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Angular distributions and branching ratios of the electrons ejected
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We describe the first comprehensive measurements of the energy distribution, branching ratios,
and angular distributions of electrons ejected from Bat [6p&/p {3/2)ns{/2]J—{ states in their autoioni-
zation to the Barr 6s, 5d, and 6p ion states. These measurements are made using a stepwise laser
excitation scheme, which results in excitation of only the bound part of the autoionizing states.
Furthermore, the laser excitation of these autoionizing states through the spherically symmetric Bar
6sns So intermediate states results in simplified electron angular distributions. %'e find that the
Bat [6pj/p {3/2)ns(/2]J 1 states autoionize predominantly to an excited state of the Ba ion. The in-
teraction between the Bat [6p)/2ns(/q]/ 1 and the Bat [6p3/2ns(/2]/ —1 series manifests itself in the
sharp variation in the electron asymmetry parameter P near the neighborhood of the interaction.
We also present a simple analysis of our results incorporating the multichannel quantum-defect
theory.

I. INTRODUCTION

For the last few years the spectroscopy of He-like
alkaline-earth atoms —Mg, Ca, Sr, and Ba—has attracted
considerable interest. For example, the selective, stepwise
excitation of the high-lying bound Rydberg states of
alkaline-earth atoms has led to a precise measurement of
the level positions of many states. ' Typically, the two-
zlectron spectra are more complex than the single-
valence-electron alkali-metal atoms because each Rydberg
series is perturbed by states converging to the same or oth-
er ionization limits. Nonetheless, the resulting spectra
have been successfully modeled using multichannel
quantum-defect theory (MQDT). ' While the bound
part of the spectrum is fairly well understood, the same is
not true for the autoionizing states.

Autoionizing states of atoms are those states for which
the sum of the energy of the excited electrons exceeds the
energy required to ionize at least one electron of the atom.
These states have inherently short lifetimes and decay by
ejecting an electron, leaving the ion in its ground state or
in an excited state. There have been very few systematic
studies of the autoionizing states which lie above the first
ionization threshold. The positions and widths of some
autoionizing Rydberg series of Ba and Sr have been re-
ported. " ' For example, the width of an autoionizing
resonance gives the total autoionization rate, but does not
provide any information about the final states of the ion
core. The knowledge of autoioniz ation rates or the
branching ratio to a particular ion state is important in
many physical problems. For example, it is important to
know if the autoionization leads to the ion core in the
ground or excited state in such diverse problems as an au-
toionization laser' or the energy loss due to dielectronic
recombination in plasmas. Moreover, the knowledge of
autoionization rates is of fundamental importance in any
calculation of wave functions in the autoionization region.

Originally, autoionizing levels were studied using pho-

toexcitation from the ground state with ultraviolet
light. ' ' UsuaHy under these conditions the excitation
line shape is an asymmetric Beutler-Fano profile, which
results from the interference between the excitation to the
bound and to the continuum part of the autoionization
state, respectively. By exciting an autoionizing state, step-
wise through bound states, with use of tunable dye lasers,
a symmetric Lorentzian excitation line profile is obtained.
This is because the excitation cross section to the continu-
um part of the autoionization state, from the bound Ryd-
berg state, is considerably smaller than that to the bound
part. ' The stepwise excitation scheme not only simpli-
fies the analysis of the autoionization spectrum but also
requires very modest laser power, since all the laser-driven
transitions are single-electron transitions (see below).

Before we describe our present measurements in detail,
let us digress briefly on the specific system under study,
the Bar [6p1/2 (3/p)ns)/2]/ 1 states. As shown in Fig. 1,
we excite to the Bat [6p(/220$»2]J 1 state, for instance,
from the Bar ground 6s 'So state via the 6s6p 'I'o and
6s20s 'So states, using three dye lasers which drive these
transitions resonantly. Degenerate with the Ba I
[6p, /zn$1/2]g 1 state to which we excite are Ba I
6$1/2~p1/2 (3/2) and 5d3/z (5/2)ep, Ef continua with odd
parity and 7=1. The autoionization thus leads to either a
Ba II 6s~/2 or Sd3/2 (5/2) ion along with an ejected electron
with 2.6 or 1.9 eV of energy, respectively. It is interesting
to note that we excite to the Bal [6p1/2 (3/2)ns(/2]J —1

states from the spherically symmetric Bar 6sns 'So state
with the third laser. Thus we have a dipole excitation of
an unaligned system, and Yang's theorem may be ap-
plied to predict the form of the electron angular distribu-
tion. This problem is, of course, similar to that of pho-
toexcitaiion from a 'So ground state.

Recently we reported the energy and angular distribu-
tion measurements of the electrons ejected from the Bat
[6p1/p {3/2)n$1/2]J 1 states. From these measurements24

we inferred the branching ratios to the Ban 6s, Sd, and
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spherically symmetric Ba I 6sns 'So state with the third laser.

6p(/2 states. Together with the previous measurements of
the total ionization rates, these data yield the autoioniza-
tion rates to each particular final ion state.

In this paper we present results which extend our previ-
ous measurements and also provide details of autoioniza-
tion branching ratios which were unresolved in our previ-
ous study. We also present a more detailed account of our
experimental approach and observations as well as a sim-
ple analysis of our results.

In Sec. II we describe the experimental approach. The
measurements of the autoionization branching ratios and
electron angular distributions are discussed in Sec. III.
We also discuss some of the salient features emerging
from our measurements, particularly those involving the
electron angular distributions. In Sec. IV we develop a
simple model of the autoionization process based on the
MQDT.

II. PXPSRIMSNT

The experimental arrangement used for measuring the
electron energy and angular distribution is shown in Fig.
2. An effusive Ba beam, produced by a resistivdy heated
oven, passes between two parallel plates separated by 1.0
cm. The lower plate is typically grounded while a voltage
may be applied to the upper plate to produce any desired
electric field in the interaction region. The three tunable
laser pulses required in this experiment are produced by
three dye lasers of Hansch design pumped by the harmon-

ics of a Quanta Ray Nd +:yttrium-aluminum-garnet
(YAG) laser operating at 10 Hz. The dye laser pulses,
with 10 &Hz linewidth full width at half maximum
(FWHM), have typical energies of —100 pJ per pulse.
The first dye laser pumps the BaI 6s2-6s 6p (/)(, =5535 A)
transition while the second dye laser pumps the Bat
6s6p-6sns (A, -4250 A) transition. A 5-ns delay in the
second dye laser beam ensures that when it arrives in the
interaction region the Bat 6s6p state is popu1ated. The
third dye laser (A, -4934 or 4554 A) excites the spherically
symmetric BaI 6sns So state to the autoionizing Bar
[6p(/2(3/2)ns, /2]J ) state. The three dye laser beams
propagating almost collinearly pass through a linear po-
larizer and cross the Ba beam at right angles near the
center of the plates.

The electrons ejected from the BaI [6p(/z (3/2)ns, /z]J
autoionizing state quickly move out of the interaction re-

gion through a 1-mm-wide slot in the lower plate into the
electron energy analyzer. The 127' electrostatic energy
analyzer is designed to operate in the 0—10-eV range and
has an energy resolution b,E//E of 5%. The entire in-

teraction region along with the energy analyzer is enclosed

by a magnetic shield to reduce the magnetic field to —1

mG.
Since the analyzer is fixed in its positions, the angular

distribution of the ejected electrons is obtained by chang-
ing the angle between the polarization of the incident dye
laser beams relative to the input axis of the analyzer. This
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FIG. 2. (a) Schematic of experimental apparatus. Pumped by
the harmonics of a single Quanta Ray Nd'+:YAG laser, dye
lasers DL1—DL3 are tuned to the Ba 6s 'SG—6s 6p 'I'0,
6s 6p 'Po 6sns 'So, and 6sns 'S—o—[6p i/p (3/Q) ns ~/2]/ ~

transi-
tions (see Fig. 1), respectively. The three dye laser beams travel
almost collinearly and pass through a linear polarizer before
crossing the Ba beam at right angles near the center of the field
plates. The electrons ejected from the autoionizing states quick-
ly pass through the 1-mm slot in the center of the lower plate
into the 127 electrostatic energy analyzer. The electron angular
distributions are obtained by changing the polarization direction
of the three laser beams relative to the fixed energy analyzer by
rotating the polarizer. Both the ejected electrons and the ions
are detected in, this experiment. The electrons emerging from
the energy analyzer are detected by a channeltron. A 0.3-ps-
risetime —100-V pulse applied to the upper place pushes the ion
through a grid into an EMI electron multiplier. The signal from
the channeltron and the electron multiplier is amplified by a fast
amplifier before being processed. (b) Schematic of data-
acquisition system. The amplified electron signal of a few
nanoseconds width is integrated by an EG&G LG105/N linear
gate and stretcher, which provides a 3-ps-long output pulse. A
PAR model-162 boxcar used as a sample-and-hold circuit holds
the output of the stretcher until it is read by the DEC
PDP11/03 microcomputer via an analog-. to-digital converter.
The ion signal is integrated by another channel of the boxcar
and read by the computer. The electron and ion signals are
recorded after every laser shot (typically 10 Hz).

is achieved by rotating the polarization axis of the linear
polarizer as shown in Fig. 2(a). The energy spectrum of
the electrons is determined by accelerating or decelerating
the electrons as they traverse the apertures in front of the
analyzer so as to match the analyzer transmission energy
which is kept fixed. The acceptance azimuthal angle of
the analyzer, primarily defined by the apertures in front
of it, is —1'. In the present work the analyzer transmis-
sion energy is typically kept at 8 eV which provides a
good "throughput, " albeit at low resolution (b.E-0.4 eV).
For the high-resolution measurements the transmission
energy is 1 eV (bE-0.05 eV). The electrons are detected
by a channel electron multiplier which is placed near the
exit slits of the energy analyzer.

We measure the angular distribution of the electrons to
a specific state of the Ba+ ion (corresponding to a specific
fixed energy of the ejected electrons) by rotating the polar-
ization of the lasers and recording the electron signal at a
fixed electron energy. The rotation of the polarizer leads
to some variation (typically +15%%uo over the full 360' rota-
tion) in the laser intensity of the beams and hence in the
number of barium atoms excited to the specific autoioniz-
ing state. A convenient way to circumvent this problem is
to normalize the electron signal by the total number of
ions produced. The ions are collected by applying a 100-
V pulse to the upper plate 0.5 ps subsequent to the laser
pulses. This pulls the ions through the grid in the upper
plate into a particle multiplier (EMI 9642). The ion signal
from the particle multiplier is amplified and fed into a
Princeton Applied Research (PAR) boxcar averager which
is used in the sample and hold mode. The electron signal
from the channeltron is typically amplified in voltage by
100 and fed into a gated pulse stretcher (EG&G
LG105/N) whose output is fed into the boxcar and subse-
quently read by a Digital Equipment Corporation (DEC)
PDP11/03 microcomputer [see Fig. 2(b)]. Finally, the
electron and ion signals are averaged by the computer
over 20—100 laser shots.

The three dye laser beams are loosely focused and have
a diameter of 1 mm in the interaction region where the Ba
number density is 10 atoms/cm . Since the autoionizing
linewidth is typically larger than the dye laser linewidth
the third dye laser is always tuned to the center of the au-
toionization resonance in all our measurements. However,
in a subsidiary experiment the electron P parameter (see
below) and the autoionization branching ratios to the vari-
ous Ba+ states are measured as the frequency of the third
laser is swept across the line profile of a few Ba I

[6pi/2 (3/2)nsi/2]s i states. It is worthwhile to recall that
in some previous experiments involving photoexcitation
from the ground state, the asymmetry parameter varies
dramatically with photoexcitation energy in the vicinity
of autoionizing states. The variation in the asymmetry
parameter or the ion branching ratio in these previous ex-
periments is a manifestation of the interference between
the photoexcitation to the discrete autoionization state
and to the underlying continuum.

III. RESULTS AND DISCUSSION

One of the primary objectives of the present work is to
determine the autoionization branching ratios of the BaI
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[6pi/z (3/z)nsi/z]J i states to all the allowed states of the
Ba+ ion and ejected electron. Since the ions that result
from autoionization provide no information about their
electronic state in this experiment, we analyze the energy
of the ejected electrons instead to determine the final
state. Specifically, energy conservation results in a one-
to-one correspondence between the energy of the ejected
electron and the final state of the ion. Of course, the de-
generate states of either the ion or the ejected electron
cannot be distinguished in this manner. In measuring the
autoionization branching ratios by counting the number
of ejected electrons of a particular energy, we have to
remember that the electrons are not necessarily ejected
isotropically. It is therefore necessary to measure their
angular distributions. From the angular distribution, the
total number of ejected electrons of a given energy in-
tegrated over all angles can be computed. This number is
the autoionization rate to a specific final ion state. In our
experiment we do not directly measure the absolute au-
toionization rates to the various ion states. From the en-
ergy analysis and angular distribution of the electrons we
determine the relative rates, i.e., the branching ratios.
Also, the observed width of the autoionizing states is
equal to the sum of the autoionization rates to all allowed
states of the rsulting ion and ejected electrons. Thus,
from the knowledge of the electron branching ratios and
the width of the Bat [6pi/z (3/z)ns»z]J i state, the abso-
lute autoionization rate to any final state of the ion and
ejected electron can be computed.

The first step in the process to measure electron angular
distribution is to identify the final ion states to which any
given autoionizing state can decay. Figure 3 shows a scan
of the signal obtained from the energy analyzer corre-
sponding to the autoionization of the Ba 1

[6p3/z 1 5s &/z ]/ ~ state. The upper and lower traces corre-
spond to 8=90' and 0', respectively, where 8 is the angle
between the analyzer and the polarization direction. The
first peak of the lower trace corresponds to the decay of
the initial state to the Ba 11 6si/z state of the ion and ejec-
tion of a 2.6-eV electron (see Fig. 1 for the energy-level di-
agrams for the relevant states). The 2.6-eV electron peak
for 8=90' (upper trace) appears to be missing because it is
very small compared with the other peaks shown in Fig.
3. The second and third peaks in Fig. 3 (on both upper
and lower traces) are electrons ejected with energies of 1.9
and 0.1 eV, respectively. As can be seen from Fig. 1 these
electron energies correspond to autoionization of the Bar
[6p3/z15si/z]q i state to the Ba11 5d3/z ~5/z~ and 6pi/z
states of the ion, respectively. As noted before, in the
present measurements the transmission energy of the
analyzer is fixed at either 8 or 1 eV. While the low
transmission energy of 1 eV provides an energy resolution
of b,E/E of -0.05 eV, sufficient to resolve the fine struc-
ture of the Ba tr 5d ion state, it also results in a sharply re-
duced analyzer throughput. %'e use the analyzer
transmission energy of 1 eV only in those measurements
where we attempt to resolve the 0.09-eV fine structure of
Ba 11 5d ion state. In Fig. 3 the fine structure of the Ba 11

5d state is unresolved.
A typical electron angular distribution obtained for a

fixed electron energy is shown in Fig. 4. The plot in Fig.
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FIG. 3. Typical electron signal from the energy analyzer.
The upper and lower traces correspond to 0=90 and 0, respec-
tively, where 0 is the angle between the analyzer and the laser
polarization direction. The peaks seen on the upper and lower
traces correspond to the autoioniz ation of the Ba
[6p3/$15s~/z]J ~ state to the BaII 6s~/z, Sd, and 6pi/z states
and ejection of 2.6-, 1.9-, and 0.1-eV electrons, respectively.
Note that the 2.6-eV electron peak for 8=90' (upper trace) ap-
pears to be missing because it is very small compared to the oth-
er peaks. In obtaining these traces, the transmission energy of
the electron energy analyzer is kept fixed at 8 eV, while the elec-
trons are accelerated before entering the input slit. Note that
the Ba II Sds~q and Sd3/2 states are unresolved in this trace.

4 shows the angular distribution of the 2.6-eV electrons
ejected from the autoionizing Bai [6P3/z20s»z]q i state.
The final ion state associated with 2.6-eV electrons is Ba II
6s, /z. Each point in this plot represents an average of the
normalized electron signal (the electron signal divided by
the total ion signal) over 75 laser shots. The broken curve
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FKJ. 4. Angular distribution of the 2.6-eV electron ejected
)

from the autoionization of the Ba I [6p3/$20$]/2] J—j state to the
Ba II 6s ~~2 state of the ion. The dots are the experimental points
obtained by measuring the 2.6-eV electron signal and dividing

by the ion's signal and averaging it over 75 laser shots with the
computer (see text). The angle 8 is changed by rotating the po-
larizer, which varies the angle between the fixed electron energy
analyzer (acceptance angle —1') and the laser polarization direc-
tion. The dashed line is a best fit to Eq. (1).
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is the best fit to the curve I(8)=(Io/4+)[1 +PP2(cos8)],
where I(8) is the electron signal at angle 8, P2(cos8) is
the Legendre polynomial of order 2, and P is a constant.
The agreement between the observed data and the fit is
quite good. In fact, all our electron angular distribution
data can be fitted quite well with the equation

Io(nl, )
I(8)= [1+P(nlrb )P2(cos8)],

4m

where P(nlrb) is a constant (for a fixed final ion state),
commonly referred to as the asymmetry parameter, and
nl~ refers to the Ba11 6$]/2, Sd3/z (5/z) or 6p]/2 state of
the ion.

As stated earlier, in our experiment the excitation to the
autoionizing Ba 1 [6p]/2 (3/z)n$]/2]J ] state starts from an
unpolarized Ba I 6sns 'SG state. Assuming electric dipole
excitation to the autoionizing state, Yang's theorem
predicts an angular distribution which is of the form ex-
pressed in Eq. (1). We fit all our angular distribution data
to Eq. (1) and determine the parameters Io and P. Since
Ip is proportional to the total number of electrons ejected
over all angles for a given final state of the ion, the
branching ratios for autoionization of the Ba 1

[6p]/2 (3/2)&$]/2]J=] tat to various final ion states can
now be computed quite easily. Consider, for example, the
autoionization of the Ba 1 [6p]/29$]/2 jq ] state Igno. ring
the fine structure of the Ball Sd ion state the autoioniza-
tion channels can be written as

Ba([6p]/29$]/2]J ])~Ha u(6$)+e (el (e=2.0 eV)),
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Ba([6P]/z9$]/q]q ])~Ball(Sd)+e (el (e=1.3 eV)),
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where e and I are the ejected-electron energy and orbital
angular momentum, respectively. The measured angular
distributions of the 2.0- and 1.3-eV electrons, respectively,
are shown in Figs. 5(a) and 5(b). The solid line, as before,
is the best fit to the measured distribution, shown as dots.
While the asymmetry parameter for the 2.0-eV electrons
P(Ba II 6$]/2 ) [Eq. 2(a)] is 1.4, the angular distribution for
the 1.3-eV electrons [Eq. 2(b)] is almost isotropic, with
p(Ba11 Sd)=0.1. From the fit we also obtain for Io the
values 49 and 33 for the plots shown in Figs. 5(a) and 5(b),
respectively. This gives a branching ratio Io(Ba11
6s]/2)/[Io(BaO 6$]/2)+Io(Ba11 Sd)]=60% and Io(BaII
5d)/[Io(Ba11 6$]/2)+Io(BaII 5d)]=40%.

Before we discuss the values of the asymmetry parame-
ter and the autoionization branching ratios for the Bal
[6p]/2(3/2)1]$]/2]/ ] series in detail, it is important to
mention the result of a subsidiary experiment mentioned
earlier. Specifically, in tbis experiment we measure the
asymmetry parameter and the autoionization branching
ratios for a few selected Bal [6p]/z (3/z)nS]/2] J—] states,
as the frequency of the third laser is scanned across the
line profile of these autoionizing states. Within the limits
of our experimental error we do not find any variation in
the P parameter or the autoionization branching ratios as
the frequency of the third dye laser is swept across the ex-

FICz. 5. (a} The measured normalized electron angular distri-
butions of the 2.0-eV electrons ejected from the autoionization
of the Ba 1 [6p]/29$]/2]J ] state [see Eq. (2a)]. The final Ba-ion
state in this case is Ba II 6s~~2. The dashed line is the best fit to
Eq. (1), with P(BaII 6$]/2)=1.4. (b) Angular distribution of
1.3-eV electrons ejected from the autoionization of the BaI
[6p]/29$]/2]/ ] state [see Eq. (2b)]. Note that the electron angu-
lar distribution is almost isotropic with P(Ba11 Sd) =0.1.

citation line profile of the selected isolated Ba 1

[6p]/z {3/2)1]$]/z]J—] autoionizing states. This observation
simplifies the experiment as well as its interpretation.
Furthermore, this observation is to be contrasted with pre-
vious experiments involving photoexcitation of atoms
from the ground state. In these experiments, photoelec-
tron angular distributions show pronounced variation as a
function of photon energy, as it is swept across the au-
toionizing resonance. Since in our excitation scheme the
autoionizing states are excited from a Ry'dberg state, the
excitation cross section to the continuum is at least a fac-
tor of 10 smaller compared with the excitation cross sec-
tion to the bound part of the autoionizing state. ' It is
therefore hardly surprising to see no variation in the P pa-
rameter and the autoionization branching ratio with ener-
gy.

The branching ratios for the Ba 1 [6p]/2n$»2]z ] states
autoionizing to the Barr 6s ground and 5d excited states
of the ion are listed in Table I and are plotted as a func-
tion of n in Fig. 6. The asymmetry parameter P for the
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TABLE I. Branching ratios for the Ba [6p~/2ns~/2]/ i autoionizing states leading to the 6s~/q

ground and 5d5/z(3/z3 excited states of BaII. The errors shown in parentheses represent the statistical
uncertainty in our data.

Ba I autoionizing state
Branching ratio to Ba+-ion state (%)

BaII 6si/z BaII 5d3/z (5/z)

6p i/z9s in
6pin12sin
6pin13s i/z
6p i/z14s i/z

6p i/z 15$i/z

6p i/2 16$ i/2

6p i/z17s i/z
6p i/z19s in
6p i/220$ i/2

6p i/z21s i/z

6p i/z22s i/z

6p i/z23$ i/z

6p i/z25s i/z

65(10)
24(S)
25(5)

9(5)
38(5)
17(5)
20(5)
23(5)
16(5)
10(S)
15(5)
37(5)
44(8)

35
76
75
91
62
83
80
77
84
90
85
63
56

ejected electrons leading to either the BaII 6s or 5d state
of the ion are listed in Table II and plotted in Fig. 7. The
electron asymmetry parameter P(Ball 6si/2) leading to
the Ball 6si/2 final ion state is shown plotted in Fig. 7 as
open circles, while p(Ball Sd) is plotted as open squares.

The large fine-structure splitting (1691 cm ') of the
Ball 6p state of the ion leads to Ba? [6p3/2nsi/2]J i lev-
els with n &12 being energetically above the BaII 6p)/p
ion state. This opens another autoionization channel for
the Bal [6p3/znsi/2]q i levels with n & 12. The branch-
ing ratios for the autoionization of Bar [6p3/2nsi/2]j i-
states to the BaII 6s i/z, Sd, .and 6pi/2 ion states are tabu-
lated in Table III, while the electron asymmetry parame-
ter P for each decay channel is listed in Table IV.

In Fig. 8 the branching ratios for autoionization to the
Ban 6si/z, 5d, and 6p, /2 ion states are plotted as a func-
tion of n, while p(Ball 6si/z), p(Ball 5d), and p(Ball
6p i/z) are plotted in Fig. 9. It is worth noting that in the
measurements tabulated in Tables I—IV and Figs. 6—9 we
have not attempted to resolve the two possible BaII Sd
fine-structure states of the ion. In these measurements for
branching ratios to the Ball Sd ion state, we are in fact
performing an incoherent sum over the j= —,

' and —', ion
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states, while the measurements for P reflect an incoherent
average over the fine-structure states. Obviously, for a
complete understanding of the autoionization process the
knowledge of the autoionization rate and the electron P
parameter for each final ion state is required. However,
as we shall see, the number of parameters required to fit
all the data to the theory incorporating MQDT for all sets
of final Ban 5d fine-structure states is quite large. We
have therefore taken most of our data without resolving
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state (open squares) plotted as a function of n. The errors
shown are typical and represent the statistical error in our data.
The autoionization branching ratios to the two possible Sd fine-
structure states of Ba II are unresolved in these measurements.
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FIG. 7. Ejected-electron asymmetry parameter of the BaI
[6p~/2ns~/q]/ ~ states P(BaII 6s~/2) (open circles) and P(BaII
Sd) (open squares) plotted as a function of n. The errors shown
are typical and represent the statistical error in these measure-
ments. The dashed line connects the successive data points.
Note that in the measurements of p(BaII 5d) the two possible
Ba II 5d fine-structure states of the ion remain unresolved. The
measured value of p(Ba II 5d) therefore is an incoherent average
of P(Ba II Sd3/p) and P(Ba II 5dz/q) (see text).
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TABLE II. The ejected-electron asymmetry parameters p(BaII 6s]/2) and p(BaII Sd) for the BaI
[6p]/2ns]/2]J ] autoionizing state.

Ba I autoionizing state
Electron asymmetry parameter

P{BaH 6$]/2) P(BaH Sd)

6p1/29s1/2
6p1/212s
6p1/213s1/2
6p1/214s1
6p1/215s1
6p1/216$1/2
6p1/217s1/2
6p 1/2 19$1/2

6p 1/220$ 1/2

6p1/221s1/2
6p 1/222$ 1/2

6p1/223s1/2
6p1/225s1/2

1.38(15)
1.14(10)
1.67(15)
1.34(15)
1.28(10)
0.71(10)
1.44(15)
1.49(15)
1.25(15)
1.21(15)
1.5(2)
1.46(15)
1.25(-15)

0.08{15)
0.05(10)
0.01(10)
0.13{10)
0.72(10)
0.06(10)

—0.01(10)
—0.06(10)

0.04{10)
0.28(15)
1.05(20)
1.16(15)
0.65(15)

the BaII 5d ion fine-structure states, as the signal ob-
tained through the analyzer at high resolution is small
and the statistical uncertainty in the data is large. How-
ever, for completeness, we have recorded the branch-
ing ratios and ]0 parameters for a few Ba I
[6p]/2(3/2)ns]/z]z 1 states in which the BaII Sd3/2 and
Sd5/2 final ion states are completely resolved {see below).

The n dependence of the branching ratios for the BaI
[6p3/3ns]/p ]J—] series autoionizing to the Ba H 6s ]/2 or
Sd ion state, as can be seen from Fig. 8 or Table III, does
not show much variation. The branching ratio Ip(BaII
6$]/2)/[Ip(Ba H 6s»2) +Ip(Ba II Sd)] is approximately
40% for all n states except n=9, which has a somewhat
higher value of 65%. The value of P remains almost con-
stant as a function of n {see Fig. 9), except for a gradual
increase in p(Ba H Sd) at high n ( n =24 and 25). It is also
interesting to note the difference in the electron angular
distribution associated with the BaII 6$«3 and 5d final
ion state. While p{Ball 5d)-0.2—0.3 reflects an almost
isotropic angular distribution, the electrons associated
with the ion returning to the Ba II 6s&/2 ground state are
ejected very anisotropically with an angular distribution
which is almost purely -cos 8 [p(Ba H 6s]/2)=1.8)] [see
Eq. (1)].

Another interesting aspect of the branching-ratio mea-
surements is that about 65—70% of the total autoioniza-
tlo11 of tile Ba I [6p3/2ns]/2]g 1 states 1s to tile Ba II 6p]/2
state of the ion (see Table III).

'

The large autoionization
rate to the BaII 6p]/2 state of the ion, also inferred from
purely spectroscopic measurements, has led recently to the

' development of a Ba+ laser. ' Equally intriguing is the
large asymmetry parameter p(Ball 6p]/2)-1. 5 (see Table
IV) for the ejected electrons. If this autoionization
proceeds purely via the 1/r]2 Coulomb repulsion of the
two electrons then in the independent-electron model, this
must proceed via the quadrupolar term in the 1/r&2 ex--
pansion, which would necessarily lead to only ed elec-
trons. This, as we shall see later, should result in P= 1,
which seems to be in contradiction to the observed value
of p(Ball 6p]/2) 1.5.

While the n dependence of branching ratios and P pa-
rameters to the various ion states for the BaI 6p3/3ns
series is fairly constant, similar measurement on the BaI
6p ~/2ns &/2 series shows sharp irregularities. For instance,
as shown in Fig. 6 and Table I, the branching ratios to the
BaII 6s and 5d states of the ion show structure near
n=15 and 24. Similarly, Fig. 7 shows structure in the
plot of p(BaH 6s) and p(BaH Sd) versus n near n=15

TABLE III. Branching ratios for the Ba [6p3/2ns»2)J ] antoionizing states leading to the 6s]/1, Sd,
and 6p1/2 states of Ba II.

Ba I autoionizing state
Branching ratios to the Ba+-ion state (%)

Ba II 6s1/2 BaII Sd5/2 (3/2) BaII 6p1/2

6p3/29$ 1/2

6p3/2 14s 1/2

6p3/215$
6p3/2 16$1/2

6p3/2 17$1/2
6p3/219s1/2-
6p 3/220$1/2
6p3/221$1/2
6p3/222s1/2
6p 3/224$ 1/2

6p3/225$1/2

65(8)
9(3)

12(3)
11{3)
11(3)
11(3)
11(3)
14(3)
12(3)
14(3)
14(3)

35(8)
12(4)
15(3)
16(3)
17(3)
17(3)
27(3)
21(3)
18(3)
21(3)
21(3)

79
73
73
72
72
62
65
70
65
65
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TABLE IV. The ejected-electron asymmetry parameters p(BaII 6$]/2), p(Ball 5d), and p(Ball
6p]/z) for the Ba I [6p3/z nS]/z] J—] autoionizing states.

BaI autoionizing state

6P 3/29s 1/2

6p 3/2 14s ]/
6p3/$15s ~/2

6p3/2 16S1/2

6p3/2 17s1/2

6p3/219s1/2
6p3/220s )/2

6p3/221s ~/2

6p3/222s 1/2

6p3/224S ]/2
6p3/225s ~/

P(BaII 6$]/z)

1.85(20)
1.7(2)
1.7(2)
1.85(25)
1.8(2)
1.8(2)
1.74(20)
1.67(20)
1.74(20)
1.6l.(20)
1.65(20)

Electron asymmetry parameter
P(Ball Sd)

—0.1{2)
0.14(20)
0.25(20)
0.2(2)
0.3{2)
0.22(20)
0.4(2)
0.4(2)
0.45(20)
0.54(20)
0.8(3)

P(Ba II 6p]/2)

' 1.6(2)
1.55(15)
1.6(2)
1.6(2)
1.6(2)
1.5(2)
1.5(2)
1.55(20)
1.55(20)
1.55(20)

and 24. From the spectroscopic measurements of Bhatti
and Cooke' it is clear that the Ba I [6p]/zns]/z]J ] series
interacts with the BaI [6p3/zn$]/z]J ] series near n= 15
and 24. This is also seen clearly in Fig. 10, which is the
Lu-Fano plot of v]/z (modulo 1) versus v3/z (modulo 1),
where v]/z (3/z) are the effective quantum numbers of the
BaI [6p]/zns]/z]J ] series relative to the BaI 6p]/z and
6p3/z ionization limits, respectively. Specifically, the Lu-
Fano plot shows that the effective quantum number v]/z
(modulo 1) has a significant departure from its constant
value in the vicinity of n=15 and 24. This perturbation
in the value of v]/z (modulo 1) is caused by the interaction
of BaI [6p»z15$]/z]z ] levels with the degenerate BaI
[6p3/z1ls]/z]J, level belonging to the Bal 6p3/z series.
Moreover, this interaction also leads to mixing between
levels of the two series. We also note that a similar in-
teraction between the Ba I [6p]/znd3/z (5/z)] J—3 series
with BaI [6p3/zn d3/z (5/z)] J 3 levels occurs near n'=10.
This was recently investigated by Gounand et al. , who
were also successful in analyzing this interaction in terms
of a few MQDT parameters. '

Returning to Fig. 7, we see that the sharp variation in
the P parameter and the branching ratios in the vicinity of
n = 15 and 24 is caused by the mixing of Ba I

[6p]/zn$]/z]J ]state—s with BaI [6p3/zn's]/z]/ ] levels

(n'= ll and 12). Ignoring for the moment the variation
of p and the branching ratios in the vicinity of the pertur-
bation at n=15 and 2S, we observe from Fig. 6 that the
autoionization rate to the Ball Sd ion state is a factor of 3
larger than that to the BaII 6s state. The electron asym-
metry parameter p(BaII Sd), as can be seen from Fig. 7
and Table II, is almost zero, reflecting an isotropic elec-
tron angular distribution, as is the case for the BaI
[6P3/zn$, /z]J ] series. The P(Ball 6$, /z) value of —1.3
for the BaI [6p]/zns»z]J ] series is somewhat lower than
the average value of 1.8 observed for the Ba I
[6p3/znS] /z ]J ] states

While most of our branching-ratio measurements do
not involve resolution of the BaII 5d fine-structure states
of the ion, we have made a limited number of measure-
ments which do resolve the BaII 5d5/2 and Sd3/2 states.
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FIG. 8. Branching ratios for the Ba [6p3/zn$]/z]J —] states
autoionizing to the Ba II 6s &/2 state (open circles), Ba II 5d state
(open squares), and Ba II 6p&/& state {for n & 12) (open triangles)
plotted as a function of n. The autoionization branching ratios
to the two possible BaII 5d fine-structure states of the ion are
unresolved in these measurements.

FIG. 9. Ejected-electron asymmetry parameter for the Ba
[6p3/zn$]/g] J—] state autoionizing to the Ba II 6$]/z state P(B]]II
6$]/z) (open circles); to the BaII 5d state, P(Ball 5d) (open
squares); and to the Ba II 6p]/z state, P(Ba II 6p]/z) (open trian-
gles) plotted as a function of n.
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FIG. 10. Lu-Fano-type plot of the effective quantum number
v~/2 {modulo 1) relative to the BaII 6@I/2 limit of the Ba
[6p~/znsi/z]J, levels vs their effective quantum number vz/z
(modulo 1) relative to the BaII 6p3/2 limit. The numbers in the
plot indicate the n value of the Ba [6p~/zns, /z]/, level. These
values were obtained from Ref. 15.
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5d3/z )+Ip(Ba II 5dz/z )] ranging from 44% to 69%%uo for
the Ba i [6p~/zns|/z]J ~ states.

0
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FIG. 11. The relative branching ratios for the autoionization
of Ba [6pi/zns]/ ~ levels to the two Sd fine-structure states of
BaII. The relative branching ratio Ip(Ba II Sd3/z)/[Ip(Ba II
Sdq/z)+Ip(BaII Sds/z)] (%) is plotted as a function of n (open
circles). The errors shown represent the statistical uncertainty
in our data.

Since the Bau 5d fine structure is split by 801 cm ', the
energy of the ejected electron differs by -0.1 eV for the
two possible Ba D 5d5/z and Sd3/z final ion states. Given
the S% energy resolution of our analyzer, we must reduce
the transmission energy to 1 eV, so that EE=0.05 eV.
Using the energy analyzer in this high-resolution mode it
is easy to resolve this O. l-eV difference in the energies of
the electron, albeit at a reduced value of the electron sig-
nal. The relative branching ratio for the autoionization of
Bat [6pi/zns&/z]J i levels to the Bau Sds/z and Sd3/2
fine-structure ion states is plotted as a function of n in
Fig. 11 and tabulated in Table V. Similar measurements
for the Bar [6p3/zns, /z]q ~ states are tabulated in Table
VI and plotted in Fig. 12. The statistical uncertainty in
these fine-structure-resolved measurements of P(Bats Sd)
is large because the peak electron signal never exceeds
2—3 electrons per laser shot. Given the large statistical
uncertainty in our data, we see little variation in the rela-
tive fine-structure rates, for both the Bar [6p3/zzzS, /z] J—$

and BaI [6pi/zns&/z]z i states. &t is interesting to note
that while the branching ratio Ip(BaII Sd3/z)/[Ip(BaII
Sd3/z)+Ip(Bali 5d5/z)] is approximately —,

' for the Bar
[6p3/pns, /z]z i states (see Fig. 12), it is considerably
higher for the Bar [6p(/znsi/z]g ) states. This can be
seen from Fig. 11, which shows Ip(Barr Sd3/z)/Ip(BaII

IV. THEORY

A. General angular properties

The photoexcitation process in general may lead either
to the excitation of a structureless continuum or a struc-
tured continuum consisting of autoionizing states. The
theory of the angular distribution of an electron ejected as
a result of photoexcitation of an unpolarized target has
been developed by Fano and Dill using the concept of
angular momentum transfer. The essence of this ap-
proach is that the angular distribution of the collision
product (in our case the electron) is expressed as a sum of
incoherent contributions corresponding to different mag-
nitudes of the angular momentum J, transferred to an
unpolarized target (see below). The main advantage of
this formulation is that instead of performing a coherent
sum of the partial cross sections over J, the total angular
momentum of the system, only a single incoherent sum

over J, is required. . However, in the present experi-
inent there is only one value of the total angular momen-
tum J, which is equal to one. The advantage of express-

ing the cross sections in terms of sums over J, is lost
We therefore use the expansions in terms of the total an-
gular momentum J of the system and use the notation of
Fano and Dill.

TABLE V. Relative branching ratios and P Parameter for the autoionization of Ba [6P&/zns&/z]/ 1 levels to the Sd3/z and Sdz/z
fine-structure states of Ba II.

Ba I autoionizing state

Relative branching ratios
to ion fine-structure state (%)

Ba II Ba II 5d5/2 p(Ba II Sd3/z) p(Ba II Sd5/z)

Electron asymmetry
parameter

6P I/2 14$1/2
6P i /2 17~ 1/2

6P 1/220& 1/2

44(10)
69(10)
54(10)

56
31
46

0.1(3)
0.1(3)
0.1(4)

0.65(40)
—0.4(4)

0.6(4)
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8O

is represented by II and an appropriate subscript. Since
the total angular momentum and the parity are conserved
in the autoionization process, this requires

P 60
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U +
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2O

I
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J = Jo+ Jy= Jcs+ 1

II =IIoily ——II, ( —1)I . (4b)

The angular momentum transferred in this reaction is
given by

(4c)

FIG. 12. The relative branching ratios for the autoionization
of Ba [6@3/2ns]/ ] levels to the two 5d fine-structure states of
BaII. The relative branching ratio Io(BaII Sd3/3)/[I&&(BaII
Sds/2)+ I(&(BaII Sd3/2)] (%) is plotted as a function of n (open
circles).

Consider the process in which a photon with a well-
defined polarization excites an atom from an unpolarized
state to an autoionizing state, which subsequently autoion-
izes into an ion and electron. %"e can schematically write
this as

X(Jo,IIo)+y(Jy ——1, IIy ———1)

-X+(J„II,)+e (1, II, =(—1)'), (3)

where X is the initial unpolarized atom and y the incident
photon. X+ and e are the resulting ion and electron,
respectively, resulting from the autoionization of the in-
termediate state. Here Jo and Jy refer to the angular
momentum of the target atom and photon, respectively,
while I is the orbital angular momentum of the ejected
electron. The spins of the electron are coupled to the an-
gular momentum of the ion J, to give a resultant total an-
gular momentum J„. The parity of each term in Eq. (3)

I

The amplitude for the photoexcitation process indicated
in Eq. (3) may be computed by first evaluating the matrix
element

(J„m„,lm ISIJomo, J m ), (5)

where S is the scattering matrix element. In our experi-
rnents we start from an unaligned state with all possible
values of mo. In evaluating the total transition amplitude
we have to average over the quantum number mo ~ The
theory is constructed for an unaligned initial state with all
possible values of mo. In our case we have Jo ——mo=O,
which simplifies the averaging because only one state is
involved. This is, of course, the simplest example of a
more general case. Similarly, the orientation of the ion
and the electron are unobserved; therefore, in evaluating
the total transition amplitude the sum over m„ is re-
quired.

The transition amplitude for the ejection of an electron,
in the direction (8,]II]), following autoionization is propor-
tional to

A(8,$)= g Yim(8, $)(Jcsmcs, lm
I
S

I Jomo, Jymy) .

A(8, $) can be reexpressed in terms of the total angular
momentum representation as

~ (8 0') = g g g Y]m(8 0)(J-m- Im
I
JM)(JM

I Jomo Jymy)(J-ALIIS(J) IIJoJy)
J l M

where (J„lI IS(J)IIJoJy) is a submatrix which is indepen-
dent of M. If several J values result from the excitation
of the initial state, then the above equation may be further
simplified in terms of the angular momentum transfer
representation of Dill and Pano. ' However, if only one
J value results in Eq. (7), as'is the case in our experiment,
then the angular momentum transfer representation pro-

vides no further simplification. We therefore drop the
sum over J and M and rewrite A(8, $) as

A(8, &)= g YIm(8, &)(Jcsmcs, lm
I
JM)(JM

I
Jomo, Jymy)

I

x(J„II IS(J)IIJoJy),

TABLE VI. Relative branching ratios and p parameter for the autoionization of Ba [6@3/Q]IS]/3]J—] levels to the Sd]/3 and Sd3/3
fine-structure states of Ba II.

Ba I autoionizing state

Relative branching ratios
to ion fine-structure state (%)

BaII 5d3/2 aII 5ds/2 p(BaII Sd3/3) P(Ban Sd„,)

Electron asymmetry
parameter

6p3/214s ~/2

6p3/215$1/2
6p3/217s ~/2

6p3/220s ~/2

32(10)
25(10)
31(10)
28(10)

68
75
69
72

0.1(4)
0.0(3)

-0.1(4)
o.o(3)

0.0(3)
0.0(3)
0.0(3)
0.1(3)
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where

and

0+my mes

mo+my .

(9a)

(9b)

the electron along (8,$),do(8, $)/dQ is proportional to
the square of /I (8,$), summed over m„and averaged
over mo. This can be written as

8(8,$)= g I
/I (8,$) I'+ -om,.

The differential scattering cross section for the ejection of
I

& (8,$) may be explicitly written as

m„mo

x(JoJy IISt(J)IIJ-l')(JM I J„m„,i'm) .

Im
I
JM) I(JM

I Jpmp Jrmr) I

Using the summation properties of-the Clebsch-Gordan coefficients and the expansion

2I+1 '"(Z +1)'"
YI (8,$)Y~ (8,$)=(—1) g(10,l'0lko)Pk(cos8)(kOllm, l' m)—,

k

where Pk(cos8) is the Legendre polynomial of order k, we get

J 21+1 ' 2l'+1 '
I

I
IS(J)

I I
JoJr )(JoJr I

IS"(J)
I I
J

1,I', k JJkJJ.k
XPk(cos8) M M 0 l l' J '(lO, l'Ol kO)

gS

(12)

(13)

where the large curly brackets and the large parentheses
refer to the 6-J and the 3-J symbols, respectively. Finally,
since the spin orientation of the ion and the electron are
unobserved we sum the expression for B(8,$) [Eq. (13)]
over the various values of J„ to obtain an expression for
the angular distribution. We note that the symmetry of
the 3-J symbol and the dipole excitation from the initial
state only allow k=O or 2 in Eq. (13). The differential
cross section for the ejection of electrons can therefore be
expressed as

[1+PP2(cos8)],

where o is the total cross section. This expression for the
angular distribution is exactly the form predicted by
Yang's theorem, referred to earlier.

It is also clear from Eqs. (13) and (1') that 8 contains
most of the information pertaining to the matrix elements
of S which are the only unknowns in this problem. It is
interesting to note that, even though the observed P pa-
rameter is an average over the unobserved values of J„,
the ratio of the matrix element of S in Eq. (13) can be
determined.

To illustrate the power of the general results of Eq. (13)
we consider some specific examples. First consider the Ba
autoionization process

Ba([6s&/2ns~/2]z p)+&~BaII(6s)/2)+e (El (l =1)) .

(14)

To obtain the angular distribution for the electrons, the
expression in Eq. (13) must be summed over J„. For the
autoionization channel represented in Eq. (14), J„ is ei-
ther 0 or 1, which corresponds to the parity-favored and

parity-unfavored transitions, respectively. Using the no-
tation

s""'=(J„,ills(J =1)IIJ,=O, J,=l),
we obtain from Eq. (13)

=c( ls"'I'+ Is~" I')
dQ

2 IS1 +P2(cos8) p) 2 (])ls I +ls (16)

where C is a constant independent of J„. From the form
of the above expression we can express p(BaII 6s»2) and
o(BaII 6s, /2) as

2
I

s'"
I

' —
I
s"'

I

'
p(BaII 6$&/2) (p) 2 (&)s

I +ls
and

o(Ba II 6s, /, ) =C(
I
S' '

I
'+

I

S'"
I
'), (18)

where cr(BaII 6s) is the cross section for the autoioniza-
tion process indicated in Eq. (14). It is also clear from
Eq. (16) that P=2 if S'"=0, as would be the case in the
Cooper-Zare model. However, as our experimental
results indicate, p(Ba II 6s &/2 )=1.8 for the Ba I
[6p3/2ns~/2]J ~ states, which means that

I

S' 'I /IS"'I =14, while p(BaII 6s, /3)=1.4 for the
BaI [6p)/2nst/2] states leeds to

I
S

I
/

I
S'

I
=4.

The relative importance of the matrix element S'", which
leads to the parity-unfavored transition, ' is very different
depending on whether the BaI [6p~/2ns~/2]/ ~ or BaI
[6p3/2ns]/2]q ~ states are excited.

Let us digress for a moment on the physical signifi-
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cance of the matrix elements S"' and S(o) for the process
represented by Eq. (14) and their relative importance. In
the present work the photoexcitation to the Ba I
[6pi/2(3/2)nsi/2)]J i autoionizing state starts from the
Bat 6sns 'So bound state. Before the photoabsorption,
the spin of the Rydberg electron and the core electron are
aligned antiparallel as in a singlet state. In the absence of
any spin-orbit, or orbit-orbit, Coulomb exchange interac-
tion in the final autoionizing state, the spin of the ejected
and the core electrons would remain antiparallel or sin-
glet, yielding J„=O. On the other hand, if the ejected-
electron spin is parallel to that of the core, then J„=l.
The size of S'" relative to S' ' or, in other words, the
departure of P from 2 reflects directly the importance of
the anisotropic Rydberg-electron —core interactions at
small radii (spin-orbit and exchange interactions). In
terms of the angular momentum transfer formulation, the

I

angular momentum transferred J, is given by J,
= J„—Jo. In our case Jo——0, therefore J, =J„.The
two resulting values of J,=O and 1 correspond to the
parity-favored and parity-unfavored transitions, respec-
tively.

An initially surprising result is observed in the excita-
tion of the BaI [6p3/2ns)/2]q i state with n & 12 and its
subsequent autoionization to the Ban 6pi/2 state of the
ion, which can be written as

Ba([6p 3/2 ns I /2 ]J i ) +7

BaII(6p, /2)+e {el (l =0,2)) . (19)

In this case we only have parity-favored transitions with
J„=O or 2, when l=0 or 2, respectively. Using Eq. (13)
we obtain for p(Bali 6pi/2)

p(Ba n 6pi/2) =
I
s' '

I
—2' [(s' '+s' ')+c c ]/'(

I

s"'
I

'+
I

s"'
I

') (20)

(T(Bali 6p1/2) ~
I

s'"
I

'+
I

s'"
I

' (21)

where c.c. indicates complex conjugate and (T(Ba II 6p(/2)
is the cross section for the autoionization process indicat-
ed in Eq. (19). If we assume that only 1=2 electrons are
ejected, then (8=1. On the other hand, if only the s elec-
trons (l=O) are ejected, then p=O, as would be expected.
Since both the l=0 and I=2 electrons are ejected in gen-
eral, one would at first glance expect the asymmetry pa-
rameter to lie between 0 and 1. However, this is not the
case, as can be seen from Table IV. The measured value
of p(BaII 6p(/2) is about 1.5. From Eq. (20) it is clear
that P & 1 when S' ' and S'2' are of opposite sign. Thus it
is quite evident from this example that a very simple pic-
ture of predicting the asymmetry parameter by incoherent
addition does not work because of the interference be-
tween electrons of different orbital angular momenta.

Froin the discussion of general angular properties of the
specific reaction considered above, it is clear that many
physical insights are obtained without the knowledge of
any specific matrix element. Specifically, this analysis
shows, for instance, the relative importance of the aniso-
tropic Rydberg-electron —core interactions for the various
autoionization channels.

B. Evaluation of radial matrix elements by MQDT

While the angular terms in Eq. (13) are easily calcul-
able, the matrix elements in the summation require a
knowledge of the radial electron wave function. Clearly,
ab initio calculations of these reduced matrix elements are
difficult, although it is possible in principle to reduce
these matrix elements in terms of the MQDT parameters.
Since in the present experiment Jo ——0, we use this partic-
ular value of Jo to evaluate the matrix element of S in
terms of the dipole moment operator:2

D;, =( IDIj) (23)

connecting the initial dissociative channel state
I j ) with

the final dissociative state
I

i ).' While the dissociative
channels can in general be either open or closed, in the
present experiment both

I
i ) and

I j) are closed. The
eigenfunctions of the autoionizing state are not the disso-
ciative channel states, but the collision eigenstate

I p ) (the
number of collision eigenstates

I p) equals the number of
open channels). The dissociative-channel states

I
i ) are

((J.»J- lJIIS(J)IIJo J,=l)
=n(2J+1) ' ((J,s)J„l,J—IIDIIJO ——0), (22)

where J, is the angular momentum of the core, D is the
dipole moment operator, and n is a constant of propor-
tionality. The minus sign in the matrix element refers to
the normalization of the wave function with the
incoming-wave boundary condition. Vfe note that the
above expression is true only for Jo——0, although similar
expressions may be obtained for nonzero values of JD. Al-
though our expressions for the matrix elements of S
hereon are evaluated for a particular value of Jo, we con-
tinue to use Jo in the following expressions with the
understanding that Jo ——0.

It is instructive to consider the excitation and decay of
the Bai [6pi/2 (3/2)nsi/2]z i states in the following pic-
ture. First the Bat [6s i/2ns)/2]/ 0 initial bound Rydberg
state absorbs a photo~ and is excited to the Ba I
[6p i /2 ( 3/2) ns i /2 ]j—) autoionizing state. During the exci-
tation process the initial Rydberg electron spends most of
its time far away from the core region, and the electronic
wave function is best characterized by the dissociative-
channel wave functions

I j ) (Ref. 7) which are assumed to
be jj coupled and the transition amplitude by the dipole
transition matrix elements
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related to the collision eigenstates
~ p ) by '

I) &=XTipI(& (24)

dissociative state which is connected to the autoionizing
state by a single closed dissociative state

~ i(, ). Therefore,

D ='(ib ~D
~
Jp)

where T;z is the transformation matrix element connect-
ing the dissociative and collision eigenstates. The reduced
matrix element may therefore be expressed as

((J,s)J„,IJ) [D i i J())

= g((J,s)J„,IJ ~i =J,(lsj)J)D;„T;~T;,~,
-p, t

where j and s refer to the total angular mdmentum and
spin of the Rydberg electron, respectively, while J refers
to the angular momentum of the whole system
(ion + electron). In Eq. (25) we have assumed that the ini-
tial bound Rydberg state is described by a single closed

l

where
~
Jp ) is the initial Rydberg state Ba I

[6sI/2ns 1/2]i =p.
The transformation or the angular momentum recou-

pling in the sum in Eq. (25) is required since the
dissociative-channel wave function assumes the jj cou-
pling whereby the spin of the ejected electron is coupled to
its own orbital angular momentum j = 1 + s. However,
in setting up our initial problem we have chosen to couple
the unobserved spin of the electron with the unobserved
orientation of the ion. Using the angular momentum
recoupling identities we obtain

I j
((J,s)J„,IJ ~D

~

Jp)=( —1) + "+(2J„+1)'/2g g (2j+1)'/2» J T,,T,„D,,
I j=I+1/2 C CS

(27)

Since the i channel (dissociative) wave functions use the standing-wave normalization, we multiply these wave functions
by the Coulomb phase factor to obtain the wave function with incoming-wave normalization. The phase factor is given
by

i exp[i(h(/ +i' )],
where 6(J is the Coulomb phase given by argI (I+1 i/k) whic—h is determined by I and the kinetic energy k /2 (in

C

atomic units), and re is the eigenphase shift of the collision eigenstate
~
p). Combining Eqs. (25) and (27), we obtain for

the reduced matrix element

J~ +3/2+1
1

z j
((J s)J„,IJ )D

~
J())=n(2J+1) /i e '( —1) ' (2J„+1)'/D( g(2j+1)'/ '

1 J J 'TpT; pelb
p, l

(28)

C. A simplified analysis of the Ba & [6p(/ansi/g Jj—i
autozonczlng states

In analyzing the autoionization of the Ba I
[6p, /2ns, /2]J i states, it is clear that a complete analysis
of the problem in terms of the MQDT parameters is diffi-
cult. This difficulty stems from the large number of open
channels associated with the autoionizing state considered
here. In order to simplify the analysis only a small num-
ber of channels can be used. Specifically, we choose three
open channels and one closed channel, which character-
izes the bound part of ihe auioionizing Ba I
[6pi/2nsi/2]J i state. The four channels with three ioni-
zation limits are

1P

6$1/2 6@3/2

P
6$ 1/2 gjP 1/2

X1
5dj ep3/2

1,3P
1

6J 1/2n$1/2

Combining the above equation with Eq. (13) we can calcu-
late do/dQ. The ejected-electron angular distribution
do/dQ can now be obtained by combining Eqs. (13) and
(28).

I

where
~

(z) and ~.i ) refer to the close-coupled-channel
and the dissociative-channel wave function, ' respective-
ly. The symbol X in the entry for the close-coupled chan-
nel represents the fact that no unique assignment for these
channels is possible given the limited number of channels.
Since the basis set listed above uses all the open channels
required for the autoionization process,

Ba([6pi/2ns i/2]~ i)~Ba II(6s i/2)+e (ep i/2 (3/2) ),
(29)

we can calculate P(BaII 6si/2) even in this four-channel
approximation. The six open channels associated with the
5d3/2 (5/z)ep, ef continuum are approximated with one
open channel. This is, of course, a crude approximation,
but it allows us to compute to the lowest approximation
the branching ratios for the autoionization to the BaII 6$
and 5d state of the ion. If the elements of U;~ along with
the four eigendefects p~ are treated as free parameters,
then the fit to the experiment has ten independent param-
eters.

The basic parameters of the MQDT analysis are the set
of eigendefects )u~, as well as the matrix U which relates
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the close-coupled wave functions
i
a) to the dissociative

wave functions
i
i ). ' If we assume interaction between

all four channels, then we have six independent elements
U;~ of U. These, along with eigendefect p~, lead to a to-
tal of ten independent parameters. Clearly, any MQDT
fit with ten independent parameters in the present context
is meaningless. We must therefore make reasonable as-
sumptions to reduce the number of free parameters. To
start with, we assume that a pure jj-L,S coupling occurs
between the first two channels. The interaction between
the Bar bound 6pi/2nsi/2 channel and the three open
channels is introduced by defining three independent in-
teraction angles Oi4, Oz4, and 834 where 0;~ is the interac-
tion angle between channels i and j. Note that all other
mixing angles are set equal to zero. The matrix U is a
product of rotation matrices R(8,J) defined in Ref. 10.
Explicitly in our case,

U =R (8i 4)R ( 824)R (834) . (30)

Note that 834 is zero if there is no configuration mixing
between the Bar 6pii2ns&i2 and 5djEpj" series. The num-
ber of parameters can be further reduced by fixing the
values of IMt, p2, and p3. We use the values p& ——0.79 and

pz ——0.81 obtained by Armstrong et al. by fitting the
bound J= 1 odd-parity states in Ba. If we further assume
that the autoionization to the BaII 5d state proceeds
predominantly with the ejection of ep elections, then we
can use the value of p3=0.5 for the BaI Sdn'p 'P, closed
coupled channel from Ref. 5. This is somewhat arbitrary,
since other Bat closed coupled channels, 5dnp I'i and
5dnp Di, are also involved.

The problem of fitting the Bal [6p, /2ns, /2]z &
au-

toionization data to MQDT now involves only four free
parameters —the three mixing angles 0&4, 024, and 034 and
the eigendefect JLt4. Although the position and width of
the autoionizing Ba I [6p»2ns&/z]z, levels are known, no
MQDT fit on this series has been reported. It is clear that
by using p4 as a free parameter we can calculate the quan-
tum defect for the Bal 6p&/zns»z series and fit to its ex-
perimental value of 0.72 (modulo 1). With the remaining
three parameters (the mixing angles) we fit the width of
the autoionizing line, the electron asymmetry parameter
p(Ball 6s&/2), and the branching ratio to the Ball 6s and

1.00

0.75—

I~ 0.50—

0.25—

0.2
I

0.4 0.6

v4 (mod 1)

0.8 1.0

FICr. 13. Calculated rz (using the MQDT parameters listed in
Table VII) plotted as a function of v4 (modulo 1). The three
eigenphases me~ (p= 1—3) and the corresponding collision eigen-
states

~
p) constitute the eigenvalues and eigenfunctions in the

autoionizing part of the spectrum.

Sd state of the ion, respectively. As the branching ratios
and the asymmetry parameter p(BaII 6si/2) show varia-
tions in n, we use the values of branching ratios and P
which lie near the flat part of the plot in Figs. 6 and 7,
respectively. In this four-channel MQDT fit we use the
experimental value of 0.18 for the branching ratio to the
BalI 6s&/2 state of the ion and p(Ball 6 si /2)=1.4. The
width of BaI [6pi/2nsi/z]J i autoionizing states is ap-
proximately 0.10 (in units of n ) near n =16 and 17.'

Before we discuss the results obtained from this simpli-
fied model, we outline the details of the calculations based
on MQDT. In the MQDT model under consideration,
there are three open channels (i=1, 2, and 3) and one
closed channel (i=4) The e.nergy E of the Ball bound
[6p, /zns, /2]z &

states is given by

E I = —I /2v4—, (31)
where v4 is the effective quantum number of these states
relative to the ionization limit I of the BaII 6p~/z state.
The first step in this analysis is to obtain the eigenfunc-
tion of the BaI autoionizing states. The eigenfunctions
are the collision eigenstates

i p) given by

TABLE VII. MQDT parameters used for the fit of the experimental data pertaining to the autoionization of Ba I [6pi/p ns 1/2]J—1

levels near n = 16 and 17 (see Sec. IV C). The width of the levels is in units of n, while the position is indicated in terms of effective
quantum number (modulo 1).

0.79 0.81 0.5 0.23

U; 0.81
—0.57

0.0
—0.15

0.57
0.82
0.0

—0.07

—0.08
0.01
0.88

—0.47

0.14
—0.03.

0.48
0.87

0)4——0. 15 024 ——0.07 834——0.5

Experiment
Theory

Position

0.72
0.72

Width

0.10
0.10

P(Ba II 6si/p)

1.46
1.46

Io(Ba II 6s)/[Io(Ba II 6s)+ID(Ball 5d)]

18 /o

19%
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is quite good. Using the MQDT parameters listed in
Table VII we have plotted the functional forms of some
matrix elements and phase shifts to illustrate the fitting
procedure outlined above. The Fig. 13 eigenphase shifts
rz(v4) (p= 1—3) are plotted as a function of v4. This type
of plot is conventionally known as the Lu-Fano plot. The
matrix elements

I T;~ ~

for the open channels (i =1—3)
are plotted as a function of v4 for each collision eigenstate

p, in Fig. 14. Similarly, the functional form of the matrix
elements

~
T4&(v4)

~

are plotted in Fig. 15. Note that the
autoionization line shape of the bound states, which are
the Bar [6@1/2ns1/2]z 1 states in this example, is given by

~
T4&(v4)

~

. Interestingly, from Fig. 15 we see that
there is almost no contribution to the line shape from the
p=3 collision eigenchannel. We also note that the calcu-
lations indicate no change in p(BaII 6s1/2) as a function
of energy, as would be expected if the continuum excita-
tion is neglected.

Ip)=T4 ~i =4)+
open channels

(I =1,2, 3)

(32)

where T;z is the transformation matrix connecting the dis-
sociative and the collision eigenstates. The continuum
normalization requires that g,.

I T~z ~

=1, where the sum
is over the open channels ( i= 1, 2, and 3). Since the num-
ber of collision eigenstates

I p) equals the number of open
channels, the complete description of the eigenfunctions
requires the knowledge of the transformation matrix ele™
ments T;z (p= 1—3 and i =1—4). For a given choice of
matrix elements 1M; [see Eq. (30)] and eigendefects p we
can solve for the eigenphase shifts rz(v4) and transforma-
tion matrix element T;z for any value of v4. Since the
procedure for computing rz and T;z is given elsewhere we
do not discuss it here. Once T;& and ~& are known, the
asymmetry parameter p(Ba n 6s, /2) and the branching ra-
tio may be easily calculated using Eqs. (28) and (13).

The experimental values and the MQDT fit are shown
in Table VII where the parameters Ol4 8/4 834 and p4 are
listed. The agreement between the fit and the experiment

FIG. 14. Transformation matrix elements
~

T;~ ~

2 plotted as a
function of v4. When the index i takes the values 1—3, the ma-
trix element T;~ represents the amount of dissociative channel

~

i ) mixed in a collision eigenstate
~
p). The index i in. the plot

is represented as (———) (i = j. ), {.. .) (i =2), { ) (i =3).
(a), {b),and {c)show

~ T;~ ~

2 for p=1—3, respectively.

D. A simplified analysis of the autoionization
of Ba I [6p3/2ns1/2]J =1 states to the

BaII 6@~/2 state of the ion

Using the four-channel MQDT we have also attempted
to fit the autoionization of the Bar [6p3/2ns1/2]j —1

(n ) 12) to the Ba11 6p1/2 state of the ion. As in the pre-
vious example we choose three open channels and one
closed channel, which characterizes the bound part of the
Ba1 [6@3/2ns1/2]J 1 state. The four channels with three
ionization limits are

i
a) 'I', XJ—$ XJ= 1

31p
F1/2~s 1/2 671/2~~3/2 ~5/2~73/2 673/2ns1/2

The symbol X in the entry for the close coupled channels
represents the fact .that no unique assignment for these
channels is possible given the limited number of channels.
Since the autoionization to the BaII 6@i/2 state of the ion
involves only two open channels BaI 6pl/2es&/2 and BaI
6p f /2 EEg 3/2 which are included in the three open channels
listed above, the autoionization parameters for this decay
channel can be fit. For instance, p(Ba11 6@1/2) can be
computed from Eq. (13) because all the open and closed
channels are included. The third open channel Bat 5dep
is chosen to approximate the remaining eight open chan-



ANGULAR DISTRIBUTIONS AND BRANCHING RATIOS OF. . . 233

TABLE VIII. MQDT parameters used for the fit of the experimental data pertaining to the autoionization of Ba I [6p3/inS)/i]
states near n=20 (see Sec. IV D). The width of the states is in units of n, while the position is indicated in terms of effective quan-
tum number (modulo 1).

i,a
0.22 0.68 0.5 0.25

0.94
0.0
0.0
0.34

0.15
0.90
0.0

—0.41

0.13
—0.19

0.90
—0.37

—0.28
0.39
0.43
0.76

gi4 ———0.35 024 ——0.45 934——0.45

Experiment
Theory

Position

0.7
0.7

0.2
0.2

P(Ba II 6p)/2)

1.5
1.43

Autoionization branching ratio
to the BaII 6p)g2 state

72%
67%

nels converging either to the Ba II 6s or the Ba II
5d5/2 (3'/3) limits of the Ba core. This assumption is not
too severe as the dominant autoionization decay of the
BaI [6p3/zns, /2]j i states is to the BaII 6p)/3 state of
Ba+. We also note that the labehng of the third open
channel is somewhat arbitrary. The interaction between
the channels is introduced through the three mixing an-
gles 0~4, 8~4, and 034 We neglect any explicit interaction
between other channels and so all other mixing angles are
set equal to zero. To reduce the number of free parame-
ters in the fit, as in the previous example, we must make
additional approximations. The values of )M, 'and (M3 are
fixed by using the values 0.22 and 0.68 obtained by
Czounand et al. ' in the fit of the BaI [6p)/znd]J 3 and
Ba I [6p3/2nd]j 3 interacting autoionizing series

While our implicit assumption that the p's obtained by
Gounand et al. for J=3 series are the same for J =1
series is tenuous, we nevertheless use these parameters to
see if a reasonable fit can be obtained. Of course, if we
were to use the true values for )((, ) and )Mz (which are un-
known at present) a different set of best-fit parameters
pertaining to 8,J. 's would result. However, at this point we
are merely interested in finding out if any fit to the exper-
imental data can be obtained by using the minimal four-
channel MQDT and some reasonable set of fixed initial
parameters. Following the assumptions outlined above,
the problem of fitting the Ba I [6p3/2ns i/2] J —i autoioniza-
tion data to MQDT reduces to four free parameters —the
three mixing angles 8)4, 824, and 834, and the eigendefect
p4. The matrix U in terms of 8;J s is again given by Eq.
(30). By using (M4 as the free parameter we fit the position
of the Bai [6p3/3ns)/3]J —i states to the experimental
value of 0.70 (modulo 1) for its quantum defect. ' With
the remaining three parameters (the mixing angles) we fit
the width of the autoionizing line, the electron asymmetry
parameter p(BaII 6p)/3), and the branching ratio to the
BaII 6p)/3 state of the ion. We use the following experi-
mental values for the fit: p(Bau 6p«2)=1.5 and the
branching ratio to the BaII 6p)/3 state of 72%. The ex-
perimental width of the BaI [6p3/zns)/2]j —i states near

Jtl = 15 is 0.2 (in units of n ).'

The experimental values and the MQDT fit are shown
in Table VIII, where the best-fit parameters 8)4 834 834,
and ((t4 are also listed. The MQDT fit is quite reasonable
and it illustrates that these complex data can in principle
be fit to a few parameters. Unfortunately, many of the
MQDT parameters, for example, p's, are unknown at the
present. As these parameters ()M's and 8(J 's) become
known, the p parameters and the branching ratio can be
better fit to a more realistic MQDT formulation using
more channels.

V. CONCLUSION

We have made comprehensive measurements of the
branching ratios and the angular distributions of the elec-
trons ejected from the autoionization of Ba
[6p)/3 (3/2) nsi/2]j i states to the ground and excited
states of Ba+. The high resolution of the electron energy
analyzer in conjunction with the detection of the ions has
enabled us to measure the autoionizing branching ratios
and electron angular distributions to the 0.090-MeV-split
fine-structure states of Ba+ 5d states. We do not find any
variation in the ejected-electron p parameter or the au-
toionization branching ratio to the allowed ion states, as
the excitation laser is swept across the autoionization
linewidth of these states. This observation is a direct
consequence of the stepwise excitation scheme used in this
experiment.

From our measurements of the ejected-electron angular
distributions and branching ratios the perturbation of the
Bat [6p»zns)/3]j i series near n=15 and 23 is clearly
evident. While the perturbations in this series a1so show
up as variations in the position and widths of the levels of
this series, the electron angular distributions are a much
more sensitive probe of these perturbations and also pro-
vide the phase information. A rather surprising result
emerging from our measurements is that the Ba I
[6p, /3(3/3)ns)/3]j i states predominantly autoionize to
the excited states of the ion. This result has important
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implications for the phenomena of dielectronic recom-
bination and the development of autoionization lasers.

Several other important general features emerge from
the analysis of the electron angular distribution data.
From the measurement of f3(BaII 6st/q) we conclude that
the core-electron anisotropic interactions (spin-orbit and
exchange interactions) are much more important for the
Ba I [6p t/2ns t/z]q t sertes than for the Bar
[6p3/2ns t/2]q t series. The large electron asymmetry pa-
rameter associated with the autoionization of the Bar
[6p3/znst/2]J t state to the Barr 6p~/2 state of the ion in-
dicates an interference between the l =0 and 2 outgoing

electrons. Finally, we have recast MQDT to fit this situa-
tion and performed some preliminary fits to our data us-
ing the MQDT. The complete fitting requires some addi-
tional spectroscopic paralneters that are not yet available.
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