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Energy and angular distributions of autoionization electrons
and channel interaction eS'ects for the Sr 5pns J=1 autoionizing series
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A comprehensive experimental study of the energy and angular distributions of electrons ejected
from the Sr 5p3/pns&/2 and 5p&/2ns&/2 J =1 autoionizing states with n ranging from 10 to 20 has
been performed using multistep laser excitation and time-of-Aight electron spectroscopy. The
branching ratios for autoionization to the available Sr+ ion cores have been determined as well as
the asymmetry parameter, P, of the electron angular distributions. Both the branching ratios and
the P parameters are constant across isolated autoionizing states. However, measured P values
and branching ratios change sharply across the line profiles of those 5p3/2ns&/2 states which have
strong localized interactions with 5p&/2nsl/2 and 5p&/2nd3/Q states. A consistent six-channel
quantum-defect-theory model has been developed which enables us to reproduce quite well the lev-
el positions, the total autoionization rates, the branching ratios to different Sr ion states, and the
angular distributions of the electrons ejected in the autoionization to the Sr 5sl/2 and 5p&/2 ion
states.

I. INTRODUCTION

One of the most interesting aspects of the spectra of
the alkaline-earth atoms arises from the fact that most of
the doubly excited states are autoionizing states, which
exhibit configuration interaction in two distinct ways.
One is the interaction of discrete states with the continu-
um, and the other is the interaction of two or more au-
toionizing series with each other. Usually the excitation
of an isolated autoionizing state leads to an asymmetric
Beutler-Fano profile, ' and the angular distribution of the
ejected electrons changes dramatically across the line
profile. Both are manifestations of the interference be-
tween the excitation to the continuum and bound parts
of an autoionizing state. ' If two or more autoionizing
series interact with each other in the region of the exci-
tation, the situation is even more complicated; conse-
quently the quantitative analysis is difficult. To avoid
these complexities, the experimental method of isolated
core excitation (ICE) has been developed which results
in relatively large cross sections for the excitation of a
well-defined autoionizing state with negligible continuum
excitation. There are several advantages of this
method. First, the excitation of an isolated autoionizing
state leads to a simple Lorentzian profile, because there
is virtually no continuum excitation. Second, the total
angular momentum of the final autoionizing state can be
monitored by the number of photons absorbed and the
polarizations of the incident light. Third, all transitions
driven are resonant single-electron —single-photon transi-
tions, which are easily identified. Finally, the angular
distribution of the ejected electrons does not vary across
an isolated autoionizing state because there is no in-
terference between bound and continuum excitations.
For data analysis the theoretical methods of multichan-
nel quantum-defect theory (MQDT) have been well

developed and successfully utilized to treat interacting
Rydberg series and their corresponding continua.
This theory describes many atomic properties, including
interseries interaction, in terms of a few relatively
energy-independent parameters.

Extensive experimental studies of autoionizing Ryd-
berg series of several alkaline-earth atoms have been re-
ported. ' ' Most of them have been focused on the lev-
el positions, the total autoionizing rates, and the mani-
festation of the interaction of the di6'erent autoionizing
series in the excitation spectra. These experiments did
not provide any information about the final states of the
ion core or of the ejected electrons. To reach a detailed
understanding of the dynamics of the autoionization, it
is necessary to go beyond these measurements. Spe-
cifically, knowledge of the energy and angular distribu-
tions of the autoionizing electrons is required. The ener-
gy distribution of the ejected electrons is of course
equivalent to the distribution of final ion states. In addi-
tion to the intrinsic interest, the branching ratios to ex-
cited ion states play a key role in, for example, dielect-
ronic recombination in plasmas and short-wavelength
laser development. Thus far, few experiments have been
reported for the angular distributions and branching ra-
tios of the electrons ejected from autoionizing states. In
particular only the Ba 6p3/2ns, /2 and 6pi/2ns)/2 J =1
autoionizing states have been studied. '

Recently we reported the level positions and total au-
toionization rates of Sr Sp3/2ns, g2 and Sp)q2ns) 2 J =1
autoionizing states for n ranging from 10 to 20. ' In this
paper, we present results of extensive measurements of
the angular distributions and branching ratios of the
electrons ejected from these two autoionizing series. A
novel aspect of these measurements is that for the Sr
5p3/2ns&/2 states, which overlap with some Sp~/2ns&/2
and 5p&/2nd3/2 states within the line profiles, the asym-
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II. EXPERIMENTAL METHOD

The experiments were performed by exciting ground-
state Sr atoms in a thermal beam with three pulsed tun-
able dye lasers to the autoionizing Spns states and ob-
serving the energy- and angle-resolved ejected electrons.
As shown by Fig. 1, there are three possible electron en-
ergies for the autoionization of the Sp3/219s&/2 state,
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metry parameter P~, for autoionization to the
Sr+ Ss»2 ion state varies noticeably across the line
profiles. The sharp dips of P~, at the locations of the

Sp ] /p ns
& /z and Sp & /z nd 3/2 states are clearly due to the

discrete-discrete interactions of these autoionizing series.
Analogous variations in the branching ratios to final Sr+
ion states are observed at the locations of the Sp»2ns»2
an p &/2n 3/p ~d Sp nd states. For the first time, we present a

f 14unified six-channel MQDT analysis in terms o
energy-independent parameters: three eigenchannel
quantum defects, five R-matrix elements, and six contin-
uum transformation U-matrix elements. This approach
enables us to reproduce quite well the level positions, the
t t 1 autoionization rates, the branching ratios ofoa

thedifferent Sr+ states, and the angular distributions of t e
electrons ejected in the autoionization to the Sr+ Ss&/z
and Sp&/& ion states.

In the fo11owing sections, we describe our experimen-
tal approach, the experimental results, the MQ DT
analysis, and the conclusions which may be drawn from
this work.

corresponding to autoionization to the Ss&/2, 4d~, and
Sp states of Sr+. Thus the electron-energy distribu-pl/z s a

+tion gives the branching ratios to the available Sr fina
states, and the electron angular distribution, relative to
the polarization of the exciting light, determines, to the
extent possible, the partial waves of the departing elec-
trons.

The experimental arrangement used for the measure-
ments is shown in Fig. 2. An effusive Sr atomic beam
produced by a resistively heated oven was collimated
and passed between plates 2 and 3 which were separated
b 1.0 cm. Its density at the interaction region between
the plates 2 and 3 was estimated to be about

y . cm.
10'

atoms/cm . The three tunable laser pulses were pro-
duced by three dye lasers all pumped by the 355-nm
third harmonic of a Quanta-Ray DCR-2 Nd: YAG laser,
operating at 20 Hz (where YAG denotes yttrium alumi-

m garnet). The dye lasers had a pulse duration onum garne
—1 ~ fabout 5 ns, linewidth less than 1 cm, and energies o

about 100 pJ per pulse. The three almost collinear laser
beams were linearly polarized and focused to a spot

b t 2 mm in diameter at the interaction region be-
tween plates 2 and 3, where they intercepted t e r
beam at a right angle, as shown by Fig. 2. Consider the
excitation of the Sp3/219s&/2 state, shown in F'g.nFi . 1. The
first laser pumped the Sr Ss 'So —SsSp 'P& transition at
4609 A, while the second dye laser pumped the Sr
SsSp 'P& —Ss19s 'So transition at 4203 A. A 10-ns delay
in the second laser beam ensured that when it arrived at
the interaction region the Sr SsSp 'P& state was already
populated. The third dye laser, at wavelength 4080 A,
excited the spherically symmetric Sr Ss19s 'So state to
the autoionizing 5p3/219s»2 J =1 state. If tIf the third
laser was tuned to 4210 A the Sp&/z19s&/2 state would be
excited. A 50-ns delay between the first-laser and the
third-laser pulses ensured that any coincidental two-
photon ionization signal due to the first and third lasers
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FIG. 1. Three-photon excitation scheme used to populate
Sr 5p3/2ns l/2 or 5p &/2ns &/2 J = 1 autoionizing state. In the
6gure, the 5p3/219$]/2 J =1 state is populated, and the au-
toionization leads to Sr+ Sp&/q, 4d, , and 5sl/2 ion states. Cor-
respondingly, different kinetic energies for the ejected electrons
are also shown.
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FIG. 2. Schematic of the experimental apparatus.
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only could be completely suppressed. The ejected elec-
trons were angle and energy resolved by a time-of-Aight
(TOF) spectrometer. The spectrometer consisted of a
25-cm-long Aerodag-coated aluminum drift tube mount-
ed directly above the field-free interaction region and
containing an electron detector which could be moved
freely inside the drift tube to vary the effective drift
length between 5 and 20 cm. The energy resolution, AE,
of the TOF spectrometer was AE =1.185E /L. Here
L is the free drift length in cm and E is the electron ki-
netic energy in eV. Both the electron and ion detectors
were dual microchannel plate detectors of the Comstock
CP-602A type. The whole TOF spectrometer was en-
closed by a p-metal magnetic shield to reduce the residu-
al magnetic field to about 1 mG. The acceptance angle
of the electron detector for electrons from the interac-
tion region was defined by the diameter of the entrance
aperture of the detector, 1.8 cm, and the free drift length
L. With L =18 cm, the acceptance angle was 6', and
the maximum acceptance angle was 20, corresponding
to L =5 cm. The latter configuration was used to detect
the low-energy electrons in the autoionization of Sr
5p3/pns&zq (n & 15) states to the Sr+ Sp&&q ion core. In
order to assure a field-free interaction region, plates la-
beled I, 3, and 4 in Fig. 2 were directly grounded, and
plate 2 was grounded through a 10-kQ shunt resistor.
The Aight tube and the magnetic shielding were also
grounded. 1 ps after the laser pulses, long after all elec-
trons had left the interaction region, a voltage pulse with
peak value about 100 V was applied to plate 2, driving
all Sr+ ions created into the ion detector, providing a
convenient normalization for the differential electron sig-
nal. The outputs from the electron and ion detectors
were amplified and recorded with Stanford Research
Systems SR-250 gated integrators. One integrator was
used to record the ion signal, and three others were used
to record the three time resolved peaks of the electron
signal, corresponding to the three possible electron ener-
gies. We show time resolved electron signals under
several conditions in Fig. 3. After each shot of the laser
the gated integrators were read by a PDP-11 computer.
The signals were averaged by the computer over 1000
laser shots, and the data were stored in the computer for
further analysis. As the TOF spectrometer was fixed in
position, the angular distributions of the ejected elec-
trons were obtained by rotating a double Fresnel rhomb
half-wave retarder which changed the angle of the linear
polarization of the incident third laser beam relative to
the detection axis of the TOF spectrometer. The distri-
bution was measured in a plane perpendicular to the
direction of the propagation of the laser beams and con-
taining the mutually perpendicular atomic beams and
the detection axis.

All isolated Spns states exhibit the same angular distri-
butions and branching ratios irrespective of where in the
line profile they are excited. By "within the line profile"
we mean over the energy range where the photoexcita-
tion cross section is at least 20% of the peak value.
Thus we have made the measurements reported here by
exciting the center of the autoionizing state where the
signal is the strongest. This is not the case for the
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FIG. 3. Time-of-flight spectra of Sr 5p3/220s)/p J =1 au-
toionization electrons. The signals at 60, 120, and 920 ns cor-
respond to autoionization to the Sr+ Ss, /~, 4d, , and 5p&/&,
states. (a) No external accelerating field, (b) —0. 1 V accelerat-
ing voltage applied to grid plates 2 and 3, (c) —0.2 V accelerat-
ing voltage applied to grid plates 2 and 3. The three peaks cor-
respond to the decay into Sr+ 5s, /2, 4d, and 5p&/2 continua, re-
spectively.

Sp3/2ns»2 states which lie below the Sp1/2 limit and ex-
hibit strong interseries interactions with the degenerate
P1/2 1/2 and SP1/2nd3/2 states. For these states, mea-

surements were made across the entire line profile.

III. EXPERIMENTAL OBSERVATIONS

Here p is the asymmetry parameter, cr is the total
cross section, P2( cosO) is the second-order Legendre po-
lynomial, and 0 is the angle between the third laser po-

Most of the data were taken in the manner used to ob-
tain Fig. 3(a), with no accelerating voltages, so that the
angular acceptance of the detector for 1.1- and 2.9-eV
electrons is determined only by geometry and is the
same for both cases. The variation of the electron sig-
nals at 60 and 120 ns with the angle 0 between the
detection axis and the polarization direction of the third
laser beam gives immediately the angular distributions of
the 2.8- and 1-eV electrons, respectively. In Figs. 4 and
5 we show the angular distributions of the 2.8- and 1-eV
electrons ejected from the autoionization of Sr
Sp, /214s»2 J =1 state to the Sr+ Ss, /2 and 4dj ion
states. The dots represent the experimental data, the ra-
tios of the electron signals to the ion signal, and the solid
curves a,re the least squares fits to the expression

[I+pP2( cos8)] .dc' 0
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FIG. 4. Angular distribution of the 2.82-eV electrons eject-
ed from the 5p1/214$1/2 state to the Sr+ 5$1/2 continuum, ex-
perimental data ( ~ ), least-squares fit to Eq. (1) ( ). 6I is
the angle between the detection axis and the linear polarization
axis of the incident third laser beam.

FIG. 5. Angular distribution of 1-eV electrons ejected from
Sr 5p1/214$1/2 J =1 state, autoionizing to the Sr+ 4d ion states,
experimental data (~ ), least-squares fit to Eq. (1) ( ). 0 is
as in Fig. 4.

larization and the momentum of the ejected electrons. It
is consistent with Yang's theorem, ' which implies that
the electric dipole transition for the excitation to the au-
toionizing Sp 3/2 ns &/2 or 5p & /2 ns &/2 I = 1 state starting
from a spherically symmetric Ssns 'So Rydberg state
leads only to Legendre polynomials of order 0 and 2 in
the electron angular distribution.

Since no accelerating potential was applied and the
electrons traveled along straight-line trajectories, the an-
gular resolution and collection efficiencies are the same
for the 1- and 2.8-eV electrons. This was checked by ob-
serving the intensity changes of the 1- and 2.8-eV elec-
trons as functions of a small voltage applied between
plates 2 and 3. The small stray field only affected elec-
trons with kinetic energy of 50 meV or less appreciably.
We may integrate the electron signals over the angle 0 to
determine the relative probabilities of autoionization to
the Ss

& /z and 4dj ion cores. For states below the
Sr+ Sp»2 limit these are the only available ion states,

and this is in fact the branching ratio.
For the Sp3/2ns&/2 states above the Sr+ Sp&/z limit the

difficulties inherent in detecting the low-energy electrons
produced in the autoionization to the Sr+ 5p&/2 ion core
require some additional effort to measure the branching
ratios. We used two different techniques to measure the
branching ratios. In the first we collected all the ions
and the electrons corresponding to the Ss»2 and 4dj ion
states at a free drift length L =18 cm and 0=0. These
measurements, together with the known electron angular
distributions, allowed us to calculate the ratio of the to-
tal electron signal for autoionization to the Sr+ Ss&/2
and 4dj states to the total ion signal. We then reduced
the free drift length to L =5 cm, and applied a negative
voltage to plate 3, to drive all low-energy electrons to
the detector, and also detected the ions. At a voltage of
about 2 V the collection efficiency for the electrons with
a kinetic energy (60 meV was 100%%uo. The effect of the
small field produced, -2 V/cm, is negligible in the exci-

TABLE I. The asymmetry parameters Pq, , P4q for Sr Sp, ~, ns
~ &2 J= I autoionizing states.

1/2 j

Asymmetry parameters

State

Sp1/2 10$1/2

Sp1/2 1 1$1/2

Sp 1/2 12$1/2

Sp1/2 13$1/2

Sp1/2 14$1/2

Sp1/2 15$1/2

Sp1/2 16$1/2

5p1/2 18$1/2

5p1/2 19$1/2
5p1/220$1/2

Experiment

1.40( 17)
1.60( 13)
1 ~ 58(09)
1.68( 10)
1.50(07)
0.72(18)
0.31( 14)
0.92( 15)
1.21( 15)
0.47( 14)

1/2

Theory

0.80
1.70
1.27
1.80
1.10
1.60
1.00
1.50
1.70
1.20

4d.
J

Experiment

0.60(22)
0.40( 14)
0.40( 13 )

0.68( 17)
0.42( 12)
0.36( 14)
0.30( 13)
0.42( 16)
0.48( 13 )

0.37( 13 )

'The 5$17$ 'So state is degenerate with the 5$17d 'D2 state, and thus it is impossible to make unambi-
guous measurements for the 5p1/217$1/2 state.
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TABLE II. The branching ratios for Sr Sp~/2n$ j/2 J =1 autoionizing states.

Branching ratio to Sr+ ion states (%)

State

Sp )/210$ )/2

Sp1/2 1 1$1/2

Sp )/212$ )/2

Sp 1/213$1/2
Sp 1/2 14$1/2
Sp]/215$ $/2

Sp )/216$ )/2

Sp 1/2 18$1/2
Sp 1/219$1/2
Sp &/220$ &/2

Experiment

25(9)
18(4)
21(3)
23(4)
25(2)
15(2)
20(2)
16(3)
18(2)
22(2)

R
1/2

Theory

16.5
34.0
21.9
36.7
20. 1

29.3
21.5
26.5
33.9
16.4

Experiment

75{9)
82(4)
79(3)
77(4)
75(2)
85(2)
80(2)
84(3)
82(2)
78{2)

R4d.

Theory

83.5
66.0
78.1

63.3
79.9
70.7
78.5
73.5
66.1

83.6

'The 5$17$ 'So state is degenerate with the 5$17d 'D2 state, and thus it is not possible to make unam-
biguous measurments for the Sr Sp~/217$~/2 state.

TABLE III. The asymmetry parameters p„,p4d, and p5~ for Sr Sp3/gns„2 J= I autoionizing
1/2 j ~ 1/2

states.

State

5p3/210$ ~/2

Sp3/211$ ~/2

5p3/2 12$

5p3/2 13$ ~ /2

Sp 3/2 14$ l /2

5p3/215$ ~/2

5p 3/216$ ) /2

5p3/218$ ~
/2'

5p 3/219$ ~ /2

Sp 3/220$ ] /2

Experiment

1.60(30)
1.31(25)
1.50(25)
1.30(25 )

Theory

1.56
1.56
1.56
1.S6

Experiment

1.75(06)
1.81(04)

1.78(05)
1.78( 10)
1.80(04)
1.60(08)
1.87(06)

Asyrnrnetry parameters
5$

Theory

1.75
1.75

1 ~ 80
1.69
1.69
1.69
1.69

4d.

Experiment

0.65( 17)
0.64( 13)

0.70( 14)
0.73( 15)
0.87( 14)
0.87( 16)
0.76( 13 )

'These p values vary across the state and are plotted in Figs. 6, 7, and 9.
The 5$17$ 'So state is degenerate with 5$17d 'D2 state, and thus it is not possible to make measure-

rnents of the Sr Sp3/217$~/2 state.

TABLE IV. The branching ratio for Sr Sp3/2n$~/2 J =1 autoionizing states.

State

R
Experiment Theory

Branching ratios to Sr+ ion states (%)

Theory Experiment
R4d

J
Experiment Theory

Sp3/210$ r/2

Sp3/211$ &/2

Sp3/2 12$ &/2

Sp3/213$1/2
Sp3/2 14$ &/2

Sp 3/2 1 5$1 /2

5p3/216$ ~/2

5p3/218$ ~

5p3/219$ )

Sp 3/220$ ] /2

7(3)
8(3)
8(3)
7(3)

1 1.4
11.4
11.4
11.4

35(6)
34(4)

27(4)
25(8)
24(6)
35(5)
28(5)

46.4
46.4

31.2
31.2
31.2
31.2
31.2

65(6)
66(4)

73(4)
68(8)
68(6)
57(5)
65(5)

53.6
53.6

68 ~ 8
57.4
57.4
57.4
57.4

'Branching ratios are plotted in Figs. 6, 7, and 8.
The 5$17$ 'So state is degenerate with 5$17d 'D2 state, and thus it is not possible to make measure-

ments of the Sr 5p3/217$~/2 state.
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tation of the Spns autoionizing states. By comparing the
ratio of the signal from the &60-meV electrons to the
ion signal we were able to relate it to the analogous ratio
of the electron signals corresponding to autoionization
to the Sr+ Ss&/2 and 4dj states to the ion signal, thereby
determining the branching ratio for the Sr+ Sp, /z state.
A second approach was to vary a dc extraction voltage
applied across plates 2 and 3 to extract all the electrons.
At 2 V extraction voltage all the &60-meV electrons
were detected, and when the extraction voltage was
raised to 70 V, all the 3-eV electrons were collected as
well. Thus by comparing the electron-to-ion single ra-
tios at 2 and 70 V extraction voltages we obtained an in-
dependent value of the branching ratio to the Sr+ Sp&/2
state. Although we have some concern about the effects
of the field produced by the 70 V extraction voltage on
the excitation, it is interesting to note that the branching
ratios determined by these two methods are equal,
within our experimental uncertainties.

The SrSp3/2ns&/2 J =1 autoionizing states for n &15
lie above Sr Sp&/2 ionization limit, and they decay into
ten continuum channels, yielding autoionization elec-
trons of four different kinetic energies. Autoionization
into the Sr+ 5s &/q i/zep &/2 and Ss &/2' 3/2 continua
yields free electrons with a kinetic energy 2.9 eV. Decay
into the Sr+ 4d3/2 and 4d5/2 continua results in two
groups of = 1-eV electrons with a constant energy
difference of 0.035 eV between them, which was not
resolved in the present experiment. There are six 4dj
continuum channels: 4d 3 ~qef

spaz,

4d
& &2' 7&q, 4d s ref ~ &i,

4d3/2' &/2 4d3/QEjD3/p and 4d5/2ep3/2. Decay into the
Sr+ Sp&/2 continua releases electrons with kinetic energy
between 50 meV for n =20 and 16 meV for n = 16, be-
longing to two continuum channels Sp &/zes &/2 and

5p i /Q Ed 3 /2 Due to small residual stray electric fields,
such low-energy electrons did not reach the detector in
the usual operating configuration, a free drift length of
18 cm. To circumvent this difficulty, the experiment was
performed in the following ways. First, at a free drift
length of L =18 cm, we collected the electrons corre-
sponding to Sr+ Ss»2 and 4dj ion states. We then re-
duced the free drift length to L =S cm, increasing the
acceptance angle to 20', and collected the data for the
low-energy electrons corresponding to Sr+ Sp &/z ion
state. For the Sp3/216s&/2 and Sp3/218s&/2 states, we
had to apply a small bias voltage to both plates 2 and 3
in order to collect the low-energy electrons. Since both
plates were biased at the same small voltage, &0.3 V, to
first order this produced no field in the interaction re-
gion, and the net effect was to increase the acceptance
angle. The asymmetry parameter for autoionization to
the Sr+ 5p&/z ion core was measured this way.

The asymmetry parameters and branching ratios for
the Sr Sp 3/&ns &/2 and Sp»& ns»2 J = 1 states autoionizing
to the Sr+ 5s&/z, 4dj, and Sp&/2 ion states are listed in
Table I—IV. Due to the relatively small fine-structure
splitting, 0.009 eV, of the Sr+ Sp&/2 and Sp3/p states
(compare with the 0.21-eV Ba+ 6p fine-structure split-
ting' ) only the Sr 5p3&2ns, ~2 states for n ~ 15 lie above
the Sr+ Sp»2 limit, where they can decay to Sp&/2es»2
and Sp I/2Ed3/2 continua. The branching-ratio measure-
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FIG. 6. (a) Branching ratio R&, across the 5p3/212sI/2
I /2

state, experimental data (~ ), the MQDT calculation ( ).
(b) The asymmetry parameter Pz, for the autoionization of

I /2

the 5p3/212sI/2 J =1 state to the Sr+ Ss&/2 continuum, experi-
mental data ( ~ ), the simulation of the six-channel MQDT
model ( ). (c) The total ion spectra of the 5p3/212s&/2
J = 1 autoionizing state showing the structure imposed by the
interacting 5@I/216s~/2 and 5@~/216d3/2 channels, experimental
data ( ), the MQDT simulation ( ———). The structures
associated with these states are labeled.
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ments show that only about S%%uo of Sr Sp3/zns&/z, n & 15,
J = 1 atoms decay into the Sr+ 5p»z excited state with
the ejected electrons of orbital angular momentum l =2
or 0.

Inside the linewidths of the Sr 5p 3/z 12s
& /z,

Sp3/z13s&/z, and Sp3/z14s&/z J =1 autoionizing states,
there are located several Sp&/zns~/z and Sp&/znd3/z J =1
autoionizing states. The discrete-discrete interactions of
these three series produce considerable structure in the
autoionization line profiles of the 5p 3/z 12s

& /z,
Sp3/z13s&/z, and Sp3/z14s&/z states. This is shown in the
ion spectra of Figs. 6(c), 7(c), and 8(c). One would ex-
pect that this localized interaction should also appear in
the electron spectra. In fact this is the case, and in Figs.
6(b), 7(b), and 8(b), we present the asymmetry parameter
P~, for the autoionization of these three states to the

1/2
Sr+ 5s»z ion state plotted as a function of the energy.
The same interaction also affects the angular distribu-
tions of the electrons ejected from the interacting
Sp &/z ns &/z J = 1 states. As shown in Table I, the
Sp, /z 16s

& /z, and Sp & /z 20s
& /z J = 1 states are the most

affected. This is hardly surprising since these two states
are located at the centers of the Sp 3/z 12s»z and
Sp3&q13s~~q J =1 states, respectively [see Figs. 6(c) and
7(c)]. The only observed variation in asymmetry param-
eter occurs in P&, . Within our experimental uncertain-

1/2

ty, /34d does not change noticeably. This is not surpris-
J

ing since the 4d~ ion cores can share the asymmetry with
the ejected electron, and there are many channels to
average out the changes in /34d . Although there is no

observable change in P~d, the branching ratios between
J

Sr+ Ss&/z and 4d~ states do vary across the line profiles
as shown in Figs. 6(a), 7(a), and 8(a), but the experimen-
tal uncertainties are comparable to the observed varia-
tions.

IV. THEORY

defect-theory model, ' and we shall use this analysis as
the starting point of our MQDT treatment.

By measuring the energy and angular distributions of
the ejected electrons we specify the interacting continua
in terms of the well-defined (J„,l) continua. We specify
the continua not in the more familiar LS or jj represen-
tations but in a J„,l representation, where J„ is the total
angular momentum of the ion core and the ejected
electron's spin, and l is the ejected electron's angular
momentum. In practice, the specification corresponds to
identifying the elements of a unitary matrix U relating
the interacting and (J„l) continua. Thus the theoretical
task in the present work is to augment the already-
existing MQDT parameters by determining U matrix
elements.

We note that our approach is similar to that used by
Kachru et al. ,

' but there are two important differences.
In that work the angular-momentum-transfer approach
was not used, and the Lee and Lu formulation of
quantum-defect theory was used to calculate the matrix
elements. With this in mind, in this section we only
briefly summarize the relevant results of the angular-
momentum-transfer approach. We then describe the cal-
culation of the matrix elements using quantum-defect
theory, and finally, apply the results to the Sr Spns states.

B. General angular properties

The essence of the angular-momentum-transfer
method, as applied to photoelectron spectroscopy, is that
the angular distribution of the ejected electrons can be
expressed as a sum of incoherent contributions corre-
sponding to different magnitudes of the angular momen-
tum transferred to an unpolarized target. The asym-
metry parameter P can be conveniently expressed as the
weighted average of the contributions from the parity-
favored and parity-unfavored transitions, respectively.

Consider the schematic ionization process

Sr(Jo, pro)+y(J, n )~Sr+(J„vr, )+e (/, s, ~, =( —1)') .

A. Introduction

The general angular properties of photoelectron angu-
lar distributions have been worked out by Fano and Dill
using the concept of angular-momentum transfer.
Here we use this general framework and calculate the
specific matrix elements we need using an extension of
the MQDT formulation of Cooke and Cromer, which is
quite similar to the formulation of Giusti-Suzor and
Fano. There are two attractive features to this ap-
proach. First, the angular-momentum-transfer approach
enables us to easily draw some general conclusions,
which are not so transparent using other approaches.
Second, the Cooke and Cromer approach to MQDT de-
scribes autoionizing states in terms of coupling to a
small number of interacting continua which are
unspecified linear combinations of the available con-
tinua. This approach provides a set of parameters which
matches in a very direct way the total excitation spectra
using the isolated core-excitation approach. In fact the
total photoexcitation spectra of the Sr Spns states have
already been analyzed using a six-channel quantum-

Here Sr is the initially unpolarized excited 5sns So Sr
atom; Jo and ~o refer to its angular momentum and pari-
ty, respectively; y is the incident photon, J~ and ~z
represent its angular momentum and parity; Sr+ is the
residual ion resulting from the photoionization; J, and
vr, indicate its angular momentum and parity. Angular-
momentum conservation and parity conservation require
that

(4)

Here J is the total angular momentum. The electron
spin S is coupled to the angular momentum of the ion to
form a resultant angular momentum J„, which we do
not observe. The angular momentum transferred to the
unobserved ion core and electron spin in the process is

(5)

The allowed J, values are determined from Eq. (5).
J,Values of J, are parity favored if rrorr, =( —1) and un-
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favored if non, = —( —1) '. As a general rule, parity-
favored processes are those which require no spin reori-
entation while parity-unfavored processes do. The pho-
toionization cross section to a given ion-core state c
is20 21

In writing Eq. (7) we have taken advantage of the fact
that P, —:—1 for a parity-unfavored process. The total
photoionization cross section is given by the sum of the
cross sections to the ion-core states

o', = go, (J, ), (6) C7T= O~

and the asymmetry parameter p, is given by the weight-
ed average of the asymmetry parameters

fav Unf

go, (J, )p, (J, ) —go, (J, )

Jr Jr
C go, (J, )

and the branching ratio R, for autoionization to a par-
ticular ion-core state c, and the ejection of electrons with
the commensurate kinetic energy, is given by

c
R, =

OT

For a parity-favored process, p, is given by

f(J, +2) IS+(J, )
I

+(J, —1) IS (J, ) I' —3J;(J,+1)' '[S+(J, )$ (J, )+S+(J,)$ (J, )]J,(J, ) r,„=
(2J, +1)(

I s+(J, )
I

'+
I
s (J, )

I

') (10)

Here S~ (J, ) denotes the modified reduced scattering ma-
trix element Si (J, ) for a given J, and / =J,+ 1. It is re-
lated to the reduced scattering matrix element expressed
in terms of J by the following equality:

r

l J„J
Si(J, )= g ( —1) ' '(2J+1)

J, 0 y

J„ l J
x '

1 J J '(, (J,s)J„,/, J—IIDIIJO) . (14)

X/(J, S)J„/
I
$(J)

I
JOJy),

where the braces indicate a Wigner 6-J symbol. In writ-
ing the reduced scattering matrix element we have
dropped the subscript c for simplicity of notation. How-
ever, in all scattering matrix elements such as the ones of
Eqs. (10) and (11) the specification of the ion-core state is
implicit (it obviously makes no sense to speak of the p
parameter without specifying the ion core).

The partial cross section corresponding to the parity-
favored transition is

Here A, is the wavelength of the incident photon, and
S~(J, ) is defined below Eq. (10). For parity-unfavored
transitions the corresponding cross section is

2J, +1
[cr,(J, )]„„r——A,

I
$0(J, )

I

2 .
4~r 2JO+1

Here So(J, ) is the modified reduced scattering matrix
element for the value of J, =/. Si(J, ) may be expressed
in terms of a sum of reduced electric dipole matrix ele-
ments D as

Here a is the fine-structure constant, and the minus
sign in the reduced matrix element indicates that the
final state is normalized according to incoming-wave
boundary conditions.

C. Evaluation of the matrix elements
by quantum-defect theory

In this section we develop an expression for the re-
duced matrix element of Eq. (14) for the specific case of
the Spjns»2 states.

Below the Sr+ 5p1/2 limit there are eight J =1 odd-
parity continua. It is useful to first specify them in the
jj representation. In jj coupling they are 5s«2ep1/2,
5$i/2EP3/2 4d3/2' i/2~ 4d3/2' 3/2~ 4d3/2' 5/2~

4d5/2~p3/2 4d5/2~f 5/2 and 4d5/2~~7/2 T"e 5p i/2'iisl/2
5p»2nd3/2 and 5p3/2ns1/2 series interact with all of
them to some extent. The interactions with the continua
may, however, be represented by the interaction with
only three continua, p&, gz, and i/3, which are linear
combinations of the above continua.

This representation of the continua is adequate for the
total excitation spectra obtained by the ICE method,
which tells us nothing more about the continua than
that they act as a sink for electrons. Accordingly the to-
tal excitation spectra of the Sr 5pns J = I series have re-
cently been analyzed using a six-channel model. The six
J = I channels are
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04 05

5P 3/2 +5 1/2 5P 1/2 ns 1/2 5P 1/2 nd 3/2 01 02 P3

Above the 5p(/2 limit channels p2 and $3 become con-
tinua as well, and in this region we label them as g4 and

$5 for consistency.
The wave function is a combination of the collision

channel wave functions which is determined by solving
the matrix equation

(e+R)a =0 (15)

(I&p ——g Z;p(t;, (16)

where the normalization condition

Z =1IP

at each energy. Here e is a diagonal matrix with entries
e;; = tansr(v;+p;) for closed channels, where v; is an
effective quantum number and p; is a quantum defect.
For open channels e;; = tan~. R is a symmetric, off-
diagonal matrix specifying the interchannel couplings,
(2; =Z; cos[tr(v;+p; )] for a closed channel, and
a; =Z; cos~ for an open channel. For the nontrivial
solution, a&0, Eq. (16) leads to an equation for r with
the number of roots equal to the number of open col-
lision channels. Below the 5p&&& limit there are three
roots, and above there are five. The roots are radial
eigenphase shifts ~, which are differentiated by the sub-
script p (the phases of the radial wave functions are mea-
sured relative to hydrogenic wave functions). Each r
value leads to a set of Z, values which determine an in-
dependent wave function. Explicitly, it is given by

confirmed in the MQDT analyses of Ba and Sr autoion-
izing series. ' ' ' Recently it has led to the possibility
of controlled autoionization to a specific Ba+ ion state
by the excitation of satellite features in the spectra. In
Table V we tabulate the MQDT parameters for the
Sr Spns states obtained from analyses of the total pho-
toexcitation spectra. As we have mentioned, these
values of p; and R;j determine the values of Z;z and
hence the wave function. From Eq. (16) it is apparent
that each eigenchannel wave function has both closed
and open parts. For simplicity we will from now on
denote open and closed collision channels by the sub-
scripts i and j, respectively. While the values of Z;z are
of no direct consequence in the evaluation of total pho-
toexcitation spectra, which are only sensitive to Zj
values, they are critical to the electron spectroscopy. In
essence when we excite an autoionizing state we excite
the closed Zjp part of the p eigenchannel wave function
which decays into the open Z; part.

D. Below the Sp&&2 limit

At this point we have only to relate the three interact-
ing P) channels to the eight open channels below the
5p»2 limit. We choose to express them as J„l channels
because we do not observe the angular properties of ei-
ther the ion core or the electron spin. We note that for
the 5sup continua the J„Iand LS continua are the same,
i.e., J„=1corresponds to P& and J„=O corresponds to
'P). The three interacting continuum channels it/,' must
be linear combinations of the above eight J„l continuum
channels. Similarly there are five noninteracting chan-
nels it/,", and in general there is a unitary transformation
matrix U such that

is applied, the sum on i running over the open channels.
In all summations that follow the summation over all
values of the indices specified below the summation sign
is implied.

By adjusting the values of p; and R;~, which are ener-

gy independent, to fit the positions and widths of the au-
toionizing states, the correct variation of Z;z with energy
for all open and closed channels is determined.

As stated in the previous paper, ' the three continuum
channels may be chosen to be orthogonal so that
R 45 ——R 46

——R 56 ——0, and channels 2 and 3, which con-
verge to the same limit, are found experimentally to be
orthogonal to each other, so that R23 ——0. To reduce the
number of channel-interaction parameters further, we
constrain the model by requiring channel 1 to decay to
continuum g;, channel 2 to continuum 1)/z, and channel 3
to continuum $3. In other words, we require that
R, 5

——R )6 ——R q4
——R 34 —R 35 —0. Although this require-

ment is apparently arbitrary, there is a justification.
Four- and five-channel analyses of the 5pns series with
three bound channels and one or two continuum chan-
nels are significantly inferior to the six-channel model,
indicating that bound channels do decay in appreciable
measure to different continua. That orthogonal bound
states decay in a large part to orthogonal continua is not
entirely unexpected, and it has been repeatedly

gC

gC

05$)/2(0 1)

05s)/2(1, 1)

04d3/2(1, 1)

44ds/2(2 1 )it 4
=U

g5 44ds/2(2 3)
(17)

qn

qn

qn

04ds/2(2, 1)

4 4ds/2(2 3 )

dS/2(3 )

Pi ——3.441 '

p2 ——3.410
p3 ——2. 100

TABLE V. MQDT parameters.

R12 ——0. 16
R i3 ——0. 10
R i4

——0.45
R 25

——0.40
R 36

——0.39

Ul I
——0.570

U12 ——0. 158
U2i ——0.470
U22 ———0. 170
U31 ——0.547
U3p ——0.028

'The quantum defects are only known modulo 1.
Reference 17.

where the numbers in parentheses are J„and 1, i.e., (0,1)
is J„=O and l =1.
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We can now express the matrix element of Eq. (14) as

( (J,s)J„l,J—llD ll Jii &

' I/2

= y U;kZ;pZJp(y, llD llJO &e 'e ', (18)
P, l

Xge pZ, Z; U;, ,
p, l

(22)

oz i ——argI (I+ I iW '
) . — (19)

Here W is the kinetic energy (in atomic units) of the
ejected electrons. Reading Eq. (18) from (p~llDllJ0& to
the left, ( P~ llD ll Jo &, or D~ represents the reduced dipole
matrix element connecting the initial bound Ssns 'So
state to the j channel. Z~p tells us how much of this j
channel is in the p eigenchannel, and Z;p tells us how
much of the p eigenchannel decays into each g; channel.
Finally, U;k gives us the composition of the g,' channels
in terms of the (J„,1) channels. It is important to
remember that the only unknown parameters in Eq. (17)
are the U;k matrix elements.

When the Sr Sp3/2nsf/2 and Sp&/2ns&/2 states below
the Sp&/2 limit are excited, the ion core may be left ei-
ther in the 4d~ states or in the Ss&/2 state, and the
branching ratio between these two possibilities is one of
the measured parameters. Additionally, the angular dis-
tributions (p parameters) of the ejected electrons are
measured. Of these only the P parameter for autoioniza-
tion to the Sr+ Ss&/2 state can be compared to theory in
a detailed way.

Let us begin with autoionization to the Sr Ss&/2 state.
In this case Jo ——0, J, = —,', l =1,J =1, and

0, parity favored
t cs

1, parity unfavored .

From Eqs. (7) and (6) it is straightforward to obtain

2
l
Si(0)

l

—3
l
Si(1)

l

l
Si(0)

l

'+3
f
Si(1)

l

' (20)

and

i2
( lSi(0)

l
+3 lSi(1)

l
) . (21)

For a 5p3/2ns]/2 state the S matrix elements of Eq.
(14) are given by

where the subscript k refers to a specific
l
(J,S)J„/,J—

&

continuum channel. In this expression the summation
on p runs over the three eigenchannels of our six-
channel model, and the summation on i runs over the
three open collision channels. In writing Eq. (18) we
have assumed the usual situation of ICE, that there is
excitation into only one closed channel, j = 1 for
Sp3/2ns//2 states or j =2 for Sp&/2ns&/2 states. For cases
in which more than one closed channel is excited, it is
straightforward to generalize Eq. (18) by summing over
j. In Eq. (18) the phase factor e p reflects the change
from incoming-wave normalization to standing wave
normalization. crJ I is the Coulomb phase for an elec-c'
tron of angular momentum l leaving an ion core of angu-
lar momentum J„

1/2

X g e PZipZ;pU;z .
P, l

(23)

Using Eqs. (22) and (23) and removing the common fac-
tors from S, (0) and Sz(0) allows us to write Eq. (20) as

2 2

2 g e PZipZ pU;, — g e PZi Z; U P

Ps, „,=
P, l P, l

2 2

Q e 'ZipZpUp + g e 'ZipZpU;i
p, l p, l

(24)

Using Eqs. (9), (22), and (23), we may evaluate the
branching ratio to the Ss&/2 state of Sr+ as

8.5, 1/2

2
lT l7

e U( iZp( Zp i + g e U(pZ( pZp]'
p, l P, l

g Zpi
P

(25)

The P parameter, branching ratio, and cross section for
excitation of a Sp&/2ns&/2 state are obtained by replacing
&Will&IIJo& by &0'zllDIIJO&»d Zi by Z2 in Eqs.
(22)—(24).

We begin to fit the data by examining the results of
the six-channel MQDT analysis. In Fig. 9(a) we show
the three eigenphases in the vicinity of the Sp~/2lls&/2,
5pI/211d3/2, and Sp3/210s~/2 states. If we focus on the
5p&/211s&/2 state, it is evident that most of the change in
the phase occurs in the p =2 channel. Thus the
Sp»211SI/2 state is largely contained in this channel,
and the magnitude of Z2p is largest for p=2 as sho~n by
Fig. 9(b). Thus the excitation of the 5pi&zllsizz state
occurs primarily into the p=2 eigenchannel. Therefore
we now examine the P; continua which compose the
p=2 channel. In Fig. 9(c) we show the values of Z;q,
and, as shown, the major constituent is Ps (or iI(z). This
is hardly unexpected since the 825 matrix element de-
scribes the direct autoionization of a Sp&/2ns&/2 state. In
sum, for isolated Spns states below the Sp&/2 limit, to a
good approximation the Sp&/2ns&/2 and Sp3/2ns&/2 states
autoionize via a single p eigenchannel to the fs (1(z) and
g4 (gi) continua, respectively. Making this approxima-
tion simplifies the summations for the matrix elements of
Eq. (18) to a single term. Thus branching ratio expres-
sions, such as the one given by Eq. (25), reduce to sums
of squared U matrix elements. From the observed
branching ratios of the 5p&/2ns&/2 states we find
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2z„,= y IU,„I'=o.25,
k=1

and

8

&4d = & I
Uzk I

'=O 75 .
k=3

8

+4d g I
Ulk

I

=o 7
k=3

The same sort of simplification occurs in the asym-
metry parameters. With contributions from only one p
and i channel, Eq. (24) for the Sp3/2ns, &2 states may be
written as

Similarly the branching ratios of the 5p3/2ns1&2 states
lead to 5 I/2

2U» —U12

U11 + U12
2 2 (26)

2
= y IU, k I'=o. 3,

k=1
An analogous expression may be written for the
5p1/2ns, /2 states by replacing U» and U» by U» and
Uz2, respectively. These expressions for P„clearly

l /2
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FIG. 9. (a) Three eigenphases, ~~, in the vicinity of the Sp&/211s&/2, Sp&/211d3/2 and Sp3/210$//2 states. Note the phase shifts in
one p channel at the locations of each autoionizing state. (b) Z2~, the coefficient of the Sp&/2ns~/2 channel in each eigenchannel ~

Note that only Z22 is very different from zero, indicating that the Sp&/211s&/2 state is found almost exclusively in the p=2 channel.
(c) The open channel Z;~ values for p=2 showing that the i =2 channel is by far dominant at the energy of the Sp&/211s&/2 state.
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specify the values of (U&~/U&z) and (Uz&/Uzz) . If we
use for the 5p3&zns &&z and 5p»zns»z states values of 1.8
and 1.6 for P&, we obtain values of ( U~~ /U&z ) = 14
and (Uz&/Uzz) =6.5. These values together with the
constraints imposed by the branching ratios allow us to
determine the magnitudes of these entries of the U ma-
trix, specifically U» ——0.28, U» ——0.02, U» ——0.21, and
Uzz ——0.036. Note that we are unable to determine the
signs on the basis of these data alone.

The above expressions for the branching ratio and
asymmetry parameter, Eq. (26), are of course rigorously
true when there is only one P~ channel and thus one

eigenchannel, as is the case above the Sp»z limit. It is
important to note that in this case both R, and P, can
be expressed in terms of U matrix elements, which are
constant and do not vary across the autoionizing state.
Thus R, and P, do not vary across the autoionizing
state. For practical purposes this is also true even in the
case of isolated states, such as the 5p»z11s&&z state
which is found primarily in the p=2 channel, as shown
by Fig. 9(b). To an excellent approximation R~, and

P~, are constant across the 5p~zz 1 ls, zz state as shown
1/2

by Fig. 11.
In obtaining our initial values for the U matrix ele-
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FIG. 10. (a) Eigenphases near the location of the Sp3/212s&/2 state. (b) Variation of Z&~, the amount of 5@3/2ns&/2 channel in
each p channel. Note that there is significant amounts in both p=1 and 2 channels introducing the possibility of interference. (c)
Variation of Z~~, the amount of Spi/&ns&/2 channel. Again there is a significant contribution from two p channels.
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ments we have chosen regions below the 5pi/2 limit
where the Sp3/2nsi/2 and Sp»2nsi/2 states are isolated
and do not exhibit channel interaction. The final deter-
mination of the U matrix elements is made by fitting the
Spns states which show obvious channel interaction. In
these cases there is more than one important p channel,
and there can be quite evident variation in both the
asymmetry parameter and the branching ratios across an
autoionizing line profile. As a specific example of this
we show in Fig. 10(a) the variation of the three eigen-
phases across the Sp3/212si/2 state, which is nearly de-
generate with the Spi/216s»2 state. As shown by Fig.
10(a) there are two p channels with significant phase
shifts and therefore closed channel components. As
shown by Figs. 10(b) and 10(c) there are significant
amounts of the Spi/216s&/2 and Sp3/212si/2 states, as
shown by Z2& and Ziz, in both p=1 and 2 channels.
Thus both p channels are important in determining the
branching ratios, and asymmetry parameters and the
phase variation becomes important for both the
Spi/216s&/2 and Sp3/212s&/2 states. The calculated and
observed variation in the R5, in the excitation of thes 1/2

Sp3/212s state is shown in Fig. 6. The calculated varia-
tion of p5, and R5, for the sp&/2ns&/2 states is

shown in Fig. 11. The decrease in P5, and R5, , seen
1/2 s 1/2

in Fig. 11, coincide with the locations of the Sp3/2nsi/2
states. The variations with energy is slow enough that
across any Sp&/zns~/& state it is not readily observable.
However, along the Sp3//AS i/p series it clearly is.

The observed variations in Ps, with energy shown ins 1/2

Figs. 6—8 are used to refine our initial values of the U
matrix elements. Since we have already determined
their magnitudes fairly well, the most important results
of this are the relative signs. The U matrix values used
to calculated the curves of Figs. 6—8 and 11 are given in
Table V. It is useful to write out P; channels in terms of
the (J„l)channels. They are

Pl=0 571»l/2(0 1)&+o. 16
I ssl/2(l 1) &

8

+ g U,„ I
4d el ),

k=3

where

g I
U, „ I'=o.6s,

k=3

gz ——0.47
I Sst/z(0, 1))—0. 17

I Sst/z(1, 1))

+ g U,„ I
4del ),

k=3

where

8

2 I U» I'=o.7s,
k=3

Q3 0.55
I

Ss 1/2(0 1 ) ) +0.03
I 5s(/~( 1, 1 ) )

8

+ g U3kI4del),
k=3
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FIG. 11. (a) Calculations of R5, for the 5p1/2ns1/2 series.
1/2

Note the evident variations at the locations of the Sp3/2ns1/2
states. (b) The asymmetry parameter for the 5p1/2ns1/2 states,
ps ( ———) and the spectral density, of QZ&~, of the

sp~/2ns~/2 channel ( ). The variations in Pq, and Rq,1/2 1/2

occur at the locations of the 5p3/2ns1/2 states.

where

8

g IU,„I'=o.7o.
k=3

As we have already mentioned, it is difficult to extract
detailed information about the autoionization to the
Sr+ 4d3/2 and 4d5/z states from the angular distributions
to the Sr+ 4d3/p and 4d»2 states because electrons cor-
responding to autoionization to both ion states are ob-
served together. However, using the angular-
momentum-transfer approach we can draw some qualita-
tive conclusions from the observed angular distributions.

From Eq. (10) we can immediately determine the pos-
sible angular distributions for electrons ejected as pure p
waves and as pure f waves, and these are given in Table
VI. Since the observed asymmetry parameters p4d are

always greater than 0.2, which cannot occur with the
ejection of only p electrons, a reasonable fraction of the
autoionization results in ejected f electrons. In fact, the
data are not inconsistent with the ejection of only f elec-
trons. It is interesting to note that this octopole or ex-
change quadrupole process, in which three units of an-
gular momenta are transferred to the ejected electron, is
roughly as probable as the dipole process in which only
one unit is transferred.
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E. Analysis of Sr Sp3/2ns~/2 J =1 autoionizing states
lying above the Sr+ Sp ~/2 limit

The Sr 5p3/2ns1/2 J =1 autoionizing states for n & 15
lie above the Sr+ Sp1/2 limit, and this opens two more
decay channels, 5p»2es1/2 and 5p]/26d3/2 i.e., the ejec-
tion of s or d electrons in autoionization to the Sr Sp«2
state. Since we have already included these interchannel
couplings, there is in principal no new information in
this energy range, but it does provide a valuable con-
sistency check.

We begin with the results of the previous six-channel
MQDT analysis. ' The autoionization rate of state j to
continuum i is proportional to R~;. Thus a sensible first
approximation to the branching ratio of the 5@3/2ns1/2
states to the 5p1/2 state of Sr+ is

R 12+R 13
2 2

R5~1/2 R2 +R2 +R212 13 14

(27)

Using the previously determined values of R;~ Eq. (27)
yields R &~

——14.9%. This value is in reasonable agree-~1/2
ment with the value, 11.4%, calculated in a more exact
fashion. The difference is due to the fact that the ex-
pression of Eq. (27) omits any interference effects be-
tween autoionization to the 5p]/2es1/2 and 5p1/2ed3/2
channels. Not only does this interference affect the
branching ratio, but also angular distributions, which are
less amenable to meaningful qualitative estimates.

To analyze the 5p3/2ns1/2 states above the p1/2 limit
we return to our six-channel MQDT model which now
has only one closed and five open channels. Correspond-
ingly there are also five eigenchannels, the phase shifts of
which are obtained by solving the quintic equation re-
sulting from Eq. (16). In addition, the U matrix relating
the g] and J„continua is now 10X 10 due to the addi-
tion of the Sp»2es1/2 and 5p»2ed3/2 continua. Note,
however, that these two channels which we labeled ]t4
and gs, respectively, are the Sp]/z (1,0) and Sp]/2 (1,2)
channels, respectively, in the (J„,/) notation of Eq. (17).

If we construct an equation analogous to Eq. (17),

5s]/2(0, 1)

5s]/2(1, 1)

Y3 4d3/2(1, 1 )

P4 413/2(2, 1 )

4d3/p(2, 3 )

4ds/p(2 1 )
(28)

4d s /p ( 2, 3 )

4ds/2(3~3)

yc Sp]/2( 1,0)

5p]/z(1, 2)
'V5

we have the same 8& 8 matrix as before with two added
rows and columns, the only nonzero elements of which
are U99 —U1p1p —1. Since the U matrix elements of the
original 8& 8 portion have been determined by analyzing
the data from below the 5p]/2 limit, and all the new ele-

TABLE VI. Allowed asymmetry parameters for autoioniza-
tion to the 4d, cores with the ejection of only p and f elec-
trons.

Ion core

4d 3/2

4d 5/2

p electrons

—1.0& p4d &0.2
3/2

p4d, /,
=0.2

f electrons

p4d, /, =0.8

—1.0 & p4d & 0.8
5/2

Note that J =1; there is no parity-unfavored contribu-
tion. Similarly, using Eq. (7) we can express the cross
section as

3A2as„„= 4 [ I
S2(J~)

I

'+
I
So(J~) '] (30)

where the scattering matrix elements S](J, ) can be eval-
uated from Eqs. (14) and (17) as

1/24naho].
33c2

' 1/2

S ( )
4n.afire

33 2

'"'X ZspZ]pe
P

(0]IID IIJo )e '"'X Z2pZ]pe
P

(31)

(32)

In Eq. (29) the difference of the radial phase for the s-
and d-wave electrons enters. Either from the properties
of arguments of the I function or the method used by
Dill it may be shown that

sc(o(T 1J+] 0 j J ])

Q[J, (J, +1)—(Z/W) ]

V [ [(J, + 1)'+(Z /~)'] [J,'+ ( Z /~)'] ]
(33)

Here W is the kinetic energy of the escaping electron
in a.u. and Z is the atomic number seen by the outer
electron (Z= 1 in this case). For autoionization to the
Sr+ 5p1/2 state J, = —,', J, =1, and the electron kinetic en-

ergy is less than 60 meV, so W && 1, and
o]/2 q

—]r]/2 o=rr From Eqs. .(29) and (30), Psp and

R5~ can be obtained yielding values of~ 1/2

ments are known, there is in principle nothing new in
this energy range. However, it does provide a consisten-
cy check on the MQDT analysis of the interchannel in-
teractions observed in the total photoexcitation spectra.
With this in mind, let us focus on the new aspect of this
region above the 5p]/2 limit, autoionization to the 5p]/2
state of Sr+. Using Eqs. (6) and (10) we can express the
angular distribution for autoionization to the Sr 5p1/2
state as

I I
S2(J, )

I

—v'2[S2(J, )So(J, )+S2(J, )So(J, )]]
[ I

S2(Ji)
I

+
I
So(Jt)

I ]

(29)



3766 YIFU ZHU, EMILY Y. XU, AND T. F. GALLAGHER 36

Ps~
——l. 56,

R s~,
——11.4%%uo

in reasonable agreement with the experimental values of
1.4% and 8%. Thus the detailed angular-distribution
measurements and the MQDT analysis of the interchan-
nel interaction in. the total photoexcitation spectra lead
to the same conclusions. It is also interesting to note
that P5~ & 1 requires that s and d electrons be ejected,~ I /2

for only d electrons would lead to Ps~ =1; only s elec-
1/2

trons would lead to P5~ ——0. Thus the interference~ 1/2

effects mentioned earlier are most pronounced in the an-
gular distributions.

For the autoionization of the Sr 5@3/2ns&/z states to
the Sr+ 5s&/z ion state, one obtains the same expressions
as Eqs. (14) and (18), differing only in the fact that there
are now five eigenchannels over which the p summation
must be carried out. While there are five open collision
channels, two of them are the 5p&/2es&/2 and 5p&/zed3/2
continua, so the summation over i is only over three
channels.

1.0

(a)
0.8—

A final interesting aspect of the region above the 5p &/z

limit, where there is only one closed channel, is that the
five interacting continua, g; of our six-channel model,
can be replaced by one interacting continuum. In this
case we have only one i channel and one p channel, and
the i and p sums of Eqs. (14) and (18) collapse to single
terms, leaving only the energy-independent U matrix ele-
ments in the P, and R, expressions. Thus the P, and R,
values must be energy independent. In fact this is true
in our five continuum model as shown by Figs. 12 and
13. In Fig. 12 we show five eigenphases ~& plotted
versus v, (mod 1), the effective quantum number relative
to the p 3/2 limit. As expected all show a shift at
v& ——0.55, the location of the 5p3/2ns&/2 states. This is
reflected in the variation of the closed state density
X

~
Z,

~

shown in Fig. 13(b). In Fig. 13(a) we show

P~~ and P5, which are constant. We recall that this

result is valid for the case of one closed channel coupled
to one interacting continuum. If there are two closed
channels, which interact or may both be excited, there
are necessarily two interacting continua, ' and P, and
R, are not energy independent. In fact these two ap-
parently different cases are equivalent and are simply the
differing parameters arisigg from a different choice of
bases for the closed collision channels. In any event a
variation in P, and R, periodic in the effective quantum
number would be expected in this case.
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FIG. 12. {a) and (b) are the calculated eigenphase shifts ~~
plotted as functions of v, (modulo 1) by the six-channel MQDT
model which can be transformed into an equivalent two-
channel MQDT model due to the existence of only one bound
channel.
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FICx. 13. (a) Asymmetry parameters P&, and P» for the
1/2 P 1/2

5p3/2ns1/2 J =1 autoionizing states above the Sr+ 5p1/2 limit,
P5, ( ) and 8~ ( —~ —~ —.). Note that both are ener-

1/2 ~ 1/2

gy independent. (b) The calculated denisty of the state Zl for
the bound 5p3/2ns1/2 channel. vl is the effective quantum
number plotted modulo 1.
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V. CONCLUSION

In this paper we have presented the results of mea-
surements and analysis of the energy and angular distri-
butions of the electrons ejected from the autoionization
of Sr Sp 3/2 ns

& /2 and 5p»2 ns
~ /2 odd-parity J = 1 doubly

excited states.
The measurements themselves are similar to previous

measurements made on Ba 6pns J = 1 autoionizing
states, ' ' so it is of interest to compare them. The
most striking difference is in the branching ratio of
states above the p&/z states of the ion to the p&/2 ion
core. For the Ba6p3/pns&zz states R&„ is -40—70%%uo

while for the Sr 5p3/2ns&/2 states R5~ —10%. This is

of course reflected in the different MQDT parameters for
these two series. For Sr, R&z ——0. 16, R&3 ——0. 10, and
R &4

——0.45 while for Ba, R &z
——0. 17, R» ——0.42, and

R&4 ——0.33. On the other hand, it is interesting to note
that for both the Ba6p3/2ns»2 and Sr5p3/2ns&/2 states
the asymmetry parameter is approximately 1.5, indicat-
ing a similar fraction of s and d ejected electrons. The
other difference between the Ba 6pns and Sr 5pns states is
that the latter are more likely to autoionize to the
Sr+ 4d~ cores, R&d -70%, than the former are to au-

J
toionize to the Ba 5d~ cores, Rzd -20%. Yet it is still

J
true that in both cases the asymmetry parameters for au-
toionization to these ion states is greater than 1, indicat-
ing a substantial fraction of ejected f electrons. Now
that these extensive sets of measurements have been

made it would be of value to carry out ab initio calcula-
tions to see if the origin of the similarities and
differences can be unearthed.

In addition, in this analysis, we have extended previ-
ous MQDT methods to allow the interpretation of these
data in terms of elements of an energy-independent uni-
tary transformation matrix U connecting different repre-
sentations of the available continua. Using the approach
it is straightforward to show that with our excitation
method autoionizing states decaying into one continuum
have asymmetry parameters and branching ratios which
depend only on the U matrix elements and are thus con-
stant across the autoionizing state. While this is rarely
the case for excitation from the ground state it is true in
the measurements reported here. On the other hand, the
asymmetry parameters and branching ratios show clear
variations in the regions where there is interaction be-
tween two series of autoionizing states and this in fact
allows us to determine the signs of U matrix elements.
In sum, this experimental and theoretical approach to-
gether comprise an excellent way to study autoioniza-
tion.
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