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Excitation of the 3p4
„4s,3d,4p… Ar ¿ states during Ar photoionization:

Intensity, alignment, and orientation

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 23 January 2001; published 17 June 2002!

Ar photoionization is studied using theR-matrix formalism with emphasis on the simultaneous excitation of
the residual Ar1 ion. Cross sections have been obtained for excitation of the 3p4(3d,4s,4p) states. A com-
parison with experiments having a resolution of 70 meV shows reasonable agreement for the position and
shape of resonance structures. The relative magnitude of the resonances proves to be more elusive. The partial
cross section for excitation of the 3p4(3Pe)4p 2P3/2

o and 2D3/2
o levels is treated in more detail. A comparison of

LS-coupling calculations with high-resolution experimental results shows good agreement for both the exci-
tation cross sections and the polarization of the fluorescence. We also predict the orientation for both levels. We
demonstrate that the polarization of the fluorescence originating from the2D3/2

o level can be employed to study
spin-orbit effects in Ar photoionization.

DOI: 10.1103/PhysRevA.65.062509 PACS number~s!: 32.10.Hq, 31.25.2v, 31.50.Df
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I. INTRODUCTION

Developments in technology and in measurement te
niques have considerably improved the capabilities of
periments employing high-frequency light sources. Due
improvements in the frequency resolution and intensities
is now routinely possible to study photoionization proces
with frequencies up to several tens of eV in fine detail.
multaneously, new measurement techniques have ena
experimentalists to study the physical processes in h
energy photoionization with a resolution of a few me
These advances have enabled experimentalists to prov
highly detailed picture of high-energy photoionization
various atoms. In particular, the noble-gas atoms have b
investigated intensively, since, due to their large binding
ergies, the study of their photoionization properties requ
light sources able to generate these high frequencies.

The determination of the physics generating the exp
mental results requires the development of sophisticated
merical approaches, which are able to describe the sys
under investigation in great detail. The experimental effor
describing the detailed atomic physics thus requires a c
tinuous effort to push the boundaries of computational
proaches. In order to explore these boundaries, we have
cided to study the photoionization of Ar in more detail due
the wealth of past, present, and future experimental data,
due to the complexity of the photoionization spectra w
simultaneous excitation of 3p4n, states of the residual ion
This complexity has meant that to the best of our knowled
these rich photoionization spectra of Ar have only been s
jected to a cursory inspection, and they thus constitut
prime testing ground for examining the capabilities and
limitations of present theoretical approaches.

Whereas since the first observation of doubly exci

*Present address: Department of Applied Mathematics and T
retical Physics, Queen’s University Belfast, Belfast BT7 1N
United Kingdom.
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states of Ar created by photoionization@1#, many experimen-
tal studies have been devoted to 3p and 3s photoemission
from Ar @2–6#, until recently, few experiments have inves
gated the probability to leave Ar1 in a higher excited state
after photoionization. For frequencies above 33.21
photoionization with excitation of a 3s23p4n, doublet state
in Ar1 becomes energetically allowed. First studies have
cused on the intensities of satellite lines at high frequenc
@7#, but since then investigations have studied the effects
doubly excited states on the photoionization behavior@8#.
Advances in the combination of synchroton radiation sour
with spectroscopic detection techniques have enabled ex
mentalists not only to observe the detached electron but
the radiation emitted from these residual Ar1 states@6,9–
11#. These experiments show a more detailed photoion
tion spectrum of Ar with excitation of the 3p4(3Pe)4p 2P3/2

o

level @9# than obtained using electron spectroscopy, since
frequency of the emitted light is unique for the excited A1

state. The polarization of the fluorescence has been obse
as well @10,11#, providing additional information on the an
gular momentum transferred to the ejected electron@12,13#.
When the orientation of the residual Ar1 states is measure
as well, the cross sections of the partial photoionizat
channels can be extracted, thus providing quite a deta
insight into the photoionization properties.

Many theoretical approaches have been employed to
dict and explain the experimental photoionization spec
While the first studies obtained the nonresonant photoion
tion calculations@14–19#, it took several years before theo
retical calculations started to examine the influence of d
bly excited states involving double excitations o
photodetachment processes in Ar@20#. These relativistic
Hartree-Fock configuration-interaction~CI! calculations
were followed up by Wijesundera and Kelly@21# employing
many-body perturbation theory. In both approaches, onl
limited number of excited target states were included si
the main focus was directed towards deriving the sate
intensities for the excitation of 3p4(1De)nd 2Se states of
Ar1 during photoionization. These photoionization calcu

o-
,
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HUGO W. van der HART AND CHRIS H. GREENE PHYSICAL REVIEW A65 062509
tions did, therefore, not yield the full, very rich, structure
Ar photoionization above 30 eV. For example, in Ref.@21# a
structureless gap, which is not reproduced in experiment@6#,
is seen in between 32 and 35 eV.

In order to improve the description of the resonance str
ture for Ar in the photon energy range up to 38 eV, a reg
heavily investigated by current experimental work, we w
present results for Ar photoionization, including the pro
ability for leaving Ar in an excited state. To achieve this, w
employ theR-matrix approach incorporating an extensive d
scription of the Ar structure. As such, the study is comp
rable to the theoretical calculations presented in@22# for Ne.
In a previous paper@23#, we demonstrated the influence
the doubly excited states on the photoemission of 3s and 3p
electrons, while we also determined the threshold excita
of the Ar1 states. The experimental interest focusing on io
ization with excitation to the 3p4(3Pe)4p 2Po state of Ar1

@10# provides the impetus for a closer investigation of t
photoexcitation of the 3s23p4n, Ar1 states. In Sec. III A we
will present theoretical estimates for low-resolution exci
tion spectra and compare them with experiment@8#, while
they will be analyzed in more detail in Sec. III B. In Se
III C we present high-resolution spectra. The results for
polarization of the radiation emitted by the Ar1 states will be
presented in Sec. III D. These latter two studies will be
lated to the available experimental results@10,11#. Finally, to
stimulate experimental interest, we show in Sec. III E o
prediction for the orientation of the 3p4(3Pe)4p 2P3/2

o and
2D3/2

o levels.
In another study, we have illustrated that spin-orbit effe

may have a significant influence on the excitation spectra
particular transitions@24#. These spin-orbit effects are obv
ously important for investigating the excitation of quar
states of Ar1, and for the excitation of the2So state of Ar1.
For the other doublet states, however, the inclusion of s
orbit effects to the photoexcitation spectrum can be con
ered to be of less importance. Although calculations inLS
coupling will not provide full agreement with experimen
they will provide a first approximation. The spin-orbit inte
action acts a perturbation to these results. By comparing
periment and theory, the present calculations can there
assist in illustrating which effects in the photoionization a
due to spin-orbit interactions. The polarization of the emit
radiation is more sensitive to spin-orbit interactions, and
will demonstrate some effects of spin-orbit coupling on t
polarization in Sec. III D

In addition to the neglect of spin-orbit interactions, the
is another limit to the present calculations. Above an ene
of 38 eV, high-lying doubly excited states, which cannot
included in the calculations at present, become import
The accurate description of these doubly excited states
quires additional target states and more continuum w
functions, resulting in a CI expansion which is too big for t
computational resources at our disposal. We have there
limited ourselves to a maximum photon energy of 38 eV.

II. THEORETICAL APPROACH

The present study has been performed using the m
channel quantum-defectR-matrix approach, as described b
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Aymar et al. @25#. In this approach, it is assumed that e
change effects involving the outer electron can be neglec
at large distances. Hence, phase space can be separate
an inner and an outer region. In the inner region, the
electron dynamics is described, while in the outer region
outer electron is approximated as a free outgoing electro
the field of the residual ion. The photoionization propert
can then be obtained by matching the inner region to
asymptotic solutions at the boundary. A major developm
in the application of thisR-matrix theory has been the com
bination with another powerful approach in theoretic
atomic physics, the multiconfiguration Hartree-Fo
~MCHF! approach@26#. This development has been applie
with good success to the study of aluminum@27# and neon
@22#. Previous results for Ar using this approach@23,24# have
demonstrated the capabilities of this approach in elucida
the resonance structure of Ar, and identify the appearanc
effects due to the splitting of Ar1 states due to spin-orbi
couplings, and of effects due to spin-orbit induced mixing
Ar1 levels with differingLS quantum numbers but identica
J.

Accurate photoionization cross sections can only be
tained when both the initial and the final state of the atom
described precisely. The initial state is the ground state of
while the final state is approximated as Ar1 with a free elec-
tron. These final states can be degenerate with doubly exc
states of Ar and hence a good description of both Ar and A1

is required simultaneously. An important approximation f
the description of Ar is that good states can be obtained
adding a single electron to well-described low-lying states
Ar1. These Ar1 states are described using MCHF orbita
This is the preferred choice since we need a very good
scription using as few basis functions as possible.

The MCHF orbitals for the physical target states ha
been obtained in the following way. The 1s, 2s, 2p, 3s, and
3p orbitals have been obtained from a Hartree-Fock calcu
tion for the average 1s22s22p63s23p5 configuration of Ar1.
The 3d orbital is obtained by a HF calculation for the ave
age of 3p43d in Ar1, using the core orbitals obtained from
the previous calculation. Similarly, a 4s orbital is obtained
from a HF calculation for the average of 3p44s, and a 4p
orbital is obtained from a HF calculation for the average
3p44p.

In addition to physical target state orbitals, we also ne
correlation-type orbitals to improve the description of o
target states. Orbitals4d,5s,5p are generated using th
MCHF approach. The overline indicates that these orbi
are pseudoorbitals : they do not describe physical state
configuration list containing single and double excitatio
from the 3s23p4(1De)3d 2Se and the 3s3p6 2Se states is
generated using a basis set consisting of 3s, 3p, 3d, and4d.
The 4d orbital is now optimized on the 3s23p4(2De)3d 2Se

state using this list. The5s orbital is obtained by performing
the same procedure for the 3s23p4(1Se)3d 2De state using
all single and double excitations in an active space cont
ing 3s, 3p, 3d, 4s, and 5s. Finally, the5p orbital is ob-
tained using a 3s, 3p, 4p, and5p active space for generat
9-2
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EXCITATION OF THE 3p4(4s,3d,4p) Ar1 STATES . . . PHYSICAL REVIEW A 65 062509
ing all single and double excitations of th
3s23p4(1Se)4p 2Po state.

After the generation of the orbitals, the next step in t
calculations is the determination of good target states of A1.
The outermost shells 3sN and 3pM can be polarized easily
and in this step it is thus important to take configurations i
account, which describe this polarization. This is especi
important for obtaining accurate energies for Ar and A1

simultaneously. For Ar, some core-polarization effects
accounted for, due to configurations such as 3s23p43dnd,
which interact with 3s23p6. For Ar1, the important core-
excited states have to be included in a different approac

Since the purpose of the study is the investigation of
excitation rates for the 3s23p4(3d,4s,4p) doublet states, al
these target states obviously need to be included. Also
3s23p4(4d,5s,5p) doublet states are included, as well
the 3s23p5 2Po and the 3s3p6 2Se states. Core-polarization
target states are now included by performing CI calculati
for each one of the 3s23p5 2Po, 3s3p6 2Se, and
3s23p4(3d,4s,4p) doublet states using all single and doub
excitations from these states within an active space ofs,
3p, 3d, 4s, and 4p. All configurations with a contribution of
at least 0.1% are included in the expansion for the ta
states. On average, for each state, 99.4% of its compos
is included in this way. Some configurations neglected
one state may be important for a different state, so the fi
inclusions will on average amount to more than 99.4%.

A CI calculation using this Ar1 expansion gives the en
ergies reported in Table I for states which can be excited
photoionization from the Ar ground state. A comparison w
the experimental energies@28# shows that the disagreeme

TABLE I. Energies of Ar1 states obtained in theR-matrix ap-
proach using MCHF orbitals and compared to the experime
results.

State R-matrix Experiment@28#

~eV! ~eV!

3s23p5 2Po 0.000 0.0
3s3p6 2Se 12.937 13.421
3s23p4(3Pe)4s 2Pe 17.452 17.123
3s23p4(3Pe)3d 2Pe 18.336 17.962
3s23p4(1De)4s 2De 18.696 18.384
3s23p4(3Pe)3d 2Fe 19.109 18.488
3s23p4(3Pe)3d 2De 19.124 18.643
3s23p4(1De)3d 2Ge 19.607 19.059
3s23p4(3Pe)4p 2Do 20.098 19.654
3s23p4(3Pe)4p 2Po 20.211 19.786
3s23p4(1De)3d 2Fe 20.924 20.201
3s23p4(1Se)4s 2Se 20.904 20.685
3s23p4(1De)4p 2Fo 21.532 21.077
3s23p4(1De)4p 2Po 21.831 21.318
3s23p4(1De)3d 2De 22.205 21.329
3s23p4(1De)4p 2Do 22.002 21.437
3s23p4(1De)3d 2Pe 23.079 21.582
3s23p4(1Se)3d 2De 22.993 22.224
3s23p4(1De)3d 2Se 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 differences increas
up to 1.5 eV. These highest states lie close to the ene
region where higher-lying 3p4n, states are found and th
neglect of these interactions will deteriorate the calcula
energies. In fact, the 3s23p4(1Se)4p 2Po state is immersed
in these higher manifolds and no reliable theoretical pred
tion can be provided. Further, it should be noticed that
lowest excited states have got a too small excitation ene
indicating that also the Ar1 ground state has not been o
tained with a very high precision.

The Ar problem is now solved using theR-matrix ap-
proach. The inner-region boundary is set at a radius of
a.u. Basis states for Ar are generated by adding a comp
set of single-electron basis functions, orthogonal to all
orbitals from the MCHF calculations, to the target states. T
maximum angular momentum for the outer electrons is
Electrons with, larger than 3 can be coupled to the2Fo and
2Ge states mentioned in Table I, but the probability for em
sion of these high-, electrons is expected to be negligibl
The basis set contains 21 states fors andp electrons, 18 for
d electrons and 16 forf electrons. The total basis expansio
for the Ar photoionization problem then consists of 23
states for the1Se states and 5581 for the1Po states. This
number of states in the1Po symmetry is chosen such that th
computer program fully employs the maximum availab
computer memory. The energy of Ar is calculated to
17.742 eV, compared to the experimental results of 15.
eV. In order to obtain the proper transition frequencies,
Ar ground state and all Ar1 states are shifted to the exper
mental values.

The Ar ground state is too strongly bound by about 2
in these calculations, which can be explained through co
polarization interactions. We include more basis functio
and hence more core excitations, for Ar than for Ar1. When
all possible excitations are included, the correct energy
ference will be reproduced, but in other cases, the Ar bind
energy is easily overestimated. The Ar1 and the Ar basis size
are inextricably linked to each other since consistency
quires that a complete set of outer electron wave function
added to all Ar1 states for the Ar expansion. The only wa
therefore, to improve on this overconvergence is by exte
ing both basis sets. An increase in the basis set would h
ever lead to a too large calculation to fit in the computer.

In order to get photoionization spectra starting at t
proper transition frequency, both the Ar ground state and
Ar1 target state energies have been shifted to the experim
tal values. For the Ar ground state, this poses no proble
since it is well isolated from other Ar states. For the A1

target states, however, the usual approach@25# is to shift the
Ar1 thresholds after the determination of theK matrices.
Thus, in the Ar calculation, the theoretical values for the A1

energies would be used. This approach is easy to implem
but works better when the accuracy of the Ar1 energies is
quite good. The approach is less successful when the s
are large. In the present case, it was found that this appro
does not lead to fully stabilized results due to the numbe
Ar1 states combined with their relatively large shifts to t
experimental energies.

al
9-3
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HUGO W. van der HART AND CHRIS H. GREENE PHYSICAL REVIEW A65 062509
In order to improve the stability of the codes, the a
proach has therefore been modified. First, the Ar1 Hamil-
tonian is diagonalized. We shift the Ar1 energies to the
proper energies by comparing the calculated energies
experiment. We then obtain a diagonal matrix containing
energy shifts. This matrix is transformed back to the origi
basis functions, providing energy shifts for each particu
Ar1 basis function. Since the Ar basis functions are rep
sented as an Ar1 state plus a continuum electron, we c
then add these shifts to the Ar Hamiltonian. The only
configuration which is not uniquely defined as such is
3s23p33d3 configuration. This configuration is not shifte
Diagonalization of the Ar Hamiltonian, which includes th
correction to the Ar1 eigenstates, leads to a much improv
convergence for the Ar photoionization cross sections.

III. RESULTS

The calculations provide a substantial amount of data.
each target state, we obtain highly detailed information ab
the outgoing electron. Because of the wealth of data, on
limited amount can be presented. While we predict photoi
ization and excitation spectra for all available target sta
reachable with a photon energy of 38 eV, in the present
port we limit our discussion to some of the channels wh
have been observed experimentally. First we will show
comparison between the present calculations and l
resolution experimental data@8#. Then we will compare our
results with high-resolution spectra@10,11#.

A. Low-resolution spectra of low-lying 3p4nø states

Low-resolution spectra of Ar photoionization with simu
taneous excitation of the residual ion have been provi
over a decade ago by Willset al. @8#. The resolution of their
detector was 70 meV, which is not sufficient to detect fi
details of the Ar structure, but suffices to separate low-ly
Rydberg states converging to the forest of Ar1 final states.
This resolution is, however, insufficient to separate all
Ar1 states, so spectra were presented for, e.g., an excita
of the 3p4(3Pe)4p 2Po and the 3p4(3Pe)4p 2Do state com-
bined. Not only can Ar1 states overlap: for the
3p4(3Pe)3d 2Fo state, the differentJ levels overlap with dif-
ferent Ar1 states. Since the different states are excited
herently, interference between the different photoionizat
channels may affect the probability to detach an electr
Also, one needs to know the probabilities to excite each
the states involved. Since we do not have this knowledge
unambiguous comparison becomes difficult for states
overlap, and the present comparison is therefore limited
only those states for which no overlap is found.

The states for which overlap effects are negligible are
3p4(3Pe)4s 2Pe, 3p4(3Pe)3d 2Pe, 3p4(1De)3d 2Ge,
3p4(1De)3d 2Fe, 3p4(1Se)4s 2Se, and the 3p4(1De)4p 2Fo

states. The same applies, in principle, also to
3p4(1Se)3d 2De and 3p4(1De)3d 2Pe states, but the excita
tion energy of these states is too high to expect a theore
spectrum resembling experiment. In Figs. 1–3, spectra
presented for these states as a function of intensity and c
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pared to the experimental results obtained by Willset al. @8#.
In order to obtain a fair comparison, theR-matrix results
have been convolved with a Gaussian of 70 meV wid
since the experimental resolution has a significant effect
the observed spectrum, e.g., by averaging out the individ
states in a Rydberg series, as seen previously@23#.

Another important point to bear in mind when compari
theory and experiment is the efficiency of the electron det

FIG. 1. Cross section for photoionization of Ar with excitatio
of the residual 3p4(3Pe)4s 2Pe state of Ar1 in the photon energy
range between 32 and 36 eV. The theoretical results~solid line! are
compared to the experimental results of Willset al. @8# ~dotted
line!.

FIG. 2. Cross sections for photoionization of Ar with excitatio
of the 3p4(3Pe)3d 2Pe, 3p4(1De)3d 2Ge, and 3p4(1De)3d 2Fe

states of Ar1 in the photon energy region between 32 and 38
The 3p4(1De)3d 2Ge excitation cross sections are shifted upwa
by 0.3 Mb, while the 3p4(1De)3d 2Fe excitation cross sections ar
shifted upward by 0.6 Mb. The theoretical results~solid line! are
compared to the experimental results of Willset al. @8# ~dotted
line!.
9-4
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EXCITATION OF THE 3p4(4s,3d,4p) Ar1 STATES . . . PHYSICAL REVIEW A 65 062509
tors. It is very difficult to measure accurately emitted ele
tron spectra at very small emission energies. Previously,
have compared theoretical threshold detachment cross
tions @23# with experimental ones@30# and found quite a
good agreement. This agreement therefore indicates the
ability of the calculations close to threshold, which cannot
established from the present comparisons.

Moderate agreement between theory and experimen
observed in the structure of the spectrum in Figs. 1–3.
line shapes of most resonances are in decent agreement
experiment, but the magnitude is not reproduced. The p
tion of the resonances is in reasonable agreement with
periment, although some notable differences, up to 0.2
are observed for several resonances. These differences
be due to the splitting of the Ar1 states in the differentJ
values and overconvergence of the Ar calculation. The sp
ting of the target states results in a splitting of the Ar sta
and a shift in the position of certain resonances.

The agreement of the experimental and theoretical ph
ionization spectrum shown in Fig. 1 is best at the high
photon energies. ResonancesE, F, andG can easily be iden-
tified in the experimental spectrum. The identification of t
other resonances is slightly more complicated, since it
pears that the spectrum has been shifted by roughly 0.2
Certain resonances may, however, have shifted more tha
eV, and also the intensity of the resonances may be v
different from the intensity observed experimentally. Th
latter problem is presumably strongest for resonancesA and
B, which seem to have their intensities reversed compare
experiment.

In Fig. 2, the agreement between theory and experime
again best at the higher photon energies. In the bot
photoionization spectrum, for excitation of th

FIG. 3. Cross sections for photoionization of Ar with excitatio
of the residual 3p4(1Se)4s 2Se state and the 3p4(1De)4p 2Fo state
of Ar1 in the photon energy range between 36 and 40 eV. T
photoexcitation cross sections for the 3p4(1De)4p 2Fo state are
shifted by 0.25 Mb. The theoretical results~solid line! are compared
to the experimental results of Willset al. @8# ~dotted line!. Above a
photon energy of 38 eV, the approximations in the theoretical
culations are too severe for a proper comparison with experim
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3p4(3Pe)3d 2Pe state, the general agreement of the re
nance spectrum is pretty good, apart from resonanceH.
ResonanceH may be difficult to detect experimentall
though due to the small electron ejection energy. The exc
tion of resonanceN is overestimated by theory, and the a
pearance of window resonanceM is also stronger than in
experiment. In the middle photoionization spectrum, for e
citation of the 3p4(1De)3d 2Ge state, the main difference
between experiment and theory appears to be the excita
strength of resonanceR. If this resonance would be excite
stronger, the theoretical and experimental results wo
agree very well. The agreement is worst for the top pho
ionization spectrum, for excitation of the 3p4(1De)3d 2Fe

state, in which only two resonances, W and X, appear in
theoretical spectrum, with little indication of the two oth
resonances, which are prominent in the experimental sp
trum.

In Fig. 3, the agreement between theoretical and exp
mental resonances is very good again up to a photon en
of 38 eV for both photoionization spectra with excitation
the 3p4(1Se)4s 2Se state~bottom! and the 3p4(1De)4p 2Fo

state~top!. Above a photon energy of 38 eV, the limitation
of the calculations become apparent. In these spectra,
assignment of the experimental resonances can be carrie
reliably, although the relative excitation strengths are still n
in very good agreement with experiment.

The overall agreement between the theoretical and exp
mental photoionization spectra is reasonably good. For so
spectra, a very good description has been obtained, while
others the agreement is fairly poor. The problems with
assignment of experimental resonances can be solved for
tain spectra.

B. Analysis of the theoretical photoionization spectra

An example of overconvergence of the Ar states is sho
in Fig. 1 by resonancesA, B, C, andD. Results for 3s pho-
toemission have shown that the deviations in the quan
defect for the lowest 3p4n, series can become quite large,
the order of 0.2@23#. The difference in energy between th
calculated and the experimental resonances is quite clea
Figs. 1–3. Nevertheless, the global structure of the calcula
spectrum agrees nicely with the calculated one. In Table
we give positions and classifications of the resonances
served in the theoretical spectrum and their position in
experimental spectrum.

Although the classification of the resonances may g
valuable clues to important interactions between Ar1 states,
we should take proper care in doing so. The classification
the resonancesA–G in Fig. 1 seems to indicate that th
interactions for photoionization with excitation of th
3p4(3Pe)4s state of Ar1 are dominated by four closed chan
nels. This is not entirely the case, however. The interacti
are so complex for low-lying Rydberg states, that an una
biguous identification is impossible. The present identific
tion follows from a close examination of the photoionizatio
spectra, while for a definite assignment the true wave fu
tions are required. Furthermore, because of the overlap
resonances, only the most dominant component has bee

e
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signed. Other series could be important as well, but hav
smaller contribution to a resonance. This is the case, for
ample, for resonancesF and G, which are classified as be
longing to the 3p4(3Pe)4p(2Po)n, series, while for both
resonances there is an important contribution from
3p4(3Pe)4p(2Do)n, series as well. The opposite is seen f
resonanceE.

In addition, Rydberg states belonging to different ser
may appear in the photoionization spectrum, wiping out a
sign of regularity for states with principal quantum numb
n,10. An example of the effect of overlapping Rydbe
series is observable for resonanceC, which has two distinct
shoulders. The identification of resonancesB and D as the
6p and 9p members of the Rydberg series leading up to
3s23p4(1De)4s 2De threshold allows the assignment of th
shoulders of resonanceC as the missing 7p and 8p mem-
bers.

The photoionization spectrum in Fig. 1 cannot be und
stood fully by looking at this spectrum in isolation. For e

TABLE II. Identification of Ar1 resonances in the partial photo
ionization spectra. OE stands for outer electron. All resonances
pear as peaks except for resonancesJ, K, andM as explained in the
text. Also the classification of resonancesB, C, D, E, F, and G
requires a careful discussion in the text.

Label Energy Ar1 state n* OE
~eV!

A 33.19 3s23p4(1Se)4s 2Se 2.03 4p
B 33.43 3s23p4(1De)4s 2De 4.20 6p
C 33.73 3s23p4(3Pe)4p 2Po 2.69 5s
D 33.95 3s23p4(1De)4s 2De 7.33 9p
E 34.41 3s23p4(3Pe)4p 2Do 3.58 4d
F 34.74 3s23p4(3Pe)4p 2Po 3.97 5d
G 34.99 3s23p4(3Pe)4p 2Po 4.70 7s
H 33.82 3s23p4(1De)3d 2Fe 5.29 5f
I 33.97 3s23p4(1De)3d 2Pe 1.99 4p
K 34.61 3s23p4(3Pe)4p 2Po 3.70 6s
L 34.82 3s23p4(3Pe)4p 2Do 4.56 5d
M 35.06 3s23p4(1Se)4s 2Se 3.07 5p
N 35.75 3s23p4(1Se)4s 2Se 4.25 6p
O 35.10 3s23p4(1Se)4s 2Se 3.11 5p
P 35.56 3s23p4(1De)4p 2Fo 3.19 4d
Q 35.76 3s23p4(1Se)4s 2Se 4.28 6p
R 36.00 3s23p4(1Se)4s 2Se 5.20 7p
S 36.13 3s23p4(1De)4p 2Fo 4.21 5d
T 36.41 3s23p4(1De)4p 2Fo 5.29 6d
U 36.04 3s23p4(1De)4p 2Do 3.34 4d
W 36.48 3s23p4(1De)4p 2Do 4.19 5d
X 36.82 3s23p4(1De)4p 2Do 5.29 6d
AA 36.82 3s23p4(1Se)3d 2De 3.34 5p
AB 37.32 3s23p4(1Se)3d 2De 4.34 6p
AC 37.81 3s23p4(1De)3d 2Se 4.19 6p
AD 38.07 3s23p4(1De)3d 2Se 5.14 7p
AE 37.30 3s23p4(1De)3d 2Se 3.25 5p
AF 37.85 3s23p4(1De)3d 2Se 4.30 6p
AG 38.11 3s23p4(1De)3d 2Se 5.35 7p
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ample, we need other spectra to find out that the m
reason why resonancesC and D are observed is not the
direct excitation of these resonances. Instead
3s23p4(1De)3d(2Pe)4p 1Po resonance is excited initially
which then redistributes its intensity, donating part of it
resonancesC andD. These redistributions make a clear ide
tification of the important resonances in the photoionizat
processes much more difficult. By examining the spectra
low resolution, we can obtain information about the glob
structure of the spectra, and see the low-Rydberg resonan
which are excited initially. With an improved resolution, th
interaction between low-Rydberg and high-Rydberg states~in
series converging to different thresholds! causes a redistribu
tion of the excitation intensity to the high-Rydberg state
which may become distinguishable in high-resolution sp
tra. A complete analysis thus requires both high-resolut
and low-resolution spectra for identifying the important i
teractions in doubly excited Ar.

One of the important experimental findings by Willset al.
@8# was that only resonances within 4 eV of the thresh
were found to be excited. Figure 1 shows that the m
prominent resonances are found within 1 eV of the A1

threshold due to the sharp drop in overlap between the c
tinuum electron and the doubly excited state@29#. For ener-
gies more than 4 eV above the threshold the entire excita
spectrum reduces to very small values for most Ar1 states.
Only for Ar1 states, which contain contributions from eith
the 3s3p6 or the 3s23p5 configurations, is a significant ex
citation expected at large energies above the threshold.
excitation of these Ar1 states originates from direct photo
emission of a 3s or 3p electron.

In Fig. 2, photoionization with excitation of the
3p4(3Pe)3d 2Pe ~bottom!, 3p4(1De)3d 2Ge ~middle!, and
3p4(1De)3d 2Fe ~top! states is presented together with t
experimental results. Here, the agreement of the obse
and theoretical resonance positions is much better than
the 3p4(3Pe)4s 2Pe spectrum in Fig. 1, although the shap
of the spectra is not as good. The theoretically observed r
nances have been classified according to the labels give
Table II. Resonances close to the onset of the channel ma
less apparent in the observed spectrum due to a decre
detection efficiency. For the photoionization with excitatio
spectra of the 3p4(3Pe)3d 2Pe and the 3p4(1De)3d 2Fe

states, the resonances at the onset of opening the chann
assumed not to appear in the experimental spectra.

The spectra in Fig. 2 lend themselves for a more deta
summary of possible effects for overlapping Rydberg sta
Destructive interference between overlapping resonance
observed for resonancesK and L, which appear as window
resonances on top of a broader structure, which can be i
tified visually ~and checked by a more detailed examinatio!
as a lower member of the series containing resonancesM and
N, the 3s23p4(1Se)4s(2Se)4p 1Po resonance. The interac
tion with this structure causes resonancesK andL to autoion-
ize towards a different Ar1 state. However, in this othe
spectrum the 3s23p4(1Se)4s(2Se)4p 1Po structure may not
be observable. Certain spectra may thus not explain h
resonancesK and L are excited. A full investigation of all

p-
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spectra at different resolutions is required to perform a co
plete analysis.

A very obvious example of how the interactions in A
modify the regular behavior along a Rydberg series can
be seen in Fig. 2. ResonanceM is a window resonance, but
resonance belonging to the same Rydberg series, reson
O, is observed as a clear peak in the theoretical spectrum
photoexcitation of the 3p4(1De)3d 2Ge threshold. This reso-
nance shows the redistribution of the excitation probabilit
in a clear fashion. The excitation of the resonance decre
the probability to leave Ar1 in a particular excited state, an
transfers it to a channel which leaves Ar1 in a different
excited state.

Further examples of overlapping resonances are r
nancesH, U, W, and X. ResonanceH is the only strong
resonance identified in Figs. 1–3, which has anf electron as
the outer electron. It is unlikely that anf electron is excited
directly from the 3s23p6 state. ResonanceH obtains its con-
tribution through its interaction with the underlyin
3s23p4(1De)3d(2Pe)4p 1Po resonance. ResonancesU, W,
andX are given as sequential members of the same Ryd
series, but their intensities do not show any regularity.

Figure 3 illustrates how the same resonance appear
different ionization spectra. The observed resonances in
3 for photoionization with excitation of the 3p4(1Se)4s 2Se

and 3p4(1De)4p 2Fo states of Ar1 are indicated in Table II.
The resonance structures can be identified unambiguo
and excellent agreement is obtained for the position and
shapes of the resonances. The two spectra in Fig. 3 sho
clear effect from the same Rydberg series near 38 eV, w
at lower energies the structure differs substantially. In ad
tion, although the energies of resonancesAE and AB are
nearly identical, their widths are quite different. These re
nances indeed belong to different series. ResonancesAF and
AC as well asAG andAD differ by about 0.04 eV in energy
while they are associated with the same resonances. Th
ergies are measured at the peak of the resonance and
ferent line shape of the resonance may consequently a
the energy.

The limitation of the present calculations to a maximu
energy of 38 eV becomes apparent in Fig. 3. The sharp
crease of the excitation rate with increasing emitted elec
energy is conspicuously absent for the 3p4(1Se)4s 2Se state,
even though its contribution from 3s3p6 2Se is very small,
1% @7#. Also for the 3p4(1De)4ps2Fo state, the photoexci
tation cross section does not decrease rapidly. No phys
closed Ar1 channel is included in the outer region above
energy of 38.2 eV. The resonances at 38.5 and 38.8 eV
thus not be reproduced in the calculations.

C. High-resolution spectra of low-lying 3p4nø states

Recently, high-precision measurements of the inten
and the polarization of radiation originating from th
3p4(3Pe)4p 2P3/2

o level @10# and from variousJ levels of the
3p4(3Pe)4p 2Po 3p4(3Pe)4p 2Do and 3p4(1De)3d 2Fe

states@11# of Ar1 formed in Ar photoionization have bee
performed using polarized synchroton radiation@10#. This
intensity is directly related to the photoionization cross s
06250
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tion with excitation to this particular state. The accuracy
this technique is significantly higher than the accuracy w
which electron energies can be evaluated, and the rela
probability for excitation of the particular state can be det
mined to a much better degree.

The present calculation provides a theoretical descrip
of the experimentally observed spectra for the spectra
photoionization with excitation of the 3p4(3Pe)4p 2Po and
2Do states. The spectrum for photoexcitation of t
3p4(3Pe)4p 2Po state in the photon energy range of 35.6
36.4 eV is shown in Fig. 4 and compared with the expe
mental results@10#. The agreement with the experiment
data is very good, bearing in mind the limitations of the ba
set employed in the present calculation. Several differen
are noticeable, however, especially below 36 eV. Below 3
eV, the photoionization is significantly larger than observ
experimentally, whereas the opposite is the case in betw
35.9 and 36.0 eV. This difference is ascribed to a differen
in position of several underlying resonances. In between 3
and 36.0 eV the background structure is mainly due to
Rydberg series leading up to the2Se threshold. There are
three additional resonances, which cause the large intens
for the peak at 35.72 eV and the one at 35.87
The large intensity for the latter one i
caused by the 3s23p4(1De)4p(2Do)4d 1Po resonance, while
the former one is observed primarily due
its interaction with the 3s23p4(1De)4p(2Po)4d 1Po and
3s23p4(1De)3d(2De)5p 1Po states. These states could b
shifted to too low energies by roughly 0.05 to 0.1 eV,
indicated by the shifted position for the increase in t
photoionization. The Rydberg series leading up to
3p4(1De)3d 2Fe state of Ar1 is therefore more pronounce
at lower energies.

Above a photon energy of 36 eV, theory and experim
agree with alarming accuracy. The positions of the 8p state
at 36.16 eV, 9p at 36.25 eV, and the higher members a
determined with good accuracy. Even the shape of thep

FIG. 4. Photoionization of Ar with excitation of the residu
Ar1 ion to the 3p4(3Pe)4p 2Po state in the photon energy regio
between 35.6 and 36.4 eV. The theoretical results~solid line! are
compared to the experimental ones~dotted line! are reported in
@10#.
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resonance at 36.30 eV, is described excellen
This resonance shows a deviation from a Fano pro
indicating the existence of an underlying resonance,
3p4(1De)3d(2De)4 f 1Po resonance. The only difference b
tween theory and experiment is that the splitting of the p
at 36.08 eV is not observed in the calculations.

Below a photon energy of 36 eV, there are some diff
ences between theory and experiment in the position of
Rydberg series converging to the 3p4(1De)3d 2Fe state. An
explanation for this is the target state fine structure. The
get states are split into the differentJ values. Due to the
relativistic interactions, these target states have a diffe
energy and consequently the Rydberg states are also sh
in energy. For the 3p4(1De)3d 2Fe state, the splitting of the
J levels is 25 meV@30#, which satisfactorily explains the
observed differences in the positions of the Rydberg st
leading up to the 3p4(1De)3d 2Fe state.

In the present calculations, we have neglected spin-o
interactions, which are particularly important for th
3p4(3Pe)4p 2Po spectrum. The energy difference betwe
the 3p4(3Pe)4p 2Po and the 2Do states is only 134 meV
~see Table I!, while their relativistic interaction is estimate
to be 50 meV. The influence of spin-orbit coupling is d
cussed in more detail in@24# with some prominent examples
These examples demonstrate that it is important to study
photoionization cross sections with excitation of t
3p4(3Pe)4p 2Do state as well.

In Fig. 5, we show the photoionization spectrum in b
tween 35.0 and 37.0 eV for the excitation of th
3p4(3Pe)4p 2Do state. These results are compared to exp
mental results which have been provided recently for
photoemission from theJ53/2 level @11#. Apart from the
resonant behavior at 36.1 eV, which is not reproduced
experiment, very good agreement between theory and
periment is observed. The position of most resonance
reproduced in fine detail with maxima observed at the sa

FIG. 5. Photoionization of Ar with excitation of the residu
Ar1 ion to the 3p4(3Pe)4p 2Do state. The theoretical results~solid
line! are compared to the experimental results~dashed line! for the
total photoemission with vertical polarization from theJ55/2 level
of the 2Do state@11#.
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position in both theory and experiment. Th
difference in intensity at 36.1 eV originates from th
3p4(1De)4p(2Po)6s 1Po resonance. This difference is pre
sumably due to the fact that the theoretical spectrum is c
pared with the experimental spectrum for theJ55/2 level,
whereas this resonance is observable mainly for theJ53/2
level @11#.

Since the interference of the 3p4(3Pe)4p 2Do state with
the 3p4(3Pe)4p 2Po state is of interest, a comparison of th
two spectra could give some initial estimates about the
fects of the interference. The overall intensity of the2Do

spectrum is very similar to the2Po spectrum. The Rydberg
series leading up to the 3p4(1De)3d 2Fe state of Ar1 has
changed its behavior with a fairly small photoionization b
low 35.8 eV and increasing to a maximum at 36.0 eV. Abo
36.0 eV, the changes are fairly small. The cross sections
larger by roughly 25% and the appearance of the resona
at 36.15 eV has changed. This points to different resonan
having an influence on the photoionization spectra and a
duced effect of interferences.

As part of a previous investigation, we have obtained p
toexcitation cross sections of the sublevels of t
3p4(3Pe)4p 2Do and the 3p4(3Pe)4p 2Po states after inclu-
sion of anLS→ j j frame transformation and spin-orbit inte
actions between the target states@24#. While the magnitudes
of the resonances change, in particular, for the resonanc
36.1 eV for photoexcitation of the2Do state, no fundamenta
difference in the spectra is observed. For these spectra
main reason for the difference between experiment
theory is therefore the size of the basis set used in the ca
lations.

D. Alignment and polarization of radiation emitted
by the 3p4

„

3Pe
…4p 2P3Õ2

o and 2D3Õ2
o levels

The states of Ar1 excited by the photoionization proces
are not stable, but decay to lower states through spontan
emission of radiation. The differentm values of each Ar1

state are populated through photoionization and, in gene
the different J levels will not be populated evenly. Cons
quently the fluorescence will be polarized. By monitorin
this polarization for a particular transition in Ar1, more de-
tailed information can be obtained about the photoionizat
process, such as information about the probability for em
sion of an electron with a particular angular momentum.

Recent experimental results have been provided for
fluorescence polarization in Ar1, monitoring the transition
from the 3p4(3Pe)4p 2P3/2

o state to the 3p4(3Pe)4s 2P1/2
e

state@10#, as well as for the polarization of the fluorescen
for the transition from the 3p4(3Pe)4p 2P3/2

o state to the
3p4(3Pe)4s 2P3/2

e state@11#. Here we will determine theo-
retically the polarization of the former radiative transitio
Since this property depends on the coherence within st
formed after emission of electrons with different angular m
menta, this study provides a more stringent test for the t
oretical calculations. In order to estimate roughly the effe
of spin-order couplings, we will also present the fluoresce
polarization for the transition from the 3p4(3Pe)4p 2D3/2

o

state to the 3p4(3Pe)4s 2P1/2
e state.
9-8
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EXCITATION OF THE 3p4(4s,3d,4p) Ar1 STATES . . . PHYSICAL REVIEW A 65 062509
The theory so far has been formulated inLS coupling.
When the differentJ levels are monitored individually, this i
no longer valid. This is the case experimentally, and the
thus needs to include the splitting of theLS-coupled states
The simplest approach is to employ a frame transforma
to write theLS-coupled final state as a sum overj j -coupled
final states by the following weighted 9-j symbol @31#:

Tj j ,LS5@L,S, j 1 , j 2#1/2H l 1 s1 j 1

l 2 s2 j 2

L S J
J ~1!

with @L# indicating (2L11). The index 1 refers to the fina
Ar1 state, while the index 2 refers to the emitted electr
By multiplying the cross sections from Fig. 4 by the squa
of this transformation matrix element, the photoexcitati
cross sections for theJ51/2 and J53/2 levels of the
3p4(3Pe)4p 2Po state and theJ53/2 andJ55/2 levels of
the 3p4(3Pe)4p 2Do state can be obtained. Here we are on
interested in theJ53/2 levels.

A detailed description of the approach pursued to de
mine the polarization has been given by Greene and Z
@12#. The polarization is given by

P5
3h(2)~ j i , j f !A0

col~ j i !

41h(2)~ j i , j f !A0
col~ j i !

, ~2!

with h(2)( j i , j f) a numerical factor depending on the initi
and final angular momentum of the states involved in
radiative transition,j i and j f , respectively, given by

h(2)~ j i , j f !5H 2 j i /~2 j i13!, j f5 j i11

1, j f5 j i

2~ j i11!/~2 j i21!, j f5 j i21.

~3!

The alignment is obtained as outlined previously@24#.
In Fig. 6, the polarization of the radiation fo

the transitions between the 3p4(3Pe)4p 2P3/2
o and the

3p4(3Pe)4s 2P1/2
e levels and between the 3p4(3Pe)4p 2D3/2

o

and the 3p4(3Pe)4s 2P1/2
e levels are given after the forme

state is excited through photoionization from the grou
state of Ar. For the latter polarization, a constant value
27/11 is expected since onlyd electrons can be coupled t
this target state to obtain a1P1

o final state. The ionization
channels withd3/2 andd5/2 outgoing electrons are linked b
two weighted 9-j symbols and have a constant phase re
tionship. No interference can therefore occur and a value
27/11 can be derived directly.

For the polarization of the radiation emitted from th
3p4(3Pe)4p 2P3/2

o →3p4(3Pe)4s 2P1/2
e transition, the agree

ment between theory and experiment is very good qua
tively, although generally the magnitude of the polarizati
is larger than observed experimentally by about 0.1. T
main structure effects are described well. The shape of
polarization spectrum between 35.7 eV and 36.0 eV origin
ing from the Rydberg series converging to t
3p4(1De)3d 2Fe state is in good agreement, although seve
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resonance features are slightly shifted from experiment. T
provides an additional indication for the previous assert
that underlying theoretical resonances may disagree f
their experimental position by roughly 0.05 to 0.1 eV. T
dip at 36.0 eV is reproduced well. The main disagreeme
are observed at 36.15 eV and 36.30 eV, where the dips in
polarization are not reproduced theoretically, while the m
nitude of the polarization seems to be overestimated at
resonances. The absence of the dip at 36.3 eV can be
plained by an underlying resonance whose position is off
roughly 0.05 eV. Generally, the polarization spectrum sho
that the structure effects originating from thes1/2 photoemis-
sion channel interfering with thed3/2 andd5/2 photoemission
channels are described reasonably well and, hence, th
satisfactory description of the individual photoemissi
channels has been obtained.

Since the structure is determined by the interference
tween s and d channels, an admixture of photoionizatio
with excitation of the isoconfigurational2Do state into the
2Po state may alter the observed polarization. This adm
ture will cause interference between the contribution fro
the emission ofd electrons, while fors electrons the1Po

contribution is diminuished due to the admixture of the1Do

channel. The responsible interactions are relativistic in o
gin, the main one being spin-orbit interaction. Mentzelet al.
@11# observed that the polarization of the Ar1 fluorescence
emitted by the 2D3/2

o state towards the 3p4(3Pe)4s 2P3/2

state shows a significant amount of structure. Since inLS
coupling, onlyd electrons can be emitted, leading to a co
stant polarization, the existence of this structure indicates
influence of relativistic interactions. Another recent demo
stration of the influence of spin-orbit interactions is the ra
between the amplitude ofd5/2 and d3/2 outgoing electrons
during photoionization of Ar with simultaneous excitation
the 3p4(3P)4p 2P3/2

o level @32#. In LS coupling a constant

FIG. 6. Polarization of the radiation emitted when theJ53/2
level of the excited state of Ar1 decays radiatively to the
3p4(3Pe)4s 2P1/2

e level. The solid line indicates the polarization fo
the 3p4(3Pe)4p 2Po state, while the dashed line indicates the p
larization for the 3p4(3Pe)4p 2Do state. The experimental result
~dotted line! are obtained from@10#.
9-9
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HUGO W. van der HART AND CHRIS H. GREENE PHYSICAL REVIEW A65 062509
ratio of 3/2 is expected. Experimentally, however, the ratio
significantly larger than this value for photon energies
tween 35.8 and 36.1 eV.

The difference between experiment and theory can, h
ever, not fully be ascribed to the neglect of spin-orbit int
actions. We examine radiation from the 3p4(3Pe)4p 2P3/2

o

→3p4(3Pe)4s 2P1/2
e transition after photoionization. The e

fects of spin-orbit coupling on the photoionization with e
citation cross sections are relatively minor: apart from a s
tistical factor, the differences are primarily a change in
excitation strengths of the resonances. The effects of
spin-orbit coupling on the polarization of the radiation ca
however, be quite significant. Figure 7 compares the po
ization of the radiation from the 3p4(3Pe)4p 2P3/2

o

→3p4(3Pe)4s 2P1/2
e transition inLS coupling, with the po-

larization obtained after anLS→ j j frame transformation
and, most importantly, the inclusion of spin-orbit interactio
between the target states@24#. The given interval shows in
detail a part of the spectrum where the effects of spin-o
coupling are most dramatic. The peak at 36.15 eV chan
sign, but still represents a change in magnitude of 0.4.
peak at 36.25 eV drops in magnitude from 0.4 to 0.1.
addition, the overall polarization is still larger than seen e
perimentally. The comparison therefore demonstrates t
although important, the inclusion of spin-orbit effects is n
sufficient to explain the differences between the experim
and the present calculations inLS coupling in detail.

E. Orientation of radiation emitted by the 3p4(3Pe)4p2P3Õ2
o and

2D3Õ2
o levels

The same information that is needed to extract the ali
ment and the photoexcitation cross section can also be
ployed to determine the orientation of the Ar1 levels excited

FIG. 7. Polarization of the radiation emitted when theJ53/2
level of the 3p4(3Pe)4p 2Po state of Ar1 decays radiatively to the
3p4(3Pe)4s 2P1/2

e level. The solid line indicates the polarizatio
obtained in LS coupling, while the dashed line indicates the po
ization obtained after inclusion of aLS→ j j frame tranformation
and spin-orbit coupling of the target states. The experimental res
~dotted line! are obtained from@10#.
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after photoionization employing circular polarized light. Th
orientation of a particular level with total angular momentu
j i is given by an equation similar to that employed for t
alignment@12,24#:

O0
col~ j i !5

(
j t5 j i21

j i11

uS~ j i , j t!u2O0
col~ j i , j t!

(
j t5 j i21

j i11

uS~ j i , j t!u2
. ~4!

In this equationuS( j i , j t)u2 again gives the cross section fo
excitation of a particular target state with angular moment
j i and emission of an electron with angular momentumj t .
The limits on the sum follow from theJ51 symmetry of the
state reached after absorption of a single photon from thJ
50 ground state of argon. The factorO0

col( j i , j t) is the uni-
versal alignment function, following@13#

O0
col~ j i , j t!55

2
q j i /2

Aj i~ j i11!
, j t5 j i11

q/2

Aj i~ j i11!
, j t5 j i

q~ j i11!/2

Aj i~ j i11!
, j t5 j i21.

~5!

In this equationq indicates the helicity of the incident pho
ton: linearly polarized light hasq50, left-circularly polar-
ized light hasq51, and right-circularly polarized light ha
q521.

The orientation of the Ar1 levels left after photoioniza-
tion is related to the circular polarizationPC of the fluores-
cence emitted by these levels. The relationship is given

PC52
1

2

3h(1)~ j i , j f !O0
col~ j i !~P23!cosu

P cos2u21
, ~6!

whereP represents the linear polarization for the same tr
sition andu indicates the angle between the propagation
rections of the incoming photon and the detected fluor
cence photon.h(1)( j i , j f) is a geometrical factor given by
@13#

h(1)~ j i , j f !5H 2 j i /Aj i~ j i11!, j f5 j i11

1/Aj i~ j i11!, j f5 j i

~ j i11!/Aj i~ j i11!, j f5 j i21.

~7!

It should be emphasized that the definitions of the orienta
O0

col and the geometrical factorh(1)( j i , j f) differ by a factor
Aj i( j i11) and 1/Aj i( j i11) from those presented by Fan
and Macek@33#.

In Fig. 8, we show the polarization of th
3p4(3Pe)4p 2P3/2

o and 2D3/2
o levels after excitation during

photoionization by a left-circular polarized photon (q51). It
can be seen that the shape of the spectra is very similar to

r-

lts
9-10



th

d
o

n
o

i

or
th
th
r,

tra
y
if
th

on
nt

o
ec
ts

tia
in
on
m
n

f
s

to-
re-
ical
the
in

on-
e
CI

on-
lec-

d in
de-
ch
-
ing
ions
for

s.
of

This
ut it
for

ere
e
r

ailed
ll
yond

y a
rtant
ates
the
ent
be-
in-
ns.

ion
g

ng

of
20
e

,

let
d
ates

-

EXCITATION OF THE 3p4(4s,3d,4p) Ar1 STATES . . . PHYSICAL REVIEW A 65 062509
alignment spectra, shown in Fig. 6. For the orientation of
3p4(3Pe)4p 2D3/2

o level, this is obvious. InLS coupling the
outgoing electron must be ad electron. This leads to a fixe
relation between the channel probabilities and thus to a c
stant orientation. For the orientation of the 3p4(3Pe)4p 2P3/2

o

level, the explanation is different. InLS coupling, boths and
d electrons can be emitted. The normalized contributio
from these two channels are added incoherently to form b
the alignment and the orientation. The total alignment~or
orientation!, therefore varies between the alignment given
only d electrons contribute and the alignment given if onlys
electrons contribute. In fact, both the alignment and the
entation depend linearly on the contributions from bo
channels to the total photoionization. Thus, although
magnitude of the alignment and the orientation will diffe
the shape of the spectrum will be similar.

The similarity of the orientation and alignment spec
under the assumption ofLS can be exploited experimentall
to demonstrate influences from spin-orbit coupling. Any d
ference in the shape of the orientation spectra for
3p4(3Pe)4p 2P3/2

o and 3p4(3Pe)4p 2D3/2
o compared to the

alignment spectra cannot be explained inLS coupling, and is
hence most likely to be caused by spin-orbit coupling.

Furthermore, with knowledge about the total ionizati
cross section, the alignment, and the orientation, the co
butions from the three partial channels can be obtained.~The
three partial channels for leaving a state with angular m
mentumj i have an angular momentum for the outgoing el
tron j t of j i21,j i , j i11.! Each of the three measuremen
gives a particular linear combination of the three par
channels, so that three measurements give a solvable l
system of three equations with three unknowns. Deviati
from LS coupling can now become easier to spot by co
paring outgoing electron channels with identical orbital a
gular momentum but differentj.

IV. LIMITATION OF THE PRESENT CALCULATIONS

The study of Ar photoionization with the excitation o
high-lying excited states in the residual ion constitutes a

FIG. 8. Orientation of the 3p4(3Pe)4p 2P3/2
o ~solid line! and

2D3/2
o levels ~dashed line! of Ar1 after excitation during photoion

ization of ground-state Ar by a left-circularly polarized photon.
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vere challenge for the theorist. Subtle effects in the pho
ionization are being determined, while the computational
sources, though substantial, are too small to take all phys
processes, required for a very accurate determination of
photoionization cross sections, into account. This results
severe approximations, which may influence the results c
siderably. Many Ar1 configurations have been left out of th
calculation, since they contributed less than 0.1% to the
wave functions of the Ar1 target states. All Ar13p4n, states
with n.6 (n.5 for , equal to 2 or 3,n>5 for ,>4) have
been neglected, which is especially for the higher states c
sidered here a severe approximation. All states with an e
tron with ,>4 have been excluded.

Several Ar states are bound stronger to their threshol
the calculations than in experiment. As explained in the
scription of the calculations, the reason for this is the mu
larger basis for Ar than for Ar1, which causes an overcon
vergence for Ar. This problem can be solved by increas
the size of the basis set, but that would make the calculat
too big for the computers. This problem is the first reason
the differences between theory and experiment.

A different problem is the optimization of several orbital
The 3d, 4s, and 4p orbitals are optimized on the average
the 3p4n, configurations of Ar1. However, for several
states, these orbitals are not the most appropriate ones.
has been counteracted by including the pseudoorbitals, b
is unclear up to what extent this is an accurate description
all Ar1 states.

A third major approximation is the use ofLS coupling.
Frame transformation techniques can be applied@24#, but
this remains a perturbative approach applicable only wh
spin-orbit interactions mainly influence the splitting of th
target states. Since spin-orbit interactions mix some A1

states strongly, these interactions may need a more det
treatment. The full inclusion of relativistic interactions wi
again increase the computational resources required be
the present limits.

Despite these approximations and difficulties, generall
spectrum is generated that reproduces the most impo
features observed in experiment. The energies of the st
can be off the experimental results by up to 0.5 eV, but
shape of each individual resonance is in good agreem
with experiment. The main reason for the disagreement
tween theory and experiment is therefore assigned to the
correct positioning of several resonances in the calculatio

V. CONCLUSIONS

In the present study, we have obtained photoionizat
cross sections for Ar including the probability for excitin
the residual Ar1 ion to the lowest 3s23p4n, states. The
eigenchannelR-matrix approach has been employed usi
MCHF wave functions to describe the states of Ar1 as accu-
rately as possible using a quite limited basis set. In view
this limitation, good energies are obtained for the lowest
states of Ar1 and for the ground state of Ar. By adjusting th
Ar Hamiltonian to take shifts of the Ar1 states into account
more stable photoionization results are obtained.

In the photon energy range from 30 to 38 eV, 17 doub
3s23p4n, states of Ar1 can be excited. We have provide
excitation rates in photoionization processes for these st
9-11
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including a full ab initio calculation of the1Po structure of
Ar in this photon energy range. The atomic structure ha
huge influence on the photoionization with excitation cro
sections, with resonances considerably enhancing the ex
tion rates within 2 eV of the opening of the photoionizati
channel. For larger energies, the influence of resonan
quickly decreases. The structure observed in experimen
reproduced, although the position of individual resonan
may be off by 0.2 eV from the experimental positions. Li
shapes are reproduced reasonably well, indicating that
interaction between the channels is described nicely.
main difficulty in the calculations is to accurately calcula
the excitation strengths of the resonances. This difficulty
enhanced, in particular, by incorrect positions of the lo
lying members of the Rydberg series.

By identifying observed resonances in the experimen
spectrum, it is possible to obtain insight into the vario
interactions between the different photoionization chann
Since the spectrum contains many interacting resonan
knowledge of the experimental resolution is essential fo
proper identification of the observed resonances. Deta
comparisons have been carried out for excitation of
3p4(3Pe)4p 2Po and 2Do states. Theory is able to explai
the structures seen in these high-resolution experime
while also the position of most resonances is reproduced

The presentR-matrix calculations have provided polariz
tion spectra for fluorescent transitions following Ar phot
ionization leaving Ar1 in the 3p4(3Pe)4p 2P3/2

o or 2D3/2
o lev-

els. It is shown thatLS coupling leads to quite a reasonab
agreement between theory and experiment for
3p4(3Pe)4p 2P3/2

o level. However, a substantial overall di
ference in the polarization between experiment and the
can be observed, which is ascribed to the size of the b
used as well as a neglect of spin-orbit couplings. This neg
becomes more prominent in the polarization spectrum
c

r,

s

,

os

tt

l-
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fluorescence from the 3p4(3Pe)4p 2D3/2
o level, for which the

presence of resonance structures in experiment@11# indicates
the presence of spin-orbit effects. Due to the effects o
restricted basis set, the most reliable determination of
importance of spin-orbit coupling is through the study
features that are absent inLS coupling.

The present approach shows that reasonable results ca
obtained for photoionization with excitation of fairly high
lying states of the residual system. Nevertheless several l
tations of the present implementation have been identifi
Improved results can be obtained by introducing frame tra
formation techniques to describe spin-orbit effects@24#.
More importantly, the position of various resonances is
scribed only within 0.2 eV, which has to be improved
order to obtain better agreement with experiment. Since
difference is ascribed to a different level of inclusion of cor
polarization contributions for the Ar and the Ar1 configura-
tions, many more basis states need to be included in
calculations, requiring larger computers. When we bear
mind these difficulties, the present approach demonstr
that in the last decade, computational power has advance
enable a sufficiently accurate description of the Ar struct
in photoionization processes, to meaningfully compare
periment and theory up to a photon energy of 38 eV.

ACKNOWLEDGMENTS

The authors would like to thank F. Robicheaux for val
able discussions and O. Yenen and G. Mentzel for supply
numerical data of their results. This work was supported
the Division of Chemical Sciences, Office of Basic Ener
Sciences, Office of Energy Research, U.S. Departmen
Energy. This research used resources of the National En
Research Scientific Computing Center, also supported by
U.S. Department of Energy.
h.

v.
@1# R.P. Madden and K. Codling, Phys. Rev. Lett.10, 516 ~1963!.
@2# J.A.R. Samson, Adv. At. Mol. Phys.2, 177 ~1966!.
@3# J.B. West and G.V. Marr, Proc. R. Soc. London, Ser. A349,

397 ~1976!.
@4# J.A.R. Samson and J.L. Gardner, Phys. Rev. Lett.33, 671

~1974!.
@5# R.G. Houlgate, J.B. West, K. Codling, and G.V. Marr, J. Ele

tron Spectrosc. Relat. Phenom.9, 205 ~1976!
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