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The fundamental results obtained in the past 10-15 years in studying the correlation intershell
interaction in atoms are reviewed. Major attention is paid to photo processes in which the
manifestations of intershell interaction have been studied both experimentally and
theoretically to the greatest degree. The strong influence of multielectron shells on the few-
electron shells is demonstrated with concrete examples by comparing the results of various
calculations and the existing experimental data for the partial ionization cross sections, the
angular distributions, and the degree of polarization of the photoelectrons. The general
qualitative regularities of the manifestations of the intershell interaction and their differences
in atoms with filled and unfilled shells are discussed. The processes of readjustment of the
electron shells of an atom that arise from the appearance of a vacancy and their influence on
the intershell interaction are examined. The literature is covered to April 1986.
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1. INTRODUCTION

Up to the middle 60s, the single-particle model pre-
dominated in the study of ionization of atoms, based on the
concept of independent motion of the electrons in an
atom.1"5 The simplest variant of the single-particle model,
the hydrogen-like approximation,2-4 treats the motion of the
electrons in the screened field of the nucleus, which retains
its Coulomb nature. However, this approximation proves
too crude, yielding a considerable error even in describing
the positions of the levels in which the atomic electrons are
situated.

The refinement of the mean field in which they move
independently led to the devising of the most perfected var-
iant of the single-particle model—the self-consistent-field
approximation of Hartree and Pock.'-4'5 The latter has en-
abled substantial advances in the description of the structure
of atoms. In particular, values of the total energy and ioniza-

tion potentials of the different subshells have been obtained
within the framework of the Hartree-Fock approximation
that are very close to the experimental values. It was possi-
ble, at least semiquantitatively, to describe the excitation
and ionization probabilities of atoms (Ref. 4 and the refer-
ences contained therein), as well as the energies and other
characteristics of excited and ionized states.

In the 60s new experimental data revealed a set of fea-
tures in the absorption spectra and ionization cross sections
that were not explained within the framework of single-par-
ticle models, including the Hartree-Fock method. The
further comparison of experiment with the most exact calcu-
lations of that time4'6 showed the need for escaping the
framework of the single-particle approximation. Moreover,
as it turned out, the Hartree-Fock method has certain inner
defects in describing ionization in that it violates the sum
rules that are valid when describing an atom using exact
wave functions.5
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By definition, going outside the framework of the Har-
tree-Fock approximation implies taking account of many-
electron correlations arising from the component of the elec-
tron-electron interaction that is neglected in defining the
self-consistent mean field. It is natural to take account of this
interaction, sometimes called the residual or indirect field,
initially among the electrons of only a single shell," since the
latter are well separated in space and energy. As applied to
the study of processes of ionization and excitation of atoms,
the correlations were first successfully taken into account
within the framework of the approximation of random
phases with exchange—the ARPE.7 It was possible in these
calculations,7 and then by using other methods,8"1' allowing
for the residual interaction among the electrons of the shell
being ionized, to obtain satisfactory agreement with the ex-
perimental data on the total photoionization cross sections
in the region of energies of quanta from the ionization
threshold to several hundred electron volts. It turned out
that the residual interaction among the electrons is substan-
tial for all outer and intermediate multielectron shells p6,
d10, and f14, which give the greatest contribution to the total
photoionization cross section.

The next stage was to take account of the residual inter-
action of electrons belonging to different shells.12'13 We call
this interaction the intershell interaction, in contrast to that
mentioned above, which was later termed the intrashell in-
teraction. Although the atomic shells are well separated
from one another, taking account of the coupling of elec-
trons of different shells proves very important in describing a
number of dynamic processes in an atom. The intershell in-
teraction is manifested most strongly in the ionization cross
sections of few-electron shells, in the total ionization cross
sections at the thresholds of the inner shells, in the angular
distribution and polarization of the photoelectrons, in the
decay of vacancies in the inner shells, and in the photoelec-
tron spectra. The prediction of a substantial effect of the
multielectron shells on the few-electron shells,12'13 the total
loss by the latter of their individuality, and as a consequence,
their collectivization, has served as an impetus to broad ex-
perimental and theoretical study of the manifestations of in-
tershell interaction.

A large number of studies have been conducted up to
now in this field of atomic physics, and an extensive material
has been amassed that enables revealing the role and funda-
mental features of the manifestation of intershell interac-
tion. The studies that have been performed have shown that
it is substantial in all the atoms of the periodic system.

This review is devoted to presenting the fundamental
results obtained in this field during the past 15 years. Main
attention is paid to the dynamic processes in atoms in which
the intershell interaction plays a decisive role and its mani-
festations are most significant. The energy structure of
atoms is practically not discussed in the review, since inter-
shell correlations generally play a smaller role in determin-
ing it (in particular, the energies of single-electron levels)
than in determining the probabilities of transitions.

One can take account of the interaction between the
shells of an atom by using a number of theoretical methods
(see the review of Ref. 14). The widespread ones use the
apparatus of many-body theory and apply the diagram tech-
nique,15 i.e., the ARPE7'16 and many-particle perturbation
theory (MPT).17-18 While based on the Hartree-Fock ap-

proximation as a zero-order approximation, the apparatus
of many-body theory enables one to represent the mecha-
nism of any process under study in the lowest nonvanishing
order of perturbation theory with respect to the interelec-
tron interaction and to represent the corrections to it in the
higher orders.

In this review we shall use the apparatus of many-body
theory.

To describe the phenomena associated with the fine
structure of the levels and the polarization of the photoelec-
trons, we must allow for relativistic effects. The existing rela-
tivistic variants of the ARPE19 and MPT20 methods have
substantially expanded the field of study of the intershell
interaction (see Sees. 2.6, 4.2, and 4.4 below).

Among the other approaches we note the method tradi-
tional in atomic physics of configuration superposition and
its different modifications: the multiconfiguration Hartree-
Fock approximation,21 the R-matrix approximation,9 and
the transition-matrix method.22 The local-density approxi-
mation, which was borrowed from the theory of an inhomo-
geneous electron gas, has been developed recently in atomic
calculations. Good results in studying atoms are obtained by
using a variant of this method that takes account of the time-
dependence of the electron density in ionization and excita-
tion processes—the so-called time-dependent local-density
approximation.23 Some of the methods cited above also have
relativistic generalizations.24'25

Simultaneously with the development of the theoretical
approaches to atoms, and often overtaking them, the front of
experimental studies has considerably expanded.26 This has
been facilitated by the appearance of new, powerful sources
of continuous-spectrum radiation and by progress in the
techniques and methodology of experimental measure-
ments. All this enables one to obtain more reliable and de-
tailed information on the structure of the atom.

In this review major attention is paid to intershell ef-
fects manifested in different photoprocesses, where they
have been studied to the greatest degree, both theoretically
and experimentally.

2. PARTIAL IONIZATION CROSS SECTIONS OF ATOMS WITH
FILLED SHELLS

2.1. Determinations of the amplitude and photoionization
cross section

Let us examine the photoionization amplitude and
cross section with account taken of electron correlations. In
Sec. 2 and below we shall use the atomic system of units:
fi = mc = e = 1.

In the region of energies of quanta

where k is the wave vector of the photon, c is the velocity of
light, and Rnl is the effective radius of the shell being ionized,
the dipole approximation is valid. The operator for the inter-
action of an atomic electron with the electromagnetic field in
the dipole approximation is usually written in one of two
equivalent forms—distance (r-form) and velocity (V-
form). The corresponding photoionization cross sections in
the single-electron approximation have the form
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(to) = 4n2«w | e (m | r |
(2.1)

Here (m\r /) and <m V| /> are the amplitudes of the dipole
transitions of an electron from shell / to the state m, e is the
polarization vector, a=l/c^ 1/137, and co = Em —Ei

(Em and £, are the energies of the states <m| and |i)).
In taking account of the residual interaction, one substi-

tutes for the dipole matrix elements (m r | /> and (m\V\i)
matrix elements which take into account the electron corre-
lations, e.g., in the ARPE16 or MPT17 approximation.

The electrons of each shell having the quantum
numbers « and / can undergo dipole transitions «/-»«'/ + 1
to free states of the discrete or continuous spectra. The tran-
sition yielding the main contribution to the total photoioni-
zation cross section in the given energy region is called the
"strong" transition, and the others "weak." The probability
of photoionization of shells possessing "strong" transitions
is substantially altered upon taking account of the interac-
tion between the electrons of the given shell.7'16 That is, the
intrashell correlations are large for them, whereas the role of
these correlations is usually small for shells with "weak"
transitions.

The intrashell interaction is taken into account within
the framework of the ARPE by solving the integral equation
for the amplitude of the phototransition «,/, -»£/ (e is the
energy of the ejected electron)7:

f \ f(
' }h-,i-\

U I eT,

| e'O(6T. El | U | »!/!. l i i i t )

co + e — £^ , — i /6-*n
(2.2)

Here (\d \} is the dipole matrix element calculated with the
Hartree-Fock wave functions (in the r- or the V-form),
{\D (a) |) is the dipole matrix element with allowance for the
intrashell interaction, E^,t is the energy of an electron in the
n,/, shell, and (n,/,,e/|tf |e7',«!/]) is the dipole component
of the interaction between the electrons of the single shell
that undergo the dipole transitions «,/, ->£/, s'l'. The latter
matrix element is determined by the difference between the
direct and exchange Coulomb matrix elements:

<«,/„ el\U\B'l', el r-ri |
eT

— < « f , e l e' / '>. (2.3)

The symbol (2, S)£'j- in (2.2) denotes summation over all
the quantum numbers of the intermediate state (including
integration with respect to the energy e' in the continuous
spectrum). For all shells but the s-shells, there are two dipole
matrix elements (el + \\D((o)\nl}, which determine the
partial photoionization cross-sections upon substitution
into (2.1) instead of the single-particle amplitudes.

The ARPE method takes account of only part of the
residual interaction among the electrons of the given shell.
In diagram language one can write Eq. (2.2) in the following
form:

(2.4)

Here a dashed line denotes a quantum of the external field, a
line with an arrow to the right (or to the left) indicates a
particle, i.e., an electron in the excited state (or a hole, i.e., a
core electron of the atom), while a wavy line denotes the
interaction < | ( l / ( r — r , ) | ) between the electrons. Calcula-
tions by perturbation theory8 up to fourth order have shown
that precisely the terms of the series of (2.4) yield the main
contribution to the amplitude. Physically, within the frame-
work of the ARPE, besides the direct action of the photon on
the given electron, one takes account of the small change in
the mean self-consistent field arising from absorption of the
photon by the other electron shells.

One must take account of the intrashell correlations in
describing the total photoionization cross sections, since the
latter are determined by the "strong" transitions. Thus, tak-
ing account of the intrashell interaction for np6 and nd'°
electrons has enabled explaining the behavior of the pho-
toionization cross sections, initially for the noble-gas atoms:
Ne, Ar, Kr, and Xe,7 and then for a number of other
atoms.14'16'26

For "weak" transitions in the outer and intermediate
shells the role of the intrashell correlations is usually small.
In these cases henceforth we shall restrict the treatment to
presenting the results of only the single-particle Hartree-
Fock calculations, while understanding that taking account
of the intrashell interaction leads to similar results. How-
ever, for "weak" transitions the influence of adjacent shells
that possess "strong" transitions proves very significant.
Study of the partial photoionization cross sections of shells
with "weak" transitions enables one to establish the general
features of the intershell interaction.

Let us write the amplitude of the single-electron pho-
toionization of the shell «,/, with transition to the state el in
the form of the two terms:

- (el \ (2.5)

Here the first term describes the direct transition of the elec-
tron from the shell owing to absorption of a quantum of the
electromagnetic field by one of its electrons. This can be the
amplitude obtained in the Hartree-Fock approximation or
that obtained with account taken of the intrashell correla-
tions, if they are large. The second term — the intershell cor-
relation amplitude — describes the influence of the other
shells of the atom on the ionization of the shell being studied.

In most cases one can restrict the treatment to the first-
order perturbation theory in the residual interaction
between the electrons belonging to different shells. For sim-
plicity we neglect for now the contribution of the intrashell
correlations for a weak transition. In this approximation the
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total amplitude of the phototransition n,/, -»£•/ can be writ-
ten graphically in the form

£'l'

(2.6)

Here each unshaded block corresponds to the amplitude of
the «2/2 ->£'' ' transition with allowance for the intrashell cor-
relations determined from (2.4), while a wavy line corre-
sponds to the Coulomb interaction between the electrons of
different shells. The four latter terms in (2.6) amount to
{ |£>c (o>) | >, the intershell correlation amplitude. It takes ac-
count of the process, complex in comparison with that de-
scribed by the first term in (2.5) and (2.6), of ionization or
excitation: the incident ^-quantum is absorbed initially by
the «2/2 shell (n^n2 and 1\^12) to form a real or virtual
intermediate state n2l2-*e'l ' . Then, owing to the interaction
between the different shells the quantum energy is trans-
ferred to the electrons of the n ,/, shell. The analytical expres-
sion for the correlation amplitude in the first order in the
intershell interaction has the form

ntlt)(ntli, el \ V \ nT,
Jl j f l j l

I eT) (sT, &l \ U \ n2lz,
co + e' — £„,,,— i8

Here the matrix element for the intershell interaction

V"2 2* I I * 1̂ 1 / \^1 "/ ^2i 'l "/'"' '2)

is determined, according to (2.3), by the sum of the direct
and exchange matrix elements. If we restrict the treatment to
taking account of only the one shell «2/2, then the summation
over «2 and 12 in (2.7) is not performed.

As^a rule, the matrix elements of the intershell interac-
tion ( \ U \ ) are substantially smaller than the matrix ele-
ments defining the interaction among the electrons within a
single multielectron shell having a "strong" transition, and
they rapidly decline with increasing energy. Therefore, if we
restrict the treatment to the first order in the intershell inter-
action, we can find from Eqs. (2.5)-(2.7) that the influence
of the adjacent shells becomes substantial when the follow-
ing conditions are fulfilled:

1) The dipole matrix element of the transition from the
perturbing shell must be large enough

(eT | D (w) | | 0 ( < a ) l » i Z i > | . (2.8)

2) The interacting shells must be close, or at least, of the
same order in £„,,, ~•£«,;,. smce to = e — En>li and the ma-
trix elements have the greatest values at energies of the order
of the ionization potential.

These conditions are certainly fulfilled for the outer and
intermediate few electron shells when a multielectron shell

with a "strong" phototransition proves to lie adjacent.
It is expedient to distinguish the influence of an outer

shell on the ionization of a deeper shell and that of an inner
shell on an outer shell. Owing to the differing manifestation
of the intershell interaction for these cases, we shall examine
them separately. We note also that Eqs. (2.2)-(2.7) have
been written for atoms with filled shells, since they are the
simplest and most convenient objects for theoretical study.

2.2. Influence of the inner shells

Let us examine the influence of the inner shells on the
photoionization of electrons from the outer shells. In this
case we can arbitrarily distinguish several regions of differ-
ing manifestation of the intershell correlation:

1) up to the ionization threshold of the inner shell, in
which only the virtual excitations of its electrons exert an
influence on the ionization;

2) at energies larger than its ionization potential (inter-
action of open channels);

3) the region of energies in the vicinity of discrete exci-
tations of the inner shell, which is manifested in the absorp-
tion spectrum in the form of a set of autoionization reson-
ances.

In this section we shall limit the discussion to a qualita-
tive treatment of the first two regions.

The radius rt of the outer shell is usually considerably
greater than the radius r2 of the inner shell, while the ioniza-
tion potential is much smaller. Hence the expressions (2.5)-
(2.7) for the photoionization amplitude are simplified. If the
difference between the ionization potentials of the outer and
inner shells is large, then we can neglect the exchange inter-
action in {| U |), while the dipole component of the Coulomb
matrix element for r, > r2 is simplified:

el

« <«2*2 I r2 I e'O (si -J3- «i'i) • (2.9)

Upon substituting (2.9) into the correlation amplitude of
(2.7), we can write the total photoionization amplitude
(2.6) in the following form (in the form involving the dis-
tance d = r):

< e Z | 5 ( w ) | n , Z 1 > « < e / | r 1 — ̂ -a(w) ]«, / ,}, (2.10)
M

Here a(co) is the dynamic dipole polarizability of the inner
shells of the atom, as determined by the relationship16

« (cu) = 2

(e'~Entll). (2.11)

At low energies a> up to the ionization threshold of the shell
«2/2, we can neglect the frequency-dependence a (a), and
retain the static polarizability a =a(0) in (2.10):

(el\D\ «,/,> « (el a
ti—^-ri (2.12)

The dipole matrix element was first presented in this form in
Ref. 27, and has been employed for eliminating the discrep-
ancy between the theoretical and experimental data involv-
ing the sums of the oscillator strengths in the alkali metals

452 Sov. Phys. Usp. 30 (6), June 1987 M. Ya. Amus'ya and V. K. Ivanov 452



17, mb

4 -

FIG. 1. Photoionization cross section of the 4s2 shell of Ca. Cal-
culated: /, 2—Hartree-Fock approximation, <fa and <rj respec-
tively; 3—ARPE with allowance for intrashell correlations; 4—
with allowance for the influence of the 3p6 shell13; 5—with
allowance for the influence of the 3p6 shell and two-electron
resonances.32 Experiment29—curve 6. IHF and 7* are the theo-
retical and experimental ionization thresholds.

(see Sec. 3.2 for more details on the photoionization of alkali
atoms). Since these atoms contain one s electron each in the
outer shells, intrashell correlations are completely lacking
for them.

However, to describe the dependence of the photoioni-
zation cross section on <a, taking account of the static polar-
izability is evidently insufficient, even for ns shells of the
alkali-metal atoms, not to mention filled shells, since the
interaction among shells is highly dependent on the energy.
Moreover, for many atoms the radius of the inner shell
where the dynamic polarizability substantially affects the
removal of the outer electron is of the same order of magni-
tude as that of the outer shell. Therefore, Eqs. (2.10)-(2.12)
can be employed only for qualitative estimates of the ampli-
tudes.

A striking example of the influence of an inner shell up
to its ionization threshold is given by the behavior of the
photoionization cross section of the outer ns2 shells in the
atoms of the alkaline-earth metals. They obey the condition
(2.8):the(« - l)p6 or (n - l)d10 shells closest in energy to
the ns electrons have strong transitions to the discrete and
continuous spectra.16'18'28

Figure 1 presents the results of different calculations of
the photoionization cross sections of the 4s2 shell of Ca and
the experimental data29 up to the ionization threshold of the
3p6 shell. The cross sections obtained in the single-electron
Hartree-Fock approximation in the "r" and "V" forms (a^
and (TO) strongly differ from the experimental values and
from each other. For the two 4s electrons the intrashell inter-
action also proves substantial: taking it into account brings
cf and (7V closer together, but at the same time the discrep-
ancy with experiment remains large.13 The perturbation of
the inner 3p6 shell, which mainly is governed by the dipole
transitions 3p-»3d, ed to a discrete level and to the contin-
uous spectrum has diminished the cross section at the 4s2

threshold twofold. Taking account of this influence in differ-
ent calculations13'30 has improved the agreement with exper-
iment, yet has not yielded final agreement. As recent experi-
mental31 and theoretical32'33 studies have shown, discrete

two-electron excitations in the 4s2 shell itself, in addition to
the intershell interaction, play a large role in the formation
of the photoabsorption spectrum of 4s2Ca. The former, espe-
cially the transition 4s2 -»3d5p, have a relatively large oscil-
lator strength and lie in the immediate vicinity of the single-
ionization threshold of 4s2. These excitations have been
taken into account by a method lying outside the framework
of the ARPE and using the MPT.32 It was shown that the
two-electron excitations diminish the single-photoioniza-
tion cross section at the threshold by interfering with the
continuous spectrum of the transition 4s-»£p (see Fig. Ib).

At large energies up to the ionization threshold of the
3p6 shell, autoionization resonances involving excitation of
the 3p electrons dominate in the photoabsorption spectrum
ofCa.32'33

In Zn atoms the 3d electrons exert the major influence
on the photoionization cross section of the outer 4s2

shell.16-18 The behavior of the cross section near the 4s
threshold is analogous in general features to <74s in Ca. We
note only that in Zn both dipole transitions from the inner
shell 3d-»£f and 3d-»£p have about the same effect on the 4s
electrons. This involves the fact that, although the 3d-»ff
transition is the principal one, the maximum of its cross sec-
tion is shifted into the region of large energies as compared
with 3d->£p, where the maximum occurs at the threshold
region. Moreover, the 3d-»mp (m = 4, 5,. .. ) transitions
have relatively large oscillator strengths. Taking account of
these transitions diminishes the cross section tr4s in the
threshold region of the 4s2 shell and gives rise to a resonance
structure at large energies.18'34

In the heavier alkaline-earth elements, such as Cd, Ba,
and Hg, the situation for the outer ns2 shells proves similar to
that found in Ca and Zn: the photoionization cross section
crns is governed by the intershell interaction and by the influ-
ence of the virtual excitations of the inner shell.28'35"37 For
the lighter elements Be and Mg the intershell interaction is
considerably weaker and does not affect the photoionization
process so substantially.38^10

Beyond the ionization threshold of the inner shell, its
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FIG. 2. The amplitude of the 5p-»ed transition in Xe in the
vicinity Aof the ionization threshold of the 4d'° shell.41 /, 2—
Re(ed\i) \sp), respectively without and with allowance for the
influence of the 4d'° shell; 3—lm(ed\D \sp) with allowance for
the influence of the 4d'° shell (without allowing for it Im<|Z) |> is
very small, ~10~3-10-" a.u.).

influence is determined not so much by the integral oscilla-
tor strength as by the concrete dependence of its cross sec-
tion on the energy. The sharper the energy dependence of
tinner &> the stronger its influence on the outer electrons
proves to be, as is usually manifested in the form of a maxi-
mum in the photoionization cross section of the latter. As a
rule, this maximum qualitatively copies the ionization cross
section of the inner shell.

We can conveniently illustrate what we have said with
the example of photoionization of the 5p6 shell of Xe (and
the elements following it in the periodic system) in the vicin-
ity of and above the ionization threshold of the 4d10 shell. At
quantum energies «>/4d the contribution of the 4d elec-
trons dominates the total photoabsorption cross section.
Here, while in Xe the maximum of the cross section lies at
energies ~30 eV beyond the threshold,4'16 with increasing
charge Z of the nucleus, the maximum becomes higher and
approaches the threshold, yet does not emerge into the dis-
crete spectrum, as is manifested in the large oscillator
strength of the 4d -»4f transition. Thus one can systematical-
ly trace the influence of the form of the ionization cross sec-

tion of the inner 4d10 shell on the ionization of the 5p elec-
trons with increasing Z.

One cannot restrict the treatment to a simple estimate
of the correlation amplitude (2.7) in this case. However, one
can see an important circumstance from (2.7): at energies
above the ionization threshold a> + Enj2 > 0, the real part of
the amplitude in (2.7) changes sign. The imaginary part of
the amplitude is proportional to the product:

Im {el \ D* (to) | n,Z4>

el \U\e'l', (2.13)

and can also vary strongly with the energy. Figure 2 shows
the real and imaginary parts of the amplitude for the 5p->fd
transition in Xe, as obtained within the framework of the
ARPE without and with allowance for the effect of the 4d10

electrons, respectively.41 We see that the action of the 4d10

shell has led to a very complicated dependence on a>. The
4d'° shell affects the amplitude of the 5p-»fs transition con-
siderably more weakly.

In the partial photoionization cross section of the 5p6

a, mb

FIG. 3. Cross section for single photoionization CTO
+ without

allowance for the influence of the 4d'° shell and a^ with
allowance for its influence and the partial contribution of the
5p6 shell <r5p of Xe in the vicinity of the threshold of the 4d'°
shell. Experiment for <7+: 1—Ref. 42; 2—Ref. 43.

3 4 5 6 7
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shell of Xe including the 5p-»£d and 5p-»£s transitions
(Fig. 3), the amplitude variations have been smoothed out,
so that the influence of the 4d'° shell is expressed in the
appearance of only one maximum in the cross section.13-41

We note that here we are dealing with the interaction of two
multielectron shells having "strong" dipole transitions to
the continuous spectrum, but in substantially different ener-
gy regions: <75p gives the fundamental contribution to the
overall cross section up to co 5 50 eV, while cr4d contributes
beginning at w S 70 eV.4> 16 In the vicinity of the threshold the
4d10 transitions from the 5p6 shell become weak, and then
become more subject to the influence from the other transi-
tions.

A substantial effect of an inner shell above its threshold
on an outer shell is manifested in the increase in the cross
section a+ for yield of singly-charged ions in a number of
atoms. Thus, for example, in the Xe atom the increase in the
yield of Xe+1 ions when ca > 74d can involve only the ioniza-
tion of the outer 5s2 and 5p6 shells, since the ionization of the
inner 4d electrons leads to formation of doubly charged ions
(owing to the overwhelming probability of Auger decay of a
4d vacancy as compared with radiative decay). The cross
section a+ is composed of the cross sections for removal of
electrons from the 5p6 and 5s2 shells. The curve a+ for the
yield of singly charged ions has a maximum beyond the
threshold 74d that is fully due to the influence of the 4d10

shell,16 as is illustrated in Fig. 3. The experimental data42'43

confirm the great role of the intershell interaction.
The 3d10 electrons of Kr exert an analogous effect on

the ionization of the outer 4p6 and 4s2 shells.16'42 However, it
is expressed considerably more weakly than in Xe, which
involves the relatively small amplitude of the 3d -»ef transi-
tion and its smoother energy dependence.

In the atoms following Xe in the periodic table (Cs, Ba,
La), the effect of the 4d10 shell on the photoionization of the
outer electrons is manifested even more strongly than in
Xe44"46 (see Sec. 5.1). With further increase in the nuclear
charge Z it is manifested mainly in the form of an autoioniza-
tion resonance involving the 4d-»4f transition.47

Thus, in the vicinity of its threshold the considerable
influence of an inner shell having a strong transition to the
continuous spectrum has a quasiresonance character and is
typical of most heavy atoms. Qualitatively we can represent
the pattern of the photoionization process as follows. The
incident electromagnetic field gives rise to oscillations of the
electrons of the inner shell with great amplitude. Owing to
the strong coupling with the outer electrons, these oscilla-
tions transfer to the latter the energy of the absorbed quan-
tum and thus enhance their ionization probability. Thus the
phenomenon recalls autoionization resonances in its nature.
However, in the cases being studied, we are not dealing with
the interference of a discrete level with the continuous spec-
trum, but that of an energy-localized maximum of the con-
tinuous spectrum of one shell with the diffuse continuous
spectrum of another shell.

2.3. Influence of the outer shells

The outer multielectron shells can substantially screen
the electrons internal to them from an external electromag-
netic field. When the coupling between the shells is strong
enough, also the ionization of the inner shells can be ampli-

fied. This effect in the behavior of the partial photoioniza-
tion cross sections of the outer «s2 shells of atoms of the
noble gases was first predicted theoretically,12'13 and then
found experimentally.48~so It turned out that the probability
of ionization of the «s2 electrons is governed over a broad
energy range by the influence of the outer «p6 shells.

In contrast to the case treated in Sec. 2.2, here we are
always dealing with the interaction of two open channels in
the photoionization process. An overall estimate of the mag-
nitude of the intershell correlation amplitude of (2.7) is dif-
ficult, and one can perform it only by using concrete models
for calculating the Coulomb and dipole matrix elements.
The calculations show that, in the most important energy
region, the correlation amplitude has a fixed sign and de-
clines rapidly with increasing co.

The fact that the intershell interaction is substantial for
the outer shells of the atoms of the noble gases is also implied
by the fulfillment of the conditions (2.8). In fact, the contri-
bution of the «s2 shells to the overall photoionization cross
section amounts to 1-3%, while the main contribution at
quantum energies up to 80-100 eV conies from the «p-»ed
dipole transition from the «p6 shell.4-7 The difference in ioni-
zation thresholds of the «s2 and np6 shells for all noble-gas
atoms is relatively small and amounts to ~ 10-15 eV. Conse-
quently the intershell correlation amplitude of (2.7), where
the «p-»£d transition has been taken into account in the
intermediate state (n2l2^£'l'), becomes of the same order of
magnitude as the amplitude of the direct «s->ep2 transition
from the ns2 shell. Thus, for the Ar atom the correlation
amplitude describing the overall influence of the 3p-»fd and
3p-»es transitions exceeds the amplitude of the direct
3s-»£p transition in absolute magnitude even severalfold at
the ionization threshold of the 3s2 shell, and has an opposite
sign. With increasing a>, the matrix element (ep\Dk \ 3s) de-
clines rapidly, so that, starting at a certain energy, the direct
amplitude becomes greater than the correlation amplitude.
Consequently the real part of the amplitude passes through
zero, and as it turns out, the imaginary part also vanishes
near this energy. Hence a minimum appears in the photoion-
ization cross section, which is absent when one neglects the
effect of the 3p6 electrons. We can see in Fig. 4, which shows
the cross sections of the 3s2 shell of Ar in both approxima-
tions, the role of the intershell interaction, which has led not
only to quantitative, but also to qualitative changes. The ex-
periments of several groups48-49-51-52 and the calculations
within the framework of other methods9-53"55 have con-
firmed this result for <73s in Ar.

The physical explanation of such behavior of the pho-
toionization cross section is as follows. The multielectron
outer 3p6 shell screens the deeper 3s2 shell from the external
electromagnetic field, with a degree of screening depending
on the frequency of the incident light. At low energies close
to the ionization threshold of the 3s2 shell, the incident elec-
tromagnetic wave is absorbed mainly by the 3p6 shell,
"pumps" it, and removes the 3s electrons, owing to the
strong coupling with 3s2. At the ionization threshold <u S 73s

actually the entire process is governed by the influence of the
3p electrons on the 3s. With increasing energy of the quanta,
the dipole polarizability of the 3p6 shell declines and the
mutual coupling between the shells decreases. At a certain
photon frequency at which the forced displacements of the s
electrons owing to direct absorption by them of a photon and
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FIG. 4. Photoionization cross section of the 3s2 shell of Ar 1—
ARPE within the framework of the 3s—ep transition, 2—
ARPE with allowance for the influence of the 3p6 electrons.13

Experiment: 3— Ref. 48, 4—Ref. 51, 5—Ref. 49, 6—Ref. 52.

2.0 2,5 •4.0 61, Py

the displacement under the action of the p electrons occur in
counterphase, the ionization cross section has a minimum
value. Upon further energy increase, the outer shell becomes
ever more "transparent" to the incident light and the pho-
toionization cross section approaches a value determined by
the direct interaction of the radiation with the 3s electrons.

An analogous behavior of the partial photoionization
cross section of the outer s electrons has been found theoreti-
cally13 and experimentally49 in the atoms Kr and Ne (Fig.
5). For the Ne atom the intershell interaction is weaker and
the amplitude of the 2p-»£d transition is smaller than for the
corresponding transitions in the other noble-gas atoms.
Hence the screening influence of 2p6 is smaller and a mini-
mum in the cross section does not appear.9-13'50-55

A strong influence of the outer shells on the deeper
shells is characteristic not only of strong outer shells. As
concrete calculations16-37 for Pd, Xe, Cs, Ba, and Hg have
shown, in heavy atoms the intermediate 4d10 and 5d10 shells
always strongly screen the lower-lying p6 and s2 shells.

2.4. Collectivization of /re2 shells

In heavy atoms in which the main contribution to the
total photoionization cross section comes jointly from sever-
al multielectron shells, the situation often arises in which
they all exert a strong influence on the ionization of the few
electron shells. In this case the correlation amplitude enter-
ing into (2.5) is presented in perturbation theory first-order

in the intershell interaction in the form of the summation:

(el (2.14)

Here every term is determined by Eq. ( 2.7 ) and describes the
influence of the shell «,•/,• on the amplitude of the transition
from n 111 . Since the direct and correlation amplitudes gener-
ally have a different dependence on the quantum energy and
can change sign at certain o> values, the total amplitude de-
termined by their sum can be a very capricious function of
the energy.

This is illustrated strikingly by the example of pho-
toionization of the 5s2 shell of I, Xe, Cs, Ba, and the atoms of
the rare-earth elements. In all of them the 5s electrons lie in
energy between the two multielectron shells 5p6 and 4d10,
which possess strong dipole transitions. Figure 6 shows the
results of calculations of the photoionization cross section of
the 5s2 shell of Xe in different approximations16'57 and the
experimental data.43-49-58 Upon allowing for the influence of
the adjacent shells, the smooth behavior of the cross-section
in the Hartree-Fock approximation typical of all outer «s2

shells of noble-gas atoms is replaced by strong variations in
magnitude over a broad energy range ( curve 3 in Fig. 6 ) . We
note that the influence of the deeper 4d10 shell is large even at
the threshold of the 4d'° shell itself (curve 2 in Fig. 6). The
region of the influence of the electrons of the 5p6 shell ex-
tends just as far. Thus the photoionization cross section of

a, mb
0,8

0.6

0.2

FIG. 5. Photoionization cross section of the 4s2 shell of Kr (a)
and the 2s2 shell of Ne (b). ARPE calculation13:1—direct ioni-
zation of s electrons; 2—with allowance for the influence of the
outer p electrons. Experiment for Ne: curve 3 from Ref. 50, O
from Ref. 56, • from Ref. 49.

2.0 2.5 3.0
a

3.5 •f.O u,6
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FIG. 6. Photoionization cross section of the 5s2 shell of Xe. Calculation:
/—Hartree-Fock approximation; 2—ARPE wth allowance for the influ-
ence of the 4d'° shell; 3—ARPE with allowance for the 5p6 and 4d'°
shells'6'57; 4—with allowance for the intershell interaction and the spec-
troscopic factor of the 5s2 shell.57'62 Experiment: 5—Ref. 49, 6—Ref. 43,
7—Ref. 58.

the 5s electrons in Xe is governed by the simultaneous inter-
action of all three shells: 5p6,5s2, and 4d10, as is confirmed by
the experimental measurements43-49'52'58"60 and other calcu-
lations25'61'62 (we shall discuss curve 4 in Fig. 6 in Sec. 5.3).

Since the photoionization cross section of the 5s2 shell
has fully lost the features of individual behavior (curve 1 in
Fig. 6), it is pertinent to speak of the collectivization of the 5s
electrons under the influence of the surrounding multielec-
tron shells. Such a collectivization is characteristic of the 5s2

shells of many elements, beginning with Cd (Z = 48).28

However, the dependence of the photoionization cross sec-
tion cr5s on the energy undergoes successive changes with
increasing nuclear charge Z. Thus, on going from Xe to La
the minimum in <75s shifts into the region of the discrete
spectrum.16

By analyzing the results of the different calculations
and comparing them with experiment, we can draw a num-
ber of qualitative conclusions on the behavior of the partial
photoionization cross sections of neutral isolated atoms, on
their dependence on the nuclear charge, and on the influence
of the intershell interaction. Let us demonstrate them with
the example of the «s2 shells of atoms, although they also
pertain to a considerable degree to the other shells.

The photoionization cross sections for the ns2 shells for
different atoms and values of w ( = 1, 2, 3 , . . . ) can be de-
scribed qualitatively by different regions of a single universal
curve having maxima and a minimum (Fig. 7). These re-
gions are determined by the position of the ionization thresh-
old of the shell being studied with respect to the curve, while
retaining the part of the cross section lying at large photon
energies and truncating it at small energies (see Fig. 7). A
direct calculation of the cross sections in the Hartree-Fock
approximation and with allowance for multielectron corre-
lations confirms this qualitative picture. Thus, in the atoms
of the alkali and alkaline-earth metals, the ionization poten-
tial /ns of the outer shell is small, the cross section has a
minimum, and hence the curve is "truncated" in Fig. 7 in the
vicinity of/, (see cr4s in Ca in Fig. 1). With increasing Z, the
ns electrons cease to be outer electrons, the ionization poten-

FIG. 7. Generalized curve of the dependence of the partial photoioniza-
tion cross section of an s2 shell on the photon energy. 7, _ 3 are the ioniza-
tion potentials of this shell in different atoms. The arrows indicate the shift
of the curve upon allowing for the intershell interaction: /—from an inner
shell; 2—from an outer shell.

tials increase, and gradually shift into the region of large a>.
Thus, in the noble-gas atoms the photoionization cross sec-
tion of the «s2 shells in the Hartree-Fock approximation is
governed by a part of the curve that starts beyond the mini-
mum (/ns ~/2; see Fig. 5, a4s in Kr—curve 1).

One can say the same about the p6 and d10 shells. The
cross sections of the outer «p6 shells in the atoms of the noble
gases have a powerful maximum at the ionization threshold
and a minimum following it. That is, they are also governed
by the curve of Fig. 7 starting at 73. In the deeper p shells the
maximum at the threshold declines, and the minimum shifts
closer to the threshold and then emerges into the region of
the discrete spectrum.

The intrashell correlations are capable of substantially
altering the magnitude of the photoionization cross section,
but they usually do not lead to qualitative changes in it as a
function of the energy. Yet, conversely, the intershell inter-
action often leads to qualitative changes that can be repre-
sented as follows within the framework of the proposed
scheme. The influence of the inner shell "shifts" the cross
section curve of the shell being studied toward lower ener-
gies with respect to its ionization potential (case 1 in Fig. 7).
If the cross section had a maximum at the threshold, then
when we take account of the interaction with the inner shell,
its magnitude declines, while the minimum approaches the
threshold or completely emerges into the discrete spectrum.
The cross section increases beyond the minimum, while in
the vicinity of the ionization potential of the perturbing shell
it can generally have a resonance character (see Figs. 1,3,
and 6).

The influence of the outer shells opposes that of the
inner shells, and leads to "repulsion" of the cross section
curve into the higher-energy region (case 2 in Fig. 7). This is
precisely the situation in the noble-gas atoms, in which a
minimum appears in the photoionization cross section upon
taking account of the influence of the «p6 shells that was
lacking in the single-particle calculation, or more exactly,
lay in the prethreshold region (see Figs. 4—6).

Analogously the ionization threshold / can shift instead
of the cross section curve shifting.

The shift of the photoionization cross section under the
influence of the surrounding shells affects mainly the ns2

457 Sov. Phys. Usp. 30 (6), June 1987 M. Ya. Amus'ya and V. K. Ivanov 457



shells as being the most subject to their action. Of course, it
cannot be understood as a parallel displacement of the curve
cr(ci)) with respect to the energy. Owing to the dependence of
the intershell interaction on u>, this displacement occurs only
in a certain restricted region of quantum energies, and its
magnitude differs for different values of co. Of course, the
described simple pattern is crude. Yet it enables one to pre-
dict qualitatively the behavior of the cross sections of differ-
ent shells with changing nuclear charge of the atom and the
effect of the intershell interaction in the variation of the de-
pendence of a on the energy of the quantum .

2.5. lonization by fast particles

Studying the ionization of atoms by fast electrons (or
other particles) makes it possible to trace the dependence of
the intershell interaction on the momenta q transferred in
scattering and the angular momenta A. Besides dipole transi-
tions, the transfer to an atom of different angular momenta A
leads likewise to monopole, quadrupole, and also other tran-
sitions in the atom. Thus it enables elucidating the role of the
components of the intershell interaction of varying multi-
pole character.

The differential inelastic-scattering cross section for
fast electrons is proportional to the density of generalized
oscillator strengths (GOS)df (co, q)/da, and can be written
in the form63

d2u _ 4n d/ ((0, g) d \nq-
d(o dQ ~ 0)£ 5 ( 0 d Q '

(2.15)

Here E is the energy of the incident electron, a> and q are the
energy and momentum transferred to the atom during scat-
tering, and dH = 277 sin 6 d0 is the element of solid angle
into which the incident electron is scattered. The generalized
oscillator strengths of a single-particle transition from the
initial state /' to the final state m are determined by the
expression (in the "r" or "distance" form)16'63:

1) a,
= - I (m I (iqr) | (2.16)

Upon expanding e'vr in Legendre polynomials, we obtain the
partial GOS densities pertaining to the particular compo-
nent corresponding to the angular momentum of the interac-
tion/!:

• (0), Q) AT / r f \!' v ' y jv i_vg-m—_^i )_
dto "~ qz (m -r-

3(0
(2.17)

Here Nt is the number of electrons in the /th state. In the one-
electron approximation, the reduced matrix element enter-
ing into (2.17) is written in the following form (/ = «/,
m = «'/ '):

(2.18)
Here Pn.r (r) and Pnl (r) are the radial components of the
one-electron wave functions of the electron in the initial and
final states, and j\ (qr) is the spherical Bessel function of
order A. . When q -» 0 and A = 1 , we obtain the reduced matrix
elements of the photoeffect, which can also be introduced
into Eqs. (2. 1 ) and (2.2) on separating the angular parts of

the wave functions. Analogously one can define the GOS
density in terms of an operator written in the "velocity"
form.16'63

In taking account of the multielectron correlations, in-
stead of the reduced matrix element of (2.18) that enters
into (2.17), one substitutes the corresponding matrix ele-
ment defined by expressions analogous to those written for
the dipole component in (2.2)-(2.6).

In the limiting case of a transferred momentum tf-»0,
only the dipole component of the interaction "survives."
Therefore, in ionization by fast electrons the influence of the
intershell correlations is manifested in a way analogous to
that in the photoionization process.

Let us trace the variation of the intershell interaction
with increasing q initially with the example of the dipole
component of the GOS density.

With increasing q, the influence of the outer shells on
the ionization of the deeper shells declines. The reason for
this is that the incident electron penetrates ever more deeply
into the atom with increasing q. Here the effective range re of
the interaction with it finally becomes smaller than the radi-
us of the outer shell. The outer electrons screen the inner
shell to an ever smaller extent from the action of the incident
electron.64 Figure 8 shows the dipole component of the GOS
density for the 3s2 shell of Ar as a function of the energy of
the ejected electron for two values of q (for q -> 0, see Fig. 4).
The curve of the GOS density undergoes substantial varia-
tions with q, and already at q = 1.85 at. units the influence of
the outer 3p6 shell is small.

On the contrary, the influence of the inner shells on the
ionization of electrons from the outer shells can remain sub-
stantial even at rather large values of transferred momenta q.
Moreover, since the rate of decline of the ionization ampli-
tude is determined by the product qre, while the radius of the
inner shell is smaller than that of the outer, the contribution
of the direct amplitude that enters into (2.5) declines more
rapidly with increasing q than the correlation amplitude.
Thus the relative role of the inner electrons can increase.
This is demonstrated by the dependence of the GOS density
of the 5s2 shell of Xe on the momentum q (Fig. 9)M with
allowances for the influence of the 5p6 and 4d10 shells. As

0.08

0.06

0.04

0.02

3s* Ar.A-7
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FIG. 8. Dipole component of the GOS density of the 3s2 shell of Ar. 1—
q = 0.65 a.u.; 2—q = 1.85 a.u. Dotted line—with allowance only for the
influence inside the 3s2 shell; solid lines—with allowance for the influence
of the 3p6 shell.64
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FIG. 9. Dipole component of the GOS density for a transferred
momentum q= 1.85 a.u. (a) and the total GOS density for
q = 0.95 and 1.85 a.u. (b) for the 5s2 shell of Xe. /—direct am-
plitude; 2—with allowance for the influence of the Sp6 and 4d'°
shells62; 3—with allowance for the influence of only the 5p6

shell.

q-*Q, the dipole component of the GOS density as a function
of the energy of the ejected electron behaves like the pho-
toionization cross section (see Fig. 6) of the 5s2 shell. With
increasing q a minimum arises in the GOS density, even in
the zero-order approximation (with account taken of the
intrashell correlations). Therefore the influence of the 5p6

and 4d10 shells gives rise to an increase in the GOS density
before and after the minimum, and shifts it, while as a whole
the GOS curve remains similar to that for small q. When
q > 1 the influence of the outer 5p6 shell declines sharply,
whereas allowing for the action of the deeper 4d10 shell gives
rise to strong qualitative and quantitative changes (see Fig.
9a).

For the components of the GOS density of other multi-
pole types, the intershell interaction is not manifested so
sharply. Taking account of it does not lead to a qualitative
change in the behavior ofdf/da for all q. However, the nu-
merical changes can be significant. Thus, for monopole tran-
sitions the influence of the outer 3p6 shell in Ar reduces the
partial GOS density of the 3s electrons by 10-40% in the
vicinity of the ionization threshold up to q~2 at. units.64

About the same pattern is found when one takes account of
the inner shells (e.g., the influence of 4d10 on the ionization
of 5s2 in Xe64). For quadrupole transitions and those of
higher multiple type, the influence of the intershell interac-
tion is considerably weaker. The differential cross section in
(2.15) is proportional to the GOS density of (2.16). For
small transferred momenta, it is governed by the contribu-
tion of the dipole component. Therefore the scattering cross
section for fast electrons with ionization of the outer s elec-
trons is collective in character, just as in the photoionization
process. With increasing momentum transfer q, the contri-
bution rises of monopole and especially of quadrupole tran-
sitions, for which the effect of the surrounding shells is
smaller than for the dipole transitions. Therefore the mani-
festation of the intershell interaction in the differential ioni-
zation cross sections by fast electrons, even of shells of small
ionization cross section, becomes smaller with greater q. The
total GOS density for the 5s2 shell of Xe for q = 0.95 at. unit
(see Fig. 9b) generally resembles the photoionization cross
section and the GOS density for small q. However, at
q = 0.95 the maximum at the ionization threshold is not due
to the influence of the outer 5p6 shell, but arises mainly from
the contribution of the quadrupole 5s-»£d transition, where
the correlations are negligibly small. The collective charac-

ter of the behavior of the 5s electrons is maintained only in
the vicinity of the threshold of the 4d'° shell, where the con-
tribution of the quadrupole transition is already small, while
the maximum is made possible by the influence of the 4d
electrons on the dipole transition. With further increase in q,
the relative magnitude of this maximum also declines (see
Fig. 9b).

We should note that the dependence of the intershell
interaction on q and A has mainly been studied for those
shells of atoms where the dipole polarizability is high. There-
fore the major changes occurred specifically in the dipole
component of the interaction. Quite possibly, if a transition
of a different multipole type A predominates in the perturb-
ing shell, the intershell interaction will be manifested also at
larger values of transferred momenta q. This problem of
studying the collective effects in an atom remains open, both
on the theoretical and the experimental level.

2.6. Photoionization of sublevels with/=/+1/2

Up to now we have neglected the relativistic effects,
which affect the partial photoionization cross sections of the
individual shells weakly. However, in describing photopro-
cesses in atoms, one also determines such characteristics as
directly involve relativistic corrections to the interaction.
One of these is the parameter rj, termed the "branching ra-
tio," 14'19'65 which characterizes the relative probability of
ionization of sublevels of a shell having different total angu-
lar momentay.

The existence of electron spin has the result that, in the
photoionization of shells with / ̂  0, the remaining ion can
exist in states differing in total angular momentum,
j = I ± 1/2. Within the framework of a one-electron model
this can be treated as the removal of an electron from one of
the two sublevels of the nl shell having _/', = / + 1/2 or
j2 = I — 1/2, which are split by the spin-orbit interaction.
The relative probabilities of ionization of these sublevels de-
termine the parameter rj: TJ = cr/ + 1/2 /a; _ 1/2.

If we neglect relativistic effects including the spin-orbit
interaction, the parameter 77 does not depend on the quan-
tum energy and is determined by the ratio of the populations
of these sublevels:

(2.19)•»-2/t + l- I •

The difference in the ionization thresholds of the levels with
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FIG. 10. The parameter 77 = (r3,i/(r,/2 for the 5p electrons of Xe. Calcula-
tion: 7—Dirac-Slater approximation67; 2—Dirac-Fock approximation70;
3—relativistic ARPE method with allowance for the influence of the 4d'°
shell." Experiment: 4—Ref. 66; 5—Refs. 67,68; r/0 = 2 is the static popu-
lation ratio.

/'] and./2 has enabled measuring the partial photoionization
cross sections of these sublevels for np6 and «d'° shells of a
number of atoms by methods of photoelectron spectroscopy.
In Refs. 65-69 considerable deviations of 77 from the statisti-
cal value T/O were found. Calculations using the Dirac-
Slater67'68 and Dirac-Fock70 relativistic wave functions also
have led to deviations of 17 from rj0 and to a dependence of 77
on ca. However, agreement with experiment has not been
attained for many shells, especially np6, within the frame-
work of single-particle relativistic approximations. It has
turned out that, in addition to relativistic effects, multielec-
tron correlations play a large role in governing the popula-
tions of the sublevels,28'55 in particular, the intershell inter-
action. Concrete calculations within the framework of a
relativistic variant of the ARPE61 have shown its role with
the example of the np6 shells of the noble-gas atoms.

Figure 10 shows the parameter 77 (<y) for the 5p elec-
trons of Xe. An appreciable deviation of the single-particle
calculations from experiment is observed precisely in the vi-
cinity of the ionization threshold of the 4d10 shell. Only an
allowance for the influence of the 4d electrons on the partial
cross sections cr3/2 and a1/2 (as we see from Fig. 10, this
influence differs) enables obtaining satisfactory agreement
with experiment. For the 4p6 shell of Kr the influence of the
3d10 electrons is manifested more weakly55 than for 5p6 of
Xe, which agrees with the results presented in Sec. 2.2.

For d electrons it is most essential to take account of the
intrashell correlations, since the adjacent shells act on them
weakly (apart from the region of autoionization reson-
ances).

Thus the ratio of the partial ionization cross sections of
levels of differing j is governed by the joint influence of the
relativistic and collective effects.

3. PARTIAL IONIZATION CROSS SECTIONS OF ATOMS
WITH UNCLOSED SHELLS

3.1. Specifics of the description of atoms with unclosed
shells

The mean radius of atoms with unclosed shells is in-
creased, while the ionization potential is decreased, in com-

parison with adjacent atoms with filled shells. Consequently
the influence of the self-consistent field on the outer elec-
trons is weakened and the role of the direct interaction
between the electrons increases. Since here the difference in
ionization potentials of the outer and next shells is also de-
creased, in principle the collective effects in atoms with un-
closed shells can be even stronger than in atoms with filled
shells.

For atoms with unfilled shells there are considerably
fewer theoretical studies at present in which multielectron
correlations are taken into account than for atoms with filled
shells. The reason for this is a number of difficulties that
arise in describing the former.

The theoretical methods used to describe photopro-
cesses in atoms were first developed and applied mainly only
for atoms with filled shells, i.e., electronic systems with an
undegenerate ground state. The wave function of such an
atom, whose total orbital (L) and spin (5) angular mo-
menta are zero, is represented in the Hartree-Fock approxi-
mation in the form of a single determinant composed of sin-
gle-particle wave functions having the quantum numbers n,
I, m, and// (m and// are respectively the projections of the
orbital and spin angular momenta of the electron). Yet in
atoms with an unfilled shell, the wave function of the ground
state corresponding to definite values ofL and S amounts to
a linear combination of determinants differing in the projec-
tions m and /i of the single-particle states. In this case the
ground state of the atom becomes degenerate in the projec-
tions of the angular momenta of the individual electrons en-
tering into the unclosed shell. In particular, this leads to
difficulties in applying the ordinary many-body theory.
Thus, the single-particle states can no longer be divided into
occupied and free states separated by an energy interval.
This leads to difficulties in selecting a single-particle basis.
Moreover, degeneracy of the ground state leads to appear-
ance of divergent terms in the higher orders of the perturba-
tion-theory series with respect to the interelectronic interac-
tion.

Several methods exist for overcoming these difficulties
in many-body theory,71"73 but most of them are rather com-
plicated for any widespread use in concrete atomic calcula-
tions. Computational methods that actually allow one to
take account of the multielectron correlations in the process
of ionization of atoms with unfilled shells appeared in the
middle 60s as a result of generalizing the approximations
that are successfully used in atoms with closed shells.74"80

Theoretically the most systematic ones are the generaliza-
tions of the approximation of random phases with ex-
change76 and multiparticle perturbation theory,78 which
first showed the great role of the intrashell correlations in
the photoionization of the 3p5 shell of Cl. The intershell in-
teraction for such atoms has been taken into account as yet in
a small number of studies.16'20'78'80-82

We note that atoms with half-filled shells can be studied
relatively simply by using the very natural apparatus of
many-body theory.81 The physical content of this general-
ization consists in the following.

According to the Hund rule, atoms in the ground state
have the maximum possible spin S. In this case all the elec-
trons in a half-filled shell have identical spin projections /z,
e.g., for the sake of definiteness, up ( t ) . Here all the states
with different m are filled and hence the total orbital angular
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momentum of the shell and the atom is L = 0. The electrons
of a half-filled shell can exchange with only half of the elec-
trons from a filled shell. This leads to splitting of the latter
into two additional levels that differ in the states having dif-
ferent projections of the electron spins t and i. Thus the
levels are defined by the quantum numbers n, I, and //, and
remain degenerate only in the projections of the orbital an-
gular momentum m. We can conveniently treat the filled
levels as new closed shells, since the Coulomb interaction
cannot alter the projection of the spin of an electron and mix
the states T and I. Therefore it is permissible to apply to such
an atom the mathematical apparatus of ordinary many-body
theory, in particular, to use the ARPE method.81 Here one
should use as the basis functions the wave functions obtained
in the spin-polarized variant of the Hartree-Fock approxi-
mation.83-84

The spin-orbit interaction mixes the levels with spins T
and 1 (apart from the s electrons). However, as calcula-
tions8 l>84 show, in atoms with multielectron half-filled
shells, the exchange splitting Au for adjacent filled shells is
as a rule of an order of magnitude greater than the spin-orbit
splitting Aso (see Sec. 3.3). Therefore one can neglect them
in the first approximation.

The splitting of the atomic shells into the levels T and i
leads to additional ionization thresholds, which can be ob-
served in different processes. In particular, one can study the
partial cross sections for photoionization of electrons from
these levels and study the influence exerted on them by elec-
trons of other levels or shells.

3.2. Atoms with unclosed ns- and np-shells

The simplest of the atoms with unclosed shells are the
alkali metals, which have one outer s electron. Here all the
deviation from experiment of the cross sections calculated in
the Hartree-Fock approximation should be ascribed to the
intershell interaction. In heavy atoms one should also take
account of relativistic effects.

The substantial influence of the closed shells in the pho-
toionization of the outer ns electron of alkali atoms has been
demonstrated by a set of semiempirical calculations.27'85"89

In Refs. 27 and 85 the intershell interaction was taken into
account by introducing a correction into the dipole matrix

element [see (2.12)]. However, such an approximation al-
lows one to describe the photoionization cross section of the
ns electron only near its ionization threshold. Other stud-
ies86"89 have employed different model potentials that allow
for the influence of the inner shells.

Calculations have also been performed within the
framework of methods based on many-body theory. The re-
sults of these calculations for the photoionization cross sec-
tions of the 4s electrons of K and the 6s electrons of Cs,
together with the experimental data90"92 are presented in
Fig. 11. We see from comparing the Hartree-Fock cross sec-
tions crr

0 and <TO with the experimental values of a that the
role of the interaction with the inner shells is extremely
large. Taking account of the influence of the adjacent
(n - l)p6 shell within the framework of the ARPE16 has
fully altered the behavior of the cross sections in K and Cs by
increasing it by an order of magnitude as compared with a0.
However, while satisfactory quantitative agreement was ob-
tained for the K atom (see Fig. 11), for Cs we can speak only
of qualitative agreement, since the minimum in the calculat-
ed cross section of the 6s electron has been shifted into the
prethreshold region.

Calculations within the framework of other approxima-
tions have also shown the great role of polarization of the
inner electrons.20'82'93 The ionization cross section of the 6s
electrons of the Cs atom has been most carefully studied.
Here the influence was taken into account of the autoioniza-
tion states and relativistic effects. This led to a minimum in
the photoionization cross section (see Fig. 11), immediately
beyond the/6s threshold and to good agreement with experi-
ment.90'92

In the Li atom the intershell interaction is small: the Is2

shell has a small oscillator strength, and hence its influence
on the 2s electron is small.38 In Na the influence of the 2p6

shell is quite substantial,39-93'94 although the matrix elements
of the dipole transitions in the continuous 2p-»£d, es spec-
trum are not so large as the corresponding quantities in K,
Rb, and Cs.

We note that the existence of an outer unclosed HS shell
does not substantially affect the intershell interaction
between the closed shells in heavy atoms. For example, in the
Cs atom the 5s2 shell is collectivized in the same way as in Xe
by the influence of the 5p6 and 4d'° shells.16

a, mb f
0.6

FIG. 11. Photoionization cross section of the 4s electrons of
K (a) and the 6s electrons of Cs (b). Theory: 1,2—Hartree-
Fock approximation, (f0 and £?„, respectively; 3—ARPE16;
4—relativistic calculation within the framework of the MPT
of the fraction of Cs.20 Experiment: dotted curves for K and
Cs (5) from Ref. 90; points 6 from Ref. 92.
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The intershell interaction in atoms with unclosed np
shells has been studied theoretically and experimentally to a
lesser degree than in atoms with filled shells. The reason for
this is the computational difficulties mentioned in the pre-
vious section and the experimental difficulties involving the
preparation of these atoms in the vapor state. There are a
number of calculations of the photoionization cross sections
of atoms of groups VI and VII of the periodic system in the
single-particle approximation95 and with allowance for cor-
relations.21'74"80 These calculations indicate that the correla-
tions between electrons—both intrashell and intershell—
must be no smaller in these atoms, and sometimes even larg-
er, than in the atoms adjacent in the periodic system having
filled shells.

An example is the photoionization cross section of the
Cl atom. It is dominated by the contribution of the 3p5 elec-
trons, for which, just as in the neighboring atom Ar, the
intrashell interaction is large. Taking account of the latter
alters the single-particle photoionization cross section in the
vicinity of the threshold of the 3p shell by a factor of almost
two.76'78'79 The corresponding change in the cross section for
the 3p6 shell of Ar is even somewhat smaller. For the next
shell—the 3s2 shell of Cl, just as in Ar, all the conditions of
strong screening by the outer 3p5 electrons are practically
fulfilled. Figure 12 shows the results of calculating the pho-
toionization cross section of the 3s2 shell of Cl within the
framework of the MPT. The influence of the 3p5 on the 3s2

electrons is manifested even more strongly than that of 3p6

on the photoionization of 3s2 in Ar (see Fig. 4). The exis-
tence of the two ionization thresholds 3P and 'P manifests
the unclosed character of the 3p shell and involves the for-
mation of different final states of the atomic residue.

The study of the correlation interaction in atoms with
half-filled np3 shells is of definite interest. In these atoms,
besides the ordinary strong screening by the outer np elec-
trons (as in Cl and Ar) of the deeper ns electrons, a substan-
tial counterinfluence appears. It involves the large role of
transitions into the half-filled shell ns3np3-*nslnp4, which
possess a considerable oscillator strength and lie in the re-
gion of the discrete spectrum of excitation from the ground
state. Taking account of the interaction between this transi-
tion and the transition to the continuous spectrum from the

a, mb
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FIG. 12. Photoionization cross section of the 3s2 shell of Cl. /, 2—Har-
tree-Fock approximation, respectively in the r- and V-forms; 3, 4—the
same within the framework of the MPT with allowance for the influence
of the 3p5 electrons.78

np3 shell leads to very appreciable changes in the ionization
cross section of np3.

For example, in the phosphorus (P) atom, whose struc-
ture of the outer shells can be represented in the form . . .
3s T 3s i 3p3 T, the oscillator strength / of the 3s i -> 3p i dipole
transition in the Hartree-Fock approximation is large:
/3s^3p = 0.86. Inclusion of the interaction between the 3sf,
3s i, and 3pT sublevels leads to substantial changes of all the
partial amplitudes and the photoionization cross sections.
Thus, the ionization cross section of the 3p3 electrons of P
with allowance for intrashell correlations rapidly declines
from the value cr3p ~70 megabarns at the threshold with in-
creasing energy a>. Under the influence of the discrete transi-
tion 3s i — 3pi, the cross section a3p undergoes qualitative
changes: at the threshold it declines by a factor of almost
two, then increases with increasing energy and passes
through a maximum. The counterinfluence of the 3p3 elec-
trons on the phototransitions from the 3s T and 3s i levels
causes the oscillator strength of the 3si-»3pi transition to
decline by a factor of more than 100 as compared with the
Hartree-Fock value and shift into the region of the contin-
uous excitation spectrum of the 3s electrons, leading to a
sharp increase in the photoionization cross section a3s at the
threshold and to a shift of the minimum into the higher-
energy region.

3.3. Atoms with unclosed nd- and nf-shells

A powerful maximum beyond the ionization threshold
of the unfilled nd shell dominates in the photoabsorption
spectrum of the atoms of the transition metals.96"100 In a
number of experimental96'97 and theoretical81'101"104 studies,
this maximum has been interpreted as a giant autoionization
resonance involving a dipole transition of an electron from a
deeper filled np6 shell to free levels in «d and subsequent
decay of this state with participation of the electrons of these
same levels:

N+i
+ Y

The great width of the "giant" resonances is ~ 1-2 eV,
which exceeds the ordinary autoionization widths by almost
two orders of magnitude, is a consequence of the strong cou-
pling between the adjacent np and nd shells.

The greatest number of studies, both theoreti-
cal8Moi-io4 and experimental96-100' 105"108 is devoted to the
Mn atom, which has a half-filled 3d5 shell. The photoabsorp-
tion cross section of the Mn atom in the vicinity of the ioniza-
tion threshold of the 3p6 shell is shown in Fig. 13. The funda-
mental contribution to the cross section in this region comes
from the electrons of the half-filled 3d5 shell. However, when
one neglects the interaction with transitions from the 3p6

shell, the cross section amounts to a monotonic curve (curve
1 in Fig. 13). Taking account of the interaction of these tran-
sitions leads to a "giant" resonance and enables one to de-
scribe the experiment satisfactorily.

It has been established experimentally that the giant
resonance in the cross section has a complicated structure
due to the multiple! splitting of the 3p53d6 resonance state.
The partial cross sections corresponding to different terms
of the final state of the Mn ion have been measured by the
method of photoelectron spectroscopy.98 It turned out that
the greatest contribution comes from the transition from the
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FIG. 13. Photoabsorption cross section of Mn in the vicinity of the thresh-
old of the 3p6 shell. /—without allowance for the 3p-»3d resonance; 2,
3—with allowance for the 3p-.3d transition in different approxima-
tions103'104; 4—experiment.98

6S Mn I ground state to 5D Mn II, whose line contour is
shown in Fig. 14. The same diagram shows the results of a
theoretical calculation within the framework of the spin-po-
larized variant of the ARPE.81 The structure of the outer
shells of the ground state of Mn can be written as81:

... 3s1 f 3s11 3p3 f 3p31 3d5 f 4s1 f 4s1 j (6S).

Then the transition that makes the main contribution to the
giant resonance is represented as follows:
3p3 f 3p3J 3d5 f (6S) + V ->• 3p3 f 3p2 j 3d5 f 3d1 j (6P) ->

-»-3p3t3p3{3d4t ( 5 D)eff (6P).

The width of this resonance is somewhat smaller (ex-
periment98 yields Fejsl.3 eV, while calculation in the
ARPE81 yields F = 1.4 eV) than in the photoabsorption
spectrum (F~2 eV). Yet it remains very large in compari-
son with the value typical for ordinary autoionization lines.

Figure 14b shows the contribution of the same reso-
nance transition to the photoionization cross section of the
Cr atom, which has two half-filled shells in the ground state:
...3p3T3P

3l3d5t4s1T (7S).

Also the maximum in the partial photoionization cross
sections of the outer 4s electrons has been studied experi-
mentally98 and theoretically104 within the framework of the
MPT. Their contribution to the total cross section is 20 times
smaller than the ionization cross section of the 3d electrons.

We note that the splitting of the levels of the one shell
with spins up T and down i caused by the exchange interac-
tion with the 3d5T shell is rather large. In Mn it amounts to
A t l = 1 eV for the 4s shell and A r , = 13 eV for the 3p shell.
Here the value of Au for the 3p electrons is considerably
greater than the splitting caused by the spin-orbit interaction
Aso = 1.4 eV. Thus one can experimentally distinguish the
partial contributions of these levels to the photoionization
cross section of a given shell.109'110

In the other atoms of the fourth period, photoionization
generally occurs in an analogous way with active participa-
tion of the unclosed 3d shell, only the cross sections have a
far more complicated resonance structure than in Mn.99'100

The latter substantially complicates the theoretical study of
the photoionization of these atoms.

In going to heavier atoms with 4d or 5d shells being
filled, the width of the giant autoionization maximum is in-
creased. Thus, in the Tc atom with a half-filled 4d5 shell, the
calculated width of the resonance exceeds 2 eV.81

An even greater interaction between filled and unfilled
shells is observed in atoms with a 4f shell being filled, where
the resonance arises from a discrete transition of the 4d elec-
tron: 4d'°4fv -4d94fv + ] . The total and partial photoioni-
zation cross sections of the atoms of the rare-earth elements
(see Ref. 47 and the references cited there) have exhibited
broad (F~ 10-20 eV) resonances having a very complex
structure. The measurements were mainly performed on
metals, but there is no doubt that the photoionization cross
sections of the isolated atoms are close in magnitude and
shape, since the 4d and 4f electrons in the metal are not
collectivized. We note that the behavior of the cross section,
which in shape recalls a giant resonance, is observed even in
La (outer shells 6s25d1).1" However, there the phenome-
non arises from the transition 4d->£f to the continuous f-
electron spectrum,112 and correspondingly its effect on the
outer shells is analogous to the influence of 4d10 in Xe, Cs,
and Ba (see Sec. 2.2). In going to the following elements, the
discrete transition to free levels in the 4f shell now acquires

Sff (a, eV -40 45 50 a>, eV

FIG. 14. Photoionization cross section of the 3d5 shells of Mn
and Crin the vicinity of the resonance 3pi — 3di transition. The-
ory: 1, 2—ARPE without and with allowance for resonance,
respectively.81 Experiment: 3—Ref. 98; 4—Ref. 107 normalized
to the calculated maximum.
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the major oscillator strength and governs the photoabsorp-
tion spectrum and the intershell interaction over a broad
energy range.

4. ANGULAR DISTRIBUTION AND POLARIZATION OF
PHOTOELECTRONS

4.1. Angular distribution of photoelectrons

The photoionization cross section is determined by the
squares of the moduli of the dipole amplitudes. Hence it does
not depend on the signs of their real and imaginary compo-
nents. The parameters that describe the angular distribution
and polarization of the photoelectrons are determined by the
transition amplitudes themselves, together with the phases
of the scattering of the photoelectron in the field of the ion.
Therefore the study of the angular distribution and polariza-
tion of photoelectrons in principle yields more detailed in-
formation on dipole transitions in atoms than the study of
the partial cross-sections does.

Let us study the angular distribution of photoelectrons
ejected from a shell having the quantum numbers n and /.
Upon illuminating an unpolarized atom with unpolarized
light, it is determined by the expression113

dQ
ani ( (4.1)

Here />2(cos 0) is the Legendre polynomial, dfl is the ele-
ment of solid angle of emergence of the photoelectron, and
anl is the total photoionization cross-section of the nl shell:

(co) = (to) (4.2)

Here anlfi ± , is determined by Eqs. (2.1). The angular-an-
isotropy parameter/#„, (a) is expressed in terms of the di-
pole matrix elements D, ± , = (el ± 1 \D \nl), which are de-
termined by Eqs. (2.2)-(2.7) and the phases of scattering of
the photoelectrons with the angular momenta / + 1

K 16,113.— °i±\

x (l-i)|A-ila

+ 6 [I (I + !)]•/» Re f-i exp [i («,«— 6,.,)]}] .

(4.3)

The energy-dependence of (3 in the angular distribution ap-
pears as a result of interference of the contributions of the
two transitions nl->el + 1 and nl->el — 1. The amplitudes
D,± , of these transitions and their dependence on the ener-
gy co, as was shown above, can change substantially upon
taking account of the intra- and intershell correlations.
However, as a rule, the intrashell interaction does not lead to
qualitative changes in the dependence of the anisotropy pa-
rameter 0 on co as compared with the single-particle calcula-
tion. 16 The situation differs when we take account of the
intershell interaction: the amplitude of the transition can
acquire additional zeros, maxima, and minima, which is re-
flected in the quantitative and qualitative changes in the be-
havior of P as a function of a>.

As an example, let us examine the angular distribution
of electrons from the 5p6 shell of Xe, which has been studied
in considerable detail, both theoretically41'114 and experi-
mentally. ' 15~'19 The amplitude of the main dipole transition
5p-»£d under the influence of the 4d10 shell depends very
essentially on the energy (see Fig. 2). The influence of the
4d10 electrons on the amplitude of 5p-»£s is far smaller.
However, even it is manifested appreciably in /?5p (co).114

The phase difference (8,+ , — <5;_ t ) is determined in the
course of the calculation of the corresponding Hartree-Fock
wave functions and is a smooth function of the energy.'l4

For Xe the dependence of /? 5p on the energy of the
quantum is shown in Fig. 15. We see that the experimental
data agree well with the results of the theoretical calcula-
tions that take account of the influence of the 4d'° shell,
which has led to an additional oscillation in ft.

The behavior of the amplitudes and phases of the wave
functions for the 5p6 shells of the atoms Cs and Ba resembles
that which takes place in Xe and leads to the same additional
oscillation in the anisotropy parameter as in the case of
Xe."4

The strong influence of the 4d10 shell extends not only
to the shells exterior to it, but also to the deeper ones, in
particular, the 4p6 shell. Calculations within the framework
of the ARPE for the 4p6 shell of Pd and Xe have also shown
considerable changes in the/94p (co) relationship upon tak-
ing account of the 4d electrons21.114 As compared with the
4d10 shell, 3d10 exerts a smaller influence on the neighboring
4p6 and 3p6 shells.120

FIG. 15. The anisotropy parameter /? 5p of the 5p6 shell of
Xe. Theory: 1—without allowance for the intershell inter-
action; 2—with allowance for the influence of the 4d'°
shell."4 Experiment: 3—Ref. 115; 4—Ref. 117; 5—Ref.
118; 6—Ref. 119.
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4.2. Angular distribution of photoelectrons from /JS-shells

In studying the angular distribution of photoelectrons
from «s shells we face the joint manifestation of collective
and relativistic effects in the atom.19-121-122

In the nonrelativistic approximation the electrons of s
shells possess only one dipole transition «s-»£p. Therefore
we find from Eq. (4.3) that/?,,s = 2 at all quantum energies
CO.

However, the total angular momentum of the leaving
photoelectron can acquire the values./, = 3/2 andy'2 = 1/2.
The wave functions corresponding to these states have dif-
ferent radial and energy dependences and scattering phases,
owing to the spin-orbit interaction. The waves withy j = 3/2
and j2 =1/2 interfere with one another, which leads to a
dependence of the angular distribution on the photon ener-
gy. When we take account of relativistic effects, the angular
anisotropy parameter /? for the s electrons has the form'23

I #3/2 I Y2 Re >S/2 exp [i (61/2-63/2)]} (4.4)

Here£>3 = (£p3/2W2) |«s) are the matrix elements
of the transition to the state with j= 3/2(1/2), while
<53/2( 1/2) are the corresponding phases of elastic scattering of
the photoelectron in the field of the ion.

Calculations of the parameter Pm (co) in the single-par-
ticle Dirac-Fock calculation have been performed for the s
shells of a number of atoms ( Ref. 121 and the references
cited there). Calculations taking account of multielectron
correlations, including the intershell interaction have been
performed within the framework of various methods for the
outer «s shells of the atoms of the alkali20 and alkaline-
earth28 metals and the noble gases.25'55'61' 124 The angular dis-
tributions of the 4s electrons in Kr125'126 and the 5s electrons
in Xe60'127"129 have been studied experimentally in the great-
est detail.

Owing to the spin-orbit interaction, the amplitudes (or
their real components) of Z>3/2 and Z>1/2 vanish at different
energies, which leads to a strong variation in the behavior of
/?ns (a)). Figure 16 shows the experimental data and the re-
sults of theoretical calculations of the parameter /?5s for the
Xe atom. We note that in the single-particle Dirac-Fock ap-
proximation the characteristic minimum in /? is seemingly
shifted into the prethreshold region, which corresponds to
the behavior of the single-particle photoionization cross sec-
tion <75s ( see Fig. 6 ) . When one allows for the influence of
the 5p6 shell (the phases <51/2 and S3/2 remain as before), the
minimum in the cross section, and correspondingly in ft 5s ,
shifts by an energy ~ 2 Ry beyond the threshold of the 5s2

shell (curve 2 in Fig. 16). A position of the minimum in/?5s

corresponding to the experimental position is attained only
when one takes account simultaneously of the influence of
the 5p6 and 4d10 shells. The best agreement with experiment
is obtained within the framework of the relativistic variant
of the time-dependent local-density approximation
(TDLDA).25

An analogous pattern is observed for/?4s (co ) in Kr. An
essential point is that here the latest experimental data126

show a difference of the results of calculations within the
framework of the relativistic ARPE and TDLDA.

A strong influence of the intershell interaction is also
manifested in the angular distribution of the valence s elec-

FIG. 16. The anisotropy parameter ft5s (&>) for the 5s2 electrons of Xe.
Theory: /—Dirac-Fock approximation121; 2,3—relativistic variant of the
ARPE with allowance for the interaction of two (5p6 + 5s2) and three
(5p6 + 5s2 + 4d10) shells, respectively55; 4—/{-matrix method61; 5—rel-
ativistic variant of the TDLDA.25 Experiment: 6—Ref. 127; 7—Ref. 128;
8—Ref. 129; 9—Ref. 60.

trons of the atoms of the alkali and alkaline-earth metals.
There are no experimental measurements of/?ns for the alka-
li atoms at present. However, a substantial role of the inner
p6 shells can be seen from comparing the relativistic calcula-
tions within the framework of single-particle approxima-
tions121 and with account taken of the correlations. Let us
say that, for the Cs atom, allowing for the influence of the
5p6 shell shifts the deep minimum in the parameter P that
reaches practically to a value of — 1 by an amount greater
than 1 eV toward the ionization threshold of the 6s shell.
This shift lies in a direction opposite to the shift of the mini-
mum of/?5s of Xe, which agrees with the qualitative picture
of the influence of an inner shell (see Sec. 2.4).

For the atoms of the alkaline-earth metals, on the whole
also only theoretical calculations of /?ns(«) exist.28'130 An
exception is the atom of Hg, for which a set of experimental
points has been obtained for /^(w).131'132 However, one
cannot speak of good agreement between experiment and
theory.

4.3. Features of the angular distribution of photoelectrons
in atoms with half-filled shells

The interaction with transitions from deeper shells to
free levels in an unfilled shell exerts an especially great influ-
ence on the dependence of the anisotropy parameter of the
photoelectrons from unclosed shells on co. It was noted
above (see Sec. 3.3) that these transitions lead to giant re-
sonances of great width in the photoabsorption cross sec-
tions of atoms with ndN and nfN shells. They are also mani-
fested in the angular distribution, which leads to a
resonance-type dependence of the angular anisotropy pa-
rameter I3(co) on co.

Let us examine these and certain other features of angu-
lar distributions in atoms with unclosed shells involving the
intershell interaction with the example of the Mn atom. A set
of experimental107'110 and theoretical81'104'133 studies exist
for it on determining the energy dependence f}(co) for photo-
electrons from different shells.
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FIG. 17. Anisotropy parameters f) for the 3d5T (a)
and 3p3l (b) electrons in Mn. a) 1, 2—calculation
without and with allowance for the influence of the
resonance transition 3pi^3dl,8' respectively; experi-
ment: 3—Ref. 108; 4—Ref. 107. b) 1—spin-polarized
Hartree-Fock approximation; 2—with allowance for
the influence of the 3d5t electrons; —with allowance
for the influence of the 3dT and3pT electrons133; exper-
iment—Refs. 109, 110.

In the ground state of Mn all the electrons in the half-
filled 3d5 shell have identical spin projections fj, (T), while all
the states with differing m are filled. In this case the param-
eter/? for the 3d5 photoelectrons is determined by the ordi-
nary formula (4.3). The calculations that have been per-
formed within the framework of the ARPE81 and MPT104

have clearly shown the manifestation of the giant autoion-
ization resonance 3p63d5-»3p53d6 (see Sec. 3.3) also in the
angular distribution. Figure 17a shows the results of the cal-
culations of the P(a>) relationship and the experimental
data,107'108 which agree well with one another.

The theoretical study of the partial photoionization
cross sections and the parameter /?(w) for each of the 3p3T
and 3p3 i levels in Cr and Mn133 revealed a strong interaction
between the 3pT and 3pi electrons themselves, in addition to
the influence exerted by the 3d5 T shell. At the threshold of
the 3p3T level deeper in energy owing to excitation of its
electrons, nonmonotonicity arises in the amplitude of the
3pJ ->edi transition and leads to an extra maximum in the
parameter/?3pl (Fig. 17b). Recent experimental measure-
ments109 of the angular distribution of the 3p photoelectrons
have revealed an extra maximum, which serves as a definite
confirmation of the great role of the interaction between the
two levels. Only qualitative agreement of theory with experi-
ment exists. Perhaps the quantitative deviation of the calcu-
lated results from the experimental data involves the fact
that the 3pT level (term of the ionic state 5P) has a complex
non-single-electron nature.110 In the photoelectron spec-
trum1 10 it is manifested only as a very weak structure and has
a greater width than the 3pi level, which is represented in
the spectrum by a distinct maximum. The exact mechanism
of the interlevel interaction of the electrons is still not fully
clear in this case.

4.4. Polarization of photoelectrons

Studying the polarization of photoelectrons makes it
possible to obtain even more detailed information on the fea-
tures of behavior of the dipole amplitude. The experimental
determination of the partial cross sections, of the angular
distribution of the photoelectrons, and of their polarization
forms the so-called complete quantum-mechanical experi-
ment, which enables measuring all the amplitudes charac-

terizing the photoionization, with their real and imaginary
components.

The degree of polarization P of the electrons is defined
by the preferential directionality of their spins:

(4.5)

Here N, and JV, are the numbers of photoelectrons having a
spin direction along and against the chosen axis. Evidently
the polarization differs from zero only when one takes ac-
count of the spin-orbit interaction. However, its magnitude
and behavior as a function of the energy depend on the corre-
lation interaction in the atoms, since the numbers of photo-
electrons N, and TV, are determined by the dipole ampli-
tudes. A number of authors134"137 have derived expressions
for P for the cases of an arbitrary atom and incident polar-
ized and unpolarized photons. It was shown that the photo-
electrons emerging at any angle generally possess a non-zero
degree of polarization, even with incident unpolarized light.

In the general case the energy-dependence of the degree
of polarization is given by a rather complicated expres-
sion,136 which is simplified for atoms with filled shells. In the
photoionization of an atom with filled shells by unpolarized
light, the degree of polarization of the ejected electrons can
be written as follows136:

T» (S [Xk]) (Xk)
(4.6)

Here S, x, and k are unit vectors lying parallel to the spin of
the electron, the momentum of the photon, and the momen-
tum of the electron, respectively. The parameter P is deter-
mined by (3.3), and the parameter rjj, just like P, is ex-
pressed in terms of the dipole matrix elements Dt ± t and the
phases 8l± \ of elastic scattering136:

__ (_i)j-i-i/2 3 \l (Z + l)]1/2 Im (Oj+iP*^ exp [i (61+1-61-1))}
T|'~~ 2 7 + 1 I 0i+i I 2 + I Ol-i I 2

(4.7)
In deriving (4.6) and (4.7) it was assumed for simplicity
that the matrix elements and phases can be calculated in the
LS-coupling, while the spin-orbit interaction leads only to
splitting of the nl shell into two subshells with total angular
momenta./ = / + 1/2 andy = / — 1/2.
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FIG. 18. Dependence of the parameter 77, /2 on the energy of the
photoelectron for the 5p, /2 subshell of Xe. Theory: 1,2—ARPE,
respectively without and with allowance for the influence of the
4d'° shell136; 3—amplitude of the Sp^fd transition in relative
units; experiment—Refs. 138, 139.

As we see from (4.6), the degree of polarization de-
pends on the angle of emergence of the photoelectron. It
generally differs from zero and is proportional to the param-
eter ijj. Since the latter is expressed directly in terms of the
product of amplitudes, the degree of polarization of the pho-
toelectrons as a function of the energy is highly sensitive to
variations of the amplitudes of the dipole transitions, and
hence also to manifestations of the intershell interaction.

Figure 18 shows the parameter -rjin for the 5p,/2 sub-
shell of Xe as a function of the energy. The amplitude of the
5p-»£d transition undergoes strong variations under the in-
fluence of the 4d10 shell (see Fig. 2), which have been ex-
pressed in the P l / 2 ( a ) ) relationship. The degree of polariza-
tion literally copies all the features of the 5p->fd amplitude.
The amplitude of the 5p-»es transition varies monotonically
with increasing e, and the influence of the 4d electrons does
not change its sign. An exception is the first zero ofP, which
arises from the passage of the phase difference through IT.
The existing experimental data138'139 agree well with the cal-
culated values. Unfortunately no measurements have yet
been performed in the energy region where the extra zeros in
'Vi /2 appeared. We note that a relativistic calculation within
the framework of the ARPE122 proved very close to the non-
relativistic results.

4.5. Angular anisotropy of Auger electrons

In the process of photoionization of inner atomic shells
with a total angular momentum^ > 1 /2 (/ > 0), the ions being
produced have a definite alignment (preferential orientation
of the total angular momentumy') along the direction of the
incident photon beam. I4° This alignment, which arises from
the nonuniform population of the states having differing
projections of the total angular momentum M of the ion, is
manifested in an anisotropy of the angular distribution of the
emitted photons or Auger electrons emitted upon decay of
the vacancy. The alignment of the ions depends on the
squares of the dipole amplitudes141 in a way differing from
the photoionization cross section. Hence the measurement
of the angular anisotropy of the electrons or photons also
yields supplementary, independent information on the pho-
toionization process.

The angular distribution of the Auger electrons is deter-
mined by the relationship140

Here 6 is the angle between the momenta of the incident

photon and the Auger electron, j = / + 1/2, while the pa-
rameter A \ characterizes the degree of alignment and is
written in terms of the dipole matrix elements141:

(l 2 n
.

Dt+i
(4.9)

Thus the variation of the magnitudes of the dipole ampli-
tudes, including that under the influence of the intershell
interaction, can be substantially reflected in the angular dis-
tribution of the Auger electrons.

Naturally, the alignment of the ions is manifested also
in the photoionization of the outer shells withy> 1/2, in
particular the 5p3/2 subshell of Xe, which is strongly in-
fluenced by the 4d10 shell (seeFig. 2). However, experimen-
tal study of the degree of alignment is highly impeded by the
lack of decay products.

The situation differs in the Ba atom, where a vacancy in
the 5p3/2 subshell, which is also highly sensitive to the influ-
ence of the 4d10 electrons, has the possibility of decaying
with ejection of Auger electrons from the 6s2 shell, whose
anisotropy can be determined experimentally. Figure 19
shows the results of calculating the parameter A l/2 for the
5p3/2 subshell of Ba, from which we see that the intrashell
interaction, although it is large and strongly alters the par-

/•* s.Pu

FIG. 19. Angular anisotropy parameter A 2
/2 of emergence of the Auger

electrons emitted upon photoionization of the 5p3/2 subshell of Ba. Calcu-
lated curves: J—Hartree-Fock approximation; 2—ARPE with allowance
for intrashell correlations; 3—ARPE with allowance for the influence of
the 4d'° shell.142
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tial photoionization cross section, does not lead to apprecia-
ble changes in A {. Taking account of the influence of the
deeper 4d'° shell led to an additional oscillation in A 2/2,142

similar to that manifested in the parameter /3 for Xe, Cs, and
Ba itself, "f

5. READJUSTMENT OF ELECTRON SHELLS

The collective effects in the photoionization of inner
shells near their threshold are more complicated in charac-
ter than for the outer shells. In addition to the forced mutual
ordered motion of the electrons of one or several adjacent
shells that occurs under the influence of an external electro-
magnetic field, various relaxation processes occur.

Relaxation, or readjustment, is a complex, dynamic
process reflecting the reaction of the atomic electrons to the
appearance of a vacancy in one of the shells and its subse-
quent decay. Taking account of readjustment leads to
changes in the photoionization amplitudes and in the inter-
action among the electrons. In Sec. 5 we shall treat the fun-
damental features of the influence of readjustment on the
intershell interaction in the photoionization of atoms.

5.1. "Static" readjustment of outer electron shells

It is evident from qualitative considerations that the
influence of readjustment of an atom to ionization is greatest
near the threshold of an inner shell. In fact, in the time dur-
ing which a slow photoelectron leaves the atom, the remain-
ing electrons succeed in "sensing" and "adjusting" to the
change in the field caused by the production of a vacancy and
its subsequent decay. Thus a slow photoelectron moves in a
time-varying field formed by the nucleus and the readjusting
electrons of the atom.

Taking account of readjustment fully amounts to a
highly difficult problem. However, a number of cases exist in
which one can restrict the treatment to relatively simple ap-
proximations.

Readjustment is manifested not only in the change in
the wave function of the departing electron, but also in the
deviation of the ionization energy from the Hartree-Fock
value of the energy of the level. Hence, let us estimate the
time in which the electron shells of the atom are readjusted
owing to creation of a vacancy, starting from the difference
of the true ionization potential /„, from the corresponding
energy value En, of the electron in the Hartree-Fock approx-
imation for the nl shell:

T»/~i£»i+/»ir. (5.D
If \Enl | = /„/, readjustment does not occur (rnl -» oo ). The
time for readjustment of the atomic shells involving the de-
cay of a vacancy in an inner shell can be determined from the
relationship Tnl ~ l/Fn/, where Tnl is the total width of the
vacancy in the nl shell. For a photoelectron having a velocity
v= (2e)in (£>0 is its energy), the time for leaving the
atom is t~R /(2e)1/2, where R is the radius of the atom.
Evidently readjustment is important when t^Tn,, rnl.

The study of the influence of readjustment is consider-
ably simplified in the case in which the condition is satisfied
that

rn;>«>Tn ! . (5.2)

Here one can neglect the influence of the decay of the va-

cancy on the photoionization process, while the motion of
the photoelectron from the instant of its creation can be
treated in the static self-consistent field of an already com-
pletely readjusted atomic residue with a hole in the nl shell.
This constitutes the content of the "static"-readjustment ap-
proximation.45 It is taken into account with an appropriate
choice of the single-particle wave functions of the electron
and the hole, which subsequently can be used in the ARPE
equations or in other methods.

The use of the ARPE method thus generalized leads to
taking account of diagrams that lie outside the framework of
the ARPE [see (2.4) and (2.6)]. In the lowest order of
perturbation theory, these diagrams have the form

s'l
a) b)

nl
• (5.3)

Here the amplitude a) takes account of the screening by the
remaining electrons of the interaction between the photo-
electron and the hole (£•'/ ';£/'), and the amplitude b) takes
account of the correction to the energy and the wave func-
tion of the hole state ( e l 1 ) . The screening diminishes the
photoionization amplitude, and correspondingly diminishes
the cross-section near the threshold. Concrete calculations
for a number of intermediate and inner shells45 have shown
the substantiality of the influence of static readjustment on
the photoionization cross-section. It has been shown with
the examples of the 4d10 shells of Xe, Cs, and Ba45 and La"2

that the influence of readjustment becomes more substantial
as the photoionization cross section becomes concentrated
to a greater degree near the ionization threshold. The more
the maximum in the cross section is shifted away from the
threshold, the smaller is the role of readjustment.

The decrease in the photoionization amplitudes of the
inner shells arising from readjustment leads to a decrease in
their influence on the photoionization of the outer shells.
The necessary condition for readjustment to influence the
intershell interaction proves to be the following time rela-
tionship:

T » i < t . j . (5.4)

Here tnl is the "lifetime" of the intermediate state of the
interacting shells, which can be estimated by using the rela-
tionship

Cfl— e' — /nl
(5.5)

Here e' is the energy of the electron in the intermediate state.
Since the readjustment is significant for small e', evidently
the influence of readjustment of the inner shell nl is manifest-
ed in the ionization cross-section of an outer shell only in the
vicinity of its ionization threshold a)~Inl.

Figure 20 shows the photoionization cross-section of
the 5p6 shell of Ba with allowance for the "unreadjusted"
and "readjusted" 4d'° shell as calculated within the frame-
work of the ARPE.45 Analogous results for Ba have also
been obtained in the TDLDA method.23 We see that taking
account of readjustment can alter severalfold the strength of
the intershell interaction.
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doubly charged ion having the holes/) and k. We shall repre-
sent the analytic expression in the form149

FIG. 20. Photoionization cross section of the 5p6 shell of Ba in the vicinity
of the 4d"' threshold. Theory: /—without allowance for the influence of
the 4d'" shell; 2—ARPE with allowance for the influence of the 4d'° shell;
3—with allowance for the readjusted 4d'° shell45; the experimental val-
ues44 are normalized to the maximum of the cross section.

5.2. Decay of vacancies and post-collision interaction

The static-readjustment approximation becomes inap-
plicable when the lifetime of a vacancy Tnl is comparable
with the emergence time t of the photoelectron from the
atom. In this case a low-energy photoelectron cannot travel
far enough from the remaining ion in the decay time of the
hole, and it "senses" the changed field of the ion arising from
decay. In Auger decay this new field corresponds to a charge
greater by unity than the initial field formed upon absorbing
a quantum. Owing to the enhanced attraction, the slow elec-
tron in the new field has an energy smaller than that which it
would have if we neglect the decay of the vacancy. The fast
Auger electron bears away the released energy.

This phenomenon, which involves the redistribution of
energy between the photoelectron and the Auger electron,
amounts to a strong correlation effect, and has been termed
the post-collision interaction (PCI) (see Ref. 57 and the
references cited there). This effect substantially alters the
amplitude, and correspondingly the cross section, of pho-
toionization, as well as the energy distribution of the Auger
electrons and the photoelectrons. Recently the effects of the
post-collision interaction have been intensively studied,
both experimentally,'43^145 and theoretically.14^151

The analysis of this correlation effect is simplified when
the width P, of a deep vacancy is not too large, and a rather
fast electron is produced by its decay, so that we can neglect
the interaction with the slow photoelectron. We can write
the corresponding photoionization amplitude with
allowance for the post-collision interaction in the form

r-
S

(5.6)

D~=(J\,\)
eer \ ̂  J le'

Here the first factor in the integrand is determined from
(2.2) or (2.6), (jef U \kp) is the matrix element,for Auger
decay of vacancy 7 determined analogously to (2.3), and the
last factor, (e'\E) is the overlap integral of the wave func-
tions of the electron (e'\ (in the field with the holey) and \e).

When one takes account of the post-collision interac-
tion, the energy distribution of the Auger electrons is broad-
ened and becomes asymmetric instead of having the ordi-
nary symmetric Breit-Wigner contour. The appearance of
an asymmetric contour means that the photoionization pro-
cess at low energies above the threshold of the inner shell
cannot be represented as occurring in two stages: first the
formation of a vacancy, and then its decay. The redistribu-
tion of energy between the photoelectron and the Auger elec-
tron links these two stages into a unitary process. As an ex-
ample, the results of calculations 147'150'151 of the shift in
energy and width of the Auger lineL23 -^M23M 2i3 in Ar,
together with the experimental data, 144 shows that the influ-
ence of the post-collision interaction on the ionization pro-
cess is manifested most strongly near the threshold, and de-
clines with increasing photon energy.

Taking account of vacancy decay also alters the partial
photoionization cross sections in the vicinity of the thresh-
old of an ionizable shell. The additional attraction caused by
the decay of the vacancy j to form two (or more) vacancies
can lead even to capture of the slow photoelectron by dis-
crete levels of the residual ion. Here the amplitude of (5.6)
and (5.7) will describe the probability of single ionization
above the threshold for formation of an inner vacancy j as
e-»«/. Thus, a calculation by (5.7) of the single-ionization
cross section in the vicinity of the threshold of the 2p6 shell of
Ar led to a maximum57'149 observable experimentally.143 At
the same time, the single-ionization cross section calculated
while neglecting the post-collision interaction and taking ac-
count of the influence of the 2p6 shell on the outer 3s2 and 3p6

electrons has a shallow minimum instead of a maxi-
mum.57'149 We note here that the width of the maximum in
the cross section cr+ is much larger than the width of the 2p
level itself.

For large F,-, i.e., small readjustment times r, <£t, one
can assume a vacancy to decay instantaneously, while the
motion of the ejected photoelectron is now treated in the
field of the doubly charged ion that has undergone static
readjustment. In this simplified model the photoionization
cross section is proportional to the square of the dipole
amplitude:

1 <e 0 1 D \ j) (5.8)

Here the double line denotes the wave function of the photo-
electron \e) having the energy e calculated in the field of the

Here (e0 is the wave function of the electron in the field of
the doubly charged ion. Concrete calculations of the pho-
toionization cross sections of deep shells have shown that
such a crude model in a number of cases describes well the
experimental data, in particular for Is2 of Ar.152

5.3. Mixing of vacancies. The spectroscopic factor

Thus far in Sec. 5 we have been treating the influence of
readjustment of the core on the behavior of the ejected elec-
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tron and the corresponding change in the ionization ampli-
tude. Here we assumed that the created vacancy is a "pure"
single-electron state. However, for inner shells, especially
for those having weak transitions, this assumption is often
incorrect, and strong mixing of more complex configura-
tions exerts a considerable influence on the photoionization
cross sections.153 A vacancy created in the inner shells owing
to configuration interaction amounts to a complex atomic
excitation, in which the electrons of the outer shells also
participate, as well as the electrons of the given shell. The
quantity equal to the fraction of the pure single-electron
state with the given vacancy in the complex excitation being
treated is called the spectroscopic factor of the level F
(F< 1 ).57'153 The fraction of the more complex states being
mixed in is naturally I —F. The appearance of the spectro-
scopic factor arises from the dependence of the eigenenergy
component 2 of the vacancy on the energy. The photoioniza-
tion amplitude taking account of the eigenenergy compo-
nent of the vacancy can be written as follows:

(5.9)

As a rule, it proves sufficient to take 2 in the lowest approxi-
mation (in the second order in the interelectronic interac-
tion). The succession of diagrams of (5.9) enables one to
take account of the deviation of the ionization potential from
the single-particle value owing to readjustment of the ion
caused by appearance of a vacancy and mixing of the pure
hole state with more complex excitations of the type "two
holes + one particle." The photoionization cross section de-
termined by the amplitude of (5.9) can be written in the
form57

-,)• J,.(to). (5.10)

Here \et = /, is the ionization potential, and a,(a>) is the
cross section in the single-particle approximation.

Taking account of 2 along with the intershell interac-
tions amounts to a rather complicated problem. However, if
the spectroscopic factor F of the shell acting on the shell
being studied differs little from unity (and it usually happens
thus for shells having strong transitions), the influence of
the spectroscopic factor of the shell being ionized also can be
taken into account by using (5.10).57 Here, instead of the
ionization cross section in the single-electron approximation
ffj(ea), one substitutes the cross section obtained with
allowance for intershell correlations.

In particular, this is how one must find the ionization
cross section of the ns2 shells of the noble-gas atoms, for
whichFm differs from unity strongly.'54 Thus, for example,
for Xe we have F5s = 0.34, and for Ar /"3s = 0.6. The con-
crete calculations for Xe showed that a 5s ~' vacancy mixes
most strongly with the states 5p~25d and 4d~2£f, i.e., with
excitations in adjoining shells, which make the main contri-
bution to <7Js. Taking account of F5i in Xe by Eq. (5.10)

leads to agreement of calculation with experiment in the en-
ergy region beyond the Cooper minimum, but it breaks
down this agreement in the near-threshold region. However,
we must take account of the fact that a mixing of configura-
tions that leads to an appreciable deviation ofF from unity
alters the intershell interaction itself.155 The matrix elements
that govern the change in the interaction between the single-
electron states can be written in the simplest case in the form

(5.11)

The diagrams of (5.11) are called "two particle-two hole"
excitations. Taking them into account155 enhances the influ-
ence of adjacent electron shells and compensates the de-
crease in <75s owing to appearance of the factor FSs. With
increasing co, the influence of the "two particle-two hole"
state rapidly declines, and the cross section is determined by
(5.10). Curve 4 in Fig. 6, which agrees well with the experi-
mental data throughout the energy range, specifically has
been obtained by taking account of the intershell interaction
and mixing of configurations.57'62

At large photon energies the role of the interactions in
which the photoelectron participates declines. Hence the
correlations, apart from those taken into account in the ei-
genenergy component ~L of the vacancy, become inessential.
Thus, when &>>/MS, the cross section am is determined by
(5.10).

5.4. "Shadow" levels. Collectivization of shells

The mixing of a vacancy in the nl shell with other states
of the atom means that only a certain fraction (F< 1) of the
intensity of the initial level is manifested directly in the ioni-
zation of this level. The remaining intensity of the level
(1 — Fnt) is transferred to the states with which mixing oc-
curs. Since the direct excitation of the latter in the ionization
process is usually improbable, owing to their more complex
structure, the mixing of the original level nl into these states
mainly governs their "creation." In a certain sense such
states become the "shadow" of nl, and hence such states
have been called "shadow states." 57

For example, one can assign to the "shadow" states the
discrete excited state in Ar+, 3p~23d. Its strong interaction
with a 3s ~' vacancy makes the main contribution to their
mixing and determines the value of the spectroscopic factor
of the 3s~' level F3s ~ 0.6.154 Evidently the photoionization
cross section of the neutral Ar atom to form a 3p~23d state
must retain the features of the photoionization cross section
of the 3s2 shell itself. If we neglect the intershell interaction
between the np6 and ns2 shells, the following relationship
holds for the cross sections if the shadow level is single57:

/ •. 1 — fns -y / ,\ /• c 19^

Here <7Ss and crns are the photoionization cross sections of
the "shadow" and the original levels. However, the influ-
ence of the adjacent multielectron shells on the ionization of
ns2 is large, and since the ionization thresholds /„„ and /Ss

differ, the relationship between <7hs and ana is not deter-
mined by the simple expression (5.12). A more accurate
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cr, mb

FIG. 21. Photoionization cross section with formation of 3s ' and "shad-
ow" 3?-» (3p~23d) states in Ar. 1—<735 in the Hartree-Fock approxima-
tion; 2—<73s with allowance for the influence of the 3p6 shell; J—u35 with
allowance for the intershell interaction.57

calculation has been performed for the 3s-»(3p 23d) level
in Ar.57 As we see from Fig. 21, the photoionization cross
section of this level resembles cr3s. There are no experimental
data on the photoionization of this level in Ar, but a satellite
level has been found in the reaction of inelastic scattering of
electrons (e, 2e),156 which the authors interpreted as
3p-23d.

We note that currently the ionization cross sections of
satellite levels, including "shadow" levels, are being inten-
sively studied experimentally and theoretically (in the
noble-gas atoms, e.g., in Refs. 154, 157-159).

When the original level is mixed with several complex
excitations or even with the continuous spectrum, they all
jointly acquire the properties of shadow levels. Upon strong
mixing with the continuous spectrum, the relationship
(5.12) associates the cross sections for two- and one-elec-
tron photoionization. Here the original vacancy itself can
lose a large part of its strength and individuality, and some-
times be fully collectivized. A striking example of this behav-
ior of a vacancy is given by the study of the 4p shells in the
atoms of Xe, Cs, Ba, and the following elements.153-160 Espe-
cially distinguished is the behavior of the 4p,/2 level of Xe,
for which even traces have not been detected in experiments
on photoelectron and Auger spectroscopy.161'162 This "dis-
appearance" of a level is the manifestation of the very strong
interaction of the 4p~' state with the continuous spectrum
of excitation of the 4d shell: 4d~2£f, £p,153 which leads to
very rapid decay of the 4p \,\ level and correspondingly to a
great width F4p >2Ry. The spectroscopic factor /"4pi/, is
close to zero. All this leads to "blurring" of the 4p172

1 level,
i.e., to its complete collectivization. In the photoelectron
spectrum in the vicinity of its expected excitation energy,
one observes a broad region of a continuous energy distribu-
tion of photoelectrons instead of the maximum usual for
atomic levels. 16° Therefore, in determining the photoioniza-
tion cross section in this energy region one must calculate
the amplitude of the transition to the states of the continuous
spectrum 4d~2ef, ep.

In contrast to a 4p,72' vacancy, the maximum at a bind-
ing energy E~ 10.6 Ry might be attributed to the 4p372 level
in the photoelectron spectrum. However, as a more detailed
analysis shows,153'160 this maximum corresponds mainly to
the discrete state 4d~24f, with which the 4p372' vacancy in-
teracts strongly. The remaining part of its strength has been
taken up by excitations to the continuous spectrum 4d~2£f.

Thus the 4p3/2 level also is fully collectivized under the influ-
ence of the 4d electrons.

To a great extent the 4s ~[ level is also collectivized by
strong interaction with the 4p and 4d electrons.160 In the
elements following Xe, the 4s and 4p levels also strongly mix
with the states of the discrete and continuous spectra of the
4d10 shell.153

6. CONCLUSION

The strong action of one multielectron shell of an atom
on another, whose amplitude in a state of the discrete and
continuous spectra is relatively small, is manifested in the
absolute majority of the atoms of the periodic system of ele-
ments. The intershell interaction is also substantial in many
other processes besides those discussed above that involve
the electronic structure of atoms. This pertains to the inter-
action of radiation, not only with isolated atoms, but also
with multiatom structures existing in chemical compounds,
clusters, and condensed media. In principle, the mechanism
of interaction is everywhere the same, although in each indi-
vidual case it has its specifics. The electrons of the outer
shells substantially change their state also in passing from
one atom to another, both owing to the interaction with the
electrons of adjacent atoms and when the atoms enter into a
chemical bond and form solids. The change in the state of the
outer electrons strongly affects their influence on the deeper
electron shells of atoms. Yet the states of the electrons of the
inner shells in most cases change weakly. Therefore, if their
influence on the outer electrons of an isolated atom is large,
then it is large in any other analog of the outer shell, e.g., in
the conduction band or the valence band. In this sense the
action of the inner shells is more general in character and, as
a rule, is manifested in ionization processes.

In this review we have mainly treated the manifesta-
tions of intershell interaction in neutral atoms, since as yet
they have been studied clearly insufficiently in positive ions.
However, evidently the influence of the adjacent shells on
the shell being studied must decline with increasing charge
because the energy of interaction of the electrons with the
nucleus will substantially exceed the interaction energy
among the electrons.

In closing we note also a set of photoprocesses in atoms
and other objects not treated above and illustrating the man-
ifestation of the intershell interaction.

6.1. Double ionization

The ejection of two electrons upon absorption of a sin-
gle photon arises from the interelectron interaction. Usually
the cross section cr+ + for double photoionization is substan-
tially smaller than that for single ionization a+. In light
atoms where the interelectron correlations are small, we find
the ratio a+ +/a+ $ 0.04.163-165 However, for heavier atoms
this ratio increases, and in the energy region where the influ-
ence of the inner shell is large, it becomes of the order of
unity, and sometimes even larger.166"169 The mechanism of
increase of the probabilities of single and double photoioni-
zation is the same in principle in this case. The inner multi-
electron shell plays the role of a resonator, since it amplifies
the electromagnetic field acting on the outer electrons upon
absorbing an incident photon. The amplified oscillations of
the field in which all the outer electrons move easily "shake
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off " one or two electrons into the continuous spectrum if the
photon energy suffices for this. Theoretical calculations of
cr+ + have as yet been performed only for light atoms.'64'165

Therefore one can decide on the role of the intershell interac-
tion only from processing the experimental data.167

6.2. Photoionization of excited atoms

The influence of the inner shells affects the behavior of
all the outer shells, the latter possibly including electrons
lying in excited states. Since the spatial and energy intervals
separating the excited electron from the remaining atomic
electrons are also increased, on the whole we should expect
the influence on it of the interaction with the inner shells to
weaken. Nevertheless, with a large enough dynamic polariz-
ability of the inner shell, its influence on the transition am-
plitudes of the excited electron can remain substantial. This
is confirmed by the results of Ref. 170, which studied experi-
mentally and theoretically the photoionization cross section
of an electron excited to the 5d level in the Ba atom (Fig.
22). For photon energies close to the threshold of the 4d'°
shell, the direct ionization of the 5d electrons is very small,
while the appreciable maximum in the vicinity of <y~/4d

arises from the influence of the 4d10 electrons.
Studies of the ionization of atoms existing in excited

states make it possible to obtain interesting information on
the variation of the intershell interaction as a function of the
distance of removal of one or several excited electrons from
the core and of the principal quantum numbers of the levels
and their angular momenta.

6.3. The influence of outer shells in ions and molecules

The influence of an outer shell on the ionization of a
deeper shell can prove substantial, not only in atoms, but
also in negative ions, molecules, and clusters when the be-
havior of the outer electrons does not differ too much from
the atomic behavior.

Thus, a calculation within the ARPE framework of the
cross section for photodetachment of 5s electrons in the neg-
ative ion / ~ has shown171 that the influence of the outer 5p6

shell is manifested even more strongly than in Xe, which has
the same electronic structure. Since in most molecules con-
taining iodine the latter enters in a state close to the negative

ion, one can state that the influence of the outer electrons
will be manifested also in these molecules.

Calculations have recently been performed of the pho-
toionization cross sections of the hydrogen-containing mole-
cules CH4 and SiH4,

172 which have "neon-like" and "argon-
like" electronic structures. The calculations172 showed that
the outer molecular shell (an analog of «p6 in Ne and Ar)
strongly alters the amplitude and cross section for photoion-
ization of the deeper shell, which is an analog of «s2 in Ne
and Ar.

6.4. Photoionization of solids

For atoms existing in condensed states, the analog of
the outer shell is the conduction or the valence band. Mea-
surements of their partial photoionization cross sections in
solids enable one to determine the features of the influence of
the inner shells of atoms on the collectivized, delocalized
electrons and to compare it with the influence on the bound
electrons. This program is only beginning to be carried out,
and the first results have been obtained on the photoioniza-
tion of the 3d transition metals173 and the rare-earth ele-
ments.44i46>47 The greatest attention of investigators has been
attracted to the region of photon energies close to the ioniza-
tion threshold of the 4d'° shell (which, as we have seen from
the previous examples, is the most convenient object for
studying the intershell interaction). In particular, the ex-
perimental data given in Fig. 20 for the photoionization
cross section of the 5p electrons were obtained in solid poly-
crystalline Ba.44 Resonance amplification has been obtained
in a crystal of LaB6

 46 owing to the influence of the 4d'° shell
and to the photoionization cross sections of the 5s, 5p, and
5d electrons in La. The same has been found also in the rare-
earth metals,46 including the electrons of the conduction
band. We see from Fig. 23, which gives the experimental
data on the partial cross sections in metallic Ce, that, al-
though the influence of the 4d10 shell on the conduction elec-
trons is smaller than on the bound electrons, specifically it
determines the magnitude of the cross section at these ener-
gies. A comparison with the atomic calculations has
shown47'80 that in the first approximation the photoioniza-
tion cross sections of the band electrons in these metals coin-
cide with the corresponding cross sections in the isolated
atom.

cr, mbf

7.2 -

0.8-

0.4-

FIG. 22. The cross section crM in Ba in the vicinity of the ionization
threshold of the 4d'° shell.170

FIG. 23. Partial cross sections a, for photoionization of metallic Ce.471-
cross section of the 4d'° shell; 2—cross section of the 5p6 shell; 3, 4-
contributions of different bands.

472 Sov. Phys. Usp. 30 (6), June 1987 M. Ya. Amus'ya and V. K. Ivanov 472



The examples discussed in this review do not exhaust
the different manifestations of the intershell interaction in
atoms. We have restricted the treatment mainly only to pho-
toionization processes, which have become one of the funda-
mental methods of studying the structure of matter upon the
appearance of new, powerful sources of continuous-spec-
trum electromagnetic radiation—synchrotrons and accu-
mulators. In this review we have not touched on the pro-
cesses of radiative and Auger decay of vacancies, in which
the intershell interaction often also plays a decisive role.
Both the decay of vacancies and each of the examples listed
in the Conclusion amount in principle to a broad and as yet
poorly studied field of activity in atomic physics that has as
its goal also the more exact determination of the structure of
matter and the role in it of the interelectronic interaction.

"Here and below in this article a shell is taken to mean a group of levels
with a given principal quantum number n and orbital quantum number /.

2)Owing to the instability of a 4p vacancy, one actually cannot measure the
cross-section a4p experimentally.
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