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Postcollision interaction effects induced by Auger cascades following Xes-shell ionization
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Yield spectra of multiply charged ions have been measured in coincidence with threshold electrons near the
Xe L3-shell ionization region. The ion-yield spectra exhibit characteristic profiles of postcollision interaction
effects induced by Auger cascades following Kgshell ionization. The peak shifts of the spectral profiles
increase gradually along with the increase of the charge states, but the peak widths are almost independent of
the charge states. The spectral profiles are reproduced by a simple model based on the assumption that
Coster-Kronig and Auger shake-off decays play a major role in the Auger cascades following lthesKell
vacancy creation.S1050-294®6)01111-0

PACS numbd(s): 32.80.Hd, 32.70-n

I. INTRODUCTION ization, in which the number of the cascading steps is larger
than that in the case of Af-shell photoionization. The pro-
Postcollision interactiotPCl) effects often occur in Au- files are measured by the threshold electron-photoion coinci-
ger decays following near-threshold inner-shell photoionizadence technique. The Xe;-shell ionization process induces
tion of atoms. The PCI effect is caused by a sudden changgequential vacancy transfer, such as radiative, Auger, and
of the Coulomb field that a faster Auger electron experience§0ster-Kronig decayf9], and the decay results in the pro-
on overtaking an initially ejected slower photoelectron. Theduction of multiply charged ions according to each decay
faster Auger electron gains energy in the sudden change anghannel[10,11. Measurements of multiply charged ions in
as its Counterpart, the slower photoe|ectron loses energy [ﬁpincidence with threshold ele.CtronS thereby allow us to ob-
the same amount. As a result, the energy distributions of théerve the PCI effects, depending on the decay channels of the
photoelectrons and Auger electrons obtain characteristic linduger cascades following the Xes-shell ionization. The
shapes; the shapes are asymmetric and broadened, and tH¥gVvious study of argon deals with five stages of Auger cas-
maximum is shifted in energy. cades, whereas this study of xenon involves eight stages of
Most of the previous studies on the PClI effects have conAuger cascades plus many more Coster-Kronig-type transi-
cerned a single step of the Auger decay both in experimerifons. Here, the term Auger cascades will be used throughout
and in theory(for example, see SchmidtL]). Recently, this paper to include Coster-Kronig decays as well as Auger
Hayaishiet al.[2] observed the PCI profiles induced by Au- decays.
ger cascades following AK-shell photoionization, using a
threshold electron-photoion coincidence technique. The Au- Il. EXPERIMENT
ger cascade causes the peak shift of the PCI profiles to in-
crease gradually along with the increase in the number OéL
Auger decays, but the peak width is almost constant. Thi
experimental finding cannot be explained by any conven
tional PCI theoriegfor example, Russek and Mehlhoj8],
Armen et al. [4], Read and Hammon5], and van der
Stratenet al.[6]); in these theories, in contrast to the presen
experimental results, the peak width increases as the pe
shift increases. The observed PCI profiles were analyzed i{h
terms of a simple model expressing the probability of Auger;

electron emission by statistical weigH]. Koi_ke [7] has_ about 0.03 eV. The photon energy scale was calibrated by
proposed a formula to represent the PCI profiles, taking 'nt%etting the peak maximum of the total-yield spectrum to
account the time ordering of the cascading transitions. AI-4787 3 eV[15,16

though they are the ones at higher excess energies, Sheiner-
man[8] has calculateq the PC_I distorted pr_oflles of a photo— IIl. RESULTS AND DISCUSSION
electron in the formation of triply charged ions, taking into
account the Coulomb final-state interaction in the Auger cas- Figure 1 shows yield spectra of total ions, threshold elec-
cade. trons, and multiply charged ions near the Xgshell ioniza-

The aim of the present study is to examine the PCI protion threshold in the threshold—electron-photoion coinci-
files produced by Auger cascades after¢eshell photoion- dence measurement. These vyield spectra were normalized

Experiments were carried out at the undulator beam line
-2A in the 2.5-GeV-electron storage ring of the Photon
nsﬂactory at the National Laboratory for High Energy Physics
[12]. The beam line is equipped with a silicon double-crystal
monochromatof13]. The bandwidth of the monochromator
was about 1 eV at 5000-eV photon energy. Multiply charged
lions were measured in coincidence with threshold electrons
‘?T%ing a time-of-flight mass spectrometer coupled with a
reshold-electron-energy analy4d4]. The energy resolu-

on of the threshold-electron analyzer was estimated to be
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0=7780 4790 4800 07780 4790 4800 FIG. 2. Charge states resulting from the opening of a given
Photon Energy (eV) subshell in xenon. Decays from the-shell hole state constitute

main channeld9]. Sequential decays from thil- and N-shell
double-hole states result in the production of multiply charged ions
FIG. 1. Yield spectra of total ions, threshold electrons, and mul{18,19. The expected charge states are shown on the right-hand
tiply charged ions in coincidence with threshold electrons near thegide. The notation CK signifies Coster-Kronig transitions.
Xe Ls-shell photoionization region. The notatiay, denotes the
threshold electrons. Arrows indicate the Xg shell ionization edge

[15.18. the L;-shell ionization and additional contributions to the

coincident threshold-electron spectrum. The additional con-

tributions arise from double Auger decaighake off accom-
with respect to the intensity of the radiation from the mono-panying normal Auger decayshake-off in the direct photo-
chromator. The yield spectrum of the total ions, taken with-ionization of higher-lying subshells, and secondary Auger
out mass analysis, corresponds to a photoabsorption spedecay processes that lead to the emission of very slow elec-
trum [16,17]. The spectrum exhibits clearly the Xg-shell  trons. To pick out the PCI shapes from the threshold-electron
ionization edge. The vyield spectrum of the threshold elecspectra, we subtract all contributions other than the PCI line
trons also exhibits the ;-shell ionization edge and, in addi- shape, assuming that they are similar in form to the total-ion-
tion, the PCI distorted_5; photoline above the ionization yield spectrum, and also subtract the background, assuming
edge. This threshold-electron emission induces the produthat it is almost photon-impact-energy independent in the
tion of multiply charged ions from X& to Xe'''; that is, energy range of concern. Those assumptions may be justified
these yield spectra of the multiply charged ions reveal comif one keeps in mind that we can anticipate the emission of at
ponents of the decay channels accompanying thresholdeast one electron with near-zero kinetic energy from the
electron emission. Figure 2 shows the main decay channetaultielectron emission process. Figure 3 shows the result of
of the XeL ;-shell hole state. The productions of the multiply the subtraction. The spectra of the multiply charged ions ex-
charged ions are due to not only Auger decays but also taibit distinct PCI profiles. The spectral profiles are asymmet-
Coster-Kronig and Auger shake-offlouble Auger decays ric and broadened, and those maxima are shifted in energy
[9,18,19. The L3-M sM45 and L3-M3M 45 transitions are  from the Xel s-shell ionization edge.
dominant decay$§9]. This is in agreement with the experi-  Table | lists the peak shifts and widths estimated from
mental fact that X&" and X€" ions are the main products. those yield spectra of Fig. 3, including convolution with the

The threshold-electron spectra, which illustrate the PCimonochromator bandpass using triangle profig&21. The

spectral shapes associated with various charge states of XCI profile in thelL;-M,M5 (1G,) Auger electron spectrum
ions, are the superposition of the PCI spectral profile due tof xenon has been measured by Brogtral.[22] and Armen
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FIG. 3. Yield spectra of the multiply charged ions in coinci- measured with low resolution. On the other hand, the present
dence with threshold electrons near thelxgeshell photoionization  peak shifts for these charge states are in disagreement with
region. These yield spectra were obtained by elimination of all prothe 3.5-eV value estimated by them. This difference for the
cesses not associated with the PCI profiles and the background dgeak shifts is ascribable to multistep decays in the Auger
to outer-shell ionization from the yield spectra of Fig. 1. The nota-cgscades from the Xes;-shell vacancy, as mentioned below.
tion ey, Qen_ote_s the threshold electrons. Arrows indicate the XeFigure 4 shows the peak shifts and widths of the PCI profiles
L 3-shell ionization edg¢15,16. as a function of charge states. Notice that the peak shift

increases gradually according to the increase of the charge
et al.[23]. TheL3-M4M5 Auger decay mainly results in the states, but the peak width is almost insensitive to the in-
production of X&" and X€" ions, as seen in Fig. 2. The crease. This remarkable tendency is the same as that found in
present peak widths for these charged ions are in agreemetiite PCI profiles created by the Ag¢-shell photoionization
with the 6.1-eV value estimated by them, although both werg2].
On the basis of a simple model expressing the probability

TABLE |. Peak shifts(eV) and widths(eV) of the PCI profiles of Auger-electron emissions by statistical weigh, 'the
appearing in the yield spectra of multiply charged ions in Fig. 3.PCl profiles of argon were represented by the following for-
These values were determined after convoluting the PCI profilegnula:
with a triangle profile to account for the bandpass of the incident x N
rays. The peak shifts are estimated from thelXeshell ionization np ~ On exp(—gn/es)
edge and the peak widths are estimated from the full widths at half aleg)= (n—1)! 8(8n+ 1) ’
maximum of each peak. For comparison, those amounts obtained
by theoretical calculations are includéske text

@

gn=n[In(n+32)+ 7],

Experiment Calculation wheren is the number of Auger steps in the Auger cascades;

Charge state  Shift Width Shift Width Profile that is,n+1 corresponds to the charge num_ber of the ionic
state,y=0.5772 . .. isEuler’s constant, ands is the scaled

Xet* 20(x1) 55(x1) 3.0 48 P energy es=(v/T)E. This relation is expressed in atomic
Xe>* 30(+x1) 56(*x1) 37 54 2P+ units. The scaled energy is expressed by the energyHain
Xeb* 40(x1) 59(x1) 42 5.4 5p measured from the nominal position of the photoelectron or
Xe'™* 45(*x1) 59(x1) 46 58 Sp+4pP Auger-electron peak, the lifetime width of the core-hole
XeBt 49 (x1) 6.1(x05 4.9 5.8 4p state, and the photoelectron velocity
xe¥* 53 (+1) 6.0 (=05 5.4 6.0 “‘P+°P This "P profile formula needs to be modified to some
Xelo+ 58 (+1) 6.5 (+05 56 6.1 5p extent to be applied to the case of xenon. In the application
Xellt 6.2 (+1) 6.6 (x0.5 6.0 6.1 5P+%p of the original "P formula to the experimental PCI profiles,

any reasonable fit for the adjustable paraméter between
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theoretical and experimental profiles cannot be obtained. Table | lists peak shifts and widths of the PCI profiles
This problem is due to participation of more complicatedcalculated on the assumption that thié formula is applied
decays in the Xels-shell ionization than those in the Ar to the profile of the & charge state. The peak shifts and
K-shell ionization. It should be noted that Coster-Kronig de-Widths, displayed by crosses in Fig. 4, were estimated from
cays play a major role in the Auger cascades following thehe "P formula using a value for the adjustable parameter
Xe Ls-shell ionization, as seen in Fig. 2. The Coster-Kronigry/, =3. Figure 4 exhibits a consistency with the theory and
decay is dominant in the decay of tMg;-shell vacancy fol-  experiment in this choice for the adjustable parameter. These
lowing the decay of thé ;-shell vacancy of xenon, such as peak shifts and widths for the charge states beyond tffé Xe
the M 3-M 45N 3 Coster-Kronig decay9,18]. Furthermore, in  jons are in good agreement with the experimental results,
the N,z-shell vacancy of xenon, the Coster-Kronig decayalthough the assumption for the effective number of steps is
also is dominant in the vacancy transfer, such asot explicit. The disagreement for Xe and X&" ions is
N23-N4s023 In general, the Coster-Kronig decay is much considered as follows. Auger decays are more dominant than
faster than the usual Auger decay. According to Keski-Coster-Kronig decays in the decays ending up with the pro-
Rahkonen and Krausg24], the Coster-Kronig widthl'c  duction of these charge states. The value of the adjustable
from theM ;3 shell is about 5 eV, whereas the relevant Augerparameted’/v =3 is unsuitable in the application of E¢f)
width I, is about 0.6 eV, which are quite different from to these charge states.

each other. Our previous assumption does not hold if both Although a small discrepancy exists between the theory
Auger and Coster-Kronig decays are present in a cascadgnd experiment, as pointed out above, we may conclude as
because the profile formula in E() assumes that the decay follows: regarding the overall behavior of the PCI profiles,
rate is the same in every cascading step. The faster decay @fe PCI profiles induced by the Auger cascades following the
the Coster-Kronig transition causes a larger PCI effect inxe |_,-shell photoionization were overall successfully repro-
comparison with the relevant Auger decay. The PCI effecuced by Eq.(1), in consideration of the Auger cascades
due to the Auger decays therefore is hidden by the larg@ccompanied by the Coster-Kronig and Auger shake-off de-
effects due to the Coster-Kronig decays. As a result, the PCdays. However, it will be necessary for us to discuss the PCI

effect is enhanced at every decay step due to the Costegffects of Auger cascades by using a more precise treatment.
Kronig transition, but the effective number of steps in the

cascade is reduced.
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