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Abstract 

Electron spectroscopy combined with tunable synchrotron radiation has been used for 
studies of Ar K-shell excitation and vacancy decay processes. In addition, electrons 
and fluorescent x-rays have been recorded in coincidence to select subsets of the 
ejected electron spectra. Examples are presented for Ar Is photoelectrons and KLL 
and LMM Auger spectra. 

Introduction 

Atomic inner-shell photoexcitation processes display a variety of many-electron phenomena, 
particularly near resonances and thresholds where electron correlation effects are dynamical in nature 
and excitation and decay must be treated as a unified process [1]. In addition, the de-excitation of 
an atomic inner-shell vacancy state is quite complicated, due to the large number of alternative, multi-
step decay pathways involving the emission of photons and electrons. Electron spectroscopy 
combined with tunatile synchrotron radiation provides a direct and sensitive probe of inner-shell 
processes. However, while electron spectroscopy is a well-established technique in synchrotron 
radiation studies of valence and shallow core levels using far-UV and soft x-ray beamlines [2], 
relatively few studies have been made on deep inner shells using x-ray beamlines. This situation is 
due in part to the orders-of-magnitude smaller photoionization cross sections of inner shells compared 
with those of outer levels, so that electron counting rates are much smaller. Nevertheless, Crasemann 
and co-workers [3,4] have successfully used electron spectroscopy to demonstrate some of the 
unique physics involved in atomic inner-shell processes, particularly near resonances and thresholds. 
Other groups have also used synchrotron radiation and electron spectroscopy for studies of atomic 
and molecular inner-shells [5-10]. 
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We have developed an electron spectrometer system for inner-shell studies which is similar to that 
used by Ice et al. [4]. Our system contains a double-pass cylindrical mirror analyzer (CMA) for 
electron spectroscopy which has recently been combined with a Si(Li) x-ray fluorescence 
spectrometer for measurements of electron/x-ray coincidence spectra [11]. Several studies have been 
made on K-shell-excited Ar using beamline X-24A [12] at Brookhaven's National Synchrotron Light 
Source. X-24A is a "second-generation" x-ray beamline built on a bending magnet source and is 
typically operated in the x-ray energy range =2-6 keV. These studies therefore provide points of 
reference for consideration of both scientific opportunities in atomic inner-shell studies and advanced 
instrumentation capabilities at forthcoming "third generation" synchrotron radiation beamlines. 

A diagram of the electron spectrometer system is shown in Fig. 1 and a detailed description of the 
instrumentation and experimental methods is given in Ref. [11]. Briefly, the system is designed to 
precisely position a gas jet and the incident x-ray beam at the source point of the CMA. The 
symmetry axis of the CMA is positioned at 90° with respect to the x-ray beam and parallel to the 
polarization direction. For electron/fluorescent-x-ray coincidence measurements the Si(Li) 
spectrometer is positioned opposite the CMA. 
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Figure I. Primary components of the electron spectrometer system. 

Atomic Ar is one of the simplest and experimentally convenient systems in which to study deep inner-
shell processes. Much is known from the Ar K photoabsorption spectra [13,14], ion yield spectra 
[15-17], x-ray fluorescence studies [14,18,19], and Auger spectra [20-24]. However, much work 
remains to be done to understand electron-correlation effects, vacancy cascades, and their dependence 
on excitation energy, even in this relatively simple atomic system. Figure 2 illustrates Ar K-shell 
photoionization and one of the primary vacancy cascade pathways. A Is photoelectron, a KLL Auger 
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electron, and two LMM Auger electrons are ejected in this example. Of course, this is only one of 
several available decay pathways, and the observed electron spectra can be complex due to 
overlapping or unresolved contributions from several pathways. Therefore, high-resolution 
spectrometers, coincidence techniques, and the guidance of atomic structure calculations are needed 
to determine the state-to-state excitation and decay pathways of atomic inner shells. In this report, 
we give examples of electron spectra corresponding to the transitions depicted in Fig. 2 and give an 
example of a coincidence measurement. 

Figure 2. Illustration of Ar K-shell photoionization followed by K - L - M vacancy cascades. 

Is photoelectron spectra 

In Fig. 3 is shown the Ar Is photoelectron spectrum and its associated electron-correlation satellites. 
As is well-known [25], the satellite structure is a consequence of the many-electron nature of the 
atomic ground-state and ionic-state wavefunctions and of the photoionization process. Modelling 
the satellite structure provides a sensitive test for the inclusion of electron correlation in atomic 
theory. This spectrum was recorded using 3626 eV x-rays, far above the Is ionization threshold at 
3206.3 ± 0.3 eV [13]. It is interesting to notice the similarity of the satellite structure in the Is 
photoelectron spectrum (=3215 - 3250 eV ionization energy) to resonance structure in the Ar K-
photoabsorption cross section which is attributed to simultaneous excitation or ionization of K- and 
M-shell electrons (see Fig. 4) [14]. Recently, Heiser et al. [8] have reported on the dependence of 
the relative intensity of the satellite structure on excitation energy. 

When the x-ray energy is tuned close to the ionization threshold, the Is photoelectron energy 
distribution is observed to become asymmetric and its maximum shifted below the "excess energy," 
which is defined as the x-ray energy minus the ionization energy. These effects are attributed to the 
post-collisional interaction (PCI) among the Is photoelectron, K-Auger electron, and the residual ion 
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[1,2]. PCI results in a transfer of kinetic energy from the photoelectron to the Auger electron, as 
observed by peak shifts and asymmetries in both electron spectra. However, = 12% of Ar K-vacancies 
decay radiatively, with the emission of a Ka (2p - Is) or KB (3 p - Is) x-ray [26]. In these cases, 
there is no K-Auger electron to interact with the Is photoelectron, although PCI with LMM Auger 
electrons (if they are produced) is still possible. These ideas were tested by recording the Is 
photoelectron peak in coincidence with unresolved Ka and KB x-ray fluorescence. The coincidence 
and non-coincidence spectra were recorded simultaneously, and the results obtained at 10.0 and 60.1 
eV excess energies are plotted in Fig. 5. The observed kinetic energy scales in Fig. 5 may be slightly 
incorrect due to calibration errors, contact potentials, or fields in the interaction region. However, 
the relative energy scales and the peak shapes are accurately determined. As expected, the "PCI-free" 
coincidence peaks are symmetric and their maxima are at higher energies than the corresponding non-
coincidence peaks. 
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Figure 3. Ar Is photoelectron spectrum with electron-correlation satellites recorded using 3626 eV x-rays. 

KLL Auger spectra 

An Ar K-shell vacancy decays primarily by the KLL, KLM, or KMM Auger processes [22,23], with 
KLL transitions being most likely. Shown in Fig. 6 are KLL Auger spectra recorded using 4.5 keV 
electron beam excitation and using x-ray excitation on the Is - 4p sub-threshold resonance and at 4.9 
and 63.1 eV above the K-ionization edge. The electron-beam generated spectrum is similar to the 
high resolution KLL spectrum reported by Asplund et al. [23] using 6 keV electron beam excitation. 
Excitation-dependent effects are apparent in the energy region of the KL^L^j peaks which are shown 
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on an expanded scale in Fig. 7. The "shakeofT peak has been attributed to KM-double-ionization 
in the vacancy creation process [24]. This peak appears in the electron impact spectrum and in the 
63.1 eV spectrum for which the x-ray energy lies above the KM-double-ionization threshold [14]. 
The shakeoff peak is absent from the 4.9 eV spectrum, recorded below the KM threshold. In 
addition, the 4.9 eV spectrum is shifted = 1 eV to higher energy than the 63.1 eV spectrum due to the 
stronger PCI effect in the spectrum recorded closer to threshold. 
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Figure 4. Supra-threshold structure in the Ar K-photoabsorption spectrum which is attributed to 
KM-double-excitation (from Ref. [14]). 
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Figure 5. Ar Is photoelectron spectra(upper panels) and coincidence spectra between Ar Is photoelectrons 
and unresolved Ka and KB x-ray fluorescence(lower panels). Results are shown for 10.0 and 60.1 eV excess energies. 
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The KLL spectrum recorded on the Is - 4p resonance displays an apparent doubling of the diagram 
peaks. In this "resonant Auger" spectrum, the more intense peaks, which are shifted by =5 eV to 
higher energy, correspond to 4p-spectator transitions, while the weaker peaks contain unresolved 
contributions from np (n = 5, 6, 7,...) spectators and the PCI-shifted diagram lines. A detailed study 
of the resonance and threshold dependence of the KLjLj (lD2) peak as the x-ray energy is scanned 
in small steps is described by LeBrun et al. [27]. Resonance and threshold phenomena are the 
subjects of much current research [1], in solid-state spectra as well as in free atoms, and will no doubt 
be a primary topic of future research using third-generation x-ray sources. 
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Figure 6. Ar KLL Auger electron spectra recorded using 4.5 keV electron beam excitation and using x-ray 
excitation on the Is - 4p sub-threshold resonance and at 4.9 and 63.1 eV above the K-edge. 

LMM Auger spectra 

The LMM Auger spectra of Ar produced by direct ionization of L electrons by electron impact are 
well known experimentally [20,21] and are fairly well assigned [28-30]. We have used tunable x-ray 
excitation to produce K vacancies and record the subsequent LMM Auger spectra in which the L 
vacancies are produced by K - L vacancy transfers such as depicted in Fig. 2. Here we briefly discuss 
some of our results for L^jMM Auger spectra. A full report on these results and for LjL^M Coster-
Kronig spectra is in preparation [31]. 
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Figure 7. The same Ar KLL Auger spectra as in Fig. 6 shown on an expanded energy scale. 
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Figure 8. Ar L^MM Auger electron spectra recorded using 2 keV electron beam excitation and 
using x-ray excitation 32.7 eV below the K-edge, on the Is - 4p resonance, and 4.9 eV above the 
K-edge. 
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Figure 8 shows L 2 3MM spectra recorded using 2 keV electron beam excitation and using x-rays 
tuned to 32.7 eV below the K-edge, on the Is - 4p resonance, and 4.9 eV above the K-edge. The 
electron-impact generated spectrum is similar to the high resolution spectrum reported by Werme et 
al. [21]. Most of the peaks of this spectrum can be assigned to either diagram transitions or to 
satellites corresponding to excitation or ionization of additional M-shell electrons. The satellite peaks 
appear to be strongly enhanced in the x-ray generated spectrum recorded 32.7 eV below the K-edge. 
K-vacancies are not produced in this case, and Cooper et al. [30] have shown that the satellites are 
enhanced primarily due to L t - L ^ vacancy transfers via LjL^M Coster-Kronig decay of L t 

vacancies produced by the initial photoionization process. Thus, the fast Coster-Kronig processes 
produce LX3 vacancies with additional vacancies in the M-shell. The subsequent L^MM satellite 
transitions are identical to satellites which result from electron correlation, but the production 
mechanism can be characterized by the excitation dependence of the satellite intensities. For example, 
in Fig. 9 is a calculated L^3MM spectrum showing the relative contributions of diagram transitions 
and L t - L^3 vacancy transfers which approximates the observed spectrum recorded 32.7 eV below 
the K-edge. In this spectrum, the contribution of L, - L^3 vacancy transfers is comparable to or 
greater than that of direct L^3 photoionization. 
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Figure 9. Calculated L^MM Auger electron spectrum which approximates the spectrum observed 
at 32.7 eV below the K-edge. The dotted curve is the contribution from direct photoionization of 
L 2 3 subshells, while the full curve includes in addition the contribution from L, - L^3 vacancy 
transfers. 
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When the x-ray energy is tuned to Ar K subthreshold resonances or above the ionization edge, K-
vacancy production is large compared with direct L-shell photoionization. Consequently, the 
observed L^MM spectra are dominated by K - L - M vacancy cascades such as depicted in Fig. 2. 
The vacancy cascade spectra (right side of Fig. 8) display strong discrete peaks and what appear to 
be underlying continuum structures, but the latter are likely due to numerous unresolved or 
overlapping lines associated with the large number of alternative vacancy decay pathways. Some of 
the stronger groups of peaks in the 4.9 eV spectrum can be assigned to specific decay pathways by 
making use of known energy levels of initial and final states [31]. Recently, von Busch et al. [10] 
reported a similar L^3MM vacancy cascade spectrum excited by broadband synchrotron radiation 
which includes a large component due to photoionization above the K-edge. They have used atomic 
structure calculations to model the contributions of alternative vacancy cascade pathways and obtain 
good qualitative agreement with their observed spectrum. Somewhat more information is provided 
by our spectra recorded using narrowband excitation at several x-ray energies. For example, the 
"resonance vacancy cascade" spectrum recorded on the Is - 4p resonance clearly involves different 
sets of states than the spectrum recorded above threshold. So, it is interesting to study the 
dependence of vacancy cascade spectra on excitation energy. In addition to the spectra shown in Fig. 
8, we have also recorded L^3MM spectra above the KM-double-ionization threshold and on the ls3p 
- 3 d 2 double-excitation resonance [31]. 

Coincidence measurements would clearly be useful to reduce the complexity of vacancy cascade 
spectra. Subsets of the decay pathways could be selected by recording electron spectra such as 
shown in Fig. 8 in coincidence with particular Ax** final charge states. Levin et al. [15] have reported 
on a related experiment done in the reverse fashion, i.e., by measuring Ar"+ yields in coincidence with 
KLL and KLM Auger electrons. And Hayaishi et al. [9] have recently reported on threshold-
photoelectron/ion coincidence measurements. We have recorded vacancy cascade electron spectra 
in coincidence with fluorescent Ka x-rays using the same instrumentation as used for the Is 
photoelectron data in Fig. 5. In this measurement, we selectively record the L^3MM transitions which 
follow a 2p - Is radiative decay of initial K-vacancies. Data have been recorded using excitation on 
the Is - 4p resonance and above the K-edge, and the complex vacancy cascade spectra such as 
shown in Fig. 8 are reduced to much simpler coincidence spectra [32]. 

Conclusions 

Electron spectroscopy combined with tunable synchrotron radiation has been used to study electron-
correlation effects and vacancy cascades following Ar K-shell excitation. Coincidence measurements 
between electrons and fluorescent x-rays have been used to "turn off' PCI in the Is photoelectron 
spectrum and to selectively record vacancy cascade Auger spectra. These results have been obtained 
using a 2nd-generation x-ray beamline and commonly used spectrometer components. Advanced 
spectrometers combined with third-generation x-ray sources should yield increasingly detailed 
information on atomic inner-shell processes. 
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