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Photoabsorption of Ba and Na in an electric field: Manifestation of strong-field-mixing
resonances
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We have observed large oscillations in the photoabsorption cross sections of Ba and Na in the presence of an
electric field. The two-step laser excitation technique allowed the use of various polarization combinations for
studying the oscillations in the vicinity of the zero-field ionization limits. Thus, we could for the first time determine
the relative contributions from two entirely difFerent theoretical models: The quasibound m = 0 states (strong-field-
mixing resonances) on the one hand, and symmetry-induced oscillator-strength cancellations on the other. We found
that the model of strong-field-mixing resonances alone is able to account for all our experimentally observed cross-
section oscillations.

I. INTROD'UCTION

The photoabsorption of atoms in an electric field,
particularly at final-state energies near the zero-
field ionization limit, has recently begun to be in-
vestigated both experimentally' and theoretical-
ly.2 4 Perhaps the most striking experimental
observations were resonancelike oscillations in
the absorption cross section, which extended even
above the zero-field limit. First attempts to
explain these resonances have been based on the
fact that the final state of this process lies in the
"strong-field-mixing" regime, where the Coulomb
field of the ionic core, and the applied external
electric field, have roughly the same magnitude
and neither of them can be considered as a per-
turbation. Recently, Rau' has shown very general-
ly that an electron's motion in comparable Cou-
lomb and external fields exhibits characteristic
resonances whose spacing follows well-defined
laws, depending on the nature of the external field.
This picture has been used to explain the observed
absorption resonances of atoms in magnetic and
electric fields; furthermore, it predicts that such
a pattern of strong-field-mixing resonances is a
quite general phenomenon found in various branch-
es of physics.

In contrast, Luc-Koenig and Bachelier' have
pointed out that experimentally observed cross-
section variations do not necessarily reflect
equally strong variations in the density of final
states (i.e., resonances). Instead, they calculated
resonancelike modulations in the H-atom absorp-
tion cross section that arise largely from cancel-
lations in the distribution of oscillator strengths,
due to the relative symmetry of the initial states
and the absorbed light with respect to the electric
field. More precisely, the latter structures are
generally predicted for n -polarized light absorp-
tions (polarization parallel to the field) from a
symmetric lower state, with zero-field quantum
numbers 1+m even, and for 0-polarized light

absorption (polarization perpendicular to the
field) from antisymmetric states with I + m odd.

Unfortunately, as we shall see below, the ex-
perimental results to date do not allow the separa-
tion of the two effects. Therefore, it has been the
aim of the present investigation to confirm un-
ambiguously the relative contribution from the
proposed strong-fieM-mixing resonances and the
oscillator-strength-induced cross-section modu-
lations, respectively.

If we first summarize the previous investiga-
tions in more detail, we find that the only experi-
ment so far was a one-photon absorption in Rb by
Freeman et a/. , ' who first observed equally spaced
cross-section oscillations of about 10-15% modu-
lation. The oscillations started below and extend-
ed beyond the zero-field ionization limit E = 0.
The fact that they could only be observed in ab-
sorption of m-polarized light led to the postula-
tion of nearly stable rn = 0 states, which was sup-
ported by classical trajectory calculations for
the electron. ' From this model, the spacing of the
resonances has been calculated using a one-dimen-
sional model potential. The result was in excellent
agreement with the experiment and with the analy-
tical expression derived by Rau for this case of
strong field mixing, ' which reads

V 3/4
= (22.5cm ')

While the spacing was also in agreement with
the calculations of Luc-Koenig and Bachelier, '
the depth of the observed resonances disagreed
drastically from their quantum-mechanical treat-
ment of the photoabsorption of hydrogen in an
electric field. In their work, Luc-Koenig and
Bachelier found that the density of uppers = 0
states exhibits resonancelike modulation of about
3%, which is much less than observed in Rb, and
in addition, is of the same order of magnitude
as the calculated 1% modulation in the density of
m ~0 states. However, calculations of the actual
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absorption oscillator strengths, or cross sec-
tions reproduced qualitatively the experimentally
observed strong modulations. It could be shown
that this phenomenon arises fx'om periodically
occurring partial cancellations in the density of
oscillator strengths, df/d E, which lead to an addi-
tional 15'fo modulation in the cross sections for
m-polarized light from the symmetric '$0 ground
state. These cancellations, in turn, have been
explained by symmetry properties of both the
wave functions and the dipole operator in the exci-
tation matrix element. In essence, certain states
in a combined Coulomb and strong electric field
are known to be,symmetric with respect to the
plane z = 0 (z being the electric field direction).
In these states the electron's charge distribution
is not distorted towards either the anode or the
cathode side of the atom. These symmetric states
occur periodically in energy, with the periodicity
being approximately given by Eg. (1). Considering
both the symmetry (depending on the polarization)
of the dipole operator, and the l, +m~ symmetry
of the initial state (s„l„m, ), the mentioned selec-
tion rules for the cancellation in the excitation
matrix elements to these particular states have
been established.

It is worth noting at this point that, so far, the
obviously important symmetry properties of
atomic states in an electric field have only been
studied for a pure Coulomb potential of the atom.
Moreover, the considerations have been confined
to the region in the vicinity of the nucleus, where
even the alkali Rydberg electrons are known to
experience non-Coulombic forces, leading to non-
zero quantum defects. In fact, Luc-Koenig and
Bachelier point out that the modulation depth
caused by cancellation effects may vary from
atom to atom, depending on the particular core
potential. Thus they explained the fact that the
modulation observed in Bb was actually smaller
than calculated for H. Nevertheless, since the
observed modulation was still much greater than
the calculated structure in the density of H states,
the authors claimed that also in the photoabsorp-
tion in Rb the oscillator-strength structure rather
than the strong-field-mixing resonances accounted
for most of the observed modulations.

It follows immediately from the selection rules
for these oscillations that, in any one-photon
absorption from a symmetric atomic ground state,
the oscillations can only occur in' = 0 final states.
Hence, in the experiment of Freeman et al. ,

' they
cannot be separated from the m= 0 strong-field-
mixing resonances. In a two-step excitation of
atoms in an electric field, however, the two effects
can be observed separately by the appropriate
choice of light polarizations in each of the two

excitation steps. This is because the initial state
of the crucial second excitation step (which goes
to the strong-field-mixing region) is no longer
confined to be the ground state of the atom; rather,
it is some intermediate bound state, whose sym-
metry can be chosen by the polarization of the
first laser. Consequently, in the present investiga-
tion we used resonant two-step excitation of
atomic states in an electric field to study the
effects of either of the proposed theoretical
models separately.

We chose to study the cross-section modula-
tions in both an alkali atom (Na) and an earth-
alkali atom (Ba). The two competing theoretical
models are both expressed in terms of orbital
angular momentum quantum numbers and their
projections, hence we had to consider possible
complications due to spin-orbit splitting (in the
case of Na), and configuration mixing (in the
case of Ba), respectively. Since, however, all
our experimental data were internally consistent
and strongly supported one of the theories (strong-
field-mixing resonances), we feel confident that
the results are not largely affected by spin or
many-particle effects. Consequently, our ex-
periments may serve as an aid in interpreting
results of related experiments, like the previous
one-photon-absorption experiment in Rb."

II. EXPERIMENTAL

The apparatus used for these investigations has
been described before. ' In principle, it it a
crossed-beam apparatus, where the interaction
region is defined by the crossing of an atomic
beam (density about 10' atoms/cm') with the two
collinear, pulsed laser beams. The interaction
region is centered between two parallel electric
field plates which provide either the static elec-
tric field or, alternatively, a field-ionizing pulse of
about 5 kV/cm, occurring several hundred nanosec-
onds after the laser pulses and serving to ionize the
long-living Rydberg states. The ions are pulsed
through a grid in the upper plate and detected by a
secondary-electron multiplier. The multiplier sig-
nal is fed into a boxcar averager and finally recorded
as a function of the wavelength of the second laser.
The scan rate of the second laser was measured
simultaneously by monitoring and recording its
transmission through an etalon, after passing
the interaction region. The absolute wavelength
calibration was made using the well-known spec-
troscopic data for zero-field excitation. ' ' The
polarization of the laser beams, being initially
polarized at 45' with respect to the electric field
direction, was defined by two calcite prism polari-
zers. In the case of Na, it was necessary to com-
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pensate for laser-power fluctuations by monitor-
ing the laser power separately and normalizing
the ion signal with respect to it. I

III. PHOTOABSORPTION IN BARIUM

A. General considerations

Starting from Ba in its 6s' ground state, we
excited in a first step the 6s6p('P', } intermediate
state with either m- or o -polarized light of 5537 A,
leading to a Am= 0 or a ~= +1 transition, re-
spectively. Using a second, tunable pulsed dye
laser with wavelengths around 4200 A we could
then excite the strong-field-mixing states near
E = 0 in the presence of an external static elec-
tric field.

If we disregard for the moment any possible
reduction of the symmetry due to configuration
interaction and think of the intermediate state as
of a 6p electron surrounding a spherically sym-
metric 6s('S} core, then we can easily verify that
now the effect of the expected oscillator-strength
minima is completely separated from ~n = 0 final-
state resonances. Let us consider, for example,
two consecutive w-polarized transitions (v-v
transition), which lead to a pure m = 0 final state.
Since the intermediate state is antisymmetric
with L + m odd, no additional structure due to the
oscillator strength should be observed and all
of the oscillations stem from particular nz = 0
upper-state properties. A o -m transition, as well
as a w-o transition, leads to a pure ~m~ = 1 final
state, in which case practically all of the observed
structure is expected to be due to the transition
oscillator strength caused by the respective sym-
metry of the light and the electric field. In the
present experiment, we have investigated the
modulations in the experimental cross s,ections
for all the possible combinations of linear light
polarization, at two diffferent values of the
electric field. For convenience, the expected
structures for the various polarizations are sum-
marized in Table I.

Before discussing the polarization dependence
of our results, we may discuss the general fea-
tures of the Ba excitation spectrum using Fig. 1(a)
as an example. The spectrum was obtained at
4.8-kV/cm field strength with the first laser being
polarized perpendicular to, the second parallel-
to, the field (o-s transition). Starting from the
high-energy side, the spectrum exhibits the fol-
lowing features: at 42117.4 cm ' a Beutler-Fano
profile, which is caused by the autoionization of
a low-lying member of a J = 2, even-parity series,
converging to the 5d, ~, ionization limit. ' Below
the zero-field 6s ionization limit Io (at 42 035
cm ') the main structure is a broad absorption

TABLE I. Comparison of expected cross-section
structures in Ba arising from the model of m& =0 final-
state resonances (Refs. 2 and 3), or from oscillator-
strength cancellations (Ref. 4). A pure 6s6p(~P~) inter-
mediate state has been assumed when calculating the
results given in this table.

Laser
polarization
combination

Final-
m& =0-state
resonances

Oscillator-
strength

canc ellations

(0 -n)
(7t —a.)
(7t' -7t)
(0 -a)

no
no
yes
yes

yes
yes
no
no

B. Results and discussion

Figures 1(a)-(d) show the polarization depen-
dence of the strong-field-mixing oscillations in Ba
at an electric field strength of 4.8 kV/cm, ob-
tained with o-m, m-cr, m-n, and o-o transitions,
respectively. In the energy region of interest
(between 41 950 and 42 100 cm ') we observe the
following behavior.

dip centered around 41841 cm '. It arises from
the interaction of a 5d 7d('D, ) perturber with the
continuum of the fast ionizing Stark manifold of
a 6s core configuration. Towards lower energies,
this continuum is increasingly structured due to
the existence of long-living Stark components.
Additionally, we could observe a perturbing J = 1,
even-parity state at about 41930 cm ', which also
lies below the zero-field limit I,. In contrast to
the 5d 7d('B,) periurber, it appears as a peak
rather than an absorption dip in the spectrum. An
extensive and detailed experimental study of the
interaction of these perturbers with the electric-
field-induced continuum has been completed and
will be published separately. "

It is evident both from Fig. 1(a) and from de-
tailed DDT studies' " that there is practically
no perturbation extending to the vicinity of the
zero-field ionization limit I, which could interfere
with the study of the polarization-dependent
strong-field-mixing resonances. For the following
discussions of the experimental results, we wi, ll
restrict ourselves to the energy region near Io,
between 41 950 and 42 100 cm '. The observed
slight increase in the measured intensity towards
lower energies is caused by a monotonic increase
in the laser power due to the particular dye ef-
ficiency. The spectrum has not been corrected
for laser-power variations; however, the laser
power has been recorded simutaneously and
showed short-time fluctuations of less than 3% ~
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FIG. 1. (a)-(d) Experimental photoabsorption signal in Ba at an electric field strength of 4.80 kV/cm, obtained by
resonant two-photon absorption with o-m, m-o. , m -7l, and o.-o polarization, respectively. The details of the spectra
are explained in the text.

(1) in the ease of a v-n [Fig. 1(a)] transition,
there is practically no oscillation larger than the
statistical fluctuation of the signal. A cr-m transi-
tion leads to a pure ~m( = 1 state, whose density
variation is expected to account for oscillations
on the order of 1%.' According to the oscillator-
strength model, a considerable amount of addi-
tional structure could have been expected from the
transition because the selection rule for the
second step (l +m even and w-polarized light) pre-
dict zeros in the density of oscillator strengths
to the upper state. From the examples calculated
in Ref. 4, we may estimate that in our case the
oscillations would also have been on the order of
-10%, which, in principle, cauld easily be ob-

served.
There. are two possible reasons for this dis-

agreement from theoretical predictions: First,
as mentioned in Ref. 4, the absolute nzagnitude
of the oscillations is dependent on the nature
of the core potential, which already in the case
of Rb led to considerable deviations from the
hydrogenic model. This leaves the possibility
that in the case of Ba the oscillations are less
than our statistical fluctuations. Second, our
particular intermediate state 686p('P', ) contains
abaut 30% admixture of 5dnp('Po) character due
to the presence of configuration interaction. "
The 5d core configuration is no longer spherically
symmetric, which could, in principle, affect the
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symmetry considerations leading to the postulated
structures in the oscillator strengths.

We do not expect, however, any additional effect
due to the presence of electron spin, which is
also neglected in the hydrogen photoabsorption
calculation: It is known from the zero-fieM
spectra that by far the most probable transition
is the one to the singlet states, hence the electron
spin remains completely unaffected in the transi-
tions in Ba.

Similar considerations, only with reversed sym-
metries of both the light and the intermediate
state, apply to the case of the m-0 transition, which
is shown in Fig. 1(b). They lead to exactly the
same result, that there is no experimental evi-
dence for any oscillator-strength-induced modu-
lations larger than the experimental uncertainty.

(2) In the case of a w-m transition [Fig. 1(c)],
which leads to a pure m = 0 upper state, we find
strong oscil1.ations around the zero-field limit,
which can easily be traced to energies as high as
about 42170 cm '. The spacing of the oscillations
around Io is about 24.5+0.5 cm, which is in ex-
cellent agreement with the value of 24.28 cm '
calculated from Eq. (1). The shape of the ob-
served resonance structure is clearly asymmetric,
which is in good qualitative agreement with the
calculated density of m = 0 states in the case of
hydrogen excitation in an electric field. 4 The
modulation depth, however, which is about 20%
in our experiment, exceeds by far the calculated
3% structure depth of m = 0 states in hydrogen.
%'e note, from Table I, that no additional structure
is expected from the oscillator strengths, since
the pure 6s 6p('P', ) m = 0 state has odd symmetry,
leading to no structure in a m transition. A con-
figuration-mixed intermediate state is even more
unlikely to have a well-defined even symmetry
(I +m even} with respect to the electric field,
which would be necessary to introduce additional
amplitude in the observed oscillations. Conse-
quently, we conclude that the observed 20% modu-
lation in the absorption cross section is caused
by the density variations of the m = 0 upper state
alone.

(3) The o-a transition shown in Fig. 1(d) in
general leads to mixture of m = 0 and ~m~ = 2
states. In the case of a field-free atom, with
well-defined l values for the upper states, the ra-
tio of m = 0 to ~m

~

= 2 population can be calculated
to be 1:7. Consequently, to a zeroth-order ap-
proximation, we might expect the modulation
amplitude to be reduced by a factor of about 7,
compared to the case of a n -m polarization. The
actually observed modulation (5f~ to 10/~ around
I,) appears to be reduced by only a factor 2-4.
This is, for our purpose, still a satisfactory

qualitative agreement, since no additional modu-
lation from the oscillator-strength cancellation
is predicted by the respective selection rules.

(4) To confirm the experimental results we have
taken another set of spectra at a different field
strength, F = 2.67 kV/cm. The observations were
qualitatively identical to those of 4.8 kV/cm. In
addition, as may be seen from the m-m transition
shown as an example in Fig. 2, the spacing of the
oscillations was much narrower (16.1+ 0.5 cm '),
again in agreement with the calculated value of
15.6 cm '. Thus the E' 4 dependence of the spac-
ing, which is characteristic for the strong-field-
mixing resonances, was confirmed.

IV. PHOTOABSORPTION IN SODIUM

A. Experimental results

Starting again from ground-state atoms, the
first laser now drives the Ss,~-Sp~ (j = —,', —', }
transitions in Na around 5890 A, and the second
laser ionizes the atom. The experiment is
carried out in the same way as the Ba experi-
ment. However, for reasons given below, only
one polarization configuration (m-m polariza-
tion) has been studied in detail with both the 'P, @
and the 'P, @ state as the intermediate state, at
an electric field strength of 8.91 kV/cm. In ad-
dition, one spectrum at 4.46 kV/cm was taken
with the 'P, &, intermediate state, using again the
w-m polarization. Typical scans are shown in
Figs. 3 and 4. The modulation spacing and depth
results are tabulated in Table IL Again, the ob-
served spacings are in good agreement with the
theoretical values of 38.6 cm ' at 8.91 kV/cm and
23.0 cm ' at 4.46 kV/cm as given by Eq. (1).

In order to understand the modulation depths
we now must take into account the effects of the
electron spin. Since the 3p states have a large
spin-orbit splitting (-17 cm ') compared to our
laser linewidth (-1 cm '), we may never populate
a pure nz, state with either polarization. This
makes the interpretation substantially more com-
plicated, since we can no longer argue qualitative-
ly by merely looking at the presence or absence
of modulations. Instead, we have to calculate, for
any given polarization combination, the m, substate
population fraction, from which the expected modu-
lation depth according to either theory may be
evaluated and compared with the experiment.

B. Theoretical modulation and comparison
with experiment

We first define a modulation amplitude p, in the
observed photoabsorption cross section o(E) near
the ionization limit by decomposing the cross
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FIG. 2. Same as Fig. 1(c), except for a different value of the electric field strength (2.67 kV/cm).

section into a smooth and an oscillating compo-
nent:

o(E) =2+ gg(E),

where ~ denotes the average value of o(E),
averaged over several oscillations. The function
g(E) describes the shape of the modulations; we
only require g(E) to be a periodic function of E
[the periodicity is given by Eq. (1)], with unit
amplitude and vanishing average over one period,
i.e., g(E) = 0. We will mainly be interested in
the relative modulation amplitude I, which is
defined by

M=p/c.
For the sake of simplicity we assume that the
modulation amplitude is approximately constant
within a sufficiently small energy region around
the zero-field ionization limit. In order to account
for this observed behavior theoretically, we now
decompose the transition matrix element for the
second excitation step in a similar way into an

energy-independent part plus one or more oscil-
lating components, a(E}, which we will have to
specify according to the theoretical model under
consideration:

Here again we require a(E}= 0 and define the
first factor to be

&g&lf r It&& =Q~(E}IE rlt~&.

averaged over a suitable energy region around
the zero-field limit. P, and Pz denote the inter-
mediate and the final state, respectively, and p
is the polarization vector of the second laser.

If we now consider the model of the strong-
fieM-mixing resonances, where the oscillations
depend on the density of final m states (z(mz), we
identify

e(E) = o.„6„ (6)

with the implicit understanding, that the (yet un-
known} density modulation n„has still the desired

m&

TABLE II. Experimental results for the spacing and the relative modulation M of the
cross-section oscillations in Na. The relative modulation M is defined as the average differ-
ence of two adjacent cross-section extrema, divided by half their sum, in an energy region
of about 50 cm below and 90 cm above the zero-field ionization limit. The value of M
given in this table is the weighted average of several (typically 3) recorded spectra.

Electric
field

strength I
(kV/cm)

8.91
8.91
4.46

Laser
polarizations

Intermediate
state

3 Pg)2
3 P3/2
3 P3/2

Observed
relative

. modulation M

11 (2)
21 (3)
13 (2)

Observed
spacing
(cm-')

39.5 (45)
35.9 (36)
20.4 (21)
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We easily convince ourselves that the Kronecker
symbol in the last factor yields the desired selec-
tion rules for the oscillator-strength cancella-
tions, ' if we define the symmetries e(p) and
e(m»} of the light and the intermediate state as
follows:

e(p) =p F (= 0 or 1, respectively),

1 for l, + m» even,
0 for /, +m,- odd.

(Qa)

(Qb)

M-=M- =M-=' ~'"4t'»:
Z' +2Z200 11

(11a)

ox 4o'o& oo+ 2P» ii (lib)

Thus, we are left with only two independent equa-
tions, which contain four unknowns: the two
modulation amplitudes &o and P „which we finally
want to determine, and two unknown transition
matrix elements which we have abbreviated by
the symbol Z

&', ,
= l&tg+t}IP r lt;(m»}& I' (12)

We have. already restricted ourselves to x polari-
zation in the second step (Am = 0}, since o polari-
zation with bm = + 1 would have introduced even
more unknown matrix elements. We note that,
due to the selection rules (6), (Qa), and (Qb),
only»luadratie expressions in o» and p survived,
while all terms containing products (o»P) vanished.
This allows us to reduce the number of unknowns

by considering only the ratio of relative mod»»la

tions for two selected cases, which we also had
studied experimentally:

M3(2 2r+R ] y+ 2 ] '

Except for irrelevant numerical constants, the
photoabsorption signal o(E) is then given by

o(E) oo Z„Z„C(m») )( yq(E, mq)l p ~ r
l y»(j, m»)) ('.

(10)

The coefficients C(m») describe the relative pop-
ulation of intermediate m& states by the first
excitation step. The C(m&) were readily deter-
mined since we saturated the first transition.

It is now straightforward, by inserting the
matrix element (8) or (5) into E»l. (10) and ob-
serving the dipole selection rules, to obtain the
theoretical expression for o(E) or o(E}, respec-
tively. From this, the theoretical relative modu-
lation M~& ~ can be derived, which is labeled by
the light polarizations p' and p and by the angular
momentum j of the intermediate state 3p&. The
final result is (to first order in a, P)

where we have used

Z'R=~ andr = (14}
Qo Z II

The expression enclosed in the second parentheses
in Eq. (13) is e»lual to the ratio P, t,/a, p, of the
average absorption cross sections via the two
intermediate states, 3p, @ and 3p, @, respectively.
This ratio can be measured independently by
simply sweeping the first laser over both reso-
nance lines and keeping the second laser fixed.
The oscillations in the cross sections can be
averaged out by repeating the measurement at
several nearby wavelengths of the second laser.
We obtained

'i') = 1.08+0.08(o
& o»lm sxpt

from which a value of x,~ = 1.26+ 0.03 can be
computed. Finally, entering the experimental
result for r, M,'g, and I,"~ into E»l. (13), we
find the experimental value for the ratio R of
modulations caused by oscillator-strength can-
cellations versus strong-field-mixing resonances
to be

R,„;——(0.02 + 0.17}.
Since, by definition (14), R is a positive number,
we may conclude that R,„~ is zero. In other words,
all our observed modulations in sodium are caused
bym = 0 final states (strong-field/mixing reso-
nances} while any possible contribution from the
oscillator-strength minima is less than the ex-
perimental uncertainty. This result is in agree-
ment with the results in Ba.

IV. SUMMARY

In this paper we have reported the study of
photoabsorption cross-section modulations in
Ba and Na in the presence of a static electric
field. We used a resonant two-step laser excita-
tion technique, with independently selectable po-
larization of the two lasers. Thus we were able
to prepare intermediate and final states in well-
defined m, quantum states in Ba, or, because of
the large spin-orbit splitting, in a well-defined
superposition of m, substates in Na, respectively.
This allowed, for the first time, the distinction
between two theoretical models, which both
claimed to account for previously observed cross-
section modulations in Rb in the vicinity of the
zero-field ionization limit: the model of quasi-
stable m, = 0 final states (strong-field-mixing
resonances}, or the model of cross-section modu-
lations caused by symmetry-induced oscillator-
strength cancellations. Both theories predicted
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the same periodicity of the modulation, which
scales with the —,

' power of the electric field
strength. Our observed periodicity was in excel-
lent agreement with the theoretical value in all
cases where substantial cross-section modula-
tions have been found.

By comparing the observed modulation ampli-
tude with postulated m, selection rules for either
theory, we found that the model of quasistable
m, = 0 final states alone accounted for all our
observed modulations, whereas any possible
contribution from the oscillator-strength cancel-
lations was less than our experimental uncertain-
ty. The effects of the electron's spin or configura-
tion mixing have been discussed, but are not be-
lieved to account for the failure of the latter

theory. Rather, we may conclude that the sym-
metry-induced oscinator-strength cancellations
are sensitive to deviations from the pure hydro-
genic case, for which they have been calculated.
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