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The aeutler-Pano autoionizing resonances in the rare-gas atoms argon, krypton, and xenon are studied using the

relativistic multichannel quantum-defect theory (MQDT). Dynamical parameters for the MQDT analyses are

obtained from an ab initio relativistic-random-phase-approximation calculation. The position and profile of these

resonances are in good agreement with experimental measurements. Angular distribution and spin polarization of
photoelectrons in the resonance regions are also studied and are in close agreement with recent measurements.

I. INTRODUCTION

In this paper we report results of ab Aetio cal-
culations of the Beutler-Fano autoionization reso-
nances in argon, krypton, and xenon and compare
our results with recent experimental measure-
ments. The dipole-allowed single-electron excita-
tion spectrum of the noble gases consists of five
interacting Rydberg series. Three of these series
arise from excitation of an outer P3» electron to

ms&», ~3&2, or ~,&2 states; these three series
converge to the ~P3&z ground state of the ion. The
remaining two series arise from excitation of an
outer P«2 electron to ns, &2 or nd~lm states (termed
ns ' and nd' states in the sequel) and converge to
the lowest excited ~Pf/2 state of the ion. The latter
two series have members which lie in the contin-
uum above the P3» ionization threshold and are
therefore subject to autoionization. The photoion-
ization cross section in the energy interval be-
tween Ps&2 and P&&~ thresholds exhibits two reso-
nant series; a sharp series associated with exci-
tations to the ns' states and a diffuse series as-
sociated with excitations to mg' states.

Autoionization resonances between the P3» and

P&&2 thresholds in argon, krypton, and xenon
were first observed by Beutler~ and analyzed by
Fano.2 For argon, wavelengths of members of the
ns' and nd' series and widths of the mf

' resonances
have been determined experimentally by Yoshino
and by Hadler and Berkowitz. 4 Measurements of
the absolute photoionization cross section for ar-
gon in the resonance region have been carried out

by a number of workers~ 8 and are summarized by

Hudson and Kiefer.
Experimental measurements of the wavelengths

of the ns ' and nd' resonances for krypton have been
reported by Yoshino and Tanaka, "and by Radler
and Berkowitz, 4 while absolute cross sections for
krypton have been determined by Metzger and
Cook' and by Huffman, Tanaka, and Larrabee. "
Locations of a number of ns' and nd' resonances
are listed by Hadler and Berkowitz and by Moore
for xenon, and absolute photonionization cross sec-
tions for xenon in the resonance region have been
repdrted by various groups. "'3

The more recent theoretical treatments of Beut-
ler-Fano resonances have been based on multi-
channel quantum-defect theory (MQDT)." Discrete
states and autoionization resonances in xenon were
studied by Lu, ~~ who employed empirically deter-
mined MQDT parameters. These studies were ex-
tended to argon by Lee and Lu.' The DDT pa-
rameters for argon were also determined from an

ab initio calculation by Lee,"who solved the many-
electron Schrodinger equation in a limited spheri-
cal region. Further studies of autoionization in

xenon and krypton using empirical MQDT parame-
ters have been carried out by Geiger. ' '9

Measurements of the angular-distribution asym-
metry parameter P for xenon have been reported
by Samson and Qardner. ~~ The experimental val-
ues of P have been compared with theoretical
DDT values by Dillm' and by Geiger. '8'9 The an-
gular-distribution parameters depend on relative
phases as well as magnitudes of photonioization
amplitudes, so that comparisons of MQDT predic-
tions for angular distributions with experiment
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place additional constraints on the MQDT parame-
ters beyond those already included in cross-sec-
tion comparisons.

Studies of spin polarization of photoelectrons
also provide sensitive tests of MQDT parameters.
Calculations of the spin polarization for xenon and
argon in the MQDT formalism have been given by
Lee.' These calculations have recently been sub-
jected to experimental tests by Heinzmann et ul. , 3

who measure the total spin polarization of xenon
in the autoionizing region of the spectrum. In the
following paragraphs we present theoretical stud-
ies of the Beutler-Fano resonances based on cb
initio calculations of the MQDT parameters using
the relativistic random-phase approximation
(RRPA). A detailed account of the theory behind
the present calculations is given in a previous
paper. '4

The Beutler-Fano resonances in Ne have already
been considered using the present technique.
Here, we concentrate on the applications of the
theory to argon, krypton, and xenon. In Sec. II we
summarize the formulas required to calculate the
photoabsorption cross section in the autoionization
region. Our calculated MQDT parameters are then
presented, along with angular distributions and
spin polarization in Sec. III.

These studies should provide an aid to the under-
standing of systematic features of the Beutler-
Fano resonances. Further experimental studies
of the resonances, especially measurements of
angular distributions and spin polarization, should
provide sensitive tests of the theoretical MQDT
parameters.

II. THEORETICAL CONSIDERATIONS

The theory of photoionization of atoms by polar-
ized photons has been discussed by several au-
thors. ' o %e restrict our attention here to
photoionization by circularly polarized incident
radiation. To describe photoionization by unpolar-
ized incident radiation, one must average the re-
sults presented below over the two states of circu-
lar polarization. For low-energy photoionization,
where the electric dipole approximation is valid,
the photoelectron angular distribution is given by

momentum vector p, with y axis normal to the
production plane (in the direction kxp), and with
x axis in the production plane, but perpendicular
to p [in the direction (kxp) xp]. The components
of P in this coordinate system are3~

$ sin8
I --,'PPt(cos8) '

8=-.'(C -2(). (5a)

For the present purposes we consider photoion-
ization, of rare gases by photons with energy above
the Pm~2 threshold, but below the P&&z threshold.
In this energy region there are three open channels
corresponding to the excitation of an outer p, &,
electron to 8«&, d3&2, or d~&2 continuum states.
%e label the reduced matrix element of the dipole
operator in these channels by the photoelectron
angular momentum j=~, » and -', . These dipole
amplitudes D~ may be easily obtained from the
MQDT. %e write 4

D, =grp""D„ (6)

P—
I --,'PPt(cos8) '

g cosa
I --,'PP2(cos8) '

where the + signs refer to incident photons of pos-
itive or negative helicity, respectively. The dy-
namical parameters c, P, g, q, and 1', which will
be discussed explicitly below, are given in terms
of reduced matrix elements of the dipole operator.
Although we have restricted our discussion to the
case of circularly polarized incident radiation, it
is worth mentioning that the five dynamical param-
eters o, P, $, g, and f suffice to describe low-
energy photoionization for incident radiation of
arbitrary polarization. so

For unpolarized incident radiation, only the
component P„ is nonvanishing. If the incident ra-
diation is circularly polarized, the spin polariza-
tion of the total electron flux (in the direction of
incident radiation) is given by

Ptot

=—[1——,'PP2(cos8)],

where 8 is the angle between the photon momentum
k and the electron momentum p. In Eg. (1), c is
the photoionization cross section and P is a param-
eter which measures the asymmetry in the angular
distribution. The polarization vector P of the
photoelectron is conveniently expressed in a coor-
dinate system with z axis along the photoelectron

where w~, are the short-range eigenphases of the
three open eigenchannels, D, are the correspond-
ing eigenamplitudes, and T& is the orthogonal
transformation matrix between the eigenchannels
(p=1,2, 3) and the open channels (j=-', , -'„-',). The
amplitudes D& are determined from solutions to
the RRPA equations, which satisfy outgoing-wave
boundary conditions in the open channels. The
quantities v„g7„and T» all may be obtained from
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the multichannel quantum-defect parameters p.

D, and U„(f, n=l, . . . , 5), using the procedures
described in detail in Ref. 24.

We may express the dynamical parameters 0,
p, (, p}, and g in terms of the amplitudes D/ (atom-
ic units are used) by

off 4vp(y
(K=277 0! = (0(T pdE 3
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Our calculation of the angular distribution and
spin polarization of photoelectrons within the res-
onance region involves several computational
steps. First, we solve the many-electron problem
describing photoexcitation using the RRPA to find
the smooth MQDT parameters p, , D, and U, at
a number of energies in the resonance region. For
practical reasons we must limit these RRPA cal-
culations to include only a few important inter-
shell correlations. In the case of argon, we in-
clude the correlations within and between the 3s
and 3P shells, and we treat the inner shells in a
frozen-core approximation. The justification for
this truncation has been discussed before. ' For
krypton, we include the 4s, 4P, and Sd shells in
the dynamical calculation, while for xenon we in-
clude Ss, 5P, and 4d shells. The importance of
including inner d-shell correlations in the RPA
calculations has been discussed by Amusia3~; we
illustrate the effect of 4d correlations on the Beut-
ler-Fano resonances of Xe in the following section.

Once the MQDT parameters have been deter-
mined from the RRPA calculations, we carry out
the analysis described in Ref. 24 to determine the
eigenphases and eigenamplitudes in the open chan-
nels, g, and ~p and the transformation matrix
T,'. The production amplitudes Qy and the five pa-
rameters g, p, $, g, and g describing photoioniza-
tion are then easily obtained using Eqs. (7) through
(12).

FIG. l. Eigen-quantum defects po plotted as functions
of photon energy ~ across the first two thresholds of
the rare-gas atoms argon, krypton, and xenon.

In RRPA calculations the theoretical photoioni-
zation thresholds are given by the eigenvalues of
the Dirac-Fock equations for the atomic ground
state. Since these theoretical thresholds are only
in fair agreement with exper imental thresholds,
we adopt in the following section the procedure
of aligning the theoretical and experimental pro-
files at the second thresholds when presenting our
comparisons with experimental data.
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FIG. 2. Eigen-dipole amplitudes D~ plotted as func-
tions of photon energy ~ across the first two thresholds
of the rare-gas atoms argon, krypton, and xenon.

III. RESULTS AND DISCUSSIONS

As discussed in previous papers, "~"'MQDT
allows one to characterize the dynamics of photo-
ionization processes in terms of a few parameters:
the eigen-quantum defects p, , the eigen-dipole
amplitudes D, and the transformation matrices
U, . These parameters are slowly varying func-
tions of energy near the thresholds, so that they
can be interpolated or extrapolated in the autoion-
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FIG. 7. Photoionization spectra of argon between the
Plim and Pg/g thresholds. The upper graph shows ex-

perimental data by Radler and Berkowitz4 with a photon
resolution. width of 0.02 A, and the lower graph shows
results of this calculation.

eters, and spin polarizations in the autoionizing
region are characterized by their respective pro-
files at the first few resonances.

For argon, the sharp ns' resonances almost co-
incide with the broad nd' ones. The two resonances
depart from each other in krypton, and they are
well separated in xenon. From argon to krypton
to xenon, one also sees that the magnitudes of the
broad nd' resonances are increasing, while those
of the ns' series remain fairly constant.

In Fig. 4 results of our present calculations on
cross sections e, angular asymmetry parameters
P, and spin-polarization parameters (, q, (, and
5 for argon are plotted as functions of photon
wavelength z. Similar plots for krypton and xenon
are shown in Figs. 5 and 6, respectively. Because
of the repetition of these parameters along the
Rydberg series, only those results for the first
few resonances are presented. These parameters,
o, P, g, q, l', and 5 show two distinct patterns:
sharp changes at the locations of ns' resonances,
superimposed on slower changes arising from the
nd' series.

In Figs. 7, 8, and 9, we compare our calculated
resonance profiles with recent experimental mea-
surements by Radler and Berkowitz4 for argon,
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FIG. 8. Photoionization spectra of krypton between the
Pg]2 and P)/2 thresholds. The upper graph shows ex-

perimental data obtained by Berkowitz (Ref. 33) with a
photon resolution width of 0.07 A, and the lower graph
shows results of this calculation.
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FIG. 9. Photoionization spectra of xenon between the
+12 and +12 thresholds. The upper graph shows ex-

perimental data obtained by Eland (Ref. 33) with a photon
resolution width of 0.07 A, , and the lower graph shows
results of this calculation.
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and by Berkowitz33 for krypton and xenon. As can
be seen from these figures, the general features
of the autoionization profiles are well represented
by the present calculations; however, there are
minor discrepancies which should be noted. First,
the positions of the resonances are slightly shifted.
This shift is most pronounced near the ~PS&&

threshold, and the theoretical resonances are lo-
cated at shorter wavelengths than the experimental
ones. Second, there is a rapid decrease in the
size of the ns' peaks in the experimental spectrum
which does not occur in the theoretical spectrum.
For higher members of the Rydberg series, it is
clear that the overall decrease in experimental
resonance amplitudes is due to finite instrumental
resolution; however, it is not clear whether the
apparent decrease in the relative size of the ex-
perimental peaks for the first few resonances is
a real effect or is due to instrumentation. From
the theoretical point of view, it is difficult to un-
derstand a real decrease of the size along the
Rydberg series, since such a decrease would im-
ply a rapid change in the associated quantum-
defect parameters in a relatively small energy
region.

A third problem which can be noted is that the
relative separation of the ms' and nd' resonances
is somewhat different in the theoretical and exper-
imental spectra. We believe that this problem is
due, at least in part, to the limited correlation
included in the present RRPA calculation. To il-
lustrate the influence of inter-shell correlations
on the resonance profiles, we present in Fig. 10
a comparison of two theoretical results in the
(9d', 1ls') region of the xenon spectrum. The first
of these theoretical curves is a portion of the spec-
trum presented before in Fig. 9, which includes
correlations from the 5p, 5s, and 4f shells. In
the second curve, the 4f and Ss correlations are
omitted. We find only an insignificant shift in the
location of the theoretical resonance positions
(less than 0.1 A in this region), and for compari-
son purposes we simply line up the 11s' peaks in
Fig. 10. As is apparent from the figure, the in-
clusion of 4j correlation increases the magnitude
of the 9d' resonance and sharpens its profile. To
compare with experiment, we superimpose on Fig.
10 the observed spectrum33 in this region by first
lining up the 11s' peak and then by scaling the ex-
perimental data to agree with theory on the short-
er wavelength side of the 9d' resonance. The point
here is that inter-shell correlation from 4d (and to
a lesser extent, 5s) brings the theoretical profile
of the 9d' resonances into closer agreement with
observation. Also, because of the sharpening of
the theoretical 9d' profile, there is an apparent
increase in the separation of Qd' and 11s ' reso-

500
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0
940
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942 944 946 948

FIG. 10. Photoionization cross sections g plotted
against photon wavelength X in the autoionization region
of xenon. The soli.d curve is the result of this calcula-
tion, including correlations between the 5p, Ss, and 4d
shells. The dashed curve is the result of this calculation
with the 5p-shell correlations only. The dash-dot curve
is the experimental data shown in Fig. 9 scaled to match
theoretical curves on the shorter-wavelength side of the
9d' resonance. All curves are lined up at the llew' reso-
nance for comparison purposes.

0-

T~i

o
I

r
I

(

~

-I
I020 I000 980

i(E)
960

FIG. 11. Angular-distribution asymmetry parameters
P plotted against photon wavelength X in the autoionization
region of xenon. Dots are experimental data by Samson
and'Gardner (Ref. 20). The solid curve is the result of
this calculation. The dash-dot and the dashed curves
are DDT calculations by DQ1 (Ref. 21) and Geiger (Ref.
19), respectively. All curves are lined up at the Ss'
reso~~~ces for comparison purposes.

nances. This increased separation on including
inter-shell correlations is in the right direction,
but is still insufficient to account entirely for the
observed separation.

In Fig. 11 we compare our theoretical predic-
tions of the angular-distribution P parameters for
xenon near the (6d', Ss') resonances with the mea-
surements of Samson and Gardner. 0 To compare
the profile of the P parameter, we align the theo-
retical and experimental Ss' resonances. The gen-
eral agreement with experiment is good, although
the data are not sufficiently detailed to reveal the
structure of P near the Ss' resonance. We also
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FIG. 12. Total spin-polarization parameters 5 plotted
against photon wavelengths X in the autoionization region
of xenon. The dash-dot curve is the experimental data
by Heinzmann et al. (Ref. 23). The solid curve is the
result of the present calculation. The dashed curve is
the DDT calculation of Lee (Ref. 22). All curves are
lined up at the 8s' resonances for comparison purposes.

show in the same graph two MQDT calculations by
Dill and by Geiger, based on empirical quan-
tum-defect parameters. Once again, the overall
agreement is good, except for the detailed features
near the Ss' resonances.

In Fig. 12 our results on the total spin-polariza-
tion parameter 5 in xenon near the (Sd', Ss ') reso-
nances are compared with recent experimental
measurements of Heinzmann et ul. 3 In the same
figure, we give the results of a MQDT calculation
by C. M. Lee.'2 Again, as in the case of the P pa-
rameter, the general agreement between theoret-
ical and experimental profiles is good. The two
theoretical profiles differ somewhat at the Ss' res-

onance. In this case, the experimental profile at
the Ss' resonance has been given in detail and is
in somewhat better agreement with the present
calculation.

In the above paragraphs, we have presented our
MQDT studies of the Beutler-Fano profiles for the
rare gases argon, krypton, and xenon using dy-
namical parameters determined from the RPPA.
We have found that the systematic features of the
profiles are in good agreement with existing ex-
perimental data. These comparisons show the
utility of the MQDT-RRPA approach in predicting
complex spectra involving strongly interacting
channels. For further comparisons, it would be
desirable to have measurements of P and 5 param-
eters for krypton and argon. Measurements of the
g parameter, such as those made at higher photon
energies by Heinzmann et al. ,

34 would also be use-
ful since they would compliment the existing exper-
imental. data in the resonance region.
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