-a"'-g"'g?; 3-a™'-ds.
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M(K,K’)
g(K) E(x,K")
The expression of the sum M(K,K') was obtalned in [28, 2].

P | = .
AE(K,K’) = &y § AE(Ky,K’) = (49)

5.2. Narrowing of the emission spectrum due to configuration mixing.

The general summation method, referred in Sec.3.1, is also, useful for
evaluating'the mean characteristics of the emission spectrum, corresponding
to the transitions between two complexes of mixing configurations. The
changes of the spectral moments due to CM ar; defined similarly to (42). For
example, taking into account correlations among three shells in the initial
state, the change of the average energy may be written [34]:

= . N-1 _N+1 N N-1 N+1 N
AECM(lli l22 133 + 111 122 13 > 11’ 122 1 )
2 2
(411+2) dl 1 (41342) dl -1
2 2 3 1" 72
) 41 N, (41 _+2-N_) * N, (41_+2-N.) ] 41, X
_ 1141, 2 Ny(4l, N 173 32 (50)

2 8(k,1) _ 1.1k (k) (k)
xE[—g_—_ ,{1; 121)]‘11' 1y <agle® i B0,

vhere dl;'lz is a slngle electronAsub-atrix element of the Fransition ope-
rator, R* 1s a Coulomb radial integral. Inh the case N1=411~2, N3-0 shift
(50) was obtalned by Bauche et al.(1987). The formula of the varlance for
these transitions was éiven in [2]. Using the symmetry between N-particle
and N-vacancy averages it is possible to transform these expressions for the
transitions from one upper configuration to two-configuration complex (21.~

The obtained explicit formulae of the mean characteristics Ai%u and oi”
were used to investligate the narrowing of the emission spectrum through con~
figuration mixing. This effect called an attention, when it allowed to ex-
piain the intense qﬁasicontinuu- bands in soft X-ray spectra of highly ioni-
zed rare-earth elements (Mandelbaum et al. 1988).

The most important special case of transitions (50) corresponds to the

decay of a vacancy at the presence of outer open shell

spN . SZPN Zd N SZPN-I- deN + deN 2r > deN 1

&N o+ a10eN2g |, g10eN-1 - (51)

In atoms and first lors the configuration with inner vacancytstrongl& mixes’

with many configurations of the second type (5) (oute; electron is excited
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into a Rydberg series or even corresponding continuum), but in highly loniz-
ed atoms it mixes efficlently with only one nearest configuration. The lar-
gest shift AEcx takes place at equal principal quantum numbers of all elqc-
trons. The analysis of (50) shows, that shift of the average energy for such
transitions is always- positive, i.e., the intensity of trans"t_’tlons from a
higher configuration decreases and from a lower configuration increases. The
results of calculation at various numbers of electrons in outer shell, loni-
zation degrees and principal quantum numbers of ns™ and np™! vacancies [34]
show a linear dependence between AEcn and Acrc:. The narrowing of the spec-
trum and its shift to the higher energies due to CM increase with increasing
the degree of ionization, decreasing the principal quantum number and in-
creasing the orbital quantum number. »

" Initlal and final configurations of considered transitions (51) are the
same as the related ones in the expi‘esslon of the coefficlient gl (29). Once
more, the main coefficient x, of the.interconfiguration matrix element is

n [38]. It reveals a

expressed by the same matrix elements of operator in
deep relation between the structure of energy levels and emission spectra.
The dlagonalization of the matrix |gl"xll gives a new two-configuration ba-

sis, which takes into account a considerable part of mixing effects.

5.3. Mixing of the Brillouin’s configurations. In the case of some

configurations, differing by the principal quantum number of one electron
the interconfiguration matrix elements wi?.h frozen orbitals are vanishing.
This result ié known as the Brillouin’s theorem.A.The knowledge of such
configurations in various approximations allows one 'to exclude them from the
basic sets. Some Brillouin’'s configurations were determined by Bauche,
Klapisch (1972), Labarthe (1872), Froese-Fishi~ (1973), Cowan (1981).

The variation of a Hartree-Fock radial orbital ‘

P, (r)= Pg(rh P, (r) (52)

'l
and 1ts substitution into the energy functional on requirin, its stationa-
rity, leads to a . general relation for mairix elements (Froese-Fisher 1973).
It was used in [28] to establisﬁ" all the configurations, for which the Bril-
louin's theorem is holdlng in Hu;tree-l"‘ock (for the average energy and LS-
term) and isospin bases. In i-!l-'—a.v basis such configurations are:

K nl - Ky n'n, Ky mfEe g md

4142 |, 4141 _ Ky 11 )

1,

Ky nl a2z (53)
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where Ko means closed shells.
In HF-LS basis the list of Brillouin’s configurations becomes more ex-
tended ’

o e 2 _ , 4142, 4141
Xy nl - Ky n'l, Ky nl® - Knln'l, Kj ool - K nl n'l,
X L N L e
: : 0
X, a14142 40 K, mdl*l i (54)

uhgre the core K; wmay contain one electron or one vacancy above closed
shells. In isospin basis some more interconfiguration matrix elements disap-
pear [18], but the list of Brillouin’s configurations remains the same as in
HF-LS basis {28].

When the Brilloui.n’s'theorem does not hold, some compensation of the
interconfiguration matrix elements of Coulomb interaction operator with the
ones of kinetic energy and Coulomb interaction with the nucleus bperaéor
takes place. All such terms were determined in [2B]. An explicit expression
of the total sum M(K,K') for configurations K,K' differing by quantum min—
bers of one electron, was also obtained.

‘5.4. Satellite lines in Auger and photoelectron spectra due to configu-
ration mixing. Strong ‘correlation’ effects for configurations with inner

vacancy, mainly of type (5), lead to the rising of a pronounced satellite
structure in varlous X-ray and electronic épeotra, especially of noble gases
and neighboring elements (Mehlhorn 1982). The efficiency of CM method,
"taking into account only few strongly mixing configurations, was
demonstrated by Mehll rn (1982), [Hemexun u ap. (1976) and others as well as
tn {17, 18, 22]. An interpretation of satellite lines of X-Iray spectrun was
demonstrated in Sec.2.6., here such interpretation is given for some Auger
and phoi:oele,ctron spectra.

Very intense satellite lines were observed, m M"'BNN Auger spectrum of
Kr ‘and N.’BOO spectrum of Xe by Werme et al. (1872). These satellites .were
discussed and interpreted in many papers but mainly using the results for
line energies only. The full calculation of intensitles and energfés of
satellite lines was accomplished in [18]. The superposition of the following
configurations was taken into account:

4s4p50 4524p34d¢ 4sa4p35d0 4524p353.

4s24pts 4s%ap®+ asaplias asapisas asZapIsp. (55)
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The interpretation of this Auger spectrum was accompllished together with
the reexamination of the energy level spectrum, the level positions of which
in the lower part of the spectrum correspond very well to the experimental
results (Fig.18). The main satellite lines are produced by the double Auger
transitions, taking place due to the mixing 4s4p°+ 4s24p34d .»'(Flg.l‘Q). Some
reassignments of the Auger lines and Kr 11l .energy levels were proposed.

The results of calculation by CM method of Xe N 00 Auger spectrum
allowed an interpretation of its satellite lines by Sp Sd and S5p %6s mixing

with Sssp In the case of transitions N 00 and N;.aoz.::oa,s the

E(eV)

ak 4p3(2P)4d"02+4p3(20)55('Dy »*Dg)
ﬁ ors,

://'__-'gﬂ7075§

20 ____/== Co'sy } 4pS4d
__/—-—/_—'g corr

Bf =" s
_______’_ﬁmz's 4p50%3)94%0

N el

T Mp%D04de139p%)'R

T SN 4stP0g 0

5k
%Z} 434p°p

Fig.18. Energy levels of KrIII (lower part of the spectrum): a~ experi-
ment (Moore 1852), b - calculation in configuration mixing approximation
(55) [19]. '
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Fig.19. M. BNN Auger spectrum of Kr: a- experiment (Werme et al. 1872);
b- calculation, taking into account configuration mixing (55). The theoreti-
cal spectrum is normalized with experiment for M‘ N2 :1lrl,‘1 a line [19].

correlation effects in the final configuration of the ion are also important
[19, 22]. ’

At the presence oi' ‘an imner vacancy in thd atoms of alkali earth ele-
ments the (s+d)? mixing increases due to the collapse of d orbital (Conne-
rade 1978, [24]). It manifests in Ba 4d electron spectrum (Fig.20), which
was obtained by Wuilleumier et al. 1882 and calculated in {24) using the
following approximation:

" 4d%(6s2+ 5d%+ Bs5ds Bp+ B+ 4f2). (56)
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rig.20. 4d photoelectron spectrum of Ba: a - experiment (Wullleumier et
al., 1982), hw= 130,2 eV; b - calculatiocn by conﬂ‘ghratlon mixing method
{24]. Individual satellite lines correspond to the transitions into follow-

9 . 2.1 s aa® a2l C} 2,1

ing final states 1- Adalzsp ('s); 2- ‘da/zsp ('s); 3 Ada'nsd ('s); 4-
8. .21 9 2 1y, a_aqfa ! 2 PP - M | 2 .
4d 854" ( D)aD:'/z, 5 -Gd‘/ESd ("S); 6-4d°6s( D)5d D:vz' 7' 4d"6s("D)Sd Dm.

9. 2.1 2
8~ 4d°5d"('D)6d Ds/a'

The main satellite lines correspond to the final states of ‘configuration
4d95d2, two Sd2 electrons having the same term l'S n.é ssz electrons.
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6. MAIN RESULTS AND CONCLUSIONS.

1. Expressions for binding energy and .X-ray energy shifts due to
vacancy .productlon explicit (quadratic) with respect to the number of
vacancies have been derived. They exceed in accuracy the formula, widely
used for the interpretation of energy shifts, and differ only a little in
accuracy from the general formula, eicpressed in terms of total energies,
which 1s not explicit and requires considerably more calculations. The
paranetefs of obtalned expressions were calculated for various atoms and two
principal X-ray lines, their weak dependence on the coni'lgﬁration and other
regularities were established. This method was systematically used to:
interpret experimental chemical shifts of X-ray lines.

2. The efficiency of Hartree-Fock-Pauli method (taking into account
relativistic corrections in the first order of perturbation theory) for
inner and subvalent vacancies, except the deeper and the outer ones, was
shown. The regularlf.y was established: the difference between relativistic
and experimental values of {nner electron binding energy or the correlation
correction increases in absolute value for the given quantum number with an
increasing orbital quantum number, what is caused by the interaction of the
vacancy with super-Coster-Kronig and Coster-Kroning continua.

3. The gen=ral expression for the Auger width of the level and some
approxu\éte expressions for the radiative width were obtained. Independence
of the partial widths -for configurations with one open “"active" shell on
many-electron quantum h\mbers was proved. The same pecullarity of the total
natural width and fluorescence yield is taking place for a narrower class of
configurations with one open ‘shell above closed shells. This considerably
simplifies the calchlatlon of these quantities for such configurations.

. 4. At the nonstatistical population of levels the reliable theoretical
1nterprétatlon' of X-ray and Auger spectra requires the investigation of all
the cascade of processes, following a vacancy production and its decay. The
net.hod‘ of such calculations was elaborated (the determination of :‘maln
processes by a ﬁrellminary" calculation of total pqpulatlons of
configurations, approximate estimation of correlation effects, evaluation of
the expressions for some elementary processes (margy;electron transitions in
sudden pertufbatlon approximation, Auger transitions). The first such
calculaticn for some transitions was ak:compllshed. taking into account CM
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effects.

8. The general 'dlagranmatic summation method has been elaborated,
useful for obtaining explicit expressions for mean characteristics of
various atomic spectra in nonrelativistic and relativistic,
single-configuration and configuration mixing approximation{. It can bev
realized in a universal heuristic program. This diagrammatic ne.thod is
" applicable also in nuclear physics. o

6. Expressions for the third and the fourth moments of energy level
spectrum were obtained, which allow one to investigate its asymmetry and
levels density difference from the normal density. Some regularities of the
scewness and excess were determined for p".d" and " shells and it was
shown, that these coefficients are very seusitive to the correlation
effects. It was suggested, that the ratio of the square roots of Coulomb and
spin-orbital parts of the variance may serve as a measure of a coupling type
in a shell.

7. General formula of the main mean characteristics - variance and
excess - of the emission spectrum were obtained. It was shown that some
terms of the emission spectrum moments can be expressed by the corresponding
terms of the energy level moments. All the configurations, for which
"emissive zone" and “receptive zone" coincide with the configuration array,
were established. In the case of unifomly broadened lines the formula for
the emission spectrum moments, expressed by the moments of widthless lines
and a single line, was derived. |

8. Mean characteristics of the Auger, photoelectron and photoexcitation
spectra were introduced and examined for the first tl;ne, the expressions of
the average energy and variance were derived and their usefulness for the
approximate description of the spectra was i1lrstrated.

9. It was shown, that general summation methods over all or only final
configuration many-electron quantum numbers can be modified to obtain mean
characteristics of spin-doublet groups of lines. In such a way some princi~
pal formulae for the energy levels, emission and other spectra were obtained.

10. New expression for the coeflicieui- of CoulomB exchange interaction
between -two open shells l‘:‘l 122 was derived, revealing the existence of two
groups of terms, caused by this interaction. Such groups are separated
energetically in the configurations n(1-1)'n1® and m%*2™M n(1+1) at
N=1,2. This expression explains the known pattern of some photoexitation
spectra, l.e., the shift of their maln maximum to the higher snergles.
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By diagonalizing the matrix .of maln coefficients g“ -1 it is pos-
12

sible to obtain new wavefunction basis, more exact than the usual coupled
momenta basis. This result led to the construction of the particle-hole ba-
sis for many-electron atoms. ’

11. The method for determining the dependence of atomic quantities on
spin quantum numbers was developed, useful for the evaluation ef the mean
characteristics of spin groups. Its extension to the spin analog 1sospin
leaded to an expression for Coulomb interaction energy, averaged over all
quantum numbers, except isospin. In a separdte case it presents the energy,
averaged over terms, absent in the lower configurations of the same
symmetry, which 1s useful for obtaining wavefunctions orthogonal to the
functions of lower states.

12. Consldering the electronic shell in & state of its hilghest
multiplicity as consisting of two subshells with electron spins directed up
and down, the formulae for the energy and quantum numbers of the ground
level were‘derived. They were used to explain the pegularitles in the
electron binding energy as a function of a number of electrons in a shell.
The interval rules for the binding energies were derived and their high
accuracy for various jons, even at a high degree of ionization, was shown.

‘13'. Mean chai‘acter_lstlcs of the configuration mixing in atoms: the con-
figuration mixing strength, variance of spacings between lnter;acting levels,
shift of (statistical) moments due to CM were introduced and expressed by the
averages of the producté of operators. The uéefulpess of the configuration

mixing strength for the investigation of CM in (s+d)™?

complex of iron
group elements was demonstrated. 3

14.The formulae or the sfuif‘t of the average energy and variance due to
CM.were derived In the case of transitions from two mixing configurations or
into two mixing configurhtions. It was shown, that mixing of the configura-
tions ni1-1)"'n1" and n1™2n(1+1) always leads Lo the shift to higher ener-
gles and narrowing of the ‘emission spectf-un. corr- ponding to the electric
dipole transitions into the configuration n™!. This effect increases while
increasing the degree of ionization, decreasing the principal quantum number
and Increasing the orbital quantum number.

15. All tre configurations, for which the Brillouin’s theorem is ful-
filled ln Rartrce-Fock approximation for the average energy and LS-term or
in 1sospin basis, were determined. When this theorem does not hold, the quen-

ching terms were established for single-electron excitatlons.-
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16. The efficiency of the CM method, taking into account'few strongly

n1™%n(1+41) or (s+d)¥, for the’

mixing configurations n(1-1)"'n1"
interpretation of satellite structure of Auger, X-ray and photoelectron
spectra was demonstirated. The calculations of the energles and intensitles
of the satellite lines 1n:Kx~ M‘,SNN. Xe N"SOO Auger spectra, ‘Ar' "Lz.s X-ray
spectrum and Ba 4d electron spectrud were accomplished and the
interpretation or reassignment of some lines was proposed.

Consequently as the result of this work the theory of aéons with vacan-
cles, X-ray and Auger spectra was essentlglly extended: new features of the
configurations with vacancies (éppr‘oximate invariance of the Auger and radi-
ative widths and fluorescence yields, appearance of the level groups, caused
by Coulomb exchange interaction) and the relations ;)etween such cenfigura-
tions structure and X-ray or Auger spectra peculiarities (shift of the pho-
toexcitation spectrum, narrowing ofl the emission spectrum. regul..rities of
the binding energies) were revealed, general methods for obtaining explicit
expressions for mean characteristics of spectra, their line or level groups
were elaborated and applied to obtain main global characteristics of spectra
and many-body effects in them, new wavefunction bases were sugzgested, effici-
ent theoretical methods for the analysis of X-ray aﬁd Auger spectra were ela-
borated and applied for their interpretation. Some of these results and de-
veloped methods are also a.ppllcable in the optlcal spectra and nuclear shell
theory.
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REZIUME

Habilitaciniame darbe iéplétota sudétihgy atomy su vakansijomis vidi-
niuose elektrony sluoksniuose ir Rentgeno bei 02é spektry, atitlnkan¢iy ra-
diacinius ar neradiacinius suol_us tokiuose atdeose. teorija. Irodyta neti-
keta konrigoraciju su vekansi jomis savybe: lygnénq parcialiniy beil pilny na-
taraliy plocly, apspresty Oze ir radlaciniy sucliy, o taip pat fluotrescenci-
Jos nasumo apytikris Invariantiskumas. Tai leidZia 2ymidl supaprastinti siy
dydziy skaiclavima. Nustatyta, Jog konfigdract jotse su dviem atvirals sluoks-
niaisAgali susidaryti lygmeny grupés, apsprestos elektrostatines pamainines
savelkos tarp elektrony, kas atskleidzia jdomius sary#ius tarp energl jos
lygmeny Ir Rentgeno spektry struktiros, o taip pat igalina ivestl naijas
tikslesnes banginiy funkcijy bazes. Gaitos daugiselektroniy suolly (staigios
perturbaci jos artutinume) ir Oze sucliy tikimybiy 1sraiskos atoridms su atvi-
rals sluoksnlais. Jos panaudotos pirmiems Rentgenc spektry - tyrimans,
atsizvelgiant | kaskada procesy, lemianciy spektro straktura. Parodyta, Jog
keliy stiprial susimaisanciy konfigaractjy modelis gdna geral paaiskina in-
tensyviy satelitiniy linijy atsiradima Rengeno ir O2é spektruose.

Darbe suformuluctas bendras dlagraminis sumavimo metodes, {galinantis
gauti energijos lygmeny, emisijos ir Oze spektry vidutiniy charekteristiky
algebrlnes israiskas vienkonfigoraciniame 1r konfigoraci jy suniaisymo artuti-
numuose. Jis pritalkytas siy spektry pagrindinéms charakteéistlkoms rasti. -
Tai isplecia sudetingy spektru, kuriuos spindulivojd plazme ar laisviejl
atomal, teorinio aprasymo galimybes, o taip pat igalina numatyti ir tirti
bendrus spektry desningumus.‘NaudoJantis antrinio kvantavimo atvaizdavimu
ispletoti bodai lygmeny bel liniju grupliy, o talp pat spektry, atitinkanéiy
suolius 18 ‘vieno lygmens } ;isus'kitos konfigaraci jos lygmeénis, vidutinéms
charakteristikoms rasti. Minétieji metodai taip pat pritalkyti koreliciniams
efektams atomuose tirtiz

Kal kurl; gauti teorinial rezultatal pritalkomi ir optinéje spektrosko-
piJoje bei branduolio sluoksniy teorijoje.

Daugelis gauty teoriniy rgzultatu galioja ir optineéje spektroskopljoJe,

o kal kurie- taip pat atomo branduolio sluoksnly teori joje.
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