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Polarization of Photoelectrons Ejected by Unpolarized Light from Xenon Atoms
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The theoretical prediction that polarized photoelectrons can be ejected from unpolarized
atoms by unpolarized radiation has been experimentally verified for xenon atoms. The
wavelength dependence of the polarization has been measured and compared with theoreti-
cal results at helium and neon resonance wavelengths between 74.4 and 46.1 nm.

In the experiments in which the spin polariza-
tion of photoelectrons has been studied, either
the target or the radiation used for photoioniza-
tion was usually polarized.! Spin polarization of
photoelectrons that are ejected by unpolarized
light from unpolarized targets has first been
found with lead atoms last year? after such an
effect had been predicted theoretically for cer-
tain types of atoms.3* It is the purpose of this
Letter to report detailed experimental results
for xenon atoms and to compare the measured
wavelength dependence of the polarization with
theoretical predictions.

In order to observe the polarization one must
not, as one would in the case of photoionization
by circularly polarized light, detect all the photo-
electrons, independent of their angle of emission.
Instead, one has to detect photoelectrons emitted
into a well-defined direction 8. The situation is
similar to electron scattering, in which electrons
scattered through some angle 6§ become polarized.
In both cases, the spin-orbit interaction is re-
sponsible for the polarization effect and the direc-
tion of the polarization is, for reasons of mirror
symmetry, perpendicular to the reaction plane.

If we let k; and IEO be unit vectors in the directions
of the incoming and the outgoing beam forming an
angle 6, according to theory®** the polarization of

the photoelectrons may be written as
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FIG. 1. 7 periodicity of P (§) when the result does not
depend on whether the photon comes from the left or
from the right. Any rotation by m which transforms
these two photon directions into one another must yield
the same experimental result.
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To get some insight into this equation we recall
that the denominator in a polarization formula is
proportional to the total number of electrons
emerging into the direction of observation,! The
denominator in Eq. (1) is therefore proportional
to the well-known expression for the angular dis-
tribution of the photoelectrons, B being the asym-
metry parameter.

Equation (1) holds in the (nonrelativistic) limit
where the photon momentum is negligible com-
pared with the photoelectron momentum. In this
approximation the § dependence of the polariza-
tion has period 7 (see Fig. 1) which is responsible
for the term siné cosf in the denominator [Eq.
(1)]. The parameter® ¢ is determined by interfer-
ence of the wave functions of those continuum
states which are simultaneously reached by the
photoionization process (s and d states for photo-
ionization of the p shell). Like B, it depends on
photon energy, photoelectron energy, and target
atom. Its determination is a necessary step on the
way to the complete photoionization experiment,®
The complication of such polarization measure-
ments is that they combine the intensity problem
of photoelectron spin analysis with the difficulties
of photoelectron angular-distribution experiments.

A schematic diagram of the apparatus is shown
in Fig. 2. As sources of vuv radiation we utilized
capillary discharge tubes yielding intense helium
and neon resonance lines (He1: 2X10' photons/s
at the target). The angles between the radiation
emitted by the two sources and the direction of

FIG. 2. Schematic diagram of the apparatus.
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the photoelectrons observed are 6,,—54°44’ (mag-
ic angle) and 180°-6,,. Since at these angles the
denominator in Eq. (1) is 1, the polarization of
the photoelectrons observed,

P =+ 2£sin54°44’ cos54°44/, (2)

yields directly the parameter &,

The photoelectrons are produced in a xenon
atomic beam and enter an electron spectrometer’
(cylindrical mirror analyzer) with an energy res-
olution of 0.7% (but not smaller than 35 meV) full
width at half maximum, Thus we take account of
the fact that at each wavelength photoelectrons of
two distinct energies are produced; they corre-
spond to the states 2P, and *P,,, of the residual
xenon ion, differing in energy by 1.3 eV, The
photoelectrons with the energy selected are in-
jected into an accelerator tube for 120 keV and
hit the gold foil of a Mott detector for polariza-
tion analysis. The polarization is determined
from the left-right asymmetry of the intensity
scattered into the two counters at 120°.' The ra-
tio of true to background counts varied between
1000 and 1 because of large intensity differences
of the various resonance lines and because of the
cross-section differences. Typical background
count rates were 10 counts/min. Instrumental
asymmetries could easily be eliminated by taking
advantage of the reversal of the polarization when
switching from one light source to the other [see
Eq. (1) or Eq. (2)]. The two'counters at small
angles allow additional corrections for instru-
mental asymmetries to be made.®

Figure 3 shows the polarizations obtained for
various wavelengths or photoelectron energies
and the values of £ resulting from these data.
The polarizations of photoelectrons associated
with the 2P,,, and 2P, states of the residual ion
differ in sign (the situation shown in Fig. 1 cor-
responds to positive® £). This shows the neces-
sity of resolving the fine structure in such a
measurement. Otherwise the polarizations would
almost cancel one another as predicted by Cherep-
kov.* The different sign of the polarization of the
photoelectrons connected with the 2P,,, and %P,,,
ionic states can be qualitatively explained as fol-
lows: The p,,, electrons of the xenon atom reach
the d,, continuum leaving a 2P, ion behind,
whereas the electrons reaching the d;,, continuum
leave behind a ?P,,, ion, Since as a result of spin-
orbit interaction spin is not a good quantum num-
ber in the d states; the d wave functions are lin-
ear combinations of the two basic spin states.
The linear combinations have different signs for
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FIG. 3. Data points with error bars, experimental
values (1 standard deviation) for photoelectron polariza-
tion (scale on the right) and for parameter ¢ (scale on
the left). The curves follow from calculations using
the random-phase approximation (curve a) or multi-
channel quantum-defect theory with different sets of
parameters (curves b—d).

dy, and dg,,. This causes different signs of the
s-dg, and s-dy,, interference terms, which are
the origin of the polarization, so that the polariza-
tions connected with the 2P,,, and 2P,,, states of

the residual ion differ in sign.

The error bars are mainly determined by the
statistical error of the polarization measurement
and include the uncertainty of the analyzing power
(Sherman function). They differ from each other
because of the large differences between the ra-
tios of true to background counts. The correc-
tion for the angular divergence of +5.5° of the
photoelectrons accepted by the spectrometer turns
out to be negligible, It is crucial for the reliabil-
ity of the £ data given that there are no residual
fields in the ionization chamber which may deflect
the photoelectrons, thus leading to a spurious
angle of emission. In order to check whether
residual fields had been sufficiently suppressed
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we measured a great number of asymmetry pa-
rameters B with our apparatus at the same wave-
lengths used for the polarization experiment. The
agreement of our B values for several noble gases
and molecules with those found by other authors®
confirmed the reliability of the £ measurements.

Figure 3 shows also a few theoretical results.
Curve a calculated by Cherepkov using the ran-
dom-phase approximation with exchange gives,
for the case ®P,/,, the correct wavelength for
the zero of £. The fact that this curve has the
wrong sign although there is reasonable agree-
ment with the absolute values of our measure-
ments prompted us to review the correctness of
the sign given by our polarization data. The ratio
of the polarizations for the two states of the re-
sidual ion is expected® to be - 2 if the radial parts
of the continuum wave functions for the d,/, and
d/, photoelectrons are the same. The experi-
mental results indicate that the ratio differs from
- 2, which shows that the influence of spin-orbit
interaction on the continuum wave functions (the
origin of the Fano effect'®) cannot be neglected.
The other curves of Fig. 3 have been calculated
by means of “multichannel quantum-defect theo-
ry,” with use of various sets of parameters that
we found in the literature. In this theory, the
wavelength dependence of £ is determined by that
of the Coulomb phase shifts, the quantum defects,
and the matrix elements for photoionization. For
curves b and ¢ we used the data of Lee and Dill"*
and Geiger,'? respectively, with energy-independ-
ent quantum defects, whereas for curve d we
utilized the set of energy-dependent parameters
of Geiger.'® In all three cases we have extrapo-
lated the linear energy dependence of the data
from the discrete to continuum energies.

Since the main purpose of this paper is to pre-
sent the experimental results, details of the

quantum-defect calculations, together with a set
of quantum-defect parameters which give the best
fit to the experimental data, will be given else-
where.
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