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Abstract. Perturbation theory in the lowest non-vanishing order in interelectron interaction
has been applied to the theoretical investigation of double-ionization decays of resonantly
excited single-electron states. The formulae for the transition probabilities were derived in
the LS coupling scheme, and the orbital angular momentum and spin selection rules were
obtained. In addition to the formulae, which are exact in this order, three approximate
expressions, which correspond to illustrative model mechanisms of the trapsition, were
derived as limiting cases of the exact ones. Numerical results were obtained for the decay
of the resonantly excited Kr 1 3d™'Sp['P] state which demonstrated quite clearly the
important role of the interelectron interaction in double-ionization processes. On the other
hand, the results obtzined show that low-energy electrons can appear in the photoelectron
spectrum below the ionization threshold of the 3d shell. As a function of the photon
frequency, the yield of these low-energy clectrons is strongly amplified by the resonant
transition of the 3d electron to Sp (or to other discrete levels), acting as an intermediate
state, when the photon frequency approaches that of the transition.

1. Introduction

In recent years, a pumber of new experimental data have shown the manifestation of
the correlative effects in photoelectron and fluorescence spectra. For example, in
photoionization cross sections of subvalence shells of rare gases as well as in excitation
cross sections of the corresponding satellite states, strong structures were observed in
an energy interval of a few eV close to their respective thresholds (Becker et al 1986a, b,
1988, Hall et af 1989, 1990, Wills er al 1990a, b, Schartner et a! 1988, 1989, 1990,
Schmoranzer et al 1990, Ehresmann et al 1992). These structures are mostly due to
the decay of resonantly doubly-excited atomic states.

Similarly, the decay of the Ar1 3p 'ns, nd, the Kr13d™'np and the Xe14d 'np
resonances was found to yield new features in photoelectron, Auger and fluorescence
spectra (Eberhardt et al 1978, Aksela et al 1984, 1986a, b, 1989, Becker et al 1986a, b,
Lindle et a! 1987, Svensson et al 1988, von Raven et al 1990, Lablanquie and Morin
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1991, Hall et a! 1992, Schmoranzer et al 1991). Transitions from these resonantly
excited atomic states to lower lying ionic states occur in one, two or more consecutive
steps. Some of these transitions may be described in the frame of single-particle
approximations, for example by using the ‘spectatos’ model. The others are purely
correlative trapsitions and essentially of many-electron nature. One example of such
a transition is the decay of the resonantly excited Kr1 3d~!5p state ending in the
simultaneous ejection of two electrons. This decay may be considered as the second
step of a two-step single-photon double-ionization process.

Theoretical investigations of this specific process were so far limited mainly by the
‘shake-off’ approximation (Aksela et al 1989) or by the two-step cascade model (von
Raven et al 1990). However, a more general approach exists, i.e. the perturbation
theory in interelectron interaction, which has been applied, e.g., to the description of
the double-Auger decay of the 1s vacancy in Ne (Amusia et al 1985). The same
approach is used here to describe theoretically a double-Auger-like autoionization
decay of the resonantly excited state, which we call the double-electron autoionization
process.

The formulae derived are obtained in the lowest non-vanishing order of perturbation
theory by using the LS coupling scheme. In addition to the formulae which are correct
in this order, three approximate expressions are presented, which follow from the
correct ones as limiting cases. They are useful for simple estimations of the transition
probabilities and for establishing the real physical mechanisms of the above process.

Numerical results will be obtained for the tramsitions 3d™'Sp['P]->4s~2['S],
4s™'4p~'['*P] in Kr, which are of particular interest at present for the explanation of
recent experimental data obtained by photon-induced fluorescence spectroscopy (PIFs)
(Schmoranzer et al 1991).

2. Theoretical base

Let us consider the transition from the resonantly excited single-electron atomic state
to the doubly ionized final state (see, e.g., figure 1). The energy AE of the transition
is equal to the difference between the energy of the double-vacancy ionic state E”
and the atomic excited state E;. This excess energy AE may be distributed continuously
between two outgoing electrons. In this sense the double-electron autoionization
process is similar to the double-Auger decay of a single atomic vacancy.

The total transition probability (or total width) for the decay of the resonance is
equal to the integral

I‘=J.o v(e) de (n

where y(&) is the density of probability to detect one ejected electron with the energy
¢, while the energy of the second electron is equal to (AE — ¢). The distribution function
in equation (1) is defined by equation (2)1:

y(e)=2a|M(e)I’5(E, - Ey). (2)

The amplitude M (&) of the radiationless transition between the initial and final states
described by their exact multielectron wavefunctions ¢, and iy, respectively, is given

t Atomic units are used throughout this paper.
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Figure 1. The energy levels (Moore 1971) and possible pathways under consideration of
the double-ionization decay of the resonantly excited K 13d™'Sp state.

by their overlap integral:

M = (). 3)

Usually, in simple Auger decays, the first-order perturbative approach is sufficient and
the transition from the initial instantly created vacancy to the final state with two
vacancies and an Auger electron proceeds due to the interelectron interaction V,
N 1
V=i %

pa=1 ‘rp—'q'

(4)

where N is the number of atomic electrons.

In the specific case of interest here, the initial state has a vacancy in the i shell
and an excited electron on the discrete level n. The final state has two vacancies (holes)
£, and f, while two electrons e, and e, are in the continuum. As V (eguation (4)) is
a two-body operator, it can only describe, in the first-order perturbation theory, an
Auger-like decay of the vacancy i with the electron n being a spectator of the
autoionization decay of the initial state with emission of a single electron. Thus in
order to reach the considered final state, the interelectron interaction must be included
at least in the second order. This means that the transition under consideration is a
real correlative process, in which no less than three electrons participate actively. The
best one-electron states are determined in Hartree-Fock approximation by the
Hamiltonian H¥¥. Thus the correlative interaction is determined by the difference

- -

Vcorr=H—I'}HF (5)

H being the total atomic Hamiltonian.
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The perturbation theory approach is used in this paper. The contribution of the
lowest non-vanishing order to the amplitude M of the considered process is given by
the sum of many-body diagrams depicted in figure 2. The usual notation of the
many-body theory is used. Namely, the line with an arrow to the left (right) represents
a vacancy (continuum electron), a line with 2 double arrow stands for an electron on
a discrete excited level, while the wavy line denotes the Coulomb interelectron inter-
action.

The corresponding analytical expressions for these partial amplitudes have the
following form

M, = {I (ke ul f foXeailulnk)E il s,

M, =T (kes|ul fomeil Ul LKYE Ky

M;= 2;, (key|u] finKiesul L) E e,

M, =},_:. (keolul 2 fiXerilu]nk) E ey

M5=§(ke,|u[fzn)(ie,lu| fikYE ke fun (6)
M= (kes|ulnfXie:|ul f1) B,

M; =§ (kilu|fi ) erealulnk)E v, g,
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Figure 2, The lowest non-vanishing-order perturbation theory diagrams of the transition
(in= f, f+ e, + €). A line with an arrow (two arrows) to the right describes an electron
continuum (discrete excited) state, while a line with an arrow to the left corresponds to a
hole state; a wavy line denotes interelectron Coulomb interaction.
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Here Eyns = &+ 6,— € — &, is the intermediate state energy, g; denotes the energies
of the single-electron HF states, and (klju|mn) stands for a combination of the direct
and exchange Coulomb matrix elements:

(|| mn) = {Kdfri | mn)— (s | mn). 7

The sum over k in equation (6) includes both the hole and discrete excited levels and
the integration over the continuum states. If E,, can vanish while k belongs to the
continuum, the following integration formula is used:

Sf(x) S(x) .
- dx—PJ-x_xodxﬂ'rrf(xo) (8)
where P denotes the principal value of the integral.

The final expressions for partial amplitudes M,, a=1,...,9, suitable for real
calculations, are presented in the appendix. They are obtained under the assumption
that the LS coupling scheme for both the initial and final states is valid, so that their
orbital angular momenta and spins are defined:

¥ =lin(LS))
¥ =il L,S))e,e:(L,S,)L'Sh.

In evaluating equation (6), at first the integration over angular variables was performed
and then the summing over spin variables. Finally it was summed over all possible
projections of orbital and spin momenta.

Below we shall refer to equation (6) and (A.1-9) as the exact formulae, of course
having in mind their perturbative nature. These exact formnlae (A.1-9) automatically
lead to the orbital angular and spin momenta selection rules for the transition under
consideration. The selection rules contain the information about both the angular
momenta of electrons (vacancies) involved in the transition and the intermediate-
coupling momenta L, S, L,S, in equation (9).

9)

3. Approximations

Even at a first glance, the exact formulae (equation (6)) and (A.1-9) look rather
complex. Therefore it is difficult to use them for estimations of the tramsition prob-
abilities. Furthermore their structure masks to some extent the most important reat
physical mechanism (if such a dominant mechanism exists) responsible for a given
transition.

At least three special cases may be distinguished, in which the estimation of
probabilities is considerably simplified.

3.1. Shake off model

Suppose that the main contribution to the total amplitude M is due to some large
Coulomb matrix elements in equation (6). Normally the largest ones are the matrix
elements, which include two or more identical single-electron wavefunctions. Let us
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sum, following Amusia and Cherepkov (1975), the partial amplitudes M, (k=i), M;
(k=1;) and M (k=/£,). Then we have, after factoring out,

(ie|ulfi L) exilulni) —{e,filulnf) - (e filulnf))/ (&2~ €.)
= (ie,|ulf fX(e F' = F92|n)(e, — &,). (10)

Here F* is by definition the lowest-order correction to the atomic self-consistent field
due to the absence of an electron on the level i in the initial state; FU¥? is a similar
correction due to the presence of the holes f; and f; in the final state; &, and ¢, are
the single-particle energies for e; and n, respectively. Now let |#) and [é,) denote the
solutions of the single-electron Hartree-Fock equations

AP\ iy= &)
AfP\ay=ale)
where A" and H¥F are the Hartree-Fock Hamiltonians of ions, which may be
obtained from that for an atom H™® by excluding the electrons in the states i and

Ni» Jo, respectively. Then the second factor in equation (10) may be transformed into
the following form:

(e F** = Fn)/ (£, = £,) = (el A — H M7\ n)/ (£ €,) ~(&,| A). (12)

Here {&,] 7} is the overlap integral of the excited-electron wavefunction |#), obtained
in the field of the initial vacancy i, and the continuum-electron wavefunction |é;),
defined in the field of two vacancies f; and f;, i.e. in the field of the residual jon.

Finally, we obtain a rather simple formula for the amplitude, which corresponds
to the so-called ‘shake off’ approximation:

M, =ie,|ulf, f-{&| A). (13)

A similar formula may be easily obtained by combining contributions of other partial
amplitudes M, (k=i), M, (k=1,) and M; (k=/5):

M.y, = (ies]ul fL2é | 7). (14)

Since the overlap integral (&, | 4} is not only proportional to the Coulomb matrix element
but also inversely proportional to (£;—g,), one may expect a large contribution of the
‘shake off’ mechanism in cases when one of the outgoing electrons has the lowest
possible kinetic energy, while the Coulomb transition matrix element {ie,|u| f, f2} is large.

1)

3.2. Two-step or cascade process

The cascade mechanism of the transition in-> f, f,+ e, + e, is possible, if on the way
from the initial atomic state with the energy E; to the final jonic state of energy E.*°
there is at least one real ionic state through which the decay may proceed if allowed
by the spin and orbital angular momentum conservation laws. In this case, the energy
denominator in one of the partial amplitudes (equation (6}, figure 1) becomes small
or even is equal to zero. Thus the distribution of energy between the two outgoing
electrons is close to that of a real multi-step process. In order to treat the singularity
arising from the vanishing denominator correctly, one has to take into account the
total width I', of this intermediate ionic state.

Assume that such a situation occurs in reality, e.g. in the partial amplitude M;,
when the intermediate single-electron state k = ky, the hole state f, and the excited-
electron state n form jointly the real intermediate electron configuration (k,f;n) of
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energy E s, wWhere E_',"“ < Ey,z.» < E;. Then points of singularity in the (e, e,) energy
distribution will be found, where the energy denominator is small or even tends to
zero. In this case, the contribution to the amplitude M; (k = k;) must be modified by
introducing the width I';, of the state k in the denominator:

{koeoul fonXie| "f.l‘iko)E
Ae+ i(l"k/2)

This expression corresponds to ap infinite sum of diagrams which accounts for the
interaction between the outgoing electron e, and the vacancy f, including the possibility
for them to go back to the states n and k, respectively. Equation (15} describes the
consecutive two-step transition. The first step is the Auger-like transition (in— fikon+
¢} with an excited electron » as a ‘spectator’ and resulting in ejection of the first-step
Auger electron e, with the energy &, = E, — E, ;.. The second step is the decay of an
intermediate autoionization state (kofin = f,. 5+ e,). Now the vacancy f; plays the role
of a ‘spectator’ and the second-step electron e, with the energy &,= Ey,— EF™ is
ejected. As a result, the normally smooth curve y(¢) acquires prominent peaks at the
energy positions & =g, and £=g,. Similarly, not only two, but many peaks in the
electron spectra can be present.

Ms(k=ko}= M,. (15)

3.3, Resonance in continuum

The energy denominator in a partial amplitude may be equal to zero also when the
intermediate state k = e, belongs to the continuum. Such a situation is possible, e.g.,
in the partial amplitude M-. According to equation (8), the contribution just of this
continuum state k = ¢, to the total amplitude M is given by the expression

My(k = &) =Fim(ed|ulfi L ee|ulne) = M. (16)

This may also be the dominant contribution, if the Coulomb matrix elements in equation
(16) are large. In this case, one may consider the transition in-f,f,+e,+e, as
proceeding by two steps. The first one is an Auger-like decay in= f, fan - ¢, with an
excited electron n as a ‘spectator’, which results in ejection of an intermediate electron
e, with energy s,. The second step is the inelastic scattering of this electron e, by the
electron n at the discrete excited level. As a result the latter acquires the additional
energy and leaves the atom. The scattered electrons may change their orbital momenta
and spin in the course of the interaction.

In the real transitions, as will be demonstrated by the results of numerical calcula-
tions, all the simplifying mechanisms presented above contribute to the total amplitude.
However, the contributions of the remaining intermediate states k, both discrete and
continuous ones, which are not taken into account by the simplified approaches
described above, may be (and quite frequently are) significant. The interference of the
various amplitudes may result in both increase and decrease as compared to the resuits
of the simplified calculations. In some cases, the model estimations of the probabilities
may even be misleading.

4. Results and discussion

Here we present the main results of numerical calculations for the transitions from
the resonantly excited Kri13d~'Sp['P] state to the (i) Kriuds™?['S], (ii)



1288 M Ya Amusia et al

Krmds~'4p~'['P] and (jii) Kruxd4s™*4p~'[°P] states of the doubly charged ion
(figure 1). These transitions are the most intense ones which lead to Krin states
observable by piFs. In all three cases, two electrons are cjected at the end taking
away the energy of the transition. There is one exclusively correlative channel, i.e. the
direct transition 3d™'Sp['P]->4s~%+e,+e;,, while the transitions 3d™'Sp['P]~
4s7'4p~"['*P}+ e, + e, may proceed, in addition to the direct path, by two-step processes

3d"5p['P]->4s'?5p[2P]+el
45~'4p ' ["°P]+e,.

The aim of our calculations is to obtain the probabilities of the varions channels and
to find, if they exist at all, the dominant mechanisms of these transitions. The computer
codes ‘aTom’ (Chernysheva and Amusia 1983) are used for numerical calculations of
the energy levels, wavefunctions, amplitudes and distribution functions.

The energies of the initial 3d™'5p['P], intermediate 4s~25p[®P] and final ionic
457['S], 45'4p~"'[’, *P] states, obtained within the single-configuration non-relativistic
HF approximation, have correct relative positions, but the absolute values are not in
good agreement with the experimental data. Therefore we used experimental energy
values (Moore 1971) in our calculations of the decay probabilities.

The wavefunctions of the ejected electrons are obtained separately by calculating
them in the self-consistent field of the corresponding doubly charged jon state. So we
neglect here the interaction between the outgoing electrons. This approximation seems
to be reasonable because both the experimental data and theoretical estimations show
the highest probability for the situation, when one of the outgoing electrons is fast
while the other is slow. Note that the above wavefunctions of ejected electrons were
calculated by taking into account that the field depends on the term of the double-hole
state, e.g. by considering the 'P and *P terms of the 4s™'4p™' state. As was shown
earlier (Amusia and Cherepkov 1975), the use of such electron wavefunctions is
equivalent to the inclusion of an infinite sequence of the diagrams of the so-called
random phase approximation with exchange (RPAE). For the summation over intermedi-
ate single-particle states k in equation (6), we use the hole wavefunctions of the Kr
ground state and the wavefunctions of the electron, excited from the specific atomic
shell just as it is represented in the diagram under consideration, i.e. in the ‘frozen’
field of (N —1) remaining atomic electrons. The continuous wavefunctions of the
intermediate states k in equation (6) are single-particle wavefunctions calculated in
the term-dependent HF approximation with the term 'P. In this case, a definite part of
the rRPAE diagram contributions is taken into account also {Amusia and Cherepkov
1975).

The number of intermediate discrete and continuum states involved in the summa-
tion (integration) over k in equation (6) was established by preparatory calculations:
4 discrete and 39 continuum states were used for each value of angular momentum I.
Distribution functions y(e) were calculated at 9 to 25 points of energy &, depending
on whether the curve is smooth or has a singular structure. The probabilities were
obtained by numerical integration of y(e)} according to equation (1).

4.1. Transition 3d "' Sp[' P]-> 4s™['S]+e,+e;

The energy of this transition is equal to 91.20-69.82 =21.38 ¢V. According to the
selection rules, the transition may result in ejection of different electron pairs (e, e;)
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having non-limited orbital angular momenta (1,1+1),1=0,1,2... However, the total
orbital angular momentum and spin of the electron pair is restricted to L,=1, §,=0.
We shall see below that the probability to emit electrons having large angular momenta
is decreasing significantly with increasing 1, so that it is sufficient to take into account
the first few values of 1, up to 1=6, only.

As was mentioned above, the intermediate states between 3d™'5p['P] and 4s™['S]
may be only virtual in our approximation. Figure 3 shows the distribution functions
¥1.1+1(&) of the energy of an outgoing electron (the left symmetrical half only). The
upper curve is the sum of y; 14,(¢),1 =1, ..., 6, and corresponds to the total distribution
function y(g). These curves have a characteristic U-like shape. This means that if there
is enough energy for emitting two electrons, then one is predominantly slow and the
other is fast. The integral contributions of different electron pairs to the total probability
of the transition are presented in table 1. The main contribution comes from the ejection
of a (p, d) electron pair. To illustrate the contributions of the ‘model’ mechanisms, we
present in table 2 the intermediate numerical results for partial amplitudes M,,
a=1,2,...,9, for the transition 3d™'5p['P]>4s"*[’S]+e,+e, at three essentially

Distribution Function ¥ (€} x 10%

0 2 4 6 8 10
Energy / eV

Figure 3. The distribution functions v;1+,(e) (left symmetrical half) of the energy ¢ of an
outgoing electron in the transition 3d~'Sp['P]-»4s~2['S]+¢,+ e,. The upper solid line
corresponds to the total distribution function y(e) of the transition.

Table 1. Integral contributions I,,,, of different pairs ([ I+1) to the total transition
probability of 3d™*5p[!P]-> 4s~3[1§], in 107*¢V.

Electron pair

(&1, &) T, (10 ¢V)  Fraction (%)
(s, p) 0.29 5

(p,d) 2.43 43

(4,6 1.06 19

(f, g 1.27 23

(g, b) 0.50 9

(h, ) 0.05 <1

3 5.60 100




Table 2, Partial amplitudes M, total ami:lilude M and model amplitudes M,,,, M,,, M, of the transition 3d™'5p['P]->ds~*['S]+e¢,+¢; at different electron

energies &,.

5,=0.0136 eV £,=10.69 eV 2,=21.3663 cV
a M, Main contribution (k) M, Main contribution (k) M, Main contribution (k)
1 497 3.75 (dp) 467 4.15 (dp) 32 2.81 (4p)
2 -16.06 —15.83 (4s) -12.24 —11.13 (4s) -8.33 ~7.60 (4s)
3 -16.06 —15.83 (4s) ~12.24 —11.13 (45) ~3.33 ~7.60 (48)
4 242.82 239.20 (3d) 54.22 50.44 (3d) 30.70 26.81 (34)
5 072 1.19 (f-cont} 0,73 1.31 (f-cont) 234 3.02 (f-cont)
6 072 1.19 (f-cont} 0.73 1.31 ({-cont) 234 3.02 (f-cont)
7 1.82—i95.68 —~i95.68 (d-cont) 7.48—-i86.06 —i86,06 (d-cont) 36,75-1100.06 ~i100.06 (d-cont)
8 -4.40-10.17 -3.05 (4p) —-4.06—i0.18 ~2.61 (4p) -3.64—10.19 —2.27 (4p)
9 -4.40-i0.17 ~3.05 (4p) —4.06—i0.18 —2.61 (4p) —3.64—i0.19 ~2.27 (dp)
M 210.13 - i96.02 35.23-i86.42 51.41--1100.44
M, 207.54 (3d, 4s, 4s) 28.18 (3d, ds, 4s) 11.61 (3d, 4s, 4s)
M, 0.0 0.0 0.0
M, ~i95.68 {d-cont) ~i86.06 (d-cont) —i100.06 {d-cont)

062l

10 12 ISy vg W
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different points of the energy distribution: &, &5, £, = &,, &, » 5, (note that the data
in table 2 correspond to the case of ¢, = ¢, ;= e,; in order to obtain the symmetrical
distribution function, one would have to take into account the case of e, = ¢4, e,=¢,,).
The table also shows the intermediate states k, which yield the main contributions to
M, and the model amplitudes according to equations (13), (15) and (16).

If s,« &4, the ‘shake off’ process dominates (~80% of probability). Both the absolute
and the relative ‘shake off’ contributions are decreasing with increasing p-electron
energy. At the same time, the value of M, does not vary much and becomes dominant
when &, &4 (=90% of probability, if e, &4).

This short analysis shows that the different model mechanisms of the transition
dominate at different points of the electron energy distribution.

4.2. Transition 3d~'5p[’'P]»4s " 4p~'[’P]+e, +e,

The main feature of this transition, as we have mentioned above, is that it may proceed
by two steps due to the presence of the 4s™>5p state between the initial 3d™'5p['P]
and final jonic 4s7'4p~'['P] states. The first step is the Auger-like decay 3d~'5p-
4575p+e, with the Sp-excited electron as a ‘spectator’, and the second step is the
decay of the autoionization state 4s725p~>4s™'4p™ + ¢,, where now the 4s vacancy is
a ‘spectator’. Of course this is not the only pathway of the transition 3d™'5p-
4s™'d4p~'+ e, + e,. It may also proceed, similar to the one of section 4.2, by simultaneous
¢jection of two electrons, which we shall call the *direct’ transition way in order to
emphasize the difference from the two-step procedure.

The possibility of a two-step transition resulis in the appeatance of two peaks in
the electron spectrum in the energy regions around 29.27¢V and 5.78 eV, which
correspond to the ejection of the first- and the second-step electrons. The ‘direct’
transition leads to the ejection of so-called background electrons in the energy interval
from OeV to 35.05eV.

According to the selection rules, the first-step electron may have the orbital angular
momentum 1, =2, while the second-step electron orbital angular momentum is equal
to zero or two. There is no such restriction for the orbital angular momenta of electron
pairs ejected by ‘direct’ transition. The ejection of symmetrical (1, 1) and asymmetrical
(1,1+2), 1=0,1,2,..., electron pairs, which are coupled to 'S, 'P and 'D terms, is
possible in general.

In figure 4 we present the distribution functions y,,(¢) and ¥, ;4. for the different
electron pairs (1,1) and (1, 1+2), which contribute to the transition 3d7'5p['P}-
457 '4p ' ['P]+(e;+ ;)['D]. A similar behaviour of the distribution functions was
calculated for transitions where the outgoing electrons are coupled to 'S and 'P terms,
so that the corresponding figures have been omitted.

Similar to the transition 3d™!5p->4s~"+ e, + ¢, the ‘shake-off’ mechanism in the
sense of section 3.1 is mainly responsible for the ‘direct” decay 3d™'Sp-
457'4p~"+ e, + ¢, at those energy regions where one electron is slow while the other is
fast. But here the most interesting features are the peaks, which appear due to two-step
transitions resulting in the ejection of s and d electrons. To calculate accurately the
distribution functions at the peak regions, we used the experimental total width of the
457%5p state, Ty-25,=0.18 eV (Sonntag 1992). Transitions 4s~*Sp-»4s™'4p~'[""Pl+e
with a 4s vacancy as a ‘spectator’ mainly contribute to the total width of the 4s™5p
state. According to our estimation using the simple HF ‘spectator’ approximation, the
probabilities of these transitions are I'; =0.109 eV (*P) and 0.024 eV (°P), so that the
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Distribution Function y (e} x 10°

o 5 10 15
Energy 7 8V

Figure 4, Lower part of the distribution functions
ve(e) and ¥,1,,(¢) in the transition 3d~'5p['P}-+
457471 P14 (e, + €)['D] (left symmetrical hasf).
The upper full curves corresponds to the total
%'pj( ) of the above transition. The maximum value
of the total yip(2) is equal to 709.86 X107 at the
resopance energy £ = 5,78 ¢V,

Distribution Function y () x 108

Energy / eV

Figure 5. The total distribution function ¥ () (left
symmetrical half, upper full cucve) in the transition
3d71Sp[*P] > 457! dp I[P+ ¢, + e, with maximum
vatue 1399.08x107° at the resonance energy e=
5.78 V. The contributions of the various electron
pairs coupled to 'S, 'P and 'D terms are shown. The
corresponding maxima at the same resonance energy

amount o 370.32% 107, 812.90% 10~ and 709.86 %
1075, respectively,

total value of 0.142 eV is in reasonable agreement with the above experimental result.
We also estimate the probability of the first-step transition 3d™'5p->45~*5p+e, using
the same approach. The value obtained is I'; =2.72x 107 eV,

Using these results, it is possible to approximately estimate the two-step probability
of the trapsition 3d™'5p[‘P]»4s~'4p~['P] + ¢, + ¢,, assuming the independence of the
steps, in the following way:

P =Ty (To/Taym25,) = 2.72 % (0.109/0.142) x 1073 eV = 2,09 X 107> & V.

The integral contributions of different electron pairs to the total probability of the
transition 3d™'5p['P]»>4s~"4p~'[' P]+ e, + ¢, are listed in table 3, Figure 5 displays the
distribution function y(e) of the transition 3d™'5p['P]» 4s~'4p™'['P]+ ¢, + ¢; a5 2 sum
of all y,,(¢) and ¥, ,+2(8). As can be seen in table 3 and figures 4 and 5, the main
contributions to the total probability of the transition under consideration are coming
from the symmetrical electron pairs (d, d). The next important contribution stems from
the (s,d) pair. As was shown above, these electron pairs could be ejected only by
two-step transitions. However, this does not mean that only the two-step process is
responsible for the contribution of (s, d) and (d, d) electrons to the total probability.
On the contrary, as one may see in figure 4, it is difficult to separate the two-step and
the *direct’ contributions. This separation is to some extent arbitrary. It could be done,
for instance, by dividing the energy interval (0, AE) into at least three regions: (a)
|Ae|=<T/2, (b) |Ae|»T,/2 and (c) the remaining part (here As and I, are defined
according to equation (15) in the two-step transition model). Then the contribution
of the electron pairs (s, d) and (d, d) to the total probability in the energy region (a)
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Table 3. Integral contributions T, of different electron pairs (4 ) and (L I+2) to the
total transition probability of 3d™'Sp['P1-> 45~ '4p™'['PL, in 10~* V.

Electron pair

(e, 85) [L.S,] I,,. (107%eV) Fraction (%)

(s.5) 15 0.029 0.1

(p,p) 3 0.127 0.5

d,d) 13 25711 989

(0 s 0.113 05

=T, 15 25.980 100.0 18.7
(p,p) tp 0.086 02

(d, d) Ip 56.182 99.8

a@.n p 0.011 0.0

b3 p 56.279 100.0 405
(s,d) 'p 5.203 9.2

(p, P} D 0.079 0.1

(p.D ip 2.036 3.6

(d,d) 'p 44163 778

{d,8) p 2165 49

(f,f) 'D 0.179 0.3

(£, h) p 2309 4.1

3T D 56.734 100.0 408
b3 138.993 100.0

|Ae|<T,/2 around the resonance may be called ‘two-step’ transition probability. The
contribution of the electrons (s,d} and (d,d) in the energy region
|Ae|» /2 and the contribution of ‘non-two-step’ electrons may be considered to
represent the probability of the ‘direct’ transition. The remaining part of the total
transition probability, which comes from the energy region where Ae and I'; do not
differ so much and Ae is comparatively small, has to be related to the interference of
the two-step and direct transition channels.

So we may reasonably estimate the two-step probability of the transition
3d7'sp['P]>4s'4p~ ['P]+e,+e, to be approximately equal to I,=
2T -2, ¥(2 =5.78) = 6.82 X 107> ¢V. This value reflects the influence of the many-body
effects which lead to the increase of the previous approximate independent-two-step
probability I', =2.09x10™° eV by a factor of about 3. This result also demonstrates
quite clearly the importance of the interelectron correlations in the atomic doubie-
ionization processes.

4.3. Transition 3d™'5p['P]+ 47 4p 7 [’ P] +¢,+e,

The transition to the triplet doubly ionic state 4s~'4p~'[*P] is similar to the previous
one in many aspects. Of course, the released energy is larger, AE =37.895 eV (we used
the average value of the experimental energies Esp = 53.626 ¢V, Bp =53.358 ¢V and
Bp,=52.930 eV to estimate the released energy). Consequently, the second-step elec-
tron is ejected with an energy of 8.625 eV, while the first-step electron has, of course,
the energy 29.27 eV, as in the transition to the singlet ionic state.
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Another difference lies in the fact that the total spin of an electron pair must be,
according to the selection rules, equal to S, =1, i.e. the outgoing electrons have parallel
spins. This additional restriction leads to a significant mutual compensation of the
partial amplitudes (equation (6)) and consequently to a much smaller value of the
total amplitude.

The main numerical results for the transition 3d~'5p['P] > 45~ '4p~'[*P] + ¢, + £; are
presented in table 4 and figures 6 and 7. The estimations of the two-step transition
probabilities in the independent-two-step model and including interelectron correla-
tions are equal to I'x; =0.65%107%eV and I, = 2.21 x 1072 &V, respectively.

Summarizing the results of sections 4.1, 4.2 and 4.3, we present in figures 8 and 9
the total distribution function 7y...(¢) as the sum of the symmetrical (in their own
energy intervals) distribution functions of the transitions of sections 4.1, 4.2 and 4.3.
As the energies of the above transitions are different, the resulting total distribution
function is non-symmetrical.

The prominent peak A in figures 8 and 9 corresponds to the ejection of the first-step
electron in the tramsition 3d~'Sp—>4s*5p+e. Both the transitions 3d~'Sp-
457 '4p~'['P]+ e, + e; and 3d™'5p > 45~ '4p~'[*P] + ¢, + e, have their peak values of y(¢)
at energies around 29.27 ¢V. Only background electrons of the traunsitions of sections
4.13d7'5p> 45+ e, + e, and 4.3 3d7'Sp > 4s~14p~'[°P] + ¢, + ¢,, which are exclusively
ejected due to the correlations, contribute to the peak B of the transition of section
4,23d7'5p->4s5"'4p~'['P]+ e, + e., and vice versa. Therefore, the peaks B and C, which
correspond to the ejection of slow second-step electrons, have almost the same heights
as in figures 5 and 7, respectively.

Table 4. Integral contributions I',,,, of different electron pairs (4 1) and ([, 1+2) to the
total transition probability of 3d~15p['P]-+4s™ 4p~"[*P], in 10~ eV.

Electron pair

(e,e) [L;S,] e e (107%eV) Fraction {%)

(s,5) s 0.003 0.0

(. p) 33 0.004 0.0

(d,d) 33 12.708 99.9

0 35 0.001 0.0

>3 YN s 12716 100.0 174
(p,p) 3p 0.016 00

{d,d) 3p 28741 99.9

{£,0) 3p 0.003 0.0

2Tee p 28.760 100.0 39.4
(s, d) D 7.502 23.8

(. p) ’p 0.031 0.1

(®, ) D 122 39

(d, d) D 22.187 702

(d,g) p 0.457 14

(%) 3p 0.005 0.0

(f,h) 5p 0.181 0.6

b4 A ) 31.585 100.0 432

lon 73.061 100.0
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Figure 6. Lower part of the distribution functions y,,(¢} and ¥,,4x(s) in the transition
3d-'5p['P]> 45" 4p[°P]+ (e, + &,)[*D] (left symmetrical half), The upper full curve cor-
responds to the total y2p)(e} of the above transition, The maximum value of the total
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Figure 7. The total distribution function ¥,.(€) (left
symmetrical half, upper full curve) in the transition
3d715p['P}» 4s~4p~'[°P] + ¢, + &, with maximum
value 614.27x10™° at the resonance energy &=
8.62 eV. The contributions of various electron pairs
coupled to 38, °P and *D terms are also shown. The
comresponding maxima at the same resonance energy
amount to 110.62%10™%, 249.32x 10~ and 254.33 X
1075, respectively.
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Figure 8. The total distribution function y,,(e) of
the energy £ of an ejected electron, as a sum of the
symmetrical (in their own energy transition interval)
total distribution functions for the transitions from
the initial 3d"‘5p[‘P] state to the final double-ion
configurations  4s~['S], 4s~'4p~'['P] and
4s~'4p™'[°Pl.
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Figure 9. Magnified lower part of figure 8, with symmetrical components well resolved.

5. Final remarks

The above results have been obtained by simplifying the real situation mainly in two
respects, i.e. (i) by neglecting certain possible channels of autoionization and (ji) by
using approximative calculation procedures.

(i) Not all possible channels of the double autoionization of the Kr3d™'Sp state
were considered in the present work, particularly the tramsition 3d~'Sp['P]-
4p~['S, °P, 'D]+ e, + ¢, has been omitted. The final state may be populated also by
two-step transitions, which would result in the appearance of additional peak structure
in the electron spectra. Of course, a2 number of peaks additional to ours in figure 8
appear in the real spectrum due to the various ‘up’ and ‘down’ single autoionization
transitions, such as 3d™'nl > f,f;n'l'+e, which were outside the scope of the present
work, too. Finally, the splitting of both initial and final states into the fine-structure
components complicates the electron spectrum further. Peak C in figure 8, e.g., splits
into the components Gy, Cp, and Cp,, which are approximately proportional to the
statistical weights Wi, =3, Wi, =3 and Wsp, =4, due to the spin-orbital interaction.

(ii) The results represented in this work and the above discussion are based on
the single-determinant HF approximation, which leads to the simplified energy level
scheme of figure 1. The important effect, which is not taken into account here, is the
configurational mixing of the states under consideration with the energetically adjacent
ones. The configuration interaction may result not only in the shifts of peaks and
variation of their intensity distribution, but also in the appearance of an unexpected
peak structure. For example, one may suppose that the weak peak observed in the low
energy region of the photoclectron spectrum (Lablanquie and Morin 1991) is due to
the mixing of the intermediate 4s~25p state with the 4p~>4d5p configuration. One of the
mixed states has an energy somewhat higher than 4s™2, so that the transition 3d~'5p -
4572+ e, + e, may proceed via this mixed state by two steps also.

Experimentally it is possible to distinguish the final states of the decay, namely
452 from 45~’4p~! and 4p~2, by photon-induced fluorescence spectroscopy or photo-
electron spectroscopy. These measurements are sensitive to the final-state configuration
mixing which may be roughly estimated as follows. The relative intensity of a pure
state i in a complicated mixture of many states is given by the so-called spectroscopic
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factor F;, which is known to be about 0.5 for the 45" state (Fuss et al 1981). In view
of a comparison of our theoretical results with experimental ones, this can be taken
into account simply by multiplying the cross sections derived without this effect by F,.
We did not calculate the spectroscopic factors of 4572, 4s~*4p™ and 4p™>, which is a
separate and non-trivial task. However, in order to give a rough estimate of their role
the following approximations were assumed: Fj,-2=(F,,1)?, Fig14p~1 == F4g1 Fyp-r and
F,-2== Fy,-1Fy -1, Using these simple relations and F,,-1=1, it is concluded that in
order to compare with experiment, the cross sections determined by the amplitudes
shown in figure 1 must be multiplied by about 0.25 for 452 and by about 0.5 for the
4s~'4p ™" states. However, one has to keep in mind that these approximate considerations
may indicate the general tendency only and that the term dependence of F; (Aksela
et al 1984) neglected here will complicate matters further.

6. Conclusions

Perturbation theory in the lowest non-vanishing order in interelectron interaction has
been applied to the theoretical investigation of double-ionization decays of resonantly
excited single-electron states. The formulae for the transition probabilities were derived
in the LS coupling scheme, and the orbital angular and spin momenta selection rules
were obtained. Three approximate expressions, which correspond to illustrative model
mechanisms of the transition, were derived as limiting cases of the exact ones.

The numerical results obtained for the decay of the resonantly excited
Kr13d™'5p['P] state have demonstrated quite clearly the important role of the interelec-
tron interactions in double-ionization processes.

On the other hand, the results presented show that low-energy electrons can appear
in the photoelectron spectrum below the ionization threshold of the 3d shell. As a
function of photon frequency w, the yield of these low-energy electrons is strongly
amplified by the resonant transition of the 3d electron to 5p (or to other discrete levels),
acting as an intermediate state, when w approaches the transition energy.

We intend to study also the direct double-electron ionization amplitude in order
to obtain not only the partial widths of the transitions under consideration, but also
the total photoionization cross section in the discrete-excitation frequency region as a
function of frequency. Note, that as a function of photon frequency the double-electron
photoionization cross section is strongly enhanced when the process goes via the almost
real discrete excitation of an inner-shell electron, like the 3d ~» 5p transition.

The role of a ‘doorway’ discrete excitation (3d™'5p in our case) in amplifying the
subsequent double-electron ionization can be played by any powerful resonances which
persist in the photoabsorption spectrum. Namely, in the giant resonance region of Xe
(4d- ef) or Mn (3p~> 3d) transitions, the probability of double-electron ionization of
the outer shell must be strongly enhanced.
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Appendix

Here the final formulae for the partial amplitudes (6) of the transition (in - f, f>+ e, + ¢;)
are presented. To obtain them, the validity of LS coupling scheme according to
equation (9) of the main text is assumed. These formulae are:

L L B[k & LY(b L L
M, = —DLeH ] { k}{
' #nk I;AZ;Ag( ) L’Z Ig z Ifz Ifl l\z L‘ L2 ll
X {AVERLV + (=) WIkhp,+ BW Gl V+ (=15 WG, .}
X E g £, 8L1:-Bmas- (A1)
A A I
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ny hAyAz A 1 Al Ifz

AL x}{L, L } thy §,+8 (As)
VA (=15 S AV + BWIES),
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’ ALy L RYSL, L LYfL &,
M, = -1 L+Lfl+!2L { 1 ¢ k} { 1 3 k { 2 n k}
! inx ‘kgh 1) il I, L, L}a; :fx Ay L

X A(=1)= VI (=15 V+ WG+ WaLL[(-DSV+ WIS}
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where A and B are the spin factors, defined by expressions:
)
A=(~ 1)Ss,s,{ 2 ,} Bss-8p, M. (A.10)
S, 8 3 '

B=(-1)"+25, {5, b 1} 8s,5.850055-Bm 0 (A.11)
while the reduced direct and exchange Coulomb matrix elements are given by the
formulae:

prnn(h A BY(B AL L
V(lQZ 14 (0, 0 (:) (03 0 ;) <V1V3 H-l V2V4> (A.12)
Nt s fh BOA
W(1324='\Z (-1) hoL Vit (A.13)
2 4

Here the usual notations for 3jm- and 6j-Wigner coefficients with the phase factors
defined according to Warshalovich et al (1975), are used: [=(21+1)">

The conditions, under which 3jm-, 6j- Wigner coefficients and §-Kronecker symbols
in (A.1-13) are not equal to zero, establish the orbital angular and spin momenta
selection rules both for single-electron states, involved in the transition, and intermedi-
ate-coupling momenta L,S,, L,S,.
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