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Resonance structure due to the 4d ' 4f = 4d 4f transition in the photoionization cross section
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Photoionization cross sections for the 4d, 4f, Ss, Sp, and 6s electrons and angular-distribution

asymmetry parameters for the 4d, 4f, and Sp electrons of atomic europium at photon energies near
the 4d' 4f '~4d'4f ' resonance have been calculated by use of many-body perturbation theory. In-

teractions among ionization channels were included in the calculation, and the results are compared
with experiments and other calculations.

I. INTRODUCTION

Studies on the 4d' 4f"~4d 4f"+' resonance transi-
tion in the lanthanide elements (Z= 57 to 71) were initiat-
ed by the observation of large peaks in the x-ray absorp-
tion spectra of lanthanide metals near the 4d absorption
edge by Zimkina et al. in 1967. Dehmer et al. studied
Coulomb interactions between the 4d and 4f electrons in
these elements and attributed the peaks observed in the
spectra to 4d' 4f"~4d 4f " ' transitions. Many experi-
mental " and theoretical' studies have been report-
ed. Photoionization cross sections have been calculated
including electron correlations for the lanthanum, ' '
cerium, ' samarium, europium (Eu), ' and gadolini-
um atoms.

The particularly strong 4d ' 4f"~4d94f" + ' transi-
tions in the lanthanide group of the rare-earth elements
are related to orbital collapse phenomena due to potential
barrier eff'ects. ' ' ' The effective single-particle po-
tential for the radial wave function of l=3 electrons con-
tains two wells separated by a barrier, and the wave func-
tion of the 4f electron, which is the lowest f electron,
collapses into the inner well at Z=56 and higher Z.
When the collapse occurs, the wave functions of the 4d
and 4f electrons overlap appreciably.

The 4d' 4f +4d 4f (denoted 4—d~4f) resonance
structure in the absorption spectrum of atomic Eu was
first reported by Mansfield and Connerade in 1976, and
it closely resembles that of Eu metal. ' The main feature
is the large peak at photon energies near 141 eV. In addi-
tion to the large peak, there are small peaks at lower en-
ergies. Photoelectron spectra of atomic Eu were mea-
sured recently by Becker et al. , Meyer et al. ,

' and
Richter et al. ,

" and partial cross sections for
4d, 4f, Ss, Sp, and 6s electrons were reported. s'o'"

Amus'ya and co-workers' ' have calculated the 4f,
4d, 5s, and 5p partial photoionization cross sections of Eu
in the photon energy range from 95 to 180 eV, covering
the 4d ~4f resonance peak. They used a method of po-
larized spins ' in which each subshell of the atom is di-
vided into two subshells, one with all spins up and the
other with all spins down. Since the Eu atom has a half-
filled 4f subshell, this method enabled them to treat it as

a closed-shell atom within the random-phase approxima-
tion with exchange (RPAE). Recently, Zangwill' and
Zangwill and Doolen have used the relativistic time-
dependent local-density approximation (RTDLDA)
method to calculate the Eu photoionization cross section,
and the partial cross sections for the 4d, 4f, 5p, and 6s
electrons are reported in the photon energy range from
105 to 175 eV. A spherical average over the sublevels
due to the open 4f subshell is explicitly performed in this
approximation.

In this paper we present a calculation of the Eu photo-
ionization cross section based on many-body perturbation
theory (MBPT). ' The main purpose of our study is to
calculate the partial cross sections for electrons in the 4d
subshell and all outer subshells. The partial cross sec-
tions of the 4d, 4f, 5s, Sp, and 6s electrons are calculat-
ed including correlations among the diff'erent single-
excitation channels. We also calculated the angular dis-
tribution asymmetry parameters P of the photoelectrons
from the 4d' 4f and 5p subshells. Preliminary re-
sults of this work have been reported elsewhere, ' but
the present paper gives a more detailed account of the
calculations, includes higher-order correlations, and also
presents new results for the P parameters and the branch-
ing ratios of partial cross sections.

In order to obtain relatively accurate threshold posi-
tions of the 4d excitation channels and also to investigate
the L,S-multiplet structure, we used the I.SMLM& angu-
lar momentum coupling scheme. We calculated spin-
orbit parameters to estimate the size of the spin-orbit
splitting for the 4d —+4f resonance transition and for
each of the ionization thresholds. The spin-orbit interac-
tions were neglected in calculations of partial cross sec-
tions.

The theory of this calculation is discussed in Sec II. In
Sec. III, our results are compared with experiments ' '"
and other calculations. ' Our conclusions are given in
Sec IV.

II. THEORY

In this calculation we use the electric dipole approxi-
mation for photon absorption by atoms. We neglect rela-
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where the single-particle potential V(r, ) accounts for the
average interaction of the ith electron with the remaining
N —1 electrons, and H, is treated as a perturbation. '

When the atom interacts with a external electromagnetic
radiation field Fe, cos(cot) with e, a unit vector in the
direction of the field, in the dipole approximation the in-
teraction can be treated as a perturbation,

N

V,„,=F cos(cot) g z; .

The zeroth-order wave function N is an eigenfunction
of Hp and is calculated in the LS-coupling scheme. Et is a
linear combination of the Slater determinants of single-
particle wave functions, and these orbitals are calculated
numerically from the single-particle Schrodinger equa-
tion

—
—,
'V' ——+ V(r) P, =c,;$;,

where E; is the single-particle energy eigenvalue.
The general form of the potential V(r) used for an ex-

cited single-particle state is given by

V =R +(1—P)Q(1 P), —

where P is the projection operator given by

P= g ~n)(n~,
OCC

(6)

where n „runs over the occupied ground state orbitals.
In Eq. (6) R is the Hartree-Fock (HF) potential used to
determine the ground-state orbitals, and 0 may be
chosen such that the potential of Eq. (6) enhances the
convergence of the perturbation expansion. ' ' Calcu-
lating occupied and excited states of a given angular
quantum number l in the same Hermitian potential
guarantees orthogonality.

The photoionization cross section is related to the
imaginary part of the frequency-dependent dipole polari-
zability by

cr(co) = Ima(co),47TCO
(8)

c
where c is the speed of light. The quantity Ima(co) can be
expressed in terms of dipole matrix elements. The
length-form dipole matrix element is

tivistic effects including spin-orbit interaction, and we in-
clude only singly excited final states. Atomic units are
used in this paper.

Our Hamiltonian for the neutral atom with N electrons
1S

H =Hp+H, ,

where

N

ZL(p~k)= 4 " g z, %'o
i =1

Ima(~) = /Z(p ~k)/2N 2

k

where N is a normalization correction usually close to
unity. The wave number k of the photoelectron is given
by k =V'2(co I), where I i—s the ionization energy associ-
ated with the p

' residual ion in which the orbital p is
missing from the atom. Equation (11) depends on the
fact that the radial part of the continuum wave function
P(r)=rR (r) is normalized to a sinusoidal function as
I —+ 00. 31

In this case, the partial cross section for the p ~k ion-
ization channel is

o.(co)= iZ(p ~k)
i

8m'coN 2

ck
(12)

The perturbation expansion of Z(p —+k) is represented
by a series of open diagrams which have one dipole in-
teraction and any number of interactions with the corre-
lation term H, given by Eq. (3). Typical diagrams are
shown in Fig. 1. In these diagrams, dashed lines with a
free end represent the dipole interactions, and dashed
lines with no free ends represent the correlation interac-
tions with H, . Each line with an arrow drawn upward
denotes an occupied excited single-particle state (a parti-
cle), and each line with an arrow drawn downward
denotes a vacancy in the initial state (a hole). The pair of
open lines labeled by p and k on top of each diagram
represents the final state ~C& "). The "order" of a given
diagram refers to the numbers of H, interactions. Corre-
lation interactions H, below and above the dipole interac-
tion correspond to correlations in the ground state and
the final state, respectively.

The lowest-order diagram of Fig. 1(a) gives the HF re-
sults for Z(p ~k) provided a HF potential is used to cal-
culate the basis states. The exchange diagrams are not
explicitly shown in Fig. 1 but are also included. The
first-order diagram of Fig. 1(b) contains an H, interaction
in the final state. The coupled-equations method can be
used to include the H, interaction between singly excited

where ~+0) and ~%' ) are the exact ground-state wave
function and final-state wave function for the p —+k tran-
sition, respectively. The velocity form dipole matrix ele-
ment is given by

1 d
Zv(p ~k) = + X 'Ilo

Z, —E ' . dz

where Eo and E~ are energy eigenvalues corresponding to
~
0'0 ) and ~%'~ ), respectively. We use Z (p ~k ) to

denote the length-form or the velocity-form dipole matrix
element when no indication of the distinction is needed.

The polarizability a(co) can be calculated by evaluating
a perturbation expansion in powers of H, . Also, starting
from the perturbation expansion for a(co), a perturbation
expansion for Z(p —+k) can be derived such that the con-
tribution from the p~k ionization channel to Ima(co)
is"
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FIG. 1. Diagrams contribution to the matrix element
Z(p ~k). Exchange diagrams (not shown) are also included.

final states to all orders in perturbation theory. It in-
cludes those diagrams with any number of H, interac-
tions above the dipole interaction but having only one
particle line and one hole line just above each interaction.
This method is essentially a K-matrix method, and it
represents the Tamm-Banco' approximation including
exchange contribution.

When interactions between a bound excitation of an
inner-subshell electron and the continuum excitations of
the outer-subshell electrons are thus treated, a resonance
peak appears in the resulting partial cross section of an
outer subshell if its ionization threshold is below the exci-
tation energy of the inner-subshell transition. The width
of this peak represents the contribution from simple au-

toionizing processes in which the inner-subshell hole is
refilled by the excited electron (or an outer-subshell elec-
tron) and an outer-subshell electron (or the excited elec-
tron) is ejected into the continuum. There is also a small
shift in the position of the resonance peak due to these in-
teractions.

The ground-state correlation diagrams of Figs. 1(c) and
1(d) can be added into the coupled equations. In addi-
tion, we can also include in the coupled equations the dia-
grams of Figs. 1(e) through 1(h), and contributions from
higher-order diagrams containing repeated insertions of
the diagram segments in Figs. 1(e) through 1(h) above the
dipole interaction can be included to a good approxima-
tion. Figures 1(e) and 1(f) are second-order final-state
correlation diagrams F. igure 1(e) and corresponding
higher-order diagrams are included in the RPAE
method. Figure 1(g) describes relaxation effects when
p =q, and Fig. 1(h) describes polarization effects.

If the energy of a bound excitation of an inner-shell
electron is high enough, it may also decay through the
refilling of the inner-shell hole by an outer-shell electron
and the ejection of another outer-shell electron. Process-
es of this type can be considered as the Auger decay of
the ionic core with the excited electron being a spectator
if it is in a Rydberg state. These processes also contribute
to the width of the corresponding resonance peak in the
partial cross section for the outer-shell electrons. Figure
1(i) represents such a situation when q —+(t; is the inner-
shell excitation, p —+k is an outer-subshell ionization
channel, k, is a continuum state, and r and r, are outer
shell electrons. By summing over a geometric series in-
cluding the diagrams of Figs. 1(b) and 1(i), and those with
the segment on the q hole line in Fig. 1(i) repeatedly in-
serted to all orders, we obtain a complex term added to
the energy denominator c. —ck'+co. Its real part is an
energy shift, and its imaginary part is the contribution to
the half-width of the q —+k' resonance peak from the de-
cay process in which the state

~

4& ) decays into the
k'kl q

state
~ 4„„ ' ).

In the calculation of the angular distribution asym-
metry parameter P, the formula we used for a specific re-
sidual ionic multiplet i is

(l +2)(l +1)~Z(+(~ +l(l —1)~Z( (~
—6(l +1)l Re(Z + (Z (&(*e + +

)

(2l+1)[(1+1)iZ(~,
i

+l Z(, i j

where Z(+, denotes Z(p —+k) in which the angular quan-
tum numbers of p and k are l and l + 1, respectively, and
Z(, denotes Z(p —+k) in which the angular quantum
number of k is l —1. Coulomb phase shifts o.+ and o.
correspond to photoelectrons with orbital angular quan-
tum number l+1 and l —1, respectively. The corre-
sponding non-Coulomb phase shifts are given by 6+ and
6

Equation (13) was first derived by Cooper and Zare
using the central field approximation in which the radial
wave functions and the phase shifts of the photoelectron

corresponding to the difTerent multiplets due to the angu-
lar momentum coupling between the residual ion and the
photoelectron are assumed to be the same. However, fol-
lowing more general treatments of the P parameter, Eq.
(13) can be derived as a special case in which the total or-
bital angular momentum of the atom in the initial state is
zero regardless of its total spin. This means that for the
photoionization of the ground-state Eu atom, the radial
dipole matrix elements and phase shifts calculated using
the LS term-dependent eft'ective potential can be used in
Eq. (13) to include the effects due to the multiplet struc-
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with i running over the ionic multiplets.

III. CALCULATIONS AND RESULTS

The ground state of the Eu atom is
4d' Ss Sp 4f 6s ( S), and all the spins of the 4f elec-
trons are aligned. All the final states of dipole transitions
have the coupling P, and the 4d 4f resonance state has
the coupling 4d ( D)4f ( F)( P). We included final
states with single excitations of one of the 4d, 5s, 5p, 4f,
and 6s electrons. When an electron other than 4f is ex-
cited, we only included those final states in which the
coupling of the 4f subshell is the same as its ground
state coupling S. Transitions into the final states in
which the coupling of the 4f subshell is different from S
are assumed to be relatively weak because the lowest dia-
gram of Fig. 1(a) is zero for these states, which means
that they are accessible only after inclusion of electron
correlation effects. The ionization channels that we in-
cluded are listed in Table I.

The ground-state wave functions of the Eu atom were
calculated with the computer program MCHF77, of
Froese-Fischer. The spin-orbit parameters computed
with this program were used to estimate the spin-orbit
effects. The calculated spin-orbit parameters g4z $4f and

$5~ are 2.0, 0.19, and 2.0 eV, respectively. For each of
the ionization channels, eight excited bound states and
twenty-six continuum states were calculated and used in
the coupled equations.

TABLE I ~ Ionization channels and energies.

Final state'

4d 4f7(7D)kf, kp
4d94f ( D)kf, kp
4f'5s('S)kp
4f'5s( S)kp
4f '5p '(7P)kd, ks
4f'5p'( P)kd, ks
4f ('F)kg, kd
4f '6s('S)kp
4f 6s(9S)kp

Ionization energy
(eV)

159.8
139.6
49.3
45.7
28.8
25.7
12.9
4.6
4.4

'Here the coupling of the 4f 7 subshell is always S, and all final
states are 'P.
The listed energy values are calculated by taking differences of

self-consistent field (SCF) solutions.

ture of the final state. The values of the radial dipole ma-
trix elements ZI+, and ZI, are in general complex if the
final-state interchannel interactions are included in the
calculation. '

When several possible residual ionic multiplets are con-
sidered at the same time, the P parameter is given by

o;I3;

(14)

We compared the self-consistent solutions of the 4d
and 4f wave functions in the ground state and the
4d 4f ( P) resonance state. The overlap integral of the
4d orbitals is 0.999 98, and the overlap integral of the 4f
orbitals is 0.999 99. They indicate that the effects
of relaxation on these orbitals are very small for the
4d 4f ( P) resonance state.

The threshold energy values that we used are the
difference in self-consistent field (b,SCF) values, and they
are also listed in Table I. The ASCF energy is the
difference between the energy of the residual ion and the
energy of the ground-state atom given by the self-
consistent HF solutions.

Becker et a/. have reported two 4d threshold. One at
approximately 137 eV was assigned to the 4d»2 elec-
trons, and one at approximately 142 eV was assigned to
the 4d3/p electrons. The positions of these two levels
measured by Richter et al. " are at 137.6 and 142.5 eV,
respectively. Our calculated 4d '( D) ionic level is at
139.6 eV, and our first-order perturbation calculation of
the spin-orbit splitting by applying the LSJ coupling
scheme to this ionic state shows five spin-orbit levels
ranging from 137.2 to 141.6 eV. The measured and cal-
culated ranges of spin-orbit splitting agree well. Howev-
er, the five calculated ( D6 ~ ~ 3 2) levels do not form two
groups which can be identified with the two measured
levels. This indicates that the mixing among the corre-
sponding J-sublevels of the different multiplets of the
4d 4f configuration should be investigated in further
studies of the spin-orbit splitting of the 4d threshold.

Our calculated 4d '( D ) ionic level is at 159.8 eV, and
the separation between the 4d '( D) and the 4d '( D)
levels is 20. 1 eV. This separation is mainly due to the
large exchange interaction between the 4d and 4f elec-
trons, and it is much larger than our calculated 4.4 eV
range for the spin-orbit splitting in the 4d '( D) level. It
is also much larger than the 5.49 eV separation between
the 4d3/2 and the 4d5/2 single-particle energies given by a
relativistic calculation in which the Dirac-Pock equa-
tions for the Eu atom were solved. For this reason, we
used the LS coupling scheme in our calculation as a first
approximation.

The b,SCF value for the excitation energy of the
4d 4f ( P) resonance state is 146.9 eV. It is calculated
by taking the difference between the self-consistent HF
solutions for the resonance state and the ground state.
We also calculated the second-order energy corrections
which are not included in the ESCF value, and the calcu-
lated 4d +4f excitation e—nergy including these correc-
tions is 145.5 eV. The energy shift given by the coupled
equations is approximately -4.5 eV, and this shift is main-
ly due to the interactions which cause the autoionizing
decay of the resonance. That is, this shift is due to corre-
lations in the 4d 4f level in which one 4f electron
makes a virtual transition to the empty 4d state and
another 4f electron is excited to an unoccupied bound
level or to the continuum. The 4d ~4f resonance peak
appears at approximately 141 eV in our calculated total
cross section, which agrees with experimental re-
S its. 4, 8, 10, 11

We calculated diagrams (a), (b), and (c) of Fig. 1 for all
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er et al. (Ref. 8); triangles, results of total absorption measure-
ment by Mansfield and Connerade (Ref. 4); ——-, total abso p-
tion results of Richter et al. (Ref. 11). We normalize the rela-
tive results of Becker et al. to ours at 123 eV. We normalized
the relative results of Mansfield and Connerade to those of
Becker et al. at the peak of the 4d~4f resonance. Richter
et al. normalized their 4f partial cross section to the calculated
RTDLDA results of Ref. 20 and the MBPT results of Ref. 32

rtialabove the 4d~4f resonance. Other curves are sums of partia
cross sections calcualted in this work:, length-form calcu-
lated total cross section; —.——velocity-form calculf lculated total
cross section; ———length-form HF results; - ——,velocity-
form HF results.

of the p ~k channels listed in Table I using the coupled
equations method, and so higher-order diagrams simi ar
to Fig. 1(b) were included to all orders.

Second-order ground-state correlation diagrams such
as Fig. 1(d) were calculated for the cases where p~k is
4f~kg, Sp~( D, D)kd, or 4d~4f. These diagrams
improved the agreement between the length form and the
velocity form cross sections near the 4d ~4f resonance.

We also included some second-order final-state correla-
tion diagrams in solving the coupled equations. The dia-
grams of Figs. 1(e) and l(f) and the other time ordering of
these diagrams were calculated for cases where q is
4d, k' is 4f, and p —+k is 4f ~kg, 4d +( D)k—f,
SP +( P, —P)kd, or Ss~( S, S)kp. Figure l(g), the other
time ordering of Fig. 1(g), and Fig. 1(h) were evaluated
when p —+k is 4d~( D)kf and q~k' and p —+k' are
4d ~4f.

The contributions of Auger decays to the resonance
widths, as described in Fig. 1(i), were calculated for the
4d ~4f, 4d ~( D)nf, np, and 4d ~( D)nf, np reso-
nances.

In Fig. 2 our results for the total cross section in the
photon energy range 100—210 eV are compared with the
experimental results. The results of the photoelectron
yield given by Becker et ah. and the total absorption re-
sults of Mansfield and Connerade are in arbitrary units.
We normalized the results of Becker et ai. to ours at the
photon energy 123 eV, and we normalized the results of
Mansfield and Connerade to those of Becker et al. at the

peak of the 4d~4f resonance. Richter et al, " normal-
ized their partial 4f cross section to the calculated cross
section by Zangwill and Doolen and our earlier MBPT
calculation in the energy range above the 4d 4f reso-
nance. The overall agreement between results of our cal-
culation and the experiments is good, and the agreement
between the calculated length-form and velocity-form re-
sults is reasonable. If we sum over the 4d, 4f, and Sp
partial cross sections calculated by Zang will and
Doolen, ' the results will also be quite close to our total
cross section. The width of the 4d~4f resonance pea
in Fig. 2 is approximately 7 eV, and it is dominated by
contributions of autoionizing decay leading to continua
of the 4d, 4f, Ss, Sp, and 6s excitations.

The differences between the results of Becker et al.
and those of Richter et al. " are mainly due to the fact
that they are normalized differently in the figure. If we
normalize the results of Becker et al. to those of Richter
et al. at the photon energy of 170 eV, then the two sets
of results will agree very well except at the 4d ~4f reso-
nance and will be only slightly different at the resonance

k W have normalized the results of Becker et al.
theto our calculated results at a photon energy below t e

4d~4f resonance because we did not include those
4d 'kf, kp final states in which the coupling of the 4f
subshell is not S and did not include final states of 4d
photoionization with simultaneous excitation of an outer
subshell electron. Many of these Anal-state channels be-
come open in the 30 eV energy range above the 4d ~4f
resonance, and their contributions to the total cross sec-
tion may not be negligible. Indeed, our results are 20—30
% lower than those of Becker et al. above the 4d~4f
resonance, which is possibly due to this reason.

The calculated results are higher than experimental re-
sults at the 4d~4f resonance peak. A possible reason is
that we neglected spin-orbit interactions in calculating
the cross section. The shifts of the 4d 4f ( P) resonance
state from the I.S-coupling value due to spin-orbit in-
teractions obtained in a first-order perturbation calcula-
tion using the I.SJ-coupling scheme are— .80 0.23 and
1.03 eV for the P9~2 P7~2 and PS~2 states, respective-
ly. The resonance peak we obtained without spin-orbit
effects of the resonance states is expected to be somewhat
higher and narrower than the one when the spin-orbit
splitting of the resonance state is included.

Moreover, the five calculated 4d '( D65 4 3 z) ionic
levels range from 137.2 to 141.6 eV, some above the
4d~4f resonance and some below it. The ionization
channels associated with those levels above the resonance
have no peak structure in their partial cross sections and
also do not contribute to the linewidth of the resonance
peak. Thus, including the spin-orbit splitting of the
4d '( D) ionic level may reduce both the height and
width of the 4d~4f resonance peak in the total cross
section.

The small structures prior to the large peak in the ex-
erimental results were attributed to spin-orbit effects in-penm

volving other multiplets than P of the
configuration, and they were not calculated since we

11 eak atneglected spin-orbit interactions. The sma pea a
134.5 eV in the calculated results is the 4d ~( D)6p reso-9
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nance, and other 4d~( D)np, nf resonances are
very weak. No individual resonance peak of the
4d ~( D)np, nf series can be seen in the calculated total
cross section. The widths of the 4d ~( D, D)np, nf reso-
nance peaks are dominated by contributions of the Auger
decay transitions of the 4d '( D, D) ionic states. The
Auger linewidths obtained by evaluating the lowest-order
contributions are 0.15 and 1.6 eV for the D and the D
states, respectively. The width for the D state is much
larger since, due to the different symmetries of the
4d '( D, D) ionic states, a 4f electron cannot fill the 4d
hole in the D state in an Auger transition but can fill the
4d hole in the D state. Thus the transition in the Auger
decay of the D ionic state can be a super Coster-Kronig
transition in which the hole state and the two outer-
subshell electorns have the same principal quantum num-
ber, and it leads to a large Auger line width.

Our calculated partial cross sections of the
4f, 4d, 5p, Ss, and 6s electrons are shown in Figs. 3, 4,
and 5 and compared with experimental results ' '" and
other calculated results. ' The geometric mean of our
length-form and velocity-form results is presented, and
the discrepancy between our length-form and velocity-
form cross sections is similar to that of our total cross-
section curves shown in Fig. 2. The experimental results
of Becker et al. and Meyer et al. ' are in arbitrary
units, and we normalized the 4f cross section of Becker
et al. to ours at 111 eV. We renormalized the 4f cross
section of Meyer et al. to that of Becker et al. at the
peak of the 4d~4f resonance. The other partial cross
sections of Becker et al. and Meyer et al. were measured
relative to their 4f cross sections, respectively. The re-
sults measured by Richter et al. " were normalized to
theoretical cross sections ' in the energy range above
the resonance.

The overall agreement between our results and the ex-
perimental results is reasonably good. These results show
that the autoionizing decay of the 4d ~4f resonance in
the Eu atom is mainly through 4f ionization channels, in
agreement with the calculation of Amus'ya et al. ' The
possibilities of decay through ionization channels of other
electrons are in descending order of 4d, 5p, 5s, and 6s.
At approximately 135 eV there is a minimum in the 4f
partial cross section prior to the 4d~4f resonance, but
no similar minimum can be found in the 5s, 5p, and 6s
partial cross sections. Our calculated partial cross sec-
tions presented here and reported previously are lower
than our preliminary results by about 20% at the
4d~4f resonance peak. We attribute this to higher-
order many-body effects included in the present calcula-
tions by use of the coupled-equations method.

In Fig. 3 we also present results by Amus'ya, Sheftel,
and Chernysheva' and by Amusia, Ivanov, and Kup-
chenko. ' Both calculations used the spin-polarized
random-phase approximation method. ' In our calcula-
tion the 4d~( D)kp, kf channels also contribute to the
decay pathways of the 4d ~4f resonance since the
4d '( D) ionic level is below the 4d 4f ( P) level. We
found in our calculation that the contributions of the
4d~( D)kp, kf channels to the width of the 4d ~4f res-
onance peak were sensitive to the energy difference be-

40

& 30-
Z',0
C3

03
~ 20

GO
(/)0
K
C3

10

0
100 120 140 160 180

PHOTON ENERGY {eV)

200

FIG. 3. Partial 4f cross section near the 4d~4f resonance.
Circles, experimental results of Becker et al. (Ref. 8); triangles,
experimental results of Meyer et al. (Ref. 10); squares and dia-

monds, experimental results of Richter et al. (Ref. 11). We nor-

malized the relative results of Becker et al. to our calculated re-

sults at 111 eV. We normalized the results of Meyer et al. to
those of Becker et al. at the peak of the 4d~4f resonance.
The results of Richter et al. were normalized to the calculations
of Refs. 20 and 32; Curves are theoretical results:, this

calculation; ———,4f~kg cross section of Amus'ya et al
(Ref. 17); ——-, RTDLDA calculation by Zangwill (Ref. 19). The
thick grey line is the spin-polarized RPAE calculation by Amu-

sia et al. (Ref. 18).

tween the two levels. In self-consistent solutions, energy
positions of the 4d

&

' and 4d
&

' ionic levels in the
polarized-spins model' ' of the Eu atom may be
different from the positions of the 4d '( D) and
4d '( D) levels in the LS-coupling scheme. Here the no-

tations 4d
&

and 4d
&

refer to 4d electrons with spins down

and up, respectively. Thus the widths and heights of the
4d ~4f resonance peaks may be different in the two cal-
culations using the two different angular momentum cou-

pling schemes. The energy positions of the 4d& ' and

4d
&

ionic levels in the calculations of Amus'ya

et al. ' ' were not reported and so cannot be compared
here with the 4d '( D, D) ionic levels in our calculation.
However, the calculated separation' between the 4d

&

'

and the 4d
&

' ionic levels is 16.94 eV, and our result of
separation between the 4d '( D) and 4d '( D) levels is

20. 1 eV. In the RTDLDA calculation of Zangwill, ' the
different 4d ' sublevels were averaged over to give a sin-

gle 4d threshold at approximately 133 eV. Because of
this, the contribution of the 4d ionization channel to the
width of the 4d ~4f resonance is different from those in

the other two calculations, and so are the width and
height of the 4d~4f resonance peak in the cross section.

Richter et al. " adapted an absolute scale for their
measured cross sections by normalizing their 4f partial
cross section to the results of the RTDLDA calculation
by Zangwill and Doolen and our previous MBPT calcu-
lation, above the 4d~4f resonance. In Fig. 3, the 4f
cross' sections measured by Becker et al. and Meyer
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FIG. 4. Partial cross sections of the 4d and 5p electrons near
the 4d +4f reso—nance. Circles, experimental results of Becker
et al, (Ref. 8); triangles experimental results of Meyer et al.
(Ref. 10); solid circles and diamonds, experimental results of
Richter et al. (Ref. 11). These results were measured relative to
the corresponding 4f experimental cross section. --—-, results of
the RTDLDA calculations (Refs. 19 and 20); and
———,this calculation; ——— spin-polarized RPAE calcu-
lation by Amusia et al. (Ref. 18). (a) o.

4d cross section. The
solid curve and long-dashed curve are our calculated o.

d 94d ~( D)k

and o.
7 cross sections, respectively. (b) o.

&p closs section.
4d ~( D)l

et al. ' appear to be higher than that of Richter et al. "
by about 30% above the 4d~4f resonance. However,
one can normalize the results of Becker et al. and Meyer
et al. so that they are higher than the results of Richter
et al. by about 15% above the resonance and lower by
about 15 jo below the resonance. Thus the three sets of
measured results agree within the experimental error
bars. If the 4d '( D)k component which we predict
above 160 eV does appear, then the 4d and 4f partial
cross sections of Becker et al. have to be reduced by ap-
proximately 20%%uo because their results are normalized to
the total electron yield. In that case the agreement be-
tween their experiment and our calculation will be better.

The results for 4d and 5p partial cross sections are
compared in Figs. 4(a) and 4(b), respectively. The 4d
cross section of the RTDLDA calculation by Zangwill is
given by the short-dashed curve in Fig. 4(a) and is sub-
stantially higher than our 4d '( D)k cross section. With
a single 4d threshold located at a relatively low energy,
the interaction between the 4d ionization channel and the
4d ~4f transition in the RTDLDA calculation is
stronger than in our calculation. The RTDLDA results
agree well with the measured results of Meyer et al. ,

'

but the results of Meyer et al. are also substantially
higher than the measured results of Becker et al. and
Richter et al. " In Fig 4(a) the curve with the long and
short dashes is the 4d& cross section calculated by Amu-
sia et al. ' The 4d cross-section data near the threshold
were obtained by measuring the Auger electrons. ' '"
In the measured photon energy range there are many

possible channels of ionization with excitation and double
excitation, and their corresponding Auger lines may be
close to each other. The discrepancy between the results
of Meyer et al. and the results of Becker et al. and
Richter et al. may be caused by the fact that the Auger
lines were resolved difFerently in these experiments.

Our 4d ~( D)k cross section begins at 139.6 eV, just
below the 4d ~4f resonance at 141 eV. Since we did not
include spin-orbit interactions, the 4d cross section we
calculated may be a rough approximation near the
4d~4f resonance, although it appears to agree fairly
well with the measured results of Becker et al. and
Richter et al. at the main resonance peak. Our
4d —+( D)k cross section begins at 159.8 eV. There are
four other 4d 4f ( D) ionic states in which the coupling
of the 4f subshell is P, D, F, and G, respectively.
The ASCF values for the energy positions of these states
range from 150 to jLS4 eV. Because of the interactions
among these states and the 4d 4f ( S)( D) state, the five
resulting 4d 4f ( D) levels may spread out in a wider en-
ergy range. This is a possible reason why there has been
no observed ionic line at photon energies near 159.8 eV.

I 1 I 1 ' 1 I
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z 40
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FIG. 6. Partial cross sections of the 4f, 5s, and 5p electrons
between 50 and 130 eV. Geometric means of length form and
velocity form results of this work are shown.

~4f » O 5p» O 5s

FIG. 5. Partial cross sections of the Ss and 6s electrons near
the 4d~4f resonance. Solid circles, experimental results of
Richter et al. (Ref. 11). , this calculation. (a) o &„(b) o.6, .
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In our 5p partial cross section, the main 4d~4f reso-
nance peak has a height close to those in the measured
results of Becker et a/. , Meyer et aI. ,

' Richter et al. ,
"

and the results of the RTDLDA calculation.
In Figs. 5(a) and 5(b) our Ss and 6s partial cross sec-

tions are compared with the experimental results of
Richter et al. " The height of the calculated 4d —+4f res-
onance peak is close to that of the measured results in
both cases.

It can be seen from the experimental results that the
structures below the main 4d~4f resonance peak are
relatively strong in the 5s, 5p, and 6s partial cross sec-
tions. These structures are not treated in all three
theoretical calculations compared here.

Our calculated 4f, Ss, and Sp partial cross sections in
the photon energy range from 50 eV up to the vicinity of
the 4d +4f re—sonance are compared in Fig. 6. Our cal-
culated 4d, 4f, Ss, and 5p partial cross sections in the
photon energy range from 170 to 730 eV are compared in
Fig. 7. The 6s partial cross section is relatively quite
small at these photon energies and is not plotted here.
From Figs. 3 through 7 it is clear that the 4f cross sec-
tion dominates the total cross section for photon energies
between 50 and 300 eV except for a small range of about
10 eV centered at the minimum just below the 4d~4f
resonance. There is a minimum in the 4d cross section at
approximately 240 eV because the Cooper minima in the
4d ~( D)kf and 4d —+( D)kf partial cross sections are in
this region. The 4d cross section increases above the
minimum and reaches a maximum at a photon energy be-
tween 400 and 500 eV. Above the 4d —+4f resonance, the
4f cross section decreases as the photon energy increases
but remains larger than the 4d cross section until the
photon energy reaches approximately 440 eV.

In Fig. 8(a) the Ss~( S)kp and Ss —+( S)kp partial
cross sections near the 4d~4f resonance are plotted for
comparison. Interactions of the 4d ~4f resonance with
these two ionization channels are of different strengths.
The branching ratio between the two channels,cr, /o 7 p, is shown in Fig 8(b) along with

Ss —+( S)kp Ss ~( P)k
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FICx. 7. Partial cross sections for the 4d, 4f, Ss, and Sp elec-
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branching ratios o
6s (9s)kp o

6s (7s)kp and cps (9P)k
o 7 . The detailed structures due toSp~( P)k
4d +(9D, 7D )np, nf reson—ances are not mapped out.
These branching ratio curves all show similar behavior
close to the 4d +4f resonance—. The Eu atom in the
ground state has a half-filled 4f subshell with all the spins
aligned. If we assume all the spins of the 4f electrons in
the ground state are upward, then the spin of the electron
k is downward in a ( L)k final state but upward in a
( L)k final state. In the 4d 4f resonance state, a 4d
electron with a downward spin is excited from the initial
state to the 4f subshell without changing the orientation
of its spin. Due to the cancellation between direct and
exchange terms, the matrix element
(&P(p 'k)IH, IN(4d 4f ) ) for a ( L)k final state is small-
er than the matrix element for the corresponding ( L)k
final state. Thus a ( L)k cross section is lower than the
corresponding ( L)k cross section at the 4d~4f reso-
nance peak, although it is higher away from the reso-
nance.

Our results for the angular asymmetry P parameters
for the ejection of 4f, 5p, and 4d electrons are presented

FIG. 8. Partial cross sections corresponding to Ss '( D) and
5s '('D) and the related branching ratios. (a)

9 cT 7 ~ The geometric means of
5s ~( S)kp ' 5s~( S)kp

the length-form and velocity-form results are shown. (b)
o. /o. ——— o. /o

5s ( S)kp Ss ( S)kp 6s ( S)I&p 6s ( S)kp
o 9 /(T 7 . These branching ratios are calculated5p~( P)k 5p~( P)k

from the geometric mean of the length and velocity form cross
sections. The detailed structures due to the 4d —+( D, D)np, nf
resonances are not mapped out.
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FIG. 9. Asymmetry parameter P4f near the 4d~4f reso-
nance. Solid circles, experimental results of Becker and co-
workers (Ref. 46). Only the calculated length-form results are
plotted here because the differences between the length-form
and the velocity-form results are small. , results calculat-
ed including correlation effects; ———,results of the HF ap-
proximation.

in Figs. 9 through 12 and compared with the experimen-
tal results of Becker, Kerkhoff; and co-workers. The
diff'erences between the calculated length-form and
velocity-form results are small, and we plot here only the
length-form results.

In Fig. 9 the results for P4f in the photon energy range
115—175 eV are shown. In the HF approximation, p$f
varies slowly as a function of photon energy. After the
final-state interchannel interactions are included, the re-
sults show an abrupt change in the vicinity of 135 eV,
where the 4f partial cross section reaches a minimum.
The reason for this is that the dipole matrix element for
the 4f ~kg channel changes by a phase factor of approx-
imately —1 at this photon energy due to the interaction
with the 4d ~4f resonant transition. Our results includ-
ing effects of electron correlations agree reasonably with
the experimental results, given that the spin-orbit effects,
which split the 4d 4f ( P) resonance state and mix

FIG. 11. Asymmetry parameter P, ~ . Curves and sym-

bols are defined as for Fig. 9.

diff'erent LS multiplets in this state, are not treated.
Shown in Fig. 10 are our results of ps obtained from

the p parameters corresponding to the 5P '( P) and
5P '( P) residual ions according to Eq. (14). The results
show significant changes over a photon energy range
greater than 100 eV after including the interchannel in-
teraction. The structure which peaks at 137 eV, in the
measured results in the photon energy range 134—140 eV,
is not seen in the calculated results, and one possible
reason is that the mixing of different LS multiplets in the
4d 4f resonance state due to the spin-orbit interaction
is not treated in our calculation. Otherwise, our results
including eff'ects of electron correlations agree fairly well
with the measured results.

The p parameters corresponding to the 4d '( D) and
4d '( D) residual ions are shown in Figs. 11 and 12, re-
spectively. In both cases the results including correlation
effects differ appreciably from the HF results over a wide
photon energy range above the threshold. In Fig. 11 the
agreement between the calculated and the measured re-
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suits is not satisfactory, indicating the need in future
theoretical studies to investigate the effects of interac-
tions between the 4d 4f ( D, D)kf, kp channels and oth-
er possible 4d 4f kf, kp channels that are not treated in
the present work.

The small structures in p4f and p& at 134 eV are due
to the 4d +( D—)6p transition, and the small structure in

P~f at 138 eV is due to the 4d ~( D)5f transition. The
small structures in p&f p& and p „,( D) at 154 eV are
due to the 4d +( D—)6p transition followed by other tran-
sitions in the 4d +( D—)np, nf series. Accurate theoretical
predictions for the energy positions of the Rydberg states
due to excitation of the 4d electrons apparently require
calculations of higher-order corrections to the energies
including spin-orbit effects, and such calculations are
beyond the goal of the present study.

IV. CONCLUDING REMARKS

We have calculated the photoionization cross section
and the asymmetry parameters p of the Eu atom includ-
ing effects of electron correlations using many-body per-

turbation theory (MBPT). Our study focused on the pho-
ton energy range near the 4d' 4f ~4d 4f resonance
and included effects of the final-state interchannel in-
teractions; and partial cross sections were calculated for
photon energies from 50 to 730 eV. Our calculations
agree reasonably well with experiments even though
spin-orbit effects were not included. Our results also
agree reasonably with those of the previous calculations
by Amus'ya et a/. ' ' in the energy range 95—180 eV
and the recent calculations by Zangwill' and Zangwill
and Doolen in the energy range 105—175 eV. Compar-
isons with experimental data beyond the presently mea-
sured photon energy range would be interesting.
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