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Experimental data of the cross section and of the asymmetry parameter 8 in combination with
photoelectron-spin-polarization results of Ar3p® and Kr4p ¢ subshell photoionization were used to
determine the bound-free matrix elements and phase-shift differences of the continuum wave func-
tions in a photon-energy region from threshold to 41 eV. The paper includes a discussion of the first
autoionization region between the 2P3;,, and ?P;,, thresholds in the framework of the angular-
momentum-transfer formalism. The experimental results are compared with semiempirical and
ab initio calculations with the use of line positions and oscillator strengths in the discrete part extra-
polated to the continuum in application of the multichannel quantum-defect theory.

I. INTRODUCTION

The photoabsorption and photoionization process of the
rare gases has been the subject of theoretical and experi-
mental work for more than half a century. Since Beutler
published his well-known resonance absorption profiles
nearly all theoretical photoionization models first have
been applied to and tested on the rare gases, particularly
the p subshell, as this is the simplest case: the photoioniza-
tion of a closed outermost subshell. Experimental materi-
al first consisted primarily of photoabsorption and pho-
toionization cross sections, but during the last decade
studies of the photoelectron angular distributions became
dominant and in recent years the photoelectron spin polar-
ization was of interest. It turned out that only the most
sophisticated models could describe all the experimental
data satisfactorily. Relativistic effects (i.e., spin-orbit in-
teraction) both in the ground and in the continuum states
had to be taken into account as well as many-electron
correlations within the subshell considered and between
different subshells.

The photoionization of a p subshell is theoretically
described in the relativistic model by 3+4-2 bound-free di-
pole matrix elements (transitions from the np;,, ground
state into the energy-degenerate continua €s, /,, €ds/,, and
€ds;,, and from the np,,, state into the es,,, and ed;,,
continua, respectively) and by the 2+ 1 relative phases of
the electron continuum wave functions. (For a detailed
theoretical treatment, see, e.g., Ref. 1.) All experimental
quantities measured so far are, respectively, functions of
these five and three parameters.

Therefore, from the experimental point of view a set of
five independent measurements yields a complete parame-
ter set for the description of the photoionization of a p;,,
subshell, while only three measurements are needed in the
case of the p;,, subshell. The following parameter set was
introduced by Cherepkov? and Lee’:

(1) subshell cross section o;

(2) asymmetry parameter B of the differential cross sec-
tion;

(3) spin parameter £ (photoelectron polarization normal
to the reaction plane);

(4) angle-integrated spin-polarization transfer 4 from
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circularly polarized radiation to photoelectrons;
(5) asymmetry parameter a of the angle-resolved spin-
polarization transfer.

For the measurement of parameters (1)—(3) unpolarized or
linearly polarized light can be used, while parameters (4)
and (5) must be measured with circularly polarized light.
It is worth noting that the five dynamical parameters
mentioned are functions of the light energy as well as of
the photoelectron kinetic energy.

Spin-polarization measurements are connected with an
intensity loss of 10° due to the use of Mott scattering as an
analyzing device. Therefore, up until now, only the
highest-intensity rare-gas lamps could be used for mea-
surements of £ where the photoelectron emission has to be
resolved simultaneously with respect to energy, angle, and
spin. Using circularly polarized light, a spin polarization
remains, however, even if one extracts all electrons regard-
less of their direction of emission. The parameter A4 is de-
fined as the ratio of the electron’s spin polarization to the
circular polarization of the ionizing light. Elliptically po-
larized vacuum ultraviolet radiation with a high degree of
circular polarization has become feasible by use of the
off-axis radiation of a synchrotron or a storage ring. As
the intensity of the circularly polarized synchrotron radia-
tion is three orders of magnitude lower than the unpolar-
ized light of the rare-gas lamps, up until now no measure-
ments of the spin asymmetry parameter a could be per-
formed. Such measurements are, however, in progress at
the new German dedicated storage ring BESSY.

While the cross section is determined only by squares of
the dipole matrix elements, the dynamical parameters
(2)—(5) are sensitive to the phases of the continuum func-
tions. It is the purpose of this paper to present an analysis
of Ar3p® and Krd4p® photoionization in the photon-
energy range from threshold to 41 eV taking all experi-
mental results as the basis for this analysis i.e., to present
the matrix elements and phase-shift differences of the con-
tinuum functions determined individually with the use of
experimental quantities only. It is straightforward that
these quantities are very sensitive in testing atomic
theories, more so than the dynamical parameters which
are functions of more than one matrix element and phase.
The paper includes a discussion of the Beutler-Fano au-
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toionization resonances, based on measurements of the
spin polarization, in the framework of the angular-
momentum-transfer theory. These data will be compared
with data determined semiempirically and ab initio from
line positions and oscillator strengths in the discrete part
of the spectrum extrapolated into the continuum along the
lines given by the multichannel quantum-defect theory
(MQDT).

The rare gases Ar and Kr have been chosen because a
lot of experimental and theoretical work exists which such
an analysis can be based upon; in combination with a cor-
responding analysis of Xe by Heinzmann* it allows a de-
tailed comparison of the behavior of the parameters and of
the relative importance of spin-orbit effects and correla-
tions going from the lighter to the heavier atoms.

The main part of the experimental studies in the au-
toionization region between the fine-structure-split 2P;,
and 2P, ,, thresholds concentrated on the cross section [Ar
(Refs. 5—11) and Kr (Refs, 9—15)] which exhibits pro-
nounced resonance structure due to two series of Beutler-
Fano resonances converging to the 2P, ,, threshold. Mea-
surements of the 3 parameter in this region were reported
only for Xe by Samson and Gardner.!® Studies of spin po-
larization with circularly polarized synchrotron radiation
were performed by Heinzmann and Schifers!” for Ar and
Kr and by Heinzmann et al.!® for Xe. Theoretical treat-
ments of the autoionization resonances have widely been
based on MQDT. The first prediction of the behavior of
spin-polarization parameters was made by Lee.> Empiri-
cal MQDT parameters obtained from electron energy-loss
measurements were used by Geiger for autoionization
studies of Kr and Xe,'>?° while Dill?! computed the 3 pa-
rameter for Xe. The most recent analysis was performed
by Johnson et al.?? who employed ab initio parameters
determined in the relativistic random-phase approxima-
tion (RRPA).

Photoionization in the smooth spectral range above the
2P, ,, threshold was studied by a number of workers. The
cross-section measurements®®23~26 have been summarized
by Marr and West.?” The branching ratio was measured by
Comes and Silzer?® and Samson et al.?>>° Extended in-
vestigations of the 8 parameter are available. Most experi-
ments were done with line sources,’!~* some with syn-
chrotron radiation.**=>! The measurements of 3 and the
branching ratio have recently been extended to the inner-
shell autoionization region with the use of synchrotron ra-
diation.> The spin-polarization parameter £ was mea-
sured by Heinzmann et al.>® with the use of unpolarized
light, while circularly polarized synchrotron radiation was
used for the determination of the spin-polarization
transfer 4.!718

In contrast to the theoretical treatment of the photoioni-
zation cross section of the rare gases, only very few ab ini-
tio calculations of photoelectron polarization exist. The
experimental results may be compared with the nonrela-
tivistic random-phase approximation with exchange
(RPAE) calculations of Cherepkov,>>*~% with RRPA
computations of Johnson and Cheng’’ and Huang
et al.®~% and with considerations by Klar®' in the for-
malism of angular-momentum transfer.

After a brief description of the experimental designs
used for the spin-polarization measurements (Sec. II), the
“experimental” matrix elements and phase-shift differ-

ences will be presented in Sec. IIl. together with a survey
of the MQDT guiding this analysis. As an application in
Sec. IV the results of Sec. III are compared with ab initio
calculations. Section V presents a comparison of the
spin-polarization measurements in the autoionization re-
gion with different calculations and a further analysis of
the resonance structure by means of the angular-
momentum-transfer formalism.

II. EXPERIMENTAL ARRANGEMENT

The experimental arrangement for the investigation of
the photoelectron spin polarization normal to the reaction
plane, described by the parameter £, was explained previ-
ously.®? Briefly, unpolarized light from rare-gas discharge
lamps intersects an atomic beam in a region free of elec-
tric and magnetic fields. The photoelectrons produced in
the interaction volume and ejected into a certain direction
of emission pass through an electron spectrometer
(cylindrical mirror analyzer) and are accelerated to 120
keV for spin-polarization analysis by means of a Mott
detector. The angular dependence of this polarization
component is given by>

2£ sin6 cosf
1—(B/2)P,(cosB)

The parameter £ can be directly obtained from the mea-
sured polarization P when the experiment is carried out
under the “magic” angle 0,, =54°44’ (the angle between
photon and electron momentum): £=1.061P(6,,).

For the studies of the spin-polarization transfer 4 the
off-axis radiation of the Bonn synchrotron was used which
was found to be largely circularly polarized.%® Briefly, the
polarized vuv radiation was imaged onto the exit slit of a
10-m normal-incidence monochromator (bandwidth 0.08
nm). All photoelectrons ejected from the atomic beam
were extracted by an electric field and accelerated to 120
keV for subsequent polarization detection. Due to the ex-
traction procedure no energy analysis of the extracted elec-
trons could be performed. Therefore, this arrangement is
best suited for the investigation of the outermost shell,
where no two sorts of electrons with different kinetic ener-
gies have to be separated, i.e., from outer s subshells®* or
in the autoionization region between the two fine-
structure-split thresholds of the rare gases where, further-
more, the advantage of a continuous light source to step
through the resonances comes largely into effect.

P(0)=

III. EVALUATION OF MATRIX ELEMENTS
AND PHASE-SHIFT DIFFERENCES
OF THE CONTINUUM WAVE FUNCTIONS
FOR Ar AND Kr FROM THE EXPERIMENTAL
RESULTS

A. Theoretical background

During the last decade Fano, Lu, and Lee*»%-—7!

developed the MQDT from the basic ideas of Sommer-
feld”? and Seaton.”>’* In these works a formalism was set
up which allowed one to describe positions and intensity
distributions of spectral lines that belong to strongly in-
teracting, i.e., disturbed Rydberg series. The validity of
the theory extends, however, beyond the discrete spectral
range into the adjacent autoionization range and the ioni-
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zation continuum where, for instance, the interaction of
discrete excited states with continuum states is explained
resulting in autoionization resonances with the typical
Beutler-Fano profiles (Sec. V).

In the MQDT the concept of channels is introduced
with intent to represent the position and intensity of all
spectral lines and autoionization resonances in a small set
of parameters. The theory connects the close-coupling
eigenchannels a (classified approximately by LS quantum
numbers) with the loose-coupling dissociation channels 7
of the ion plus electron system (classified exactly in the
Jjj-coupling scheme). The system transformation is
represented by an orthonormal matrix U,,, in which con-
figuration interaction and channel mixing are taken into
account. For the rare gases U;, has been calculated
ab initio®»%® or has been determined semiempirically from
spectroscopic data.!®20:6°

Due to the selection rules the following channels are
open for dipole transitions from the ground state np%'S,
of the rare gases: close-coupling states (eigenchannels)

Psd 3P1, P5d3D1, Psd 1Pl >
p’s3P,, p3s'P

for a=1-S5, respectively, and loose-coupling states (disso-
ciation channels)

CP3pdsp)i, CP3pdypn), (PPypsiph
CPipdsp)i, (PPipsiph

for i =1-5, respectively.
The system transformation is performed by the follow-
ing equation:

. 5 .
Die'™ =3 UjgDge' ™ . (1
a=1
The weakly energy-dependent eigen-quantum-defects u,
and the transition amplitudes D, determine the energetic
position and the intensity (oscillator strength) of the spec-
tral lines,% respectively. These data of the discrete spec-
tral range may therefore be transformed into the “modi-

fied” quantities D; and u; by use of the matrix U;,. In the
|

_ D} +D3}+D3 O3
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ionization continuum the D; represent the reduced dipole
matrix elements of photoionization, whereas the modified
quantum defects u; are the non-Coulombic part of the
phase shifts §; of the continuum wave functions in units
of m:

Si=o)+mp; —ml/2 . (2)

oy is the Coulomb or long-range phase shift of the partial
wave / that occurs because the photoelectron leaves in the
Coulomb potential of the singly positive charged ion. mu;
denotes the short-range phase shift of the continuum wave
function and is due to deviations of the true potential
from the pure Coulomb potential close to the atom. 7//2
is a normalization term of the phases which determines
the right sign of the matrix elements. The Coulomb
phases can be calculated analytically’:

oy=argl(I+1—ie"'7?), 3)
where € is the electron’s kinetic energy in rydberg units.
B. Evaluation procedure

The matrix elements D; and the differences of the modi-
fied eigen-quantum-defects u; —u j have been determined
by use of experimental results obtained in the continuous
spectral range and are compared with spectropscopic data
below the ionization threshold according to Eq. (1). The
evaluation procedure for D; and pu;—pu; described by
Heinzmann* is sketched out only briefly in the following.

First, the experimental parameters are expressed as
functions of the matrix elements D; and the phase-shift
differences 8;. o, the cross section for the photoionization
of the np® valence shell; p, branching ratio o03,,/0,,, of
the spin-orbit components; 8/, and 3 ,, asymmetry pa-
rameter of the differential cross section; £3,, and &,
spin-polarization parameter; and 43, and 4,,,, angle-
integrated spin-polarization transfer, are expressed as fol-
lows: s

o=4r’aadeo Y D} 4)
i=1
with o the fine-structure constant, a, the Bohr radius, and
o the photon energy in a.u.,

P= D} +D? oy
4D} —4D3 46D Dycos(8;—8,) —2V'5D,D3cos(8, —83) — 6V'5D;3 D cos(8;—8,)
D2 +4+2V2DsD4cos(85—8,)
12= Di+D§ , (7)
15D D;sin(8, —8,) 4 3V'5D,D5sin(8, — 8;) +6V'5D;D;sin(5;—8,)
bapp= 200D+ D2 +D?) ’ ®)
3V2DsD,sin(85—8,)
12= AD2 DY) , 9)
7D} —2D3 —5D%— 12D Dycos(8; —8,)
A3/2= 2 2 2 ’ (10)
10(D{+ D3 +D3%)
D?—0.5D3%
Aip=—5"5" (11)

D} +D3
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The quantities correspond to the following final ionic
states. To 2P 3/2>

Dy, D,, D3, 8;—8; 83—38,,

8,—8;=—(8;—8,)—(8;—8,),
and to 2P,/Z,

D4, D5, 65—8,.

Only o depends on the absolute magnitude of the matrix
elements. All other parameters are determined by ratios
of matrix elements only. A4,,, does not depend on the
phase difference. 43,, depends only on the phase differ-
ence between the two d partial waves 8, —8,, of which the
difference of the Coulomb phases is zero according to Eq.
(2). Only £ is determined by the sine, i.e., an odd trig-
onometric function of the phase difference, because the
terms in the numerator of £ are imaginary parts of prod-
ucts of complex matrix elements.

It is worth noting that the five matrix elements and
three phase-shift differences totaling eight quantities
represent a complete parameter set only in the loose-
coupling scheme and for the case of p°-subshell ionization.
In general, the transformation matrix U;, also contains
important information about the system (channel-mixing
coefficients). The “minimum complete parameter set’”®®
for photoionization of a pS-subshell consists of five matrix
elements, four differences of eigen-quantum-defects (in the
close-coupling scheme) and the ten independent elements
of the orthogonal 5% 5 matrix U;,. Regarding the ioniza-
tion of subshells with />1 and J=0 [for instance, the
(n—1)d'° shell of Hg and Cd], six dissociation channels
are possible, so that the number of parameters that can be
determined experimentally is increased further.’®

The evaluation procedure for D; and u; —u; was as fol-
lows. For the P,,, ion the real quantities D,, Ds, and
84—8s were determined from o;,, Bi,, and &;,,. At
those wavelengths where no measured values of B and p
were available, interpolated experimental values that are
also supported by theoretical calculations were used.

The measured quantity 4 is the mean value weighted
with the partial cross sections:

A=A1/2+PA3/2 _ (12)

I+p

Using D4 and Ds one gets 4,,, according to Eq. (11);
then, by use of the measured value of 4 the parameter
A3/, can also be determined [Eq. (12)]. Since no experi-
mental values of 4 exist between 27.8 and 40.8 eV, 43,
was assumed to be in between its limits —0.5 <45,, <0.5
for further considerations.

For the ?P;,, ionic channels only four experimental
quantities are available for the determination of
D,, D,, D3, 8;—8,, and 8;—8,. Therefore, the evaluation
proceeded with the approximation that the phases of the
two d-continuum functions 8; and 8, are equal, in other
words, the influence of the spin-orbit interaction was as-
sumed to be restricted on the ionic fine-structure splitting
and on the difference of the matrix elements D; and D,.
The assumption 8§;—8,=0 is justified because the main
part of the phase-shift difference [Eq. (2)]—the Coulom-
bic part—vanishes according to Eq. (3). In order to deter-
mine all five quantities, another experimental parameter

has to be investigated, for instance, the asymmetry param-
eter a of the spin-polarization transfer 4, for which
preparations are in progress at BESSY.

The sign convention of the reduced matrix elements has
been taken into account when the phase differences 8, — 85
and 83— &, were determined (D,, D,, D3, D4 positive, D5
negative at the ionization threshold). The results are
shown in Figs. 1—4 and are explained in the following.
The error bars represent uncertainties of all experimental
quantities involved in the computation. They are connect-
ed smoothly by a tentative curve regardless of autoioniza-
tion resonances in this spectral range converging to the ns?
threshold. Note that for Kr the values at Av=26.86 and
27.77 eV are close to the resonance structures at 26.8 eV
(Ref. 77) and 27.6 eV (Ref. 78) and for Ar the value at
hv=26.86 eV lies on the high-energy side of the strong
3s3p%4p 'P, resonance at 26.62 e¢V.’° This may be the
reason why some of the error bars at these energies deviate
slightly from the tentative curve. These data in the open
ionization continuum represented by the solid curve may
be compared with results below and slightly above the
thresholds (vertical dashed lines) where the data were com-
puted from the D, u,, and U;,—data of several authors
according to Eq. (1).

C. Ar3p* photoionization

The dotted curves in Figs. 1 and 2 were calculated from
energy independent D, and U, and energy-dependent
eigen-quantum-defects p,. These MQDT quantities are
ab initio values determined by Fano and Lee® in a
Hartree-Fock calculation. (In the lower part of Fig. 2,
Ha— s, the dotted curve is not plotted since it is identical
to the dashed-dotted curve.) The dashed-dotted curves are
based on constant D, and U;, and the energy dependent
fg of Lee and Lu.%® These quantities have been found
semiempirically by a fitting procedure resulting from
spectroscopic data in the discrete spectral range, from the
photoionization cross section in the autoionization region,
and from the cross section and branching ratio in the open
continuum. The data were calculated at the %P5, thresh-
old (left vertical line). A comparison with the results of
this work shows that the energy dependence of these two
curves with constant D, and U;, (Refs. 68 and 69) is too
weak to allow an extrapolation far beyond the ionization
threshold. Especially for D; and Ds and for the differ-
ences of the modified eigen-quantum-defects of Ar, the
extrapolated straight lines deviate strongly from the mea-
sured values. On the other hand, the tentative curves ex-
trapolated to lower energies fit smoothly to the straight
lines, especially with regard to the differences of the quan-
tum defects. The solid lines that have been worked out by
use of a constant U, matrix (determined at the %P, ,,
threshold) and energy dependent D, and u, show good
agreement at the ionization threshold. These MQDT
quantities were obtained ab initio by Johnson et al.*’ in
RRPA. In order to allow a better comparison with the
measured points the curves were drawn smoothly across
the autoionization range between the ionization thresholds
where, in reality, the D; and 8; show a pronounced reso-
nance behavior (see Sec. V) and only the close-coupling pa-
rameters D, and u, vary weakly. Similarly the dashed
curves agree well with the experimental points in the con-
tinuum. These curves are based on a parameter set by
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FIG. 1. Modified MQDT quantities D; and u; —u; (matrix elements and phase-shift differences), corresponding to the Ar+* 2P, ,
ion. Error bars connected by a smooth curve are the result of this work. Vertical dashed lines indicate the ionization thresholds.

Curves in the discrete spectral range were calculated from the following parameter sets:
Lu (Ref. 69); — — —, Lee (Ref. 3); ——, Johnson et al. (Ref. 22).

Lee® in which the D, and p, as well as the elements of the
transformation matrix U;, depend on the energy (calculat-
ed with an extended Hartree-Fock procedure®®).

D. Kr4p® photoionization

For Kr (Figs. 3 and 4), as well as for Ar, MQDT pa-
rameters D, and u, calculated in RRPA are available.?
The corresponding modified quantities are the solid curves
extrapolated smoothly across the autoionization range.
Despite the strong energy dependence of these curves
which is due to the strong energy dependence of D, espe-
cially for a=3 and 5, the connection to the measured
points above the second ionization threshold is generally
good.

- -+, Fano and Lee (Ref. 68); —-—, Lee and

The two dashed-dotted curves originate from semi-
empirical data of Geiger,”®”° obtained experimentally by
energy-loss spectra of keV electrons. The weakly energy-
dependent straight lines (——-——) were determined from a
parameter set of constant D, and U,, and energy depen-
dent p,’° the more strongly energy-dependent lines
(—+-—) are based on the same U;, and p,, but different di-
pole amplitudes D,, of which D, (@¢=>5) is energy depen-
dent. This curve shows a much better connection to the
fitted curve above the threshold, especially for Kr D3 and
Ds. An extrapolation of the matrix elements obtained in
the discrete spectral range into the ionization continuum
seems to make sense only when the eigen-quantum-defects
I as well as the transition amplitudes D, are chosen to be
energy dependent. The differences of the modified eigen-
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FIG. 2. Modified MQDT quantities D; and u; —u;, same as Fig. 1 but corresponding to the Ar* 2P, ion (see caption of Fig. 1).
In the lower part, ;14—pus, the dotted and dashed-dotted curves are identical.

quantum-defects p;—p; and ps—pus of Kr, however, are
identical for both parameter sets of Geiger’’® and show
excellent agreement with the measured points of this
work.

E. Comparison with the Xe 5p ¢
photoionization

If one compares the results obtained for Ar and Kr with
the MQDT analysis of Xe,* one also finds that in no case
for Xe does the linear extrapolation of the modified close-
coupling data from the discrete part far into the open con-
tinuum yield a reasonable good agreement. The energy
dependence of the matrix elements D; above the threshold
for Xe is similar to Ar and Kr. The Cooper minimum
(change of sign of the matrix element) in D, D,, and D,
occurs at higher energies for Ar and Kr, while D, for Xe
already changes sign at 35 eV photon energy. Generally,
the MQDT quantities of different authors below the
threshold differ much less and their connection to the con-
tinuum is much better for Ar than for Kr and Xe. This is
due to the fact that for Ar the LS classification for the
close-coupling channels is a good approximation. The U,
matrix, therefore, deviates only slightly from the analyti-
cally known jj-LS transformation matrix.

One important result that has already been verified for
Xe is the fact that the differences of the modified eigen-
quantum-defects p, —u; and ps—ps in the open continu-

um are identical within the error limits. This means that
the difference Ay —A;=m(y—ps) is independent of
whether the photoelectron originated from a p3,, orap;,,
initial subshell. Adding the Coulomb phase shifts [Eq.
(2)] that differ because of the different kinetic energies of
the photoelectrons from the p;,, and p;,, initial state [Eq.
(3)], one obtains the total phase difference §; —8;. Inter-
preting 6; —&; as the phase difference of the continuum
wave functions seems obvious since the initial electronic
state seems to have no marked influence on it.

The excellent agreement between the differences of the
modified eigen-quantum-defects p,—pus obtained above
and below the ionization thresholds is demonstrated in
Fig. 5 for Ar, Kr, and Xe. The tentative curves on the
right-hand side of the thresholds (vertical dashed lines)
have one representative error bar only. The curves on the
left-hand side of the thresholds are based on the MQDT
parameter sets of Lee® (Ar) and Geiger®® (Kr and Xe).

IV. APPLICATION OF THE RESULTS
FOR THE PREDICTION OF 4,,, AND 4;,,
AND COMPARISON WITH ab initio CALCULATIONS

This section demonstrates how the results of Sec. III
can be applied to predict the behavior of other experimen-
tal parameters that, up until now, could not be measured.
The parameter 4 was introduced as being the averaged
spin polarization of all photoelectrons extracted regardless
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FIG. 3. Modified MQDT quantities D; and p; —pu;, same as Fig. 1 but corresponding to the Kr* 2P, ion. Error bars connected by
a smooth curve are the result of this work. Parameter sets are as follows: —:-—, Geiger (Ref. 20); ——+——, Geiger (Ref. 79); ——,
Johnson et al. (Ref. 22). u;—p; curves with the parameter sets of Geiger are identical.

of their direction of emission. Due to the experimental ar-
rangement for its measurement (Sec. II) no energy analysis
of the photoelectrons could be performed. Therefore, the
photoelectrons from the p;,, and p,, subshells of the rare
gases having slightly different energies could not be
separated and the measured spin polarization is a net value
of both fine-structure components weighted with their
partial cross sections [Eq. (12)]. With the use of the re-
sults of Sec. III the parameter 4 can now be determined
separately for the two fine-structure components (43, and
A1)

The existence of a spin polarization of photoelectrons
from unpolarized atoms is a consequence of the spin-orbit
interaction. If the fine structure is not resolved the polari-

zation vanishes in the nonrelativistic model.>>3! There-
fore, the sign of the spin polarization of the two sorts of
electrons has to be different and their ratio 4;,,/4,,, in
this approximation must be 1/(—2), whereas the branch-
ing ratio 03,,/01,, is the statistical ratio 2/1. [The same
considerations are also valid for the spin parameter £;,,
and £/, (Ref. 53).] Therefore, deviations of the measured
spin polarization 4 from zero indicate deviations from the
nonrelativistic theory. In fact, 4 increases in the sequence
Ar, Kr, Xe [Ar—1%; Kr—3% (Ref. 17); Xe up to —15%
(Ref. 18)]. Figures 6 and 7 show the results for 4,,, and
A3, for the valence shells Ar3p® and Kr4p®, respectively,
as error bars. (The evaluation procedure for 4,,, and 43,
from the experimental data is described in Sec. IIIB.) The
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FIG. 4. Modified MQDT quantities D; and p; —u;, same as Fig. 3 but corresponding to the Kr* 2P, , ion.

figures confirm the prediction that the sign is different for
the two fine-structure components. A quantitative com-
parison shows that for Ar the ratio 1/(—2) is fulfilled
within the error limits for each error bar. These results
may be compared with two ab initio calculations in nonre-
lativistic RPAE (Ref. 82) of Cherepkov**® (only 4, ,,) and
in the relativistic RRPA of Huang er al.>>% These
theories take into account the influences of many-electron

correlations on the photoionization process (intrashell
correlations within the ionized 3p® shell and intershell
correlations with the 2p® and 3s? subshells).

The agreement of both curves with the error bars is
good. According to Cherepkov®® the wavelength shift be-
tween the two 4, ,, curves is due to a different position of
the Cooper minimum in the ed-continuum channel at ap-
proximately 25 nm which is very sensitive to correlation

1 T T T T ‘ T T T T T T T T T l T T T Tj T T T T l T T T T T T T T T T T n
- Xe Kr Ar
Wk E% E_,,,
r R Rt
o N
o= T 1
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FIG. 5. Comparison of us—us [(Ag—A,) /7 for the 2P, /2 ion] for Ar, Kr, and Xe. Curves below the ionization thresholds have

been taken from Lee (Ref. 3) (Ar) and Geiger (Ref. 20) (Kr and Xe).

Autoionization regions are hatched.
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60 50 40 30
Wavelength (nm)

FIG. 6. Spin-polarization transfer 4 of photoelectrons of
Ar 3p® with the residual ion 2P;,, and 2P, ,, for As,, and 4,,,,
respectively. Error bars are this work, determined according to
Eqgs. (11) and (12); solid curve, RRPA calculation of Huang
et al. (Refs. 59 and 60); dashed curve, RPAE calculation of
Cherepkov (Refs. 2 and 83).

effects. Both theories use experimental thresholds. For
Kr (Fig. 7) the ratio 1/(—2) is not exactly fulfilled as the
spin-orbit interaction also influences the continuum states.
For comparison only the RRPA calculation of Huang
et al.>>% is available. In this calculation the many-
electron correlations with the 3p®, 4s2, and 3d'° subshells
are included. To get a quantitative agreement with the er-
ror bars it seems that the curves have to be shifted to
longer wavelengths. Since experimental thresholds are
used, this shift seems to indicate the necessity of including
further correlations as these are known to strongly influ-
ence the wavelength dependence of the B parameter.’’
The shift is, however, less pronounced in the other dynam-
ical parameters £ (Refs. 53 and 58) and B (Ref. 57) whose
agreement with experiment is satisfactorily geod.

One important result is that the highest values of the
spin polarization measured or calculated for Ar3p$,
Kr4p® and Xe5p® (Refs. 4, 55, 59, and 60) are nearly
identical. The absolute value of the spin polarization,
therefore, is independent of the strength of the spin-orbit
interaction, whereas the fine-structure splitting (Ar, 0.18

40 T T T T T T T I T

20 RRPA .
A (%) /U/‘r’—hl‘r\ |

80 70 60 50
Wavelength {nm)

FIG. 7. Same as Fig. 6 for Kr4p® An RPAE calculation is
not available.

eV; Kr, 0.67 eV; Xe, 1.32 eV) depends enormously on it.
To get highly spin-polarized photoelectrons one does not
need a strong spin-orbit interaction but only a separation
of the spin-orbit-induced fine-structure components in the
experiment.

V. DISCUSSION OF THE EXPERIMENTAL
AND THEORETICAL RESULTS
IN THE AUTOIONIZATION REGION OF Ar
AND Kr

In the energy region between the first two ionization
thresholds of the rare gases belonging to the fine-
structure-split ionic configurations 2P;,, and 2P, /2, those
three continuum channels for photoelectrons from the
D3, subshell are open and those two channels for electrons
from the p,, shell are closed. They may interact, howev-
er, with the open channels by autoionization processes, re-
sulting in two series of Beutler-Fano resonances converg-
ing to the 2P, ,2 threshold. This pronounced resonance
structure can be seen.not only in the cross section but also
in other quantities measured so far [3 parameter for Xe
(Ref. 16); spin polarization 4 for Ar, Kr (Ref. 17), and Xe
(Ref. 18)].

In this section the experimental results of the spin po-
larization 4 will be compared with MQDT calculations
and for Kr an analysis of the first three resonances of both
series will be presented, which cannot be “complete” in the
way developed in Sec. III because on the basis of the two
parameters o and A4 that have been measured so far the
evaluation of three matrix elements and two phase-shift
differences is, of course, not possible.

For the autoionization spectrum the connection between
the close-coupling matrix elements D, and eigen-
quantum-defects u, (that vary only smoothly in this re-
gion) and the corresponding modified loose-coupling pa-
rameters D; and u; is more complicated than for the con-
tinuous spectrum (cf. Sec. III). Three “collisional eigen-
channels” p (p=1,2,3) are introduced in which all interac-
tion between the five close-coupling channels a takes
place. The system transformation between the eigenchan-
nels and the loose-coupling dipole amplitudes D; is per-
formed by the following equation:

. 3 .
Diel‘ﬂ'ﬁli: 2 TipelﬂTPD (13)
p=1

p?

where 7 takes the values 1,2,3 for the p;,, subshell, T, are
the short-range eigenphases of the three open eigenchan-
nels p, D, denote the corresponding eigenamplitudes, and
Ti, is the orthogonal transformation matrix between the
eigenchannels p and the open continuum channels i. All
three quantities 7o Dp, and T;, (p=1,2,3) may be obtained
from the close-coupling parameters p, D,, and Uiq
(a=1,...,5), according to Lee et al.,’"%* Geiger,'>?° and
Dil1.?!

A. Kr4p® photoionization

Figure 8 (lower part) shows the results of the spin-
polarization measurements at Kr as vertical error bars.
The bandwidth of the radiation is indicated as a horizon-
tal error bar at some points only. For comParison, in the
upper part the relative cross section of Saile!* (solid curve)
fitted to an absolute value'® in the maximum of the first d
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FIG. 8. Kr4p ® photoionization in the autoionization region. Upper half: cross section o. Solid curve, measurements of Refs. 13
and 14; points, this work and Ref. 17. Lower half: spin-polarization transfer 4. Solid curve, RRPA calculation of Johnson et al.
(Ref. 22); error bars, this work and Ref. 17. Dotted curves: this work, based on MQDT parameters of Geiger (Ref. 20).

resonance is plotted. The points indicate the electron in-
tensity obtained during the polarization measurements.
Similar to the cross section the electron spin polarization
shows a pronounced resonance structure with changes of
sign from —30% to +75% in a wavelength region small-
er than 0.1 nm. The structure is periodical and gets small-
er with shorter wavelengths due to insufficient resolution.
The solid curve in the lower part is based on an MQDT
calculation of Johnson et al.??> with parameters obtained
ab initio in RRPA. In this calculation correlations within
the 4p® and with the 4s? and 3d'© subshells are included.
Aside from the different heights of the positive and nega-
tive polarization maxima in the d and s resonances (the
discrepancies in the sharp s resonances are due to an insuf-
ficient experimental resolution) the curve is in excellent
agreement with the experimental results, especially con-
cerning the position of the resonances and of the change
of sign of the polarization, both of which are very sensi-
tive to correlation effects. The theory employs experimen-
tal thresholds. The dotted curves in the upper and lower
halves of Fig. 8 represent MQDT calculations based on
the semiempirical parameters of Geiger’® obtained from
experimental line positions and oscillator strengths in the
discrete spectrum [energy-independent matrix elements D,
(@=1,...,4) and U;, energy-dependent eigen-quantum-
defects u, and D, (a@=5); the same parameter set that led
to the dashed-double-dotted lines in Figs. 3 and 4]. Al-
though the general agreement with the experimental

values is good there remains a small shift of the curves to
shorter wavelengths, a fact that was already observed for
Xe also.

A complete description of the photoionization process
in the autoionization region by determination of the three
modified matrix elements D; (i=1,2,3) and the two
phase-shift differences 8; —8, and 8;—8, is not possible at
present since this would require the knowledge of three
other experimental quantities besides o and 4. A com-
bination of these two quantities yields, however, further
conclusions on the dynamics of the photoionization pro-
cess. For this, the five quantities mentioned above are re-
placed by the three complex matrix elements S|, S,, and
S3. In the formalism of the angular-momentum transfer
developed by Fano and Dill?"'#%3¢ which has recently been
extended to the treatment of spin polarization,’! these ma-
trix elements determine the parity-favored transitions
[angular-momentum transfer ¢t =1 from the photon to the
electron with angular momentum / =0 (S;) and / =2 (S}),
respectively] and the parity-unfavored transition S,
(t=2,1=2). The reason for the introduction of these
quantities is that combinations of them are simple func-
tions of the experimental quantities o and 4 (Ref. 4). The
cross section is proportional to ,3 _1|8i | The quantity
plotted in Fig. 9, 4/30(4+3), is proportional to
| S1+S, | % thus this quantity is influenced by interfer-
ences between S and S,. The solid curve in Fig. 9 is
based on experimental results for o and 4 with representa-
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FIG. 9. Kr4p® photoionization in the autoionization region.
Quantity ¢ | S|+ S, | 2 determined from experimental results of &
and A (full curve) and from MQDT results (Ref. 20) (dotted
curve).

tive error bars shown at some points only, while the dotted
curve was computed from the dotted curves in Fig. 8.
Both experimental and theoretical curves show construc-
tive and destructive (in the dotted curve down to zero) in-
terferences of S| and S,. The agreement of the shape of
the two curves is good, while the differences in the abso-
lute height are due to the differences in the cross-section
scales of Geiger and Saile!* (Fig. 8). As mentioned above,
S, and S, denote the parity-favored and parity-unfavored
transitions into the d continua (/ =2), therefore, the re-
sults in Fig. 9 are determined only by ed-matrix elements.
In spite of this, the series of the sharp resonances, identi-
fied earlier as s resonances, can clearly be seen. This is
strong evidence for a pronounced channel mixing between
the autoionizing ns channel and the ed-continuum chan-
nels (quadrupole coupling®).

B. Ar 3p® photoionization

Figure 10(b) shows the results of the measurements ob-
tained in the autoionization region of Ar3p® as points
(upper part) and error bars (lower part). The resonance
structure is much less pronounced than for Kr, due to in-
sufficient resolution. (The bandwidth is indicated as a
horizontal error bar.) The results of theoretical calcula-
tions and of a high-resolution cross-section measurement
are plotted in Fig. 10(a). The dashed curves represent the
theoretical prediction by Lee,* the dashed-dotted curve in-
dicates the cross section measured by Hudson and Carter’
with a bandwidth of 0.004 nm indicated as horizontal er-
ror bar, and the full curve shows the RRPA calculation of
the spin polarization of Johnson et al.?> Here correlations
with the 3p® and 3s? subshell are included. It is interest-
ing to note that the periodic structure of the RRPA curve
repeats itself in identical form along the Rydberg series,
while the resonance structure in Lee’s calculation flattens.
This is probably due to a larger energy dependence of the
MQDT parameters used by Lee.

The comparison between the theoretical results shown
in Fig. 10(a) and the experimental results of this work
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FIG. 10. Ar3p® photoionization in the autoionization region.
(a) Upper half: cross section o. Dashed-dotted curve, measure-
ment of Hudson and Carter (Ref. 7); dashed curve, MQDT cal-
culaton of Lee (Ref. 3). Lower half: spin-polarization transfer
A. Solid curve, RRPA calculation of Johnson et al. (Ref. 22);
dashed curve, MQDT calculation of Lee (Ref. 3). (b) Same as (a)
but the curves are convoluted with a triangular profile of 0.08
nm FWHM (experimental resolution). Points (upper half) and
error bars (lower half) are the experimental results of this work
and Ref. 17, respectively.

[Fig. 10(b)] has to be performed on the basis of the experi-
mental resolution. Therefore, the curves of Fig. 10(a) have
been convoluted with a triangular profile of 0.08 nm full
width at half maximum (FWHM). The result is plotted in
Fig. 10(b) together with the experimental results. While
the cross section now shows good agreement with the
shape of the electron intensity measurements (points), the
convolution procedure of the polarization curves reveals
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drastic differences between the calculations: The RRPA
calculation (full curve) is in good agreement with the ex-
periment in between the error limits, but the resonance
pattern in Lee’s prediction (dotted curve) is still too pro-
nounced. The differences between the two convoluted
curves, which could not be seen so clearly in Fig. 10(a), are
due to the fact that, compared to Lee, the results of
Johnson et al. show the following:

(i) smaller resonances in the polarization curve and
(ii) a much more pronounced oscillation in the s reso-
nances, down to values of —50%.

Combined with a high cross section in the s resonance
which serves as a weighting factor in the convolution pro-
cedure, this is responsible for the fact that in the RRPA
curve the resonances become more flattened than in Lee’s
curve. These differences between the two curves cannot be
seen in the corresponding cross-section calculations, which
yield practically identical results. Therefore, the same nu-
merical cross-section values (those of Lee) were used for
the convolution procedure of both polarization curves. It
is interesting to note that Heckenkamp et al.’” have re-
cently reported a combination of spin-polarization mea-
surement with threshold photoelectron spectroscopy by
which the spin polarization of the photoelectrons at the
%P5, threshold of Ar could be measured with an electron
energy bandwidth of 3 meV (0.015 nm). Their result
(4 =38%) also shows good agreement with the RRPA cal-
culation, which is further evidence for the validity of this
theory.

VI. CONCLUSIONS

In this paper the importance of experimental pho-
toelectron spin-polarization data was demonstrated so as
to complement the cross-section data in order to form a
complete parameter set for the photoionization from
which such basic quantities as transition matrix elements
and phase-shift differences of continuum wave functions
can be extracted. The results obtained for Ar3p® and
Kr4p® photoionization over a wide energy range could be
compared with oscillator strengths and eigen-quantum-
defects in the discrete spectral range. The connection
across the ionization threshold was established by means
of the MQDT which describes the photoabsorption and
photoionization process by a small set of parameters: di-
pole amplitudes D, eigen-quantum-defects p,, and a tran-

sition matrix U;,. The best overall agreement with the ex-
perimental data is achieved if these parameters are chosen
to be energy dependent. The results of this paper show
that the D, and p, (or the corresponding modified quanti-
ties D; and pu;) may be extrapolated across the ionization
threshold and may be used to reproduce even such com-
plex structures as autoionization resonances where five in-
teracting channels have to be taken into account. This is a
striking test for the validity of the MQDT approach. The
employment of the correlated and relativistic RPA to
work out the (ab initio)) MQDT parameters yields best
agreement with experimental results both in the autoioni-
zation region and in the open continuum. Correlation ef-
fects in the form of a strong quadrupole coupling between
the s and d channels could be seen clearly affecting the au-
toionizing processes for Kr. Relativistic effects, on the
other hand, show increasing importance in the sequence of
Ar, Kr, Xe.

Up until now, only two spin-polarization parameters, 4
and &, could be measured due to intensity reasons.
Whereas the analysis of the p;,-subshell photoionization
is complete, the evaluation of the five parameters govern-
ing the ps/,-subshell photoionization process out of four
experimental quantities could only be performed in a
small approximation about the influence of the spin-orbit
interaction onto the continuum states. This assumption is
not necessary in cases where less than five parameters
have to be determined, as was demonstrated in this paper
at the p,,, subshell or at the Hg6s? valence shell as re-
cently reported.5*% Experimental work is in progress at
the German dedicated source of synchrotron radiation
BESSY for the measurement of all three components of
the spin polarization vector in angle-resolved photoelect-
ron spectroscopy with the use of circularly polarized light.
These measurements will enable us to complete this
analysis and to extend it to other atomic and molecular
systems.
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