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Effect of spin-orbit interaction in photoionization of bromine

H. P. Saha and Dong Lin
Department of Physics, University of Central Florida, Orlando, Florida 32816

~Received 11 September 2000; published 5 March 2001!

The partial and total photoionization cross sections from the initial2P3/2 ground state of atomic Br to the
final Br1 3PJ components across the 4p4(1D2)6d,8s(2P, 2D, 2F, 2S) autoionization resonances are presented.
The multiconfiguration Hartree-Fock~MCHF! method has been used to calculate both bound and continuum
wave functions in the nonrelativistic limit. The Breit-Pauli approximation is applied to determine the effect of
spin-orbit interactions in the photoionization of atomic Br with the MCHF wave function as input. Our
calculated results are compared with experimental data.

DOI: 10.1103/PhysRevA.63.042701 PACS number~s!: 32.80.Fb, 32.80.Dz
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INTRODUCTION

Recently there has been a growing interest in the ph
ionization of neutral halogens both experimentally and th
retically. Experiments of this type can provide partial cro
sections for a transition, producing a particular fine-struct
level of the residual ion. Such partial cross sections o
more severe tests of theoretical approximation methods
do the cross sections measured without regard to individ
fine-structure levels. With the advent of several new s
chrotron light sources around the world, which will perm
experimentalists to study additional information on pho
ionization processes, a more detailed theoretical anal
with accurate methods is necessary.

Halogen systems are particularly important because
their use in chemical lasers as well as their great affinity
forming chemical compounds. Photoionization of chlori
has been investigated by many authors. However, phot
citation and photoionization of bromine have received re
tively poor attention. Theoretically, this is due to the fact th
the target and the remaining core are an open shell atom
an ion, experimentally, it is due to its strong chemical re
tivity. On the experimental side there have been studies
photoabsorption@1,2#, photoemission@3,4#, ion yield @5#,
HeI photoelectron spectrometry@6–9#, multiphoton ioniza-
tion @10#, and most recently electron emission@11–13#.
Among these, the most recent and relevant works in
present investigation are the electron emission experim
by Benzaid and co-workers@12,13#. They present evidenc
of the LS-forbidden spin-orbit induced autoionization res
nances 4s24p4(1D2)6d 2F and 2S, in addition to the al-
lowed 4s24p4(1D2)6d 2D, 2P resonances, arising from 4p
→ns,md excitations from the ground state 4s24p5 2P3/2 of
bromine, corresponding to a specific final spin-orbit st
3P2,1,0 of the ionic core. On the theoretical side, only R
bicheaux and Greene@14# treated the autoionization regim
using the eigenchannelR-matrix method@15#. They reported
only the total cross section across the resonances, but
tained very good results.

In the present investigation we made a comprehen
study of the properties of the 4s24p4(1D2)6d,8s resonances
arising from 4p photoexcitation of the bromine atom in th
4s24p5 2P3/2 ground state. The analysis of these autoioni
tion resonances allows us to understand the important
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pects of the electronic structure and dynamics of the e
trons associated with the final ionic state Br14s24p4(1D2)
created in the decay of these resonances. The purpose o
present investigation is to understand and verify the exp
mental observation@12,13# in detail as well as to test the
validity of our newly developed multiconfiguration Hartre
Fock–Breit-Pauli (MCHF1BP) method@16# which includes
relativistic effects into the bound and continuum wave fun
tions in the form of the BP approximation.

Here we report a detailed theoretical analysis of the au
ionization resonances, bothLSallowed andLS forbidden, by
calculating the partial as well as total photoionization cro
sections from aL0S0J0 initial bound state to anLSJ final
continuum state corresponding to all exit channels. The p
toinization matrix elements are then transformed to obt
partial photoionization cross sections corresponding to a s
cific fine-structure level of the3P2,1,0 core ionic states for
comparison with the experimentally determined partial cr
sections. In the following we present the results of our inv
tigation in the autoionization regime in the vicinity of 8s and
6d excitations from the first ionization threshold
Br14p4(3P2), to the Br14p4(1D2) threshold of the multip-
let created by the ionization of a 4p electron in Br.

THEORY

A. MCHF wave function for a continuum state

The wave function for a scattering state with labelg, en-
ergy E, and termLS, in the multiconfiguration Hartree-Foc
approximation, can be expressed as

C~gLS;N11!5(
j

mc

ajF~g jLcSc ;N!fkl

1(
i

m

ciF~g iLS;N11!,

where the first term represents a correlatedN-electron target
wave function coupled to a scattering electron. T
N-electron target, that is an eigenstate ofLc and Sc , is de-
scribed in terms ofN-electron bound configuration state
F(g jLcSc ;N), with configurationg j and termLcSc , mixing
coefficientaj , and total energyEc coupled to a scattering
©2001 The American Physical Society01-1
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H. P. SAHA AND DONG LIN PHYSICAL REVIEW A 63 042701
wave functionfkl with orbital angular momentuml, to yield
an antisymmetric configuration state for the (N11)-electron
system, with a final valueLS and a configurationg j kl. The
second termF(g iLS;N11) is an (N11)-electron bound
configuration which is an eigenstate with the sameL andS,
and which is included to allow for polarization and electro
correlation effects. The above wave function is defined
terms of a set of radial bound and continuum wave functi
Pi(r ), i 51,2, . . . ,m.

The key to implementing the MCHF method is to sele
an appropriate collection of configurations~including both
bound and continuum! for the wave function. The MCHF
method optimizes both the bound and continuum wave fu
tions simultaneously at each incident energy to account
electron correlation and polarization effects. In this appro
mation, all the radial functions are the solutions of the s
ond order coupled integro-differential equations of the fo

F d2

dr2 1
2Z

r
2

l i~ l i11!

r 2 GPi~r !5
2

r
@Yi~r !Pi~r !1Xi~r !

1I i~r !#1(
i 8

« i i 8Pi 8~r !,

where the off-diagonal energy parameters« i i 8 are related to
Lagrange multipliers that ensure orthogonality assumptio

In the MCHF method, the bound and the continuum rad
functions are determined by solving the above set of coup
equations under proper boundary conditions. The bound
dial functions satisfy the boundary conditions:

Pi~r ! ;
r→0

r l 11 and Pi~r ! ;
r→`

0.

In this case the diagonal energy parameter« i i , which is an
eigenvalue of the integrodifferential equation, needs to
determined. The radial functions for the continuum orbi
satisfy the conditions

Pi~r ! ;
r→0

r l 11

and

Pi~r ! ;
r→`

S 2

pkD sinS kr2
lp

2
1

q

k
ln~2kr !1s l1d l D ,

wherek2 is the kinetic energy of the photoelectron, and« i i
52k2. The net charge of the ion isq5Z2N, s l5argG(l
112iq/k) is the Coulomb phase shift, andd l is the residual
phase shift.
The coefficientsci are solutions of the system of equation

(
i 8

m

^F i uH2EuF i 8&ci 81(
j

mc

^F i uH2EuF j&aj50,

i 51,2, . . . ,m

F j5F~g jLcSc ;N!•fkl, j 51,2, . . . ,mc
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F i5F~g iLS;N11!, i 51,2, . . . ,m

E5Ec1
k2

2
.

The coupled integrodifferential equations are solved num
cally by an iterative method.

B. Breit-Pauli approximation

The Breit-Pauli Hamiltonian for anN-electron system is
given by

HBP
N 5HNR

N 1HREL
N

whereHNR
N is the usual nonrelativistic Hamiltonian,

HNR
N 5(

i 51

N S 2
1

2
¹ i

22
Z

r i
D1

1

r i j
,

and HREL
N consists of one- and two-body relativistic corre

tion terms resulting from the reduction of the Dirac equati
and the Breit interaction to Pauli form. We can rewrite t
equation as

HBP
N 5~fine structure1non-fine-structure!,

where

HSO
N 1HSOO

N 1HSS
N 5~fine structure!

and

~HNR
N 1Hmass

N 1HD1
N 1HOO

N 1HD2
N 1HSSC

N !

5~non-fine-structure!

The non-fine-structure interactions commute withL2, S2,
L z , andSz , while the fine-structure interactions only com
mute withJ2 andJz .

C. Photoionization cross sections

Our calculation is based on the electric dipole approxim
tion. The partial photoionization cross section as a funct
of photon energyv for a transition from an initial bound
statei to a final statef is given by

s~v!54p2aa0
2v(

f ,m
z^C f uTuC i& z2,

where a is the fine-structure constant, anda0 is the Bohr
radius of the hydrogen atom.C i andC f are the initial- and
the final-state wave functions, respectively, calculated inLS
coupling, and the sums run over final configurations and
magnetic quantum numbers.

The dipole transition operatorT is given by
1-2
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EFFECT OF SPIN-ORBIT INTERACTION IN . . . PHYSICAL REVIEW A63 042701
T5TL5(
j 51

n

zj in length form

and

T5TV5(
j 51

n
¹z j

iv
in velocity form.

The cross-section results calculated in the length and ve
ity forms will be identical whenC i andC f are exact solu-
tions of the same Hamiltonian.

The partial photoionization cross section from the init
L0S0J0 state to a specificLcScJc final ionic state is given by
@17#

sJ0→Jc
~v!5

4p2v

c

@S0#@Jc#

@J0#

3 (
l jJLL 8

^L0S0J0uTu~Lcl !L~Scs!SJ&

3^L0S0J0uTu~Lcl !L8~Scs!SJ&

3@L#1/2@L8#1/2@J#H Lc l L

Sc s S

Jc j J
J

3H Lc l L 8

Sc s S

Jc j J
J ,

whereLSJcorresponds to final states. The sum overj can be
performed using a standard sum rule for the product of
9 j symbols@18#. The final result is

s~J0 ,Jc!5
4p2v

c@J0# (
l ,J,L,L8

~21!J1Jc2 l 21/2@L#1/2@L8#1/2@S0#

3@J0#K a0L0S0J0I(
j

r j
~1!Ia~LcSc!« lLSJL

3K a0L0S0J0I(
j

r j
~1!Ia~LcSc!« lL 8SJL

3(
x

@x#H L L8 x

S0 S0 JJ H Sc Sc x

S0 S0
1
2
J

3H L L8 x

Lc Lc l J H Sc Sc x

Lc Lc Jc
J ,

where the curly brackets represent 6j symbols.
04270
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COMPUTATIONAL PROCEDURE

The photoionization of a 4p electron of atomic bromine
creates a bromine ion in one of several multiplets. T
photoionization occurs via autoionization resonances c
verging to different ionization thresholds. We study t
photoionization processes

\v1Br 4s24p5 2P3/2

→Br 4s24p4~1D2!6d,8s~2P, 2D, 2F, 2S!

→Br 4s24p4~3P2,1,0!1kd,ks~2P, 2D, 2F, 2S!,

where the final states will couple in theLSJ scheme to
2P3/2,1/2,

2D5/2,3/2,
2F5/2, and 2S1/2. In this paper we are

interested only in excitations from the2P3/2 ground state and
in the 3P2,1,0 core ionic states.

First of all, we use the MCHF method to calculate bo
bound@19# and continuum@20# wave functions for the initial
and final states inLS coupling. A variational calculation is
performed for orbitals of the initial 4s24p5 2P state of bro-
mine using the MCHF method. The final ionic stat
4s24p4(3P, 1D, 1S) are obtained by a similar calculation
with the core orbitals the same as those for the ground s
For the continuum wave functions we perform calculatio
with correlated configurations for the resonance states u
the multiconfiguration Hartree-Fock method for continuu
wave functions and then perform a configuration-interact
calculation with the resonance states. InLSJcoupling, with
the orbitals obtained in theLS coupling, the Breit-Pauli in-
teraction matrix is determined for a large set of configurat
states, including a number of differentLSstates for the initial
bound and the final ionic core states. The eigenvalues
eigenvectors of this interaction matrix determine the to
energy and wave function expansions, respectively, of
LSJstates. For the continuum calculation inLSJcoupling we
modify @16# the Breit-Pauli program@21,22# for the bound
state to perform calculations in the continuum states. In
case also, with the bound and continuum orbitals obtaine
LS coupling as input, a Breit-Pauli interaction matrix
formed with a large set of configuration states, includi
configurations from differentLS states. In this case th
eigenvectors of the interaction matrix determine the wa
function expansion of theLSJstates.

In the MCHF calculations for the wave functions inLS
coupling we included a large number of configurations
that the theoretical term energies would be in reasona
agreement with observation. For the initial state the va
tional MCHF calculation was over the set of 40 configur
tions states of the2P term, namely,
$4s24p5,4s4p54d,4s24p45p,4s4p44d5p,4s4p45s5p,4p65p,4p55s2,4p55p2,4s24p34d2,4s24p35s2,4s24p35p2%2P
1-3
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H. P. SAHA AND DONG LIN PHYSICAL REVIEW A 63 042701
The inner 1s, 2s, 2p, 3s, 3p, 3d, 4s, and 4p radial func-
tions were kept fixed at their Hartree-Fock value. The MC
calculation was performed for the ground state of the c
ion Br1 4s24p4 3P with 12 configurations. The other ioni
states were calculated similarly. In theLSJ calculation we
added a few more configurations with the sameLSas well as
different LS in both the initial and core ion and each of th
final continuum states. These configurations are selected
cording to their strength of mixing with the parent states. F
each of the final continuum states, theLSJ expansion was
over 200 configurations. The energies of each multiplet c
culated in the MCHF1BP approximation are tested an
compared with experiment in Table I.

It should be noted that the present MCHF1BP method is
similar to the usual intermediate coupling approach. Ho
ever, the advantage of this method lies in the fact tha
allows one to calculate the partial photoionization cross s
tions from a specific fine-structure level of an initial state
a specific fine-structure level of an ionic state as well as t
specific fine-structure level of a final state.

RESULTS

Previously we reported@23# the partial photoionization
cross sections calculated inLS coupling, with relativistic ef-
fects, including the spin-orbit interaction, neglected. As
result, the LS-forbidden excited state resonances B*
4s24p4(1D2)6d 2F5/2 and 2S1/2 did not appear into the par
tial cross sections. In the present investigation we have
cluded the relativistic effects, including the spin-orbit inte
action, through the Breit-Pauli approximation. In Figs. 1,
and 3 we display partial photoionization cross sections
specificLSJfinal states, and their sum, corresponding to t
different exit channels 4p4(3P)kd and 4p4(3P)ks. These
will provide information about which specific finalLSJstate
corresponding to specific exit channel is responsible for
ferent autoionization resonances. The relative heights
these resonances will determine the strength of the inte
tion of the bound excited channels with the specific finalLSJ
state corresponding to a specific autoionization resonanc

The partial photoionization cross sections correspond
to the exit channel 4s24p4(3P)kd and the final 2D5/2
and 2D3/2 states and their sum are depicted separately
Fig. 1. The spectra represent two autoionization resona
in each of these finalLSJ states. In the2D5/2 final state
they include the Br* 4s24p4(1D2)6d 2F5/2 and Br*
4s24p4(1D2)8s 2D5/2 excited states. These resonances
pear due to the interaction of the 4s24p4(3P)kd 2D5/2 final

TABLE I. Comparison of energy levels~ionization thresholds!
of Br1 4s24p4 with experiment.

State Calculated~eV! Experiment~eV!

3P2 11.8382 11.8138
3P1 12.1343 12.2027
3P0 12.2805 12.2896
1D2 13.1879 13.3127
1S0 15.0177 15.2689
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state with the Br* 4s24p4(1D2)6d 2F5/2 and Br*
4s24p4(1D2)8s 2D5/2 excited bound channels. The2F5/2
resonance isLS forbidden. The excitation of2F5/2 can pro-
ceed only by spin-orbit coupling, but its decay into all thr
4s24p4(3P2,1,0) ionic core states isLSallowed, whereas both
excitation and decay of2D5/2 resonance state areLSallowed.
The 2F5/2 resonance is windowlike, which verifies the e
perimental observation@12,13# and corresponds to having aq
parameter close to zero in the Fano formalism@24#. How-
ever, in the2D3/2 final state both Br* 4s24p4(1D2)6d 2P3/2
and 8s 2D3/2 autoionization resonances areLS allowed, and
are generated due to interaction of thekd 2D3/2 final state
with the 6d 2D3/2 and 8s 2P3/2 excited bound channels.

In Fig. 2 the partial photoionization cross sections for t
exit channel 4s24p4(3P)kd and the final states2P3/2 and
2P1/2 and their sum are shown. Two autoionization featur
Br* 4s24p4(1D2)6d 2D3/2 and 8s 2D3/2, appear in the
4s24p4(3P)kd 2P3/2 final state. The interaction of the
4s24p4(3P)kd 2P3/2 final state with the 8s 2D3/2 excited
bound channel is very small compared to that with 6d 2D3/2
excited bound channel. In this case the excitation and de
processes for both resonances areLS allowed. On the other
hand, there is only one feature Br* 4s24p4(1D2)6d 2S1/2
appearing in the Br 4s24p4(3P)kd 2P1/2 final state. The Br*
4s24p4(1D2)6d 2S1/2 autoionization resonance is againLS
forbidden. Although the excitation of this resonance from t

FIG. 1. Partial photoionization cross sections of bromine cor
sponding to the Br 4s24p4(3P)kd 2D5/2, 2D3/2 final states, and
their sum.
1-4
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EFFECT OF SPIN-ORBIT INTERACTION IN . . . PHYSICAL REVIEW A63 042701
4s24p5 2P3/2 ground state isLS allowed, spin-orbit interac-
tion is required if the state is to decay into th
4s24p4(3P2,1,0) core ionic states via the coupling of th
4s24p4(1D2) and the3P2,1,0 core ionic states.

Figure 3 presents the partial photoionization cro
sections for the 4s24p4(3P)ks exit channel correspondin
to final 2P3/2 and 2P1/2 states. In the cross sections for th
2P3/2 final-state one-autoionization resonance, B*
4s24p4(1D2)6d 2P3/2 which is LS allowed, is clearly seen
whereas in the cross section for the2P1/2 final state two
autoionization resonances, 4s24p4(1D2)6d 2P1/2 and
4s24p4(1D2)6d 2 S1/2, are clearly separated. As indicate
earlier, the appearance of the 4s24p4(1D2)6d 2S1/2 state is
LS forbidden, but both excitation and decay of 6d 2P1/2
resonance areLSallowed. The energies for all of these aut
ionization resonances are presented in Table II.

In Fig. 4 the partial photoionization cross sections of b
mine from the initial2P3/2 state are shown for three specifi
ionic channels, Br1(3P2), Br1(3P1), and Br1(3P0). These
cross sections are obtained from theL0S0J0→LSJ dipole
matrix elements between the initialL0S0J0 state to specific
LSJ final states by the transformations described in
theory section. The advantage of our MCHF1BP method is
that we can compute data from a specific initialL0S0J0 state
to a specificLSJ final state. Then by a transformation@17#
the partial cross section from a specificJc level of the core
ion can be determined. In the energy region considered in

FIG. 2. Same as Fig. 1, but corresponding to the
4s24p4(3P)kd 2P1/2, 2P3/2 final states, and their sum.
04270
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calculation the autoionization resonances appeared in eac
the 4s24p4(3P2,1,0) ionic channels. They include the
Br* 4s24p4(1D2)6d (2P3/2, 2D3/2, 2F5/2, 2S1/2) and Br*
4s24p4(1D2)8s 2D3/2,5/2 resonances in the fine-structur
level Jc52 of the final 3P core ionic state. 8s 2D3/2 and
2D5/2 resonances overlap. Out of these five autoionizat
resonances, three resonances 6d 2P3/2, 2D3/2, and 8s
2D3/2,5/2 are LS allowed, and two resonances 6d 2F5/2 and
6d 2S1/2 are LS forbidden, as indicated earlier. There ar

r
FIG. 3. Same as Fig. 1, but corresponding to the

4s24p4(3P)ks 2P1/2, 2P3/2 final states, and their sum.

TABLE II. Comparison of the resonance energies~eV! for
Br* 4s24p4(1D2)6d,8s with experiment.*J averaged.

State Calculated Experiment

6d 2P1/2 12.6777
~12.6958!* 12.693

2P3/2 12.7049
2D3/2 12.6845

~12.7033!* 12.693
2D5/2 12.7133
2F5/2 12.7158 12.709
2S1/2 12.8083 12.796

8s 2D3/2 12.7607
~12.7607!* 12.752

2D5/2 12.7607
1-5
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H. P. SAHA AND DONG LIN PHYSICAL REVIEW A 63 042701
six autoionization resonances, Br* 4s24p4(1D2)6d
(2P1/2, 2P3/2, 2D3/2, 2F5/2, 2S1/2) and Br* 4s24p4(1D2)8s
2D3/2,5/2, corresponding toJc51 and 0 of the final3P ionic
state. Again four resonances 6d 2P1/2, 2P3/2, 2D3/2 and 8s
2D3/2,5/2 areLS allowed, and 6d 2F5/2 and 6d 2S1/2 areLS
forbidden. The cross sections and heights of each of the a
ionization resonances gradually decrease with the decrea
the fine-structure levelJc of the final ionic state.

In the the bottom panel of Fig. 4 the total photoionizati
cross section of bromine leading to the Br14s24p4(3P2,1,0)
core ionic states are shown. The cross section clearly sh
six autoionization resonances. All resonance spectra cle
exhibit the LS-forbidden 6d 2F5/2 and 2S1/2 resonances a
12.7158 and 12.8083 eV, respectively, in addition to theLS-
allowed 6d 2P1/2, 2P3/2, 2D3/2, and 8s 2D5/2, 2D3/2 reso-
nances. As indicated earlier, the2F5/2 and 2S1/2 autoioniza-
tion resonances areLS forbidden. However, the two deca
processes associated with2F5/2 and 2S1/2 resonances are dif
ferent. In the case of the2F autoionization resonance, it i
the excitation of 2F that depends on spin-orbit coupling
with the decay being allowed inLS coupling, whereas the
excitation of 2S is LS allowed, with the decay being spi
orbit induced.

In the LS coupling calculation performed earlier, whe
relativistic effects including the spin-orbit interaction we
neglected, only twoLS-allowed resonances 6d 2D and 8s
2D were found corresponding to each of the3P2,1,0 ionic
states. As regards the background cross sections, in the

FIG. 4. Partial photoionization cross sections of bromine w
respect to the Br1 4s24p4 3P2 , 3P1 , 3P0 core ionic states and thei
sum.
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calculations, it is found that the cross sections are large
the relativistic calculation compared to that in theLS cou-
pling. This may be attributed to the inclusion of larger set
configurations and the Breit-Pauli contributions in the re
tivistic calculation.

In Fig. 5 autoionization spectra obtained by experime
@13# are shown for allJ components of the 4s24p4(3P2,1,0)
core ion along with the calculated data. Comparison of
experimental data in Fig. 5~a! with the calculated results in
Fig. 5~b! shows that the positions of the resonances for
theJ components are in excellent agreement with the exp
ment. However, the experimental spectra are shown
J-averaged final excited resonance states whereas the c
lated spectra shown correspond to each of theLSJfinal ex-
cited resonance states. In the present calculation the d
strength of the 6d 2S resonance decreases from theJc52 to
Jc50 ionic channels. In the experiment@12,13# it is seen that
the entire decay strength is seen to be in the3P2 ionic chan-
nel. A weak interference structure is observed in the3P0
channel and a barely identifiable feature in the3P1 channel.
In Fig. 6, the total photoionization cross sections are co
pared with experiment. The energy positions of the re
nance spectra agree very well with experiment. The ra
decrease of the background cross sections in the experim
tal results in both Figs. 5 and 6 may be attributed to
interaction of continuum-continuum channels in the calcu
tion of the final state wave function. The MCHF method d
not take into account the effect of the continuum-continu
interaction in the present calculation.

FIG. 5. Comparison of partial photoionization cross sectio
~right figure! for the Br1 (3P2,1,0) components with experimen
~Refs. @12# and @13#! ~left figure! across the 4s24p4(1D2)6d,8s
resonances.
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FIG. 6. Comparison of the sum of the cross section for the three components shown in Fig. 5~a! Experimental~Refs.@12# and@13#! cross
section.~b! MCHF length cross section.
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CONCLUSION

We obtained bothLS-allowed andLS-forbidden autoion-
ization resonances converging to the1D2 threshold using the
MCHF1BP approximations. In this paper, we presented
tailed information showing evidence ofLS-forbidden auto-
ionization resonances in theLSJspecific partial photoioniza
tion cross sections as well as the relative strengths of
population of each resonance state specific to eachJ level of
the final core ionic states. The experimental evidence for
spin-orbit induced 4p4(1D2)6d 2F and 2S resonances con
verging to the 1D2 ionization threshold was analyzed an
verified by a detailed calculation. TheLSJ calculation al-
lowed us to determine the differences in the dynamics
tween the LS-forbidden 2F and 2S autoionization reso-
nances, which are consequences of spin-orbit interactio
the 3P2,1,0 partial cross sections. We determined energy
hy

m

tt.

ge

04270
-

e

e

-

in
-

sitions for each of the autoionization resonances, which
in excellent agreement with experiment.

Finally, we conclude that this study not only tests t
reliability of our MCHF1BP method, but also offers a com
prehensive study of the spectroscopic and dynamic pro
ties of the autoionization resonances involving the exc
tions 4p→8s, 6d, and ionization into the final core ionic
states. The present investigation may provide a useful b
for this kind of phenomena in other open-shell atoms, a
encourage experimental determinations to be undertaken
plicitly at the fine-structure level.
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