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Magnetic dipole transitions of Pb-like ions from the multiconfiguration
relativistic random-phase approximation
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The multiconfiguration relativistic random-phase-approximation theory is applied to magnetic dipole
transitions in atoms. Excitation energies and oscillator strengths from the ground level Po to the ex-
cited level P] of Pb-like ions are calculated as prototypal examples. The first P] level for the neutral
Pb atom, which is missing in the relativistic random-phase approximation, appears naturally in this
theory, which accounts for two-particle-two-hole correlations.

A complete treatment of electron-electron correlations
poses a formidable obstacle in high-precision theoretical
calculations of excitation energies and transition rates in
atoms. In recent years, the relativistic random-phase-ap-
proximation theory (RRPA) [1] and multiconfiguration
Dirac-Fock (MCDF) calculations [2,3] have played two
of the major roles in resolving the correlation problem in
relativistic calculations and have produced extensive data
on a variety of atoms and ions. The MCDF approach has
the merit of being applicable to arbitrary systems and be-
ing capable of treating certain correlations not included in
the RRPA approach. The RRPA can be applied only to
closed-shell systems, and only a single configuration is al-
lowed to describe the reference state of the system. Nev-
ertheless, the RRPA approach does have several advan-
tages: First, the RRPA results are gauge independent;
there is no arbitrariness in choosing the gauge as in the
case of the MCDF. Second, both discrete and continuum
correlations can be dealt with in the RRPA. Third, core
polarization can be treated readily in the RRPA.

Although it is possible to treat open-shell systems from
the relativistic equation-of-motion approach [4], where
the RRPA type as well as other correlations can be ac-
counted for, the associated numerical techniques are still
under development. In the meantime, the RRPA can be
improved upon by using a multiconfiguration wave func-
tion as the reference state. The electron-electron correla-
tion effects due to the presence of "real" doubly excited
configurations in the initial state are thereby included.
This approach is called the multiconfiguration relativistic
random-phase-approximation theory (MCRRPA) [5]. In
essence, it has certain features of the MCDF, while
preserving all of the advantages, especially, the gauge in-
variance, of the RRPA. Applications of the MCRRPA to
the resonance transitions of Be-, Mg-, and Zn-like ions
[6,7] and to photoionization of Be, Mg, Zn, and Sr atoms
[8-12] have been carried out and are in excellent agree-
ment with experiment. In this paper we apply the
MCRRPA to magnetic dipole transitions in Pb-like ions.
The transitions are of great importance in the investiga-
tion of parity-nonconserving eA'ects in atoms [13].
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Here h„ is a single-electron Dirac Hamiltonian, and v„

TABLE I. MCRRPA excitation energies co and oscillator
strengths f for the transition (6p2)'Po (6p')3P~ in Pb-like
ions. Numbers in square brackets indicate powers of ten:
x[y] =xx 10"

to (cm ')

Ions MCRRPA Expt. ' MCRRPA Other theory

Pb
Bi+
Po
At'+
Rn'+
Fr'+

Ra +

Ac'+
Th'+
Pa'+
U 10+

Np I ]+

p 12+

13+

14+

Bk "+
Cf 16+

7430
12915
19 107

26059
33 796
42 350

51 762
62 068
73 315
85552
98 828

113203

128 730
145 482
163 503

182844
203 389

7819
13324

5.152[—7]
8.669 [—7]
1.245 [—6]
1.655 [—6]
2.100[—6]
2.581 [—6]
3.100[—6]
3.660[—6]
4.262 [—6]
4.909[—6]
5.602 [—6]
6.343 [—6]
7.134[—6]
7.978 [—6]
8.864[—6]
9.717[—6]
9.434[—6]

5.152[—7]

"'Reference 15.
Reference 16.

The MCRRPA theory is based on an approximate rela-
tivistic Hamiltonian

H(t) =++v(t),
where
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are mutual Coulomb interactions between electrons,
2

Vnm
~nm

In Eq. (1), V(t) is an external potential which induces
transitions between atomic states,

figuration reference state, the MCRRPA equations
reduce to the usual RRPA equations. The MCRRPA
equations may alternatively be derived from an equation-
of-motion point of view [4]. In the MCRRPA formula-
tion, the reference state of Pb-like ions is given by a
multiconfiguration wave function of the form

V(t) =v e ' '+v-e'"' (4) ~ =c, (6p, i, ) '+ c,(6p,&2) ', (6)

with

V+ = Vn+
n l

The Breit interaction is not considered here but may be
easily included in the calculation if required.

Our point of departure is the time-dependent variation-
al principle [14]. We describe the IV-electron system as a
superposition of configuration wave functions with time-
dependent weights. Since the external perturbation may
have components with nonvanishing angular momentum
and with odd parity, the atomic wave function contains
terms of mixed angular momentum and parity. Applying
the variational principle we derive time-dependent multi-
configuration Dirac-Fock equations describing the re-
sponse of the atom to the external field. Terms indepen-
dent of the external field lead to the usual MCDF descrip-
tion of an atomic state. Those terms proportional to the
external field lead to equations describing the linear
response of the atoinic state to the external field; in the
sequel we refer to these linear response equations as the
MCRRPA equations. If we start from a single-con-

where the symbol (6IJ) designates a Slater determinant
constructed from the (61J) valence orbitals and twenty-
two core orbitals. The parameters C, (a =1,2) in Eq. (6)
are configuration weight coefficients. The core and val-
ence orbitals and the configuration weights are deter-
mined by solving the MCDF equations numerically.
Since the MCRRPA equations include all one-particle ex-
citations of the ground state, they automatically include,
in addition to the usual RRPA correlation eH'ects, the im-
portant final-state correlations between an excited elec-
tron and excited 6plt2 or 6pit2 ionic cores. These two-
particle-two-hole final state correlations were omitted in
previous RRPA studies. In fact, for the neutral Pb atom,
the (6p ) P t state is missing in the RRPA spectrum. Ex-
citation energies and oscillator strengths for the transition
(6p ) I'o (6p ) Pi in Pb-like ions are given in Table I.
The excitation energies are in excellent agreement with
available experimental results [15], and the oscillator
strength is also consistent with the other theoretical result
[16].
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