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During the last ten years, photoelectron angular distributions have been used ext~nsively 

to study the dynamics of the photoionization process in atoms and molecules. Here we reView 

some major advances in this body of work, with special emphasis on results emerging since 

the last Conference on VUV Radiation Physics three years ago. By far the greatest progress has 

occurred fol' atoms, where interest is focussed on improvinq our zero-order (Hartree-Slater, 

Cooper-Zare) understanding of the asymmetry parameter ~(€), by considering electron correla-

tions, relativistic effects, and anisotropic final-state interactions. The study of the rare gases 

has benefitted from extensive coordination between experiment and theory, whereas work on non-

spherical atoms has been mainly theoretical, with the only measurements being performed very 

recently on atomic oxygen. Angular distribution studies on molecules are in a much earlier s•tage 

of development. Progress has been impeded by the lack of practical, realistic theoretical meth-

ods and wavelength-dependent measurements, both of which are becoming available only now. 

This recent work, together with selected topics from earlier resonance-line work on molecules 

will be reviewed. In addition, a new class of angular-dependent studies of molecules Will be 

discussed-the angular distribution of non-thermal ions formed by dis.sociative photoionization-

which provides information complementary to the related measurements on photoelectrons. 

I. INTRODUCTION 

Photoelectron angular distributions are an important probe of photoionization dynamics 

because they depend on both the magnitudes and relative phases of the dipole amplitudes (dipole 

matrix elements) of alternative photoionization channels. The dependence on relative phases 

results from interference between degenerate photoionization channels and provides the oppor-

tunity to achieve a more detailed understanding of photoionization than that afforded by the study 
,· 

* Work performed under the auspices of the U.S. ERDA. 
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of integrated cross sectio::1s which depend only on the magnitudes of the dipole amplitudes. At 

the same time I the more complicated nature of photoelectron angular distributions puts a greater 

premium on strong interaction between theory and experiment which, in tum, requires wavelength-

dependent measurements to be most effective. In what follows, we review several diverse 

examples of angular distribution studies and place special emphasis on cases in which theory 

and experiment have been combined to reveal something new about the photoionization process. 

We will also discuss a new class of experiment1---photoion angular distributions from dissocia

tive photoionization. These measurements yield branching ratios .for degenerate photoionization 

channels which can be used to unravel the information contained implicitly in the· photot:!l~ctron 

asymmetry parameter. In favorable cases I it is possible to determine the magnitudes and rela

tive phases of the dipole amplitudes for degenerate ionization channels separately, thus com

pletely specifying the dynamics of the photoionization process. 

Strictly speaking, efforts to map out the spatial distributions of photoelectrons began in 

the early 1920's with eXPeriments employing x rays. 
2

' 
3 

Nevertheless, substantial progress be

gan only forty years later when both experimental and theoretical tools were available for appli

cation to the VUV photoionization of gaseous targets. The modem wave of experimental work 

began 
4

-
9 

in the mid-1960's shortly after the development of UV photoelectron spectroscopy. 

Much of the early work was plagued by large errors, 
4

' 
5 

'
7 

usually underestimating the anise-

tropy of photoelectron angular distributions; but improved experimental technique and the 

awakening of theoretical interest quickly led to more accurate numbers. 
6

•
8

•
9 

By the early 1970's 

work on the rare gases had converged to the presently ac;epted values
10

- 22 and interest be-

came focussed on detailed comparison between wavelength-dependent measurements and theo

retical predictions based on Hartree-Slater, 
23

' 24 Hartree-Fock, 24 and RPAE25 calculations 

which had become available. This represents the point of departure for this paper. 

From the theoretical point of view I the essentials were known by the early i930' s and 

were summarized in Be the's article 
2 6 in Handbuch der Physik. For instance I early work by 

Sommerfeld's group
27 

and some unpublished work by Oppenheimer
28 

established the basic form 
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do/dn=a+bcos
2

9, which applies to. a randomly oriented target in the dipole approximation. 

However, the generality of the result was not emphasized and the treatment of the interference 

term was oversimplified, e.g. , only the Coulomb part of the phase shift 

29 . 
difference wa:s considered. Subsequently, Yang proved that photoelectron angular distributions 

for any randomly oriented target in the dipole approximation has this general form regardless of 

the internal structure of the target. This general result is now commonly written in the form 

do/dn = cr/41T [1 + !3 P 
2 

(cos 9)], 
photoelectron's 

where a is the integrated cross section, P 
2 

(cos 9) = i (3 cos 2 
9 -1), and 9 is th~direction rela-

tive to the electric vector of linearly polarized light, in order to focus the study of photoelectron 

angular distributions on a single parameter, !3, the so-called asymmetry parameter. Theoretical 

. f A f b h 30-36 d l l 31,32,37-41 b , , express1ons or ..., or ot atoms an me ecu es egan appeanng JUSt as 

modern measurements using VUV and soft x-ray light sources were producing accurate results. 

The work of Cooper and Zare
30 

which expressed !3 for atoms in an independent electron, LS-

coupled scheme has had a great impact on the work described below I because it represents an 

easily applicable and realistic level of sophistication and because it emerged at a time when 

practical methods to compute one-electron photoionization cross sections for atoms has just 

begun to be exploited extensively (see e.g., Ref. 42). Therefore, although much has been learned 

and predicted regarding non-Cooper-Zare effects, the model constitutes a very realistic represent-

ation for a large range of cases and a useful frame of reference for showcasing I e.g. , anisotropic 

(final-state) interactions. The early work in the molecular field had no such vehicle for early 

exploitation and progress on molecular asymmetry parameters has been more spotty. 

A recent highlight in the development of angular distribution theory is the introduction and 

b . 1' . f h b '11 d k 3 1 I 3 2 I 3 4 I 3 6 I 3 9 I 4 3 Th su sequent app 1cat10n o t e j representation y D1 an c0-wor ers. e t . 

crux is the indexing of ionization channels I not by their total angular momentum, J, but by the 

amount of angular momentum transferred in the photoionization process 
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where the subscripts c I o, and y refer to the ion core, the initial state, and the photon, 

respectively I and (.£, s) are the orbital and spin angular momenta of the ejected electron. Under 

these circumstances, the differential cross section factors into separate contributions for the 

alternative values jt of the angular momentum transfer. The motivation for this choice of basis 

is twofold: First, transition amplitudes for ionization with alternative values of jt superimpose 

incoherently to form the differential cross section. (Such a factorization is not possible in 

terms of the total angular momentum r 1 since dipole amplitudes with alternative values of r 

superimpose coherently.) Second I each jt contributes a characteristic angular dependence to 

the differential cross section. This characteristic geometry is determined according to the 

parity change 1r 1r and relates to classes of interactlons experienced by the departing photo
o e 

electron. This point of view has been beneficially employed in cases to be discussed below. 

Note that the Cooper-Zare formula is obtained from this formulation in the limit of LS coupling 

and negligible dynamical coupling of the photoelectron's orbital momentum to the net orbital 

motion of the residual ion, leading to a single value of jt = .£ 
0

• 

II. ATOMS 

A. Electron correlation effects in rare 9ases 

Photoelectron angular distribution studies on the rare gases are a prime example of hew 

a fruitful interaction between experiment and theory can improve our understanding of photo-

ionization dynamics. Here the central problem is the elucidation of alternative electron cor-

relations which play an important role in photoionization of a sequence of atoms with increas-

ingly complex shell structure. The information available in this case is excellent: First, 

there are accurate 1 wavelength-dependent measurements with good agreement between several 

1 b 8-2 2 d d 1 1 . h Sl 2 3 I 2 4 a oratories. Secon , correspon ing ca cu ations ex1st at t e Hartree- ater, 

24 25 . 
Hartree-Fock, and RPAE levels. These calculat1ons are all based on the Cooper-Zare 

formulation which was both readily available when these calculations began, and has since 

been shown
36 

to be a good approximation for closed-shell atoms. 

The information res.ulting from this well-balanced set of studies emerges qualitatively 

in Figure 1 where the experimental and theoretical values of the asymmetry parameter are given 
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for the outer p shell of Ne, Ar, and Xe. The Ne 2p sub shell is the point of departure for this 

. . . h . 11. b . 14 
I 
19 

I 
21 d HS ( t h ) companson s1nce t ere 1s exce ent agreement etween expenment an no s own , 

HF, 
24 

and RPAE
25 

calculations. As will become apparent below, this follows from the absence 

of ad subshell in the shell of the initial 2p state. In heavier rare gases, strong "intra-shell" 

correlations involving the energetically and spatially nearby d-type states induce large differ-

ences in the alternative calculations which treat these correlations differently. This type of 

correlation, however, is vanishingly small for nodeless initial states such as the 2p subshell 

of Ne. For the Ar 3p, interactions between the 3p sub shell and d-type states become strong with 

the results in Figure 1: Now the HF
24 

deviates significantly from the HS (not shown) because 

the latter neglects the strong exchange interaction between the photoelectron (predominantly 

P. = 2) and the 3p hole. Further, the HF and RPAE
25 

exhibit significant deviations because the 

HF neglects the important electron correlation effect of configuration interaction of the ground 

(3p 
6

) configuration of argon with states of the type (3p 
4

, nd
2

) which is included in RPAE, MBPT, 

16,19 . 
and R-matrix methods. The good agreement between experiment and RPAE tells us clearly 

that the essential interactions have been successfully accounted for at this level of approxima-

tion. As is well known, the dip in 13 between 30-40 eV is indicative of the Cooper minimum 

in the 3p- ed channel. Clearly, 13 is quite sensitive to the location of the minimum since, 

when the 3p- ed matrix element vanishes, only the 3p- es occurs .and the photoelectron 

angular distribution is entirely an s wave which is isotropic. Thus, 13 must be zero at this point, 

as seem in Figure 1. Since excitation in Ne is from the 2p, no Cooper zero is possible, and the 

large oscillation in 13 is absent. 

The asymmetry parameter for the xenon Sp photoelectron angular distribution is also shown 

in Figure 1. Here we find only fair agreement between experiment
19

' 
20 

and RPAE theory
26 

at 

low photoelectron energy and very poor agreement at higher energies. There are two qualitative 

differences between argon 3p and xenon Sp which might relate to the difference in agreement 

with experiment in the two cases. First, xenon is. heavy enough so that relativistic effects 

(particularly spin-orbit coupling) are becoming important, but this is not thought to be crucial 
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on the energy scale considered here. Second, xenon has an inner 4d sub shell, while ground 

state argon has no d electrons, and this is thought to be the reason forth~ differences in the 

two cases: An important correlation for xenon 5p is the interchannel interaction between 

5p.- ed and the very strong 4d- ef channel. The 4d channel opens up about 55 eV above the 

5p, and from Figure 1, it is seen that this is just where the discrepancy gets large. The RPAE 

calculation did not include this interchannel-coupling type of electron correlation, and its 

neglect is seen to have dramatic effects. Therefore, comparison of accurate, wavelength-

dependent measurements with calculations which include alternative types of electron correla-

tions clearly broadcasts which of these interactions is essential to accurate representations 

of the increasingly complex atoms. 

B. Anisotropic final-state interactions in open-shell atoms 

In general, it will be necessary to go beyond the Cooper-Zare independent-particle 

formulation of 13 in order to treat anisotropic interactions between the outgoing electrons and 

the residual ion. This.is most easily visualized in terms of a two-step process. In the first 

stage, the photon is absorbed by the target, imparting an angular momentum j = 1 to the 
y 

photoelectron. During this step, the angular momentum transferred to the target ion takes 

on the single value j = P. only. In Cooper-Zare level formulations, the photoelectron then 
t 0 

escapes to infinity with no further exchange of angular momentum. In general, and for open-

shell atoms in particular, a second stage must be considered in which the photoelectron and 

the core undergo anisotropic interactions during the photoelectron's escape, which can lead to 

further exchange of angular momentum. In this case, jt is free to take on values other than 

1
0

, which can lead to additional terms in the expression for l3(e). Consideration of this very 

important aspect of the photoionization process is at the heart of the so-called angular-

f f '11 d 31,32,34,36,39,43 f momentum-trans er ormulation by D1 an co-workers. Other ormulations 

of equivalent detail exist (e.g., Ref. 33); however, the jt representation has the distinct 

advantage of displaying explicitly the alternative contributions arising in the different stages 

of the photoionization process. 



Since, for open-shell atoms, the photoelectron-ion interaction is always anisotropic, 

depending on both the multiplet term of the residual ion and the total orbital momentum of the 

ion-photoelectron final-state channel, practically all development in the subfield has con

centrated on open-shell systems. Calculations have been carried out for 0(2p), 
44

' 
45 

S{3p), 36 ' 46 Cl(3s), 47 Cl{3p), 48 Se{4p) 49 Br(4p), 49 Te{Sp), 
50 

and I(Sp) 50 in .LS coupling 

7 

using Hartree-Fock wavefunctions. The results can be summarized as follows: First, the phase-

shift differences among the dominant J.-P.+ 1 channels associated with alternative terms of 

the residual ion constitute a useful barometer for the degree of anisotropic interactions. In 

practice, phase-shift differences must be in excess of 0. 1 radian to produce measurable 

ff (:). f h h 1 d f' . 44 I 45 h e ects in .., or t e various c anne s. Secon , 1rst-row atoms, sue as atomic oxygen, 

fail this test so that a plot of 13 for the 
4s, 2

P, and 
2

D terms of 0 +, on a common 

kinetic energy scale, would be nearly identical. Third, second-row atoms, such as S and Cl, 

exhibit easily measurable effects. These effects then decrease slowly upon going to the third 

and fourth rows, indicating that anisotropic interactions maximize at n = 3. Four..h, anisotropic 

effects can be observed in photoionization of an s subshell of an open-shell atom. Starace 

et al. 
47 

have demonstrated dramatic deviations from the rigorous independent-particle result 

13=2 for 3s photoionization in atomic chlorine. (Analogous effects
10

·
51 

in closed-shell atoms 

are discussed below in the context of relativistic effects.) The main shortcoming in this sub-

field is the difficulty of making measurements on the systems of greatest interest. Only very 

recently, measurements have been performed on atomic oxygen, 
52

' 
53 

but as noted above, 

anisotropic interactions are not strong in first-row atoms. Perhaps this problem will be best 

resolved by measurements on molecules (see Sect. III), whose inherently anisotropic field will 

ensure strong anisotropic effects in photoelectron angular distributions. 
40 

C. Relativistic and non-dipole effects 

A third major subfield in the study of photoelectron angular distributions involves rela-

tivistic and non-dipole effects. An initial semi-quantitative mapping of the effects of spin

orbit coupling was conducted by Walker et al. 
35

' 
54

' 
55 

in the dipole approximation utilizing 
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the Dirac-Slater model. This work was a useful qualitative illustration of some of the con-

sequences of a small displacement in energy and radial distribution between the spin-orbit 

sublevels of a non-s initial and/or final-state wavefunction. For example, deviations from 

f3 = 2 for s-type initial states were demonstrated. 
35

' 
55 

This deviation is particularly strong for 

alkali atoms
35 

in the vicinity of the Cooper zero, where f3 osc{llates over two cycles and reaches 

. 35 
minimum values near f3 ~ 0. As recognized by Walker and Waber, · these conclusions must be 

reconsidered in light of higher order-interactions with the radiation field, especially in the 

case where the dipole-matrix elements are near zero. Although the effects of spin-orbit coupling 

are largest near a Cooper zero, they also occur for other systems such as the Xe Ss orbitaL 

which was predicted55 to have a f3 beginning at [3-=-1 at threshold and approaching its non-

relativistic value of f3 = 2 near 20-30 eV kinetic energy. This has been tested experimentally 

51 0 • 
by Dehmer and Dill who reported a value of f3 = 1. 4 ± 0.1 at 304 A, to be compared with the 

calculated value 
55 

of f3 = 1. 7. Dehmer and DiU 5
1 

also wrote out a general expression for f3 in 

the jt representation, and showed the heirarchy of approximations leading to the simplified form 

55 
for f3 used by Walker and Waber. Further computational work is necessary to resolve, from 

among the several possible causes, the remaining deviation betwe~n the single measurement 

and the Dirac-Slater calculation. An analogous measurement on the Hg 6s by Niehaus and Ruf
10 

offers the same evidence on another system, where again a Dirac-Slater calculation
56 

under-

estimates the deviation from f3 = 2. Another example of spin-orbit effect concerns the angular 

distributions of the 5pl 3 subshells of Xe and the Sd 3 s subshells of Hg. The Dirac-Slater 
z•z z•z 

calculations
55 

show small but measurable differences between the f3 curves for the spin-orbit 

sublevels; however, synchrotron measurements have heretofore not reported separate f3' s 

for spin-orbit sublevels, and the resonance line work, which does resolve the sub states, is 

too sparse to clearly substantiate the predictions. In this case, the gross, qualitative aspects 

of the calculations are probably valid, but the details should not be taken too seriously until 

some accurate calculations, such as Dirac-Fock, are completed. 

Very recently this type of study has been taken one step further-inclusion of both 
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relativistic and non -dipole effects. Again using the Dirac-Slater model, Pratt and co-

workers 
5 6

• 
57 

have demonstrated significant deviations from the non-relativistic dipole approxi-

mation for both low- and high-Z atoms. In light elements these effects are found in the keV 

range (and even below) . In heavy elements , they are found even for energies very close to 

threshold. For total cross sections, by contrast, the surviving integrated relativistic and 

multipole corrections tend to cancel, so that the non-relativistic dipole approximation holds to 

surprisingly high energies. This work contains those effects discussed above (e.g., the Ss of 

Xe) but in addition, maps out multipole effects manifested in the more general formulation for· 

photoelectron angular distributions, 

00 

dcr cr " B P (cos 8) • 
dn = 41T . LJ

0 
n n 

n= 

In this expansion, we can identify the dipole asymmetry parameter [3= -28
2

; in addition, how~ver, 

there are non-dipole terms which are being shown to be significant in many circumstances for 

both light and heavy atoms. An obvious consequence of significant non-dipole effects is that 

58 
branching ratio measurements made at the ~o-called "magic" angle e= 54°44' would not be 

rigorously independent of differences in photoelectron angular distributions, e.g. , only the 

P 
2 

(cos 8) terin vanishes in the above expression, leaving angle-dependent contributions from 

B with n > 2. Examples of non-dipole effects can be found in experiments on Ne 2p subshells
14 

n 

and the Kr3d subshell. 
6 

Further details of extensive evaJuations of the coefficients B are 
n 

being prepared for publication. 
57 

D. Indirect processes 

The determination of the spectral variation of photoelectron angular distributions through 

autoionizing resonances is an essentially untapped resource of dynamical information on photo

ionization. Theoretical analyses
34

' 
59

' 60 on the autoionizing Rydberg series leading.to the 

2
P1 thresholds in Xe and Ar demonstrated not only sharp spectral variations of the angular 
z 

distributions acres s resonance features, but more importantly, angular distributions that should 

depart markedly from those predicted by direct (non-resonant) ionization models, such as the 

Cooper-Zare model. Deviations from direct ionization predictions arise owing to the enhancement 
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by the autoionizing process of the effects of just those forces that are often sufficiently weak 

as to go undetected in non-resonant photoionization. In the case of Xe, the gross trends pre

dicted by Dill
34 

were later confirmed by Samson and Gardner
61 

in the vicinity of the 7, 8d and 

8, 9 s autoionizing Rydberg lines leading to the 
2

P1 threshold of Xe. To date, other eXperimental 
z 

studies of the variation of 13 through autoionizing lines have not been performed; however, the 

use of synchrotron radiation should make this possible in the near future. 

III. MOLECULES 

h .R.!'lotoelectr<:m angular distributions-Experiments 

Nearly all angular distribution measurements on molecules have thus far been limited 

to He I and Ne I line sources. As stressed above, this is a severe limitation which must be 

overcome before angular distributions can be fully used to study photoionization dynamics. 

This is widely recognized and work on this problem has recently begun at Daresbury, 
62 

but as 

of this writing, the preliminary results are not generally available. 

In spite of the limited wavelenQths used, however, angular distribution studies have 

been used to very good advantage in molecules to study aspects of the photoionization process 

related to the internal rovibronic structure. In a sense, such internal structure substitutes 

for variable wavelength light since, e.g., population of alternative levels of a vibrational 

progression leads to photoelectrons with varying amounts of kinetic energy. We illustrate 

the utility of resonance line work in the case of molecules with a few examples: First, angular 

distribution· measurements can be used as a qualitative spectroscopic tool to obtain partial 

resolution of overlapping electronic bands in photoelectron spectra. Carlson et al. 
63 

demonstrated this use clearly in the case of benzene, whose complicated photoelectron 

spectrum contains several overlapping diffuse electronic states. By measuring 13 at closely 

spaced intervals, the presence of the contributing electronic states was clearly indicated by 

plateaus. Second, measurement of 13 as a function of vibrational level within an electronfc 

band can yield information on the R-dependence and/or kinetic energy dependence of dipole 

amplitudes, as well as on alternative ionization mechanisms. For example, photoionization 
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+ 
of o

2 
with the 16.85 eV Ne I resonance line produces the ground state of 0

2 
in over 14 

vibrational levels. 
64 

The 13 for the first 4 is ~ -0.6 I whereas the 13 for the upper vibrational 

levels is ..... 0. This implies the existence of different mechanisms for producing these alter-

0 

native sets of final states. This situation is clarified by two facts: At 584 A only the first 
0 

four or five vibrational levels are populated by direct photoionizationl whereas A.= 736 A 

hits an autoionizing line in the photoab sorption spectrum 
6 5 

of 0 
2

. This suggests that the 

lower levels are produced by direct photoionization I and the upper levels by the indirect 

process. Strong v-dependence of 13 is also observed 5
4 

in production of the ground state of 

N
2
+ by photoionization of N

2 
at 584 A. This has been tentatively attributect

66 
to a strony 

R-dependence in the dipole amplitudes and channel phase shifts. Our final example involves 

dependence of the angular distribution on rotational quantum number. Measurements of 13 for 

partially resolved rotational levels of H
2 

by Niehaus and Ruf
67 

indicate that the photoelectron 

angular distribution is a strong function of the change in rotational quantum number I AN. This 

was interpreted by Dill~ 9 
who showed how transitions with alternative AN correspond to 

alternative possible jt' sand therefore lead automatically to different values of the asymmetry 

parameter. The agreement between experiment and theory has recently been improved 
6 8 

by 

consideration of dynamic coupling between the photoelectron and the rotational motion of the 

ion core. 

B. Photoelectron angular distributions -Theory 

Theoretical progress on angular distributions of molecules has likewise been spotty I 

and I as of yet I no flexible I realistic means is readily available for the purpose of mapping 

of the wavelength-dependent 13' s for molecules of arbitrary complexity I although this problem 

may be overcome soon. A large volume of earlier work 
69 

in this area utilized plane wave or 

orthogonalized plane waves for final states. Owing to the importance of phase shift informa-

tion to angular distributions I these models I which neglect both the Coulomb field of the ion 

and the phase shift of the photoelectrons, cannot be considered realistic in the VUV energy 

range. Use of orthogonalized Coulomb waves 70 employs a better point of departure and 
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exhibits some gross agreement with experiment; but this, too, suffers from the complete lack 

of phase .shift information and is not discussed further here. Contributions to this field which 

employ methods containing all the essential information (e.g. , molecular symmetry, proper 

asymptotic boundary conditions, phase shifts, orthogonality to core levels, etc.) include the 

work on H
2 

37 and N
2 

66 
using a single-center-expansion representation, Dill's analysis

39 
of 

the effect of rotational autoionization in H
2 

using multichannel quantum defect theory, recent 

work 40
' 
71

-
73 on N

2 
and CO using the multipie-scattering model, 

74 
and studie/ 5 ' 76 of the 

dependence of 13 on rotational and vibrational states in H
2 

using an ellipsoidal coordinate 

system. The multiple-scattering work has recently been generalized to molecules of arbitrary 

symmetry and will be useful for extensive and realistic mapping of asymmetry parameters for 

molecules of arbitrary complexity and over broad energy ranges. We also anticipate, in the 

relatively near future, the development of an R-matrix method for treatment of these problems. 

In order to illustrate the use of theory to study molecular angular distributions, we 

discuss briefly K-shell photoionization in N
2 

and CO. Total and differential photoionization 

cross sections for these processes, calculated recently using the multiple-scattering 

model, 
40

' 
71

• 
72 

exhibit a very prominent shape resonance in the a ionization channel at 
u 

-0.8 Ry above the respective K..:.shell thresholds. As described in detail elsewhere, 
40 

this 

resonance, also observed experimentally, 
77 

is due to the 1 = 3 component of the a molecular . u 

continuum wavefunction, which indicates two crucial aspects of molecular photoionization: 

First, although K-shell photoionization produces a pure p wave in an atomic core, the ani so-

tropic molecular field can "scatter" this outgoing p wave into a whole range of 1 values 

outside the molecule. (This prompted the earlier statement in Sect. IIB that molecules are 

the best testing ground for anisotropic effects.) Second, high-1 contributions are very common-

place in molecular continuum dynamics due to the spatial extent of the molecular field. That 

is, an £-wave resonance is prominent in photoionization of N 
2

, while this is not the case for 

the separated atom, N, or the united atom, Si. The asymmetry parameter forK-shell photo-

ionization in N 
2 

is shown in Figure 2. The large oscillation is due to the shape resonance and 
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is reminiscent of the oscillation in 13 in the vicinity of shape resonances in the rare gases in 

Figure 1. Possibly more significant is the general deviation from 13 = 2, which would be the 

rigorous value for s-shell photoionization in the absence of anisotropic interactions on the 

photoelectron. We note also that the fixed-molecule photoelectron angular distributions for 

72 . 
K-shell photoionization of N 

2 
and CO have also been calculated, demonstrating graphically 

that the photocurrent at the shape resonance has an f-wave distribution in space. A similar 

. 73 
calculation for valence shells of N 

2 
and CO has been performed by Davenport with the same 

major conclusions. (An important application of these resonance effects in the context of 

oriented-molecule photoelectron angular distributions is the determination of the orientation of 

adsorbed molecules; however, this field is outside the scope of this review, and will not be 

discussed here. For a general overview, see Ref. 7 8.} Therefore, multiple-scattering tech-

niques have proven very powerful in interpreting major, independent-electron photoionization 

f~atures of diatomics and are presently being adapted to the problem of performing survey cal-

culations in molecules of arbitrary symmetry. This provides the promise of closer interaction 

between experiment and theory in the all-important case of molecules, while we await the 

development of more sophisticated theoretical methods. 

C. Photoion angular.distributions 

The measurement of angular distributions and kinetic energies of photodissociation 

products yields, respectively, information on the symmetry and internal energy of the dis-

sociating parent state(s}. This can be a uniquely powerful spectroscopic tool, particularly in 

regions of the photoabsorption spectrum dominated by diffuse bands which are characteristic of 

repulsive final states. Moreover, such measurements can provide dynamical information on 

the photoexcita tion process, such as branching ratios and dissociation lifetimes. There is 

significant literature on the theoretical (see e.g., Refs. 79-82} and experimental (see, e.g., 

Refs. 79, 82-84} aspects of this facet of molecular photodissociation; however, it is generally 

confined to the spectral range below the ionizing potential. 

In dissociative photoionization, a new wrinkle emerges: When a molecular ion is pro

duced in a repulsive state by photoionization, the process also involves the ejection of 
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photoelectrons, which, in many cases, have available to them degenerate ionization channels 

of more than one symmetry type. Since the photoion angular distribution yields symmetry in-

fonnation about the total final state (molecular ion plus photoelectron), this complicates the 

detennination of the symmetry of the repulsive ionic state alone. On the other hand, when the 

repulsive state is known, this affords us the rare opportunity of directly measuring the branching 

ratio for the alternative, degenerate ionization channels. This branching ratio cannot be 

·obtained from the electron ·energy spectrum owing to degeneracy; and 

the photoelectron angular distribution yields an implicit function of both the branching ratio 

and the relative phases of the alternative ionization channels from which the branching ratio 

cannot be isolated without further infonnation. Once :the branching ratio infonnation is obtained 

from the photoion angular distribution, however, it can be used to help unravel the infonnatim 

contained in the photoelectron asymmetry parameter. Under favorable conditions, the combin-

ation of photoion and photoelectron angular distributions can lead to a full determination of the 

dipole amplitudes and relative phases of the ionization channels, thus completely specifying 

all of the dynamical parameters of the photoionization process. 

To illustrate the application of this new type of angular distribution measurement, we 

review a recent measurement
1 

of photoion angular distributions from dissociative photoioniza

tion of HZ at 304 A. The potential energy curves 
85 

for states of Hz and Hz+ important in our 

0 

discussion of dissociative photoionizatio~ of HZ at X= 304 A are given in Figure 3. The shaded 

area denotes the Franck-Condon region of the v= 0 vibrational·level of the ground state of 

HZ. Only transitions to those portions of the final-state potential-energy curves lying within 

this region will be appreciably populated in the photoionization process, with the excess energy 

being carried off by the photoelectron. Although -Z% of the transitions to the ground lsa 
g 

ionic state of Hz+ are dissociative, 
86 

the photofragment energy is very low and is not separated 

+ from the very intense Hz peak in this work. The more energetic protons, which we are primarily 

+ concerned with, result from the dissociation of the three repulsive curves of Hz lying above the 

lsa ground state. These states of the ion have Zpa , Zprr , and Zsa symmetries are all the 
g u u g 
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product of a two-electron excitation process. 

. 87 
Figure 4 contains representative photoion energy spectra. Samson and Gardner 

assigned the 5. 5 eV band to formation of the 2p,. + 2scr states. There. is evidence 87 ' 88 
u g 

that formation of the 2p,. dominates at this wavelength. The 8 eV band is known, on energetic 
u 

grounds, to correspond to protons from the dissociation of the 2p cr state. The two spectra in 
u 

Figure 4 permit qualitative observation that the 5. 5 eV band is peaked forward, along the 

direction of the light, while the 8 eV band is slightly larger perpendicular to the light direction. 

In the detailed analysis given elsewhere, 
1 

the average 13H+ values for the 5. 5 eV and 8 aV 

bands are --0. 3 and +0. 9, respectively. In a theoretical analysis described elsewhere, 1 it is 

shown that in the axial-recoil approximation (fragment kinetic energy>> rotational spacing), 

the 13 value for pure L- L transitions is + 2, while that for pure L- II transitions is -1, where the 

capital Greek letters refer to the total symmetry of the system. Hence, the ratio of cross 

sections for production of final states of total symmetry L a~d II is given by1 

cr (L - L) ~ 1 + 13 H+ 
<r{L- II) -- 4 ~ 213H+ 

+ In the case of production of the 2pcr u dissociative state of H
2 

<r(L-L) _ 
<r(L-II)- 0.82, 

. + 
where ~- L and L- II transitions lead to the production of H (2p<r } plus a photoelectron with 

u 

symmetries cr and ,. , respectively. The interesting aspect of this result is that production of g . g . 

cr and ,. photoelectrons is roughly equal. Since the ,. wavefunction has a lead term £ = 2, g g . . g 
0 

this proves that d waves contribute significantly to photoionization o_f H
2 

at 304 A. Other 

ramifications of these measurements are described in the full report. 
1 

Generally, a high level 

of detail results which is ideal for comparison with theory, in addition to the insight of the 

type provided by the above example. 
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Figure 1. 

Figure Z. 

Figure 3. 

Figure 4. 

Figure Captions 

Asymmetry parameters for the Ne Zp I Ar 3p I and Xe 5p subs hells. For Ne Zp 1 

RPA-Ref. Z5~ HF-L and HF-V-Ref. Z4~·e-Ref. 191 o-Ref. Z1~ 

a. -Ref. 14. ForAr3pl RPA-Ref. Z5, HF-Land HF-V-Ref. Z41 e-Ref. 19 1 

o-Ref. 16. ForXe5p, RPA-Ref. Z51 HF-L~ HF-V~ and HS-·Ref. Z41 

x-Ref. 191 •-Ref. ZO. 

Asymmetry parameter for photoelectron angular distribution from K-shell 

photoionization of randomly oriented N Z I exhibiting the effect of the shape 

resonance in the au ionization channel. Dashed .curves show the decomposition 

into even (g) and odd (u) ionization channels. 

+ 
Selected pot"!n··ial energy curves (taken from Ref. 85) for stat;s of HZ and HZ 

which participate in dissociative photoionization at A.= 304 A. The shaded 

region represents the Franck-Condon region associated with the 
1 + 

Hz X :Eg (v== 0) ground state. 

0 

f'hotoion kinetic energy spectre. for photoionization of H
2 

(A.= 304 A) at two 

observation angles ( e = zoo I 90°) relative to incident unpolarized light beam. 
+ 

The large peak near zero kinetic energy is comprised mostly of HZ 1 sag 

ground state ions which have a thermal energy distribution. 
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DISTRIBUTIONS ANGULAIRES DES PHOTOELECTRONS ET PHOTOIONS NON THERMIQUES POUR 
LES ATOMES ET LES MOLECULES 

;' "' RESUME 

Pendant les dix demieres annees on a largement utilise les distributions angulaires 

des spectres de photoelectrons pour !'etude de la dynamique des processus de photoionisation 

dans les a tomes et les molecules. On examine ici les progres les plus significatifs, en 

s'attachant plus particuli~rement aux resultats obtenus depuis la demiere conference "VUV 

Radiation Physics II d'il y a trois ans. De loin les progres les plus importants ont ete obtenus 

dans le cas atomique, avec poi.tr principal interet, une meilleure comprehension du parametre 

d'asymetrie 13(e). Les theories du premier ordre (Hartree-Slater, Cooper-Zare) ont ete 

ameliorees pour tenir compte des effets de correlation 1 des effets relativistes et des 

interactions non isotropes dans l'etat final. L'etude des gaz rares a largement beneficie d'une 

E;troite collaboration entre experience et theorie alors que 1' etude des a tomes non sph~rique 

est restee essentiellement theorique ~!'exception des recentes experiences sur !'oxygene 

atomique. Pour les molecules, !'etude des distributions angulaires en est g 1,m staQe de 

developpement nettement moins avance. Les progres ont ete ralentis par !'absence I d'une part 

de methodes theoriques realistes qui scient vraiment utili sables 1 et S 'autre part de inesures en 

fonction de la longueur d'onde. Ces deux obstacles viennent juste d'etre surmontes. Ces 

,. ' / ""' . ;' , , 
recents progres ainsi que quelques etudes anterieures de resonnance moleculaire sont dis cutes. 

De plus on examine une nouvelle method d'etude angulaire des molecules -la distribution 

angulaire des ions non thermiques form~s par photoionisation dissociative- qui donne des 

"" . informations complementaires de celles obtenues dans les mesures de photoelectrons. 




