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The M, sNN normal and resonance Auger spectra of Kr have been measured using different pho-
ton energies to ionize or excite the 3d levels. Excitation of the 3d electrons to the 3d°4s24p®Sp reso-
nance states results in decay with a 5p spectator or participator electron. The spectra are analyzed
by comparing them with the calculated profiles. The calculations take into account the presence of
a spectator electron, and the correlation effects in the case of a 4s hole state.

I. INTRODUCTION

Decay of the resonantly excited states of Kr and Xe has
been of great interest in recent experimental studies using
synchrotron radiation.!~* The spectra show a complicat-
ed fine structure. Besides the resonance Auger transitions
with the excited electron as a spectator, autoionization
lines are also present in which the excited electron takes
part in the decay process. Additionally, a normal pho-
toelectron spectrum accompanied by its satellite structure,
and Auger satellites arising from correlation or shake-up
processes, appear in the spectra. Different contributions
can be separated on the basis of a detailed comparison be-
tween theoretical calculations and experiment. Such a
comparison was recently carried out for Xe,? and will be
presented for Kr in this work. In addition, a careful
theoretical study and comparison with experiment is also
done for the normal M, sNN transitions, which form a
reference spectrum for the resonance Auger spectra.

Experimentally, only the MsN, 3N, ; resonance Auger
spectrum of Kr taken at 91.2 eV photon energy has been
studied until now.! Because of the relatively small 3d
photoionization cross section, measurements of the Kr
Auger spectra are much more difficult than those of Xe.
In this paper we report, besides the MsN, 3N, ; resonance
Auger spectrum, also the whole M;NN resonance spec-
trum as well as the M4NN resonance transitions. In this
work we focus on those transitions which result after
selective excitations of the 3d electrons, or ionization
reasonably far from threshold. Thus the postcollision in-
teraction (PCI) is left outside the scope of this work.

II. EXPERIMENTAL

The experimental measurements were made by using
photons from the Canadian Synchrotron Radiation Facili-
ty at the Tantalus storage ring, and a Leybold-Heraus
LHS-11 spectrometer mounted at the magic angle.® The
electron intensities are thus independent of B and the po-
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FIG. 1. Auger and resonace Auger spectra of Kr recorded
using (a) 110 eV photon enrgy to ionize the 3d levels, (b) 91.2-eV
photons to excite the 3ds,, electrons to the 5p Rydberg state,
and (c) 92.4-eV photons to excited the 3d,, electrons.
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FIG. 2. Comparison between (a) experimental and (b) calcu-
lated M,sN,3N,3 Auger electron spectra. LS symbols in
parentheses refer to the M, group and those without brackets to
the M5 group.

larization of the incident radiation. The analyzer is work-
ing in the constant-pass-energy mode with the result that
the analyzer transmission function is independent of the
initial kinetic energy. All spectra were recorded at a
monochromator bandwidth of 2 A, and an electron
analyzer pass energy of 50 eV.

Figure 1(a) shows the entire normal M, sNN Auger
electron spectrum of Kr measured using 110 eV photon
energy to ionize the 3d levels. Figures 1(b) and 1(c) show
the resonance spectra after excitation of Kr to the
3d°4s%4p°(*Ds,,)5p and 3d°4s%4p®(*D,,,)5p resonance
states at 91.2- and 92.4-eV photon energies. Besides the
3d3,,—5p excitation at 92.4 eV photon energy, the
3d5/,—6p excitation is also possible.

Energy calibration was carried out with the aid of the
M5N|N2,3(1P2) and M4N, 3N, 3('Sy) Auger lines of Kr
with energies of 37.84 and 52.58 eV, respectively.® The
experimental M, sN,3N,; spectrum [Fig. 2(a)] was
decomposed into the line components by a computer code
CRUNCH.” The best fit was obtained with 0.47 eV full
width at half maximum (FWHM) for the standard-line-
shape Voigt functions. The same width and shape of the
Voigt function was used to form the theoretical profiles.

III. DISCUSSION

A. M, sNN Auger transitions

Normal M, sNN Auger transitions shown in Fig. 1(a)
consist of five line groups. Each group shows a doublet
structure due to the spin-orbit splitting in the initial state
of the Auger decay. The high-kinetic-energy structure (at
50—60 V) is due to the M, sN,;N,; transitions. The
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M, NN, ; transitions on the low-kinetic-energy side (at
28—45 eV) split into the parent and satellite lines, which
lie almost 10 eV from each other. The same kind of dou-
ble structure can be seen in the case of the M NN,
transitions on the lowest-kinetic-energy side of the spec-
trum (at 12—28 eV).

In our previous paper® the analysis of the fine structure
was discussed in detail on the basis of the relativistic mul-
ticonfiguration calculations for the transition energies. In
this paper we present a comparison with calculated pro-
files; thus also the theoretical intensities are given. Such a
comparison is done for normal as well as resonance Auger
transitions. The same kind of study was carried out very
recently for the N, sOO spectrum of Xe.?

Energies of the transitions are obtained in the self-
consistent-field method as the difference of the energy
levels of the initial and final states (the ASCF method).
The calculations are carried out with the computer code
MCDF of Grant et al® The Coulomb interaction is used
as the operator in the matrix element to calculate the tran-
sition probabilities within Fermi’s golden rule. The open-
shell structure is completely taken into account in the case
of the resonance Auger transitions with a spectator elec-
tron. Radial integrals are obtained from the tables of
McGuire.’

Figure 2 shows the experimental and calculated
M, sN, 3N, ; Auger profiles of Kr. The calculated pro-
file was obtained with the single-configuration approach.
Agreement with experiment is very good. Due to the
overestimation in the calculated energy splitting, the
MsN,3N,3(°Pg ;) lines overlap more with the
NyN;, 3N 2,3(’D2) line in the experimental spectrum than
in the calculated one. The experimental absolute energies
are about 0.2 eV lower than the calculated ones. The in-
tensity distribution between the 'D, and 'S, lines is fairly
well reproduced by the single-configuration approach.
Agreement is better than obtained recently for the
N4 50,30, ; transitions of Xe.?

Next we compare the calculated and experimental
M, sN|N,; profiles. Figure 3 shows the experimental
M, sN N, ; Auger spectrum of Kr [Fig. 3(c)] along with
the calculated spectra [Figs. 3(a) and 3(b)]. Due to the de-
cay of the 4s hole state by the 4s'—4s24p*ns,nd process,
the 3d°—4s'4p> transitions split into parent and satellite
structures. The lines due to the 4s'4p> Auger strength
[Fig. 3(a)] are considerably shifted and their intensity is
redistributed between the parents and the satellites, which
result from the 4s 14p54.—_>4s24p3‘ns,nd (n=4,5,...,¢) de-
cay and fluctuations.

We use the nomenclature main or parent and satellite
lines, even if it is of purely notational value,? in order to
make the comparison with analogous photoelectron stud-
ies easier. The appearance of the strong satellite structure
in the 45 photoelectron and M, sN N, ; Auger spectrum
of Kr can be analyzed either in terms of diagrammatic
techniques considering an Auger or Coster-Kronig type of
decay, or in terms of the configuration interaction consid-
ering the mixture between the configuration with a 4s
hole and the configuration with two 4p holes and one ex-
cited electron. As in the previous paper,’ the latter ap-
proach is employed to carry out the actual computations
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FIG. 3. Comparison between calculated (a) single-

configuration and (b) multiconfiguration profiles with the exper-
imental M, sN;N,; Auger spectrum (c). Numbered peaks are
discussed in the text.

in this paper.

The single-particle picture is completely unable to give
a good description for the transitions as expected. This is
demonstrated when the single-particle theory [Fig. 3(a)] is
compared with experiment [Fig. 3(c)]. By taking into ac-
count the correlation between the 4s'4p> and 4s24p34d
final-state configurations, the calculated profile of Fig.
3(b) results. This profile is in a much better agreement
with experiment. A limited basis set was used and an op-
timal level calculation carried out with the MCDF code of
Grant® to obtain the wave functions and mixing coeffi-
cients for the formation of the theoretical profile. The
basis set contained, in addition to the relativistic 4s'4p>
configurations, only those relativistic configurations of
the 4s%4p4d type, which mix most strongly with the
45'4p® ones. (For example, the nonrelativistic 4s'4p’
configuration gives two relativistic ones, the 45455 and
the 4s'4p>, where p refers to p,,, and p to ps,,.) This
choice of the basis set was found to be a fairly good
compromise to avoid time-consuming computations,
which result if all the nd (n =4,5, .. .,€) configurations
are taken into account. By optimizing the lowest energy
level with the strongest 4s'4p> contribution, improper in-
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crease of the satellite intensity was eliminated. Mixing
with the 4s%4p’ns configurations was found to be of
minor importance in our earlier work? and was thus
neglected. Because of insufficient computer resources, it
was not possible to carry out more extensive computations
in this connection. As pointed out by Smid and Hansen'®
in the case of the photoelectron spectrum, a better
description could be obtained by using a more extended
basis set. Present computations, however, reproduce the
experimental fairly well, although they slightly overesti-
mate the shift between the main (1—4) and the satellite
(5—8) structures.

Peaks 1 and 2 in the theoretical profile [Fig. 3(b)] are
due to the transitions from the 3d;,, and 3ds,, initial
hole states to the 4s'4p>(’P,) final state. They corre-
spond to the peaks 1 and 2 in the experimental spectrum.
The 45s'4p3(°P, and *P,) lines fall into the same energy
region with the 4s 14p5(3P1) lines, and cause the increase
of the intensity in the experiment. In the calculated pro-
file [Fig. 3(b)] they have not been taken into account. The
redistribution of the intensity of the 'P, lines between the
parent lines 3 and (and 4) and the satellites 6 and 8 (and 5
and 7) is fairly well reproduced by the present computa-
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tions. (Transitions from the 3ds,, hole state are given
without parentheses, and those from the 3d;,, hole state
with parentheses in the text as well as in the figures.) The
intensity of peak 8 is clearly overestimated by theory.
This is mainly due to the use of the limited basis set, and
probably could be eliminated by using an extended basis
set, which takes into account the excitations to the higher
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FIG. 5. (a) Experimental MsN, 3N, ; resonance Auger spec-
trum of Kr taken at 91.2+0.2 eV photon energy, and (b) after
subtraction of the 4s photoelectron spectrum shown in Fig. 5.
(c) Calculated 3d3,,5p —4p*Sp (solid line) and 3d2,,5p —4p*6p
(dashed line) profiles. Term symbols without parentheses refer
to the parent 4p* configuration of the 3d3,,5p —4p*5p decay
and with parentheses to those of the 3d3,,5p —4p*6p decay. (d)
Sum of profiles shown in (c) and in Fig. 2(b), obtained as dis-
cussed in the text.

Rydberg states as well as to the continuum. The shoulder
on the high energy side of peak 5 [Fig. 3(c)] is due to the
satellites which result from the final-state correlation be-
tween the 4s24p34d configuration and the 4s'4p>('P,)
and 45'4p>(3P,) states. The limited basis set seems to be
unable to reproduce correctly their intensity and energy.

Figure 4 shows the experimental M,sN N, Auger
spectrum of Kr [Fig. 4(c)] along with the theoretical cal-
culations. A single-configuration profile, corresponding
to the 3d$ 53/, —4s%'S,) decay, shows a simple doublet
structure [Fig. 4(a)]. In experiment [Fig. 4(c)], the main
lines are considerably shifted and an extra structure ap-
pears at lower energy by about 10 eV. Multiconfiguration
calculations, which take into account the correlation be-
tween the 45%pS, 4s'4p*4d’!, and 45%4p*4d? configura-
tions, give a profile depicted in Fig. 4(b). The computa-
tions were carried out by optimizing the wave functions
and the mixing coefficients for the lowest energy level.

The multiconfiguration profile shows the main lines 1
and 2, corresponding to the transitions from the 3d;,,
and 3ds,, initial hole states to the final state which has
the strongest 4s%p® contribution, in fairly good agree-
ment with experiment. The satellites are generated from
three line components in both the M and M, groups, but
the components lie very close to each other, thus forming
one peak in both groups. Experiment [Fig. 4(c)], however,
shows a clear doublet structure where the low-energy
component (4) of the M, group overlaps with the high-
energy component 5 of the My group. Furthermore, the
energy separation between the main lines (1 and 2) and the
satellites (3—6) is considerably overestimated by theory.
Calculations predict extra satellites with noticeable inten-
sity at 3.7 and 4.5 eV kinetic energies, but due to the rapid
increase of the background at very low kinetic energies, it
has not been possible to confirm this experimentally.

The satellite intensity relative to the parent intensity
strongly increases in going from the 4s photoelectron
spectrum to the Auger electron spectra. In the former
case (Fig. 5) the satellite-to-parent ratio of 0.63 is obtained
experimentally, whereas the values of 0.84 and 0.90 are
derived by taking the ratios of the averaged intensities of
satellite and parent structures of the M, sN|N,; [Fig.
3(c)] and M, sN N, [Fig. 4(c)] spectra. This indicates
that the correlation effects are very sensitive to the degree
of the ionization and the states of the other electrons.

B. Resonance Auger transitions

The M, sN,3N,; resonance Auger spectra were
presented by Eberhardt et al.! some time ago and a gen-
eral discussion of the structure was given at the same
time. In this work we carry out a thorough comparison
between the experimental and calculated profiles. In this
way it is possible to analyze in detail the different contri-
butions which form the experimental profiles shown in
Figs. 6 and 7.

Figures 5 and 6 present the resonance spectra, excited at
91.2- and 92.4-eV photon energies [Figs. 5(a) and 6(a)],
compared to the theoretical calculations. In order to ob-
tain pure resonance Auger spectra which are free from the
contributions of the satellite structure accompanying the
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45 photoelectron line, the 4s photoelectron spectrum (Fig.
7) was first subtracted. Figures 5(b) and 6(b) show the
spectra after this subtraction. The interference effects be-
tween the resonance Auger spectra with the excited elec-
tron as the spectator and the satellite spectra may play a
prominent role, because the final state of the spectator
transition is the same as the final state of the shake-up sa-
tellite, where a 5p — 6p shakeup accompanies the 4s pho-
toionization. In Xe the interference effects were found to
be negligible.? The subtraction of the 4s photoelectron line
neglects, in addition to the interference effects, also the
contribution due to the autoionization process, where the
excited electron takes part in the transition. Good agree-
ment between calculated and experimental profiles clearly
supports the assumption that autoionization involving the
excited electron, and interference effects, are of minor im-
portance in Kr, as was also found for Xe.? The excited
state thus dominantly decays by the resonance Auger pro-
cess where the excited electron remains as the spectator.
After excitation of Kr to the 3d%4s%4p%*Ds ,,)5p reso-
nance state at 91.2 eV photon energy, the transitions of
the 3d3,,5p —4p*Sp type are expected. The solid curve in
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FIG. 8. Calculated energy levels 3d°(*Ds,,), 3d°(*Ds,),
3d°(*Ds/,)6p, 3d°(*Ds,,)6p, 3d°(*Ds,,)5p, and 3d°(*D;,,)5p of
the initial states, and 4p%=+*'L;), 4p****'L)ép, and
4p*(**'L)5p of the final states of the transitions. Computa-
tions are carried out with the Dirac-Fock code of Grant (Ref. 8).
Vertical lines display the following transitions. 1:
3d°(*Ds,;)—4p*('D,), which gives the most intense peak 'D, in
Fig. 2(b). 2: 3d°(*Ds,,)5p—4p*('D)5p resulting in peak 'D of
Fig. 5(c). 3: 3d°(*Ds,,)5p —4p*('D)6p resulting in peak (D) of
dashed line in Fig. 5(c). 4: 3d°(?D;,,)5p —4p*('D)5p giving the
most intense peak 'D in Fig. 6(c). 5: 3d°(2Ds,,)6p —4p*('D)ép,
which contributes to peak 5 of Fig. 6(). 6:
3d°(*D;,,)5p —4p*('D)6p shown by dashed line ('D) in Fig.
6(c), which also contributes to peak 5 of Fig. 6(c).
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Fig. 5(c) represents the profile calculated for the
3d3,,—4p* decay with a 5p spectator electron. Extra
splitting, due to the coupling of the 5p electron with the
electrons participating in the transition, is completely tak-
en into account. Term symbols given in Fig. 5(c) refer to
the parent 4p* configuration. The vertical lines show the
daughters caused by the coupling of the spectator elec-
tron, and the curve represents their sum profile. It is
broadened due to the overlap of several close-lying
daughter lines around each peak. This broadening, due to
the open-shell structure, is also apparent in the experiment
in going from the normal [Fig. 2(a)] to resonance [Fig.
5(b)] Auger spectrum.

In more detail the differences between the normal and
spectator Auger spectra are illustrated in Fig. 8, which
presents the energy levels of the initial and final states ob-
tained from the MCDF calculations, for each transition.
Vertical line 1 on the left side describes the
3d°(*Ds,,)—4p*('D,) transition which takes place after
ionization of the 3d level. On the right side we see the en-
ergy levels of the 3d°np and 4p*np (n =5,6) configura-
tions. Splitting of the 4p*('D,) level to the daughters in
the presence of an np electron is visible. Vertical line 2 on
the right side illustrates the 3d°(*Ds,,)5p—4p*('D)5p
transition.

By comparing the solid curve in Fig. 5(c) representing
the 3d2,5p—4p*Sp decay with experiment, the main
peaks can be identified. Peak 1 in Fig. 5(b) corresponds to
the transitions from the 3d°(*Ds (2)5p resonance state to
the 4p*(3P)5p, peak 2 to the 4p*('D)5p, and peak 4 to the
4p*(18)5p final state. In addition to this, strong structure
appears on the high-energy side of peak 4. Peak 5 cannot
be identified to correspond to the 3d°Sp —4p*5p transi-
tions, either. Dashed lines in Fig. 5(c) show the transi-
tions from the 3d°(*Ds ,)5p initial state to the 4p*6p final
states. By comparing this profile with experiment, we
assign peaks 5 and 3 to transitions to the 4p*('D)6p and
4p*P)6p final states. The 3d°(2Ds,,)5p—4p*('S)6p
decay takes place around peak 7. [The 3d°(’*Ds,,)5p
—4p*(1D)6p transitions are described by the dashed line 3
in Fig. 8, too.] The transitions, where the 5p—6p shake-
up takes place during the Auger decay, thus occur with a
remarkable intensity. This is consistent with the finding
for Xe, where the 4d°6p—5p*6p transitions are accom-
panied by the 4d°6p— 5p*7p transitions.

Peaks 3 and 5 fit energetically also to the
3d3,,6p—4p*('D)6p and 3d?2,6p—4p*('S)6p transi-
tions, which could occur due to the direct 3d5,, — 6p exci-
tation. With our photon energies, this excitation should
not play a strong role, even at the rather large bandwidth
(0.6 €V) used in the measurements and the uncertainty of
our photon energy of 0.2 eV. The intensity ratio of peaks
3 and 5 in the experimental spectrum does not correspond
to the calculated !D-to-!S ratio either. Thus, peaks 3 and
5 may mainly be caused by the shake-up transitions
3d3,,5p—4p*6p. The 3d!,6p—4p*6p transitions are
expected to cause only a small contribution to the intensi-
ty of peaks 3 and 5.

Extra structure at the low-energy side of the spectrum
of Fig. 5(b) may be due to the M, sN, 3N, ; transitions
originating from the ionization by second- and higher-
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order diffracted light and by scattered light in the photon
beam. Calculated transitions M, sN, 3N, 3(1S,) fit ener-
getically with the structures 7 and 8 in Fig. 6(d). The
M4,5N2,3N2,3(1D2) lines contribute to peaks 5 and 6 in
Fig. 5(d). The M, sN,3N,;(°P) lines lie under peak 4.
Due to the poor statistics caused by low counting rates,
detailed interpretation of the structure in the 50—54-eV
energy region is very difficult.

In Fig. 5(d) we show a sum spectrum formed by using
relative intensities of 100, 30, and 25 for the
3d%,,5p—4p*5p, 3d2,,5p—4p*6p, and 3d°—4p* transi-
tions, respectively. A numbering analogous to that of Fig.
5(b) is given for the main peaks of the calculated sum pro-
file (solid curve). Agreement with experiment is fairly
good. The 'D-!S energy splitting is slightly overestimated
by theory. This results in the stronger overlap of peaks 4
and 5 in experiment than in theory.

By taking a look at Fig. 8, we find that the spectator
transitions 3d°np—4p®np give higher kinetic energies
than the 3d°—4p* transitions. Energies are obtained by
the ASCF method, and vertical lines 1, 2, and 5 thus
display the energies of the normal and spectator (np =5p
or 6p) transitions. The spectator spectra thus shift to
higher energies from the normal spectra. Compared to
the measured normal Auger spectrum [Fig. 2(a)], the 'D
line is found to shift by 4.8 eV in going to the resonance
transition with a 5p spectator electron. Theory repro-
duces the shift excellently, also giving a value of 4.8 eV.
Peak 5 is shifted by 1.2 eV from the D, line of the nor-
mal spectrum in experiment. The shift is consistent with
the calculated value of 14 eV for the
3d},,5p—4p*('D)6p transition.

For the M,N, 3N, ; resonance Auger transitions (Fig.
6) the situation is much the same as discussed above for
the MsN, 3N, ; resonance Auger spectrum. At 92.4 eV
photon energy, the 3d;,, electron is excited to a 5p orbi-
tal. A strong contribution in the Auger electron spectrum
is due to the transitions with a 5p spectator electron. This
can be seen by comparing experiment [Fig. 6(b)] with the
calculated profiles of Fig. 6(c). Besides, a considerable
amount of the shake-up transitions 3d3,,5p—4p*6p and
the normal Auger transition exist in the spectrum. Furth-
ermore, the 3d?,,6p—4p*6p resonance Auger spectrum
overlaps with the low-energy part of the M, resonance
spectrum. This is because the photon energy of 92.4 eV
used for the 3d;,, —5p excitation is also able to excite the
3ds,, electron to an empty 6p level due to a very small
energy deviation in the excitation energies (92.4 and 92.5
V). This is also visible in Fig. 8, where the 3d°(2D; ,)5p
and 3d'(®Ds,,)6p energy levels match well energetically.
Solid lines 4 and S5 in Fig. 8 illustrate the
3d°(*Ds ;,)5p—4p*('D)5p and 3d°(*Ds,,)6p—4p*('D)6p
decays, respectively. Dashed line 6 (Fig. 8) displays the
shake-up transition 3d(2D;,,)5p—4p*('D)6p.

Figure 6(d) shows a sum profile, where relative intensi-
ties of 100, 30, 25, and 30 have been used for the
3d$,,—5p—4p*sp, 3d3,5p—4p*6p, 3d°—4p* and
3d?3,,6p—4p*6p transitions, respectively. The peaks la-
beled by 1—9 match with the corresponding experimental
peaks of Fig. 6(b). Peak 1 is due to the 3d3,5p
—4p*(3P)5p transitions and peak 2 to the 3d3,,5p
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—4p*('D)5p transitions. Peak 4 corresponds to the
3d3,,5p —4p*('S)5p decay. The high-energy shoulder of
it shown in Fig. 6(b) can be assigned to the 3d%,,5p
—4p*(P)6p transitions. The 3d3,,5p—4p*('D)6p and
the 3d3,,6p—4p*('D)6p transitions mainly form peak 5.
Peak 6 arises from the normal 3d3,—4p*('D,) decay.
Structure 7 is due to the 3d3,5p—4p*(!S)6p, the
3d?%,6p—4p*(!S)6p, and the normal 3d3,—4p*('D,)
transitions. Experimentally the 'S lines are shifted to
higher energies, but in the theoretical estimate they over-
lap with the 'D line thus overestimating the intensity of
the peak 7. Peaks 8 and 9 result from the transitions
from the 3d;,, and 3ds,, initial hole states to the
4p*('S,) final state. In addition, the M, sN,3N,3(°P)
lines, with and without a spectator electron, overlap with
the other lines. Because they have a very low intensity,
their contribution in the formation of the peaks is of
minor importance.

The energy shift of the MsN, 3N, 3('D) line between
the normal and the resonance Auger spectrum with a 5p
spectator electron was found to be 4.6 eV experimentally.
The calculated value of 4.8 eV agrees very well. Energy
shifts, caused by a spectator, are thus fairly well repro-
duced by theory. A value of 1.0 eV was obtained for the
normal to shake-up (5p—6p) shift from the experiment,
whereas the estimation from the calculations is 1.4 eV.

Next we consider the M,sN;N,; resonance Auger
spectra, which are depicted in Figs. 9 and 10. The experi-
mental spectra [Figs. 9(a) and 10(a)] show a rich fine
structure. The main and correlation satellite lines appear
in the spectra as multiplied, because the spectator, shake-
up, and normal transitions all contribute as in the
MN, 3N, ; group. Due to the convergence problems we
were not able to carry out calculations for these spectator
transitions. Therefore we have used an approximate ap-
proach to produce a calculated sum profile: Peaks 2, 4, 6,
and 8 of Fig. 3(b), which result from the MsN N, ; de-
cay, were shifted by 4.8 eV corresponding to the resonance
Auger profile with a 5p spectator electron [peaks 1, 2, 5,
and 5’ in Fig. 9(b)], and by 1.4 eV corresponding to the
Auger decay accompanied by the 5p—6p shakeup. (The
shifts were calculated above for the MN, 3N, ; group.)
Peaks (1), (3), (5), and (7) were shifted analogously in the
case of the M NN, ; group [Fig. 10(b)]. These profiles
and the M, sN N, 3 spectrum were then summed using
the same portions for different contributions as in the case
of the MN, ;N ; resonance shown in Figs. 5(d) and 6(d).
The sum profiles are depicted in Figs. 9(c) and 10(c).

The energy splitting between the main and satellite lines
was overestimated by theory in the M, sN;N,3; group
(Fig. 3). The main (1,2) and satellite (5,5') lines in Figs.
9(b) and 10(b) thus lie too far from each other. The inten-
sity of satellites, especially that of line 5, is also overes-
timated. Therefore, the structure of the sum profiles
[Figs. 9(c) and 10(c)] is not expected to perfectly corre-
spond to the observed resonance profiles [Figs. 9(a) and
10(a)]. However, the sum profiles are useful, together
with the above-mentioned findings for the MN, 3N, 3 res-
onance spectra (Figs. 5 and 6) and for the M, sN N, ;
spectrum (Fig. 3), in the interpretation of the observed
structures of Figs. 9%(a) and 10(a). Peaks 1 and 2 corre-
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FIG. 9. (a) Experimental MsN N, ; resonance Auger spec-
trum of Kr recorded using 91.2-eV photons. (b) Profile for the
3d3%,,5p —4s'4p5p=45s4p°4d 5p decay, obtained by shifting
peaks 2, 4, 6, and 8 of Fig. 3 by 4.8 eV, and (c) sum spectrum
obtained as discussed in the text.

spond to the transitions from the 3d%,,5p [Fig. 9(a)l and
3d} ,25{» [Fi¥. 10(a)] resonance states to the 4s'4p3(°P)5p
and 4s'4p3('P)5p final states, respectively. Peak 5 may be
assigned to the correlation satellite accompanying peak 2,
which is due to the mixture of the 4s'4p°('P)5p and
4524p%4d ('P)5p states. The mixing also causes the shift
of peak 2 to higher kinetic energies from its single-
configuration prediction. An alternative nomenclature for
the appearance of the satellite structure and the energy
shift could be the resonance double Auger process
3d°5p —4s'4p>Sp=>4524p>4d 5p, where the second Auger
electron is not ionized, but excited to a Rydberg state.
Peak 3 in Figs. 9(a) and 10(a) is due to the
3d%5p —4s'4p>('P)6p transition, and 6 to its correla-
tion satellite resulting from the 4s'4p°6p=4s24p34d6p
decay and fluctuations. The M, sN N, ; transitions aris-
ing from the second-order and diffracted light contribute
to peaks 3 and 4 in the M5 [Fig. 9(a), see also Fig. 9(c)]
and to peaks 4 and 5 in the M, [Fig. 10(a), peaks 4 and 5"
in Fig. 10(c)] resonance spectrum. Their satellites, furth-
ermore, contribute to peaks 6 and 7 in the M [Fig. 9(a)],
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FIG. 10. (a) Experimental M,N N, ; resonance spectrum of
Kr obtained at 92.4 eV photon energy. (b) Profile for the
3d3,,5p —4s'4p°5p=4524p34d 5p decay, obtained by shifting
peaks (1), (3), (5), and (7) of Fig. 3 by 4.8 eV, and (c) sum spec-
trum.

and to peaks 7 and 8 in the M, [Fig. 10(a)] group. The
overestimation of the intensity of peaks 5 and 5’ and their
energy difference from peak 2 [Figs. 9(b) and 10(b)] causes
the main discrepancy between experimental [Figs. 9(a)
and 10(a)] and calculated [Figs. 9(c) and 10(c)] sum pro-
files. Peaks 5" and 5 in Fig. 10(c) overlap in experiment
[Fig. 10(a)] at peak 5, peak 5' of Fig. 10(c) forming the
low-energy shoulder of peak 5 in Fig. 10(a).

Peak 8 in Figs. 9(a) and 10(a) mainly arises from the
3d°5p—4s°('S)5p transitions. Due to the increase of the
background at low kinetic energies, it was not possible to
observe the correlation satellite structure of the MM N,
group in the resonance spectra. The outermost structure
observed around 25 eV mainly arises from the
M, sN N, 3(!S,) transitions after ionization by second-
order light. High background, especially in Fig. 10(a),
makes their intensity uncertain.

The MN N, 3('P;) line is found to shift by 5.0 and 5.1
eV in the M, and M spectra, in going from the ioniza-
tion to the excitation of the 3d electron to the Sp orbital.
For the MN N ('S,) line the shifts of 5.0 eV were ob-
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served both in the M, and in the M group. The shift of
4.8 eV from the MN, ;N 3 spectrum does not agree with
this finding. The differences in the energy shifts demon-
strate the importance of the electron correlation. The
correlation is present in the MN,N,; and MN|N,, but
absent in the MN, 3N, ; energy-shift values between the
normal and resonance Auger spectra.

So far we have studied the decay of the 3d°5p reso-
nance state, which results in an emission of one Auger
electron. A highly excited final state of the process, with
a spectator electron in the presence of two inner holes,
may further Auger decay. The emission of the second
Auger electron may now result, with the spectator elec-
tron now participating in the process. This true double
Auger decay leaves the atom in a doubly ionized state.
Relative to the spectator Auger, the double Auger struc-
tures lie about 6 eV lower in energy, according to the
single-configuration Dirac-Fock predictions. Low-
kinetic-energy sides of the main peak groups studied
above may thus be further complicated due to actual dou-
ble Auger structures. According to the foregoing analysis,
the spectator and shake-up transitions form, however, the
main peaks of the resonance spectra.

IV. CONCLUSIONS

The high-resolution M, s NN normal and resonantly ex-
cited Auger spectra of Kr have been investigated by carry-
ing out a detailed comparison between calculations and
measurements taken by synchrotron radiation. At 91.2-
and 92.4-eV photon energies, excited states 3d (*Ds,,)5p
and 3d(?D;,,)5p predominantly decay by the resonance
Auger processes with the excited electron remaining as the
spectator. Shakeup of the excited electron also takes place
during the Auger decay. The 4s'4p°np=4s24padnp
(n =5,€) fluctuations cause strong energy shifts and redis-
tributions of the intensity in the normal and resonance
M, sN N, ; spectra. The same effect is also observed for
the normal M, sN,;N, transitions. Single-configuration
calculations fail to reproduce the correlation satellite
structure, but our limited-basis-set multiconfiguration cal-
culations lead to semiquantitative agreement with experi-
ment. Even more extended basis sets are now needed in
the computations. Due to insufficient computer resources
their use was not possible in this work. The actual double
Auger structure, which is not, howver, distinguishable
from the background, may accompany the resonance
Auger structure on their low-kinetic-energy side.
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