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Introduction

Photoeffect has been a useful probe of atomic theory for many years.

Much of the early work was directed toward elucidating the photon-atom

interaction, as seen in the angular distribution of photoelectrons from the

innermost shells, and toward the response of the atom to an electromagnetic

field, as evidenced in the photo-attentuation cross section. Because the

photons used were energetic, usually more than 10 keV, the photon beam was

attenuated by both the scattering process and the photoeffect. The major

contributions to the photoabsorption cross section came from the K and L

shells, and the hydrogenic model was found satisfactory for the innermost

shells provided screening and, for the heavier atoms, relativistic effects

were taken into account. In more recent times when the studies moved from

higher energies to lower energies into the regime of soft x-rays and hence,

into the intermediate regions of the electron structure, the hydrogenic

approximation proved inadequate and it was soon shown that the central-field

Hartree-Slater (HS) model was needed to provide a more realistic

description.
2

With the introduction of photoelectron spectrometry in the sixties, a
new dimension opened up: now the various subshells could be "seen" and the

various single and double photoionization processes could be distinguished

allowing the partition of the total photoionization cross section into the

corresponding components, the partial cross sections. Photoelectron angular

distributions, and their characteristic parameter 8, could be determined

yielding another property by which theory could be gauged. In the seventies,

partial cross sections a were placed on an absolute scale, and the succes-

sful combination of synchrotron radiation with electron spectrometry, accom-

plished at Daresbury, England and Orsay, France, made it possible to investi-

gate ov and 6 continuously over the very soft x-ray or the UV range of
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photon energies. The detailed and highly differentiated data resulting from

this advanced experimentation put theory to a stringent test. In the

interplay between theory and experiment, sophisticated Hartree Fock (HF)

based models were developed which included both relativistic and

many-electron effects. These theoretical models have provided us with a

better insight than previously possible into the physics of the photon-atom

interaction and the electronic structure and dynamics of atoms. However,

critical experiments continue to be important for further improvements of

theory. A number of such experiments will be discussed in this presentation.

The dynamic properties determined in these studies include in addition to o
A

and 8 the spin polarization parameters. As a result the comparison between
x 7

theory and experiment becomes rigorous, detailed and comprehensive.

The Basic Relations

While the Einstein relation reveals, by way of the photoelectron energy,

which electronic levels are involved in photoeffect, both single and double,

the following relation pertains to the observable dynamic parameters:

f oc <^| E a. e e i k ri'*.>.
n i 1 1 1

The transition strength or matrix element f.-. of photoeffect contains the

initial and final wavefunctions of the system, i|>. and ^x, the Dirac Matrix,

a., the polarization of the photon, £, and the multipolarity of the photon
ikr

field, e i. In the length formulation of the often used dipole approxima-

tion the operator becomes simply r.

In a closed shell atom the allowed transitions are subject to the selec-

tion rule Aj=O, ±1. Hence, three matrix elements and two phase differences

are required to describe photoeffect. Matrix elements and relative phases

are, in turn, related to five observable quantities so that experiment and

theory can be compared at a basic level in a "complete" experiment that

delineates all quantities, The observables are (1) the partial photoioniza-

tion cross section a , (2) the angular distribution parameter 6 , (3) the
A X

spin polarization parameter £ which describes the photoelectron spin



polarization perpendicular to the reaction plane, (4) the total spin

transfer A from circularly polarized radiation to the photoelectron, and (5)

the differential or angle dependent spin polarization transfer parameter a.

Most experiments to date have been aimed at the determination of a and s ,

but the feasibility of measuring the spin parameters, and the potential of

these determinations, has been demonstrated in recent years.

The Experimental Procedure

Electrons are analyzed at the angle <j> relative tc the electric vector E

of the highly polarized light from the synchrotron radiation source, and the

number of the electrons within a solid angle a is given by

I ocz dax ax [1 + 6x (1 + 3p

Hence, the partial cross section a and the photoelectron angular distribu-
A

tion parameter e can be determined by choosing suitable angles $, provided
A

the polarization p of the photon beam is known. If the spin-parameters are

to be measured, thp electron energy analyzer is augmented by a spin analyzer

in the form of a Mofct detector. By using the above formula as a basis for

the experiment, the data analysis is done in terms of the dipole approxima-

tion.
Selected Experiments

Photoeffeat in He involving two electrons

Various aspects of the excitation of both electrons in this classical

two-electron atom have been studied with the synchrotron source, first the

excitation proper that leads to autoionization states, and second the

ionization of one electron and the simultaneous excitation of the other s
9-18electron into the n=2, 3, 4 subshells. In the latter case, particular

attention was given to the n=2 state, which correlates with the first satel-

lite in the photoelectron spectrum. Hence, the intensity ratio He (n=2)/

He+(n=l) is reedily obtained. However, the electron in the n=2 shell may be

promoted into either the 2s or the 2p level. Although these levels cannot be

resolved energetically, a consistency test of the theoretical prediction can



nevertheless be made by measuring the angular distribution of the electrons

leaving He+ in the n=2 state. The experiment yields directly the sum of the

cross sections, a(tot) =a (2s) + a(2p) relative to ofls), and a e(n=2) which

is composed of g(2s) and e(2p) each weighted by the respective partial cross

sections. Because e(2s) = $(ls) = 2, the comparison between theory and

experiment can then be made in terms of R = a(2p)/o(2s) and e(n=2) =

[p(2p)a(2p) + 2o(2s)]/[a(2s) + a(2p)]. In Fig. 1, the various experimental

results, including a ratio determination by way of a fluorescence measure-

ment,10 are shown with the theoretical curves. Although all theoretical

models consider the important interactions, differences do occur, especially

close to threshold, and the comparison made in Fig. 1 shows the

close-coupling calculation of Ref. 16 to be in best overall agreement with

experiment.
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Fig. 1. The cross section ratio He+(2p)/He (2s) and the parameter
B for the He+(n=2) photoelectron line.18 Note the predictions by

MBPT(4)15 and close-coupling models(2);16 (1) Ref. 14; (3) Ref. 17.
Point identification, see Ref. 18.

2726 Xe n parametei1: a continuous interplay between theory and experiment.

The Xe 5s and, to a lesser extent, the Kr 4s dynamic parameters have

proven to respond very sensitively to the interactions of the s electrons

with the nearby p and d electrons in both the initial and final states and to

the relativistic effects pertaining primarily to the spin-orbit splitting.



It is worthwhile to recall that in the absence of relativistic and many-
electron effects, the angular distribution for the 5s •»• ep electrons would be
characterized by 3=2, independent of energy. However, data on Hg 6s
and Xe 5s showed deviation from 6=2, namely about 1.2 to 1.4, somewhat above
th.ashold. This lower 6 value arises from the fact that relativistically two
continuum channels are available, epj,,, and eP3/2>

 tnat c a n interfere. This
is the major reason for a lower 6 in the case of Hg, but for Xe 5s many-
electron (channel) interactions contribute as well. The magnitude of the
various effects, as incorporated in different models is shown in Fig. 2.

Fig. 2. The Xe 5s 6 parameter in the region of the Cooper minimum.
Left: status of 1980; single datum is compared with various theor-
etical models. Right: present status; data23'21* are compared with
RRPA21 and RTDLTA" (solid line) results.

Fortuitously, all predictions19" are in good or fairly good agreement with
O 1 -

the only point reported in 1976, while the additional points obtained at a
synchrotron radiation source clearly favors the relativistic random phase

21approximation (RRPA) calculation that couples the 4d, 5s and 5p channels.
9? ?"3

However, recent experiments ' aimed at mapping out the minimum region have
revealed a deficiency even in this sophisticated model. A further extension
of theory is still to be undertaken to include coupling with additional
channels. According to a recent experiment these channels are presumably



two-electron transitions. The study showed that the correlation satellites

are nearly 10 times more intense than the 5s photoline, so that even weak

coupling could have a pronounced effect on the 5s channel. A relativistic

time-dependent local-density approximation (RTDLDA) in which two-electron

processes are implicitly contained in the atomic potential does, indeed, lead

to an improvement as seen in Fig. 2, but it would be instructive to identify

the responsible channels explicitly.

The Dynamic Properties of p, d and f Subshells

The dynamic parameters of the p and d electrons in closed shell atoms,

which present no severe calculational problems, have been shown to be well

described by the RRPA model as well as by the less explicit but more
25 This applies to a , e , and also to the spin

A A
efficient RTDLDA model.

27-2°parameter r. " In Fig. 3, a comparison is made for the"*Hg 5d subshell,
30and a satisfactory accord can be seen to existbetween experiment and

31 32 * 29 33

theory. ' The agreement between experiment and the RPA calculation

extends to both the £±1 continuum channels (5d -* ef; 5d ->• ep) which could be

differentiated by a spin polarization measurement. This latter study is

oa.
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Fig. 3. Dynamic parameters,
a and 3» of the Hq 5d subshell.
RRPA calculations52 and DS cal-
culations31 give similar results
and are in satisfactory agree-
ment with the experimental. From
Ref. 30.



especially interesting because it revealed a strong interchannel interaction
between the weak ep and the strong ef channels by the reduction of o(5d ->• ep)
near threshold and a slight enhancement of a(5d -• ep) in the region of the
delayed maximum occurring in the 5d -> ef channel. Figura 4 shows the results
for transitions originating in the 5dg,2 subshell.

The behavior of f electrons was studied for the Hg 4f subshell and, most
recently, for Yb 4f are displayed in Fig. 5 showing a satisfactory
agreement34 between the RRPA prediction and experiment outside the resonance
region which involves the 5p electrons.
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Fig. 4. The partial cross
sections for the two ionization
channels, ef and ep. Experi-
mental data obtained by a spin-
polarization measurement are
compared with single-pa, tide
model (DS, HF) and many-electron
model (RPAE) calculations.33
From Ref. 29.
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The 3p •*• 3d Resonanoe in Mn

In open shell atoms, transitions between subshells of the same principal

shell are usually strong if the "less tightly bound subshell is only partially

filled. At the resonance energies photoeffect can take two routes, either

direct ionization from the less tightly bound shell(s) or indirect ionization

via the intermediate excitation or resonance state. These two routes,

interfere with each other giving rise to Beutler-Fano line shapes. In Mn

with its half-filled 3d shell, 3d + ef;ep; 4s -*• ep and two-electron

transitions are possible at the enrgies required for the 3p + 3d transition.

In this case, the interference between the various channels leads to a strong

resonance enhancement of the 3d channel, and a considerable enhancement of

the 4s and two-electron channels (correlation satellites). The experimental

cross sections measured by three different groups35-37 are compared in Fig. 6
38 40with several calculations. We note that the multi-body perturbation

theory (MBPT) and the RPA calculation reproduce the resonance for the 3d

electrons well. However, a substantial underestimate occurs for the 4s

resonance channel. So far, no calculations have been advanced for the

two-electron transitions.
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Fig. 6. Comparison of data for atomic
Mn with theory in the 3p -*• 3d resonance
region. Experimental data have been
placed on an absolute scale. For details
see Ref. 36.



Lead: The Cancellation of an Absorption Series.

Resonance excitation of the 6s •»• np series interferes with the direct

ionization, 6p -> ed,es, from the 6p shell. Because of the open shell struc-
2 2

anc' ^3/2•
c a n d e c a y i n t o t w o

2 ? 2
ture, 6s 6p nominally, two ionic states are created,
Hence, the resonance states and npi/2^
continuum channels, as depicted in Fig. 7 for the 6s -»• np,/o series. In a

41
J3/2

recent emission experiment, the intensity variation of the photoelectron

signals corresponding to the two exit channels was recorded over the region

of the n = 7,8,9, and 10 terms. Resonance peaks were observed in both

channels for the np,,2 states, but for the np3/p states a window resonance

occurred in one channel and a positive, nearly Lorentzian-shape resonance of

equal absolute magnitude occurred in the other channel as shown in Fig. 7 for

the n=7 state. Since the sum of the intensities of the individual channels

is nearly zero, the 6s ->• np3/2 series will escape detection in an absorption

experiment and in fact, it has not been detected while the close lying 6s *

np,,,, series has been observed. This study of Pb underlines the unity of the
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Fig. 7. The 6s -> 73/2 autoionization resonance. Left: schematics
of the process showing the available pathways. Right: the effects of
the resonance as seen in the two exit channels. Note the nearly equal
magnitude of the positive and negative contributions. From Ref. 41.



excitation and deexcitation process and the need to consider all channels,

and the pos-ible interchannel interactions in treating the autoionization

resonances. Various approaches to a unified treatment have been advanced,

and the autoionization resonance in Pb might well serve as a test case for

detailed calculations.

Other1 Systems

In addition to Mn, other 3d transition series atoms have been studied.

In these metals the openshell structure leads to complex configurations which

will put theory to a severe test. Photoeffect near thresholds is especially

challenging to both theory and experiment. Studies in this area include the

resonance Raman effect just below threshold, the post collision process
45above threshold, and the behavior of correlation satellites in the region
46above threshold.
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