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Spectroscopic determination of final products of autoionization
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A detailed analysis of the excitation spectrum of the Ba (6P3,,12s, J =1) autoionizing
state is presented. From this it is deduced that the dominant decay channel for autoion-
ization of the Ba (6P;/,ns, J =1) states (n > 12) is to the Ba* (6P, ,,)4e ~ed configura-
tion. Quadrupole coupling is presumed to be the important interaction, and an estimate

of the resulting autoionization rate is presented.

I. INTRODUCTION

All but the lowest few doubly excited states of
Ba have energies greater than the ionization limit
and thus autoionize into a Ba* ion and a free elec-
tron. There are typically several possible final
states of the ion [e.g., Ba*t (6S) or Ba® (5D;)] since
the electron can carry away an arbitrary amount of
kinetic energy. In a recent study’ of the 6P;20s
states of Ba, it was postulated that the barium in
the 6P;/,20s, J =1 state autoionized primarily into
optically excited ions, Ba* (6P, ;). Since then,
this has been verified by an energy analysis of the
electrons emitted during autoionization.2 However,
even this does not present a complete picture of the
process, since the electrons may be emitted as ei-
ther s or d partial waves and still conserve parity
and angular momentum. The 6P;,,20s, J =2 state
is not allowed to autoionize into a Ba* (6P, ;) and
s-wave electron due to angular momentum con-
siderations and since it does autoionize much more
slowly than the J =1 state, it was initially assumed
that the electrons from the J =1 state were emitted
as s waves. The autoionization mechanism was
thus thought to be either a spin-spin or a spin-
other orbit interaction.!

The spectroscopic data reported in this work,
and their accompanying analysis strongly suggest
that the electrons are in fact emitted as d waves
and that the important interaction is electrostatic.
We base this conclusion on an analysis of the exci-
tation spectrum of the barium transition, 6s 12s 150
—6P3,,125, J =1. As shown in Fig. 1, the
6P; /,12s state lies below the Ba™ (6P, ,;)+e~ ion-
ization limit, and thus it cannot autoionize into a
Ba™ (6P, ;) ion. (It does, however, autoionize into
Ba* ions in the 6S and 5D; states.) The interac-
tion which causes autoionization of the higher
states (n > 12) into Ba™ (6P, ;) ions is nevertheless
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present and results in a distortion of the

6s 125 'Sy—6P;,,12s, J =1 excitation profile at the
location of the 6P ,nl doubly excited states. For
6P, s,nl states within the 6P;/,12s autoionization-
broadened linewidth, one sees relative minima in
the excitation line shape. For states far from the
6P, /,12s state, one sees relative maxima. By not-
ing the locations of the major distortions, we have
identified the 6P, ,nd states as being more strong-
ly coupled to the 6P;,,12s state than the 6P, ,ns
states. For n > 12, then, a 6P; /,ns state presum-
ably autoionizes primarily into the Ba*t (6P, ;)
+e ~(ed) continuum.

This technique should be applicable to many au-
toionizing states and should thus provide a general
method for determining autoionization-branching
ratios. Since it is a purely spectroscopic technique,
it avoids all the difficulties inherent in collecting
and analyzing emitted electrons without distorting
their emission pattern. It does, however, have its
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FIG. 1. Energy level diagram for excitation of the
6P;,,12s state of Ba. The five lowest ionization limits
of Ba are designated.
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own difficulties associated with the analysis of a
complex spectrum.

II. EXPERIMENTAL METHOD

An excitation spectrum was obtained by first ex-
citing barium atoms, stepwise, from the 6s? state
via the 6s 6p 'P; state to the 6s 12s 'S, state
(E =40233.74 cm™!, see Ref. 3) as shown in Fig.
1. Then a third laser was tuned about the Ba™
65 —6P;/, ion resonance (4554 A) and the total
number of resulting ions was recorded. Since the
autoionization rates of all states in this region are
much greater than the radiative decay rates, the
number of ions is the same as the number of atoms
excited from the 65 125 'S, state. The procedure
and apparatus was very similar to that used in Ref.
1.

The source of Ba atoms was an effusive atomic
beam which was directed to a region between two
electric field plates, where it was crossed by the
three laser beams. The top plate had a grid in it,
and the bottom plate was pulsed after each laser
shot to drive Ba™ ions through the grid, into an
EMI, venetian blind electron multiplier. The
pulses of ions were integrated by a PAR 162 box-
car averager and recorded on a chart recorder.

The lasers were Hansch-type dye lasers, using
grazing incidence prisms as beam expanders. They
were pumped by the second or third harmonics of
a Quanta-Ray Nd:YAG laser. Typical dye laser
characteristics were 2-kW pulses with 0.2-cm ™!
linewidth.

The wavelength of the third laser (~4554 A)

was calibrated using a marker resonance® at
21938.1 cm™! corresponding to the transitions:

6s6p'P,—6510d 'D,—6P;,,10d »Ba* +e~ .
(1)

This results in a large narrow peak, the amplitude
of which varies as the square of the third-laser in-
tensity. The scan rate of the third laser was mea-
sured by monitoring the power transmitted
through a 1.68-cm~! free spectral range etalon.
This produced wavelength measurements accurate
to better than 0.5 cm—!; however, the laser scan
rate typically exhibited nonlinearities as large as
5%.

Figure 2 shows typical data over the wavelength
range 4545—4590 A. The large feature at 4558 A
is the “marker” transition. The wavelengths
shown in the figure are only approximate since
they represent a linear wavelength scale.

III. ANALYSIS

This technique of optically exciting an ionic core
after “removing” a valence electron by exciting it
to a Rydberg state, is useful because of the simpli-
city it introduces into the excitation of autoioniz-
ing states.! Usually only one state of a well-known
configuration is excited because the only large
transition moment corresponds to a core excitation
with no change in the Rydberg electron’s state.
Configuration mixing is nevertheless important in
these doubly excited states, as it is what leads to

T I
30

T T

el

23

|

1 L I I |
4545 4550 4555 4560 4565

| L L |
4570 4575 4580 4585 4590

WAVELENGTH (3)

FIG. 2. Photoionization spectrum from Ba (6s 12s 'Sy). The vertical lines at the top of the figure designate the posi-
tions of the 6P, /,nd states for values of n =23 to 40. The 6P, ,ns states are located almost exactly midway between

6P,/2nd states.
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their autoionization by coupling the states to dif-
ferent core configurations. Thus, for example, a
Ba 6P;,ns, J =1 state is coupled to a Bat

(6P, ;) +e'(el) configuration (where € and ! refer
to the electron’s energy and angular momentum,
respectively). This coupling shows up most
dramatically as autoionization for n > 13, but even
for n =12 the coupling still exists. (Since the in-
teraction occurs in the vicinity of the core, it is in-
sensitive to the Rydberg electron’s binding energy
which is small compared to its total kinetic energy
when it is near the core.) The configuration in-
teraction shows up in this case as structure in the
6s 12s —6P; ;125 excitation profile, since 6P, ,,nl
states of many values of n (24 <n* <35) lie within
the autoionization-broadened 6P;/,12s state line-
width, as shown in Fig. 3. (Safinya and Gallagher*
have recently seen a similar excitation spectrum
modification due to other Rydberg states with the
same core configuration.)

To model the excitation spectrum we first distri-
buted the 6P;,,12s wave function over a band of
energy represented by a Lorentzian of FWHM T,
and line center E, thus constructing a “continu-
um” wave function which is normalized per unit
energy and depends both on position and energy as

R

FIG. 3. Expanded view of states in the vicinity of the
Ba (6P;,,12s) state. The broad feature represents the
6P ,,12s state which is broadened to an 85-cm™'
linewidth by autoionization which occurs rapidly for low
n states. The solid lines represent 6P, ,nd states; the
dashed lines represent 6P, /,ns states. For both cases
n~30, and thus their autoionization linewidth is small,
~2 cm™~!. Configuration interaction results in structure
(not shown) in the excitation line shape of the 6P;,,12s
state. The location of this structure determines whether
the state mixes primarily with the 6P, ,nd configuration
or the 6P, ;;ns configuration.

follows:
q=2E —Eg)/Ty, (2a)
5 { 172
6P;,,Es )= |— 6P, ,,125) .
| 6P/, 7T 144 ] | 6P3,,

(2b)

We next applied an approximation of the Fano for-
malism,’>~7 since this spectrum involved many
bound states and two-continuum channels. Here
we have modeled the 6P, ,nl states as bound states
and the ionization channels are (a) the constructed
6P, ,Es continuum and (b) the other Ba*6S and
5D channels grouped together. The (a) channel is
illustrated in Fig. 3 where many of the 6P, ,nl
states (dashed and solid horizontal lines) can “au-
toionize” by making a transition to the broad

6P ,,12s state. The (b) channels are evident in
Fig. 1, where it is shown that any states near the
6P;/,12s state are in the continuum, being above
the 6S and 5D ionization limits.

It is easier to understand the character of the
spectrum in the case where all of the broadening of
the 6P, ,,nl state is due to transitions to the broad
6P;,,12s state. Then the strength of the bound-
continuum interaction has a simple form:

2 1 172
=\t (Urad) (6P, onl|1/r 15 | 6P5 5125 ) ,
(3a)
[y=2m(n*)?3 | (6P, ,nl | 1/ry | 6P35125) |2,
(3b)
1r|V,.E|2=E 1 1 (3c)

Lo m(n*)?® (1+4¢%) "’

where n* is the effective quantum number of states
6P, s,nl, such that its binding energy E,=—1/
(2n*?) (a.u.) relative to the Ba* (6P, ,,)+e ~ ioni-
zation limit, and the additional factor in (3a)
represents the distribution of the 6P;,,12s wave
function over the energy band I'y. T'; represents
the autoionization rate that would exist for Ba
(6P3/,125)— Ba* (6P, ,,) +e ~(el) if that channel
had been open. T'; is obtained by scaling the ap-
propriate rate for Ba (6P;/,ns) states with n > 12.

Using Fano’s formalism, this interaction causes
a 6P, s,nl state to have an admixture of the broad
6P3/2 12s state:
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Ve
|6P1,2nl)+Pf E'f;“ ‘6P3/2E'S>dE'
n
= |6P1/2nl)
172

2r

q 1
6P;,,125) . (4
* 1442 | #03(n*)} |6Ps72

If the transition moment from the 6s 12s state to
the “bound” state 6P ,nl is much smaller than the
transition moment to the “continuum” state
6P /5125, then the g defined in Eq. (2a) is identical
to the Fano gq. The Fano g is proportional to the
transition moment to the | 6P, ,nl) state (includ-
ing its admixture of 6P;,,12s) divided by the tran-
sition moment to the portion of |6P;/,Es) state
lying within the energy band 7 | ¥,z | 2. For our
case, transition moments due to the 6P, ,nl char-
acter will be smaller than those due to 6P;,,12s
character by a factor of the order of n* !> wheth-
er due to Rydberg electron wave function overlap
(e.g., | {ns|12s)|) or due to excitation from a
mixed configuration (e.g., |(6p?|r |6pns) |
~1/n*!3). The spectrum then consists of a series
of Beutler-Fano profiles such that |g | increases
according to Eq. (2a) for energies farther from E,,
while the fractional linewidth (the ratio of the
linewidth to the interstate spacing, n* ~3) decreases
as a Lorentzian of peak value 2I"y/#Ty. The max-
imum amplitude of each of these features attains
the same value; however, since the width of the

(gZ —1)?
I(E)= . T s
(14+Z)(14¢)[T/To+(14+g>) (57T ,v)]
1« (370 +(D1/T) /(1+4%)
Z(E)=— ,
T “ n*3E —E,)

where v is the effective quantum number of the
6P/, 12s state (relative to the 6P;, ionization lim-
it), and E, = —1/2(n**= —1/2(n —8)?, for the
6P, ,,nl states having quantum defect 8. For sim-
plicity, we have again used 'y, scaled by (n*)~3, as
the autoionization width of the 6P, /,nl channels
due to the additional channels.

Equation (5) can be obtained from Ref. 5 by
making the correspondence between Z and —tanA
of Eq. (60) in Ref. 5, extended to the two-con-
tinuum case using Eq. (41) of Ref. 5. Thus, the
first term in the numerator of the expression for Z
represents coupling to the additional (6S* and
5D ) channels, and the second term represents the
7| Vg | 2 coupling of Eq. (3c). The signal I has

features decreases, the averaged excitation strength
follows the original Lorentzian profile. It should
be noted that, because of the variation of g, the
perturbing states n are located near minima at
E,~E,, but near maxima for |E,—E;| > T,.

It should also be noted that this approach gives
results qualitatively similar to those that the mul-
tichannel quantum-defect theory (MQDT) would
give if both the 6P;,,12s and 6P, ,nl states were
treated as channels. We chose not to treat the
problem this way because the width of the
6P/, 12s state, excluding coupling to the 6P, ,nl
states, is expected to be greater than the 6P, /,n/
interstate spacing (as in Fig. 3). In such a case it
is impossible for the channels to show the dramatic
quantum-defect shifts which were first used to jus-
tify MQDT. Moreover, a complete MQDT treat-
ment would require knowledge of all possible in-
teracting channels (at least eight open channels and
four or more closed channels) since partial MQDT
analyses have not shown exceptional accuracy.®

Now, when the additional broadening is intro-
duced [i.e., when we allow the 6P, ,nl states to
also autoionize to the Ba*(6s) and Ba*(5d) chan-
nels] then the spectra are averaged since this
prevents the width of the features from decreasing
indefinitely. By broadening each feature in a
manner similar to that done by Fano for the
single-bound-state— two-continuum case,” we ob-
tained for the spectra, I (E):

I
three factors: the first represents the reduced cou-
pling since the two-continuum problem has two in-
dependent solutions, only one of which shows in-
terference effects. In Ref. 5, this effect is the first
factor of Eq. (40b). The second factor of Eq. (5b)
is due to the overall envelope of the |6P;,,Es)
constructed continuum as defined in Eq. (2b). The
third factor represents the basic interference and
occurs in Ref. 5 as cos’A(g tanA —1)2.

The longer wavelength wing of the data in Fig. 2
clearly shows two series of 6P, /,nl peaks, with one
set approximately three times as large as the other.
Since these features are far from line center, the
peaks should be located very near the energy of
6P, ,nl states. In fact, the large features are very
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near 6P, ,nd states, and the smaller features are
near 6P, ,ns states. In Fig. 2, the lines at the top
of the figure correspond to the location of the
6P, ,,nd states. The 6P ,ns states are located al-
most exactly (+10%) midway between those lines.®
To characterize the structure near line center, we
created a spectrum according to Eq. 5; however,
we only assumed coupling to the 6P, ,,nd states.
To determine 'y and I', we used the linewidth
data of the 6P;20s states which suggested that the
6P /,20s state had an autoionization linewidth of
0.05(n*)~3 (a.u.) due to coupling to the 6s and 5d
ion channels, and 0.09(n*)~* due to coupling to the
6P, ,, ion channels. For I'y, we used the sum of
the 6s and 5d contribution (25 cm™!) and one-
fourth of the other contribution (15 cm™!),
representing coupling to the unused 6P; /,ns chan-
nels. Thus, our parameters were I'y=40 cm L
I =45cm™!, E,=62150 cm~! (corresponding to
v =7.73, extrapolated from higher 6P; /,ns states),
and §=2.73 (as observed for 6P, ,nd states).
Figure 4 shows the comparison between data and
computer prediction (solid line) over the wave-
length range 4550 —4575 A. The agreement is sub-
stantial in many aspects (e.g., feature position and
assymmetry), thus implying that for n > 12, J =1,
the dominant autoionization channel produces a
d-wave electron:

Ba (6P3/2ns)*>Ba+ (6P1/2)+e~(€d) . (6)

IV. DISCUSSION

In order to judge the comparison of the data to
the model, one must consider the approximations
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FIG. 4. Comparison of calculated spectrum vs ob-
served spectrum assuming coupling of 6P;,,12s, J =1
state to 6P, ,nd states. Wavelength is vacuum
wavelength. The large peak near 4558 Aisa frequency
marker.

made and the resulting limitations of the model.
Equation (2b) distributes the 6P; /,12s wave func-
tions over a Lorentzian line shape. An MQDT
analysis of the 6P;,ns states would result in two
major changes in this aspect of the model. First,
since other terms in the 6P;/,ns channel interact in
a similar fashion, one should sum over all n values.
However, to the extent that these states can also be
modeled as Lorentzians (a reasonable approxima-
tion for two channel MQDT), the contributions of
the nearest neighbors would be down by an order
of magnitude at 20-A detuning from the 6P;,,12s
resonance. The second, related, aspect is that the
spatial behavior of an MQDT wave function
changes with energy to reflect the change in the
Rydberg electrons binding energy. Near line center
this typically results in a modification of matrix
elements by the factor® sin’ (mAn*)/(wAn*)? where
An* is the change in effective quantum number
from line center. For 20-A detuning in our case,
this factor causes a 20% decrease, which should
primarily result in a discrepancy in feature line-
widths.

The other major approximation made was the
assumption that the 6P, ,nl states were properly
diagonalized. As MQDT shows, the orthogonality
of 6P, ,,nl states and their diagonalization results
from a complex interplay between the satisfaction
of boundary conditions and the variation of Ryd-
berg wave functions with energy. Thus, if one
Rydberg state is perturbed, it is no longer orthogo-
nal to other unperturbed states. The square of the
overlap between adjacent Rydberg states is again
sin?zr(n —nY), which will have little effect on our
model, except for when states are broadened suffi-
ciently that n3 —n7 differs appreciably from an in-
teger.

Neither of the assumptions mentioned above ap-
preciably affect the positions of the features rela-
tive to the “true” position of the 6P, ,nl states,
which can be determined by excitation directly
from the 6sn! Rydberg states."® And, as men-
tioned earlier, the minima near the center of the
profile, and the maxima in the wings are located
near the energies of the admixed 6P, /,nl states.
Since these energies are determined separately, this
conveniently allows a spectrum comparison that is
relatively insensitive to the 6P;,,12s state width
Iy, the mixing parameter I';, and the model’s limi-
tations. Thus it is possible to claim dominance of
the 6P, ,nd channel, even though the spectrum
comparison does show discrepancies.

There are two major discrepancies between the
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predicted and actual spectrum shown in Fig. 4.
We attribute both to shortcomings in our model.
Most notable is the failure to reproduce the extra
features which we ascribe to mixing with the

6P, ;,ns configuration. The feature at 4573 A ap-
pears as a shoulder, while at 4585 A (Fig. 2) a
similar feature has evolved into a discrete peak.
Our first attempts at including the 6P, ,,ns config-
uration successfully generated peaks in the wings,
but badly reduced the agreement at line center by
introducing additional minima. Further attempts
at modeling the two-configuration, two-continuum
problem are continuing.

The second discrepancy is between the predicted
and actual feature widths near the spectrum’s
center. Part of this may be due to the omission of
the 6P, ,ns configuration, but we believe part of it
is also due to an overestimating of the coupling,
V,g. For features near the center, Eq. (3b) predicts

n “autoionization” linewidth larger than the spac-
ing between states. In the spectrum this means the
central peaks correspond to narrow spaces between
broad minima. Physically, this is unlikely as it
represents an “autoionization” lifetime shorter than
the orbit period. We believe the approximate solu-
tions are failing because this strong coupling would
produce large, higher-order couplings between adja-
cent 6P, ,,nd states as described above. A proper
treatment using a modified MQDT would probably
show a reduced coupling V,g (typically MQDT
departs from perturbation theory when couplings
are large, and always results in a smaller net ef-
fect).

Since the 6P; /,ns states (n > 12) autoionize to
the 6P| ,ed channel, we believe that the quadru-
pole term of the expansion of 1/r, is responsible
(where 7, is the distance between the core and
Rydberg electrons). This autoionization mechan-
ism is completely general and does not depend on
ionic fine structure, or various spin couplings as in-
itial]y1 believed. However, as reported earlier,! the
6P3,,20s, J =1 and J =2 states have considerably
different autoionizing rates; this suggests that the
coupling is primarily through the singlet character
of the states (since the J =2 state has pure 3P,
character). It is not unusual for those interactions
which are sizable only near the core to be larger
for singlet states since they have greater electron
spatial wave function overlap. Accordingly, we

have made the following estimation:

<6P3/2ns % 6P|/2€d>
12

~(n*)P7(5)(6P |} |6P)<ns

nd)

O 1Y E— )
I+ +1)

where % is due to geometric factors, and the ma-
trix elements are estimated from hydrogenic scal-
ing'® using the diagonal / =2 case for the Rydberg
matrix element. From Eq. (7) we obtained a mix-
ing parameter '}, for the 6P /,12s state of 200
cm~! to be compared to the 45 cm ™' used here; a
reasonable agreement considering the approxima-
tions certainly produce an overestimation (because
of the use of the diagonal Rydberg matrix element
and because the electrostatic expansion is not valid
for ry <ry).

V. CONCLUSION

The measurement reported here presents an al-
ternate method for determining the branching ratio
of autoionization into different (energy degenerate)
partial waves. Since the method is purely spectro-
scopic, it does not have any of the difficulties usu-
ally encountered when measuring the energy and
direction of electrons. Although a complete
analysis is difficult, the location of dominant
features will often designate the primary autoion-
ization channel. For the case of Ba (6P;/,, ns)

J =1, n > 12 states, this analysis shows that the
primary autoionization route results in d-wave
electrons.
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