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Evolution of the Post-Collision-Interaction Profile from the Resonant Auger Shakeupyyy
Shakedown Lines at the Ionization Threshold

H. Aksela, M. Kivilompolo, E. Nõmmiste, and S. Aksela
Department of Physical Sciences, University of Oulu, Linnanmaa, FIN-90570 Oulu, Finland

(Received 5 June 1997)

Xe 4d5y2 and Kr 3d5y2 Auger spectra were studied by scanning the photon energy across the
corresponding ionization thresholds. Finest details in the development of the post-collision-interaction
profile from the shakeupyshakedown lines were observed experimentally for the first time. The
utilization of the resonant Auger Raman effect allowed one to resolve, with very high resolution,
new intense fine structures besides the conventionalnp ! mp shake transitions in the shake features.
They were identified to be due to the transitions to thems and sm 2 1dd type final states.
[S0031-9007(97)04798-4]

PACS numbers: 32.80.Hd, 32.80.Fb
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When the photon energy increases approaching the c
ionization threshold, the resonant excitations to the Ry
berg states and the adjacent decay processes take p
most probably via the resonant Auger process. Esp
cially for the excitations to higher Rydberg states ve
strong shakeupyshakedown structures are found besid
the spectator resonant Auger lines (see, e.g., [1–7]).
the other hand, when the photon energy is scanned fr
the high energy side to the ionization threshold, the w
known post-collision-interaction (PCI) effects, shift in th
peak position and increasingly asymmetric line shape,
observed in the normal Auger electron lines (see, e.
[8–11]). A gradual evolution of the PCI profile from
the shake structure takes place when the photon ene
crosses the threshold. This transition has been of gr
interest to both the experimentalists (see, e.g., [6,7,1
13]) and the theoreticians [12–14] but the problem has n
yet been solved in detail with a satisfactory way. Abov
the threshold, the potential curve models of PCI lead
surprisingly accurate predictions. The shake calculatio
emerging from the quantum-mechanical treatment, wo
well when crossing the threshold. At higher resonanc
the shake model predicts prominent oscillations in sha
probabilities [4]. No effect of this is seen when detec
ing the evolution of the PCI profile. Experimental reso
lution, however, has so far been insufficient to resolve
the finest details in the shake modified Auger line profi
around the threshold.

Recent rapid progress in the performance of the sy
chrotron radiation instrumentation resulting in highe
photon fluxes and better energy resolutions of th
monochromators and the electron spectrometers provi
completely new possibilities to study this transition phe
nomenon experimentally in much more detail than befo
When the photon bandwidth is smaller than the lifetim
broadening of the core excited state, one can ben
from the Auger resonant Raman effect [12,15]. The
the observed resonant Auger linewidths are practica
determined only by the photon band and the spectrome
broadening in addition to the Doppler broadening. Ther
0 0031-9007y97y79(25)y4970(4)$10.00
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fore, the resonant Auger line can be made much narrow
than the lifetime width of the core excited states, whic
sets the lower limit for the widths of the normal Auger
electron lines.

In this Letter we shall report new very high resolution
results for the Xe4d and Kr 3d threshold Auger spectra
when the photon energy is scanned from the region of th
conventional resonance excitations to the PCI region. T
spectra are discussed in the frame of the shake model
the resonant Auger process versus the conventional P
model for the normal Auger process. New previousl
undetected structures, which do not obey the monopo
transition selection rules, are also observed to accompa
the monopole shake transitions. Their existence manifes
that not only the sharing of energy but also the exchang
of angular momentum takes place between the electro
involved in the process.

The measurements were carried out at the Finnish bea
line [16] of MAX-laboratory, in Lund, Sweden. Syn-
chrotron radiation for the beam line at 550 MeV MAX
I storage ring is generated by a short period undulat
[17], and it is monochromatized by the modified SX-
700 plane grating monochromator [18]. The ultimat
photon energy resolution is in the order of 6–10 meV
(FWHM) for the photon energy range of 65–95 eV use
in this study. The applied electron spectrometer syste
[19] includes the Scienta-200 hemispherical analyzer [2
which can be rotated around the direction of the photo
beam. The spectra of this study were recorded, how
ever, with the fixed “magic angle” of 54.7±. The rela-
tively low flux of the second generation MAX I storage
ring was partly compensated by the use of the spec
gas cell and the position sensitive multidetection of th
spectrometer. The ultimate resolution of the spectrom
ter in the electrically noisy synchrotron radiation labora
tory environment was about 10 meV. With reasonabl
intensity the Xe4d21

5y2np and Kr 3d21
5y2np resonant Auger

spectra showed the total widths of 30–40 meV, whic
are still 3–4 times smaller than the lifetime widths o
the corresponding core exited states. This resolutio
© 1997 The American Physical Society
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enables one to observe completely new fine structures
the spectra.

The electron spectra following the decay of the X
4d21

5y2np, ´p, and Kr 3d21
5y2np, ´p threshold excitations

are represented in Figs. 1 and 2, respectively. The pho
energy was varied in the ranges of 65–68 and 91–95
for xenon and krypton, respectively. Note that the X
4d21

5y2 and Kr 3d21
5y2 ionization limits are at 67.548 and

93.788 eV, respectively [21]. The spectra of the Aug
electrons were recorded in the kinetic energy range n
the Xe 5p22s1S0d and Kr 4p22s1S0d singlet parent lines
where the structure of the spectra should be the simple

The first striking feature in the series of the spectra
that the peak structure is very rich and is getting tight
and tighter when the photon energy is approaching
ionization limit. The manifold of the most intensive line
for each photon energy is done by the spectator reson
Auger lines and their many shakeup and shakedown lin
The transitions, e.g., for Xe are of the type4d9np !

5p22s1S0dmp, m ­ n, n 6 1, n 6 2, . . . . The peaks
which correspond to the spectator resonant Auger tr
sition without the adjacent shake process are of min
strength in most of the spectra.m values as high as 16
are discernible. Note that in optical data the energy lev
5p22s1S0dmp, m ­ 6 are the highest ones reported in th
literature [22].

A gradual evolution of the manifold peak structure t
the broad PCI-type shape takes place when the pho
energy crosses the threshold. The formation of the P
shape is nicely demonstrated already below the thresh
by connecting the peak maxima. The overall line sha
is fairly well reproduced by the semiclassical or class
cal PCI models (see, e.g., [23,24]). It was demonstra
previously by Schmidt [9] that, for instance, for Xe a
hn ­ 67.80 eV the model of Russek and Mehlhorn [23

FIG. 1. Kinetic energy region of the4d21
5y2np ! 5p22s1S0dml

transitions in Xe taken with photon energies correspondi
to (a) the4d5y2 ! 7p, (b) the 4d5y2 ! 8p, (c) the 4d5y2 !
9p, (d) the 4d5y2 ! 10p excitations, and (e)–(g) the highe
excitations overlapping with each other. Photon energies ab
the 4d5y2 ionization threshold were used when recording th
spectra (h)–( j).
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gives an excellent agreement with experiment. Howev
even with photon energies greater than the ionization
ergy, sharp peaks, due to the recapture of the photoe
ton, are seen at the lower binding energy side of the P
profile. The potential curve models of the PCI are not c
pable of reproducing any sharp peak structure.

For the theoretical description which accounts for t
fine structure as well, we refer to the time-independe
scattering theory [14,25]. The transition matrix eleme
which describes the photoexcitation and Auger decay a
one-step process is then given by

Tba ­ kc2
b Hintcal

1
X
t

Z kc2
b jH 2 Ejctl kctjHintjcal

h̄v 2 h̄vt 1 iGty2
. (1)

Here H is the total Hamiltonian operator,E is the total
energy, andHint is the operator of the photon-electro
interaction. The intermediate-state wave functionct

contains an excited electron in a bound or in a continu
state that is coupled to the ionic state with one core ho
The final-state scattering wave functionc

2
b includes one

electron in the continuum and another electron in eithe
discrete excited state or in a low-energy continuum sta

Several approximations have been introduced
the literature to overcome the difficulties in numeric
computations. These include the factorization of t
many-electron interaction amplitude into the overla
elementknlj j mljl and the Auger decay amplitude. Th
latter is, furthermore, approximated to remain consta
within the resonant AugeryPCI region as the kinetic
energy of Auger electrons is changing only slightly.

FIG. 2. Kinetic energy region of the3d21
5y2np ! 4p22s1S0dml

transitions in Kr taken with photon energies corresponding
(a) the 3d5y2 ! 6p, (b) the 3d5y2 ! 7p, (c) the 3d5y2 ! 8p,
(d) the 3d5y2 ! 9p excitations, (e) and (f) the excitations t
higher states overlapping with each other, and (g)–( j) exc
tions above the3d5y2 ionization limit. The structure at
around 42 eV in (i) and at around 42.5 eV in ( j) is du
to the 3d21

3y2np ! 4p22s1S0dml transitions and the structure
on its lower binding energy side is due to the3d21

5y2np !

4p22s1D2dml transitions.
4971
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Close to the resonance the second term in (1) dom
nates. As long as the lifetime widthG is much less than
the spacing of the intermediate states, only one state c
tributes in the summation. The first five resonances
Kr and Xe serve as good examples here. The ratio
spectatoryvarious shake transitions, predicted by the ove
lap of the Dirac-Fock (DF) or Hartree-Fock (HF) wav
functions, agrees well with the experimental values at t
first three resonances. The DF results were reported p
viously [1,2], and the HF calculations, carried out now u
ing the wave functions generated with the code of Cow
[26], gave very similar results. At the fourth resonanc
(np ­ 8p for Kr and np ­ 9p for Xe), however, the
spectator and shakedown contributions are clearly und
estimated by the shake theory. The shake predictions
not differ much for Kr and Xe, either. The experimen
however, indicates that the shakeup to the overnext s
is clearly lower in case of Kr as compared to Xe.
similar tendency is seen when passing to the next re
nance (np ­ 9p for Kr and np ­ 10p for Xe). Even
though the shake calculations predict a similar behavi
the shakeup to the overnext state has reached a clear m
mum in Kr, but in Xe the next and overnext states a
almost equally populated. From here on the maxim
shakeup turns to favor the spectator and shakedown tr
sitions. In Xe the turning point is reached earlier than
Kr. As the spacing of Rydberg states becomes less th
G, more and more states are involved, and interference
the channels leading to the same final state takes pla
It was demonstrated recently by Armen and co-worke
that, in a case similar to this [27], a coherent summati
of amplitudes of various paths is needed to correctly
produce the experiment. Strictly speaking, the langua
of spectatoryshakeyrecapture lines loses its meaning, an
thus should be considered only as a tentative assignm
even if used through the work.

Because of a high probability for transitions populatin
final states withmlj, m ­ n 2 1, n 2 2, . . . , at higher
resonances, the maximum of the spectral distributi
shifts from what is predicted by the spectator mod
solely. The kinetic energies increase from the nomin
resonantynormal Auger energies, in accordance with th
PCI model. As thejnljl is already in the continuum, the
jmljl may still be bound (which was for the first time
demonstrated quantum mechanically for Ar by Tulk
et al. [25]). A “recapture” of the photoelectron take
place, resulting in peaks which show a Raman narrowin
Since only discrete final states are available instead o
continuous distribution on final state energies, the ene
conservation prevents the broadening of the recapt
lines. The transitions to final states above the doub
ionization threshold are characterized by Lorentzian li
shapes. For transitions to states at threshold, a cutof
the Lorentzian distribution should exist. Because of t
heavy overlap of the transitions to the states around
threshold the evolution of the individual line shapes is n
discernible in the experimental spectra.
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The second very interesting feature in the experimen
spectra is that each of the spectatoryshake peak is com-
posed of several components. This is clearly seen, e
for Xe 10p and11p lines [see, e.g., Fig. 1(c)] which seem
to be formed from three components. For higherm val-
ues the splitting is decreasing rapidly and appearing
asymmetric line shapes. Our interpretation for this tripl
structure is that besides the5p22s1S0dmp final states also
the 5p22s1S0dms and sm 2 1dd states are populated in
the course of the resonant Auger process. This interp
tation is supported by the present multiconfiguration D
(MCDF) calculations, in comparison with earlier results b
Hansen and Persson [22], for the final state energies as
lows: The MCDF calculations were first carried out for th
5p226p, 5p225d, and5p226s configurations of Xe. In a
comparison with previous results from the optical measu
ments [22] the calculations were found to reproduce t
order and the splitting of the5p22s1S0d6p, 5p22s1S0d5d,
and5p22s1S0d6s levels fairly well. There were lines (65–
68, 50–51, and 40 in [28]) in the4d216p resonant Auger
spectrum for which the energy separation agreed very w
The most intense component in the spectrum with high
binding energy was thus identified to be due to the tran
tions to the5p22s1S0d6p state, and the less intense com
ponents on its low energy side to the5p22s1S0d5d and
the5p22s1S0d6s states, respectively. The calculations pre
dict a decrease in the splitting in passing to configuratio
with spectator electron at higher and higher Rydberg stat
This is consistent with the experimental finding. Note th
our previous analysis in Ref. [1] was insufficient in assig
ing the fine structures around the5p22s1S0dnp, n ­ 7, 8,
and 9 states.

None of the final states belonging to5p22ms and
5p22sm 2 1dd configurations are allowed to be popu
lated via conventional shake modified resonant Aug
transitions, as the shaking of the electron is allowed by t
monopole transition selection rules only. The5p22mp,
and the5p22sm 2 1dd and5p22ms configurations are of
different parities which prevents the mixing between the
via the final ionic state configuration interaction (FISCI
Therefore, FISCI is ruled out in producing the triplet pea
structure. In principle, the5p22sm 2 1dd and 5p22ms
type of configurations could be fed via the direct valenc
photoionization or the participator Auger decay to th
5s215p6s2S1y2d state which is further redistributed to the
main and satellite lines due to the strong FISCI. How
ever, the total angular momentum values of the observ
5p22s1S0d sm 2 1dd states are3y2 and 5y2. Thus,
as the FISCI is limited to those with the same total angu
momentum value (J ­ 1y2) only, the 5p22s1S0d sm 2

1dd, J ­ 3y2 and the 5p22s1S0d sm 2 1dd, J ­ 5y2
states are not allowed to mix with the5s215p6s2S1y2d
state. Hence, both the direct photoionization and t
participator decay cannot explain the finding alone.

In our spectra, the strength of the lines wit
5p22s1S0d sm 2 1dd and 5p22s1S0dms character closely
follows that of the5p22s1S0dmp states. For instance,
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in Fig. 1(a) the5p22s1S0d8d and 5p22s1S0d9s states are
hardly discernible but the5p22s1S0d7d and5p22s1S0d8s
states are strong, whereas it is just opposite in Fig. 1(
The numerical values of 0.26 and 0.18 and of 0.15 a
0.09 were observed for the intensity ratiossm 2 1dd to
mp andms to mp in Xe and Kr, respectively. These ar
the average values; note the large variations in the ratio
different resonances [compare, e.g., Figs. 1(b) and 1(c

Our observation indicates that it is not only the re
onant Auger decay of the type4d21

5y2np3y2, J ­ 1 !

5p22s1S0dmp3y2´d5y2, J ­ 1 that gives rise to the
structures in the spectra, but there are also transitio
like 4d21

5y2np3y2, J ­ 1 ! 5p22s1S0dmd5y2´p3y2, J ­ 1,
where the exchange of the angular momenta of the exc
and ejected electrons has taken place. In all the predicti
reported so far in the literature, the channel interacti
has been considered as of minor importance and t
omitted. Channel interaction could, however, influen
not only the exchange of energy but also the exchan
of angular momenta. Here we may consider the follow
ing possibility as an example: The participator Aug
decayydirect photoionization channel5s21

1y2´p3y2, J ­ 1
is mixed via final continuum state configuration intera
tion (FCSCI) with the 5s25p22s1S0d5d5y2´p3y2, J ­ 1
and the 5s25p22s1S0d6s1y2´p3y2, J ­ 1 continuum
channels. In addition, these channels mix with th
5p22s1S0d6p3y2´d5y2, J ­ 1 channel, populated heavily
by the spectator Auger decay of the virtual intermedia
4d21

5y26p3y2, J ­ 1 state. Hence, the final ionic stat
5s25p22s1S0d5d5y2, J ­ 5y2 could get fed via such a
mixing at resonance photon energies. It is, however
complicated task to include channel interactions like th
in the calculations, especially as there are many mo
channels to be included.

From the experimental finding here it is clear that sha
modified Auger resonant Raman description, even thou
including the coherence between the paths through all
intermediate states, fails to reproduce the finest details
experiment. Exchange of angular momentum plays a m
prominent role than expected before. More theoretic
work is needed to arrive at a description that correc
reproduces the finest details in the now observed evolut
of the Auger line shape when crossing the threshold.
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