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Abstract. Autoionizing 4fi)g J = 0-3 levels of barium in the energy range 88240-
90460 cnt! have been studied, both experimentally and theoretically. Excitation spectra,
recorded in a three-step pulsed laser experiment based on an isolated-core excitation scheme,
are confronted with eigenchanngkmatrix calculations. Series converging to the uppe4f

and lower 4§/, thresholds are found to interact strongly, in particular foe= 1. As a result

the observed 4fy resonances vary widely in width, shape and intensity. Although the complete
R-matrix calculations involve many interacting channels for edckup to 49 forJ = 3),

good agreement is found between experiment and theory and all observed resonances can be
unambiguously assigned.

1. Introduction

In recent years sequential laser excitation following isolated-core excitatighqchemes
(Cooke and Gallagher 1978) has facilitated the selective probing of high-lying doubly excited
states of the heavier alkaline-earth atoms. T¢® method has proven to be of value in

the study of the effects of electron correlations in two-electron systems (Cainali4 989,

Jones and Gallagher 1990, Eichmaenal 1990). Effects of correlations between the
valence electrons are, however, in many cases obscured by the influence of the extended 2
core of the alkaline-earth atoms. These core effects are small when both valence electrons
are excited to a higlé-state ¢ > 4 for Ba) since the centrifugal barrier effect will then
prevent the electrons from penetrating thecre. Doubly excited 4fg autoionizing levels

of barium may serve as intermediate states in an excitation proceSgyig states with

two non-core penetrating valence electrons. Detailed knowledge of the intermedigte 4f
levels will be of importance to explain such observations. Previously Jenak(1991)
experimentally investigated the autoionizing,4fg J = 3 levels of Ba. In their experiment
attention focused on levels located below thg,6threshold, in particular, on the double-
circular 4f5g states. Recently, the experimental results were successfully analysed by Aymar
and Luc-Koenig (1995) within the framework of the eigenchanReaiatrix method in
combination with multichannel quantum defect theomQpT) (Aymar 1990, Greene and
Aymar 1991 and references therein). The analysis of the 4f5g states showed the importance
of electron correlation effects on autoionization widths. The eigenchatunehtrix method

has also been demonstrated to be of great value in the interpretation of even péfrity 4f
states (Luc-Koeniget al 1994) as observed by de Gra&ff al (1992) and of 4f7h states

(van Leeuweret al 1995).

§ The laboratoire Airé Cotton is associated with the UniveésRaris-Sud, France.
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In this paper we present an experimental and theoretical investigation naf 4f
autoionizing levels of Ban( > 7) above the 6g, threshold (88189.79 cm above
the 6¢ ground state). The 4f) Rydberg series converge to the 4dnization limits at
90518.19 cm? for j = % and 90293.49 cmt for j = g Three pulsed dye lasers were
employed to populate 4§ levels in ance scheme. The 4fg J' = 0-3 levels were excited
via 5¢5,ong J = 1, 2 intermediate levels) (= 7-26). The experimental results are compared

with eigenchanneR-matrix calculations.

2. Experiment

The 4fig autoionizing states of barium were excited in an atomic beam in a three-step
pulsed laser experiment. The experimental set-up was similar to the one used previously
for the two-step excitation of 4f7h levels (van Leeuwenal 1995). An atomic beam

was produced by heating a tantalum oven containing a sample of Ba using a tungsten
filament. During parts of the experiment a low voltage discharge was maintained between
the heating filament and the oven to populate metastable 6s5d states. The atomic beam
was perpendicularly intersected by linearly polarized laser light from three tunable dye
lasers of 5 ns pulse duration, simultaneously pumped by the second or third harmonic
output of a Nd:YAG laser. The excitation scheme is shown in the simplified energy level
diagram of figure 1. Autoionizing #fg states in the energy range 88 240-90460 tm
were excited from low-lying autoionizing ad intermediate levels, which were excited
either from the 65'S, ground state via the 5d6{P; level at 28 554.19 cmt (path 1), or

from the metastable 6s5tD, state via the 5d6pP; level at 25704.08 cmt (path II). As

shown by van Leeuwent al (1994) the intermediate ad levels are well described in a
jK-coupling schemeK resulting from the coupling of the total angular momentyrof

the inner 5d electron with the orbital angular momentarof the outerng electron. In

the present experiment §6ng[3/2] J = 1, 2 and 5d,5n9[5/2] J = 2 levels withn = 7—

26 were used as intermediate states. The resolution in the experiment was sufficient to
individually excite theK = g and K = g level since the bandwidth of the second dye
laser (2 GHz) was smaller than the energy splitting between both levels for @he two
J-components in th& = 3/2 doublet could, however, not be resolved. The /5 states,

which can be excited from 5d6p levels due to mixing of 5d6p and 5d4f wavefunctions,
have low autoionization rates, e.g. for thesp89g[5/2] J = 2 level a width of 320 MHz,
corresponding to a lifetime of 2 ns was reported (Luc-Koesiigal 1995). This allows

for further excitation of a significant fraction of the atoms tgn4fK']J’ states by the
frequency doubled output of a third dye laser (bandwidth 2 GHz) at wavelengths close to
the 5&,, — 4f;,, ionic transition.

The 49 levels, located at-6 eV above the 6s ionization threshold, may autoionize
into several continua. As a result Baons in 65/, 5d;, 6p;, 75,2, 6d; states and, at
energies above the £} threshold, in 44, states can be produced. The energy of tke
photons driving the 5ej — 4fn’g transition is sufficient to photoionize B&d;, 75, and
4fs/, ions. The resulting B&' ions were detected by an electron multiplier. This detection
method differs from a scheme where fast electrons are detected to discriminate between
autoionization products of intermediate and final states, as applied by oaled 991) for
4f5g states. The 4f5g states are located below thetdsholds and decay mainly intoéid
continua, thus producing fast electrons (Aymar and Luc-Koenig 1995). Tha:gflevels
with n > 7, located above the 6thresholds, are expected to decay predominantly iné@ 6d
continua which results in the production of slow electrors(Q(3 eV). The intermediate
5dng states produce slow electrons as well@.7 eV) which are difficult to separate from
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Figure 1. Energy level diagram and excitation scheme ofgdfutoionizing states of barium.
The intermediate 5gong[K] levels are populated in a two-step excitation either from the ground
state via the 5d6pPy level (path 1), or from the metastable 6s3D, level via the 5d6p*P;
level (path Il). The autoionization pathways of thexdflevels are indicated by broken arrows.
The photon energy of the pulsed dye laser driving thegse> 4fng transitions is sufficient to

photoionize highly-excited Ba7s;/», 6d; and 4,2 ions produced in the autoionization process
of 4fng states.

the slow electrons produced by the autoionizinggdttates. Therefore we relied on the
detection of Ba™ ions. As a consequence the atoms autoionizing &t ,68d;e¢ and 6pet
continua could not be observed.

To optimize the Ba* signal the three dye laser pulses were spatially and temporally
overlapped in the interaction region. In view of the long lifetimes of the intermediate 5d6p
and 5dig states, the overlap in time of the dye laser pulses was not very critical. The
interaction region was located 15 cm downstream from the oven between two capacitor
plates (1 cm apart). During the laser excitation process the capacitor plates were held at
zero potential to ensure field-free excitation of the Ba atoms. After a time delay @f€0.5
a pulse of 300 V was applied to one of the plates sweeping the ions through a grid in the
plate onto an electron multiplier tube. A grid at negatb@voltage, positioned in between
the capacitor plate and the electron multiplier tube, was used to narrow down the temporal
distribution of the ion signals. This facilitated the separation of th&™Bsignal from the
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Figure 2. Lu—Fano plots in the energy range 90 000—-90 200 tmontaining calculated (full
circles on the theoretical curves) and experimental data points (open squares with error bars of
+0.5 cmi 1), All closed channels (11) are included f6f = 1 (a) whereas the Lu—Fano plots for

J' =2 (b) andJ’ = 3 (c) are restricted to 4hg;; and 7pns, d channels only. The 7ps and

7pind;: levels, classified iryj coupling, are denoted by an asterisk) Vps/zlzs(mfm ~ 155)

and 7g/214s(V4f7/2 ~175); (b) 7p1/212d5)2, 7p1/21206/2 and 7p212s levels (in order of
increasing energy)cl 7py/212d,2 level.

strong Bd signal resulting from the autoionizing intermediate state, and from"asignal
arising from impurities in the Ba sample.
The third dye laser was canned over theed— 4fn’g transitions in steps equal
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Figure 3. 4fng spectrum excited from the 5d10g[3/2]J level. The intermediate level is
excited via path Il. The energy scale is relative to thé §eound state. &) Experimental
spectrum showing the recorded Basignal versus energy. The Bébds» — 4f7» transition

is indicated by an asteriskb) Calculated spectra using thiematrix method with assignments

of the most prominent 4fg resonances given im =+ [K']J’ notation; the(+) and (—) signs

are shorthand notations for4 and 4§,,, respectively. The dotted curve shows the calculated
spectrum of 4fng levels excited from thg = 2 component of the 3¢10g[3/2] doublet. The
dashed line shows the calculated spectrum phgievels excited from the’ = 1 component

of the 5d,2109[3/2] doublet. The total calculated excitation spectrum, shown as a full curve,
is the sum of the broken curve and the dotted curve.

to the bandwidth of thasv laser light & 0.15 cntl). At each wavelength setting the
integrated Ba™ signal of 12 laser shots was collected and stored on a computer. Although
low power is required for the oy — 4fn’g transitions, energies o 1 mJ per pulse
were needed to subsequently photoionize thé Bas formed in the autoionization process

of the 4hg levels. As a result several of the experimental spectra may show saturation
effects. Examples of recorded spectra ofigistates in energy ranges below the,4f
threshold are shown in figuresa3€7(@), 9(@) and 104). These spectra will be discussed

in section 3.2. Figures 8f-5(a) concern excitation spectra from thespd0g[3/2] and
50s,2149[K] intermediate levels, which were excited via path Il from the metastable 6s5d
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Figure 4. Spectrum of 4ig levels, excited from the B¢b149[3/2] J = 1, 2 level via path II.

(a) Experimental spectrum showing the recorded™Basignal versus energy.b) Calculated
spectrum using th&-matrix method with assignments of the 44 levels inn =[K]J’ notation

(see the text). Saturation in the experimental spectrum is accounted for using equation (1) with
N =5 to transform the calculated spectrum.

3D, state. The recordings in figuresaf( 7(a), 9(a) and 104) concern excitation spectra
from 50,2169[K] and 5d,,179g[K] intermediate levels. Figure 14) shows an excitation
spectrum of 4ig levels above the 4f ionization limit, also to be discussed in section 3.2.
This ‘shake up/down’ 4f,ng spectrum is obtained using thesp@69[3/2] level as an
intermediate level. Tha = 16,n = 17 andn = 26 intermediate 5dy levels were excited
from the ground state via path I.

3. Analysis and discussion

The observed spectra show a large variety in widths, profiles and quantum defects of the
4fng J' = 0-3 states, indicating strong channel interactions. The number of interacting
channels in this energy range is too large to perform reliable empiviQalr analyses of

the spectra. We performed seat initio calculations based on the eigenchanReahatrix
method in combination withMQDT techniques (Aymar 1990, Greene and Aymar 1991) to
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Figure 5. Same as figure 4 for the excitation spectrum from thg Baig[5/2] J = 2 level.

analyse the complex spectra. The theoretical procedures used in the present work are the
same as those used to describe the double circular 4f5g states (Aymar and Luc-Koenig 1995).
For details we refer to the papers quoted abaRematrix calculations were performed for
odd-parity final states witll’ = 0-3. For a givery’ value the wavefunctions describing the
valence electrons outside a frozenBacore are determined variationally within a spherical
reaction volume of radiugy = 40 au. Spin—orbit effects are explicitly taken into account
within this reaction volume. The variation#-matrix calculation gives the logarithmic
derivatives of the escaping electron’s wavefunctions at the surface of the reaction volume
which are then converted into a short-range reaction matrix. Using the short-range reaction
matrix, the calculation of photoionization cross sections and the identification of resonances
proceeds by standanQDT techniques (Fano and Rau 1986).

To describe the odd parity’ = 3 final states 48¢jn'¢’j’ open or weakly closed
channels, converging to B&bs, 54, 6p;, 7s, 6d, 4f; and 7p thresholds, were included in
the R-matrix calculations. Fot’ = 2 the number of included channels was 44, whereas
for J/ = 1 andJ’ = 0 this number was 32 and 12, respectively. THe= 1, 2 and 3
symmetries include, respectively, 11, 16 and 19 closed channels attached tp ahed Zp
thresholds. The variational basis sets included up to 2100 two-electron functions. A large
part of the variational basis functions represent various polarization and correlation effects
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Figure 6. Comparison between experimental and calculated) 4pectrum excited from the
505/2169[3/2] level. The intermediate ady level is excited from the ground state via path I.
Saturation in the experimental spectrum is accounted for using equation (1)Mvih5 to
transform the calculated spectrum. The wings of itespectrum are blown up to show that

the excellent agreement between experiment and theory extends towards the non-central energy
region of theice spectrum. Excitation of the 45239g[3/2] J' = 1 levels overlaps the ionic

5052 — 4f7/2 transition, denoted by an asterisk.

taking place within the reaction volume.

3.1. Channel mixing and identification of the resonances

As explained elsewhere (Fano and Rau 1986, Lecomte 1987), the complete short-range
reaction matrix referring to closed and open channels can be contracted to give an effective
reaction matrix restricted to closed channels only. Using this mau@QoT techniques
adapted to bound spectra can be used to calculate the positions of resonant states (with an
error comparable to their width), to analyse channel mixing by drawing Lu—Fano plots and
to identify the levels. In figure 2 Lu—Fano plots in the energy range 90 000-90 201 ane
shownfor @) J' =1, (b) J' =2 and €) J' = 3. All closed channels are included fétr = 1

(a). In contrast the Lu—Fano plots for = 2 (b) andJ’ = 3 (c) are restricted to 4kg;

and 7pnt¢ channels only, i.e. 4f¢ with ¢ # 4 were removed. Without this restriction,

the Lu—Fano plots are unreadable. It is justified as they 4f = 2 (or J' = 3) channels

only weakly mix with 4f1s, 4f:d and 4fi channels. Thus, the positions ofidf/’ = 2, 3
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Figure 7. Same as figure 6 for the excitation spectrum from thg Bbg[5/2] J = 2 level.

levels are only slightly affected by removing those channels. For daehlue, the 7ms
and/or 7pnd perturbers are denoted by an asterisk. The gaps between the branches of the
Lu—Fano plot give a visual estimate of the strength of the interaction betweensfhaegAf
levels (lying on nearly ‘horizontal’ branches) and4fig and 7p¢ levels (lying on nearly
‘vertical’ branches). For alll’ symmetries, the dominant channel mixing is the,Afg—
4f7,o,ng channel mixing. This mixing is strongest fdf = 1. Figure 2 also shows that the
perturbations of the 4f,ng J' = 1 series by the 712941, ~ 15.5) and 7p,214vas,, ~

17.5) levels are stronger than the perturbations ofAy J' = 2 (or J' = 3) series by

the 70,212, (var,, < 14.8) and 7p,2129v4,, < 15.5); the branches of the Lu—-Fano plots

on which are lying the 7ps and 7pd perturbers are less curved fdf =2 orJ' =3

than for J/ = 1. Test calculations performed with variational basis sets disregarding the
7p;ns and 7pnd channels show that these channels are responsible for the stepngy4f
4f7,ong J' =1 channel mixing; indeed, by disregarding these channels, the perturbations
of the 4%,,ng J' = 1 series are very localized, the quantum defect ghAf J' = 1 levels

being almostr-independent. The influence of /73 and 7pnd channels on the energy
level positions of 4ig J' = 2 (or J' = 3) levels was found to be less important than for
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Figure 8. Contribution of the individuall” components of the calculated (unsaturatedjgaf
spectrum corresponding t@) the central region of figure Bf and @) the central region of
figure 7p). The broken curve corresponds f6 = 1, the full curve toJ’ = 2 and the chain
curve toJ’ = 3.

J’ = 1. However, the large number of interacting channels makes it very difficult to specify
the exact mechanisms responsible for the coupling between tigeasid 7js, d channels.

Thus we have not attempted to determine more precisely the channel couplings responsible
for the J’-dependence of the role played by thes&pand 7pnd channels.

The figures contain theoretical energy values as well as experimental values derived
from several recordings (error bars #0.5 cni ). For most of the levels, the theoretical
energy falls within the experimental width of the resonance. Analysis of the decomposition
of wavefunctions of each level on the complete set of closed channels allows:thiedéls
to be distinguished from 4f (¢ # 4) and 7m¢ levels. It also gives thg K assignment
of the 4f:g resonances for a givel value. Due to the mixing of 4fy levels with other
closed channels and to thesahg—4f;,ong interaction, most of the resonances could not
be identified with a purely 4fg j K-coupled level; thef K assignment corresponds to the
dominant 4fg weight in the wavefunction expansion of eaclhgHevel. This dominant
weight varies between 50% and 95% depending on the levels. Moreover, frequently reso-
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Figure 9. Comparison between experimental and calculated) 4pectrum excited from the
505/2179[3/2] level. The intermediate g level is excited from the ground state via path I.
Saturation in the experimental spectrum is accounted for using equation (1)Mvih7 to
transform the calculated spectrum.

nances corresponding to differentvalues are almost degenerate. In this case assignments
reported on figures 3-11 relate to those levels which contribute most to the resonance.

It should be noted that all observed resonances have a dominagptchfracter in
contrast with the resonances observed by Jetes (1991) in their 5¢,,59[5/2] J =2 —
4f;5g J' = 3ICE spectrum. In that case, in addition to the 4f5g resonances, some resonances
could be ascribed to @th levels (Aymar and Luc-Koenig 1995). Those resonances are only
excited because of their strong mixing with the 4f5g levels. This emphasizes that correlation
effects play a smaller role for high-lying #d levels than for 4f5g levels. However, the
significant role played by #s d J’ = 1 channels shows that correlation effects are far from
being negligible for high-lying 4fg levels.

3.2. Photoionization cross sections

The cross sections of the &gV — 4fngJ’ photoionization process were calculated in the
ICE approximation, which is based on negligible continuum excitation, excitation of the inner
electron only, and absence of spatial overlap of the inner 5d or 4f electron and theg@uter
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Figure 10. Same as figure 9 for the excitation spectrum from thg Bdg[5/2] J = 2 level.
Saturation in the experimental spectrum is accounted for using equation (1)Mth10 to
transform the calculated spectrum.

electron. It was recently shown by Aymar and Luc-Koenig (1995) thaichapproximation
well describes the excitation of 4f5g levels from 5d5g levels. Excitation spectrangf 4f
levels from 5d,n9[5/2] J = 2, 5&,n0[3/2] J = 1 and 5d,,n9[3/2] J = 2, were
calculated assuming purek -coupling of the initial states. The validity of this assumption
has been shown by Luc-Koenigt al (1995). From an initial 5adg J = 2 state, three
J' =1, four J/ = 2 and fourJ’ = 3 levels of the 4fg configuration can be reached,
whereas from a 5ty J = 1 state also the 4bng;», J' = 0 levels can be excited. The
photoionization spectra are calculated on an energy mesh of 0:1which is comparable
to the experimental widthw¢ 0.15 cnT1).

To compare experimental recordings with calculated spectra several features of the
experiment have to be considered. First of all, since theg5d = g doublet is unresolved
in the experiment, both thé = 1 and the/ = 2 component of th& = g level were excited.
The relative populations were estimated from phase-shiftedtT parameters (Lecomte
1987) deduced from the calculations ofifgdexcitation spectra by Luc-Koengf al (1995).
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Figure 11. Excitation spectrum of 4f,ng levels, located above thes# ionization threshold at
90293.49 cm?. Excitation of the intermediate §g26g[3/2] levels took place via path 1a]
Experimental spectrum, the Ba& signal resulting from ionic 5g, — 4f7» — €¢ transitions is
cut off to reveal more detail in the wings of the shake up/down spectrbinR{matrix result
with saturation parameteV = 80. The main broad peaks are members of the,A§[1/2]
J = 1 Rydberg series.

The ratio of the cross sections for these transitions depends on the excitation path of the
5dng K = % level. For excitation from 5d6pP; (path Il) the ratio of the intensities of

the / = 1 andJ = 2 components of the 3@ng[3/2] doublet was found to be close to

one for alln. In comparison between experimental and calculated spectra this ratio was
therefore chosen equal to one. For excitation from 548p(path 1) the intensity of the

J = 1 level is three orders of magnitude smaller than that of the 2 level. This is

not surprising since an unperturbedspdg[3/2] J = 1 level is a pure triplet state in an
LS-coupling scheme. Population of thesathg[3/2] J = 1 level was therefore ignored in

the calculations, when path | was used for excitation.

Secondly, due to the temporal overlap of the dye laser pulses involved in the excitation
processes, angular coefficients related to the polarization of all three lasers have to be taken
into account. The dye laser light is linearly polarized in the vertical plane, however in case
of frequency doubling the polarization is rotated ovef.9®s a result of crossed laser
polarizationsAM; = +1 transitions are allowed. Although the effect of laser polarizations
is largest when starting out from the = M = 0 ground state it cannot be ignored for
excitations starting out from 6s5tD, metastable level. Since the metastable levels are
populated in a discharge we assumed that the population is evenly distributed over all
possibleM; sublevels.

Thirdly, as the excitation spectra were recorded by detectingtBans produced
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by photoionization of B& ions with uv light also used to drive the ad — 4fng
transitions, photoionization cross section of'Blevels at theuv photon energy have to
be calculated. This was done by using a central potential model approximation (&mar
al 1984). Photoionization of 6d ions was found to be two orders of magnitude stronger
than that of 7s ions and approximately equal to photoionization gf 46bns. Since
photoionization of 7s ions is weak, experimental spectra are, below te thfeshold,
compared with partial photoionization cross sections of thg.bd[K]J — 4f;n'gJ’
processes corresponding to electron ejection into the¢6dontinua only. Above the 4f,
threshold the experimental spectra are compared with the sum of the partial photoionization
cross sections corresponding to autoionization into the&dnd 4§,,¢£" continua.

A fourth complication is related to the occurrence of saturation initigetransitions
by the highuv power, required to produce Ba. To account for saturation effects in the
recorded spectra the calculated speet(&) are transformed with the expression (Kachru
et al 1985):

on(E) = o (E)(L— e Vo Eom), (1)

Here,o,, is the maximum cross section al is a saturation parameter to be adjusted to
fit the experimental data. The total calculated spectrum consists of the weighted sum of
spectra calculated for each possiBlesymmetry following the procedures described above.

In figure 3 the eigenchanndt-matrix result p) for the photoionization cross section
from the 5@,,109[3/2] doublet is compared with the recorded spectran (The Ba*
signal resulting from the ionic 3¢ — 4f;» — €£ transition is denoted by an asterisk.
Since the 5g,10g level was excited from 5d6{P;, both / = 1 andJ = 2 components
were populated. The calculatedngdf spectrum excited from thé = 2 component of the
50,109 K = g level is given by the dotted curve. The broken curve shows the 4f
excitation spectrum calculated from thle= 1 component. The total calculated excitation
spectrum (full curve) is the sum of the broken and dotted curves. The total excitation
spectrum reproduces the experiment much better than the individual spectra from either
J =1 orJ = 2. This justifies the validity of the assumption of equal population of the
initial J =1 andJ = 2 levels. Assignments of the most prominent resonances in the total
excitation spectrum are given in+ [K’]J’ notation (the(+) and (—) signs are shorthand
notations for 4§, and 4§,,, respectively). In addition to 4£,10g levels, which are directly
accessible in thece process, 4f,11g levels also appear in the spectrum. This is a result
of the marked 4§,ng—4f,,ong channel mixing. The calculated energy positions are within
a few cnt? of the experimental ones and their widths are also well reproduced.

In figures 4 and 5 the excitation spectra from the/5thg[3/2]/ and 5@,,149[5/2] J =
2 intermediate state, respectively, are shown. The experimental spectra (figayesd(
5(a)) are slightly saturated, this is accounted for in the calculations (figubgs4( 50)) by
applying equation (1) withv = 5. Here again, channel mixing of /4y series converging
to different ionization thresholds is found to play an important role;,»4f levels with
17 < n < 21 appear. Moreover, 46189 levels with/’ = 2 and 3 appear in the spectrum
from 5ds,,149[5/2] (figure 50)) with the same intensity as 45149 levels. The intensities
of the 4%,,189[5/2] and 4t,,189[3/2] J' = 2 resonances states are lower in excitation
from 5d;,,149[3/2] than from 5d,,149[5/2]. Comparison of figures 4 and 5 shows that
the calculation correctly reproduces the marked differences in the spectra recorded when
exciting from initial levels withK = % orK = 52’ The dependence of the cross section on
the excitation path will be further documented below.

Figure 6 concerns the excitation spectrum from thgBbg[3/2] level. As thekK =
level was excited from 5d6pP;, only excitations from the/ = 2 level were taken into
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account in the calculations. Using = 5 in equation (1) to account for saturation in the
experimental recording a calculated spectrinhresulted which is in excellent agreement
with the experimental spectrura); The wings of thece spectrum are blown up to show that
the agreement between experiment and theory extends towards the non-central energy region
of the ICE spectrum as well. The resonances, varying greatly in width, shape and intensity,
could all be assigned. Many of them were identified as members of series converging to the
lower 4f5,> threshold. Most of the 4fong levels are members of thes4hg[3/2] J' =1
series. This results from the fact that the,4ig—4f,-ng channel mixing is strongest for
J’ = 1. In addition, the laser polarization scheme favours, in the experimental path (1),
excitation of J/ = 1 levels with respect to those with’ = 2 and 3. The experimental
widths vary from 0.7 cm! at the high-energy side ter 7 cn? at the low-energy side
of the spectrum. Channel mixing results in variation wittof the resonance widths for
the 4%,,1n0[3/2] J' = 1 levels; in particular the large gpnf component {20%) in the
wavefunction of the 4§,219[3/2] J' = 1 level is probably responsible for the large width
for this resonance. The ionic §d — 4f;,, transition in figure 6¢), denoted by an asterisk,
overlaps with the 4§,239[3/2] J' = 1 level.

In figure 7 a similar comparison between the experimental specta)yme¢orded from
the 5a@,,169[5/2] J = 2 level and the calculated spectruim) (s presented. Here again,
the spectrum calculated witN = 5 in equation (1) accurately reproduces the complicated
experimental spectrum. A detailed comparison of figures) &nd 7@) shows that the
observed spectra depend on the initial level from which the autoionizing resonances are
excited.

Figure 8 shows the contributions of the individudlcomponents to the total calculated
(unsaturated) 4fg spectra corresponding to the central regions of figure$ &Gd 7).
The broken curve corresponds #6 = 1, the full curve toJ’ = 2 and the chain curve
to the J/ = 3 excitation spectrum. The structures on both sides of the intense peaks
ascribed to 4f,169[K'] levels correspond to 45£23g[K’] and 4%,,24g[K’] levels. It can
be shown that from the 3g169[3/2] J = 2 level, 4f,,169[K'] levels with K’ = J' — %
are predominantly excited while from the Hgl6g[5/2] J = 2 level, the excitation of
4f75169[K'] levels with K’ = J' + % is favoured. These propensity rules agree with
those obtained by calculating the angular part of the dipole matrix elements between pure
JjK-coupled 5d,,ng and 4f,,ng levels. In contrast, no simple propensity rule governs the
excitation of 4§,,ng[K']J’ levels which appear in the spectra owing to their mixing with
the 4f,,169[K’] levels only. Comparison of figuresI®(and 7f) shows that only a few
of the 4%,,ng levels withJ” = 1 are excited from the B@169[5/2] level whereas many
J' levels appear in the spectrum fromspd 69[3/2].

In figures 9 and 10 the experimental)(and theoretical lf) excitation spectra from
the 5d¢,,179[3/2] and the 5¢,179[5/2] initial levels, are displayed respectively. The
saturation parameter used to calculate the spectra of figusgs®d 10b) are, respectively,
N = 7 and 10. Although the agreement between experiment and theory is not as good as
in the spectra excited from the 56ll6g[K] levels, the calculation well reproduces most
of the experimental features. A discrepancy, however, concerns the description of the
4f7,2179[1/2] J' = 1 resonance: this resonance appears as a broad structure in figures 9(
and 106) while it is a narrow and very intense resonance in the calculated spectra of
figures 9p) and 10p). This resonance also shows up in the wing of the spectrum
from the 5d,,169[3/2] level (see figure 6) and there it is perfectly reproduced by the
calculation. The discrepancy is probably due to atomic beam density fluctuations during
the measurements from Sell7g levels. Calculations account well for the differences in

the autoionizing patterns for excitation from thé = %’ and K = g component of the
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50,2179 J = 2 level. Most of the 4f.ng levels appearing in the spectrum from the
initial K = g component correspond tosAng[3/2] J' = 1 levels, as also found for the
excitation from 5¢,,169[3/2] (figure 6). In contrast, the spectrum from the;5d7g[5/2]
shows many members of the almost degenerajendf[5/2] /' = 2 andJ’ = 3 and Rydberg
series. This illustrates the importance to use different initial levels to unravel complicated
spectra involving degenerate resonances corresponding to different fimalues.

Finally figure 11 compares the experimental anatrix result of the photoionization
spectrum of 4ig levels excited from the intermediate sp269[3/2] J = 2 level. In
the experimental spectrune); the ionic Ba 505, — 4f7, transition in the central
region is cut off to reveal more detail in the wings of the spectrum. Since the
energy interval lies above thes#f ionization threshold at 90 293.49 ¢t autoionization
of the 4f,ng levels also takes place intos4f continua. The spectrum shown in
figure 11p) is the sum of the partial photoionization spectra corresponding to electron
gjection into the 6g¢’ and 4f,¢¢’ continua. Both partial cross sections have the
same order of magnitude. Saturation in the experimental shake up/down spectrum is
simulated with a saturation parametdr = 80. The main broad peaks are identified
as the members of the A4ng[1/2] J' = 1 Rydberg series. The weak features
visible in figure 116) are identified as 4f,n9[3/2] J' = 2 and 4f,n0[5/2] J' =
3 Rydberg levels which lie very close in energy. Here again, the prevalence of
J' = 1 resonances results from the laser polarization scheme used in excitation
path (1).

4. Concluding remarks

Autoionizing 4f:g levels of barium, lying above the 6d threshold, have been studied both
experimentally and theoretically. Series converging to the uppgp 4hd lower 4§,
thresholds were found to interact strongly. As a result of channel mixing the observed
resonances vary widely in width, shape and intensity.

The purpose of the present paper is to show that recorded spectra in the energy range
6 eV above the first ionization limit in barium can be reproduced to a high level of accuracy
in semiab initio R-matrix calculations in combination witkiQDT. The actual information
on the energy level structure and all detailed couplings efy4thannels with perturber
states and continua is contained in a short-range reaction matrix (the so-Katteatrix).
Because this is a matrix calculated for eatlsymmetry, of size up to 49 and involving
energy dependences, the information is too comprehensive to present in tables. However,
the information is available upon request from one of the authors (MA).

The present information is of importance for the correct interpretation of excitation
spectra of double Rydberfygng states from 4fg states. Barium atoms iiVgng states
are of interest since both valence electrons then are in non-core penetrating orbits. In
such states a helium-like three-body Coulomb system is approximated, which is ideal for
studying electron correlation effectdvgng states are currently under investigation in our
laboratory (Amsterdam).
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