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Photoelectron angular distribution of 3s photoionization of atomic chlorine
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The photoelectron angular distribution asymmetry parameterb for 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 forb values corresponding to both3P and 1P ionic states. Our results confirm the recent
experimental prediction thatb for s subshell photoionization in open-shell atoms, is, in general, term and
photon energy dependent and, in addition, in the case of chlorine 3s photoionization,b has minima for both
terms of Cl1 3s(3P, 1P), in qualitative agreement with experiment. However, our calculation ofb for Cl1

3s(3P, 1P) channels demonstrates that interchannel coupling should be included in order to achieve quanti-
tative agreement with experiment.

DOI: 10.1103/PhysRevA.66.010702 PACS number~s!: 32.80.Fb, 32.80.Hd
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Experiments on measurements of angular distribution
photoelectrons, or the photoelectron asymmetry parametb
provide data not only on the relevant transition amplitud
but also on their relative phases. These data also suppl
formation on the initial and final states of the target as w
as dynamic information on the interaction of the photoel
trons with the resulting ion. The extraction of information b
a theoretical calculation is a good test of any theory.

The well-known expression for angular distribution
photoelectrons is given by

ds

dv
5S s

4p D @11bP2 cos~u!#.

In general, the angular distribution of photoelectrons v
ies as a function of photon energy due to interference of
possible partial waves. But there are exceptions. In the c
of the photoionization ofs-subshell electrons in closed-she
atoms, nonrelativistically, the angular distribution parame
b becomes equal to two, independent of the photon ene
@1#. This is because in this case only one partial wave
allowed in the dipole approximation. But in the case of m
open-shell atoms, this result is no longer true although th
is only one partial wave. Generally, in open-shell atoms th
is more than one final-state channel due to the nonrelativ
electron-ion interactions. Interference between these fi
state channels leads to ab dependence on photon energy
well as on term values.

Recently there has been a growing interest in the ph
ionization of open-shell atoms both experimentally and th
retically. However, the photoionization from the 3s subshell
of open-shell atomic chlorine has received relatively lit
theoretical attention due to the target and the remaining c
being open shell. Many years ago, Starace, Rast, and Ma
@2# calculated the angular distribution parameterb for
3s-subshell photoionization of atomic chlorine using sing
configuration restricted Hartree-Fock~HF! continuum orbit-
als, where electron correlation is completely neglected. T
predicted a term and photon energy dependence ofb. These
predictions had gone unverified for more than 20 years. T
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was partly due to the difficulty of producing a good atom
beam of an open-shell atom such as chlorine, and in pa
the relatively small photoionization cross sections
s-subshell electrons. Very recently, Whitfieldet al. @3# re-
ported measurements on the photoelectron angular distr
tion parameterb of the 3s-subshell photoionization o
atomic chlorine over the photon energy range 29–70 eV
ing electron spectrometry in conjunction with synchrotr
radiation. Their results confirm the basic theoretical pred
tions of Starace, Rast, and Manson@2# that b for s-subshell
photoionization in open-shell atoms, is, in general, term a
photon energy dependent. However, their measurements
the Cl1 3s(3P, 1P) ionic channels demonstrate that the
are significant qualitative and quantitative discrepancies
tween the existing theory and their experiment. Experim
tally, minima are found inb for the both Cl1 3s(3P) and
Cl1 3s(1P) cases, but theory@2# finds minima only in the
Cl1 3s(3P) case, not in the Cl1 3s(1P) case. In addition,
the magnitude and location of the minimum in the (3P) case
observed by experiment@3# do not agree with the existing
theory @2#.

As the angular distribution parameterb depends on the
dipole matrix elements between the initial and final states
well as on their relative phases, these quantities must
calculated very accurately in order to test the discrepan
between theory and experiment. In this paper we prese
theoretical investigation of the 3s photoionization of the
open-shell atomic chlorine atom to understand, and po
tially remove, the discrepancy between the existing the
and the experiment. The calculation is carried out using
multiconfiguration Hartree-Fock method for both bound@4#
and continuum wave functions@5#, which has proved to be
very efficient for including the electron correlation effec
into the wave function. We consider both electron correlat
and polarization effects in the initial state, the final ion
states, and the final continuum states through the config
tion interaction procedure. We report here on the calculat
of the asymmetry parametersb(3P) andb(1P) correspond-
ing to two ionic term thresholds. The results are obtained
LS coupling, spin orbit and other relativistic effects are n
©2002 The American Physical Society02-1
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considered. To calculate theb parameter we use the angula
momentum formulation of Dill and Fano@6# and theLScou-
pling form of Dill, Manson, and Starace@7#.

In this investigation we consider the 3s-electron photo-
ionization from the ground state Cl 3s23p5(2P) of the chlo-
rine atom. The photoionization processes are described

\v1Cl 3s23p5~2P!

→Cl13s3p5~3P!1e2~kp!~2D, 2P, 2S!

→Cl13s3p5~1P!1e2~kp!~2D, 2P, 2S!.

Initially we performed a HF calculation with the core o
bitals prepared from the Cl1 3s3p5(3P) core. With these
core orbitals we calculated the initial, final ionic states, a
the final LS photoionized states and obtainedb using the
angular-momentum-transfer formulation stated above. Si
in the photoionization of open-shell atom electron correlat
and polarization effects are extremely important, a va
tional calculation is performed using the multiconfigurati
Hartree-Fock~MCHF! method that has the potential of ta
ing into account very accurately the electron correlation a
polarization effects completelyab initio through the
configuration-interaction procedure. We first calculated
1s, 2s, 2p, 3s, and 3p wave functions of the Cl1 3s(3P)
core in the HF approximation. Then we prepared a confi
ration set for the initial Cl (2P) state by including all the
configurations obtained by single and double replacemen
the two outermost orbitals of the initial-state configurati
with the excited orbitals 3d, 4s, and 4p. We computed all

FIG. 1. Dipole matrix elements in both length and veloc
forms as a function of photon energy for the2D final state corre-
sponding to the Cl1 3s(3P) ionic state.

TABLE I. Comparison of energy levels~ionization thresholds!
of Cl1 3s3p5 in eV relative to Cl 3s23p5(2P), with experiment
@3#.

State Calculated~eV! Experiment~eV!

3P 24.52 24.54
1P 28.89 27.30
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the excited 3d, 4s, and 4p orbitals variationally in the
MCHF approximation with the core orbitals obtained fro
the relaxed Cl1 3s(3P) ion core. The final core ionic stat
3s3p5(3P, 1P) wave functions are calculated similarly i
the MCHF approximation using a large set of configuratio
The final continuum state wave functions for different fin
LS states corresponding to each ionic state are calcul
using the MCHF method for the continuum wave functi
@5#. Each of the finalLS state wave functions is calculate
separately corresponding to each ionic core state. For eac
these different finalLS states separate configuration sets
generated again by single and double replacements of 3s and
3p outermost orbitals with 3d, 4s, and 4p excited orbitals.
Some of the excited bound orbitals are optimized along w
the continuum orbital simultaneously for each kinetic ene
of the photoelectron. This takes into account polarization
fects of the core due to the continuum electron. In all cas
the core orbitals were kept fixed at the HF Cl1 (3P) value. It
should be pointed out that because chlorine is an open-s
atom, a large number of configurations contributed to
initial as well as to each of the finalLS states. Special effor
was made to make the wave functions accurate andab initio
in each of these cases. These wave functions are use

FIG. 2. Same as Fig. 1 but corresponding to the2P final state.

FIG. 3. Same as Fig. 1 but corresponding to the2S final state.
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calculate the dipole transition matrix elements between
initial and the final states. Finally, the asymmetry parame
b(3P) and b(1P) corresponding to two ionic term level
Cl1 3s3p5(3P, 1P) are calculated using the dipole matr
elements and the relative phases.

The determination of the asymmetry parameter co
sponding to each of the ionic states requires correct eva
tion of the scattering amplitudes that involve dipole mat
elements. The dipole matrix elements are determined by
initial- and the final-state wave functions. One way to ens
the quality of the wave functions required for dipole mat
elements is to check the threshold energies. In Table I
present threshold energies for the two ionic states along
the experimental data for comparison. The agreement is
cellent.

The next step is to examine the behavior of the dip
matrix elements as a function of the photon energy. In F
1, 2, and 3 we plot the dipole matrix elements in both len
and velocity forms as a function of photon energy for t
three final 2D, 2P, and 2S states corresponding to the3P
ionic state. It is found that matrix elements in each of the
cases pass through zero as a function of photon energy.
indicates that there should be a Cooper minimum@8# in the
asymmetry parameter at an energy depending on the rel
position of the zeros in the dipole matrix elements.

Our calculated MCHFb values in both length and veloc
ity forms corresponding to Cl1 3s(3P) and Cl1 3s(1P)
ionic states as a function of photon energy are presente
Figs. 4 and 5. Also shown in the figures are the recent
perimental data reported by Whitfieldet al. @3#. Both b val-
ues clearly show a dependence ofb on the terms of Cl1 3s
as well as on the photon energy, in qualitative agreem
with experiment. It can be noticed from Figs. 4 and 5 th
corresponding to each of the ionic states, theb parameter
shows a minimum as a function of photon energy, also
agreement with experiment@3#. In the 3P ionic case, the
magnitude of the dip of the minimum as well as the locat
of the minimum are much lower than those obtained by
periment. In the case of the1P ionic state there is bette
agreement with experiment, but the dip of the minimum a

FIG. 4. Theoretical and experimentalb values corresponding to
the Cl1 3s(3P) ionic state as a function of photon energy.
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its position are shifted towards the threshold compared
experiment. As seen from the figures, the discrepancies
tween the present theory and the experiment are in the m
nitude of the dip in the minima and their position. In the ca
of 3P, the experiment found the magnitude of the minimu
to be 1.08 and its location at a photon energy 36 eV, wh
the current theory shows a minimum at 31 eV and its m
nitude to be20.22 in the length form. On the other hand,
the case of the1P case, calculated length values of the ma
nitude and location are, respectively,20.08 and 31 eV
whereas corresponding experimental values are20.31 and
34 eV. One of the reasons for the differences in the depth
the minima may be due the effect of instrumental resolut
~30 meV! on the experimental data. It can often happen t
features in the theoretical calculation are more narrow t
features in the experiment because the latter are smoothe
the instrumental resolution.

In order to determine the effect of electron correlation
theb values we also included in Figs. 4 and 5 our calcula
HF results for theb parameter corresponding to both3P and
1P ionic states. They did not show any Cooper minima
the b parameter. For comparison we also presented exis
simple HF results@2# in Figs. 4 and 5. The reason that the
HF results@2# show minima in the3P case may be due to th
use of the continuum orbitals calculated in the restricted
approximation. The presence of the Cooper minima can a
be identified simply by looking into the dipole matrix ele
ments as a function of photon energy. To have a minimum
the b parameter, the matrix elements have to pass thro
zero. It should be mentioned that in this particular study
found that the electron correlations are very strong in b
the initial and the final states, and without these the mini
in the b values could not be obtained.

Although we have taken into account electron correlat
effects very efficiently in both the initial and the final stat
through the configuration-interaction procedure, there is s
quantitative disagreement between the present theory an
recent experiment. The possible reason for this discrepa
may be accounted for due to the strong interchannel coup
between the continuum channels, including ionization w
excitation. In the present calculation, the effect of interch

FIG. 5. Theoretical and experimentalb values corresponding to
the Cl1 3s(1P) ionic state as a function of photon energy.
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nel coupling has not been taken into account through
MCHF approximation. Recently, the MCHF method for t
continuum wave function has been extended to include in
channel coupling between the open channels, and refined
culations that include interchannel coupling are underwa

We have presented a theoretical confirmation of the te
and photon energy dependence of the photoelectron as
metry parameterb of the 3s-subshell electrons in the open
shell chlorine atom arising solely from the interference of
final-state channels. One of the most important motivati
of the present calculation was to examine the presence o
minima in theb values corresponding to3P and 1P ionic
terms in order to confirm the experimental observations@3#.
While the earlier theoretical investigations@2# using the
single configuration restricted HF approximation obtains
minimum only in the3P case, and no minimum in the1P
case, the present calculation verifies the presence of
minima in both the3P and 1P cases. We included a larg
ten

e

ll,
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number of configurations in both the initial and each of t
final LS states to obtain convergence in theb values. This
study clearly demonstrates the importance of electron co
lation in theb values in the present calculation. The discre
ancies that still exist are the magnitude and location of
minimum in theb values. This may be attributed to the pre
ence of interchannel interaction, which could not be tak
into account in the present study. Future calculation w
inclusion of interchannel coupling may bring theory and e
periment close together and thus help to gain a clear un
standing of the dynamical processes involved in electron
namics in the photoionization of open-shell atoms.
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