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Channel interaction of the three 6pnd J=3 autoionizing series in barium
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The energies and widths of a 6p3/hand J=3 autoionizing series are reported for n =8—17. Above
the 6pl/2 ion limit the series is found to have approximately constant values for the quantum defect

(p =2.85) and for the scaled widths (I „n =0.07 a.u.). Comparisons are made with the previously
reported energies and widths of the other two J=3 6pnd autoionizing series [F. Gounand et al. ,
Phys. Rev. A 27, 1925 (1983)]. The interaction of all three series is analyzed using a six-channel
multichannel-quantum-defect-theory model which successfully accounts for energies, widths, and
complex excitation spectra for the three series. Conclusions concerning state wave functions are
drawn from the data and implications regarding the strengths of different electron interactions are
discussed. Additionally, information is obtained concerning the interaction of the bound perturber
5d 7d 'I'2 with the 6s 14d "D2 states.

I. INTRODUCTION

Autoionizing states of atoms present interesting exam-
ples of configuration interaction in two distinct ways.
One consists of the interaction of discrete states with the
continuum and the other consists of the interaction of two
or more autoionizing series with each other. It is difficult
to unravel the complexities associated with autoionizing
states by the analysis of ground-state photoionization data
because the resulting autoionizing series are often not well
characterized in terms of the Rydberg electron and be-
cause of the often substantial direct photoionization pro-
cess which results in Beutler-Fano profiles. ' Further-
more, it is desirable to extend analyses of autoionizing
series beyond limitations imposed by angular-momentum
and parity selection rules applicable in ground-state pho-
toionization. In addition, the theoretical analysis of ex-
perimental data on Rydberg and autoionizing series by the
standard methods of configuration interaction is difficult
and does not utilize Rydberg-series systematics at the
outset.

Quite coincidently, new experimental and theoretical
methods have been developed which allow for the produc-
tion and analysis of autoionizing series. The experimental
methods of the isolated core-excitation technique ' result
in relatively large cross sections for formation of well-
defined autoionizing series. Additionally, there is virtual-
ly no continuum excitation, thereby preventing the corn-
plication of interferences between the discrete and contin-
uum excitations. For data analysis the theoretical
methods of multichannel quantum-defect theory (MQDT)
allow one to treat interacting Rydberg series and their cor-
responding continua. ~ This theory describes the sys-
tematics and energy dependence of many atomic proper-
ties in terms of a few, relatively-energy-independent pa-
rameters. The combined application of the isolated core-
excitation method with MQDT was first used to investi-
gate autoionizing series of barium, namely three J=1
series of the channel labels 6pjns&/2 and 6p&/2nd3/2 and
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FIG, 1. Depicts the three-photon excitation scheme used to
populate J=3 6p3/2nd autoionizing states, where laser number
three performs the 6s1/2~6p3/2 ion-core excitation. To form
the 6p3/2nd states dominantly, intermediate D2 states are
used, whereas to form the 6p3/2nd+ states dominantly, inter-
mediate 'D2 states are used.

two J=3 series with the channel labels 6p~/2nd5/2 and
6p 3/2nd + (our designation nd + will be explained later).
More recently, features resulting from the second 6p3/2nd
series (hereafter designated 6p3/2nd ) were observed as
small shoulders (which are of somewhat lower energy
than 6p3/2nd states) on the dominant 6p3/2nd+ peaks.
We, and simultaneously Van Woerkom and Cooke, ' have

, found that when the bound 6snd D2 states are used as in-
termediate states (see Fig 1) as. opposed to the 6snd 'D2
states, then the 6p3/2nd states are formed dominantly
(with the appropriate photoexcitation) and therefore may
be clearly observed.

Here, we report the positions and widths of the
6p3/hand states for n =8—17. Particular attention is
given to understanding the excitation spectra of six
6p 3/2 nd —states which are below the 6p»2 Ba . limit, i.e.,
for n =8—l0. The spectra exhibit considerable structure,
span a relatively large energy range, and correspond to
low principal quantum number n, thereby providing
stringent tests for our analysis. Previously, the
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6p3/210d+ spectrum was reported, as was its analysis,
which was based on the frame-transformation formula-
tion of MQDT. In addition, the analysis of the
6p3/210d+ spectrum has recently been described" using
the MQDT formulation of the phase-shifted basis. 5'z'~
Using this phase-shifted formulation, we extend the
analysis to include all three J=3 6pnd autoionizing series
by using a six-channel MQDT model (three bound and
three continuum channels). Good accounting of all data,
including the structured spectral densities, is obtained,
and the extensive data can be represented in terms of a
few parameters. Discrepancies between observations and
predictions are noted and discussed. Properties concern-
ing the continuum-state wave functions are obtained
directly from the experimental data and implications con-
cerning electron interactions are discussed. Finally, our
data have a direct bearing on the interaction of the bound
6s 14d ' D2 states with the 5d 7d I'2 perturber and corro-
borates recently reported results. '

In the sections that follow, we briefly describe our ex-
perimental approach, present our experimental results and
the results of a MQDT analysis of the data, and finally
discuss the implications of our observations.

II. EXPERIMENTAL APPROACH
AND OBSERVATIONS

The experimental procedures used here are similar to
those described elsewhere, so only a brief summary is
included here. As shown in Fig. 1 barium atoms are ex-
cited to the 6snd ' D2 states using two dye lasers, first ex-
citing the 6s 'So ground-state atoms to the 6s 6p 'I'

j state
and then exciting atoms from the 6s6p 'P~ state to the
6snd ' Dz states. Using a third dye laser we excite the
6pjnd autoionizing states from the 6snd ' D2 states and
detect the ions which result from the decay of autoioniz-
ing states. The three dye-laser pulses have typical param-
eters, 100 pJ energy, 5 ns duration, and 1 cm ' linewidth.

An effusive beam of barium atoms is produced from a
resistively heated oven and passes between two plates, one
with a grid, where it is crossed by three collinear laser
beams which perform the three sequential excitations (see
Fig. 1). The laser beams are circularly polarized in the
same sense so that only J =3 final states are formed. The
ions are extracted through the grid and detected with a
"venetian-blind" particle detector. The signal is collected
by a boxcar averager and recorded on an X- Y plotter. As
the 6snd~6pnd transition which is excited by the third
laser is essentially the 6s —+6p transition of the Ba+ core
with a spectator electron, it has an oscillator strength of
one spread over the width of the 6pnd autoionizing state
and is much stronger than the excitation to the underlying
continuua. Thus, measuring the ion yield as the frequen-
cy of the third laser is scanned across the 6snd~6pnd
transition directly reproduces the spectral density of the
6pnd state. Usually, this leads to simple, nearly
Lorentzian features whose center frequency and width
give directly the energy and autoionization rate of the-
state in question. In the case of interacting autoionizing
series more complex spectra are observed, reflecting the
more complex structure of the autoionizing states them-
selves.

TABLE I. Frequency marker lines in the spectra.

6s10d 'D2 6s10d D2 5d8s 'D2,

In these experiments the relative frequency of the third
laser was determined by monitoring its transmission
through a 3.4S-cm ' free-spectral-range (FSR) etalon.
The absolute frequency scale of the third laser is provided
by-sharp peaks which appear in the excitation spectra and
correspond to the excitation from the 6s6p 'P~ state to
higher bound states @md their subsequent ionization, both
transitions being pumped by the third laser. In Table I we
label the lines which appear later in the figures.

As is often the case for a Rydberg state of a two-
valence-electron atom, the total angular momentum j of
the inner electron is a good quantum number. Indeed, the
energy separation of 6p»2nd and 6ps/hand states is rough-
ly 1700 cm ', which corresponds to the fine-structure
splitting of the 6p state of the barium ion. Thus, one of
the three J=3 6pnd series is adequately described as
6p~/2nd5/2 However, it is not obvious what angular-
momentum quantum numbers should represent near con-
stants of motion of the two 6p3/znd series. One of the
two 6p3/2nd series is formed dominantly when exciting
6snd 'D2 states and the other when exciting the 6snd D2
states. The 6snd' Dz states are approximately singlets
and triplets (based on energy splittings' ' ) which project
into jj coupling as 6s ~/2(V2/Snd3/2+ V 3/Snd5/z) for the
'D2 states and 6s&/2(V'3/Snd3/2 V'2/Snd~/2) for the
D2 states (the choice of the order of the angular-

momentum coupling determines the phases). The ob-
served intensities indicate that the two 6p3/2nd series
must project into jj coupling roughly as
6p3/2(V 2/5nd 3/2+ v 3/5nd 5/2) for the higher-energy
series designated as 6p 3/2nd+ arid
6p3/2(V3/Snd3/2 —V2/Snd5/2) for the lower-energy
series designated as 6p3/2nd . As will be discussed, in-
clusion of small ( ~ 20%%uo) spin-orbit effects in the
6snd' D2 states does not materially affect these con-
clusions.

By exciting the 6snd Dq states we have observed the
6p3/2nd series, and in Table II the energies, quantum
defects, and widths are listed for the 6pz/znd series for
8&n &17. Previously, the energies and widths of the
6p~/2nd'/2 and 6p3/2nd+ series were reported; Fig. 2-
shows the measured energy levels for states of the three
J=3 6pnd series. Above the 6p &/2 ion limit the
6p 3/2 nd series has the approximate values for the quan-
tum defects of 2.85 and for the scaled widths (I n* ) of
0.07 a.u. These values are to be compared with quantum
defects of 2.74 and scaled widths of 0.11 a.u. reported by
Cxounand et al. for the 6p3/2nd+ series.

The previously reported 6p3/$14d+ state was misas-
signed and is, in fact, a member of the series reported
here The 6p3/21. 4d+ state which we excited from the
Sd 7d E2 (which has substantial 6s 14d 'Dz character) has
energy 63123.7 cm ', width 19 cm ', and quantum de-
fect 2.73, which are in good agreement with the
6p3/2nd+-series systematics. The excitation of both the
6s 14d 'D2 and 6s 14d Dz states results primarily in the
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TABLE II. Energies, quantum defects, and widths for the
6p3/2nd states. Experimental errors are shown in parentheses. 6 p~/2 8d+

Energy
(cm

—')
Quantum

defect
Width
(cm ')

8
9

10
11
12
13
14
15
16
17

59 808(6)
61 074(3)
61 837.2(2)
62 332.7(1)
62 679.5(1)
62 922.0(1)
63 103.9(1)
63 243.3(1)
63 353.2(1)
63 440.6(1)

2.876
2.863
2.856
2.856
2.840
2.851
2.855
2.856
2.846
2.834

85(6)
52(4)

a
24(2)
18.4(1)
12.5(1)
9.9(1)
9.3(1)
5.8(1)
6.0(1)

'Channel interaction makes this value difficult to determine.
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production of the 6p3/2 j4d state. This is due to bound-
state channel interaction and is described in Sec. IV.

Channel interaction assumes a particularly interesting
form below the 6p&/z ionization limit, where not only the
interaction with the continuum occurs, but also the inter-
series interaction as well. Experimentally, by exciting the
6s~/2 —+6pj transitions of the ion core from the 6snd ' D2
Rydberg states one can probe individually the 6pjnd com-
ponents of autoionizing-state wave functions.

Specifically, if the third laser wavelength is near the
Ba+ 6s~/2~6p~~2 transition at 4935 A, the 6p~»nd5&2
state or channel is excited. If the third laser wavelength is

Pl/2 5/2
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near the Ba+ 6s~~2 —+6p3/2 transition at 4555 A, then two
6p3/pnd series are excited in differing amounts where the
excitation ratio is strongly dependent on the spin of the
intermediate 6snd D2 state. Thus, we may obtain, sep-
arately, information about each of the three 6pnd 7=3
channels.

Figures 3—8 depict the excitation spectra obtained by
exciting the 6snd —+6p3/2nd transition from six bound
states, the 6snd '* D2 states for 8 (n & )0. Also shown in
these figures are the simulated spectra which resulted
from our MQDT analysis which will be described in the

FIG. 3. This figure shows the 6s&/2~6p3/2 excitation spec-
trum, which is obtained by exciting the 6s Sd D2 state and is
dominated by the production of the 6p3/28d+ state. The solid
line represents the data, while the dotted line represents the
simulated spectrum based on our MQDT analysis. The appear-
ance of the 6p3/28d and of some 6p~/2nd5/2 states are labeled.
The lines marked 3, B, and C are spurious signals which serve
as frequency. markers. Their designations are listed in Table I
and their source is described in Sec. II. The 6p&/210d5/2 peak is
artificially small due to the laser gain curve, which is indicated
by the dashed curve.
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FIG. 2. Depicts the energy diagram drawn to scale for the

6p&/2nd5/2, 6p3/2nd+, and 6p3/2nd autoionizing series. The
energies for the first two series are taken from Ref. 8, and the
energies for the 6p3/2nd series are listed in Table II.

FIG. 4. This figure shows the 6s&/2~6p3/2 excitation spec-
trum of the 6s 8d D2 state and is dominanted by the production
of the 6p3/28d state. The solid line represents the data, while
the dotted line represents the simulated spectrum based on our
MQDT analysis. The appearance of the 6p3&28d+ state is indi-
cated as are some 6pi/2nd5/2 states (where only n is indicated).
The peak labeled 2 is a frequency marker designated in Table I.
The dashed line represents the dye gain curve.
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FIG. 5. This figure shows the 6s&/2~6p3/2 excitation spec-
trum of the 6s 9d 'D2 state and is dominated by the production
of the 6p3/29d+ state. The solid line represents the data, while
the dotted line represents the simulated spectrum based on our
MQDT analysis. The appearance of the 6p3/29d state is indi-
cated as are some 6p&/znd5/2 states (where only n is indicated).

following section. The 6p3&z10d+ spectrum and its
analysis were reported previously.

In Figs. 3—8 we show the locations of the various
6pi~znd5&z states (see Fig. 2) which produce the structure
appearing in the spectra. As previously discussed, the
energies are not necessarily associated with peaks in Figs.
3—8, but can be associated with valleys in the spectra.
Generally, channel interaction produces additional peaks
(relative maxima) in spectra if the autoionizing states of
different series are separated by more than their widths,
and produces valleys (relative minima) if the states are
separated by less than their widths.

Collecting the excitation scans for the 6s10d 'Dz and
particularly for the 6s10d Dz is difficult because the
second laser which forms these states is efficient at pho-
toionizing them. It is tuned near 4555 A; these are mark-
er lines A and 8 of Table I. Additionally, particularly for
states of low principal quantum number n, the dye gain
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FIG. 7. This figure shows the 6s&/2 —+6@3/2 excitation spec-
trum of the 6s10d 'D2 state and depicts the 6p3/210d+ state
and its interaction with the 6p~/2nd5/2 states. This spectrum
and its analysis have been reported previously (Ref. 8). The
solid line represents the data, while the dotted line represents the
simulated spectrum based on our MQDT analysis. The
6p3/210d state is indicated as are some 6p&/2nd5/2 states
(where only n is indicated). As with all spectra reported here,
the 6p~/2nd5/2 states are not necessarily associated with the
peaks, but can be associated with the valleys (Ref. 7).

6pyle 10cl
~4

~ ~

18

curve varied appreciably over the width of the autoioniz-
ing resonances and was factored into the data analysis.
We were unable to systematically study the 6pj.7d states
due to their width in comparison to the dye gain curve.

III. MQDT METHOD

We employ the methods of MQDT to analyze our data.
The application of MQDT to treat experimental data is
described elsewhere, ' ' so we discuss only a few basic
principles here. Channel wave functions (g;) for the atom
are defined for r~ao as consisting of a well-defined ion
core and Rydberg function separable into radial and angu-
lar coordinates. The phase of the radial wave function is
expressed as a superposition of the regular (f) and irregu-
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FIG. 6. This figure shows the 6s)/2 —+6p3/2 excitation spec-
trum of the 6s 9d D2 state and is dominated by the production
of the 6p3/29d state. The solid line represents the data, while
the dotted line represents the simulated spectrum based on our
MQDT analysis. The appearance of the 6p3&z9d+ state is indi-
cated as are some 6p&/2nd5/2 states (where only n is indicated).
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FIG. 8. This figure shows the 6s&/2~6p3/2 excitation spec-
trum of the 6s10d 'D2 state and is dominated by the production
of the 6p3/210d state. The solid line represents the data, while
the dotted line represents the simulation based on our MQDT
analysis. The appearance of the 6p&/218d5/2 state is indicated.
Because the laser which excited the 6s 10d D2 state was effi-
cient in photoionizing this state, the noise level was increased.



2238 MULLINS, ZHU, XU, AND GALLAGHER 32

lar (g) Coulomb functions,

0; =0;(c;f—d;g) . 6p ~/2nd 5/2 6P3/Pnd+ 6P3/2nd

P; represents the ion core and its angular-momentum cou-
pling to the Rydberg electron. Channel interaction, which
is inherent in an electron-ion collision, can be accounted
for using the R matrix. By formulating the R-matrix
equations of MQDT using an appropriately phase-shifted
pair of Coulomb functions, MQDT parameters can be
broken into two sets, the intrachannel parameters, the
phase shifts given by the quantum defects, for idealized
noninteracting channels, and the interchannel coupling
parameters, the R,J, with vanishing diagonal ele-
ments. ' ' We employ the formulation utilizing the
phase-shifted basis as given by Cooke and Cromer, and
the quantum defects and R-matrix elements reported here
correspond to this phase-shifted formulation. ' Addition-
ally, this formulation allows for a number of parameters
commensurate with the amount of experimental informa-
tion. In particular, in our experiments no information is
obtained corresponding to the absolute phases of the con-
tinuum channels and correspondingly, the theory does not
contain information about these phases.

State wave functions are represented as superpositions
of the channel functions,

For closed channels the Coulomb functions consist of a
divergent part which must have a vanishing coefficient,
and this gives rise to the compatibility expression

~

tan(rrv, ')5,, +R,J'.
~

=0. (3)

R,', +tan(n. v,' )

R,',
Rc0

R,', +tan( —r) (4)

where the subscript c represents closed or bound channels,
o open channels, and tan(~v;) and tan( —7) are diago-
nal. ' ~ is the phase of the continuum channels for a
particular state wave function. In solving for the spectral
densities of autoionizing states, continuum normalization
per unit energy is assumed.

To describe our data we have used a six-channel model
which consists of three bound and three continuum chan-
nels. Thus, there are three orthogonal (radial) wave func-
tions at any given energy which are comprised of a
weighted sum of the six channel functions. The six J=3
channels are enumerated as

For the autoionizing region state wave functions consist
not only of bound parts but also of continuum parts. By
appropriate choice of the continua one can represent n
closed channels as interacting with n continuum channels
which do not interact with each other without loss of gen-
erality (assuming, of course, that n continua exist). For n
continuum channels there are n orthogonal (radial) wave
functions at every energy which are superpositions of the
bound and n continuum channels. The r~ oo boundary
conditions for the radial wave function results in a set of
homogeneous equations with a compatibility equation
analogous to Eq. (3). Explicitly,

continuum 1 continuum 2 contin UUID 3

where the 6p3/2nd series is the higher energy of the two
6p3/2nd series. The three continuum channels may be
chosen to be orthogonal so that R 45

——R 46 ——R 56 ——0.
Channels 2 and 3, which converge to the same limit, are
orthogonal by definition, so that R23 ——0. To reduce the
number of channel-interaction parameters, we constrain
the model by requiring channel 1 to decay to continuum
1, channel 2 to continuum 2, and channel 3 to continuum
3. That is, we reqnire

R'(5 ——R16 ——R24 ——R26 ——R34 —.R35 —0 .

Although this requirement is somewhat arbitrary we note
that there is some justification. %'e performed a four-
channel analysis with the same three bound channels and
only one continuum channel; this model contained the
same number of parameters as the six-channel model.
The four-channel model was significantly inferior to the
six-channel model, indicating that the bound channels do
decay in appreciable measure to different continua. That
orthogonal bound states decay in a large part to orthogo-
nal continuum states is not entirely unexpected.

The values of the MQDT parameters resulting from
our analysis are listed in Table III. The choice of the
phases for the R-matrix elements relates to the excitation
expression as will be described shortly. Previously report-
ed parameters which pertain only to channels 1 and 2
and their continua are in agreement with those listed in
Table III. The widths of the autoionizing states are relat-
ed to the (phase-shifted) R-matrix elements

TABLE III. MQDT parameters obtained from our six-
channel analysis of peak energies, widths, and excitation spec-
tra.

R'„=0.27
R )3 ——0. 12
R i4 ——0.36
R 25

——0.32
R 36

——0.31

pi =2.786
pg ——2.741
p3-2. 85

where 0 represents open channels. Above the 6p&/2 ioni-
zation limit, R ~z and R q3 contribute to the width of chan-
nels 2 and 3, respectively. Energy dependence was includ-
ed for p3, this parameter was optimized for each of the
three values of n used to produce the simulations in Figs.
3—8 and the corresponding values of p3 are listed in Table
II. Energy dependence was included here due to the signi-
ficant (but small) difference in quantum defects for dif-
ferent states of the 6p3/2nd series. No energy depen-
dence of the quantum defect for the low n states of the
6p3~qnd+ series was found; the change in quantum de-
fects being entirely accounted for by channel interaction
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described here. This illustrates that the energy depen-
dence of MQDT parameters can be substantially different
even for two similar autoionizing series of the same atom.

The excitation expression used to generate the simula-
tions in Figs. 3—8 is now developed. Experimentally, the
core excitation 6s~/2~6p3/2 is performed; thus excitation
into channels 2 and 3 can occur. The initial 6snd 'Dz and
6snd D z states project into jj coupling, respectively, as

('D2) =6s~/2(ad3/2+Pd5/2)

( D2) =6s, /2( Pd3/—2+ads/2)
(6)

This projection allows some spin-orbit coupling to be in-
troduced for these states which are dominated by their
singlet and triplet character. Correspondingly, the
6p3/pnd series are represented as

(6p3/2nd+) =6p3/2(ad3/2+bd5/2),

(6p3/211d ) 6p3/2( bd3/2+. ads/2) .
(7)

The transition amplitude for exciting 'D
q and D q states

can now be expressed in terms of the core excitation
6s &/2~6p3(2 using standard angular-momentum algebra
techniques. The transition amplitudes T; for exciting
each spin state S =0 (6snd 'D2) and S= 1 (6snd D2),
respectively, to each of the final-state wave functions
4;(Zz, Z3) are

T;
= =[(aa—,'+bP , )Zz+(b—a,' —aP —,

'
)Z—3]

&& (6&1/2 I lrl I6p3/2) for D2

T; ='=[(ap —,—ba 3 )Z2+(bp , +au —,
'

)Z3—)

+(6~1/211rl I6p3/2) for D2 .

(8)

Z2 and Z3 are the spectral amplitudes for channels 2 and
3, respectively, for the final-state wave function
'0;(Z2, Z3) and are expressed parametrically in MQDT
parameters by solving Eq. (4). The reduced matrix ele-
ment is defined as in Ref. 17. Interference occurs between
the excitation of channels 2 and 3 in the production of
each eigenchannel p; (where 4; is characterized by the
continuum phase ~;). As the final ion states Il; are detect-
ed, no interference occurs between them and the total
transition probability P for an intermediate state of spin
S is

3'=X
I

(9)

Phase information is retained only as products of radial
functions dependent on ZJ and angular functions depen-
dent on a, P, a, and b. The phases of the R-matrix ele-
ments reported here result when it is assumed that
a,P,a, b &0. The choice of this set of phases is described
in Sec. IV.

Assuming the 6snd states to be predominantly singlets
and triplets with S%%uo spin-orbit —coupling effects (giving
a/P=0. 77), we obtain from the analysis of excitation
spectra (Figs. 3—8) the ratio of coefficients a /b =0.86 for
the excited stated 6p3/2nd wave functions [see Eqs. (7)].

This ratio was not appreciably affected for assumed
bound-state spin-orbit-coupling effects corresponding to
& 20% of the singlet-triplet splittings.

The six excitation scans of Figs. 3—8 provide a
stringent test for our model because they are highly struc-
tured, span a large energy range, and correspond to states
of low principal quantum number n T. he simulations in
these figures are fairly accurate in reproducing the experi-
mental spectra with regard to peak (and valley) positions,
widths, and relative cross sections. The conclusion is that
our model and resulting MQDT parameters are reason-
ably accurate in describing the three 6pnd J=3 autoion-
izing series.

Some discrepancies between the data and simulations
are apparent in Figs. 3—8. The small relative magnitude
of the 6p3/2nd+ peaks when exciting D2 and of the
6p 3/p nd peaks when exciting 'Dz could not accurately
be reproduced by the simulations with one set of parame-
ters. By making small adjustments in a/b for the contin-
uum wave functions, good fits could be obtained for exci-
tation scans either from the 6snd Dz states or 6snd 'Dz
states for n =9 and 10, but not for both simultaneously.
This suggests the existence of two ratios a/b for the wave
functions, Eqs. (7), for 6p3/2nd+— states, but we use the
best-fit value to describe both 6p3/2nd series due to an in-
sufficient rationale for using two values of a/b Addi-.
tionally, for the 6p3/28d+ spectrum (Fig. 3) the oc-
currence of the 6p3/28d peak is at an unaccountably low
energy. Both the difficulties of accounting for the relative
ratios of peak positions' and peak heights have been
found independently by Van Woerkom and Cooke'o to ex-
ist above the 6p & /z ionization limit, where they have car-
ried out a more detailed study. The difficulties apparently
do not result from the somewhat arbitrarily imposed con-
straints in our model of assigning certain R-matrix ele-
ments to zero. '

The quantum-defect surface for our six-channel model
consists of a set of three surfaces defined by Eq. (4) in a
cube with axis v~ /q, v3/p and ~„where ~, is the continu-
um phase. The surface is triple- valued in the ~, coordi-
nate because there are three continua. Because this sur-
face is difficult to represent in a useful way, we have in-
stead constructed the Lu-Fano plot' for which the con-
tinua were ignored. Here we treat the problem as being a
two-limit, three-bound-channel case. Figure 9 is the re-
sulting approximate Lu-Fano plot constructed from the
already determined quantum defects and the R-matrix
elements R ~q and R ~3, where R z3

——0. Agreement be-
tween the data and calculated curve indicates that approx-
imate values for the MQDT parameters can be obtained.
from Fig. 9 in spite of ignoring the continua. However,
the continuum interactions cause several states to deviate
from the calculated curve in Fig. 9. These deviations
occur when state separations are smaller than state
widths; the large widths are due to interaction with the
continua. When states overlap channel interaction results
in the appearance of structure (for example, see Fig. 7)
and small energy shifts as opposed to large energy shifts
[as predicted by Eq. (3)]. Thus, the direction and magni-
tude of the deviations for the states 6p~/2nd for n =18
and 20—22 from the calculated, approximate curve in Fig.
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FIG. 9. This figure shows the Lu-Fano plot which results
when continuum interactions are ignored. Because the state
separations are generally greater than their widths, this plot is
useful in predicting MQDT parameters. Deviations for the
states 6p~/~nd5/~, n =18 and 20—22, are largely due to continu-
um interactions as described in Sec. III.

9 result in large part from the continuum interactions.
Nevertheless, the Lu-Fano plot is generally consistent
with parameter values derived from the analysis of spec-
tra, state energies, and widths. It should be noted that
when the state separations are much smaller than the state
widths, the approximate Lu-Fano plot where the continua
are ignored can be very misleading for the estimation of
MQDT parameters. '

IV. DISCUSSION

The angular-momentum description of the 6p 3/ind
series [alb=0. 86 for Eqs. (7)] provides insight about
electron interactions in the autoionizing-state wave func-
tions. Various terms in the Hamiltonian can be examined
to determine the source of splitting between the 6p3/2n, d+
and 6p3/2nd series, and therefore the source of their
angular-momentum descriptions. The quadrupole term of
the Coulomb-interaction operator 1/ri2 is the lowest-
order direct term which contributes to splitting, and
therefore is likely to be significant. It has recently been
shown2 that inclusion of only the direct quadrupole in-
teraction can account for the splitting of the 6pjngJ,
states, which are therefore (j, k)-coupled. The radial in-
tegral of the quadrupole term F is written as

2

2=
P' (F = R 6p3/2Rnd' 3 R 6p3&2Rnd.

and is independent of j of the d electron to a very good
approximation (only direct integrals are assumed). R„i is

J
the radial wave function of the electrons, and r & and r &

correspond to operators for the smaller r and larger r
electrons, respectively. The angular integrals of the quad-
rupole term can be expressed as

(jzjd JM
~
CiC2 ~jzjdJM)

and can be evaluated by standard procedures. ' Diagonal-
izing the quadrupole matrix one obtains the

~

(jl)ksJ)
eigenfunctions in the jj basis; the higher-energy state
6p3/2 (V 32/35nd 3/2+ v'3/35nd 5/2) for k = —', and the
lower-energy state 6' 3/2(v'3/35nd 3/2

—V'32/35nd q/2) for
k =—', (F is assumed to be positive). We use these projec-
tions and the 6snd ' D3 projections into jj coupling to as-
sign a, b, a,P&0 for Eqs. (6) and (7). The ratio of the
coefficients, a/b =3.3, is significantly different than that
observed experimentally. The inescapable conclusion is
that other terms of the Hamiltonian play a significant role
in determining the splitting and state wave functions of
the 6p3/2nd+—series.

For the 6snd ' D2 states the exchange energy dom-
inates the spin-orbit coupling of the d electron. The ex-
change integral for these states enters through the quadru-
pole moment and is represented by G . For the 6p3/2nd
states the exchange integral enters through the dipole mo-
ment (G'), and generally the F and G integrals are larger
for lower order. The angular integrations for G of the
6snd ' Dq states and for G' of the 6p3/2nd states result
in similar factors. The splitting of the 6snd ' D2 is
roughly equal to the splitting of the 6p3/2nd+ state—s (for
the same n). Therefore, because exchange energy dom-
inates the splitting of the 6snd ' Dz states and because
the exchange integral is of lower order for the 6p3/gnd
states which have comparable splitting to the 6snd ' D2
states, it is reasonable to assume that. the splitting of the
6p3/2nd +state—s is appreciably affected by exchange. The
wave functions which we find experimentally can be ob-
tained as eigenvectors of the electron-interaction Hamil-
tonian containing appreciable exchange dipole interaction
and direct quadrupole interaction.

The bound-state perturbations of the Sd7d F2 state
and the 6s 14d ' D2 states produce an interesting effect in
our observations. The 6si/2~6p3/2 excitation spectra of
the 6s 14d 'D2 and 6s 14d Dq states are both dominated
by the production of the 6p3/$14d state, whereas the
5d 7d F2 state which is known to strongly interact with
the 6s 14d 'D2 state results in the production of the
6p3/214d+ state. These observations are explained as fol-
lows. The zeroth-order positions of the 6s 14d 'D2 state
and the 5d 7d F2 state are close in energy, with the dou-
bly excited state being higher. Channel interaction causes
these two states to repel, whereby the 5d 7d F2 state ac-
quires appreciable 6s 14d 'D2 character. Thus, the
6si/z~6p3/2 excitation of the 5d 7d F2 state results in
the production of the 6p3/214d+ state. The repulsion of
the 5d7d Fz and 6s 141 'D2 states results in the
6s14d 'D2 state becoming nearly degenerate with the
6s14d D2 state. The 6s 14d ' D2 states repel each other
and ultimately are separated by about 2 cm '. Again,
state-wave-function .mixing occurs, and because the
5d7d F2 state has appreciable 6s14d 'D2 character the
Rydberg parts of both states labeled 6s 14d 'D2 and
6s14d D2 have greater weighting of the 6s 14d D2 char-
acter. Thus, both states labeled 6s 14d ' D2 produce
dominantly the (narrower) 6p 3/p 14d peak in the
6s&/2~6p3/2 excitation. A consequence of this picture is
that the nominal 6s14d D2 state possess 5d7d F2 char-
acter and this has recently been shown. '
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V. CONCLUSION

In this report we have treated in a unified manner ex-
tensive data, some which were obtained from a previous
study and some which were reported here for the first
time. The data include the positions and widths of three
J=3 autoionizing series —the 6p~/2nd5/2, 6p3/2nd+, and
6p3/2nd series —and included highly structured excita-
tion spectra for six states. These data can be represented
with the methods of MQDT by a few physically meaning-
ful parameters. Information about the state wave func-
tions for the two 6@3&2nd series is obtained directly from
the data and implies that both the direct-quadrupole term

and the exchange-dipole term of the 1/ri2 operator are
significant. In addition, conclusions concerning the na-
ture of the interaction of the Sd7d F2 state with the
6s 14d ' D2 states support recent findings.
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