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The combination of the recent development of
multichannel quantum-defect theory (MQDT)' and
the growing capabilities of precision laser spec-
troscopy has stimulated a renewed interest in the
spectroscopy of Rydberg states. These states
have provided a rich testing ground in which to
refine our understanding of atomic structure,? of
electric and magnetic field effects on atomic sys-
tems,® and on radiative interactions.* In this
paper, we have analyzed the spectra of Xe and
Ba** with an empirical MQDT approach and com-
bined this analysis with calculations based on the
relativistic random-phase approximation (RRPA)®
to explain how the changes related to the increas-
ing nuclear charge can be used to reveal some
fundamental relationships.

The Rydberg series observed from the 5p% 1S,
ground state of a Xe-like system can be described
in terms of five interacting channels (with J=1)
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which are conveniently labeled by the jj coupling
scheme. We denote these channels by 2P, ,ns, /5,
®Pyjendsfey °Psjandsfay P 1jpnS, 'y and 2Py pndyyy.
The first three channels describe the three dis-
crete (or bound) Rydberg series leading up to the
5p°2P,, (or I,) limit. The fourth and fifth chan-
nels describe two series leading up to the second
limit, 5p°%P,,, (or I,). The members of the latter
two series which lie above I; are degenerate with
the continuum states of the first three channels;
this degeneracy is what gives rise to the autoion-
ization observed between I, and I,.

Figure 1 shows these (Beutler-Fano’) autoioniz-
ing resonances in a segment of the observed photo-
absorption spectra of Xe and Ba®* as functions of
the effective quantum number v,, defined by the
relationship

E =1, -{%/v,2, (1)
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FIG. 1. Xe and Ba** autoionizing resonances as a
function of v,. (a) Photoelectron spectrum of Xe (Ref.
6). (b) Photoabsorption of Ba**. The ;? energy scaling
implies a reduction of Ba** width by a factor of 9 in
v, space; we observe a reduction of more than 18.

with E =7w being the incident photon energy, ¢ the
effective charge of the core, and & the Rydberg
constant. The Ba** spectrum was obtained by us
with a new technique which employed two-stage
laser-driven ionization to create a nearly homo-
geneous column of Ba*"* ions suitable for photo-
absorption measurements.® The Xe spectrum is
well known, and the one shown in the figure was
obtained by Eland in a conventional photoelectron
experiment.®

Two striking differences between the Xe and
Ba'* spectra are immediately apparent: the shift
in the positions of the s’ (and to a smaller degree
the d’) resonances and the marked decrease of
the d’ autoionizing widths in Ba**. The shifts are
related to the tendency of the energy levels in
isoelectronic sequences to approach hydrogenic
values as { increases. They have long been ob-
served in emission spectra of bound Rydberg
levels and will not be discussed here. Instead,
we shall focus on the decrease of the d’ autoion-
ization widths.

Our discussion of resonance widths is based on
MQDT which utilizes the scattering eigenstates of
the system of core plus electron for a description
of the Rydberg spectrum. The fundamental dy-
namical parameters are the phase shifts of the
scattering eigenstates of the system (designated
by 71, where the 11,’s are defined as the eigen-
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quantum defects), the unitary transformation
matrix U,, which connects the jj-coupled states
designated by “i” and the scattering eigenstates
designated by “a,” and the eigenamplitudes, D,
which are the dipole matrix elements between the
ground state and the ath eigenstate. These pa-
rameters, U, U;y, and D,, which are slowly
varying functions of energy, together with the
position of the series limits form the basis for

a complete description of the Rydberg spectrum.’

One of the powerful results of MQDT is that the
two-dimensional Lu-Fano plot®!° contains most
of the information needed to describe the Rydberg
spectrum for a two-limit system (such as Xe,
Cs*, and Ba™") in both the bound and autoionizing
regions. The points on an empirical Lu-Fano
plot are determined by assigning to each bound
level a pair of effective quantum numbers v, and
v,, where v, is defined relative to I, by an equa-
tion similar to Eq. (1). The points (v,,v,) are
plotted with v, (modl) as the ordinate and v,
(mod1) as the abscissa, and a family of smooth,
nonintersecting curves is drawn to connect the
points. These curves define the quantum-defect
functions, 7, (p=1,2,3), which can be continued
smoothly into the autoionizing region between I,
and I, where the 77,’s become the phase shifts
of the three open scattering eigenchannels.

Figure 2 shows a single v cycle of the autoion-
izing spectrum (which is nearly periodic in v,)
for Xe, Cs*, and Ba'" placed above the associ-
ated Lu-Fano plot. The points drawn on the Lu-
Fano curves for Xe and Ba'* are taken from
measurements!! of the bound spectrum of those
species. The theoretical results for Cs*, cal-
culated by the RRPA method,® are included to
illustrate better the systematic changes in going
along the isoelectronic sequence.

We now focus on the relationships between the
Lu-Fano plot and the photoabsorption between I,
and I,. The occurrence of a resonance is ac-
companied by a unit increase in2;7,,”' as can
be clearly seen in Fig. 2. For Xe, near the d’
resonance, the curves show a gradual slope which
is associated with a broad resonance, while in
Ba** all of the curves have sharp, well-defined
steps and the resonances are correspondingly
narrow. Sharp, well-defined steps are observed
near all s’ resonances which are also narrow.
The relationship between the 7, curves and the
autoionizing spectrum allows us to exploit certain
properties of the Lu-Fano plot to describe the
observed decrease in the d’ resonance widths.

In the limiting case of no interaction between
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FIG. 2. One v cycle of the Xe, Cs*, and Ba* spectra; (b) Lu-Fano plots of these spectra obtained from Ref. 11.
The d3/, and s/, levels (going to I,) are unresolved in Ba**; only the s, /, levels are denoted in the figure. The

Cs* results are from our RRPA calculation.

the channels and no dependence of the MQDT pa-
rameters on energy, the Lu-Fano plot (of 'rp)
would consist of three horizontal lines (constant
v,) associated with the ®P,,,nl channels and two
vertical lines (constant v,) associated with the
2P1,2nl' channels. Since there is always a resid-
ual interaction in any real case, a closer inspec-
tion near the points of possible intersection would
show sharply avoided crossings. A situation of
this type is shown in the Cs* Lu-Fano plot in the
region near v,=0.5, v,=0.65 and 0.85. As the
interaction between two channels increases so
does the range and magnitude of repulsion in the
avoided crossing between the corresponding
curves. The 7, curves for Ba®" are all charac-
terized by narrow avoided crossings while those
for Xe (i.e., near d’ resonances) show wide
avoided crossings. A similar connection has
been pointed out in the analogous e-H scattering
resonances by Macek,”

Autoionizing widths are thus closely related to
the steepness of the steps in 7,. In order to con-
nect the differences between the Xe and Ba'" Lu-
Fano plots to correlation effects, we must intro-

duce one further result of MQDT: the intersec-
tion of a Lu-Fano 7, curve with the diagonal,
defined by v,(mod1)=v,(modl), gives the eigen-
quantum defect u,."° As can be seen in the pro-
gression of the Lu-Fano plots from Xe to Ba™",
the avoided crossings become narrower and ap-
proach the diagonal. As a consequence, the eigen-
quantum defects associated with an avoided cross-
ing approach a common value. Our calculations
show that the scattering eigenstates are nearly
LS coupled for Xe, Cs*, and Ba®™"; we designate
them as (p®s)°P,'P for a=1,2 and (p°d)°P,°D,'P
for a=3,4,5. The experimental values of u, (for
a=1-5), determined from the Lu-Fano plots, are
as follow: Xe{1.05, 0.99, 0.54, 0.34, 0.18}; Ba**
{0.26, 0.21, 0.24, 0.17, 0.10}. (For comparison,
the theoretical values are Xe {1.01, 0.94, 0.55,
0.32, 0.06}; Cs*{0.52, 0.48, 0.37, 0.28, 0.11};
Ba**{0.21, 0.17, 0.19, 0.12, 0.05}.) It is obvious
from the figure or the p values that the difference
between the p°s eigenquantum defects (1, and u,)
are relatively small for Xe and decrease by a
small amount in going from Xe to Ba** while the
differences between the p°d defects (u,, K, and
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FIG. 3. Lowest-order RRPA calculation of the effec-
tive potential, V.¢¢, for 5p°d channels of Xe, Cat*, and
Ba*t,

Ug) are large for Xe and decrease dramatically

in going from Xe to Ba**. The smaller differenc-
es between the p%d eigenquantum defects (which
are proportional to the eigen phase shifts of the
p% °P, °D, and 'P channels) in Ba** reflects a
decrease in term dependence associated with the
increase in effective nuclear charge.

To demonstrate how the eigenquantum defects
are affected by changing correlation effects along
the isoelectronic sequence, we calculated the ef-
fective potential for the p°d channels. The coupled-
channel equations used in RRPA are in general
given by

(r+V, —€)Y,=2,,;V;Y;, (2)

where & is the single-particle Hamiltonian, V; is
the central potential for the excited orbital Y; in
the ith channel, and V;; is the potential operator
that couples the i/th and the jth channels. In the
lowest-order calculations where channel interac-
tions are neglected [right-hand side set equal to

0 in Eq. (2)], electrons move in an effective po-
tential V. ¢ arising from the central potential V;
and the centrifugal barrier I(I + 1)%2/2m»2. Addi-
tion of the diagonal channel-coupling terms V ;Y ,
to account for intrachannel exchange, results in

a term-dependent Dirac-Fock calculation while
the additional coupling terms V;;Y; account for
interchannel correlation. It is the addition of
these correlation effects which results in different
eigenquantum defects for the five different chan-
nels. Conversely, the magnitude of the eigen-
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quantum defect differences is a measure of the
importance of correlation effects relative to the
effective central potential.

In Fig. 3, the effective potential V ¢ for the
p°d channels are shown for Xe, Cs*, and Ba**.
The central potential V; is the Dirac-Hartree
potential for the ionic core; essentially it is the
V;; "V potential discussed by Johnson and Lin,'®
One sees that there is a plateau in this effective
potential for Xe, and that this plateau gradually
disappears in the effective potentials of Cs* and
Ba'*. The plateau in the effective potential of
Xe arises from a near cancellation between the
central potential and the centrifugal barrier in the
valence region. The result is that the Xe* core
is very sensitive to otherwise small perturbations
due to channel correlations.

We have thus seen how amplified correlation
effects enhance the term dependence of the wave
functions of the LS eigenstates, subsequently lead-
ing to large eigenquantum defect differences in
Xe. As the central potential becomes more dom-
inant with increasing core charge, the eigen-
quantum defect differences decrease in Cs* and
Ba*". The decreasing autoionization widths with
increasing core charge are thus viewed to be a
consequence of the increasing importance of the
nuclear term of the central potential. By con-
trast, there is no centrifugal barrier in the p°s
channels; the eigen phase shift difference between
the excited s orbitals is always small (hence, so
are the autoionization widths) and varies little
along the isoelectronic sequence.
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