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Multichannel photoionization spectroscopy of Ar: Total cross section and threshold photoelectrons

Hugo W. van der Hart and Chris H. Greene
JILA and Department of Physics, Campus Box 440, University of Colorado, Boulder Colorado 80309-0440

~Received 6 April 1998!

Argon photoionization is studied using theR-matrix technique. Total photoionization cross sections, as well
as partial cross sections for emission of a 3s electron, are obtained and compared with experimental results in
the photon energy range between 30 and 38 eV. As a by-product of the photoionization calculations, threshold
cross sections have been estimated for Ar1 states up to 38 eV above the Ar ground state, and are compared
with experiment. These comparisons show that the present approach can describe Ar autoionizing states
reasonably well, even up to 38-eV photon energy. However, some modifications of previously used techniques
have proven to be important in order to stabilize the calculation in this difficult energy range.
@S1050-2947~98!05809-0#

PACS number~s!: 32.80.Fb, 31.15.Ar, 31.50.1w
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I. INTRODUCTION

Deviations of atomic dynamics from independent-parti
behavior have challenged atomic physicists for the lar
part of this century. One important process induced by
dielectronic repulsion is autoionization, in which an excit
state decays nonradiatively. Independent-particle models
scribe this as a one-electron jump into a tighter-bound
bital, after which the excess energy donated to a second
tron liberates it from the atom. Argon was one of the fi
atoms in which synchrotron radiation was used to probe
toionizing states@1#. Since this first observation over 3
years ago, many other studies have been devoted to
photoionization in the regime between 20 and 150 eV. D
spite the rich multitude of resonances in this energy ra
that were observed and classified in Ref.@2#, most subse-
quent experimental studies have focused on nonreso
photoionization features, such as the Cooper minimum a
eV @3–6#.

At low photon energies, the photoionization of Ar
dominated by removal of a 3p electron. In the photon energ
region between 26 and 29.24 eV, 3s3p6np resonances ap
pear, and the members up to 8p have recently been studie
experimentally and analyzed usingR-matrix calculations@7#.
Above a photon energy of 29.24 eV, emission of a 3s elec-
tron becomes energetically allowed as well. Experime
@8–10# have determined accurate cross sections for this
cess, e.g., by measuring photoelectrons at the ‘‘ma
angle,’’ although recently photon-induced fluorescence sp
troscopy has been employed as well@11,12#. One feature of
interest, theoretically predicted@13# and experimentally veri-
fied @8#, is an apparent collective response of the electron
then53 shell, which causes a Cooper minimum to appea
a similar energy in both 3s and 3p photoemission. This
highly unusual coincidence might be taken as evidence
the underlying dynamics of these two subshells are coup
strongly. Recently, absolute experimental cross sections
photoionization of Ar with emission of a 3s electron have
been reported, and the strong influence of autoionizing st
of Ar in the photon energy range between 30 and 38 eV
immediately apparent@11#. These resonant states can d
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matically affect the strength of interaction between thes
and 3p subshells.

From a theoretical perspective, many approaches h
been applied to Ar photoionization@14–18#. In most of these
calculations, the determination of the atomic structure w
restricted to the 3s3p6np 1Po resonances. Above the 3s3p6

Ar1 threshold, this restriction leads to a smooth spectru
The collective response of then53 electrons leading to a
minimum in the 3s photoemission at 43.8 eV prompted fu
ther calculations to study this emission process at higher
quencies@13,17,19–21#.

The region containing argon doubly excited states
largely been avoided by theorists, because independ
particle techniques are better equipped to handle nonreso
processes. The first theoretical calculations examining
influence of doubly-excited states on photoionization p
cesses in Ar were presented in Ref.@22#. Subsequently,
Wijesundera and Kelly@23# employed many-body perturba
tion theory for another study. Reference@22# determined the
total photoionization cross section and the partial photoe
tation cross sections of all 3p44p states over the photon
energy range from 36 and 52 eV, both theoretically and
perimentally. It was found that electron interactions in t
initial state are important to describe at a level more accu
than the independent-electron approximation, but that in
actions in the final state are important for production of on
a few final ionic states, such as 3p4(1De)4p 2Fo. Those
earliest calculations were limited, however, since they
cluded no Rydberg series or continua associated with
3p43d or 3p44s thresholds. Wijesundera and Kelly@23# im-
proved on the work of Ref.@22# by including Rydberg states
attached to eight final Ar1 states: the 3s23p5, 3s3p6,
3p4(1De)nd 2Se with 3<n<5, and all 3p44p 2Po states
were included. The main focus of that study was aimed a
determination of photoexcitation~satellite! intensities for the
3p4(1De)nd 2Se states of Ar1, which strongly interact with
the 3s photoemission channel. While Ref.@23# reached a
level of sophistication adequate to demonstrate the imp
tance of doubly excited states in Ar 3p and 3s photoemis-
sion, it still could not show the full multichannel richness
the Ar photoionization spectra above 30 eV.

In this study, we present results for Ar photoionization
2097 © 1998 The American Physical Society
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the photon energy range between 30 and 38 eV, emplo
an extensive description of the Ar structure using
R-matrix approach. As such, the study is comparable to
theoretical calculations presented for Ne in Ref.@24#. The
results discussed here include the total photoionization r
and partial cross sections for ejection of a 3s electron. Where
possible we compare our theoretical description with exp
mental results, and assess the successes and failures
present level of theory accordingly.

Another quantity of experimental relevance that is
some extent affected by doubly excited states is the thres
photoionization spectrum. The measurement of zero-ene
electrons emitted from Ar after photoabsorption not on
provides detailed information about the Ar1 structure, but
also about the spectrum of doubly excited states of Ar.
particular, the detachment of slow electrons is increased
doubly excited state with a large transition probability fro
the ground state is found close to the threshold. Deta
experimental zero-energy electron spectra have been
ported for Ar @25#, and have been calculated as another
product of the present photoionization calculations. It sho
be noted that, by careful analysis of the threshold elect
spectra, experimentalists have been able to retrieve the
toexcitation spectrum within 150 meV of the Ar1 threshold
@25,26#.

II. THEORETICAL APPROACH

We adopt the multichannel quantum-defectR-matrix ap-
proach to describe the nonperturbative channel interacti
using techniques largely the same as those described in
@27#. The approach employs a basis set expansion of
initial- and final-state wave functions within an inner regio
while the final-state solutions in the outer region consist
Ar1 eigenstates multiplied by Coulomb wave functions
the outermost electron, appropriately antisymmetrized. S
tions that remain continuous in value and derivative at
boundary are obtained by matching the inner and outer
gion solutions. The application of this version ofR-matrix
theory has been enhanced by combining it with another p
erful approach in theoretical atomic physics, the multico
figuration Hartree-Fock~MCHF! approach@28#. This combi-
nation has been successfully applied to the study
aluminum@29# and neon@24#.

Accurate photoionization cross sections require an ac
rate description of both the initial and final states of t
atom. The initial state is the Ar ground state. The final st
can be viewed as a continuum photoelectron that move
the field of many states of Ar1 when it moves beyond the
core, but within theR-matrix box it requires a more elabora
description as an eigenstate of the full Ar Hamiltonian. T
presence of Ar doubly excited states in the energy rang
interest in this paper implies that a good description of b
Ar and Ar1 is required simultaneously. The Ar final-sta
wave functions are approximated in the present calcula
by adding a single electron to well-described low-lying sta
of Ar1. These Ar1 states are described using MCHF orb
als, which yield the best description that can be achie
with a small number of configurations.

The details of the MCHF expansion will be described in
forthcoming paper, so here we only give the essentials.
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MCHF orbital set consists of physical 1s, 2s, 2p, 3s, 3p,
3d, 4s, and 4p orbitals together with4d, 5s, and 5p
pseudo-orbitals. The 1s, 2s, 2p, 3s, and 3p orbitals are
optimized on the 1s22s22p63s23p5 state of Ar1. The physi-
cal nl 53d, 4s and 4p orbitals are then optimized on th
average of the 1s22s22p63s23p4nl configuration using the
previously determined inner orbitals. The pseudo-orbitals
generated by optimizing them on the three 3s23p4nl states
with the strongest configuration-interaction~CI! effects. A
shorter CI expansion could be achieved through a sepa
optimization of different orbitals for every ionic eigensta
relevant to the energy range treated in the calculation, but
advantages in computational efficiency gained by usin
common set of orthogonal orbitals far outweigh the sepa
optimization procedure.

After the MCHF orbitals have been generated, the ba
set for Ar1 in the photoionization calculations is construct
in the following way. For the 3s23p5, 3s3p6, and each
3s23p4nl state withnl a physical orbital, a configuration
list including single and double excitations within the phy
cal orbital set is generated. A CI calculation then gives
eigenvector of 3s23p5, 3s3p6, and 3s23p4nl states. Every
configuration with a coefficient of at least 0.03 in at least o
expansion of an Ar1 state is retained in the final Ar1 basis.
On average, these contributions total 99.4% of the Ar1 state.
The neglected contributions for one Ar1 state may, however
be retained due to another Ar1 state. Finally, pseudo-orbital
are added as 3s23p4nl configurations.

A CI calculation using this Ar1 expansion gives the en
ergies reported in Table I for states that can be excited
photoionization from the Ar ground state. The thresholds
labeleda–t for identification purposes. A comparison wit
the experimental energies@30# shows that the disagreeme

TABLE I. Energies of Ar1 states with respect to the
3s23p5 2Po state obtained in theR-matrix approach using MCHF
orbitals and compared to the experimental results.

R matrix Expt.@30#

State Label ~eV! ~eV!

3s23p5 2Po a 0.000 0.0
3s3p6 2Se b 12.937 13.421
3s23p4(3Pe)4s 2Pe c 17.452 17.123
3s23p4(3Pe)3d 2Pe d 18.336 17.962
3s23p4(1De)4s 2De e 18.696 18.384
3s23p4(3Pe)3d 2Fe f 19.109 18.488
3s23p4(3Pe)3d 2De g 19.124 18.643
3s23p4(1De)3d 2Ge h 19.607 19.059
3s23p4(3Pe)4p 2Do i 20.098 19.654
3s23p4(3Pe)4p 2Po k 20.211 19.786
3s23p4(1De)3d 2Fe l 20.924 20.201
3s23p4(1Se)4s 2Se m 20.904 20.685
3s23p4(1De)4p 2Fo n 21.532 21.077
3s23p4(1De)4p 2Po o 21.831 21.318
3s23p4(1De)3d 2De p 22.205 21.329
3s23p4(1De)4p 2Do q 22.002 21.437
3s23p4(1De)3d 2Pe r 23.079 21.582
3s23p4(1Se)3d 2De s 22.993 22.224
3s23p4(1De)3d 2Se t 23.573 22.766
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in excitation energy is generally around 0.5 eV, but that
the highest 3s23p4(3d,4s,4p) states the average discrepan
increases up to 1.5 eV. These highest states lie close to
energy region where higher-lying 3p4nl states are found
which have been omitted from the present calculation
keep its size manageable. The neglect of these terms re
in a deterioration of the quality of our description for th
high-lying Ar1 states. In fact, the 3s23p4(1Se)4p 2Po state
is immersed in these higher manifolds, and no reliable th
retical prediction can be provided. Moreover, the excitat
energy of the lowest excited states is too low, a further in
cation that the Ar1 ground-state wave function is not full
converged.

Except for some exploratory calculations performed to
sess convergence with respect to box size, the present c
lations utilized a box radius of 13 a.u. The Ar basis set c
sists of the Ar1 states combined with a set of ‘‘outermo
electron states’’ havingl <3. This set contains 21 states fo
s andp electrons, 18 ford electrons, and 16 forf electrons.
The total basis expansion for the Ar photoionization probl
then consists of 2350 states for the1Se states and 5581 fo
the 1Po states. The ground-state energy of Ar is calculated
be 217.755 eV, compared to the experimental results
215.819 eV, relative to the ground state of Ar1. The
ground-state binding energy is overestimated, because
have used a much larger CI expansion for the Ar grou
state than for the Ar1 states. In order to obtain the prop
transition frequencies at the thresholds, the Ar ground s
and all Ar1 states are shifted to the experimental values.

This overconvergence can be explained through co
polarization interactions. Suppose that the binding energ
interest is the ground-state binding energy, the energy dif
ence between the 3s23p6 1Se and 3s23p5 2Po states. The
excitation of two electrons from the 3p to 3d shell gives a
configuration interacting with both the Ar and the Ar1

ground states. For Ar this configuration is 3s23p43d2,
whereas, for Ar1, this gives 3s23p33d2. In determining the
photoexcitation of Ar doubly excited states, the Ar config
ration is included automatically through an important exci
Ar1 target configuration, 3s23p43d, whereas special effort
are required to include the 3s23p33d2 configuration for
Ar1. Moreover, for consistency the inclusion of this targ
state also enlarges the basis set for Ar with configuratio
such as 3s23p33d2nl . When all possible excitations ar
included, the correct energy difference will be reproduc
but in other cases the Ar binding energy is easily overe
mated. Since the Ar1 and Ar basis sizes are inextricab
linked to each other, the only way to improve on this ov
convergence is by extending both basis sets.

The shifts of the Ar1 states have been included in a d
ferent manner from the one detailed in Ref.@27#. Due to the
number of target states and open channels, and the relat
large shifts of the Ar1 states, shifting the Ar1 energies in the
quantum-defect part of the approach does not produce s
results. The approach has thus been modified. Before
evaluation of theK matrices, the shifts of the Ar1 states are
determined from the eigenvalues of the Ar1 Hamiltonian.
These shifts are then transformed back to shifts for the A1

basis states, including off-diagonal interactions. Since the
states are described as an Ar1 basis state plus a continuum
electron, these shifts and off-diagonal interactions can be
r

he

o
lts

o-
n
i-

-
cu-
-

o
f

we
d

te

e-
of
r-

-
d

t
s,

,
i-

-

ely

ble
he

r

i-

rectly added to the Ar Hamiltonian. This modified Ham
tonian is then employed to determine the Ar photoionizat
properties. This approach leads to significantly more sta
values for all channels. The energies of configurations l
3s23p33d3 have not been shifted, but the influence of the
configurations is comparatively small.

III. RESULTS AND DISCUSSION

A. Total photoionization

The total photoionization cross section of Ar in the ener
range above the threshold for detachment of a 3s electron is
shown in Fig. 1. The theoretical spectrum is compared w
the measurements of Ref.@31# and the compilation of Marr
and West@5#. To test our theoretical description of the res
nance structures, the results are also compared with the e
but detailed photographic measurements carried out in R
@2# in the wavelength region between 360 and 430 Å. Sin
the experimental results have been obtained as a functio
wavelength, we also present our spectrum in Å units. T
identification in@2# of the resonances markedA–K is given

FIG. 1. Total photoionization cross sections for Ar above t
threshold for ejection of a 3s electron. In the top figure, the
R-matrix results are indicated by a solid line, and compared to
results of Samsonet al. @31# ~open squares! and the compilation of
Marr and West@5# ~full circles!. The bottom figure shows Fig. 3
from the report by Madden, Ederer, and Codling@2#.
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in Table II, and by indicating these resonances also in
theoretical spectrum, the analogies and differences can
estimated for these resonances. Uppercase letters are us
indicate Ar states, while lowercase is reserved for A1

thresholds. The experimental results have been obtained
a resolution of 0.06 Å or roughly 5 meV at the photon en
gies of interest. The theoretical results were accordingly c
volved with a Gaussian of 5 meV~full width at half maxi-
mum! to simulate this resolution. Over the entire waveleng
range below 430 Å, neutral Ar resonances are observed.
though many other experiments have been performed@3–6#,
the spectra of Ref.@2# still characterize the resonance fe
tures in the wavelength range from 360 to 430 Å with t
greatest accuracy to date.

We classify resonanceB differently than Ref.@2#, since
the 3p4(3Pe)3d(2Fe)4p 1Po state is not allowed inLS
coupling, which possibly suggests a typographical error
their paper. Our calculations indicate th
3p4(1De)4s(2De)5p 1Po is a more appropriate characte
ization. In fact, Madden and Codling associated a resona
close to the 3p4(3Pe)3d(2Fe)4p 1Po state with the
3p4(1De)4s(2De)5p 1Po resonance. It should be noted th
for several of the resonances, e.g., resonancesE,F andG,H,
it is quite difficult to obtain an unambiguous classificati
due to the large interactions between the Ar resonances.
additional resonances are seen in between wavelength
380 and 390 Å, and their identification is also given in Tab
II. ResonanceM has been identified as such by Ref.@2#, and
their experimental transition wavelength is also reported.

Although the present calculation is limited toLS cou-
pling, with all fine-structure effects neglected, genera
good agreement is found with experiment. The total pho
ionization cross section is typically within about 1.5 Mb
the experimental results. Our calculations achieve a po
description of the energy-dependent decrease of the ph
ionization cross section with decreasing wavelength; this
flects our position of the Cooper minimum at 49.761.0 eV,
with the uncertainty in the position arising from resonanc

TABLE II. Identification and energy of the resonancesA–M as
indicated in Fig. 1. ResonanceB8 is our identification of resonanc
B. The wavelengths are averaged overj of the outer electron.

Wavelength@2#

Resonance Identification@2# ~Å!

A 3p4(1Se)4s(2S1/2
e )4p 369.9360.02

B 3p4(1De)3d(2F5/2
e )4p 377.4060.02

B8 3p4(1De)4s(2De)5pa

C 3p4(3Pe)3d(2P3/2
e )5p 381.1460.04

D 3p4(3Pe)3d(2P1/2
e )5p 382.8260.03

E 3p4(3Pe)3d(2D3/2
e )4p 391.2960.03

F 3p4(3Pe)4s(2P1/2
e )5p 392.2260.04

G 3p4(1De)4s(2D5/2
e )4p 396.7660.02

H 3p4(1De)4s(2D3/2
e )4p 396.9960.02

I 3p4(3Pe)3d(2P3/2
e )4p 401.1560.03

J 3p4(3Pe)3d(2P1/2
e )4p 403.7660.03

K 3p4(3Pe)4s(2P1/2
e )4p 424.2360.02

L 3p4(3Pe)4s(2Pe)7pa

M 3p4(3Pe)4s(2Pe)6pa 386.2160.04

aPresent work.
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in the photoionization spectrum, as will be discussed in m
detail for the 3s photoemission. These differences can
ascribed predominantly to limitations in our description
both the Ar and Ar1 ground states. The emphasis is on t
description of the structure up to a photon energy of 38 e
which means that we require a good description of 26 ch
nels simultaneously. The most difficult channels to descr
are of 3p4nl character, and hence no special effort has b
made to obtain the best agreement for the background
and the position of the Cooper minimum for the 3p photo-
emission channel. Nevertheless, the background behavio
the total photoionization is described quite well.

By comparing the present results with the experimen
ones@2#, it can be seen that the overall agreement is qu
good. There are definite differences in the position of cert
resonances, but the shape of the spectra is in reason
agreement. One example of a resonance feature not reso
experimentally is apparent for resonanceB, which shows up
as a single experimental resonance, while the calculat
also show an interference with the Rydberg series conv
ing to the 3s23p4(3Pe)4s 2Pe threshold at a slightly shorte
wavelength. Below a wavelength of 370 Å the number
resonances increases considerably, but here a good des
tion of the photoionization spectrum is also obtained. T
relative intensities of the resonances are, however, not
scribed very well, as can be seen in the neighborhood
resonanceA.

The calculated energies of certain resonances are not
accurate. For instance, the wavelength for the transition fr
the ground state to the average 3p4(3Pe)4s(2Pe)4p 1Po

state, resonanceG,H, differs from experiment by roughly 8
Å or 2%. In energy, this corresponds to a disagreemen
0.7 eV, and a difference in quantum-defect ofDn* 50.23.
We typically strive for quantum-defect errors less than ab
0.05, so the present discrepancy is regarded as signif
some qualitative problems with our multichannel wave fun
tions. The origin of this deviation is essentially the same
the one causing the overbinding of the Ar ground state:
expansion for the Ar states contains more configurations,
is able to describe a fuller range of core-polarization effe
than the Ar1 basis set. Consequently, those Ar states that
most affected by core polarization converge to energies
are too far below their respective thresholds. This probl
therefore stands out particularly for low-lying states in t
Rydberg series, but for states higher up in the series,
problem should be less serious, since the polarization po
tial drops off with r 24.

Another discrepancy can be noticed in the lon
wavelength part of the spectrum, where the experime
3p4(3Pe)3d(2Pe)4p 1Po resonance is split into two sepa
rate peaks, resonancesI and J, by spin-orbit coupling. The
calculations, of course, are carried out in anLS-coupling
approximation, with all fine-structure terms omitted from t
Hamiltonian. This means that the differentJ levels of the
3p4(3Pe)3d 2Pe threshold are degenerate. Consequen
adding a Rydberg electron to this state to form a1Po state
results in two degenerate states instead of fine-structure-
peaks. Similarly, only one 3p4(3Pe)4s(2Pe)4p 1Po state is
calculated, lying below the 3s3p6 2Se state, while experi-
mentally two are observed, one above~resonanceK! and one
below the 3s3p6 2Se threshold due to the lifting of theJ
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degeneracy. Such discrepancies between theory and ex
ment are observed throughout the spectrum, whenever
spin-orbit splitting of the threshold is large.

Despite these differences between theory and experim
the agreement in the shape and structure of the experim
and theoretical spectra shows that employing the comb
tion of R-matrix and MCHF techniques a reasonable ove
interpretation of the spectrum can be obtained. It provide
reliable identification of most observed resonances, and
lows us to assess the nature of the dominant channel in
actions in this energy range of Ar photoionization.

B. Emission of a 3s electron

Above a photon energy of 29.24 eV, it is energetica
allowed to excite the residual Ar1 ion simultaneously with
the emission of an electron. The lowest excited state is
3s3p6 2Se state and its excitation therefore corresponds
emission of a 3s electron. Several approaches have be
applied to study this process experimentally in the ene
range between 30 and 38 eV@8–10#. A resolution of 90
meV, was achieved by Mo¨bus et al @11#, but recently they
significantly improved their resolution@12#. This latter study
indicates that the observed structure in the experimental
corresponds to atomic structure, and is not due to experim
tal uncertainties.

Möbuset al. compared their results with theoretical da
@13,17,19–21,23#, but while these calculations provide
good description of the nonresonant photoionization beh
ior, no agreement was obtained for the resonant photoion
tion spectrum. To a limited extent, Wijesundera and Ke
@23# included channel interactions in the final-state exp
sion that they adopted to describe the Ar ionization c
tinuum. In addition to the 3s23p5 and 3s3p6 Ar1 states,
they included the 3s23p4(1De)md(2Se) Ar1 thresholds
~with 3<m<5), owing to their strong interaction with th
3s3p6 channel, and the three 3s23p44p 2Po states of Ar1.
While their description does produce Ar resonances in
frequency range of interest, the resonant portion of the
culated spectrum does not agree with experiment@11#. No-
tably, the experiment shows a significant amount of struct
from 32 to 35 eV which is absent from the calculations. O
the other hand, at frequencies larger than 40 eV, where
resonant Ar spectrum is less important than thee2-Ar1

open-channel interactions, the cross sections obtained
Wijesundera and Kelly@23# for excitations of the 3s23p4nl
states are in excellent agreement with the experimenta
sults @32#.

The cross section obtained from ourR-matrix calculation
in Fig. 2 is seen to overestimate the experimental res
obtained by Mo¨bus et al. @11#, by roughly 0.2 Mb. Such a
difference is not too surprising, since we have optimized
basis set to describe many high-lying states as accurate
possible. Our primary goal in this paper is to achieve a r
sonable description of the resonance structures. Although
resonance positions differ from experiment by about 0.7
(Dn* 50.23) in the region between 30 and 32 eV, Fig.
shows that we have achieved reasonable success in repr
ing much of the fine detail observed experimentally. J
below 34 eV a large decrease in the photoionization is
served both in theory and experimentally. Both theory a
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experiment give a two-step increase in photodetachmen
frequencies just above 34 eV. Not only is the global struct
of the spectrum reproduced, but the numerous smaller st
tures in the spectrum are also accounted for.

As mentioned in Sec. I, the 3s photoemission shows a
Cooper minimum at a roughly similar photon energy as o
served in the 3p photoemission@13,8#. The experimental po-
sition of the Cooper minimum, which lies outside the phot
energy region shown in Fig. 2, compares at 43.8 eV reas
ably well with the position obtained employing the prese
Ar and Ar1 expansions, 44.16 1.0 eV. The uncertainty in
the position is caused by the presence of resonances ar
from Rydberg series converging to high-lying states of A1

such as those belonging to the 3s3p43d2 configuration.
Moreover, unphysical resonances may appear in this reg
since the Ar photoionization channels opening beyond
3s23p4(1De)3d 2Se threshold of Ar1, labeledt in Table I,
remain artificially closed in order to keep the calculatio
feasible. Additionally, the limitations in the present Ar d
scription further limit the accuracy with which the positio
of the Cooper minimum can be determined.

The agreement between theoretical and experime
resonance properties is close enough to permit us to clas
the observed resonances by examining their channel com
sition. Several Ar resonances have been identified in the c
volved theoretical spectrum~resonancesP–X!, and these are
classified in Table III. Although many resonances are pres
in this photon energy region, due to the finite experimen
resolution only a comparative few are observed experim
tally. It should be mentioned that for a proper identificati
of the resonances observed in experiment, a knowledg
the experimental resolution is essential. The energy dif
ence between subsequent members of the Rydberg ser
given in a.u. byZc

2/(n2d)3, with d the quantum defect and

FIG. 2. Photoionization cross sections of Ar with emission o
3s electron determined using theR-matrix approach~solid line!. In
the top figure, the final spectrum is given without applying a
convolution, while in the bottom figure the spectrum is convolv
with the experimental resolution of 90 meV. The experimental
sults @11# are also indicated in the bottom figure by filled circle
connected by a dotted line.
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Zc the net charge seen by the Rydberg electron. In orde
resolve subsequent members of the Rydberg series as
vidual peaks, the experimental resolution must be sma
than this energy difference. Since this energy difference
creases withn, highern states cannot be isolated, and in fa
a maximumn value can be determined beyond which sta
can no longer be separated. States with lowern values can be
much broader than the experimental resolution, and the
citation peak for such a resonance may be split into sev
peaks due to interferences with another Rydberg series
example of this is the 3p4(1De)3d(2F5/2)4p 1Po state~reso-
nanceB8! in Fig. 1 for which the states in the overlappin
Rydberg series can be identified in the theoretical cross
tions. Thus, while the unconvolved spectrum in Fig. 2 sho
a multitude of resonances in the photon energy range
tween 33 and 35 eV, the much smoother experimental s
trum is reproduced only after a convolution with the expe
mental resolution. Consequently, it is very difficult
identify the experimentally observed resonances from
comparison with the unconvolved spectrum.

At the low-energy side in Fig. 2, three strong resonan
are visible, which can be identified from the total photoio
ization spectra in Fig. 1 as 3p4(3P)3d(2P)4p 1Po and
3p4(1D)4s(2D)4p 1Po, and an overlap of
3p4(3P)4s(2D)5p 1Po and 3p4(3P)3d(2D)4p 1Po from
low to high energy. Above an energy of 33 eV, several re
nances appear in the experimental spectrum in Fig. 2. M
of these resonances consist of overlapping states, but T
III presents our classification of 11 resonances in the c
volved theoretical spectrum. The table indicates which R
berg series have the strongest influence on the 3s photoe
sion, but the subtler effects of the channel interactions
only be observed after a careful analysis of the resona
line shapes. For instance, resonancesP andQ, at 34.69 and
35.00 eV, respectively, are identified as the6s and7s states
in the Rydberg series converging to the 3p4(3Pe)4p 2Po

state. The6s state is a peak resonance, while the7s state

TABLE III. Identification of resonances observed in the theor
ical photoionization spectrum. The labels correspond to thos
Fig. 2. The energies correspond to the observed position in
theoretical spectrum. These energies may differ from the exp
mental positions. The identification consists of the threshold a
ciated with the resonance, the effective quantum number and
state of the outer electron. Window resonances are indicated b
and peaks are indicated byp.

Energy Outer
Label ~eV! Ar1 threshold n* electron Type

N 33.55 3s23p4(1De)4s 2De 4.56 6p p
O 33.75 3s23p4(1De)4s 2De 5.47 7p p
P 34.38 3s23p4(3Pe)4p 2Po 3.33 4d p
Q 34.67 3s23p4(3Pe)4p 2Po 3.75 6s p
R 35.00 3s23p4(3Pe)4p 2Po 4.73 7s w
S 35.83 3s23p4(1De)4p 2Fo 3.57 4d p
T 36.19 3s23p4(1De)4p 2Fo 4.39 5d p
U 36.38 3s23p4(1De)3d 2De 4.21 6p w
V 36.66 3s23p4(1De)3d 2De 5.28 7p w
W 37.23 3s23p4(1De)3d 2Se 3.17 5p p
X 37.81 3s23p4(1De)3d 2Se 4.19 6p p
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appears as a window resonance. This qualitative chang
line shapes from one state in a Rydberg series to the ne
caused by interactions with other~broad! perturbing reso-
nances.

Although most of the resonances observed in the exp
mental spectrum lie reasonably close to the position deri
from our theoretical calculation, this is not the case for re
nancesN andO at 33.55 and 33.75 eV, respectively, who
experimental analogs appear in between 33.8 and 34.0
~Experimental spectra obtained with an improved resolut
indicate that these indeed belong to two different resona
structures@12#.! This difference between theory and expe
ment indicates that an underlying resonance is respons
for the large increase in the photoionization at 33.6 eV.
examination of the theoretical spectra, this resonance
found to be the 3p4(3Pe)4p(2Po)5s 1Po state. The higher
members of this series are observed as individual resona
P andQ ~see also Table III! in the photoionization spectrum
and quantum-defect extrapolation from these two states
dicts a position for the 5s resonance around 33.8 eV. Th
3p4(3Pe)4p(2Po)5s 1Po state strongly interacts with th
3s23p4(1De)4s(2De)np 1Po Rydberg series, and the Ryd
berg states consequently obtain a significant amount of
final population and appear as prominent resonances in
spectrum. From a comparison with the experimental spec
it appears that this underlying resonance is shifted to lo
energy by about 0.2 eV.

This discussion shows that the incorrect positions of
resonances affect the interference effects. These incorrec
sitions are ascribed mainly to inaccuracies in the trunca
CI expansion of the Ar1 states. Thus the interaction streng
between Rydberg series, which is assumed to be a fa
smooth function of energy, is described to a better deg
However, a different position of the resonances may a
affect the interference by changing constructive interfere
into a destructive one, or vice versa. As shown in Fig.
there are still large differences between the experimental
theoretical excitation cross sections, especially in the pho
energy region from 33 to 35 eV, which indicate that there
some qualitative features in the calculated wave functio
that are in error and should be improved upon in subsequ
work.

C. Threshold photoelectron spectra

Another property of recent experimental interest is t
threshold photoionization spectrum of Ar. For example,
the measurements in Ref.@25#, the probability of leaving
Ar1 in an excited state with the outgoing electron having
energy in the range 0 up to roughly 25 meV is measur
Threshold spectra have now been measured with fine a
racy from the onset of the doubly excited states up to
3p4 1Se threshold of Ar21 @25,33–35#. These experiments
not only probe the structure of Ar1, since electrons can only
be emitted within a finite energy of an Ar1 state, but also the
structure of Ar, since the threshold photoionization can
enhanced considerably by doubly excited states stradd
the threshold. Thus theoretical predictions for the thresh
intensities need to take the structure of Ar into account.

Several theoretical calculations have been performed
estimate the threshold intensities@22,35#. Most of the calcu-
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lations apply the sudden approximation, in which the exci
electron is assumed not to interact with the remaining e
trons after absorption of a photon. The threshold intensi
in this approach are~to this level of approximation! governed
directly by configuration interaction in the initial and fin
states. As we discussed above, the photoionization cross
tion exhibits a great deal of structure in the range between
and 38 eV. Experimentally, large influences from Ar** reso-
nances have already been observed for photoionization
excitation of the 3p4nl states@36#, especially within 4 eV of
the threshold. The validity of the sudden approximation
therefore questionable at energies within 4 eV of the thre
olds of interest. The present calculation includes the dou
excited states, and is therefore able to determine thres
photoionization cross sections including contributions fro
Ar autoionizing states.

The probability for emitting an electron with energy le
than 25 meV can be calculated from the partial photoioni
tion cross sections for excitation of the 3p4nl states, which
will be detailed in a separate paper. The experimental pho
energy resolution is 25 meV, so we first convolve the th
retical photoexcitation spectra with a Gaussian of width
meV. The zero-electron-energy spectrum for each pa
channel is then calculated by multiplying the convolv
spectra by a photoelectron energy-dependent weight fa
which falls rapidly to zero for emitted electron energi
larger than 25 meV. The actual form chosen is

W5
1

exp~E2ET2Ec!/Ew11
, ~1!

with ET the threshold energy,Ec the cutoff energy, andEw a
constant, which is set to 2.5 meV in the present case. Du
the convolution, the channel is already opened slightly
fore the threshold energy is reached, which simulates
probable Stark field ionization of very high Rydberg leve
lying just below each ionic threshold. Finally, all parti
spectra are summed to yield the total threshold ioniza
spectrum.

The results are presented in Fig. 3, together with exp
mental results@25#. The latter are relative measurements,
we have normalized the maximum experimental intensity
the 3p4(1De)4s 2De state~thresholde! to coincide with our
calculated result. An accurate quantitative comparison is
dered by the fact that our calculations have been perform
in LS coupling. The spin-orbit splitting of the true Ar1 states
causes overlaps between different ionization thresholds
splits the contribution from oneLS peak into two or more
peaks. Yet another complication is the fact that quartet st
can also be populated through spin-orbit interactions
have been entirely neglected in the present calculations.

In the energy region between 32 and 36 eV, a fairly go
description of the experimental spectrum is obtained. T
excitation intensity of the 3s23p4(3Pe)3d 2Pe state~thresh-
old d! is found to be the strongest, and this intensity is s
ond strongest for the 3s23p4(3Pe)4s 2De state~thresholde!.
Due to the splitting of the2Pe peak, it is difficult to estimate
the relative intensities of the two, but the theoretical res
appears to agree with experiment. The excitation of thresh
c in Fig. 3 is in some disagreement. This difference can
explained from Fig. 1, in which resonanceB8 is perturbed by
d
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the Rydberg series leading up to this thresho
3p4(3Pe)4s 2De. In the present study, resonanceB8 lies be-
low this threshold, but after the splitting is taken into a
count, this state straddles theJ5 3

2 level of the
3p4(3Pe)4s 2De threshold, thereby considerably enhanci
the threshold photoexcitation. TheJ5 1

2 level of the thresh-
old lies well above resonanceB8, and the threshold photoex
citation is thus not affected. This example illustrates the c
required for a proper interpretation of the spectra. Anot
example is the 3s23p4(3Pe)3d 2Fe threshold at 34.307 eV
thresholdf, for which theJ5 9

2 level is observed as a shou
der on the 3s23p4(3Pe)4s 2De threshold. The excitation in-
tensity at the 3p4(3Pe)4p 2Do state at 35.5 eV, thresholdi,
agrees well with the neighboring twin peaks, but for t
3p4(3Pe)4p 2Po threshold, denotedk, at 35.6 eV the differ-
ence is about a factor of 2. The largest prominent discr
ancy is found for the 3s23p4(1De)3d 2Ge state at 34.88 eV,
thresholdh, with a difference of about a factor of 3.

Between 36 and 38 eV, no quartet states of Ar1 are
found. Here the agreement between experiment and theo
poorer; for the2Fe state, thresholdl, at 36 eV there is a 30%
difference; for the2Se state, thresholdm, at 36.5 eV there is
a factor of 2 difference; and for the2Fo state, thresholdn, at
36.9 eV there is a difference of a factor of 3. The high
states are described much better, although the splittings
the different J values make this agreement less obvio
Also, autoionizing Rydberg series converging to Ar1 states
above the highest physical Ar1 state in the calculations be
come important in this photon energy region. Finally, fo
states lie very close together between 37 and 37.3 eV, an
becomes impossible to attribute experimental peaks to i
vidual states.

IV. CONCLUSIONS

In the present study, total photoionization and 3s pho
emission cross sections for Ar are reported, focusing on

FIG. 3. Threshold photoelectron cross sections for photoion
tion from the Ar ground state. The present results~top! are given as
a solid line, while experimental results~dotted line; bottom! are
from Ref. @25#. The theoretical resonances are labeled accordin
the ones given in Table I. Thresholdso andp lie within 11 meV of
each other, and can therefore not be separated with an experim
resolution of 25 meV.
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structure observed above the threshold for 3s photoemission.
The eigenchannelR-matrix approach has been employed u
ing MCHF wave functions to describe the states of Ar1 ac-
curately using a very limited basis set. Reasonably good
ergies are obtained for the lowest 20 states of Ar1 and for
identifiable autoionizing states of Ar, with differences whi
amount to over 1.5 eV for Ar1 states and 0.5 eV for Ar
states.

In the photon energy range between 30 and 38 eV,
structure of the photoionization spectra becomes very
due to the plethora of doubly excited states of neutral
The present investigation is, to our knowledge, the first st
to describe the finer details of the structure with reasona
success for both the total photoionization cross section
for the 3s electron emission. This agreement is obtained
including all Ar1 states up to 38.5 eV above the Ar groun
state into account. Some differences are noticeable abo
photon energy of 37 eV due to the exclusion of higher A1

states. Through further analysis of the photoionization sp
tra, the important channel interactions above the 3s3p6

thresholds in direct single-electron emission have been id
tified. The overall background cross section is describ
quite accurately with deviations of roughly 1.5 Mb for 3p
emission, and 0.2 Mb for 3s photoemission. These differ
ences are due to inaccuracies in the Ar ground state and
Ar1 states, which are a consequence of the calculatio
strategy, which is directed to optimize the important 3p4nl
Ar1 states.

We have also determined threshold photoionization cr
sections for the lowest excited states of Ar1, and found ac-
ceptable agreement with experiment for frequencies up to
eV. These calculations also take the full structure of the d
bly excited states into account, within a nonrelativistic fo
mulation and within the constraints imposed by our limit
basis set size. These spectra are significantly influence
not dominated, by the presence of doubly excited sta
within 25 meV above the threshold energy. The very go
agreement between theory and experiment shows that, u
a photon energy of 38 eV, the present approach is reason
accurate. At higher frequencies, the influence of higher-ly
Ar1 states becomes important, and the expected accura
the calculations decreases rapidly. Nevertheless, good a
ment between theory and experiment is seen up to 38 e
rs
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Experimental interest has also focused on the probab
for leaving Ar1 in an excited state@36–38#. Partial cross
sections for photoionization with excitation of Ar1 states
have been determined for frequencies up to 42 eV@36#. As
illustrated by the threshold photoionization spectra,
present calculations are able to determine these partial ph
ionization spectra, which will be the subject of a forthcomi
paper. Recent experimental investigations have studied
fluorescence from the excited Ar1 states created by photo
ionization@37,38#. The fluorescence can be measured wit
much better resolution than the emitted electrons, and
resolution of the experiments is therefore significantly e
hanced. Even finer details of the structure can thus be ex
ined. Not only has the intensity of the fluorescence be
investigated, but also its polarization@37,38#. These mea-
surements provide additional information on the photoio
ization processes, which have received only minimal exp
mental and theoretical attention to date. TheoreticalR-matrix
results for the fluorescence polarization will also be p
sented in a forthcoming paper.

Other noble-gas atoms have also been investigated in
perimental studies, such as the results obtained recently
Xe @39#. The present comparisons with experimental resu
already demonstrate the influences from spin-orbit couplin
which increase strongly with nuclear charge. For ato
heavier than Ar,jj -coupling codes will be required which
incorporate the spin-orbit interaction into the Hamiltoni
treated inside theR-matrix box. These more extensive calc
lations can presently only provide accurate results wh
fewer states of the ionized system are of importance.
provements in computer technology are therefore requ
before present approaches can treat the photoexcitatio
doubly-excited states in heavier systems to a similar exte
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