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In a photoionization experiment involving polarized alkali atoms and circularly polar-
ized photons we measured the strength of the spin-orbit perturbation in potassium, ru-
bidium, and cesium. Our results are pertinent to the theory of photoionization and to the
production of polarized electrons. Extrapolation of the results to photon energies below
the ionization threshold provides access to the anomalous doublet line-strength ratio of

discrete P states.

The spin-orbit interaction is the cause of vari-
ous anomalous effects in heavy alkali atoms. In
1930, Fermi showed that spin-orbit perturbation
of alkali wave functions was responsible for the
anomalous doublet line-strength ratio of the dis-
crete P states.! In 1951 Seaton used similar ar-
guments to explain the nonzero minimum of the
photoionization cross section of the heavy alkalis.?
On the basis of the work of Fermi and Seaton,
Fano last year predicted that polarized electrons
would result from photoionization of unpolarized
cesium atoms by circularly polarized photons.®
Stimulated by Fano’s prediction, we experimen-
tally examined the spin-orbit perturbation, which
indeed does produce this polarization effect.*

Under the assumption that the P-state continu-
um wave functions are perturbed by a spin-orbit
interaction, the radial matrix element for an
electric dipole transition from the ground state
(ny’S ) to the P-state continuum will depend up-
on the total angular momentum j’ of the final

P state. The perturbed radial matrix elements
can then be written in the form?®

R,=R,-%AR,

R,=R,+3AR, 1)

where R, and R, are the radial matrix elements
corresponding to j' =3 and 3, respectively; R, is
the unperturbed radial matrix element, and AR
=R;-R, is the deviation resulting from the per-
turbation of the final continuum P state. The
various spin-orbit effects in the heavy alkali
atoms can be described in terms of the single
perturbation function x(E), defined by

#(E)=3R(E)/A R(E)
=(2R, + R,)/(Ry=R,), 2)

where E is the energy of the photon incident on
the atom.

Access to the perturbation function x(E) in the
continuum is provided by any one of three polar-
ization experiments, each of which involves the

photoionization process, A+y—~A*+e”, Toa
very good approximation the spin-orbit interac-
tion does not perturb the nuclear spin.®* There-
fore, the particle polarizations which character-
ize the polarization effects in the photoionization
process are the circular polarization of the inci-
dent photon, P y; the electronic polarization of
the atom, P,,, parallel to the direction of the in-
cident photon; and the polarization of the final-
state electron, P.;, also parallel to the direction
of the incident photon. If any two of these three
particle polarizations are experimentally con-
trolled, the perturbation function x(E) can be
determined.

Photoionization of unpolarized atoms with cir-
cularly polarized photons, followed by measure-
ment of the photoelectron polarization, results in
the determination of the polarization parameter,
P, given by

P=[P.)/Pyylp, =0=(2x+1)/(x?+2). (3)

Photoionization of polarized atoms with circular-
ly polarized photons, followed by measurement
of the ion counting-rate asymmetry 6 =(I*=1")/
(I*"+1I7), where I'* and I” are the counting rates
corresponding to left- and right-circular photon
polarization, respectively, results in the deter-
mination of the polarization paraméter @, given
by

Q=0/(PaPpp) =(2x-1)/(x2 +2). (4)

Finally, photoionization of polarized atoms with
unpolarized photons, followed by measurements
of the photoelectron polarization, results in the
determination of the polarization parameter R,
given by

R:[Pel/Pat]Pph=o=x2/(x2+2)- (5)

Equations (3)-(5) follow directly from Egs. (1)
and (2) and the appropriate Clebsch-Gordan coef-
ficients.

For purposes of optimization of signal, elimi-
nation of molecules, and suppression of back-
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Table I. Calculated and measured atomic polarization.

K39 KA RbS® RLE7 cs!®

Abundance (%) 93.1 6.9 72.15 27.85 100
P,, obtained from

calculation:

Single isotope 0.259 0.267 0.168 0.251 0.125

Isotope mixture 0.260 0.191 0.125
Interpretation? Exact value Approximation, Lower

lower limit limit

P, obtained from 0.254 £0.014° 0.203 +0.007 0.142 +0.002

data analysis

2 Interpretation depends on the hyperfine-structure interaction of the alkali atom.

Error refers to one standard deviation.

ground photoelectrons, we chose to measure
Q(E) in order to determine the perturbation func-
tion, x(E). Our first measurements with cesium*
confirmed the existence of the polarization effect
predicted by Fano, but they were not yet accu-
rate enough to determine x(E) quantitatively.
Since then, we have measured x(E) more accu-
rately not only for cesium, where the spin-orbit
interaction is strongest, but also for rubidium
and potassium.

A beam of alkali atoms was polarized by pas-
sage through a sexipole magnet, Beyond the mag-
net, the atoms were ionized by circularly polar-
ized photons in a weak magnetic field of 2.5 G
parallel to the direction of photon incidence. A
high-pressure xenon arc lamp was used in con-
junction with a grating monochromator as the
source of uv photons. The combination of linear
polarizer and quarter-wave plate produced a
circular polarization which varied between 0.82
and 0.91 in the range of photon energies used.
The alkali ions extracted from the ionization re-
gion were detected by a Channeltron electron
multiplier. Use of a central beam stop at the en-
trance of the sexipole magnet eliminated mole-
cules from the alkali beam.

The perturbation function x( E) passes through
zero at the photon energy E,, proximate to the
energy where the photoionization cross section
has its minimum. In the vicinity of E,, x(E) can
be written in the form of a power series

x(E)=c,(E=Ey)+ c,( E=E )
+C(E=E P+ 2+, (6)
In analyzing our data we neglected all terms of
order higher than (E-E)®. We employed a multi-

parameter regression-analysis computer pro-
gram?® to fit the function @(E) to our measure-
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ments of 6/Pph, thereby directly determining

the five parameters P,,, E,, c,, ¢,, and ¢, as

well as their errors and error correlations. The

values of P,, are given in Table I together with

the corresponding results of a calculation based

on ideal state selection in the sexipole magnet.®
In Fig. 1 are shown the data points

Qi=0(E;, AN[1+m(aN) /[Py u(E)P, ], (1)

where 6(E;, A)) is the ion counting-rate asymme-
try obtained with the finite wavelength bandwidth
Ax, n(AX) is a very small correction term which
approximates the effect of the variation of the
cross section over the wavelength interval A7
and Pph(E ;) is the photon polarization measured
for the photon energy E,. The vertical error
bars for one standard deviation were calculated
from signal and background counting rates and
the counting times. The horizontal error bars
represent the uncertainty in the monochromator
dial setting.

The Q(E) curves, which were obtained from a
cubic fit for x(E), are given in Fig. 1 together
with the values of the parameters E, and (dE/dx),
=1/c,. The nonlinearity in x(E), governed by
the coefficients ¢, and ¢;, can be seen in Fig. 2.
The bands of the x(E) curves are determined by
the functions x + 6x and x=0x, where 0x is one
standard deviation. Only in the case of potassium
is the nonlinear part of x( E) larger than the
error dx. In the case of cesium, 6x is small
enough to permit meaningful extrapolation far in-
to the discrete spectrum.

Below threshold, the physically allowed values
of the perturbation function, x(E), occur at dis-
crete energy intervals. However, the function
itself is continuous and passes through threshold
continuously, as in fact do the functions for the
quantum defect and the line strength per unit en-
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FIG. 1. Polarization parameter @ as function of
photon energy E for potassium, rubidium and cesium.

ergy interval.® At the lower end of the discrete
spectrum, values of x can be obtained from mea-
surements of the doublet line-strength ratio p
given by

pES(nPS/z)/S(nPl/z)
=2(R32/R?) =2(x +1)?/(x-2)?, (8)

where S(n P, ;,) and S(n P,/,) are the line strengths
of the doublet. At energies closer to threshold,
however, the doublets cannot be resolved spec-
troscopically. Thus the extrapolation of x(E)
from the continuum into the discrete spectrum of
cesium represents the first experimental deter-
mination of the spin-orbit perturbation of P
states of high quantum number 7.

From Fig. 2 it can be seen that for cesium the
value of the energy corresponding to x =+2 lies
below threshold. Since R, =0 when x =+2, the
function p( E) has a pole in the discrete spectrum.
The extrapolated curve in Fig. 2 indicates that
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FIG. 2. The perturbation function x (E) for the three
alkali atoms. The width of the error bands corresponds
to one standard deviation in x. Extrapolation below
threshold is shown by dashed lines; 7 is the principal
quantum number of the discrete P state.

the pole definitely lies below 7 =20 and probably
occurs in the vicinity of #» =12. This result con-
tradicts the spectroscopic data of Kratz,® who
observed a monotonic increase of p(E, .) from
n =6, the lowest principal quantum number of
cesium, ton =21, the upper limit determined by
his spectral resolution. Kratz rejected the va-
lidity of a set of spectroscopic measurements
which Sambursky'® had performed twenty years
earlier, in 1928. Sambursky’s data, in fact, in-
dicate the presence of a pole in p(E) between
E,, pand E; p, in good agreement with Fig. 2!
For potassium and rubidium, the x(E) curves of
Fig. 2 show that the pole in p( E) occurs above
threshold; therefore, p(E, .) increases mono-
tonically with »# in the discrete spectrum. The
threshold value of the doublet line-strength ratio,
P(E, -, p), is 3.85+0.,45 for potassium, 5.5
+1.5 for rubidium, and 250+190 for cesium.
Since experiments with polarized electrons are
being contemplated in many laboratories, the
techniques for producing polarized electrons are
of great current interest,’* From the perturba-
tion function, x(E), the polarization parameters
R(E) and P(E) which determine the polarization
of the outgoing photoelectron can be calculated
according to Egs. (5) and (3), respectively. In
Fig. 3 are shown R(E) and P(E) for cesium, the
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FIG. 3. Polarization parameters R (E) and P (E) for
cesium. The width of the error bands corresponds to
one standard deviation in the ordinate.

alkali with the most pronounced spin-orbit per-
turbation,

The electron polarization obtainable with sourc-
es based on ionization of polarized alkali atoms
by unpolarized photons is given by P.;=R(E)P,,.
As shown in Fig. 3, the curve R(E) for cesium
is substantially smaller than unity over the whole
photon-energy range and, in fact, drops to zero
at the photon energy E,=4.53 eV. Therefore, the
use of cesium in this type of polarized-electron
source will not lead to highly polarized elec-
trons.'?

The electron polarization obtainable with sourc-
es based on ionization of unpolarized alkali atoms
by circularly polarized photons is given by P,
=P(E)P,y. Following Fano’s suggestion,’ Kess-
ler and Lorenz recently measured the polariza-
tion of electrons produced with unpolarized
cesium atoms and polarized but unfiltered light
from a mercury-arc lamp. They obtained an
average electron polarization of 0.65+0.15, con-
sistent with their estimate of 0.8.'* Our result
for the polarization parameter P(E) is shown in
Fig. 3. This curve provides a quantitative basis
for the design of a Fano-type polarized electron
source. Since the threshold value, P(E;)=0.91
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+0.03, is close to unity, photoionization near
threshold appears to be a promising method for
the production of highly polarized electrons oc-
cupying minimum phase space.
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