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Abstract: Photoionization cross sections and photoelectron angular distribution asymmetry parameters
are calculated for the 4d'°, 557 Sp(’ and 6s” subshells of atomic barium as a test of the relativistic
multiconfiguration Tamm-Dancoff (RMCTD) method. The shape resonance present in the near-threshold
region of the 4d subshell is studied in detail in the 4d photoionization along with the 5s, 5p and 6s
subshells in the region of the 4d thresholds, as the 4d shape resonance strongly influences these subshells
in its vicinity. The results are compared with available experiment and other many-body theoretical
results in an effort to assess the capabilities of the RMCTD methodology. The electron correlations
addressed in the RMCTD method give relatively good agreement with the experimental data, indicating

that the important many-body correlations are included correctly.
I. Introduction

The study of the photoionization atomic barium subshells has interested many over the last few
decades [1-9]. Barium is an interesting many-body system to examine the combined effects of
relativistic and correlation interactions since (a) it is a high-Z system so that relativistic
(primarily spin-orbit) interactions play an important role, (b) the outer 6s® subshell is known to
be highly correlated, (c) the large photoionization cross section of the inner 4d subshell of
barium, which undergoes a delayed maxima (shape resonance), strongly affects other nearby
subshell cross sections via correlation in the form of interchannel coupling, and (d) sufficient
experimental data [5-8] are available for atomic barium, with which theoretical results can be

compared and assessed.

As is well-known, the physics of the atomic photoionization process generally goes well beyond
the description by the independent particle approximation since the many-electron correlations
are important [10, 11]. Even a non-relativistic many-body theory is often inadequate. Among
successful relativistic many-body methods, the Relativistic Random Phase Approximation
(RRPA) [12] and the Relativistic Multi-Configuration Tamm-Dancoff (RMCTD) methods [13]
include both relativistic and many-body correlation effects. The RRPA has been found to be
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quite successful in a number of different situations, for example in the photoionization study of
noble gas atoms [12 - 16], several other closed shell atoms from Group I1A [17-19], IIB [20-22],
and also Pd, Yb, Rd [23, 24, 25]. It has also been used with considerable success to account for
photoionization of closed-shell negative ions. In addition, the RRPA has also been used along
with the Relativistic Multichannel Quantum Defect theory [26] to understand autoionization
resonances [27, 28] in atomic systems. Notwithstanding the success of the RRPA method, it
must be mentioned that even as it includes some of the most important electron correlations, the
RRPA leaves out the correlations that come from the ionization plus excitation channels. The
RMCTD method takes into account electron correlations in both the initial state and the final
state of photoionization, like the RRPA, but differs from it in some details. Even as both RRPA
and the RMCTD take into account electron correlations in the final state via interchannel
coupling, the initial state correlations are included in the RRPA method by summing over all
ring (and corresponding exchange) diagrams, whereas in the RMCTD method, the initial state
correlations are included via explicit configuration interaction, by obtaining the initial state
wavefunctions using GRASP-92 [29] to generate Multi-Configuration Dirac-Hartree-Fock
(MCDF) wavefunctions. This difference enables the application of the RMCTD method to take
account of ionization-plus-excitation channels not included in the RRPA, and from all the
configurations which are explicitly included in the MCDF wavefunction. Unfortunately, there
are only a few studies in which the RMCTD method has been tested. For example, it has been
used to account for photoionization of a very few atoms, Mg and Be [13], Cd [30] and Xe [31]
and photodetachment of a few negative ions [32, 33]. The present study tests the applicability of
the RMCTD to a rather highly correlated atom, atomic barium. Salient features of the RMCTD

method are reviewed in Section I below.

Various theoretical and experimental photoionization studies of atomic barium have been
reported. On the experimental side, Bizau et al., [6] have reported X-ray photoelectron
spectrometry (XPS) study of photoionization in atomic barium subshells using synchrotron
radiation between 16 and 180 eV photon energy. Snell et al., [34] have measured the 4d and 5p
photoelectron spectra of atomic barium using narrow-band-width synchrotron radiation of
131.2eV photon energy. Whitfield et al, [8] have reported the angular distribution and the
photoionization cross section of Ba 5s in the energy region of the second Cooper minimum, from
120 to 260eV. The outer 6s* subshell of Ba is very strongly mixed with 6p2 and 5d% and hence
single-particle calculations, e.g., Hartree-Fock and Dirac-Hartree-Fock, of the ground state are

inadequate. Theoretical studies of atomic barium have been done using Hartree-Fock (HF)
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wavefunctions, both with and without relaxation, by Kelly et al, [4], the Random Phase
Approximation with Exchange (RPAE) [1], the Relativistic Random Phase Approximation
(RRPA) [12], RRPA with relaxation (RRPA-R) [2] and Many-Body Perturbation Theory
(MBPT) [3]. Kutzner et al. [3] have reported photoionization cross sections and angular
distribution asymmetry parameters for inner and outer subshells of barium including relaxation
and polarization effects using MBPT. They used two different methods to include relaxation and
polarization effects: one by taking into account the higher-order diagrams in MBPT and the other
by calculating the excited state wave functions in the potential of a relaxed ionic core. The

MBPT results were found to be in good agreement with the available experimental data.

Thus, in contradistinction to the case of Xe [14], where methodologies like RRPA [12] work
quite well, Ba requires far more in the way of correlation included to achieve quantitative
accuracy, certainly more than is included in RRPA or RPAE, its nonrelativistic counterpart. This
then offers an excellent case for the testing of the capabilities of the relativistic
multiconfiguration Tamm-Dancoff approximation (RMCTD) method. In the present work, we
focus on the photoionization in the energy region of the shape resonance in the 4d subshell cross
section of atomic barium where both initial and final state correlations are important. Non-RPA
correlations are included in the present work by mixing other important configurations in the
initial state using the RMCTD method. The dipole channels from the excited state configurations
to the continuum, along with the channels to the bound excited states, make this approach
powerful to address electron correlations involved in the photoionization process. We report
results using the RMCTD methodology and compare with results obtained using RRPA and
RRPA-R methods, and also with available experimental data. Photoionization from 4d, 5s, 5p
and 6s subshells of barium are studied in the energy region in the neighborhood of the 4d

thresholds.

II. Theory

The multiconfiguration initial state wavefunction for RMCTD method is obtained using the
General Purpose Relativistic Atomic Structure Program (GRASP92) [29]. GRASP92 is a suite
of programs for calculating atomic energy levels, oscillator strengths and discrete wavefunctions
using a fully relativistic approach. The radial charge density of the nucleus is calculated based on
the Fermi statistical distribution function. The o™ Atomic State Function (ASF) for an N-electron

system is a linear combination of the n. number of electronic Configuration State Functions
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PIM - PIM
(CSF) [35], expressed as \Pa = Z Ciaq)i ,where P (parity), J and M (total and azimuthal
i=1

PIM
angular momenta) are symmetry labels. The CSFs ((I)l- ) are linear combinations of N-

electron Slater determinants made up of the four component bi-spinors, N being the number of
initial state electrons. The five explicit configurations included in the present work to describe

the initial state are shown in Table 1.

Table I. Initial state configurations included in the present work.

Initial state configurations

included Weight factor
() [Xe] 6s,," a;=0.964
(2) [Xe] 6s,,,°5d,,,° a,=0.067
(3) [Xe] 6s,,°5d,,," ;=0.080
(4) [Xe] 65,,"6p,," a4=0.117
(5) [Xe] 6s,,"6p5,,° as=0.211

The first configuration is the usual HF/DHF ground state and the other configurations are built
on it by considering two electron excitations from 6s to 5d or the 6p subshells. The configuration
mixing weight factor obtained from the MCDHF formalism for each configuration is indicated
above in Table .

The application of an external time dependent harmonic perturbation V+€_m perturbs the

MCDF wavefunction. The external perturbation used in the RRPA included positive and
negative frequency terms, while in RMCTD only the positive frequency term is used. The
continuum orbital function y, for a channel a — a is the solution of the following radial integro-

differential equation [13]:

(hﬁ"'Va"'ga_a))ya:Ra """" (1)
where /_is the radial free particle Dirac Hamiltonian, V_is the Hartree-Fock V(N —1)potential,
£, 1s the eigen value of the ground state orbital (hole) a, @ is the photon energy. The

inhomogeneous term R_describes the interchannel coupling and can be written as
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R =C.+B +L --—- (2)

a a a

where C. describes the coupling between channels, B, describes the coupling with transitions

b — b'between valence orbitals leading to excited-bound (XB) states and L, is the term with

Lagrange multipliers ensuring the orthogonality to the ground state orbitals.

The multichannel RMCTD excited-state wavefunction with total angular momentum J, M has

the form [13, 42] expressed as
W(IM) = e (7, IM)+2 b, @y, IM) - (4),
i=1 (=1
where ¥(7,JM)and ®(y,JM)are configuration wave functions obtained from one of the initial-
state configurations (“parent” configuration) by photoexciting a valence orbital (hole a) to a
continuum orbital, @ , or to another initial vacant state (valence) orbital, respectively. 7, and ¥,
represent all other quantum numbers required to define the corresponding configurations

uniquely. The parameters ¢, and b, are the weight coefficients of the parent configuration and

excited bound configuration (XB) composed of ground state orbitals. n. and n, are the number of

the continuum and excited-bound configurations respectively. The weight coefficient b,

corresponding to XB configuration is obtained by solving the system of equations

ny,

Z[Hké _(EO +w)5ké] b/ = F;{, k:192:""’nb _______ (5)

=1

where H,,is the atomic Hamiltonian matrix element <<D(}/kJM )|H |CI)(}QJM )> between two XB

configurations £ and ¢ and £} corresponds to matrix element between XB configuration k& and

configuration corresponding to continuum channel i which is expressed as

where H,; :<1(nJM )|H | x(yJM )> In Eq. (5), E,is the ground state energy and @ is the

photon energy.

Table II gives the ionization threshold energies calculated from DHF, AEgscy and MCDHF
(GRASP92) which are used for RRPA, RRPA-R and RMCTD respectively.
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Table II. Dirac-Hartree Fock, AEscr and MCDHF thresholds in eV
along with available experiment.

Subshell DHF AEscr MCDHF Ex&erérg]ent

4s1 279.11 272.348 278.90
4pin 220.37 213.773 220.16

4p3 204.43 198.102 204.23

4ds) 106.49 100.59 106.29 101.02
4ds) 103.75 97.94 103.54 98.41
5s12 43.63 41.824 43.45 38.06
Spin 26.03 24312 25.85 24.75
5p3n 23.75 22.138 23.58 22.72
6s12 4.44 4.28 4.99 5.21

Tables III and IV list the ionization and excitation channels used in the present calculations.
Including dipole channels from the inner subshells from all the configurations involved in the CI
improves the agreement between the theory and the experiment. There are 78 bound-to-
continuum relativistic dipole ionization channels arising from the 4d+5s+5p+6s+5d+6p
subshells, and, in addition, there are 9 bound-to-bound excitation channels. Thus, in the present

work, interchannel coupling between a total of §7 channels are included.

Table I1I. Bound to continuum channels

Initial state Number of
N —> & channels configuration | channels
number (Total: 78)
4dy;, = Py P Ssn | 1,2,3,4,5 15
4dg;, = Pygs fsno S | 1,2,3,4,5 15
58 = Dyas Py 1,2,3,4,5 10
5Pys = Si2-d3) 1,2,3,4,5 10
5P3n = Sy2sdynsds, | 1,2,3,4,5 15
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6s > Dyj2s Py 1 2
5dy, = Diys Pans S5 | 2 3
5ds;, = Psjas f25 Fo | 3 3

0D, = S,y 4 2

0Py, = S,05ds5,ds,, | 5 3

Table IV: Bound to bound channels

Initial state Number of
configuration 1 — n’channels channels
number (Total: 09)

5py, = 5dy,
1 5Py, = 5dy,,5ds), 5
6s > 6p1/2, 6p3/2

5171/2 - 6S1/2
Spy, = 651/2

5171/2 - 651/2
5pyn — 6S1/2

With reference to Table III and IV, the advantages of the RMCTD method over other many-body
methods are explained in detail below. In Table III, the six allowed dipole channels from the
spin-orbit split 4d subshells are listed. In the RRPA, we could consider only these six channels
from the 4d subshells. The RMCTD method enables the inclusion of all relativistic dipole
channels from all the five explicit configurations listed in Table I. This adds up to 15 channels
for the 4d subshell as opposed to the 6 channels from 4d included in the RRPA. Also, the
excitation channels from 5p and 6s are included in the RMCTD method. As discussed, the
RMCTD method is formulated to include ionization channels from the excited state
configuration, in addition to the channels from the parent configuration. In order to understand
the effects due to configuration interaction, we have done two sets of RMCTD calculations in the
present work: (a) all dipole channels only from the first configuration listed in Table I, and (b) all
dipole channels from all the 5 MCDHF configurations specified in Table I. The set (a) leads to

interchannel coupling between 31 photoionization dipole channels (26 channels from bound-to-
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continuum states and 5 channels from bound-to-excited-bound states). When all the dipole
channels from the five configurations listed in Table I are considered (set b), we get interchannel
coupling between 87 dipole channels, listed in Tables III and IV. Inclusion of these additional

channels improves agreement with the experiment as shown in Section III.

In the present work, we report the RMCTD results of the photoionization cross-section and the
photoelectron angular distribution asymmetry parameters for photoionization from various
subshells of atomic barium. The relativistic electric dipole photoionization cross section is given,
for the i™ (or 1™) configuration, by [12, 37]

2
.0) 4o

e (0)=—

o

2 2
w(‘DHj_,‘ +p,_,| +p

J=J ‘ ‘ J=itl

I (7)

with the net cross section being the weighted sum of the contributions from each configuration:
ng Ny,
— 2 (1) 2 <(0)
G, = Z Ci G + z bé Cpe - (8)
i=1 0=1

where the coefficients ¢;and b, are from Eq. (4), above. Here, a is the fine-structure constant,

is the photon energy and the D’s are the dipole matrix elements given by

_ 211 i6 1 . . ...
Dnjﬁ o1 e’ <K ‘ ‘Ql( )HKZ’> [explained in Ref. 12] for the various possible j—;’ transitions

allowed by dipole selection rules. The angular distribution asymmetry parameter is given, for the

i"™ (or £) configuration, by [12]:

2

_(21'-3)|D, iy (2+5) ),
22j) T @jej+) 22j+2)

3 [ (2-1) J (D, +ec)-> [(ZJ_-I)(-Zj+3)JZ (DD, +ec)
2j(2(2j+2) SR 20 2HR2j+2) e

3 (2j+3) % )
it (2j+2)[ 2(2)) j (D.i—>ijq_,~+1+c.c)
ﬂ'(l;)(w) N 2 2 2 = (9)

2
|Diw'| +

n,

c Ny
2 (i . 2 . .
2 Clo B+, bo B

with the net S, () for each subshell being given by B, (@) = = - jn:b]
> ¢’oll+> bcl)
i=1 =1
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II1. Results and Discussion

The RRPA and RRPA-R calculations reported earlier [2] were repeated and reproduced first as a
check, with a small difference in that we included additional channels from the 4s and 4p
subshells, in addition to those from the 4d, 5s, 5p and 6s subshells employed earlier [2]. The
addition of the 4s+4p channels does not, however, have any significant impact on the
photoionization parameters of 4d subshell. The RRPA and the RRPA-R results presented in this
work are the new results which include all relativistic dipole channels from 4s, 4p, 4d, 5s, 5p
and 6s subshells. The photoionization cross sections and the photoelectron angular distributions
presented in the figures below are from set ‘b’ calculation of RMCTD method as mentioned in
section II. In this work, we report photoionization cross sections of the 4d subshell and also of
the 6s, 5p and 5s subshells of atomic barium in the energy region in the neighborhood of the 4d
ionization threshold. In addition, we present photoelectron angular distributions of the 4d and 5p

photoelectrons.

A. 4d Subshell

The enhancement in the photoionization cross section due to the giant (shape) resonance [38] in
the 4d subshell strongly influences the matrix elements for photoionization of other subshells in
the energy region near the 4d delayed maximum via interchannel coupling. Kelly et al,, [4] have
calculated the photoionization cross section of barium 4d subshell at the HF level, both with and
without the inclusion of relaxation effects and found that the presence of relaxation effects
broadened the peak in the 4d cross section (Fig 1); the RPAE photoionization cross section [1] in
the near threshold region for 4d subshell overestimates the experimental cross section [5-7, 39]
by about 60 Mb; RRPA brings the peak cross section down, (relative to RPAE), but nevertheless
25 Mb higher than the experimental data. Including relaxation effects, in addition to the
relativistic effects (RRPA-R), the cross section is reduced further, getting close to the
experimental value [2]; the remaining difference from experiment is probably due to the

omission of double electron excitations in the calculation.

The 4d photoionization cross section for barium is considerably more sensitive to the inclusion
of relativistic, relaxation and interchannel coupling effects compared to that for xenon, which is

different from barium only in the absence of the 6s electrons [2]. This has been explained [2] in

Revised manuscript pg. 9



terms of the extraordinary sensitivity of the double-well effective potential for an f-electron
excited from the 4d subshell in Ba compared to Xe. In the case of atomic barium, the f-electron
is on the verge of being able to bind an electron the inner well as in the lanthanides. This, of
course, makes the 4d—f shape resonance in Ba very sensitive, since small changes in the
potential alter the presence of f-electrons in one or the other potential well and, in turn, strongly
affects the energy dependence of the photoionization cross section. The results of the various
calculations for the Ba 4d photoionization cross section are shown in Fig. 1 where it is seen that
the RMCTD (geometric mean of length and velocity) results are seen to be in reasonable
agreement with experiment. It is clear that mixing the 6s” outer shell configuration with 5d* and
6p” excited state diminishes the value of the 4d cross section to a considerable amount, compared
to RPAE, RRPA and the RRPA-R, and brings the result into much better agreement with
experiment. Results are presented on the photoelectron energy scale since the ionization
thresholds obtained from the DHF, AEscr and GRASP-92 methods are different. The total 4d

cross section presented is the sum of the 4d3/, and 4ds,, cross sections.

s0] RPAE

T LA AL LA L AL L AL AL LA L T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
Photoelectron energy (a.u)

Fig 1: Ba 4d photoionization cross section vs. photoelectron energy. Theoretical results shown
are the geometric mean of the present RMCTD results, labelled RMCTD (GM), along
with RPAE [1], HF-Length (HFL) [4], RRPA [2], the geometric mean of RRPA with
relaxation, RRPA-R (GM) [2], and the length forms of MBPT [3] without relaxation
(MBPT1) and with relaxation and polarization (MBPT2). The solid circles are the
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experimental results of Ref. [5] and open circles are from Ref. [6].

From the comparison it is clear that most of the methodologies predict a 4d cross section that is
too large, sometimes grossly. E.g., the maximum in the RPAE cross section is a factor of four
larger than experiment. The cross section is lowered by the introduction of relativistic effects;
the RRPA result is half of the RPAE cross section. Relaxation, interchannel coupling and initial-
state correlation all seem to be of some importance. It is of interest to note that the MBPT2
calculation [3] also gives reasonably good agreement with experiment, despite being entirely
nonrelativistic. It is to be noted that and RPAE-based calculation that included core
rearrangement and relaxation [1] (not shown) also gave reasonable agreement with experiment
even though it too was nonrelativistic. In any case, however, the RMCTD (GM) methodology
apparently contains all of the important physics to reproduce the experimental cross section in a

satisfactory manner.

The angular distribution asymmetry parameter, /3,,, is presented in Fig. 2 for RRPA, the RRPA-

R and the RMCTD methods.. For a spin-orbit-split n/ shell, 3, is the weighted average [12]
O-4d3/2ﬂ4d3/2 +O-4d5/zﬂ4d5/2

z O-mcﬂmc —
==X — . for the 4d subshell, we have ,H4d = . Above the
z;«aﬂf( O-4d3/2 + 0-4‘1'5/2

threshold region, all the theories are in reasonably good agreement with the experimental data.

B

The length and velocity form (not shown individually) are fairly close to each other in RMCTD
method.

Revised manuscript pg. 11



Baa

RMCTD(GM)

0-0 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Photoelectron energy (a.u)

Fig 2: Ba 4d photoelectron angular distribution  parameter shown along with various theoretical
results. Shown are the present RMCTD, which is the geometric mean of length and
velocity forms, denoted as RMCTD (GM), RPAE [1], MBPT2, which includes relaxation
and polarization effects [3], RRPA and RRPA-R (GM), which are the results of the
present work, as described in the text.

Unlike the case of the cross sections, all of the theoretical results for B are in rather good
agreement with each other, and also with experiment, except for some differences near
the threshold. [ is determined by the ratio of the magnitudes of the 4d—t and 4p—d
matrix elements, along with the phase difference of the matrix elements [43]. The RPAE
and the present RMCTD (GM) results for the photoelectron angular distribution
parameter are in relatively good agreement compared to the comparison of the
corresponding cross sections. This is presumably because of the fact that the
photoelectron angular distribution asymmetry parameter is given by a ratio in which the

differences in the cross section get cancelled out.
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B. 5s, 5p and 6s Subshells

The Ba 5s photoionization cross section, shown in Fig. 3, is very strongly affected by
correlation; specifically, correlation in form of interchannel coupling [40, 41] with the 4d
photoionization channels. To fully appreciate the dramatic effect of the correlation, the
RMCTD length and velocity cross sections were also determined without coupling the 4d
photoionization channels. The results, without the 4d-channels coupled are labelled in
Fig. 3 as RMCTDO, and are found to be very tiny over the entire range of energies, no
more than a few hundredths of a Mb; with the coupling, however, the RMCTD result is
seen to be almost two orders of magnitude larger. In other words, the single-particle
cross section is essentially irrelevant, in this case, and the Ba 5s cross section is
completely dominated by interchannel coupling with the 4d channels. And it is also clear
from Fig. 3 that the RMCTD (GM) cross section is in reasonable quantitative agreement
with experiment, which the RRPA, MBPT and RRPA-R are not. Note that in Fig. 3, for
purposes of comparison, the various theoretical curves have been shifted horizontally to
match their 4d;, threshold (or 4d for nonrelativistic calculations) with the experimental
4ds/, threshold. The discontinuities in the theoretical curves are the autoionization regions
which are omitted in the plot to simplify comparison. Note further that the RPAE-R
result, which is RPAE plus rearrangement and relaxation taken into account exhibits quite

good agreement with experiment even though it is nonrelativistic.
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4.0

3.5 RRPA
3.0
2.5

— ] /T

O 20 _: II \\ MBPT2

é . ; '/ RRPA-R(GM)

w :
& RMCTDO o RMCTD(GM)

T T T T T T T T
50 60 70 80 90 100 110 120 130
Photon Energy (eV)

Fig 3: Ba 5s photoionization cross section in the region of the 4d thresholds. The theoretical
curves are labelled as in Fig. 1 with the addition of the RMCDTO results in which the
coupling with the 4d photoionization channels is omitted in length (solid line) and
velocity (dashed line) formulations, and RPAE-R, which is RPAE with the addition of
rearrangement and relaxation [45]. The discontinuities in the theoretical curves are
owing to the omission of the regions of autoionizing resonances below the 4d
thresholds which have been left out to simplify the comparisons. The theoretical
curves are shifted by the difference between the theoretical and experimental 4ds/,
thresholds. The experimental results shown are open circles [5], open triangles [6] and
open squares [44].

The calculated RMCTD 5p photoionization cross section, the sum of the 5pi,, and 5p3/ cross
sections, is shown in Fig. 4 along with the results of several other calculations and
experiment. As with the 5s, the 5p cross section is dominated by the interchannel coupling
with 4d photoionization channels. The experimental data is seen to be a bit scattered, e.g., at
around 95 eV the highest experimental point is a factor of three larger than the smallest, well
outside the stated error bars. Owing to this experimental scatter, it is difficult to assess the
RMCTD results fully, but they are seen to be in the right ballpark. Better experimental data
here would be most useful. In any case, the RRPA-R (GM) seems to give the best agreement
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with experiment, slightly better than RMCTD (GM) which seems to indicate that not all

important initial state correlations have been taken into account in RMCTD.

10 4

RRPA

G5p (mb)

RMCTD(GM)

L ILENLAL L R L LR AL ILENLL LA IR L LR |
95 100 105 110 115 120 125 130
Photon Energy (eV)

Fig 4: Ba 5p photoionization cross section. The theoretical curves are labelled as in Fig. 1
with the discontinuities leaving out the autoionization resonances. Experiment is given
by closed squares [6], closed circles [5] and open circles [44]. The theoretical curves
are shifted by the difference between the theoretical and experimental 4ds/, thresholds.

The angular distribution asymmetry parameter, 3, for the 5p subshell obtained from the RRPA,
RRPA-R and the RMCTD methods are shown in Fig. 5. The B for the spin-orbit split np
subshell is calculated exactly as described for the 4d B case, i.e. by taking a weighted average of
the asymmetry parameters of pj» and ps, subshells. The RRPA and RRPA-R calculations are
done by including all dipole channels from the 4s+4p+4d+5s+5p+6s subshells. Results are
presented at different levels of truncation of RMCTD method. In all the theories, we note that
interchannel coupling with channels from the 4d subshell is necessary to get agreement with the
experiment; results which omit that coupling disagree with experiment strongly. Thus the
RMCTD results in which coupling with 4d channels is omitted is not in good agreement with
experiment, whereas the RMCTD calculation inclusive of 4d coupling is in good agreement. We
observe that the agreement between theory and experiment for the angular distribution
asymmetry parameter is somewhat better in the case of 4d photoionization compared to that of

5p. The 4d B is determined by the interference between d — f and d — p channels and the

relative strength is strongly in favor of the d — f channels. In the case of the 5p B which is
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determined by the interference between p — d and p — s the relative strength of the p —d
channels is comparably not that much stronger than p — s channel as is the case with 4d . So

therefore any neglect of detail correlation is of less importance in the case of 4d B compared to

5p B.

The length and velocity forms of the RMCTD method are fairly close to each other. The
geometric mean of the two forms is given for RRPA-R and RMCTD methods in Fig. 5. The
RMCTD calculation of f is in very good agreement with the experiment, which means that the
relative phases of the various partial waves are accurate, and that the Cooper minimum is at the
correct location. Again, it would good to have experiment over a broader range of energies for a

more extensive comparison to test theory.

RMCTD [4d+5s+5p+6s]

g2 RMCTD(GM) [5s+5p+6s]
QL 075
0.50
0.25
~ ~\.-' - P
0.00 R .-
RRPA-R(GM) RMCTD(GM) [5p+6s]
-0.25 F+ e

T T
20 40 60 80 100 120 140 160 180 200

Photon Energy (eV)

Fig 5: Ba 5p photoelectron angular distribution parameter  with the theoretical curves
labelled as Fig. 1, except that the RMCTD (GM) results are shown for several
different levels on truncation, as indicated. The experimental values are from Ref. [5].

The RMCTD Ba 6s photoionization cross section is shown in Fig. 6 along with several other
theoretical results and experiment. The cross section is quite small, maximizing at less than 0.2
Mb in this energy region; however, it is much larger than the cross section calculated without
coupling with the 4d photoionization channels. Thus, as in the cases of 5s and 5p, the maximum

in the cross section in the 100 eV region is entirely due to interchannel coupling with the 4d
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channels. Also, as in the previous cases, the calculations are entirely ab initio except for a shift
in energy so that the calculated 4ds/, threshold aligns with the experimental. The RMCTD (GM)
cross section is in rather good agreement with experiment, especially in the higher-energy
region, and the overall agreement with experiment is better than the RRPA, RRPA-R or MBPT
results as seen in Fig. 6. It must be pointed out, however, that the experimental results exhibit
significant scatter and large error bars; more accurate experimental data would be most helpful in

assessing theory.

0.30
0.25 _
0.20 -
0.15 -

kN

0.05

Ges (mb)

RRPA

0'00""I""I""I""I"""""
80 90 100 110 120 130 140

Photon Energy (eV)

Fig 6: Ba 6s photoionization cross section. Theoretical curves as Fig. 1, experiment, Ref. [6].
The theoretical curves are shifted by the difference between the theoretical and
experimental 4ds, thresholds.

IV. Conclusions

Analysis of the photoionization of atomic Ba is a challenging problem on account of the
many-electron correlations which contribute to the details of its experimental features.
Unlike the Xe atom [14] for which the RRPA results are in quite good agreement with
experiment for 4d photoionization, the RRPA results for Ba overestimated the
experimental cross sections [2]. The present RMCTD results, which include non-RPA
correlations from the use of a MCDHF initial state wave function and various dipole

ionization and excitation channels originating from the multiconfigurational initial state,
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provides the best agreement with the available experimental data in the following cases:
(a) the 4d cross section (with respect to the experimental results of Bizau et al. [6],
although the MBPT results agree better with the experimental results of Becker et al.,[5]);
even as both RMCTD and the MBPT results give good agreement at higher energies with
both sets of experimental data; (b) the 5s cross section in the energy region below the 4d
threshold, as well as in the energy region well above the 4d threshold; (c) the 6s cross
section above the 4d threshold. The RMCTD results for the photoelectron angular
distribution asymmetry parameters  are also in best agreement with experimental data
compared to other theoretical models in the following cases: (a) the 4d B, although
RRPA-R gives equally good agreement; (b) the 5p B above the 4d threshold. In the case
of some other features of the spectra, some of the other theoretical models give somewhat
better agreement with the experiment. For example, the RPAE-R gives the best agreement
with regard to the 4d cross section at its threshold. Overall, however, RMCTD results are

in best agreement with the data in the largest number of cases.

The present work demonstrates the utility of the RMCTD method in hitherto untested
applications and projects it as a competitive relativistic many-body methodology for the
analysis of atomic photoionization processes. An added advantage which the RMCTD
method has above the RPA/RRPA methods is the fact that it can also be used to study
open-shell atoms and ions since both the multi-configuration expansion of the initial state
wave functions and the Tamm-Dancoff multichannel final state wave functions are

admissible in the RMCTD method.
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