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Recent measurements by Heinzmann et al . of the spin polarization of photoelectrons
ejected from xenon by unpolarized light are in serious disagreement with various theo-
retical calculations. This Letter reports anavinitio study of spin polarization with
use of relativistic random-phase approximation. Excellent agreement is obtained be-
tween the present calculations and the experimental measurements by Heinzmann et al .

for xenon, krypton, and argon.

The prediction® that polarized photoelectrons
can be ejected from closed-shell atoms by un-
polarized light has been verified by recent ex-
periments.?*® In the case of xenon atoms a num-
ber of theoretical results for the degree of po-
larization are available. The results of the var-
ious theoretical calculations differ from one
another; moreover, none of the existing theories
agree with the recent measurements of spin po-
larizations made by Heinzmann, Schonhense, and
Kessler.® Since the determination of polariza-
tion is required for a complete understanding of
low-energy photoionization, it is imperative that
reasonable agreement be obtained between theory
and experiment.

In this Letter we present the results of ab initio
calculations of the spin polarization of photoelec-
trons from xenon, krypton, and argon, based on
the relativistic random-phase approximation
(RRPA). Past experience shows that the non-
relativistic random-phase approximation* (RPA)
is very successful in explaining cross sections
for low-energy photoionization. These cross sec-
tions are sensitive to electron-electron correla-
tion, and the RPA includes the correlations most
important for low-energy photoionization. By
treating relativity along with correlations the
RRPAS® is capable of explaining more refined de-
tails of atomic photoionization} such as angular
distributions for individual subshells and sub-
shell branching ratios, which are sensitive to
both relativistic and correlation effects. Since
the RRPA includes the spin-orbit interaction
in a nonperturbative manner, it is a particularly
appropriate tool for the theoretical treatment of
spin polarization. Indeed, we find that the RRPA
does describe the measured spin-polarization
parameters accurately over the entire range of
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measured energies. This fact is all the more re-
markable since the empirical treatments of spin
polarization obtained from multichannel quantum-
defect analyses” ® of the xenon spectra lead to
erroneous values for the spin-polarization pa-
rameters. A nonrelativistic RPA calculation of
spin polarization by Cherepkov'®® which involves
some use of empirical data appears to have a
mistake in sign. I the sign of Cherepkov’s spin-
polarization parameter is changed, then the RPA
is found to agree approximately with the xenon
measurements, although not as well as the RRPA.

Spin-polarization formulas for photoelectron
have been given by Brehm," Cherepkov,'® Lee,!
and more generally by Huang.'? We use the nota-
tion of Huang'? and consider specifically the case
of photoelectrons ejected by circularly polarized
light incident on noble-gas atoms.

The polarization of incident light can be de-
fined in a fixed (at the target atom) coordinate
system X,Y, Z. The photoelectron polarization
is defined in a rotated coordinate system x,y,2
obtained from X, Y,Z by a rotation by Euler an-
gles (¢,0,0) as shown in Fig. 1. The angular
distribution and spin polarization is given by

da 1
7 = 2 [1- 8P coso)], (1)
P,(6,0)=+ Tt (2)
xR 1 - 3BP,(cosh) ’
_ _nsinbcosb
Py(6,¢)= T-18P,(cos0) ’ (3)
_ £ cosb
P-(6,9)=* 7135 (c0s0) * (4)

where the + signs are for light with positive or
negative helicity. The five dynamical parameters
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o, B, £, n, and £ completely describe low-energy
photoionization. These dynamical parameters
can be expressed in terms of reduced matrix ele-
ments of dipole transition operators.5 For the
present purpose where we consider the spin po-
larization of photoelectrons from noble-gas atoms
by unpolarized light, only the polarization com-
ponent Py will be nonvanishing. The correspond- |

ing dynamical parameter n is given in terms of
reduced matrix elements of the dipole transition
operator by the following expression:

(i) For P,/, subshells,

_ . 3 (Ds;,Dags*—c.c.)
M==Y3VZ "1Ds,oP+ Day 3

(ii) for P, subshells,

n=i [(3/4V5 X(Ds; s, Dags* = c.c.) = (3/2V5 ) Ds, s, Dag so* = c.C.) + §(Dagy s, Da 1, * = c.c.)]

[ Dsy sy |? + | Dagyy 1>+ | Dag g, 12 ’

where c.c. denotes the complex conjugate of the
preceding term. A detailed analysis including
all the three spin-polarization parameters £, 7,
and ¢ will be presented in a separate paper.

In Fig. 2 we compare our theoretical values of
1 with the measurements of Heinzmann, Schon-
hense, and Kessler.® We also include in Fig. 2
the results from the multichannel quantum-defect
analyses of Lee and Dill” and of Geiger,*® as well
as the nonrelativistic RPA results of Cherep-
kov.1°2 We have reversed the sign of Cherep-
kov’s calculation in Fig. 2 since there appears
to be a sign error in his published values.

The RRPA amplitudes used to obtain the theo-
retical curves in Fig. 2 include correlations be-
tween the 5p, 5s, and 4d atomic shells. The re-
sulting RRPA equations involve thirteen inter-
acting channels. Cross sections, angular dis-
tributions, and branching ratios obtained from
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FIG. 1. Geometrical relationships used in spin-po-
larization formulas. Light is incident along the Z axis,
and the photoelectron is ejected along the z axis. The
photoelectron spin polarization is defined in the x,y,z
coordinate system.

these RRPA amplitudes have been reported else-
where®; these quantities are also in excellent
agreement with experiment.

0.6 0.9
T

0.3
-

0.0

3
/-
AN

-0.6
o +
L

0.4

0.2
T
/
L

-0.2
T

-0.4

FIG. 2. Spin-polarization parameter 7 of xenon 5p -
shell photoionization. Experimental data with error
bars are from Ref. 3. Curves are theoretical calcu-
lations: The solid lines are results using RRPA; The
dashed lines are nonrelativistic RPA results from Ref.
10a with the sign reversed; and multichannel quantum-
defect results obtained with different sets of paramet-
ers: dotted lines, Ref. 7; dash-dotted lines, Ref. 8;
and long-short—dashed lines, Ref. 9.
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In Fig. 3 the spin-polarization parameter 7 is
given for krypton together with previously un-
published experimental values from Heinzmann,
Schonhense, and Kessler.'®* The calculations of
the photoionization amplitudes are similar to the
xenon calculations; correlations between the
three shells 4p, 4s, and 3d are included in the
amplitudes. Again we find that the theoretical
spin-polarization calculations are in good agree-
ment with experiment. Finally, in Fig. 4, we
compare our RRPA calculation for argon with ex-
perimental values of Heinzmann, Schonhense,
and Kessler.'®* We also give the nonrelativistic
values of Cherepkov'®? in Fig. 4. Except for the
sign mistake mentioned previously, Cherepkov’s
values are found to be in close agreement with
the present values. This close agreement is ex-
pected since relativistic effects in argon as
measured, for example, by the branching ratio
Op3/2:0p1/2, are known to be small. In fact, it is
apparent from Fig. 4 that the theoretical spin-
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FIG. 3. Spin-polarization parameter 7 of krypton
4p -shell photoionization. Data with error bars are
unpublished experimental values from Heinzmann et al .
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polarization parameters UISYA and Tpgy/, ATE in the
ratio — 2:1 which is just the ratio expected non-
relativistically. For krypton and xenon there
are increasingly important deviations from the
nonrelativistic ratios caused by the spin-orbit
interaction.

It is seen that the polarization measurements
place severe constraints on the empirical atomic
parameters arising from multichannel quantum-
defect analyses and that such measurements serve
as a rigorous test of dynamical parameters pre-
dicted by photoionization theory. Additionally,
spin-polarization measurements can help to sep-
arate those effects due to correlation from those
due to relativity in heavy elements. We have al-
ready seen one example in xenon 5p photoioniza-
tion, and we just mention another more striking
case in the xenon 5s shell where completely cor-
related nonrelativistic calculations predict no
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FIG. 4. Spin-polarization parameter 7 of argon 3p -
shell photoionization. Data with error bars are unpub-
lished experimental values from Heinzmann et al. The
solid curve is the present RRPA results, and the dashed
curve is the nonrelativistic RPA results from Ref. 10a
with the sign reversed.
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spin polarization, but where correlated relativ-
istic calculations predict very large spin polar-
ization near the cross-section Cooper minimum.*
To unfold such effects, further measurements of
spin polarization are clearly desirable.
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Angular distributions of Xe 5s —¢p photoelectrons were measured with use of pulsed
synchrotron radiation and a time-of-flight photoelectron spectrometer. The asymme-
try parameters B differ markedly from the nonrelativistic value of 2, particularly
near the Cooper minimum, in agreement with jj -coupling models. This confirms cal-
culations based on the relativistic random~phase—approximation model of Johnson and
Cheng, establishing the importance of the interchannel coupling in 55—~¢p photoioniza-

tion,

Yang’s theorem® gives the angular distribution
of photoelectrons induced by linearly polarized
radiation via an electric-dipole transition from
randomly oriented targets as

206) 21+ p(e)P(coso)]. 1)
Here € is the electron kinetic energy, 6 is the
angle between the radiation polarization direction
and the photoelectron propagation direction, and
B(€) is the “asymmetry parameter” that charac-
terizes the photoelectron angular distribution.
For the case of photoemission from an s orbital,
Bethe® and Cooper and Zare® showed that in the
LS-coupling limit, 8=2 for all €; i.e., a pure

cos®6 distribution is expected. The He(ls— €p)
angular distribution is, in fact, accurately de-
scribed in this limit; however, a recent meas-
urement by Dehmer and Dill* of the Xe(5s — €p)
transition at hv=40.8 eV yielded B,,=1.4+0.1.
This deviation from the LS result has been at-
tributed to anisotropic final-state interactions be-
tween the photoelectron and ion core. Specifical-
ly, spin-orbit interactions between the €p photo-
electron and the Xe* core leads to two dipole-al-
lowed continuum channels (ns,,;~ €p,,» and ns,,,
- €p, ,2) which can interfere, resulting in 8y,
<2.%5 Several theoretical calculations for B,
have appeared in the literature,’”® each of which
involves different levels of approximation in
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