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Preface

It is now just 50 years since the paper by H. Beutler in Zeitschrift ftlr
Physik, describing an experimental broadened absorption peak, and the paper by
U. Pano in Huovo Cimento interpreting this observation, that opened the field
of autoionization. We often refer to autoionization phenomena as Beutler-Fano
resonances.

For the first half of this period, there was not a great deal of activity
in this area, but much has happened since then in experiment, computations and
interpretive theory.

Experimentally, we have gone beyond the "age of noble gases" (the closed
shell atoms) and are obtaining data on open-shell atoms. In addition to
continuing studies of total absorption cross sections, we are now examining
finer details, such as partial cross sections, angular distributions of
energy-selected photoelectrons, and even spin polarization of ejected
electrons.

Some of the calculations involving correlation have treated open-shell as
well as closed shell atoms and have achieved notably good agreement with some
of the experiments.

Do we really understand the phenomenon of autoionization in atoms
sufficiently well to consider it a "mature" topic? Can we generalize our
understanding to predict behavior in systems not yet studied? Can we extract,
physical understanding from the encouraging results of the "many-body
calculations"? Or must we still try to understand one atom at a time?

Molecular autoionization is clearly more difficult. Not. only must we
contend with "vibrational autoionization" as well as "electronic auto-
ionization", but the competing process of predissociation must also be taken
into account. In this molecular domain, we have many experiments and many
phenomena. The extant theories only deal with some cases, and are not yet
able to explain some prominent observations.

A group consisting of theorists and experimentalists active in the field
of autoionization assembled at Argonne National Laboratory for a two-day
Workshop on May 2-3, 1985, to try to provide some consensus of our present
understanding and to point out the most promising direction for progress in
the near future.

We should like to thank all of the participants for having made this
workshop a success. We thank Nancy 0*Falion, Assistant Vice President for
Research at the University of Chicago, for her assistance and for arranging
financial support from the University. Miriam Holden, of the Argonne
Conference Services, helped to make the arrangements for the meeting and
assured that it ran smoothly. We are grateful also to Stephen Gibson,
Kaidee Lee and Rose Lorenz for their help, and particularly to Rose who has
brought these proceedings to a successful conclusion. We thank the tl.S.
Department of Energy (Office of Basic Energy Sciences), Contract
W-31-109-Eng-38 for financial support of this meeting.

Joseph Berkowitz, H. Gordon Berry and R. Stephen Berry
Editors
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MANY-BODY CALCULATIONS OF AUTOIONIZING
RESONANCES IN PHOTOIONIZATION OF ATOMS

Hugh P. Kelly
Physics Dept., Univ. of Virginia, Charlottesville, VA 22901

ABSTRACT

The calculation of autoionizing resonances in atomic photoioni-
zation by use of many-body perturbation theory is discussed. Calcu-
lations of resonance structure are presented for photoionization
cross sections of chlorine, manganese, and helium. In the case of
helium, the cross section for photoionization with excitation to
n=2 levels is presented as well as the asymmetry parameter 3 which
describes the angular distribution of the photo-ejected electrons.
Detailed comparisons are made with experimental results.

INTRODUCTION

During the past decade, many highly sophisticated methods to
calculate photoionization cross sections including effects of elec-
tron correlations have been developed. Various theoretical methods
are reviewed in the excellent review article by Starace,! ̂ y various
authors in Ref. 2, and by Johnson in these proceedings.

In this paper, the use of many-body perturbation theory to cal-
culate resonances in photoionization cross sections is reviewed and
results are presented for chlorine, manganese, and helium. Results
are also presented for the angular asymmetry factors for manganese
and helium. Ground state correlations are included by perturbation
theory, and the final state correlations are included by a coupled
equations approach which includes interactions among the included
channels to all orders in perturbation theory.3 These interactions
are included by solving integral equations for the transition ampli-
tudes with sums over bound states and discretization of the conti-
nuum. This method is essentially a K-matrix calculation performed
among the di&cretized channels.̂ - Apart from using different numeri-
cal, techniques, Che results should be equivalent to a close-coupling
calculation including the same channels. However, the use of many-
body perturbation theory also allows the inclusion of certain
effects in final state correlations not included by close-coupling
such as terms which are included by the random phase approximation
with exchange (RPAE)4 or its relativistic extension (RRPA).5»6

THEORY

In calculating photoionization cross sections, we require the
matrix element N

in the dlpole approximation, where f^ is the many-particle final
state and ¥o is the many-particle initial state and N is the number
of electrons. The "length" form in Eq. (1) is related to the



"velocity" form of the matrix element by

V
where E and E, are energy eigenvalues and ^ and V are energy ei-
genstates withTlamiltonian H. In general we use states ^ and VQ
which are not exact eigenstates of H and it is then customary to
present both "length" and "velocity" forms of the cross section,
although reasonable agreement of the two forms does not ensure accu-
racy of the results.

We start from the approximate Hamiltonian
N

H - E (T.+V.) , (3)
i=l

where T. is the sum of kinetic energy and nuclear interaction for
the ith electron, and V^ is a single particle potential accounting
for the screening for the ith electron due to the other electrons.
The perturbation H' = H-H is given by

H' = Z V..-E.V. , (4)
J

where v,- * = e /ti ±. We may use many-body perturbation theory to
wrxte

7 8
where E indicates a sum over "linked" terms only, ' and $ is a

L
determinant (or linear combination of determinants) consisting of
single-particle states <j>n which satisfy

n=e n0> n . (6)

In Eq. (5), we may also replace To and $Q by \ and \. If 4*o is the
ground state, then the N orbitals lowest in energy are occupied in
$o and the other solutions of Eq. (6) are called excited states.

It is desirable to choose V as the usual Hartree-Fock potential
Ryp. for <j>n in $Q. For excited states, the potential is not unique
as is seen by considering^

V = 1^+ (l-P)B(l-P) , (7)

where Q is an arbitrary Hermitian operator and

N
P = 2 |n><n|

n=l

For oxcited states, £2 is chosen so that RHF + fi is the appropriate
LS-coupled Hartree-Fock potential.

We may use perturbation theory to calculate the contributions
to the many-particle matrix elements in Eqs. (1) and (2). These



contributions are represented by many-body diagrams as shown in
Fig. 1.

p\L
(a)

(d)

p\Lk

(b) (c)

Fig. 1. Diagrams contributing to <'Pjc|Szi|'Po>. (a) <k|z|p>

(b) First-order diagram involving ground state correlations.
(c) First-order diagram involving final state correlations,
(d)-(g) Higher-order diagrams included in RPAE. Exchange
diagrams are not shown but should be included.

The expression for Fig. l(b), representing correlations in the
initial state, is

<q|z|k'><kk'|v|pq>
e +e -e, -e. , '
p q k k

S
k'

(8)

where k1 is summed over all excited states, bound and continuum.
The expression for Fig. l(c), representing correlations in the

final state, is

E
k'

<kqlv|pk'><k'|z|q> (9)

where n is a small positive quantity which prescribes the treatment
of singularities. For closed shell atoms, when the Hartree-Fock
LS-coupled potential is used, it cancels the diagrams of Fig. l(c)
when p and q are orbitals of the same subshell. In first-order,
then only the ground state correlation diagram (b) remains.

Diagram (c) can represent resonances when q is from an inner
shell since the denominator in Eq. (9) can vanish for the appropriate
value of to when k1 is a bound excited state. Certain higher-order
diagrams with single excitations may be summed geometrically to give
a real shift and an imaginary contribution iF/2 to the denominator
of Eq. (9).10



For open-shell atoms, the diagrams now represent the appropriate
excited configuration at each stage of perturbation theory, and the
angular factors must be obtained by evaluating the matrix elements
of LS-coupled states.

CHLORINE CALCULATIONS

There has been considerable theoretical interest in the photo-
ionization of chlorine since it differs from the closed shell atom
argon by removal of one electron, and calculations for chlorine ex-
cluding resonance structure have recently been reviewed by Shahabi,
Starace, and Chang.^

The ground state of chlorine is 3s23p-*(2p), and the possible
final states in LS-coupling are 2S, P and ^D. The possible ionic
cores, excluding excitation of electrons with n=l and n=2, are
3s23p4(3P),(1D),(1S) and 3s3p5(3P),(}?). The possible transitions
in LS-coupling are given in Table I.

Table I. Final states resulting from photoionization of
neutral chlorine 3s23p5(2P).

A -1 9 9

( P)kdrDz

ks(2P)

(h)kd(.2T>,2?,2S)

ks(2D)

(1S)kd(2D)

ks(2S)

3s3p5(1P)kp(2D,2P2S)

When LS-coupled Hartree-Fock excited states are used, diagrams such
as Fig. l(c) are cancelled by the potential V when the states (p,k)
and (q,k') refer to the same excited channel such as, e.g., ( P)kd( D).
However, when (p,k) and (q,k') refer to different channels, Fig. l(c)
is not cancelled by the potential, and it was found for Cl that these
diagrams make large contributions to the cross section.

A computer code was then developed to include these interactions
to all orders by solving a set of integral equations with the conti-
nuum having been discretized.3 The coupled integral equations are
indicated in Fig. 2. Note that ground state correlations are in-
cluded to lowest order and that some higher-order RPAE diagrams are
included. As discussed in the Introduction, these equations are
equivalent to a K-matrix or close-coupling approach except that
ground state correlations and some higher-order RPAE diagrams are



included.

L(T *
sn\

Fig. 2. Symbolic representation of the coupled equations for
three-channel coupling. The double bar represents the corre-
lated dipole matrix element. Note that initial state correla-
tions and higher-order RPAE diagrams are included.

In the coupled equations calculations we expect to find reso-
nances leading to the 3s23p^(^-D) level of the ion and also reso-
nances leading to the 3s23p^(*-S) ionic level. At higher energies,
there are series of resonances leading to the 3s3p-*('P) and (̂ P)
ionic edges. All these resonance series have been calculated by
Brown et al.^ and show striking structure. The calculated resonance
structure leading to the 3s23p^(1D) edge is shown in Fig. 3 where
two resonance series can be seen.

The single broad series seen in Fig. 3 is actually the sum of
the (1D)nd(2D) series and the (1D)nd(2P) series, both of which are
broad. The narrow series is the (3-D)ns(2D) series. Other series
of resonances leading to the 3p^(1S), 3s3p^(3P), and 3s3p5(1P) edges
were also calculated.3

The resonance structures leading to the 3p̂ (-4)) and 3p^( S)
edges were measured in a remarkable experiment by Rusc'ic and
Berkowitz^-2 and are also discussed in these proceedings. The mea-
surements show rather good agreement with the calculations, parti-
cularly for the resonances leading to the 3p̂ (̂ -D) edge. However,
the measurements show two series of narrow resonances leading to
the Sp^^D) edge rather than the single series which was predicted.
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Fig. 3. The sum of the calculated Dnd and Dns resonances
in the 2D and

 2P photoionization channels of neutral chlorine.
Solid (dashed) curve indicates dipole length (velocity) cal-
culation. Narrow 8s and 9s resonances are not well-resolved
in this figure. The broad series is actually the sum of the
(*D)nd(2D) and (^D)nd(2P) series. Calculations from Ref. 3.

1 3
In a recent paper Hansen et al have interpreted the lower-

energy narrow series as the 3p (^D)ns(2D) series predicted by Brown
et al.3 They interpret the higher-energy narrow series as the
^ 2^ ( D)nd(2S) series. Since the continua at the energy range of

this series are 3p4(3P)kd(2D,2P) and 3p4(3P)ks(2P), the (1D)nd(2S)
series cannot autoionize and therefore would be unobservable, at
least in LS-coupling. Hansen et al -^ point out, however, that
spin-orbit interaction will cause a mixing of 3p (^D)nd(2Pj/2)

the 3p ( D)nd( S, .„) levels and then autoionization into the

and 3p4(JP)ks(^1 2 j^) continua becomes possible.

Since the admixture of 3p4(1D)n'd( ?i/2) into 3p
4(1D)nd(2S1/2)

 i s

mall because it is due to spin-orbit mixing, the widths of the

1/2 r e s o n a n c e s a r e expected to be small, as observed. 2



MANGANESE

There has been much interest in recent years in the photoab-
sorption of transition metal elements with configurations
3p^3dn4s^. Measurements for the total absorption by Mn has been
made by Connerade et al ^ and by Bruhn et al *•> Photoelectron
measurements have been carried out by Bruhn et al , Krause and
Carlson,•*•' and by Kobrin st al 1® Theoretical studies have been
made by Davis and Feldkamp, -^ by Amusia et al 2^ using the RPAE and
dividing the electrons into classes of "spin-up" and "spin-down"»
and by Garvin et al 2^ using many-body perturbation theory (MBPT)
and LS-coupling.

For transition metal atoms there is very large resonance struc-
ture due to 3p^3dn4s2 •*• 3p53dn+14s2 resonances in the 3d and 4s
subshell cross sections. For manganese, with a one-half filled 3d
subshell, there is only a single resonance multiplet 3p 3d°4s "p in
LS-coupling and so the structure is simpler than for other transi-
tion metal atoms. The lowest-order contribution to this resonance
is given by diagram (c) of Fig. 1 with p = 4s or 3d, q « 3p, and
k1 = 3d. Results of experiments and calculations are shown
in Fig. 4. The experimental data have been normalized to fit the
calculation by Garvin et al 2^ at higher energies. The resonance
structure was calculated by Garvin et al 2^ both by geometric sum-
mation of higher order diagrams and also by use of the coupled-
equations approach. Spin-orbit effects were calculated by Davis
and Feldkampl" and by Garvin et al , although agreement with ex-
periment is only qualitative in the calculation by Garvin et al
Garvin et al interpret small structure at the top of the many-
body perturbation curve (second highest curve in Fig. 4) as due to
a spin-orbit-mixed ^5/2 resonance. They also predict narrow re-
sonances before Lhe 3p"3d^4s ( P) edge due to 3p •*• nd.ns Rydberg
transitions, but these have not yet been observed. It has been
speculated22 that they will vanish when the Auger decay to levels
such as 3p^3d 4sefnd are included, i.e., a 4s electron fills the
3p hole and a 3d electron is ejected. In fact Garvin et al 2 1

have calculated that a similar process erases the Rydberg resonance
structure which might have occurred prior to the 3p^3d^4s2(^P) edge.
In this .ase, one 3d electron fills the 3p hole and a second 3d
electron is ejected. Effects of the 3p-*3d resonance on satellite
structure, or photoionization with excitation, is discussed by
Sonntag in these proceedings. Garvin et al 2^ also have calculated
the angular asymmetry parameter $ which is shown in Fig. 5 and also
exhibits the 3p-»-3d resonance. However, the experiments again do
not give evidence of resonance structure due to the higher Rydberg
states.

HELIUM PHOTOIONIZATION WITH EXCITATION

The problem of photoionization of He Is2 with excitation to
n=2 levels of He"*" has recently been studied extensively, both ex-
perimentally2^"3^ and theoretically.31-36 <£h±s process is very in-
teresting since it vanishes in the absence of electron correlations.
However, results were obtained by Richards and Larkins^5 using a
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Fig. 4. Photoionization cross section of atomic manganese. Calcu-
lated geometric mean of dipole length and velocity 3d (upper full
curves) and 4s (lower full curve). The highest full curve was cal-
culated by the coupled-equations method (Ref. 21) excluding spin-
orbit effects. This curve begins at 50 eV and extends to 65 eV.
The curve immediately beneath was calculated by Garvin et al , Ref.
21, using the interacting resonance method (Ref. 23) and included
spin-orbit effects. This curve is shown from 43 to 53 eV. The
broken curve and plus signs represent calculations by Davis and
Feldkamp (Ref. 19) and Amusia et al (Ref. 20) respectively. Ex-
perimental data are from Bruhn et al (Ref. 16) (open circles),
Krause and Carlson (Ref. 17) (full circles), and Kobrin et al (Ref.
18) (crosses). Measurements for the 4s cross section are from Bruhn
et al (Ref. 16) (squares) and Krause et al (Ref. 17) (triangles).

relaxed Hartree-Fock approach^ although the length and velocity re-
sults differed qualitatively.

One of the interesting questions involving the n«2 excitations
is the ratio of the cro^s sections a(2p)/cr(2s) for leaving He+(2p)
to that for He+(2n). There is now general agreement^* 29 > 30
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Fig. 5. Angular distribution asymmetry parameter for 3d
photoelectrons using dipole length formulation. The
broken curve represents the Hartree-Fock result and the
full curve represents the fully correlated result, calcu-
lated by Garvin et al , Ref. 21. The full circles are
data from Krause et al (Ref. 17) and bars are from
Kobrin et al (Ref. 18).

a(2p)/o(2s) is approximately 3.0 near threshold. A second interest-
ing aspect of the He*(n=2) cross section is the striking resonance
structure observed by Woodruff and Samson,26 by Shirley et al ,^8
and by Lindle et al ^° This resonance structure has been calculated
recently by Salomonson et al ̂ 6 using many-body theory. Correla-
tions in the initial state were included by use of radial pair func-
tions with angular momenta up to &=6 and coupled to all orders as
described by Martensson.3?

The final state correlations were included by the coupled-
equations method already described and indicated schematically in
Fig. 2. In the calculations nine final state channels were coupleds
lskp, 2skp, 2pkd, 2pks, 3skp, 3pks, 3pkd, 3dkp, and 3dkf. Each k£
channel was represented by 8 bound orbitals and 42 continuum orbi-
tals. The matrix equations of Fig. 2 were then inverted to solve
for the correlated transition amplitudes. The results are shown in
Fig. 6, and the general agreement between theory and experiment is
seen to be good. The length and velocity results are very close in
Fig. 6 but are in worse agreement at somewhat higher energies. Al-
though the correlations due to interactions among the nine coupled
channels are included to all orders in perturbation theory, correla-
tion effects due to the infinity of omitted channels, based on
He+(n=4) and higher including the continuum are still missing and
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0. 15

0.00
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Fig. 6. The helium total n=2 photoionization cross section
(sum of the partial cross sections for producing He+(2s)
and Ha+(2p) ions) in the resonance region leading up to
the n=3 threshold at 73,0 RV. The full (broken) curve
represents the calculation by Salomonson et al (Ref. 36)
using the length (velocity) form of the dipcle operator.
The open circles are experimental points from Woodruff
and Samson (Ref. 26) and the triangles are experimental
points from Lindle et al , Ref. 30.

could affect the final results. Although these calculations give
cross sections for leaving He (n=3) there is no calculated reso-
nance structure in them due to omission of final channels based on
He+(n=4).

In LS coupling one would expect to see five different series
of autoionizing resonances leading to the n«3 threshold due to the
five channels based on He+(n*3). According to Herrick and
Sinanoglu,•*& other linear combinations of the five channels, denoted
by new quantum numbers K and T, approximately diagonalize the
Coulomb interaction. Of course, the coupled equations calculation
diagonalizes the Coulomb interaction among the included channels.
Herrick and Sinanoglu predicted that three of the series are approx-
imately forbidden to autoionize, giving rise to very sharp reso-
nances. The series which is experimentally observed in Fig. 6 cor-
responds to the stronger of the two allowed series. The first reso-
nance in the weaker allowed series was calculated̂ ** at approximately
73.4 eV. The first resonance occurring near 69.83 eV is predomi-
nantly a mixture of configurations 3s3p+3p3d.

'Che angular asymmetry parameter 3(n*2) which is a weighted
averages of $(2s) and 3(2p) is given by
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3(n* (10)
o(2s) + o(2p)

where 3(2s) is always 2.0. Calculations for |3(n«2) in the resonance
region before the n=3 threshold have been made by Salomonson et
al 3 6 and are shown in Fig. 7. The calculations for 3(n=2) are in
good agreement with experimental results by Lindle et al ^0
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73

Fig. 7. Angular asymmetry parameter 3(n=2) for helium
calculated by Salomonson et al , Ref. 36.

CONCLUDING REMARKS

The many-body calculations described here for Cl, Mn, and He
photoionization with excitation illustrate the ability of many-body
theory to describe resonance structure with reasonable accuracy.
The theoretical methods discussed in this paper have focussed on use
of the coupled equations method^ to describe final state correlations
and use of many-body perturbation theory to describe initial state
correlations.^ The use of pair equations coupled to all orders^
provides a very accurate method for including initial state correla-
tions.
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Treatment of final state correlations can be improved by in-
cluding many more channels, although the number of channels which
can be included at present is limited by computer power. For
example, at present it is not possible to include channels with two
electrons excited to the continuum, although such transitions have
been calculated successfully in low-order many-body perturbation
theory.39 However, such channels may be included in an approximate
way by inclusion of "pseudo-states". * One could also make explicit
calculations of the many-body diagrams in low order which are not
included by the coupled equations calculations. Further efforts to
improve the calculations of final state correlations should defi-
nitely be made.

Other ab initio theoretical methods which have been very suc-
cessful in describing resonance structure include the R-inatrix
method,40,41 close-coupling method,42-44 ran(iom phase approximation
with exchange (RPAE),1* and the relatlvistic random phase approxima-
tion (RRPA).5'6'45

I wish to thank the National Science Foundation for support of
this work, and I also thank Dr. Sten Salomonson for very helpful
discussions.
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MECHANISMS OF AUTOIONIZATION IN ATOMS INFERRED FROM RECENT EXPERIMENTS

J. Berkowitz

Physics Division, Argonne National Laboratory, Argonne, IL 60439

The subject "autoionization" has a distinct University of Chicago
connection.

About 50 years ago, Hans Beutler* in Berlin produced some of the
earliest photoabsorption studies of atoms and molecules in the vacuum ultra-
violet, at photon energies above the first ionization potential. He noticed
some absorption lines which were broadened and had anomalous peak shapes.
These were first interpreted by Ugo Fano2, who was then in Rome, in Nuovo
Cimento, also about 50 years ago. Hence, they are called Beutier-Fano
resonances.

Hans Beutler ief.. Germany in about 1935, and was a member of the
faculty at the University of Chicago thereafter. Ugo Fano also came to the
United States, and eventually to the University of Chicago, where he is
currently a member of the faculty.

In 1961, Fano solved the problem of configuration interaction
between discrete and continuum states in a more elegant fashion in an oft-
cited paper in Physical Review.3 He showed how the peak shape could be
characterized by a parameter q, defined by

Here, ¥ is the wave function of the initial (typically ground) state, * the
wave function of the excited quasi-discrete state, ¥_ the wave function of the
nearby continuum and Vg is the configuration interaction matrix element.
Thus, q involves three matrix elements, the numerator describing an absorption
to the quasi-discrete state, and the denominator describing absorption to the
nearby continuum, as well as V£. When a function of q is plottad against a
reduced energy e, a family of curves is obtained (see Fig. 1). When |q|>>0,
the autoionization structure appears as a peak above a weakly perturbed
continuum. When |q| « 0, the autoionization structure appears as a sharp
reduction (dip) in the continuum, often referred to as a "window resonance".
When |q| «• 1, the structure is akin to an anomalous dispersion profile.

This is a formal description, and doesn't enable us to predict the
magnitude of the effect in any given case. Nonetheless, it focusses attention
on the critical matrix elements that determine the peak shape, width and
intensity.
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Fig. 1 Resonance line profiles for different values of q. (From Ref. 3).
Reproduced with permission of the American Institute of Physics
and the author.

The most difficult portion of q to calculate is V£. For electronic
autoionization, V£ takes the form

and the resonance width i s given by

2w|v_|

The presence of the electron-electron interaction requires some more
sophisticated treatment than an independent particle model to treat these
resonances. In the recent few years, several correlated wave-function (or
many-body) theories have been applied to this problem. You have just heard
about two of these - the RRPA* and diagrammatic MBT.5 Later in the day you
will hear about others. These calculations have had considerable success in
reproducing particular experimental spectra. Now we are looking for
generalizations, systematics, physical descriptions that w« can use to predict
the behavior of other systems without having to do long calculations or
difficult experiments. For example, the autoioniaation peak widths may vary
by orders of magnitude. Why arc some resonances narrow »nd others broad? Why
are some resonances peaks, and others valleys? la there any pattern to this
behavior?
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Some examples of autoionization peak shapes observed in photo-
absorption are shown in Figure 2. Instead of looking at the attenuation of
light, our experimental approaches have been to measure the production of ions
as a function of wavelength, with mass analysis of the ions (photoionization
mass spectrometry, PIMS), or the kinetic energy of photoelectrons (PES).
Today I shall talk about PIMS. For atoms, such a study is almost tantamount
to photoabsorption.
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Autoionization of two-electron, excited states in helium
converging on the double ionization potential.
From R. P. Madden and K. Codling, Astrophys. J. 141,
364 (1965).

Autoionization resulting from excitation of an electron
from the (inner) 3s orbital of argon to np levels.
From R. P. Madden, D. L. Ederer and K. Codling,
Phys. Rev. JL77, 136 (1969).
Reproduced with perralssion of the American Institute of
Physics, American Astronomical Society and the author.
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Our experimental apparatus involves a vacuum ultraviolet (VUV)
continuum light source, a 3m VUV monochromator, an ionization region where
interaction with the sample occurs, and a quadrupole mass spectrometer. Both
the light intensity and the ion intensity are monitored at each wavelength. A.
minicomputer controls the rate of data acquisition, the advancing of the
wavelength and the processing of the resulting data.

We can generate a continuum or quasi-continuum in the laboratory
from 600-2000A. The intensity available is comparable to synchrotron
radiation, but for X < 600 A? we must resort to synchrotrons. For A < 1850A,
air will absorb strongly, and hence this is called the vacuum UV. Various
windows can be used down to ~1100A, but below this wavelength the windows
absorb and hence windowless operation, meaning massive differential pumping
must be employed.

Now let's look at some data.

The favorite atoms of both experimentalists and theorists have been
the noble gases. For experimentalists, these atoms come in a bottle, whereas
the elemental forms of most other atoms require special preparation, and
invariably a more tenuous target. For theorists, the noble gases are closed
shell systems, which make the calculations more tractable. However, by
limiting our knowledge to these closed shell systems, we have had limited
perspectives, since more than 75% of the periodic chart involves open shell
atoms.

The noble gases Me -»• Xe have in common an outer valence shell
6 Removal of one of these electrons results in two possible states of

2 P / and 2pthe positive ion, 2Pj/5 and 2p3/2» tne latter being the ground state. The
single electron selection rule3 for optical excitation tell us that a p
electron will go to s or d states. It turns out that there are 5 such Rydberg
series, 3 converging to the ground state (invisible to us) and two (one "s"
and one "d") converging to the excited state. In Fig. 3, the experimental
photoionization results are shown for the Ne + Xe sequence,

We see a very clear pattern in Ar, Kr, uad Xe. A narrow series,
which we are rather certain is "s"-like, and a much broader "d" series.

For He, we were forced to use a synchrotron, because ionization
begins at X < 600 A. Here we again saw two series, but both were narrow and
limited in width by our instrumental resolution (0.05 A FWHM in that
experiment).

Prof. Walter Johnson and his collaborators, including Dr. Kwok-Tsang
Cheng and Dr. Maryvonne Le. Dourneuf, have calculated the resonance structure
in the noble gases with the RRPA method. For Ar, Kr, and Xe, their calculated
peak shapes and positions were in excellent agreement with experiment.

For He, which was chronologically the first publication, they
obtained peak widths orders of magnitude smaller than our experimental
resolution.'
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Fig. 3 Autoionizatlon between the 2Po/2 ground state and the
2pl/2 excited state for a) Ne; b) ar; c) Kr; and d) Xe.pl/2
ee J.l/2 ;

See J. Berkowitz, "Photoabsorption, Photoionlzation and
Photoelectron Spectroscopy", Academic Press, New York
(1969) for references.
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Within the past two years, the width of the Ne resonances has been
probed by producing metestable Ne atoms and ionizing them with a tunable
laser.8 The widths of both "s" and "d" like resonances were found to be
orders of magnitude smaller than our optical resolution, and the "d" resonance
was even narrower than the "s" resonance.

Conclusion: For the noble gases, "s" resonances are narrow, "d"
resonances are broad, except in Ne, where they're both narrow. We don't know
why, but it doesn't seem to be connected with the angular part of the wave
function.

Recently, we embarked upon a corresponding study of the next column
of the periodic chart, the halogen atoms. It took us a while; the schematic
arrangement we used to generate these atoms is shown in Fig. 4. The microwave
discharge dissociates the molecules. The atoms are preserved by a wall
coating, and travel in a fast flow system. Our first success was with atomic
chlorine. The results are shown in Fig. 5.
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Fig. 4 Schematic diagran of the atomic halogen source and
photoionization region.
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Now the halogen atoms have In common an outer valence shell .,.p .
Removal of one of these electrons results In a p configuration In 3 Russell-
Saunders states — 3P, *D and 1S. With spin-orbit effects Included, we have 5
possible states -- 3P 2 i Q» "2' 0* The 8 r o u n d state Is ^P, and In chlorine
the spin-orbit component! are squeezed together on the scale of this figure.
However, one can see clearly 3 Rydberg series converging to ^D* " 2 narrow

and 1 broad one - and 2 additional Rydberg series converging to ^SQ.ones

Soo
WAVELENGTH tl)

Fig. 5 Photoionization yield curve of atomic chlorine. From
B. Rusdc* and J. Berkowitz, Phys. Rev. Lett. _5£, 675 (1983).

To simplify the discussion, let us focus on the 3 series converging
to T>2' We a 8 a l n have the one-electron dlpole selection rule restricting us
to "a" and "d" Rydberg series. There are also optical selection rules for the
composite (core + Rydberg electron) states.

The possible states are:

D
^Fldipole
"G J forbidden
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We should expect to see 4 optically allowed series, but we see
only 3. At first we thought that the missing series was 2S, because it is
forbidden to autoionize in an L-S framework. Since autoionization occurs in
field-free space, many quantum numbers must be preserved, especially J and
parity.

If L-S coupling is rigorously valid, then also L and S must be
preserved. The ionization continuum at this energy does not have L»0 (i.e, S)
character, and that would account for the forbidden-ness.

However, we now know differently. The small spin-orbit interaction
is sufficient to break this selection rule, because the competitive process
(re-radiation) is so slow. Our current understanding^ is that one of the
narrow resonances is 'V'-like, the other narrow resonance is the nearly-
forbidden "d"-like one, and the broad resonance is a composite of the 2 other
d-like resonances, ^P and ^D.

Prior to our experimental study, two ab inltlo calculations of the
photoionization of atomic chlorine had appeared, one using R-matrix theory"*
and the other applying diagrammatic MBT.1* Our experimental results were in
much better agreement with the latter calculation. Fig. 6 reproduces the
experimental data of Fig. 5, but on a photon energy scale where they are
directly compared with the calculations of Carter, Brown and Kelly. It can
be seen that Mie broad resonance series and one of the narrow resonance series
is accounted for in the calculation. The narrow resonance series missing in
the calculation is a consequence of the restriction to L-S coupling. When
spin-orbit coupling is included, the series forbidden in L-S coupling can
appear.

With this achievement, we decided to try the other halogen atoms.
Fluorine presented special experimental precautions, which I don't have tine
to detail. The results are shown in Fig. 7 for all of the halogen atoms, in
the region converging to 1D2« We see that Br looks very much like Cl, that I
displays more complexity because spin-orbit separation becomes comparable to
electrostatic separation, but broad and narrow features can be discerned.
However, in fluorine only narrow features can be seen, all limited in width by
the experimental resolution.
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Fig. 6 Comparison of experimental photoionization yield curve (upper
panel, replotted version of Fig. 5) and ab inltio calculation
of this resonance structure (lower panel, from Ref. 11).
Reproduced with permission of the American Institute of Physics
and the author.

What new conclusions can we draw? As with the noble gases, "s"
resonances are narrow, "d" resonances are broad unless they have a forbidden-
ness to them, and once again, the first row element is an exception —« here,
even the "d"-like resonance is narrow.
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Fig. 7 Autoionizatlon In the atomic halogen photolon yield curves,
In the region approaching the LD 2 threshold.

a) F - from B. Ruscic*, J. P. Greene and J. Berkowitz,
J. Phya. B. ITj L79 (1984).

b) Cl - See ref. to Fig. 5.
c) Br - from ref, 9.
d) I > from J. Berkowitz, C. H. Batson, and 6. L. Goodnan,

Phys. Rev. A24_, 149 (1981).
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A pattern Is beginning to emerge. We decided to look at other
available evidence in the literature. For the chalcogens, only atonic 0 and
atonic Te have been studied sufficiently (see Fig. 8).
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Fig. 8 Autoionization structure in the photoionization of

a) Atonic oxygen - fron P. M. Dehner, J. Berkowit* and
W. A. Chupka, J. Chen. Phys. 59.
5777 (1973).

b) Atomic tellurium - from J. Berkowitz, C. H. Batson
and 6. L. Goodman, Phys. Rev. A24,
149 (1981). '
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We see only narrow resonances for 0, but broad and narrow resonances
for Te. Obviously, S is an interesting case to examine. A photoabsorption
study was performed by Tondello about 13 years ago in the Argonne Chemistry
Divison, but it is not detailed enough to enable us to see certain specific
features.

Moving all the way to column I (the alkalis) we must look to the
underlying p shell for autoionization, since the outer s shell will be
hydrogen-like. Photoabsorption data exist for Na13 and Cs1* (see Fig. 9).
It appears that Na has narrow "s" and "ri"-like resonances in this region,
whereas Cs has narrow "s" and broad "d" resonances unless they have a
forbidden-ness. Can we explain this pattern?

• T l

(a)

35 36 37 38
Photon energy (eV)

(b)

Fig. 9 a)

b)

I
6S3 A 655 A 657 A

Photoabsorption of atomic Ha in the region of 2p shell
absorption (from ref. 13).
Photoabsorption of atomic Ca in the region of 5p shell
absorption (from ref. 14).
Reproduced with permission of Springer-Verlag, the American
Institute of Physics and the authors.
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Our rationalization for this behavior is as follows:

(a) The differing autoionization widths of "d"-like resonances in first
row elemerts, on the one hand, and heavier elements on the other,
must be attributable to radial parts of the wave functions (if they
are written as products of angular and radial functions) since the
angular part is common to both in the same column of the periodic
chart.

(b) In describing the wave function (w.f.) for the Rydberg state, which
enters VE» we can use a zero

tl1 order w.f. which would be a product of
the ionic core w.f. and that of the Rydberg electron.

(c) Since the Rydberg electron will polarize the core, an improved w.f.
for the Rydberg state would include this polarization. This is
achieved in perturbation theory by including some low-lying excited
states.

(d) A low-lying excited state that should contribute significantly in
perturbation theory is that involving the nearby unfilled d-orbital.

(e) In 2 n d, 3rd, and 4tl1 row elements there is a nearby unfilled 3d, 4d,
and 5d orbital, respectively. In 1 s t row elements, there is no
nearby 2d orbital.

(f) It seems plausible that the e2/rj. interaction between Rydberg
electron and core electron is facilitated if both are in "d"-like
orbits, since their angular distribution in space should give rise to
a large radial overlap integral.

(g) We had previously tried to understand the reason for the narrow "s"-
like resonances in terms of angular effects, and we found that there
was no obvious selection or propensity rule (involving Clebsch-Gordon
coefficients). In view of the above arguments, it now seems likely
that the narrow "s"-like resonances are also due to the radial part
of the w*f., this time giving poor overlap between the distorted core
and an "s"-Rydberg electron.

Now let us return briefly to the fluorine spectrum. The biggest
autoionization peak in the spectrum is also a ^S, which is forbidden to
autoionize in L-S coupling. (See Fig. 10). This line (and its companion
satellite) had been reported previously as emission lines in fluorine
discharges16*17 (which is surprising because the emitting state lies above the
ionization limit). In addition, a previous absorption study18 (see lower
panel of Fig. 10) had noted that this line was absent. Here is a real
dilemma. Photoabsorption must surely be a prerequisite for autoionization.
How can the strongest autoionization line in the spectrum not have a
measurable absorption? Our explanation is that it must have a corresponding
photoabsorption, but that it is being obscured. It can be obscured if
emission is occurring at the same wavelength. We argue that the necessary
emission cannot be spontaneous, but must be induced, and therefore that there
must be a population inversion. If our contention is correct, then this
system offers lasing action at ~680 A, which is very difficult to achieve — a
VUV laser!
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Fig. 10 a) A portion of the photoionization spectrum of atomic
fluorine (see Fig. 7a).

b) Photoabsorption of atomic fluorine in the corresponding
wavelength region (from ref. 18).
Reproduced with permission of American Optical Society and
the author.
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Dr. H. G. Berrv and collaborators have studied this emitting line by
beam foil spectroscopy. They find a lifetime for this state of ~3 x 10"*°
sec, which implies a branching ratio of ~3:1 between autoionization and light
emission. This is an unusual occurrence, since autoionization
characteristically is orders of magnitude faster, when fully allowed. It is
retarded here for a similar reason to that encountered earlier in the Cl study
- the Rydberg state has L=0 and the continuum does not have L-0. It is only
the weak spin-orbit interaction in F which overcomes the forbidden-ness in
this case.

This research was supported by the U.S. Department of Energy (Office
of Basic Energy Sciences) under contract W-31-109-Eng-38.
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Core Excitations of Open Shell Atoms

B. F. Somitag

Institute of Experimental Physik, Univarsitat Hamburg, Hamburg, West Germany

Many electron e<ftcts result in strong deviations from the inaependent-

particle model fcr , toms with filled and empty orbitals of simiiar sp ;?<̂

dimensions.1"*1 For closed shell atoms, e.g. rare gas d'.oms, the interest

recently hc.s been -ocused on satellites,12"11* branching ratios, angular

distribution, a . spin ,-olari nation of photoelectrons l5 i9 Mosu of the

experimental r-.-Mlt on rare gas atoms are fairly well-desa ibt. „ theorv..

In comparision to ?hi_, our understanding of core excUa;" :<a • open

shell atoms, e.g. transition metal atoms and rare earths atoms is poor, T?ns

rests with the extreme difficulties encountered in both pxperimen. and theory.

On the experimental side, the high temperatures required to •epare free atoms

and the aggressivity of the liquid metals form the main stumbling blocks,

whereas for the theory the great number of interacting open and closed

channels represent the main challenge. Due to the steady improvements of

experimental techniques and theoretical methods the physics of inner shell

excitations of open shell atoms in recent years has undergone notable

advances.1"11'20"36

Vacuum ultraviolet photoelectron spectroscopy has been established as an

excellent tool for probing the electronic structure and dynamics of atoms.37

The experimental set up used in our experiments21"21* performed at the electron

storage rings DORIS and BESSY is schematically depicted in Fig. 1. The
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synchrotron radiation was monochromatized with toroidal grating monochromators

(typical bandwiths: 0.15 eV at 40 eV, 0.3 eV at 70 eV, and 1 eV at 140 eV).

The monochromatic photon beam (~ 1011 photons/s) was focused on to the

interaction zone, where it crossed a beam of metal atoms emanating from a _

resistively heated high temperature furnace.

The kinetic energy of electrons emerging from the interaction zone was

determined by a cylindrical mirror analyzer (angular acceptance 0.8% of 4TT ,

energy resolution AE = 0.8% of the pass energy). Only electrons emitted at

angles close to the magic angle of 54°44' relative to the polarization vector

of the incoming light were accepted by the analyzer. This eliminates the

influence of the asymmetry of the photoelectron angular distribution2'3 and

allows for a direct determination of partial cross sections. The partial

cross sections were determined from a series of photoelectron spectra taken at

different photon energies and also from constant ionic final state spectra,

where the photon energy and the pass energy of the electron energy analyzer

are scanned simultaneously. All spectra were normalized to the incoming

photon flux and corrected for the energy-dependent bandpass of the electron

spectrometer. Since the density of atoms in the interaction zone was not

determined, only relative cross sections are given. Instabilities of the

atomic beam, which is estimated to yield 1012 atoms/cm3 in the interaction

zone, are the main source of errors.

Mn

Atoms with half-filled shells occupy an intermediate position between

closed-shell atoms and "open" shell atoms. This greatly facilitates the

extension of the existing theoretical approaches to these atoms. Atomic Mn,

which has a 3p63d54s2 6S ground state configuration of the outer shells,
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therefore forms an ideal testing ground. Extensive experimental 2i>2<+»25»26

and theoret ical3 0"3 2 38 studies of the photoionization process in atomic Mn

have been performed. In Fig. 2 the closed 3p63d54s2 6S •*• 3p53d64s2 6D1
6P i

6F

3p53d54s2nl and the open 3p63d54s2 6S • Sp^d4 4s2el, 3p63d54s el channels are

shown. Autoionization, e.g. 3p53d64s2 6P •*• 3p63dMs2 5De£, couples these

channels and leads to strong interference effects. These interference effects

manifest themselves in the asymmetric Fano-Beutler type profi les39 displayed

by the total and the partial cross sections. The total cross section deter-

mined by summing the contributions of a l l photoemission channels is presented

in the uppermost part of Fig. 3. There is good agreement with the photoab-

sorption spectrum recently obtained by using photoelectric registrat ion.4 0

The theoretical description of the resonant behavior of total and partial

cross sections when many resonances interfere via many autoionization and

Auger decay channels is extremely complicated.2*38'1*1 "*2 Therefore there are

no simple parameterized expressions which could be used to describe the total

cross sections and the partial cross sections. In order to simplify the

situation we assume that the Mn spectra at the 3p threshold are dominated by

the 3p63d54s2 6S + 3p53d64s2 6P resonance. This brings us back to the case of

one single resonance interacting with several continua. In this case the

total cross section is given by Fano.39

at=a°t( 1-p2) + P2*£fft
e= Y & where cr°t is the cross section far from resonance, r and Eo are the

full width at half maximum and the position of the resonance, respectively, q

is the asymmetry parameter and e is the reduced energy. The partial cross

section, a , in each channel v, is presented

<V " " V 1 + K \ 2 ^ + * Re ap fgjl + 2 I % gfl3

where q and e and the parameters defined for the total cross section.1*2 The
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off-resonance partial cross section is given by o° . The complex parameter,

a , can be interpreted as a measure of the coupling between the pth channel

and the resonance. If the- parameter a takes a finite valuethe above

expression can be transformed into

(q,+e)2

a = a° ((l-p2 )+p2 \ - )
\x v v y ez+l '

where p and q are effective Fano parameters. For a towards infinity the

partial cross section displays a Lorentzian profile. The Fano parameters are

assumed constant over the resonance.

The total cross section (Fig. 3) has been fitted by a Fano profile

centered at the 3p63ds4s2 6S * 3p53de4s2 6P excitation (Eo = 50.1eV, q=2,5

r=l,3). The 3p63d54s2 6S + 3p53d64s2 6D,4F excitations have been taken into

account by superimposing Lorentzian profiles (Eo = 48,2 eV, r=0,leV,

E0=51.1eV, r=0.5eV). The instrumental broadening has been simulated by

convoluting the Fano profile and the Lorentzian lines by a Gaussian of 0.18eV

FWHM. The center part of Fig. 3 gives the 3d54s2 6S •»• 3d1* 4s2 5De£ partial

cross section. For comparison the spectrum calculated by Garvin et al.30 is

also shown in Fig. 3. For energies above 50 eV, spin-orbit effects have not

been taken into account by the theory. For the dominant maximum the spectrum

calculated by Amusia et al.32 is in good agreement with the theoretical

spectrum shown in Fig. 3. All spectra have been adjusted at 45eV, i.e. below

the onset of the 3p excitations. The gross features of the experimental

spectrum are reproduced by the theoretical spectra. The effective q values

(experimental 2.5 ± 0.2, theoretical 2.5) agree whereas the theoretical r

value (2 eV) is larger than the experimental one (1.34 ± 0.10). The RPAE

calculation32 does not give any fine structure. In contrast to this the MBPT
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calculation30 predicts sharp lines at the 3p threshold and sharp Rydberg lines

in the region of the weak structures of the absorption spectrum. The absence

of the sharp Rydberg lines in the experimental spectra may in part be due to

the neglect of photoionization with excitation in the MBPT calculations.

The 3d54s2 5S + 3ds4s5»7SeA partial cross section (lower part of Fig. 3)

can be well approximated by a Fano profile with q = -8. A close scrutiny of

the partial cross section calculated by Garvin et al.30 though considerably

lower, reveals a similar asymmetry.

The branching ratio a(3d54s7Se£)/o3d54s5SeJl) in the energy range 20eV-

70eV considerably deviates from the statistical value (see Fig. 4 ) . The

experimental data can be approximated by the quotient of two Fano profiles.

For the dash-dot line the fit parameters have ! een obtained by fitting the
5S,7S partial cross sections whereas for the solid line the branching ratio

has been fitted directly under simplifying assumptions. The analysis of the

4s branching ratio allows for the determination of average values of the 4 .

parameters.21* *l+1 *'t2

Cr

The total cross section and the partial 3d54s7S+3d5 6Se&,3dl* fs6Dejj. cross

sections of Cr close to the 3p threshold are given in Fig. 4. For a detailed

discussion the reader is referred to the literature.23'21* In this context we

only want to confront the reader with the dramatic changes of the

corresponding spectra when going from Mn (ground state 3p63d54s2 6S) to Cr

(ground state 3p63d54s7S). The dominant 3p63ds4s7S+3p53d64s7P resonance at

43.7eV is much sharper, and there are prominent Rydberg series converging to

the 3p53d54s8P series limits. The characteristic asymmetric line shape of the

3d partial cross section is fairly well described by the calculations
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performed by Amusia et al.32 Within the spin-polarized orbital model, atoms

with half-filled shells (like Mn and Cr) can be treated as closed shell atoms.

This allows for the successful 1 application of the generalized random phase

approximation (GRPAE).

Rare earths

Solid1*3"45 atomic1*6"50 rare earths exhibit giant resonances above the 4d

threshold, which gain their oscillator strength from transitions of 4d

electrons into the partially unoccupied 4f shell. 1' 1 1' 3 5' 3 7" 5 4 The

determination of the decay channels of the resonance forms an ideal method to

probe the character of the excited state. Two different processes

i) 4dl04fN + 4d9(4fef)N+1 • 4d94fNeA

ii) 4dl04fN * 4d9(4fef)N+1 > 4dlOfN"1£A

have been disc ssed in the literature.33'50"54 Due to the considerable

difficulties encountered in determining the VUV photoelectron spectra of free

rare earth atoms, experimental results are scarce. Only recently

photoelectron spectra of atomic Eu taken in the energy range of the 4d

excitations have been reported by Becker et al.34 The partial 6s, 5p, 4d, and

4f cross sections are shown in Fig. 6. The dominant resonance positioned

close to the 4d ionization limits mainly decays via pathway ii. There is also

a clear enhancement of the other channels demonstrating the importance of

interchanel coupling. The 4f partial cross section can be well fitted by a

Fano-type profile. The parameters thus obtained are in good agreement with

those calculated by Amusia et al.33 Since the Eu 4f shell, as the Mn 3d

shell, is half filled, the GRPAE could be successfully applied within the spin

polarized atom model.
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The spectra get much more complicated if we turn to the neighboring ele-

ment Sm which has as Xe4f65s2 7F ground state configuration.35 The resonant

enhancement of the partial 4d, 5p, and 4f cross sections in the range of the

4dl04f66s2 • 4d94f;6s2excitations is displayed in Fig. 7. By adding all

partial cross sections the uppermost curve in Fig. 7 has been obtained. This

curve resembles the absorption spectrum reported by Radtke.48 In the absorp-

tion spectrum the mi ,imum at 145 eV is less pronounced. This may be due to

the limited dynamic range of photographic plates used in the absorption

measurements. In analogy to the interpretation of the 4d absorption spectra

of several rare earths46'51 the structure is ascribed to the multiplet split-

ting of the 4d94f76s2 configuration. So far the great number of levels

involved has prevented calculations for atomic Sm. The weak maxima at

ha = 127.5 eV, 130eV, and the dominant maximum close to the 4d thresholds

almost exclusively decay via 4d94f76s2 + 4dl04f56s2el autoionization. The

interference between the discrete excitation plus autoionization and the

direct 4f66s2 + 4f56s2£l ionization manifests itself in the asymmetric Fano-

type profile of the 4f partial cross section. A tentative fit by a single

Fano profile results in: Eo = 133, 4eV, r = 4,7 eV, and q = 1,78.

For the 4d94f;6s2 levels, giving rise to the three low energy maximum,

the 4f final state wavefunction seems to be localized within the inner well of

the effective potential and has a large overlap with the 4d wavefunction.

These low energy excitations are also coupled to the 5p ionization channel.

Because the 5p ionization cross section is very small >100 eV above threshold,

interference effects are less important. This is corroborated by the

symmetric line shapes displayed by the 5p artial cross section. The
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character of the final state responsible for the maximum centered at 145eV,

"i.e. lOeV above the 4d3/2 ionization threshold, is completely different. The

dominant decay of this resonance leads to an 4d94f66s2el final state. The

characteristic results for atomic Eu and Sm are very similar to those deter-

mined in photoemission experiments on solid rare earths.43

Laser excited Ba

Studies of the vacuum ultraviolet photoelectron spectra of free atoms

mostly have been restricted to atoms in the ground state. Only a few attempts

have been undertaken to overcome this limitation.55"57 Using the intense

radiation of single mode dye lasers, a considerable fraction of the atoms in

an atomic beam can be prepared in excited states.

The high photon flux available behind the exit slit of monochromators

attached to electron-storage ring synchrotron radiation sources37 makes it

possible to investigate the VUV photoelectron spectra of these laser excited

atoms. The strong electron-correlation.phenomena, due to the mixing of the 6s

and 5d levels, the complex interaction among the 5p hole states, and the

coupling to the ionization continua58"60 render Ba a very interesting case for

excited state electron spectroscopy. The experimental set-up5i is schemat-

ically depicted in Fig. 8. The synchrotron radiation emitted by the electron

storage ring BESSY was monochromatized (bandwidth 0.12 eV at 20 eV) with a

toroidal grating monochromator. The monochromatic photon beam (about 1011

photons/sec 100 mA) was focused onto the interaction zone (diameter of the

focal spot 1 mm) where it crossed a beam of atomic Ba emanating from a resis-

tively heated furnace, operated at a temperature of 850K. The density in the

atomic beam was estimated to be 1012 atoms/cm3. The laser system consisted of

an argon ion laser which pumped a ring dye laser. The outgoing laser beam was
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directed towards the storage ring. A good illumination of the interaction

zone by both radiation sources was achieved when the laser beam coincided with

the synchrotron radiation beam. The output of the dye laser in single-mode

operation for the transition Ba I 6s2 ^Sg • 6s6p XPX at X = 553.548 ran was

about 0.5 W. The photoelectron spectrometer was the one described above in

context with the Mn experiment. The photoelectron spectra taken at 20 eV witn

and without the laser are presented in Fig. 9.

The assignment of the ground state photoelectron lines is indicated in

the figure. Switching on the laser causes a host of new lines to pop up. The

Bal initial states and Ball final states of the transitions giving rise to

these additional photoelectron lines are listed below. The experimental

binding energies of the Ball states determined by this experiment Eg**5 and

those taken from the literature Eg are included. The absolute binding
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energy scale has been calibrated by the known position of the Ball 6s 2S 1 / 2

level.

Line No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

E

3.00

3.64

3.84

4.09

4.49

4.73

5.49

6.33

6.60

6.81

8.26

8.68

9.11

9.38

9.54

9.80

B(ev)

+ 0.05

± 0.05

± 0.05

i 0.05

± 0.05

± 0.05

± 0.05

± 0.05

± 0.05

± 0.05

± 0.05

± 0.05

± 0.05

± 0.05

± 0.05

± 0.05

EB

2

3

3

3

4

4

4

5

6

6

6

8

8

9

9

9.

9,

9,

9,

(eV)

.97

.57

.67

.80

.08

.50

.69

.48

.31

.60

.80

.22

.67

.05

.07

.17

.34

.52

.78

Ba I i n i t i a l state

6s6p *P :

6s6p APX

6s6p *PX

6s5d XD2

6s5d 3D1 2

6s5d ̂ D2

6s5d 3D1 2

6s6p XPX

6s5d aD2

6s5d 30 x 2

6s5d 3DX 2

6s6p lPL

6s6p XPX

6s5d *D2

6s6p iPl

6s6p 1P1

6s5d 3D, 2

6s4d ±D2

6s5d 3 D . , ,

Ba I I

6s

5d

5d

6s

6s

5d

5d

6p

6p

6p

6p

7s

6d

7s

7p

7P

7s

6d

6d

f ina l state

2p

2D3/2

2°5/2

2 S

2s

2°5/2

2D3/2

2p

2pi/2

2p

2pr3/2

2Sl/2

D3/2,5/2

2 S X/2

2Pl/2

2P3/2
2S

D3/2,5/2

With the improvements of the experimental techniques, new fascinating possi-

bilities, e.g. photoelectron Auger-electron coincidence experiements open up.

To highlight this in Fig. 10 the intensity behind the exit slit of the

monochromator FLIPPER63 at the DORIS Wiggler/undulator61* is presented.^
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Fig. 1 Principle of the experimental set-up for photoelectron spectroscopy
of free atoms.
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Fig. 2 Schematics of the discrete and continuum excitations of atomic Mn.
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Fig. 3 Total and partial photoionization cross section for atomic Mn in
the range of the 3p excitations.21 i2M »1*0 The theoretical cross
sections (MBPT)30, (GRPAE)32 are included.
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Fig. 5 Total and partial photoionization cross section for atomic Cr in
the 3p excitation range.23 »24»'t0 The results of the GRPAE32

calculations are included.
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Fig. 6 Partial 4f , 4d, 5p, and 6s cross sections of atomic Eu.3^ The
solid curves represent two-resonance f i t s with Beutler-Fano
profi les yielding q=l,6 and r=4.4eV for the main resonance.
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Fig. 8 Experimental set-up for the VUV photoelectron spectroscopy
of laser excited Ba atoms.61
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INTRODUCTION

Much useful information on the behavior of atomic wcvefunctions

can be obtained by studying isoelectronic and isonuclear sequences.

In the case of autoionizing t rans i t ions studied in absorption th is

requires the extension of high reso lu t ion, extreme u l t r a v i o l e t spec-

troscopic techniques to ionic systems. In th i s paper we w i l l discuss

our s tud ies of the 5p6 1S0-»"5p5 2 P i / 2 3/2 ns» n d absorption in Xe,

Cs + , and Ba + + , the 4d 1 0 5p 6 6s n +4d 9 4f ( l Px )5p66sn absorption in Ba,

Ba+, and Ba++, and our most recent work on the 3p6 absorption in Ca,

Ca , and Ca + . The emphasis of th i s paper w i l l be on the variety of

new experimental tools used to make these studies with only a few

general comments regarding the in terpre ta t ion of the resu l t s .

I I . The Xe, Cs+, and Ba++: 5p6 ^n+Sp5 2 P , / , T / 9 ns, nd spectra

The f i r s t f i ve series in the Xe isoelectronic sequence involves

absorption from a 5p6 XSO closed shell through f i ve channels to 5p5

2?3/2 and 2 ? i / 2 l i m i t s (Figure 1 ) . The three channels going to the

f i r s t 2P3/2 l i m i t consist of sharp, non-autoionizing ser ies . The two

channels 5p5 2Pi/2 ns1 and 5p5 2Pi/2 nd' converging on the 2 Pi /2

l i m i t are sharp below the 2P3/2 l i m i t and autoionizing in the region

between the l i m i t s . As shown in the Xe spectrum in Figure 2, 1 the

nd' series is extremely broad with halfwidths of roughly half the

level s p l i t t i n g while the ns1 series is su f f i c i en t l y sharp that a l l

but the lowest of them are too narrow for resolut ion of the width by

common laboratory-sized instruments. In our work we have developed

coherent, laser-based techniques to resolve these ns1 t rans i t ions in

*Work supported in part by AOFSR Contract ISSA.85-0033
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Xe and have applied our laser ionization technique to study the same

sequence in Cs+ and Ba++ to observe the effect of core charge on

ionization widths and quantum defects,

a) Xe absorption

In order to study the 5p5 2?3/2 ns', nd1 lines in very hiyh

resolution, one of the authors, in conjunction with D. Bonin of the

University of Maryland, developed a tunable coherent source in the

region of 922A to 943A ,2 This source was based on four-wave mixiny

techniques using a two-photon resonance in Kr. The addition of two-

photon radiation at ui = 46154 cm"1 (2166.7A) and tunable radiation

at w 2 between 16160 cm"
1 and 13740 cm"1 (6190 A and 7280 A) in Kr gas

produces an output at w^ •- 2*>x + u>2. Because the four-wave mixing is

a parametric process, the output radiation is precisely defined by

the input frequencies, and the linewidth of the output is determined

entirely by the input linewidths. In our case the input wavelengths

were monitored by a Fizeau interferometer so that the absolute value

of w 4 was known to
 ± 0.2 cm'1 and the laser linewidth was 0.2 cm"1

compared to a Xe Doppler width of 0.1 cm"1 . The generated radiation

was passed through a pin hole into a chamber containing a low

pressure of Xe and both the ionization of Xe and the transmission of

the XUV radiation were monitored.3

Figure 3 shows the profile of the 5p5 z?i/z U s 1 resonance at

106124.52 cm"1. This resonance can be treated as an isolated

resonance since the separation of neighboring levels is more than 2U0

times the level width. If we fit the transition with a resonance
( q * )2 E-E_

energy E,, to a Fano prof i le,4 a=a + a. , e = ,-/o , then we
1-te2 '

obtain a line width of r = 2.57 ± 0.31 cm"1 and asymmetry parameter

of q=23±12.8.

The application of the coherent source in the region of 922-924A

allows us to study the profile of the nd' absorptions in the high n

region. Figure 4 shows a sample of this data. In addition to pro-

viding line profiles, the parametrically generated XUV allows deter-

mination of absolute wavelengths based on interferometric measure-

ments in the visible. A comparison of the absolute wavelengths of

seven nd' resonances from n=35 to n=44 and three ns1 resonances with
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values determined by Yoshino using CO standards in a 6.7 m spectro-

graph showed a standard deviation between the two types of measure-

ment of O.I ban"1, significantly better than the accuracy claimed by

either technique. (See Ref. 3 for details on the spectral data.)

b) Cs+ absorption spectrum

In order to study the autoionizing profiles of ionic systems by

absorption spectroscopy, it is necessary to produce a sufficient

sample of atomic ions and to record the spectrum during the lifetime

of the ion sample. One of us (T.J.M), together with d. Sugar, V.

Kaufman, I). Cooper, and W. Hill, has employed the technique of reso-

nantly driven laser excitation5 in which a tunable, long pulse, dye

laser tuned to an atomic resonance line is used to excite a dense

atomic vapor. With input powers of - 1MW cm"2 the vapor will ionize

in about 1MS leaving a dense ionic vapor whose spectrum can be

recorded with a fast XUV continuum source and a vacuum spectrograph.

In the case of Cs we used a laser at 4593& tuned to the 6s 2S 1 / 2 •

7p 2P 3 / 2 transition having an oscillator strength of f=0.008. The

experiment was carried out using the 10.7m grazing incidence spectro-

graph at the NBS. A BRV vacuum spark was used to provide the

continuum, and the spectrum was recorded photographically.6

Figure 5 (taken from Ref. 6) shows the absorption spectrum lead-

ing up to the first limit and several autoionizing members above the

first limit. Because of absorption by the He buffer gas it was not

possible to follow the absorption all the way to the second limit.

In comparing this spectrum to the Xe spectrum in Figure 2 we found

that the difference in quantum defect between the nd' and ns' series

has dropped from 1.7 in Xe to 0.8 in Cs+ and that the autoionization

width of the nd1 series has decreased,

c) The Ba++ absorption spectrum

In order to extend the isoelectronic sequence to Ba + +, two

stages of ionization were used.5 The first required a laser to pump

the resonance 6s2 xSo * 6s6p x?i transition at 5537A in Ba and

produce a Ba+ vapor. The second, following in less than lus,

required a 493$ laser to pump the 6s + 6p 2Pa/2 transition in Ba+

and produce Ba++. In this way a vapor column of almost pure Ba++ in
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the yround 5p5 1SQ configuration was produced. An absorption spec-

trum was then obtained using a BRV continuum spark and a 3m grazing

incidence spectrograph. Fig. 6, taken with the assistance of W. Hill

at the NBS, shows the absorption up to the first 2P$/2 limit along

with the first ns1 and nd1 autoionizing features beyond this limit,

d) Comparison of Xe, Cs+, and Ba++ (see Ref. 7 ) .

A comparison of the ns1 and nd1 absorptions in Xe, Cs +, and Ba++

along with the Lu-Fano plots for the three systems are shown in

Figure 7. It is seen that with increasing core charge there is a

decrease in the interaction between the channels and a consequent

decrease in the autoionization width of the nd' transitions. The

change is most dramatic between neutral Xe and Cs +. Figure 8 shows

the effective potentials for the 5p*nd' channels in all three

systems. The effects of the Coulomb attraction and the centrifugal

potential nearly cancel in Xe to produce a long, very shallow poten-

tial plateau. In the instance of this near cancellation the presence

of a modest spin-orbit interaction has a large effect on the mixing

of states and produces a strong autoionization rate. In the case of

Cs + and Ba++ the Coulomb attraction is significantly larger, elimi-

nating the near cancellation with the centrifugal term, and the

effect of the spin-orbit interaction is measurably reduced. This is

reflected in both the MQDT plots and in the decreased autoionization

widths of the nd1 series. In the case of the ns1 series there is no

centrifugal term to cancel the Coulomb attraction and the autoioni-

zation rate is always comparatively small.

III. The isonuclear sequence, Ba, Ba +, Ba ++: 4 d 1 0 5 p 6 6 s n +

4d1°4f(1P1)5p
66s"

Unlike isoelectronic atoms or ions in which the electron config-

uration is kept the same while the nuclear charge is changed, isonu-

clear atoms or ions have the same nuclear charge and core configur-

ation while shielding valence electrons are removed or excited to

higher levels. We have recorded the absorption spectra associated

with the core excitation 4d10 2So • 4d9kf1Px (with k describing

either discrete or continuum orbitals) while the 6s2 shielding

electrons were sequentially removed. The Ba+ and Ba++ samples were
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produced as before using resonantly driven laser ionization of a

neutral Ba vapor. A BRV continuum was used and the spectrum was

recorded on a 3m grazing incidence spectrograph at the National

Bureau of Standards. For neutral Ba the 4d10 absorption primarily

occurs above the 4d9 2[>3/2 5/2 limits with a maximum delayed several

eV above the ionization limit. This behavior is seen in Figure 9(a)

and is also observed in Xe, Cs, La, and Ce. (See Ref. 8 and refer-

ences therein.)

In Ba+ the absorption maximum moves closer to the 4d9 limits

(Figure 9b), and in Ba++ there is a dramatic appearance of strong

line absorption below the 4f9 limit which can be assigned to mixtures

of 4d9nf xPi configurations. The absorption in Ba++ was explained

several years ago8 and reflects the sensitivity of the 4f orbital to

small changes of the double well effective potential, which charac-

terizes the elements., Xe thru La occurring near the point of 4f

collapse. For neutral Ba the 4d10 wavefunctions have a small atomic

radius associated with the inner well while the 4f wavefunction for

the 4d9 4f lP\ bound term is concentrated at large radii in the outer

well. There is little spatial overlap and weak absorption until the

absorption corresponds to transitions to continuum states which are

sufficiently energetic to penetrate the barrier separating the two

wells. Removal of the 6s2 electrons has little effect on the tightly

bound 4d10 electrons, but the increase in the long range Coulomb

potential reduces the potential barrier so that in Ba+ continuum

states much closer to threshold have signficant penetration into the

inner well. In Ba++ the barrier is below zero and the 4d9 4f 1Pl
wavefunction is shared between the inner and outer wells and strong

line absorption occurs in the 4d10 + 4d9nf *Px transitions, and there

is a large continuum absorption at threshold. The effect of removing

the 6s2 electrons is to cause a contraction of the 4f wavefunction

toward smaller radius as the lowering of the potential barrier causes

the wavefunctions to be shared between the two wells in contrast to

the case as one increases Z in the neutral transition metals where a

deepening of the inner well causes an abrupt collapse of the

wavefunction from the outer to the inner well.
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* ,
IV. Ca, Ca , Ca+: 3pb-photoabsorption

The previous work, except for the Xe studies, was carried out

using photographic recording with a BRV vacuum spark continuum. The

photographic method of recording, while producing high resolution and

a large information content is slow, requiring 50-20U shots to expose

the film, and with processing time it is difficult to obtain more

than two or three spectra in a day. Furthermore the non-linear

response of photographic film and variability of short wavelength

emulsions make quantitative intensity data very difficult to obtain

and of questionable reliability.

The BRV spark source, though of great value, is erratic in

timing, spectral purity, and intensity, making it very difficult to

obtain time resolved spectra. Recently we have made two changes to

overcome these limitations to allow us to obtain quantitative, time-

resolved spectra in a rapid and reproducible manner.9

The easiest step has been to replace the BRV with a laser-

produced plasma using a ruby laser and a heavy metal target. This

produces a highly reproducible continuum from 50ft to 500A with a

nanosecond timing control. The second, and more elaborate, modifi-

cation is to replace the photographic plates with a 1024 element

multichannel photoelectric detector mounted on a movable carriage in

the focal plane of a 1.5m grazing incidence spectrograph. A sche-

matic of the new instrument is shown in Fig. 10.

The photoelectric detector consisted of an image intensifier

(based on a channel electron multiplier array or CEMA), a fiber optic

coupler and a self- scanned diode array. The detector is shown in

Fig. 11. Great efforts were made to provide high spatial resolution

(which translates into high spectral resolution). To achieve this

end the gains of the CEMA plate are limited to between 10** and 10s,

and the proximity focused phosphor, which converts the electron

bunches exiting the multiplier plate to light, is placed extremely

close to the CEMA (0.4mm). Our overall spectral resolution for the

1.5m grazing incidence instrument equipped with a 1200£/mm grating

was approximately 0.012nm<,9
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Figure 12 shows the 3p6 core absorption in Ca vapor under

various stages of excitation and ionization recorded with the new

instrument employing a Sm laser-produced plasma for the VUV continuum

source. The Ca is excited by a pulsed laser tuned to the 4s2 lSQ •*•

4s4p3Pi transition at 6572A. Surprisingly, even though the oscilla-

tor strength of this transition is only about 10~5, we get consider-

able excitation into the 3P r level (up to 75% of all atoms) and

significant ionization (up to 50%) with our approximately 5J/cm2, lps

laser pulse. Figure 12(a) shows the spectrum of neutral Ca ground

state taken before the tuned dye laser irradiates the Ca vapor; in

12(b) we see the absorption spectrum of predominantly Ca(4s4p 3P)

taken after the dye laser has been on for approximately 800ns; the

third spectra, 12(c), shows the spectrum of an approximately equal

mixture of Ca and Ca+ taken approximately 4ys after the initiation of

the dye laser pulse.

As in the case with the isoelectronic sequence Xe, Cs+, and

Ba++, and the isonuclear sequence Ba, Ba+, and Ba++, we shall attempt
*

to analyze this Ca, Ca , and Ca+ sequence in terms of the effects of
changing charge distributions on effective potentals. The new VUV

instrument, with its increased sensitivity, its linearity of

response, and its real time data display will enlarge our capabili-

ties to study such sequences in interesting regions of the periodic

table.
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Figure 1. J=l energy levels accessible by single-photon absorption from
the 1S 0 ground state in Xe.
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Figure 2. Unpublished Xe photoabBorption lines taken by K. Yoshino on a 6.7m spectrograph.
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Figure 3. Normalized Xe ionization signal as function nf u
signal fUnct1On of photon energy for 5p* isB -*pS 2Py;, n s . transition
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Figure 5. Photoabsorption of Cs in the region of the 5p5 2p3/ 2 limit as recorded on photographic plate
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Figure 7. Comparison of autoionizing spectra of Xe, Cs+, and Ba + + along with associated Lu-Fano plots.
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Figure 8. Comparison <j>| effective potentials for a d-electron in Xe,
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Figure 9. The 4d photoabsorption of a) Ba, b)'Ba+, arid c) Ba"""
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created by resonant laser excitation of vapors.
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Figure 11. The multichannel photoelectric detector used in the new VUV instrument
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and (c) Ca + Ca
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'R-MATRIX CALCULATIONS OF AUTOIONIZATION RESONANCES
IN PHOTOIONIZATION OF ATOMS'

K.T. Taylor

Royal Holloway College, University of London, England, TW2O OEX

ABSTRACT

The R-matrix approach to the description of autoionization in
photoionization is outlined. Recent developments allowing the
photoionization of excited states and heavy atoms to be considered
are illustrated by calculations carried out over the last few years.
The near term prospects of the method are discussed.

The differential cross section for photoionization of an
(N+l)-electron atom or ion with ejection of the electron in the k_
direction is given in the dipole length approximation by

d°L . 2 2
— — = 8TT aa ui
dk °

rf (k)
N+l
L Z. (1)

and in the dipole velocity approximation by

da
v

dk

. 2 2
8TT a a

0)
¥(k

N+l
(2)

In these equations, u is the incident photon energy in atomic
units, a is the fine-structure constant, a is the Bohr radius
of the hydrogen atom and If. and "^(£) are the initial bound and
final continuum wavefunction for the system. ¥z(k) satisfies
boundary conditions that correspond to a plane wave in direction k
incident on the residual ion with ingoing waves in all open
channels. In LS coupling f?(k) can be expanded in the form

Ajn. L
exp(-io. )Y. *f (k)CT . (L M. ;M. m. )

£f I - Lf A L L %

C S f i ( S M s ' M s f
(3)

where Vr. is an eigenstate of total orbital angular momentum L
and total spin angular momentum S, the C. . (j--m.?,in.1iiu) are



76

Clebsh-Gordon coefficients, L. S M M are quantum numbers
f f 1. S

mJl
f *

defining the state of the residual ion Y (k) is the spherical

harmonic describing the ejected electron and a = arg T U +l+i n )

f

with n_ = - (Z-N)/k_ where Z is the nuclear charge.

In the R-matrix approach for photoionization, devised by
Burke and Taylor (1975) both the initial bound state of the atom ¥.
and free final state V- Of the electron escaping from the
residual ion are represented explicitly by wave functions calculated
within the R-matrix approximation. This approximation allows the
representation of a wave function over a finite region of space
and finite range of system energy using a limited basis of functions.
The linkage of this representation to that in an adjoining spatial
region is achieved using a quantity related to the wave function's
logarithmic derivative, known <*c the R-matrix, calculated on the
common boundary. The approximation is especially useful in
constructing wave functions for the low energy photoionization
process, since the treatment of an inner region near the nucleus
where all N+l electrons move in a complicated potential can be
separated from an outer region where the only electron present
experiences, in general, only simple long-range forces dominated
by the Coulombic one.

Thus specifically for the final state wavefunction and for
some inner spatial region, where all electrons are within a distance
a of the nucleus, we have

V E ) - ; v v (4)

where A are energy dependent coefficients determined by matching
on the boundary at r = a to the one-electron wave function that
satisfies the correct boundary conditions at infinity and is a
solution of the radial cne-eletron Schrodinger Equation for
a < r < M. Also

\ = £ cijk V N ) V W + j, dy**r(ml) r- a

where $.(N) represent wave functions for a small number of

(typically < 1?) states of the residual ion linked to spin and angle
functions for the last electron and $ ,(N+l) represent config-
urations of the N+l electron system composed entirely from bound
orbitals devised principally to represent the N-electron residual
ion and whose amplitude is negligible for r > a. The U
functions satisfy
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2 a (JI +1)
V<*> + k* ) u ± j (r, - j X ± j n P ^ C r ) (6)

and are subject to the boundary conditions

U1. (O) = O

r = a = b <7>

where b is a constant common to all (typically zero), the V(r)
is a simple potential form with correct form near the nucleus and
near the boundary and the P . (»•) are the reduced radial parts of
bound orbitals of orbital i momentum I, used in representing
the residual ion. Moreover the U.. are ortnonormal over the
range O to a. Typically 10 to 2O3 U. . of each symmetry SL. are
retained in expansion (5) which when tail en together with the
^ 12 states of the residual ion and typically "v 100 $.,
configurations mean that the summation in (5) run over several
hundred basis functions with C. and <3.,. acting as coefficients.
These coefficients are then ^ -1 determined by
diagonalizing the standard non-relativistic N+l electron
Hamiltonian within this basis.

We can combine equations (4) and (5) to write

where now each term of each summation can be seen to represent a
configuration of the N+l electrons in the final state of the
photoionization process. Since some of these are configurations
with electrons in excited 'bound* states and others (always
involving a U..) are such that an electron can have a non-zero
amplitude at infinity, we have in this wavefunction form a natural
way of describing the autoionization process which after all arises
simply from interaction between such configurations. A simple
example, the lowest autoionization resonance which occurs in the
photoionization of a ground state Ne atom, will serve to
illustrate this point. For this resonance the quasi-discrete state

is labelled Neds 2s 2p 3p p ) and this is usually represented
primarily by a configuration in the second summation of (8) whilst
the continua into which it decays, viz:-

Ne+ (Is2 2s2 2p5 2P°) + e" (ks, kd) by

terns in the first summation.
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Over the years the method and associated computer programs
have been used by many workers to investigate autoionization
resonances occurring in the photoionization of many light ground
state atoms and ions. Right from the start, open shell atoms have
been considered. The correct description of the enormous

2 2 e
3s 3p D autoionization feature occurring at threshold in the
photoionization cross section for aluminium was an early success,
(Le Dourneuf et al (1975) ).

However I will illustrate the latest developments in the method
by examples taken from applications over the last few years.

An important area, recently accessible to experimentalists, is
photoionization of excited atoms. New symmetries of the system can
thus be investigated and atoms, closed shell in their ground state,
become open shell in the excited state. Up to the present the
little theoretical work done in this area has been mainly in the
1-electron and Hartree-Pock approximations which by not allowing for
configuration interaction cannot obtain cross sections containing
autoionization features.- An exception is the R-raatrix calculation
by Ojha and Burke (1982) in which photoionization of the

OA

0.16 0.80 0.94

Ptotofttctron «twfjy IRyd)

Figar* l . T h e length and velocity form croti sections ( , <rL; , <rv) tot the
photoioniution of the 3p54s *P" state to all potuble final states. The tower resonances
3s3p'ns V (» - 4 to 6) and 3i3p*nd 'D* (n - 3 to 4) are shown. The cross section at
the peak of the 3s3p'4t "s* resonance is 9.6 x 1 0 " " cm2. The arrow on the x ads shows
the 3s3p6zS* threshold.
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Ar (3s 3p 4s »~p°) states was investigated. Figure 1
displays the cross section for photoionization the Ar( P°) state
in which it is apparent that an autoionizing resonance

3s 3p 4s S dominates the low energy cross section regime. Here
an electron in the inner core makes a dipole transition with the
outer 4s electron remaining largely a spectator. Such a
phenomenon will occur in photoionising the corresponding excited
state of the other rare gases.

Another interesting recent application has been to the heavy
closed shell atom mercury. Here Bartschat and Scott (1985) have
used the method within the less rigid pair-coupling scheme required
for including the 1-body relativistic terms in the Breit-Pauli
Hamiltonian appropriate to describing such heavy atoms, Scott and
Taylor (1982) . The 5 lowest Hg+ residual ions states

(5d10 6s 6s and 5d10 6p w e r e

retained each represented by a single configuration,
series of autoionising Hg states converge on the

Six Rydberg

5/2, 3/2
These are

states of the ion.

a 9 2
Hg(5d 6s I

9 2 2
Hg (5d 6s Dn

,#np ' n p3/2' m f5/2 )' m -3/2'npl/2'np3/2'mf5/2

,10
and interact with the 5d 6s P.,/5» P y? continua. Figure 2

indicates a comparison of the low energy photoionization cross

Figure 2. Total photoionization cross section a
for the photoionization of the (6S2) 1S
ground state of Hg. °

, theory ; , experimental data

of Brehm .
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section with experimental results of Brehtn (1966) . The large low
9 2 2

energy resonance is 5d 6s D . 6p , which is found to be

considerably wider than the experimental result. One reason for
this may be the somewhat crude representation of the Hg residual
ion states, Burke and Taylor (1975)1. It is interesting to
illustrate the level of accuracy that should be achievable within
the next few years in photoionization calculations on these heavy
atoms by considering an electron scattering calculation on a
neighbouring system. Since an electron scattering calculation
involves each wavefunction symmetry of the system independently,
the corresponding computer programs have reached a higher stage of
development. However exactly the same general form of wavefunction
expansion is taken as in photoionization.

The example is the calculation of inelastic scattering from
mercury by Barschat et al (1983)°. Here the 5 mercury target states

6s S , 6s6p P , „ and 6s6p P were represented by multi-
O U» X , <& X

configurational wave functions formed from the 7 configurations

6s 2 1Se,6s6p 3P° 6s6p 1P,, 6p2 3P and 6p2 1S
O U , i. , ̂  1 O O

and the 3 outermost electrons were taken to move in a model
potential representing their interactions with the dormant inner
core of 78 electrons. This achieved a considerable saving in
computer time. Certain parameters, known as the integrated Stokes
parameters, which,specify completely the polarization of the light
emitted by the 6 P. state on radiative decay to the ground state
were calculated. When experimental conditions are such that the
incoming electron is incident along the z direction and transversely
polarized with polarization vector P along the y axis, the
scattered electron is not observed,and the light emitted in the
excited atom decay is detected in the direction of the initial
polarization the Stokes1 parameters are
I \ n KO) - K9O)
(a) n3 = j
Where K B ) is the intensity through a Nicol prism oriented at 3
to the z axis. This gives the degree of linear polarization with
respect to the z and x axes.

(b) nx = I ( 4 5 ) -

This gives the degree of linear polarization with respect to two
orthogonal axes oriented at ± 45 to the z axis

U»

where I . (I ,) is the intensity of photons circularly polarized
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with positive (negative) helicity
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Figure 3(a) Stokes1 parameter n as function of the incoming
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Figure 3(b). Stokes1 parameter n,» symbols as in Figure 3(a)
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Figure 3 (a), (b) and (c) display the values calculated for these
parameters and compared with the experimental results of Wolcke
et al (1983) in all cases agreement with experiment is respectable
and the important point to note is that the energy region considered
is that where the scattering is dominated by the following
autoionization features

6s6p pc/n resonance at 4.9 eVc/n

6s6p

6s 6p

6s6p

2 4
P

2 2r

5/2

resonance at 5.0 eV

resonance at 5.5 eV

resonance at 5.5 eV

0.6

0.4

0.2

0

0.2

' ' \ '• ^

" 1 /•'
1 /•

ih * i i

i

* «

-

-

-

1
fc.5 S.0 5.5 6.0

Energy (eV)
6.5 7.0

Figure 3. (c) Stokes1 parameter n , symbols as in figure 3(a).
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Thus the energy variation of these polarization parameters is
another manifestitation of autoionization.

Moving on to consider the photoionization of positive ions we
encounter another area in which there are relatively few
calculations ' that allow for autoionization and very few
experimental results with which to make comparison. A recent
application of the R-matrix approach has been by Taylor et al
(1984) to the photoionization of Si+, isoelectronic with
aluminium. Here the 12 lowest states of the Si residual ion
were retained and represented using the multi-configurational
wave functions devised by Baluja and Hibbert . Quantum Defect
Theory techniques were exploited for the multi-channel single
electron wave function at r .̂ a since here the long-range
potential was assumed purely Coulombic. Figures 4 (a); (b) display
the length and velocity values for the total photoionization cross
section obtained over the photon energy range leading up to in (a)
the first excited Si (3s3p 3P°) residual ion state and in (b)
the next excited Si + + (3s3p l p O ) residual ion state.
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8-

I7'
1 6-

ui 5 •
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2-

1-

750 700

I hv+Si

\

v
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1.20 1.24 1.26 1.32 t.36 1.40 1.44 1.48 1.52 1.56 1.60 1.64 1.68
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Figure 4(a) The total photpionization cross section for the S. i
ground state up to the Si (3s3p P ) threshold. Peaks of
higher resonances are truncated.
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S40
Photon wavelength (A)

520 500 480 470

hv+Sin(3s23p2P°)—{Sim+e-}2S?2P?2De

1.68 1.71 1.74 1.77 1.80 183 1.86
Photon energy (Ryd)

1.89 1.92 1.95

Figure 4(b) The total photoionization cross section for the
S.+ (2P°) ground state from the Si

++(3P°) threshold to the S*+ ("""P0)
threshold.

In Figure 5(a) the broad autoionization resonance around a
photon energy of 1.22 Rydbergs has designation Si+(3s3p P°4p2De).
The positions, widths and shapes of higher members of this Ryclberg
series converging to the Si ( P ) threshold are severely distorted
by the presence of the interloping broad Si+(3s3p 1P° 4p 2D e)
autoionization resonance around 1.49 Rydbergs photon energy.
Similar distortion occurs in the S e symmetry. This interference
between autoionization resonances converging to different thresholds
is much more pronounced in the photoionization of ions than of
neutrals due to the length of the Rydberg resonance tail scaling
as the square of the residual charge experienced by the escaping
electron. As a consequence, for example, the 3s 3p D state
which ^as autoionizing in the case of aluminium lies deep in the
bound spectrum of the isoelectronic Si+. In figure 5(b) the
Rydberg series converging to the threshold are so distorted by
resonances belonging to higher theresholds that the Rydberg
character is largely washed out.

Work presently in progress includes a calculation on the
photoionization of the ground state of the Ca+ ion. This is of
interest to experimentalists at Daresbury Laboratory and elsewhere.
Multi-configurational wave functions to represent the 9 lowest
states of the residual Ca + + ion have been calculated and the
excitation energies of these with respect to the ground state of
Ca are compared with experimental values of BorgstroW-? in Table 1.
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Table 1. Excitation energy above Ca g.s.
(Ryd)

Expt. (Borgstrom)

3p S

3p5 3d

3p5 3d

3p5 3d

3p5 3d

3p5 3d

3p5 4S

3p5 4S

3p5 3d

V
3F°

3D°

3P°

1P°

o.o

O.9321

0.9849

1.0460

1.O466

1.0547

1.1323

1.1409

1.3164

0.

0.

0.

1.

1.

1.

1.

1.

1.

O

9309

9709

0287

0336

0405

1088

1286

2729

Note again that due to the predominating central Coulombic
potential, LS coupling is a valid scheme for these states.
Preliminary results indicate the photoionization spectrum
dominated by large autoionization resonance structures of

configuration 3p 3d P° located near the 3p 3d excited state
thresholds of the residual Ca++ ion.

Wor'- on applying the R-matrix method to the photoionization of
diatomic molecules has recently started at Belfast and Daresbury.
Building on an earlier calculation of electron scattering by H+

that included the two lowest electronic states of the molecular
ion, results have been obtained for the photoionization of H
within the Born-Oppenheimer approximation. Figure 5 displays
results for the 3 parameter obtained for two choices of the fixed
inter-nuclear separation in this approximation.
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Figure 5. The B parameter for photoionization of H calculated
in the Born-Oppenheimer approximation for internuclear separations
1.3 Bohr and 1.4 Bohr.

As in the atomic case autoionization causes marked variation with
energy of this parameter specifying the angular dependence of the
ejected electron. However, the prolonged lifetime of the quasi-
bound states in such an autoionization process makes the validity
of the Born-Oppenheimer approximation doubtful and additional
dissociative channels open in this region, which, when neglected
give rise to spurious pseudo-resonances in the system. Thus even
for the simplest 2-electron molecule, in which autoionization
occurs, much work remains to determine a valid theoretical
description amenable to calculations.

To summarise the near term developments of the approach we
can see that these are presently in three areas.

Firstly, the photoionization of heavy atoms and ions will be
treated within the Breit-Pauli Hamiltonian formulation with
progressively more sophisticated wave functions. In parallel to
this treatment via the Dirac formulation has been formulated and
is being presently implemented18.
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The low energy photoionization of ground and excited states
of light atoms and ions, (the first and second rows of the
periodic table) is the main atomic physics interest of the Stellar
Opacity Project, coordinated by M.J. Seaton of University College,
London. Not only will many previously unexamined atoms and ions be
treated in this work to the level of sophistication necessary for
a description of autoionization resonances, but since much the
same level of approximation will be used for all, a consistent
detailed survey will result, thus allowing various trends,
isoelectronic and otherwise, to be established.

Finally, the subject of diatomic molecules has been only
touched upon, but this is clearly the area where the interplay
between rotational, vibrational and electronic motion over
autoionizing regions is but poorly understood and thus where most
exciting advances can be anticipated.
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ABSTRACT

Determinations of the photoionization cross sections of
ground state magnesium atoms and excited state sodium atoms have
been made over a wide wavelength range. The ground state
neasurement in magnesium was performed using synchrotron radiation
from the UV ring at the National Synchrotron Light Source.
Several autoionizing resonances were observed. The
photoionization cross section of excited aodium atoms was
determined by irradiating laser-r. duced Na(3p) with synchrotron
light. In both cases, a$?r"smc:-.IL with theory is excellent. Future
experiments will -c di>..:ci. ' tovar..'. e>: :::3i nation of photoionization
of laser excited alkali.> ; . , uLals; these experiments should
yit 1J < vealfli ir :>.'L,' ;;...; on autolonizing states.

Theoret<~ ' rn •.•.••' ons . .. •xperimental measurements of
p z a i .wo:. i.ons c. atoms and molecules have been
the subject of great ir.'^rest In recent years^*^ Tsie advent of
intense lc.ser <̂'.<r. ji • ible and UV regions of the
spectrum made such aieasuremer,?;. >ch simpler than with other
laboratory sources. Howe\,"t, -1 :-•..•<; studies are subject to a
number of rest"*' r -ov~. Piiot •- Ization thresholds of most atoms
and molecules tenu to lie in vey..'• ona of the UV where laser sources
are weak, not broadly tunai:. • , and inconvenient to use. Inner
shell ionizatiot;. ^cially difficult to study for these
reasons. In addition, molecule- ;pecies, with large numbers of
electrons in orbitals " cf ri;-,; symmetry do not lend themselves
to simple theoretical .reatments. In spite of these difficulties
measurements have been made.^»2»3 These determinations,
however, have largely been done for ground state systems.
Experiments designed to study photoionization of electronically
excited systems are scarce,3 especially over an appreciable
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range of ionizing energies. We have chosen to exploit the unique
features of laser radiation (high intensity) together with those
of synchrotron radiation (broadband tunability) in order to study
the photoionization of atoms.

Alkaline earth atoms are especially interesting because they
generally have autoionizing resonances near the first ionization
threshold due to states populated by simultaneous excitation of
the two outer ns electrons. Therefore, atoms fr̂ ra this group have
attracted the interest of both experimentalists and
theoreticians. There have been two theoretical *:~*iatments of
photoionization in magnesium; one using the relatxvistic
random-phase approximation,^ and the other using the Fano
continuum configuration interaction method.5 Several
measurements of the photoionization cross section of ground stats
magnesium near threshold have been reported,6~8 but none of
these represented a continuous determination over a wide
wavelength range. We decided, therefore, to study photoionization
of ground state magnesium atoms as our first experiment using the
windowed line at the National Synchrotron Light Source.^ This
experiment i*. ideally suited to the windowed beam line.

EXPERIMENTAL

The relative cross seccion was measured over a wavelength
range from threshold to about two eV above threshold. Synchrotron
radiation, passed through a LiF window to isolate the apparatus
from the ring, was dispersed through a 0.5 m Seya-Nainioka
monochromator (16.7 A/tnm, slit width 1.0 mm). The synchrotron
light intersected an effusive beam of magnesium atoms at right
angles. Ions were extracted electrostatically and were focused
into a quadrupole mass filter set to pass 24 a.m.u. Ions were
counted using a Channeltron. and spectra were accumulated in a
LeCroy 3500 multichannel analyzer with a 3521A MCS module
controlled by an external computer. Data were corrected for the
variation of photon flux as a function of wavelength using a
photomultiplier and sodium salicylate. Typically, 1024 samples
were taken between 1200 and 1800 A, with a dwell time of two
seconds at each wavelength. The synchrotron produced 500 psec
(FWHM) pulses every 180 nsec (single bunch mode); this high
repetition rate permitted the experiment to operate in a quasi-CW
mode. By collecting ion counts vs. wavelength, and subsequently
correcting the shape of the curve thus obtained for photon flux,
the shape of the photoionization cross section as a function of
wavelength was obtained. One of the advantages of this method in
which the photoionization signal is itself the (mass analyzed)
photoions is that it eliminates spurious effects due to
concaminants such as may occur in a photoabsorption experiment*

RESULTS

Figure 1 shows the data for magnesium corrected for the
variation of the synchrotron photon flux. Also plotted is the
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theoretical prediction from reference 5. Since our c'ata are
relative, we have normalized the calculation and the experimental
result at the threshold. When our data are thus normalized the
agreement between experiment and theory is excellent. The minimum
near 1341 A is probably the Cooper minimum*'•* predicted to lie
near 10 eV. The feature near 1265 A, and two additional peaks
shown in Fig. 2 are autoionizing resonances arising from the 3p4s,
3p3d, and 3p5s doubly excited states of neutral magnesium.
Because the photon flux on beam line U9A is very low at
wavelengths shorter than 1200 A, the data shown in Fig. 2 have not
been corrected for photon flux. The wavelengths at which these
resonances occur correspond to energies of the autoionizing states
in excellent agreement with those predicted in the theoretical
treatment of ref. 5. For our second experiment we wished to study
photoionization of a laser excited atom. Because of our extensive
experience with sodium, and because a CW laser that could provide
the D-line wavelengths was available, we chose to study the
photoionization of Na(3p). The apparatus used in these
experiments was the same one used in the magnesium work, with the
addition of the laser, the beam from which intersected the sodium
atom beam antiparallel to the dispersed synchrotron beam. Since
the synchrotron radiation wavelengths available with the windowed
line are not short enough for inner shell excitations,
autoionizing resonances were not studied. Nevertheless the
results are quite intriguing. The bandwidth of the synchrotron
radiation was about 10 A, and samples were taken every 2 A with a
dwell time of two seconds per sample. The quadrupole mass filter
was, of course, set to 23 a.m.u. and the detector was a
conventional Cu:Be particle multiplier.

The synchrotron-based measurements yield the relative
photoionization cross sections, but measurement of the absolute
magnitude, at least for Na(3p) is more easily accomplished using
two pulsed lasers, one tuned to a D line, and the other tuned to
the Na(3p) threshold wavelength. This measurement, performed in
the atomic physics laboratory at UMSL, yielded a threshold value
of 8.5 Mb, remarkably close to the theoretical value. Scaling of
the synchrotron data thus permitted the determination of the cross
section over the entire range.

The cross section (Fig. 3) rises sharply at threshold, then
drops monotonically as the photon energy increases. The rise at
the high energy end of the plo,t is due to the onset of ground
state ( S) photoionization, and may be ignored for the purposes of
the present discussion. Also shown in the figure are two
calculations of the absolute cross section. The upper line is the
result of a central field Hartree-Slater calculation.H~13 ^he
lower line is a Hartree-Fock calculation. The excellent agreement
between the two calculations (and the experimental data) is a
measure of the confidence one may place in the reliability of the
calculations. In fact, the Hartree-Fock calculation shown is the
average of the Hartree-Fock cross sections determined in the
dipole-length and the dipole-velocity formulations. In this case,
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the two Kartree-Fock calculations produced results so close
together, that they could not be plotted together clearly.

The wavelength range of the data shown In Fig. 3 does not
include the Cooper minimum expected in 3p+ed transitions, about
10 eV above threshold in this system. It is expected that cross
section calculations will be least accurate in such regions.
However, the present results indicate that theoretical predictions
of photoioniz^tiori cross sections far from Cooper minima can be
quite accurate

It is cu • -sntion to perform additional experiments on
excited atoms •••:: are particularly interested in extending our
studies of ground state magnesium to investigate photoionization
of Mg (3s3p, 1P°). However, limitations associated with the
expense of obtaining CW laser light at the 2852 A re<"-nance line
of magnesium may make it necessary to study photoionxzation of Ba
(6s6p P°) next. In either case, we expect to obtain new
information on autoionizing resonances.
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Fig. 1. Photoionization cross section of Mgl as a function of
wavelength. The dashed curve is from reference 5. Figure from
reference 9.

I

55

ENERGY (eV)
11.2 I I.I II 10.9 10.8 10.7 10.6 10.5 10.4

1100 1140 1160
Woviltngth (A)

1180 1200

Fig. 2. Photoionization cross section of Mgl from 1100 - 1200 A.
Figure from reference 9.
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Fig. 3. The photoionization cross section of 3p sodium atoms from
threshold to about 2 eV above threshold. The squares denote a
Hartree-Slater calculation. The circles are the average of two
Hartree-Fock calculations whose results are very close together
(see text).
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ABSTRACT

We summarize the method by which we have treated non-
relativistic autoionization in atoms, and then extend it to include
cases in light atoms, which are non-relativistically forbidden to
autoionize, through the use of the Breit-Pauli Hamiltonian. Spe-
cific application is made to the lowest non-relativistically bound
levels of Be", the Is22s2p2 '*P°. Our lifetimes for these levels
(1/2, 3/2, 5/2) are 8.0 ns, 2.0 ms and 1.0 ps.

INTRODUCTION

Typically autoionizing states decay in 10"12 - 10~lt* sec,
whereas process involving photon emission involve times of the
order of 10"8 sec (electric dipole process) or longer. Normally,
the former category of states would be called "resonances" and the
latter "bound". There is a category of states which fall in
between Lhese two descriptions, those in light atoms which auto-
ionize only as a consequence of the presence of relativistic
effects. Rates for these may range over several orders of magni-
tude (e.g. for Be" 10"3 - 10"9 sec). In some systems such as Be"
or He" Is2s2p ^P0 which has been the subject of considerable past
study1"3, relativistic autoionization is the principle mode of
decay. In another example of interest here, in F Is22s22p'*3s 2S,
which has been experimentally studied by Beirkowitz and co-workers"
and theoretically examined by Cheng5, the electric dipole process
competes on a nearly equal footing.

BRIEF SUMMARY OF NON-RELATIVISTIC AUTOIONIZATION THEORY

In our approach5"8, a resonance is treated as an initally
localized state which subsequently decays into the continuum. Its
total wavefunction is divided into a local part, \b0 and a scat-
tering part u(E) corresponding to the open channels.

<DO + u(E) (1)
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The division can be formally attained through the use of
projection operators. In practice, we have been accomplishing this
at the Hartree-Fock level, by deleting configurations corresponding
to the open channels from the list of those used to construct I|J0.
Should the core orbitals of i|)0 and u(E) differ significantly,
additional one electron radial orthogonality conditions can be
imposed, during the % solution process.

For example, if ls2e£ were an open channel, then all configu-
rations of the type ls2n#, Is2e£ would be excluded from I)JO. Should
a portion of the Rydberg series be thought important, then these
members can be explicity added back in. These can have a signifi-
cant effect on the resonance's energy E as for Be9, but have not
yet been found to have a direct effect on the width, r, of the
resonance.

CONSTRUCTION OF *o

As been described in detail elsewhere10, *o is constructed
from symmetry adapted (S2, L2 eigenstates) parentalized configura-
tional N- electron wavefunctions, or CSFs. These CSF's are con-
structed from Slater determinants, whose elements are one-electron
functions of the restricted type, viz Rr$,(r) Y£m(n)nms . What
makes our approach different from standard Configuration Interac-
tion (C.I.) theory is that: (a) there is a configuration selection
mechanism, and (b) all the radial functions, Rnp, are optimized
(most of them at the C.I. level).

Present day computational limits are as follows:
(i) S350 CSF . This is a limitation associated with excited

states which require a multi-root diagonalizer.
(ii) The number of determinants per CSF-1500. This is simply

a dimensioning restriction and could be removed at any
time. For CSF with more than 250 dets, the new non-
diagonalizer BCB method11 is used for construction and
storage.

(iii) X < 9. A printing format restriction,
(iv) The number of Rnp s < 50. It may be noted that subshells

closed in all configurations do not add to the electron
count.

One begins by identifying the dominant configuration(s) and
obtaining the Rnjjs associated with them by numerically solving12

the HF or MCHF equations. This forms $. For cases of near degen-
eracy, or two or more open subshells of the same symmetry, a MCHF
starting point may be a necessity.

First order (higher orders, if necessary) perturbation theory
is then applied to $ to produce the configurations which are to be
included in x, the correlation function. We have then sub-divided
*oj, viz.

*o = * + x (2)
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Subshells unoccupied in * have radial functions V^ which we call
virtuals. The subscript is used to denote the azimuthal quantum
number of the associated spherical harmonic; different virtuals of
the sameQ are distinguished with primes. The V^'s prior to ortho-
gonal ization are represented by single Slater Type Orbitals (STO),
of the form rne"ctr (Gaussian's have also been used in the past10 ).
The parameter a is determined at the C.I. level.

First order perturbation theory, which is applied here, yields
configurations in x with 0, 1 or 2 virtual subshells. Although
this includes only a limited portion of configuration space, it is
unwieldy and not necessary to use for most properties. Several
articles have been written13"15 assessing which parts of x are
crucial for a specific property.

For current accuracy requirements, it appears the only total
energy, hyperfine structure and perhaps electron affinities require
use of essentially the complete function.

For lifetimes, x, the quantity of interest here, the most
important configurations in x (to the extent they are not already
present in *) are those of the Symmetric Exchange of Symmetry
(SEOS) type, which are schematically:

Subshell in * replacement subshell

[e.g. ns + v d]

£ [e.g. 2 p - 2s v d]

Once \\>Q is obtained, a localized energy E is found via

Eo= <*ol Hnr I V (4)

where H ^ is the non-relativistic Hamiltonian.

CONSTRUCTION OF U(E)

The scattering states are currently obtained from a frozen
core numerical Hartree-Fock treatment16 , which has been modified to
allow the introduction of core correlation effects. Cases where
two or more channels are open require special treatment, and will
not be considered here.

CHARACTERIZATION OF THE RESONANCE

For most of the resonances treated by us so far, it is pos-
sible to assign a position and width. Broad resonances such as the
He" [Is(2s2p) 3P°] 2P°, however, may_ not fall into this category8.
To the lowest order, following Fano17, the resonance energy E is
given by:
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EO

r l o l n r i |
E - EO , &E = PV \o de -£-^r-e (5)

where "PV" stands for Principle Value and the width is given by the
"Golden Rule"

r = 2v |<K)Q|Hnr-E|U{E)>|
2 (6)

Improvements to this approach, involving the reformulation of <\>Q,
due to the interaction with the continuum, and solving for the
position and width in the complex plane have been discussed in
reference 8. We shall not employ this approach here.

Both equation (5) and (6) contain terms proportional to powers
of the overlap <*OJU(E)>. This arises because the radial basis
used to construct tp0 and U(E) are not forced to be mutually ortho-
normal. Each function is then obtained in a "state specific" way
which permits an economical and easily interpretable description.
As noted in an early work18, these nonorthonormality effects (NON)
tend to be largest for negative ions and neutral atoms (in fact
they are responsible for the phenomena of radiative autoionization19

by which a state decays successively emitting a photon, then an
electron). NON effects also may be enlarged by using a MCHF
description of the state; in one of our examples shown later NON
enhances the HF value of the lifetime by a factor of 5. We evalu-
ate NON effects using the method of King et al20.

SOME NON-RELATIVTSTIC RESULTS FOR LIFETIMES

To demonstrate the accuracy of the method, we have chosen
three resonances for which there are other sophisticated theoret-
ical results available, and/or accurate experimental measurements.

Autoionization Rates (1012 Sec"A)

Li Is2pz 2D Li[ls(2s2p)3Pa] 2P°

Value Source

32.7 12.9 Hartree-Fock, Ref. 21
26.1 7.8 MCHF, Ref. 21
15.2 5.2 Correlated; best value; Ref. 21

6.0 Ref. 22
187 4.67 Ref. 23

7.6 10.6 Ref. 24
15.8±.4 4.0±0.2 Experimental; Ref. 25

Since a detailed comparison of the various results is avail-
able in ref. 21, we will only make a few points here. Firstly, our
results are in uniformly good agreement with accurate experiment.
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Secondly, without considering NON, the Hartree-Fock rate is
2.2xlOi2 S"1. NON introduces contributions from overlap integrals
and one particle operators. With this basis, l/r12 can no longer
be considered the sole or even the dominant contributor to the
lifetime. One particle effects have been seen to be large in the
work of R. S. Berry et al26, but apparently the overlap effect has
not yet been investigated.

As our final example, we display the width of the He 2p3p JD
resonance.

r(ueV) Source

0.61 Correlated; Ref. 27
0.873 Close coupling; Ref. 28
1.44 Ref. 29
2.72 Ref. 30

214 Ref. 31

Here there is heavy cancellation with the SEOS configuration 2s3d,
with the net result of a very narrow width. When the autoionizing
rate is combined with the radiative rate, a very good agreement of
theory and experiment is obtained2 1. However the radiative channel
contributes 90% of the lifetime, and a thorough test of the result
is still needed. For all three cases cited, $ was a MCHF solution.

NEGATIVE IONS AND REIATIVISTIC AUTOIONIZATION

Recently, we and several experimental groups have been
focusing our attention on Be". Theoretically, three non-relativ-
istically "bound" states have been predicted32 [Is22s2p2 "P;
Is22p3 "S°; Is2s2p3 6S°] and characterized by their electron
affinities, fine and hyperfine structure, and electric dipole
transition probability ("S0 -* *P). Experimentally, the "P has
just been seen by two groups33 >31* with the FA found3" to be
%193 meV in good agreement with the best theoretical value32 of
218 meV. The SRI group33'35, on the other hand, has reported
estimated lifetimes of > several hundred ys for one level, with a
second level's lifetime being ̂  1 us.

Clearly, a theoretical lifetime prediction is in order. Like
He , relativistic tffects are responsible for the decay1"3,
although both relativistic autoionization and/or relativistic radi-
ative autoionization should initially be considered as mechanisms.
Also, like He" , we might Li/cpect subtle interplay between competing
contributions, requiring careful treatment of the lifetimes.

FORMALISM OF RELATIVISTIC AUTOIONIZATION

For low Z systems, relativistic effects are satisfactorily
introduced by using the operators of the Breit-Pauli Hamiltonian
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which split the term (*P) into levels ("Pj). These are the one-
body spin-orbit, two body spin-orbit, spin-other-orbit, and spin-
spin, which in toto we call Hgp. The Slater determinant matrix
element algebra associated with Hgp has been worked out by one of
us 3 6' 3 7 and implemented by Dr. Georges Asprimallis of N.H.R.F,
Athens.

Equations (5) and (6) are simply modified by replacing H n r
with H n r + HBp.

CONSTRUCTION OF <J)Q AND U FOR Be" Is
22s2p2 "Pj

Separate <i)Q's were computed for
 zSi/2 > 2D3/2>5/2 using only

H ^ . None of these are "bound" states and all required the use of
a MCHF * to converge [for 2S, 2p3 ->• 3d2 + 3s2 + 2s3s and 2s ^ 3d
were included in addition to 2s2p2]. Thti 6 x 6 matrix of H n r +
was then set up with these pure SLJ *o's [

<*Pi/2i3/2,5/2»
2Si/2;

2 ̂3/2 5/2] an<^ diagonalized. This included evaluation of NON
effects.

The u wer~ produced from a modified frozen core approach in
which a correlated core [Be Is2(2s2 + 2p2)] was used.

RESULTS FOR Be" lsz2s2p2 i*PT

Lifetimes (in us) were evaluated with the intermediate-coupled
obtained above, using the Golden Rule, with the results:

Be" J(vis)
Level HF Correlated He" (Ref. 1)

5/2 15.7 1.0 345
3/2 9.5 2.0xl03 11
1/2 3.2 8.0x10"3 11

These Be" results are consistent with current measurement. NON is
included both for the HF and correlated results. Tne smallness of
J = 1/2 arises chiefly from correlation effects in the 2Si/2 'f'o,
which suggests Multi-configurational Dirac-Fock approaches (MC-DF)
may not work here. We also note that the one body spin-orbit
operator makes a significant contribution - e.g. it connects
ls^p 2 ES in the final state and Is22s2p2. Based on the size38 of
relativistic radiative autoionization in Li Is2s2p "P0 [f = 0.1
sec], we expect this won't contribute significantly to Be" life-
times. Further details are given elsewhere39.

For comparison, the experimental He" results are shown. There
is a theoretical result which includes electron correlation for J =
5/2; the value of 455ysi£in fair agreement with experiment. We
note the absence of the SEOS vector Is Vd2p

 2D°5/2 may be a source
of the remaining discrepancy.
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DISCUSSION

There is a need to extend the treatment to include several
open channels and work is underway at N.H.R.F, Athens to do this.
The first application likely will be to the lifetime of Be" Is2s2pj
bS 5/2»

From the discussion here and other work5, it should be clear
that the size of relativistic autoionization should be considered
when examining decay of excited states in light systems. For high
Z atoms, relativistic effects will have to be introduced during the
*0 solution process. Since each subshell (exceptJ2, = 0) is mapped
into two relativistically, we may expect such <l>0 to contain as
many as several hundred configurations - too many to be handled by
a multi-configurational Dirac-Fock approach. Currently, we are
developing an approach whereby * is determined by a MC-DF calcula-
tion, and x is calculated using C.I. techniques. The Breit opera-
tor is introduced at the latter level to represent two electron
relativistic effects. There is some question1*0 as to whether
"unconstrained" use of STOS to represent the virtuals is always
viable (the problem is one of "variational" collapse). At the
moment, we are using screened hydrogenic functions as virtuals to
avoid any difficulties.

Once i>o is obtained, lifetimes and positions could be
generated as before, given a frozen core DF solution for U(E).
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EXIT CHANNELS OF AUTOION2ZATION RESONANCES IN ATOMS*

Manfred 0. Krause
Oak Ridge National Laboratory, Oak Ridge, TN 37831

ABSTRACT

In many-electron atoms with open shells strong
autoionization resonances occur when an electron from an inner,
weakly bound subshell is excited. Usually, the resonance state
lies above several ionization thresholds and, hence, will decay
into more than one exit or continuum channel. Several cases are
discussed in which the resonance state is induced by synchrotron
radiation, and the exit channels are differentiated and
characterized by the analysis of the ejected electrons.

INTRODUCTION

Autoionization resonances studied originally by optical
speetroscopy some 50 years ago involved electron excitation from
the penultimate electronic level. In this case only one exit
channel needed to be considered. Resonances investigated nearly
25 years ago with the P.id of synchrotron radiation involved again
the penultimate level and, significantly, involved also deeper
lying levels, 3uch as the outermost nts levels of the rare-gas
atoms. In these cases, two exit channels exist, the £P3/2 and
EPi/2 channels. However, the use of the photoabsorption
technique did not allow one to distinguish the different
channels. This situation changed in recent years when, with the
advent of the ESSR technique in which electron spectrometry is
combined with synchrotron radiation, the various exit channels
could be discerned and studied in detail by measuring the
variation of the partial cross section, the angular distribution
parameter and the spin-polarization parameters over the region of
the autoionization resonance.

In this paper, several representative examples of these
detailed studies of resonances in atoms will be discussed. Much
of the work reported concerns open-shell atoms in which strong
intra-shell transitions (involving subshells of the same
principal shell) are possible. Two of the important dynamic
parameters, the partial photoionization cross section, o^, and
the photoelectron angular distribution parameter, 0^, are
determined in these studies.

Research sponsored by the Division of Chemical Physics, Office of
Basic Energy Sciences, U.S. Department of Energy, under contract
DE-AC05-840R21400 with the Martin-Marietta Energy Systems, Inc.
Much of the work reported here was done at the Synchrotron
Radiation Center (Stoughton, WI) which is supported by NSF grant
No. DMR83-13523.
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EXPERIMENTAL

An electron spectrcnpter system containing originally two
and most recently three electrostatic electron energy analyzers
is used to measure simultaneously at two angles the energy and
flux of the photoelectrons ejected from free atoms, including
monoatomic metal vapors. Monochromatized synchrotron radiation
serves as the excitation source which continuously covers the
energy range of interest. Both ai and Bi are obtained from the
relation

by measuring, respectively, the electron flux Ii at an angle $m
for which 1+3pcos2<j>=0, and at two arbitrary angles, preferably
(f)=0° and 90°. The angle $ is referred to the major polarization
vector of the synchrotron light. The degree of polarization, p,
is usually quite high and ranges from about 90 to 95? in the
energy range employed in the present work. Both conventional PES
spectra, in which the photoelectron spectrum is obtained at a
fixed photon energy and CIS spectra in which the dependence of a
constant ionic state on the photon energy is obtained are
recorded. While the PES spectra serve the purpose of determining
and distinguishing the various possible exit channels, the CIS
spectra are especially suited to scan a resonance in fine detail,
and continuously, over a given photon energy range.

THE 3O4p RESONANCE IN GALLIUM

Between 18 and 23 eV a 3d electron can be promoted into the
Up subshell which contains only one electron. Although the
excitation does not take place within the same principal shell,
the proximity of the nearly empty Up subshell gives rise to
strong transitions_to resonance states that lie above three exit
channels, namely Ms'P.eS,; 4s 3P,e£ and 4pxS,eJ£.

As seen from Fig. 1, these channels are clearly separated in
the PES Spectrum and, hence, allow the determination of a± and Bi
through the resonance region for each component. It might be
noted that these channels could be further differentiated if it
were possible to separate the 3P multiplet components or if we
were to apply a spin-polarization analysis. The interaction of
one of the many possible resonance transitions with the direct
transitions to the three continua is illustrated in Fig. 2. The
photoabsorption spectrum1 shown along the energy axis is composed
of the contribution from the individual exit channels and these
contributions were determined2, in the CIS mode of operation, by
observing the photolines corresponding to each channel over the
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Fig. 1 Photoelectron spectrum of gallium
showing the photoelectron lines that
are indicative of the available exit
channels for the autoionization
resonance state occurring at 20.33 eV.

range of the resonance structure. The results are displayed in
Fig. 3 and it can be seen that the partial widths follow a
pattern similar to that of the total width which, in the absence
of strong two-electron transition is virtually identical with the
absorption cross section. However, on closer inspection we note
that the resonance states that couple the_4p* manifold to a 3P
state preferentially decay into the 4s 3P,ES- channel, and th£
states that couple the Up2 to lS predominantly decay into the Up
'S, tl channel. The coupling of Up2 to the open 3d subshell
appears to have no discernible relation to the population of the
individual exit channels. As the partial widths (.a^), the Bj
parameter shows some characteristic dependence on the coupling of
the *lpz manifold: for the lS states B shows a small dip at the
positions of the resonances, and for the 3P states B displays a
pronounced dip in the HplS, el exit channel.2

The 3d->-1p resonance is a case where many closely spaced
states interact with several continua. As a consequence a
theoretical treatment, yet to be undertaken, will have to be
quite elaborate.
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Fig. 2 Schematic of the 3d->4p resonance manifold
as seen in absorption and its decay into
three exit or continuum channels. The inter-
fering direct photoionization processes are
also indicated as well as tne final ionic
states and the energies E of the emitted
electrons.

THE l»d+5p RESONANCE IN INDIUM

In this element belonging to the same group as gallium
strong resonances occur for the same type of excitation.
However, as seen from Fig. *l, there is. more variation in the
individual channels than was observed for Ga (see Fig. 3 ) - 3 At
the same time, the coupling of the 5p2 manifold has much less
effect on the decay characteristics than noted in Ga. For
example, peak 10 which is a 5p2 3P resonance state decays into
all channels, while in Ga the 3P,eX, channel was preferred. The
greater variety in decay paths for In can be attributed to (a)
the fact that intermediate coupling prevails imposing less
restrictions on the transitions and (b) the presence of many
two-electron excitations'* involving the 5s and 5p electrons close
to the positions of 4d->5p excitation.
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Fig. 3 The partial widths
of the decay channels and
the total width of the
3d+Ap resonance in atomic

•gallium as recorded in the
CIS mode of operation.
The top spectrum is
virtually identical with
the absorption spectrum.
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THE 5p+5d RESONANCE IN YTTERBIUM

Ytterbium is a closed-shell atom, but the presence of the
empty 5d subshell close to the 6s and 4f levels produces strong
resonances involving the indirect 5p-»5d transition and the direct
^f+eK, and 6s-*ep transitions. The structure observed5 in the
three main exit channels is plotted in Fig. 5. Further structure
occurs between 32 and 38 eV. However, since much of this range
lies above the 5p3/2 ionization threshold and above the
two-electron ionization limit, additional channels of the Auger
type open up. Preliminary data5 reveal the presence of these
channels, so that the three channels shown in Fig. 5 will account
for only part of the photoabsorption cross section reported
earlier.6

THE 3p-*3d RESONANCE IN MANGANESE

Transition series elements are subject to pronounced
resonance features which may occur at rather high energies, up to
nearly 200 eV, and which extend over a wide energy range.
Transitions will take place from p to d levels and from d to f
levels within the same principal shell. This implies that the
otherwise smooth behavior of the dynamic properties will be
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Fig. H The partial strengths or widths of the decay
channels over the Ud-»5p resonance in In as
recorded in the CIS mode of operation.

strongly disturbed in many elements of the Periodic Table. One
of the best studied elements is Mn and an overall representation7

of the behavior of at and ^ is shown in Fig. 6. At the
resonance all exit channels can be seen to be strongly enhanced
including the two-electron channels, the satellite line:, which
are due to 3d ionization together with either Us or 3d electron
excitation. Theoretical calculations8 of the resonance
properties are in good agreement with experiment for the 3d
channel and in fair agreement with the weaker Us channel.
However, no calculations exist so far for the ionization-with-
excitation channels.
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Fig. 5 The partial and total strengths of the decay
channels over the 5p-*5d resonance in Yb.

THE RESONANCES IN LEAD

In a- heavy element like lead with many subshells in the
outer regions of the ^tom many resonance states can be reacned
from different- subs^ells and these states can, in turn, decay
into many exit channel?. Resonances have been observed by us for
5d-*6p and 6s->np excitations. The 6s->-np resonance is oi
particular Interest, because the decay of the np3/zi n=7,8,...
states converging to the *F\y2 limit leads to a positive
contribution, a peak, in the 6p 2P 3/ 2, z% channel and to a
negative contribution, a window, in the other possible channel,

6p2pi/2»e2.• These contributions are of the same magnitude and
hence, cancel in a photoabsorption spectrum which measures only
the sum of the contributions.9 In contrast to the np3/-2 states,
the npx/2 states exhibit positive contributions in both exit
channels. A theoretical treatment of these closely related
resonances that differ so greatly from one another is still
outstanding.
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Fig. 6 The behavior of a and g for different exit
channels in the region of the 3p->3d resonance
in Mn.

FINAL REMARKS

Autoionization resonances have now been studied in a number
of atoms, many of them open-shell atoms, and they have been
characterized by their partial strengths and 6 parameters as
observed in ESSR experiments of the available exit channels. A
great variety in the behavior of the dynamic parameters has been
seen. So far no overall systematics have evolved. Theoretical
calculations are still lacking in many instances. The situation
appears to be more complex than it was for the related, but
simpler case of Auger transitions in the early phases of the
study of the Auger effect when the simple hydrogenic model could
provide some guidance for the transitions between inner shells.
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As we penetrate deeper into the shell structure, electrons
from deeper lying shells are excited and more exit channels
become accessible. In the transition region between the
classical autoionization region and the classical Auger effect
region, the radiationless decay of resonance states can involve
single-electron exit channels as described in this paper and
two-electron exit channels that are of the Auger type. Both
types of continuum channels couple not only to the resonance
states but also to each other and it will be of interest to
determine the degree of coupling between the various channels. A
few pilot studies, theoretical and experimental, have been made
in this region. A detailed study was carried out for Xe,10 in
which the effects of 4d+np resonances were delineated for the
Auger ionization channels and the 5s and 5p photoionization
channels. More work in this area is needed and will doubtless be
done in the future.
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RESONANCE PROJECTION OPERATORS FOR
ELECTRON SCATTERING FROM MULTI-ELECTRON ATOMS AND IONS

A. Temkin
Atomic Physics Office

NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771

INTRODUCTION

Archimedes dictum:

"Give me a place to stand and I will move the earth."

was paraphrased by Feshbach , recognizing the potential power of

projection operators, to read

"Given the appropriate projection operator one can

solve problems of nuclear structure and reactions."

Feshbach, it is clear, was primarily interested in nuclear physics.

If one is interested in atomic interactions, where the Coulomb

potential reigns supreme, one requires even more precision, and one

way to introduce our work is to paraphrase Feshbach:

"If one can construct the appropriate projection operators, one

can solve problems of resonant structure and scattering in

atomic physics."
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In this paper, I would like very briefly to review the main

elements of a recent paper,2 In which we have attempted to clarify

the elements of the Feshbach formalism' so that one may use It In

detailed calculations. I will also give preliminary results of such

calculations for the lowest resonance in e-He scattering,

He"[(Is)(2s2) 2S], and conclude with a sum rule among the

elements defining the projection operators and give a simple but

striking confirmation of it in both the elastic and inelastic

continuum.

PROJECTION OPERATORS

Projection operators are not generally unique. For example, in

describing nucleon-nucleus scattering a projection operator P, which

does not change the asymptotic form of the wave function:

lira PV = lim <P (1)

can readily be written down

P = r < R
(2)

The above P Is seen to depend on a radius R, which, however natural

in nuclear physics, i s not a useful concept in atomic ( i . e .

electron-atorn) scattering.
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To eliminate R, one can define a completely different ?,

P = <t> ><4>0 ( 3 )

whera $Q is the target ground state: With this P, Eq. (1)

continues to hold. This can easily be verified by noting that a

(single-channel) scattering function has the asymptotic form

lira ¥ = s l n ^ k r + n ) A (4)
r + °° kr o

The difficulty is that the P defined by (3) does not include

exchange, a property in the context of electron-atom scattering

which is both essential and nontrivial. The difficulty stems from

the fact if one constructs a symmetrized projector^, say

N + 1

i = 1

where,

P i

—̂

which is such that the asymptotic condition will be true for any

electron:
p. sin(kr -Trl./2+a.) . . .

such operators have defects which in one way or another stem from

the fact that they are not idempotent (P2 <f P, Q2 4 Q).

[Nevertheless, such operators, P and Q where Q = 1-p, which we

have called quasi-projection operators* can be useful.]
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So the problem becomes how to Include symmetry while retaining

idempotency. Here again, the essentials of the solution have been

given by Feshbach^. His treatment, however, has really required

considerable augmentation and refinement2 to be adequate for the

purposes of calculation. Here I will stress only the most important

ideas. The first in notation: r± is the radial coordinate of

ifc electron and r '* ' are the totality of the remaining

coordinates of the incident electron plus the (N-electron) target.

The r ^ appear naturally in terms of the channel wave function

(¥o) in which the wave function of the target ($0) is coupled to the

angles and spin of the i electron:

< L o l l M o"i l l ! 0 ( 8 oKo M J S M a )

The chief idea is define not P but Pf in symmetric fashion:

+ 1
P ? s ) (-1) u(r.)T (rVi/) . (8)

/. i o
i = 1

Note that this function does have the correct asympototic form (i.e.

the same asymptotic form as ¥ itself), but it is defined for all

values of each r^. It is not yet useful because u(r^) are

unknown to begin with. The second idea in getting a P operator is

to demand

<To(r
(i))(l-P)>f> = 0 . (9)



117

This too is much stronger than an asymptotic condition, because i t

must be true for al l values of (each) rj not just r^ •»• °°- To

manipulate (9) into a useful form define the projection

wd^} = (-1) 1<1Fo(r
(1))'i'> , £ ) . (10)

r

Hote that this is a useful projection, because in actual

calculations, we will have a (hopefully good) approximation for §Q

and we will use some specific ansatz for the total wave function ¥

Substituting P1?, Eq. (8) into (9) gives

= u(rp - <K(ri|r )u(r )> (11)

Here a l l (N) exchange terms combine into one integral defined by the

kernel K:

( i ) ( j ) . (12)
( }

The final step in deriving an explicit form of P is to expand K

in terms of i t s eigenspectrum (va,Xa) defined by
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(it is worth pointing out for the quantum chemists among us that the

v(r) are related to the natural osbitals of LSwdin^. As far as I know,

these functions have never been used in connection with projection

operators, but it is an interesting historical coincidence that when I

was a graduate student at M.I.T. in the fifties, LBwdin was a visitor

for a year (with J.C. Slater's group) while Feshbach then, as he is now,

was a prominent member of the physics faculty in nuclear physics).

The auxiliary elgenfunction problem, Eq. (13), turns out to be not

difficult to solve2 (see below). Here we use the fact that K can

readily be expanded in the v

*A v (r )v (r )
K ( r i h ) = I * I e • <">

B=I
 B

With this explicit expansion of K, Eq. ( l l ) can be inverted to find

u(r^) in terms oKr^):

vo(r,)<vot0>Z (15)

Using the RHS of (15) for u(rt) in the projection <4'o(r^
ibpi'> in

Eq. (9), we find

(16a)

N + 1

X6
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And f ina l ly noting from Eq. (10) that u i s a projection of ¥0 on V we

rewrite Eq. (16a) ,

N + 1

X -1
a

Comparing the left and right sides of (16b) gives the explicit form of

the operator

(17a)

N + 1

i = 1

and i t s complement

N + 1

X = -1
a

i = 1

cro a o (17b)

In Ref. 2 , we have actually solved the auxi l iary spectrum for

various approximations of 2-electron targets . I w i l l not repeat those

resu l t s at this point except to emphasize that even the simple open-

s h e l l i s a s p a t i a l l y non-separable approximation, for which the

auxil iary problem can be solved e x p l i c i t l y . Other items discussed in

Ref. 2, such as idempotency and i n e l a s t i c projection operators, I w i l l

not discuss in th is write-up except in so far as they are reflected in

the calculated re su l t s and sum r u l e s .
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SUM RULES AND CALCULATIONS

In Figure 1, we g ive r e s u l t s for the lowest e-He resonance [we"

( l s ( 2 s ) 2 2 S ) ] that we have thus far obtained. F i r s t l e t me emphasize

that a major contr ibut ion the work reported here has been done by Dr.

Alexander Berk. He h«is developed the formula and modified a program of

Dr. B. R. Junker to be appl icable to f u l l project ion operator

c a l c u l a t i o n s . Abstracts of these r e s u l t s have been submitted to the

upcoming (1985) DEAP and ICPEAC meet ings 6 . The wave funct ion is a 4 0

term C . I . wave funct ion (used a l so in Ref. 4) and the target wave

funct ions used in Q are named on the l e f t of the f igure . Calculat ions

for the Hylleraas target

e " ( r l r l + r 2 r 2 } [1 + Cj TX + C2 r2 + C12 r ^ ] + ( 1 - 2 )

are in progress . They are of considerable i n t e r e s t because the target

energy i s within 0.035 eV of the exact v a l u e , thus they should be

adequate to t e l l whether i t i s appropriate to substract from the

c a l c u l a t e d E the approximate (EQ) or the exact (Eo) ground s t a t e to find

the experimental resonance energy. Whereas when c a l c u l a t i o n s are done

with only a crude t a r g e t , i t i s c l ear that e-E0 i s preferable**, tut if a

s e r i e s of targets ar<» used, then e-E 0 may turn may prove to be
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The second point which is made a t the botton of Figure 1 is very

unexpected. The difference between projection (Q) and quasi-projection^

• • • ° . , ° —

sum. However, when the target approaches a closed-shell, then the

function va(a=l) approaches the filled shell orbital, thus

2, ¥ v><¥ v |r>+0. But for that very term, the eigenvalue X^l, so that

the quotient, as indicated in the figure, need not and does not approach

zero! What i t does approach depends on the form of the non-separable <t>0

one starts with; for the case given, the limit is the difference between

e - Eo and e - Eo for the closed-shell row. The real implication is

that the one case [ i . e . the closed shell (Hartree-Fock)], for which even

Feshbach himself thought that his projection operator becomes simple-3,

i t proves in fact to be not uniquely defined. Only for non-trivial

targets do P and Q turn out to be unique and substantial!

Before going on to sum rules, a word about width calculations. The

width is given by the formula^.

¥ (o>T = 2k |<P¥(o> I H - E |Q$ >|2 (19)
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In principle p ^ 0 ' is the non-resonant continuum function, which is the

solution in the presence of the optical potential less the specific

resonant term (labelled n above). In practice, we have found8 that the

exchange approximation, Yex = P ^ 5 (-l)Piu0(r1)Vo(r^ 1^) is an

excellent approximation of the non-resonant continuum; i t satifies

<f o ( r ( i ) ) | K - E | p1Pex > = 0 . (20)

By virtue of the above and the fact that the form of V = P^er

(who is taking the lead in this part of the calculation) has shown that

F reduces to the form

r e x = 2k I <*ex I H" E I *>!2 (21)

for which, as can be seen, no further projections are required.

In Ref. 2, wa also developed generalized projection operators for

the inelastic doman; I will not repeat that material here except those

definitions which appear in the numbers with which I will conclude. The

inelastic P operator is given by

N + 1

P = V I * ( r ( j ) ) > . < ¥ < r ( j ) ) (22)
t-i ' O O

j = 1

X
a
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Using the *?0 of Eq. (18), we have solved variationally for v a

va(r) = e"*
1* ( C n + C12 r) + e" ** (C21 + C22 r) (26)

Since va has four linear parameters, there are four eigenvalues which

are given in Figure 2, together with their reciprocal sum, which is the

left and side of the sum rule. The RHS can be evaluated directly from

<F at ri = Tn = r an<* integrated over r. One sees agreement to one part

in 105, thus for further calculational purposes, which are in progress",

this set of va should be more than adequate.

I stress, however, that the derivation of the RHS from unity is

real! Only if one uses a 9^2 (or r^2) independent ansatz for §o will

the RHS be exactly 1 (in the elastic regime). Any 912 (r12) dependence

will decrease the RHS, and in the present case, we would estimate that

even an exact $Q would render the RHS £ 0.995. This is a useful sum

rule; its connection with tha sum rule given by Feshbach2, which is also

known in connection with natural orbitals, will be discussed elsewhere.9
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Using the 'P of Eq. (18), we have solved varlatlonally for v

va(r) = e ' r i t ( C u + a12 r) + e" 2 (C21 + C22

Since vQ has four linear parameters, there are four eigenvalues which

are given In Figure 2, together with their reciprocal sum, which is the

left and side of the sum rule. The RHS can be evaluated directly from

fQ at t, = r« = t and integrated over r. One sees agreement to one part

in 10^, thus for further calculational purposes, which are in progress6,

this set of va should be more than adequate.

I stress , however, that the derivation of the RHS from unity is

real! Only if one uses a 9^2 (or r^2) independent ansatz for <|>o wil l

the RHS be exactly 1 (in the elastic regime). Any 6,2 (r1 2) dependence

will decrease the RHS, and in the present case, we would estimate that

even an exact $0 would render the RHS <_ 0.995. This is a useful sum

rule: i t s connection with the sum rule given by Feshbach^, which is also

known in connection with natural orbitals, wil l be discussed elsewhere.'
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RESULTS He" [Is2s2 2S]

(A. BERK, A. K. BHATIA, B. R. JUNKER and A. TEMKIN)

Calculation uses 40 term (C.I.) wave function

In Rayleigh-Ritz variational principle

QHQ = 0

TARGET

APPROXIMATION

TARGET QUASI-

ENERGY (eV) PROJECTION
_ A

FULL PROJECTION

t - \

CLOSED SHELL

OPEN SHELL

CI

-77

-78

-78

.487

.249

.780

19

19

19

.360

.378

.377

19

19

19

.582

.655

.603

18

18

19

.067

.902

.381

HYLLERAAS -78.9667 -CALCULATION IN PROGRESS-

( 4 TERMS, 2 NON-LINEAR PARAMETERS)

EXACT (Eo) -79.00016
(Pekeris)

19.367±.OO7 Exper

NOTE: £? £ FOR CLOSED SHELL (f>0 EVEN THOUGH

THUS P OPERATOR HOT UNIQUELY DEFINED:

x+i
1 + Q

Brunt, King, Read, J. Phys. B W_, 433 (1977)

Figure 1
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SUM RULES (Berk and Temkin)

START WITH \
B-l

K
y

EVALUATE FROM LHS AND RHS SEPARATELY:

LHS I I —y f i I
B W 6 B

RHS

CHECKS

TARGET FUNCTION LHS RHS

OPEN SHELL ^ - = i - + D , v - D 1 l

AB l Z

HYLLERAAS (4 te rms , 3 n o n - l i n e a r parameters) 0.9949425 0.9949514

Xfl= 1.009453, 232.8522, 80100.97, 4817338

TWO OPEN CHANNELS (open s h e l l )

XB= - 2 , 4 , - 2 , 4/3

0 0

Figure 2



129

ELECTRONIC VERSUS VIBRONIC AUTOIONIZATION

Paul-Marie GUYON8 and L.F.A. FERREIRAb

a) L.C.A.M. Bat. 351 Univers.it{ Par i s Sud Orsay and LURE Bat . 2O9C

b) Centro Physica Molecular dos Universidades de Lisboa

Av. Rovisco Pa i s 1000 Lisboa Portugal

I—INTRODUCTION

1) The nature of autoionized s t a t e s .

Photon excitation into a bond-orbital leads to a neutral
excited state of the molecule which belongs either to a discrete or
to a continuum spectrum (dissociative state), whereas excitation into
a free orbital leads to the ionisation continuum. With this simple
description one should observe only discrete or continuum spectra.
However as early as 1923, Henri discovered in the absorption
spectra of polyatomic molecules that some bands of a discrete
spectrum could become diffuse. He called th is phenomenom pre-
dissociation to illustrate the idea that the molecule was prepared in

a quasi-discrete state which, because of some perturbation, would
2

evolve in time towards dissociation. Similarly Beutler in 1935 found
structures in the absorption spectra of the rare gases, beyond the
ionisation limit and called this auto-ionisation. Later, Herzberg
renamed i t pre-i rm' sation to stress the analogy with pre- dissociation.

Because quite different physical situations may occur depending
on photon excitation energy, one usually classifies the domain where
the valence electrons of the molecule are excited into two regions :
0-8 eV and 8-40 eV. The low-energy valence spectral range beeing that
of usual photochemistry where excited molecules can only radiate or
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dissociate and the higher spectral range where 'super-excited states'
(Platzman) can interact with the various ionization continua . There
a quasi-discrete Rydberg state can either radiate, predissociate or
preionize, leading to the production of various neutral or ionized
products.

Two types of such states are to be considered: those having an
electronically excited ion core and those with an electronic ground
state ion core but rotationally and vibrationally excited.

Finally one should also consider the valence states with or
without core electronic excitation. These differ from the Rydberg
states because they are repulsive due to the antibounding character of
the valence 'unoccupied' orbitals, whereas the Rydberg states are
usually bound like their ion core series limit.

These valence states are only found of course in molecules and
may carry a large fraction of the absorption oscillator srength due to
the compactness of their electronic radial wave function. They thus
often dominate the absorption spectrum in the valence region (ie. 95%
in the case of HCl ). We will see that these valence states couple

with both types of Rydberg states thus inducing a vibronic relaxation
and autoionization.

2) The Decay Products.

Excitation of any of these states may result in the formation of
a number of rovibranically excited ionic and neutral products. One of
the aims of our current experimental effort is to map up the branching
ratios and the partial cross sections, which can be now measured

precisely using synchrotron radiation ' , with absorption. Figure 1
summarizes the various processes.

All these decay processes, however, do not occur on the same time
scale. It is thus practical to distinguish between the primary

interactions as photon absorption and electronic correlation which may
induce fast transitions in typically 10 to 10 s, which are
faster than nuclear motions and secondary processes which are slower.
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Dissociation

Fluorescence A"+ B+e-*-A+B+9-+ hv

o'nuiv.3)

839.0 X (A)

Fig. 1 Fig. 2

Many of the later have characteristic interaction times ranging frcm
-12 —5

10 to 10 s and may involve other types of perturbations, leading
for example to the production of metastable fragment ions .

3) Types of coupling : Theoretical models.

In order to interpret experimental data we essentially deal
with two theoretical tools, f i rs t the ELECTRONIC flDTDIONISflTIQW model

7 8 9

developped by Bardsley , Smith and Mies , witiiin the frame work of
•tine Bom Qppenheiiner and Eranck-Gandcn approximations in which nuclear
motion does not play a role in the dynamics except for trivial nuclear
overlap probability factors, and the VIBBEEIONKL 2WD BOTKEIONRL
WT0I0NIZATION model primarily developped by Jungen and collaborators

' in which non Bom Oppenheimer terms due to nuclear motion induce
the transit ion.

Interactions between neutral dissociation and ionic continua
have only recently begun to be studied experimentally for polyatomic

molecules 12 and no theory i s capable at present to reproduce by
calculation the detailed information thus obtained. However new

TO

developments of MCPT theory by Jungen and Giusti Suzsor have been
applied sucessfully to diatonic molecules like NO. Extention of the
theory to polyatomic molecules i s not tr ivial because of the larger
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density of states and the related internal conversion problem.

Our work on autoionisation of small diatomic molecules:
4

2 ^ ' CO17- H C 1 and HF ,
and triatomic molecules:

OO28, COS 1 9 ' 2 0 , N 20 2 1 CS^andSl^O23, has led the Orsay group to
propose a simple model which may stimulate further theoretical
developments eventually combining the concepts of MQDT and
radiationless transitions theory.

In the present paper we will illustrate these ideas on some
specific exanples taken from the experimental work dene at Orsay using
Synchrotron radiation source from A00.

I I A QUASI DISCRETE STATE IN ABSORPTION

The equivalence between preionization and predissociation
processes as far as absorption i s concerned i s illustrated by the
similarities in line shapes and the succes of Fano's CI theory to
describe both processes.

This i s particularly clear for the simple case where one
discrete state interacts with a single continuum. Fig. 2 shows the
result of a Fano profile analysis of two absorption lines in the
absorption spectrum of molecular hydrogen. They correspond to J=l and
3=2 V'=3 levels of ul£ state. These are predisscciated by Bsf"~ and
to state through the coupling of electronic motion with nuclear
rotation. The fi t of the calculated profile with the experimental
data is as good as obtained in the case of autoionization of atoms,
and the width as well as the profile index can readily be correlated
to the interaction V,~ and the wave functions .

This example illustrates how ths absorption line shape reflects
the primary interactions of the photon field with the mutually
perturbed optically accesible quantum states. However the line shape
analysis does not provide any usefull information on the final state
branching ratios. Actually, in the preceeding example, K^ dissociates
Into two product states: H(1S) + H(2S) and H(1S) + H(2P) which are
quasi degenerate but could be separated experimentally by observation
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of ths Lyman « atanic fluorescence. These products result from weaker

interactions occuring at larger intemuclear distances while the two

nuclei separate and the branching ratio cannot be directly connected

to the absorption profile.

Ill ELECTRONIC AUTOIONIZATION IN DIATOMIC MOLECULES

1) The Bardsley and Smith model

Fano's CI theory has been extended to the problem of

autoionization of molecules by Bardsley, Mies and Smith 7,8,9. A

simple expression was derived for the autoionization of a discrete

vibrational level v into a single electronic ionization continuum f

as the product of Franck-Condon factors between the neutral state i

and the various resonance state v, and between the resonance states

^ with the ion vibrational states a of the ionic state f. Eland

has derived a simple expression :

max

where a1"8* and cr_ , are the photoionization cross sections at the

_2
peak maximum and base which are derived from experiment and v . and

2 "•>'1

F are the Franck Condon factors for direct ionization and
autoionization respectively, o- and crf are the partial and total
ionization cross sections respectively.

2) The oxygen molecule.

This model, illustrated by the diagram in Fig.3, has been tested
experimentally for 02 by several authors. First, Blake and Carver 2 7

using rare gas continua obtained PES of 02 at several wavelengths.
They observed that the vibrational distribution when one excited

autoionized lines varied markedly from that observed using He I .
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02 and O{ POTENTIAL ENERGY CURVES O2 H SERIES

PHOTOEUECTBON TOF SPECTRUM
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M

Fig. 3 Fig. 4

28 29
Later Tanaka and Tanaka and Kinsinger and Taylor studied seme of
the series converging to the aT^ state of Oj and obtained a fair
agreement with the theory. Recently Eland repeated these
experiments at greatly iinproved resolution ( i .e . ,0 .3 A) in excitation
and 35 meV in electron energy and obtained a better agreement with
theory.

These experimental studies have been performed using
electrostatic energy analysers to measure the photoelectron energy
distributions upon excitation of Rydberg resonances so that published
data miss the low energy part of the electron spectrum ( ie . E < 0.5
eV) associated with high vibrationally excited ions. In addition, the
data calculated according to formula 1 and experimental results show
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deviations which may not be associated with statistical errors, but
possibly misassignment of the perturbed Rydberg series or frcm the
fact that both photoionization cross section and PES were neither
measured in the same experiment, nor with the same resolution. We
have thus reexamined the problem and studied 19 members of the series

labelled H,H' , I , I ' and M in 0-j which are observed above the
30ionization threshold . The data presented below where obtained

21using t h e double e l e c t r o n - i o n TOF spec t rometer

The game consisted in first assigning the series observed in our
total photoionization spectrum ' to vibrational progressions of
given Rydberg states. This was done using Birge-Sponer plots from
which one deduced that all the series belonged to Rydberg states
converging to a IT state of the ion. Then one fitted the observed
TOF photoelectron spectra to calculate distributions according to
formula 1, using one adjustable parameter r , the vibrational
constants w_ and w xQ beeing obtained from the Birge-Sponer analysis.

6 6 6

The values of CT max and a- were deduced frcm the total ionization
spectrum.

3) Autoionlzation from Rydberg states.

Figure 4 shows typical TOF spectra obtained at excitation
energies resonant with a vibrational level of the ion (a) and off
resonance (b). One observes the large threshold photoelectron peak
typical for TOF data when photon energy coincides with a vibrational
state of the ion; this peak is absent otherwise. The bars represent
the actual phoelectron peak intensities after correction for the
apparatus transmission function.

Figure 5 shows normalized photoelectron spectra for three
different vibrational levels of I series. One readily observes the
good agreement between both calculated and experimental data which
extend well over Eland's results towards the limit of zero energy
electrons. This is important since on the basis of previous

observation of abundant threshold electrons resulting from resonant
21autoionisaticn in triatomic molecules , one may have expected some

peculiar behaviour for such low energy electrons in the case of
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diatomics also.

This i s a t evidence not the case here and or© concludes together
with previous authors that autoionization of these series in 0 2 i s
well explained by BS's model even for low energy electrons. The later
can simply be explained as resulting from non zero Fxanck Condon
overlap between vibratLonal wavefunctLons of the Itydberg series and of
O2X(v') s t a t e s .

4) Autoionization from valence s t a t e s .

At t h i s point one may wander whether the underlying continuum
ac i s only due to the direct X 2n ianisation continuum or whether i t
contains some admixture from other continua. Such continua
originating from autoionization of valence states which are known to
be present since the ionization cross section varies from 80% to 50%
of the absorption cross section in that region of the spectrum.
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We thus looked at the PES at excitation wavelengths in the
valleys between the sharp autoionization peaks. The data shown in
Fig.5 exhibit a large distribution of photoelectron energies
extending far beyond the Franbk-Condon region for direct ionization.

15L.F. Aurelio Ferreira has assigned these distribution to

autoionization of valence resonance states. Their contribution to
urderlying ionization continuum is estimated to vary from 40 to 50%.
These valence states do also predissociate the molecule since the
ionization quantum yield Is only about 40% around the I(v=3) peak.

This interpretation raises the question about the autoionization
mechafiian and whether model 1 (electronic) or model 2 (vibratLonal )
would apply or whether one needed a more sophisticated model as

13developped by Giusti-Suzor in the case of 1*3 .To our opinion,
provided that the autoionization width rD x <~ w, the vibrational
frequency, model 1 can be applied as a f i r s t approximation.

The photoelectron energy distribution can be estimated as
follows: one makes the classical approximation of a delta function for
the valence D state nuclear wave function. Then the Frank-Condon
factor F in equation 1 writes:

xa(r)s(r-rd)dr] 2 (2)

which reduces to :

Cxa(rd)]
 2 (3)

where r d is the left tumig point on the valence D state as shown in
figure 7. For a diatomic molecule this Franck Condon factor i s
actually non zero except when r coincides with a node of the x
nuclear wave function. These zeros become minima when a more
real is t ic continuum wave function i s used instead of the delta
function.

This study directly confirms the fact already invoqued to explain
some of -Hie photoelectron energy distributions In triatomic molecules
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1 8 - 2 3 that dissociative resonance states iiribeded in the ionization
continuum may autoionize producing large distributions of
vibrationally excited ions. Excitation of valence states was

13invoqued by GLustL-Suzor and Jungen to quantitatively interpret the
photoionization spectrum of NO near threshold. These authors
demonstrated that autoionized peaks which may have been interpreted
as a product of vibrational autoionization resulted in fact from
electronic coupling of the Rydbergs with the valence state . The
corresponding PES have not yet been observed experimentally but they
are expected to be similar to those just presented above for (X, and
should not manifest either the zero energy electrons maximum typical
of polyatomics nor the AV=-1 propensity typical for vibrational
autoionization as observed in R^.

From the present analysis one may expect vibrational
autoionization in diatomic molecules to be a rare phenomenon since
except for Ho most have valence states which couple both to the
Rydberg levels and the ionization continuum inducing what Giusti et
al. call vibronic autoionization. This is how we interpret now the
origin of fine autoionization structure observed in the fluorescence
excitation spectra of ot , N~ , and N̂ O* between vibrational
thresholds of electronically excited states.

IV AUTOIONIZATION IN POLYATOMIC MOLECULES

1 An exaiqple: the OCS molecule

Photoionization spectra of sane linear small polyatcmic molecules
do not look at first sight more complex than those for diatcmics. As
an example, the photoionization spectrum of OCS, shown in figure
197b , may in a first approximation be interpreted as the result of a

superposition of autoionized Rydberg series converging to the B sf
s t a t e of OCS onto the d i r e c t i o n i z a t i o n continuum.
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Fig. 8

HO 700 no fQO isa too

Photon woveten^h

Fig. 7

The Hel photoelectron spectrum in figure 8 shows well resolved
vibronic bands which we immediately associate to the various excited
valence state of the ion, thus conforting the simple independent
electron picture.

However the TPES shown in figure 6c, shows additional features
not seen in the Hel PES. These sructures common to most TPES spectra
coincide with the RB Rydbergs seen in the total ionisation spectrum
and are consequently assigned to an autoionisation mechanism which
produces highly excited vibational levels of the ion in its ground
state. The interesting question is whether these ion states can be
produced either by direct ionisation or by an electronic
autoionisation mechanism. Answer to this question is given by
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inspection of the potential energy curves:

Figure 9 reproduces cuts through the potential energy surfaces
derived fron spectroscopic data. I t appears that the B state of the
ion and consequently the Rydbergs converging to i t have a geometry
similar to that of the ground s ta te so that vert ical autoionisation
from these RB levels are expected to produce essent ia l ly lowest
vibrational levels of the ground state ion and therefore energetic
rather than threshold electrons.

A MODEL, FOR

RESONANT AUTOIONIZATION

/RA.m.v

ftlO-C'.l)

Fig. 9
X neutral v«OOO

Fig. 10

This unexpected appearance of threshold electrons has since been
observed in a number of molecules. It© phenomenon was called resonance

autoionization to s t ress the fact that they are produced in an
anomalous large number, with c distribution largely peaked at zero

12energy. A mechanism has been proposed to explain -the pltenomenon , i t
will be described with sans additional features in the next paragraph.

Before discussing the mechanism, one remarks that the TPES yield
in the region of A state (figure 6c) shows great ressemblance with the
Hel PES at variance with the TPES. Ihis i s explained qualitatively by
the danination of electronic autoionization in that region of the

spectrum.
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2) A model for resonance autoionisation

We new ocme to the point of understanding the origin of threshold
electrons in Franck-Condon gaps for both direct and autoionisation

where model 1 can in no way explain the production of threshold
electrons.

Two mechanisms can be involved for the relaxation of electronic
energy into vibrational energy: first the vibronic relaxation of the
ionic core known as internal conversion for states of the same
multiplicity or intersystem crossing for states of different
multiplicities such as doublets and quartet states of molecular ions.
Second the vibronic relaxation of the excited neutral state prior to
autoionisation.

We distinguish these two mechanisms since in the first one the
Rydberg electron may act as a spectator in contrast with the second
one where it induces the process. Situation I is of course expected
to occur primarily for Rydbergs having high principal quantum number
and situation II for low lying Rydberg states which can interact
strongly with valence states inducing a predissociation of the system
which may not always lead to fragmentation but to ionisation.

Both processes may result in the formation of slightly bound
electrons in vibrationally excited RX(n,v) ground state ion
Rydbergs. These states may later autoionize vibrationally as discussed
below.

The model presented in figure 10 involves first the optically
accessible states: RA(m,v) a discrete Rydberg state convexging to an
electronically excited ion state; the RX(n,v') Rydbergs and the
associated X,v* ionization continua; and at least one dissociative
valence state D which crosses the F.C.region above the ionization
potential.

Absorption may populate RA(n,v) or D;
D is coupled both with RA, RX(n,v') and the X continua of the

same symetry (homogenous coupling).
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In the model presented previously, excitation of either EAorD
resulted in three types of election distributions: Autoionisation from
RA led to the production of principally low X state levels and
autoianisati.cn from D gave an extended but flat distribution of X
state vibrational levels both similar as one observes in diatomics
and the threshold electron peak originated from final vibrational
autoinization of the Rx(n,v') Fydbergs indirectly populated via
coupling with D producing low energy electrons.

Population of these high lying Rx(n,v') states can easily be
understood if one reminds that the interaction responsible for
autoionisation of D namely VD x is also responsible for the coupling
of the valenc© state with the Rydbergs in the discrete part of the
spectrum. Quantum defect theory tel ls us that:

r2R^/
VD,RX(n'vI) = 3/2 )Vr>,X <x(D)ix(RX,n,v')>

Two limiting cases can thus occur: either D is weakly coupled
with the lonization continuum (eg. VD x is small) and the D state
cresses the Rydbergs diabatically lead-ing to dissociation, either i t
is strongly coupled and avoided crossings are experienced for the
lowest n Rydbergs, in which case direct dissociation becomes
impossible, vibrational interaction mixes all the quasi degenerate
RX(n,v') states with the ionizaticn continuum resulting in ejection of
low energy electrons.

The essential difference between diatomic and polyatomic
molecules results from the fact that the la ter presents a
nultidlmensional potential surface as well as the intersection between
D and RX(n,v'). Therefore, in a semi-classical approch, at each
passage through the crossing the nuclei can be scattered in other
directions than that of the reactive path leading to D, thus
redistributing the vibrational energy over all modes making the way
back to D and therefore electronic autoionization less likely than for
diatomic molecules.
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If vibrational autoicnizatlon does actually take place one has
to explain why i produces threshold electrons in a distribution
sharply peaked at zero energy:

Let us eccis* cter again the case of the triatomic N20 and let us
assume that the vibrational state of a given RX(n,v') can be
described as a product of three oscillators Wave functions: x^, x^, x~
and that vibrational transition to the continuum can occur from any
of these modes let us say ~i* (some hypotheses must be made on the
variation of the quantum defect). Then the most favorable situation
for vibrational autoionization is when the Franck-Cbndon factors for
two of the other modes -^ and ->>g are unity. This could actually be
the case for the higher Rydbergs lying within lOmev of the ion limit,
in which case all the vibrational energy is stored on one single mode
with a high value of the quantum number v and this favors the
autoionization probability which according to Jungen et al. i s :

rr 2n 2 Y± §tL
n,v+l " ZU

 n3Kw 6r

However the AV=-1 selection rule will produce electrons of
several 100 mev when one uses the stretching frequencies in N20

+ . In
the simulation published in ref 12 we had to assume tfiat Eranck-Oandon
factors for delta v j*0 were not null to allow changes of all -three
vibrational quanta in t̂ O to ensure energy conservation for production
of threshold electrons, but did not explicitely introduced the
dependence of rn v + 1 with both v and w the vibrational frequency. I t
is evident that as long as the model is valid, excitation of high
lying bent vibrational levels will increase the autoionization rate
and f avor i se the production of th resho ld e l e c t r o n s .

If the model is correct one should produce vibrationally selected
states of the ion in high vibrational bending modes. This preparation

should thus affect the No0
+ ion fragment state distributions

26observed in photoionization coincidences experiments
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CONCLUSION

At this point we may conclude that photoionization of small
polyatomic molecules is to a large extent similar to that of diatomics
and basically understood using the now classical concepts of direct
ionization including shape resonances in partial ionization channels
and electronic autoionization from both bound Rydberg states and
dissociative resonance valence states.

The interaction of valence states with the ionization continuum
are now beginning to be understood both qualitatively and
quantitatively. Besides contributing to electronic autoionization
their coupling with all Rydberg states contributes effectively to the
relaxation of electronic energy into vibrational energy in the case
of small polyatomic molecules. This results in the production of low
energy electrons as a secondary decay proces which has been called
resonant autoicnization. This process is also very likely the cause of
fragment ion formation at thermodynamical onsets when the later fall

within Franck-Condon gaps.

27
This phenomenon is still more important in larger molecules

but may rather or also result from the ion core internal conversion
prior to autoionization.

From a theoretical point of view, it would be of interest to
combine the recent developments of MQDT as applied to diatomic
molecules with the recent Knowledge in radiationless transitions
theory. It would also be fruitful to compare this phenomenon to the
analogous detachement of low energy electrons after scatering of

op

energetic electrons on polyatomic molecules as observed by Allan
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MOLECULAR AUTOIONIZATION AND PREDISSOCIATION

AS MANIFESTATIONS OF CHANNEL INTERACTIONS.

Ch. JUNGEN
Laboratoire de Photophysique Moleculaire du CNRS

Universite de Paris-Sud, 91405 ORSAY France.

Molecular autoionization, synonymously called pre-
ionization in analogy with the molecular phenomenon of
predissociation, is usually interpreted as being a con-
sequence of a coupling which occurs between a discrete
energy level and a ionization continuum in which the
level is embedded. Through this coupling and the ensuing
quantum-mechanical mixing, the discrete level is broade-
ned and becomes itself part of the continuum, i.e. a
quasi-discrete resonance is formed. This analysis of
resonance phenomena, which underlies for instance the
widely used Fano formula 1 describing the shapes of iso-
lated resonances, sets out by distinguishing discrete
and continuum states. Progress in more recent years has
led to the realization that the discrete level often
belongs to a family of related levels, i.e. it is it-
self part of a quasi-continuum of levels. Thus the con-
cept of channels has emerged : a Rydberg series for
example constitutes the "closed portion" of an ioniza-
tion channel, which also includes an "open portion",
namely the corresponding ionization continuum. One now
considers couplings between entire channels rather than
between individual states. Fig. 1 illustrates the rela-
tionship between the two points of view. The channel
picture has been exploited extensively in the multi-
channel quantum defect theory which first was developed
into a workable theory in Seaton's laboratory 2 . The
distinction between discrete levels on the one hand and
continuum states on the other hand is here replaced by
the distinction between different atomic or molecular
channels, closed or open at a given energy. While in
the first case the distinction emphasizes the asympto-
tic behavior of the atomic or molecular wavefunction,
it identifies in the second case its behavior at short
range, namely the internal state of the atomic or mole-
cular complex. Thus the focus of attention is shifted
from the physics at long range to that at short range
where the couplings have their origin, in other words,
where the scattering process between target ion and
electron takes place. Several review articles 2» 3 > l t

have described in detail the theoretical procedures
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necessary to apply the
point of view of quantum
defect theory in practice.

A central feature of
quantum defect theory is
that it treats the discre-
te range, the resonance
range and the continuum
range (cf. Fig. 1) on the
same footing. To the ex-
tent that the channel cou-
plings, measured per unit
energy by quantities ana-
logous to the familiar
quantum defects, vary
smoothly with energy
(which is often the case
in real systems), a rela-
tionship is established
between phenomena charac-
teristic for the different
spectral regions. For ins-
tance the spectral level
perturbations affecting
the discrete part of the
spectrum are described by
the same channel coupling
parameters which account
also for autoionisation
processes occurring in the

resonance range and for the inelastic scattering proces-
ses which take place in the continuum range. This means
that rather than studying just a particular molecular
process - for example autoionization - one should where-
ver possible aim at a comprehensive understanding of di-
verse experimental data pertaining to different spectral
regions given the fact that these reflect the same phy-
sics. Numerous attempts in this direction have been made
in recent years. Comprehensive detailed multichannel
quantum defect calculations have been carried out for
several small molecular systems in our laboratory : vi-
brational and rotational autoionization and predissocia-
tion in the ungerade states of H2

 5, electronic autoio-
nization in N2

 6, electronic predissociation and its
interplay with autoionization in the gerade states of H2
and in NO 7, spin-orbit effects in HI e . A common fea-
ture of all these studies is that they deal simultaneous-
ly with discrete and with continuum states. Molecular

Fig. 1. Schematic represen-
tation of the interaction
between two channels.
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work along similar lines has been carried out, among
others, in Nakamura's group concerning various aspects
of channel interactions in H2

 9 and by Dagata and
McGlynn concerning the polyatomic system CH31

 10«

Two typically molecular aspects of channel inter-
actions may be mentioned here. One is the inherently
much larger number of channels present in any real mo-
lecule as compared to atoms, and is due to the additio-
nal degrees of freedom associated with nuclear motion.
As a consequence two-channel situations are only rare-
ly realized in molecules (but intuitive reasoning usual-
ly remains restricted to them). Instead, multichannel
situations are more typical for molecules and often
give rise to unexpected spectral and dynamical features.
This is discussed in some detail in this volume by
Giusti-Suzor and Lefebvre-Brion.

The second ^pect is molecular dissociation which
usually enters into competition with ionization. Fig. 2.
presents four sets of fixed-nuclei potential energy cur-
ve diagrams relevant to the competition between ioniza-
tion and dissociation processes. The two diagrams on the
left pertain to neutral systems while the two diagrams
on the right pertain to negative ions.

The top-left diagram constitutes the simplest sche-
me giving rise to ionization as well as dissociation in
a neutral molecule. It refers to a "Rydberg molecule",
namely one whose excited states have all Rydberg charac-
ter. The Rydberg states are represented by the infinite
manifold of Rydberg curves which run nearly parallel to
the asymptotic ion curve. Taken together with the adjoi-
ning ionization continuum they represent a molecular
ionization channel. Dissociation comes in here because
each of the Rydberg curves leads to dissociation at a
finite energy. The fact that the Rydberg curves do not
run exactly parallel to the ion curve is significant :
this is the manifestation of the slight bonding effect
exerted by the Rydberg electron on the positively char-
ged core. It is also the physical reason for the occur-
rence of autoionization as well as predissociation in
Rydberg levels which lie above the ionization potential.
If the series of Rydberg curves is represented by a quan-
tum defect u, one finds that an R-dependence u (R) must be
included. It turns out that in tne quantum detect tneo-
ry which allows for vibrational motion of the nuclei,
this R-dependence mediates the dynamical exchange of
energy between the Rydberg electron and the vibrating
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Fig.
Potential energy curve diagrams relevant to competing
ionization and dissociation processes (schematic, see
the text). Continua are indicated by hatching (ioni-
zation - vertical, dissociation - oblique).

core and thereby accounts for autoionization and predis-
sociation lx. Although these decay processes are in com-
petition when the system is excited above the first io-
nization and dissociation threshold, they are in fact
driven by the same physical short-range interaction
which is embodied in the quantity y(R). Note that the
figure has been drawn assuming the frequent case of an
antibonding Rydberg electron (corresponding to a quantum
defect which increases with internuclear distance) :
each Rydberg state is lowered with respect to the ion
curve somewhat less on the left hand side as compared to
the right hand side. As a result one might say that the
"center of gravity" of the molecular ionization channel
slopes upward as the internuclear distance decreases.
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This phenomenon is of course just the familiar "promo-
tion" of a Rydberg electron 12.

The top-right diagram of Fig. 2 depicts an analo-
gous situation for a negative ion 13. The main diffe-
rence with respect to the neutral case is that the in-
finite number of Rydberg states supported by the deep
attractive Coulomb well now has disappeared. Instead a
single curve representing dissociation of the negative
molecular ion into a negative and a neutral atom is
present at large R. This curve is sloping upward and
disappears at the point where it becomes degenerate
with the ionized (neutral) curve. This scheme pertains,
for example, to dissociative attachment and associative
detachment collisions at small energies in hydrogen
halides but it has also been used to study the system
Hj (see the papers by Gauyacq 1 3 ) . The common features
of the two schemes at the top of Fig. 2 are : (i) one
of the electrons is assumed to be moving for the most
part outside a molecular core (positively charged or
neutral), (ii) the purely electronic short-range dyna-
mics arising from the penetration of the outer electron
into the core is represented by the adiabatic (fixed-
nuclei) phase shift (quantum defect) which varies smo-
othly with energy, (iii) its R-dependence contains the
germ of the non-adiabatic processes (predissociation,
detachment etc..) which occur when rotational-vi bra-
tional motion takes place. The theoretical treatments
of the full dynamics of combined nuclear-electronic mo-
tion for situations corresponding to the top-left and
top-right diagrams of Fig. 2 11,13 have been developed
recently by independent groups ; they are however remar-
kably similar in spirit.

The bottom-right diagram of Fig. 2 depicts a si-
tuation in a negative ion system where the dissociative
curve retains its identity to some extent throughout
the full range of internuclear distances, The bottom-
left diagram represents the analogous situation for a
neutral system. The assumption here is that the inter-
action of the dissociative state with the ionization
channel is relatively weak. Strictly speaking, the re-
sult of this interaction should be indicated in both
figures by a broadening of the dissociative curve in
the range where it lies above the ionization curve. Si-
milarly, in the bottom-left diagram an infinite succes-
sion of avoided crossings between the Rydberg and va-
lence state curves occurs but is not shown. The NO and
N2 systems furnish typical real examples corresponding
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to the bottom part of Fig. 2 (except for the fact that
N2 does not have a purely dissociative potential energy
curve, and the well-known B2n valence state curve in NO
which is responsible for dissociation in the range near
the ionization potential does also support more than 30
stable vibrational levels at lower energies).

The theoretical treatments of "resonanf'interaction
corresponding to the bottom part of Fig. 2 explicitly
introduce an electronic interaction parameter (equiva-
lent to a resonance width) which is responsible for the
coupling between the two types of channels (e.g. ioni-
zation and dissociation channels). Note that no such
interaction needs to be introduced beyond the "non-reso-
nant" electron-core interaction for the situations cor-
responding to the top part of the figure ; the reason
for the conversion of energy there is just the fact
that combined electron-nuclear motion is non-adiabatic.
The prototype example N2 has been the subject of many
calculations ranging from the empirical treatment of
Herzenberg (boomerang model) l" to the sophisticated
fully ab-initio calculations of Schneider, Le Dourneuf
and Vo Ky Lan 1S. The bottom-left scheme of Fig. 2
for a neutral system has only recently become amenable
to a theoretical treatment which is based fully on scat-
tering theory (i.e. the quantum defect method) 1G.

Finally it must be stressed that the distinction
between the situations symbolized by the top and bottom
parts of Fig. 2, respectively, is really an artificial
one. Indeed, if the "resonant" electronic interaction
between dissociation and ionization channels becomes
very strong, the "non-resonant" cases corresponding to
the top of the figure are approached again. It is then
clearly desirable to have a general theoretical method
available which contains the resonant and non-resonant
cases as limiting situations. This synthesis has alrea-
dy been achieved for negative ions in the sense that HJ,
which must be situated intermediate between the top-
right and bottom-right schemes of Fig. 2, has been
treated successfully in a resonance formalism 17 as well
as in a non-resonant approach 18 . For neutral systems
this synthesis is today still lacking. Work towards a
unified treatment applicable to the top-left and bottom-
left schemes of Fig. 2 is in progress 19 . It is hoped
that it will lead to a quantitative understanding of a
wider class of molecular ionization and dissociation
processes than has thus far been possible.
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AUTOIONIZATION RESONANCES OBSERVED IN THE PHOTOIONIZATION
EFFICIENCY SPECTRA OF HgX2

+, X=C1, Br, and I, AND THEIR
FRAGMENTS

C. Y. Ng
Ames Laboratory, U.S. Department of Energy

and

Department of Chemistry
Iowa State University
Ames, Iowa 50011

ABSTRACT

The comparison of the photoionization efficiency (PIE)

spectrum for Hg+ from Hg and those for Hgx2
+, X=C1, Br, and I ,

shows that prominent autoionization Rydberg series observed in the

PIE spectra for these mercury dihaiide and their fragment ions can

be assigned to transitions [(5d)*°a_2cu
2iTy4TTg4]

^ [ (5d ) 9 a g
2 a u

2 \ j% 4 2D±5/2lnP a n d W\\*
9 2 2 ' ! l 4 2

±l/2'np« n-6» wnicn are mainly
associated with the mercury atom in HgX2. Autoionization resonances
observed in different fragment ion channels are found to exhibit
different Beutler-Fano line profiles. An attempt was made to fit
the autoionization resonance profiles using the Fano line shape
formula.

INTRODUCTION

The prominent structure resolved in the PIE curve for Hg+ from
Hg*»2 were attributed to autoionizing Rydberg series corresponding
to excitations of inner shell 5d electrons of Hg to np, n>6, Rydberg
orbitals. Since one expects that the 5d orbitals, especially the
5dx2_y2 and 5dxy orbitals of Hg in HgX2 only play a minor role in
the bonding of the mercuric halides and remain mostly atomic in
nature, the Rydberg transitions 5d + np, n>6, should also be mani-
fest as prominent structures in the photoabsorption spectrum of
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HgX2. Whether these transitions will appear as autoionizing

features in the PIE curves for HgXz
+ and its fragment ions depends

on the interactions of the discrete np Rydberg orbitals with

continuum states of HgX2
+ and HgX2. The extent of these

interactions can be probed by the line shapes of the autoionizing

Rydberg series.3"*7 It should be interesting to compare the

Beutler-Fano profiles3"5* of the autoionization structure resolved in

the PIE curves for Hg+ from Hg and that for HgX2
+.

EXPERIMENTAL

The experimental arrangement and procedures have been described

previously.*8»^ Briefly, the apparatus consists of a windowless 3m

near normal incidence vacuum ultraviolet monochromator, an oven

supersonic beam production system, a capillary discharge light

source, and a quadrupole mass spectrometer. The hydrogen many-lined

pseudocontinuum, or the argon continuum, or the helium Hopfield

continuum was used as the light source depending on the wavelength

region desired.

The major ions observed from HgCl2 were HgCl2
+, HgCl+, Hg+, and

Cl+ and those from HgBr2 were HgBr2
+,HgBr+, Hg+, Br2

+, and Br+, In

the case of Hgl2, Hgl2
+, Hgl+, I 2

+, and I+ were observed.

RESULTS AND DISCUSSION

The analysis of the 584 A photoelectron spectra (PES) of HgX2

shows that these linear symmetric molecules have an orbital sequence

...d ag au TTU TTq . Upon ionization from the four valance

orbitals, the ionic states formed are the 2*3/2g Zirl/2q 2lT3/2u»

ir]y2Uj E U and Eg states. The removal of an electron from the

full 5d10 shell of the mercury atom gives rise the the 2 D 5 / 2 and
2D 3y 2 states for Hg

+. Eland20 points out that the interactions of

the latter states with the molecular field in HgX2 are similar to

that expected of a weak field Stark effect. The 2 D 5 / 2 state should

be split into three components of equal statistical weight, ±5/2,

±3/2, ±1/2 and the 2 D 3 / 2 state should be split likewise Into ±3/2
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and ±1/2. The designation of the states for HgCl2
+ will follow

those used by Eland. u

Figures l(b) - l(e) show the PIE curves for HgCl2
+, HgCl+, Hg+,

Cl + from HgCl2 in the region of ~ 630-1150 A obtained using a

wavelength resolution of 1.4 A (FW4M). To assist in the assignment

of the autoionization structure observed in the PIE curves for

HgCl2
+ and its fragment ions, we have compared them with the PIE

curve for Hg+ from atomic mercury [shown in Fig. l(a)] measured with

an optical resolution of 1.4 A (FWHM). Two of the prominent

autoionizing Rydberg series [(5d)9(6s)2 2Dg/2lnp, ^PQ and

[(5d)9(6s)2 2D 3 / 2]np,
 3P°, which converge to the z 0 5 / 2 and 2 D 3 / 2

states of Hg+, respectively, are also indicated in the figure. The

ionization energies (IE) for the D+5/2 +3/2 +1/2 anc^ ^+3/2 +1/2

states of HgCl2
+ are blue shifted by approximately 2 eV with respect

to those for the ^5/2 and ^2/2 states of Hg+
f respectively. These

shifts are due to the stronger electron withdrawing character of the

chlorine atoms in comparison with the mercury atom in HgCl2. The

difference in electronegativity between Cl and Hg is expected to

give rise to a net positive charge at Hg and thus greater binding

energies for electrons in the 5d shell of Hg in the HgCl2.

Contrary to the sharp peak!ike structures found in the PIE

Curve for Hg+ from Hg, autionization features resolved in the HgCl2+

spectrum exhibit highly asymmetric and dip!ike line profiles. The

separation in energy between the pronounced structure 838.42 A

(14.79 eV) in the HgCl2
+ spectrum [Fig. l(b)] and the peak at 944 A

(13.13 eV) correspondong to the Rydberg level [(5d)9(6s)z 2D5/2]7p,

^•P0 of Hg is 1.66 eV. This value was found to be close to the

difference (1.88 eV) between the IE of the 2 D ± 5 / 2 state of HgCl2
+

(16.72 eV) and that of the 2D ± 5/ 2 state of Hg'
1" (14.84 eV). As men-

tioned earlier, since the D+5/2 state involves electrons in the

5dx2_y2 and 5dxy orbitals lying in a plane perpendicular to the

molecular axis of HgCl2, which are only slightly perturbed by the

ligand field, one expects to find similar Rydberg transitions
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FIG 1 (a) PIE curve for Hg+ from Hg in the region 650-1Z00 &; (b)
PIE curve for HgCl/ in the region 650-1100 &; (c) PIE
curve for HgC1+ in the region 630-1150 &; (d) PIE curve for
Hg+ from HgCl? in the region 630-1070 A; (e) PIE curve for
Cl+ in the region 630-830 k obtained using a wavelength
resolution of 1.4 A (FWHM).
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originating from these orbitals in HgC^. Thus, the structure at

838.42 A was fit to the Rydberg equation using the IE of 2D + 5# 2 as

the convergence limit. This gives a value of 2.655 for the

effective principal quantum number n of this autoionizing level as

compared to n*=2.821 for the [5d)9(6s)2 2D5/2l7p,
 1P° atomic Rydberg

level. Assuming the principal quantum number n for both levels is

seven, one obtains the quantum defects s equal to 4.34 and 4.18 for

the molecular and atomic Rydberg levels, respectively. The slightly

larger 6 value for Rydberg levels in HgC^ can also be explained by

the deshielding of the Rydberg electron, and increase in the

effective positive charge of Hg in HgClg induced by the strong

electron withdrawing nature of the chlorine atoms. By using similar

s values, several weaker resonance structures resolved in Fig. l(b)

were identified as members n = 8, 9, and 10 of the same Rydberg

series converging to the D+5/2 state. The strength of these

resonances diminishes rapidly with the increase of the principal

quantum number. This observation is in accordance with the

prediction that the width of each resonance is proportional to

n . The analysis of this Rydberg series, which is called series I

here, is summarized in Table I. Since all autoionizing features

have highly asymmetric line profiles which are the results of

configuration interactions, the resonance energies needed for term

series analysis in this paper were obtained by a fitting procedure

to be described below. The identification of higher members of

series I allows us to deduce a more accurate value for the IE of the
2°±5/2 state- Tne value of 16.715 + 0.003 eV determined in this

study is in excellent agreement with that obtained by Eland.

Assuming the 6 value for the n=6 member to be equal to that of the

n=7 member, the position of the 6p Rydberg level is calculated to be

1054 A (11.762 eV). The broad peaklike structure in the vicinity of

1050 A observed in the PIE curve for HgCl2+ is most likely related

to the 6p Rydberg level.
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Table I. Rydberg series of HgC12 observed in the region 620-1100 A

n (P)

6

7

8

9

10

Series
limit

E(n) (eV).

Series I

Ml.763 (1054 h

14.788 (838.42 X)

15.709 (789.24 8)

16.095 (770.34 A)

16.294 (760.94 X)

IE(*D+5/2)

16.715±0.003

Series I I

13.117 (945.25 %)

16.646 (744.84 X)

• • *

• • •

• • • •

IE (2D±3/2,±l/2)
18.65a

n* 6

• • •
1.569 4.431

2.658 4.342
2.606 4.394

3.679 4.321

4.686 4.314

5.687 4.313

Reference 20.
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The other prominent structure in the PIE curve for HgCl2
+ is

the dip located at 945.25 A (13.117 eV). This dip is superimposed

on a strong, broad peak and was found to be blue shifted by 2.13 eV

relative to the strong peak at 1129 A (10.98 eV) in the Hg+ spectrum

[Fig. l(a)]. Using arguments similar to those discussed above,

since this shift is close to the separation (1.94 eV) between the

IE's of the 2D+3/2,±l/2 states (18.65 eV) of HgCl2
+ and that of the

2D 3/ 2 state (16.71 eV) of Hg
+, the asymmetric dip at 945.25 A was

attributed to a member of a Rydberg series converging to the

^+3/2 +]/2 state. Including this feature, only two members of this

series (series II) are recognizable in the spectrum of HgCl2
+. The

resonance energies of these members are also listed in Table I. The

values for the quantum defects of series I and II were found to

decrease gradually as the principal quantum number increases. The

observed trend for 6 is consistent with the fact that the electron

in a high-Rydberg orbital is less penetrable to the ion core than

that in a lower member of the same Rydberg series. The good fit

attained for series I and II by comparing autoionizing features in

the PIE curves for HgCl2
+ and Hg+ from Hg show that series I and II

ansitions [(5d) °g °u
2*u Tq

4l

\ u \ \ 2D±5/2]np and [(5d)^°ag
2au

2
1ru

4
1rg

4]

* [(5d)9ag
Zau

Ziru
4Trg

4 2D+3/2,±i/2lnP' n-6> respectively, which are

associated mainly with the mercury atom in HgCl2.

This study has not identified autoionizing Rydberg structure

corresponding to transitions from the 5d orbitals to f orbitals of

Hg in HgCl2. The weakness of these structures can be rationalized

by the observation that the 5d - nf autoionizing Rydberg features

found ii\ the PIE curve for Hg+ from Hg are much weaker than those

orginating from the 5d -* np transitions.

can be assigned to transitions [(5d) °g °u
2*u Tq

4l

\a\\A 2 ^ ° 2 2 4
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The PIE spectra for HgBr2
+, HgBr"1", Hg+, Br2

+, and Br+ in the

region of - 600-1200 A obtained using a wavelenth resolution of

1.4 A (FWHM) are shown in Figs. 2(a)-2(e). Except for minor

details, the PIE curve for HgBr2
+ is very similar to that for

HgClz
+. Rydberg structures observed in the PIE spectrum for HgBr2

+

were found to be red shifted by ~ 0.3 eV with respect to the

corresponding structures appearing in the HgCl2
+ spectrum. The red

shift of - 0.3 eV is approximately equal to the corresponding

differences between the IE's of the 2D+5/2 and
 2D+3/2 +1/2 states of

HgBr2
+ and those of HgCl2

+. Therefore, using similar arguments to

those discussed previously, these Rydberg structures were assigned

to members of Rydberg series I and II converging to the D+5/2

(16.40 eV) and 20±3/2,±l/2 (18-34 e V) states of HgBr2
+,

respectively. Analysis of these Rydberg series are summarized in

Table II. Most of the autoionizing features exhibit highly

asymmetric Beulter-Fano line profiles 3'4 which are the results of

configuration interactions. "^ When possible the resonance

energies listed in Table II were determined by a fitting procedure

used previously by Eland et al. L to parametrize resonance observed

in PIE curves of some linear triatomic molecular systems. The

assignment of the principal quantum number (n) for these Rydberg

levels follows from the conclusion of the analysis of

photoionization data for HgCl2
+ and will be discussed in a later

section. The resonance energies for the members n=6, of series I

and II were only estimated by their peak positions. Members n = 11

and 12 are not evident in the PIE curve for HGBr2
+. The positions

of these two resonances were determined by peaklik^ structures

observed in the PIE curves for HgBr+ and Hg+. The precise

identification of higher members, n=7, 8, 9, and 10 of series I

allows the deduction of a more accurate value for the IE of the
2°±5/2 state of H9 B r2 +- The value of 16.397±0.003 eV determined in

this study is in excellent agreement with that obtained in a

photoelectron spectroscopic study.20
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FIG. 2. (a) PIE curve (1.4 k FWHM) for HgBr2
+ in the region

600-1200 A; (b) PIE curve (1.4 & FWHM) for HgBr* in
the region 600-1085 A; (c) PIE curve (1.4 A FWHM) for Hg+

in the region 600-1070 A; (d) PIE curve (1.4 A FWHM) for
Br2

+ in the region 600-1000 A; (e) PIE curve (1.4 A FWHM)
for Br+ in the region 600-850 A.



164

Table II. Rydberg series converging to the ZD+5/2 and 2°±3/2,±l/2

limits of HgBr2
+.

n(p)

6

7

8

9

10

11

12

Serie
limit

14.

15.

15

15

16

16

IE
= 16

E(n)

Series I

719 (1059 8)

498 (855.2 8)

404 (804.9 8)

780 (785.7 8)

.978 (776.0 8)

.092 (770.5 R) a

.165 (767.0 8 ) a

<2°±5/2>
.397±0.003

aThe positions of these two
structures observed in the

^Reference

Effective

20.

(eV)

Series II

12.93 (959

16.29 (761

IE (*D±3/2
- 18.34b

X)

8)

n

M .70

1.59

2.678

2.58

3.702

4.699

5.700

6.68

7.66

resonances were determined by
PIE curves for HgBr+ and Hg+.

principal quantum number

dQuantum defect.

6d

4.30

4.41

4.322

4.42

4.298

4.301

4.300

4.32

4.34

peaklike
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Figures 3(a)-3(d) show the PIE spectra for Hgl2
+, Hgl+, I 2

+ and

I+ from Hgl2 in the region of - 600-1350 A. The general profile and

structure observed in the PIE curve for Hgl2
+ are very similar to

those found in the PIE curves for HgCl2
+ and HgBr2

+. The analysis

of Rydberg series I and II converging to the D+5/2 state at 15.99

eV and ^D+3/2 +1/2 states at 17.91 eV, respectively, is summarized

in table III. The resonance energy (880.2 ± 0.1 A) for the member

n=7 was located in a high resolution spectrum for Hgl2
+. The

members n=8 and 9 of series I and n=7 of series II seem to appear as

broad window resonance energy for the n=7 member of series I which

was determined by fitting its resonance profile to the Fano line

profile formula as described previously, all the other positions

of resonances listed in the table are estimated by either the

maximum or minimum depending on whether the resonance exhibits a

peaklike or diplike profile, respectively. The IE for the 20+5/2

state of Hgl2
+ as determined by the convergence limit of series I

(15.988 ± 0.020 eV) is consistent with that measured previously by
on

photoelectron spectroscopy.

An attempt was made to fit the resonance profiles resolved in

the high resolution PIE spectra of HgX2
+, X=C1, Br, and I using the

Fano line shape formula:

q_2 + 2eq -
1 /• in m

= acm + arm ( ; 2~1 +

where e = (E-EQ)/(r/2), EQ is the energy of the resonance after

perturbation by the continuum, r is the width of the resonance, q is

the shape parameter, and arm and aQm show the strength of the

resonance and the continuum, respectively. Figure 4 shows the high

resolution (0.14 A (FWHM)) PIE spectrum for HgCl2
+. The high

resolution PIE spectra for HgBr2
+ and Hgl2

+ are similar to that for

HgCl2
+. The validity and limitation in physical significance of the
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1SB~

FIG. 3. (a) PIE curve (1.4 A FWHM) for Hgl2
+ in the region 600-

1350 A; (b) PIE curve (1.4 A FWHM) for Hgl+ in the
region 600-1180 A; (c) PIE curve (1.4 A FWHM) for U+ in
the region 600-1185 A; (d) PIE curve (1.4 A FWHM) for I+

in the region 600-985 A.
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Table H I . Rydberg series converging the 2 D ± 5 / 2 and 2D+3/2.±l/2
limits Hgl2

+.

n(p)

6

7

8

9

10

Serie
limit

*11.

14.

14.

15

15

IE

15

E(n)

Series

322 (1095

086 (880.

983 (827.

.364 (807

.565 (796

I

h

5 8)

8)

.58)

.988+0.020

12,

15.

IE

17

(eV)

Series II

639 (981

906 (779.

• •

.91a"

8)

58)

1/2*

n

*1.

1.

2.

2.

3

4

5

•

708

607

675

606

681

.671

.680

• •

4,

4.

4.

4

4

4

•

5C

292

393

325

394

319

.329

.320

Reference 20.

Effect ive principal quantum number.

cQuantum defect.
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FIG. 4. (a) PIE curve for HgCl?
+ in the region 1030-1100A; (b),

(c) PIE curve for HgCi|+ in the region 745-995 A
obtained using a wavelength resolution of 0.14^ (FWHM).
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fitting to resonances observed in molecular photoionization

according to Eq. (1) has been discussed extensively by Eland et

a l . ^ and will not be substantiated here. In accordance with theory

and the empirical analyses of resonances resolved in other linear

triatomic molecules, the values for E Q and r derived by fitting a

resonance to Eq. (1) should be the same, irrespective of the

ionization channels. Since only the PIE curve for HgX2+ has been

obtained in high resolution, the 7p level converging to the 0+5/2

state was chosen for careful fittings. The other members of the

same series are expected to have the same shape parameter, provided

the resonances observed arise from effectively single,

noninteracting resonances. At the resonance energies for the 7p

levels, the intensities of the fragment ions from HgC^, HgB^, and

Hgl2 only constitute 8%, 12%, and - 15% of the total intensities,

respectively. The value for EQ, r, qm, and ocm/arm determined for

the 7p (^D+5/2) levels of HgB^ and Hglp are compared with those for

H g C ^ in Table IV. The fittings of the observed resonance line

profiles for the 7p (2D±5^2) levels of HgCl2, HgBr2, HgBr2, and Hgl2

by using parameters listed in Table IV are shown in Figs. 5(a),

6(b), and 6(c), respectively. The qm values for these resonances

were found to be in the order qm (HgCl2) > qm (HgBr2) > qm (Hgl2),

whereas the values for the widths r are quite close. Taking the

widths of these resonances to be a measure of the lifetimes through

the uncertainty relationship, the lifetimes for the 7p (2D±5/2)

levels of HgX2 are estimated to be - lCT*
4 s.

Precise parametrization of the resonance peak shapes of the 7p

( D+5/2) level ^n the fragment curves are not possible because the

widths of these resonances r (H9CI2) = 0.9 A, and r, (Hgl2) = 1.2 A

are smaller than the instrumental resolution (1.4 A FWHM) used in

obtaining the fragment ion spectra. Furthermore, the presence of

broad unassigned structures near many of the resonances makes

parametrization difficult due to the large uncertainties introduced

in quantifying the background continuum curves. In spite of this
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Table IV. Resonance parameters for the 7q(^0+g/2) levels in the
PIE curves for HgX2

+, X=C1, Br, an3 I.

Resonances n* EQ(A)

7p(HgCl2) 2.658 838.42 0,016 0.88 0.25

7p(HgBr2) 2.678 855.2 0.012 0.81 0.33

7p(HgI2) 2.675 880.2 0.017 0.61 0.15
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FIG. 5. Theoretical fits to the resonance line profiles of the
( O7p( O+5/2) ^8ve^s fesolved in the PIE curves for (a)

HgCl2
+, (b) HgBr2

+, and (c) Hgl2
+.
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difficulty, crude estimates of the qm values for resonance line

profiles of the 7p (^D+5/2) levals appearing in the fragment ions

spectra are shown in Table V. Due to the weakness of the resonances

observed in the Hg+ (HgBr2) and I 2
+ spectra, the qm values cannot be

determined. In a systematic examination of resonances found in the

PIE curves for other linear molecular ions and their fragments,

Eland et al. found that the |qm| value was usually largest in the

weakest channel. This conclusion is valid for the channels observed

in HgCl2. The branching of HgCl2
+:Hg+:HgCl+ at 850 A is 28:1.4:1

where qm is in the order qm (HgCl2
+) < qm (Hg

+) < qm (HgCl+).

However, in the case of HrBr2, the branching ratio at 850 A for

HgBr2
+:HgBr+:Hg+:Br2 is 201:21:?. 1, a qualitative examination of the

spectra reveals that the strongest fragmentation channel HgBr+ has

the largest qm value. For Hgl2, the branching ratio at the

resonance energy of the 7p (2D+5/2) level for HgI2
+:HgI+:I+:I2

+ is

approximately 65:10:1.5:1. Here, again the qm value is largest for

the Hgl+ fragment which is the strongest fragmentation channel

available. The previous observation that |qj is generally largest

in the weakest channel does not seem to be valid for HgBr2 and

Hgl2. However, a more definite conclusion has to await quantitative

analysis of these resonances observed in higher resolution.
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Table V. qm values for the 7p( D+5/2) resonances appearing in the
PIE curve for HgSj* (X = Cl, Br, and I) and their fragment
ions.

Ions qm

H9+

HgCl+

HgBr*

HgBr+

Hgt*

Hgl+

0,

1.

2.

0.

5.

>!

1.

0.

3.

2.

9a

3

2

8a

3

b

3

,6a

,0

.7

aBased on the high resolution data.

Resonances are too weak for parameterization.
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LASER PHOTOELECTRON SPECTROSCOPIC STUDY
ON AUTOIONIZATION. NO MOLECULE

Y. A c h i b a , K. S a t o a n d K. K i m u r a
I n s t i t u t e for Molecular Sc ience , Okazaki, 444 Japan

ABSTRACT

In this paper we describe our recent results of laser
excited-state photoelectron spectroscopy on autoionization of NO
molecule, putting emphasis on advantages of this technique which
is a promising method for studying superexcited states.

INTRODUCTION

Excited-state photoelectron spectroscopy of resonant
multiphoton ionization (MPI) by tunable pulse lasers in the UV
and visible region has made it possible to measure photoelectrons
which are emitted from atoms and molecules in their specific

1 — Sexcited states in the gas phase. This method may be
applicable to various excited states when an appropriate laser
system is used. Even the excited states which do not fluoresce
can be detected by this technique, although the ionization
processes often compete with other relaxation processes at the
intermediate resonant states.

A double-resonance technique using a two-color laser system
is especially powerful for studying superexcited states at which
autoionization occurs. Superexcited states can be produced
selectively by the second laser from a specific excited state
initia lly chosen by the first laser. One of important subjects
is to determine the branching ratio of producing different
vibrational states of ions in autoionization. In order to do
this, the photoelectron spectrum of autoionization should be
distinguished from that of direct ionization.

In this paper, we want to demonstrate our recent excited-
state photoelectron spectroscopic results obtained mainly by
double-resonance excitation of NO molecule through its excited
states A, B and C. ' These studies provide more clear evidences
for autoionization of superexcited states, although so far there
have been several studies which suggest non-Franck-Condon
behaviors from resonant MPI photoelectron spectra.

EXPERIMENTAL

The experimental technique and apparatus previously deve-
loped in this laboratory were employed. Double-resonance
experiments were carried out with two dye lasers pumped simulta-
neously by the second h a r m o n i c of a Nd-YAG laser.3 A time-of-
flight electron energy analyzer was used for measurements of
photoelectron spectra. Prior to photoelectron measurements, ion-
current measurements were also carried out as a function of
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the second laser wavelength, while the wavelength of the first
laser was set constant.

AUTOIONIZATION THROUGH RYDBERG C-4 STATE

The vibrational selection rule of 4v=0 is expected to apply
Rydberg-Rydberg transitions of NO, because of similarity in their
equilibrium geometries. Single-photon excitations from, for
example, the v'=4 level of Rydberg C state (3pjt) should give rise
to the v'=4 levels of superexcited Rydberg states (nso*; ndc,7c,S),
according to A& = ±1 selection rule. Actually, three super-
excited states have been found from an ion-current spectrum
observed by scanning the second laser in the wavelength region
560-580 nm, as shown in Fig. 1, corresponding to 6s«-, 5d&, and

3

a) 6sO c) 5dO,TT

b) 5d6

79200 79400 79600

Total photon energy 2ti) +to (cm )

Fig. 1. Ion-current spectrum
obtained by scanning the second
laser from Rydberg C-4 state in
two-color experiments (Ref. 3).

Fig. 2. Photoelectron spectra
of autoionization, obtained at
the three ion-current peaks
shown in Fig. 1 (Ref. 3).

1.0 0.2

Photoelectron
energy (eV)

Figure 2 shows photoelectron spectra obtained from these
supeiaxcited states. The photoelectron spectra in Fig. 2 suggest
that the transitions other than 4v = -1 also take place in these
autoionization processes.

The photoelectron angular distribution obtained for the
Rydberg 5dS. v'=4 state of NO indicates essentially no angular
dependence. This tendency largely differs from that observed
in the direct ionization of the Rydberg 3d5, v'=1 state of NO.
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RUTOIONIZATION THROUGH RYDBERG B-9 STATE

Non-Rydberg, valence-excited B state (v'=9) has been

selected also in our photoelectron study as an intermediate

resonant state. The B-9 state has been chosen so as to remove

Fig. 3. MPI ion-current

spectrum associated with

valence B-9 state. Anomalous

intensity peaks are shaded

(Ref. 4).

I . J-.ya.li8 I I I ,'tiV I I I Pi

370.5 370.0 369.5

Laser wavelength

369.0(nm)

the possibility of direct ionization producing the ground-state

NO ion. It should be mentioned that direct tonization transi-

tion from B-9 to the ground state ion requircc a two-electron

transition. The lowest ionic state produced by one-electron

ionization from the B-9 state is

the first excited state which is

6.5 eV above the ground-state ion.

This situation differs from the

normal direct ionization in which

one-electron transition takes

place.

The MPI ion-current spectrum

of the B-9 state is shown in Fig.

3, indicating several rotational

lines with anomalous intensities as

well as normal Q-branch rotational

lines.

The photoelectron spectrum

obtained at each normal rotational

line is shown in Fig. 4(a). The

three energetically accessible

vibrational bands in Fig. 4(a) have

branching ratios of 0.65 (v+=2),

0.30 (v +=1), and 0.05 (v +=0). On

the other hand, the photoelectron

spectrum obtained at each anoma-

lous-intensity rotational line sug-

gests a relatively high yield of

2.0 1.0 0.4 0.2
Photoelectron energy (eV)

the v =0 ion (Fig. 4b). There

seems to be no appreciable photo-

electron angular dependence for the

v =0 band in the case (b).

Fig. 4. Photoelectron

spectra obtained at (a)

the normal and (b) the

anomalous ion-current

peaks in Fig. 3 (Ref. 4).
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The normal rotational lines have been interpreted in terms
of the superexcited valence I ( £+) state. On the other hand,
the anomalous-intensity rotational lines are interpreted in terms

of accidental double-resonances
involving the N-6 state and the B1

(2A) state. The N-6 state has
further been supported by the fact
that the v =6 photoelectron band
appears at a higher laser power.

Electronic coupling between
the dissociative valence state and
the ionization continuum state is
considered to play an important
role in the present autoionization
phenomena. Potential curves for
the ground-state N0 + ion and the
repulsive parts of •'"he two super-
excited states I and B1 are schema-
tically shown-in Fig. 5, indicating
that the photoelectron branching
ratios are sensitive to the rela-
tive positions of the potential
curves. Therefore, using reliable
data on such photoelectron bran-
ching ratios, we will be able to
obtain more detailed information
about superexcited states.

= 0

Fig. 5. Schematic potential
curves for the ground-state
ion and the repulsive parts
of two superexcited states,
and the photoelectron
branching ratio (Ref. 4).

AUTOIONIZATION THROUGH RYDBERG A-4 STATE

Let us consider a photoelec-
tron spectrum obtained with a
single laser by (2+1) resonant
ionization through Rydberg A, v'=4
state (designated hereafter as A-
4). The A-4 state has been chosen
in order to remove a possibility of
direct ionization under such laser
conditions. The photoelectron
spectrum thus obtained is shown in
Fig. 6. The three-photon energy
in this case is slightly above the
v+=2 level of N0+, but below the
v =4, so that the three photoelec-
tron peaks are assigned to v+=0, 1
and 2. No direct ionization is
expected to occur under such expe-
rimental conditions. The intensity
distribution observed here largely
differs from that expected from
Franck-Condon factors, attributed

3 1 0.5 0.2 0.1
Photoelectron Energy (eV)

Fig. 6. Photoelectron
spectrum obtained by
(2+1) icnization through
Rydberg A-4 (Ref. 3).



179

to au to ion iza t ion r a the r than d i r e c t ion iza t ion . The v =4 peak
in Fig. 6 i s observed a t a h igher l a s e r power, a t t r i b u t e d t o the
4V=0 t r a n s i t i o n of (2+2) d i r e c t i on i za t i on through A-4.
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THE MECHANISM OF AUTOIONIZATION:
A MOLECULAR VIEW

R. Stephan Berry
Department of Chemistry and the James Franck Institute
The University of Chicago, Chicago, Illinois 60637

ABSTRACT

Two aspects of autoionization rooted in molecular behavior are
discussed. The first is the implications for autoionization in
two-electron systems of strong, molecule-like correlation of the
outer electrons, particularly the implications for the angular
distributions of photoelectrons. The second aspect is the vibra-
tionally-induced autoionization of small polyatomic molecules.
Here the microscopic theory of vibrational autoionization is cast
in a simplified form to emphasize the various physical origins of
different contributions to the bound-free coupling, and then the
implications of this theory are explored to distinguish the way
stretching and bending modes induce the coupling.

INTRODUCTION

Autoionization is a process in which an atom or molecule has
more than enough energy stored internally to ionize but that energy
is not readily available to a single electron to allow it to
escape. It is useful to think of the atom or molecule in terms of
approximately separable degrees of freedom: the ionizable
electron must have energy greater than the ionization potential in
its own degrees of freedom for ionization to occur. In auto-
ionization of atoms or molecules, it is reasonably accurate to
picture the process as one of preparation of an excited state in
which initially or most probably, the ionizing electron has most of
the required energy but not enough; the additional required amount
is stored in other degrees of freedom which communicate only weakly
or slowly with the ionizing electron, so that the autoionizing state
is really a resonance with a width proportional to the inverse

lifetime T~ or strength of coupling of the bound "state" with the
ionized continuum. The participating degrees of freedom may be
electronic—the other electrons may carry some of the excitation,
as in He**; in molecules it may be vibrational or rotational, or it
may be in the hyperfine interactions. To interpret the autoion-
ization process fully at the microscopic level, we must learn how
the approximately separable bound and free channels are coupled by
finding how the energy flows from a "storage" degree of freedom
into the "active" degrees of freedom of the ionizing electron.
This means identifying what operator in the full Hamiltonian is
primarily responsible for the coupling (and to what degree only one
operator dominates the coupling), and at the finest level of
understanding, interpreting how the transition amplitude or
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coupling matrix element gets its magnitude,- in terms of what parts
of configuration or momentum space are important for the coupling.

Then, to verify an interpretation we must draw inferences and
predictions that can be tested experimentally. In the following
discussion, two topics are addressed from the viewpoint of relating
a microscopic picture to observables. First we examine atomic
ionization where it has become possible to carry the microscopic
analysis all the way to the elucidation of what operators and what
parts of configuration space give rise to the transition amplitude.

While only two autoionizing states, both Se resonances of doubly-
excited helium, have thus far been studied this way, one can now
make use of the collective molecular model of He** to make
predictions of the qualitative forms of the angular distributions
of autoionizing electrons from states for which those distributions
have not yet been computed.

The second topic to be discussed is a step toward an
interpretation at the microscopic level of the autoionization of
small polyatomic molecules, particularly triatomics and symmetrical
polyhedral molecules such as CH^ or SF,. Here we first go back

over a simple formulation of the established microscopic theory of
vibrationally induced autoionization to give as much physical
interpretation as possible to the various contributions, and then
consider how, in small polyatomics, stretching and bending modes
must differ in how they couple with autoionizing electrons and what
implications regarding observables, particularly angular distribu-
tions of the autoionizing electrons follow from the interpretive
model.

MOLECULE-LIKE AUTOIONIZATION OF ATOMS

The autoionization of an atom such as doubly-excited helium
can be studied by examining the integrand of the matrix element
coupling the quasibound state responsible for the long lifetime or
large cross secton with the continuum state of ion and free

electron. This was done for the lowest-lying S e autoionizing

states of helium as follows; the approach will be applicable to
any other atomic autoionization. The transition matrix element is
computed in a representation in which the quasibound state plays
the same role as the quasibound state in Fano's formulation of the

2
problem, i.e., the part responsible for all the excitation cross
section except the part carried by the background continuum which
would continue smoothly from one side of the resonance to the
other, were the autoionizing resonance not there. The continuum
state is specified by the function in the energy range of the
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resonance which would be the natural extension of the background
continuum into that resonance region were the resonance not there.

2 1 e
Thus, for example, the "2s " S autoionizing state is represented
by the quaslbound configuration mixture of quadratically integrable

1 e
states corresponding to the lowest-lying S state above the
ionization limit which satisfies a variational condition with
respect to energy. The matrix element (ty \4Jt |tji ) connecting the

quasibound state with wave function rj). and the continuum state with

wave function TJ) can then be examined by plotting its integrand in

the internal coordinates, or by breaking the Haciltonian~J\ into
particular operators. Both have been done.

A particularly useful choice of coordinates for studying the
integrand is the set of internal coordinates r ,r and 6 „,

indicated in Figure 1. This way, the Euler angles of the system of
two electrons and core can be removed by integration and the
integrand of (i|> \-4JL |ij>h) can be plotted as a function of the

distance r« and the angle Q for fixed distance r.. Examples of

these "differential transition amplitudes" are shown in Figure 2 for

the first autoionizing S state and in Figure 3 for the second

1 e
autoionizing S state of He**.

When the matrix element giving rise to Figure 1 is decomposed
into a direct electron-electron repulsion contribution associated

with the e /r.- operator of^f and to a three-body contribution

including the nuclear attraction, we find that over 90% of the
transition amplitude comes from the three-body part, specifically
from one electron coupling into the continuum when the angle 612 is

rather large, i/2 to i. In other words the mechanism of auto-
ionization in this case is the driving of one electron out of the
bound region by the other's approaching the nucleus. This is a
close analogue, with electrons as the active species, of what has
been known for many years as the "Walden inversion" mechanism of
substitution, e.g., of the Br in CH.Br by OH to form CH.OH. The

process in organic substitution reactions is normally called an SN-
2 or "substitution, nucleophillc, second-order" process.
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We now assume that other autoionizing states of He** likewise
couple to the continuum by similar SN~2 processes. On this basis

we can generally infer what the form of the angular distribution of
autoionizing electrons must be. Without carrying out an extended
formal development, we proceed directly to two examples which have
yet to be studied in the laboratory. In short, we are making
predictions from a microscopic model and interpretation, in lieu
of elaborate computations, for the angular distributions of
autoionizing electrons from certain specific states of definite L
and M..

Li

Let us consider the following autoionizing levels of He**:

the "2s2" 1 S e , the "2s2p" 3P°, the "2s2p" 1P° and the "2p2" 1D e.
For convenience in making the argument, consider the states with M
= 0, so the orbital angular momentum vector is in the plane perpen-
dicular to the quantization axis.

The easiest state to consider here is the lowest autoionizing

1 e
S state. In the molecular picture, this state has a rotor-like
distribution of electron probability density, with maximum at 6 =

*, in the internal coordinate system. ' However, being a S
state, it must be isotropic, that is, all orientation of the
internal "linear-molecule" axis must be equally probable so that
the angular distribution of autoionizing electrons must be
isotropic and one gets no information from its measurement.

The "2s2p" P state is, according to the collective-molecular

model, the first excited rotor level. Hence this state has a
classical analogue in the rotor shown in Figure 4a, with the
angular momentum vector L for the rotor motion perpendicular to the
vertical Z or quantization axis, in the state with M = 0 . The

Li

orientation of the L vector is otherwise random, so the locus of L
vectors is the plane perpendicular to the z-axis. Therefore the
locus of trajectories of the electrons forming classical rotors is
the sphere developed by revolving the single circular trajectory of
Figure 4a around the z-axis. The poles of this sphere are the
points of accumulation of maximum probability as Figure 4b implies.
Consequently, if we accept the S -2 model for the mechanism of

electronically-induced autoionization, we can immediately predict
that the directions of maximum probability and maximum intensity
for the autoionizing electrons must be along the z-axis, positive
and negative, as shown in Figure 4c.

Now we examine the corresponding "2s2p" P° level of He**. In
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2 3 e
the molecular picture, this state and the "2p " JP as well,
correspond to the nearly degenerate partners of the first excitation

of the bending mode of vibration. Again, if we focus on the state
with M, = 0, the vector L is perpendicular to the z-axis. For the

bending mode, the angular momentum vector lies along the figure

axis, rather than perpendicular to it as in the P case just
considered. Figure 5a shows the classical model of this vibrator

3 o »
with its angular momentum. As with the P level, the vector L may
have any orientation in the plane perpendicular to the z-axis so
the observed ensemble must consist of a collection of species
rfith orientations of the kind indicated in Figure 5b, giving
maximum accumulations of probability at colatitudes C and *-E equal
to the classical angular amplitude of the bending mode. The real,
quantum-mechanical system can thereby be expected to give an
angular distribution of the sort indicated by the sketch of Figure
5c, roughly like the rotationally averaged distribution of a d-wave
of (xz + yz) form but with no constraint to have its maximum at

The "2p " De level is, according to the collective-molecular
model, the second excited rotor state with maximum probability

density at 612 = 0 and «, much like the "2s
2" 1 S e and "2s2p" 3P

5 4
levels. This is borne out by the wave functions. Consequently
the state with hi = 0 should have its maximum probability for

autoionizing along the ±z axis, just like the P state with M =
0. L

These predictions can be extended in a straightforward way to
states with values of M other than 0. The explanations and the

figures Decome slightly more complex than those of Figure U,
because L precesses on a cone rather than on a circle for such
states. For rotor states, the results are much more like those of

Figure 5, but one can predict the angle £ = cos^CM, /VL(L+1)J, of t

with respect to the z-axis, so that maxima in the distributions of
autoionizing electrons from pure rotor states can be expected on

cones at -^ ~£. It is likely to be easier to carry out experiments

with IMJJ = L than M L = 0, so this prediction may be helpful.
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VIBRATIONALLY INDUCED AUTOIONIZATION

First we review the microscopic theory in order to see the
various contributions that influence the autoionization prob-
ability. This will lead us naturally to an observation and a
caution regarding the propensity rule for vibrational autoion-
ization. Then we conclude with a brief discussion of autoion-
ization in linear and polyhedral polyatomics.

Autoionization induced by vibration or rotation—that is,
autoionization in which the stored energy is supplied from a
vibrational or rotational degree of freedom to the ionizing
electron—is governed primarily by matrix elements of the form

( ¥ . | V D
2 | Y . ) , where "i" implies "initial," "f" implies "final," the

1' n ' t

gradient operator is that with respect to the nuclear coordinates,
and 4' denotes a rovibronic wave function. For simplicity, we drop
the rotational part of the operator for the following discussion,
but of course it cannot be neglected in general. There is a
general rule, however, that if a process is vibrationally induced
it may occur almost at a rate comparable to the corresponding
vibrational frequency, whereas a rotationally induced process can
occur no faster than the frequency of rotation. Therefore for a
vibrationally induced process with a high propensity, the
contribution of any parallel rotationally-induced paths will
normally contribute only a little in increasing the rate of
autoionization.

The states denoted as "i" and "f" may be the initially-
prepared bound state and the final continuum state, but they need
not be. For example a zero-order Rydberg state will generally have
a very small amplitude coupling directly with another Rydberg state
or with a continuum (ionized) state, if the two states differ by
several quanta of vibration. In such a case, successive couplings
of states with small differences in vibrational quantum numbers are
likely to provide the dominant path for coupling the initially
prepared state with the final ionizing state. To see how such a
situation can arise, it is useful to review the general theory of
rovibronically-induced autoionization of molecules.

The essential physical origin of this process is the weak but
nonzero coupling of nuclear kinetic energy with the electronic
degrees of freedom so that a state calculated in an adiabatic
approximation is not a true stationary state of the molecule. The
electrons cannot keep up perfectly with the nuclear motion and the
consequent lag gives the nuclei a means to transfer energy to an
excited electron, driving it into the continuum as the nuclei lose
vibrational on rotational energy. Suppose rj) (r,fi)x. (ft) is the

wavefunction for the adiabatic approximation to the state prepared
in an experiment, where x±(t) is the wave function for nuclear
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motion in the effective adiabatic potential generated by the
electronic wave function TJ»(F;S) in the apace of all the dynamical
position coordinates r* of the electrons, for each position of the
nuclei corresponding to the values of the nuclear coordinate
parameters R*. Similarly t|>fXf is the wave function for the final,

autoionized state. Then, formally, we can write

The operator V_ is simply a constant multiple of the nuclear
n

momentum operator so if x- an(i Xr represented states in the same

potential, {\ |v_|xf) would be an ordinary rotational or

vibrational optical transition amplitude. Furthermore if X- and xf

represented rovibrational states in very similar potentials, for
example if they represented rovibrational states in two different
Rydberg states of the same manifold, then it would be a very good
approximation to suppose (x-lvR|xf) is the same as the

corresponding transition amplitude for states in the same
potential, i.e., rovibrational states of the same electronic state.
If the vibrational motion is harmonic in that well, then
nonvanishing pure vibrational transition amplitude has the form
(v|9 jv±D;ior a rigid rotor, the form must be (j|VR|j±1). This is

the basis for the vibrational and rotational propensity rules.
Real systems are not harmonic or rigid so that real systems may
undergo other viDrational and rotational transitions, but a little
arithmetic shows that for similar, slightly anharmonic vibrations
or slightly nonrigid rotations, the probabilities p&v) satisfy

p(-1) » p(-2)».. (2)

for cases in which the nuclear motion gives energy to the electron,
so Av < 0 or AJ < 0 in pure vibrational or pure rotational
autoionization, respectively.

This rule is apparently well obeyed for vibrational autoion-

ization in Hg. There are well-substantiated violations,

however. For example the vibrationally induced autoionization of

f
NO, which involves two quite different kinds of potentials is a
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case of a diatomic which does not conform. The recently reported

p
autoionization of PF , is another, a polyatomic example. In

neither of these cases are the conditions for the vibrational
propensity rules satisfied: the potentials of the initial and
final states are different. With NO, one set of states has a tight
potential with a minimum at small internuclear distances and the
other has a soft potential and a large equilibrium internuclear
distance. In PF^, the ground state is pyramidal and the excited

state is nearly flat or, on average, flat. Moreover the PF_ ion

is not well-enough known that we can say how many vibrational
quanta of the, say, bending vibration, are necessary to autoicnize
a Rydberg electron of PH from any given Rydberg state.

The autoionization of PF_ shows changes of vibrational quantum

number so large as -13. To see how a multistep coupling can lead
to such large apparent violations of the propensity rule consider
the three-state system with coupling matrix elements as shown here:

it
E1+v1 a. e

E2+v2 15 1 (3)

B E 3 +v 3

If state 1 is excited and state 3 is the continuum, then the direct
process has a rate, in Golden-Rule approximation, proportional to
G^. in a two-step process through state 2, the rate is proportional

2 2
to « B . Then if e is enough smaller than a. or B, the process 1 -
2 •* 3 may be much faster than the direct 1 -• 3 process, even
allowing for the reverse 2 -*1 process. With more states, the
problem of multistate paths with cycles and trapping, analogous to
radiation trapping in an optically dense medium, may slow down the
sequential process yet the probability of direct processes with
large Av's may be so small that the multistep processes still
dominate the mechanism. This is likely if_ the potentials of i_ and
f are very similar. If they are not, then (x.|vR|xf) may be

nonzero for any Av, and its magnitude is governed by the
considerations that give rise to the Franck-Condon approximation:
preservation of nuclear position and momentum during a transition.

Now let us return to the simplification of (¥.|v 2 | T f ) .

Suppose we can use a single-center expansion or a representation
in which the origin of the electronic coordinate system moves
with the nuclei, and that we use basis in those coordinates.
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Suppose we deal with two electronic states only, t^ and \|) f.

Suppose that ib is expressible in terms of basis functions t|> (r),
I 3

\|> (r) so that at least in the relevant coupling region of the
nuclear configurational space,

iJ)f(r,R) = T])a(?)cose(R) + t|>b(r)sine(tf) (4)

[We might, but need not, suppose that tb. is the complementary
state

ib^r.tf) = -i}a(r)sin6(R) + ̂ (rJcoseCR*).] (5)

Thus, in the relevant region, the parts containing electronic and
nuclear coordinates are taken as approximately factorable, and
all the F-derivatives of ib and TIK are taken zero. Let us

Ta Tb
consider only the vibrational motion of a diatomic so we can
reduce V to d/dR. Then

^ £ = [-Tl>asine(R) + ^ b c o s e ( R ) ] ^ l (6)
dR

We can define the function in square brackets in (6) as the
"perpendicular complement" T|> •*• co i|jf. Then the second derivative
can be written

d *f . .de.2 .j.d2e ,_.

—2 - V«> ̂ r-2 "
If we used (5) then tj> J- would be the same as i|j. .

Thus for one active vibrational coordinate and only two-
state mixing of i|j , we can write

(8)

dr
If ty^ and Tjif are calculated in an ordinary adiabatic

approximation, then tj^ and Tj>f are orthogonal, in which case the

middle term on the right of (8) vanishes. If i|». is the same as

TJ)-̂  as it ia if we adopt (5), then (i|>. |$_•••) = 1 and the first and
2

third integrals simplify to J^| (x.|
d^|Xf)dR and /'~(xi|xf)«lB,

respectively. If the potential wells of V. and V are very
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similar, then x- and X f
 a r e different vibrational eigenstates of

essentially the same Hamiltonlan amd are therefore orthogonal,
leaving only the first integral to contribute to the transition
amplitude. If 0 changes very sharply in a narrow range of R,

2 2
then de/dR or d 6/dR may be taken as a delta function, as in
Landau-Zener theory. These are simply several possible simplifi-
cations which may apply in individual cases but which must not be
considered as general.

To interpret (8) we see that the dominant considerations are

the magnitude of the vibrational overlap of X. with Xf or of X.

with dXp/dR in the region of R where T|>f or i|>. is changing rapidly,

2 2
i.e., where de/dR or d 8/dR is large. This is especially
important to keep in mind with polyatomics for which the crucial
"promoting" vibrational mode or modes are restricted to one or two
and in which the electronic wave function changes rapidly.

Finally we comment on the difference between the behavior of
stretching and bending modes in polyatomic molecules—more
specifically on nondegenerate and degenerate modes. The latter may
carry angular momentum or pseudoangular momentum. When a
nondegenerate mode of vibration gives an electron a quantum and
allows that electron to escape into the continuum, the electron
need exchange no angular momentum with the molecular ion core and
will in general leave with an angular distribution determined
largely by the shape of the quasibound orbital from which it comes.
When a degenerate mode provides a single quantum to allow an
excited electron to autoionize, that electron gains a quantum of
angular momentum and therefore has an angular distribution
corresponding to one more unit of angular momentum than in the
quasistationary orbital. Moreover the symmetry of a nondegenerate
vibration may also influence the angular distribution of
autoionizing electrons somewhat.

The autoionization of a linear triatomic molecule illustrates
this situation. The three kinds of modes are the symmetric
stretch, the bend and the antisymmetric stretch. The first of
these, acting as the donor of an autoionizing quantum, leaves the
angular distribution of an excited electron unchanged. If the
quasibound electron is in a high enough Rydberg orbital to be
quantized in the laboratory system rather than in the molecular
frame, the angular distribution is precisely the angular shape of
the Rydberg orbital. If the quasibound electron is quantized in
the molecular frame then the laboratory angular distribution is
essentially the rotationally-averagef*. orbital shape of the initial
orbital.
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If the promoting mode is the doubly-degenerate bend, then the
angular distribution of autoionizing electrons has the "shape" of
an orbital or wave with one unit of angular momentum more than the
initially occupied orbital.

If the promoting mode is the antisymmetric stretch, it carries
an electric dipole moment so the autoionizing electron must undergo
a parity-changing transition but without any change of (quant*^ed)
angular momentum; that is, it must go from a o state to a or wave,

a a state to a 0 wave, a « state to a 1 wave, or something of
g u u g

this ilk. The angular properties of the final-state waves of this
kind of process are not completely determined by symmetry alone, so
it may be possible to combine theoretical calculation, and measure-
ments to ascertain what modes are responsible for autoionization by
measurement of angular distributions instead of rather highly
resolved electron energy distributions.
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Electron 1 Electron 2

Effective core

Fig. l. Coordinates for two-electron atom and quasi-two-electron
atoms in the internal or "intrinsic" frame.
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Fig. 2. Differential transition amplitudes for autoionization: the
matrix element of the total Hamiltonian coupling the bound

part of the "2s " 1 S e state of He with the continuum,
plotted for four values of the distance r (R in Fig. 1),

as a function of r^ (R2 in Fig. 1) and 6^. The peak at

r 1 2 ̂  0 is actually a singularity but the integral remains

finite. Based on Ref. 1.
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tA =1.0 bohr

Fig. 3. Differential transition amplitude'-, for autoi oni zati on of the

2 1 e
"2p " S state of He, as in Fig. 2. The bound-state
wavefunctions for both these figures are constructed from
Hylleraas-Kinoshita basis sets. Based on Ref. 1.
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(a) (b) (0

Fig. H. Schematic representation to show, in terms of a classical
model, bow the autoionization of a rotor state with M = 0
gives rise to an angular distribution of autoionizing
electrons perpendicular to the rotational angular momentum,
vector J: a) one atom rotating; b) the plane of all the J's
for M, = 0, with three such vectors and their planes of

rotation accumulating at the poles; c) the net directions of
highest probability (assuming radially-dominated autoioniza-
tion) for the outgoing electrons from the ensemble of rotor
states with M, = 0.
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(a) (b) (0

Fig. 5. Schematic representation to show, in terms of a classical
model, how the angular distribution of autoionizing
electrons can be expected to arise from a two-electron atom
such as He** in a first excited state of a bending mode such

as the "2s2pn P° state: a) a single atom in an excited
state of bending, with one quantum, with J = 1; b) the plane
of all the angular momentum vectors for an ensemble with M.

j

= 0, showing three J's and the orbits of the electrons about
these J's; c) vectors indicating the cones setting
approximate limits on the band within which the autoionizing
ectrons can be expected, surrounding the plane with the

for states prepared with M. s 0.
j
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PHOTOELECTRON STUDIES OF AUTOIONIZING RYDBERG STATES IN HC1

M. G. White and J,. R. Grover
Chemistry Department, Brookhaven National Laboratory

Upton, NY 11973

ABSTRACT

The results of a systematic investigation of electronically
autoionizing Rydberg states In HC1 are discussed. Vibrationally
resolved photoelectron spectroscopy was used to mag out the
non-radiative decay of vibronic levels of 3pa •+• n(,j)a Rydberg
states converging to the A JT*"(3pa)~ excited ionic state. The
observed vibrational distributions of the resulting X 11(11!)
ionic state are compared with the results of model calculations of
Terwilliger and Smith based on spectral analysis of the absorption
spectrum. Overall, the X II vibrational branching ratios are found
to be in only rough qualitative agreement with the calculations
and these results are discussed in relation to the approximations
Involved.

INTRODUCTION

Unlike Rydberg series involving promotion of the outermost
valence electron, Rydberg states resulting from excitations of
deeper lying valence orbitals usually lie above the ionization
potential. Although the latter belong to the neutral excited
state manifold, such "super-excited" Rydberg levels are likely to
interact with the degenerate ionization continuum, leading to the
well-known phenomenon of autolonization. Autoionizing Rydberg and
non-Rydberg resonances have been identified and characterized for
a large number of molecules by photoabsorption and photoionization
(integrated) measurements.*• Their effect on the internal energy
distribution of the resulting ions, however, has been difficult to
study due to the lack of suitably intense laboratory light sources
(below 1000 A) required for such detailed, differential
measurements. With the increasing availability of intense and
continuously tunable VUV radiation from synchrotron radiation
facilities, such studies are now quite feasible and photoelectron
studies of electronic autoionization in several molecules have
been reported. »3>* In addition to photoelectron spectroscopy,
ionic state fluorescence excitation spectra^>6 and fluorescence
polarization measurements' using dispersed synchrotron radiation
sources are also proving to be effective and complementary probes
of molecular autoionization. By characterizing the final state
distribution of the compound system, i.e., molecular ion and
ejected photoelectron, these experimental methods can provide the
physical insight and quantitative data for development and
evaluation of theoretical models of molecular autoionization.
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In this work we present exemplary results of a photoelectron
spectroscopy study of electronically autoionizing Rydberg series
in small molecules recently begun at the National Synchrotron
Light Source (NSLS). Particular emphasis has been placed on
characterizing the systematics of the autoionizing series by
following individual decay channels as functions of the parameters
which specify a given molecular Rydberg state, i.e., n, i, X and
the molecular ion core a, va (a and v a are the electronic and
vibrational quantum numbers describing the molecular ion core,
respectively). Hydrogen chloride was chosen as an ideal initial
system for several reasons; (i) the photoabsorption^ and
photoionization^ curves for HC1 are rich in well-resolved
autoionizing lines whose width (autoionization lifetime induced)
is large ("500 cm"1) relative to the bandwidth (80-100 cm"1) of
the excitation source; (ii) the lower members of these
autoionizing series (3pa + nJla) form well separated vibrational
series, so that autoionization can be followed as a function of r,
and va; (iii) the vibrational levels of the X

2n ground ionic
state to which these Rydberg levels decay can be readily resolved;
(iv) Terwilliger and Smith1" have provided a theoretical
prediction of the HC1+ photoelectron spectra for resonant
excitation via the P(I), v = 0 - 4 Pydberg states based on an
analysis of the photoabsorption spectrum. The model calculations,
mentioned above also provide an opportunity to judge the validity
of assumptions involved in the qualitative analysis of
photoelectron spectra following resonant excitation, e.g., the
Franck-Condon approximation.

EXPERIMENTAL

The experiments were carried out on the U-ll beam line on the
VUV storage ring at the National Synchrotron Light Source. A
4-meter, normal incidence monochromator in a modified-Wadsworth
configuration-"-^ is used to provide intense, tunable VUV
radiation in the wavelength range 350 A - 2000 A. Using a
3600 £-mm~ grating, a photon bandwidth of 0.5 A - 1.0 A was
obtained, depending on the vertical size of the stored electron
bunch in the VUV ring. Focussed radiation was intercepted after
the exit slit and channeled to the photoelectron spectrometer via
a 2 mm (ID) glass capillary light guide which provides a highly
effective gas barrier between the spectrometer and the UHV
environment of the beam line. Photoelectrons produced at the
intersection of the VUV radiation and an effusive gas jet and
ejected into a 3.5° angular cone are collected and energy analyzed
by a hemispherical analyzer (50 mm mean radius) set for a 5 eV
pass energy. For the HC1 studies presented here, the analyzer was
fixed at the "magic angle" ("55") appropriate for 100% linearly
polarized light. Later measurements on other molecular systems
were taken with the analyzer mounted on a fully rotatable
turntable which was set to a "magic angle" (~61°)12 determined
by the linear polarization measured by a Rabinowitz-type
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polarization analyzer (~ 6 3 % ) . ^ The difference in "magic
angle" positions can lead to systematic errors in the partial
cross sections for KC1 of 10-15% depending on the asymmetry
parameter (g) for a particular vibronic channel. Such
uncertainties are not large enough, however, to affect the basic
quantitative comparisons discussed here. Fhotoelectron spectra
are normalized to the light intensity and corrected for the
transmission of the electron analyzer as determined from
calibration runs with He and Ne.

RESULTS AND DISCUSSION

The photoionization spectrum of HC1+ in the resonance
spectral region near the A JT*"(3pa)~ excited state threshold at
762.8 A is shown in Fig. 1. This curve was obtained on the U-ll
beam line at 0.5 A resolution with a molecular beam
photoionization mass spectrometer described elsewhere.1*
Comparison with previous room temperature photoabsorption^O atuj
the -150°C photoionization^ spectra shows no significant
narrowing of the broad P(I),v resonances centered near 830 A as
might be expected from rotationally "cold" HC1 produced in the
800 Torr supersonic expansion. This suggests that the

670.00 720.00 770.00 820.00

WRVELENGTH (RNG5TR0MS)
870-00 920

Fig. 1. Photcionization spectrum of HC1+ near the A2Sf(3pa)~1

threshold.
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non-radiative lifetime is much greater than the rotational spacing
and is consistent with the complete lack, of observable rotational
structure in the high resolution absorption spectrum." The n
and va assignments are based on the spectral analysis of
Terwilliger and Smith,8,10 however, a complete symmetry
assignment was not possible due to the absence of rotational
structure, From plausibility arguments these authors assign the
P(I) and P(II1) vibronic series to n(^)a lI^ symmetry with
n* = 2.795 and n* = 3.795, respectively, while the weaker P(II)
vibronic series is assigned to an unresolved np^) complex with
n* = 2.31.

Resonant and non-resonant photoelectron spectra of HC1 are
shown in Fig. 2. The lower, non-resonant spectrum was taken at. a
photon energy of 584 A (Hel) at which the photoionization cross
section shows no discrete structure and is well above the
ionization energy of the A T?(3-pa)~ excited ionic state. The
extended vibrational envelope of the A IT1" state is consistent with
the known increase in bond length (+.24 A) relative to the neutral
ground state resulting from the removal of a bonding 3pa
electron. From the expected similarity of the Rydberg state
potential curves and that of A F1" state to which they converge,
simple Franck-Condon arguments would suggest that autoionization
via Rydberg vibronic levels will lead to extensive vibrational
excitation of the X II ionic ground state. Such a resonant
spectrum is shown in the upper part of Fig. 2 corresponding to
excitation of P(III), v = 1 resonance at 792.7 A. Enhanced
vibrational excitation of the resulting ion is clearly evident
with significant populations in vibrational levels with v' > 1.

Since all of the Rydberg states are expected to have very
similar potential curves to that of the A 27*" ionic state, it was
of considerable interest to examine the vibrational energy
distribution of the ion following autoionization for a fixed
Rydberg state geomecry, i.e., same va. Such results bear on the
general validity of employing the Franck-Condon approximation in
molecular electronic autoionization. According to the model
developed by Terwilliger and Smith^ to describe autoionization
in the hydrogen halldes, the intensity of a vibrational level of
the X2II state of the ion v1 following excitation of a Rydberg
state with vibrational quantum number v a is given by

o(v ,v') = ol [F . „ + F , «F ..̂ p 2(q )21 (1)
a' T L v'v v'va vav e He J v '

where Oy is the electron!", part of the direct, total
photoionization cross section, F-JJ are Franck-Condon factors
between vibrational levels i and j, v" is the vibrational level of
the neutral ground state (v" = 0} .s qe is the electronic line
profile and the product, Fv v ^ P ^ ^ e ) 2 i s proportional to
the autoionization peak height. In addition, this model assumes
that the autoionization resonance width is larger than the
excitation bandwidth and rotational width and that the excitation
energy is tuned to the resonance peak maximum. Both requirements
are met for the present HC1 experiments. This theoretical model
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A V , v-

12.00 13.00 14.00 16.00 16.00 17*00
BINDING ENERGY (EV)

16.00

Fig. 2. Resonant (upper) and non-resonant (lower) photoelectron
spectra of HC1. The lower spectrum was taken at 584 A while the
upper spectrum corresponds to resonant excitation of the P(III),
v=l Rydberg state at 792.7 A. The arrow indicates the energy
position of this resonance. The doublet observed in the X n, vf=0
line in the upper, resonant spectrum results from the partially
resolved Hi/2 and H3/2 spin-orbit components (72 meV
separation) of the HCI*" ground state.

is similar to other previous simplified approaches to
characterizing the vibrational distribution of the ion following
electronic autoionization.^5,16 From this expression we note
that if the geometry factors are frozen, i.e., same v" and va,
the ionic state vibrational intensities are dependent only on
Fviv and the product of the electronic terms pe (qe)
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which Terwilliger and Smith10 nota are independent of n*.
Photoelectron spectra relevant to this latter point are given in
Figs. 3 and 4. These spectra correspond to resonant excitation of
the v = 1 and v = 2 levels of the P(I) and P(1II) Rydberg states
which belong to the same series but differ in n by one. For the
va = 1 Rydberg states the X II vibrational distributions are
quite similar with a secondary maximum at v' = 3. In the va = 2
case, the overall X JI vibrational distributions are alike, i.e.,
both have minima at v' = 3, however, the vibrational populations
relative to the v" = 0 level are quite different, particularly for
v' = 1 and 2. Although differences in the P(I) and P(1II) spectra
could be attributed to differences in their respective potential
curves, it is unlikely that such large differences in the va = 2
spectra can be accounted for this way.

Additional tests of eqn (1) can be made by comparing the
predicted X It vibrational branching ratios of the P(l),vj
Rydberg levels with experiment. Terwilliger and Smith10 used
parameterized fits of the P(I),vj resonance profiles in the
absorption spectrum to obtain values for the product
FVTV"«pe (qe) which were used to predict photoelectron
spectra via eqn (1). The results are summarized in Figure 5.
Overall, the quantitative agreement with experiment is poor, with
the theoretical calculations overestimating the contribution of
autoionization induced vibrational excitation relative to the
direct process. This can be partly traced to the difficulty noted
by Terwilliger and Smith10 of establishing the relative
contributions of the direct and resonant cross sections and
suggest that the autoionization contribution is overestimated in
their calculations. On a qualitative basis, the vibrational
distributions predicted for the P(I),vj = 0,1,2 resonances are
in reasonable agreement with experiment. For the P(I),vi = 3
and 4 (not shown) resonances, however, maxima and minima are
displaced in v' relative to experiment. These latter results may
reflect inadequacies in determining the Franck-Condon factors
F vi v which become more sensitive to the parameters used to
describe the Rydberg state potential curve as the number of nodes
in vj increases.

Overall, comparison of the Franck-Condon model of Terwilliger
and Smith10 gives a roughly qualitative description of the
autoionizing Rydberg series in HC1. Several improvements
including examining the Franck-Condon factors for vj > 2 and
changing the relative contributions of the direct to resonance
cross sections, which changes the magnitude of the
Fv v-«pe(qe)

2 term, could most likely improve the
quantitative comparison without rejecting the basic approximations
involved. Whether the disagreement of the model calculations and
experiment suggest the breakdown of the Franck-Condon
approximation or even more extreme, the Born-Oppenheimer
approximation, remains to be further addressed in additional work
on HC1 and other diatomic systems. In this context it should be
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v1 0

P(III), v=
15.64 eV

Fig* 3. Resonant
HC1 photoelectron
spectra for val
levels of the P(I)
and P(III) Rydberg
states.
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Fig. 4. Resonant HC1
photoelectron spectra
for v=2 levels of the
P(I) and P(III)
Rydberg states.
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noted that in the recent photoelectron study of electronic
autoionization in CO, Ederer et al.^ found that the observed
ionic state vibrational distributions are very roughly given by
Franck-Condon factors between the Rydberg state and final ionic
state, Fv«v . Aside from additional experimental studies, the
importance of retaining the R-dependence in the electronic
interaction matrix elements «TT<>^) will most likely be
determined from newer, fully ab initio theoretical treatments of
the autoionization process such as multichannel quantum defect
theory (MQDT). To date, the only such ab initio MQDT calculation
addressing specifically electronic autoionization, i.e., the
Hopfield series of N2» ^ does not include R-dependence in the
MQDT electronic quantities or calculate ionic state vibrational
intensities. Such future theoretical investigations will
certainly add a great deal more to our overall understanding of
electronic autoionization in molecules*

ACKNOWLEDGEMENT

This research was carried out at Brookhaven National
Laboratory under contract DE-AC02-76GH00016 with the U. S.
Department of Energy and supported by its Division of Chemical
Sciences, Office of Basic Energy Sciences.

REFERENCES

1. J. Berkowitz, Photoabsorption Photoionization and
Photoelectron Spectroscopy (Academic, New York, 1979).

2. J. L. Dehmer, D. Dill and A. C. Parr, "Photoioiization
Dynamics of Small Molecules", Photophysi.es and Photochemistry
in the Vacuum Dltraviolet, edited by S. McGlynn, G. Findley
and R. Huebner (D. Reidel Publishing Co., Dordrecht, Holland,
1983) and references therein.

3. M. J. Hubin-Franskin, J. Delwiche, P. Morin, M. Y. Adam,
I. Nenner and P. Roy, J. Chem. Phys. j$l̂  4246 (1984).

4. P. Morin, I. Nenner, M. Y. Adam, M. J. Hubin-Franskin,
H. Lefebvre-Brion and A. Guisti-Suzor, Chem. Phys. Lett., j)2_,
609 (1982).

5. H. Hertz, H.-N. Jochims and W. Sroka, J. Phys. B 1^, 548
(1974). ~

6. K. Ito, A. Tabche'-Fouhaile", H. Frohlich, P. M. Guyon and
I. Nenner, J. Chem. Phys. %Z, 1231 (1985) and references
therein.

7. E. D. Poliakoff, J. L. Dehmer, A. C. Parr and G. E. Leroi,
J. Chem. Phys. ]7_, 5243 (1982).

8. D. T. Terwilliger and A. L. Smith, J. Mol. Spectrosc. 45, 366
(1973). —

9. P. M. Dehmer and W. A. Chupka, Radiological and Environmental
Research Division Annual Report, Argonne National Laboratory,
1978, #ANL-78-65, p. 13.



206

10. D. T. Terwilliger and A. L. Smith, J. Chem. Phys. jj3_, 1008
(1975).

11. M. R. Howells, Nucl. Instrum. Methods _195_, 215 (1982).
12. J. A. R. Samson and A. F. Starace, J. Phys. B8_, 1806 (1975).
13. J. A. R. Samson, Rev. Sci. Instrum. 47^ 859 (1976).
14. M. G. White and J. R. Grover, J. Chem. Phys. _79_, 4124 (1983).
15. A. L. Smith, Phil. Trans. Roy- Soc. (London) A268, 169

(1970).
16. J. L. Bahr, A. J. Blake, J. H. Carver, J. L. Gardner and

V. Kumar, J. Quant. Radiat. Transfer V^, 1839 (1971); L2, 59
(1972).

17. Dr. L. Ederer, A. C. Parr, B. E. Cole, R. Stockbauer,
J. L. Dehmer, J. B. West and K. Codling, Proc. Roy. Soc.
(London) A378, 423 (1981).

18. M. Raoult, H. LeRouzo, G. Raseev and H. Lefebvre-Brion,
J. Phys. B16, 4601 (1983).



207

USE OF ANGLE-RESOLVED PHOTOELECTRON SPECTROSCQPY
IN THE STUDY OF AUTOIONIZATION IN MOLECULES

Thomas A. Carlson
Oak Ridge National Laboratory, Oak Ridge, TN 37831

ABSTRACT

A discussion is made of the types of information available
from angle-resolved photoelectron spectroscopy coupled to synchro-
tron radiation that can be used to study the dynamics of autoioni-
zation in molecules. In particul: •, the importance is brought out
of studying the changes in the angular distribution parameter, e,
as one goes over an autoionization resonance. To illustrate this
discussion, recent unpublished data are presented on NZO, N2, and
HI, which have employed the CIS (constant ionic state) method to
yield simultaneous cross sections and e values over various
regions of autoionization.

INTRODUCTION

The combination of the experimental techniques of
angle-resolved photoelectron spectroscopy and synchrotron radia-
tion offers a powerful method for the study of the dynamics of
autoionization in atoms and molecules. It is the intent of this
paper to first give the general properties, potential, and goals
for this method^ Discussion will be directed to autoionization in
small molecules. The effects of the angular distribution of
ejected electrons as measured by the angular distribution
parameters, will be given special attention.

In the second portion of the paper, examples from recent
unpublished studies on NgO,1 N2,

2 and HI2 will be given to illus-
trate the properties discussed in the general section and to
indicate the wide scope of the variables encountered with
autoionization.

GENERAL EXPERIMENTAL PROPERTIES

In this section of the paper, a listing of the properties in
the use of angle-resolved photoelectron spectroscopy for studying
autoionization in molecules will be given, together with its
advantages and general goals.

*
Research sponsored by the Division of Chemical Sciences,

Office of Basic Energy Sciences, U. S. Department of Energy, under
contract DE-AC05-840R21400 with the Martin Marietta Energy
Systems, Inc. Synchrotron radiation was supplied at the

(Footnote Continued)
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Photoeiectron spectroscopy offers the important advantage of
separating the various final ionic states in terms of the kinetic
energy of the ejected electron. The various vibrational states as
well as the different electronic states can be studied
independently. In order to provide a variable photon source
suitable for the study of resonances, synchrotron radiation
coupled to a proper monochromator offers an ideal choice.
Synchrotron radiation is intense, covers a wide range of energies
with a fairly monotonic change in intensity. The high degree of
polarization of synchrotron radiation also makes it a suitable
source for angular studies.

There are two basic ways in which to take a photoelectron
spectrum. The first, or usual manner, is to hold the photon
energy constant and measure the distribution of the kinetic
energies of the ejected electrons. The photon energy can then be
changed and a new photoelectron spectrum taken. A second method5
known as the CIS or constant ionic state method,3 can also be used
and is particularly valuable for autoionization studies. In this
method, one sits on a particular photoelectron peak representing a
given final ionic state. The wave length of the light as
determined by the monochromator is then changed, usually with the
help of a computer in synchronization with changes in the electron
spectrometer so the final state is held constant. This method
increases the data-taking capacity several orders of magnitude and
thus allows for fine energy steps and a small band pass in the
monochromator, both items extremely valuable in assessing narrow
resonances.

For a gaseous molecule randomly orientated in space, the
angular distribution for phptoionization, utilizing synchrotron
radiation, can be expressed as

% = 5irCl + |(3Pcos26 + l)] (l)

where Q is the angle between the polarization vector of the light
source and the direction of the ejected photoelectron, P is the
degree of polarization, ° is the cross section integrated over all
angles and 3 is the angular distribution parameter. 3 may take on
values from +2 to -1 and is a sensitive function of photon energy.
The form of equation (1) will be used also to describe the ejec-
tion of electrons via autoionization.

In order to determine B, it is sufficient to make measure-
ments at two different angles, most conveniently, parallel (0°)
and perpendicular (90°) to the polarization vector. In our
experiments, two (recently three) electron spectrometers are

(Footnote Continued)
Synchrotron Radiation Center, Stoughton, Wisconsin, which is
operated under NSF grant DMR 80-20164.
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placed on a platform that is perpendicular to the direction ot the
light beam.5 Measurements as a function of e can be made by
rotating the platform or by simultaneously collecting data at the
different spectrometers located at 90° to each other. With one
spectrometer at 0°, and another at 90°, 6 is given by

c , V. .. (?)
p " 3P(R'+1) - (R'-l) v '

where R1 is the ratio of intensities i(0°)/I(90°) corrected by the
relative efficiencies of the spectrometers (which is close to
unity). Using the same data, an intensity can be extracted that
is proportional to the total angular integrated intensity

! - 1(0°) (3)
1 T T Z T T W1 + BU+3P)

Such simultaneous measurements of both the 8 value and total
intensity remove many experimental variables and make possible a
careful determination of the changes in & as one goes over a
resonance. Multiple spectrometers can also be used to make
simultaneous measurements on two or more photoelectron peaks, as
for example, different final vibrational states.

Many of the various techniques in angle-resolved photo-
electron spectroscopy discussed in this section have been made to
study autoionization of molecules and have been reported in the
literature. For example, the CIS method has been used for auto-
ionization studies for N 2,

3 CO,3 02,
e HC1,7 and N 20.

7 However, in
none of these studies was the B parameter determined. Workers at
SURF at NBS have investigated both the effects of 3 and branching
ratios as a function of photon energy for different vibrational
states for several molecules for selected autoionization
resonances, but did not employ the CIS method.8 Comprehensive use
of all the various techniques in photoelectron spectroscopy for
the study of autoionization in molecules is still in its infancy
and one may expect a tremendous expansion of experimental data in
the near future.

M
Comprehensive studies have recently been carried out1 on the

autoionization states associated with the valence shells of
nitrous oxide. Figure 1 has been drawn to help illustrate the
overall study. Direct photoemiscions can occur to the final ionic
states: Xzn, A2z , B2n, and C 2 r which represent the total set of
outer valence molecular orbitals. Three of these states may also

I be reached by resonance absorption followed by autoionization.
I Two main Rydberg series can be identified, one leading to the A zz
k state which feeds solely £he X2n ground state of Nz0 , and a
| second leading to the C2E state which can feed all three lower
I: final ionic states. In addition to the various electronic
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configurations, the final ionic state can also be distinguished by
its vibrational levels.

From the total CIS spectra which covers the range of photon
energies from 13.5 to 20.5 eV, we shall pick only six resonances
as examples of the various observed phenomena. Figure 2 gives
results on the first four resonances. Several important variables
are noted. The different vibrational modes give quite different
results. For example, the higher vibrational state v(200) plays a
role in each of the four resonances, but the ground vibrational
state v(000) is most actively fed by the first resonance. The B
values show a distinct rise towards a positive value for the
first, third, and fourth resonances. In contrast, the second
resonance has a relatively low 8 value. Where the resonances are
clearly defined, the7 B value reaches a maximum (or minimum) at the
top of the resonance.

There are two series of window resonances found in the photon
energy region from 17.0 to 19.5 eV. Figure 3 shows results from
the first member of each of these series. It can be seen that the
window resonance at 17.58 eV, whjch has been designated as part of
a npo series leading to the CZE limit, feeds exclusively to the
X2n state of Nz0 and is not seen with the A2E state. In
contrast, the window resonance at 17.75 eV, wtjiich has been
assigned to the npir series, leading to the C2E limit, is clearly
found decaying to the A2E state. We do not see evidence of a
window resonance at 17.75 eV when viewing the X2n final state, but
there does appear to be structure in both the intensity and B
values at a slightly lower energy that might indicate that the
second window resonance may be affecting the behavior of photo-
ionization to the X2n state.

It is further interesting to compare how B follows the
resonance. In the second window resonance at 17.75 eV, B reaches
a maximum very close to the minimum in cross section. In
contrast, for the first window resonance at 17.58 eV, B reaches
its maximum value before the resonance. It might be better to
describe the behavior as having the window resonance close to the
inflection point in the change of B.

In earlier work on N2, Parr et al.
8 showed a number of cases

in which the B value reached its maximum value befort> or after the
resonances, including the strong absorption resonance occurring at
17.142 eV (723.3 A ) . Very recently, comprehensive studies were
carried out2 on N2 autoionization, including that region of energy
studied earlier. Results on B and intensity are shown in Fig. 4
for the v vibrational of Nz. They show clearly that the 6 value
for the 17.142 eV adsorption goes through a minimum at nearly
precisely the energy as the resonance. The present data are based
on a much finer mesh (steps of 0.005 eV rather than 0.037 eV) and
are based on simultaneous recording of 6 and intensity and thus
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should give a more dependable evaluation of the interdependence of
3 values and cross section.

HI
The first ionization potential in hydrogen iodide is due to

the photoionization of lone pair orbitals whose final ionic states
have been divided by spin-orbit splitting into a pair of states
separated by 0.664 eV. Between the 2^s,2 and 2K\,2 states there
occur a number of autoionization states'. These states have been
studied by photoionization.9 Just recently,2 angle-resolved
photoelectron studies were carried out using synchrotron
radiation. The results of that study are given in Fig. 5.
Unfortunately, due to a faultyoslit system in the monochromator,
the band pass was held to 1.2 A. In subsequent experiments, it is
hoped to reduce that value by a factor of 2 or 3. Nevertheless,
the cross section data support most of the essential details seen
in the previous higher resolution0work. Calculations have been
made on the 8 values around 1160 A corresponding to the second
experimental feature. Though the broad band pass prevents
examination of some of the details in these calculations, the
experimental results (Fig. 5 from 10.62 to 10.72 eV) suggest
confirmation of many of the gross features of the calculation.
Further detailed comparison between experiment and theory for this
molecular system is encouraged.

Experiments2 were also carried out on the first excited
vibrational state of z^3iZ for HI . The intensities for the
different resonances were strikingly different from those tor v=o
shown in Fig. 5.

CONCLUSION

The use of angle-resolved photoelectron spectroscopy coupled
to synchrotron radiation can yield a wealth of detailed informa-
tion regarding the dynamics of the autoionization process in small
molecules. Information can be obtained on the branching ratios to
the various final ionic states, including the different excited
vibrational states. In addition, the angular distribution
parameter can be closely studied over each of the resonances. It
is to be expected that there should be a rapid growth in experi-
mental data on autoionization of molecular systems, and it is
hoped and encouraged that theoretical calculations will give the
needed support to that growth.
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Fig. 1. Overview of photoionization in the valence orbitals
of N 20. In addition to direct photoionization to the
different electronic and vibrational states of N20 ,
resonance absorption, followed by autoionization may also
occur. Only a few selected transitions are shown to
illustrate some of the basic processes.
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THE EXCITATION OF DOUBLY EXCITED ADTOIONIZING STATES

T.F. Gallagher
Department of P h y s i c s , U n i v e r s i t y of V i r g i n i a

Charlot tesv i l le . VA 22901

INTRODUCTION

Historical ly doubly excited autoionizing states are associated
with the typical ly asymmetric Beutler Fano absorption prof i le which
a r i s e s from the interference between the d irect e x c i t a t i o n to the
continuum and the e x c i t a t i o n to the autoioniz ing s t a t e . 1 This
interference effect has made i t d i f f i cu l t to unravel the physics of
the interaction of the doubly excited state with the continuum from
the physics of the excitation process in any but the simplest cases.
Using a multistep laser excitation approach i t i s possible to excite
only the discrete s ta te but not the degenerate continuum, thus
untangling the excitation from the study of the interaction of the
doubly exc i ted s tate with the continuum..2 The s i m p l i c i t y of th i s
experimental approach a l lows the d e t a i l e d study of inherent ly
complex problems, such as interact ing autoioni&ing s e r i e s , ' and a
q u a n t i t a t i v e understanding of the method based on quantum defect
theory has pointed the way to several new techniques for the study
of autoionizing states.**' Here we br ie f ly review the experimental
m u l t i s t e p e x c i t a t i o n approach, o u t l i n e the theory, and describe
several applications of the method.

BASIC NOTIONS

The central idea of the multistep excitation technique can be
understood with the help of Fig. 1, a partial energy l e v e l diagram
of Ba. First atoms are excited from the ground state 6s 2 to a bound
Rydberg s t a t e , 6s l5d in Fig. 1. From t h i s s tate atoms are further
excited to the autoionizing 6pl5d state. In essence this transition
i s the Ba+ 6s-6p t r a n s i t i o n with a spectator 15d e l e c t r o n . As a
consequence the p r o b a b i l i t y of photoexci t ing the Ba 6pl5d s tate
peaks at a wavelength very c lose to the Ba+ 6s-6p wavelength, the
di f ference indicat ing the change in the quantum defect of the lSd
e l e c t r o n as the ion core i s changed from 6s to 6p. In Fig. 2, we
show an experimental measurement of the photoexc i tat ion cross
s e c t i o n to the Ba (6P3/2 154j)j=3 s t a t e . As shown in Fig. 2 the
observed spectral feature i s not a l i n e but has a f i n i t e width
direct ly indicating the autoionization rate of the 6p3/215d; state.
In our experiments the rad ia t ive decay i s 3-4 orders of magnitude
slower than autoionization. Similarly the energy of the 6p3/215dj
state may be read direct ly and unambiguously from Fig. 2. For
simplicity it is convenient to assign the 6p3/2l5diJ=3 state the
energy of the center of the feature of Fig. 2. J
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Fig. 1 Partial energy level diagram of Ba
showing the laser excitation approach.

In our experiments we excite atoms in an atomic beam with
several pulsed l a s e r s . The apparatus i s shown schematically in
Fig. 3. A thermal atomic beam effusing from a r e s i s t i v e l y heated
oven passes into the interaction region where i t is crossed by the
laser beams which exc i te the atoms to the autoionizing s tates .
Atoms excited to autoionizing s ta tes quickly decay into ions and
electrons . We detect a l l the ions with a part ic le mul t ip l i er and
analyze the energy and angular dis tr ibut ions of the ejected
e lectrons . The la ser system is based on a Nd:YAG laser the
harmonics of which pump up to four dye lasers which have linewidths
of 1 cm"1, energies of 100 uj, and pulsewidths of 5ns.

The method we use to study the 6pl5d states for example i s to
set the f irst two laser wavelengths to excite the bound 6sl5d state.
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2 Observed photoexcitation spectrum from the
bound 6sl5dlD2 state to the autoionizing

(6p3 / 215d j)j=3 state.

The third l a ser , which is delayed in time by 5ns, i s swept in
wavelength across the 6sl5d-6pl5d transition, and we record the Ba
ion signal as a function of wavelength. The autoionizing Ba 6pl5d
states decay into Ba+ + e~ with essentially 100% probability; thus
observing the Ba+ i s equivalent to measuring the probability of
exciting a Ba autoionizing state.

FORMAL DESCRIPTION OF THE PROCESS

We measure i s the photoexcitation cross sect ion 0 from the
i n i t i a l bound Ba 6snd state to the final autoionizing 6pnd s ta te .
In general a must have the form

a a <i|y|f> (1)

where y i s the electric dipole moment. Thus the problem reduces to
identifying the wavefunctions. The init ial state wave function is
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Fig. 3 Schematic diagram of the apparatus.
given by ^ g , ^ , a product of the wavefunction of the Ba+ 6s state
and a wavefunction for the nd e lectron, which is in turn a product
of an angular function and a coulomb radial function. The
wavefunction for the autoionizing state may be developed most easily
by using quantum defect theory.6'? To i l l u s t r a t e th i s l e t us
consider the simple case of one series of autoionizing 6pnd states
interacting with a continuum, which, we shal l c a l l 6sef. The
continuum wavefunction (Jjf is giver, by

Here v is the affective quantum number relative to the Ba+6p limit,
i .e . the binding energy r e l a t i v e to Ba+6p is 1/2V2 ( in atomic
uni ts ) . It i s apparent that the wavefunction i s composed of two
parts. The continuum partifV- ^ i s a product of the Ba +6s
wavefunction and an angular and radial coulomb f continuum wave for
the free electron. The bound part %XA>A0J) i s a product of the
Ba+6p wave func t ion and an angular and a bound coulomb A
wavefunction of effective quantum number v. Note that the amount of
the bound part i s proportional to Z(v), and we s h a l l term Z2 the
spectral density of the autoionizing states. It is straightforward
to show that Z2(V) i s re lated to the continuum phase by the
relation6

(3)
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where <J is the continuum phase. Thus we see that the autoio&izing I
state, or resonance, occurs at the continuum phase shift, a result |
famil iar from the configuration interaction description of Fano.* j
We note further that Z contains most of the information about the j
autoionizing 6pnd states. Where Z2 reaches a maximum is the energy •
of the 6pnd states, and how rapidly the phase shifts through TT j
determines how wide the peak in Zz i s . This i s shown in Fig. 4, I
p lo t s of = 4>/TT and 72 vs V. Both <j> and Z2 are periodic in v with j
period 1 and may easily be determined by quantum defect theory with
suitable input parameters. '

To compute the photoexcitation cross section we simply insert '
our init ial and final state wavefunction into Eq. (1) I

a a [<Cs |<nd |u { |6s>|ef> + Z(v) |6p> | d(v)>)]2 (4) j

As we noted earlier the direct continuum excitation is negligible. \
This can be seen physical ly by r e c a l l ing that in the i n i t i a l 6snd
state the nd e lectron spends most of i t s time near i t s c l a s s i c a l
turning point where i t s wavefunction has a very slow spatial \
variation. If we consider now the ef continuum wave with 2 eV of '
energy in the same spatial region, the spatial var iat ion is much j
more rapid with the resul t that the dipole matrix element i s ;
vanishingly small. Thus ignoring the continuum part of the final \
state we may write the cross sect ion as a product of several :
factors.8 I

a a <6s |u|6p>2Z(v)2<nd|d(v)>2 (5) j
i

They are the Ba+ d ipo le moment, which does not vary with i
photon energy, the spectral density of the autoionizing state, end j
the overlap integral between the bound nd e lec tron and the f

autoionizing nd electron of effective quantum number v . In Fig. 5 I
we show plots of Z2(v) •» the overlap integral squared and the cross j
section for the Ba 6sl5d i n i t i a l state. As shown by Fig. 5 the )
overlap integral is zero when V differs from the effective quantum !
number, 12.35, of the bound 15d state by an integer. Thus if the \
quantum defects of the autoionizing states are close to the quantum j
defects of the bound states the autoionizing states, as shown by Z2, \
f a l l near the zeroes in the overlap integral , and the spectrum i s \
thus very sensitive to small changes in quantum defects. 1

I
Before proceeding we would l ike to note that this formal )

approach reduces to the simple explanation given earlier. Note that \
in the central lobe of the overlap integral, which has a width Av = \
2, that the value of the overlap integral changes slowly. Thus in !
this region the cross section i s e f f e c t i v e l y determined by Z2(v). -i
In other words the cross section reflects immediately the position '
and width of the autoionizing state, as shown in Fig. 2.

The two channel description of the preceding paragraph may be
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Fig. 4 (a) The var iat ion in normalized continuum phase T=<j>/ir
vs e f f ec t ive quantum number v and (b) the variat ion in Z2(v),
the spectral density of the autoionizing 6pnd state vs v.
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Fig. 5 The variation with term energy and effective quantum number
of (a) the spectral density Z2(v) (b) the overlap integral 02,
and (c) the cross section .

generalized to many channels, in which case there is more than one
Z, and the Z's do not in general have the simple energy dependence
of Figs. 4 find 5. The quantum defect theory for more channels has
been developed by Lee and Lu" and Cooke and Cromer.7 I t s
application to this problem is discussed by Tran et al* f Gounand et
a l , 3 and Bhatti et al .

n For the 6snd-6pnd excitation process the cross section is 10
cm''. However, peak laser fluxes of lO**' cm"2 are easily obtained
and are essential to the observation of the 6snd-6pn'd, n'^ n
satellite features. This leads to saturation of the central feature

-14
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which has been labelled depletion broadening by Cooke et al. The
observed photo-excitation signal S can be described by10

S = S0(l-e"°*> (6)

where S_ i s the number of atoms excited to the bound Rydberg state ,0"
is the photoexcitation cross section, and $ i s the photon flux.
When the depletion broadening correction of Eq. (6) is applied to
the photoexcitation cross section of Eq. (5) we find good agreement
with the experimental observations as shown by Fig. 6. As implied
by Eq. (6) , in Fig . £ the s igna l i s proport ional to the
photoexcitation cross section for the s a t e l l i t e features but not for
the central peak.

APPLICATIONS

As we indicated earlier the simplicity of the excitation scheme
is i t s major attraction. However, a quanti tat ive understanding
allows new types of investigations, a few of which we now describe.
As shown in Fig. 5 the observed sa te l l i t e spectrum depends strongly
upon the location of the zeroes in the overlap integral and the
locat ion of the maxima of Z , e s p e c i a l l y when they occur c lose to
each other as is necessarily the case if the quantum defects of the
bound and autoionizing s ta tes are approximately the same. This i s
frequently the case, and the perturbation of the sa te l l i t e spectrum
is a very obvious way of seeing the irregular i ty in the quantum
defects of a perturbed series of autoionizing states. As an example
of this we show the s a t e l l i t e spectrum observed from the Ba6s22d to
the 6 p 1 / 2

n d s tates in Fig. 7. The anomaly at n=20 i s quite
apparent, and is due to the interaction with the degenerate 6p-^lOd
state.3 By careful comparison of the 6s20d-6p1/2

20d spectrum with
other 6snd-6pj^2nd spectra the 6pj/220d st&te can be seen to have a
perturbed quantum defect , but i t is in general far easier to miss
than the variat ion shown in Fig. 7. In essence we are using the
overlap integral zeroes as a very precise wavelength scale, which is
built into the atom, thus eliminating the need to make more than one
measurement to determine irregularities in the quantum defects.

A second application of this method i s the determination of the
mixing of different series of autoionizing states. Although we have
referred to states as 6pnd, for example, the (6p»»2ndi)j=i s tates
are mixed with the ( 6 p 3 / 2 n s l / 2 ' j = l 8 t a t e s ' To determine this
mixing, which is quite small, we may use the sa te l l i t e spectrum to
increase the apparent admixture. The quantum defects of the 6pa/2ns

and nd J=l states are 3.25 and 2.62- and the quantum defect of the
bound 6snd ^D* s tates i s 2.65. Thus the overlap integral zeroes
occur at effective quantum numbers of G.35(mod 1). As shown in
Fig. 8 this approximately corresponds to the location of the 6p3/2nd

states in this s a t e l l i t e spec trim. However the 6p,<2ns states occur
at the maxima in the overlap integral and are thus magnified in the
observed spectra. An experimental example of this is shown in
Fig. 9, the spectrum obtained from the Ba 6sl5d state with a l l
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Fig. 6 Observed (-) and calculated (...) 6sl5d 6p3/2l5dj=3 spectra.
The calculated spectra are obtained by correcting the
calculated cross sections of Fig. 5 for depletion broadening.

linearly and circularly polarized lasers. The spectrum obtained
with linearly polarized light differs by not having the feature
midway between the zeroes: which we attribute to the 6p 3 / 2 n S l / 2) i

states. The spectra obtained from the 6sns states show the
analogous d features. When data such as Fig. 9 are analyzed we find
that the (6p3/2

nd)i states contain 5% (6p3/2nsl/2H a n d vice versa.

Finally an appreciation of the origin of the spectra of Fig. 5
leids to an efficient way of doing two photon spectroscopy with
autoionizating states in the continuum. For bound states the
transition amplitude is given by

(7)

Here g is the ini t ia l state, f is the final state and i is the
intermediate state, ygj., and Uif are dipole matrix elements. E, and
E, are the driving electric fields, and h^ is the detuning between
the real and virtual intermediate states. First we note that in
general Aj £ 0 so that there is no single photon amplitude. Next we
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Fig. 7 The spectrum observed in the excitation Ba 6s22d

^pl/2nd5/2^J=3' "riie irregularity at n=20 is quite evident.
It is due to interaction with the degenerate (6p3/210dj)j=3
statestate.

15

v
Fig. 8 The variation of the overlap integral from a bound 6snd

tate and the locations of the 6P3/2nsl/2 an(i ̂ P3/2nd* J = 1
states as a function of effective quantum number.

note that to maximize V we choose the froquencies of Ej and E2
 s o

that A4 •* 0 for some i. A. can be made quite small without
appreciable single photon amplitude. In autoionizing states the sum
of Eq. (7) becomes an integral, corresponding to the fact that
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Fig. 9 An experimental spectrum from the 6sl5d state with a l l (a)
circularly and (b) lasers linearly polarized to obtain J=3 and
J=l and J=3 s ta te s . In (b) the feature midway between the
zeroes, which does not appear in the circularly polarized J=3
spectrum (a), is due to the admixture of nd character into the
6 s states.

autoionizing s tates are b a s i c a l l y continuous. From the point of
view of two photon spectxoscopy this has two negative features.
First there is a s ing le photon amplitude almost everywhere and
second i t is in general not possible to reduce Â  without enormous
increases in the s ing le photon amplitude. In fact there i s one
useful exception to the preceding genera l i t i e s which has been
a p p l i e d to the study of the Ba 7snd s t a t e s by two photon
excitation.1 1 From the 6snd states the largest two photon amplitude
is 6snd •+ 6pnd -> 7snd, that is the f irst step coincides with what we
have described unt i l now, the 6snd ->• 6pnd transi t ion, and we have
observed that there are zeroes in the 6snd -> 6pnd photoexcitation
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Fig. 10 Photoexcitation signal from 6s30d ^ to the region around
6p3/230dj. Hie blue (+i) and red (-i) zeroes from the overlap
integral are indicated. These energies are chosen for the
virtual intermediate states for the excitation of the 6snd
states.

cross section which are very near. <M cm"!, peaks in the cross
section. Thus if the f irst , strong laser is tuned to one of these
peaks, it can have no single photon amplitude but a small detuning.
In Fig. 10 we show the photoexcitation signal from the 6s30d 1D2

state to the 6 p 3 / 2 n d states. The signal is quite saturated,
nevertheless the zeroes on the red (-i) and blue (+i) side of the
0P3 /2 30d state are quite evident. It is quite clear that if the
laser is tuned to one of the zeroes that there is no single photon
signal, but a small detuning. Note that the central zeroes do not
go completely to zero due to the finite linewidth of the laser.

In Fig. 11 we show low resolution spectra obtained when the
f irst (6s30d-6p30d) laser is set to second zero (-2) to the red of
the 6p30d state in Fig. 10 and the second laser is scanned. We
observe the 7snd states for n = 28 to 32. Similar spectra are
obtained using other zeroes. They al l have in common the fact that
the transition to 7s30d is the strongest. The constant background
is due to the finite bandwidth of the first (6s30d-6p30d) laser.
When this process is repeated with higher resolution the splitting
of the two 7snd J=2 states is observed.
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O 0

Fig. 11 Two photon spectrum obtained from the bound 6s3Od state
with the first laser of Fig. 9 tuned to the second red zero of
the 6p30d state. The observed 7snd states from n = 28-32
are indicated in the figure.

SUMMARY

Using the multistep excitation technique in its simplest form
we can study autoionizing states without being encumbered by the
excitation process. However a quantitative understanding of the
excitation process leads to new more sophisticated techniques.
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DISTORTION OF He** EMISSION LINES AFTER FAST-ION COLLISIONS
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Physics Division, Argonne National Laboratory, Argonne, IL 60439
and Physics Department, University of Chicago, Chicago, IL 60637

Abstract

After exc i ta t ion by fast Ions (ve loc i ty = 2-5 au) the
emission l ine prof i les of doubly-excited helium atoms are observed
to d i f fer s igni f icant ly from the normal shape of Beutler-Fano
resonances. This difference i s attributed to the Coulomb in ter -
action between the emitted electron and the ion used to exc i te the
atom. We explain the e f f e c t quantitatively with a simple
c l a s s i c a l model combined with a pos t -co l l i s ion- in terac t ion theory.

Introduction

The standard way to parameterize autoionization
resonances that are embedded in a continuum and do not interfere
with each other Is by using the Shore formula.

Z A (E ,8) • E + B (E ,8)
(2S + 1) ——E r^—E ( i )

V r 1 + e r

where A(oi, 6,E ) Is the continuous background, S r i s the spin
quantum number of the resonance, and Ar and Br are the asymmetric
and symmetric Shore parameters, both functions of the p r o j e c t i l e
energy, E , and the observation angle, 9. e r i s the reduced
energy, e = 2 (ui - E r ) / r r , where rr i s the natural width of the
resonance at energy E r , and w i s the continuous energy variable .
The sum i s over the di f ferent resonances included in the f i t . An
i so la t ed autoionization resonance should always be able to be put
in th is form. Note that i t can be divided into a symmetric part •-
and an anti-symmetric part. In addition the profi le has at most
one o s c i l l a t i o n through the continuum background.

In this experiment, helium atoms were excited by fas t
ions . We used para l l e l -p la te e l ec t ros ta t i c spectrometers, with a
resolut ion of .1 eV, to observe the electrons emitted from the
doubly-excited helium atoms. Figure 1 shows the electrons emitted
at 20 degrees, re la t ive to the beam direct ion , after exc i ta t ion by
1500 keV Li + + + ions The dashed l ine i s a least-square f i t using
the Shore formula of Eq. 1. Note that the two experimental peaks
do not have Beutler-Fano l ine prof i l e s . The onset of the (2p^)*D
sta te on the low energy side i s quite sharp, while the in tens i ty
variat ion of the peak on the high energy s ide seems too broad.
This paper attributes these differences to the Coulomb at tract ion
between the emitted e lectron and the more rapidly moving 1
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ion. In this particular case the ion tends to increase the energy
of those electrons emitted early, while those electrons emitted
later are affected less .

ANL-P-17,795
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Fig. I The electron energy spectrum detected at 20° from the
beam direction, after 1500 keV 7Li+ + + ion collisions
with neutral He. Only two autoionizing lines of He
in this energy range have significant cross sections,
and they are labeled. The dots are the individual
data points. The dashed line i s the plotted result
of a least-square f i t using the Shore formula
(Eq. ( i ) in the text). The solid line is plotted
result of a least square f i t using Eq. (6) in the
text. This formula includes the Coulomb interaction
between the autoionized electron and the fast lithium
ion. The inset shows the possible effect of
interference between the two peaks on a very expanded
scale. The solid line is the f i t with no
interference, and the dash-dot line includes a
possible interference effect.
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Figure 2 shows a classical model of the situation in two
frames of reference: first, in the laboratory terms of reference,
where the He atom is stationary, and second, in the ionic frame of
reference, where the ion is stationary. The electron is emitted
at a time, (t'-t ), a laboratory angle, 9, and feels a potential
due to the ion of Q/|v|(t'-t ). This situation is a classical
three-body problem, but some simple approximations can be made.

ANL-P-17,906

(a) _̂
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(b)

"v He+ ION

Fig. 2. Schematic diagrams of the kinematic situation after
autoionization of the doubly excited helium atom.
The velocity of the ion used to excite the helium
atom is unchanged in the collision process. The
electron is emitted from the helium atom at a
velocity, v0, and an angle, 9.

a) the kinematic situation in the laboratory
frame of reference

b) the kinematic situation in the ionic frame
of reference. Conversion to this reference
frame facilitates the calculation of the
electron's total energy in the field
of the ion.
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First, the magnitude of the initial velocity, jvo|
velocity that the electron would have had at infinity if there
were no post-collision interaction (P.C.I.). This assumption
becomes the only allowance made for the influence of the remnant
He+ ion on the kinematics. It is easy to calculate the initial
potential and the initial kinetic energy of the electron after
conversion to the ionic frame of reference. The total energy
becomes the final kinetic energy after t* goes to infinity. If
the electron's velocity component that is perpendicular to the
beam direction is assumed constant, the final velocity in the
ionic frame, and thus the final velocity in the lab frame, can be
calculated. The measured energy change in the lab frame then
becomes

AE = 0 f(l-
' - t ) V

- Rcos6 ; J(l-Rcos6) -
. v P . . . ... „ _o.(f - t ) \ |v|3(f - t )

(2)

where R is the ratio of the init ial electronic velocity to the
ionic velocity, R = | v o j / | v | . By expanding the radical one gets,
to a good approximation,

lv|(t' - t ) \1-Rcos6
I 1 o

A plot of AE versus time and angle is shown in Fig. 3. Note that
electrons emitted at 0 degrees would be accelerated by this
effective potential, those emitted at 90 degrees would not be
influenced, and those emitted at 180 degrees would be decelerated.

Devdariani et al . calculated the amplitude for a
discrete, autoionizing state interacting with the long-range
field of an ion moving more slowly than the emitted electron.
In this case, the change in energy of the electron i s
AE = C[|v| (t1 - t o ) ] " r , where C - -Q, the charge of the
ion times the charge of the electron. The calculated amplitude is

-iC

f(w,e,Ep) - -i(r/2101/2b(to,e,Ep) (AU - -£^)

+ i a ) t o )( IJvJ +
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ANL-P-17,799

Fig. 3. A. plot of the negative of the change in energy of an
electron emitted from the (2p2)lD state of He
after excitation by a 1500 keV 7 L i + + + ion.
This is Eq. (3) in the text plotted as a function
of both time after the collision and the emission
angle. Time is in units of the natural lifetime
of the (2p2)lV state.

where Am = a> - E T, 1 is the complex gamma function, and b(to,6,E_)
is the amplitude for excitation of the discrete state.

It is important to understand, as has been discussed
elsewhere,2 that Eq. (4) is of more ge^:=ral applicability than
many previous expressions for this amplitude3 in that it is valid
both in the classically forbidden wing and in the limit when
C/|vj + 0.
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Eq. (4) may be used at higher projectile velocities with
only two small modifications. First, the parameter C Is made
equal to QRcos6/(l-Rcos6) instead of -Q. Second, because the
continuum electrons interfere quantum-mechanically with the
discrete state, a coherent background amplitude, a, and an
incoherent background intensity, A, are added. The spectrum, when
summed over the relevant discrete states, is then

F(u,6,E ) - A(w,6,E ) + JaU.e.E ) -r f(u),8,E ) | (5)
P P ' P P '

- A + |a 12. ',M!
,irC 2C _ - 1 lv .exp(-p|T - -pjtan -5^; )

TtC

I sin (a )-A&) - cos (a )>T /Z\

where

ar = TfvT ^L\2+ r
r

2 / 4 l + " g l P d + T7|)l + "to r (7)

In order to obtain Eq. 6, two assumptions were made.
First, the states were assumed not to interfere with each other.
For the (2p2)^-D and (2s2p)^P peaks l i t t l e state-state interference
can be detected in undistorted electron emission. It is not clear
that this should be the case when the peak profiles are
significantly distorted by a P.C.I, effect. S t i l l , the inset of
Fig. 1 shows the possible magnitude of state-state interference
when i t i s included In Eq. 6. The second assumption is that the
discrete states interfere with one partial wave, and thus one
phase, of the continuum. This is not the case, In general, since
the emission channel interferes with all partial waves of the
continuum.^ Inteference with more than one partial wave will net
affect the generality of Eq. 6 as a parameterization. The
parameters, however, will no longer represent the real physical
quantities that they were presented as above.

The solid lines in Figs. 1 and 4 are least square f i t s
of the data using Eq. 6. A linear incoherent background and a
constant coherent background, along with peak amplitudes, | b | ,
phases, tQ, and resonance energy position, S r , comprise the
parameter set . The f i t s are very good.
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Fig. 4 The electron energy spectrum detected at 30% after
2000 keV 4He+ ions collided with the neutral helium
target. The solid line is a f i t using Eq. 6 in the
text. The dash-dot line is that f i t in the limit
when C/|v| •»• 0.

In the limit when C/|v| goes to zero, Eq. 6 reduces to a
formula equivalent to the Shore parameterization. In the
hypothetical case of turning the P.C.I, off this formula would
display the resulting peak profiles. This was done to produce the
dash-dot line of Fig. 4. At these ionic velocit ies the observed
peak profiles change the direction of their asymmetry as the
observation angle is changed from 90° to more forward angles.
In the mathematical limit of no P.C.I., however, the profiles
remain roughly constant as a function of observation angle. The
magnitude of C/|v| that causes the profile change is about .09.
This indicates that an ion of charge +1 and a velocity of 5.3 au
may significantly affect the profile of an electron emission line
observed at 0 degrees.

This research was supported by the U.S. Department of
Energy (Office of Basic Energy Sciences) under contract
W-31-109-Eng-38.

I
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MEAN LIFE OF THE 2p4(1S)3s 2s STATE IN FLUORINE

K. T. Cheng and M. H. Chen
Lawrence Livermore National Laboratory, Livermore, CA 94550

In the emission spectrum of atomic fluorine,
observed two lines above the first ionization limit at 680.7 and
682.6A, and assigned them to be the transitions from the
2p4(1D)4s 2 D upper state to the 2p5 2P 3/ 2 1/2 ground
states. However, these two lines were not seen in the absorption
spectrum of Huffman et al.2 Instead, two lines at 681.8 and
683.7A appeared. The upper state was re-interpreted by
Palenius'3*4 as the 2p4(]S)3s 2s state, which is forbidden
to autoionize in the LS coupling limit and can thus give rise to
emission lines above the ionization limit. As for the
2p4(1D)4s 2 D state which is allowed to autoionize, it was
assigned to the observed absorption lines instead.

Recently, in the photoionization spectrum of fluorine by
Ruscic et al,5 a strong peak shows up at 680.7A. This is
rather surprising because such a strong peak should not appear at
all if the 2p4(]S)3s 2s state is forbidden to autoionize. A
logical explanation is that the autoionization rate of this state,
though suppressed, is still comparable in size to the radiative
decay rate. This is possible by a break down of the LS coupling
due to the spin-orbit interaction. Berry et al6 have since
measured the life time of this state with a beam-foil technique.
Comparing their result with the theoretical radiative life time by
Cheng? and that by Beck,8 they deduce that the autoionization
rate is at least three times higher than the radiative decay
rate. However, there is as yet no direct study of the branching
ratio between the two decay mechanism.

In this work, we calculate the radiationless as well as the
radiative decay rates for the 2p4('S)3s 2s state. For
comparison purposes, we also make similar calculations for the
2P4('D)4s 2 D state. Our calculation is based on the multi-
configuration Dirac-Fock (MCDF) method. As spin-orbit interaction
is built in, this method is capable of studying LS forbidden Auger
transitions. Details of the Auger transition calculations have
been given before.9
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Results of our calculations are given in Table I. As one can
see, while the forbidden Auger rate is about two orders of
magnitude smaller than the allowed one, it is still almost one
order of magnitude higher than the radiative decay rate,
indicating that the spin-orbit interaction is indeed quite strong
for neutral fluorine. The resulting theoretical life time for the
2p4pS)3s 2S state is consistent with the experimental
result of Berry et al.6 Also shown in Table I are the
absorption oscillator strengths from the 2p5 2p3y2 ground
state, which also agree well with the values determined from the
fluorine spectrum of Ruscic et al.5 Details of our present
calculation will be published as a separate paper.

TABLE I. Decay rates (in sec-1), life times (in nsec) and
absorption oscillator strengths from the ^Pa/? ground
state (f) for the 2p4('S)3s 2S and the 2p4('D)4s
2 D states of fluorine

Auger rate

Radiative

Total rate

Life time

Life time

f

f (expt)c

ratea

(expt)b

2p4(1S)3s 2s

4.6 x

5.1 x

5.1 x

0.2

0.31 :

0.012

0.019

109

108

109

+ 0.10

+0.011
-0.005

2p4(1D)4s 2D

2,,

6.

1.

0,

0,

0

5 x 1011

.6 x 107

,5 x 1011

.004

.009

.010+0-005
-0.004

aInclude decay rates to the 2p5 2P
bBerry et al, Ref. 6.
cRuscic et al, Ref. 5.

ground state only
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AUTOIONIZATION OF NONPENETRATING RYDBERG STATES OF NO AND H 2

E.E. Eyler
Yale University Physics Department

New Haven, CT 06511

ABSTRACT

New experiments a re reported on vibrat ional autoionization in
the nf Rydberg s t a t e s . o f NO and H2. Since these s t a t e s are nonpen-
e t r a t ing , the core in te rac t ions that normally lead to autoionization
are very weak. Autoionization of these nonpenetrating Rydbcrg
s t a t e s can be caused by the long-range in teract ion of the Rydberg
e lec t ron with the multipole moments and polar izabi l i ty of the
molecular ion core. Resul ts for the 4f, v=3 s t a t e of NO suggest
that the decay, with Av=-3, i s influenced significantly by perturba-
tions with other Rydberg s t a t e s . Preliminary work on the nf, v=1
s t a t e s of H2 is in approximate quant i ta t ive agreement with the
long-range model, but s t i l l reveals a t l e a s t one anomaly due to
per turbat ions . The f i r s t portion of th is paper describes the long-
range autoionization process, which probably dominates the decay of
most high l Rydberg s t a t e s . The second and third portions describe
the experiments on NO and H2.

I . AUTOIONIZATION OF NONPENETRATING RYDBERG STATES

Vibrational autoionization of Rydberg ns and np s t a t e s has been
extensively investigated in a number of diatomic molecules, but
l i t t l e i s known about autoionization of s t a t e s with higher £. In
most diatomics there i s l i t t l e or no core penetration for Rydberg
s t a t e s with I >_ 2, so the physics of these s t a t e s is considerably
different than for the low I s t a t e s . The energy level s t ruc tu re of
nf and ng s t a t e s in H2, NO and N2 has been described accurately by
simple models taking into account the perturbat ions of a hydrogenic
Rydberg electron by the long-range multipole moments of the ionic
core.1"11 Predictions of autoionization r a t e s for nonpenetrating
Rydberg s t a t e s have had a somewhat confused history. In 1968,
Russek, Patterson and Becker noted tha t since the dipole and qua-
drupole moments of H2+ depend on in ternuclear separation, they can
couple the core vibration with the motion of the Rydberg e lec t ron . 5

They calculated autoionization r a t e s for the np s t a t e s of H2 based
on the quadrupole in terac t ion , but predicted ra tes that were far
too low because the p s t a t e s are s t rongly penetrating. Subsequent
discussions of the high I s t a t e s apparently omitted the long-range
forces , and indicated extremely long l i f e t imes . 6 ' 7 Finally in 1982,
Herzberg and Jungen made a rough est imate of the autoionization
r a t e for ng s t a t e s in H2 based on the long-range in te rac t ions , 2

predict ing r a t e s on the order of n1 psec. These l i fet imes have not
been measured experimentally.
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We are in the process of calculating autoionization rates using
the long-range model for the nf states of H2 and NO, for comparison
with the new experimental measurements described below. This cal-
culation is outlined briefly here, and will be described in detail
elsewhwere.* Since the effects of electron correlation play no
role in long-range autoionization, i ts description is rather simple
and quantitative predictions can be made fairly easily. When
dealing with nonpenetrating states, it is easiest to start in a
Hund's case d basis set, in which the outer electron is completely
uncoupled from the figure axis of the molecular ion.3 The good
quantum numbers in this system are core rotation R, core vibration
v, principal quantum number n, angular momentum L, and total
angular momentum N, where N" = R* + 'C. The autoionization rates can
then be calculated directly from Fermi's Golden Rule:

r = 2ir|<vRnLN | H' | v'R'EL'N>|2, (1)

where H1 is the perturbation Hamiltonian for the long-range interac-
tions, E is the energy of the ejected electron, and the total
angular momentum N must be conserved. The rate is given correctly
in atomic units if the continuum wave function is normalized on the
energy scale.9

The lowest-order terms in H1 are those arising from the molec-
ular ion dipole moment (for heteronuclear species), quadrupole
moment and polarizability. The interaction matrix elements can be
determined using the method of Ref. 3 to simplify the angular
momentum factors. When the quadrupole term dominates, the autoion-
ization rate is given by,

r = 2ir Y. |<nL|i/r3|EL'> <vR|Q(z)|v'R«> j j R,
R'.L1 '

(0 0 0') (5 0 0 ) | 2 (2R+1X2R'-H)(2L+1)(2L' + 1) (2)

Here Q(z) is the quadrupole moment of the ion core as a function of
internuclear separation z, and |EL"> is the wave function for a
hydrogenic continuum electron. The dipole and polarizability terms
can be found similarly. The angular momentum factors give rise to
a rather complicated dependence of the autoionization rates on N
and R. Figure 1 shows this dependence for the case where the qua-
drupole term is dominant. At very large R, the structure simplifies
as the rates become constants for each value of £ = N - R, which is
the classical projection of L along the rotational axis. Additional
dependence on R comes through the matrix element <vR | Q(z) | v'R'>
between the nuclear wave functions. Because there are extensive
cancellations between the vibrational wave functions for the initial
and final states, these matrix elements are rather sensitive to the
small phase changes caused by the centrifugal term.

The same interactions can lead to rotational autoionization
when it is energetically possible, with a change in rotation AR = -1
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Fig. 1. Relative autoionization rates, determined from
the angular momentum factors for the quadrupole inter-
action. Lines join points with equal values of
£= N - R.

for the dipole term or AR = -2 for the quadrupole and polarizabil-
ity terms. Since the nuclear matrix elements are then diagonal in
v, rotational autoionization is expected typically to be orders of
magnitude faster than vibrational autoionization when both can
occur. It should soon be possible to check this prediction experi-
mentally.

II. THE ilf, v=3 STATE OF NO

This section describes a recent measurement of autoionization
rates in the k? s ta te of the NO molecule, performed by E.E. Eyler,
D.T. Biernacki, W.A. Chupka and S.D. Colson at Yale University. This
experiment is described in more detail in another publication."

The nf s tates of NO are among the ear l ies t nonpenetrating
molecular Rydberg s ta tes to be examined. The v=0 and v=1 vibra-
tional levels of the 4f s t a t e were analyzed extensively, f i r s t by
Jungen and Miescher,1 and recently in a laser study of the If, v=1
level by Cheung, et al .1 1 In both cases, mo3t of the energy levels
agree within experimental error with those calculated by consider-
ing long-range interactions of the Rydberg electron with the N0+

molecular ion core through i t s quadrupole and polarizability
moments. Only the lowest 4fa components showed a small shift due
to core penetration. For vibrational levels with v=3 or higher,
autoionization to the v=0 continuum is energetically possible. Such
autoionization could be expected to arise largely through the long-
range process described in Section I, and is expected to be rather
slow because the vibrational quantum number must change by 3.
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To investigate this process, we have examined several levels
of the 4f, v=3 state with extremely high resolution (0.002 cm"1).
Decay rates were determined directly from the natural linewidths of
the transitions. These are believed to be the first measurements
of autoionization rates in a non-penetrating state. ,

The excitation scheme and a schematic view of the apparatus
are shown in Figure 2. The experiment is performed in a molecular
beam formed by a pulsed supersonic nozzle. This provides high beam
intensities and freedom from collisional and Doppler broadening. In
addition, the rotational temperature is cooled by the expansion to
about 3 K, making line identifications easier. An excimer-laser
pumped pulsed dye laser is used to excite the v=3 level of the
A (3s) *£ state using two-photon excitation at 392 nm. After a
short time delay, light at 420-425 nm from' a single-mode cw ring
dye laser is used to excite the 4f+3s transition. This delay is
determined by the drift time of the molecules between the two
laser beams, Sshich are focused to slightly separated beam waists.
The 4f*3s transition is weakly allowed because of a small admixture
of nd configuration in the 3s state.10 A small electric field is
used to collect ions resulting from autoionization of the 4f, v=3
state, which are subsequently detected by a charged particle multi-
plier.

4f,v3-

AUTOIONIZATION rOETECTOR

Fig. 2. Excitation scheme and apparatus for laser spec-
troscopy of NO.

Figure 3 shows a scan through one of the stronger resonances,
taken by scanning the cw laser while the pump laser is held fixed
on a selected rotational level of the 3s state. Because the Mf+A
transition amplitude far exceeds the amplitude directly to the v=0
continuum, purely Lorentzian line shapes are observed.12 A general-
ized least-squares fit to a Lorentzian is plotted together with the
data in Figure 3. and clearly gives an excellent fit. The line
widths observed for various values of N and R range from 536 to
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*)266 MHz, and far exceed both the laser linewidth of 0.5 MHz and
the apparatus width due to finite transit time and residual Doppler
width, estimated at 50 MHz. The experimental uncertainty of about
20 % is limited by power broadeninpc effects for the narrowest lines,
and by drifts in the background level for the broader lines.

1 2 3 4 5 6 7 8 9 ID 11

LASER FREQUENCY CGHz)

Fig. 3. Scan of the *P_3 (2) branch to the Hf state of
NO.

A total of 33 transitions to various levels in the 4f complex
were observed, of which all but one have been assiRned. These
transitions terminate in 28 different levels of the kf, v=3 complex.
Figure 4 shows a plot of the measured lifetimes as a function of
the core rotation R, with levels of equal £. connected. There is no
marked overall trend with rotation, in agreement with the predic-
tions of the long-range model. However, the highly erratic behavior
of the observed lifetimes for intermediate rotations is different
from that predicted by initial calculations using either the dipole
or quadrupole terms in the long-range model, and is suggestive of
perturbations. A comparison with Fig. 1 suggests that the relative
autoionization rates of the lowest rotational levels are consistent
with the quadrupole term, but the rates for levels with R > 2 are
very irregular. The energy levels do not reflect this irregularity,
although preliminary analysis suggests that some levels are
slightly perturbed, by about 1 cm~l. Autoionization rates are
extremely sensitive probes of small perturbations, since most of
the potential perturbing states are far more penetrating than the
4f states and therefore can autoionize much more rapidly.

Although residual core penetration or competing predissociation
could contribute to the observed irregularities, the currently ava-
ilable evidence suggests that they are caused by mixing of the HT,
v=3 levels with nearby Rydberg states that autoionize more rapidly.
In a very close accidental degeneracy, the v=1 vibrational Ievel3 of
the 7d6 and 7f states have energies only a few tens of cm"1 removed
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Fig. H. Measured linewidths for the 4f, v=3 s ta te of
NO, shown with lines connecting levels of equal
/ = N - R.

from 4f, v=3, and can mix with the Hf s tate through the dipole term
in the long-range interaction. Efforts are presently underway to
investigate autoionization in higher nf s ta tes , and to determine' the
energy levels of the 7d6 and 7f perturbing s t a t e s . At this point
absolute autoionization rates cannot be calculated ab__initio, since
the dipole and quadrupole moments of N0+ have apparently~not been
calculated as functions of internuclear separation. I t is hoped
that the present work will stimulate such a calculation.

III. THE TRIPLET NF RYDBERG STATES OF H2, n=10 TO 20

In an experiment being conducted by R. Short, F.M. Pipkin and
E.E. Eyler at Harvard University, two cw lasers are used to excite
autoionizing nf Rydberg s ta tes of H2 with n=10 to 20. Electron
bombardment is used to form a beam of H2 in the metastable
c (2pir) nu s t a t e . The f i r s t laser , operating near 600 nm, excites
transitions from the metastable s ta te to the t r i p l e t 3s or 3d
sta tes . The second laser, at about 820 nm, is then used to excite
np+3s or nf+3d transitions. A Channeltron electron multiplier is
used to detect electrons from autoionization. The vlbrational
levels v=0, 1 and 2 are accessible, although only v=1 levels have
so far been examined. The experimental resolution of about 60 MHz
is determined principally by the residual Doppler width in the
molecular beam. As in the NO experiment described'above, lifetimes
can be determined directly from the observed linewidths. The
experimental scheme is similar to that of Ref. 3, apart from the
addition of a second cw laser .

Figures 5 and 6 ahow preliminary data from this experiment,
which is s t i l l in progress. Since a l l of the transitions so far



251

examined are in orthohydrogen, the spectra exhibit internal s t ruc-
ture arising mainly from the hyperfine spl i t t ing in the H2+ ion core
and the 3d intermediate s t a t e . This structure makes i t difficult to
determine precise llnewidths, but will be largely eliminated in
experiments now underway on parahydrogen, which has no hyperfine
structure . In Fig. 5, transitions are shown from the R=1, N=1 level
of the 3d s ta te to the R=1, N=2 level in each of several nf s ta tes ,
a l l with v=1. Figure 6 shows transitions from the same 3d level to
R=3 levels with N=0, N=1 and N=2, also for several values of n.
The re la t ive linewidths agree qualitatively with Fig. 1, except for
the dramatically broadened 13f, R=1, N=2 level . This level is
thought to be perturbed by a Rydberg np or nf s tate with higher
core vibration and lower principal quantum number. A rough calcu-
lation of absolute autoionization rates has been made, using the
known polarizability and quadrupole moment of H2+. The predicted
rate for n=10, R=3, N=2 i s about 0.005 cm"1, with an uncertainty of
about 50$ . This is in good accord with the value of about 0.01
cm"1 determined from Fig. 6.

Fig. 5. Transitions from the 3d '2 , v=1, N=1 level of H2
to the v=1, R=1, N=2 level of the nf s t a t e , for several
values of n.

Further experiments on both NO and Hg should make possible a
detailed investigation of long-range autoionization, a process that
is probably the dominant decay mechanism of most high £ molecular
Rydberg s ta tes .
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COMPLEX RESONANCES IN PHOTOIONIZATION SPECTRA :
AN EXAMPLE OF INDIRECT AUTOIONIZATION

A, Giust i -Suzor and H. Lefebvre-Briori
Labora to i re de Photophysique Molecula i re , C.N.R.S. , Bat . 213

Unive r s i t e Par is -Sud, 91405 Orsay Cedex, France

ABSTRACT

Most of the "rules" for atomic or molecular autoionization
have been derived within a two-channel model, involving one open
channel (the continuum) and one closed channel (the discrete states).
Very often, especially in molecules, autoionization processes involve
additional coupled channels, open or closed, which complicate the
resonance features by violating the two-channel rules. As an example
we discuss here the case of complex resonances, due to the auto-
ionization of a Rydberg series close to its ionization threshold,
perturbed by an isolated discrete state.

INTRODUCTION

Autoionization was first viewed as a two-partner process,
involving a single isolated discrete state interacting with one
continuum'. Earliest extension to a series of discrete states inter-
acting with several uncoupled continua' still stuck essentially to
a two-channel process, leading to simple resonance shapes and selec-
tion (or "propensity") rules. Among them, we can recall the n
decrease of the width for the successive levels of a same autoioni-
zed Rydberg series, and the Ay=-1 propensity rule for vibrational
autoionization in molecules '.

Nevertheless, extensive high resolution experimental studies
of photoionization have shown that these rules are frequently viola-
ted, specially in molecules, meaning that autoionization processes
seldom fit in a simple two-channel model. Most of the resonance
series are perturbed by indirect couplings with other discrete states
or continua, i.e. with additional channels, closed or open (see
Fig. 1). For example, the violation of the propensity rule for vi-
brational autoionization in the NO molecule^ has been demonstrated
to result from an electronic coupling to a dissociation continuum^.
Here, we focus on a characteristic resonance feature, called a
"complex resonance", consisting of an intense peak surrounded by a
broad distribution of satellites with decreasing intensity. It
results from the autoionization of a dense series of Rydberg levels
(the "host" series) perturbed by an "interloper", pertaining to a
series with a much higher ionization threshold. In terms of channels,
it may be viewed schematically as a three-channel process involving
one open and two closed channels (Fig. la).
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(a)

Fig. 1. Schematic representation of three-channel autoionization
(a) third channel closed (case of the "complex resonance")
(b) third channel open (= continuum)

MODEL CALCULATIONS

We use an analytical formula recently derived within a multi-
channel quantum defect approach**, representing the photoionization
cross-section in the region of a complex resonance, as a function of
the photon energy. This formula involves eight physical parameters
which represent the dynamics of the multichannel system at short-range
within the so-called "reaction zone", and may be considered as energy
independent over the spectral range of the complex resonance. They
consist in three effective interaction parameters R y (see Fig. l.a
- note that the R^j are dimensionless quantities as representing
channel couplings, i.e. conLinuum-continuum interactions) ; three
dipole transition moments D^ measuring the photoabsorption by each
channel, and the quantum defects of the two "unperturbed" Rydberg
series. These parameters may be either calculated ab-initio or
deduced from spectroscepic data relevant to the same series in
unperturbed parts of the spectrum. Alternatively, they..may be fitted
by adjusting the theoretical cross-section to the observed spectrum
in the region of the complex resonance, leading to an empirical
guess of the channel interactions and oscillator strengths.

This analytical formula allows to test the influence of each
parameter by means of very simple model calculations. For example,
Fig. 2 demonstrates the influence of the effective interaction R,,
between the two closed channels, in the simplest case without direct
ionization (Dj=O). The most striking features to be noted are

i) the range of the complex resonance, measured by the envelo-
pe of the peak maxima (dotted curves on Figs. 2). For strong cou-
pling between the two Rydberg series, the width of this envelope may
exceed by far the individual width of the Interloper (compare Figs.
2.a and 2.b).
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ii) The strong variations of the width for the successive com-
ponents of the complex resonance. In particular very narrow peaks
are obtained, corresponding to the formation of quasibound states in
the continuum. They result from destructive interferences between
the two autoionization paths (direct and indirect) for each closed
channel. This narrowing effect has been observed by Gounand et al^
in the complex resonance formed by the high members of the
(6p. ..nd) _ series perturbed by the (6p

1 / £. J—J
10d) „ interloper.

n 42 40 38

'Fig. 2. Model calculations demons-
trating the influence of the
closed channel interaction Rp-i
on the resonance structure. .

(a) Two channel calculations
of the separate autoionization
of each Rydberg series.

(b) Three channel calculation
of the simultaneous autoionization,
of the non interacting Rydberg
series (R23 = 0) .

(c) and (d) same as (b) with
' ~ (c)

(b)
R23=0.01xn
R23=0.02xn

The other coupling parameters
(with the notations of Fig. l.a)
are R12=0.1xn

R13=0.01xn
in each calculation.

60 60 100
ENERGY DISTANCE FROM THE FIRST

IONIZATION LlMlT(cm-l)
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EXPERIMENTAL EXAMPLES IN MOLECULES

We describe now a few examples of complex resonances observed
in molecular photoionization spectra, mostly to illustrate that
such a many-channel process may combine all kinds of interactions.

vibrational-vibrational interactions :

Fig. 3. : (a)
8 9

observed and calculatedphotoio'nization spectra of H, 3

near the (v+=l,N+=0) threshold..-

(b) analytical calculation with;
a 3 channel model indicated on
the left

7fe
13 Po

V£o

125(30

The first example refers to the H2 spectrum in the 791 A spectral
region (Fig. 3.)- The complicated resonance feature observed by
Dehmer and Chupka** has been very well reproduced by a complete MQDT
calculation of Raoult and Jungen^ involving a large number of
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channels. Nevertheless, they have shown that the major features of
the width and intensity distribution result from a complex resonance
which involves two host series (npO and np2) with vibrational
quantum numbers v~l, coupled vibrationally to the electronic
continuum of the ion ground state with y+=0.. Alone, these Rydberg
levels would give rise to very small resonances because they absorb
weakly from the H2 ground state, but they are coupled by another
Av=l vibrational interaction to the 7pa(v=2) interloper, which has
a convenient oscillator strength. On the other hand, the interloper
acquires a finite width due to i t s indirect coupling to the conti-
nuum, via the host series.

This situation has been roughly reproduced (Fig. 3.b) by a
three-channel calculation using our analytical formula, with a
single host series (npO) having a zero dipole transition moment,
(D2=0) and no direct coupling between the interloper and the conti-
nuum (Rj3=O). One thus demonstrates that the Av=-2autoionization of
the interloper, which apparently does not follow the propensity rule
for vibrational autoionization (Av=-1), actually results mainly from an.
indirect coupling via two Av=-1 vibrational interactions.

Vibrational-electronic interactions

Our second example of complex resonance, observed in the N_
ionization spectrum*? combines electronic and vibrational Inter-
actions. In the broad peak envelope between 784 A and 783 A (Fig. 4)
two interlopers have been located, which are H Rydberg states
with the excited core state A ÎIU. Therefore they are coupled by
electronic interaction both to the continuum of the ion ground

with v+=0, and to the host series (X2E+npTTu) 'IIU with
:o the level v+=l of the ion giDtrii state. The

state
v=l, converging to

19 18 17 16 15 14 13 12 10

782 783 784 78£ 786
Photon wavelength (A)

i
787 788 789!

Fig. 4. : Photoionization of N2 taken at 77°K with a resolution
of 0.016 A (from Ref. 10).
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direct coupling of the host series to the continuum is purely
yibrational (same ion core).

The most striking feature in this example is probably the
energy range of the complex resonance : the enhancement of the
peak areas for the members of the host series (which violates the
n*~^ rule) begins at n ̂  11, very far from the interlopers which
lie above the n=20 member of the series. As it has been learnt from
the model calculations of Fig. 2, this results from the strong
electronic coupling between the interlopers and the host series.
We can conclude here that the apparent vibrational autoionization
of these Rydberg levels with X^Eg core actually results mainly from
two elactronic interactions (host series-interloper and interloper-
continuum) . Accordingly it could be called an indirect electronic
autoionization.

Spin-Orbit -'vibrational interactions :

v V
i. . .

1100 1140 1160
WAVELENGTH (A)

I ISO Wjo i200

Figure 5 : Photoionization cross-section curves for HI and DI
in the region of the 2n threshold (from Ref. 11)
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Our last example is taken from the DI photoionization
spectrum obtained by Eland and Berkowitz^ between the X2Il3/£
X̂ IIj/2 ionization thresholds. Comparing to the HI spectrum
in the same spectral range (Fig- 5), an-additional autoionization
feature is observed at X ̂ 1185 A, between two strong peaks which
result from spin-orbit autoionization of Rydberg states with
(^ni/2)v+=0 ion core in the continuum of the ̂ Tl^/2 v+=0 ion.
The two isotopes differ in this region by the energy position of
the v+=l vibrational level of the ̂ 3/2 ion ground state : this
ionization threshold, marked by arrows on Fig. 5,lies much lower
in energy in the heavy isotope DI than in HI. Therefore, the
members of the Rydberg series converging to the v+=l ^3/2 ion is
much more dense in this spectral range and may give rise to a
complex resonance. Although these Rydberg states do not absorb by
themselves due to vanishing Franck-Condon factors, they may borrow
some intensity (and width) from the Rydberg states with the .
(2lIi/2)v+=0 ion core, to which they are coupled by a spin-orbit
vibrational coupling' . The additional resonance feature in DI
could thus be due to an indirect spin-orbit autoionization, via
a vibrational coupling of the host series to the interlopers.
Theoretical calculations of spin-orbit autoionization in hydrogen
halides are in progress ' .

CONCLUSION

From these few examples of complex resonances, we see that
the "normal" behavior of an autoionized Rydberg series may be
strongly perturbed in a multichannel situation. It is therefore
not surprising that many autoionization features in molecular
spectra are "doing violence" to the two-channel rules , specially
in polyatomic molecules where the number of channels is very high.
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COLLISIONAL EXCITATION OF SOME ALKALI AUTOIONIZING STATES

Constantine E. Theodosiou
Department of Physics and Astronomy

University of Toledo, Toledo, Ohio 43806

ABSTRACT

We have calculated the alignment of the lowest autoionizing
states in the stable alkali metal atoms, induced by impact of
electrons and heavier projectiles. The alignment by heavier
projectiles is seen to exhibit a very rich structure as a function
of impact energy and its is anticipated that its overall behavior
should be observable by experiment.

INTRODUCTION

Most of the preceding papers concerned themselves with the
excitation of atomic and molecular autoionizing states by
photoabsorption. As a result, they treated "half-collision"
processes. In the following we present the results of a study of
"full-collision" processes, the collisional excitation of
autoioniziag states in alkali metal atoms, where the excitation
dynamics depends drastically on the impact energy.

Study of autoionizing states provides information about the
atomic structure and the dynamics of their excitation.
Specifically, their different magnetic substates can be populated to
a different, i.e. non-statistical, extent, depending on the relevant
partial excitation cross sections, thus resulting to a non-zero
alignment. The alkali atoms have been manageable atomic species
for experimental and theoretical studies of such states.

We have performed calculations of the excitation cross section
5 2 2and alignment of the lowest autoionizing states np (n+l)s Po/<i of

Na (n=2), K (n=3), Rb (n=4), and Cs (n=5). The electron impact
excitation cross sections of these states have been studied by

p c I 7—10
various authors theoretically and experimentally ' but they
do not show any interesting structure, apart from sharp maxima in the

3 11 12
excitation cross sections just above threshold. ' DuBois et al.
have inferred a prominent minimum in the alignment of the Na state
at low impact energies; this minimum, however, is most probably due
to post collision interaction (PCI) effects on the detected
electrons and has nothing to do with the alignment of the excited
state. The alignment of the Na 2p53s2 2 P 3 / 2 state obtained by proton
and He+ impact1'11"12 and of the isoelectronic state in Mg+, by Mg+

12on He collisions, exhibited interesting structure and verified the

overall predictions of the first Born approximation. To further
elucidate the origin of this structure and its variation for heavier
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alkali atoms, in this work, we extend the calculations to K, Rb, and
Cs and to diverse projectiles. In addition, we consider an improved
theoretical approach to calculating partial and total excitation
cross sections.

As established by Theodosiou for the case of sodium, the
effect of interaction between the autoionizing and direct
transitions in the processes

(1) P + A[np6(n+l)s 2S 1 / 2] • P + A+[np6 1SQ] + e~

P • A*[nP
5(n+i)s

2

where P = e~, H , He , etc., and A = Na, K, Rb, and Cs, is negligibly
small because the direct process is very weak. These autoionizing

2 13
states have Jecay widths of only a few meV ' and generalized Fano

2
profile parameters q(K) in the order of one hundred. Tables I-III
summarize some of the properties of these states.

Table I. ns binding energies of the alkali metal atoms in their
ground state.

Element

Na
K
Rb
Cs

State

3s
4s
5s
6s

Theoretical

HS

5.137
4.196
3.950
3.564

HKS

4.855
3.903
3.645
3.272

HF

4.956
4.013
3.752
3.366

Experimental

5.139
4.339
4.176
3.893

HS: Hartree-Slater model, Ref.14; HKS: Hartree-Kohn-Shamm model,
Ref. 14; HF: Hartree-Fock model, Ref. 15

Table II. Spin-orbit splitting in eV

Element

Na

K

Rb

Cs

State

2p53s2

„ 5. 2
3p 4s

4p55s2

5p 56 3
2

2P

2P

2 p

2P

Theoretical (HF)

0.166

0.249

0.810

1.431

Experimental

0.166

0.260

0.845

1.217
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Table III. Excitation energy in eV of the lowest autoionizing
states of the alkali metal atoms.

Theoretical Experimental
Element State

HS HKS HF J=3/2 J=l/2

Na 2p53s2 2P 38.220 31.438 30.359 30.768 30.934

K 3p54s2 2P 22.743 18.672 18.937 18.713 18.973

Rb 4p55s2 2P 18.679 15.430 15.865 15.308 16.153

Cs 5p56s2 2P 15.383 12.747 13.288 12.303 13.519

In the limit of zero amplitude for the direct ionization, the
alignment of the state is equal to the anisotropy parameter in the
angular distribution

(2a) I3/2(<» = 2I0 [1 + 0 P2(cosfl)]

(2b)

of the electrons emitted through autoionization. In this limit, we
have

Kmax _ 2 - ~

(3) 0 =

_ 2

/d(Kao)(Kao)
 d<(n+l)s|J1(Kr)Inp^ P2(k.-K)

min

K
m a X -3 2
/ d(Kao)(Kao) ^(n+UslJjdCr) |np>*

K .

m m

= [Q(npO)-Q(npl)]/[Q(npO)+Q(npl)]

where Q(npm£) is the excitation cross section of a 2pmfi electron

to a (n+l)sO state, and K is the Momentum transfer.
METHOD OF CALCULATION

The transition matrix elements and excitation cross sections
have been calculated using the Hartree-Slater approximation14

to obtain the atomic wavefunctions. The transition probabilities
where calculated in two approximations: (a) using the first Born
approximation form factor
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(4) TBif = <f|exp(iK-r)|i>,

and (b) using the Vainshtein-Presnyakov-Sobelman approximation
(VPSA). The VPSA accounts to some extent for the distortion of the
projectile's wavefunction during the collision. Its application
entails the replacement of the above Born form factor by

(5a) T™ («/'tfe 1 W V«" T

(5b) N(v) = ii lv*\V(l-iv)\2

where K - k.-k_ is the momentum transfer, n is the projectile's

reduced mass, AE is the excitation energy, Z is the projectile's

charge, F is a hypergeometric function, and
fa 1

(6) v = -W /(kf-iftVef)

£_ being the binding energy of the active atomic electron in the

final state.

RESULTS AND DISCUSSION

First we calculated the excitation cross section and alignment
of the lowest autoioinizing state of Na using a set of projectiles
of varying mass and number of electrons they carry with them, i.e.
we considered e~, H +, He++, He+, and Li+. The screening of the
He and Li nuclear charge due to their electrons were properly
taken into account, assuming that the projectiles were not excited

during the collision.
Figures 1 and 2 present our results versus the velocity ratio

of a projectile and a 2p electron. We see that, as expected from
the validity of the Born approximation, at medium to large
velocities the results are the same for projectiles with equal
velocity and charge. Because of its small mass, an electron's
ability to excite the atom is limited to velocity ratios 5=0.9.
For this reason an electron cannot probe the inner structure of the
target wavefunctions. This can be attained, however, by the heavier
projectiles also considered here: As seen from Figs. 1 and 2, they
yield interesting structure for both the cross section and
alignment. This structure is directly related to the nodal
structure of the 2p and 3s wavefunctions, with zero and two nodes,
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respectively.1 Each node of each wavefunction involved in the
transition contributes a minimum to the excitation cross section and
the alignment.

o
o
v>

o
w
u

o

0.1 I 10

Relative velocily v/v2p

fOO

Fig. 1. Excitation cross section <r(2p-»3s) for Na by various
projectiles. Light lines. Born approximation; heavy lines,
VPS approximation

Fig. 1 clearly indicates the effects at lower impact energies
due to the different masses of the projectiles and to the number of
electrons they carry: At slow collisions the projectile nuclear
charge is less completely shielded and the cross sections is
appropriately increased over the proton impact case. The pattern is
the same within either approximation used. The effect of the VPSA.
i.e. some accounting for the projectile's wavefunction distortion

1 fi

due to the collision, is to reduce the cross section at low
velocities by an order of magnitude or more. The sharp maximum
above threshold predicted4 and measured for other alkalis in the
case of electron impact, is clearly visibie also in the case of Na.

As seen from Fig. 2, the general shape of the alignment
produced by all heavier than electron projectiles is mostly the
same. Again the results vary to some extent depending on the mass
of the projectiles and on whether they carry electrons. The effect
of distortion introduced theoretically via the VPS approximation is
to basically change the overall magnitude of the Born approximation
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results but not their shape. The difference between curves for
H and He impact is reproduced in the experimental data of
References 1, 12. and 17. Near v =0.1 all approximations and

r 12
projectiles yield similar values. DuBois et al. were therefore
largely justified to use the H++Na curve to explain their
Mg +He data for the isoelectronic to Na transition. They
verified the existence of a peak in this general velocity range.

c
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0.5 -

0.0
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0.1 10

Relative velocity v/v2P

Fig. 2. Alignment of the collisionally excited Na(2p 3s 2P
state induced by various projectiles. Light lines, Born
approximation; heavy lines, VPS approximation.

3/2J

After our detailed analysis of Na we calculated the excitation
cross section and alignment of the homologous states in the stable
heavier alkali metal atoms. The overall picture obtained in Na is
generally reproduced in this case. In Figs. 3 and 4 we only show
our results obtained for proton impact just to illustrate the
similarities and point out the different features of these cases.

From Fig. 3 we notice that the excitation cross section for K,
Rb, and Cs is almost an order of magnitude larger than that for Na
at relative velocities above 0.2. This fact will facilitate their
experimental investigation still to be carried out. The more
complicated wavefunction nodal structure is evident at lower impact
energies.

Fig. 4 presents our alignment results for K, Rb, and Cs. One
significant feature of this Figure is that the alignment has a lot
of structure as a function of the incident energy, and this
structure is basically unaffected by the approximation used. The
amount of structure is really impressive and should be tantalizing
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for the experimentalists to investigate and verify, at least
qualitatively. We aware of the fact that some of this structure at
low velocities will be "washed out" by the effects of the temporary
molecule formation by the projectile and target,

0.01 0.1 I 10

Relative velocity v/vnp

Fig. 3. Excitation cross section ff[np-(n+l)s] for Na, K, Rb,
and Cs by proton impact. Light line, Born approximation; heavy
lines, VPS approximation.

but it is to be seen to what extent. Experimental observation of
the features of Fig. 4 may be impaired by post collison interaction
effects if the autoionization electrons are detected. A more
appropriate approach might be to detect the polarization fraction
n of the fluorescence radiation from the transitions
(n+l)s~np following excitation. The polarization fraction is
directly related to the state's alignment by

(7) n(2p
3/2 /9+8/(9<*-2)'

where a depends on the nuclear spin, hyperfine structure, and
natural lifetime of the specific levels and atom. Its values for

18
the alkali atoms of interest to us are



a-
Na

0.288
K

0.294

268

Rb
0.276

Cs
0.271

Measurement of (I should be free from complicating effects unrelated
to the excited state's alignment.

*proton'^np

Fig. 4. Alignment of the collisionally excited np5(n+l)s2 2P
3/2

state of K, Rb, and Cs, induced by various projectiles. Light
lines, Born approximation; heavy lines, VPS approximation.
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AN AB-INITIO STUDY.
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ABSTRACT

Using ab-initio electronic quantities and the two step Multi-
channel Quantum Defect Theory (MQDT) we have studied the electro-
nic autoionization of Rydberg series converging to the B ionic
state interacting with the continuum of the ground ionic state.
The theoretical vibrationally resolved cross sections in the
presence of electronic autoionisation obtained for the first
time completely ab-initio show branching ratio which differ from
one vibrational level of the ion to another. There is a qualita-
tive agreement with the experiment except for the angular dis-
tribution of photoelectrons.

I. INTRODUCTION

The CO absorption spectrum below 20 eV has been, since fourty
years, the subject of extensive experimental work. In this paper,
we shaLL restrict ourselves to the part of the spectral region
between the C0+ A2It and the C0+ B2E+ thresholds.oIn 1942, Tanaka
1 identified two Rydberg series in the 630-730 A region which

he called "sharp" and "diffuse" owing to their respective widths.
Two new series called Pi, and P5 have been identified by Huffmann
et al in 1964 2 . A reinvestigation of the spectrum led Ogawa
and Ogawa 3 to classify the observed bands in four series conver-
ging to the BZE+ ionic state and caLled here? cer "sharp", "dif-
fuse", III and IV. Different assignment of these series have

* Aspirant du Fonds National de la Recherche Scientifique, Belgium
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been given in the Last 15 years as can be seen in TabLe 1.

TABLE 1

Series

sharp

diffuse

H I

IV

(1)

po

PTT

SO

do

C2>

PTT

PO

SO

do/dTT

Assignments
(3)

pit

po

so

dn*

<4)

po

pn

so

do

(5)

"p"7T

"p"o

"(s-d)"o/"d"TT

"(s+d)"o

(1) LindhoLm 12 ; C2) Ogawa and Ogawa 3 ; C3) Betts and He Koy a ; (4) Fock et al 13 ;
(5) this work.

* Betts and He Koy do not calculation the do states.

Using the synchrotron radiation the photoionization cross
sections Leading to thjeCO+ X2E+ and A2Il states and the B-X and
A-X fLuorescence cross sections have been measured respectiveLy
by PLummer et aL "* and by Ito et al 5 . The vibrationalLy resol-
ved cross sections corresponding to the X ionic core have been
measured by Leyh et al 6 . Ederer et al 7 have measured the an-
gular distribution of photoelectrons of continuum associated
with the X 2E + v ionic cores in the region of sharp n = 3 reso-
nance.

A theoretical calculation by Betts and He Koy 8 fail to give
a definite assignment of the different series due to the crude
model used (Table 1, column 3 ) . The examination of Table 1 leads
to two conclusions :

Ci) a disagreement between the different authors about the
"p"a/"p"T7 assignment of the "sharp" and "diffuse" series.

(ii) The interpretation of the III and IV series seems to cause
less problems, but our assignment is different from the
preceeding ones.

Up to now, no ab-initio calculation of the electronic autoio-
nization, introducing the vibrational motion has been performed.
Morin et aL 9 have studied the vibrationally resolved 0 2 photo-
ionization spectrum restricting the number of electronic channels
to two and fitting the electronic quantities to match the expe-
rimental spectrum. Raoult et aL 10 have performed a pure electro-
nic ab-initio study by the two-steps HQDT on the Hoppfield series
in N2.
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To allow a detailed comparison with the available experimen-
tal data in the case of CO molecule, we have performed ab-initio
calculations of the partial cross sections and of the asymmetry
parameter in the above mentioned region. We used a variant of
the two-step multichannel quantum defect theory (see section II)
developed by Giusti-Suzor and Lefebvre-Brion u and have intro-
duced the vibrational motion in the Franck-Condon approximation :
this allow us to compare the present results with the vibratio-
nal ly resolved ones of Leyh et a I 6 .

II. REVIEW OF THE THEORETICAL APPROACH

The problem we are concerned with is the study of the escape
of an election from a molecule. With respect to the distance
between this electron and the remaining ion we define an internal
and external regions. In the internal region we have to calcu-
late the interaction between all the N electrons by ab-initio
methods. When electronic autoionization is present we have to
take into account ground and excited states of the ion, add the
appropriate continuum or bound electron and make them interact
together. To match the two step MQDT which is an external region
theory we have to develop a two step internal region method
which first calculate separately the electronic quantities asso-
ciated with each ionic core (X2Z+, A2n, B 2E + for the C0+ ion)
and the excited electron and then the interaction between these
states giving rise to autoionization. The problem with this
approach is that we have to split into two parts the two elec-
trons repuLsion operator appearing simultaneously in the each
ionic core calculations and in the interacting term. This is
possible using the Feshbach projection operator formalism l!*.
Once these electronic internal region calculations performed
we can write the result of interest for the two step MQDT as
a reaction matrix defined at the surface of the internal region
and a transition moment between the initial and final state. We
introduce the vibration in the present method in the Franck-Con-
don approximation i.e. we assume that the electronic quantities
do not vary with internuclear distance and consequently that
the electronic quantities at given R are multiplied by the vi-
brational overlap. A consequence of the introduction of the vi-
brational motion is the increase of the number of asymptotic
channels. Namely each electronic channel is remplaced by nv-eLec-
tronic and vibrational channels, nv being the number of vibra-
tional Levels of the ionic state (v = 0-3 for the X 2I + and no
vibrational levels for the A2II states). It foLLows that eLec-
trons with kinetic energy differing by the vibrational interval
interact together giving rise to a new behaviour of the vibra-
tionaLly revolved cross-section.
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The electronic and vibrational quantities obtained by the
above procedure are now introduced in a variant of the two step
MQDT developed by Giusti-Suzor and Lefebvre-Brion n . From a
given set of vibronic K matrices, where aLL the channels are
calculated as being open and energy normalized, the MQDT obtain
an effective K matrix of smaller size for the asymptotically
open channels. The resonant behaviour due to the electronic
autoionization is now included in this effective K matrix giving
rise to sharp variations near the energy of a closed resonant
channel.

III. RESULTS

Before discussing our results let us comment on the spectros-
copist notation of autoionizing states. This notation^is usually
taken identical in atoms and molecules and implicitely assume
pure atomic caracter of the molecular Rydberg series. However
the molecular field mix the different atomic waves and therefore
this notation cannot be exact. Hereafter, we use a slightly modi-
fied notation namely i"£"X where £ is the most important compo-
nent in the partial wave expansion of the molecular wave func-
tion.

Our assignment of the autoionizing series converging to the
B 2£ + ionic state is given in the last column of the table 1 and
it differs by at most 0.09 eV from the experimental results. Let
us first note that sharp and diffuse series has been successive-
ly assigned to a and ir due to close values of their quantum de-
fect. Our assignment is in agreement with the historical denomi-
nation of these series with a small width for the v series and a
larger width for the a series. The series III and IV contain a
strong s/d mixing which varies very slowly with energy. We have
therefore labelled them "[(n+1)s + nd]"a. This mixing is quite
common in NO and N2 as first noted by Jungen 15. Nevertheless
in heteronuclear molecuLes the p wave contribution can be non-
negligible C ̂  20 % in CO).

In Figure 1 we display our total theoretical as compared with
experimental photoionization cross section of Berkowitz 1G. The
agreement is good except for a structure at 17.17 eV which is
not reproduced by the theoretical spectrum. The Figure 2a pre-
sents the partial X 2E + and A2H electronic photoionisation cross-
sections. As in Figure 1 we find that the most intense structu-
res associated with the Rydberg states converging to B ionic sta-
te (RB) are "p" (0 or ir) states : such transitions would have
been forbidden in the Uz homonuclear case. This emphasizes the
strong heteronuclear character of the CO molecule. An accidental
quasi degeneracy occurs between the RB 3"p"ir v = 1 and 3"p"c
v = 0 states (17.30 eV). Such a situation no more exists for the
n £ 4 states. In the X 2E + cross section, the 3"p"ir v = 1 state
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Figure 1

TotaL photoionization cross section of CO (a):our MQDT results
(b) : experimental results of Berkowitz (ref. 16).

represents the major contribution to the observed peak. In the
A2n cross section, the two quasi-degenerate states contribute
roughly equally.

The theoretical partial cross sections show also that the first
members of the RB series decay with globally the same probability
into the two open (X2Z+ and A II) channels, in good agreement with
the P.E.S. data 1*'6 but in complete desagreement with the F.E.S.
results of Ito et aI 5. As an example, the A-X branching ratios
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Partial electronic photoionization cross section (a)
and asymmetry parameter (b) for .the X 2E + and A2n ionic
cores. At 18.3 eV the 3"d"ir v = 0 resonance appears
only in A ionic core whereas the "(4s-3d)"a v = 0
resonance appears mainly in X ionic core.
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at 17.09 eV <3"p"ir v = 0 resonance) are 0.55 (X) and 0.45 (A).
The P.E.S. values are 0.50 (X) and 0.50 (A) whereas the F.E.S.
results are 0.05 (X) and 0.95 (A). No clear explanation has been
found at the present time for this discrepancy.

The RR "4S + 3d"a 'resonance appears as an emission profile
in the A II cross section. This disagrees with the experimental
results of Plummer et al "*, who observe an absorption peak in
each decay channel. This discrepancy results probably from an
underestimation of the corresponding interchannel interactions ;
this would also explain the too weak intensity of this resonance
in the X channel.

A window resonance appears in both the X and A cross sections
at 18.25 eV. In the X channel, this structure is the emission
part of the Fano profile corresponding to the RB "4s - 3d"a
state whereas, in the A cross section, it is the pure emission
profile of the 3"d"ii resonance. The origin of this latter pro-
file is the strong twoelectron interaction between B 2Z + 3"d"tT
which carries a very low oscillator strength and Lhe very in-
tense A2H e"d"6 channel.

Another important consequence of the autoionization proces-
ses concerns the vibrational selectivity with which the photo-
ions are produced. Strong variations in the vibrational bran-
ching ratios are generally observed along the autoionization
Lines (see Fig. 3a). Let us first of all consider the vibratio-
nal branching ratios at the energy of the 3"P"TT v = 0 resonance.
The theoretical values are : 0.53 (v = 0), 0.33 (v = 1), 0.10
(v = 2) and 0.03 (v = 3). The corresponding experimental ratios
13 are 0.72, 0.13, 0.03 and 0.07. At the energy of the 3"P"TT V=1
and 3"p"a v = 0 resonance, we have calculated the following
branching ratios, in order of increasing v : 0.48, 0.07, 0.28
and 0.16. The experimental data 6 are the following ones :
0.74, 0.06, 0.05 and 0.09. The agreement between the theoreti-
cal and the experimental results is then only qualitative.

The vibrational branching ratios depend mainly on the follo-
wing quantities : the electronic transition moment for the
direct ionization (i.e. the background contribution), the elec-
tronic transition moments to the Rydberg states, the interchan-
nel interactions, and the vibrational overlaps between the dif-
ferent states involved (ground state, Rydberg states and ionic
states). The discrepancy can be explained as follows. In the X
partial cross section, the contribution of the background is
underestimated by a factor of approximately 2 : this has severe
consequences on the branching ratios particularly at the energies
of weak resonances. Another reason is of course directly linked
to the validity of the Condon factorization.
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The theoretical off-resonance 8 value associated with the X2Z
state at an energy of 17 eV is 1.43 when no orthogonaIization
to the IT orbital is p rformed. This value compares rather well
with that of Wallace et al 17 (g = 1.48) and of Lucchese and
Me Koy ia (6 = 1.42). The orthogonalization Lowers g to 0.95 in
reasonable agreement with the experimental value of 0.87 13 .
This value results from a complicated interplay of essentially
the s, p and d waves of a and TT symmetries. For the A2R state,
we obtain g = - 0.19 at 17 eV, also in good agreement with
Wallace et al 17 (g = - 0.15). The inclusion of the continuum-
continuum interactions produces sharp variations around the ener-
gies of the Rydberg resonances (Figs. 2b and 3b).

The comparison of these theoretical vibrationally resolved
results with the experimental data of Ederer et al 7 (not dis-
played in Fig. 3b) in the region of the 3"p"fr v = 0 resonance
shows a poor agreement. The variation with the vibrationaL
quantum number of the ionic core (v-jon) of the "off-resonance"
g values (17.15 eV and 17.00 eV) are roughly reproduced by our
calculations ( excepted for v-jOn

 = 2 at 17.15 eV) but the shape
of the g curves for each vibrational state disagrees with the
experimental results 7. As can be seen in electronic (Fig. 2b)
and vibrationally resolved (Fig. 3b) results one calculates a
depletion in the g curves corresponding to C0+ X2E+ (sum overall
vion contributions) and to C0+ X2I+ v-jon=0, 1 in contrast with
the experimental enhance in both curves. In the framework of our
model which calculates each ionic plus electron state at the one
electronic configuration Level, the ab-initio electronic quanti-
ties are however roughly insensitive to the type of calculation
performed. Unfortunately, the Lack of detailed experimental data
does not allow us to compare our calculations in a more extended
region.

IV. CONCLUSION

In this paper we have analyzed theoretically the photoioniza-
tion spectrum of the CO molecule. Compared to the simple theory
we have used the overall agreement with the experiment is very
good. Particularly satisfactory agreement was found in the posi-
tion and qualitative description of photionization cross section.
The disagreement in the angular distribution of photoeLectrons
need to be understood along the lines discussed above.

A few experimental structures are not reproduced in our theo-
retical spectra. The less intense structures are most probably
due to the RB v = 2 states which have not been included in our
calculations.. The structure located at 17.17 eV cannot however be
interpreted in such a way. Ogawa and Ogawa 3 suggested that it is
due to the presence of high-n Rydberg states converging to
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C0+ A2II v = 4 . In order to check the assignment of Ogawa and
Ogawa, we have performed de ta i led ca lcu la t ions in the 16.9 -
17.4 eV region by e x p l i c i t e l y introducing the v i b ra t i ona l channels
of the A2II core with t h e i r respective th resho lds . These resu l t s
w i l l be presented i n a forthcoming paper.
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