Application of a dc Fano effect polarized electron source to
low-energy electron-atom scattering

P. F. Wainwright,® M. J. Alguard, G. Baum,” and M. S. Lubell
J. W. Gibbs Laboratory, Yale University, New Haven, Connecticut 06520

(Received 19 January 1978; in final form, 3 February 1978)

A polarized electron source based upon the photoionization of unpolarized Cs atoms by
circularly polarized light (Fano effect) has been developed and applied to the study of spin
dependence in low-energy electron-atom scattering. Electron intensities of 10 nA with
polarizations of 0.63+0.03 have been obtained routinely during continuous runs of up to 75 h.
Frequent optical reversal of the direction of the longitudinal electron polarization minimizes
systematic effects so that helicity dependent electron-scattering asymmetries smaller than

4% 10* can be measured.

INTRODUCTION
A. Survey

In recent years there has been increasing interest in the
spin dependence in electron—atom collisions, with the
relationship between theory and experiment being truly
symbiotic. In the case of electron—-alkali collisions, the
early optical pumping measurements of spin-flip cross
sections in Na, Rb, and Cs at thermal energies!~!? have
been augmented by detailed crossed-beam studies of
elastic and inelastic scattering of electrons by Li, K, Na,
and Rb. These differential scattering measurements,
covering an energy range from several tenths of an eV to
several eV, have incorporated polarized atomic beams
with polarization analysis of either the recoil atom*~® or
the scattered electron.® An electron trap with a polarized
atomic beam and an electron polarization analyzer has
also been used to study the total spin—exchange cross
section in e—K scattering at eV energies.?

Progress in the theoretical understanding of the spin
dependence in electron—alkali scattering has also been
substantial. Following the calculations of Stone and
Reintz,!! Garrett and Mann!'?!? and Garrett,!* who first
explicitly demonstrated the importance of spin ex-
change, a number of more accurate theoretical studies
have been carried out.!® 23 Several of these studies have
used relativistic formulations which include the spin-
orbit as well as the spin—exchange interactions,!%-20-22.23
The effect of the spin-orbit interaction, alone, on
electron scattering from Hg and Au is well known from
experimental and theoretical studies of Mott scattering
at both high and low energies, and has been discussed
at length in a number of review articles.?*~%?7 Pronounced
spin—orbit effects were also predicted?® and have been
observed® in resonance scattering from neon. Only
in the case of electron—alkali scattering, however,
has the combination of spin—orbit and spin—exchange
effects been considered.??

In electron-hydrogen scattering, on the other hand,
the effect of the spin—orbit interaction essentially can
be neglected, and only the nonrelativistic wave equation
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need be considered. Because of the relative simplicity
of the interaction, the electron—-hydrogen problem has
undergone the greatest theoretical scrutiny as a test of
the approximation methods which have been employed
to describe electron—atom collisions. Theoretical activity
has been so great in recent years that a complete list
of references is prohibitive. Summaries of and references
to various calculations can usually be found in the
longer theoretical papers and in reviews.?'3 At low
energies (=30 eV), variational techniques®?*~4 have
been quite successful in reproducing spin-averaged
elastic differential cross sections and resonances.*? At
high energies (=100 eV), Born, eikonal, and Glauber
elastic scattering calculations**~* are in fair agreement
with experimental observation.*? In the intermediate
energy region, between 30 and 100 eV, calculations are
generally less reliable.

While the large majority of theoretical calculations
have taken the exchange interaction into account, until
recently no experiments had been reported which were
able to provide information about the direct and ex-
change cross sections in elastic electron—-hydrogen
scattering.*>*” In fact, the only electron—hydrogen
collision channel for which any exchange scattering
experimental data had been obtained was the 1s-2s
inelastic excitation channel.® Unfortunately the the-
oretical understanding of inelastic scattering, as well
as of ionization, has not progressed as far as that of
elastic scattering.

In light of the apparent growing interest in spin effects
in electron—atom collisions, several papers have been
published which provide prescriptions for the analysis
of experiments employing spin-polarized sources of
atoms and electrons and spin-polarization analyzers. 452
Until very recently however, only one experiment, the
study of exchange excitation in Hg, had been carried
out using polarized electrons as the incident beam.33-55
Adequate sources of polarized electrons simply have not
been available for more fundamental studies.

Over the course of the last ten years the progress
in the field of polarized-electron atomic physics has
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been delineated in a series of review articles and mono-
graphs?24-27:56-58 cqvering both the development and
application of polarized electron sources. In this paper
we report on a major advance in the development of
polarized electron sources and on its application to the
study of electron—hydrogen scattering.

B. Polarization experiments

In the absence of the spin-orbit interaction, the
scattering of electrons by one-electron atoms can be
described by the nonrelativistic wave equation

[Hor)) + H(ry) + Vir,r,) — E1W(r,s,,rys,) =0, (1)

where r, and r, are the position coordinates of the
incident and atomic electrons, respectively, ¥, and %,
are the Hamiltonians of the incident and atomic
electrons, respectively, V is the interaction potential,
E is the total energy, and s, and s, are the spin coordinates
of the incident and atomic electrons, respectively.
Fermi-Dirac statistics require that the wave function
W¥(r,s,,r,5,) be totally antisymmetric under particle
exchange. Since the total Hamiltonian is independent
of electron spin and is furthermore symmetric under
particle exchange, it is easily seen that the total wave
function can be written as a product of a position wave
function, (r,r,), and a spinor, x(s,,s,)., and that
Y(r,,r,) and x(s,,s;) must separately possess symmetry
properties under particle interchange. The symmetric
position function, y(r,,r,), is then paired with the anti-
symmetric singlet spinor, x(S = 0), and the anti-
symmetric position function, y_(r,,r,), is paired with the
symmetric triplet spinors, x(§ = 1), where S is the total
spin of the two-electron system.
The asymptotic forms of yr.(r,,r,) are given by

Yulrry) — e Ny(ry)

ry—w

(,ik’rl

+ 2 Uforlhe,k') = goy(k, k') y(r2),  (2)

ry

where k and k' are, respectively, the momenta (in
atomic units) of the incident and scattered electron,
do(rs) and o¢,(r,) are, respectively, the initial and final
state atomic wave functions, and fy,(k, k') and go(k, k")
are, respectively, the “*direct’” and ‘*exchange’’ scatter-
ing amplitudes. Thus singlet scattering is characterized
by the amplitude (f + g), and triplet scattering by
the amplitude (f — g), where the subscripts for scattering
into a particular channel (fy, = goo for elastic scattering,
for example) are implicit.

Since f and g are complex quantities, three in-
dependent parameters are necessary for the description
of the scattering into any one channel. As an example,
the magnitude of f, the magnitude of g, and their
relative phase must be specified, with the overall phase
being an arbitrary, physically inaccessible quantity. For
experiments with unpolarized particles only the weighted
sum of the singlet and triplet cross sections can be
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Fig. I. Nonreactive scattering experiments with two polarization

devices. Polarizers are denoted by P and analyzers by A in the
appropriate boxes. Solid circles denote electrons while open circles
denote atoms. The asymmetries which are measured by the
experiments in a given row are specified by A, A', and A” in
accordance with Egs. (4)-(12). Polarization experiments which
have been carried out heretofore are identified by atomic species
and the laboratory where they were performed: Yale H—this
work and Ref. 47; Minster Hg—Ref. 53; Columbia H--Ref. 48:
NYU Li Na K Rb—Refs. 4-9; JILA K—Ref. 9.

measured. Specifically, the spin-averaged differential
cross section,

o

dQ—%|f+ gl? + 3l f - g2 3)

is determined. Only in the region of resonances can
information be gleaned about the singlet and triplet
amplitudes separately. Elsewhere, polarization experi-
ments must be performed. Given the present limitations
on polarized sources and polarization analyzers, these
experiments must be limited to two polarization devices
(sources or analyzers) each. Then in order to determine
the three independent parameters, three experiments
must be performed, two of which must be polarization
experiments.

The six possible nonreactive experiments using two
polarization devices are illustrated in Fig. 1. Only three
of these provide independent information, with the two
experiments in each row being redundant. The measur-
able quantities in each of these pairs of experiments
can be determined from the cross-section summaries
provided in Table 1.

Experiments (1) and (2) shown in Fig. 1 both result
in the determination of the quantity A given by

do 7!
&
In experiment (1), A is given explicitly by the cross
section asymmetry,

A=mqu ()

A= (o= ooy + an). )

for the incident projectile electron and atomic electron
spins antiparallel (1)) and parallel (11). The experi-
mentally measured asymmetry, A, is related to A by

A=PP,A, (6)

where P, and P, are the degrees of polarization of the
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TasLE [. Polarization processes® and cross sections.
Process Cross section

el + At > e} + AT | £z
el + At > el + Al |g|2
et + Al > el + AY |f -2l
et + Al — el + Al [flz
el + Al — el + AT \g|2
el + Al > el + Al |f—g[2

a The electron is denoted by e, the atom by A, and the relative
spin orientations by the arrows.

incident projectile and atomic electrons, respectively.
In experiment (2), A is again determined from Eq. (6),
where P, and P, are now regarded as the analyzing
powers of the electron and atom polarization detectors.

Experiments (3) and (4) both result in the determina-
tion of the quantity A’ given by

do \!
A=l () @
where A’ is found from

P = A'P, ®)
in experiment (3) and from

P, =A'P, )

in ex;ieriment 4), with P’ and P,’ denoting the polariza-
tion of the scattered electrons and atoms, respectively.
Experiments (5) and (6), on the other hand, both result
in the determination of the quantity A” given by

do !
A" = 2| — -1, 10
7] ( o ) (10)
where A" is found from

P, = A"P, an
in experiment (5), and from )
P, = AP, (12)

in experiment (6). A comparison of Eqgs. (3), (4), (7), and
(10) reveals that the measurement of do /dQ) along with
two of the three quantities A, A’, and A” suffices to
determine the three parameters needed to describe the
scattering problem.

Until recently, all polarization experiments resulted
in the determination of either A'4-84853 or A” 9 (In the
case of Hg the effects of the spin-orbit interaction
were taken into account in the analysis.?®) With the
development of the source whose application is described
in this paper it has now become possible to determine
the quantity A through the performance of polarized
electron-polarized atom experiments. The first experi-
ments of this type, in which A was measured for elastic
scattering and impact ionization in e—H collisions, have
been reported elsewhere. 4759

In this paper we will describe the experimental
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details and principles of operation of the Fano-type
polarized electron source which has been developed at
Yale for electron—atom scattering. In Sec. 1 we will
summarize the criteria which must be considered for
polarized electron sources in general, and more spe-
cifically those which are important for crossed electron-
atom beams experiments. In Sec. II we will discuss the
production of polarized electrons by means of the Fano
effect, and we will describe the design and operation
of the Yale source with emphasis on those characteristics
which make it suitable for crossed beams studies.
Finally in Sec. III we will summarize the operating
characteristics of the source and speculate on some
future polarized electron source developments.

I. REQUIREMENTS OF POLARIZED
ELECTRON SOURCES

During the last fifteen years a wide variety of electron
sources have been developed based upon a diversity
of physical principles.?®2"% Some of these sources,
while interesting because of the underlying physics
principles involved, are not at all practical for application
to low-energy electron—atom scattering. Others, which
originally showed promise for such application, have
failed to live up to intensity and polarization expecta-
tions as useful laboratory instruments.

In selecting a source for a particular application it
is desirable to base the selection on a set of criteria
which provides an objective means of comparison of
sources. The most frequently quoted criterion in
polarized electron literature is the figure of merit, ¢,
given by

(=PI, (13)

where I, is the intensity of the source. However, this
figure simply describes the statistical accuracy which
can be achieved in an asymmetry measurement, in-
dependent of any external constraints. Of course each
experiment imposes its own unique set of external
constraints, and these constraints must be taken into
account in the evaluations of the merits of any given
source. Generally speaking, the salient characteristics
of a source which impinge on the specific requirements
of an experiment can be summarized as follows:

(1) Intensity, I,.
(2) Polarization, P,.
(3) Figure of merit, £.
(4) Direction of polarization.
(5) Variation of intensity and beam phase space under
polarization reversal.
(6) Maximum frequency of polarization reversal.
(7) Energy spread, AE.
(8) Emittance, e.
(9) Stability.
(10) Percent time available.
(11) Mode of operation: dc or pulsed.
(12) Pulse length and repetition rate.
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In the absence of magnetic fields the emittance
(characteristic 8) is defined by

€ = pa, (14)

where p is the radius of the beam at an image of the
source, and « is the aperture angle, that is, half the
apex angle of the cone which includes all the electron
trajectories from one image point. Nonrelativistically,
e is inversely proportional to the square root of the
beam energy, E. In the presence of a magnetic field,
H,, at the source, the emittance given by Eq. (14) is
no longer an adequate description of the electron beam
phase space. For the case of low-energy electron
scattering, where the electron beam interacts with the
atomic beam in a region of low magnetic field, typically
107°-10"7 T, the emittance of the beam must be
generalized to%

€* = pyEy/E)"? + (1/2)(e/m)p*H,/ v, (15)

where p, i1s the effective radius of the electron
production region in the source, E, is the mean energy
of the electrons at the time of production, e/m is the
electron charge to mass ratio, and v is the final velocity
of the electron beam at the interaction region, all
in SI units.

The presence of a strong magnetic field in the source
region not only can increase the emittance of the beam
but also can produce significant changes in beam in-
tensity and position under polarization reversal. These
changes, which will ultimately limit the precision of
an asymmetry measurement, occur because sources
which employ strong magnetic fields usually require the
reversal of the field to effect the reversal of the di-
rection of the beam polarization, thereby changing
the electron optical properties of the beam. For
crossed beams electron—-atom scattering experiments,
small changes in the position of the electron beam
can result in significant changes in beam overlap
and hence cause appreciable systematic errors in
the measured asymmetry. These systematic errors
will be particularly evident if the scattered electron is
observed by a detector which does not have uniform
collection efficiency over the entire crossed beams
interaction region.

A list of polarized electron sources which are either
already operational, in the prototype stage, or in the
proposed construction stage is given in Table 1. As can
be seen under the heading ‘"Method of polarization
reversal,”” all sources rely on one of four methods for
reversing the direction of polarization: change in the
angle of emission, change in the energy of emission,
reversal of the source magnetic field, and reversal of
the optical polarization of photoionizing or photo-
emitting radiation incident at the source. Of the four,
the optical reversal method is least likely to result in
variation of beam position and intensity under polariza-
tion reversal. With these variations of paramount
importance for crossed-beams experiments, the choice
of source is restricted to those relying upon the Fano
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effect,%27°~77 resonant two-photon ionization of Cs,%
optical pumping of a He discharge,® and photoemission
from negative electron affinity GaAs.577 At the
present time, the Fano effect sources have undergone
the greatest development and are probably the best
understood sources suitable for low-energy electron
scattering. although the major development programs
currently in progress on GaAs sources will probably
make these sources most attractive for future work.

Il. PRODUCTION OF POLARIZED ELECTRONS
A. Background

For heavy alkali atoms, the photoionization cross
section as a function of wavelength passes through a
deep but nonzero minimum. Seaton in 19517 suggested
that this nonzero minimum is a consequence of the
spin-orbit coupling. An additional consequence, first
suggested by Fano in 1969.%° is that photoelectrons
produced by circularly polarized light in this wavelength
region are spin polarized.

The first direct experimental verification of spin—orbit
perturbation of the continuum P-states of heavy alkali
atoms was provided in 1969 by Lubell and Raith®
through the observation of the asymmetry in ion-
counting rates for the photoionization of polarized Cs
atoms by circularly polarized light. Shortly thereafter
Kessler and co-workers®2-8 gbserved the actual produc-
tion of polarized electrons in the photoionization of
unpolarized Cs by circularly polarized light. Extensive
investigation of the spin—orbit coupling in continuum
states of K, Rb, and Cs have been reported in detail
by Baum et al.?*#%

B. Theory

1. “Fano effect”

As a vehicle for describing the spin—orbit perturba-
tion, Fano® introduced the perturbation parameter x
which is a function of photon energy E and is defined by

x(E) = 3RYE)/[AR(E)], (16)

with
3R =2R,;; + R,

AR = R13 - Rlls

(17

where R is the radial matrix element for the dipole
transition from the 25 , ground state to a final continuum
p-state neglecting the spin—orbit interaction in the final
state, and R,; and R,, are the perturbed radial matrix
elements for the final P-state angular momenta J' = %
and 5, respectively. It can be shown®®# that the
polarization of photoelectrons produced in the photo-
ionization of alkali atoms by circularly polarized light is
given in terms of the perturbation parameter x by

P, ={Qx + DAx* + 2)]P,, (18)
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TasLE 11.  Characteristics of polarized electron sources.
Mode Pulse Peak Rep Average
Refer- length current rate current
Method Group ence Status“ Pulsed dc (us) (10? e/pulse) (pps) (nA)
Electron scattering from Miinster 53 [ J X 0.1
unpolarized Hg beam ® X 0.01
Stanford 61 ® X 10-35
Fano effect Rb Bonn 62 © X 0.012 22 50 18
= | Fano effect Cs Yale (This Work) — [ X 25
2
‘g Polarized Li beam Yale-SLAC- 63 o X 1.6 2.6 180 72
5 “PEGGY"”’ Bielefeld o X 1.6 8.15 180 235
S
2 | Optically pumped Yale-SLAC- 64 o 1.6 20 180 576
A polarized Li beam Bielefeld
Resonant two-photon  FOM Amsterdam 65 O X ~100
unpolarized Cs
Optically pumped He Rice 66 © X 100
discharge © X 10*
Field emission EuS Bielefeld 67 © X 10
LEED W Rice 68 O X 50
ETH Zurich 69 © X 103
c NBS Gaithersburg 70 O X 10*
.2
% | NEA GaAs SLAC 71 © X 1.6 100 180 3 x 108
g
g Mainz 72 o 2 120 150 3 x 10¢
)
=
A PMC Palaiseau 73 O 2 x 108
EuO ETH Zurich-SLAC 74 © X 1.2 3 6.7 3.2

2 Symbols used for source status are the following: @ —Operational, © —Prototype, O—Proposed.

where P, is the degree of circular polarization of the
ionizing light. This functional dependence of P, on x,
assuming P,, = 1, is shown in Fig. 2. In Fig. 3 is
illustrated the dependence of the perturbation parameter
x on the energy of the ionizing light for Cs, Rb, and
K.® From these two curves the polarization of photo-
electrons, P, can be determined and is shown in Fig. 4
together with the measured polarization obtained in
several experiments.

Since the first experimental verification of the
production of spin-polarized electrons, several programs
have been pursued to advance the state of Fano-effect
polarized electron sources from the prototype to the
operational.%%7~7 In the Yale program, Cs was chosen
from among the heavy alkali atoms because it possessed
the greatest bandwidth and largest cross section for
the production of highly polarized electrons (see
Appendix).

2. Mott Scattering

The polarization of electron beams is most frequently
measured by means of Mott scattering, which is the
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relativistic elastic scattering of transversely polarized
electrons by a heavy nuclear target. Because of the
spin—orbit interaction involving the magnetic moment of
the electron and the motional magnetic field of the target
nucleus, electron scattering in the plane normal to the
spin direction will show polarization-dependent effects
which are, in general, functions of energy and scattering
angle. These effects, first predicted by Mott in 19298687
and verified by Shull and co-workers in 1943,%8 are
generally pronounced at high energies and large scatter-
ing angles. The analyzing power for Mott scattering
is commonly called the Sherman function, S, after
the detailed calculations published by Sherman in 1956,
and is defined by

() = l.F(O)G*(B) - FX0)G(®)
|Fo)|2 + |G@®]2

) (19)

where F(0) is the spin—nonflip amplitude and G(6) is the
spin—flip amplitude resulting from the spin—orbit
interaction. Many extensive studies of Mott scattering,
both experimental®®~% and theoretical,®** have been
carried out, making it the best understood process
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Degree Emittance Brightness
of Method of polarization reversal Source Energy Magnetic at source

po]firi- energy spread field energy Very

zation Angle Energy Magnetic  Optical (eV) (eV) (G) (mrad cm) Medium High high
0.22 X X 80 1.0 ~0 — X
0.22 X X 80 0.6 ~0 — X

0.1-0.23 X X 50-180 — ~0 — X
0.65 X 120 x 10° <500 120 1.0 X
0.63 X 1000 ~3 0.05 <20 X
0.85 X 65 x 108 1500 200 <10 X
0.35 X 65 x 10% 1500 200 <10 X
0.85 X 65 x 10% 1500 200 <10 X

0.3-0.6 X — 0.5 ~0 — X
0.5 X 500 0.5 A Al X
0.3 X 500 0.5 5 5 X
0.85 X 2 x 108 0.1 ~50 —_ X
0.37 X X 80 <0.1 ~0 — X
0.45 X <1 0.2 ~0 2 X
0.45 X <1 0.2 ~0 2 X
0.45 X 70 x 103 0.2 ~0 <10 X
0.45 X — 0.2 ~0 — X

~0.5 X 5 0.2 ~0 — X
0.6 X ~2 ~2 21 x 108 1.5 x 107 X

capable of measuring electron polarization. The the-
oretical calculations of Holzworth and Meister®® and
Lin® for 100-keV scattering from Au are given in
Fig. 5 together with the experimental measurements of
Apalin er al.*® and Eckardt et al.'®

C. Apparatus
1. Polarized electron source.

A scale drawing of the polarized electron source is
presented in Fig. 6. The light source is a 1000-W high-
pressure Hg—Xe arc lamp with Suprasil envelope. Light
from the lamp, collected by an f/1.5 quartz lens,
passes through a cell 5 ¢m in length containing an
aqueous solution of NiSO, (100 g/l) which removes
radiation of wavelength longer than ~320 nm. The
entrance window of the cell is a Corning CS0-56 filter
which removes radiation of wavelength shorter than
270 nm. The exit window is a manually rotatable
quartz plate coated externally with a dichroic linear-
polarizing film. Since the macromolecules in the polariz-
ing film are damaged after prolonged exposure to
intense radiation, the bandwidth of the light is restricted

576 Rev. Sci. Instrum., Vol. 49, No. 5, May 1978

by the NiSO, and Corning filters prior to passage of
the light through the polarizer. As an additional pre-
caution, the polarizer is cooled by air and by circulation
of the NiSO, solution through a heat exchanger. This
latter process also serves to prevent the NiSO, solution
from boiling.

After leaving the absorption cell, the linearly polarized
uv light passes through a 300-nm zeroth-order quartz
quarter-wave retardation plate (which has its optical
axis oriented at 45° with respect to the orientation of
the linear polarizer) to produce circularly polarized
light. A quartz lens then focuses the circularly polarized
light into the ionization region estimated to be 3 cm long
and 5 mm in diameter. The helicity of the light is
reversed upon rotation of either the linear polarizer
or quarter-wave plate by 90°.

The characteristics of the uv optics for the wavelength
region of interest are given in Fig. 7. Also shown for
comparison is the photoionization cross section for Cs.
From Fig. 7(c) it can be seen that ~120 mW of ionizing
radiation of wavelength 250-318 nm is delivered to the
ionization region.

In the ionization region, the focused, circularly

Polarized electron source 576

Downloaded 27 Oct 2008 to 129.70.164.64. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



_2x*]
P(x) 2i2

ELECTRON POLARIZATION,FR,
o

rob— 1 g1 | I —
W= 721 ©° -1 -2 -3 -4

PERTURBAT!ON PARAMETER,x

Fig. 2. Electron polarization, P,, as a function of perturbation
parameter, x, assuming P,, = 1.%

polarized uv light intersects a beam of Cs atoms
produced by the oven shown in Fig. 6. The oven holds
six 10-g glass ampoules of Cs metal and is designed to
allow the ampoules to be broken one at a time while the
system is under vacuum and at its operating temperature
of ~595 K at the lower chamber and ~625 K at the
upper chamber. The two-stage oven design is used to
minimize the dimer (Cs,) content of the beam.® Direc-
tionality of the atomic beam is increased by a stainless
steel multicapillary orifice structure,'®:12 ~1.0 mm
thick, containing ~3 X 10° 14-um-diam holes within an
area of ~1.5 cm? The atomic flux, monitored by a
surface ionization hot-wire detector!%3:1% Jocated above
the ionization region as shown in Fig. 6, is estimated
to be ~3 x 10'® atoms cm™? s™! at the center of the
ionization region. For an average beam velocity of

POTASSIUM

RUBIDIUM

N
+

=
H

n=13 15 30 @

PERTURBATION PARAMETER . x

36 3.8 40 42 44 46 48 50 52 5.4
PHOTON ENERGY (eV)

FiG. 3. Perturbation parameter, x, as a function of photon energy

for potassium, rubidium, and cesium.*
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FiG. 4. Polarization parameter, P,, as a function of photon energy
for Rb and Cs. Curves are taken from resuits given by Baum er al.%
with bands representing one standard deviation uncertainties. Data
points are from Heinzmann et al..’® Drachenfels er al..*? and
Granneman.”

~3.2 X 10* cm/s this flux corresponds to a density of
~10'% atoms/cm?® during operation. With 60 g of Cs in
the oven, operation at this density can be maintained
for ~75 h.

To facilitate transport, the longitudinally polarized
electrons resulting from ionization of the Cs beam are
accelerated to 1.0 keV by maintaining the ionization
region at —1.0 kV relative to ground. The oven and
Freon-cooled vacuum chamber are also maintained at
—1.0 kV in order to eliminate electrical discharges.
The photoelectrons produced in the ionization region
are extracted by a voltage gradient of ~1 V/cm,
which is produced by a pair of cylindrical electrodes
as shown in Fig. 6. These electrodes are fabricated
from stainless steel and are coated with colloidal
graphite to minimize light reflection and photoemission
from their surfaces. The results of computer calcula-
tions!% of the equipotential lines and electron trajectories
are given in Fig. 8. A 200-mG axial field is established
in the ionization region by the pair of Helmholtz coils

\ LIN
-0t HOLZWARTH —N\\ ]
APALIN ef a/.
8 MEISTER A Doubte Scattaring /
S -0.2 (energy interpolated) / 1
173
N /
-03 A / —
Vi
ECKARDT efal. 1 o
0.4 — Co-60 electrons — .z ]
(P==- v/c})
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FiG. 5. Sherman function, $(8), for scattering of 100-keV electrons

from screened Au nuclei, calculated by Lin*” and Holzwarth and
Meister® with experimental data of Apalin et al.*® and Eckardt er al.'*
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F1G. 6. Scale drawing of the Fano
effect polarized electron source
(side view). (1)— 1000-W Hg-Xe cw
arc lamp with Suprasil envelope
(Hanovia 977B-1); (2)—f/1.5 quartz
lens; (3)—Corning CS0-56 filter:
(4)—NiSQO, absorption cell: (5)—di-
chroic linear polarizer (3M Company,
105 UV MRWR) on a S-cm-diam
quartz disk, rotatable: (6)— 3000-A
zeroth-order quartz quarter-wave
retardation plate. rotatable; (7)—

f/3.0 quartz lens: (8)—Suprasil
vacuum window; (9)—heated quartz
disk to prevent Cs from fogging
the window: (10)—repeller elec-
trode: (11)—ionization region: (12)—
extractor electrode: (13)—focusing
electrode; (14)—electron collimator:
(15)—Helmbholtz coils to establish a
fixed ~200-mG magnetic field in the
ionization region collinear with the

ionizing light: (16)—beam pipe with
solenoid; (17)~—Lucite insulating
flange: (18)—electrical feedthroughs
(Ceramaseal #807B8177-1): (19)—

stainless steel mesh: (20)—hot-wire surface ionization Cs beam detector with (21) ion collector; (22)—Freon cooling pipes: (23)— stainless
steel multicapilary orifice (Wintec Division, Brunswick Corp.); (24)—Thermocoax heating coils (North American Phillips): (25)—twelve
300-W heaters: (26)—oven upper chamber; (27) —oven lower chamber; (28) —six 10-g Pyrex ampoules of Cs metal (Kawecki Berylco Industries):
(29)—bellows mechanism for breaking ampoules. All vacuum parts were machined from stainless steel unless otherwise noted. Oven tempera-
tures were monitored by Chromel Alumel thermocouples (not shown). Also not shown is an externally operable Cs beam-blocking flag.

shown in Fig. 6. The direction of the electron polariza-
tion is collinear with the direction of the ionizing
radiation, with the electron helicity the same as the light
helicity.

For use in a low-energy crossed beams scattering
experiment, the electrons are decelerated to the desired
energy just prior to the interaction region. The energy
spread of the electron beam, measured both by a
decelerating filter lens!% and by the threshold behavior
of hydrogen ion production,'*” is 3.0 eV FWHM, as
shown in Fig. 9. For the purpose of initial electron
optics tuning, a stainless steel mesh can be inserted into
the ionization region at the image of the lamp to produce
a ~1 pA beam of unpolarized "*monoenergetic’” (~0.2 eV
FWHM) electrons by photoemission from the mesh.

2. Mott scattering analyzer

A scale drawing of the polarization-analysis Mott
scattering chamber is shown in Fig. 10. The 1.0-keV
electrons from the Fano source are magnetically
deflected by 45° into the Mott branch of the experiment,
thus preserving the longitudinal polarization, and are
transported ~1.5 m before entering the apparatus from
the left in Fig. 10. The electrons are then accelerated
to 7.0 keV and spin rotated by 90° in a Wien filter'® to
produce the transversely polarized electrons needed for
Mott scattering. After spin rotation, the electrons are
accelerated to ~100 keV and scattered from gold foil
targets ranging in thickness from 27 to 53 pg/cm?.
each having a Formvar backing ~20 ug/cm? thick.

A scale drawing of the Mott scattering region is shown
in Fig. 11. The electrons scattered by =120° in the plane
normal to the incident polarization vector are detected
by the pair of Si surface barrier detectors, as shown in
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FiG. 7. Fano source uv optics characteristics. (a) The spectral

transmission of the optical elements: (1)— Suprasil vacuum window:
(2)—quartz lenses (estimate); (3)—quarter-wave plate: (4)—NiSO,
solution; (5)—linear polarizer (unpolarized incident light): (6)— Corn-
ing CS0-56 filter; (7)—Net spectral transmission. (b) The power
output of the lamp in percent of input power (1000 W). The
bar graph indicates the power produced within each 100-nm
wavelength segment (Hanovia specifications). (c) The photoionization
cross section for cesium, o, superimposed upon the power delivered
to the ionization region, P,. P, is the product of curve (7) of (a) and
the lamp power given in (b), assuming 1000-W input power to the
lamp. The ionization threshold for cesium is 318 nm.
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Fic. 8. Computer study of the Fano source ionization region. Equipotential lines are (in volts relative to ground) a, —1005; b, —1003;
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Electron rays (R) are calculated for electrons starting at the center of the ionization region with energy of 0.2 eV, and various angles in the
plane of the figure. Other computer studies show that electrons produced on the surfaces of electrodes are not extracted from the Fano source.

The longitudinal magnetic field in this simulation is 0.2 G.

Fig. 11. Since the Mott scattering apparatus is maintained
at ~100 kV relative to ground, the amplified pulses from
each detector are converted to analog optical signals
using light emitting diodes. These optical signals are
transmitted to ground potential through Lucite light
pipes and reconverted to electrical signals by photo-
multipliers.

D. Method of operation

1. Low-energy crossed-beams atomic
collision experiment

Because of the susceptibility of a low-energy atomic
collision experiment to systematic errors associated with
polarization reversal, as discussed in Sec. I B, the
polarized electron source is designed and operated in a
manner which minimizes these effects. In order to take
advantage of the optical reversibility of a Fano effect
source, the reversal of the electron polarization is
automated by use of a stepping motor which rotates the
quarter-wave plate at frequent intervals. (The linear
polarizer is rotated manually at less frequent intervals.)
The stepping motor is under the control of a PDP-15
computer, which also supervises the acquisition and
storage of data.

Collision data are typically recorded in the following
manner. The state-selected target atomic beam is
chopped at 100 Hz for simultaneous background meas-
urement, and the direction of target polarization is de-
termined by a small (~100 mG) magnetic field in the
scattering region colinear with the incident electron
beam. With the target polarization and linear polarizer
orientation held fixed, data are recorded in runs lasting
10—40 min, depending upon the counting rate of the
particular experiment being performed. Within each run,
data are collected by the computer in a manner
indicated below. For each of four settings of the
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quarter-wave plate, 0, 1, 2, and 3, differing by 90°,
counts are accumulated on a set of blind scalers for
data intervals of typically 5-10 s, the exact time being
determined for normalization purposes by the charge
collected in a Faraday cup located downstream from
the scattering region. In addition to the event rate for
the desired measurement, the computer also records the
duration of the measurement, digitized integrated Fara-
day cup signal, and atomic beam composition informa-
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F1G6.9. Filter lens electron beam energy analysis. (a) Electron current
transmitted by the lens as a function of retardation voltage, with
voltage measured relative to the —1 kV Fano source supply.
(b) Differentiated form of (a), indicating the electron energy spread
(electron energy measured relative to 1 keV). Filter lens resolution
is 0.4 V FWHM.

Polarized electron source 579

Downloaded 27 Oct 2008 to 129.70.164.64. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



CORONA SHIELD
(ARMAFLEX)

- B e
& - i V
MOTT | i 1 i
CHAMBER | | b [
WIEN (+100 kV) 208’ cm i i
FILTER ; ; J '
(+6 kV)  ACCELERATOR \ || DETECTOR
o FARADAY | | |7 PREAMPLIFIERS
CupP I ‘[ 1Y
_— i A
e | \J
| T FOIL WHEEL
VALVE — T‘r\-'gﬁ_ET | ROTATOR
BAFFLE - ; rJ
|
‘
| [ |
N i] N "~ INSULATOR :
DIFFUSION ~ | | [Fore |
|

PUMP J ;

FiG. 10. Scale drawing of Mott scattering chambers. The Wien filter consists of crossed transverse electric and magnetic fields of 3.6 kV/cm and
44.3 G, respectively. With the Wien filter maintained at +6 kV with respect to ground, the beam energy in the Wien filter is 7 keV. The
accelerator tube consists of 7 aluminum disks, connected by 1.7-G) resistors. The entire Mott scattering region, including detectors,
preamplifiers, amplifiers, and detector bias supplies, is maintained at a potential of +99 kV.

tion obtained from a mass analyzer monitor. Upon
completion of a measurement for a given quarter-wave
plate position, the blind scalers are recorded by the
computer, the quarter-wave plate is rotated to effect
electron polarization reversal, and data taking is re-
sumed. At the end of the 10—40-min run the data are
written onto magnetic tape, the linear polarizer is ro-
tated manually, and a new run is started. After
several such runs, the target polarization is reversed
and the entire sequence of quarter-wave plate and linear
polarizer rotations is repeated.

For each run, the real asymmetry, Az, is defined as

N, - N_—-B, + B_

= , (20
N, + N_ - B, — B_

Ap

where N, ., is the sum of scattered events for atomic
beam-on and quarter-wave plate positions 0 and 2 (1 and
3), and B, ., is similarly defined for atomic beam-off
events. In addition to the real asymmetry just defined,
two false asymmetries, A, and A,, can be constructed
by taking different combinations of quarter wave plate
positions in the numerator of Eq. (20), 0 + 1 —2 -3
and 0 + 3 — 1 — 2, respectively. For both the real and
false asymmetries, the values of A measured for each
run are combined according to their statistical weights to
give averaged asymmetries. A check for systematic
effects is accomplished by comparing the averaged false
asymmetries, A; and A,, with zero and by calculating the
x2 around zero for the sets of A, and A,.

2. Polarization measurements

Mott scattering polarization measurements are inter-
spersed between the runs at irregular intervals. A
typical pulse-height spectrum of the signal from one of
the two Si surface barrier detectors is shown in Fig. 12.
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Discriminator thresholds are set as indicated by the ar-
row in the figure. Detected events occurring above
threshold are gated according to the quarter-wave
plate position at the Fano source, and are scaled on one
of two pairs of scalers, one pair for positive helicity
light and the other pair for negative helicity light.
Counts are accumulated for 5-s intervals, with the
quarter-wave plate rotated by 90° between each interval.
After an integer number of complete quarter-wave plate
rotations, the scalers are recorded. This procedure is
repeated for each of the four possible orientations of
the linear polarizer. A complete polarization measure-
ment consists of a total of ~4 x 10° events, requires
~4 min, and results in a statistical uncertainty of
~1.6 x 1072 in the measured Mott asymmetry.

DETECTOR |
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e

FiG. 11. Mott scattering region. The 100-keV transversely polarized
electrons enter from the left and are scattered by one of six targets
in the target wheel, which can be rotated while the system is
under vacuum and at high voltage. The two surface barrier detectors
are Ortec model SBEE100. Aluminum is used for shielding and
chamber construction to maximize the energy loss of surface-
scattered electrons which enter the detectors.
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FiG. 12. Mott pulse-height analysis spectrum. Shaded area represents
inelastic background subtraction. The arrow indicates the discriminator
threshold.

E. Mott data analysis

Corrections to the Mott data must be made for the
unpolarized inelastic background, for multiple and plural
scattering, and for scattering from the Formvar back-
ing.®® The inelastic background correction is ac-
complished by fitting the background counts to an
exponential of the form e " as shown in Fig. 12, where
n is the channel number. The background counts, shown
as the shaded area of the insert of Fig. 12, are
typically found to be ~6% of the total counts within the
elastic peak.

The multiple and plural scattering correction is ob-
tained from a series of polarization measurements
made with different thickness target foils. Using an
extrapolation to zero thickness of the form

5.00

l/AM(l)

4.90

4.80

4.70

L | L ] L |
[¢] 1000 2000 3000
FOIL THICKNESS,t (Hz)

FiG. 13.  Mott foil thickness extrapolation. The foil thickness in Hz
was determined by piezo-electric frequency measurements during
vacuum deposition of the foils. The foil thickness in ug/cm? can
be obtained from the frequency measurement using the conversion
factor | kHz = 17.7 (£20%) pg/cm?*, which was determined by inter-
ferometric methods.
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FiG. 14. Mott analysis asymmetry, Ay, as a function of Fano
source quarter-wave plate orientation, ¢.

: = —1——(1 + at), Q1
Au(1)  B,(0)

where ¢ is the foil thickness and « is a constant, the
measured asymmetry corrected to zero thickness, A,(0),
is obtained, as illustrated in Fig. 13. Although the
absolute thicknesses of the foils are only known to +20%
from interferometric measurements, the relative thick-
nesses are known to 5% from piezoelectric measure-
ments. Thus although « is determined with a precision
of 22%, A)(0) can be determined with a relative pre-
cision of 1.7%. [A value of « = (0.0018 * 0.0004) cm?
ng was measured, which agrees to within one standard
deviation with previously reported measurements, as-
suming similar uncertainties in the absolute values of the
foil thicknesses.”19?] It should be noted that scattering
from the Formvar backing was measured using a bare
Formvar target, and was found to contribute less than
0.2% of the rate for the thinnest target (27 ug/cm?),
within the elastic peak.

The measured Mott asymmetry, A, is defined by

1 - ¢
Ay = , 22
M Y (22)
where ¢ is given by
Nt N,
E=)— —=. (23)

Here N,;* and N,* are the number of counts coming
from detectors 1 and 2, respectively, for the case of
positive helicity light, and N, and N,  are the cor-
responding counts for negative helicity light. The quan-
tities N;* and N,* contain corrections for inelastic
background scattering and for detector and electronic
noise. The Mott asymmetry is computed in this manner
to offset any instrumental effect of differing effective
detection efficiencies for the two detectors.

Once a value for Ay, is established, the corresponding
electron polarization, P,, is calculated using the relation

P, = (1/5)A,(0), 24
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where S is the Sherman function. For the case of 120°
Mott scattering from Au at 100 keV, § is known to be
0.391 = 0.008.60.93.96

Several checks are made to insure the integrity of the
measurement. First, the Wien filter spin rotator is
scanned on both sides of its calculated operating point
to insure that the spin rotation from longitudinal to
transverse is 90°. In addition, the quarter-wave plate
zero position is rotated by 90° in steps of 3° in order to
ascertain that the relative orientation of the linear
polarizer and quarter wave plate produces maximum
polarization. The typical electron-polarization de-
pendence upon quarter-wave plate orientation is shown
in Fig. 14. Finally, the measured polarizations at each
of the four Polaroid positions are compared for con-
sistency. No deviations were found within statistical
uncertainties.

IIl. RESULTS AND CONCLUSIONS
A. Operating characteristics

The operating characteristics of the Fano polarized
electron source are summarized in Table III. The elec-
tron current was measured by a removable Faraday cup
placed ~30 cm downstream from the exit of the electron
source. Currents in excess of 25 nA were produced, but
more efficient operation was achieved with source in-
tensities of ~10 nA, resulting in a source lifetime of
~75 h for an oven load of 60 g of Cs. The time required
to reload the Cs oven was typically 24 h.

The absolute electron energy, as measured by H*
production and by the decelerating filter lens, was found
to depend upon Cs accumulation on the electrode
surfaces, presumably due to the changes in the work
function of those surfaces. A typical energy profile of
the beam is shown in Fig. 9. The centrum of this profile
was found to shift toward lower energy during the first
few minutes of operation, but became stable after
cesiation of the electrodes was complete. The typical
energy shift was ~1.5 V.

The electron polarization was found to depend upon
the extraction voltage gradient in the ionization region,
as shown in Fig. 15. While this phenomenon was not
studied in detail, it is thought that the degradation in
electron polarization with decreasing extraction voltage
may be attributable to ¢—Cs spin—exchange collisions.
Indeed, assuming an atom density of ~102 cm™, a

TaBLE III. Polarized electron source characteristics.
Electron polarization, P, 0.63 = 0.03
Electron current

Maximum 25 nA
Average 10 nA
Energy spread (FWHM) 3.0eV
Emittance at 1 keV 20 mrad cm
Oven capacity 60 g
Oven lifetime (at 10 nA) 75 h

10'? atoms/cm®

Optical

Atomic beam density
Polarization reversal
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Fig. 15. Plot of the Mott asymmetry, Ay, as a function of Fano
source extraction voltage, AV, between electrodes (10) and (12) in
Fig. 6.

spin-exchange cross section of 3.5 X 107" cm? (meas-
ured at thermal energies'), and an interaction path
length of ~10 cm (resulting from the helical motion of
the electrons in the 200 mG source field), a depolariza-
tion consistent with that shown in Fig. 15 for AV =1V
is obtained.

The decrease in electron polarization at lower extrac-
tion voltages necessitated a compromise between
energy spread and polarization. Since maximum electron
polarization was desired, the extraction voltage [the
voltage between electrodes (10) and (12) in Fig. 6] was
typically set at 7.0 V, resulting in an energy spread of
~3 eV FWHM, as shown in Fig. 9. Under these
conditions the electron polarization was measured to be
0.63 = 0.03. As a consistency check on the electron
polarization measurement, the circular polarization
of the light, P,,,. was measured and the electron polariza-
tion averaged over all wavelengths, <P.,>, was
calculated according to

J. Pon0) P10 1Mo (N)dA
<P(,> = . (25)
J LA

where P, is the electron polarization for P,, = |
from Fig. 4, /,,(A) is the spectral intensity, and o(A) is
the photoionization cross section, both from Fig. 7(c).
With P,,(A\) = 0.69 = 0.03, <P,> was determined to be
0.64 = 0.06, consistent with the measured electron
polarization.

Degradation of the dichroic linear polarizer due to
energy absorption resulted in a slow decrease in electron
polarization with time. This decrease was monitored
during collision measurements and taken into account
in the analysis of the collision data. Generally
polarizers were replaced after approximately 100 h of
usage, a time period which resulted in a decrease in
electron polarization of ~30%.

Two types of electron backgrounds were investigated:
one corresponding to the Cs beam off and the other to
the light beam off. The Cs beam-off background resulted
from either photoemission from electrode surfaces or
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photoionization of residual Cs vapor. Since the polariza-
tion of the Cs beam-off background was measured to
be identical within statistical uncertainties to that of the
Cs beam-on contribution, and since the polarization
of photoelectrons from bulk Cs is <0.05,'° it is
concluded that essentially all of this background is the
result of photoionization of the residual Cs vapor. Cs
beam-off background currents were =10% of the total
current.

Under normal operating source pressures of ~3
x 10~% Torr, the light-off background was negligible.
However, significant light-off background currents were
observed under conditions of high chamber pressure
(=10~* Torr) and high Cs beam density. Under these
conditions it was found that with the multicapillary
orifice of the Cs oven biased as little as —8 V with
respect to the source electrodes, a glow discharge could
be maintained resulting in copious numbers of un-
polarized electrons.

The stability of the electron beam under polarization
reversal was dramatically demonstrated by measure-
ments of the false asymmetries for electron impact
ionization of atomic hydrogen,*® where A, and A, were
found to be consistent with zero at alevel of 4 x 107, a
value limited only by the statistical accuracy of the meas-
urements. Potentially, however, differential electron
scattering measurements provide an even more sensitive
test of systematic uncertainties associated with polariza-
tion reversal, since a differential scattering electron
detector views a small invariant region generally
constituting only a fraction of the crossed beams overlap
volume. This situation is in sharp contrast to that of the
impact ionization ion detector which viewed a region
somewhat larger than the full beam overlap volume.
From 90° elastic scattering measurements it was found,
nonetheless, that A, and A, were still consistent with
zero at the statistical level of accuracy of 2 x 1073,

B. Alternative sources for future measurements

Although many polarized electron sources have been
studied during the last 15 years, to date no other
method of polarized electron production has been
developed that is as suitable for use in low-energy
crossed-beams atomic collision experiments as a Fano
effect source. In fact, few of the prototype or proposed
sources summarized in Table II are appropriate for low-
energy collision work because they do not meet the
requirements of small energy spread and high bright-
ness, and the desirability of optical reversability. It
is clear, however, that the incipient development of an
operational high-intensity GaAs source could greatly
expand the range of possible low-energy polarized
electron—atom collision experiments. In addition, if
either the systematic effects associated with polarization
reversal can be sufficiently suppressed or if the atomic
polarization can be rapidly reversed (by optical pump-
ing, for example), then field emission sources might
prove very useful by virtue of their inherently narrow
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energy spread, very small emittance, and high polariza-
tion.
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APPENDIX

In this section we consider the possible advantages
that might accrue through the use of a laser as the light
source for photoionization. It is possible that with
sufficient redesign and experimentation, the source
might be successfully modified to take advantage of the
smaller image size and higher brightness of a laser
beam. Such modifications might well ultimately result
in a polarized electron beam with a narrower energy
spread and higher intensity, but these projections
would be very speculative at best.

Rather than speculate on the future we will simply
present an analysis of the advantages and disad-
vantages of incorporating a laser into the present
source. It is clear that since a laser produces 100%
linearly polarized, monochromatic light, it is possible to
obtain 100% circularly polarized light. Then with the
wavelength chosen at or near the peak of the polarization
curve given in Fig. 4, nearly 100% electron polarization
can be obtained. Moreover, the narrow beam diameter
associated with a laser permits the use of a Pockels
cell''! quarter-wave retarder, rather than a conventional
quartz retardation plate, thereby permitting the photon
helicity to be reversed more precisely and more
rapidly. As a consequence, the systematic effects
associated with polarization reversal, in principle, can
be made vanishingly small.

An additional advantage of the smaller laser beam
image is the immediate reduction in the emittance of
the source by approximately one order of magnitude,
a reduction which, for extremely low-energy electron
scattering experiments, can be of paramount importance.
Finally, the smaller image reduces the probability of
unpolarized background electrons produced by photo-
emission from electrode surfaces, a process which,
although a minor contribution under operation in the
present source, did depend rather critically upon optics

Polarized electron source 583

Downloaded 27 Oct 2008 to 129.70.164.64. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



TaBLE Al.
light sources.

Comparison of Fano source performance for various

Characteristic Arc lamp Dye laser Argon ion laser
Fundamental

wavelength  270-320 nm 596 nm 514.5 nm
Fundamental

power 120 mW 2w 15 W (at 514.5 nm})

40 W (all lines)

SHG crystal KDA (40°C) ADP (-10°C)
SHG wave-

length 298 nm 257.25 nm
SHG power 1.5 mW 379 mW
Alkali atom Cs Cs Rb Cs
Electron

polariza-

tion, P, 0.63 1.0 0.97 0.28
Relative figure

of merit, { 1.0 0.11 0.68 0.42

adjustments. The monochromaticity of the laser light,
on the other hand, makes possible the use of anti-
reflecting coatings on all optical elements, thereby
improving the overall optical efficiency of the system.

While many of these advantages are difficult to
quantify, the relative figures of merit, {, for potential
use of laser systems, as opposed to the arc lamp
system currently used, can be evaluated rather easily.
For the broadband light from the arc lamp, the
figure of merit must be averaged over wavelength with
the consequence that Eq. (13) becomes

f PN P10 1V (V) dA

N J LMo (M)dA

For monochromatic light of wavelength A, Eq. (Al)
reduces to

C = Pph(}\O)Peideal()\O) v 1,,;,,()\0)0'()\0).

Table Al shows the results of the calculations for
{ for several choices of light sources. Both Rb and Cs
have been considered as candidate alkali atoms, with the
other alkalis being rejected for either reasons of low
intensity or low polarization or both. For ease of
comparison, the electron polarization, P,4°*, and the
photoionization cross section, o, are shown together
as functions of wavelength for Cs and Rb in Fig. Al.
Since the wavelengths of interest are below 300 nm,
second harmonic generation (SHG) has been employed
with the laser sources.!'®~1% We have restricted our-
selves to cw lasers, although for some applications
(time-of-flight experiments, for example) pulsed lasers
might be advantageous. Indeed, pulsed lasers would give
SHG peak powers several orders of magnitude higher
than the cw average powers listed. The lasers listed in
Table Al are commercially available from several

¢=(P)V(L) =

. (A1)

(A2)
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Fic. Al. Photoelectron polarization, P, above* and photo-

ionization cross section, o. below!!? for Cs and Rb, as functions
of wavelength.

companies. It has been assumed that the dye laser is
pumped by a 9-W (all lines) argon ion laser.

From the results given in Table Al it can be seen that
the simple incorporation of a commercially available
laser system into the existing source does not result
in improved performance when judged only by the figure
of merit, {. On the other hand, the possible advantages
of smaller emittance might make the incorporation of
a laser system scientifically worthwhile.
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