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The measurement of the interaction in barium of five bound, doubly excited perturber states with
singly excited Rydberg series is reported. The five perturbers are the 5d7d 'D,, 5d7d°F,,
5d7d 'P,, 5d7d3S,, and 5d7d *P, states. The J=2 perturbers interact with the 6snd D, and
6snd 'D, Rydberg series; the J =1 perturbers interact with the 6snd 3D, and 6sns S series; and the
J =0 perturber interacts with the 6sns 'S, series. We observe the relative cross section for photoex-
citation of the 6p 7d autoionizing resonance from each of the perturbers and interacting states near-
by in energy where the photon energy roughly corresponds to the energy separation of the 5d and 6p
Ba™ states. The relative strength of the transition is directly related to the 5d 7d character of the
bound states. Good agreement with extensive previous work is obtained for the 5d7d 'D, and
5d7d 3P, states. General agreement with previous work is obtained for the 5d7d °F,, 5d7d 'P,,
and 5d7d S| states and specific discrepancies are clarified.

I. INTRODUCTION

In barium a relatively large number of doubly excited
states, in which two electrons possess excitation energy,
exist below the first ionization limit and represent
members of Rydberg series which converge to higher ioni-
zation limits. These states or “perturbers” interact with
Rydberg series which converge to the first ionization limit
thereby producing perturbations in the energies and other
properties of these Rydberg series. Energy-level analyses
of the interacting states performed, for instance, with the
methods of multichannel quantum-defect theory'™
(MQDT) provide predictions of the strength of interaction
and of the state wave functions which are linear combina-
tions of Rydberg and perturber wave functions.*~’ Gen-
erally, the energy-level studies treat a large number of
states but are subject to some uncertainty because signifi-
cant changes in atomic wave functions are not always ac-
companied by significant energy-level shifts. The study of
a variety of effects has been used to probe bound-state
wave functions including Stark shifts,®® hyperfine split-
tings,'® g factors,!! radiative decay measurements,®!>!3
multiphoton ionization methods,'* photoelectron spectros-
copy'>~!° (PES), and isotope shifts.?’

Here, we report the use of a novel approach to measure
the perturber character of members of perturbed Rydberg
series using photoexcitation to specific autoionizing reso-
nances. The method is straightforward in principle and in
practice and yields data which require little analysis to
yield significant results. In this paper we describe the
principles of the method, our experimental approach, and
the results for five barium 5d 7d perturbers of the term
symbols; 'D,, 3F,, 'P,, 35, and *P,.

II. PRINCIPLES OF THE METHOD

The bound-state wavefunctions ¥z can be represented
as linear combinations of Rydberg (i) and perturber
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(1,) wave functions. We consider a two-channel case for
simplicity where the Rydberg wave function is of the
form 6snl (n > 13):

Yp=ZrYr +Zpl/}p » (1

where the Z;’s are the respective coefficients of the basis
functions from each of the two collision channels of
quantum-defect theory. The standard convention of a
unit norm is assumed for the basis functions and state
wave functions so that the sum of the squares of the Z
coefficients equals 1 (as defined in Ref. 4 and references
therein). With this normalization, the ratio of the squared
coefficients can be considered to represent the ratio of
time the wave function spends in each of the basis states.
If the basis functions are normalized per unit energy (see
Ref. 2) then the coefficients represent the ratio of the
number of orbits for each of the basis functions represent-
ing the wave function.?!

Now let us consider the photoionization of a state with
the wave function given by Eq. (1) by a photon of energy
such that the final energy equals that of the autoionizing
6p 7d state. In Fig. 1 we show the possible excitation pro-
cesses for the 6sn/ and the 5d 7d parts of the wave func-
tion where we have assumed that there is no mixing of the
5d7d and 6snl states for clarity. As shown by Fig. 1, the
four possible excitations consist of two excitations to the
continua and two excitations to the autoionizing 6p7d
state. The strengths of these processes may be estimated
in a straightforward way. The estimated photoionization
cross sections for the direct process?? are found to be quite
small; for the process 5d 7d +hv—5d +¢€, 0 ~10"18 cm?
and for the process 6s520d +hv—6s+€, 0~10"1 cm?
The cross section for excitation of the 6p 7d state from the
5d7d state is essentially the cross section for the strong
Bat 5d —6p transition spread over the width of the 6p 7d
state, 280 cm ™!, where the 7d electron is a spectator.>>~%>
The estimate®® for this cross section is ~10~!% cm? The
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FIG. 1. Schematic diagram of the possible photoexcitation
processes from 6snl and 5d 7d states to the energy of the au-
toionizing 6p 7d state. At energies relevant to this work the
continuum consists of both the 6s and 5d states of Ba*t.

6snl+hv—6p7d cross section consists of the strong
Ba™t 65— 6p transition reduced by the square of the over-
lap integral between the n/ and 7d electrons. For /542 the
overlap integral is zero and for / =2 the estimated cross
section is ~ 10~ 1% cm?,

Although our estimates for different photoionization
processes are approximate, it is clear that the dominant
process is 5d7d +hv—6p7d. Thus the photoionization
cross section op of a bound state is dominated by this
process which depends only on the 5d 7d character of the
wave function, and we may ignore all other processes. In
this approximation oz is given by

op -—-—Z:op , (2)

where o, is the 5d 7d —6p 7d cross section, ~ 10715 cm?.
Thus, as stated above, by measuring the relative photoion-
ization cross sections op we obtain directly the perturber
character Z‘f. This is in principle, and in practice, a very
unambiguous means of determining the perturber charac-
ter of bound states.

III. APPARATUS AND PROCEDURES

In order to prepare and photoionize states of interest,
the second and third harmonics of a Nd:YAG (YAG
denotes yttrium aluminum garnet) laser were used to
pump three or four tunable dye lasers as needed. The
laser polarizations were chosen to enhance the production
of desired bound states (collinear polarizations for J=0,2
states and crossed linear polarizations for J=1 states).
The laser which photoexcited the 6p 7d autoionizing reso-
nance was linearly polarized. The laser pulses intersected
an atomic beam of barium sequentially in time (At ~6 ns)
in the order corresponding to their excitations. The in-
teraction region was located between two plates, one with
a grid, 1+ cm apart such that the ions could be collected
by application to one plate of an appropriate voltage

(~400 V) 150 ns after photoionization. Application of a
significantly larger voltage (~4000 V) to the plate result-
ed in field ionization of atomic states of a sufficiently
large principal quantum number (n >20). This method
was applied only for the 5d7d 'D, experiment; another
technique was required for lower-lying states. The analog
signal from a venetian blind particle detector was time
gated with a boxcar integrator and recorded on an X-Y
plotter.

For the study of all five perturbers, the bound, even-
parity states were formed with two tunable lasers, the first
exciting atoms to the 6s 6p 'P{ state and the second excit-
ing atoms from the 'P{ state to the desired state (see Fig.
2). A third tunable laser was employed to photoexcite the
even-parity states to a 6p 7d autoionizing resonance. Care
was taken to keep the photoionization signal linear in the
power of the third laser.

First, a suitable 6p 7d autoionizing resonance was locat-
ed by setting the second laser wavelength to excite a state
with substantial 5d7d character and then scanning the
third laser wavelength in the vicinity of the Bat 5d —6p
transitions. In all cases a prominent resonance was found
at 57840 cm™! and corresponds to two superimposed res-
onances of J=1 and 3. (The locations of the J =2 reso-
nances were not determined explicitly.) Additionally, this
resonance was produced by photoexciting the 6s7d 'D,
state with a laser whose frequency corresponded to the
Bat 6s—6p transition. Figure 3 shows the J=16p7d
resonance at 57 840 cm™'; this figure shows the ion signal
for the photoionization of the 5d 7d *P, state as a func-

6p7d
Ba*sd L
Bates ~6200A
6snl
5d7d ——
~4200A
6s6p 'PL

5537A

Y

Ba 6s® 'S,

FIG. 2. Relevant energy levels for our experiments. The
three photoexcitation steps are shown which resulted in the pro-
duction of the 6p7d autoionizing resonance from different
even-parity bound states.
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FIG. 3. 6p7d autoionizing resonance. The ion signal is
recorded on a linear scale as a function of the frequency of the
ionizing (third) laser. The first two lasers are set to populate the
5d7d 3P, state. Sharp features correspond to the excitation of
bound states (from the 65 6p 1P? state) and photoionization both
performed by the scanning third laser. Note that the 6p 7d au-
toionizing resonance is ~280 cm ™! wide.

tion of the ionizing laser frequency. The sharp features
correspond to excitation of bound states from' the
6s6p 'PY state and photoionization, both performed by
the third laser, and serve as frequency markers. Note that
the full width at half maximum of the autoionizing reso-
nance is 280 cm ™1,

Having located an appropriate 6p 7d autoionizing state

we then proceeded to measure the relative photoexcitation .

cross section to the 6p7d state. This was done in two
steps.

First, the ion signal corresponding to the photoexcita-
tion cross section of the 6p 7d resonance from the various
bound states was obtained by fixing the frequency of the
ionizing laser and scanning the second laser [see (a) panels
in Figs. 4—8] which photoexcites bound states from the
65 6p P9 state. Different final-state energies result from
this method but this does not materially affect the ob-
served photoionization signal, especially for the few states
that interact most strongly because the autoionization res-
onance is so wide in energy. One exception will be dis-
cussed later.

Second, we measured the excitation probabilities of the
bound states by scanning the second laser thereby produc-
ing the different bound states and then ionizing these
states with 100% efficiency. (We shall return to how we
accomplished this shortly.) The excitation spectra so ob-
tained are shown in Figs. 4—8 [(b) panels].

To obtain the relative photoexcitation cross sections of
bound states to the 6p7d state from the spectra of Figs.
4—8 [(a) panels], we must take into account the different
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FIG. 4. 5d7d 'D, perturber. (a) shows the ion signal record-
ed as the second laser is scanned thereby exciting the 6s6p 'P§
to the 5d7d 'D, perturber and nearby states. The third laser
frequency is fixed so as to excite the perturber and nearby states
to the 6p7d autoionizing resonance shown in Fig. 4. The ion
signal was maintained linear in the power of the third laser. (b)
shows the relative cross section for formation of the perturber
and nearby states in our experiment. The ion signal was collect-
ed as the second laser was scanned and the states excited were
ionized with 100% efficiency by field ionization. 3D, states are
slightly displaced to lower energy from the !D, states and the
IS, states are smaller peaks roughly midway between adjacent
D, peaks. Note that the 5d7d 'D, and 6s28s 'S, peaks are su-
perimposed. (c) depicts the perturber character which is propor-
tional to the relative cross section for formation of the 6p 7d au-
toionizing resonance for these states. This figure was obtained
by normalizing the trace of (a) by that of (b) with appropriate
modifications discussed in the text. ®, the perturbed branch of
the Lu-Fano plot; A, the unperturbed branch (see Ref. 5).
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FIG. 5. 5d7d °F, perturber. (a) shows the ion signal record-
ed as the second laser is scanned thereby exciting the 6s6p 'PJ
state to the 5d7d °F, perturber and nearby states. The third
laser frequency is fixed so as to excite the 6p7d autoionizing
resonance. Note the break in the x axis; the scale is the same on
both sides of the break. (b) shows the relative cross section for
formation of the perturber and nearby states in our experiment.
The ion signal was collected as the second laser was scanned and
states excited were photoionized with 100% efficiency as
described in the text. (c) depicts the perturber character which
is proportional to the relative cross section for formation of the
6p 7d autoionizing resonance for these states. To obtain (c) a
trace similar to (a) was used [normalized by (b)] except that the
third laser frequency was adjusted to keep the total energy of
the three-photon process constant. Adjusting the ionizing laser
frequency was done for this case because the interacting states
span an energy difference greateér than the 6p7d autoionizing
width; only the (small) calculated fraction of the 13d mixing
was appreciably affected by altering the ionizing laser frequency
vs leaving it fixed.

PERTURBER

probabilities of formation of the various bound states.
This we do by dividing the peak heights for each interact-
ing bound state in Fig. 4(a) by the peak height of the same
state in Fig. 4(b), etc. The resulting ratios are proportion-
al to op or to sz_ In Figs. 4—8 [(c) panels] we plot the
ratios as Zj with the normalization condition that
22; =1. The data plotted in Figs. 4—8 [(c) panels]

represent average values obtained in replicate runs.

Let us now consider details which are peculiar to the
study of specific perturbers. For the 5d 7d 'D, perturber
and interacting states, field ionization was used to record
the excitation spectrum of Fig. 4(b). The field ionization
pulse was applied 150 ns after the arrival of the second
laser pulse. Because the various states have quite different
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FIG. 6. 5d7d 'P, perturber. (a) shows the ion signal record-
ed as the second laser is scanned thereby exciting the 6s6p 'PS
state to the 5d7d 'P, perturber and nearby states. The third
laser frequency is fixed so as to excite the 6p7d autoionizing
resonance. (b) shows the relative cross section for formation of
the perturber and nearby states in our experiment. The ion sig-
nal was collected as the second laser was scanned and the states
excited were photoionized with 100% efficiency. (c) depicts the
perturber character which is proportional to the relative cross
section for formation of the 6p 7d autoionizing resonance for
these states. To obtain (c), the trace of (a) was normalized by
that of (b).
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FIG. 7. 5d7d 3S; perturber. (a) shows the ion signal record-
ed as the second laser is scanned thereby exciting the 6s6p 1p?
state to the 5d7d S, perturber and nearby states. The third
laser frequency is fixed so as to excite the 6p7d autoionizing
resonance. (b) shows the relative cross section for formation of
the perturber and nearby states in our experiment. The ion sig-
nal was collected as the second laser was scanned and the states
excited were photoionized with 100% efficiency. (c) depicts the
perturber character which is proportional to the relative cross
section for formation of the 6p7d autoionizing resonance for
these states. To obtain (c) the trace of (a) was normalized by
that of (b).
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FIG. 8. 5d7d 3P, perturber. (a) shows the ion signal record-
ed as the second laser is scanned thereby exciting the 6s6p 'P?
state to the 5d7d 3P, perturber and nearby states. The third
laser frequency is fixed so as to excite the 6p7d autoionizing
resonance. Note that the 5d 7d 'P, perturber appears in this
scan in spite of the collinear polarizations of the first two lasers.
See Fig. 6 for the analysis of this perturber. (b) shows the rela-
tive cross section for formation of the perturber and nearby
states in our experiment. The ion signal was collected as the
second laser was scanned and the states excited were photoion-
ized with 100% efficiency. (c) depicts the perturber character
which is proportional to the relative cross section for formation
of the 6p 7d autoionizing resonance for these states. To obtain
(c) the trace of (a) was normalized by that of (b).
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lifetimes it was necessary to extrapolate back to zero time
with known radiative decay constants® to determine atom-
ic state populations. Blackbody-radiation-induced ex-
citation-field ionization?’ produced a significant ioniza-
tion signal, especially for the states of large principal
quantum numbers n; this background was subtracted
from Fig. 4(a) for the preparation of Fig. 4(c).

For the lower-lying perturbers field ionization is more
difficult so the excitation spectra of Figs. 5—8 [(b) panels]
were obtained by photoionization using a fourth dye laser
tuned to the Ba¥ 6s,,,—6p3, transition.”>~?> This tran-
sition which can easily be saturated results in the 100%
conversion of bound 6snl states to autoionizing 6pnl
states.

As we noted above, the 6p7d autoionizing state is so
wide compared to the range covered by the interacting
Rydberg states around a 5d7d perturber that we could
safely leave the third laser wavelength fixed. This ap-
proximation begins to break down in the study of the

lowest-lying perturber, the 5d 7d °F, state. For this state
the energy range scanned by the second laser is large,
~400 cm ™!, so an additional experiment was performed
in which the frequency of the ionization laser was adjust-
ed so that the same final-state energy was obtained in the
photoionization of all the states; these data were used to
construct Fig. 5(c). The differences were small (except for
the larger perturber character for the 6s 13d states for a
constant final energy); thus we are assured that the errors
for the higher-lying perturbers are negligible.

IV. RESULTS AND DISCUSSION

As discussed earlier for each of the perturbers and in-
teracting states the relative cross sections or sz coeffi-
cients for formation of the 6p7d resonance (Figs. 4—8)
were obtained by normalizing the photoexcitation scans
for forming the 6p 7d autoionizing resonance [Figs. 4—38,
(a) panels] by the photoexcitation scans for forming the
bound states [Figs. 4—8, (b) panels] with appropriate
modifications discussed in Sec. III. The cross section for
photoexcitation of the 6p 7d resonance from the states in-
vestigated is in all five cases dominated by the 5d 7d char-
acter of the bound state. This is perhaps most evident for
the 5d 7d 3P, perturber shown in Fig. 8. The bound-state
excitation scan [Fig. 8(b)] shows that the production of
the 6snd 'D, dominates the production of 6sns 'S, states.
‘Nevertheless, the photoionization scan corresponding to
the production of the 6p7d autoionizing resonance [Fig.
8(a)] is dominated by the 5d7d °P, state with the D,
states appearing as very small peaks.

In each of the five cases the state which has previously
been labeled the perturber is the state which we find to
have the greatest perturber character.’~’

For the 5d7d 'D, state our results are in good agree-
ment with an MQDT energy-level analysis,” a state-
lifetime analysis,® and a photoelectron spectroscopic (PES)
analysis.!> The 5d7d 'D, state is found to interact with
the nominal triplets of lower energy and singlets of higher
energy. The nature of this interaction has recently been
described within the framework of an MQDT analysis.?®

For the 5d 7d P, state our results are again in good

agreement with previous work including an MQDT ener-
gy level analysis,” a state-lifetime analysis,!? an isotope-
shift analysis,”® and an PES study.!® The 5d7d 3P, state
is found to interact primarily with the 6s 18s .S, state and
to a much smaller extent the 6s 17s 'S, state.

For the 5d 7d °F, state, our data clarifies a discrepancy
in the literature. Several methods have shown the strong
interaction between the 5d 7d °F), state and the 6s 14d 'D,
state. However, disagreement exists concerning the extent

- of mixing between the 6s 14d D, and the 5d 7d °F, state.

Our results show that the 5d7d °F, state mixes strongly
with the 6s 14d ' D, state and to a lesser but significant ex-
tent with the 6s14d3D, state [higher-resolution scans
than Figs. 5(a) and 5(b) clearly show the 6s14d *D, in-
teraction]. Lifetime measurements!® support the finding
of the strong 6s14d D, interaction with the perturber.
Additionally, it has recently been shown that the singlet-
triplet mixing for the 6s 14d 13D, states is both substan-
tial and considerably larger than for other 6snd states for
n~14. The experimental method employed in this
study was to observe the relative transition strengths for
forming the two 6p;,,nd; J =3 autoionizing series from
the 6snd 3D, states for n=8—17.% The singlet-triplet
mixing of the 6s 14d 13D, states can be considered to be a
two-step process; (i) the 6s14d 'D, interacts with and is
repelled by the 5d7d 3F, state to an energy nearly degen-
erate with the 6s 14d °D, state, (ii) the 6s14d ">D, states
interact and repel each other. In step (i) the 6s14d 'D,
state acquires substantial 5d 7d *F, character so in step (ii)
the 65 14d D, also acquires 5d7d 3F, character.

Our finding of appreciable mixing of the 6s14d 3D,
state and perturber is not corroborated by an MQDT
analysis of energy-level positions® nor by the isotope-shift
measurements.’’ We note that the determination of the
perturber character by measuring relative isotope shifts is
a somewhat less direct method than that employed here.
Both' the lifetime measurements'> and the observed
singlet-triplet mixing of the 6s14d 3D, states®® require
65 14d D, and perturber mixing but these results were not
used to obtain mixing coefficients; here we are able to do
so.

Additionally, the 6s 13d states show perturber character
but this may be due to interaction with a perturber which
we have not studied, the 5d 7d D, state which is located
between the 6s 12d and 65 134 states.

The 5d7d 'P, and 5d7d3S; states have not been the
subject of extensive study as some of the J=0,2 5d7d
perturbers but an energy level analysis has been per-
formed.® Generally, our results, that these two perturbers
are not strongly mixed with the 6sn/ Rydberg series, are
consistent with the energy level analysis.® Our results
clearly indicate some mixing of the 5d7d 'P, state with
the 6s18d°D, state and to a lesser extent with the
6520s 38 state; this interaction can be discerned from the
Lu-Fano plot of these states (see Ref. 6).

An enhanced cross section to form J =1 bound states
occurs near the 5d 7d 'P; perturber. The bound-state ex-
citation scan clearly shows the production of the
5d7d 'P, perturber and the 6s19s3S; and 6s20s3S,
states while the 6518535, and the 6s21s 3§, are not evi-
dent. Also, the enhanced production of the 6s18d 3D,



state is clear. It is quite likely that the enhancement of
J =1 states near the 5d7d 'P{ perturber results from
channel interaction. This increased cross section for
forming the J =1 states by photoexciting the 6s6p 'P9
state results partially from the extensive 5d 6p 'P? charac-
ter (~40%) of the 65 6p 'P{ state’® and partially from the
fact that the excitation of the Rydberg parts of the J =1
states is spin forbidden. The fact that the relative cross
sections for excitations of the J =1 states is not in direct
proportion to their perturber character implies that appre-
ciable interference may exist for exciting the doubly excit-
ed versus Rydberg character of these states. The observa-
tion of this kind of interference has been described for the
photoexcitation of the 6s6p 'P{ state to J =0 states near
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the 5d 7d P, perturber [see Fig. 8(b)].!®

It is encouraging that the dominant channel interac-
tions we report here are in agreement with previous find-
ings, in particular with energy-level analyses. However,
we point out that when the interactions and thus energy-
level shifts are small, then the results of energy-level anal-
yses should be regarded with caution. For these cases
probes of state wave functions are required which are
more sensitive to the channel interaction.
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