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Theoretical line strengths for the 4d '° 'S — 4d °4f 'P° resonance transition in the palladium isoelectronic sequence
have been computed in three approximations: configuration-averaged Hartree-Fock, term-dependent Hartree-Fock,
and many-body perturbation theory. The Hartree-Fock 4f state exhibits pronounced term dependence in the
intermediate ionization stages m-xv, with the configuration-averaged radial orbital collapsing more rapidly with Z
than the 4f 'P° term-dependent orbital due to the large repulsive exchange interaction with the 4d° subshell in the
latter. The 4d-4f oscillator strength is small for low ionization stages, and does not reach a maximum until Ba xI.
Contracted orbital many-body perturbation theory calculations confirm that, as expected for this closed-shell
ground-state system, most of the correlation effects are concentrated in the 4d *4f? 'S configuration mixing with the
ground state. As a comparison, Hartree-Fock data are also given for the transition 44 '° 'S — 4d°5p 'P°. For Z < 60

the Sp 'P° state is the lowest-lying 'P° in the Pd 1 sequence.

I. INTRODUCTION

Although there exist many theoretical and exper-
imental studies of transition probabilities in atoms
and ions lighter and with fewer electrons than
iron,‘ few very heavy isoelectronic sequences have
so far been systematically explored. Several cal-
culations®® have been performed on the single-
valence-electron Cu sequence, and Fischer and
Hansen,* Shorer,’ and Weiss® have studied neigh-
boring Zn-like ions. There are several reasons
why it is important to continue this effort toward
even heavier isoelectronic sequences with more
complex structure. Data on heavy highly ionized
atoms are required for modeling and diagnostics
purposes in high-temperature plasma research
relating to the fusion effort. Also, calculations
on moderately heavy isoelectronic sequences have
indicated that several new and interesting effects
are to be observed in the structure of heavy ions,
such as the term dependence of the radial wave
functions and the crossing of energy levels along
an isoelectronic sequence.

We have chosen the palladium isoelectronic se-
quence for such a study, since it is a heavy se-
quence with a relatively simple excitation spec-
trum (4d'°!S ground state) compared with most
other heavy ions. The resonance transition
4d'°'S - 4a8°47'P° is expected to be quite strong due
to the large overlap between the 4d and 4f orbitals,
and might be observable in highly ionized atoms
such as Xe XIand WXXIX occurring in high-temper-
ature plasmas. The Pd1 sequence might also
serve as a testing ground for new and more accu-
rate methods for the correction of cascade errors
occurring in beam-foil measurements of excited-
state lifetimes. ’

Since the optical electrons involved in the pres-
ent study have orbital angular momenta of 2 and 3,
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relativistic effects on the line strengths are ex-
pected to be smaller than in the neighboring silver
sequence, where the deeply penetrating 5s orbital
sees a potential substantially different from the
nonrelativistic Hartree- Fock calculation. %°

In order to map out the general behavior of the
energy levels and nonrelativistic line strengths
along the palladium sequence, Hartree-Fock cal-
culations, both configuration-averaged and term-
dependent, were made for a number of ions up to
U XLVII. Using data from these calculations, a
simple perturbation-theory correction was applied
to the ground state to obtain partially correlated
line strengths. In order to evaluate the effective-
ness of this simple correction, many-body pertur-
bation-theory calculations including all excited
configurations contributing to the first-order line-
strength correction were performed for Xe X,
Nd XV, and W XXIX.

In addition, Hartree-Fock calculations were done
for the 4d'°'S— 44%p 'P° transition in selected ions.

Section II presents the results of the Hartree-
Fock calculations for the 4d-4f transition. Section
III describes the perturbation calculations, includ-
ing a brief summary of the contracted orbital
many-body perturbation theory (COMBPT) method.
Section IV summarizes the calculations.

1. HARTREE-FOCK CALCULATIONS
FOR THE 4410 15 - 449471 P° TRANSITION

A. Energy levels

Hartree-Fock calculations were performed for
a number of ions in the palladium isoelectronic se-
quence with charge states up to 46 (UXLVII) using
a version of Fischer’s multiconfiguration Hartree-
Fock code.!® To assess the term dependence of
the excited state, parallel calculations were ex-
ecuted using the configuration-averaged potential
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FIG. 1. Nonrelativistic Hartree-Fock energies of the
4d%4fc 5, 4d°4f, p, and 4d%5pc , configurations relative to
the ground state (atomic units).

(sometimes called the center-of-gravity potential)
derived from the average energy of the 4d94f con-
figuration'! and the correct term-dependent poten-
tial for the !P level. The total energy of the 'P
term is related to the configuration-averaged en-
ergy Ec, by

E(4d°4f 'P) = E¢ 5 (4d°4f) - 0. 228 57 F*(df)
—0.095 24 F4(df) +1.957 14 G!(df)
- 0.019051 G3(df) - 0. 021 645 G°(df).
(1)

Note the large positive coefficient for the G!(df)

term. The total energies of the triplets %P and

3D are close to the configuration-averaged value.
The Z dependence of the 4f-, and 4f1P energy

levels, as well as the nonrelativistic configura-

tion-averaged energy of the 4d°5p configuration,

is illustrated in Fig. 1. The 4d°5p configuration

is the first excited state until BaX1, when it cross-

es the 4d%4f triplets. Note that 4d°5p remains the
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FIG. 2. Nourelativistic Hartree-Fock 4d1%-4d %y, "
excitation energy scaled by the effective nuclear charge
Z,=Z-45. A, experimental (Ref. 13).

TABLE I. Hartree-Fock 4d10 — 4d%4f excitation ener-
gies for Pd 1 isoelectronic ions (atomic units).

AE (4d\? - 4d%4f)

Ion CA ip E(expt)
Agu 0.6242 0.6267
cd 1.060 1.064
Inv 1.516 1.541
Snv 1.937 2.024
Tevu 2.643 3.010
Ivil 2.934 3.484 3.39292
Xe1x 3.210 3.906
Csx 3.464 4.313 4.15771P
Baxi 3.704 4.668 4.493 62°
Ce xin 4.141 5.273 5.1055°
Nd xv 4.584 5.944 5.6601P
Ho xxu1 6.007 7.539
W XXXIX 7.347 9.098

2 Reference 13.
bReference 12.

lowest 'P° configuration accessible to the ground
state via electric dipole transitions until Nd XV.

An expanded plot of the 4f energy relative to the
ground state is given in Fig. 2, where the transi-
tion energies are scaled by the effective charge.
Although the CA and !P energies are in good
agreement at low ionization stages, for Z>50 a
rapid divergence sets in which persists through
the high-Z end of the graph. This behavior re-
flects the collapse of the 4f orbital which occurs
at Sn V(Z =50) for the CA case, but not until about
Z =58 for the !P function, due to the influence of
the large repulsive exchange potential between the
4d® core and the 4f electron. Table I gives numer-
ical values for the 4f energies.

The collapse of the 4f radial wave function along
the isoelectronic sequence is illustrated in Fig. 3,
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FIG. 3. Mean radii of the 4dy, 4fca, and 4f; , Har-
tree-Fock orbitals scaled by the effective nuclear charge
Z,=Z =45,
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which plots the scaled mean radii of the 4fc, and
4f1 , orbitals, as well as that of the 44"’ ground
state vs the nuclear charge. The 4fc, function
undergoes a rapid collapse starting at the neutral
end of the sequence, finishing at XeIX. The 4f1P
orbital is essentially hydrogenic until TeVII when
a gradual collapse begins. The 4f, orbital is not
fully collapsed until after Nd XV. Note that at high
Z the mean radii of the 4f states are less than that
of the 4d ground state, as one would expect from
the asymptotic behavior of 7.
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Plots of the 4dig, 4fca, and 4f1, radial orbitals
for Agll, SnV, Te vII, XeIX, Nd XV, and W XXIX are
shown in Fig. 4. In Agi both 4f functions are
very close to hydrogenic orbitals with Z=2, As
the nuclear charge increases, the mean radii of
the 4f state decreases with respect to the 4d,
causing a more complex interaction with the many-
One then finds deviations from a

electron core.

hydrogen-like orbital in both functions, with the
collapse of the 4f1, function being retarded by the
presence of the large exchange term involving the
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charge states. Note the distortion of the 4f1, orbital near the nucleus.
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(solid), 4fc a (dashed), and 4f; P (dotted) radial orbitals. At Agll the 4f functions are es-
sentially hydrogenlike, As tie nuclear charge increases the 4f¢, orbital undergoes a rapid collapse with respect to the
4d‘s' The large exchange repulsion term in the 4f; p Wave equation delays the collapse of that orbital until much higher



4d subshell. Careful examination of Fig. 4 shows
that the 4f1, function is deformed near the nucleus,
reflecting a modification of the effective potential
experienced by the 4f orbital in the vicinity of the
4d subshell due to the large df exchange integral.
The term dependence of the 4f radial orbital is
greatest at TeVII, after which the nuclear poten-
tial begins to dominate the details of the inter-
electronic interaction. By Ho XXIX the 4f., and
4f1,, functions are virtually identical.

The Hartree-Fock 4f1, energies are in reason-
ably good agreement with the observations of Su-
gar!? for Cs through Nd, and of Even-Zohar and
Fraenkel®® for I VIII. The experimental excitation
energies are only about 4% lower than the term-
dependent Hartree-Fock values, a surprising re-
sult in view of the many-body character of the sys-
tem,

B. Line strengths and oscillator strengths

The line strength S for a d'°'S - d°% P transition
in the single configuration approximation is!!

S= 1 Wgq10 7 w4494 ) |*
- 2
=6 l /(; Py (r)rPy(r)ar| , 2)

where P, is a radial orbital and ¥ a total wave
function. Overlap terms between orbitals not un-
dergoing a transition are assumed to be unity.
The oscillator strength is then f=3AES where 4E
is the transition energy in atomic units.

The different rates of collapse with increasing
nuclear charge of the 4f¢, and 4f1p radial functions
result in radically different line and oscillator
strengths associated with those orbitals. Table I
gives the line strength computed for the 4d!°!S
- 4d°47'P transition using 4f orbitals from the con-
figuration-averaged and term-dependent Hartree-
Fock approximations. Figure 5 shows a plot of
the corresponding oscillator strengths, computed
from the line strengths of Table II and observed or
extrapolated transition energies. Certainly at the
high-Z end of the sequence such an energy extrap-
olation is far from accurate due to large relativ-
isitic effects; we have plotted the f value in this
region only to map the nonrelativistic systematic
trend.

The hydrogenic character of the 4f orbitals at
low-Z results in a small oscillator strength for
the first few ions. The rapidly collapsing 4fca
function causes a rapid rise in the configuration-
averaged oscillator strength, the curve reaching
a maximum at XeIX. The 4f;, oscillator strength
does not peak until BaXI. Note that at SnV the two
curves differ by more than 250%.
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TABLE II. Hartree-Fock line strengths for the 4d101§
—4d% 1P transition in Pd 1-like ions.

Ion Sca Sip
Agl 0.3032 0.2357
cd m 0.9822 0.5637
Inv 2.276 0.9701
Snv 3.976 1.445
Tevu 5.252 2.599
Ivin 4.971 3.180
Xe 1x 4.556 3.579
Cs x 4.133 3.701
Ba x1 3.744 " 3.593
Nd xv 2.587 2.606
Ho xxn 1.533 1.514
W XXIX 1.015 0.9934

III. PERTURBATION THEORY FOR THE 4d-4f LINE
STRENGTH

A. Basis sets

The application of many-body diagrammatic per-
turbation theory (MBPT) to the calculation of elec-
tron correlation effects in atomic transition prob-
abilities has been described elsewhere.®!* In the
present calculation a variation on the usual tech-
nique of generating virtual orbitals for use in eval-
uating the correlation diagrams is employed,
known as “contracted orbital” many-body diagram-
matic perturbation theory (COMBPT).!® In this
method the virtual spectrum is restricted to a set
of square integrable functions by constructing a
potential barrier about the atom. If such a bar-
rier is placed sufficiently far from the nucleus,
the occupied states of the system will be left un-
affected, but the virtual spectrum will be com-
pressed into a few negative- and positive-energy
orbitals which, although still comprising a rela-
tively complete set of functions for the description
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FIG. 5. Oscillator strength of the 4d1015_44%f1p?
transition along the Pd I isoelectronic sequence, plotted
against 1/Z. Dot, 4fca; dash, 4fj,; ® solid, 4f;, with
452 excitation; A 41 p with all ﬁrsﬁorder perturbation
corrections to the dipole matrix element.
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of correlation effects within bound systems, does
not have the computer-bound unwieldiness of the
large continuum basis sets used in the standard
formulation of MBPT. Indeed, such a circumval-
lation has the desirable effect of simulating in a
perturbation formalism the rapidly converging
basis sets used in multiconfiguration Hartree-Fock
and superposition-of-configuration calculations,
and has been shown to lead to results of compar-
able accuracy in calculations of correlation ener-
gies of small atoms. 1

The zeroth-order Hamiltonian H, specifies the
set of occupied and virtual orbitals for each sym-
metry which are to be used in the evaluation of the
correlation diagrams. For [=0, 1, and 2 orbitals
Hy was chosen as the Hartree-Fock Hamiltonian
for the 15225%2p°35%3p°34'%45%4p8441° 1S closed-shell
core:

(alHy(1=0,1,2)|b)=(alT|b) ,
46 .
+2 (Cailvlbj)—ailv]jb)).
i<J
®3)

The sum extends over all electrons in the atom up
to but not including the 4f. For I=3, H, was taken
as the configuration-averaged Hartree-Fock Ham-
iltonian for the 4d%4f configuration, constructed
with occupied bound-state orbitals which were
eigenfunctions of Eq. (3)—i.e., the usual Hartree-
Fock bound states:

(alHy1=3)15)=(alT|b)
35
+ f‘;, (Cailv|bjy—ailvljb))

+9(4dalv]4db)y - & (-++), (@)

where the ellipsis represents the 4d'%f exchange
term, T is the sum of the kinetic energy and all
other single-particle operators, and v is the Cou-
lomb interaction v;;=1/lr,—r,l. Virtual states
with 7> 3 do not appear in the first-order-correla-
tion correction to the dipole matrix element. The
occupied states 1s, 2s,...,4d occurring in Egs.

(3) and (4) are Hartree-Fock orbitals from the
4d'°'S ground state of a Pd-like ion. The [ =3 po-
tential was chosen to model the 4d94fCA state.

Thus the excited state is not a true Hartree-Fock
state and single-particle corrections (correspond-
ing to a violation of Brillouin’s Law) will occur in
the perturbation expansion. In practice, the P,
from Eq. (4) was found to be almost identical to a
true configuration-averaged Hartree-Fock calcula-
tion for the 4d’4r configuration, the difference be-
ing only in the third significant figure of the radial
orbital,

M. YOUNGER 22

B. Line strengths

Perturbation theory allows one to write the ini-
tial- and final-state wave functions as sums of
zeroth-order reference states ¥°, and correlation
components X:

v=v)+X;, )
=) +Xs. (6)
The correlated dipole matrix element is then
(¥,;IDlw,)=(3%I D 9y +(X,ID|4?)
+(2§IDI%,) +(X;IDIX,), ()

i.e., a sum of the zeroth-order matrix element,
two matrix elements involving a zeroth order and
a correlation function and one involving two corre-
lation components. The last of these is a second-
order effect and is neglected in what follows. For
simplicity of notation, we define x as that part of
X (itself an antisymmetrized wave-function correc-
tion analogous to an excited configuration in a su-
perposition of configuration calculation) containing
virtual excitations of the bound orbitals.

For the 44" 'S ground state of a Pd-like ion the
first-order correction to the Hartree- Fock wave
function involving correlation between a 4d optical
electron and another » =4 orbital is

_ (4d4llvinm)
Xaatr = ;m Gn®m » ®)

where ¢, and ¢,, are virtual spin orbitals with
eigenvalues €, and €,. In the 4d"’4f 1P excited state
there is a pair correlation function

e _ S~ 478 Iyl
Xar = Zn;' gy — gm0 ©)

and a single-particle function, which for the 4f or-
bital is

4fla
=3 e, (10)

where A is defined by

4
(4F12 [nf) =Z§; (4P 1v] iy = C4f | V] f (11)

with V the potential in which the 4f orbital was
computed. Such single-particle terms arise since
the 4f orbital is actually a virtual orbital computed
in the V"™ potential of the ground state. Brillou-
in’s theorem is not satisfied for the 4f virtual or-
bital. The effect of adding X§; to ¥! is to produce
a single-particle orbital in close agreement with

a true Hartree-Fock 4f1, orbital, as is illustrated
in Fig. 6 for XeIX. The coefficients in the per-
turbation expansion of ¢,,15 in terms of the basis
set derived from Eq. (10) were found to agree well
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FIG. 6. Correction of the XelIX 4fc, orbital by first-
order single-particle diagrams to produce a single-par-
ticle orbital in good agreement with the 4f; P Hartree-
Fock orbital. Dot, 4fc; dash, 4fc, modified by single-
particle wave-function diagrams appearing in first order;
solid, 4f; , Hartree-Fock orbital.

with expansion coefficients obtained by numerically
fitting the XeIX 4f; , function with the virtual basis.
The diagrammatic representation of the dipole
matrix element is shown in Fig. T(a). Diagrams
corresponding to all nonzero first-order correc-
tions to the dipole matrix element are shown in
Figs. T(b)-7(f). Diagram 7(b) and its exchange
T(c) represent pair correlations in the initial state,
7(d) and 7(e) pair correlation in the final state, and
7(f) single-particle contributions involving the 4f
state. The excitation symmetries of the virtual
excitations & which are allowed in each diagram

ag 42
- 4 --x 4 -
1 o k k
4d 42 al 4d
(a) (b) (c)
a 4 ag| . 4 4
LS -
k k k
R, - —-———
Ad 49 4d 42 4d

(d) (e) (f)

FIG. 7. Perturbation diagrams corresponding to all
nonzero first-order corrections to the 4d-4f dipole ma-
trix element. (a) Diagrammatic representation of the
dipole matrix element; (b) and (c) pair correlation in
the initial state; (d) and (e) pair correlation in the final
state; (f) single-particle corrections to the 4f state. 4!
represents a nonexcited »=4 core state, i.e., 4s, 4p, or
4d.
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TABLE II. Perturbation corrections to the 4d — 4f

dipole matrix element.

Diagram XeIx Nd xv W XXIX
7(a) -1.219 -0.9257 -0.5812
7(b) 0.1632 0.1292 ' 0.0786
T(c) -0.0025 -0.0041 -0.0008
7(d) 0.025 -0.0201 0.0041
T(e) 0.007 -0.0032 -0.0011
7(f) 0.139 -0.0086 0.0000
Total -0.8873 -0.8325 -0.5004
Hartree-Fock -=1.092 -0.9320 -0.5754
7(a) +7(f) -1.080 -0.9343 -0.5812
Initial-state pair 0.161 0.1251 0.0778
Final-state pair 0.032 -0.0233 0.0030
Total -0.887 —0.8325 —0.5004
- 2.36 2.079 0.7512

JmpPT 5.95 7.903 4.381

are limited by the selection rules on the dipole
operator. A normalization correction is also re-
quired, which is of the form

TI2=(1+(x¢|X¢))(1+(xfle>)- (12)

Such a correction is necessary since the present
formulation of the line strength assumes normal-
ized total wave functions, whereas each orbital
appearing in the perturbation basis set is individ-
ually unit normalized.

Correlation corrections to the dipole matrix ele-
ment for several Pd-like ions corresponding to
diagrams 7(b)-7(f) are tabulated in Table III,
which also gives the resulting line and oscillator
strengths.

Since the 4f1, orbital is a mixture of the »f vir-
tual orbitals, it is necessary to include in Figs.
7(b) and 7(c) diagrams involving excitations to the
5f, 6f. .. component of the 4f1, orbital. Such con-
tributions were included in Table III.

By far the dominant correction to the Hartree-
Fock dipole matrix element involves the ground-
state pair excitation 4d4d’ —nfmf. Over 95% of
this correlation correction is concentrated in the
excitation 4d'" —4d%4f?, Such nl? —n(l +1)* corre-
lation is also observed in other closed-shell sys-
tems where the dominant excited configuration is
in the ground-state shell, such as Be- and Ar-like
ions,® and suggests that a good approximation to
the full correlation problem may be obtained by
retaining only this one excitation. Furthermore,
since the 4f virtual orbitals were found to be prac-
tically identical to the configuration-averaged
Hartree-Fock orbitals, one might apply such a
correction using the matrix elements and eigen-
values computed in the course of the Hartree-Fock
calculation. A comparison of line strengths com-
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TABLE IV. 4d101S—4d%4f1P0 line strengths com-
puted in the 452 —only approximation compared to the
results of the full first order MBPT calculation.

Ion Sur S (4f%2only) S (Full MBPT)
Snv 1.445 1.240
Te v 2.599 1.923
Ivin 3.180 2.326
Xex 3.579 2.612 2.36 (2.535)2
Csx 3.701 2.699
Baxi 3.593 2.617
Nd xv 2.606 1.899 2.079 (1.964)2
Ho xx11 1.514 1.121
W XXIX 0.9934 0.7466 0.7512 (0.7602)2

2 Numbers in parentheses correspond to initial-state
correlation only,

puted using only the 4d4d’ — 4f4f’ Hartree-Fock
pair excitation with the results of noncorrelated
Hartree-Fock and full first-order perturbation
calculations is made in Table IV. For XeIX and
NdXV, the deviation between the simple approxi-
mation and the full first-order results are on the
order of 10% while for WXXIX agreement is al-
most exact. Note that in XeIX the effect of excit-
ed-state correlation and further ground-state cor-
relation beyond 4f? excitation is to reduce the line
strength, while in Nd.XV the opposite is true.

The effect of higher-order terms in the pertur-
bation expansion for the dipole matrix element was
investigated by examining higher-order diagrams
containing excitations of the type 4d4d’ —4r4f’. It
is somewhat surprising that for this many-electron
system such higher-order diagrams were found to
change the first-order results by less than 1%.

IV. DISCUSSION

Figure 5 compares the oscillator strengths for
the 44'°'S - 4d°4f'P transition resulting from the
approximations described above. The effects of
term dependence in the upper state and correlation
in the ground state are pronounced and result in a
value substantially less than the Hartree-Fock
configuration-averaged value.

Relativistic effects on the 4d-4f line strength

w
0 o .‘ .......... H .n_“Nu Xe snAg

0 0.004 0.008 0. 012 0. 015 0. 020
1z

FIG. 8. Comparison of the unperturbed Hartree-Fock
4a'% 15_44°f 1P line strength (dashed), the results of a
limited perturbation-theory calculation (solid), and an
mtermedlate-couphng calculation involving the 4d94f 3P‘ s

3Dy, 2p,, and 4d%p°P,, 3D, and 'P; states (dotted).

should be much smaller than correlation effects
since the large angular momentum of the optical
electrons precludes substantial probability den-
sity close to the nucleus. Deviations from LS
coupling are small, as may be seen in Fig.
8, which compares the term-dependent Har-
tree-Fock line strength with the results of an in-
termediate-coupling calculation involving the
4d’4r*pP,, *D,, and 4d%5p°P,; 'P,, D, levels.

At present there are no experimental data avail-
able for the oscillator strengths of Pd-like ions.
This is primarily a result of the short lifetimes
involved (~ 107 sec) and the difficulty in generat- -
ing such heavy highly ionized species in quantities
large enough to be useful in a lifetime experiment.
It is hoped that the present calculations will pro-
vide an incentive for further experimental investi-
gations of the radiative data of highly ionized
heavy atoms.
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