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Partial photoionization cross section and resonance structure of Br

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

~Received 28 September 1998!

The partial photoionization cross sections for the outerp subshell of the ground state of bromine are
calculated in all available open channels as determined byLScoupling for photon energies from the3P to 1S
thresholds. The electron correlations which are important in this case have been taken into account using the
multiconfiguration Hartree-Fock approximation for the bound and the continuum wave functions. The reso-
nance structures between the3P and 1D threshold and between the1D and 1S threshold have been identified.
In order to compare with experiment a frame transformation is applied to transform theLS dipole matrix
elements tojj coupling. The calculated energy positions for the autoionizing resonances 4p4(1D)md,
4p4(1D)ns and 4p4(1S)md and 4p4(1S)ns are compared with recent experimental measurements, and are
found to be in excellent agreement.@S1050-2947~99!10105-7#

PACS number~s!: 32.80.Fb, 32.80.Dz
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I. INTRODUCTION

The theory of photoionization has advanced rapidly in
last few years owing to the sophisticated experimental m
surements possible with high-resolution synchrotron rad
tion. For closed-shell atoms in most cases, both theory
experiment produced very good results because of the
plified nature of the target. The open-shell atoms are r
tively difficult because of their complicated structure a
affinity for chemical reaction, and are not understood w
Most of the theoretical studies for open-shell atoms h
been limited, with few exceptions, to simple approximatio
at best the Hartree-Fock approximation for the total cr
section. Such calculations do not take into account the
portant electron correlation and fine-structure effects. A
result, accurate calculation of the photoionization cross s
tion for open shell atoms test the ability of the theoreti
methods to identify and understand physically important c
relation effects.

Halogens are open-shell atoms, and are one outer elec
short of being the ground state of noble-gas atoms. T
possess a more complex structure than the closed-shell s
ture of rare gases, and play significant roles in chemistry
in the upper atmosphere. Autoionization resonances betw
the multiplet components of the halogen atoms are obse
by experiments. Correct analysis and dynamics of these r
nances are very important for understanding the electro
structure of these open-shell atoms.

Very recently Benzaidet al. @1# reported a comprehensiv
experimental study of the partial photoionization cross s
tions of atomic bromine across the entire autoionization
gime extending from the first ionization thresho
Br14p4(3P2) to the highest threshold Br14p4(1So), of the
multiplet created by the ionization of a 4p electron from the
outer subshell. In an early experiment, Sarma and Josh@2#
performed spectroscopic studies of Br, and reported the
sorption spectrum in the vacuum ultraviolet region. Earl
yet, Ruscic, Greene and Berkowitz@3# carried out ion-yield
measurements to determine the relative photoionization c
section of bromine from threshold to 900 Å, and identifi
autoionizing Rydberg series. There have been several t
PRA 591050-2947/99/59~5!/3614~8!/$15.00
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retical investigations on Br. Among the various theoretic
approaches used in the calculations are the model pote
approach and Hartree-Fock and eigenchannelR-matrix ap-
proaches. McGuire@4# used a model potential to calcula
the total photoionization cross section of bromine. Mans
and Msezane@5# used the Hartree-Fock approximation,
well as the model potential approach, to calculate the pa
and total photoionization cross sections. In this calculat
electron correlation and resonance structure were not con
ered. Robicheaux and Greene@6# performed a detailed cal
culation for the total photoionization cross sections of b
mine using the eigenchannelR-matrix approach. They
considered both correlation and fine-structure splitting of
target, the core, and continuum states, and reported re
for the total cross section across the autoionization re
nances.

In this paper we present results of our theoretical inve
gation for the partial photoionization cross sections of
outer 4p subshell of bromine employing the multiconfigur
tion Hartree-Fock~MCHF! method for bound@7# and con-
tinuum @8# wave functions in the energy range between
4p4 3P and 1S thresholds. To our knowledge this is the fir
calculation of the partial photoionization cross sections w
the inclusion of autoionization resonances over this ene
region. The purpose of the present investigation is to ana
and identify the resonance structures to clarify and accura
understand the recent experimental measurements and a
same time to test the ability of the present theory to desc
the important electron correlation effects in the case
photoionization of atomic bromine. We report here the ide
tification of the 4s24p4(1D,1S)ns,md resonances arising
from 4p→nl photoexcitation of the bromine atom betwee
the 3P and 1S thresholds.

It has been demonstrated that the MCHF method is
pable of producing a very good description of the initial a
final states, as is required for obtaining accurate photo
sorption cross sections. This method is similar to t
distorted-waveR-matrix approach@9# developed by Seaton
and his co-workers. Our calculation is based on the mu
configuration Hartree-Fock approach usingLS-coupled states
to separately calculate the partial photoionization cross s
3614 ©1999 The American Physical Society
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PRA 59 3615PARTIAL PHOTOIONIZATION CROSS SECTION AND . . .
tion for each finalLS-coupled ionic state. The electron co
relation effects which are important in this calculation ha
been taken into account effectivelyab initio in the
configuration-interaction procedure. Finally, a purely alg
braic transformation@10# of theLSdipole matrix elements is
applied to frame transform theLS results tojj coupling in
order to compare with experiment@1# andR-matrix calcula-
tions @6#.

II. THEORY

A. Photoionization cross sections

We base our calculation on the electric dipole approxim
tion. The spin-orbit coupling and other relativistic effects a
omitted. In the dipole approximation the partial photoioniz
tion cross section as a function 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 ~1!

where a is the fine-structure constant, anda0 is the Bohr
radius of the hydrogen atom.C i and C f are, respectively,
the initial- and final-state wave functions inLScoupling, and
the sums run over final configurations and all magnetic qu
tum numbers.

The dipole transition operatorT is given by

T5TL5(
j 51

n

zj ~2!

in length form, and

T5TV 5(
j 51

n ¹ j
z

iv
~3!

in velocity form. The length and velocity cross section w
be identical whenC i andC f are exact solutions of the sam
Hamiltonian.

B. MCHF wave function for a continuum state

The MCHF wave function for a continuum state may
expressed in terms of a single continuum orbital coupled
wave function for anN-electron core and the other boun
(N11)-electron configuration state. Let

C~g jLcSc ;N!5(
j

mc

F~g jLcSc ;N!

be a wave function describing anN-electron core that is an
eigenstate ofLc andSc , in terms ofN-electron bound con-
figuration statesF(g jLcSc ;N) with configurationg j and
termLcSc , mixing coefficientsaj and a total energyEc . Let
fkl be a one-electron continuum orbital with orbital angu
momentuml. Then a MCHF wave function for a continuum
state with labelg, energyE, and termLS may be expressed
in a series of the form,
-

-

-

n-

a

r

C~gLS;N11!5(
j 51

mc

ajF~g jLcSc ;N!fkl

1(
i 51

m

ciF~g iLS;N11!, ~4!

where F(g jLcSc ;N)fkl represents the coupling of th
N-electron configuration with a single electron to yield
antisymmetric configuration state for the (N11)-electron
system with the designated final term value and configu
tion g j kl. The second term is the sum of (N11)-electron
bound-state configuration, which are eigenstates with
sameL and S and which are included to allow for electro
correlation and the core polarization.

The MCHF method for continuum state assumes that
the radial functions describing the core are fixed along w
the mixing coefficientsaj . Other bound-state radial func
tions may be determined variationally along with the rad
function for the continuum electron. A set of radial functio
Pi(r ), i 51, . . . ,m, which defines the above MCHF wav
function, is a solution of the coupled integro-differenti
equation of the form

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

e i i 8Pi 8~r !, ~5!

where the off-diagonal energy parameterse i i 8 are related to
Lagrange multipliers that ensure orthogonality requireme
In Eq. ~5!, (2/r )Yi(r ) is a part of a direct potential
(2/r )Xi(r ) is the exchange function, and (2/r )I i(r ) repre-
sents terms arising from interactions between the config
tion states.

The bound radial functions satisfy the boundary con
tions

Pi~r !→r l 11 and Pi~r !→0,

r→0 r→`, ~6!

in which case the diagonal energy parametere i i must be an
eigenvalue of the integro-differential equation for the no
trivial solutions to exist, and needs to be determined. T
radial function for the continuum orbital satisfy the cond
tion:

Pi~r !→r l 11,
r→0, ~7!

Pi~r !→S 2

pkD 1/2

sinFkr2
lp

2
1

q

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

r→`,
~8!
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wherek2 is the kinetic energy of the photoelectron ande i i
52k2. The net charge of the ion isq5Z2N, s l5arg G@ l
112( iq/k)# is the Coulomb phase shift, andd l is the re-
sidual phase shift.

The coupled integrodifferential equations are solved
merically by an iterative method under the proper bound
conditions. The coefficientsci are solutions of the system o
equations

(
i 8

m

^F i uH2EuF i 8&ci 81(
j 51

mc

^F i uH2EuF j&aj50, ~9!

where

F j5F~g jLcSc ;N!fkl , j 51, . . . ,mc

and

F i5F~g iLS;N11!, i 51, . . . ,m.

H is the Hamiltonian for the (N11)-electron system, and
E5Ec1k2/2 in a.u.

FIG. 1. Partial photoionization cross section of bromine w
respect to the Br14p4(3P2) core ion.

FIG. 2. Same as Fig. 1, but with respect to the Br14p4(3P1)
core ion.
-
y

III. COMPUTATIONAL PROCEDURE

The 2P ground state of bromine has a 4s24p5 configura-
tion. When a 4p electron is photoionized it creates thre
(3P, 1D, 1S) LSmultiplets of the bromine ion. The core ioni
states 3P and 1D, coupled to akd photoelectron, form
(2D, 2P) and (2S, 2P, 2D) final LSstates, respectively, and
coupled to aks photoelectron, form2P and 2D final states.
In the present investigation the photon energy conside
covers the region from the3P to 1S threshold of Br1, where
the autoionization resonances appear. The following p
cesses are considered:

Br~4s24p5! 2P→Br14s24p4~3P!1kd 2P, 2D

→Br14s24p4~3P!1ks2P

→Br14s24p4~1D !1kd 2S, 2P, 2D

→Br14s24p4~1D !1ks2D.

Initial state: 4 s24p5 2P

First we performed a Hartree-Fock calculation for the t
get 4s24p5 (2P) state to determine the 1s, 2s, 2p, 3s, 3p,

FIG. 3. Same as Fig. 1, but with respect to the Br14p4(3P0)
core ion.

FIG. 4. Total partial photoionization cross section of bromi
with respect to the3P threshold.
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3d, 4s, and 4p orbitals. In the MCHF approximation we
expand the wave function with configurations of the sameLS
obtained by single and double replacements of 4s and 4p
orbitals with excited 4d, 5s, and 5p orbitals to take accoun
of the electron correlation effects. We retained 40 configu
tions in the expansion, whose mixing coefficients are con
erable. We noticed that the configurations 4s4p54d and
4s24p34d2 mix very strongly with the ground configuration

Final core states: 4s24p4 3P and 1D

In these calculations we performed the MCHF calculat
with many configurations generated by the single and dou
replacements of the 4s and 4p orbitals with excited orbitals
for eachLS state. It is found that in both cases the config
rations 4s4p44d, 4s24p35p, 4s24p34 f , and 4s24p24d2

mix very strongly with the final core configuration. The 1s,
2s, 2p, 3s, 3p, 3d, 4s, and 4p orbitals are kept the same a
the initial state.

Final-state wave functions: 4s24p4
„

3P, 1D…kl

As already mentioned, there are altogether seven finaLS
states which can be formed with the two (3P, 1D) ionic
states. We considered separately each of the final states
responding to each of the ionic states to calculate the pa
photoionization cross sections.

We first calculated the excited bound orbitals 4d, 5d, 6d,
7d, 6s, 7s, 8s, 9s, 5p, 6p, 7p, and 8p in the Hartree-Fock
approximation by minimizing the energy of bromine corr
sponding to each of the core states and finalLS states. The
continuum orbitalskl coupled to each core state and eachLS
final state are then determined for a range of kinetic ene
of the photoelectron with a very fine energy mesh. Ea
final-state wave function is then expanded@Eq. ~4!# in terms

TABLE I. Comparison of threshold energies~in eV! of Br14p4

with experiment and observation.

State Calculated Experimenta

3P 11.8875 11.9963
1D 13.1148 13.3127
1S 14.9135 15.2689

aReferences@9,10#.

TABLE II. Comparison of energies~in eV! for the
4p4(1D)md(2D, 2P) and 4p4(1D)ns2D resonances with experi
ment.

md/ns LS Calculated Experiment~60.002!

5d 2D 12.3615 12.324
2P 12.3669 12.324

7s 2D 12.5030 12.429
6d 2D 12.6935 12.693

2P 12.6880 12.693
8s 2D 12.8077 12.752
7d 2D 12.8295 12.891

2P 12.8159 12.891
9s 2D 12.8975 12.927
-
-
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-
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of many excited bound and continuum configurations. T
mixing coefficientsci are calculated by solving the algebra
equations@Eq. ~9!# with the matrix elements calculated wit
the basis functions for the excited orbitals. In this way t
wave functions for each of the final seven states are ca
lated for a range of kinetic energy of the photoelectron. T
dipole matrix elements are then calculated in both the len
and velocity approximations.

When the electron is outside the core region, thejj angu-
lar coupling scheme is more appropriate than theLS cou-
pling. The dipole matrix element injj coupling can be ob-
tained from theLS-coupled matrix element by a simpl
orthogonal transformation. The transformation matrix@10#
for the final state is given by

ULS,JJ5^~Lcl !L~Sc
1
2 !SJu~LcSc!Jc~ l 1

2 ! jJ&,

which involves a Racah 9-j coefficient.Jc andJ are the total
angular momentum of the core and the final state, resp
tively.

IV. RESULTS

The configuration 4s24p4 of Br1 has threeLS bound
states (3P,1D, 1S). In Table I we report the threshold ene
gies ~in eV! of Br1 4s24p4 calculated in the MCHF ap-
proximation for differentLS states relative to the groun
state of bromine. We also tabulate the experimental ener
~averaged for the3P state! @11,12# for comparison. It is
found that the calculated energies are in satisfactory ag
ment with experiments@11,12#.

As already mentioned, calculations are performed se
rately for each of the seven allowed transitions, with t
wave functions calculated separately for each of the finalLS
states. The dipole matrix elements and hence the pa
photoionization cross sections are calculated in both
length and velocity approximations. The results based on
length approximation are presented in the figures. The m
mum difference between the length and velocity results
less than 10%.

A. 4p˜3P kl channels

In Figs. 1–3, the partial photoionization cross sectio
with respect to a specific angular momentumJc of the core
ion Br1(3P) calculated injj coupling are presented for th
decay channels Br1(3P2)kl, Br1(3P1)kl, and Br1(3P0)kl,

TABLE III. Comparison of energies ~in eV! for the
4p4(1S)md 2D and 4p4(1S)ns 2S resonances with experiment.

md/ns LS Calculated Experiment

4d 2D 13.5959 13.485
6s 2S 13.6948 13.657
5d 2D 14.2989 14.283
7s 2S 14.3723 14.381
6d 2D 14.6471 14.653
8s 2S 14.6852 14.707
7d 2D 14.8349 14.850
9s 2S 14.8539 14.881
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3618 PRA 59DONG LIN AND H. P. SAHA
respectively. Altogether ten autoionization resonance st
are found in the cross section, six resonances 4p4(1D)md,
ns(m55 – 7,n56 – 8) converging to 4p4(1D) and four reso-
nances 4p4(1S)md(m5427) converging to 4p4(1S) have
been identified. Figure 4 represents the total partial cr
sections summed overJc . Energies of each of these res
nances are determined and are summarized in Tables II
III. It is found that themd members are broad andns mem-
bers are sharp, which is in accord with experiment. It sho
also be mentioned that these resonances which decay int
kd continuum are much broader than those which decay
the ks continuum.

B. 4p˜1D kl channels

In Fig. 5, the partial photoionization cross sections injj
coupling with respect to the Br1(1D) threshold for the decay
channel Br1(1D2)kl are displayed. In this case eight res
nances are identified and their energies determined. Ou
these eight autoionization resonances, four resona
4p4 (1S)md 2D(m54 – 7) decaying into the 4p4(1D)
1kl 2D. These resonances also appear in the 4p→3P kd
partial cross sections, and are relatively broader than the
responding members in the 4p→3P kd case. As has alread
been pointed out, those resonances which decay into thkd
continuum are broader than those which decay into theks
continuum, thus following a general pattern. The other fo
resonances 4p4(1S)ns(n56 – 9)2S decaying into 4p4(1D)
1kd 2S are relatively small. It should be mentioned that th
decay channel has a strong correlation with the 4s4p6(2S)
configuration. Figure 6 presents the total cross sections
tained with the3P and 1D thresholds.

In Table II, we compare the energies of the autoionizat
resonances 4p4(1D)md(2D, 2P) and 4p4(1D)ns 2D found
in the partial cross sections, with the recent experime
measurement@1#. The energies for the 4p4(1S)md2D and
4p4(1S)ns2S autoionization resonances which are alrea
identified in the partial photoionization cross sections
compared with experiment@1# in Table III. The energies of

FIG. 5. Partial photoionization cross section with respect to
Br1(1D2) core ion.
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these autoionization resonances are found to be in g
agreement with the experimental measurements@1#.

Figure 7 shows the comparison of the total cross secti
obtained with the MCHF method and the experiment f
photon energies between the3P and 1D thresholds. The
experimental cross sections are relative and are presente
arbitrary units. The present theoretical cross sections con
six autoionization resonances converging to the1D2 thresh-
old, compared to many more structures appeared in the
perimental data. Additional structures in the experimen
cross sections are due to the spin-orbit interaction which
neglected in the present calculation. From the figure it is s
that the calculated resonance positions are in very g
agreement with experiment. In Fig. 8, the present MCH
partial cross sections for the Br14p4(3P2,1,0) are compared
with experiment across the 4p4(1D2)6d,8s resonances. As
explained earlier, additional resonances (1D2)6d 2F and 2S
observed in the experiment are due to spin-orbit interacti
which is not considered in the present calculation. Compa
son of the sum of the cross sections for these three com

e FIG. 6. Total photoionization cross section of bromine with r
spect to the3P and 1D thresholds.

FIG. 7. Total photoionization cross section of the2P3/2 ground
state of bromine between the3P and 1D thresholds.~a! Experimen-
tal cross sections@1#. ~b! MCHF length cross section.
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nents are shown in Fig. 9. Figure 10 presents similar co
parison for the total cross sections obtained in the MC
approximation and by measurement for photon energies
tween the1D and 1S thresholds. Here again, eight autoio
ization resonances converging to the1S threshold are found
in the present cross sections. Comparison shows that the
sitions of these resonances are in very good agreement
the measurement. In Fig. 11, the present MCHF partial cr

FIG. 8. Comparison of partial photoionization cross sectio
~right figures! for the Br14p4(3P2,1,0) components with experimen
~left figures! across the 4p4(1D2)6d,8s resonances.
-
F
e-

o-
ith
ss

sections for the Br1(1D2) and Br1(3P2,1,0) components are
compared with experiment@1# across the 4p4(1So)6d,8s
resonances. Again, Fig. 12 shows the comparison of the t
cross sections of these four components.

The present MCHF cross sections for photon energies
tween the3P and 1D thresholds and between the1D and 1S
thresholds are compared in Figs. 13 and 14, respectiv
with the corresponding theoretical results obtained by R
bicheaux and Greene@6# using the eigenchannelR-matrix
method. TheR-matrix calculation is completely nonrelativis
tic; the wave function isLScoupled in the numerical portion
of the calculation with relativistic effects incorporated in
the multichannel quantum-defect theory~MQDT! part of the
calculation by applying theLS to jj frame transformation.
The R-matrix cross sections presented in the figures h
been convolved by the authors with experimental resolut

s

FIG. 10. Total photoionization cross section of the2P3/2 ground
state of bromine between the1D and 1S thresholds.~a! Experimen-
tal cross sections@1#. ~b! MCHF length cross sections.
e

FIG. 9. Comparison of the sum

of the cross sections for the thre
components shown in Fig. 8.~a!
Experimental cross sections@1#.
~b! MCHF length cross sections.
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FIG. 11. Comparison of partial photoioniza
tion cross sections~right figures! for the
Br1(1D2) and Br1(3P2,1,0) components with ex-
periment~left figures! across the 4p4(1S0)6d,8s
resonances.
os

e

ts,
la-
te
us-
of 0.28 Å. It appears from the figures that the present cr
sections compare well with theR-matrix results.

V. CONCLUSION

We have calculated the partial photoionization cross s
tions into the open channels determined byLS as well asjj
s

c-

coupling for the photoionization of the 4p subshell of neutral
bromine for photon energies ranging from the3P to 1S ionic
threshold. Electron correlation and polarization effec
which are found to be very important in the present calcu
tion, are considered in both the initial- and all final-sta
channels through the configuration interaction procedure
e
.
s

FIG. 12. Comparison of the
sum of the cross sections for th
four components shown in Fig. 11
~a! Experimental cross section
@1#. ~b! MCHF length cross sec-
tions.
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ing the MCHF method for bound and continuum wave fun
tions. Our calculation shows clearly the presence of six
toionizing resonances between the3P and 1D thresholds,
and eight autoionizing resonances between the1D and 1S
thresholds. These resonances have been identified and
energy positions determined. Comparison shows that the
ergies of each of these resonances are in good agree
with the recent experimental measurement. In this paper
focussed on lowern values for the resonance bound stat

FIG. 13. Comparison of the photoionization cross section of
2P3/2 ground state of bromine between the3P and 1D thresholds.
~a! R-matrix cross sections@6#. ~b! MCHF length cross sections.
ll,
-
-

eir
n-
ent
e
,

where the present MCHF method is found to be very use
The extension to highern values may be made using th
quantum defect theory@13,14#.
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e FIG. 14. Comparison of the photoionization cross section of
2P3/2 ground state of bromine between the1D and 1S thresholds.
~a! R-matrix cross sections@6#. ~b! MCHF length cross sections.
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