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Photoelectron Angular Distributions as a Probe of Anisotropic Electron-lon Interactions*
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and

Anthony F. Starace
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(Received 31 December 1973)

Expressions are given for atomic photoelectron angular distributions in L S eoupling in
which the role of anisotropic final state electron-ion interactions emerges explicitly.
Calculations of photoelectron angular distributions for atomic sulfur are presented in
which these anisotropic interactions produce clear deviations from the predictions of the
Cooper-Zare model. Such effects are expected to be a general feature of photoelectron
angular distributions for most open-shell atoms.

We report here expressions for atomic photo-
electron angular distributions in LS coupling
which exhibit clearly the influence of anisotropic
electron-ion interactions. To illustrate these
effects we have calculated the angular distribu-
tions of electrons photoionized from atomic sul-
fur, for which these anisotropic final-state in-
teractions are large. These effects take the form
of pronounced differences between the distribu-
tions of photoelectron groups corresponding to
alternative LS-term levels of the residual ion.
This result is to be contrasted with that of the
Cooper-Zare (CZ) model,! in which the role of
final-state interactions is not considered: No
dependence on the ionic term level is predicted.
The past success of the CZ model in confirming
measurements®? is due to the fortuitous circum-
stance that the measurements have dealt with

closed-shell atoms, for which we show that an-
gular momentum and parity conservation impose
severe restrictions on the effects of any aniso-
tropic interactions.

Our results are aimed on the one hand at the-
orists engaged in photoionization cross section
calculations that include electron correlation.
The criteria for assessing the importance of
anisotropic interactions are given in terms of
interaction parameters provided by such calcu-
lations. On the other hand, we wish to empha-
size to experimentalists this new dynamical in-
formation on final-state interactions that can
emerge through the study of open-shell atoms.

Our analysis is based on the resolution of the
angular distribution into separate contributions
characterized by the alternative values j, of the
angular momentum transferred in the photoioni-
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zation process.*

A(dyng) +yGy =1, 1= = 1) =A™, 7,)

If no measurements are made of the orientation
of the ion or of the polarization of the electron’s
spin, then the amplitudes for photoionization with
alternatwe values of the angular momentum
transfer ], J +8 - J 17—1 superpose incoherent-
ly in the differential cross section.® The allowed
values of j, are those consistent with the conser-
vatlon of total angular momentum J= J +]7 = J
+3+1 and parity m=a,7, =7 7,. In the absence

of all anisotropic mteractions between the de-
parting electron and the ion, however, j, is re-
stricted to the single value [,, the photoelectron’s
initial orbital momentum, and the resulting an-
gular distribution is that given by the CZ model.*
Consequently, contributions to Reaction (1) by
angular momentum transfers j,#/, are a mea-
sure of both anisotropic interaction strength and
the breakdown of the CZ model. This considera-
tion motivated our analysis.

+e (sj, m,=(-

Consider the following schematic photoionization process:

n’). (1)

AWL," LoSo)JoTo) +9(7y

The angular momentum transfer expansion of
the differential cross section is*

d =2 G—(]"‘)‘ [1+8(,)Py(cos v)]. (2)
Q it

Explicit expressions for the partial cross sec-
tions o(j,) and asymmetry parameters 3(j,) are
given in Ref. 4 in terms of scattering amplitudes
S,(j,), whose form in LS coupling is a main re-
sult of this paper. Using these ingredients, the
measured asymmetry parameter is given by the
weighted average*

ngz‘jto’(]‘g)/j(jg)/z)jto(jt)- (3)

To consider in detail the influence of aniso-
tropic interactions on angular distributions we
now analyze specifically atomic photoionization
in the LS coupling scheme:

=1, 7, == 1) =A"(l," LS ) 1) +e "Usj, 1,= (= 1)), (4)

In particular, we are concerned with the dependence of the angular distribution on different ionic term

levels, L_S,

for the usual circumstance where the separation between such levels is far greater than

the separations between the fine-structure levels J, of a given term. For this situation the scattering
amplitude for transfer of j, units of angular momentum is®

111

S(],) 000

47 (nahz/)l/z
By 3

Tl exp(ioel)gﬁ,fi,<

X Z exp(iéﬂLcScL)RﬂLcScL I:zj
L

°> (1,"LyS, 11" "L, S,)

LOLcjt
I 1L

Ly L.,
;l 1 Lg' (5

Here o, is the Coulomb phase shift, dependent on the photoelectron orbital momentum [ and kinetic
energy €, £=(2c+1)V? ux=c, Ry <% is the radial dipole matrix element, and 6.%<S¢! is the photo-

electron phase shift relative to Coulomb waves.

The dependence of the phase shift 6,%<S¢* and dipole matrix element R c5¢* on the term level of
the residual ion arises through the dynamical coupling of the orbital motion of the electron to the net

orbital motion of the residual ion.®

This coupling determines dynamical weights with which transition
amplitudes for alternative values of the total orbital momentum L =L +1 superpose in Eq. (5).

When

there is no dynamical coupling, the weights become independent of L, and hence of L:

; L.Sc.L L. S.L —m8 ————— :
exP(léa eve )Rel €7¢" no interaction exp(léex)Ru-

(6)

The remaining statistical weights can then be summed analytically:

LL],
1L

Lo L, Ly

2 _7 ~25(s
ZL 1 L;—l_,, 8(j,, 1)

(7

That is, only in the limit of vanishing anisotropic electron-ion interaction is the motion of the photo-
electron independent of the term level of the ion; j, is restricted to the single value j,=1;, and, upon
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using Egs. (5)—(7), the asymmetry parameter (3)
reduces to the CZ formula.*

The scattering amplitudes enter into the ex-
pression for 3 as 15,(j,)I1%, 1S.(G)I% and [S.(j,)
xS_1j,) +c.c.], where the subscripts plus and
minus denote [ =j,+1. While only the third of
these terms will depend on the Coulomb phase
shift difference o, - 0., all three terms depend
on the interference between the different terms
of (5), i.e., on the phase shift differences of al-
ternative pairs of electron-ion LS-coupled chan-
nels (L,l)L. In contrast, the CZ formula has
only the single interference, in the third term,
depending on the total phase shift difference (o,
+6,) —(0.+06.) between the two independent-par-
ticle-model channels I=[,+1. Thus, the differ-
ences between the phase shifts 6.,%c%¢" for al-
ternative channels (L. /)L measure the extent
of anisotropic interactions and thus the validity
of the CZ model.

The anisotropic electron-ion coupling thus re-
sults in an angular distribution which differs
from the CZ result in two respects: (1) The
asymmetry parameter depends on interference
of ionization amplitudes characterized not only
by alternative values of T, but also by alternative
values of the total orbital momentum L. (2) All
allowed values of the angular momentum trans-
fer can be expected to contribute to the ioniza-
tion process.

However, both of these factors are inoperative
in the special case of ionization from a closed
shell—for then L,=0 and the sum over L in Eq.
(5) collapses to the single term with L=j, =1,
and j, is restricted to the single value j,=1,.
Thus purely geometrical factors impose severe

n
(e}
T

o

)

o
3]

d-WAVE PHASE SHIFTS (Radians)

1 1 1 1 1 1 1
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L

FIG. 1. Hartree-Fock d-wave phase shifts 6¢glcScL
for the DY ion of sulfur term versus photoelectron ki-
netic energy € for alternative allowed values of L. Sol-
id line, L =0 [i.e., the state 3p°(°D)ed®S]; dashed line, L
=1 (*P); dot-dashed line, L =2 (D).

restrictions, consistent with the CZ model, on
the angular distribution of photoelectrons ejected
from closed shells, and it is for this reason that
the CZ model has been generally successful when
applied to such systems.*?

To illustrate these ideas consider the photoion-
ization of a typical open-shell atom such as sul-
fur:

S(3p*2P) +y = S*(3p° L,S,) +e(1=0, 2. (8)

The allowed values of LS, are *S°, D° and ®P°.
Ionization to each of these terms can proceed
with j,=1,=1, both for /=0 and for /=2. In addi-
tion, when [ =2 the 2P° term can also result from
the transfer of j,= 2 units of angular momentum,
and the D° term has both j, =2 and j, =3 allowed.
In Fig. 1 we plot the Hartree-Fock phase shifts
6“"050" as a function of photoelectron kinetic
energy € for the 20° ion term and for alternative
allowed values of the total L. Because of the dif-
ferences in these phase shifts we expect the pre-
dictions of the CZ model to be erroneous for
sulfur.

Figure 2 shows our calculated asymmetry pa-
rameters for the three photoelectron groups be-
longing to the alternative ionic term levels as a
function of €. The length formula for the dipole
matrix elements has been used, since this is the
correct one for Hartree-Fock calculations.” As
expected, contrary to the CZ model, these asym-
metry parameters are found to be different from
one another, particularly in the region of the
Cooper minimum® in the total cross section

ASYMMETRY PARAMETER

i 1 L

1 1 i 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

-1.0 L
PHOTOELECTRON ENERGY (Rydbergs)

FIG. 2. Asymmetry parameters 3(L_S_.) for the photo-
ionization transitions 3p*(GP) —~ 3p*(L.S,) +e” in sulfur
versus photoelectron kinetic energy. Solid line, 'S jon-
ic term; dashed line, 2D; dot-dashed line, P.
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FIG. 3. Dependence of asymmetry parameter 3 and
cross section o for the 2D ion term of sulfur on angular
momentum transfers j, * [, as a function of photoelec-
tron kinetic energy. Left-hand scale refers to (1) the
solid line denoting 3 and (2) the dashed line denoting
B(js=ly=1). Right-hand scale refers to the dot-dashed
line which denotes the ratio [0 —o(j;=1)]/c.

(which is due to the sign change in the 3p — ed
radial dipole matrix elements in the region € =2
Ry). A CZ model calculation, employing wave
functions independent of LS term structure, would
produce a single asymmetry parameter (not
shown in Fig. 2) for all three residual ion levels.
Use of improved wave functions might shift the
positions of the minima of our calculated 3 pa-
rameters, but the differences between the three
curves in Fig. 2 should remain.

Figure 3 shows the dependence of 8 and of the
total cross section ¢ on angular momentum trans-
fers j,#1,, which do not occur in the CZ model.
The solid line presents the same S for the 2D° ion
level as in Fig. 2. The dashed line, however, is
a plot of B(j,=1) for the 2D° level, which would
equal B only if o(j,#1)=0. We see that the dif-
ference 8- B(j;=1) can be as large as 0.2. The
dot-dashed line in Fig. 3 is a plot of the percen-
tage contribution of angular momentum transfers
j¢#1 to the total cross section. This percentage
reaches a maximum of more than 89 for the 2D°
ion level.

In conclusion, we have presented criteria both
for determining the importance of anisotropic
electron-ion interactions and equivalently for
establishing the validity of the CZ formula for

974

the asymmetry parameter 3. Namely, for most
open-shell atoms we expect anisotropic interac-
tions to exert significant effects, and therefore
the CZ formula to give inaccurate predictions,
whenever the phase shifts for different total an-
gular momenta L differ significantly from one
another. Atomic sulfur has been presented as

a typical example. Atomic oxygen and other
first-row open-shell atoms are exceptions, hav-
ing weak anisotropic interactions and therefore
asymmetry parameters well predicted by the

CZ formula.® Detailed theoretical and numerical
analyses of our results will be given elsewhere.®®

*Work supported in part by the U. S. Atomic Energy
Commission under Contract No. COO-1674-88, by the
National Science Foundation under Contract No. GP-
38905, and by the National Aeronautics and Space Ad-
ministration under Contract No. NGR 28-004-021.
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