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The high-resolution N,sO0 normal Auger spectrum and resonantly excited Auger and autoioni-
zation spectra of Xe have been investigated using synchrotron radiation to ionize or excite the 4d
levels. Excitation of the 4d electrons to the 4d°5s25p%6p resonance states results in the decay pro-
cesses with a 6p spectator or participator electron. Besides the previously reported strong resonance
Auger peaks, the whole resonance Auger spectrum has been studied in detail. Energies and intensity
distributions of different processes are calculated and compared with experiment.

INTRODUCTION

High-energy electron beam excitation has been used to
create the high-resolution N, 00 Auger spectrum of Xe
reported by Werme et al.! and Aksela et al.> These spec-
tra contain, besides the N4 sOO lines, many satellite lines
originating from ionization of deeper core levels. These
often decay via XN, sY Auger transitions, which as the
next step give N4 5 YOOY satellites which accompany the
N4 sOO transitions on their low-kinetic-energy side.
Therefore, for the investigation of weaker lines and corre-
lation satellites in the N, 50,0, ; group, monochromatic
and tunable synchrotron radiation provides a unique exci-
tation method. An N, ;00 Auger spectrum of Xe excit-
ed by photon energy hv=94 eV has already been reported
by Yates et al.® in connection with their study of 4d pho-
tolines, but no detailed analysis for the N, 50O spectrum
was given. A part of the spectrum was also presented by
Southworth et al.*

The resonance excitation of the 4d electrons to empty
np (n =6,7) levels provides the second interesting field of
study. The first such study for xenon was reported by
Eberhardt et al.’ and later by Schmidt et al.’ Very re-
cently Southworth et al.* have also published some reso-
nance Auger spectra for Xe. These studies,*~¢ however,
have been either limited only to the strongest part of the
N4,500 Auger spectrum,”® or the resolution has not been
high enough? to reveal detailed fine structure of the spec-
tra. Also, these papers have not given any detailed
analysis, like a comparison with calculations, for the spec-
tra. For these reasons we have undertaken to investigate
thoroughly the electron spectrum of Xe with high resolu-
tion using synchrotron radiation.

The postcollision interaction (PCI) studied in recent pa-
pers*S is left outside the scope of this work. We thus
focus on those transitions which occur after ionization
reasonably far from threshold, or excitations to well-
isolated resonance states.

EXPERIMENTAL

The experimental measurements were made by using
the Canadian Synchrotron Radiation Facility designed for
the Aladdin storage ring presently under construction and
mounted now on the Tantalus storage ring in Stoughton,
Wisconsin. The beam line and its Mark IV Grasshopper
monochromator have been described elsewhere.>’ A
monochromator resolution of 2 A was used for the reso-
nance Auger spectra, resulting in a photon linewidth of
0.6 eV at ~60-eV photon energies. The Leybold-Heraus
LHS-11 system was used as the electron spectrometer.
The analyzer was mounted at the magic angle (54.7°) so
that electron intensities are dependent of 8 and the polari-
zation of the incident radiation. The analyzer works in
the constant-pass-energy mode with the result that the
analyzer transmission function is independent of the ini-
tial kinetic energy.’ This is an essential advantage when
very-low-energy Auger lines are studied. All spectra were
obtained by 50-eV pass energies resulting in total Auger
linewidths of <0.4 V.

Figure 1(a) shows the entire normal N,sOO Auger
electron spectrum of Xe measured using 114 eV photon
energy to ionize the 4d levels. Figures 1(b) and 1(c) show
the resonantly excited NsOO and N,OO Auger and
autoionization spectra of Xe, created by 65.3- and 67.3-eV
photons exciting the 4ds,, and 4d;,, electrons, respec-
tively, to the 6p Rydberg states. Figure 2 shows the 5s
photoelectron spectrum of Xe taken at 72.5 eV photon en-
ergy. This spectrum overlaps the resonance Auger spectra
[Figs. 1(b) and 1(c)]. The high-kinetic-energy peak in both
spectra is the most intense 5s peak. Energy calibration
was carried out with the aid of the N,0,30,:('D,)
and N40,0,;('P;) Auger lines of Xe with energies of
3431 and 21.67 eV, respectively.? The experimental
N4,50,,30, 3 spectrum [Fig. 3(a)] was fit with the use of
the computer code CRUNCH.® The width and the shape of
the Voigt function from the experimental fit of a peak
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known from theory to be a single line was used to form
the theoretical profiles.

DISCUSSION

Normal N, OO Auger spectra

High-energy electron-beam-excited N,sOO Auger
spectra of Xe have recently been studied and compared
with the relativistic multiconfiguration calculations for
the transition energies.>? The N, sO0 Auger spectrum
taken with 114-eV photons [Fig. 1(a)] agrees well with the
earlier measurements,? but shows the main line struc-
tures in more detail, because part of the complicated satel-
lite structure present in the electron-beam-excited spec-
trum is now absent. In this work we also have carried out
calculations for both energies and the transition probabili-
ties, and thus a direct comparison between experimental
and calculated profiles become possible.

Such a comparison for the N4s0, 30, 3 transitions is
given in Fig. 3. The energies for the theoretical profile are
computed with the MCDF code of Grant et al.® and the
intensities are obtained with the use of the radial integrals
tabulated by McGuire.!"® The general agreement between
experiment and theory is reasonably good. The calculated
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FIG. 1. Auger and resonance Auger electron spectra of Xe
recorded using (a) 114-eV photons to ionize the 4d electrons, (b)
65.3-eV photons to excite the 4ds,, electrons to the 6p Rydberg
states, (c) 67.3-eV photons to excite the 4d,, electrons.
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FIG. 2. 5s photoelectron spectrum of Xe taken at 72.5 eV
photon energy. This spectrum has been subtracted from the
N501'302,3 and N402’302_3 resonance Auger spectra [Flgs 5(b)
and 6(b)].

energy splitting is, however, slightly overestimated, as
pointed out already in Ref. 2. Due to this overestimation,
calculated N50,30,3('D;) and N40, 30, 5('S,) lines are
well separated, whereas the experimental ones overlap
more strongly. For example, the strongest overlap occurs
in the case of the N502'302,3(3P2) and N402,302,3(1D2)
lines in the experimental spectrum. The determination of
their individual line intensities is thus very difficult and
the fit presented in Fig. 3(a) should not be taken too
literally. Comparison between calculated and experimen-
tal intensities indicates that the intensities of the S lines
are underestimated and the intensities of the 'D, lines
probably overestimated by theory. Only the single-
configuration computations were performed in the present
case. Correlation is neglected in these calculations, and it
plays the strongest role in the case of the 1S, lines. Figure
3 thus displays the degree of the agreement with theory
using the single-configuration description. Figure 3 serves
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FIG. 3. Comparison between (a) experimental and (b) calcu-
lated N, s0,30,3; Auger electron spectra. LS symbols in
parentheses refer to the N, group and those without brackets to
the N5 group.



as a reference for the resonance Auger spectra presented
in the next section. When forming the theoretical profile
in Fig. 3, the statistical Ns:N, branching ratio was used.
Assuming 1:1 decomposition between the overlapping
N402’302’3(1D2) and N502,302'3(3P2) lines, we obtain
the experimental value of 1.3 for the I N502,302.3:I N40410, 5
ratio. This is in agreement with Ref. 1, and shows that
there is an additional disagreement between experimental
and calculated profiles in Fig. 3. Outer-shell Auger spec-
tra on Ne and Ar were also found! to deviate from the
statistical branching ratio.

Before discussing the more complex Auger profiles in
Fig. 4, it is important to introduce the different terminol-
ogy used to discuss the satellites in Fig. 2. The strong
satellite structure associated with ionization in the outer s
shell of the heavier rare gases has been the subject of
many photoelectron studies.!! =17 The satellites are caused
by an Auger-like process in which the 5s hole state is
filled by a 5p electron with simultaneous excitation of
another 5p electron to a 5d or 6s state:

5d!

6s! (1

5s15p8<55525p*
The process is usually discussed in terms of configuration
interaction (CI),'*13~17 and rarely referred to as an Auger
or Coster-Kronig transition.!! This is because the CI ap-
proach, by diagonalizing the matrix coupling the 5s!5p°
and 5s%5p*5d',6s' configurations, is well suited for
describing energy shifts and transfer of intensity to satel-
lite lines. These satellites are often called correlation sa-
tellites to distinguish them from the shake-up satellites,
which originate when an outer electron is shaken up in the
presence of an inner-shell ionization.

Next we compare the calculated and experimental
N,4,50,0,,; profiles. For this group, the normal Auger
lines [Fig. 4(a)] are shifted and accompanied on their
low-energy side by satellite lines as can be seen by the ex-
perimental spectrum in Fig. 4(d). An analogous assign-
ment to (1) for the satellites would be a double Auger pro-
cess where the final state of the Auger transition further
Auger decays, resulting in the excitation of the second
Auger electron to a Rydberg state:

1

5

4d°5s5p®—4d %55 '5p°4d 1955 *5p> 6:1, 2)
In the language of CI we are considering a strong mixing
of the 5s!5p° configuration with the 5s25p35d' and
5s25p36s! configurations, so that the 5s!5p° Auger
strength is spread over the many states that result from
these configurations. The calculated profiles correspond-
ing to a single-configuration picture and a multiconfigura-
tion picture, discussed in more detail below, are shown
with the experimental N4 50,0, 3 spectrum in Fig. 4.

When the Ar, Kr, and Xe photoelectron spectra are
compared with each other, the increase in the correlation
satellite intensity proceeding from Ar to Kr and further to
Xe is nicely demonstrated.'*!* Furthermore, a strong in-
crease in the intensity of these satellites is observed in go-
ing from a single-hole state 55'5p°® to a double-hole state
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5s!5p3 present in the final state of the N4 50,0, ; Auger
transitions. This can been seen from comparison of Fig. 2
(where the S5s!5p® satellites can be seen in the high-
binding-energy region) with Fig. 4(d) (where the very in-
tense 5s!5p°> satellites can be seen in the low-kinetic-
energy regions). This clearly indicates that the correlation
effects are very sensitive to the degree of the ionization
and the states of the other electrons in an atom. In order
to obtain the redistribution of the intensity due to the in-
teraction between the 5s!5p* and 5525p35d! final states of
the Auger transitions, we have carried out calculations of
the transition probabilities by using as the final-state wave
functions the linear combinations of the wave functions of
the correlating 5s'5p> and 5s25p35d! states, as obtained
from energy calculations carried out by the MCDF code of
Grant.’ Only the 5525p35d! states most strongly mixed
with 5s5!5p> were taken into account in carrying out the
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multiconfiguration computations. As pointed out by
Smid and Hansen,'® a good description in the case of the
photoelectron spectrum was obtained with the use of a
multiconfiguration computation where higher Rydberg
states as well as the continuum were taken into account.
Due to the insufficient computer resources, we are re-
stricted in this work to the use of a limited basis set.

The peaks 1—5 and 1’'—5’ in the experimental spectrum
[Fig. 4(d)] are assigned to the N5 and N, groups, respec-
tively.? Intensity distributions for the N 50,0,,; transi-
tions predicted by the single-configuration picture [Fig.
4(a)] are in clear disagreement with experiment [Fig. 4(d)]
as expected. The final states with J=1 gain most of the
intensity, and thus the states J =0,2 are neglected in the
further profiles. Figure 4(b) displays the redistribution of
the intensity due to the correlation between the main (1,2)
and satellite (3—5) lines. Final-state wave functions for
the lines 1 and 2 show a clear 3P, and 'P; character such
that the decomposition from the jj-coupled 5s'5p !5p*
and 5s'5p 25p3 states (P refers to p,,, and p to p;,,) in
intermediate-coupling resembles the one observed by the
single-configuration approach. Due to the strong mixture
of the 5s'5p° and 5s525p35d! configurations, the single-
configuration assignment becomes questionable. The
same assignment with the photoelectron results'!—!?
makes the comparison easier, however, which is why we
assign peaks 1 and 2 to main or parent and peaks 3—5 to
satellite lines. This labeling is of purely notational value.

Line 3 is dominated by *P, character and lines 4 and 5
by !P, character. Line 3, however, shows a strong 'P,
and 3P, mixing, so that its nomeclature is not clear.
Comparison with the experimental NsO,0, ; transitions
[peaks 1—5 in Fig. 4(d)] shows that the general agreement
is good, although the energy splitting, especially that of
line 3, is overestimated by theory. The intensity of line 3
is, furthermore, clearly underestimated. The intensity and
position of line 3 was most strongly affected by the use of
different kinds of limited basis sets in the calculations.
Extension of the basis set to a full series of the 5s25p35d!
states in an average energy optimization level calculation
with MCDF code’ was found to give satellites too intense.
The intensity of line 5 especially was found to increase too
much. Extension to higher Rydberg and continuum
states'® would provide a better description. More theoreti-
cal work is thus needed in this area.

In Fig. 4(c), where we show the sum of the N5 and N,
groups to compare directly with experiment [Fig. 4(d)],
displacement of line 3 causes the main disagreement with
experiment in the satellite region. The main lines, with
the overlap of N50,0,;(°P;) (1) and N40,0,,('P;) (2),
are reproduced well by theory.

A much stronger correlation satellite structure (lines
3—5 and 3'—5’) clearly appears in the N4 50,0, 3 spec-
trum compared to the 5s photoelectron spectrum, as men-
tioned above. The satellite intensity relative to the parent
intensity was estimated theoretically to be 0.55 in Ref. 13
for the 55 photoionization whereas a value of 1.0 was ob-
tained experimentally in Ref. 4 in agreement with the
theoretical prediction of Hansen.!” For the Auger decay,
our experimental satellite-to-parent ratio of 2.50 is ob-
tained by taking the ratio of the averaged intensities of sa-

AKSELA, AKSELA, BANCROFT, TAN, AND PULKKINEN 33

tellite (12—18.5 eV) and parent (18.5—24.5 eV) structures.
The calculations, using a limited basis set, seem to un-
derestimate the redistribution of the intensity, while the
calculations using a full 5525p35d! basis set overestimate
the satellite intensity. Therefore more careful calculations
researching the influence of the basis set are needed.

Resonantly excited spectra

Excited resonance spectra at a 65.3- and 67.3-eV photon
mean energies are shown in Figs. 1(b) and 1(c). They
should be simpler than the normal N, s spectra because
only the N5 or the N, spectrum appears after excitation
of Xe to 4d°5s%5p%*Ds,,)6p or to 4d°5s*5p®(*Ds/,)6p
resonance states. However, both spectra show very com-
plicated structures. Resonance states can decay by pro-
cesses where one of the 5s or 5p electrons fills the 4d va-
cancy and another is ejected, the 6p electron remaining as
a spectator. These resonance Auger processes with the ex-
cited electron as the spectator are often called spectator
transitions. On the other hand, the 6p electron can parti-
cipate in the transition. These autoionization processes
involving the excited electron are alternatively referred to
as participant decays. The final states for the participator
processes are single-hole states where one electron is re-
moved from an orbital. These states can be reached
through the ordinary photoemission process, and the cor-
responding spectrum is the 5s and 5p photoelectron spec-
trum. Due to the overlap of the autoionization (with the
excited electron as the participator) and photoelectron
lines their intensity ratios cannot be distinguished. The fi-
nal states of the resonance Auger spectra with the specta-
tor electron can be reached also by the photoemission pro-
cess and a simultaneous excitation of another electron to a
higher state (shakeup). The correlation satellite structure
accompanying the Ss photoelectron line falls in the same
energy region as the resonance Auger lines, further com-
plicating the analysis of the spectrum.

The resonance Auger spectra are found to shift and
split due to the 6p spectator electron. This can be seen by
comparing the experimental spectra in Fig. 1. For the
Ns0, 30, ; transitions the shift was also experimentally
observed and discussed in Ref. 5 and 6. In more detail,
the shifts and extra splittings due to the coupling between
the spectator electron and the electrons participating in
the transition are demonstrated in Figs. 5 and 6, where the
calculated profiles are compared with experiment. Fig-
ures 5(a) and 6(a) show the experimental N;O, 0, ; and
N,O,50,; spectra following the 4d —6p excitation at
65.3- and 67.3-eV photon energies. As already pointed
out by Schmidt,® in addition to the spectator transitions
4d°6p—4d'%5p%p, the shake-up transitions 4d°6p
—4d'%5p*7p also occur with remarkable intensity. Furth-
ermore, the rather large photon bandwidth (full width at
half maximum, 0.6 eV) used in these measurements, and
the uncertainty (+0.2 eV) in our mean photon energy,
may make the direct 4d —7p excitation possible. This
leads to the spectator transitions 4d°7p —5p*7p. The in-
tensity ratios of different transitions can be estimated by
comparing experiment with the calculated spectra in Figs.
5 and 6.
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5 to the 4d3,,7p—5p*('D)7p decay. In experiment (a) these
lines are expected to overlap at the position of line 5.

Before the comparison with experiment was done, the
5s photoelectron spectrum accompanied by the 5s and 5p
satellite structure shown in Fig. 2 was subtracted from the
experimental spectra [Figs. 5(b) and 6(b)]. Electron spec-
tra recorded on and off resonances by Southworth et al.*
showed no visible differences in the intensities of the 5p
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and 5s photolines. This indicates that autoionization in-
volving the excited electron plays a minor role compared
to the resonance Auger decay with the excited electron
remaining as the spectator. Subtraction of the 5s pho-
toelectron spectrum (Fig. 2) from the spectra shown in
Figs. 5(a) and 6(a) thus results in the pure resonance
Auger profiles [Figs. 5(b) and 6(b)]. This kind of subtrac-
tion, however, neglects the interference between the 5p*6p
(5s'5p°6p) final state and the 5p (5s) photoelectron satel-
lite lines resulting from ionization and 5p-6p shakeup.
These effects thus remain in the spectra and only the
nonresonance 5s' and 5p° satellite structure and the Ss'
correlation satellite structure is taken away. Interference
effects were found to be negligible by Southworth et al.*
Their findings can now be tested by comparing experi-
ment with calculated structure, where the interference ef-
fects are neglected. A small amount of the normal
N4 50,30, 3 Auger spectrum may be present in the ex-
perimental resonance spectra arising from ionization by
second- and higher-order diffracted light and by scattered
light in the photon beam. This was also taken into
account when forming the sum profile. The spectrum of
Fig. 6 obtained after excitation of Xe to the
4d°5525p%(*D; ,,)6p resonance state at 67.3 eV shows a
strong contribution of the N5 Auger process after excita-
tion to the 4d°5s25p%2Ds s, )8p state too. Due to the near
degeneracy of the  4d°5s*5p%(®D;,)6p  and
4d°5s%5p%*Ds ;,)8p states it was net possible to produce a
pure 4d,,,—6p resonance excitation spectrum. The
4ds,,—8p resonance excitation was taken into account
when forming the sum profile for the N, resonance Auger
process.

The strongest high-energy peaks in both the N5 and N4
resonance Auger spectra [number 3 in Figs. 5(b) and 6(b)]
can be identified to correspond to those 4d°6p—5p*6p
transitions, where the final states are the daughter levels
of the 5p*('D,) parent, in the presence of a 6p spectator
electron. The extra splitting caused by a spectator is most
noticeable for the transitions to the 5p 46p states, as can be
seen in Figs. 5(c) and 6(c), where the 4d°6p —5p*6p tran-
sitions are shown by the solid curve. This splitting is
much smaller for the 5p*7p states. The 5p*7p final state
may be populated either via the 4d°6p — 5p*7p transitions
[dashed lines in Figs. 5(c) and 6(c)] or by the
4d°%7p—5p*7p transitions which follow the 4d —7p exci-
tations [Figs. 5(d) and 6(d)]. The experimental results
[peak 3 is considerably broader than peak 5 in Figs. 5(b)
and 6(b)] are consistent with the theoretical results for the
open-shell broadening. Experimentally, peak 3 is found to
shift by 4.36 eV on going from the normal 4d%,—5p*
spectrum to the 4d2,,6p—5p*6p spectator spectrum.
The calculated shift of 4.37 eV is in excellent agreement.
For the 4d3,,—5p* transitions, an energy shift of 4.34 eV
is obtained by experiment as well as theory. Thus the en-
ergy shifts caused by the presence of a 6p spectator elec-
tron are reproduced very well by theory, even if the abso-
lute energies are 0.65 eV larger than the experimental ones
(Figs. 3, 5, and 6).

Peak 5 in Figs. 5(b) and 6(b) seems to fit energetically to
the 4d°7p—5p*('D,)7p peaks shown in Figs. 5(d) and
6(d). For the N; group, an energy shift of 2.18 eV com-
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pared to the 4d3,, —5p*('D,) line, obtained experimental-
ly, agrees well with the calculated value of 2.37 eV. For
the N4 group, shifts of 2.14 and 2.40 eV are determined
experimentally and theoretically, respectively. The
4d°Tp—5p*('D,)7p lines overlap strongly with the
4d°6p—5p*(!S,)6p lines. In the experimental spectrum,
the overlap may even be larger than estimated by theory,
because theory tends to overestimate the !S,-!D, splitting
(see Fig. 3). Higher measured intensity of peak 5 com-
pared to peak 3, however, indicates that the
4d°6p—5p*(1S,)6p decay cannot explain peak 5 alone,
even if the energy splitting of peaks 3 and 5 is close to the
1So-!D, splitting. Furthermore, our measured intensity of
peak § is about twice as large as shown in Fig. 4 of Ref. 4.
The high intensity and the good agreement between calcu-
lated and experimental energy shifts leads us to assume
that peak 5 is, in addition to the 4d°6p— 5p*(1S,)6p, also
due to the 4d%7p—5p*('D,)7p transitions. In order to
check the positions of the 4d°7p —5p*('D,)7p lines exper-
imentally, both the 4d2,,7p—5p*Tp and 443, 7p—5p*7p
resonance Auger spectra were measured at photon ener-
gies 66.3 and 68.3 eV. Poor statistics made the handling
of these spectra difficult, but the measurements clearly
supported the appearance of the 4d°7p— 5p*('D,)7p lines
at the position of peak 5.

The 4d°6p—5p*('D,)7p transitions [main peak in the
dashed curve in Figs. 5(c) and 6(c)] fit well energetically
with peak 6. Theory predicts an energy shift of 1.27 eV
between the 4d°—5p%('D,) and 4d'6p—5Sp*('D,)7p
transitions, whereas experimentally peak 6 is found to
shift by 1.24 eV in the M5 group and by 1.34 €V in the
M, group.

Figure S(e) shows a sum spectrum where relative-
intensities of 100, 50, 30, and 30 were used for the
4d3,6p—5p*6p, 4ds,Tp—5p*ip, 4d3,6p—4ds,,Tp,
and 4d°—5p* theoretical profiles, respectively. Compar-
ison with Figs. 5(a) or 5(b) shows fairly good agreement in
regard to the intensity distribution. The good agreement
leads us to conclude that the interference effects between
photoelectron satellites (strongest satellite lines located
around peak 3) and resonance Auger lines do not play a
strong role in the spectrum taken at 65.3 eV photon ener-
gy. The spectrum is well reproduced by transitions with
6p or 7p spectator electrons and has a significant amount
of the shake-up 4d3,,6p—5p*7p and the normal
4d°—5p* spectra. The agreement is surprisingly good,
especially taking into account that the 'S, to 'D, splitting
may be overestimated and intensity ratio underestimated
by theory (Fig. 3). This may cause some uncertainty in
the determination of fractions of different transitions at
the low-kinetic-energy part of Fig. 5(a), beginning around
peaks 5 and 6, where the 4d?,,6p—5p*('S,)6p appears.
However, an obvious portion of 4d3%,,7p—5p*7p type
transitions is clearly present, although the sum in Fig. 5(e)
may overestimate the portion. The uncertainty of our
photon beam—we may not lie at the maximum of the
4ds,,—6p excitation—and the large bandwidth may
make the direct 4d;,,—7p excitation possible. The
4d3 ,,6p—5p*Tp process, due to the 6p —7p shakeup dur-
ing the Auger decay, is also suprisingly strong, as already
pointed out by Schmidt.® The low-kinetic-energy regions



(7—9) show some amount of normal 4d°— 5p* transitions
due to ionization by second-order light. Transitions
which follow when shake off 6p— el takes place during
the Auger decay may also appear in this region, but have
not been taken into consideration.

For the resonance excitation spectrum taken at 67.3 eV
photon energy (Fig. 6) the formation of the theoretical
sum spectrum is more complicated. This is because the
4ds,,—8p resonance excitation takes place at the same
energy. An attempt to form a sum spectrum is presented
in Fig. 6(e). Relative intensities of 100, 50, 30, 20, and 30
were used for the intensities of 4d3,,6p —>5p “6p,
4d3/27p—>5p “Ip, 4d3,,6p—5p*Tp, 4d%,,8p—5p*8p, and
4d°—5p*, respectively. The low-kinetic-energy part of
the spectrum is not very well reproduced by the calculated
sum spectrum. This may be due to the differences in cal-
culated and experimental energy splittings, which cause
too strong overlap of lines in the theoretical spectrum.
The effect tends to be more visible in the case, where the
N, and N groups overlap (compare with Fig. 3).

The Ns0,0,,; and N,0,0, ; resonance Auger spectra
shown in Figs. 7 and 8 have not been observed or analyzed
before. The main O;0, 3('P,) peaks (2) are found to shift
by 4.76 and 4.72 eV in N5 and N, resonance spectra,
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FIG. 7. Ns0,0,; resonance Auger spectrum taken with
65.3-eV photons (a) compared with the calculated 44 3,26p
—>5515p36p<55525p>5d '6p profile (b) and with the sum profile
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respectively. These spectra are, indeed, very complicated.
They show, in addition to the shifting, splitting effects
and the shake-up structure observed for the N50, 30,3
and N,0, 30, ; resonance spectra, the correlation satellite
structure. Corresponding to the alternative assignment of
double Auger transitions for the correlation satellites in
the normal N,s0,0,; spectrum, we may designate the
structure, on the low-kinetic-energy part of Figs. 7 and 8,
as resonance double Auger transitions. To obtain a
theoretical estimate for their profiles is a laborious task.
Most difficulties arise because of the choice of the basis
set, which must be extended from the one used in the pre-
vious section due to the open np shell. We were not able
to choose a basis set which could give a satisfactory agree-
ment with theory. The discrepancy caused by an unsatis-
factory basis set could be eliminated by carrying out more
careful calculations. They are, however, beyond our com-
puter resources at the moment.

Figures 7(b) and 8(b) show the calculated profiles for
the transitions from the 4d°6p initial to the final state
which is a mixture of the 5s5'5p%6p and 5525p*5d6p con-
figurations. As in Fig. 4(b) we see the main (1 and 2) and
satellite (3—5) lines. The splitting between main and sa-
tellite lines is overestimated by theory, while the theoreti-
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cal satellite intensity is much less than observed. Figure
7(c) presents the sum profile of the 6p and 7p spectator
and 6p—7p shake-up transitions for the N5 group. The
same ratios for the different transitions as obtained for
the N0, 30, ; resonance spectrum were used. Although
the calculations are unable to fully reproduce the observed
structure, they help to assign the experimental peaks.
High-kinetic-energy lines 1 and 2 at 23—27.5 eV are due
to the main lines 4d2,,6p—5s'5p°('P,,>P)6p. The satel-
lites accompanying them lie in the re§ion 18—23 eV, over-
lap;)ing with the 4d2,7p—5s!5p%('P,,’P)7p and
4d?,,6p—5s'5p3('P,,’P)7p main lines. Satellites follow-
ing these main lines again appear in the 15—18-eV region.
The low-kinetic-energy part of Fig. 7(a) also has some
contributions from the N, ;0,0,; normal Auger transi-
tions, which were not taken into the sum of Fig. 7(c).

It is very interesting to follow the strength of the corre-
lation satellites in going from the normal N,s0,0;;
spectrum to the resonance spectra. This is because the in-
tensity distribution between main and satellite lines was
found to be sensitive to the states of the other electrons in
a comparison between photoelectron and Auger electron
studied discussed above. Because of the overlap of the
4d?,,6p—5s'5p°6p satellite and 4d3,,7p—5s'5p>7p and
4d3,,6p—5s'5p*7p main lines, difficulties arise in the
determination of the experimental satellite to main line in-
tensity ratio. We estimate the ratio to be 2.1+0.2, which
is slightly less than obtained for the N, ;00,3 normal
transitions.

An analogous structure as for the N50,0, ; resonance
transitions, but shifted by the 5ps,,-5p;,, spin-orbit split-
ting of 1.96 eV, can be seen in the case of the NyO,0,;
resonance transitions (Fig. 8). For this spectrum, agree-
ment between experiment and theory seems to be of the
same order as for the N50,0; 3 resonance Auger process.
The low-kinetic-energy part of Fig. 8(a) contains also the
normal N, 50,0, ; spectrum and the 4d3,,8p—5s'5p°8p
transitions, which have not been summed in Fig. 8(c).

The Ns0,0,(!S,) line at 8.30 eV kinetic energy is
found to shift by 4.68 eV with the 6p spectator, and the
N,0,0,(!S,) line at 10.27 eV by 4.71 eV. Strong transfer
of the intensity to the satellites, due to the mixing with
the 5s'5p*5d! and 5s25p25d? configurations, lying about
10 eV on the low energy side of main lines, is estimated by
theory. It has not been possible to confirm this experi-
mentally, because the transmission of the spectrometer
may decrease rapidly at very low kinetic energies.

So far we have examined the decay of the 4d°6p reso-
nance state, which results in an emission of one Auger
electron. The final state of the process, having an np
spectator electron in the presence of two inner holes, may
further Auger decay. The spectator electron can now par-
ticipate in the process, which results in the emission of the
second Auger electron. We thus deal with a true double
Auger process. Following it, the atom is left in the dou-
bly ionized configuration 5525p* or 55'5p°. According to
the single-configuration Dirac-Fock predictions, the struc-
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tures due to the double Auger process, lie 6.5—7 eV lower
in energy as compared to the lines of the 6p spectator
Auger process. The structures start to appear, for in-
stance, around peak 9 in the NO, ;0, ; resonance spectra
of Figs. 5(b) and 6(b). These structures, which are hardly
distinguishable from the background, were discussed more
minutely in a new work,'® which came to our attention
while this work was under final revision. According to
the analysis of this work, the spectator and shake-up tran-
sitions form, however, the main peaks of the resonance
spectra, in agreement with our analysis.

CONCLUSIONS

The high-resolution N4 sOO normal and resonantly ex-
cited Auger spectra of Xe have been studied by comparing
calculated profiles with measurements carried out using
synchrotron radiation. Resonance Auger spectra at
4ds,,—6p and 4d; ,,— 6p excitations show, in addition to
the 6p spectator decay, strong structures due to shake-up
transitions to S5p*7p final states. The spectator decay
4d%7p—5p*Tp also appears due to direct 4d —7Tp excita-
tion. Autoionization involving the excited electron plays
a minor role and the excited states mainly decay by the
spectator Auger process.* Interference effects with the
5p—6p shake-up satellites of the 5p and 5s photolines are
negligible. Theory predicts very well the energy shifts due
to the spectator electron. Intensity distributions in the
normal N,s0,30,; and especially in the N5O,30;3
and N,0, 30, ; resonance Auger spectra are well repro-
duced by the single-particle calculations. The multicon-
figuration approach, on the other hand, is needed to inter-
pret the satellite structure of the NO,0,; and NO,0,
transitions. The satellite-to-parent ratio and energy
difference is found to be very sensitive to the states of the
other electrons. The Ns0,0,3('P,) line is shifted by
4.76 eV on passing from a normal to resonance spectrum,
whereas the shift of 4.36 eV was observed for the
N50,30,;('D,) line. Change in the correlation energy
shift in the case of the Ns0,0, ; transitions, on passing
from a normal spectrum to the Auger spectrum with a
spectator electron, is present in the former but absent in
the latter shift value. The NO,0,,; normal and resonance
Auger spectra provide a powerful area to study correla-
tion effects. More theoretical work, especially to research
the influence of the basis set, is needed in this area.
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