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AND IONIZATION OF Xe 
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D.W. Lindle, S. Owaki,* and D.A. Shirley 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 
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ABSTRACT 

Electron spectroscopy, combined with synchrotron radiation in the 

photon energy range hv = 60-190 eV, was used to measure the angular dis-

tributions of Xe 5p and 5s photoelectrons and of N 4500 Auger electrons. 

The branching ratios and partial cross sections for photoionization and 

Auger processes also were measured in certain cases. The measured 

asymmetry parameter s for 5p photoelectrons agrees well with many-electron 

calculations, which predict a pronounced oscillation in (5p) above the 

4d ionization threshold due to the (4d,5p) intershell interaction. The 

N4500 Auger electrons are produced with photon-energy-dependent, 

anisotropic angular distributions, resulting from alignment of Xe by 

photoionization. The theoretical analysis of Auger electron angular dis-

tributions is described, and theoretical calculations are found to predict 
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Permanent address: Institute of Scientific and Industrial Research, 

Osaka University, Ibaraki, Osaka 567, Japan 



the measured asymmetries well. In addition, Auger electron peaks were 

observed to broaden and shift at photon energies near the 4d ionization 

threshold because of post—collision interaction. The measured shifts of 

the N 
5  0  1  0  1 

 S0  line agree well with previous measurements and theory. 

Electron spectra recorded through the energy region of the 4d -- np Rydberg 

states show that they decay primarily by the Auger process, while the 5p 

and 5s partial cross sections are relatively weakly affected by auto-

ionization. However, distinct resonance structure was observed in the s 

parameters for 5p312  and 5p 112  photoelectrons. The measured results 

are compared with a theoretical calculation of resonant photolonization 

for the 4d - 6p excitation. 
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I. Introduction 

Several characteristic features of atomic inner—shell photoexcitation 

and ionization have been demonstrated in experimental and theoretical 

studies involving the 4d inner—subshell of Xe. These features have both 

one—electron character, directly involving transitions of 4d electrons, 

and many—electron character; i.e., intershell correlations with the 5p 

and 5s outer subshells and the Auger ionization of 4d—vacancy states. In 

this paper we report the results of a set of experiments involving Xe 4d 

photoexcitation and ionization, as obtained from photoelectron and Auger 

electron spectra recorded following excitation by synchrotron radiation. 

Two sets of measurements of Xe electron spectra were performed. 

Selected early results from the first set were reported previously. 1  

Additional results are given here. Fig. 1 of.  Ref. 1 showed an example of 

these spectra, which were recorded with a 5.3 A (FWHM) monochromator 

bandpass. The 5p, 5s, and 4d photoelectron lines and the N4  00 Auger 

spectrum were recorded in these measurements over the energy range 

hv = 70-190 eV; i.e., from just above the 4d ionization threshold to near 

the 4d Cooper minimum. 

In the second set of measurements, higher resolution over two smaller 

ranges of photon energy was employed. The N 4 500 Auger spectrum was 

recorded with a smaller monochromator bandpass (2.6 A FWHM) and improved 

counting statistics over the range hv = 68-82 eV, the energy region just 

above the 4d ionization threshold. Electron spectra were also recorded 

over the range hv = 60-70 eV, to investigate resonant photoemission 

involving the 4d 	np Rydberg states. 
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Assuming pure electric—dipole photoabsorption of randomly oriented 

target atoms interacting with a linearly polarized photon beam, the 

differential photoionization cross section for each product channel (final 

ionic state plus photoelectron) can be expressed in the form 2  

da(c) - a(c) [1 + 
	) P(cos 9)]. 	 (1) dQ - 4w 	

2 
 

Here a(e) is the angle—integrated partial cross section, P 2 (cos o) is a 

Legendre polynomial, equal to (1/2)(3 cos 29 - 1), 9 is the angle between 

the photoelectron momentum direction and the photon polarization direc-

tion, £ is the photoelectron energy, and (€) is the photoelectron 

asymmetry parameter, having the restricted range —1 < s(c) < 2. Con-

servation of angular momentum and parity similarly restrict the angular 

distributions of Auger electrons to the form of Eq. (1), when they are 

ejected following electric—dipole photoemission. 3  Thus, the angular 

distributions of photoelectrons and Auger electrons are completely 

described by the single parameter (e), in the dipole approximation. This 

approximation is quite good at low photon energies, but at higher energies 

(generally, several hundred eV) a more complicated form of the angular 

distribution can result due to the contributions of additional multipole 

components. 4  In our previously reported' and present work, spectra 

were recorded using photon energies hv < 330 eV, and the measurements are 
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interpreted using Eq. (1); i.e., the dipole approximation is assumed to 

be valid. 

The photoabsorption cross section of Xe displays a strong, broad 

maximum centered near 100 eV and a weaker, very broad maximum between 200 

and 500 eV. 57  These features have been attributed to a shape resonance 

(arising from an effective potential barrier) and a Cooper minimum in the 

4d -* €f photoemission cross section. 8°  Previously, we reported 

measurements of the asymmetry parameter. 8(E) over hv = 70-330 eV for 4d 

photoelectrons) In good agreement with theoretical calculations (for 

example, Ref. 10), the B(4d) parameter was observed to oscillate strongly 

as a function of energy, due to the shape resonance and Cooper minimum in 

the 4d -' ef channel. 

The central—field 9  and Hartree—Fock 1°  calculations indicate that 

4d photoemission dominates the total photolonization cross section of Xe 

over the energy range from the 4d ionization threshold (hv = 68 eV) to 

the 3d threshold (hv = 680 eV). Subsequently, many—electron photoioniza-

tion calculations14  and photoelectron spectroscopic measure-

ments' 58  demonstrated that the outer—shell 5p and 5s photoemission 

processes are affected by electron—correlation interactions with the 4d 

subshell, both above and below the 4d ionization threshold (for reviews, 

see Refs. 11, 13, and 19). In this paper we report measurements of the 

asymmetry parameter 8(e)  for 5p photoelectrons over the energy region of 

the shape resonance in the 4d cross section. Our measurements agree with 

and extend those of Refs. 16 and 18 and confirm a pronounced interchannel-

coupling effect predicted theoretically.124 
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Photoemission from the Xe 4d subshell produces an excited ionic state 

which lies energetically above the double—ionization threshold. Thus, 

the Xe+  (4d) vacancy state can decay by ejection of secondary Auger 

electrons. Our previous measurements' confirmed theoretical pre-

dictions 20 ' 21  that Xe N4 500 Auger electrons are produced with photon-

energy—dependent, anisotropic angular distributions, due to alignment of 

Xe by photoionization. Theoretical analysis shows that the alignment 

and subsequent Auger electron angular distribution provide a measure of 

the ratio 

= a(4d 	cp)/a(4d 	ef) 	 (2) 

of the partial cross sections for 4d photoemission into p— and f—waves. 

Thus, the Auger electron asymmetry yields information on the photoioniza-

tion process which is complementary to that determined by the partial 

photoionization cross section and the photoelectron angular distribution. 

Schmidt and co—workers 22  have observed an asymmetric broadening and 

energy shifts of Xe N 500 Auger electron peaks produced following photo-

ionization at photon energies near the 4d ionization threshold. These 

effects are attributed to a type of final—state correlation called post-

collision interaction (PCI). Here we report the results of an additional 

set of Xe N4 500 Auger spectra recorded near and just above the 4d 

threshold, where PCI effects are observed and Auger electron asymmetries 

are relatively large. The N 
5  0  1  0 

 1 1 S 0 line was observed to broaden and 
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shift as a function of photon energy, in good agreement with the measure-

ments of Schmidt et al. 22  and the theoretical model of PCI developed by 

Niehaus. 23  The measured asymmetry parameters for the Auger electrons 

agree well with theoretical values 21  based on Hartree-Fock calculations 

of the partial-wave branching ratio 

A prominent series of 4d 	np Rydberg excitations has been recorded 

in photoabsorption spectra over the energy range hv = 65-70 eV. 24 ' 25  

Because of the effective potential barrier for 2 = 3 angular momentum, 

the 4d - nf Rydberg series is not observed. Several continuum channels 

are available for the decay of the np-resonant states. Resonant Auger 

decay competes with the 5p and 5s primary continuum channels. We have 

recorded electron spectra through the resonant photon energy region (4d-

resonance spectra have been reported previously in Refs. 22, 26, and 27). 

Though the present spectra were recorded with a monochromator bandpass 

(0.4-0.6 eV FWHM) which is large compared with the resonance linewidths 

(0..1 eV), certain strong qualitative features were observed. As expected, 

based on the photoabsorption lineshape analysis, 25  the 4d-excited 

resonances decay predominantly by the Auger process, and the 5p and 5s 

partial cross sections appear relatively unaffected by autoionization. 

However, pronounced resonance structure appears in the asymmetry parame-

ters s(s)  for 5p312  and 5p 112  photoelectrons. In contrast, the 5s 

photoelectrons are produced with large asymmetries o = 1.8-2.0, and no 

resonance structure was observed. We compare the observed resonance 

effects on 5p and 5s photoemission with a theoretical calculation. 29  

The comparison suggests the necessity of including the Auger decay 

channels in theoretical models of inner-shell resonant photoexcitation. 
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II. Experimental Methods 

The measurements were made at the Stanford Synchrotron Radiation 

Laboratory (SSRL) on Beam Line 111-1, which employs the grazing-incidence 

"grasshopper" monochromator. 30  An aluminum window was used to separate 

the gas-phase electron spectrometer from the ultra-high vacuum of the 

monochromator and beam line. 31  We estimate a high degree of linear 

polarization ( -987.) for this beam line over the energy range of the 

measurements, based on the large asymmetry (a = 1.94) measured for 

Ag 4s -+ cp photoelectrons with a rotatable analyzer on a similar XUV beam 

line at SSRL. 32  The limiting value for this transition is a = 2. If 

the observed a < 2 results only from incomplete polarization of the photon 

beam, a value of 98% linear polarization •is still indicated. It was 

demonstrated in a previous publication 33  that because of calibration 

procedures described below, our derived 0 values are quite insensitive to 

the precise value of the photon polarization P over a wide range 

(P = 70 - 1007.). 

As described in Ref. 31, the time structure of the synchrotron 

radiation was used to record time-of-flight (TOF) spectra of photo-

electrons and Auger electrons. Two TOF detectors were operated sim-

ultaneously, one positioned at the "magic angle" (9 = 54•70) with respect 

to the polarization vector, and the other at G = 0 0 . A detailed descrip-

tion of this double-angle-TOE method was given in a recent publication. 33  

Asymmetry parameters a are determined from the relative intensities of 

photoelectrons recorded at the two ejection angles. The instrument was 

calibrated for angular distribution measurements, as a function of 
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electron energy c, by recording photoelectron lines having known 8(c) 

values. The relative collection efficiency f 0 (c) of the two detectors 

is given by 33 

= N°,/N(54°,) 

	

f0(c) 	
1 + 8 

c (c) 
 

where N(,c) is the number of photoelectron counts recorded at detector 

angie e, and the subscript c represents the calibration gas. In the 

present experiments, the Ne 2p photoelectron line was used for calibra-

tion,, because its 8(c) value has been accurately determined over a large 

energy range. 34  An example of a calibration curve is plotted in Fig. 1 

along with the Ne 2p 8(c) curve. The unknown 8(c) values of Xe were then 

determined from the relation 

N(O ° ,c)/N(54 ° , c) 

	

8(c) = — 1 + 
	f0(c) 	 (4) 

The 8(c)  values given by Eq. (4) were corrected (by less than 0.05 8 

unit) to account for incomplete polarization of the photon beam and for 

angle—averaging over the interaction volume and collection solid angles 

of the detectors. We emphasize that the calibration procedure greatly re-

duces the effects of certain experimental systematic errors by enfolding 



them into the calibration function f 0(€) (a full discussion of this 

point is given in Ref. 33). We estimate systematic errors to be +0.10 

unit or less. 

The magic—angle TOE spectra, which are independent of B(c) values, 

were used to determine relative partial cross sections and branching 

ratios. The relative transmission of the magic—angle detector was 

determined as a function of electron energy by using the photoelectron 

spectra of the Ne 2p line, for which the partial photoionization cross 

section is tabulated. 34  The photon beam intensity was monitored with a 

sodium salicylate scintillator, phototube, and picoammeter. The sample 

gas density was monitored using a capacitance manometer on the gas inlet 

31  system.  



III. 4d and 5p Photoelectron Asymmetries 

In the first set of spectra recorded over by = 70-190 eV with a 5.3 k 

bandpass, photoelectrons from the individual fine structure levels of the 

4d and 5p subshells were not resolved. A photoelectron peak at a low TOF 

(high kinetic energy) was identified as arising from 4d photoelectrons 

produced by second—order light. The second—order photolines were used to 

extend the s(4d) measurements beyond the Cooper minimum. Good agreement 

was obtained between (4d) values given by second—order light with values 

given by first—order light at energies hv = 130-190 eV where the two sets 

of measurements overlapped. The B(4d) results were plotted in Ref. 1 and 

discussed there in comparison with theoretical calculations. 

In Fig. 2 are plotted the measured s(5p) values along with previous 

measurements' 6 ' 18 ' 35  (see Ref. 36) and two theoretical curves based 

on the random—phase approximation with exchange (RPAE). 12 ' 13  The RPAE 

is nonrelativistic but can include electron correlations. 	The dashed 

theoretical curve includes the 5p intrashell correlations only, while the 

solid curve also accounts for intershell correlation with the 4d subshell. 

The data clearly support the theoretical interpretation of a strong 

intershell correlation (or interchannel coupling) effect on 8(5p). 

In this correlation process the 4d subshell undergoes virtual photo-

excitation,, with the excitation passing to the 5p subshell via Coulomb 

interaction. The interchannel coupling produces a prominent oscillation 

in B(5p) in the energy region of the delayed maximum in the 4d 

photoionization cross section. The full oscillation is observed 
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experimentally in the present measurements. Other theoretical 

calculations which, respectively, do' 4 ' 37  and do not 10 ' 38  include 

interchannel coupling with the 4d subshell give B(5p) results similar to 

the full and dashed curves ip Fig. 2. 
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IV. N4 OO Auger Electron Angular Distributions 

The Auger effect is usually treated as a two—step process, in which 

the decay of the inner—vacancy state is considered independent of the 

excitation process. In the present experiments, excitation was produced 

by photoemission from the 4d subshell: 

hv + Xe(4d 105s 25p 6  S0 ) 	Xe(4d 95s 25p6 203 , 25 , 2 ) + e 	. 	() 

In the subsequent decay process, a 5p or 5s electron fills the 4d hole, 

and a second 0—shell electron is ejected. FlLigge et al. 2°  showed that 

photoemission from an atomic subshell with j > 1/2 produces an aligned 

vacancy state if its total angular momentum J also exceeds 1/2. As a 

result, the Auger electrons should exhibit anisotropic angular dis-

tributions. As reported previously, 1  this effect was confirmed in our 

first set of Xe N 4,500 Auger spectra. The measured Auger electron 

asymetries varied with photon energy, in good qualitative agreement with 

the calculations of Berezhko et al. 21  for the alignment of Xe (4d) by 

photoionization. To our knowledge, no experimental observation of this 

effect had been made previously, although anisotropic angular distribu-

tions of Auger electrons had been measured following inner—shell ioniza-

tion by electron impact. 39  Here we report additional results based on 

our (lower resolution) first set of Auger spectra, and then give the 
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results of an additional set of spectra which allow a more quantitative 

comparison with theory. First we give a summary of the theoretical 

analysis of Auger electron angular distributions. 

A. Theoretical Background 

Consider an ensemble of atomic ions, all in the same inner—shell 

vacancy state with total angular momentum J. The subsequent Auger 

electron angular distribution depends, at least in part, on the distri-

bution of the ensemble over magnetic sublevels JM. The angular symmetry 

properties of the ensemble are described quite generally by use of the 

density matrix40  and its statistical tensors4' or "state multipoles 

TKQ. Surveys of these topics are given, for example, in Ref s. 42 and 

43. The statistical tensors formulation is particularly advantageous for 

the description of successive radiations--in the present case, Auger 

emission following photoemission. 

Prior to the photoeniission step, the target atoms are randomly 

oriented. Thus, the atomic densitymatrix is spherically symmetric and 

only the monopole term T00  is nonzero. Photoabsorption by a dipole 

process can introduce statistical tensors of rank K < 2. With the use of 

a linearly—polarized photon beam, the natural choice for a quantization 

axis is parallel to the polarization vector, because the photoexcited 

system has axial symmetry about that direction. In addition, the photo-

excited system is symmetric with respect to reversal of the quantization 

axis. As a result of axial symmetry, the density matrix is diagonal, and 

the ensemble has the properties, statistically, of an incoherent super- 

C 
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position of magnetic substates JM. In the present example, the popu-

lations of the magnetic sublevels are proportional to the partial photo-

ionization cross sections a(JM). Symmetry with respect to reversal of 

the quantization axis implies that the sublevels M and -M are equally 

populated, i.e., a(J-M) = ci(JM). With these symmetry conditions, all of 

the spherical tensor components vanish except T 	 and T20•  As a00 

consequence, the angular distributions of photofragments take the form of 

Eq. (1), that is, 1(e) 	1 + 0 2 (cos o), wheree is measured with 

respect to the photon polarization vector and s is an "asymmetry 

parameter". 

Auger electron angular distributions are conveniently described by 

defining the "alignment tensor" A 20 20 ' 2 ' 

A 20 (J) = T20 (J)/T00 (J) 

(-1 )'(JMJ-M I20)(JM) 
M 

(-l(JMJ-M 0O)(JM) 
M 

[3M 2-J(t]+l)]a(JM) 

= 	J(J+l)(2J+3)(2J1) 

j112 	M 	
(6) C 'a(JM) 

M 

where (JMJ-MIKQ) is a Clebsch-Gordon coefficient. Thus, for an ensemble 

of Xe 	D512  ions produced by photoemission, the alignment can be 

expressed as 



14 

1 
r 53 

- 	a(•• 	) - 4a( 	1 A20 (5/2) = - 
vr4 

2 

a(— 

2 

+ a() 	
] 

(7) 
— 

+ 	5 3 
a() 2 2 2 2 

Similarly, photoemission from the 4d 312  subshell produces an aligned 

system of Xe 2 03/2  ions described by 

33 
2  2 ) 

— 	
(31 
2a) 

, 
 (11) 

+ 

A20(3/2) =  . 	 (8) 

When the magnetic sublevels JM are unequally populated, T 20  and A20  

are nonzero, in general, and the system is said to be "aligned". 

The asymmetry parameter a for a particular Auger transition is 

proportional to the alignment tensor of the initial state in the 

transition: 

8(c) = 
	

(9) 

where a depends on transition matrix elements of the Coulomb operator and 

on the phases of the partial waves which describe the ejected Auger 

electron. 44 ' 45  In Eq. (9), c represents the photoelectron kinetic 

energy. In the two—step model, the energy dependence of the Auger 

electron asymmetry is determined only by the energy dependence of the 
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alignment tensor. For a given Auger transition, the Coulomb matrix 

elements and continuum wave phases are fixed, so a is independent of 

photon energy. A20 (c) is a property of a given inner—shell vacancy 

state, while the factor a is determined by the Auger decay step and varies 

among the Xe2  final states. According to Eq. (9), the asymmetry 

parameters of all Auger transitions produced from the same inner—shell 

vacancy should display the same photon—energy dependence, but may differ 

in magnitude by constant scale factors. 

For the case of a Xe2+  final state having total angular momentum 

if  = 0, there is a single continuum wave, and the Auger electron angular 

distribution is then independent of the Coulomb matrix element and phase 

shift. 44  The factor a is then given by a product of angular momentum 

coupling coefficients 45  (see Ref. 46). In particular, consider the case 

that the final states of the N4500 Auger transitions are 

states: 

Xe(4d95s 2 5p 2 D) -* Xe 2 S0 ) + e(cd), J = 3/2, 5/2. 
	(10) 

The decay factors a are calculated45 ' 46  to give the following 

expressions for the Auger electron asymmetry parameters: 
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(N500 1 S0 ) = 4!A20 (5/2) 	 (11) 

(N4O0 1 S0 ) = 2A20 (3/2). 	 (12) 

Thus, measurement of the asymmetry parameters for these Auger transitions 

provides a direct determination of the alignment tensors. 

The analysis of F1U'gge et al. shows that A 20  should always be 

nonzero for the case of photoemission from an atomic subshell with j > 112 

and for which the ionic state formed has total angular momentum J > 1/2. 

The value of A20  is determined by the magnitudes of the photoionization 

matrix elements. In the nonrelativistic limit, a 4d electron can be 

photoemitted into two dipole—allowed continuum waves: cp and €f. 

Theoretical analysis 20 ' 2 ' shows that A20  is determined by the partial-

wave branching ratio, Eq. (2). Specifically, Berezhko et al. 21  showed 

that the alignment tensor can be expressed as 

A 2 0 = c[' +_aYl , 	 (13) 
1 J 

where . is the energy—dependent ratio defined in Eq. (2), and C and a 

are constants determined by angular momentum coupling coefficients. 

For Xe+ 2 05/2 , a = 7/2 and C = (1/5)(2/7)1/2; for Xe 2 D312 , a = 

7/2 and C = 1/10. 

In an independent—electron model, the photoionization cross 

sections are determined by the radial dipole matrix elements Rn±i 
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(Ref. 10). Thus, in the present example, the partial—wave branching 

ratio can be expressed as 

1(c) = ( 2 / 3 )Rd Cp /Rdf 	. 	 (14) 

Berezhko et al. 2' have calculated A20 (c) for Xe (4d) using both 

Herman—Skillman and Hartree—Fock wave functions. An energy—dependent 

alignment is predicted, arising from the centrifugal barrier and Cooper 

minimum in the 4d - ef channel. These are the same factors that 

produce oscillations in the 4d photoelectron asymmetry. 1  

Manson has provided us with a tabulation of Hartree—Fock photo-

ionization calculations for the Xe 4d subshell, which were reported in 

Ref. 10. These calculations provide the partial—wave branching ratio 

(c). This parameter is listed in Table I along with the resulting 

value of A 20 (e) for Xe 205/2  calculated using Eq. (13). Results are 

given for both the length and velocity forms of the dipole operator. 

The values of A 20 (c) listed in Table I are similar to the Hartree—Fock 

results given in a graph in Ref. 21. Also listed in Table I are the 

resulting theoretical values (Eq. (11)) for the Auger electron asymmetry 

parameter B for the case of a transition of the type N 500 1 S0 . A 

corresponding table of A 20 (e) and 8(N 400 1 S0 ) for Xe 2 03/2  can be obtained 

using Eqs. (12) and (13) and the values of y(c) listed in Table I. 
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B. Lower Resolution Results 

From the set of Xe spectra recorded over hv = 70-190 eV, asymmetry 

parameters B were determined for the Auger electron peaks numbered 1-4 in 

Fig. 1 of Ref. 1. The Auger spectrum was identified by comparison with 

the spectrum recorded and analyzed by Werme et al. 47  The Auger lines 

numbered 1 and 3 are produced, respectively, by the two transitions 

Xe(4d95s 2 5p6 205/2 ) - Xe2 (4d 105s05p6 1 S0 ) + e 	 (15) 

Xe(4d 95s 25p6 2D512 ) 	Xe2 (4d 10 5s5p5 1 P 1 ) + e 	. 	 (16) 

(This assignment of line number 1 (Eq. (15)) differs from that given 

in Ref. 47; assignments will be discussed below as the second set of 

Auger spectra are presented.) To reduce scatter in the data, par-

ticularly at high photon energies, some of the B values derived from 

these lower-resolution spectra represent an average over two or three 

measurements obtained at nearby photon energies. The results are 

plotted in Fig. 3 along with theoretical curves for an Auger transi- 

tion of the general type N 500 1 S0 . Thus, the measured a values for the 

N 
5  0  1  0  1 1 S 0 

 transition can be directly compared with the theoretical 
	 S 

curves. The same alignment tensor A 20 (c) is appropriate for describing 

the N501023 1 
 P 

1 
 transition, but the Auger decay (coefficient) a might 

differ from that of Eq. (15). 

In Fig. 3, the data qualitatively follow the predicted energy var-

iation of the Auger electron asymmetry parameter. Eqs. (2),(9), and 
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(13) show that the alignment is relatively strong, so that the Auger 

asymmetry is relatively large, where the 4d -' cf photoemission transi-

tion strength is small relative to that of 4d - cp. Thus, relatively 

large Auger asymmetries are produced near the 4d ionization threshold, 

where a(4d - ef) is small due to the centrifugal barrier in the f—wave 

effective potential. The f—wave channel quickly becomes predominant 

as the potential barrier is surpassed, so that smaller (Auger) values 

are produced over the energy range c = 10-100 eV. Then, relatively 

large Auger asymmetries are produced again near the Cooper minimum in 

the f—wave channel. Berezhko and co—workers extended their theoretical 

studies of alignment by using RPAE calculations to include the effects 

of many—electron correlations and electron shell rearrangement. 49  

In the case of Xe (4d), the inclusion of these interactions 

produced a moderate shift in the energy position of the Cooper minimum 

feature, in comparison with the Hartree—Fock calculation, but did not 

alter the general form of 

Figure 3 shows that the measured a values of the N 5 0101  1 S0  

transition are in reasonably good agreement with theory, and that, at 

lower energies, (N 501023  1 P 1 ) < @(N5 01 01  'S0 ). The latter result 

could be due to differing decay factors a. However, it will be seen 

that the higher resolution set of @(Auger) measurements obtained just 

above the 4d ionization threshold are somewhat higher than the first 

results plotted in Fig. 3, and that no variations are observed among 

different Auger transitions. These results are to be preferred, 
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primarily for the following reasons. Though the signal—to—background 

was not greatly improved, the second set of spectra were obtained with 

superior counting statistics, particularly near the 4d ionization 

threshold. For both sets of spectra, background subtraction was an 

important factor in determining the relative areas of the 0 0  and 54.7 0  

peaks (and hence in determining s). Thus, errors in background sub-

traction could create discrepancies. The second set of TOF spectra 

were recorded with a smaller time window which covered only the kinetic 

energy range of the Auger electrons. This gave more collection 

channels per nsec and an effectively better resolution of the 

N4501023 1 
 P 
1 
 Auger peaks. Also, the first spectra were recorded 

with a much larger photon bandpass (5.3 A FWHM; 2 eV at hv = 70 eV) than 

the second spectra (2.6 A FWHM; 1 eV at h, = 70 eV). Some other factors 

which could in principle create a discrepancy, such as second—order light 

and uncertainty in the calibration of the energy scale of the mono-

chromator, appear not to be significant. In short, we regard the first 

results (Fig. 3) to be qualitatively correct but prefer the higher 

resolution results for a quantitative comparison with theory. 

Before discussing the second set of Auger spectra and results, we give 

an additional result obtained from the first set of spectra. The branch— 	- 

ing ratio N500:N400 between Auger lines produced by transitions of N 5  and 

N4  core holes to the same Xe 2  final state is plotted in Fig. 4. This 

branching ratio was determined for the two pairs of lines N450101 1 
 S 0 

and N450 1 023  'P 1 . No strong variations were observed between the two 

sets of branching ratios, and the average values are given in order to 
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reduce the scatter in the measurements. Also plotted in Fig. 4 are a 

theoretical curve 50  and experimental data 5 ' 53  for the 4d 512 :4d312  

photoelectron branching ratio itself. The Auger electron branching ratio 

closely follows the corresponding photoelectron branching ratio. This is 

the result expected if no variation occurs between the decay patterns for 

the two fine structure vacancy states, i.e., a variation in the branching 

ratios for transitions to the various Xe2+  final states. 

C. Assignment of the Auger Electron Spectrum 

Figure 5 shows an example from the second set of 
0 
 and 54.7 0  TOF 

spectra of the Xe N 4  OO Auger electrons. Spectra were recorded over 

the energy range hv = 67.7-81.9 eV with a monochromator bandpass of 2.6 A 

FWHM. Since the Auger electron energies are independent of hv, there are 

contributions to the Auger peaks arising through excitation by second— and 

higher—order diffracted light and by scattered light in the photon beam. 

These contributions could of course interfere with the measurements of 

the Auger electron asymmetry parameters and branching ratios to an extent 

that will depend on the relative intensities of the components of the 

photon beam and on the relative photoionization cross section of the 4d 

subshell at the component photon energies. We determined the order-

composition of the photon beam over the energy region of the Auger spectra 

by recording 54.7 0  TOE spectra of Ne. Dividing the intensities of the 

first— and higher—order photolines of Ne by the corresponding photo-

ionization cross section 34  yields the relative intensities of the 
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order-components of the photon beam. Scattered light appeared to be 

insignificant in this energy range. From the order-composition of the 

photon beam and the relative photoionization cross section of the Xe 4d 

subshell, 54  we estimate that the first-order light contributed about 

95% of the Auger electron signal in our spectra. Therefore, higher-order 

light contributions to the results appear negligible. 

Not shown in Fig. 5 are the N4 502 3023 Auger lines which were 

unresolved in our TOF spectra due to their higher kinetic energies and 

closer spacings. Only the lower energy, intense lines numbered 1-7 in 

Fig. 5 were analyzed for asymmetry parameters and branching ratios. Some 

of these lower energy Auger lines, which result from transitions to higher 

energy levels of Xe III, have not been definitively assigned. Good 

correspondence was obtained between the present spectra and the high-

resolution spectrum recorded byWerme et al. 47  using electron impact 

excitation, allowing comparison with their assignments. The N 45-023023  

and _010293  series of lines were assigned by Werme et al. by com- 

parison with the spectroscopically observed 55  levels of Xe III. Thus, 

lines 1 and 2 in Fig. 5 are the N45-pair identified with the final 

state 5s5p
5 1

P 1 . Lines 3,5 and 6,7 are also N45-pairs. Werme et al. 

used the Moore tables 55  to identify line 4 as the N 5  line produced by 

Auger decay to the final state 5s 2 5p 3 ( 2 P)6s 1 P 1 . Hence, this 

line was termed a satellite, to be regarded as originating from shake-up 

in the Auger process. However, the N 45-pairs 3,5 and 6,7 could not be 

assigned using Ref. 55, because they are produced by final states at 
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higher energies than those reported in the spectroscopic tables. One of 

these two pairs of lines should be the N 450 10 1  lines and the other, 

presumably, satellites. Thus, since the 5s 0
5p6  level had not been 

observed spectroscopically, and because intense satellite lines are also 

present in the Auger spectrum, the N 4501 0 1  lines could not be identified 

with certainty by Werme et al. A similar situation was obtained in the 

analogous case of the M4 5 NN spectrum of Kr, which was also reported in 

Ref. 47. By comparison with assignments of the corresponding ns °np 6  

final states in Kr and the other rare gases, 56  Werme et al. assigned 

lines 3 and 5 in Fig. 5 as N 45010 1  1 S0 . By comparison also with the 

Kr M4 5NN spectrum, the lowest energy lines 6 and 7 were attributed to 

the satellite final state 5s 25p 3 ( 2 P)7s 1 P 1 . 

Subsequently, the theoretical studies of Larkins and of McGuire57  

indicated that the M 4 5 N 1 N 1  transitions in Kr should be reassigned 

as the lowest energy intense lines, which previously were identified as 

satellites. Similarly, the Xe N 4  OO Auger—electron energies calculated 

semiempirically, 58  i.e., using experimental binding energies and 

Hartree—Fock values for Slater integrals, indicate that lines 6 and 7 in 

Fig. 5 should be identified as N4501 0 1  1 S0 , and this is the assignment 

that we adopt. This revised assignment appears also to have been adopted 

in Ref. 26 for the corresponding resonant—Auger spectrum, and is supported 

by results of electron impact studies of VUV—emission from Xe III 

levels.59 



24 

This leaves lines 3 and 5 still to be reassigned. We propose that 

they be identified as satellites associated with the 5s5p 5 1 P 1  primary 

configuration, i.e., satellites of the N4501023 
1 
 P 
1 
 lines (1 and 

2). It seems likely that all of the lines between the Fs1 45 pairs 

1,2 and 6,7 are of this origin. This proposed identification is based 

on the corresponding case of the Xe 5s5p 6 2 S112  photoline with 

its associated set of intense satellites observed in photoelectron 

spectra (see, for example, Refs. 60 and 61). The 5s5p 6  satellites 

occur in the energy region of the 5s 25p4 (SL)ni levels 55  (note that Hansen 

and Persson 62  have given revised identifications of these levels). 

Theoretical studies664  indicate that the 5s5p 6  satellites arise 

primarily through correlation processes which can be described as final 

ionic state configuration interaction (FISCI). 65  The FISCI mechanism 

requires that the satellite lines arise from states that have the same 

total angular momentum and parity as the primary ionic configuration 

5s5p6  2 S112 . Hence, Hansen and Persson 62  have assigned the satellites to 

even parity states of the type 5s 2 5p4 (SL)nd and 5s 25p4 (SL)ns which have 

total angular momentum J = 1/2. The primary and satellite LSJ configura- 

tions become strongly mixed by electron correlation, so it is not entirely 

accurate to label the observed levels with a particular configura-

tion 62 ' 64  . 	A detailed description of the origin of these satellites 

might involve a combination of types of many—electron interactions; 61 ' 63  

however, the FISCI mechanism appears to be the dominant process. 

V 
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We propose that the satellite lines in the Xe N 4 500 Auger spectrum 

result correspondingly from interaction among the Xe2+  configurations 

5s5p5 , 5s 25p3 (SL)nd, and 5s 25p3 (SL)ns with total angular momentum J = 1. 

The most intense satellites of Xe 5s5p 6  are due to the 5s 25p45d and 

5s 2 5p46d configurations, and the 5s 2 5p4ns contributions appear to be less 

important. 664  Hansen and Persson 62  identify the strongest satellite 

with the level 5s 25p4 ( 1 D)5d 2 S1 ,
21 
 which lies at 5.48 eV higher binding 

energy than the primary line 5s5p 6 2 S1 , 2 . The strongest N 4 5-pair of 

satellites in the Auger spectrum (lines 3 and 5) also lie at 5.5 eV from 

the primary lines 1 and 2. Therefore we tentatively identify lines 3 and 

5 with the final state 5s 25p 3 ( 2 P)5d 
1
P 1 . As mentioned above, line 4 was 

originally identified with the final state 5s 2 5p 3 ( 2 P)6s P 11  by comparison 

with the spectroscopic data. 55  However the table of the corresponding 

5s 2 5p4n. levels of Xe II has been reassigned, 62  and similar reassignments 

may apply to the table of Xe III levels. We consider line 4 also to be a 

satellite originating from the N 5  core hole, but leave the final state 

unassigned. The present assignments of lines 1-3 and 5-7 are listed in 

Table II. 

We note that the proposed 5s5p 5  -* 5s 2 5p 3n.Q excitation in Xe III 

is one more example of a rather general phenomenon which has been observed 

by photoelectron spectroscopy in a wide variety of systems--namely, 

electron-pair excitation from an outer valence shell in the presence of a 

hole in an inner valence shell. This kind of excitation is energetically 

favored because the pair of electrons are excited into a higher- and a 
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lower-energy orbital (in contrast to correlations in systems with filled 

inner subshells). Thus the correlation is very strong and the resulting 

Ils a t e llit es u intense. 

In the above discussion, we have proposed only that the satellite 

lines inthe Auger spectrum arise from final state configuration mixing, 

in analogy with the FISCI satellites of the 5s photoline. However, other 

types of electron correlation mechanisms may also be important, such as 

those described by initial state configuration interaction (ISCI). 65  

In the ISCI mechanism, pair-excited configurations of the type 

4d95s 2 5p4 nd2 2o  could contribute to the initial state of the Auger 

process. These 5p2  -- nd2  configurations in the initial state provide an 

additional mechanism for populating satellites in the final state. 66  

Theoretical studies are needed both to confirm and to quantify the pro-

posed identification of the Auger satellite lines. It appears that this 

would provide an interesting system for theoretical study of electron 

correlation. 

D. Higher Resolution Results 

The 
5470 

 TOE Auger spectrum recorded at hv = 67.7 eV is shown in 

Fig. 6. This photon energy lies just above the 4d512  ionization 

threshold (67.55 eV), but below the 4d 312  threshold (69.52 eV); 

actually, hv lies in between the n = 6 and 7 members of the 

4d312 -- np Rydberg series. 24  Since the N4  vacancy in Xe is not pro-

duced at this energy, only the N 500 Auger lines appear in the spectrum. 

Comparison with Fig. 5 indicates a slight shift of the Auger lines to 
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smaller TOE (higher kinetic energy) and a broadening. These effects are 

attributed to the post—collision interaction (PCI) among the photo- 

- 

	

	 electron, Auger electron, and atomic ion following near—threshold 

photoionization. 22  

Because of the nonlinear variation of the energy scale in a TOE 

spectrum (see Fig. 5), the shift and broadening are most noticeable for 

the lowest energy line, number 7, whichwe have assigned as N 
5  0  1  0  1 

 1S0. 

In Fig. 7 are plotted the 
54•70 

 TOE spectra of line 7 recorded just above 

the 4d512  ionization threshold and at 14.4 eV above threshold. The 

broadening and shifting of the line are readily apparent in this 

comparison. 

It should be explained how we obtained the kinetic energy scales given 

with the TOF spectra in Figs. 5 and 7. The spectra are recorded with a 

fixed time scale, i.e., a constant number of collection channels per nsec, 

which is determined using a delay generator to calibrate the timing 

circuit with known time intervals. To convert the channel numbers to an 

actual TOE scale, the channel corresponding to TOE = 0 nsec is found. 

This channel can be obtained from the prompt signal (TOF = 1 nsec) 

Rayleigh scattering of the photon beam by the sample gas. 31  If a prompt 

signal is not recorded, the TOE = 0 channel is determined as a fitting 

parameter. Each collection channel in the TOF spectrum can then be con-

verted to the corresponding kinetic energy, by use of the path length 

between the source region and the detector. The path length is always 

known to within a few percent, and the actual value used for energy 

conversion is adjusted slightly to best fit the peak positions to known 



kinetic energies. In Table II are listed the kinetic energies of the 

Auger lines determined by energy conversion of the TOE spectrum in Fig. 5. 

The energy—converted values agree well with the measurements of Werme 

et al. 

The point to be emphasized here is that the TOE spectra can be used 

to measure small energy shifts, such as those due to the PCI effect. 

Table II shows that a fairly accurate energy conversion was obtained over 

a range of about 13 eV. Small energy shifts, amounting to a few percent 

of this range, are readily determined. For the set of Auger spectra 

recorded over hv = 67.7-81.9 eV, no adjustments were made to the detector 

position or the timing circuit, so the energy—conversion parameters (the 

path length and the channel at which TOF = 0) were the same. Thus, the 

correspondence between channel number and energy was fixed. In Fig. 7 

are plotted the same set of channel numbers for two spectra recorded at 

different photon energies; the TOF and 'kinetic energy scales apply to both 

spectra. 

Niehaus has developed a semiclassical model which describes PCI 

effects on Auger decay for the case of inner—shell photoionization. 23  

Near the ionization threshold, the photoelectron is still close enough to 

the ionic core, at the time of ejection of the Auger electron, to effec-

tively modify the Coulomb field in which the Auger decay occurs. Energy 

exchanges occur between the "slow" photoelectron and the "fast" Auger 

electron. The Auger lines exhibit an asymmetric broadening, with the 

maxima of their energy distributions shifted to higher energy. The lines 
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in the present TOE spectra generally have asymmetric shapes anyway, due 

to the asymmetric shape of the source region of ejected electrons which 

are collected by the detectors. 3 ' However, the shifting and broadening 

effects are apparent in Fig. 7. 

In the semiclassical model of Niehaus, the shift c of the maximum in 

the energy distribution of the Auger line, relative to its position in 

the absence of PCI, is related to the core—hole lifetime T  and photo-

electron energy E by the expression 67  (in atomic units) 

T[2(E + 
)]1/2 

- c(4E + 5€) = 0. 	 (17) 

Here, the "photoelectron energy" is a parameter (the "excess energy"), 

strictly defined as E = hv - I, where I is the ionization energy. The 

photoelectrons give up some energy to the Auger electrons. Also, 

Eq. (17) applies for negative values of E. In this model, the shift c 

is determined only by the energy E and the decay width F = T 1 . The 

recent measurements of Schmidt et al. 22  of the shift € for the Xe 

N5023023 1  S 
0 
 line fit well to the theoretical relation of 

Eq. (17) with a value F = 110 meV for the level width. This value for 

F agrees well with the widths of the 4d -' np resonances measured in 

the photoabsorption spectrum, 25  and not quite as well with those 

determined from electron energy—loss spectroscopy. 68  

From the TOE spectra, we measured the relative shift ac of the 

N 
5  0  1  0  1 

 1 S0  peak with respect to its position at hv = 81.9 eV (note 

that with a width F = 110 meV, Eq. (17) predicts an absolute shift e = 

0 
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53 meV at hv = 81.9 W. Similar shifts were observed for the other 

N 500 lines. 

Schmidt and co-workers 69  first reported observations of the 

shifting and asymmetric broadening of Auger lines for the case of 

near-threshold inner-shell photoionization. They have recently re-

ported a more extensive set of measurements and given a complete 

discussion of this particular type of PCI phenomenon and a detailed 

comparison of experiment with theory. 22  The main objective of our 

discussion has been to establish the presence of the PCI factor in our 

spectra. Nevertheless, Fig. 8 shows that the present measurements of 

the Auger line shift c are in excellent agreement with the results of 

Schmidt et al. 22  and the theoretical relation Eq. (17) for a decay 

width F = 110 meV. Note that the present results plotted in Fig. 8 

are the absolute values 	Ae + 53 meV, i.e., corrected for the resi- 

dual shift of 53 meV at our reference energy hv = 81.9 eV. The results 

of Schmidt et al. 22  are relative shifts, however those authors took 

account of the variation of the theoretical Auger line energy distribu-

tion when convoluted with their spectrometer function. With this cor-

rection, the theoretical prediction for the relative shift which is 

appropriate to their data is essentially identical to the theoretical 

curve for the absolute shift over the energy range plotted in Fig. 8. 

The areas of the Auger peaks in the 0 0  and 
5470 

 TOF spectra were 

obtained using a least-squares curve fitting routine, using asymmetric 

Gaussian functions with a linear background. The curves drawn through 

the spectra shown in Fig. 7 are examples of these fits. In the 
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deconvolution of lines 3-5 (see Fig. 5), a weak Auger line (number 26 

in Ref. 47) between lines 4 and 5 was included. B values and 

intensity ratios were then determined for the lines numbered 1-7 in 

Fig. 5. 

The a values for the three pairs of N4500 Auger lines are plot-

ted in Fig. 9. The theoretical curve is that for a transition of the 

general type N500 
1
S0 , and was obtained using the Hartree-Fock (HF) 

calculations 10  of the partial-wave photolonization cross sections and 

Eqs. (2),(11), and (13). The s values based on the HF-length and the HF-

velocity calculations differ by only 0.01-0.04 8 units over the energy 

range of the experimental data. We have used the average of the length 

and velocity results for the theoretical curve in Fig. 9. In the pre-

sently adopted nonrelativistic model of the photoionization process, the 

same partial-wave branching ratio y(E) (Eq. (2)) applies to both the N 5  

and N4  hole states at the same photoelectron energy c. Thus, the 

alignment tensors A 20 (c) for the 2 05/2  and 203 , 2  states differ by a 

constant factor determined by the two values for the constant C in 

Eq. (13). Taking accountof this factor and the difference in the decay 

parameters 

8(N400 1 S0 ) 

theoretical 

for an N 500 

result, the 

one plotted 

have nearly 

in Eq. (9), one finds that at a given photoelectron energy, 

= (7/8)B(N 500 1 S0 ). On a photon energy scale, however, the 

curve for an N400 
1 
 S 
0  transition is shifted by 2 eV from that 

transition due to the N 5-N4  spin-orbit splitting. As a 

theoretical curve for B(N400 1 
 S 
0 
 ) essentially overlaps the 

in Fig. 9 for 8(N 500 1 S0 ), i.e., the two transitions should 

the same B at a given photon energy. 
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The results for the N4 50101  1 S0  lines show that indeed the N 4-

and N5-00 
1 
 S 
0 
 lines have about the same e values at the same photon 

energy, and that the theoretical curve predicts the measured asymmetries 

well. The measurements also show that all of these Auger lines, in-

dependent of final state (including line number 4 (results not plotted)), 

have about the same B values; i.e., their Auger decay parameters a do not 

differ greatly. As predicted, the asymmetry parameters are relatively 

large near threshold where the 4d 	cp photoionization channel dominates 

due to the centrifugal barrier for the f wave. The data follow the theo-

retical curve well from threshold as B steadily decreases, but drop below 

the curve near 76 eV. We were unable to explain this drop. Within the 

precision of the measurements, the overall agreement with theory is good. 

This conclusion holds even if the original assignment 47  of the N450 10 1  

1 S 0  lines is correct, since all of the low energy lines studied here have 

the same B values. 

It can be seen from the theoretical expression Eq. (13) that the 

alignment tensor has a maximum value A 20 (max) = Ca for y >> 1 and a 

minimum value A 20 (min) = C for y << 1. Accordingly, the Auger electron 

asymmetry parameters also have limited ranges: aC < 0 < ctCa. For 

example, 0.229 < s(N 500 1 S0 ) < 0.8 and 0.2 < 0400 1 S 0 ) < 0.7. Hence, 

A20  and B are not very sensitive to very large or very small values of 

y, where asymptotic values are approached. The central 90% of the ranges 

of A20  and of B occur for y  values in the range 1/19 < y < 19. 

Inverting Eq. (13) and using Eq. (9) gives an expression for y as 

a function of : 
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8 - nC 
(18) 

czCa - 8 

The y values determined using the present set of 8 measurements for 

the N450101 
1 
 S 
0 
 lines are in qualitative agreement with the 

Hartree-Fock calculations, which follows considering the good agreement 

shown in Fig. 9. However, the uncertainties in our 8 measurements 

translate into very large uncertainties in y, particularly for the very 

large and very small y values, where 8 is less sensitive to the precise 

value of y. A big improvement in the precision of the 8 measurements 

would be required, for example, to make a quantitative determination of 

the large values of y produced near threshold or near the Cooper minimum. 

The N 500:N400 Auger electron branching ratios were measured for 

the three pairs of N4500 lines identified in Table II. A few very weak 

Auger lines, which were not resolved in our spectra, occur near the 

5s5p5 
1 
 P 
1  lines (see Ref. 47). These could cause small errors in the 

branching ratios for this final state. The measurements for the final 

states 5s 2 5p 3 ( 2 P)5d 1 P 1  and 5s05p6 
1 
 S 
0 
 are plotted in Fig. 10 along with a 

theoretical curve 50  and measurements 5 '' 52  for the 4d 512 :4d 312  photo-

electron branching ratio. The Auger electron ratios agree well with the 

corresponding photoelectron ratios. The Auger measurements confirm 

indirectly that the 4d 512 :4d312  ratio increases from threshold, as pre-

dicted, before decreasing at higher energy. 

Somewhat larger values of the Auger branching ratio were measured 

near threshold for the 5s05p6 1 S0  final state than for the other two 

final states. The lower resolution set of TOE Auger spectra also gave a 

larger ratio near threshold for the 5s05p6 1 
 S 
0  lines than for the 5s5p 5  1P1 
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lines. However, this distinction was not observed at higher energies where 

the ratios are smaller. This variation with final state of the N 500:N400 

ratio may be due simply to the kinetic energy dependence of the Coulomb 

matrix element. The 2 eV difference in the N 400 and N500 energies is 

comparatively largest for the 5s05p6 
1 
 S 0 

 lines, which occur at the 

lowest kinetic energies. Thus, the largest variation of the Coulomb 

transition strength would occur for those lines. 

Also of interest are the intensity ratios for Auger decay to the 

various final states. Those ratios were determined for the four N 500 

transitions which were analyzed in our spectra (line numbers 2, 4, 5, and 

7 in Fig. 5). In the spectra recorded at energies hv > 69.7 eV, the 

intensity ratios were constant to within 5%. Relative to line number 2, 

the measured intensity ratios for the line numbers 7:5:4:2 were 

125:158:99:100. Except for the 5s05p6 1 
 S 
0 
 final state (line number 

7), the present results are in fairly good agreement with intensity ratios 

measured by Werme et al. using electron impact excitation; the ratios 

reported in Ref. 47 are 166:168:93:100. In the two spectra recorded 

nearest the N 5  threshold, there was an indication of a variation of the 

intensity ratios from the constant values measured at higher energies, 

which could conceivably arise as an effect of PCI. However, our limited 	
-c 

data set precludes a definitive conclusion. 

In discussing the results of the Auger electron measurements we have 

adopted the two—step model of the Auger process in which the formation of 

the inner—shell vacancy state and its decay are considered to be 

independent processes. This approximation appears to be valid at photon 

energies far enough above the 4d ionization threshold, but the effects of 
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PCI displayed in Figs. 7 and 8 demonstrate that the two—step model breaks 

down near threshold. In the near threshold region, the photoionization 

and Auger decay are more properly treated as a single process. 71 ' 72  

However, the present measurements of Auger electron angular distributions 

and branching ratios appear to be well described by the two—step model. 
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V. Autoionization of the 4d + np States 

Photoabsorption spectra 24 ' 25  of Xe recorded through the energy 

region hv = 65-70 eV display two Rydberg series of excitations which are 

described by the transitions 

hv + Xe(4d 105s 2 5p 6 1 S) - Xe(4d95s 25p6 ( 2D)np 'P1 ) 0 	 512 312 	, (19) 

where n = 6, 7, 8.....These are the series of 4d 512  ' np and 

4d 312  -- np resonant excitations which have as series limits the 

(4d 1 ) 2 05/2  and 203 , 2  ionic states. Because these "discrete" levels 

lie energetically above several lower ionization thresholds, they decay 

by autolonization into the accessible continuum channels. Fano has used 

the configuration—interaction formalism to describe the mixed discrete-

continuum nature of an autoionizing state and to parameterize the 

resonance lineshape of the photoabsorption spectrum. 73  However, much 

more detailed information on the autoionization process is obtained by 

using electron spectroscopy to observe resonance effects on the individual 

final states. The magnitudes and phases of the photoionization amplitudes 

can vary rapidly through a resonance, resulting in resonance structure in 

the photoelectron cross sections, angular distributions, and spin-

polarization parameters. 7476  Starace has extended Fano's theory to 

describe partial photoionization cross sections and photoelectron branch-

ing ratios within an isolated resonance. 75  Similarly, Kabachnik and 

Sazhina have formulated the resonance behavior of the photoelectron 
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angular distribution and spin polarization. 76  In the general case, 

however, there are several overlapping Rydberg series, which interact. A 

unified and comprehensive description of autoionization in this general 

case is obtained using the multichannel quantum defect theory (MQDT). 77  

For the entire resonance region, the MQDT generates resonance profiles 

for all of the dynamical parameters which can be observed using electron 

spectroscopy, i.e., partial photoionization cross sections and the 

photoelectron asymmetry and spin—polarization parameters (for example, 

see Ref. 78). 

A. Resonant Auger Ionization 

In the present experiment, the Xe 4d - np resonances were located by 

recording photoelectron excitation spectra such as the one shown in Fig. 

11. Photoelectrons from both the 0 0  and 
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 TOE detectors were 

collected in this spectrum as the monochromator was stepped through the 

resonance region. The spectrum was recorded at a fixed sample gas 

density, but is uncorrected for variation of the photon beam intensity, 

which increased by about 50% from hv = 63 eV to 72 eV. A "window" was 

placed on the time—to—amplitude converter of the detector circuit so that 

only the resonantly produced Auger electrons 26 ' 27  were counted, i.e., 

the 5p and 5s photoelectrons were excluded. It was found that the 

resonance structure in the excitation spectrum was much less distinct when 

the 5p and 5s photoelectrons were included. Since the Auger electrons 

are produced only as a result of 4d excitation, they are highly sensitive 

to the resonance structure in the photoabsorption spectrum. 



In Fig. 11 and following figures we use the notation 4d 1 ( 2 D512 ) 

or 4d( 2O312 ) to represent a vacancy in the 4d subshell. The resonance 

line positions and ionization thresholds reported by Codling and 

Madden24  are indicated in Fig. 11. The shapes and intensities of the 

resonance features in Fig. 11 are in accord with the high resolution 

photoabsorption spectrum. 25  The strongest excitations, 4d 512  - 6p 

and 4d 312  - 6p, stand out, and smaller features also appear, due to the 

4d - 7p transitions. Excitation spectra served both to calibrate the 

energy scale of the monochromator and to determine the photon bandpass. 

The spectrum in Fig. 11 was recorded with the smallest bandpass used in 

these experiments, 1.2 A FWHM (0.4 eV at hv = 65 eV). Our bandpass was 

considerably larger than the natural widths (r = 0.1 eV) of the 

resonances. 25  The energy calibration of the monochromator appears to 

be accurate to within ±0.1 eV in the energy region of the resonances, 

based on the reproducibility of the observed position of the 4d( 2D512 )6p 

peak in several excitation spectra. 

Several final states could be populated by the decay of the 4d -'- np 

resonances. Consider the following possible decay channels following 

4d -' 6p photoexcitation: 

Xe(4d 95s 2 5p6 ( 20)6p 1 P 1 ) 	Xe(4d105s 25p 5 2P) + e 	 (20) 	-- 

+ 	10 	62 
- Xe (4d 5s5p 	S) + e- 	 (21) 

+ Xe(4d 105s 25p4 ( 1 D)5d 2S) + e 	(22) 

- 	Xe(4d 105s 25p4 ( 1 S)6p 2 P) + e 	(23) 

- 	Xe(4d 105s5p 5 ( 1 P)6p 2 L) + e 	(24) 

~ xe(4d 105s°5p 6 ( 1 S)6p 2P) + e 	(25) 
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In all of these decay processes at least two electrons change quantum 

numbers: one fills the 4d vacancy and another is ejected. Processes 

(20) and (21) are the usual "autoionization" transitions: the 6p 

Rydberg electron changes quantum numbers, and the final states are the 

primary "one—electron" ionic states, which are also produced off 

resonance by direct ionization. Transition (22) represents a 

(formally) more complicated combination of autolonization and final 

ionic state configuration interaction (FISCI), which was discussed 

earlier. The final state of Eq. (22) represents a FISCI satellite of 

the 5s photoline62  and is also produced off resonance. The transi-

tions of Eqs. (23)—(25) are "Auger" processes and differ qualitatively 

from those of Eqs. (20)—(22). The 6p electron remains in the final 

state while one 0—shell electron fills the 4d vacancy and another is 

ejected. The final states are the same as those formed by N 4500 

Auger decay above the ionization threshold, but with a 6p "spectator" 

electron remaining. These resonant Auger final states are not observed 

to be produced off resonance by direct ionization (very small off-

resonance intensities are indicated theoretically 64 ). Note that the 

resonant Auger states described by the configurations 5s 2 5p 4 (SL)np 

occur in the same energy region as the 5s—FISCI satellites, 62  but 

that the two sets of states are distinguished by having opposite 

parities. 

In Fig. 12 are shown 
5470 

 TOF spectra of Xe recorded at photon 

energies both on and off resonance, with a bandpass of 1.7 A FWHM (0.6 

eV at hv = 65 eV). The spectra have been scaled in the figure to 
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account for variations in the photon beam intensity, sample gas 

density, and collection time. The relative transmission of the 

detector was approximately constant over the range of electron energies 

recorded in the spectra. Hence, the areas of the peaks as they appear 

in the figure are proportional to the partial photoionization cross 

sections. The first spectrum in Fig. 12 was recorded at hv = 63.4 eV, 

which is below the resonance region, so only direct ionization occurs. 

The photolines produced are the 5p, 5s, and 5s satellites. The 5s 

satellites60  have been assigned 62  to configurations of the type 

5s 25p4 (SL)nd and 5s 25p4 (SL)ns. The spectrum recorded at hv = 65 eV, 

i.e., at the 4d4 ( 2D512 )6p resonance, is highly modified from the off-

resonance spectrum. The series of lines labeled 5s 25p4nz are strongly 

enhanced, and a set of lower energy lines, with considerable intensities, 

also appear. These results are attributed to the Auger decay of the 

resonant state. The enhanced intensity of the lines labeled 5s 25p 4n2. 

is due to the Auger final states 5s 25p4 (SLJ)6p, rather than the 5s 

satellites which occur in the same energy region. In addition, higher 

resolution electron spectra recorded at this resonance by Eberhardt 

et al. 27  and others 22 ' 26  show that these Auger lines are accompanied 

by strong shake—up transitions to the levels 5s 2 5p4 (SLJ)7p. The 

spectrum recorded at hv = 65.8 eV is again off resonance, and only the 

direct ionization final states are observed. In the 67 eV spectrum, 

recorded at the 4d4 ( 2D312 )6p resonance, the Auger final states are again 

produced. 
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The resonant Auger spectra in Fig. 12 have the same general appear-

ance as the Auger spectrum recorded above the 4d ionization threshold. 

However, in the resonant spectra only one line appears for each final 

state, while two lines per final state are produced above threshold 

due to transitions from both of the N 5  and N4  vacancy states. The 

lower energy Auger lines numbered 1-4 in Fig. 12 correspond to the 

lines in Fig. 5 which were studied above threshold. We assign the 

resonant Auger lines accordingly, by appending a 6p spectator electron. 

The assignments are listed in Table III along with binding energies 

determined by energy conversion of the TOE spectra. Line number 2 in 

Fig. 12 appears to correspond to line number 4 in Fig. 5, which we have 

left unassigned. The spectrum in Fig. 12 recorded at the 4d( 2D512 )6p 

resonance (hv = 65 eV) corresponds well with the spectrum shown in 

Ref. 26, where the lines 5s5p 56p and 5s05p66p are identified as they are 

here. The binding energies listed in Table III agree well with those 

obtained from the spectrum in Ref. 26. Re-analysis of certain energy 

levels of Xe II led Hansen and Persson 28  to propose a revised identifi-

cation of the resonant Auger spectrum of Xe recorded by Eberhardt 

et al. 27  From the revised analysis it was determined that the effect 

of the 6p spectator electron is to shift the kinetic energies of the 

resonant Auger lines 5s 25p4 (SLJ)6p to about 4.4 eV higher than observed 

above threshold for the 5s 2 5p4 (SLJ) multiplets. Similarly, with the 

assignments given in Table III, we measure kinetic energy shifts of 

between 4.1-4.9 eV for the lower energy Auger lines in comparison with 

their energies in the absence of a 6p spectator electron. 
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The resonant Auger lines 2 and 3 in Fig. 12 correspond to the 

satellite Auger lines observed above threshold and discussed earlier. It 

is interesting to notice that lines 2 and 3 alternate intensities between 

the two strong resonances 4d( 2D512 )6p and 4d( 2D312 )6p. This 

observation was reproduced in another set of spectra. 

The asymmetry parameter for the resonant Auger line 5s5p 5 ( 1 P 1 )6p 

was s = 0.85 ± 0.15 in the two spectra recorded at 65 eV and 67 eV. 

This value agrees with those measured for the N 500 Auger lines at the 

4d4 ( 20512 ) threshold. 

If the intensity scales of the resonant Auger spectra are expanded 

to bring out weak features, peaks are observed over the kinetic energy 

region e = 8-19 eV (energies c < 8 eV were not recorded in the 

spectra). The energies and intensities of these weak lines indicate 

that they arise from autoionization of the resonant Auger states 

identified in Table III to the levels 5s 2 5p4 (SLJ) of Xe III. 

It is clear from the spectra in Fig. 12 that the intensities of 

the 5p and 5s photolines are relatively unaffected by the 4d + 6p res-

onant excitation but that the Auger final states are strongly popu-

lated. These qualitative features of the spectra are further dis-

played in Fig. 13 where relative partial cross sections are plotted. 

The cross sections for 5p and 5s photoelectrons stay relatively con-

stant through the resonance region, while the transitions to the 

5s 2 5p4n9 lines are resonantly enhanced. Off resonance, the 5s 2 5p4n2 

lines are identified to be the 5s satellites. We measured an off-

resonance branching ratio of about 1:1 for the sum of the intensities 
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of the 5s satellites to the intensity of the 5s line. This is in 

agreement with the relative intensities measured using X—ray photo-

electron spectroscopy60  and the FISCI calculation of Hansen and 

Persson. 62  The higher resolution electron spectra of Refs. 22, 26, 

and 27 show that the enhanced intensity of the 5s 2 5p4n9. transitions 

at the 4d - 6p resonances is due to the Auger final states rather than 

the 5s satellites. The intensities of the 5s satellites appear to 

remain relatively unaffected by autoionization, like the 5s main line. 

The effects of the Auger decay process on resonant photoemission 

have been studied theoretically. 72 ' 73 ' 79 ' 80  Though, essentially, it 

is not the case here with Xe 4d photoexcitation, it would be of con-

siderable interest to observe resonant Auger transitions which are 

produced simultaneously by a nonresonant ionization process. In such 

a case, an asymmetric Fano—type intensity profile would, in general, 

result due to interference between the resonant and nonresonant 

transition amplitudes. In the absence of an interference effect, the 

resonant Auger decay results in a symmetric Lorentzian profile in the 

partial cross section. In the present case the total photoabsorption 

cross section could display asymmetric profiles at the resonances due 

to interference structure in the 5p, 5s, and 5s—satellite channels. 

However, the high resolution photoabsorption spectrum of Ederer and 

Manalis25  shows essentially symmetrical Lorentzian lineshapes and 

with nearly constant linewidths (however, see also Ref. 68). These 

observations indicate that the resonances decay primarily by the Auger 

process which is free of an interference effect and that the 5p, 5s, 
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and 5s-satellite decay channels are relatively weak. These expecta-

tions are confirmed by the electron spectra in Fig. 12 and the partial 

cross sections in Fig. 13. It is not surprising that the 4d - np 

resonances decay preferentially by the Auger process, since the Coulomb 

interaction e/r ij between a pair of 0-shell electrons is stronger 

than that between an 0-shell electron and the np Rydberg electron. 

B. 5p and 5s Resonant Photoemission 

Although the partial photoionization cross section for the 5p 

subshell showed little variation upon resonant excitation, the 

asymmetry parameter B increased at the resonant energies. This effect 

was observed from spectra such as in Fig. 12 where the spin-orbit split 

5p312  and 5p112  photoelectrons were unresolved. The recent measure-

ments of Codling et al. and of Ederer et al., 81  for example, made in 

the region of the Xe 5s5p66p 1 
 P 

1 
 resonance have shown variations between 

the resonance profiles of s(5p 312 ) and a(5p 112 ) and an oscillation in the 

5p312 :5p 112  branching ratio. Theoretical work has shown that resonant 

variations of partial cross sections, branching ratios, and photoelectron 

asymmetry and spin-polarization parameters are expected as a general 

phenomenon. 7476  These observable parameters characterize the inter-

action of the resonant states with the continuum channels. Hence, we 

recorded a series of 0 0  and 
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 TOE spectra of the resolved 5p doublet 

through the energy region of the 4d -' np resonances. 
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An example from the TOE spectra of the 5p doublet is shown in 

Fig. 14. In the resonance region, the 5p photoelectrons are produced 

with about 50 eV kinetic energy. The TOE detectors are equipped with 

simple retarding—grid units which comprise about 60% of the total 

flight path. A 35 V retarding potential was applied to resolve the 5p 

doublet. A bandpass of 1.2 A FWHM (0.4 eV at hv = 65 eV) was used in 

recording spectra in the resonance region. Collection times of about 

4000 sec were required to collect 1000-4000 counts in each peak. To 

obtain peak areas for determining partial cross sections, branching 

ratios, and asymmetry parameters, the spectra were fitted to the form 

of asymmetric Gaussian functions with a linear background. 

The results for the partial cross sections, branching ratio, and 

asymmetry parameters are plotted in Figs. 15 and 16. Also plotted in 

Fig. 16 are previous measurements of the asymmetry parameters 18  and 

the branching ratio.' 8 ' 82  Since the present set of spectra were 

recorded with a monochromator bandpass (0.4 eV FWHM) which is con-

siderably larger than the widths of the resonant states (-0.1 eV), 25  

any resonance structure in the photoelectron dynamical parameters might 

be reduced by averaging with the nonresonant background. A small 

oscillation in the 5p312  cross section was observed near the most 

intense resonant state, 4d( 2D512 )6p. Very little structure is 

apparent in the 5p 112  cross section measurements. However, distinct 

resonance structure was observed in both s parameters. Maxima in the 

B values occur near the strong 4d+ 6p excitations, and smaller 

features appear at the 7p resonances. Also, the measurement at 
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hv = 67.7 eV indicates that the 0 values increase in the energy gap 

just above the 4d 512  ionization threshold and below the 4d 312  - 7p 

resonance. This feature is similar to the sustained rise of the 

parameters above the 4d 312  threshold (see Fig. 2 and Ref. 18). A 

distinct oscillation in the 5p 312 :5p 112  branching ratio was observed 

near the 4d512  -'- 6p excitation. Krause et al.' 8  also measured a dip 

in the branching ratio near this first strong resonance. Additional 

structure in the branching ratio at the higher energy resonances is not 

apparent, perhaps due in part to cancellation of overlapping structures. 

The 4d( 2D512 )6p excitation is the strongest among the members of 

the two series and is well separated from the higher energy resonances. 

The Auger spectrum resulting from the decay of this resonant state has 

been studied here and previously. 22 ' 26 ' 27  In the present set of 

measurements, this resonance produced the only distinct structure in the 

partial cross sections and branching ratio of the 5p doublet and the most 

pronounced structure in the asymmetry parameters. Hence, the 4d 512 	6p 

resonance seems to offer a good example for theoretical studies of 

inner—shell photoexcitation and autoionization. 
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Cheng and Johnson have used the relativistic random—phase approxi-

mation (RRPA) to calculate partial photoionization cross sections, 

photoelectron asymmetry parameters, and spin—polarization parameters 

for the Xe 5p312 , 5p112 , and 5s subshells in the energy region of the 

4d512 	6p resonance. 29  The Auger decay channels were not included 

in their calculations. In Fig. 17 we compare the present measurements of 

0(5p312 ) and B(5p 112 ) with the RRPA theory. Also shown are curves 

obtained by fitting the data to the theoretical functional form for the 

resonance profile of B through an isolated resonance. 76  To account for 

the monochromator bandpass, the fitting functions were convoluted with a 

triangular function having 0.4 eV FWHM. The fitted curves obtained after 

deconvolution of the bandpass function are also plotted in Fig. 17. The 

experimental results confirm that B(5p 112 ) > (5p 2 ) as predicted,but 

note that the experimental B profiles show considerably bigger resonance 

widths than theory, even after deconvolution of the bandpass. 

The discrepancy in the widths is apparently due to the absence of the 

Auger decay channels in the theoretical calculation. Only the 5p 3121  

5p 112 , and 5s decay channels were included in the RRPA calculation, and 

the calculated widths of the resonance features in the partial cross 

sections are on the order of 0.01 eV. These are much smaller than the 

observed resonance width ( -0.1 eV), which is determined primarily by the 

Auger decay. However, the calculated widths of the resonance features in 

the B parameters are —0.1 eV, much larger than the calculated widths for 

the cross sections. Similarly, deconvolution of the bandpass from the 

experimental results gives a B profile with a larger width (-0.2 eV) than 



that observed in the photoabsorption spectrum. This probably explains in 

part why more distinct structure was experimentally observed in the 

parameters than in the cross sections; i.e., averaging over the mono-

chromator bandpass had a more severe effect in the case of the cross 

sections than for the o parameters. However, an additional factor here, 

which is also related to the widths of the resonance features, is that the 

8 parameter includes interference terms which depend on the phases of the 

photoionization amplitudes as well as the magnitudes. Thus, as noted by 

Dill, 74  the resonance in B can be more pronounced than in the cross 

section. 

The final set of results are measurements of the angular distribu-

tion of Xe 5s photoelectrons through the region of the  4d -'- np resonances 

and just above the 4d ionization threshold. The photoionization process 

is 

hv + Xe(5s 2 5p6 1 S0 ) 	Xe(5s5p6 2S 112 ) + e(cp) 
	

(26) 

Dehmer and Dill have shown that the analysis of this process is clarified 

by use of the angular momentum transfer formulation. 83  Angular 

momentum and parity conservation restrict the photoelectron to a p 

wave. In a nonrelativistic model the spins of the photoelectron and 

ionic core remain coupled into a singlet, and an energy—independent 

asymmetry parameter 8 = 2 is predicted. However, the spin—orbit 

interaction provides a mechanism for reorienting the spins into a 

triplet. The triplet channel is characterized by an energy—independent 
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asymmetry parameter s = —1, and the observed asymmetry is a weighted 

average of the singlet and triplet contributions: 

2a(c) - 
B5s(€) = a5(c) + aT(c) 	

' 	 (27) 

where aS(c)  and  aT(c)  are the energy—dependent cross sections for pro-

duction of singlet and triplet final states, respectively. Thus, val-

ues over the entire range —1 < S 55 (e) < 2 are possible, and the observed 

value can be interpreted as a measure of the relative strengths for 

production of singlet and triplet final states. 

Strong deviations of s(5s) from the nonrelativistic value 2 have 

been measured at photon energies near the Cooper minimum. 17 ' 83  A 

quantitative interpretation of this result is given by the RRPA 

calculations which include interchannel coupling with the 5p and 4d 

subshells. 84  The transition strength of the singlet channel passes 

through a minimum near hv = 35 eV, so that the triplet contribution 

becomes relatively stronger. The observable result is that (5s) 

oscillates through a minimum. 

The present measurements of s(5s) are plotted in Fig. 18. The 

measurements were made in an energy region far from the Cooper minimum, 

and large asymmetries were observed.. This result is in good agreement 

with the RRPA' 4 ' 37  and Dirac—Fock (OF) 85  theories, as well as other 

calculations86  not plotted in Fig. 18. Torop et al. 16  also 



50 

measured 1.8 < (5s) < 2 at hv = 83 eV. Values in the range (5s) = 

1.8-2.0 indicate a contribution from the triplet channel of less than 

7% of the total transition strength. 

The RRPA calculation of (5s) plotted in Fig. 18 includes inter-

channel coupling with the 5p and 4d subshells, but the effects of 

autoionizing 4d -'- np resonances were smoothed over in the results 

shown. As discussed above, additional RRPA calculations have been 

made to study the effects of the 4d 4 ( 2D512 )6p excitation on 5p and 5s 

photoionization. 29  As for the 5p312  and 5p112  subshells, a strong 

resonant enhancement in the 5s partial cross section is calculated. 

From an off resonance value of 8(5s) = 2, the calculation obtains a 

resonant feature 0(5s) - —1, indicating that the triplet channel of 5s 

photoionization couples strongly with the resonant state. However, no 

indication of this effect is apparent in the measured (5s) values. 

The measurements in the resonance region were obtained with a 1.7 A 

FWHM bandpass (0.6 eV at hv = 65 eV), so any resonance structure might 

be considerably reduced by the nonresonant contribution. It seems, 

though, that such a strong oscillation, which extends over the entire 

range of the a parameter, would still have been detected. We suggest 

that the amplitude of any resonance structure is much less than cal-

culated, because the Auger channels dominate the decay of the 

resonance. 

The RRPA calculations, in combination with the multichannel quan-

turn—defect theory, are highly successful in calculating the resonance 

profiles of photoelectron dynamical parameters for the case of the 
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Beutler—Fano autoionizing resonances of the, rare gases. 78  The pres-

ent case of inner—shell photoexcitation differs from the outer—shell 

cases in that the resonances decay primarily into the Auger final 

states. 87  The present measurements of cross sections and 

parameters for 5p and 5s photoelectrons indicate the importance of 

including the Auger decay channels in theoretical calculations of 

inner—shell autoionization. 
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VI. Conclusions 

Several aspects of inner—shell photoexcitation and ionization of 

Xe were investigated in these experiments. The present results for 

the 5p B(E) parameter extend those of previous measurements which con-

firm that the (4d,5p) interchannel coupling completely modifies the 

angular distribution of 5p photoelectrons, particularly above the 4d 

ionization threshold. 

We observed the broadening and shifting of N 500 Auger electron 

peaks due to post—collision interaction near the 4d ionization thres-

hold, in good agreement with previous measurements and theory. The 

N4500 Auger electrons are produced with anisotropic angular distri-

butions due to alignment of Xe (4d 1 ) by photoionization. The 

measured s values of N4500 Auger electrons are in good agreement with 

theoretical calculations. The alignment and corresponding Auger 

electron asymmetries are relatively large near the 4d ionization 

threshold as a consequence of the centrifugal barrier in the 4d - cf 

channel. 

As expected, the 4d 1 ( 2D512 312 )np resonances were observed to 

decay primarily by the Auger process. Relatively little structure was 

observed in the 5p and 5s photolonization cross sections, but distinct 

structure was produced in the angular distributions of 5p 312  and 5p112  

photoelectrons. For the 5s photoelectrons we measured B = 2, with no 

indication of a resonance effect. Comparison of the measurements with 

theoretical calculations for autolonization of the 4d 1 ( 2 D512 )6p resonance 

indicates the need to include the Auger decay channels in the calcula-

tions. However, the measurements were obtained using a monochomator 
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bandpass which is rather large compared with the decay widths of the 

resonances. In order to compare theory with experiment quantitatively, 

it is desirable to measure the resonance structure with a smaller 

bandpass. 
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Table I. Hartree-Fock calculations of Kennedy and Manson 1 ° for 
the partial-wave branching ratio y 	(Eq. 	(2)) for photo- 
ionization of the Xe 4d subshell as a function of photo- 
electron energy c. Also listed are the resulting theoretical 
values 	Eqs. (11) 	and (13)) 	for the alignment tensor A20 
of Xe 	05/2 and the asymmetry parameter s for an Auger 
transition of the type N500 1 S0. Results are given 
for both the length and velocity forms of the dipole 
operator. 

HF-L HF-V 

c(Ry) y A20 B y A20 B 

0.00 1.4671 0.357 0.764 1.8431 0.360 0.771 

0.05 7.769 0.344 0.735 9.806 0.349 0.747 

0.10 4.677 0.327 0.699 5.927 0.336 0.718 

0.20 2.083 0.288 0.615 2.665 0.301 0.644 

0.40 6.352-1 0.211 0.451 8.241-1 0.228 0.487 

0.60 2.665-1 0.163 0.349 3.508-1 0.176. 0.377 

0.80 1.406-1 0.140 0.299 1.873-1 0.149 0.319 

1.00 8.940-2 0.129 0.275 1.203-1 0.136 0.290 

1.25 6.128-2 0.122 0.262 8.348-2 0.128 0.273 

1.50 4.768-2 0.119 0.255 6.575-2 0.123 0.264, 

1.75 3.962-2 0.117 0.250 5.525-2 0.121 0.258 

2.00 3.412-2 0.116 0.247 4.812-2 0.119 0.255 

2.50 2.725-2 0.114 0.244 3.933-2 0.117 0.250 

3.00 2.401-2 0.113 0.242 3.556-2 0.116 0.248 

3.50 2.359-2 0.113 0.242 3.599-2 0.116 0.248 

4.00 2.563-2 0.114 0.243 4.053-2 0.117 0.251 

6.00 7.205-2 0.125 0.267 1.454-1 0.141 0.301 

8.00 4.312-1 0.187 0.401 2.071 0.287 0.614 

10.00 5.081+1 0.369 0.789 3.972 0.320 0.685 

15.00 3.331-1 0.174 0.371 2.263-1 0.156 0.334 

20.00 1.390-1 0.140 0.298 1.176-1 0.135 0.289 

25.00 9.279-2 0.130 0.277 8.406-2 0.128 0.273 

30.00 7.241-2 0.125 0.267 6.829-2 0.124 0.265 
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Table II. 	Identification of the Xe N4 , 500 Auger lines indicated in 
Fig. 5. 	The kinetic energies are those reported by Werme 
et al., 
calibration 

but increased 
data (see 

by 0.2 eV 
Ref. 	47). 

due to 
For comparison, 

a correction in 
the kinetic 

energies given by energy—conversion of the present TOE 
spectrum are also listed. 

Kinetic energy (eV) 
Line Initial Final 
no. vacancy state Wermé et al. TOE 

1 N4  5s5p5 1 P 1  21.64 (5) 21.76 (5) 

2 N 5  5s5p5 1 P 1  19.65 (3) 19.72 (5) 

3 N4  5s25p3(2P)5d 1 
 P 1 16.12 (5) 16.12 (5) 

4 N 5  . 	 . 	 . 15.25 (6) 15.17 (5) 

5 N5  5s 25p 3 ( 2 P)5d 'p 1  14.15 (7) 14.09 (5) 

6 N4  5s05p6 1  S 0 10.27 (7) 10.22 (5) 

7 N 5  5s
0
5p6 1 S0  8.28 (7) 8.24 (5) 
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Table III. Identification of the resonant Auger lines of Xe indicated 
in Fig. 12. 

Line number 	 Final state 	 Binding energy (eV) 

1 	 5s5p5 ( 1 P 1 )6p 	 40.9 (2) 

2 	 ... 	 45.8 (3) 

3 	 5s25p3 ( 2P)5d(P 1 )6p 	 46.1 (3) 

4 	 5s05p6 ( 1 S0 )6p 	 52.1 (2) 



65 

Figure Captions 

Fig. 1. 	Calibration function f0 (c) (Eq. (3)) used for determining 

asymmetry parameters 8(c). Also shown is the 8(c) parameter for Ne 

-• 	 2p photoelectrons, 34  which was used to obtain the calibration data 

points. 

Fig. 2. 	Experimental and theoretical values of the Xe 5p photoelectron 

asymmetry parameter. Measurements: •, Ref. 35;13, Ref. 18;, 

Ref. 16;0, present results (see Ref. 36). Theory (Ref. 12): 

random—phase approximation with exchange (RPAE) calculations which 

include (full curve) and do not include (dashed curve) interchannel 

coupling with the 4d subshell. 

Fig. 3. 	Auger electron asymmetry parameters for the transitions Xe 

N 
5  0  1  0  1 

 1 S0  (open circles) and N50 1 023  1 P1  (closed circles). 

The theoretical curves (see text for references) are for a 

transition of the general type N 500 1 S0 . Dashed curve: 

Hartree—Fock length; full curve: Hartree—Fock velocity. The 

energy of the preceding 4d512  photoelectron is also shown. 

Fig. 4. Xe N 500:N400 Auger electron branching ratio compared with 

the 4d512 :4d312  photoelectron branching ratio. •, 

Average of the Auger electron branching ratios 

N50101 :N40 101  ( 1 S0 ) and N 50 1023 :N401 023  ( 1 P 1 ). 

Experimental data for the 4d 512 :4d312  photoelectron branching 

ratio:, Ref. 51;0, Ref. 52;13, Ref. 53. The theoretical 

curve is from the RRPA calculation, Ref. 50. 
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Fig. 5. Time—of—flight spectra of Xe N4  OO Auger electrons pro-

duced following photoionization, at 0 0  and 
5470 

 relative to 

the polarization direction. A nonlinear energy scale is also 	 - 

given. The numbered lines are identified in Table II. 

Fig. 6. The 54.7 0  time—of—flight spectrum of Xe Auger electrons re-

corded at a photon energy in between the 4d 512  and 4d 312  

ionization thresholds. Only the N 500 Auger lines were 

produced. The numbered peaks are identified in Table II. 

Fig. 7. The Xe N 
5  0  1  0  1 

 1 S0  Auger line recorded at photon energies 

which lie 0.1 eV above the 4d 512  ionization threshold (top) 

and at 14.4 eV above threshold (bottom). The shifting and 

broadening of the Auger line recorded near the ionization 

threshold are attributed to post—collision interaction. 

Fig. 8. The energy shift of the Xe N 500 Auger lines as a function 

of the 4d 512  excess energy. The theoretical curve is that 

derived in Ref. 23 for an N 5—hole decay width of 110 meV. 

The curve is appropriate for both the absolute shifts c 

plotted using the present measurements and for the relative 

shifts Ae of Ref. 22 which are corrected for the spectrometer 

function (see discussion in text). S Present 

measurements for the N 
5  0  1  0 

 1 1 S 
0 
 line. Measurements for the 

N5023023 
 1

S0  line:0, Ref. 22;, Ref. 69;11, Ref. 70. 
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Fig. 9. Asymmetry parameters for Xe N 4 500 Auger electrons. Each 

panel gives measurements for both the N 5  (closed circles) 

and N4  (open circles) transitions which have the given 

final state. The same theoretical curve, based on Hartree-

Fock calculations (see text for references), is plotted in 

all three panels, but is appropriate for transitions of the 

general type N4 500 1 S0 . The two arrows mark the positions 

of the N5  and N4  ionization thresholds. 

Fig. 10. Xe N 500:N400 Auger electron branching ratios compared with 

the 4d 512 :4d312  photoelectron branching ratio. Present 

measurements of the Auger electron ratios: • , 5s °5p6 1 S0 ; 

A, 5s 2 5p 3 ( 2 P)5d 1 P 1 . Measurements of the photoelectron 

ratio: 0 , Ref. 52; 0, Ref. 51. The theoretical curve 

(Ref. 50) is the RRPA calculation for the photoelectron 

branching ratio. The arrow marks the position of the N 4  

ionization threshold. 

Fig.. 11. Photoelectron excitation spectrum of Xe recorded through the 

4d -' np resonances (see text for discussion). The positions 

of the resonances and the ionization thresholds are those re-

ported by Codling and Madden. 24  

Fig. 12. Time—of—flight electron spectra of Xe recorded off resonance 
- 	

(at hv = 63.4 eV and 65.8 eV) and at the resonances 

4d4 ( 20512 )6p (65.0 eV) and 4d4 ( 20312 )6p (67.0 eV). The 

peaks numbered 1-4 are identified in Table III. A nonlinear 

kinetic energy scale is also given. 
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Fig. 13. Relative partial photoionization cross sections for Xe 5p 

(squares) and 5s (closed circles) photoelectrons and for the 

group of electron peaks in Fig. 12 labeled 5s 25p4n (open 

circles). A line is drawn through the open circles to accent 

the resonant enhancement as suggested by the excitation 

spectrum in Fig. 11. The positions of the 4d 	6p resonances 

are indicated. 

Fig. 14. 0 °  and 
5470 

 time—of—flight photoelectron spectra of the Xe 

5p doublet recorded at hv = 65.1 eV. 

Fig. 15. Relative partial photoionization cross sections for the 

Xe 5p312  and 5p 112  subshells measured in the energy 

region of the 4d - np resonances. 

Fig. 16. Asymmetry parameters for Xe 5p 312  and 5p112  photoelectrons 

and the 5p312 :5p 112  branching ratio measured through the 

4d( 2D512312 )np resonances. Asymmetry parameters for 

5p112  and 5p312  are denoted with open and closed symbols, 

respectively: circles, this work; squares, Ref. 18. 

Branching ratio: circles, this work; squares, Ref. 18; tn-

angles, Ref. 82. Lines have been drawn through the data to 

indicate the resonance structure. 
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Fig. 17. Comparison of experiment and theory for the asymmetry param-

eters of Xe 5p 312  and 5p112  photoelectrons produced at the 

4d( 2D512 )6p resonance. The solid curves are the RRPA the-

oretical calculations (Ref. 29). The dashed curves are fits 

of the experimental data to the theoretical functional form 

derived in Ref. 76 for the resonance profiles, including 

convolution with the monochromator bandpass (0.4 eV FWHM). 

The dot—dashed curves are the fitted resonance profiles after 

deconvolution of the bandpass. 

Fig. 18. Asymmetry parameter of Xe 5s photoelectrons compared with the 

OF (Ref. 85) and RRPA (Refs. 14 and 37) theoretical curves. 

Only a representative error bar is shown. The po- 

sitions of the 4d 1 ( 2 0512 312 )np resonances are indicated. 
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