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Formation and decay of Xe 41~ vacancies studied via electron-electron coincidence experiments
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A versatile electron-impact spectrometer, equipped with three independent electrostatic analyzers, has al-
lowed the simultaneous investigation of the excitation and ionization and Auger decay of the statds via
electron-electron coincidence experiments. Energy and angular dependence of the final-state continuum inter-
actions, the postcollision interactions, has been studied in botketeé Augen and (e,2e) binding energy
spectra up to 30 eV above the 4hresholds. The experimental results have been compared with the theoretical
predictions of Kuchiev and Sheinerm@dsp. Fiz. Naukl58 353(1989 [Sov. Phys. Usp32, 569(1989]). A
fairly good agreement between the experiments and theory has been found in all the studied cases. Also the
decay of the Xe 4 np inner-shell excited states and the energy dependence ofdfg#i,, branching
ratios have been studied and compared with analogous data from photoionization experiments.
[S1050-294{6)05909-4

PACS numbg(s): 34.80.Dp, 32.80.Hd

[. INTRODUCTION more and more evident that inner-shell hole creation and
decay have to be treated as a single multiple-ionization pro-
Since their introduction in late 1960s, electron-electroncess that proceeds from a common intermediate state along
coincidence experiments have become a well establishedifferent pathways rather than a stepwise sequence of inde-
technigue to study electron impact ionization of atoms angendent transitions. This is true as much the process occurs
moleculeq1,2]. A large body of experimental and theoreti- close to the ionization threshold. It is therefore evident that
cal work has been devoted to understand the mechanism ekperiments with the simultaneous detection of as many as
the ionization process itself and to single out features typicapossible of the final charged products of the reaction are
of the different interactions(binary electron-electron, needed to gain full perspective of the evolution of a core
electron-ion, exchange, and final-state interacjiotisat state. Among the other coincidence techniques electron-
cause ionizatiorf3]. It has been shown that whenever the electron coincidence experiments may play a leading role in
momentum and energy transfer to the target are adsorbed lyis field because they allow the study of the different ionic
one electron the impulse approximation holds and within thestates independently of the following fate of the multiply
single-particle approximation the coincidence cross sectiorharged residual ion. However, after the pioneering work of
can be directly related to the momentum density of the ion-Camilloni et al. on C 1s Ref.[9], the low cross section and
ized orbital[4]. On this ground is based electron momentumthe unfavorable true-to-random coincidence ratio have ham-
spectroscopyEMS); the wave-function maps, which EMS pered the investigation of inner shells {®;2e) experiments
provides, are nowadays one of the most sensitive tests fdor a long time. Recently, taking advantage of both the larger
qguantum chemistry calculationi$]. The electron-electron cross section obtainable in asymmetric kinematics and the
coincidence technique has then been extended to pinpoiintcreased efficiency of multichannel coincidence appara-
more subtle processes where either the simultaneous ionizatses, some coincidence studies of inner-shell ionization
tion and excitation of the target occuf§,7] or ionization  have been reported0—17. In these works either the two
proceeds via competitive direct and resonant chanf@ls electrons produced in the primary ionization event or one of
All of this work has been focused on ionization of valencethese electrons and the Auger electron ejected in the decay of
shells. the inner hole were detected in coincidence. In the present
Inner-shell ionization is an even more interesting and, ofwork we have modified our coincidence spectrometer by
course, complex process, because it results in an unstabdelding a third electron analyzer in order to study simulta-
singly charged ion, which may suffer radiative or nonradia-neously the formation and decay of the inner hole via
tive decays. Depending on the ionic state reached in the firglectron-electron coincidence experiments. The first studied
decay step the process may continue further with a radiativezase has been the ionization and decay of the Xe 4
nonradiative cascade. Over the last few years it has become Xe 4d has often been used as a showcase for several
characteristic features of atomic inner-shell excitation and
ionization. These features display both one-electron charac-
*Present address: Chemical Science and Technology Dept., Lder, directly invoking transitions of d electrons, for in-
Alamos National Laboratory, CST2 MS J565, Los Alamos, Newstance, the shape resonance, and many-electron character, for
Mexico 87545. example, the interchannel coupling between tipeahid 5
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outer shells and the Auger decay of thd dacancies. All e(Ep) + Xe—Xe" (4d™ 1)+ e,(E,) + ey(Ep)

these characteristics have been largely explored by photoex- !

citation and photoionization studi¢$8] and also the forma- -

tion and decay of the Xedthole has been studied to some Xe“" +ea(Nyg025023). @

extent in a photoelectron-photoelectron coincidence experi-
ment by Okuyama, Eland, and Kimufa9]. In contrast data While the energy dependence of PCI has attracted a lot of
from electron-impact experiments are lackidg]. Electron-  experimental work, less attention has been paid to the angu-
impact experiments allow one to study the excitation andar dependencfgl7,23. In the previous electron-impact stud-
decay of dipole forbidden transitions, such as tlte—+nd ies [14-16,24 the fast scattered and Auger electrons have
(n=5) ones, as well as to investigate the dynamics of thébeen measured in coincidence. Therefore the PCI effects
excitation-ionization process at different momentum transfehave been averaged over all the directions of the slow ejected
K. Thus selecting collisions belonging to the dipolar regime electrons. Only Kammerling, Krassig, and Schnji2] in a
K—0, the collective interactions of the incident electron with photoionization experiment and Sarkaglyal.[26] in a non-
the target atom are investigated, while the role of the two-coincidence ion-atom collision experiment attempted a direct
body interactions can be studied in events at laKyere., in  measurement of the PCI angular dependence.
the impulsive regime. Here we have completed the investigation of PCI effects
In the present study the Xeddonization has been studied by detecting in coincidence the slow ejected electron and the
at about 1000-eV incident energy and for several values ofuger electron from the transitioNs0,30,5 (*S) at differ-
the energy losaE from 65.1 eV, which corresponds to the ent relative emission angles. Care has been taken to select a
4ds,,—6p transition energy20] up to 97.5 eV, i.e., 30 eV kinetic energyE, close to that of the Auger electron in order
above the 4, ionization threshold. The experiment below to maximize the energy and momentum exchange between
the 4d ionization thresholds addresses the resonant Augdhe two electrons. A brief report of this latter experiment has
processe$21], while the full body of the other experiments been already presented elsewhet€).
represents a complete investigation of the postcollision inter- To our knowledge this is the first experiment where the
actions, PC[22], among the three unbound electrons presenformation and decay of an inner shell are studied simulta-
in the final state of the reaction neously and where the resonant Auger process is addressed
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in an electron-impact experiment. The paper is organized as TABLE I. Energies of the main transitions and ionic states in-
follows. In the next section, as a background for the preseritolved in the excitation and ionization and decay of the X 4
work, a brief summary of the main processes occurring whe#tates. The binding energies of theX@p“n| states involved in the
the Xe atom is excited or ionized in the energy region neaflecay of the 4~ Inl inner-shell excited states are not reported. A
the 4d threshold is given. Then in Sec. Il the experimental complete list of these states can be derived from Tables | of Refs.

setup and the procedures used in the measurements are {281 and([39].
scribed. Sections IV and V are devoted to the experimentat

results and their discussions. Finally some remarks and corptate Alsy darz
clusions are presented in Sec. VI. (a) Xe excited states near thal4onization threshold$Ref. [20])
4d t6p 65.110 67.039
4d~15d 65.446 67.411
Il. SCHEMATICS OF THE PROCESSES NEAR THE 4 d 4d~17p 66.375 68.345
IONIZATION THRESHOLDS 4d~'8p 66.854 68.838
A sketch of the spectroscopy and dynamics of the states (b) Xe" states
involved in the excitation or ionization of Xe in the energy 5,1 12.129
region near the d thresholds is shown in Fig. 1, while the ¢ 0 13.436
energies of the main transitions and ionic states involved args-1 23.397 (Ref. [57])
reported in Table I. -1
At energy losseQE larger than the d binding energies 23?’% Z;'gg? Egg;' 58%
(67.5 and 69.5 eV for thedk, and 4, states, respectively 312 ' '
direct ionization of the 4 states occurs: (c) Xe?" states(Refs.[57] and[58])
5p2(3P,) 33.08
—-2(3
e(Eq) + Xe— Xe* (4d95525p®) + e,(E,) + ey(Eyp) gﬁ—zﬁsﬁj’i gj:gg
| 5p2(*Dy) 35.20
5p2('sy) 37.56
Xe?t +ep(Ny00) (2 55 5p71(3p,) 45.26
-1 -1/3
and then the inner-shell hole mainly decays to théXen- nglggflESEO; 32'22
ergetically accessible states via an Auger deddy. 1(a)]. 5515 *1(1Pl) 47.84
Direct double ionization as well as triple ionizatif@8] pro- P 0 '
cesses, energetically allowed, represent a negligible fraction (d) Xe3" state
of the total cross section in this energy region. 5p~3(%9) 64.4 (Ref. [28])

At AE smaller than the d binding energies adl electron
can be promoted to one of the unoccupied staig¢n=6),
nd (n=5) via the process

where the energy loss suffered by the incident electron is
e(E) + Xe—Xe* (4d95525p°nl) + e,(E,=Eg— AE,), equal to the d—nl transition energ)[Fglg. b)]. .
The inner-shell excited states Xgd”np) may decay via
the following paths:

I=p,d, (3

|
Xe4d®5s25p®(?D)np 1P, — Xe'4d1%5s?5p°%(2P) + e (ad),
Xet4d'%s!5p8(2S) +e (a2,
Xet4d'%s?5p*(*D)nd(%S) +e (b1),
Xet4d1%s?5p*(*D)ns(?S) +e (b2),
Xe?t4d19%s?5p*(3P,1S,1D) + 2e (cl1),

Xe*4d1%s?5p*(SL;)np+e (d1), (4

Xet4d1%5si5p5(SL)np+e, (d2),
Xet4d1%s?5p*(SL)n’p+e  n'>n (d3),

Xet4d195s?5p*(SL;)n’ p+e— Xe?+4d1%s?5p*(SL;)  (el),
Xe3t4d1%5525p3(4S) + 3e (f1),
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where processes$a) represent direct recombination, pro- 250.0
cessegb) the autoionization to satellite statés]) is direct
shakeoff to doubly charged ions, and finally procegdeare

the resonant Auger decays. In this latter process the electron
in the excited state either remains as a spectator of an Auger
process involving the outer shells and the: Hole (d1,d2 or
participates in the process, which ends up in a configuration
Xe™ (5p*n’l) with n’>n (d3). The processes in which the
np electron acts as a spectator end up with Auger lines built
on the same X& parent states, but shifted up in energy due
to the 5-np coupling energy. For example in the case of a
6p spectator electron the Auger lines relative to thé X, ool ‘ ‘
1D, and!S core states occur in the energy region above 36.4 180 200 vy 20 260
eV. In the case of the shakeup transiticia) the Auger °

lines occur at lower energy than in the previous case due to 5 o (e.2¢) binding energy spectruntdots with the error
the_energy needed to promote the excited electron to an OUBE 4 of the Xe 4d orbitals vs the ejected electron enef§y mea-
orbital. Processegel) are two-step decay where a doubly e atAE=90 eV. The Auger spectrurtsmall dot$ measured
charged ion is formed via the resonant Auger decay followediuring the coincidence run by the ejected electron analyzer and
by autoionizatiorf29,30. Finally the decay to X& with the  gverimposed to the coincidence spectrum in the figure is used to
simultaneous emission of three electrdfis is also energeti-  determine the energy scale The peaks in the noncoincidence spec-

cally allowed. trum are labeled according to R¢82].
Photoionization experiments have shoj@1,19 that the

processesa)+(b) account for about 13% of the total decay
and the decay to X& for about 0.5%. The probability of a cially designed for coincidence experimefit8,31. In these

decay to stable neutral Xe via fluorescence is unknown, b easurements the spectrometer has been modified and a

;ﬁga;]éxsirgr?! gﬁ?;g?%égilmgazggifp)tliﬂd ::c}(?(()iizétionthird electrostatic analyzer has been added. Details of the
) ) setup have been reported elsew 31 thus only a brief
cross section$18,21]. Thus the main decay routes are the P P a3 ] Y

di hakeoff of | dth A description will be given here. The attention will be focused
Cg:gt shakeoft of two electrons and the resonant AUger progy, he pew analyzer and the measurements that it enables.

The transitions Xe-Xe*4d°nd(n=5) are dipole forbid- The electron beam, formed by a modified Varian glancing

. : . electron gun, crosses an effusive beam in the center of the
den and they can be studied only in the electron-impact exy

) . . . vacuum chamber. The density at the electron-gas-beam
'E)heensrgeigaiefos]ﬁgllIot'-zlgr:(i)t;n;agt(;rt]e?qss on the decay routes of o sqing point can be as high as80'2 molicr?, which

means a local pressure approximately a few hundred times
Il EXPERIMENT larger than the backgrqund pressure. The outgoing electrons
are collected by two twin hemispherical electrostatic analyz-
The apparatus for the present electron-electron coinciers independently rotatable in the scattering plané5°/
dence measurements is an electron-impact spectrometer sgé&0° with respect to the incident beam direcliamd the
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F enough to produce inner-shell ionization. In the coincidence
g % operation moded,2e) and (e,e’ Augen measurements can
g 1% be performed simultaneously, collecting the pair of electrons
= 100 of the primary ionization events with the two hemispherical
so { analyzers and the pair formed by one of them and the Auger
%5 L TN R F ey y e I electron with one hemispherical analyzer and the CMA.
Auger Energy (eV) In order to perform multicoincidence experiments we

have replaced the time-to-amplitude conveffBAC) of our

FIG. 4. Xe Ngs0p30,3 (6,6’ Augen spectra measured &E  cojncidence electronics with a time-to-digit converf€DC)
=90 eV (a) and 67.5 eV(b). The full line is the noncoincidence (LeCroy 4208. This quite versatile CAMAC unit enables the
Auger yield recorded by the CMA during the coincidence measureraading of up to eight independent events with respect to the
ments. same common start. The TDC as well as all the other

CAMAC units (counters, analog-to-digital, and digital-to-
analog convertejsare governed by a DSP 6002 crate con-
new cylindrical mirror analyzefCMA), located perpendicu- troller via a 486 personal computer.
larly to the scattering plane. In all the present measurements the scattered electron en-

The hemispherical analyzers are formed by a deceleratingrgy E, has been fixed at 1000 eV and the scattered electrons
three-element zoom lens followed by a hemispherical elechave been always detected at 4° with respect to the incident
trostatic deflectof105 and 135 mm inside and outside diam- beam direction. Several values of the ejected electron energy
eter, respectively The angular acceptances of the analyzer€E, in the range 5 to 30 eV have been used. The energy
in the present measurements were set®5° and*=2° for  resolution in both the hemispherical analyzers is
the scattered and ejected electron analyzer, respectively. AE,=AE,=1.1 eV full width at half maximum(FWHM).

The CMA is a Riber OPC104, with an exit slit suitably This results in a coincidence energy resolution
modified to have a field of view large enough to include theAE.=(AE2+AE2)Y?=1.6 eV FWHM in the binding en-
interaction region and to overlap the field of view of the ergy spectra. In thée,e’ Augen measurements the energy
other two analyzers. In the present configuration the CMAresolution is determined by the Auger channel, i.e., by the
has a resolving powdE/AE~50, which enables it to collect energy resolution of the CMA that has been measured to be
the Xe N,450,30,5 Auger lines(29<E,=<35) with a resolu- =650 meV in the energy region of the X:0,50,5 Auger
tion of about 650 meV. The analyzer is perpendicular to thespectrum.
scattering plane and the effusive gas beam is obtained by In the simultaneous measurement of the two coincidence
letting the gas through a needle set internally to and coaxiapectra the following procedure has been used. At each se-
with the inner cylinder of the CMA. The tip of the needle is lectedAE the incident energ¥, was fixed in order to have
gold and is placed about 1.5 mm below the electron-beank,— AE=E_,=1000 eV and then both the ejected and Auger
path. It has been insulated from the rest of the gas inletlectron energies were scanned. While this is the usual pro-
fixture to provide a monitor of the stability of the electron cedure for(e,e’ Augen measurements, it is quite unconven-
beam at the scattering center during the long coincidencdonal in measuring €,2e) energy spectra. The usual way
runs. consists in fixing the kinetic energies of the two detected

Being equipped with three independent analyzers thelectrons and then scannig. A coincidence peak will be
spectrometer enables us to perform simultaneously severdetected only aE,— (E,+E,) = ¢, whereg,, is the ioniza-
experiments. In the noncoincidence mode of operation whilgion potential of an ionic state. By this procedure all the ionic
one hemispherical analyzer collects an energy-loss spectrustates in the spectrum are excited at the same energy above
the other one can be rotated around the scattering centéteir respective thresholds. On the contrary, the procedure
measuring the angular distribution of ejected electrons ofised in this work, wheré\E is fixed, is equivalent to a
fixed energy. At the same time the CMA can collect an Au-photoionization experiment at a fixed photon enetgy
ger spectrum whenever the incident electron energy is high- AE. Thus the different ionic states being excited at differ-
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ent energies above their respective thresholds produce0.007 s for the He and Xe measurements, respectively,
ejected electrons with different kinetic energies. the data were distributed within the statistical uncertainties
One of the main effects of PCI is the energy shift of theand well represented by a normal distribution.
Auger and ionic peaks in the,e’ Augen and (e,2e) energy
spectra, respectively. In order to evaluate this shift and to
make a comparison with the theoretical predicti(gee Sec. IV. EXPERIMENTAL RESULTS
V) an energy scale has to be established in both the coinci-
dence spectra. In the case of flege’ Auger) measurements
the energy scale is established relative to the noncoincidence The decay of the d hole has been studied at a fevE
spectrum measured by the CM&ee Figs. 3 and)4during  values, namely, 67.5, 75, 80, and9D.1 eV by(e,e’ Augen
the coincidence experiment. For the,Ze) binding energy coincidence experiments. With ionization potentials of 67.5
spectra we have used a similar procedure. Indeed thand 69.5 eV for the d5, 5, States, thes&E correspond to
Xe N,OO Auger spectrum, which involves the ejected electron energids, between 0 and 22 eV. The co-
4d°—5s°5p®, 5s'5p°® and %5p* transitions, extends incidenceNs0,50,4(1S,) Auger lines at differentAE are
from 5.87 to 36.44 e\f32]. Thus using the noncoincidence reported in Figs. @ —3(d), while in Figs. 4a) and 4b)
electron yield measured during the coincidence run and morghown the fullN,s0,40,5 coincidence spectra collected at
detailed spectra collected with 100 meV per step before anthe two extremeAE values. The noncoincidence Auger
after each coincidence run has made it possible to put thepectrum, measured by the CMA during the coincidence
(e,2e) binding energy spectra on a relative energy scale. Ascan, is also shown in each figure. This latter spectrum al-
an example in Fig. 2 is shown the,@e) spectrum atAE  lows one to establish the energy scale and to evaluate the
=90 eV, together with the noncoincidence spectrum meaenergy shifts and the distortions of the coincidence spectrum.
sured by the slow ejected electron analyzer. The noncoincWe observe an almost complete overlap of the noncoinci-
dence spectrum shown is obtained after the subtraction of théence and coincidence spectraEgt=20 eV, [Fig. 3&] and
background of the secondary electrons, represented by then a progressive displacement of the coincidence spectrum
fourth degree polynomial, and is a small fractiznl0% of  towards higher kinetic energies &5, decreases. ANE
the measured electron yield. The peaks due toN\h©,0,5  =67.5 eV[Fig. 4b)] the difference is made even more dra-
(*P) and(®P,) transitions are clearly seen. All the features inmatic by the absence of tHg,0,40,; components in the
Fig. 2 can be assigned according the X®O spectrum coincidence spectrum. The shift in the case of the
measured by Aksela, Aksela, and Pulkkin¢®®] and the Ng0,50,4'S,) Auger line varies from 0.020.1 to 0.45
numbering reported on the main features in the figure refers0.1 eV atAE=90 and 67.5 eV, respectively.
to that work. These features have been used to calibrate the Another coincidence measurement has been then per-
energy scale of thee(2e) binding energy spectrum. formed atAE=65.1 eV (Fig. 5, which corresponds to the
The typical coincidence count rate was between 0.1 anXe*(4d°6p) excitation energy20]. This latter experiment is
0.01 s, while the true-to-random ratio was never bettermeant to investigate the resonant Auger process. As in the
than 1/5. The accumulation time in the worst césteidy of  previous figures, in Fig. 5 the noncoincidence Auger yield
the angular dependence of B@Vas about 14 h per point. measured by the CMA during the coincidence scan has been
Due to these long accumulation times accurate tests of theverimposed to the coincidence spectrum. The comparison
stability of the spectrometer have been done by measuringf the two spectra proves that any contribution of the
the coincidence yield for the ionization of Hes In asym-  N,40,30,3 Auger diagrammatic transitions to the coinci-
metric conditions(E,=600 eV, E,=40 eV, 9,=4°, and dence spectrum can be excluded. Thus the measured spec-
J,=60°) daily for a full month and the coincidence yield for trum will be interpreted in Sec. V A 2 in terms of resonant
the ionization of the Xe p orbital in asymmetric kinematics Auger transitions.
(E;=1000 eV,E,=56 eV, 4,=4°, and9,=260° simulta- Finally in Fig. 6 are shown the results of the measure-
neously to one of thée,e’ Augen. Despite the quite differ- ments where the ejected and Auger electrons in the final state
ent coincidence rate in the two tests, 204 and 0.05 of the reaction

A. (e,e’ Auger) coincidence spectra

|
e(Ey;=1000 e\))+Xe—>Xe+(4dg,§)+ea(Ea:902.5 eV +e,(E,=30.0 eV

!
Xe?t (5525p* 1S)) +ex(29.95 eV (5

are detected in coincidence. The measurements are pegjected-Auger coincidence spectra are shown together with
formed at two different relative emission anglég,, 25° the noncoincidence Auger spectfdashed line in the fig-
and 170°, respectively. The energy of the ejected electronres, simultaneously measured during the experiment. The
has been chosen to be 30 eV, i.e., close to that of thaoncoincidence yield has been scaled to the coincidence one,
N:0,40,5(1S,) Auger electron in order to maximize the in- after a subtraction of a constant background. The coinci-
teraction time and therefore the energy and momentum exdence spectrum taken d,,=170° is slightly shifted to-
change between the two emerging particles. In the figures the@ards higher energy with respect to the noncoincident one
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[Fig. 6(b)], while the one atl,,=25° [Fig. 6(a)] is clearly ionization experiment&-ig. 15, as discussed in Sec. V, con-
shifted towards low electron energies. A shift in this direc-firms that in the present measurements the contribution of
tion is consistent with the prediction of nonisotropic PCI Auger transitions to the coincidence yield, if any, does not
theorieg 33—34, when the PCI inducer and the Auger elec- perturb the measured ratio.

trons emerge with a small relative angle. The other observation in theQe) binding energy spec-

It is to be noted that all the measured coincidencetra is the shift of the ionic peaks towards lower ejected en-
N450,30,3 Spectra are overimposed to a continuum contri-ergies, as if the binding energy of the ionic state were larger,
bution due to direct double ionization events, where the thirdand a broadening of the peaks wh&k approaches thed4
electron remains undetected. From the measurements of Fignization thresholds. These effects are clearly seen in the
6 an upper limit of=0.01 Hz rate can be estimated for such spectrum ahE=75 eV where the centroids of thel4, and
a process. This figure prevents, at least in the present expedd,,, are shifted by about 0.430.3 eV towards loweiE
mental conditions, the study of the direct double ionizationand the FWHM of the peaks obtained in the fitting procedure
process via ang,3e) experiment, where also the third elec- is about 20% larger than the expected value according the
tron is detected. energy resolution of the spectrometer. AE=80 eV the
shift, if any, is 0.1-0.09 eV, while atAE=90 eV no shift
has been detected within the present accuracy. In both cases
the best fit results in a FWHM almost indistinguishable from
the one expected from the energy resolution of the spectrom-

B. (e,2e) binding energy spectra

The (e,2e) binding energy spectra measuredAdE =90,
80, and 75 eV, simultaneously to tie,e’ Augen spectra  gter.

described above, are shown in Figea)#7(c) respectively. Despite the large uncertainty, the shift observed in the

In these experiments the ejected electrons have been alwaélé 2e) binding spectrum aAE=75 eV is larger than the one
detected at 260° with respect to the incident beam direction.

In each figure the expected positions of thi 4 ionic states

on theE, scale are indicated by arrows. The most striking
feature in these spectra is the change of the shape of
the spectra at the differeE. A trial function with two
Gaussians characterized by the same full width half maxi-
mum (FWHM) has been fitted to the experiments. The free
parameters of the trial functions were, apart from the
FWHM, the position of the d;3 ionic state and the branch-
ing ratio of the two spin-orbit components. The results show
a large variation of the ds,: 4d4, branching ratio. This ratio

is 1.39+0.17 at 90 eV, then decreases to @14 at 80

eV, and finally suffers a large increase, up to a value larger
than 3, at 75 eV. We can exclude that tNesOO Auger
transitions occurring in the investigatdfl, range make a
contribution to the coincidence yield. First of all, as already
mentioned in Sec. IV, the Auger yield represents a small
fraction of the total electron yield measured at these energies,
then a vanishing coincidence yield is measured, for example,
at 14.2 eV, Fig. ), where the stronger feature belonging to
the N;O,0,5 manifold is observed in the ejected electron
spectrum. Finally the agreement between the branching ra-
tios of this (e,2e) experiment and the ones from the photo-
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FIG. 6. Coincidencgdotg and noncoincidencédashed ling
spectra of the XéN50,30,4(1Sy) Auger line at 1000 eV incident
energy and 9,y=25° (9,=15° and 9,=40° (@ and 170°
(9,=260° and9,=90°) (b).

FIG. 7. Xe 4 (e,2e) binding spectra measured AE=90 eV
(a), 80(h), 75 eV(c). The full line is a two Gaussian function fitted
to the experiments, while the dashed lines are the contributions of
the two spin-orbit components.
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(0.14+0.1 eV) measured in the simultaneo(s e’ Augen. EQ in (7) and(8) is the diagrammatic kinetic energy of the
The different energy resolution of the two experiments,Auger electron, i.e., the energy difference between the one-
which affects the measured shift through the convolution ohole and two-hole ion states. Due to hypothésisthe time
the natural linewidth with the experimental response func-dependence of the momernita(i=a,b,A) is neglected and
tion, cannot account for this difference. This might resultthe constant asymptotic values are use@in
from the PCI interaction, which here involves the slow The eightfold cross sectiof®) can be determined only by
ejected electron and all the Auger electrons of M®O  an experiment in which all three unbound electrons are de-
manifold, while in the(e,e’ Augen measurement the PCI tected in coincidence. In our actual measurements, where
effects are due only to the interaction of one selected Augeonly the scattered or ejected and Auger electrons are detected
electron and the slow ejected electron. in coincidence, the quantities that are measured are the six-
fold cross sections

V. DISCUSSION

do _f ™ déo
A. PCl effects dE,dQ,dQ,dE, b dE,dQ,d0,dQAdE,’
1. The model (10a
The main observations in these coincidence experiments dbo d8o
he shif i i f the A =
are the shift and asymmetric broadening of the Auger and dE,d0,d0 dEx f dQ, dE,d0,d0,d0dE,’

ionic peaks whemAE approaches the di thresholds. The
final-state interaction, known as PCI between the ejected and
Auger electrons is responsible for these observationq.e
Among the several PCI theories proposed in the last years.,
[33-34, which have shown in several cases similar accorc{g
with the experiments, we have chosen to compare the prese
results with the one by Kuchiev and Sheinermad| be-
cause this model is the only one that accounts for more th

two interacting particles. :
Kuchiev and Sheinermaf84] have derived the solution 2?8'5202(1’0%%]0?0];0:heexe}?nﬁlzzti% tg? ?r:zdl;(cetd;fztgﬁ;ﬁg
of the PCI problem in the case of reacti¢h within the d®0/d0.dO.dE.  and the angular distribution of the ,Xe
eikonal approach. The hypothesis of this derivation @ * N5023023(13bo) E\L,Jger electronsf(2,). Kuchiev and Shei-
the potential energies of interaction betwazrande;, with .nerman[34] instead suggested that the integration can be
the ion and with the Auger electron are less than the k'net'?eplaced by the calculation ¢6) with the parametet aver-
energies of the electrons afid) the electrons travel almost aged over the solid angle of the undetected electron. Here
uniformly and rectilinearly at large distanc¢34]. The latter this recipe has been adopted for the following reasoné.
assumption implies that the relative angle does not change
from the interaction region to the detector at |nf|n|ty, i.e., the(|) In the Scattered_Auger electron coincidence experiments
unbound electrons are assumed to travel along rectilinear tra- the Auger yield, being measured by the CMA, is inte-
jectories. According to this model the cross section for the  grated overt4° in the ¢, angle, i.e., the angle out of the
process(1) is given by scattering plane, and overan 9, the angle in the scat-
tering plane. Therefore the observed PCI effects are av-
d®o _ d°o taQ eraged over the full angular distribution of the ejected
dE,dEAdQ,dQ,dQ,  dE,dQ,dQ, (@) electrons.
(i) In the ejected-Auger electron coincidence experiments
X1(Ea,%an, Fpa), (6) the unobserved particle i=6 times faster than the ob-
served ones and mainly scattered in the forward direction
wheref(Q,) is the angular distribution of the Auger elec- [37]. Therefore its effect as a PCI inducer is expected to
trons and the PCI distorted line shape is given by be negligible and the change in the line shape due to the
choice of a¢ value averaged ovefl,, if any, is not
2 observable with the present experimental energy resolu-
(Eg_ EA)2+F2/4 k(EA’g) (7) tion.

(10b)

the cross sectiof6) integrated over all the directions
ither of the slow ejected electrqthiOg or of the fast scat-
ered electron(10b). The calculation of(10) implies the
Qﬁowledge of the triple coincidence angular distribution of
the ejected, scattered, and Auger electrons that at present is
nknown. The triple coincidence angular distribution may be

[(Ea,Dan, Opa) =

2. (e,e’ Auger) experiments: PCl energy dependence and
resonant Auger

wé 2(E,‘i— En) In Fig. 8 the coincidenchls0,:0,5(1S,) Auger yields are
K(Ep, &)= S8 ex;{zg tan™! T (8 compared with the theoretical predictions convoluted with
. the Gaussian response of the spectrometer. Analogous com-

with

. parison is shown in Fig. 9 for the two compldtg:0,5,0
and¢ given by spectra. The energy positions and the relati\e/ta intensities of
the different transitions belonging to thidOO manifold
1 1 1 1 have been taken from Aksela, Aksela, and Pulkkirf@a|.
The value of 111 meV, derived from the high-resolution
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FIG. 8. Xe NgO,0,41Sp)
(e,e’ Augen spectra measured at
AE=90 eV(a), 80(b), 75(c), and
67.5 eV (d) compared with the

, theoretical prediction of the model
%5 w0 ms 30 s oo s Ty o ms me as by Kuchiev and Sheinermaig4]
Auger Energy (V) Auger Energy (eV) convoluted with the spectrometer
response functior(full line). As
1400y N , ; an example of the effect of the
© , AB=75eV wl AB=67.5 eV convolution procedure the uncon-
voluted PCI prediction(dashed
line) and the Lorentzian line shape
of the Auger transition centered at
I * the diagrammatic energy(full
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energy-loss experiment of Kingt al.[20], has been used for 700
the natural width of the @ core holes. In order to show the F @
effect of the folding procedure, the Lorentzian line shape of 600
the Auger transition centered at the diagrammatic energy and [
the theoretical unconvoluted and convoluted line shapes are
shown in Fig. 8). This figure shows that the effect of the
finite energy resolution tends to increase the observed shift,
while the overall set of Figs. 8 and 9 proves that the experi-
ment is capable of detecting the variation of the PCI shift
with the excess energy. The comparison between experiment

AE=90 eV
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and theory is not affected by any adjustable parameter, apart 100k
from a scaling factor. The theoretical predictions are in quite :
good agreement with théN;0,40,5(1S,) measurements. v YT T
Similar agreement is observed in the case of the full spec- ' Auger Energy‘(ev) ’ )

trum at AE=90 eV, while the coincidence spectrum &E
=67.5 eV (N;g threshold, where only theN50,40,5 transi-
tions have been considered, is only poorly reproduced by the

theory.

The differences between the PCI calculated spectrum and 300
the experiments observed in FighPhave been attributed to _ . AF<675 eV
the resonant Auger electrons emitted in the decay of the 250 [ ® '

inner-shell excited states because, due to the resolution of the
energy-loss channel of the spectromdted.1l eV FWHM),

at AE=67.5 eV both the d, state is ionized and the tran-
sitions 4d;,—6p,5d and 4ds;,—8p may be excited 20].
According the oscillator strengths obtained in the measure-
ments of Kinget al. [20] the 4d5,—6p transition is ex-
pected to be the more intense. As discussed in Sec. Il the

: ]}]H

100 “

Yield (arbitrary units)
z
T

main decay route of these inner-shell excited states is via a 50 H |
resonant Auger proce$&1] and direct shakeoff of two elec- i |
trons. _ , O80T a0 320 340 360 380
In the shakeoff process the two ejected electrons share in Auger Energy (eV)
a continuous way the available energy¥E—12"), where
|2* is the double ionization potential of the Xestate in- FIG. 9. Xe N0, (€, Augen spectra measured &E

volved in the process..Considering the first three.states of thego eV (a) and 67.5 eV(b) compared with the theoretical predic-
Xe** doubly charged ion, aAE=67.5 eV the available en- tion of the model by Kuchiev and Sheinerm@] convoluted with
ergy varies from 29.5 to 34 eV. This process can interferehe spectrometer response functidull line).
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FIG. 11. Difference spectrum between the XeO,40,5(1Sp)
(e,e’ Augen spectra measured &tE=67.5 eV and the calculated
one of Fig. b). The full line are the experimental data by R&8]
convoluted with the energy resolution of the present experiment.

FIG. 10. XeN50,30,5(1S,) (e,e’ Augen spectra measured at
AE=67.5 eV. The full line is the fit of the Beutler-Fano line shape
to the experiment.

with the Auger decay. The fingerprint of such an interference

is always represented by the line shape of the indirect prospectrum of the d,56p and 7 states. The comparison of
cess, which assumes the typical asymmetric profile, knowthe present data with the photoexcitation results convoluted
as the Beutler-Fano line shape. The only feature well isolatedith the apparatus function of our spectrometer and with the
where the existence of an asymmetric profile can be searchentribution of the two inner-shell excited states weighted
for is thelS, peak. As shown in Fig. 10 a Beutler-Fano line according to a Gaussian function of 1.1 eV FWHM, which
shape satisfactorily represents the experimental line shape ofpresents the resolution of the energy-loss channel, is quite
the 'S, transition, proving that the double shakeoff plays apoor. An acceptable representation of the experiment, Fig.
role in the coincidence spectrum takenAHE=67.5 eV. 12, is obtained only when other three manifolds of transi-

In order to attempt a more quantitative comparison betions centered at 31.1, 32.6, and 35(85 eV are taken into
tween the present observation and the resonant Auger speaecount. These contributions may be attributed to the decay
trum recently measured in photon excitation experiment®f the 4d ;;55d excited state. A peak corresponding to this
[38] the difference between the experimental spectruthEat  optically forbidden transition has been observed to contribute
=67.5 eV and the predicted one accounting only for thewith a small oscillator strength to the energy-loss spectrum
N50,40,5 transitions has been calculated. The comparisonmeasured at 0° by Kingt al. [20]. However the relative
of the difference spectrum and the resonant Auger decagtrength of such a transition, compared to the other two op-
spectrum of the d5,36p state by Akselat al.[38] convo- tically allowed transitions, is expected to increase with the
luted with the response function of the coincidence specmomentum transfeK. Thus it is not completely surprising
trometer is shown in Fig. 11. The region of interest in thethat atK=0.7 a.u., the momentum transfer of the present
present work(32—38 eV is dominated by the shakeud3  experiment, the decay of thal4,55d excited state, accounts
transitions. The energy position of the different transitionsfor ~40% of the total coincidence yield in the studied re-
and their relative intensities have been taken from Table | ofjion. A tentative assignment of the transition observed might
Ref. [38] and the comparison is not affected by any adjustbe Xé& 4d:55d—Xe+5p*(®P)6d, (*D)7p, and £S)7p at
able parameter apart from a scaling factor. An overall gen-
eral agreement is observed between the two spectra. The
differences observed may be due to contributions from the
decay of the 4 3,55d and 4d;,38p excited states that occur
within the energy resolution of the energy-loss channel of the
spectrometer.

The results shown in Figs. 10 and 11 definitely prove that
the large discrepancies observed in Figh)3vere due to the
excitation of the 4l;,— 6p transition by the primary beam
and that a significant contribution to the experimerteag’
Augen spectrum is due to the resonant Auger processes.
Moreover they show thag-e coincidence technique is a sulit-
able tool to investigate the decay of inner-shell excited
states. Further support to this statement is given by the re-
sults o_f t_he further(e,e’ Auger? measurement aAkE=65.1 FIG. 12. Xe (e,e'Auged spectra atAE=65.1 eV compared
eV. Within the energy resolution of the energy-loss channel,ith the spectrum of the resonant Auger decay of tdg46p (a)
of the spectrometer three transitions can be excitedB&t and 7 (c) states measured in the photoexcitation experiments of
=65.1 eV. They are thed};,—6p, 5d and 7p transitions.  Refs.[38] and[39] and convoluted with the energy resolution of the
The resonant Auger spectra measured by Akselal. [38]  present experiment. Linéb) represents the contribution from the
and Sairaneret al. [39] provide information on the energy resonant Auger decay of thed4,35d state and the full line is the
positions and relative intensities of the peaks in the decagum of all the contributions.
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35.3, 32.6, and 31.1 eV respectively. The direct double 1>

shakeoff process may explain the coincidence yield observed T Xe N.O_O_($)

in the lower-energy side of Fig. 12. s B 9:,55 deg
The present energy resolution prevents a definite assign-

ment of the observed features, however, these results show

one of the peculiarities of the electron-impact experiments;

i.e., they allow one to study optically forbidden transitions

and their decay. The study of optically forbidden transitions

by electron energy-loss experiments has been pursued sinceg

the 19709 20], but this is the first time that the decay of a 02}

state populated via an optically forbidden transition is ad- I

dressed. 00— ' ‘
Another process might compete with the resonant Auger 20 29 ng(ilger Enﬁigy (eV)

decay and produce features in the energy region investigated

in the coincidence spectra &AE=67.5 and 65.1 eV. This FIG. 13. XeN50,30,4('Sy) line shapes calculated according

process is the simultaneous ionization and excitation of théhe model of Kuchiev and Sheinerm#84] for various relative

Xe valence shells and results in the well-knows gatellite  angle between the Auger and ejected electrons.

transitions with binding energies between 25 and 45 eV. The

g
o

0.8

Yield (arbitrary units)
o S
= [=%
T

30.0 30.5

(e,2e) processes described by the reaction 75 eV are 0.04, 0.12, and 0.21 eV, respectively, while the
asymmetric broadening of the line shape &S decreases
e(1065.1<E,<1067.5 eV+Xe results in a FWHM that is=10% larger than the expected
FWHM from the apparatus function &AtE=75 eV. The cal-
—Xe*4d'%s?5p*(*D)nd,ns(?S) culated shifts and line shapes are consistent with the experi-
+e,(E,=1000 eVj+e,(20<E,<43 eV) mental observations, although at the small&r the calcula-

tions predict smaller values than the observed ones.

would result in a coincidence spectrum with several peaks in
the same energy region shown in Figs. 11 and 12. However, 4. (e,e’ Auger) experiments: PCI angular dependence
the contribution from the satellite states to the measured co-

S . i - ; Kuchiev and Sheinerman’s model, as well as all the
incidence spectra is considered negligible because in thr(?onisotro ic PCI theories, predict an angular dependence of
(e,2e) satellite spectrunp40] the 5 main line is always the P P 9 P

stronger feature and a vanishing coincidence vyield is meat-he PCI effects. This mainly arises by the interaction be-

sured in the energy region where the Bain line is ex- tween the slow ejected and Auger electrons. In Fig. 13 the

pected to occur. For example, in the spectrum of Fig. 12, thdne _shapes, calculated according the model of Kuchiev and
5s line occurs at 41.7 eV and due to the energy resolution opheinermai34] for severald, , values from 180° and 5° are
the spectrometer a rising yield has to be observed aIreacﬁ,hOW”- A progressive change from a small positive shift with
below 40 eV. On the contrary the experiment shows a yield€spect to the diagrammatic position of tNgO,30,5(*Sy)
continuously decreasing up to 40 eV. As far as the interpreAuger transition and an asymmetric high-energy flank of the
tation is concerned, the satellite spectrum and the resonafgak to a negative shift with a large asymmetry on the low-
Auger can be treated independently. The satellite spectrum gnergy side is observed.
mainly understood in terms of the final ionic state configu- In order to compare the calculated PCI line shape with the
ration interactionFISCI) and is dominated by$$5p*nd,ns  experiment, the theoretical predictions have to be convoluted
electron configurations, while in the resonance decayith the energy and angular response functions of the spec-
5s°5p*np configurations are strongly populated. Since thetrometer. The energy response function has been determined
5s°5p*nd,ns configurations have opposite parity as com-from the noncoincidence Auger measurements, while the an-
pared to the §°5p*np ones, mixing via FISCI can not oc- gular response function has been obtained by a computer
cur. simulation of the trajectories transmitted by the lens stack
) and the following dispersing element. The knowledge of this
3. (e.2e) experiments function is quite important ath, ,=25°, because the theoreti-
To compare the observed shifts and line shape of theal PCI line shapes suffer substantial variations wiigp
(e,2e) binding energy spectra with the ones predicted by thevaries from 20° to 30°. By applying the convolution proce-
PCI models the interaction of the slow ejected electron withdure to the same line shapes of Fig. 13 it has been ascer-
all the Auger electrons belonging to tié,;OO0 transition tained that the experiment was able to detect and distinguish
manifold has to be accounted for. In the present calculationthe expected shifts at the two angles where the measurements
we have accounted for the Auger lines that correspond to therere done. The comparison between the theoretical predic-
Xe?" 5p* 5s5p°, and 5° final states. The contribution of tions and the experiment is shown in Fig. 14. A satisfactory
the different transitions has been weighted according thegreement between theory and experiment is observed in
relative intensities determined in the electron-impact experiboth the measured cases, althoughigi=25° the experi-
ment by Aksela, Aksela, and Pulkkindi®2]. The theoretical ment seems to indicate a shift slightly larger than the theory.
line shapes have been then convoluted with the spectromet&his difference may be attributed to the theoretical assump-
response function. The shifts calculatedAd =90, 80, and tion of rectilinear trajectories for the unbound electrons. In-
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FIG. 15. Xe 4 branching ratio vsAE. The present results
(dot9 and the experiments by Yates al. [42] (squaresand Aus-
meeset al. [43] (diamond$ are compared with RRPA calculations
by Cheng and JohnsdA7] (full line) and Johnson and Chehg0]
(dashed line with crossgs

FIG. 14. The coincidence(doty spectra of the Xe
N50,50,4(1Sy) Auger line at 1000-eV incident energy and
Ipa=25° (9p=15° and 9,=40° (a) and 170°(9,=260° and
92=90°) (b) compared with the convoluted PCI line shapésl
line) [34]. In the figures also the Lorentzidfull line centered at
29.95, i.e., the diagrammatic energy of tNgO,30,4(1Sy) Auger
line] and unconvoluteddashed lingare shown. shown in the figure the RRPA calculation with the inclusion

of the relaxation(dashed line with crossgsonsiderably
deed g,2e) studied41] have shown that, due to their mutual overestimates the measured branching ratio in the region be-
interaction, free electrons of kinetic energy as high as 100 eVow 85 eV, while it is in good agreement with the experi-
suffer a displacement of few degrees from their original tra-ments and previous RRPA calculatiddg] at higher energy.
jectory. This shows that the region closer to threshold is the more
sensitive one to test the ability of the model to account cor-
rectly for intrashell and intershell coupling, relaxation pro-
cesses, and photoelectron dynamics.

In Order to interpret the Observed Variation of the branCh— Once we understood the reason for the Variation of ﬂhe 4
ing ratio we have to recall that these,2e) experiments pranching ratio, it was interesting to note that despite the
have been performed with a procedure that mimics a photquite large momentum transfék~0.7 a.u) of the present
ionization experiment at fixedv. Yateset al.[42] and Aus- (e,2¢) experiments, which in the case afE=75 eV
meeset al.[43] have measured theddbranching ratio from  matches the conditions for an impulsive collisipfl, their
74 to 250 eV in photoelectron experiments and observed gesults are consistent with photoionization data, while the
similar variation. A comparison between the presenP§) (e 2e) angular distributions measured upon the same kine-
data and the photoionization results is shown in Fig. 15matics are quite far from the dipolar ones expected for the
Good agreement within the experimental uncertainties is 0bphotoelectron$13]. This finding shows that thee(2e) an-
served between the different sets of data, independently froigylar distributions are very sensitive to the details of the
the type of the experiment. . _ ionization mechanism. Indeed the angular distributions of the

Similar variations of the branching ratio were also ob-photoelectrons, in the nonrelativistic regime, can be de-
served in the Xe p photoemission experimen(st4,45.  scribed in terms of only one parameter, the asymmetry pa-
Walker and Wabef{46] already in 1974 interpreted this rameterg, evaluated on the ground of the dipole selection
variation as a result of the small but significant differences inyyles and of the radial matrix elements. On the contrary, the
the two bound state wave functions and of the differences i e,2e) angu'ar distributions can never be described in terms
the kinetic energy of the photoelectrons produced at a fixe@f a pure dipolar matrix element, even at incident energy as
hv. They qualitatively stated that where the cross sectiorhigh as 8000 eV an#&<0.1 a.u[51]. Moreover, final-state
was rising the ratio would be greater than the statistical ongnteractions in the continuum between the unbound electrons

while it would be less than the statistical in the region ofadd further complexity to the electron-impact ionization.
falling cross section. After this explanation a better under-

s_tandmg of _the.photmonlzatlon data ha; be_en reached only VI. CONCLUSIONS

via the relativistic random phase approximati®RPA) cal-

culations[47-50. In Fig. 14 the RRPA calculation of Cheng  An electron-impact coincidence apparatus, equipped with
and Johnsof47], performed in intermediate coupling using three different electrostatic analyzers, has been used to tackle
six interacting channels, is represented by the full line. Théhe simultaneous investigation of the Xel #xcitation and
agreement of this calculation with the global set of experi-ionization and decay.

mental data is satisfactory, although some differences are The physical effect that dominates the energy region in-
observed in the region of the minimum. Recently new calcuvestigated, i.e., near threshold, is the PCI among the un-
lations of the 4l partial photoionization cross sections havebound electrons in the final state. In this work a complete
been performed including the core relaxatigt®] and the study of PCI has been performed by the simultaneous obser-
coupling between channels from other subshffi§]. As  vations of the final-state effects in the ionizing and decay

B. 4ds,:4d5, branching ratios
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channels and by the observation of the PCI angular deperelectron-impact studies become essential in identifying par-
dence in an electron-impact experiment. This latter observaicular problems for detailed study and in developing the
tion shows the importance of treating on an equal footing alexperimental and computational methods needed.
the interactions|electroris)-electroris) and electrog)-ion As far as the experimental method is concerned, this work
interactiong in the final state of an ionization event induced has shown that the electron-electron coincidence techniques
by charged-particle impact. This is a well-known fact in the gre very effective in the study of the finer details of inner-
study of the ionization mechanism of the outer shell by elecshel| processes. A clear example is given by the coincidence
tron impact, but its relevance to PCI effects has been neine shape of theN50,30,5(1S,) Auger transition measured
glected until the late 1980s, i.e., after more than 20 yeargt AE=67.5 eV, where the competition between the direct
from their first observatiorﬁ52]. As far as the Comparison double ionization and the two-step decay resulted in an
with the theory is concerned, the actual PCI models, despitgsymmetric Beutler-Fano profile. The main limit of this tech-
some crude assumptions such as the rectilinear trajectories ﬁfque is still the long accumulation time needed to achieve
the escaping electrons, give a satisfactory description of thgn acceptable statistics. The experimental challenge for the
shift and the change of the Auger line shape. future consists in developing new experimental apparatuses
The results obtained for the decay of the inner-shell exthat allow one to collect events from the largest possible

cited states and for theddbranching ratio, compared with fraction of the total solid angle, without losing detailed di-
photoionization results, show that electron-impact coinCiyectional informatior{53—56.

dence experiments are a viable method to study these prob-

lems. Electron-impact studies, in addition, give the possibil-

ity to study the excitation and decay of dipole forbidden ACKNOWLEDGMENT

transitions, as shown in this work in the case of the' Xe

4d:35d. Moreover due to the limited availability of beam  This work was partially supported by EEC Contract No.
time at the third-generation synchrotron radiation facilitiesCHRX-CT93-0350 and by NATO CRG No. 920101.
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