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Asymmetric satellites corresponding to interferences between 6p&y215d&g2 and 6p~g2nd5y~
states (n & 15) in the autoionization spectrum of Ba for the transition Ss15d D2 Rp&l, —

15d5y2 are observed. A simple line-shape theory based on first principles allows us to
measure "two-electron" transition-matrix elements in terms of one-electron dipole-
transition matrix elements. These values are compared to those calculated using a
quantum-defect model which also explains the sign of the observed asymmetries.

The spectroscopy of doubly excited "two-elec-
tron" heliumlike atoms is frequently done by
single-photon-absorption spectroscopy from the
ground state to the autoionizing states lying within
the continuum above the lowest ionization thresh-
old. Therefore, the transition to the doubly ex-
cited autoionization state is necessarily a weak
two-electron transition, comparable in strength
to the direct "one-electron" photoionization tran-
sition at the same frequency. The interference
between these two possible excitations yields
asymmetric absorption lines commonly ref erred
to as Beutler-Fano profiles. The asymmetries
were first successfully explained by Fano, ' who
pointed out that the discrete autoionizing states
are modified by the presence of the continuum
through configuration mixing and that the exis-
tence of the two channels leads to interference
effects. Fano's theory parametrizes each pro-
file and determines for each level the position,
the autoionization rate I', and a parameter q,

which provides an estimate of the transition prob-
ability to the modified discrete state in terms of
the transition probability to the unperturbed con-
tinuum. Although this theory is the cornerstone
for analysis of autoionization measurements, it
is, in practice, very difficult to check the valid-
ity of the extracted parameters by any alternative
means.

We describe here the first observation, to our
knowledge, of asymmetric Beutler-Fano profiles
which are due to interferences between photoex-
citations to different discrete autoionizing states. '
Specifically, the observed interferences are be-
tween the 6sl5d-6p, l,15d and the 6sl5d p», nd-
(n 0 15) excitations in the autoionization spectrum
of Ba where n ranges from 13 to 19 as shown in
Fig. 1. The weak "two-electron" (6s15d —6p, l,nd,
no 15) transitions' occur because the outer elec-
tron nd orbital with the excited 6p, l, core is not
orthogonal to the 15d orbital with the 6s core.
This measurement is of particular interest since
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a»(v) is determined by assuming that a„(v)=0
(n 0 15) and solving the two-level problem using
the rotating-field approximation' which takes into
account saturation effects of the main transition.
Once we solve the two-level problem, the a„(v)
are obtained by using lowest-order time-depen-
dent perturbation theory. The line shape s(v) is
then obtained by squaring Eq. (1),

s(v)=la„(v)l'+ Q 2Re[a„*(v)a„(v)j
6615d "D

n«5

+ Z la„(v)l', (2)
n &15

FIG. 1. Level diagram showing the states involved in

the experiment. All lasers are 0+ polarized to select
one initial and one final state for each final n level.
The third laser at about 4938 A is swept as indicated by
the dashed arrow across the autoionizing Rydberg
series.

we can independently measure the relative posi-
tions and autoionization widths of the Gp, g, nd
states and calculate in a straightforward way the
relevant transition-matrix elements. With only
these parameters we are able to calculate the
interference line shape and compare it with our
observations, in a sense the first independent
confirmation of the Pano theory.

Since the Gs15d-Gpnd (n 4 15) transitions are
weak, to observe them the laser must be intense
enough that it saturates the strong 6s15d - 6p15d
transition; thus the saturation effects must be
taken into account in calculating the line shape.
Here we present only an outline of the line-shape
calculation to convey the essence of the idea.

The total probability amplitude, a(v), for exci-
tation and subsequent autoionization of the initial
Gs15d state by radiation of frequency v is written
as the sum of the amplitudes, a„(v),for auto-
ionization through a given Gp, ~,nd state. The
direct photoionization amplitude is estimated to
contribute (

1%%uo to a(v), reflecting the strength
of the Gs15d-GP15d transition, and is therefore
ignored. Separating the largest amplitude, a»(v),
we obtain

a(v) =a„(v)+ E a„(v).

where we ignore terms of order a„*(v)a„,(v). Let
us consider for a moment the correspondence of
the terms of Eq. (2) with the observed line shape.
For example, for v in the vicinity of the 6s15d
-6p16d transition, the first term corresponds
to the wing of the saturated strong Gs15d - 6p15d
transition. The only important part of the second
term is the dispersion term from the interference
of the 6s15d-6p15d and 6s15d-6p16d ampli-
tudes. The third term corresponds to the 6s15d
-6p16d transition. From Eq. (2) it is apparent
that observable asymmetries will only occur
when a»(v)- a„(v). The sign of the dispersion
term depends upon both the signs of a»(v) and

a„(v)and upon the sign of the detuning from the
strong transition. As mentioned above, the prob-
ability amplitudes a„(v)may be calculated using
the easily measured positions and widths of the
states (the measurements will be described
shortly) and the calculated transition-matrix
elements H' for the Gs15d-GPnd excitation fol-
lowed by the Gpnd - Gsel autoionization. The
transition-matrix element H' may be written as

H'=(Gsef
l HlGpnd) (Gpnd l plGsnd).

The bar indicates that the final nd states have
a Gp ion core. The first matrix element y„
=(Gsel lH lGpnd) is simply related to the auto-
ionization rate I'„byI'„=y„*y„.The Gs15d —6pnd
transition can be regarded as a transition of the
Ba' core with the outer 15d electron making a
slight readjustment in its orbit. Thus we may
write the second matrix element V„=(Gpnd IplGsnd)
of Eq. (3), as the product of the ionic dipole ma-
trix element and an overlap integral for the Ryd-
berg electron in the 15d and nd states:

V„=(6plp,l Gs) (nd115d) .

Since the ionic dipole moment (Gplpl Gs) is inde-
p~~dent of n, v e have reduced the problem to
calculating the overlap integrals (nd ll5d) which,
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since they are determined primarily by the con-
tributions from the large radii of the Rydberg
orbitals, may be calculated using the Cpulomb
approximation of Bates and Damgaard. ' The
method consists of using hydrogenic radial wave
functions with a phase shift, 4, at the origin to
account for the finite-sized ionic core. The phase
shifts are determined for each state by measur-
ing the binding energy Wof the state relative to
an ion limit expressed as W=--, (n-5) 'where
5 is the quantum defect of the state, a slowly
varying function of n, the principal quantum num-
ber. ' Since 4 =m5, it is not surprising that the
overlap integral depends only on the change in
quantum defect, &, between the 15d and nd state,
and in particular if & changes sign so does the
overlap integral. If we adopt the usual phase
convention that for r = 0 the derivative of the
radial wave function is positive, then we find
that y„has the same sign for all n. Therefore
the line-shape theory predicts that the sign of
the dispersion term in Eq. (2) and thus the sign
of the profile asymmetry is totally determined
by the sign of b, , the change in quantum defect,
and the sign of the detuning from the strong 6s15d- 6p15d transition.

The experimental apparatus has been described
in detail elsewhere. As indicated in Fig. 1, a
beam of 6s' Ba atoms is excited by two simultan-
eous laser pulses at 5535 and 4299 A to produce
the initial 6s15d'D, state. The third laser is de-
layed by 5 nsec and is used to drive the core to
the Gp, ~, state. The spectrum shown in Fig. 2

is obtained by sweeping the frequency of the third
laser near 4938 A. and detecting the ejected elec-
trons from the autoionizing barium atoms. In
general the satellite spectrum is complicated by
transitions to 6pns states allowed by configura-
tion mixing. However, by circularly polarizing
all three lasers we force the ~m~ =1 selection
rule for each transition, thereby restricting the
intermediate state to be 'D, (m~ =2) and the final
state to have J = 3. Since we are tuned to the
Gp, ~,nd& states, we reach only Gp, ~,nd, ~, states
with~=3, m&=3.

Next, by changing the initial state of our sys-
tem to Gsnd (n & 15) we drive the Gsnd- Gp, y, nd
ion transitions, as described above, at reduced
laser power to avoid power-broadening effects.
Since the lines show no evidence of direct photo-
ionization (Fano q parameters estimated to be
~ 10') we can independently measure the line-
widths, relative positions, and the quantum de-
fects of the Gp, ~,nd states unambiguously. Equa-
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FIG. 2. Power-broadened spectrum of the 6slM D2
-(&Pf/215dpyg) g 3 transition in Ba showing asymmetric
profiles. The dashed line shows the power broadened
line in the absence of interferences. The sharp feature
to the red side of the 13d profile is a Ba two-photon
resonance at 4947 A. The inset is a vertical expansion
of the 14d and 13d profiles showing the theoretical fits
to the data as open circles. Each division along the ab-
scissa corresponds to 50 em . In the main figure the
fit is indistinguishable from the data.

tion (2) is then used to fit the spectra such as the
one shown in Fig. 2 with the measured widths and
positions of the satellite profiles fixed and the
matrix elements V„varied to achieve the best
fit. The fit to the spectrum of Fig. 2 is indis-
tinguishable from the data at the scale of the fig-
ure. The iriset in Fig. 2 shows a vertical expan-
sion of the n =14 and n =13 profiles with the cal-
culated fit given by the open circles. The dashed
curve in Fig. 2 shows the Lorentzian curve of the
6s15d- 6p15d transition in the absence of the
satellites. If Fano's line shape' is applied to
these satellite profiles, we obtain q values in
the range 1.85-2.76. These values should not be
confused with the normal interpretation of q as
mentioned earlier; rather they provide us with a
number which can be understood in the context
of Fano's theory. We note in Fig. 2 that the sat-
ellites on both sides of the main transition have
the same asymmetry. The line-shape theory'
then implies that V„/V» changes sign from nega-
tive to positive as we tune across the strong tran-
sition toward the red.

The test of the line-shape calculation is the
comparison shown in Fig. 3 of the values of V„/
V» determined by fitting the observed line shape
with those determined from the Bates-Damgaard
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TABLE I. Autoionization widths and quantum defects
of the (6piy2nd)z-3 states and quantum defects of the
6snd D2 series of Ba.

0.10— I'(cm ') ~i(6piy~«) ~=3i ~(6snd'D2)

0.05—

-0.05—

-0.10—

13
14
15
16
17
18
19

16.0(20)
11.9 (8)
10.4(9)
9.1(9)
8.4(9)
7.9 (8)
7.4(8)

2.7038(50)
2.7622 (50)
2.7766(50)
2.7893(50)
2.7874(50)
2.8143(50)
2.8393(50)

2.66378
2.7847
2.6490
2.6668
2.6762
2.6834
2.6891
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~See Ref. 7.
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FIG. 3. Comparison of ratios of "two-electron" to
one-electron matrix elements using the line-shape
theory and the Bates-Damgaard procedure. The ratio
at n =15 is unity.

calculation. The error bars on the experimental
values for V„/Vreflect the random scatter in the
ratios of four line shapes such as Fig. 2 with the
laser power varied to produce widths of the strong
6s15d-6pl5d transition from 40 to 52 cm '. The
agreement both in sign and magnitude between the
calculated and observed matrix-element ratios
strongly supports the line-shape theory and the
accuracy of the Bates-Damgaard calculations,
at least for b, - —0.1.

According to the line-shape theory, if 4&0,
then on the red side of the main transition the
profile asymmetries have the sign shown in Fig.
2, but should have the other sign if b & 0. In fact,-
as indicated by Table I, the Ba Gs14d state has
an anomalous quantum defect due to the presence
of the 5d7d perturber. Thus the 6s14d —6p13d
transition, to the red of the strong 6s14d —6p14d
transition, has 4=+0.1, and, in fact, we have
observed experimentally that its asymmetry is
reversed from those of Fig. 2, as predicted by
the theory.

To our knowledge this is the first observation
of Beutler-Fano profiles due to interference be-
tween discrete states where one can calculate the
line shapes from first principles in terms of

measurable quantities and compare the line-shape
theory with an alternate physical model (quantum-
defect theory in this instance). The success of
the line-shape theory in explaining the observed
spectra supports the two-step picture of auto-
ionization as excitation followed by nonradiative
decay.

In the cases studied here, where l~ I
- 0.1,

the Coulomb approximation accurately gives the
sign of the matrix element. Since the asymmetry
of the profile provides a sensitive test of this
sign, it will be interesting to investigate the
accuracy of the Coulomb calculations for small
values of I~I, -0.01.
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