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Electron spectroscopy, combined with synchrotron radiation in the photon-energy range
hv=60 —190 eV, was used to measure the angular distributions of Xe 5p and 5s photoelectrons and
of N4 500 Auger electrons. The branching ratios and partial cross sections for photoionization and
Auger processes were also measured in certain cases. The measured asymmetry parameter P for Sp
photoelectrons agrees well with many-electron calculations, which predict a pronounced oscillation
in P5p above the 4d ionization threshold due to the 4d-5p intershell interaction. The N4 qOO 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 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 postcollision interaction. The measured shifts of the N~0 lO ~

'So line agree 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 autoionization. However, distinct
resonance structure was observed in the P parameters for Sp3/2 and Sp~q2 photoelectrons. The mea-
sured results are compared with a theoretical calculation of resonant photoionization for the 4d ~6p
excitation.

I. INTRODUCTION

Several characteristic features of atomic inner-shell pho-
toexcitation and ionization have been demonstrated in ex-
perimental 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 Sp and 5s outer subshells and the Auger ioniza-
tion of 4d-vacancy states. In this paper we report the re-
sults of a set of experiments involving Xe4d photoexcita-
tion 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. ' Additional results are given here.
Figure 1 of Ref. 1 showed an example of these spectra,
which were recorded with a 5.3-A full width at half max-
imum (FWHM) monochromator bandpass. The Sp, Ss,
and 4d photoelectron lines and the N4 &00 Auger spec-
trum were recorded in these measurements over the energy
range h v=70—190 eV; i.e., from just above the 4d ioniza-
tion threshold to near the 4d Cooper minimum.

In the second set of measurements, higher resolution
over two sm.aller ranges of photon energy was employed.
The X4 506 Auger spectrum was recorded with a smaller
monochromator bandpass (2.6-A FWHM) and improved
counting statistics over the range h v=68—82 eV, the ener-

gy 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.

Assuming pure electric-dipole photoabsorption of ran-
domly oriented target atoms interacting with a linearly po-
larized photon beam, the differential photoionization cross
section for each product channel (final ionic state plus
photoelectron) can be expressed in the form2

der(e) o.(e) [1+p(e)P2(cosO)] .

Here o(e) is the angle-integrated partial cross section,
P2(cos8) is a Legendre polynomial, equal to —,(3 cos ()—1),
0 is the angle between the photoelectron momentum direc-
tion and the photon polarization direction, e is the pho-
toelectron energy, and P(e) is the photoelectron asym-
metry parameter, having the restricted range
—1 & p(e) &2. Conservation of angular momentum and
parity similarly restrict the angular distributions of' Auger
electrons to the form of Eq. (1) when they are ejected fol-
lowing electric-dipole photoemission. Thus, the angular
distributions of photoelectrons and Auger electrons are
completely described by the single parameter P(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 angu-
lar distribution can result due to the contributions of addi-
tional multipole components. In our previously reported'
and present work, spectra were recorded using photon en-
ergies hv(330 eV, and the measurements are 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 weak-
er, very broad maximum between 200 and 500 eV.
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These features have been attributed to a shape resonance
(arising from an effective potential barrier) and a Cooper
minimum in the 4d ~of photoemission cross section.
Previously, we reported measurements of the asymmetry
parameter P(E) over hv=70 —330 eV for 4d photoelec-
trons. ' In good agreement with theoretical calculations
(for example, Ref. 10), the P~ parameter was observed to
oscillate strongly as a function of energy due to the shape
resonance and Cooper minimum in the 41~of channel.

The central-field and Hartree-Pock' calculations indi-
cate that 4d photoemission dominates the total photoioni-
zation cross section of Xe over the energy range from the
41 ionization threshold (hv=68 eV) to the 3d threshold
(h v=680 eV). Subsequently, many-electron photoioniza-
tion calculations" ' and photoelectron spectroscopic
measurements' ' demonstrated that the outer-shell Sp
and Ss 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 measure-
ments of the asymmetry parameter P(e) for Sp photoelec-
trons over the energy region of the shape resonance in the
4d cross section. Our measurements agree with and ex-
tend those of Refs. 16 and 18 and confirm a pronounced
interchannel-coupling effect predicted theoretically. '

Photoemission from the Xe4d subshell produces an ex-
cited ionic state which lies energetically above the double-
ionization threshold. Thus, the Xe+4d ' vacancy state
can decay by ejection of Auger electrons. Our previous
measurements' confirmed theoretical predictions ' ' that
Xe Xq5OO 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 ra-
tio

y(e) =a(4d ~ep) Io(4d ~ef) (2)

of the partia1 cross sections for 4d photoemission into p
and f waves. Thus, the Auger-electron asymmetry yields
information on the photoionization process which is com-
plementary to that determined by the partial photoioniza-
tion cross section and the photoelectron angular distribu-
tion. Here we report the results of an additional set of Xe
%45OO Auger spectra recorded near and just above the
4d ' threshold, where Auger-electron asymmetries are
relatively large. The measured asymmetry parameters for
the Auger electrons agree well with theoretical va1ues
based on Hartree-Fock calculations' ' ' of the partial-wave
branching ratio y(e).

Schmidt and co-workers have observed an asymmetric
broadening and energy shifts of Xe %500 Auger-electron
peaks produced following photoionization at photon ener-
gies near the 4d ionization threshold. These effects are at-
tributed to a type of final-state correlation ca11ed postco1-
lision interaction (PCI). In the present set of Xe Auger
spectra recorded near threshold the %50&OI 'Sa line was
observed to broaden and shift as a function of photon en-
ergy, in good agreement with the measurements of
Schmidt et al. and the theoretical model of PCI
developed by Niehaus.

A prominent series of 4d~np Rydberg excitations has
been recorded in photoabsorption spectra over the energy

II. EXPERIMENTAL METHODS

The measurements were made at the Stanford Synchro-
tron Radiation Laboratory (SSRL) on beam line III-1,
which employs the grazing-incidence "grasshopper"
monochromator. An aluminum window was used to
separate the gas-phase electron spectrometer from the ul-
trahigh vacuum of the monochromator and beam line. '

We estimate a high degree of linear polarization (-98%)
for this beam line over the energy range of the rneasure-
ments, based on the large asymmetry (P=1.94) measured
for Ag 4s~ep photoelectrons with a rotatable analyzer on
a similar extended ultraviolet (xuv) beam line at SSRL.
The limiting value for this transition is 13=2. If the ob-
served @&2 results only from incomplete polarization of
the photon beam, a value of 98%%uo linear polarization is
still indicated. It was demonstrated in a previous publica-
tion' that because of calibration procedures described
below, our derived P values are quite insensitive to the pre-
cise value of the photon polarization I' over a wide range
(I =70—100 %).

As described in Ref. 31, the time structure of the syn-
chrotron radiation was used to record time-of-flight (TOF)
spectra of photoelectrons and Auger electrons. Two TOF
detectors were operated simultaneously, one positioned at
the "magic angle" (O=S4.7 ) with respect to the polariza-
tion vector, and the other at 8=0. A detailed description
of this double-angle TQF method was given in a recent
publication. Asymmetry parameters P 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 elec-
tron energy e, by recording photoelectron lines having
known P(e) values. The relative collection efficiency fa(e)
of the two detectors is given by

X,(0', ~)yX, (54,&)
0(~)= 1+P,(e)

(3}

range hv=65 —70 eV. "' Bemuse of the effective poten-
tial barrier for 1 =3 angular momentum, the 4d ~nf Ryd-
berg 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 pri-
mary 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 ob-
served. As expected, based on the photoabsorption line
shape analysis, the 4d-excited resonances decay predom-
inantly by the Auger process and the 5p and 5s partial
cross sections appear relatively unaffected by autoioniza-
tion. However, pronounced resonance structure appears in
the asymmetry parameters P(e) for Sp3/2 and Sp, z, pho-
toelectrons. In contrast, the 5s photoelectrons are pro-
duced with large asymmetries P=1.8—2.0, and no reso-
nance structure was observed. We compare the observed
resonance effects on Sp and 55 photoemission with a
theoretical calculation. The comparison suggests the
necessity of including the Auger decay channels in
theoretical models of inner-shell resonant photoexcitation.
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where 1V (B,e) is the number of photoelectron counts
recorded at detector angle 8, and the subscript c represents
the calibration gas. In the present experiments, the Ne2p
photoelectron line was used for calibration, because its
P(e) value has been accurately determined over a large en-

ergy range. An example of a calibration curve is plotted
in Fig. 1 along with the Ne2p P(e) curve. The unknown
P(e) values of Xe were then determined from the relation

X(0',e)/N (54,e)
fo(e)

(4)

III. 4d AND 5p PHOTOELECTRON
ASYMMETRIES

In the first set of spectra recorded over h v=70—190 eV
with a 5.3-A bandpass, photoelectrons from the individual
fine-structure levels of the 4d and Sp subshells were not
resolved. A photoelectron peak at a low TOF (high kinet-
ic energy) was identified as arising from 4d photoelectrons
produced by second-order light. The second-order photo-
lines were used to extend the P4d measurements beyond
the Cooper minimum. Good agreement was obtained be-
tween P4d values given by second-order light with values
given by first-order light at energies hv=130—190 eV,

O

0.8

I
)

I t I l
&

)
I

/
I

[
I 20

0.7
O

0.6

I.5

3
lQ 3

0.5
E

O5 ~
O

I I I I I I I I I I I I QQ
0 20 40 60 80 l00 l 20 l40

electron energy {eV)

FICJ. l. Calibration function fo(e) [Eq. (3)] used for deter-
mining asymmetry parameters p(e). Also shown is the p(e)
parameter for we2p photoelectrons (Ref. 34), which was used to
obtain the calibration data points.

The Po(e) values given by Eq. (4) were corrected (by less
than 0.05p units) to account for incomplete polarization of
the photon beam and for angle-averaging over the interac-
tion volume and collection solid angles of the detectors.
We emphasize that the calibration procedure greatly
reduces the effects of certain experimental systematic er-
rors by enfolding them into the calibration function fo(e)
(a full discussion of this point is given in Ref. 33). We es-
timate systematic errors to be +0.10P unit or less.

The magic-angle TOF spectra, which are independent
of P(e) values, were used to determine relative partial
cross sections and branching ratios. The relative transmis-
sion of the magic-angle detector was determined as a func-
tion of electron energy by using the photoelectron spectra
of the Ne2p line, for which the partial photoionization
cross section is tabulated. The photon beam intensity
was monitored with a sodium salicylate scintillator, photo-
tube, and picoammeter. The sample gas density was mon-
itored using a capacitance manometer on the gas inlet sys-
tem. "

where the two sets of measurements overlapped. The P~
results were plotted in Ref. 1 and discussed there in com-
parison with theoretical calculations.

In Fig. 2 are plotted the measured P5& values along with
previous measurements' ' ' (see Ref. 36) and two
theoretical curves based on the random-phase approxima-
tion with exchange (RPAE). ' ' The RPAE is nonrela-
tivistic but can include electron correlations. " The dashed
theoretical curve includes the Sp 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 correla-
tion (or interchannel coupling) effect on P&z. In this corre-
lation process the 4d subshell undergoes virtual photoexci-
tation, with the excitation passing to the Sp subshell via
Coulomb interaction. The interchannel coupling produces
a prominent oscillation in ps& in the energy region of the
delayed maximum in the 4d photoionization cross section.
The full oscillation is observed experimentally in the
present measurements. Other theoretical calculations
which, respectively, do' ' and do not' ' include inter-
channel coupling with the 4d subshell give Ps~ results
similar to the full and dashed curves in Fig. 2.
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FIG. 2. Experimental and theoretical values of the Xe 5p pho-
toelectron asymmetry parameter. Measurements: ~, Ref. 35; D,
Ref. 18; 4, Ref. 16; 0, present results (see Ref. 36). Theory
(Ref. 12), RPAE calculations which include (full curve) and do
not include (dashed curve) interchannel coupling with the 4d
subshell.

IV. N4, 500 AUGER ELECTRONS

The Auger effect is usually treated as a two-step pro-
cess, in which the decay of the inner-vacancy state is con-
sidered independent of the excitation process. In the
present experiments, excitation was produced by photo-
emission from the 4d subshell:

hv+Xe(4d' Ss Sp 'So)

~Xe+(4d Ss Sp D3/p 5/2)+e . (5)

In the subsequent decay process, a Sp or Ss electron fills
the 4d hole, and a second 0-shell electron is ejected.
Flugge et al. showed that photoemission from an atomic
subshell with j~ —, produces an aligned vacancy state if its
total angular momentum J also exceeds —,'. As a result,
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the Auger electrons should exhibit anisotropic angular dis-
tributions. As reported previously, ' this effect was con-
firmed in our first set of Xe N4 5OO Auger spectra. The
measured Auger-electron asymmetries varied with photon
energy, in good qualitative agreement with the calcula-
tions of Berezhko et al. ' for the alignment of Xe+4d
by photoionization. To our knowledge, no experimental
observation of this effect had been made previously, al-
though anisotropic angular distributions of Auger elec-
trons had been measured following inner-shell ionization
by electron impact. Here we report additional results
based on our (lower-resolution) first set of Auger spectra
and also give the results of an additional set of spectra
which allow a more quantitative comparison with theory.

A. Assignment of the Auger-electron spectrum
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Figure 3 shows an example from the (higher-resolution)
second set of 0' and 54.7' TOF spectra of the Xe N4 5QO
Auger electrons. Spectra were recorded over the energy
range h v=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 de-
pend on the relative intensities of the components of the
photon beam and on the relative photoionization cross sec-
tion 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' TOF spectra of Ne. Dividing the intensities of the
first- and higher-order photolines of Ne by the corre-
sponding photoionization cross section yields the relative
intensities of the 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 Xe4d
subshell, we estimate that the first-order light contribut-
ed about 95go of the Auger-electron signal in our spectra.
Therefore, higher-order light contributions to the results
appear negligible.

Not shown in Fig. 3 are the N4, O2 302 3 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. 3 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 spec-
trum recorded by Werme et al. ' using electron-impact ex-
citation, allowing comparison with their assignments. The
N4 5-62 3O2 3 and -Oi O2 3 series of lines were assigned by
Werme et al. by comparison with the spectroscopically ob-
served" levels of XeIII. Thus, lines 1 and 2 in Fig. 3 are
the N45 pair identified with the final state 5s5p 'Pj.
Lines 3 and 5 and 6 and 7 are also N45 pairs. Werme
et al. used the Moore tables to identify line 4 as the N5
line produced by Auger decay to the final state
5s Sp ( I')6s 'I'~. Hence, this line was termed a satellite,
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FIG. 3. Time-of-flight spectra of Xe %4500 Auger electrons
produced following photoionization, at 0 and S4.7' relative to
the polarization direction. A nonlinear energy scale is also
given. Numbered lines are identified in Table I.

to be regarded as originating from shakeup in the Auger
process. However, the N45 pairs 3,5 and 6,7 could not be
assigned using Ref. 43, because they are produced by final
states at higher energies than those reported in the spec-
troscopic tables. One of these two pairs of lines should be
the N4 5O&O& lines and the other, presumably, satellites.
Thus, since the 5s 5p level had not been observed spec-
troscopically and, because intense satellite lines are also
present in the Auger spectrum, the N4 5OiOi lines could
not be identified with certainty by Werme et al. A similar
situation was obtained in the analogous case of the
M4 5NN spectrum of Kr, which was also reported in Ref.
41. By comparison with assignments of the corresponding
ns np final states in Kr and the other rare gases,
Werme et al. assigned lines 3 and 5 in Fig. 3 as
N4, s 0 i O i So. By comparison also with the Kr M4 zNN
spectrum, the lowest-energy lines 6 and 7 were attributed
to the satellite final state 5s 5p ( P)7s 'Pi.

Subsequently, the theoretical studies of Larkins and of
McGuire indicated that the M4 5NiN& transitions in Kr
should be reassigned as the lowest-energy intense lines,
which previously were identified as satellites. Similarly,
the Xe N45OO Auger-electron energies calculated semi-
empirically, " i.e., using experimental binding energies and
Hartree-Pock values for Slater integrals, indicate that lines
6 and 7 in Fig. 3 should be identified as N450iOi So,
and this is the assignment that we adopt. This revised as-
signment appears also to have been adopted in Ref. 26 for
the corresponding resonant-Auger spectrum and is sup-
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ported by results of electron-impact studies of vacuum-
ultraviolet (vuv) emission from Xe III levels. 8

This leaves lines 3 and 5 still to be reassigned. We pro-
pose that they be identified as satellites associated with the
5s Sp 'P

& primary configuration, i.e., satellites of the
X4 50&Oz 3 'P& lines (1 and 2). It seems likely that all of
the lines between the X4 5 pairs 1,2 and 6,7 are of this ori-
gin. This proposed identification is based on the corre-
sponding case of the Xe+ SsSp S&~z photoline with its
associated set of intense satellites observed in photoelec-
tron spectra (see, for exam. pie, Refs. 49 and 50). The
5s Sp satellites occur in the energy region of the
5s Sp (SI.)nl levels (note that Hansen and Persson '

have given revised identifications of these levels).
Theoretical studies indicate that the 5s Sp satellites
arise primarily through correlation processes which can be
described as final-ionic-state configuration interaction
(FISCI). The FISCI mechanism requires that the satel-
lite lines arise from states that have the same total angular
momentum and parity as the primary ionic configuration
5s Sp S&~z. Hence, Hansen and Persson ' have assigned
the satellites to even parity states of the type 5s 5p (SL)nd
and Ss 5p (SL)ns which have total angular momentum
J= —,. The primary and satellite I.SJ configurations be-
come strongly mixed by electron correlation, so it is not
entirely accurate to label the observed levels with a partic-
ular configuration. ' A detailed description of the ori-
gin of these satellites might involve a combination of types
of many-electron interactions '; however, the FISCI
mechanism appears to be the dominant process.

We propose that the satellite lines in the Xe X4 &OO
Auger spectrum result correspondingly from interaction
among the Xe + configurations Ss 5p, 5s 5P (SL)nd, and
5s 5p (SL)ns with total angular momentum j=1. The
most intense satellites of Xe+ Ss Sp are due to the
5S Sp 5d and 5s Sp 6d configurations, and the Ss zSp 4ns

contributions appear to be less important. Hansen
and Persson ' identify the strongest satellite with the level
5s Sp ('D)5d Si~z, which lies at a 5.48-eV higher binding
energy than the primary line Ss Sp Si~z. The strongest
N4 5 pair of satellites in the Auger spectrum (lines 3 and 5)
also lies at 5.5 eV from the primary lines 1 and 2. There-
fore we tentatively identify lines 3 and 5 with the final
state 5s 5P ( P)5d 'Pi. As mentioned above, line 4 was
originally identified with the final state 5s 5P ( P)6s 'Pi,
by comparison with the spectroscopic data. However,
the table of the corresponding Ss Sp nI levels of Xe II has
been reassigned ' and similar reassignments may apply to
the table of XeIII levels. We consider line 4 also to be a
satellite originating from the Xz core hole; but we leave
the final state unassigned. The present assignments of
lines 1—3 and 5—7 are listed in Table I. We note that the
proposed 5sSp ~5s Sp nl excitation in Xeric 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 lower-energy orbital (in contrast to correla-
tions in systems with filled inner subshells). Thus the
correlation is very strong, and the resulting "satellites" are
intense.

TABLE I. Identification of the Xe N4500 Auger lines indi-
cated in Fig. 3. Kinetic energies are those reported by Werme
et al. but increased by 0.2 eV due to a correction in calibration
data (see Ref. 41). For comparison, the kinetic energies given by
energy conversion of the present TOF spectrum are also listed.

Line
No.

Initial
vacancy

Final
state

Kinetic energy (eV)
Werme et al. TOP

N4
N5

N4
N5

5s Sp 'P&

Ss 5p P1
Ss Sp ( P)Sd 'Pj

5s Sp'( P)5d 'P
5$05p6 1S

5s 5p 'So

21.64(5)
19.65(3)
16.12(S)
15.25(6)
14.15(7)
10.27(7)
8.28(7)

21.76(5)
19.72(5)
],6.12(5)
15.17(5)
14.09(5)
10.22(5)
8.24(5)

In the above discussion, we have proposed only that the
satellite lines in the Auger spectrum arise from final-state
configuration mixing, in analogy with the FISCI satellites
of the Ss photoline. However, other types of electron-
correlation mechanisms may also be important, such as
those described by initial-state configuration interaction
(ISCI).~ In the ISCI mechanism, pair-excited configura-
tions of the type 4d 5s Sp nd D could contribute to the
initial state of the Auger process. These Sp ~nd config-
urations in the initial state provide an additional mecha-
nism for populating satellites in the final state. Theoret-
ical studies are needed both to confirm and to quantify the
proposed identification of the Auger satellite lines. It ap-
pears that this would provide an interesting system for
theoretical study of electron correlation.

B. Postcollision interaction

The 54.7' TOF Auger spectrum recorded at hv=67. 7
eV is shown in Fig. 4. This photon energy lies just above
the 4d5&z ionization threshold (67.SS eV) but below the
4d3/2 threshold (69.52 eV); actually, hv lies in between the
n =6 and 7 members of the 4d3/z +np Rydberg series.
Since the X& vacancy in Xe+ is not produced at this ener-
gy, only the X5OO Auger lines appear in the spectrum.
Comparison with Fig. 3 indicates a slight shift of the
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FICx. 4. 54.7' TOF spectrum of Xe Auger electrons recorded
at a photon energy in between the 4d5~~ and 4d3/p ionization
thresholds. Only the N500 Auger lines were produced. Num-
bered peaks are identified in Table I.
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FIG. 5. Xe %50~0' 'SD Auger line recorded at photon ener-
gies which lie 0.1 eV above the 4d5~2 ionization threshold (top)
and at 14.4 eV above threshold (bottom). Shifting and broaden-
ing of the Auger line recorded near the ionization threshold are
attributed to postcollision interaction.

Auger lines to smaller TOF (higher kinetic energy) and a
broadening. These effects are attributed to the postcol-
lision interaction (PCI) among the photoelectron, Auger
electron, and atomic ion following near-threshold pho-
toionization.

Because of the nonlinear variation of the energy scale in
a TOF spectrum (see Fig. 3), the shift and broadening are
most noticeable for the lowest-energy line, number 7,
which we have assigned as N50&Oi 'Sp. In Fig. 5 are
plotted the 54.7 TOF spectra of line 7 recorded just above
the 4d5&2 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 ener-

gy scales given with the TOF spectra in Figs. 3 and 5.
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 TOF scale, the channel correspond-
ing to a TOF of 0 nsec is found. This channel can be ob-
tained from the prompt signal (a TOF of =1 nsec) Ray-
leigh scattering of the photon beam by the sample gas. '

If a prompt signal is not recorded, the zero-TOF channel
is determined as a fitting parameter. Each collection
channel in the TOF spectrum can then be converted to the
corresponding kinetic energy by use of the path length be-

'[2(E+e)]'~ e(4E+SE)=—0 . (6)

Here, the "photoelectron energy" is a parameter (the "ex-
cess energy"), strictly defined as E =hv —I, where I is the
ionization energy. The photoelectrons give up some ener-

gy to the Auger electrons. Also, Eq. (6) applies for nega-
tive values of E. In this model, the shift e is determined
only by the energy E and the decay width I =~ '. The
recent measurements of Schmidt et al. of the shift e for
the Xe %502 302 3 'Sp line fit well to the theoretical rela-
tion of Eq. (6) with a value I =110 meV for the level
width. This value for I agrees well with the widths of the
4d~np resonances measured in the photoabsorption spec-
trum and not quite as well with those determined from
electron energy-loss spectroscopy.

From the TOP spectra we measured the relative shift
4E of the %50 [0 i Sp peak with respect to its position at
h v= 81.9 eV [note that with a width I = 110 meV, Eq. (6)
predicts an absolute shift @=53 meV at hv=81.9 eV].
Similar shifts were observed for the other %500 lines.

tween 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 I are listed the kinetic energies of the Auger lines
determined by energy conversion of the TQF spectrum in
Fig. 3. The energy-converted values agree well with the
measurements of Werme et al.

The point to be emphasized here is that the TOF spec-
tra can be used to measure small energy shifts, such as
those due to the PCI effect. Table I shows that a fairly
accurate energy conversion was obtained over a range of
about 13 eV. Small energy shifts, amounting to a few per-
cent of this range, are readily determined. For the set of
Auger. spectra recorded over hv=67. 7—81.9 eV, no ad-
justments were made to the detector position or the timing
circuit, so the energy-conversion parameters (the path
length and the channel at which TOF equals 0) were the
same. Thus, the correspondence between channel number
and energy was fixed. In Fig. 5 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 de-
scribes PCI effects on Auger decay for the case of inner-
shell photoionization. Near the ionization threshold, the
photoelectron is still close enough to the ionic core, at the
time of ejection of the Auger electron, to effectively modi-
fy 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 in the
present TQF spectra generally have asymmetric shapes
anyway, due to the asymmetric shape of the source region
of ejected electrons which are collected by the detectors. '

However, the shifting and broadening effects are apparent
in Fig. 5.

In the semiclassical model of Niehaus, the shift e of the
maximum in the energy distribution of the Auger line, rel-
ative to its position in the absence of PCI, is related to the
core-hole lifetime ~ and photoelectron energy E by the ex-
pression (in atomic units)
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Schmidt and co-workers ' first reported observations
of the shifting and asymmetric broadening of Auger lines
for the case of near-threshold inner-shell photoionization.
They have recently reported a more extensive set of mea-
surements and given a complete discussion of this particu-
lar type of PCI phenomenon and a detailed comparison of
experiment with theory. The main objective of our dis-
cussion has been to establish the presence of the PCI fac-
tor in our spectra. Nevertheless, Fig. 6 shows that the
present measurements of the Auger line shift e are in ex-
cellent agreement with the results of Schmidt et al. and
the theoretical relation Eq. (6) for a decay width I =110
meV. Note that the present results plotted in Fig. 6 are
the absolute values 4 =he + 53 meV, i.e., corrected for the
residual shift of 53 meV at our reference energy hv=81.9
eV. The results of Schmidt et al. are relative shifts;
however, those authors took account of the variation of
the theoretical Auger-line energy distribution when convo-
luted with their spectrometer function. With this correc-
tion, 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. 6.

C. Angular distributions

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 de-
pends, at least in part, on the distribution of the ensemble
over magnetic sublevels JM. The angular symmetry prop-
erties of the ensemble are described quite generally by use
of the density matrix and its statistical tensors ' or "state
multipoles" Tz&. Surveys of these topics are given, for
example, in Refs. 62 and 63. The statistical tensors for-
mulation is particularly advantageous for the description

of successive radiations —in the present case, Auger emis-
sion following photoemission.

Prior to the photoemission step, the target atoms are
randomly oriented. Thus, the atomic density matrix is
spherically symmetric and only the monopole term Tpp is
nonzero. Photoabsorption by a dipole process can intro-
duce statistical tensors of rank E &2. %'ith the use of a
linearly-polarized photon beam, the natural choice for a
quantization axis is parallel to the polarization vector be-
cause the photoexcited system has axial symmetry about
that direction. In addition, the photoexcited 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 superposition of magnetic substates JM.
In the present example, the populations of the magnetic
sublevels are proportional to the partial photoionization
cross sections o(JM). Symmetry with respect to reversal
of the quantization axis implies that the sublevels M and
—M are equally populated, i.e., cr(J —M) =o(JM). With
these symmetry conditions, all of the spherical tensor
components vanish except Tpp and T2p. As a conse-
quence, the angular distributions of photofragments take
the form of Eq. (1), that is,

I(8) a: 1+PPz(cosO),

where 8 is measured with respect to the photon polariza-
tion vector and P is an "asymmetry parameter. "

Auger-electron angular distributions are conveniently
described by defining the "alignment tensor" Azo (Refs. 20
and 21):

A zo(J)=Tzo(J)/Too( J)

g ( —1)'-~(JMJ, —M
~
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where (JMJ, —M
~
ICQ) is a Clebsch-Gordon coefficient.

Thus, for an ensemble of Xe+ D5/2 ions produced by
photoemission, the alignment can be expressed as

FICx. 6. Energy shift of the Xe %500 Auger lines as a func-
tion of the 4d5/2 excess energy. Theoretical curve is that derived
in Ref. 23 for an X5-hole decay width of 110 meV. Curve is ap-
propriate for both the absolute shifts e 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).
e, present measurements for the %50)01'So line. Measure-
ments for the N5023023'So line: 0, Ref. 22; 6, Ref. 58;
Ref. 59.

3 3 3 1

3 22 22~( —-)—~(- -)
~2p( —, ) =

2 2)+ (2 2

(9)

When the magnetic sublevels J,M are unequally popu-
lated, T2p and A2p are nonzero, in general, and the system

Similarly, photoemission from the 4d3/p subshell produces
an aligned system of Xe+ D3/p ions described by
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is said to be "aligned. "
The asymmetry parameter P for a particular Auger

transition is proportional to the alignment tensor of the in-
itial state in the transition:

P(E) =aA2O(e), (10)

P{N500 'So)=4( —, )' A2o( —,),
p(N400 So)=2A2O( 2 )

(12)

Thus, measurement of the asymmetry parameters for
these Auger transitions provides a direct determination of
the alignment tensors.

The analysis of Fliigge et al. shows that Azp should al-
ways be nonzero for the case of photoemission from an
atomic subshell with j& —, and for which the ionic state
formed has total angular momentum J& —,'. The value of
A 2p is determined by the magnitudes of the photoioniza-
tion matrix elements. In the nonrelativistic limit, a 4d
electron can be photoemitted into two dipole-allowed con-
tinuum waves: ep and ef. Theoretical analysis ' ' shows
that App is determined by the partial-wave branching ratio
Eq. (2). Specifically, Berezhko et al. ' showed that the
alignment tensor can be expressed as

1+ay
1+y

(14)

where y is the energy-dependent ratio defined in Eq. (2)
and C and a are constants determined by angular momen-
tum coupling coefficients. For Xe+ D»2, a =—', and

where o. depends on transition matrix elements of the
Coulomb operator and on the phases of the partial waves
which describe the ejected Auger electron. ' In Eq. (10),
e 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 alignment tensor. For a given Auger transition, the
Coulomb matrix elements and continuum wave phases are
fixed, so a is independent of photon energy. A2o(e) is a
property of a given inner-shell vacancy state, while the
factor o, is determined by the Auger decay step and varies
among the Xe + final states. According to Eq. (10), 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 Xe + final state having total angular
momentum Jf ——0, there is a single continuum wave and
the Auger-electron angular distribution is then indepen-
dent of the Coulomb matrix element and phase shift. "
The factor a is then given by a product of angular
momentum coupling coefficients (see Ref. 66). In par-
ticular, consider the case that the final states of the
N4 500 Auger transitions are 'Sp states:

Xe+(4d 5s Sp D/)~Xe +('So)+e (ed/),
3 5J———
2 & 2

The decay factors a are calculated ' to give the follow-
ing expressions for the Auger-electron asymmetry parame-
ters:

C=( —,
'

)( —„')';for Xe+ D3&2, a =—,'and C= —,', .
In an independent-electron model, the photoionization

cross sections are determined by the radial dipole matrix
elements R„i,i+i (Ref. 10). Thus, in the present example,
the partial-wave branching ratio can be expressed as

( 3 ) 4d, ~p ~+ 4d, ef

Berezhko et al. ' have calculated A2p(e) for Xe+ 4d ' us-
ing both Herman-Skillman and Hartree-Fock wave func-
tions. An energy-dependent alignment is predicted, aris-
ing from the centrifugal barrier and Cooper minimum in
the 4d~Ef channel. These are the same factors that pro-
duce oscillations in the 4d photoelectron asymmetry. '

Manson has provided us with a tabulation of Hartree-
Fock photoionization calculations for the Xe4d subshell,
which were reported in Ref. 10. These calculations pro-
vide the partial-wave branching ratio y(e). This parame-
ter is listed in Table II along with the resulting value of
Aqo(e) for Xe+ D5/2 calculated using Eq. (14). Results
are given for both the length and velocity forms of the di-
pole operator. The values of A2o(e) listed in Table II are
similar to the Hartree-Fock results given in a graph in
Ref. 21. Also listed in Table II are the resulting theoreti-
cal values [Eq. (12)] for the Auger-electron asymmetry pa-
rameter P for the case of a transition of the type
X5OO 'Sp. A corresponding table of A 2p(e) and
P(N400 Sp) for Xe+ D3/2 can be obtained using Eqs.
(13) and (14) and the values of y(e) listed in Table II.

2. I.ower-resolution results

From the set of Xe spectra recorded over hv=70 —190
eV, asymmetry parameters P were determined for the four
Auger-electron peaks Xq- and %5-OIOI Sp and X4- and1

X5 0 I 02 3
'I

I ~ To reduce scatter in the data, particularly
at high photon energies, some of the P values derived from
these lower-resolution spectra represent an average over
two or three measurements obtained at nearby photon en-
ergies. The results for %5OIOI 'Sp and X5OIO2 3 PI are
plotted in Fig. 7 along with theoretical curves for an
Auger transition of the general type X5OO 'Sp. Thus, the
measured P values for the N50iOi 'So transition can be
directly compared with the theoretical curves. The same
alignment tensor Bio(e) is appropriate for describing the
N50 I O2 3

'I'
I transition, but the Auger-decay coefficient

a might differ from that of an %5OO Sp transition.
In Fig. 7, the data qualitatively follow the predicted en-

ergy variation of the Auger-electron asymmetry parame-
ter. Equations {2), (10), and (14) show that the alignment
is relatively strong, so that the Auger asymmetry is rela-
tively large, where the 4d~ef photoemission transition
strength is small relative to that of 4d —+op. Thus, rela-
tively large Auger symmetries are produced near the 4d
ionization threshold, where o(4d~ef') is small . due to the
centrifugal barrier in the f-wave effective potential. The
f-wave channel quickly becomes predominant as the po-
tential barrier is surpassed, so that smaller P(Auger) values
are produced over the energy range @=10—100 eV. Then,
relatively large Auger asymmetries are produced again
near the Cooper minimum in the f-wave channel. Bere-
zhko and co-workers extended their theoretical studies of
alignment by using RPAE calculations to include the ef-
fects of many-electron correlations and electron-shell rear-



ELECTRON-SPECTROSCOPY STUDY OF INNER-SHELL. . .

TABLE II. Hartree-Fock calculations of Kennedy and Manson (Ref. 10) for the partial-wave
branching ratio y [Eq. (2)] for photoionization of the Xe 4d subshell as a function of photoelectron ener-

gy e. Also listed are the resulting theoretical values [Eqs. (12) and (14)] for the alignment tensor 220 of
Xe+ Dqqq and the asymmetry parameter p for an Auger transition of the type XqOO 'So. Results are
given for both the length (HF-L) and velocity (HF-V) forms of the dipole operator. Numbers enclosed
in square brackets denote exponents of factors of ten. 1.467[+ 1] means 1.467&& 10'.

e (Ry)

0.00
0.05
0.10
0.20
0.40
0.60
0.80
1.00
1.25
1.50
1.75
2.00
2.50
3.00
3.50
4.00
6.00
8.00

10.00
15.00
20.00
25.00
30.00

1.467[+ 1]
7.769
4.677
2.083
6.352[—1]
2.655[—1]
1.406[—1]
8.940[—2]
6.128[—2]
4.768[—2]
3.962[—2]
3.412[—2]
2.725[—2]
2.401[—2]
2.359[—2]
2.563[—2]
7.205[—2]
4.312[—1]
5.081[+ 1]
3.331[—1]
1.390[—1]
9.279[—2]
7.241[—2]

HF-L
A2O

0.357
0.344
0.327
0.288
0.211
0.163
0.140
0.129
0.122
0.119
0.117
0.116
0.114
0.113
0.113
0.114
0.125
0.187
0.369
0.174
0.140
0.130
0.125

0.764
0.735
0.699
0.615
0.451
0.349
0.299
0.275
0.262
0.255
0.250
0.247
0.244
0.242
0.242
0.243
0.267
0.401
0.789
0.371
0.298
0.277
0.267

1.843[+ 1]
9.806
5.927
2.665
8.241[—1]
3.508[—1]
1.873[—1]
1.203[—1]
8.348[—2]
6.575[—2]
5.525[—2]
4.812[—2]
3.933[—2]
3.556[—2]
3.599[—2]
4.053[—2]
1.454[—1]
2.071
3.972
2.263[—1]
1.176[—1]
8.406[—2]
6.829[—2]

HF-V
320

0.360
0.349
0.336
0.301
0.228
0.176
0.149
0.136
0.128
0.123
0.121
0.119
0.117
0.116
0.116
0.117
0.141
0.287
0.320
0.156
0.135
0.128
0.124

0.771
0.747
0.718
0.644
0.487
0.377
0.319
0.290
0.273
0.264
0.258
0.255
0.250
0.248
0.248
0.251
0.301
0.614
0.685
0.334
0.289
0.273
0.265.
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FIG. 7. Auger-electron asymmetry parameter for the transi-
tions Xe N50~0& 'So (open circles) and N50&02 3 'I"] (closed cir-
cles). Theoretical curves (see text for references) are for a transi-
tion of the general type NSOO 'So. Dashed curve, Hartree-Fock
length; full curve, Hartree-Pock velocity. Energy of the preced-
ing 4d5~~ photoelectron is also shown.

rangement. 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 A2o(e).

Figure 7 shows that the measured p values of the

N50)O) 'So transition are in reasonably good agreement
with theory, and that, at lower energies,

p(XsOi 02 3 'I'i ) (p(XgO t0 i 'So) .

The latter result could be due to differing decay factors o, .
However, it will be seen that the higher-resolution set of
P(Auger) measurements obtained just above the 4d ioniza-
tion threshold are somewhat higher than the first results
plotted in Fig. 7, and that no variations are observed
among different Auger transitions. These results are to be
preferred, 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
and 54.7 peaks (and hence in determining P). Thus, er-
rors in background subtraction could create discrepancies.
The second set of TOF spectra were recorded with a
smaller time window which covered only the kinetic ener-
gy range of the Auger electrons. This gave more collec-
tion channels per nsec and an effectively better resolution
of the N4 50~02 3 'I'& Auger peaks. Also, the first spectra
were recorded with a much larger photon bandpass (5.3-A
FWHM; 2 eV at h v=70 eV) than the second spectra (2.6-
A FWHM; 1 eV at h v=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 monochromator, appear not to be significant.
In short, we regard the first results (Fig. 7) to be qualita-
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tively correct but prefer the higher-resolution results for a
quantitative comparison with theory.
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FIG. 8. Asymmetry parameters for Xe N4&OO Auger elec-
trons. Each panel gives measurements for both the N5 (closed
circles) and N4 (open circles) transitions which have the given fi-
nal state. Same theoretical curve, based on Hartree-Pock calcu-
lations (see text for references), is plotted in all three panels, but
is appropriate for transitions of the general type N45OO Sp.
Two arrows mark the positions of the N5 and N4 ionization
thresh olds.

3. Higher-resolution results

From the higher-resolution set of Auger spectra record-
ed over hv=67. 7—81.9 eV, P values and intensity ratios
were determined for the lines numbered 1 —7 in Fig. 3.
The areas of the Auger peaks in the 0' and 54.7 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. 5 are examples of these fits. In the decon-
volution of lines 3—5 (see Fig. 3), a weak Auger line
(number 26 in Ref. 21) between lines 4 and 5 was included.

The P values for the three pairs of N4 500 Auger lines
are plotted in Fig. 8. The theoretical curve is that for a
transition of the general type X&00'S[] and was obtained
using the Hartree-Fock (HF) calculations' of the partial-
wave photoionization cross sections and Eqs. (2), (12), and
(14). The P values based on the HF-length and the HF-
velocity calculations differ by only 0.01—0.04 P 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. 8. In the presently adopted non-
relativistic model of the photoionization process, the same
partial-wave branching ratio y(e) [Eq. (2)] applies to both

the %5 and N4 hole states at the same photoelectron ener-
gy e. Thus, the alignment tensors A2o(e) for the D5/2 and
D3/2 states differ by a constant factor determined by the

two values for the constant C in Eq. (14). Taking account
of this factor and the difference in the decay parameters a
in Eq. (10), one finds that at a given photoelectron energy,

p(N4OO 'So) =( —,
' )p(N500 'So)

Qn a photon-energy scale, however, the theoretical curve
for an %400'So transition is shifted by 2 eV from that
for an %500'So transition due to the %5-X4 spin-orbit
splitting. As a result, the theoretical curve for
P(N400'So) essentially overlaps the one plotted in Fig. 8
for P(N500'So), i.e., the two transitions should have
nearly the same P at a given photon energy.

The results for the %4 qOiOi 'So lines show that indeed
the N~- and N5-OO 'So lines have about the same P values
at the same photon energy, and that the theoretical curve
predicts the measured asymmetries well. The measure-
ments also show that all of these Auger lines, independent
of final state [including line number 4 (results not plot-
ted)], have about the same P values; i.e., their Auger decay
parameters u do not differ greatly. As predicted, the
asymmetry parameters are relatively large near threshold
where the 4d —+op photoionization channel dominates due
to the centrifugal barrier for the f wave. The data follow
the theoretical curve well from threshold as P steadily de-
creases, 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.

It can be seen from the theoretical expression Eq. (14)
that the alignment tensor has a maximum value
2 20(max) =Ca for y» 1 and a minimum value
A&0(min)=C for y«1. Accordingly, the Auger-electron
asymmetry parameters also have limited ranges:
aC&P&aCa. For example, 0.229(P(NqOO'So) &0.8
and 0.2&P(N400'So) &0.7. Hence, 220 and P 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 320 and of P occur for y values in
the range» (y& 19. This limited sensitivity of P(Auger)
to the value of y makes the experimental determination of
y difttcult. A big improvement in the precision of the p
measurements would be required, for example, to make a
quantitative determination of the large values of y pro-
duced near threshold or near the Cooper minimum.

D. Branching ratios

The 54.7' TOF spectra were used to determine the
branching ratio %500:%400 between Auger lines pro-
duced by transitions of %5 and X4 core holes to the same
Xe + final state. From the lower-resolution spectra this
branching ratio was determined for the two pairs of lines

50 $ 0 i S(} and X4 5 0 i 02 3
'I

i . The results are plotted
in Fig. 9. No strong variations were observed between the
two sets of branching ratios, and the average values are
given in order to reduce the scatter in the measurements.
Also plotted in Fig. 9 are a theoretical curve and experi-
mental data ' for the 4d 5/2. 4d 3/2 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 be-
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FIG. 9. Xe N500:N400 Auger-electron branching ratio
compared with the 4d5/p 4d3/2 photoelectron branching ratio. ,
average of the Auger-electron branching ratios N50 ~0~.N40~0 j

('Sp) and N50&023.N40j0~ 3 ('P~). Experimental data for the
4d 5/2 4d 3/2 photoelectron branching ratio: 6, Ref. 69; 0, Ref.
70; G, Ref. 71. Theoretical curve is from the RRPA calculation,
Ref. 68.

tween the decay patterns for the two fine-structure vacan-
cy states, i.e., a variation in the branching ratios for transi-
tions to the various Xe + final states.

Using the higher-resolution spectra, the F500:N400
Auger-electron branching ratios were measured for the
three pairs of X4 500 lines identified in Table I. A few
very weak Auger lines, which were not resolved in our
spectra, occur near the SsSp 'P& lines (see Ref. 41). These
could cause small errors in the branching ratios for this fi-
nal state. The measurements for the final states
Ss Sp ( P)5d 'P, and 5s Sp 'Sq are plotted in Fig. 10
along with a theoretical curve and measurements ' for
the 4d 5/2. 4d 3/2 photoelectron branching ratio. The
Auger-electron ratios agree well with the corresponding
photoelectron ratios. The Auger measurements confirm

O

C3

C

C3

C)

indirectly that the 4d5/Q 4d3/2 ratio increases from thresh-
old, as predicted, before decreasing at higher energy.

Somewhat larger values of the Auger branching ratio
were measured near threshold for the Ss Sp 'So final state
than for the other two final states. The lower-resolution
set of TOF Auger spectra also gave a larger ratio near
threshold for the Ss Sp 'So lines than for the SsSp 'Pi
lines. However, this distinction was not observed at
higher energies where the ratios are smaller. This varia-
tion with final state of the %500:%400 ratio may be due
simply to the kinetic energy dependence of the Coulomb
matrix element. The 2-eV difference in the N400 and
%500 energies is comparatively largest for the Ss Sp 'So
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 %500 transitions which were analyzed in our
spectra (line numbers 2, 4, 5, and 7 in Fig. 3}. In the spec-
tra recorded at energies hv&69. 7 eV, the intensity ratios
were constant to within S%%uo. 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 Ss Sp 'So final state
(line number 7), the present results are in fairly good
agreement with intensity ratios measured by %erme et al.
using electron-impact excitation; the ratios reported in
Ref. 41 are 166:168:93:100.In the two spectra recorded
nearest the X5 threshold, there was an indication of a vari-
ation of the intensity ratios from the constant values mea-
sured at higher energies, which could conceivably arise as
an effect of PCI. However, our limited data set precludes
a definitive conclusion.

In discussing the results of the Auger-electron measure-
ments 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 pro-
cesses. This approximation appears to be valid at photon
energies far enough above the 4d ionization threshold, but
the effects of PCI displayed in Figs. 5 and 6 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.
However, the present measurements of Auger-electron an-
gular 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 "' of Xe recorded through the
energy region hv=65 —70 eV display two Rydberg series
of excitations which are described by the transitions

h v+ Xe(4d ' 5s Sp 'S&& )

~Xe[4d 5s 5p ( Dsn, 3n)np 'Pt], (16)

FIG. 10. Xe N500:N400 Auger-electron branching ratios
compared with the 4d5/2. 4d3/2 photoelectron branching ratio.
Present measurements of the Auger-electron ratios: 0,
Ss Sp 'Sp; 4, Ss Sp ( P)5d 'P&. Measurements of the pho-
toelectron ratio: o, Ref. 70; 0, Ref. 69. Theoretical curve (Ref.
68) is the RRPA calculation for the photoelectron branching ra-
tio. Arrow marks the position of the N4 ionization threshold.

where n =6,7, 8, . . .. These are the series of 4d5/2~np
and 4d3/2~np resonant excitations which have as series
limits the (4d ') D5/2 and D3/2 ionic states. Because
these "discrete" levels lie energetically above several lower
ionization thresholds, they decay by autoionization into
the accessible continuum channels. Fano has used the
configuration-interaction formalism to describe the mixed
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discrete-continuum nature of an autoionizing state and to
parametrize the resonance line shape of the photoabsorp-
tion spectrum. However, much more detailed informa-
tion 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 pho-
toelectron cross sections, angular distributions, and spin™
polarization parameters. Starace has extended Fano's
theory to describe partial photoionization cross sections
and photoelectron branching ratios within an isolated reso-
nance. Similarly, Kabachnik and Sazhina have formu-
lated the resonance behavior of the photoelectron angular
distribution and spin polarization. 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). 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 pho-
toionization cross sections and the photoelectron asym-
metry and spin-polarization parameters (for example, see
Ref. 79).

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' and 54.7' TOF 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%%uo

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 ' (plus
background signal) were counted, i.e., the 5p and 5s pho-
toelectrons were excluded. It was found that the reso-
nance 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
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FIG. 11. Photoelectron excitation spectrum of Xe recorded
through the 4d~np resonances (see text for discussion). Posi-
tions of the resonances and the ionization thresholds are those
reported by Codling and Madden (Ref. 24).

structure in the photoabsorption spectrum.
In Fig. 11 and the following figures we use the notation

4d '
D5/2 or 4d '

D3/2 to represent a vacancy in the 4d
subshell. The resonance line positions and ionization
thresholds reported by Codling and Madden are indicat-
ed in Fig. 11. The shapes and intensities of the resonance
features in Fig. 11 are in accord with the high-resolution
photoabsorption spectrum. The strongest excitations
4dg/p~6p and 4d3/p +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 (I =0.1 eV) of the resonances.
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 '( D5~z)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' 5s25p5 2P)+e
Xe+(4d' 5s5P62S)+e
Xe+[4d' 5s 5p ('D)5d S]+e

Xe[4d 5s 5p ( D)6p 'P]]~ '
+ &0 2 4 & 2

Xe+[4d' 5s 5P ('P)6p 2L]+e
,

Xe+[4d' 5s 5p ('S)6p ~P]+e

(17)
(18)

(19)
(20)
(21)
(22)

In all of these decay processes at least two electrons
change quantum numbers: one fills the 4d vacancy and
another is ejected. Processes (17) and (18) are the usual
"autoionization" transitions: the 6p Rydberg electron
changes quantum numbers and the final states are the pri-
mary "one-electron" ionic states, which are also produced
off resonance by direct ionization. Transition (19)

represents a (formally) more complicated combination of
autoionization and final-ionic-state configuration interac-
tion (FISCI), which was discussed earlier. The final state
of Eq. (19) represents a FISCI satellite of the 5s photo-
line ' and is also produced off resonance. The transitions
of Eqs. (20)—(22) are "Auger" processes and differ quali-
tatively from those of Eqs. (17)—(19). The 6p electron
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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 X4 5OO Auger decay above
the ionization threshold, but with a 6p "spectator" elec-
tron remaining. These resonant-Auger final states are not
observed to be produced off resonance by direct ionization
(very small off-resonance intensities are indicated theoreti-
cally ). Note that the resonant Auger states described by53

the configurations 5s 5p4(SL)np occur in the same energy
region as the Ss-FISCI satellites, ' but that the two sets of
states are distinguished by having opposite parities.

In Fig. 12 are shown 54.7 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 account for varia-
tions 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
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FIG. 12. TOF electron spectra of Xe recorded off resonances
(at hv=63.4 and 65.8 eV) and at the resonances 4d '( Dqi2)6p
(65.0 eV) and 4d '( D3/7)6p (670 eV). The four spectra have
been normalized to equal experimental conditions so that peak
intensities can be directly compared. Peaks numbered 1—4 are
identified in Table III. A nonlinear kinetic energy scale is also
given.

TABLE III. Identification of the resonant-Auger lines of Xe
indicated in Fig. 12.

Line number

1

2
3
4

Final state

Ss 5p ( PI )6p

Ss 5p ( P)sd('P&)6p
Ssosp6('S )6p

Binding energy (eV)

40.9(2)
45.8(3)
46.1(3)
52.1(2)

is below the resonance region, so only direct ionization
occurs. The photolines produced are the Sp, Ss, and Ss sa-
tdlites. The Ss satellites have been assigned ' to configu-
rations of the type Ss Sp (SL)nd and Ss Sp (SL)ns. The
spectrum recorded at h v= 65 eV, i.e., at the—i 24d ( D5i2)6p resonance, is highly modified from the
off-resonance spectrum. The series of lines labeled

2 4Ss Sp nl are strongly enhanced, and a set of 1ower-energy
lines, with considerable intensities, also appear. These re-
sults are attributed to the Auger decay of the resonant
state. The enhanced intensity of the lines labeled Ss Sp nl
is due to the Auger final states 5s 5p (SLJ)6p rather than
the Ss satellites which occur in the same energy region. In
addition, higher-resolution electron spectra recorded at
this resonance by Eberhardt et al. and others ' show
that these Auger lines are accompanied by strong shakeup
transitions to the levels 5s25p (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 4d '(2D3iz)6p resonance,
the Auger final states are again produced.

The resonant Auger spectra in Fig. 12 have the same
general appearance 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 %5 and N4 vacancy states.
The lower-energy Auger lines numbered 1 —4 in Fig. 12
correspond to the lines in Fig. 3 which were studied above
threshold. %e 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 TOF spectra. Line number 2
in Fig. 12 appears to correspond to line number 4 in Fig.
3, which we have left unassigned. The spectrum in Fig. 12
recorded at the 4d '( Dqi2)6p resonance (hv=65 eV)
corresonds well with the spectrum shown in Ref. 26,
where the lines SsSp 6p and Ss Sp 6p are identified as
they are here. The binding energies listed in Table III
agree well with those obtained from the spectrum in Ref.
26. Reanalysis of certain energy levels of

Xeric

led Hansen
and Persson to propose a revised identification of the28

resonant-Auger spectrum of Xe recorded by Eberhardt
27et al. 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 Ss Sp (SLJ)6p to
about 4.4 eV higher than observed above threshold for the

2 4Ss Sp (SLJ) multiplets. Similarly, with the assignments
given in Table III, we measure kinetic energy shifts of be-
tween 4. 1 —4.9 eV for the lower-energy Auger lines in
comparison with their energies in the absence of a 6p spec-
tator electron.

The resonant Auger lines 2 and 3 in Fig. 12 correspond
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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 '( D~~2)6p and 4d '( D3/2)6p. This observation was
reproduced in another set of spectra.

The asymmetry parameter for the resonant-Auger line
Ss5p ('P~ )6p was P=0.85+0.15 in the two spectra
recorded at 65 and 67 eV. This value agrees with those
measured for the N500 Auger lines at the 4d '( D5&2)
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 @=8—19 eV (energies e& 8
eV were not recorded in the spectra). The energies and in-
tensities of these weak lines indicate that they arise from
autoionization of the resonant-Auger states identified in
Table III to the levels Ss Sp (SLJ) of Xerrr.

Because the spectra of Fig. 12 are normalized to equal
experimental conditions one can directly compare the in-
tensities. Inspection of this figure shows that the intensi-
ties of the Sp and 5s photolines are relatively unaffected by
the 4d —+6p resonant excitation but that the Auger final
states are strongly populated. These qualitative features of
the spectra are further displayed in Fig. 13, where relative
partial cross sections are plotted. The cross sections for Sp
and Ss photoelectrons stay relatively constant through the
resonance region, while the transitions to the 5s Sp nl
lines are resonantly enhanced. Off resonance, the Ss Sp nl
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 of the 5s satellites to the intensity of the Ss
line. This is in agreement with the relative intensities
measured using x-ray photoelectron spectroscopy and
the FISCI calculation of Hanse and Persson. ' The
higher-resolution electron spectra of Refs. 22, 26, and 27
show that the enhanced intensity of the Ss Sp nl transi-
tions at the 4d~6p resonances is due to the Auger final
states rather than the Ss satellites. The intensities of the
Ss satellites appear to remain relatively unaffected by au-
toionization, like the Ss main line.

The effects of the Auger decay process on resonant
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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 Ss 5p nl (open circles).
A line is drawn through the open circles to accent the resonant
enhancement as suggested by the excitation spectrum in Fig. 11.
Positions of the 4d ~6p resonances are indicated.

photoemission have been studied theoretically. 3'

Though, essentially, it is not the case here with Xe4d pho-
toexcitation, it would be of considerable interest to observe
resonant-Auger transitions which are produced simultane-
ously by a nonresonant ionization process. In such a case,
an asymmetric Fano-type intensity profile would, in gen-
eral, 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 Sp, Ss, and Ss-satellite chan-
nels. However, the high-resolution photoabsorption spec-
trum of Ederer and Manalis shows essentially symmetri-
cal Lorentzian line shapes with nearly constant linewidths
(however, see also Ref. 57). These observations indicate
that the resonances decay primarily by the Auger process
which is free of an interference effect and that the Sp, Ss,
and Ss-satellite decay channels are relatively weak. These
expectations 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, j.
between a pair of 0-shell electrons is stronger than that
between an 0-shell electron and the np Rydberg electron.

B. Sp and 5s resonant photoemission

Although the partial photoionization cross section for
the Sp subshell showed little variation upon resonant exci-
tation, the asymmetry parameter P increased at the
resonant energies. This effect was observed from spectra
such as in Fig. 12 where the spin-orbit split Sp3/2 and
Sp&/2 photoe'ectrons were unresolved. The recent mea-
surements of Codling et al. and of Ederer et al. , for ex-
ample, made in the region of the XeSsSp 6p 'I'& reso-
nance have shown variations between the resonance pro-
files of p» and p5~ and an oscillation in the

Sp3/2 Sp»2 branching ratio. Theoretical work has shown
that resonant variations of partial cross sections, branch-
ing ratios, and photoelectron asymmetry and spin-
polarization parameters are expected as a general
phenomenon. These observable parameters charac-
terize the interaction of the resonant states with the con-
tinuum channels. Hence, we recorded a series of 0 and
54.7' TOF spectra of the resolved Sp doublet through the
energy region of the 4d ~np resonances.

An example from the TOF spectra of the Sp doublet is
shown in Fig. 14. In the resonance region, the Sp pho-
toelectrons are produced with about 50-eV kinetic energy.
The TOF detectors are equipped with simple retarding-
grid units which comprise about 60%%uo of the total flight
path. A 35-V retarding potential was applied to resolve
the Sp doublet. A bandpass of 1.2-A FWHM (0.4 eV at
h v= 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, branch-
ing ratios, and asymmetry parameters, the spectra were
fitted to the form of asymmetric Gaussian functions with
a linear background.
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FIG. 14. 0 and 54.7' 1OF photoelectron spectra of the Xe Sp
doublet recorded at h v=65. 1 eV.

FIG. 16. Asymmetry parameters for Xe Sp3/2 and Sp &/2 pho-
toelectrons and the Sp 3/2. 5p ~/2 branching ratio measured
through the 4d '( D5/2 3/2)np resonances. Asymmetry parame-
ters for Sp&/2 and Sp3/2 are denoted with open and closed sym-
bols, respectively. Circles, this work; squares, Ref. 18. Branch-
ing ratio: circles, this work; squares, Ref. 18; triangles, Ref. 83.
Lines have been drawn through the data to indicate the reso-
nance structure.

The results for the partial cross sections, branching ra-
tio, and asymmetry parameters are plotted in Figs. 15 and
16. Also plotted in Fig. 16 are previous measurements of
the asymmetry parameters' and the branching ratio. ' '

Since the present set of spectra were recorded with a
monochromator bandpass (0.4-eV FTHM) which is con-
siderably larger than the widths of the resonant states
(-0.1 eV), any resonance structure in the photoelectron
dynamical parameters might be reduced by averaging with
the nonresonant background. In spite of this experimental
limitation a small oscillation in the 5p3/z cross section was
observed near the most intense resonant state,
4d '( D5/2)6p. Very little structure is apparent in the
5p&/2 cross-section measurements. However, distinct reso-
nance structure was observed in both P parameters. Maxi-
ma in the P values occur near the strong 4d~6p excita-
tions, and smaller features appear at the 7p resonances.
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FIG. 15. Relative partial photoionization cross sections for
the Xe Sp3/2 and Sp&/2 subshells measured in the energy region
of the 4d ~np resonances.

Also, the measurement at hv=67. 7 eV indicates that the
p values increase in the energy gap just above the 4d5~2
ionization threshold and below the 4d3/2~7p resonance.
This feature is similar to the sustained rise of the P
parameters above the 4d3/2 threshold (see Fig. 2 and Ref.
18). A distinct oscillation in the 5p3/2:5pi/2 branching ra-
tio was observed near the 4d5/2~6p excitation. Krause
et al. ' also measured a dip in the branching ratio near
this first strong resonance. Additional structure in the
branching ratio at the higher-energy resonance is not ap-
parent, perhaps due in part to cancellation of overlapping
structures.

The 4d '( D5/2)6p excitation is the strongest among
the members of the two series and is well separated from
the higher-energy resonances. The Auger spectrum result-
ing from the decay of this resonant state has been studied
here and previously. ' ' In the present set of measure-
ments, 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 asym-
metry parameters. Hence, the 4d5/2~6p resonance seems
to offer a good example for theoretical studies of inner-
shell photoexcitation and autoionization.

Cheng and Johnson have used the relativistic random-
phase approximation (RRPA) to calculate partial pho-
toionization cross sections, photoelectron asymmetry
parameters, and spin-polarization parameters for the
Xe5p3/2 5p&/2, and Ss subshells in the energy region of
the 4d 5/q ~6p resonance; however, the Auger-decay
channels were not included in the calculations. Strong
resonant features were calculated in all of the dynamical
parameters for each of the 5p3/2 5p]/2 and 5s subshells,
but the absence of the Auger-decay channels apparently
leads to certain discrepancies between the calculated and
experimental results. The calculated widths of the reso-
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nance features in the partial cross sections are on the order
of 0.01 eV, much smaller than the observed width (-0.1

eV) in the photoabsorption spectrum, which is deter-
mined primarily by the Auger decay.

In Fig. 17 we compare the present measurements of
P and P5 with the RRPA theory. Also shown areSP3/2 S»/2
curves obtained by fitting the data to the theoretical func-
tional form for the resonance profile of Irt through an iso-
lated resonance. To account for the monochromator
bandpass, the fitting functions were convoluted with a tri-
angular function having 0.4-eV FTHM. The fitted curves
obtained after deconvolution of the bandpass function are
also plotted in Fig. 17. The experimental results confirm
that P, &Ps as predicted, but the experimental irIP 1/2 P 3/2

profiles (after deconvolution of the bandpass) show con-
siderably bigger resonance widths than theory. As in the
cross sections, the calculation of a smaller width than ob-
served for the Irt profiles is apparently due to the absence
of the Auger-decay channels in the calculation.

The calculated widths of the resonance features in P5~
and P~ are -0.06 eV, much larger than the calculatedP 1/2

widths of the resonance features in the partial cross sec-
tions (-0.01 eV). Similarly, deconvolution of the
bandpass from the experimental data gives a P profile
with a larger width (-0.2 eV) than that observed in the
photoabsorption spectrum (-0.1 eV). This effect can
occur due to interference terms in the IrI parameter, which
depend on the phases of the photoionization amplitudes as
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FIG. 17. Comparison of experiment and theory for the asym-
metry parameters of Xe 5@3/2 and 5p&/2 photoelectrons produced
at the 4d '( D5/2)6p resonance. Solid curves are the RRPA.
theoretical calculations (Ref. 29). Dashed curves are fits of the
experimental data to the theoretical functional form derived in
Ref. 77 for the resonance profiles, including convolution with
the monochromator bandpass (0.4-eV FWHM). Dot-dashed
curves are the fitted resonance profiles after deconvolution of
the bandpass.

well as the magnitudes. Thus, as noted by Dill, the reso-
nance in IrI can be more pronounced than in the cross sec-
tion. This probably explains in part why more distinct
structure was experimentally observed here in the Irj

parameters than in the cross sections; i.e., averaging over
the monochromator bandpass had a more severe effect in
the case of the cross sections than for the P parameters.

The final set of results are measurements of the angular
distribution of Xe Ss photoelectrons through the region of
the 4d~np resonances and just above the 4d ionization
threshold. The photoionization process is

IIIv+Xe(5s 5p 'So)~Xe+(5s5p SII2)+e (ep) . (23)

Dehmer and Dill have shown that the analysis of this pro-
cess is clarified by use of the angular momentum transfer
formulation. Angular momentum and parity conserva-
tion restrict the photoelectron to a p wave. In a nonrela-
tivistic model the spins of the photoelectron and ionic core
remain coupled into a singlet, and an energy-independent
asymmetry parameter P=2 is predicted. However, the
spin-orbit interaction provides a mechanism for reorient-
ing the spins into a triplet. The triplet channel is charac-
terized by an energy-independent asymmetry parameter
P= —1, and the observed asymmetry is a weighted aver-
age of the singlet and triplet contributions:

2~, (~)—~,(~)
Ps, (e)= ~,(~)+~,(~)

where o.s(e) and o z.(e) are the energy-dependent cross sec-
tions for production of singlet and triplet final states,
respectively. Thus, values over the entire range
—1 &I(35,(E) & 2 are possible and the observed value can be
interpreted as a measure of the relative strengths for pro-
duction of singlet and triplet final states.

Strong deviations of P&, from the nonrelativistic value 2
have been measured at photon energies near the Cooper
minimum. ' ' A quantitative interpretation of this result
is given by the RRPA calculations which include inter-
channel coupling with the Sp and 4d subshells. The
transition strength of the singlet channel passes through a
minimum near hv=3S eV, so that the triplet contribution
becomes relatively stronger. The observable result is that
P&, oscillates through a minimum.

The present measurements of P5, are plotted iri 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 (Refs. 14 and 37) and Dirac-Fock (DF) (Ref. 86)
theories, as well as other calculations not plotted in Fig.
18. Torop et al. ' also measured 1.8&p5, &2 at IIIv=83
eV. Values in the range P5, ——1.8 —2.0 indicate a contri-
bution from the triplet channel of less than 7% of the to-
tal transition strength.

The RRPA calculation of P5, plotted in Fig. 18 includes
interchannel coupling with the Sp and 4d subshells, but
the effects of autoionizing 4d ~np resonances were
smoothed over in the results shown. As discussed above,
additional RPPA calculations have been made to study the
effects of the 4d '( as&2)6p excitation on Sp and Ss pho-
toionization. As for the Sp3/2 and Sp&/2 subshells, a
strong resonant enhancement in the Ss partial cross section
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FIG. 18. Asymmetry parameter of Xe 5s photoelectrons corn-
pared with the DF (Ref. 86) and RRPA (Refs. 14 and 37)
theoretical curves. Only a representative error bar is shown. Po-
sitions of the 4d '('D5/2 3/2)np resonances are indicated.

Several aspects of inner-shell photoexcitation and ioni-
zation of Xe were investigated in these experiments. The

is calculated, with a resonance width on the order of 0.01
eV. From an off-resonance value of P5, =2, the calcula-
tion obtains a resonant feature P5,~—I, indicating that
the triplet channel of 5s photoionization couples strongly
with the resonant state. The width of the calculated reso-
nance in Ps, is -0.04 eV. The measurements in the reso-

0
nance region were obtained with a 1.7-A FWHM bandpass
(0.6 eV at hv=65 eV), and so resonance structure might
be considerably reduced by the nonresonant contribution.
It seems, though, that such a strong oscillation, which ex-
tends over the entire range of the P parameter, would still
have been detected. However, no indication of this effect
is apparent in the measured Ps, values. We suggest that
the amplitude of any resonance structure is much less than
calculated because the Auger channels dominate the decay
of the resonance.

The RRPA calculations, in combination with the mul-
tichannel quantum-defect theory, are highly successful in
calculating the resonance profiles of photoelectron dynam-
ical parameters for the case of the Beutler-Fano autoioniz-
ing resonances of the rare gases. The present case of
inner-shell photoexcitation differs from the outer-shell
cases in that the resonances decay primarily into the
Auger final states. The present measurements of cross
sections and P parameters for Sp and Ss photoelectrons in-
dicate the importance of including the Auger-decay chan-
nels in theoretical calculations of inner-shell autoioniza-
tion.

VI. CONCLUSIONS

present results for the Sp P(e) parameter extend those of
previous measurements which confirm that the 4d-5p in-
terchannel coupling completely modifies the angular dis-
tribution of 5p photoelectrons, particularly above the 4d
ionization threshold.

We observed the broadening and shifting of %500
Auger-electron peaks due to postcollision interaction near
the 4d ionization threshold, in good agreement with previ-
ous measurements and theory. The %45OO Auger elec-
trons are produced with anisotropic angular distributions
due to alignment of Xe+ 4d ' by photoionization. The
measured P values of N4 sOO Auger electrons are in good
agreement with theoretical calculations. The alignment
and corresponding Auger-electron asymmetries are rela-
tively large near the 4d ionization as a consequence of the
centrifugal barrier in the 4d ~Ef channel.

As expected, the 4d '( D5/2 3/2)np resonances were ob-
served to decay primarily by the Auger process. Relative-
ly little structure was observed in the 5p and 5s photoioni-
zation cross sections, but distinct structure was produced
in the angular distributions of 5p3/2 and 5pi/2 photo-
electrons. For the Ss photoelectrons we measured P=2,
with no indication of a resonance effect. Comparison of
the measurements with a theoretical calculation for au-
toionization of the 41 '( Ds~q)6p resonance indicates the
need to include the Auger-decay channels in model calcu-
lations. However, the measurements were obtained using
a monochromator bandpass which is rather large com-
pared with the decay widths of the resonances. In order to
compare theory with experiment quantitatively, it is desir-
able to measure the resonance structure with a smaller
bandpass.
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