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The photoelectron angular distribution asymmetry paramgfer 3s electrons of atomic chlorine has been
calculated using the multiconfiguration Hartree-Fock method for both bound and continuum wave functions. It
is determined in the electric dipole approximation within the framework of the angular-momentum-transfer
formulation. The effects of electron correlation are investigated, and it is shown that electron correlations are
very important fors values corresponding to botf? and P ionic states. Our results confirm the recent
experimental prediction thgB for s subshell photoionization in open-shell atoms, is, in general, term and
photon energy dependent and, in addition, in the case of chlogngh8toionization,8 has minima for both
terms of CI" 3s(®P, 'P), in qualitative agreement with experiment. However, our calculatiop &dr CI*
3s(®P, 'P) channels demonstrates that interchannel coupling should be included in order to achieve quanti-
tative agreement with experiment.
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Experiments on measurements of angular distributions ofvas partly due to the difficulty of producing a good atomic
photoelectrons, or the photoelectron asymmetry parangeter beam of an open-shell atom such as chlorine, and in part to
provide data not only on the relevant transition amplitudeshe relatively small photoionization cross sections of
but also on their relative phases. These data also supply is-subshell electrons. Very recently, Whitfiekt al. [3] re-
formation on the initial and final states of the target as wellported measurements on the photoelectron angular distribu-
as dynamic information on the interaction of the photoelection parameterg of the 3s-subshell photoionization of
trons with the resulting ion. The extraction of information by atomic chlorine over the photon energy range 29-70 eV us-

a theoretical calculation is a good test of any theory. ing electron spectrometry in conjunction with synchrotron
The well-known expression for angular distribution of radiation. Their results confirm the basic theoretical predic-
photoelectrons is given by tions of Starace, Rast, and Mans@&]j that 8 for s-subshell

photoionization in open-shell atoms, is, in general, term and
do [ o photon energy dependent. However, their measurements for
do |27 |1 BP2cOL0)]. the CI" 3s(®P, 'P) ionic channels demonstrate that there
are significant qualitative and quantitative discrepancies be-

In general, the angular distribution of photoelectrons variween the existing theory and their experiment. Experimen-
ies as a function of photon energy due to interference of twdally, minima are found in3 for the both Ct 3s(®P) and
possible partial waves. But there are exceptions. In the cagel™ 3s(*P) cases, but theorf2] finds minima only in the
of the photoionization o&-subshell electrons in closed-shell CI* 3s(®P) case, not in the Cl 3s(!P) case. In addition,
atoms, nonrelativistically, the angular distribution parametethe magnitude and location of the minimum in tH@) case
B becomes equal to two, independent of the photon energghserved by experimen8] do not agree with the existing
[1]. This is because in this case only one partial wave igheory[2].
allowed in the dipole approximation. But in the case of most As the angular distribution parametgrdepends on the
open-shell atoms, this result is no longer true although therdipole matrix elements between the initial and final states as
is only one partial wave. Generally, in open-shell atoms theravell as on their relative phases, these quantities must be
is more than one final-state channel due to the nonrelativisticalculated very accurately in order to test the discrepancies
electron-ion interactions. Interference between these finabetween theory and experiment. In this paper we present a
state channels leads togdependence on photon energy astheoretical investigation of the s3photoionization of the
well as on term values. open-shell atomic chlorine atom to understand, and poten-

Recently there has been a growing interest in the phototially remove, the discrepancy between the existing theory
ionization of open-shell atoms both experimentally and theoand the experiment. The calculation is carried out using the
retically. However, the photoionization from the 3ubshell  multiconfiguration Hartree-Fock method for both boUdd
of open-shell atomic chlorine has received relatively littleand continuum wave functior{$], which has proved to be
theoretical attention due to the target and the remaining coreery efficient for including the electron correlation effects
being open shell. Many years ago, Starace, Rast, and Mansarto the wave function. We consider both electron correlation
[2] calculated the angular distribution paramet@rfor  and polarization effects in the initial state, the final ionic
3s-subshell photoionization of atomic chlorine using singlestates, and the final continuum states through the configura-
configuration restricted Hartree-Fo¢KF) continuum orbit-  tion interaction procedure. We report here on the calculation
als, where electron correlation is completely neglected. Thepf the asymmetry parameteg{>P) and 3(*P) correspond-
predicted a term and photon energy dependenge dhese ing to two ionic term thresholds. The results are obtained in
predictions had gone unverified for more than 20 years. Thi&S coupling, spin orbit and other relativistic effects are not
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TABLE I. Comparison of energy levelgonization thresholds
of CI™ 3s3p® in eV relative to Cl 3?3p>(?P), with experiment

C13s (°P) ]
3] Length
1 N = Velocity 4
State CalculatedeV) Experiment(eV)
p 24.52 24.54 ]
p 28.89 27.30

Dipole Matrix Element

considered. To calculate thgparameter we use the angular-
momentum formulation of Dill and Farl&] and thelL.S cou- 024 ]
pling form of Dill, Manson, and Starad€]. ] .

In this investigation we consider thes&lectron photo- T
ionization from the ground state CE3p®(?P) of the chlo- T s 30 35 40 45 50 55 60 65 70 75
rine atom. The photoionization processes are described by

Photon Energy (eV)

fiw+Cl 3s”3p°(°P) FIG. 2. Same as Fig. 1 but corresponding to tiefinal state.

+ 5.3 - 2n 2p 2
—CI73s3p("P) +e - (kp)(°D, °P, 7S) the excited 8, 4s, and 4o orbitals variationally in the
—ClI*3s3p>(*P)+e” (kp)(°D, *P, ?S). MCHF approximation with the core orbitals obtained from

the relaxed Ci 3s(3P) ion core. The final core ionic state
Initially we performed a HF calculation with the core or- 3s3p%(®P, P) wave functions are calculated similarly in
bitals prepared from the ClI3s3p>(*P) core. With these the MCHF approximation using a large set of configurations.
core orbitals we calculated the initial, final ionic states, andThe final continuum state wave functions for different final
the final LS photoionized states and obtaingdusing the LS states corresponding to each ionic state are calculated
angular-momentum-transfer formulation stated above. Sincaising the MCHF method for the continuum wave function
in the photoionization of open-shell atom electron correlatior{5]. Each of the finaLS state wave functions is calculated
and polarization effects are extremely important, a variaseparately corresponding to each ionic core state. For each of
tional calculation is performed using the multiconfigurationthese different finalS states separate configuration sets are

Hartree-FockMCHF) method that has the potential of tak- generated again by single and double replacements ah@

ing into account very accurately the electron correlation an®p outermost orbitals with 8, 4s, and 4 excited orbitals.

polarization effects completelyab initio through the Some of the excited bound orbitals are optimized along with

configuration-interaction procedure. We first calculated thehe continuum orbital simultaneously for each kinetic energy
1s, 2s, 2p, 3s, and P wave functions of the Cl 3s(®P)  of the photoelectron. This takes into account polarization ef-
core in the HF approximation. Then we prepared a configufects of the core due to the continuum electron. In all cases,
ration set for the initial Cl ¥P) state by including all the the core orbitals were kept fixed at the HF'GEP) value. It
configurations obtained by single and double replacement afhould be pointed out that because chlorine is an open-shell
the two outermost orbitals of the initial-state configurationatom, a large number of configurations contributed to the
with the excited orbitals @, 4s, and 40. We computed all initial as well as to each of the finalS states. Special effort
was made to make the wave functions accurateamuhitio

e L B L B N in each of these cases. These wave functions are used to
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FIG. 1. Dipole matrix elements in both length and velocity Photon Energy (eV)
forms as a function of photon energy for tRB final state corre-
sponding to the Cl 3s(®P) ionic state. FIG. 3. Same as Fig. 1 but corresponding to f8final state.
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FIG. 4. Theoretical and experimenf@lvalues corresponding to FIG. 5. Theoretical and experimenfalvalues corresponding to
the CI' 3s(®P) ionic state as a function of photon energy. the CI' 3s(1P) ionic state as a function of photon energy.

its position are shifted towards the threshold compared to

calculate the dipole transition matrix elements between thexperiment. As seen from the figures, the discrepancies be-
initial and the final states. Finally, the asymmetry parametetween the present theory and the experiment are in the mag-
B(PP) and B(*P) corresponding to two ionic term levels nitude of the dip in the minima and their position. In the case
CI* 3s3p°(®P, 'P) are calculated using the dipole matrix of 3P, the experiment found the magnitude of the minimum
elements and the relative phases. to be 1.08 and its location at a photon energy 36 eV, while

The determination of the asymmetry parameter correthe current theory shows a minimum at 31 eV and its mag-
sponding to each of the ionic states requires correct evaluaitude to be—0.22 in the length form. On the other hand, in
tion of the scattering amplitudes that involve dipole matrixthe case of théP case, calculated length values of the mag-
elements. The dipole matrix elements are determined by thegitude and location are, respectively;,0.08 and 31 eV
initial- and the final-state wave functions. One way to ensurevhereas corresponding experimental values -afe31 and
the quality of the wave functions required for dipole matrix 34 eV. One of the reasons for the differences in the depths of
elements is to check the threshold energies. In Table | wehe minima may be due the effect of instrumental resolution
present threshold energies for the two ionic states along witfiB0 meV) on the experimental data. It can often happen that
the experimental data for comparison. The agreement is eXeatures in the theoretical calculation are more narrow than
cellent. features in the experiment because the latter are smoothed by

The next step is to examine the behavior of the dipolehe instrumental resolution.
matrix elements as a function of the photon energy. In Figs. In order to determine the effect of electron correlation on
1, 2, and 3 we plot the dipole matrix elements in both lengththe 8 values we also included in Figs. 4 and 5 our calculated
and velocity forms as a function of photon energy for theHF results for the3 parameter corresponding to botR and
three final D, 2P, and 2S states corresponding to tf® P jonic states. They did not show any Cooper minima in
ionic state. It is found that matrix elements in each of thesehe 8 parameter. For comparison we also presented existing
cases pass through zero as a function of photon energy. Thismple HF result$2] in Figs. 4 and 5. The reason that these
indicates that there should be a Cooper minimi@hin the  HF resultg2] show minima in the’P case may be due to the
asymmetry parameter at an energy depending on the relativge of the continuum orbitals calculated in the restricted HF
position of the zeros in the dipole matrix elements. approximation. The presence of the Cooper minima can also

Our calculated MCHR3 values in both length and veloc- be identified simply by looking into the dipole matrix ele-
ity forms corresponding to Cl 3s(*P) and CI* 3s(*P) ments as a function of photon energy. To have a minimum in
ionic states as a function of photon energy are presented ithe 8 parameter, the matrix elements have to pass through
Figs. 4 and 5. Also shown in the figures are the recent exzero. It should be mentioned that in this particular study we
perimental data reported by Whitfieét al. [3]. Both 8 val-  found that the electron correlations are very strong in both
ues clearly show a dependencebn the terms of Cl 3s  the initial and the final states, and without these the minima
as well as on the photon energy, in qualitative agreemerih the 8 values could not be obtained.
with experiment. It can be noticed from Figs. 4 and 5 that, Although we have taken into account electron correlation
corresponding to each of the ionic states, fi@arameter effects very efficiently in both the initial and the final states
shows a minimum as a function of photon energy, also irthrough the configuration-interaction procedure, there is still
agreement with experimeri8]. In the P ionic case, the quantitative disagreement between the present theory and the
magnitude of the dip of the minimum as well as the locationrecent experiment. The possible reason for this discrepancy
of the minimum are much lower than those obtained by exmay be accounted for due to the strong interchannel coupling
periment. In the case of th&P ionic state there is better between the continuum channels, including ionization with
agreement with experiment, but the dip of the minimum andexcitation. In the present calculation, the effect of interchan-
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nel coupling has not been taken into account through th@aumber of configurations in both the initial and each of the
MCHF approximation. Recently, the MCHF method for the final LS states to obtain convergence in tBevalues. This
continuum wave function has been extended to include interstudy clearly demonstrates the importance of electron corre-
channel coupling between the open channels, and refined caktion in theg values in the present calculation. The discrep-
culations that include interchannel coupling are underway. ancies that still exist are the magnitude and location of the
We have presented a theoretical confirmation of the terminimum in thes values. This may be attributed to the pres-
and photon energy dependence of the photoelectron asymance of interchannel interaction, which could not be taken
metry parameteﬁ of t_h(_a 3s-subshell electr_ons in the open- into account in the present study. Future calculation with
shell chlorine atom arising solely from the interference of the,,c|usion of interchannel coupling may bring theory and ex-
final-state channels. Qne of the most .important motivation%erimem close together and thus help to gain a clear under-
of the present calculation was to examine the presence of thg,nding of the dynamical processes involved in electron dy-
minima in the3 values corresponding t8P and *P ionic  amics in the photoionization of open-shell atoms.
terms in order to confirm the experimental observati@is
While the earlier theoretical investigatioi] using the | would like to thank Dr. Denise Caldwell and Dr. Scott
single configuration restricted HF approximation obtains awhitfield for a critical reading of the manuscript and Profes-
minimum only in the®P case, and no minimum in th&P sor A. F. Starace for sending me the data calculated many
case, the present calculation verifies the presence of thgears ago. This research was supported in part by the Na-
minima in both the®P and P cases. We included a large tional Science Foundation.
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