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Interference effects in the autoionization of 4f7h and 6dni states of barium
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In a two-step pulsed laser experiment 4f5,z7h J=4,5,6, autoionizing levels of Ba were excited. The

4fs,z7h levels interact with 6ds, 2ni levels resulting in complex interference patterns. The excitation spectra
were calculated using the eigenchannel R-matrix method in combination with multichannel quantum-defect

theory. These R-matrix calculations reproduce the excitation spectra, including the interference patterns which
involve q-reversal and stabilization against autoionization in the 6d5izni series, very well. The excitation
spectra for J= 5 are also analyzed using a phase-shifted R-matrix model in which only three channels had to
be included to reproduce the main experimental features. The three-channel model clearly shows that the
stabilization against autoionization in the 6d5i2ni Rydberg series is a result of interference in the decay of
4fs,27h and 6d»2ni levels, autoionizing into the same 6d3/2ei continuum.

PACS number(s): 32.80.Dz, 32.80.Fb, 31.50.+w

I. INTRODUCTION

In recent years much attention has been given to high-

lying autoionizing states of alkaline-earth-metal atoms. In
multistep laser experiments series of doubly excited states
were studied at increasingly high energy [1—3]. Simulta-
neously considerable progress in the capability of calculating
photoionization cross sections of the alkaline-earth-metal at-
oms has been achieved. In particular the combination of
eigenchannel R-matrix calculations and multichannel
quantum-defect theory (MQDT) [4—6] has been successful
in reproducing experimental photoionization spectra, at exci-
tation energies up to 7 eV above the first ionization limit for
Ba [7—9].

In alkaline-earth-metal atoms the two valence electrons
move in the field of a doubly charged core. The valence
electrons of the heavier alkaline-earth metals are only loosely
bound, facilitating the study of electron correlation effects
using laser spectroscopic techniques. However, the spatial
extension of the 2+ core complicates the interpretation of
correlation effects. Therefore much experimental effort has
recently gone into reducing core penetration effects by excit-
ing boch valence electrons to states with high orbital angular
momentum 1 [10,11].Since the 'So ground state of alkaline-
earth-metal atoms contains two ns electrons (with n = 5 for
Sr and n = 6 for Ba) this requires multistep laser excitation.
To reach a high-I value for one of the electrons the Stark
switching technique [12] can be applied, in which excitation
of the first electron takes place in an electric field, followed
by sequential laser excitation of the inner electron. Examples
of this technique are the excitation of 6gnl states in Sr by
Eichmann, Lange, and Sandner [13]and 8snl states of Ba by
Camus et al. [14].

In the present experiment we use metastable states of the

~The Laboratoire Aime Cotton is associated with the Universite
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5d configuration and weak configuration mixing to populate
high-lying doubly excited levels of barium with a fairly high
l for both electrons. In a resonant two-step pulsed laser ex-
periment based on an isolated-core-excitation scheme (ICE)
[15]4f7h 1=4—6 autoionizing states of barium, lying in the
energy range between the 6d3i2 and 6dzi2 thresholds at 5.7
eV above the 6s ionization limit were excited via 5d7h in-
termediate levels.

The ICE experimental technique has been shown to be
adequate to excite Ba 4fnl autoionizing levels from 5dnl
levels [10,11] in spite of the collapse effect which affects the
4f orbital [16,17].

Complex interference patterns, resulting from the interac-
tion between broad 4fs/27h resonances and narrow 6d5/zni
series, were observed. The problem of Rydberg series of au-
toionizing states interacting with a broad resonance has been
discussed in several papers [18—24]. In particular q reversal
[25] across a contour of the broad resonance was first ob-
served by Connerade [22] in Tl. In the energy range just
above the first ionization limit it has been shown that inter-
ference between different autoionization decay channels of
doubly excited states can lead to an important narrowing of
linewidths and even to stabilization against autoionization
[18,19].

Data on doubly excited states are often analyzed using
empirical MQDT models. From these models no detailed
information on the wave functions of excited levels can be
deduced. This information, which is of importance when lev-
els are considered for further excitation to double Rydberg
states, may be obtained from eigenchannel R-matrix calcula-
tions such as recently performed on various autoionizing Ry-
dberg series of Ba [8,9,26]. Here the results of an experimen-
tal study of interacting 4f5/27h and 6ds/zni states in the
87 970—88 110-cm ' range are confronted with eigenchan-
nel R-matrix calculations. The one-step excitation spectra of
5d3i27h levels were investigated in detail, both theoretically
and experimentally, in order to determine the correct wave
functions for these intermediate levels. Next the excitation
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FIG. l. Energy-level diagram of barium for the two-step laser excitation of 4f5/27h J'=4 —6 levels via autoionizing intermediate

5d3&27h J=5 levels and starting out from metastable 5d J=4 levels. The arrows indicating autoionization paths are denoted by e . Only
the highly excited 6d3/Q and 7s ions, produced in the autoionization process of the 4f5/&7 h levels, may be excited by the UV laser to yield
Ba + signal; this is indicated by vertical arrows. The right-hand side of the figure reveals more details in the energy range in which the

4f5/27h levels are located.

spectra of the even parity 4f7h, 6dnt J=4—6 levels were
investigated. An excellent quantitative agreement between
calculated and observed excitation spectra was found, pro-
viding correct assignments for all observed features. The
phase-shifted MQDT formalism [20,27,28] is used to ana-

lyze the observed interference pattern for 1=5. A simplified
treatment, involving only three channels, is developed to ex-
plain the interference, q reversal, and stabilization effects in
the autoionization process.

II. EXPERIMENT

The 4fs/27h J' =4—6 autoionizing states of barium were
studied in a resonant two-step pulsed laser experiment, based
on an isolated-core-excitation scheme and using an atomic
beam. The excitation scheme showing the relevant energy
levels and ionization limits is shown in Fig. 1. First, Ba
atoms in metastable 5d F4 or 'G4 states were excited to
an autoionizing intermediate Sd3&27h J= 5 state with a tun-
able pulsed dye laser (bandwidth 0.07 cm '). This dye laser,
operating on Coumarine dyes, was pumped by 30% of the
third harmonic output (355 nm) of a Nd: YAG (yttrium alu-
minum garnet) laser. The intermediate 5d7h states, located
just above the first 6s ionization limit, can be excited from

5d levels because of the mixing of the 5dnf and 5dnh
wave functions. An experimental spectrum of the one-step
laser excitation from the 5d 'G4 level, recorded by Ba+
detection, is shown in Fig. 2. The 5dnh states are identified
in jK coupling. In the second step, the frequency-doubled
output of a second dye laser, pumped by the remaining 70%
of the 355-nm output of the YAG laser, further excited the Ba
atoms from an intermediate 5 d3/27 h [K] J= 5 state to

4f5/27h J' states. For this purpose about 1 mJ/pulse of UV
light was produced in a P-BaB204 (BBO) crystal at wave-

lengths close to the Ba+5d3/2 —&4fs/2 ionic transition at 230.5
nm.

For the high-lying 4f&/27h states at 5.7 eV above the 6s
ionization limit many continua are available for autoionizing
decay. The Coulomb repulsion between the two valence elec-
trons couples the 4fs/27h states to several continua, resulting
in Ba+ ions in 6$5dj 6p j 7s, and 6dj states and elec-
trons in a wide range of energies. As can be seen from Fig. 1

the 4f&/27 h states are located in between the upper and lower
6d -ionization limit (at 88 189.79 cm for j=5/2 and
87 984.39 cm ' for j=3/2). The 4fs/27h states interact with

6d3/2el' continuum states (l' =4 or 6) via dipole coupling.
Autoionization of the 4f5/27h states is therefore expected to
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FIG. 2. Experimental spectrum of 5dnh levels in the vicinity of
the strong Sd3/27 f 2= 5 resonance. The Sdnh components are ex-
cited because of a small amount of 5dnf J=5 character in their
wave functions. The recorded Ba+ signal is shown vs the energy
with respect to the 6s 'So ground state. The 5d3/27h 1=5 state is
used as an intermediate state for further excitation to 4fs/&7h J
levels.

result mainly in very slow electrons of a few meV energy
and Ba ions in the 6d3/2 state. Direct photoionization of
ground-state Ba atoms by UV light as well as autoionization
of the low-lying intermediate 5d3/27h level also creates slow
electrons (0.17 and 0.33 eV, respectively). Since the energy
resolution in our setup was not sufficient to distinguish be-
tween these different processes, electron detection was not
feasible to record 4f7h spectra. Therefore, we resorted to
Ba + detection. The ions in highly excited 6d3/p (or 7s, /2)

states, resulting from the autoionization process of the
4fs/27 h states, were photoionized by the UV light. So at each
wavelength the recorded Ba + signal is a product of the
cross section for the excitation of the 4fs/27h resonances, the
partial autoionization rate of the 4fs/z7 h states into

6d3/2 el ' (or 7 s &/@el
'
) continua and the photoionization cross

section for the 6d3/2 (or 7s»2) Ba ions.
An important characteristic of Ba + detection is that at-

oms autoionizing into 6sel', 5d~el', and 6p el' continua
are not detected since the energy of the UV photons is not
sufficient for photoionization of ions in these states. Another
characteristic of this detection method is that metastable

5d3/2 ions, produced by direct photoionization of Ba atoms
in metastable states, can be excited to 4fs/2 states and sub-

sequently photoionized by the UV laser, giving rise to a large
Ba + signal at the Ba+Sd3/2~4fs/2 ionic transition energy.
This ion transition, which appeared as a strong feature in the
spectrum of the doubly excited 4f5/27h states, was used as a
frequency marker.

The two counterpropagating dye laser beams with linear,
crossed polarizations were aligned to overlap and perpen-
dicularly intersect an atomic beam. Since the lifetime of the
intermediate Sd7h state (= 100 ps) is short compared to the
laser pulse duration (4 —5 ns), the laser pulses were also tem-
porally overlapped in the interaction region. The temporal
overlap of the laser pulses turned out to be a sensitive pa-
rameter in the experiment. A small time delay of the UV-

laser pulse strongly reduced the Ba + signal due to the fast
autoionization of the intermediate state, while a small time
delay of the laser pulse exciting the 5d7h state resulted in
depletion of the initial 5d state due to direct photoionization
of this state by the UV light.

The atomic beam was produced by radiatively heating a
small tantalum oven containing a sample of natural barium.
The Ba atoms were transferred to metastable 5d states in a
low voltage discharge running at 800 mA between oven and
filament with an estimated efficiency of 10 . The meta-
stable barium atoms were excited between two capacitor
plates both at zero potential. A few hundred ns after the laser
excitation a pulse of 300 V was applied to one of the plates
yielding a high collection efficiency for the ions. A grid at
negative dc voltage, positioned in between this plate and the
detector, was used to narrow down the velocity distribution
of the ions, i.e., the width of the ion signals, to about 100 ns.
The ions were detected with an electron multiplier. Direct
photoionization by the UV light of Ba atoms in 6s5d meta-
stable states, also populated in the discharge, gave rise to a
strong Ba+ signal. The Ba+ and Ba + ion signals are sepa-
rated by a p, s in time due to the different time of fIights of
the ions. The Ba signal was found in between Ca+ and
Sr+ signals caused by photoionization of Ca and Sr impuri-
ties in the Ba sample. The 300-ns delay between the Sr and
Ba + signals was sufficient to separate the ion signals. The
Ba + signals were integrated using a gated boxcar and stored
on a computer.

The wavelengths of the visible output of the dye lasers
were calibrated with an accuracy of 0.10 cm ' using a
home-built echelle-grating wavelength meter. The frequency-
doubled output of the second dye laser was scanned across
4f7 h resonances with a step size chosen equal to the instru-
mental linewidth of =0.2 cm '. At each wavelength setting
the signal of 15 laser shots was summed. A compromise
between step size and signal averaging had to be found since
the discharge, running between oven and filament, could
only be sustained for about 3 h for each oven filling. During
this time production of metastable atoms slowly went down.
To account for this decrease the Ba + signal was divided by
the Ba+ signal. This procedure also compensates for short
term fluctuations in the metastable production and in the la-
ser power, and as a result the signal-to-noise ratio is signifi-
cantly increased.

A spectrum of 4fs/27 h states excited from the
Sd3/$7h[11/2] J=5 state is shown in Fig. 3(a). A rapid os-
cillation on top of a broad structure with a full-width at half
maximum (FWHM) of 45 cm ' is observed. The broad reso-
nance, centered at 88033 (1) cm ' above the 6s 'So
ground state, is identified as a 4f&/27h J' = 5 state t8]. Since
the 4f5/27h and 5d3/27h states have similar small quantum
defects, the Ba Sd3/$~4f5/p ionic transition is observed
near to the center of the broad 4f7h resonance. The narrow
resonances are identified as members of a 6dni Rydberg
series converging to the 6ds/2 ionization limit (see Sec. IV).
The 6dz/2ni states show a remarkable stabilization against
autoionization toward lower energies. The n=23 and 24
resonances have experimental linewidths close to the instru-
mental width of 0.2 cm

In Fig. 4(a) a spectrum of the excitation from the state
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for 4fnl levels which involve a 4f orbital which is ex-
tremely sensitive to centrifugal barrier effects [16,17].

The two-electron basis functions introduced in the varia-
tional calculation describe not only the open and weakly
closed channels in which the outermost electron can escape
from the reaction volume but also "strongly closed" chan-
nels where both electrons are confined within the reaction
volume. These channels describe various polarization and
correlation effects and play a decisive role in the success of
eigenchannel R-matrix calculations.

The R-matrix calculations give the energy-dependent jj-
coupled short-range reaction matrix K(E) characterizing the
interactions between the MQDT fragmentation channels for
a given J symmetry. The dimension of the reaction matrix
K(E) equals the number of open or weakly closed fragmen-
tation channels i (i =ttnlj n'l'j']) in which one electron can
escape from the R-matrix reaction volume.

The R-matrix calculation performed for the odd-parity
J=4 (J=5) symmetry includes nine (11) open or weakly
closed channels converging to the Ba+ 6s and 5d, thresh-
olds. The description of the even-parity J' =4—6 symmetries
in the energy range containing the Ba+ 6d~ thresholds re-
quires the determination of larger reaction matrices of di-
mensions 47, 44, and 37 for J'=4, 5, and 6, respectively.
The R-matrix and MQDT calculations then include open and

weakly closed nljn'l'j' channels converging to the Ba+,
6s, 5d, , 6p, , 7s, 6d, , 4f, , and 7p, thresholds. Except for
channels converging to the 4f and 7p thresholds, all pos-
sible l' values are used. For 4fn'l' and 7pn'l' channels,
values are restricted to l ' ~5. The set of channels for
J'=6 is identical to that previously used to study 6dn, g
J=6 levels [8] while those relevant to J' =4 or 5 differ from
those used for calculating the 7sng J=4 [9] or 4fnf J=5
levels [26] only by the additional inclusion of 4fn'h chan-
nels. The variational basis sets used in this work include
1900—2500 two-electron functions depending on the symme-
try.

B. MQDT treatment

Once the energy-dependent short-range reaction matrices
K(E) are determined, MQDT is used to extend the wave
functions to distances larger than the R-matrix reaction vol-
ume. The eigenchannel MQDT formulation [31,32] or the
phase-shifted MQDT formulation [20,27,28] is used to im-

pose boundary conditions at large r and to calculate observ-
ables. As specific procedures were described in the papers
quoted above, only some relevant details and formulas are
given here.

1. Physical solutions and density of states in closed channels

Some basic formulas used in the eigenchannel MQDT
formulation are briefIy summarized. In the autoionizating en-

ergy range, the number of physical solutions equals the num-
ber No of open channels. The asymptotic form of the colli-
sion eigenchannel function %' (E), associated with an
eigenphase shift ~v and satisfying standing-wave boundary
conditions, is given by

'P~(E)= g 4; [f; (r)cos(7rr~) —g; (r)sin(err~)]
L EO

~ t

XT, , (E)+g 4;P;(v;, r)Z; (E).

In Eq. (1), rIi represents a channel function associated with
either an open (i' E o) or a closed (i e c) fragmentation
channel, f; and g; are regular and irregular energy-
normalized Coulomb functions, P;(v;, r) is an exponentially
decreasing Coulomb function [32] and v; is the effective
quantum number in channel i The. coefficients T, (E) and

Z; (E) describe the relative admixture of the open and
closed fragmentation channels, respectively.

The 4f&&z7h levels, located between the Ba+ 6d3&z and

6d»2 ionization limits, give rise to intricate structures corre-
sponding to complex resonance patterns [21] because the
4fs&z7h levels interact with dense Rydberg series of nonover-

lapping resonances converging to the 6d»2 ionization limit.
Quantitative information on the positions and widths of the
autoionizing levels, derived in a way that does not depend on
the excitation scheme may be of great help to identify ob-
served complex resonances. This information can be ob-
tained [8,9,26] by analyzing the energy dependence of the
partial densities of states in closed channels. Closed channels
are better described in jK coupling, so jK-coupled closed
channels i =ttnlj n'i'[K]J') are introduced. The partial den-

sity of states in channel i is given by

ds;(E) = g [Z;p(E)] . (2)

Treating the 6d»2n, 'l' channels as open channels in the
MQDT calculation of the density-of-states profiles or of the
photoionization spectra results in the positions and "unper-
turbed widths" of the 4fs~z7h[K]J' levels. These "unper-
turbed widths" correspond roughly to the spectral energy
ranges over which the 6d»2n ' l ' series are perturbed by the

4f5,z7h[K]J' levels.

2. Photoionigation spectra

To calculate the photoionization cross-sections involved
in the two steps of the excitation process, two different ap-
proximations are used.

(i) For the first step, the excitation spectra of odd-parity
5dnh J=4,5 levels from the 5d F4 and 'G4 levels are
calculated by assuming that the 5d levels are contained
within the R-matrix reaction volume. The wave functions of
the initial states, accounting for configuration interaction, as
well as the dipole matrix elements connecting the initial lev-
els to the open and closed channels are determined within the
reaction volume.

(ii) The second step concerns the 5d3&z7h[K]
J=5 +4f5&z7h J' =4 —6 —excitation processes with K= 11/2
and 9/2. The 5d7h wave functions extend too far out to
permit a correct description of 5d7h levels within the reac-
tion volume of radius ro= 50 a.u. and excitation spectra are
calculated using the ICE approximation.

The validity of this approximation relies mainly on the
absence of spatial overlap between the inner and outer elec-
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tron orbitals. We have checked that this nonoverlapping
property holds in both initial and final states. Our excitation
scheme is comparable to the excitation of the 4f5g from
5f5g levels [11]. It was recently shown that the ICE ap-
proximation well describes the excitation of the 4f5 g levels,
although these levels are the lowest members of the 4fng
Rydberg series [30].

The initial states are of the type I/o = 4 oPo( po, r), where

4o denotes the Sd3/2n'h[K] J=S channel function; vo is
the effective quantum number.

The ICE approximation is based on negligible continuum
excitation and excitation of the inner electron only. The wave
function of the initial state of the Rydberg electron is pro-
jected on that of the excited state.

The transition moment for the closed channel i is given

terference pattern observed in excitation from the
Sd»z7h[11/2] J=5 level. The procedure used to determine
the complete sets of phase-shifted parameters is briefly out-
lined here, while the simplified treatment using a three-
channel MQDT model will be presented later in Sec. IV.

In phase-shifted MQDT, the general problem of N inter-
acting channels (N=No+N, ) is reduced to a simpler prob-
lem involving closed channels only, the presence of open
channels being taken into account globally. Restricting the
reaction matrix K(F) to the closed-channel set and defining
fragmentation channels on phase-shifted Coulomb functions,
phase-shifted quantum defects p, ; and a transformed complex
reaction matrix ~,', are obtained with elements of the form

D =(@olDIC' )(Po(~o ")lP (P ")) (3)

where the one-photon transition moment implicitly contains
all the angular coefficients related to the polarizations of the
two lasers involved in the excitation process as well as those
related to the decoupling of the individual angular momenta
and spins from the total angular momentum. In Eq. (3), the
overlap integral for the outer electron (Po(po, r) lP;(v;, r))
is approximately proportional to 8'( lo, l;) sin sr( p, —vo)/
( p, —po). lo and l, are the orbital momenta of the outer elec-
tron in the initial and final state [33]. Starting from a pure
jK-coupled Sd»27h[K] level, because of the 8'(lo, l, ) func-
tion, only the transition moments D, associated with

4fs/27h channels have nonzero values, i.e., only these latter
channels are excited directly. The inhuence of deviations
from pure jK coupling for the 5d3/27h levels will be dis-
cussed in Sec. IV.

The partial photoionization cross section in the open
channel i ' is given by

o; =47r ate g g T, Z, D,exp(ivrr )
P lEC

(4)

where u is the fine-structure constant and co the photon fre-
quency [34].

The calculation of partial photoionization cross sections
corresponding to the decay into the various continua allows
for the computation of theoretical spectra comparable to the
experimental spectra as well as for the analysis of the auto-
ionization mechanisms of final states.

3. Phase shifted ////IQDT para-meters

The phase-shifted MQDT formulation [20,27,28] is used
in this paper to analyze the interfering resonance patterns
observed in the excitation spectra of 4fs/27h levels from
5d3/27h levels. This analysis is performed in two steps. First,
from the complete short-range reaction matrix obtained with
the R-matrix method energy-dependent phase-shifted MQDT
parameters describing the interactions between the N, closed
channels and the No continua relevant to the energy range
under study are calculated for each J' value. This is done by
using the formulation worked out by Lecomte [28]. Then a
simplified phase-shifted MQDT model deduced from the
complete phase-shifted treatment is used to analyze the in-

with r;;=0. As detailed elsewhere [28], the real r, elements
describe the direct coupling between the closed channels.
Moreover, this approach introduces N, effective continua
and the N, vectors R;, involved in the imaginary part of the
K matrix, describe the couplings between the closed chan-
nels and the effective continua. When the resonances pertain-
ing to channel i are well separated from the others, p, ; and

lR;l characterize the positions and scaled autoionizing
widths y, =l;(v;) =2lR;l /7r (I; is the FWHM autoioniz-
ation width in a.u.) of the resonances in channel i In add. i-
tion, the evaluation of the effective continua in terms of the

jj-coupled open fragmentation channels permits the branch-
ing ratios for autoionization to be calculated for each closed
channel, i.e., to analyze the continua to which autoionizing
levels preferentially decay.

IV. RESULTS AND DISCUSSION

A. Intermediate 5d3/27h levels

The Sdnh configurations all lie above the first ionization
limit at 42 034.90 cm and autoionize into 6s»2el continua.
The autoionization rates are low; for the Sd5/2nh J=5 states
above the 5d3/2 threshold (n =20—50) a scaled autoionization
rate n3I = 800 GHz (FWHM) was reported [35].The Sdnh
states can be excited from Sd states due to configuration
interaction between Sdnf and Sdnh states. In the experi-
ment we only observed Sdnh states in the vicinity of 5dnf
resonances. An example is given in Fig. 2, where the spec-
trum of the laser excitation from the metastable Sd 'G4
state at 24 696.28 cm ' is shown. The 5d, nh[K] J=5 lev-
els with n=6 and 7 interact with the strong Sd&/26f J=5
resonance at 44 652.85 cm ' [35], resulting in asymmetric
line profiles. The spectrum in Fig. 2, taken at low laser power
(10 p, J/pulse), shows the 5 d3/27h[11/2] J= 5 state. At higher
laser power the 5d3/27h[9/2] J= 5 is observed as well. Both
states were also excited from the 5d F4 metastable state at
21623.75 cm '. The observed linewidths for the Sd3/27h
J=5 states are close to laser linewidth (0.067 cm '). The
Sd3/27h[7/2] state was excited from the Sd F3 metastable
state at 21 250.17 cm '. We also observed Sd3/214h J=5
and Sds/29h J=S states located near the Sd»z14f7/p J=5
state in excitation from the 5d I' 'G4 state. Using high laser
powers of 10 mJ/pulse, some other Sdnh states could be
excited from the Sd 'G4 state. The energy positions of the
observed 5 dn h states are collected in Table I. The
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TABLE I. Energy positions (in cm ') of the observed Sd/nh
states with respect to 6s 'So ground state; uncertainties 0.15
CIA

Level

E 11/2 9/2 7/2

5 d3/26h

5d3/27h

5d3/211h

5d3/214h

5d5/26h

5d5/29h

43 848.09
44 661.16
45 999.66
46 347.77
44 648.25
46 350.85

43 851.18
44 663.16

46 347.96
44 651.54
46 351.87

44 670.01

Sd3/z7h[11/2]5 and Sd3/z7h[9/2]5 levels were used as in-
termediates in the two-step excitation of 4f5/z7hJ' levels
from Sd 'G4 and F4 levels, respectively.

R-matrix calculations for the odd-parity J=4 and 5 sym-
metries below the Sd3/2 limit give energy positions of 5dnh
levels and the mixing of 5dnh levels with 5dn f levels. As
explained elsewhere [28,31] the complete reaction matrix
K(E) referring to closed and open channels for a given J
value can be contracted to give an effective reaction matrix
restricted to closed channels only. Using this matrix, MQDT
techniques adapted to bound spectra can be used to calculate
the energy positions of resonant levels, to identify the levels,
and to display channel mixing by drawing Lu-Fano plots.
The Lu-Fano plots obtained in this way for J=4 and 5 are
very similar those obtained empirically by Bente and Hoger-
vorst [35,36] from the energy positions of 5dn f levels. How-
ever, the theoretical Lu-Fano plots account in addition for the
mixing of 5dnf Rydberg series with 5dnh and Sdnp (for
J=4) series. Theoretical energy positions for 5dnf and
Sdnh levels agree well with the measured energies, devia-
tions being for most of the levels smaller than 1 cm '. The
5dnh 5dnf mixin-g is extremely small except when the
5dnh and Sdn f levels are very close in energy. The quantum
defects of 5dnh series have values of the order of 0.01—0.02.
Due to their interaction with Sd'/zn f levels some Sd3/zn f
levels are shifted toward similar small quantum defects. This
occurs for the Sd3/z7 f and Sd3/z14f J=5 levels. This fully
supports the fact that at low laser powers only Sdnh J=5
levels in the vicinity of the Sd3/z7 f and Sd3/z14f J=5 levels
have been observed in excitation from Sd levels. It must be
noted that for n~20, the quantum defects of 5d3/zn f J=4
levels are ~0.08, even for levels close to the Sds/zn f levels.

We also calculated the excitation spectra of J=4 and 5
levels form the Sd 'G4 and F4 levels in the 44 654—44
670-cm energy range displayed in Fig. 2. The excitation
spectra of J=S levels show fiye peaks associated with the
Sd5,z6h (K=11/2 and 9/2), 5d3/z7fj/z and 5d3/z7h
(K= 1 1/2 and 9/2) levels while the excitation spectra of J=4
levels show four peaks associated with the Sd5/26h and

Sd3/z7h (K=9/2 and 7/2) levels. Because the Sd3/z7 fz/z and

Sd3/z7 fj/z J=4 levels, at 44602.2 and 44614.8 cm ', re-
spectively [35], are far from the 5dnh levels, the excitation
cross sections of J=4 levels are several orders of magnitude
smaller than those of J=5 levels. Likewise the Sdz/z7f5/z
and 5d3/z7 f7/z J 3 levels lie [37] far from the expected
positions of 5d5/26h and Sd3/27h J= 3 levels. In conclusion,

the Sdnh levels observed from the Sd J=4 levels can be
assigned to have J= 5.

To conclude this analysis we give some additional infor-
mation on the wave functions of the Sd3/z7h[K] J=5 levels
with K=11/2 and 9/2. The Sd3/z7h[11/2] level is extremely
pure (-99%), the weights of 5d/7 f components in the
wave function expansion being smaller than 0.2%. The
Sd3/z7h[9/2] level is slightly mixed with the Sd~/z6h[9/2]
level (3%) but the Sd/7 f/i components are again small
(~0.8%).

B. Complex resonances associated with 4fs/z7h levels

1. Contribution of 4f7f levels

As discussed in Sec. IV A, the 5d3/z7h[K] J=S levels
with K=9/2 and 11/2 are weakly mixed with Sd7f levels.
Two 4f7f levels are predicted [8,24] to be located between
the 6d3/2 and 6d&/2 thresholds, so we first checked whether
the observed structures may be associated with these levels.
The 4f7f H6 level is expected at 88010 cm ' with an
unperturbed width (see Sec. III B 1) of 50 cm ', while the
4f7f F4 level at 88095 cm ' has an unperturbed width of
40 cm '. The energy positions and widths obtained in the
present work agree with those of Ref. [26]. However, we
found that these levels are better described in jj than in LS
coupling, both corresponding to 4fj/z7 fj/z levels. We have
calculated the ICE excitation spectra of these J' =4 and 6
levels from Sd3/z7h[9/2] J=5 by considering in the wave
function of the initial state only the small Sd5/z7 f compo-
nents (~0.3%) from which the 4fj/z7fj/z levels may be ex-
cited. The excitation spectra exhibit complex resonances
around the position of the 4fj/z7 fj/z J'=4 and 6 levels but
the cross sections are two to three orders of magnitude
smaller than those obtained by assuming the 5d3/z7h[9/2]
J=5 level is not mixed with 5d 7f, . Thus the observed
structures correspond undoubtedly to 4fs/z7h levels. We
have also checked that the other small components in the
wave-function expansion of the Sd3/z7h[K] J=5 initial lev-
els do not contribute to the cross sections. Therefore, the
results presented below are obtained by assuming that the
5d3,z7h[K] J=5 initial levels are purely jK coupled.

2. Characteristics of the 4f~/&7h levels

The positions, quantum defects and unperturbed widths of
the 4f~/z7h[K]J' levels obtained by treating the 6dz/znl'
channels as open in the MQDT calculations of the

5d3,z7h[K] J=5~4fz/z7h J'=4 —6 spectra with K=11/2
and 9/2 are collected in Table II. Due to the negligible con-
tribution of the exchange electrostatic interaction, the two
levels J'=K~1/2 belonging to the same jK doublet are
nearly degenerate and have the same width. In the same
table, the continua which contribute significantly to the auto-
ionization branching ratios of 4f5/z7h[K] levels are listed.
These results, obtained using phase-shifted MQDT param-
eters, agree with those derived from the R-matrix calcula-
tions for the partial photoionization cross sections of the

5d3/z7h[K] J=5~4f~/z7h J'=4 —6 processes. The
4fq/z7h[K] states are found to decay primarily into the
6d3/zei or 6d3/zeg continua (dipole-induced autoionization).
Levels decaying preferentially to the 6d3/2eg continua have
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TABLE II. Characteristic parameters of 4fs/z7h[Ã] J' states derived from R-matrix calculations. Energy
positions relative to the 6s 'So ground state, quantum defects with respect to the 4f~/z threshold, "unper-
turbed widths" (see Sec. III), branching ratios for autoionization, and dipole matrix elements in excitation
from 5d»z7h[11/2]5 and 5d»z7h [9/2]5 are given.

State F. (cm ') I (cm ') Branching ratios (%) d;' d-

4f»z7h[11/2]5
4fs/z7 h[ 11/2]6
4fs/z7 h [ 13/2] 6

4fs/z7 h [9/2]4
4f s7/zh [9/2]5
4fs/z7 h [7/2]4

88 029.4
88 031.4
88 035.7
88 043.5
88 043.5
88 073.6

+0.038
+0.035
+0.029
+0.016
+0.016
—0.038

27
28
99
6.0
5.9
5.9

6d»zei(85)
6d»ze/(85)
6dz/zei(99)

6d3/z eg (77),7s eg (9)
6d3,zeg(64), 6d»ze/(23)

6d 3/z eg (41),7s eg (27),6p/ et ' (16)

—1.513
+0.134
—1.346
—0.551
+0.114

0.0

—0.182
—1.047

0.0
—0.147
—1.650
—0.841

'Initial level: 5d»z7h[11/2]5.
Initial level: 5d„z7h [9/2]5.

smaller autoionization widths (I —6 cm ') than those

(I ~27 cm ) decaying mainly to the 6d3/ze. i continua. The
differences in the widths of 4f»z7h[K] levels with
K= 11/2 and 13/2 are related to the differences in angular
factors involved in the dipolar coupling terms. Octupole
autoionization to 7sel continua is weak (~9%) except for
the 4fs/z7 h[7/2] J' =4 level which decays significantly
(27%) into the 7s eg continua. This state is the only level for
which decay into continua built on a low-lying Ba+ core is
not negligible. Here the branching ratio associated with
6@el' continua amounts to 16%.

The relative values d, of the angular parts of the dipole
matrix elements D; associated with the excitation of purely
jK-couPled 4f»z7h[K] J' =4—6 levels from the Purelyj K
coupled 5d3/z7h[11/2] and 5d3/z7h[9/2] J=5 levels are
also collected in Table II. The d; values strongly depend on
the initial state. From the 5d 3/z7 h [11/2] J= 5 level,

4fs/z7h[K] J' levels with J'=K —1/2 are predominantly
excited while from the 5d3/z7h[9/2] J=5 level the excita-
tion of 4fs/z7h[K] J' levels with J' =K+ 1/2 is favored.

3. 4fs/z7h excitation spectra

Excitation spectra were recorded, detecting Ba + ions
produced by photoionization of Ba 6d3/2 and 7s ions with
the UV photons also used to excite 4f»z7h levels from

Sd3/27h levels. The photoionization cross sections of the
Ba+ ions at the energy of the UV photons were obtained by
a calculation in a central potential model approximation [38].
Due to the prevalence of the 6d~ef transition over the
7s~ ep transition, photoionization of 6d3/2 ions is found to
be 30 times more probable than that of 7s ions.

As photoionization of 7s ions is weak, experimental spec-
tra are compared with the partial photoionization cross sec-
tions of the 5d»z7h[K] J=5~4fs/z7h J' processes
(summed for J' =4 —6) corresponding to electron ejection
into the 6d3/&el' continua only. The comparison between ex-
periment and theory is shown in Figs. 3 and 4. The theoreti-
cal spectra in Figs. 3(b) and 4(b) have been convoluted with
an instrumental linewidth of 0.2 cm

The spectrum of Fig. 3 displays a complex pattern of
interfering resonances. All resonances fall within the central
lobe of the overlap integral of Eq. (3) which is maximum at
88 046 cm (5ds/z~4fs/z ionic transition). Clearly, in ad-
dition to 4fs/z7h J=4—6 resonances, which are directly ac-

cessible in the ICE process, resonances pertaining to autoion-

izing Rydberg series converging to the Ba+ 6dz/2 threshold
show up in the spectra. The identification of the intense and
narrow peaks on both sides of the central broad features is
deduced from the phase-shifted MQDT r„parameters [Eq.
(5)], which describe the direct coupling between closed
channels and from the analysis of the energy dependence of
the density of states [Eq. (4)] in each closed channel. For
each J' value the matrix elements r„associated with

4f»znh —6d5/zni mixing are 3—10 times larger than the larg-

est elements for the interaction of 4f~,znh and 6d»znd,
6ds/zng, or 6d»znk channels. The strong 4f5,znh —6d»zni
mixing is refIected in the energy dependences of the density
of states in 6d»zni and 4f»znh channels. In the absence of
perturbations the 6d&/2ni density-of-state profiles should dis-

play a regular pattern of narrow peaks with constant inten-

sity. In fact the 4fs/z7h perturbers induce an irregular varia-
tion of their positions, widths, and intensities. The 4f»znh
density-of-states profiles associated with 4fs/znh closed
channels exhibit complex resonance patterns similar to those
visible in Fig. 3, differences between density of states pro-
files and ICE spectra resulting from the dipole matrix ele-
ments. We conclude that the intense and narrow peaks on
both sides of the central broad features in Fig. 3 can be
identified with the 6d5/2ni Rydberg levels with 23~n~37.

Figure 3(c) shows the relative contribution of each final
J' value to the theoretical spectrum. From this figure as well
as from the energy positions of the 4f»z7h[K] J' levels and
the d; values given in Table II an assignment of all the reso-
nances in Fig. 3(b) follows.

The broad resonance at 88 031 cm ' corresponds to the
4f»z7h[11/2] J' =5 level, the narrow peak at 88 037
cm ' to the 6d5/227i 1' =4 level, and the two-peak structure
at 88 039—88 043 cm ', partially masked by the ion signal
in Fig. 3(a), to the 6d»z27i J' =5 and 4f»z7h[9/2] J'= 4
levels. These intense resonances are superimposed on the
very broad 4f»z7h[13/2] J' =6 resonance. Although the d;
value associated with this resonance is large, the cross sec-
tion is relatively small as it is proportional to (d, ) /I and the
unperturbed width I is large (99 cm ').

The 6d5/2ni levels with n~26 lying on the low-energy
side of the broad 4f»z7h J=4—6 resonances are character-
ized by negative values of the line-shape parameter q [25].
The 6d5/2ni levels with n~28, on the right side of the broad
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central structures, have positive values of q. The width of
6d5/2ni levels strongly depends on n. The 6d»223i level,
located below the 6d3/2 ionization limit, as well as the

6d5/224i level are extremely narrow. The predicted widths
for these levels, respectively, are 0.08 and 0.15 cm ', which
are below the instrumental linewidth of 0.2 cm '. These
widths correspond to the overlapping features of J=4—6
symmetries and, in fact, for the J'=5 resonances, widths
~0.01 cm ' are predicted. As follows from Fig. 3(c) the

6d5/2ni levels correspond predominantly to J' = 5 and 6 and,
for a given J' value, both K components are degenerate. The
6d5/2ni levels, which cannot be excited directly from the

5d&/z7h[11/2] J= 5 level, show up in the ICE spectrum due
to their mixing with the 4fz/z7h levels. In contrast, the

6d5/2nd J=4,5, 6dg/png J=4—6, and 6d5/2nk J=5,6 au-

toionizing Rydberg series, which have small or negligible
mixing with the 4f5,z7h levels, do not appear in the spec-
trum.

Despite the complexity of the problem involving three
final J' spectra, each requiring a correct description of the
interactions between a large number of channels, the agree-
ment between the experimental and theoretical spectra in
Fig. 3 is excellent. Clearly, the R-matrix approach success-
fully reproduces the complicated interference pattern involv-
ing q reversal and stabilization against autoionization in the

6d&/zni series interacting with the 4fs/z7h levels. The posi-
tions and profiles of all resonances are well reproduced. A
more detailed analysis of the interference and q-reversal ef-
fects will be presented later in Sec, IV C.

Figure 4 shows the excitation spectrum starting from the
5d3/z7h[9/2] J= 5 level, which also exhibits a complicated
pattern of interfering resonances. It is again due to the inter-
action of the 4fs/z7h levels with mainly the 6dz/zni series.
From the Sds/z7h[9/2] J=5 level, as follows from the last
column of Table II, three 4f&/z7h[K]J' levels have large
excitation dipole matrix elements d;. The broad structure at
88 032 cm ' mainly corresponds to the 4f5/z7 h [11/2]
J'=6 level on which the sharp and narrow 6d5/227i J'=5
resonance is superimposed. The 4f5,z7h[9/2] J' =5 level is
associated with the central intense peak, hidden in Fig. 4(a)
under the ionic signal. The structured resonance around
88 075 cm ' corresponds to the 4fz/z6h[7/2] J'=4 level
interfering with neighboring 6d&/2nl' J' =4 levels, mainly
with L'=6. As in Fig. 3, the interactions of the 4fs/z7h
levels with the 6d»2ni series result in a q reversal along the
6d5/2ni series. Here again the agreement between the experi-
mental and theoretical spectra is excellent, except in the en-

ergy range 88070—88090 cm ', where the 4f&/z7h[7/2]
J' =4 level is located. The calculated position of this level is
shifted compared to the experiment to lower energy by
—10 cm, corresponding to only a small change in the
quantum defect of 0.015.

A remarkable feature observed both in excitation from
Sd3/27h K=9/2 and 11/2 levels is the intensity of the
6d5/223i resonance. This state is located just below the
6d3/2 ionization limit where it interacts with high-n members
of 6d3/2nl' Rydberg series. The 6d&/223i state can only be
observed if it autoionizes into the 7s continuum. The calcu-
lation of the intensity of the 6d5/223i resonance leads to nu-
merical problems since the 6d3/2ni series just below the

6d3/2 threshold are so dense and narrow. Therefore we
treated the 6d5/223i level as if it decays into the 6d3/2 con-
tinuum as well. Because of this assumption the theoretical
spectra are below the 6d3/2 threshold shown as a dashed line.
The remarkable feature is that, despite the much smaller
photoionization cross section of 7s ions compared to 6d
ions, the experimental intensity of the n=23 resonance is
only slightly lower than that of the n = 24 level located above
the 6d3/2 threshold. A detailed treatment of the 6d5/2ni series
below the 6d3/p threshold is required to come to a complete
understanding of the intensity of the 6d5/223i resonance, but
this falls outside the scope of this work.

(Z )'(D )'
1+(Ts) (6)

C. Three-channel MQDT analysis

From Fig. 3(c) it follows that the final J' =5 value pre-
dominantly contributes to the complex interference pattern
and q reversal also shown in Fig. 3(b). Abave the Ba+
6d3/2 threshold, the J' = 5 spectrum involves 20 closed chan-
nels interacting with 24 open channels. This situation is
much more complicated than in the cases studied in Refs.
[18,19], which involve the two 5dz/znd3/z and 5ds/znds/z
J=O autoionizing Rydberg series in Ba coupled to the
6s es 'So continuum. Examination of the phase-shifted
MQDT parameters deduced from R-matrix calculations
shows that for J'=5, to a good approximation, the 44-
channel problem can be reduced to a three-channel problem.
In fact, above the 6d 3/2 ionization threshold the
4f5z7h[l1/2] J'=5 level, which is the only strongly ex-
cited level, is mainly coupled to the 6ds/zni[11/2] Rydberg
series, and both the 4f7h level and the 6dni Rydberg levels
mainly decay into the same 6dz/zel [11/2] continuum.

We performed a three-channel MQDT treatment of the
J'=5 spectrum (above the 6d&/z limit) using a set of five
phase-shifted parameters whose values are fixed at the values
obtained from the complete treatment. In contrast to previous
analysis of complex resonances [17—19] using phase-shifted
MQDT parameters fitted to experimental data, in the present
treatment the parameters are calculated using the R-matrix
approach. Denoting by (1) the continuum and by (2) and (3)
the channels converging to the 6d~/z and 4f~/z thresholds,
respectively, the parameters are the quantum defects
p,2=0.1522 and p, 3=0.0330 associated with the closed
channels, r23= —0.1400 for the coupling between the closed
channels and r12=0.1004 and r&3=0.2026 for the coupling
of the closed channels with the continuum. Note that the two
latter parameters correspond to the lengths of the vectors
R, introduced in Eq. (5). Calculation of the photoionization
cross sections requires three additional transition dipole mo-
ment parameters D;. Since only the 4f5/znh channel is ex-
cited in the ICE process D1=D2=0. This implies that the
interference pattern does not result from interferences in the
excitation process but from interferences in the autoioniza-
tion due to the mixing of closed channels. More precisely,
the interference effects can be analyzed in terms of those
occurring in the density of states or channel weight (Z&) in
the 4fnh channel (3). Indeed, the photoionization cross sec-
tion [21] is propartional to (Zs)
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with the abbreviated notation T; = tanvr(v;+ p, ,) (i =2,3).
For (Z3), Cooke and Cromer [20] derived the following

expression:

0 I I I I I I I I I I I I I I I I I I I I I I I I I I

I+(T3) (Tz —sz+qzbz)
( 3) ( 13) (T)2+( )4(T — )2+(b)2' (7)

N
s.o—

In (7), (Z3) is expressed in terms of the rapidly changing
variable Tz. The first factor of Eq. (7) corresponds to the
profile of the broad resonance in channel (3) in the absence
of interaction between both series (i =2,3). The second fac-
tor is a rapid modulation, for each cycle of v2, describing a
sequence of Fano-like profiles caused by the interaction be-
tween channels (2) and (3). The quantities sz, bz, and qz
correspond to shifts in resonance energy, widths, and line-
shape parameter given by

T3[(r23)' —(r 12)'(r 13)')+2r lzr23(r 13)'
$2— (T3)'+(r 13)'

(rlzT3 r23r13)
2

b2= (T3)'+(F13)' '

T3r23+(F13) F12
3

q2= r 13(T3r12
—r 13r23)
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These parameters are functions of the slowly changing vari-
able T3.

Results obtained with this simplified three-channel
MQDT model are shown in Fig. 5. In Fig. 5(a) the energy
variation of (Z3) is compared to the cross section of
5d3,z7h[11/2] 1=5~4f5,27h 1' =5 ICE sPectrum obtained
with the complete treatment involving 44 interacting chan-
nels. Note that the [Z3(E)] profile has been convoluted
with the instrumental linewidth and renormalized to give the
same height at the central broad peak. Except for slight shifts
of the resonances in the middle of the figure, both curves of
Fig. 5 agree well, justifying the use of the three-channel
MQDT model to analyze interference effects in the J'=5
spectrum. The qz and bz parameters are plotted in Figs. 5(b)
and 5(c) against energy. The zero value of qz at 88034
cm ' occurs close to the center of the 4f5~27h resonance and
explains the symmetric shape of this resonance. The varia-
tion in the width parameters b2 well reproduces the evolution
observed experimentally. Vanishing width should occur at
the energy for which ~qz~ has an infinite value and bz a zero
value. As visible in Figs. 5(b) and 5(c) at the 6d3/2 ionization
threshold, the value of ~qz~ is large and the value ofbz very
small and, in fact, the point of vanishing width predicted by
this three-channel MQDT model lies just below the thresh-
old. This agrees with the observation of an extremely narrow
width for the 6d5&224i level. The variation of q2 well repro-
duces the q reversal visible not only in Fig. 5 but also in Fig.
3 which involves the sum of the spectra with three final J'
values.

It must be emphasized that the line-shape parameter q2
used to analyze the q reversal along the 6d5~2ni autoionizing
Rydberg series differs from the Pano q parameter [25],
which is proportional to the ratio of the transition amplitude
to the resonant state and the amplitude of direct photoioniza-
tion. Here the interference effect occurs in the spectral den-

FIG. 5. Results from a three-channel MQDT model. (a) Com-
parison between the energy variation of the 4f7h perturber weight

(Z3) defined in Eq. (7) (full line) and the 5d3~27h[11/2]
J=5~4f~,27h 1'=5 cross section from the complete 44-channel
treatment (dashed line). (b) Energy dependence of the ~qz~ param-
eter related to the line shape of the 6d&'zni resonances. (c) Energy
dependence of the b2 parameter corresponding to the width of the

6d5&zni levels. Stabilization against autoionization occurs at the en-

ergy for which b2 has zero value and q2 is infinite. The energy at
which this occurs lies below the 6d3/2 threshold at 87 984 cm
where the simple three-channel model is not valid.

sity of autoionizing states and not in the excitation. The dra-
matic changes of the widths and the q reversal along the
6d&&2ni autoionizing Rydberg series result from interference
between direct autoionization and indirect autoionization via
the 4f5/27h broad interlopers of the Rydberg series.

The interference pattern occurring in the 5d3~27h[9/2]
1=5-4f5~27h 1'=4—6 spectrum cannot be analyzed with a
similar three-channel MQDT model, mainly because all final
J' values contribute significantly. However, here again, the
interference effects occur in the spectral density of autoion-
izing states and not in the excitation process.

V. CONCLUSION

The autoionizing 4f5/27h j'=4 —6 levels of Ba interact-
ing with 6d5&2ni Rydberg series have been studied, both ex-
perimentally and theoretically. The excitation spectra of dou-
bly excited 4f7h states show complex interference patterns
which are reproduced in eigenchannel R-matrix calculations
in combination with MQDT. In these calculations almost all
channels (=40) were taken into account for each symmetry,
while the radius of the reaction volume was taken at 50 a.u.
The agreement between experiment and theory is excellent
for excitation via the 5d3/27h K= 11/2 intermediate state and
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satisfactory for excitation via the K= 9/2 intermediate level.
In both cases the observed features such as q reversal along
the 6dni series and stabilization against autoionization of the
6dni levels are reproduced.

The interference pattern for J= 5 is also analyzed in terms
of a three-channel phase-shifted R-matrix model. It is shown
that the interferences occur in the spectral density of states
and do not result from the laser excitation. Experimentally
the widths of 6d»223i and 6d»224i are determined by the
instrumental width of 0.2 cm '. In the calculations for the
J=5 symmetry a width narrower than 0.01 cm ' is pre-
dicted, corresponding to a lifetime of more than 0.5 ns. This
phenomenon of stabilization is remarkable in view of the
high excitation energy of the states.

Because the 6dni levels are rather long lived, these levels

could be used as intermediate levels for further excitation to
double-Rydberg states with a high l for both electrons in an

experiment with nanosecond pulsed lasers. The composition
of the wave functions determined from the present R-matrix
calculations could be used to identify the states ultimately
excited.
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