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field, and Walters. Figure 6 shows the measured
electron densities vs 2 S~ density (a quantitative
measure of the intensity of the discharge) for He
sample pressures of 0. 1 and 0. 22 torr. Under sam-
ple conditions closely approximating those employed
and analyzed by McCusker et al. (8% absorption of
He pumping light on He sample and pressure of 0. 1

torr) in extracting an optimum polarized electron
beam, the electron density is approximately 7 &&10

cm . However, the error could be as large as a
factor of 2, primarily because of uncertainty in the
proportionality constant k in Eq. (14), taken here
to be 230 cm sec ' appropriate to a uniform elec-
tron distribution.
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Polarized Electrons from Photoionization of Polarized Alkali Atoms
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The process of photoionization of polarized alkali atoms in an atomic beam has been studied
for potassium and lithium. Depolarization processes associated with photoionization of alkali
molecules and optically excited atoms were discovered. After eliminating these depolarization
mechanisms, the measured photoelectron polarization agreed within an accuracy of 3% with
the predicted polarization based on the current theory for this electric dipole process. Using
a polarized Li' atomic beam and a pulsed uv light source, we have produced an intense and
highly polarized electron beam with 2 x10 electrons in l. 5 psec and with a polarization of 0.78,
which is a suitable prototype injector source for a high-energy electron accelerator.

I. INTRODUCTION

Investigation of the spin polarization of electrons
from atomic systems is a valuable approach to the
study of basic atomic processes. In addition, such
investigation provides a basis for the development
of a source of polarized electrons. One of the
earliest proposals for producing polarized electrons
was made in 1930 by Fues and Hellman, ' who sug-
gested that polarized electrons could be obtained
from photoionization of a polarized alkali-atom
beam. The suggestion was based upon the fact that

photoionization is primarily an electric dipole
transition, and hence the ejected photoelectrons
should have the same polarization as the valence
electrons of the alkali atoms. The first attempt
to study this process was made in 1961 by Fried-
mann, who reported obtaining an electron beam of
high intensity and high polarization. Friedmann's
results, however, could not be reproduced. 3'

Our work at Yale w~ begun with two objectives
—the study of the spin-dependent effects in the pho-
toionization of alkali atoms, and the development
of a polarized electron source which would be use-
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ful in other experiments in atomic, nuclear, and
particle physics. During the course of our work
we discovered and analyzed several depolarization
mechanisms. Photoionization of alkali molecules
and of optically excited atoms were studied and
eliminated, and the implications of the recently
discovered spin-orbit perturbation in the continuum
P states' were evaluated. Our measurements of
the spin polarization of photoelectrons from po-
larized potassium atoms provided the first veri-
fication of the long-standing proposal of Fues and
Hellman. Subsequent work on photoionization of
polarized Li atoms yielded results of increased
accuracy showing that the polarization of the photo-
electrons does agree very well with the theoretical
expectation.

We then investigated pulsed photoionization of
lithium employing a spark light source and devel-
oped a pulsed source of highly polarized electrons
with high intensity. This source is suitable for
atomic physics experiments on the spin dependence
of electron interactions and also as an accelerator
injector source for experiments at high energies.
Spin-dependent electron interactions are of great
current interest in atomic' ' and particle phys-
ics 13-1

The present paper gives a detailed account of our
experiments on the photoionization of polarized
alkali atoms. Section II presents a brief descrip-
tion of the relevant theory; Sec. III describes the
apparatus and experimental procedure; Sec. IV
contains the results of the experiments on potassi-
urn and lithium photoionization, as well as a com-
parison of polarized electron sources based on the
different available methods. Brief reports of this
research have already been published. ' ' '~

hW
2(2I 1)

4m'1+ -+x', (2. 4)2I+ 1

in which 8' is the energy of the terms specified by
the total angular momentum quantum number E =I
+J (with J=-,') and the magnetic quantum number
m, 4S' is the zero-field hfs separation between the
states E = J+ —,

' and F = J——,', and

( 81 gl) +B HOI (2. 5)

If the z axis is taken as the direction of the external
magnetic field H0, the magnetic moment of the
atom in a state designated by the low-field quantum
numbers Ji and m has a component along the field
direction

the polarization asymmetry 5.

B. Polarized Atoms

Alkali atoms with a net electronic polarization
are obtained through state selection by magnetic
deflection in the inhomogeneous field of a six-pole
magnet. The relevant part of the Hamiltonian for
an alkali atom in its S1&z ground state is given by

8C=~~' J+ PBgsl'Ho+ l Bgz J' Ho (2 2)

in which a is the hyperfine-structure (hfs) interac-
tion constant, I is the nuclear spin, J is the elec-
tronic angular momentum (J= 8= —,

' for the alkali
ground state), pB is the Bohr magneton, g~ and g~
are the nuclear and electronic g values, respec-
tively, and H0 is the external magnetic field. ' The
energy eigenvalues are given by the Breit-Habi
formula,

II. THEORY OF EXPERIMENT

A. Definitions

88'(I", m)

0
(2. 6)

The polarization vector for a beam of electrons
is defined as the expectation value of the Pauli spin
operator, '

P=(o)= Tr(pa), (2. 1)

where p is the density matrix. For relativistic
electron beams, the polarization is given for the
rest frame of the electrons. The direction of the
beam is used as reference for the direction of P,
with the most important cases being longitudinal
and transverse polarization.

In interactions which are polarization dependent,
the observable signal I can be expressed as

I =I0(1+P ~ A), (2. 2)

where I0 is the signal obtained with unpolarized in-
cident electrons and A is the analyzing power which
describes the polarization dependence of the inter-
action. The product I Pl l Al is customarily called

I... =(&,) =sf(II) (2. 'I)

The quantity s is the state-selection parameter
describing the effectiveness of the six-pole magnet

The energy eigenvalues and magnetic moments of
the Zeeman states of a ground-state alkali atom
with nuclear spin I= 1 (e. g., Li ) are shown as
functions of the magnetic field in Fig. l.

The six-pole magnet produces the atom state
selection in the strong-field region of the magnet
gap. Atoms with the electronic magnetic quantum
number m~ =+ —,

' are transmitted preferentially.
After leaving the six-pole magnet, the atoms enter
a region where the photoionization takes place and
where the magnetic field II is longitudinal (along
the B axis). Since the transition from the six-pole
field to the field of the ionization region is adiabat-
ic, the electronic polarization of the transmitted
atoms can be written as



19VTHF PHHQ TOIONI Z A TION. ~ .LEC TRONSPQLARIZ ED ELE H

fAzq N
mz, mJ

+ I + I/2
0 +I/2

- I + I/2

3.0
I

I.o 2.0o

I

C
ld

E
~C

~ -I -I/2

0 -I/2
~ + I - I/2

Cl
C

D
X
~ -0.5
CP
4l

V
UJ - I.O

—I + I/2
0 + I/2~+ I + I/2

J~-I -I/2
+ I —I /21.0

0 —I /2
O

N

0.5 —/
/ /

Ol
/E

O
X

I

3.0

(b)

clear spin I= 1. A per-

(a)
r a S~ 2 ato.m with nucle p'

of h
g po

tat ].feet high-field s e

(cf. Sec. ' '
n bIIIA) and is given by

(2. 8)s= (N' —N )/(N'+N ),
of transmittedd N are the number o

ith m~ =+ ~ an
d atomic beam canThe state-selecte a

onents withion of two beam compoas a superposition o
' el the former—s,' and s respective y,

'th m =+-,'. The unselected comp-
state selected and e a

0-
f' ldelectronic polariza io

~ ~

nent has zero e
nent has an elec ron'

d to 1 1 tnct' n f (H). In or ergi y
we assume that o athis function, we a

t' depends only onetic state selec iong
ma netic quan m n
the referentia yp
+ Q and ml Iy y ~ ~ ~

1ated. Since e nuall equally populate .
small compared wi th the electronicmoment is very sma

nt one can use the approxima-spin mmagnetic momen,

n field II whereL an K No te that in a strong
electronic and nuclea pr s ins are ec
tion f(H) app roaches unity.

hich are relevant forTable pI resents data w ic
aration of one-electrong - p

The values of ~N p.~ inatoms. ' The
x= 2 in the Brei-t-Rabi equation ancorrespond to x=

I.O

0.8

0.6

f(H)

(2. 9)

(2. 10)
where

tions

I =RJ ==2 and ((r,}= —p, ,/p, e .
ra e of the electronic polarig gy

g o po
sented by solid lines in Fig.

1 I + 1/2
I+ ,', m I o, I I+ , , m),--1

(2I+ I) = -r. ii2

0.4

0.2—

2m/(2I+ I)+x
) (I+[4m/(2I+ I)]x+x' '"

s. 2.9, (2.6), and (2.4). The
function i ' i . 2 for the two atomsfunction f(H) is plotted in Fig. or

I I

200
H (gauss)

ter I) which describess the elec-
h h field state se

G 2 The parameter w

roni
'

n of the field H inato.ms as function o



HUGHES, LONG, LUBELL, POSNER, AND RAITH

0.2—
b
K

I-
hl
Co

Co
O

O. l

5000
WAYELENGTH, X {)()

2000
I

(LI)N 0, 1

&e,(~'z)Ie, (~f )&=a(&-&') . (2. 14)

Then if the line strength S(A, 8) is expressed in
atomic units and the photon energy E is expressed
in rydbergs, the constant K in Eq. (2. 12) becomes
@=3 m mao=2. 69x10 cm, where n is the fine-
structure constant and ao is the Bohr radius. The
energy dependence of the photoionization cross
section o(E) is due to the factor E and also, more
importantly, to the energy dependence of $3(eP),
which strongly affects the matrix element. Ex-
perimental data on v(E) of the alkali atomsso's' are
given in Fig. 3. As has been shown recently, the
theory of alkali photoionization must also take into
account the spin-orbit perturbation of the continu-
um P states. ' We define radial matrix ele-
ments for transitions to the j'= & and j'= —,

' continu-
um P states' as

Rs=&y~(EI' i'=s) I~I(~(noS))

(2. iS)

0 I

4.0 5.0 6.0 7.0
PHOTON ENERGY, E(eV)

FIG. 3. Photoionization cross sections of alkali atoms.
Best experimental values as given by Marr and Creek,
Ref. 30. The cross-section minimum for K is closer
to zero than shown in this figure, according to data of
Hudson and Carter, Ref. 31.

R&=&@&(&f' & =s)
I
+IV'&(nsS)) .

The effects of the spin-orbit perturbation is taken
into account by assuming the A3&A&, where B3 and

R& are real functions of the photon energy E. The
cross section can be written as

o(E) =KE(4[Rs(E)] +2[R&(E)] j
KE [R (E) -R (E)] ( 1+-' [X(E)]), (2. 16

where
indicate the approximate field strength required
for obtaining f(H) & 0.9.

C. Photoionization

2Rs(E) + Rs(E)
R,(E) —R,(E)

(2. 1V)

~(E)=KE(1/~„)S(A, E), (2. 12)

where E is a constant, E= E,h+ e is the photon en-
ergy, E,h being the threshold energy, ~~ = 2 is the
statistical weight of the initial state A, and S(A, 8)
is the line strength of the transition to the state B,
given explicitly by

s(A, a) = ZZ
I

& y, ( f ) I
o

I y„(,s) ) I' . (2. 13)

Here 6' is the electric dipole moment operator and
the summations are taken over a11 degenerate lev-
els of both the initial and final states. The wave
function of the initial discrete state is normalized
to &4~14&)= 1, whereas the wave function of the
final continuum state is normalized to

We consider the photoionization of an alkali atom
neglecting the effects of nuclear spin and hyperfine
structure. The photoionization process is pre-
dominantly an electric dipole transition from the
nz h&&2 ground state to a continuum P state desig-
nated by &P, where c is the energy of the emitted
photoelectron. The quantum-mechanical formula
for the cross section is given by

First-order perturbation theory indicates that (R,
-Rs) is a slowly varying function of the photon en-
ergy E, whereas the measured photoionization
cross sections, shown in Fig. 3, indicate that X(E)
and therefore (2R, +R,) vary rapidly and pass
through zero in the vicinity of the cross-section
minimum exhibited by all alkali atoms that are

Atom

H

H

Ll
Ll
Na

K4'

Bb85
Bb8'

f33

Abundance
Vo)

100

7.4
92.6

100
93.2
6.8

72. 2
27. 8

100

3
2
3.2'

3
2
3
2
5
2
3
2
't

2

f R)
at H=O

0.50
0.33
0.33
0.25
0.25
0.25
0.25
0.17
0.25
0.13

&8'/p&
(G)

1015
234
163
574

1266
330
182

2169
4883
6568

TABLE I. Properties of one-electron atoms related to
their electronic polarization after high-field state separa-
tion.
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heavier than lithium.
The spin-orbit perturbation affects not only the

cross-section curve but also the polarization of the
outgoing photoelectron. The final states in the
I&&;f', s,j', m&) representation, for which the
transition matrix elements R~ and R& apply, can
be transformed through Clebsch-Gordan coeffi-
cients into the 1eP; f', s', m'„m', ) representation,
from which the photoelectron polarization can be
calculated. ' For the photoionization of polarized
alkali atoms with unpolarized photons, the polar-
ization of the free photoelectron follows from

jm(n

Vz

Q

&min

(b)

(2. 18)

where P, „, is the electronic polarization of the
atom and It(E) = X2/(X2+ 2). Quantitative theoreti-
cal calculations for X(E) are not yet available;
however, experimental data on X(E) for K, Rb, and
Cs have recently been obtained. ~~ 33

D. Electron Extraction

The photoelectrons are produced in the volume
where the atomic beam and the photon beam over-
lap. The electrons are polarized in the z direc-
tion, parallel to the ionizer magnetic field Ho.
Their initial energy Eo depends on the photon en-
ergy spectrum, and their directional distribution
is that of a P wave with respect to the z axis, the
direction of the incident photon beam.

For measurement of the electron polarization
and for use of the polarized electrons in other ex™
periments, a suitable electron beam outside of the
magnetic field Ho of the ionizer is necessary.
Finding the optimum field configuration for electron
extraction and beam formation is a technical prob-
lem which is discussed in Sec. IIIC for the re-
quirements of our experiment.

The essential electron-optical property of the
extracted electron beam is its phase-space vol-
ume. " For an electron beam of energy E, which
is rotationally symmetric with respect to the z
axis, the relevant information about its phase-
space volume is given by its emittance

E=p& ~

in which p is the radius of the electron beam at an
image of the electron source (or at the source it-
self) and u is the aperture angle; that is, half the
apex angle of the cone which includes all the elec-
tron trajectories from one image point (or source
point). Nonrelativistically, the emittance is pro-
portional to E '~ (E is equal to the final beam
energy). The quantity I/c~ (where I is the beam
current) is often referred to as "brightness" or
Bichtstxahlzoert. ' The importance of the emittance
lies in the fact that for a given beam energy and
current it is a constant beam parameter which can-
not be reduced by electron-optical means.

One of the possible field configurations for elec-
tron extraction is a homogeneous electric field in
the z direction which accelerates the electrons in
z direction without affecting the velocity compo-
nents in x and y direction. After acceleration, the
beam radius r is approximately given by po, the
radius of the effective ionizer volume, and n is
given by the ratio of radial and axial velocity com-
ponent. Thus u = (Eo/E) ~, where Eo is the aver-
age initial photoelectron energy. These estimates
for p and ~ apply only to extraction in a homoge-
neous electric field. However, the emittance esti-
mate given by the product of both,

e =po(EDIE)' ', (2. 2O)

is valid for all possible field configurations.
In the presence of the magnetic field Ho at the

source, the emittance given above is no longer an
adequate description of the electron beam. The
extraction from the ionizer magnetic field leads to
a skewing of all off-axis trajectories which puts
limitations on the beam characteristics similar to
those imposed by the emittance.

Assume that the electric and magnetic fields are
axially symmetric and that the photoelectrons are
produced with negligible initial velocities in the
field Ho at a maximum distance po from the axis.
After acceleration to the velocity e, the electrons
are extracted from the magnetic field. Outside
the magnetic field, all electrons produced off axis
will have skewed trajectories. In field-free regions
these trajectories will be straight lines having a
minimum axial distance p «and an asymptotic
angle with respect to the axis P as shown in Fig. 4.
Quantitatively this skewing effect can be treated by
utilizing the fact that the axial component (L,) of
the canonical angular momentum of the electrons,

L = r x (m v —e A) (2. 21)

FIG. 4. Illustration of the skewing effect. An electron,
produced at an off-axis point in the ionizer and extracted
from the magnetic field will have a straight but skewed tra-
jectory as shown in {a). The relevant parameters are
pm&„and the asymptotic angle P introduced in {b).
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(in which r is the radius vector, m is the mass, v
is the velocity, e is the elementary charge, and
X is the magnetic vector potential), is a constant
of motion. ' For electrons in axially symmetric
fields this can be written as

= const, (2. 22)

where (t( is the azimuthal angle, t is the time, and
H is the magnetic field. In the ionizer the electron
velocity is assumed to be zero initially and, there-
fore,

1,( po, Ho, vo = 0) = 2 e po Ho,
1

(2. 23)

where the higher-order terms in E(l. (2. 22) have
been neglected. After extraction from the field,
L, is given by

2 td 2 1/2
1..(P, H=o, v~o)= mp „p' +~

—„,ddt

dmin (2. 24)

in which v~ is the velocity component orthogonal to
the z axis. For p» p „, v approaches v, tan8.
Usually, the asymptotic angle P is small with a con-
sequence that tanP- P and v, - v. Hence from the
invariance of L, it follows that

P...P=-,' (e/m) p', H,/v, (2. aS)

where the product p „Pis the so-called skew pa-
rameter and is proportional to E ' as is the emit-
tance which was discussed above.

For our electron source, where the electrons
originate in the magnetic field HD, but the electron
beam is used outside the field Ho, it is necessary
to introduce the concept of a generalized emittance
E which includes the skewing effect. For the pur-
pose of an estimate it is sufficient simply to add
p „P to the emittance p o., and thus obtain

~* =p, (Z,/Z)"'+ ,'(e/m) p', H—,/v

= p, (v,/v) [1+-,' (e/m) p, H,/v]

= Po (vo/v) [1+ a Po/Po ] i (2. 28)

where po = mvo/eHo is the radius of curvature of
electrons with velocity vo in the field IIO, if v is
orthogonal to Ho. In our experiment the skewing
effect contributes the major portion of c*.

E. Electron Polarization Analysis

For our experiment the most suitable method of
measuring the electron polarization is Mott scat-
tering. '7 This scattering exhibits a large elec-
tron-spin dependence for wide-angle scattering from
heavy nuclei at electron energies on the order of
100 keV. Since the spin dependence arises from
spin-orbit interaction, the electron beam to be ana-

lyzed must have a transverse polarization, orthog-
onal to the plane of scattering.

In the literature on polarization analysis by Mott
scattering, the magnitude of the analyzing power
is given by a function S(8, E, Z) which depends on

the polar scattering angle 8, electron energy E, and
atomic number 8 of the target material. The sign
of the function S is the same as that of (p&&po) ~ A,
where p& and p~ are the electron momenta before
and after the scattering, respectively. Figure 5
shows S(8) for Z=79 and E=100 keV. Both theo-
retical curves result from essentially the same
kind of Hartree potential calculation. ' ~" Note that
radiative corrections are negligible at 100 keV.
The two experimental data points4'~ 4~ in Fig. 5 in-
dicate that theory and experiment agree reasonably
well.

III. APPARATUS AND EXPERIMENTAL PROCEDURE

A schematic diagram of the experimental ar-
rangement is given in Fig. 6. A beam of polarized
alkali atoms was ionized by unpolarized uv light.
The electrons were extracted from the ionizer
while the positive ions drifted to a negative elec-
trode. The electron intensity and polarization were
then measured. In the following sections, the de-
tails of the experimental apparatus and procedure
are discussed.

A. Atomic Beam System

1. Experi menta/ Arrang ement

Our work was done with both potassium and
lithium atoms. Initially potassium was used be-
cause a potassium beam is easily produced and de-
tected and because potassium has a low ionization
potential and a low hfs splitting (Table I). Later
Li was used, principally because it has a high
photoionization cross section and a very low hfs
splitting.

The layout of the atomic beam system used for
the lithium work is shown schematically in Fig. V.
(Also see Fig. 18 for a more detailed drawing. )
The atomic beam was produced by vaporization of
the alkali metal in an oven machined out of Armco
iron which is the most resistive material for use
with lithium metal. ' " Thermal radiation losses
necessitated the use of a material with a low emis-
sivity. Therefore, the oven was covered with
molybdenum sheet metal. As a further protection
against radiation loss, the oven was surrounded by
a thermally insulated molybdenum shield. The
heating elements. for the oven consisted of tungsten
spirals inside alumina tubes. A power input of
250 W was required for operation at a temperature
of about 1000 K. The oven had an orifice of 1.6-
mm diameter, and the operating vapor pressure in
the oven was approximately 0. 4 Torr. With 2 g of
lithium metal, the oven could be run for about 10 h.
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The oven was mounted such that alignment in the
plane transverse to the atomic beam was possible
during operation. Excessive condensation of lithi-
um on the walls of the vacuum chamber was pre-
vented by a demountable water-cooled housing which

was placed around the entire oven assembly.
Lithium atoms energing from the oven passed

through a l. 6-mm-diameter collimator. The col-
limator, as well as the housing of the electromag-
netically activated beam flag, was maintained at
a temperature of approximately VOO'K, to prevent
condensation of lithium. The atomic beam inten-
sity was monitored by a hot-wire detector located
about 80 cm from the oven, downstream from the
six-pole magnet and ionizer. The detector could
be moved out of the beam line. The atomic-beam
profile and flux measurements, described below,
were performed with another hot-wire detector
which was inserted at the location of the ionizer.

A permanent six-pole magnet shown in Fig. 8

was used for the state selection of the atomic
beam. ' The field in the magnet gap was not
measured in detail throughout the gap. However,
a measurement between adjacent pole tips yielded
a field-strength value of 8500 G.

2. Calculation of Magnet Properties

The focusing and state-selection properties of
the six-pole magnet can be calculated (see Appen-
dix A) from the trajectory equation with the fol-
lowing two simplifying assumptions: (1) The in-
homogeneous magnetic field in the magnet gap is
an ideal six-pole field. (2) The magnetic moment
of the atoms is p, —- a p.~, which is a good approxima-
tion in strong magnetic fields (cf. Fig. 1) where
the magnetic force on the atoms is significant.

The focusing and state-selecting properties of
the magnet depend on the atom velocity v. For
calculation of the beam intensity transmitted by the
magnet, the appropriate velocity-distribution func-

UV Light Source

Polor ized
Atom Source

ionizer
colorized Elecjron Beom Elec tron

Polorizotion
Detector

FIG. 6. Block diagram of the
experimental arrangement.

Electron
Current
Detector
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Atomic 8ecrm

Hot Wire
Detector

FIG. 7. Schematic diagram of
the atomic beam arrangement (not
to scale).

tion E~E„M is the Maxwellian containing the factor
v . On the other hand, Eo„s~ (1/v) EsE„M is the
relevant distribution function for calculation of the
photoelectron current which depends on the atom
density in the ionization region. Both distribution
functions, expressed in terms of the inverse-ve-
locity parameter q = (4kT/rn) ~~/v, where k is
Boltzmann's constant, T is the temperature, m is
the atomic mass, are plotted in Fig. 9.

The transmission characteristics of the magnet
can be expressed in terms of two transmittance
solid angles 0' and 0, corresponding, respective-
ly, to the two electronic spin states m~ =+-,' and

These solid angles, both of which are func-
tions of q, were calculated for our experimental
conditions and are plotted in Fig. 10. They refer
to a point source on axis; the off-axis corrections
necessary for a finite source as used in our ex-
periment are negligible (see Appendix B).

The state-selection parameter s was defined in

Eq. (2. 8) in terms of N' and N, the number of
atoms present in the ionizer in the electronic state
rn~ =+ —,

' and ——,', respectively. These numbers
which are yroportional to the corresponding trans-
mittance solid angles averaged over the distribu-
tion function I'G» are given by

N~=(const) j &oAB(q) 0'(q) dg . (3 l)

The state-selection parameter is plotted in Fig.
ll as function of the magnet length for two differ-
ent oven temperatures.

Six-pole magnets can yield perfect state selection
if a central beam stop is inserted at the magnet
entrance such that the magnet exit lies in the shad-
ow of the stop. This technique has been used in
experiments on atomic spectroscopy. ' ' The
atomic beam Qux, however, is severely reduced
by a central beam stop because the stop reduces
0' and the shadow condition restricts the source
radius to a very small value. Hence a beam stop

VKA Armco {soft)Iron

PMl Alnico X
I I Aluminum FIG. 8. Cross section of the permanent

six-pole magnet.

5cm
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FIG. 9. Thermal equilibrium distribution of atoms in
a gas and in a beam, plotted as a function of the inverse-
velocity parameter p. IO

was not used in our experiment.
The number of atoms per second P which leave

a source of pressure p and orifice radius B,, within
the solid angle Q~ is given by

Q=cQ~PwR J(TM) r

where T is the source temperature, M is the mo-
lecular weight, and c= l. 115x10 ('Kamu) ~ /
(Torr cm sr sec). The atom flux transmitted by
the six-pole magnet follows from Eq. (3.2) with

Q = J E (rJ)-,
' [Q'(rI)+Q (rJ)jdrt . (3. 3)

For the conditions of the lithium experiment (where
p=0. 4 Torr) we calculated p= 3. Vx10~4 atoms/sec

. and O~ = 3.2x10 sr. Note that as a result of the
focusing action of the magnet, Q~ is 2. 5 times
greater than the solid angle subtended by the mag-
net exi:t at the source.

3. Majoxana Txansi tions

In a six-pole magnet the atomic states adiabati-
cally follow the magnetic field seen by the atom,
provided the field is not close to zero where non-
adiabatic (Majorana) transitions can occur. 50'2~

We estimate that the nonadiabatic transitions are
negligible in our experiment for the following rea-
sons: (1) The critical region close to the axis,
where nonadiabatic transitions may occur, has a
radius of r «& 10 R. (2) Because of the finite
source size, very few atoms traverse this critical
region. (3) The ionizer magnetic field penetrates
into the six-pole magnet gap, so that the field on
the axis is not zero. This field penetration also

facilitates the adiabatic transfer into the ionizer
field without the need for further precautions such
as a specially shaped transition field.
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FIG. 11. State-selection parameter as function of
magnet length, calculated for the design parameters
used in this experiment. The solid curve refers to a
source temperature of 970'K (as in the lithium experi-
ment); the dashed curve, to 650 K (as in the potassium
experiment) .

FIG. 10. Transmittance solid angles of the six-pole
magnet calculated for the conditions of our experiment.
The relevant parameters are the folio@ring: distance,
oven to magnet entrance, A =7.3 cm; length of magnet,
L =17.5 cm; .magnet gap radius, R =0, 16 cm; magnetic
fieM at radius R, II+ =8500 G.
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FIG. 12. Intensity of the lithium atomic beam as func-
tion of the oven temperature, measured at the ionizer.

4. Atomic Beam Measurements

The efficiency of a surface-ionization detector
for converting the alkali atoms incident on the hot
wire into ions to be collected by a negatively biased
electrode is given by' '

that of Fig. 12 was obtained for the potassium beam
intensity versus oven temperature. The operating
oven temperature for potassium was 620'K and
was also well below the levelling-off region.

For measurement of the atomic beam profile, a
vertical hot-wire detector was moved transverse
to the atomic beam by means of a micrometer
drive coupled to a rotary vacuum feed through.
The exposed length of the wire was l. 1 cm, well
in excess of the vertical extension of the atomic
beam. The 0. 01-cm wire diameter was small
compared to the beam width. A typical beam pro-
file for the lithium beam, taken with an oven tem-
perature of 970'K is shown in Fig. 13. The full
width at half-maximum (FWHM) is 0. 165 cm, which
is only about one-half of the magnet gap diameter.
For the potassium beam, we measured a profile
with FWHM of 0. 26 cm. The focusing action of
the six-pole magnet, which depends on the atom
velocities and thus on the oven temperature, was
different for lithium and potassium. Therefore the
profile widths were different for lithium and potas-
sium.

A measurement of the absolute beam flux re-
quires knowledge of the hot-wire detection efficien-
cy g. For the measurements on potassium we used
a platinum wire. In that case the work function is
larger than the ionization potential and g is close
to unity' at typical wire operating temperatures
of about 1200'K. Integration over the potassium
beam profile obtained with an oven temperature of

3.0

g = n /n = 1/(1 +Pg ~ " ~~
) (3. 4)

where n, is the number of ions, no the number of
incident alkali atoms, e the elementary charge,
I the ionization potential of the atoms, p the work
function of the wire material, k Boltzmann's con-
stant, and T is the temperature of the wire which
has to be sufficiently high to avoid condensation of
alkali atoms.

Nith a hot-wire detector mounted at the position
of the ionizer and with the six-pole magnet in place,
the detector signal was measured as function of the
oven temperature. The data for lithium are shown
in Fig. 12. As expected for an effusion beam, the
intensity increases with oven temperature but then
starts to level off because of increasing atom-atom
scattering in the dense beam in front of the oven
orifice. The oven operating temperature for lithi-
um was 970'K, corresponding to the lowest point
in Fig 12. The h. igher intensity at higher tempera-
ture could not be utilized in our investigations be-
cause excessive lithium condensation produced in-
stabilities in the beam and caused the beam flag
to stick frequently. A curve similar in shape to
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FIG. 13. Measurement of the lithium beam profile at
the ionizer by means of a movable hot-wire detector with
a 0.1-.mm-diam iridium wire. The wire temperature was
1645'K, for which the detection efficiency was determined
as K =1x10-4 (~501).
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620'K yielded a beam flux of 7x 10 atoms/sec.
Lithium has an ionization potential' of 5. 39 V,

which is significantly higher than the 4. 34-V ion-
ization potential of potassium. For y &I the detec-
tion efficiency depends strongly on the work func-
tion p. We therefore used iridium as the material
for the hot wire since its listed work function'4 of
5. 3 V is very high. Because the work function de-
pends on the crystal structure of the wire materi-
al, we did not rely on the literature value for y
but instead calibrated the hot-wire detector from
measurements of the detector signal as functions
of the wire temperature, measured pyrometrically,
while the oven temperature was held constant.
These calibration measurements are plotted in Fig.
14. The straight line represents the best fit to the
data and corresponds to an iridium work function
of 4. 15 eV (s 10%) which is much lower than the
literature value. The efficiency ( varied from 9
x10 (+50%) at a wire temperature of 1250 K to
1.2x10 ~ (+ 50%) at 1700'K. With & thus deter-
mined, integration over the lithium beam profile
of Fig. 13 yielded a beam flux of g = 3. 2x 10'4
atoms/sec (+50%) in good agreement with the cal-
culated value of g = 3.7x10' atoms/sec.

B. Optical System

The light source used in the work with potassium
was a mercury high-pressure dc arc (Osram HBO

IO K /(TRUE WIRE TEMP. )

I IG. 14. Dependence of detector signal on hot-wire
temperature, for a constant incident lithium beam. From
the siope of the solid line the work function of the iridium
wire was determined and hence the detection efficiency
as a function of temperature.

200 W/2). For the continuous photoionization of
lithium, the light source was a xenon-mercury
high-pressure arc lamp with Suprasil envelope
(Hanovia 910B-1, special order). Since the lamp
was mounted inside the optics chamber (cf. Fig.
16) where cooling by free convection was not suf-
ficient, variable forced-air cooling was employed
while the temperature of the upper lamp socket was
monitored by means of a thermocouple. For the
pulsed photoionization of lithium, the light source
was a condensed high-voltage spark discharge be-
tween tungsten electrodes placed about 1 mm apart
in 7 atm of argon or xenon. The pulsing circuit
operated at repetition rates up to 10 sec and dis-
sipated about 5 J per flash. A cross section of the
spark light source is shown in Fig. 15.

The optical arrangement is shown in Fig. 16.
The light from the lamp was focused by a 23&& 23
cm spherical, aluminized front-surface mirror
with an MgF& protective coating. A 7. 6-cm-cham
Buprasil quartz window, 0. 6 cm thick, separated
the optics chamber from the vacuum system. In-
side the vacuum system, the converging light was
reflected through 90' by a plane, aluminized, front-
surface mirror with an MgF& coating. In the center
of the mirror, a 0. 47-cm-diam hole was cut to al-
low the atomic beam to pass through and reach the
ionizer. Inside the ionization region where light
and atomic beam overlap, an image of the light
source magnified about four times was produced.

The mirror for the 90 reflection of the light
beam was heated to about 700 K by a Nichrome
heater incorporated into the mirror mount, in order
to prevent condensation of diffusion pump oil and
alkali vapor on the front surface of the mirror. It
was observed in the earlier potassium experiment
that film formation on an unheated mirror seriously
reduced the uv ref lectivity. Also, in the earlier
work we observed deterioration of the plane mirror
and the window which resulted from their exposure
to electrical discharges occurring during condition-
ing of the high-voltage system. In the lithium ex-
periment both the plane mirror and the window were
well hidden inside metal enclosures, thus prevent-
ing exposure to discharges. As a consequence,
no deterioration was observed.

At the beginning of our work, we attempted to
utilize multiple light reflection in an ionizer con-
figuration similar to that used by Friedmann. ~

Disappointing results led us to abandon this ap-
proach ' in favor of the simpler configuration shown
in Fig. 16.

The light intensity was monitored as a check on
the stability and long-time performance of the light
source. Optimization of the optical arrangement
was achieved by measurement of the photoelectron
current obtained. No absolute light intensity mea-
surements were attempted.
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C. Electron-Optical System

1. A.rehang ement

The major electron-optical components are
h atically in Fig. 1V and also in the scale

drawing of the assembly given in Fig. 18. o e
t ' b am and the light beam go axially from

eatedleft to right. Most of the photoelectrons are crea e
where the small light source is imaged onto the
atomic beam.

For measurement of electron polarization we re-
d a beam energy of about 100 keg. In our ex-quire a e

pe i en, et th Mott scattering polarization detec
was at ground potential and the ionizer, at—
kV. Substantial developmental work was done to
solve all the high-voltage insulation problems in
order to obtain a compact and convenient source of

polarized electrons.
Hi h-voltage discharges were prevented through

. of hi hly polished metal parts in the ionizer
whose edges were beveled with a minimum ra ius
of curvature of 5 mm. The high-voltage region was

t d b three Supramica (Mycalex Corpora-suppor e y
t' )

'
lating rods (see Fig. 18) into w ic rx g&on xnsu

had been machined to reduce the possibi i y o g i
in discharges. After machining, the insulators
were polished under water. The ig -v aghi h-volt e con-

h an oil-filledt t to the ionizer was made through an
ceramic feed through. The high voltage was mea-
sured with the aid of a calibrated resistor wi
corona and leakage protection, connected to a
microammeter at ground potential. An axial mag-
netic xe xn efield in the ionizer is needed to decouple the
electronic and nuclear spins of the alkali atoms.
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pivoted into the center of the ionizer served as
photocathode for tests and adjustments of the elec-
tron-optical system. For the initial studies of the
electron optics, a thermionic electron source, con-
sisting of a heated tungsten helix, was mounted in
the center of the ionizer and the trace of the elec-
tron beam was observed on a luminescent screen
mounted at the end of the beam pipe. We found that
suitable beam formation was achieved with 100 kV
between ionizer and anode and with the coil pro-
ducing a magnetic field of 200 G in the center of
the coil and about 100 6 in the ionizer. We later
introduced a solenoid to obtain suitable beam trans-
port with reduced magnetic field in the ionizer in
order to measure the electron polarization as a
function of the ionizer magnetic field.

3. Trajectory Calculation

As a supplement to the experimental studies of
the electron beam optics. we calculated electron
trajectories for a field configuration similar to
that of our experiment. We used a step by step
integration of the nonrelativistic force equations
for charged particles in axially symmetric elec-
tric and magnetic fields. 3' We made the calcula-
tions in second-order approximation, which is the
next order beyond the paraxial approximation, and
we did not restrict the calculations to meridional
trajectories. The radial coordinate p, which is
independent of azimuthal angle, was plotted on a
Calcomp plotter as function of the axial coordinate
z. The center of the ionizer is x=0. Some re-
sults of the trajectory computations are shown in

Fig. 19.
The electric potential distribution along the axis

V(z) and the magnetic field on the axis H(z), which
are plotted in Fig. 19(a), define the modelonwhich
our calculations were based. The electric poten-
tial function is an approximation for two cylinders
at potentials 0 and ~V, respectively, with the fol-
lowing dimensions: cylinder radii, 1.9 cm; gap
between the cylinders, 2. 1 cm; center of the gap
Bt z = 5.7 cm. The magnetic field function is that
of a loop at z =- 18 cm with a loop radius of 22 cm.

The trajectories of Fig. 19(b) all start at zo= 0
and po= 0. 25 cm and with zero initial energy Eo= 0.
They correspond to magnetic fields which vary from
H ~= 0 to II ~= 250 6 in steps of 50 G. The poten-
tial function is that of Fig. 19(a) with & V= 100 kV
for all trajectories. The trajectory for H =200
G, with a minimum of p at z= 43 cm, comes very
close to the electron-optical requirements for our
experiment. For the trajectories of Fig. 19(c) and

19(d), H = 200 G was held constant while other
parameters were varied. The trajectories of Fig.
19(c) differ in the initial axial coordinate zo. The
range from so= —2 cm to+2 cm corresponds ap-
proximately to the overlap of atomic beam and

light beam in our experiment. The plot of Fig.
19(c) shows that the form of the trajectories is not
very sensitive to variations in zo. The last plot,
Fig. 19(d), shows trajectories which start at zo= 0,

po = 0. 25 cm with an initial energy Eo= 2 eV, which
is about the maximum energy of the photoelectrons,
produced in our experiment. Six different direc-
tions for the initial velocity were selected. The
sixth trajectory, which starts backward in axial
direction, stops inside the ionizer because the
limit for calculation steps set in the program had
been reached. The other five trajectories show
that suitable beam formation, with a minimum of
p near x=43 cm, can be achieved even if the elec-
trons have initial energy of 2 eV and different in-
itial velocity directions.

The results of the trajectory computations for the
field-model resembling our experimental arrange-
ment are in good agreement with our experimental
observations.

D. Current Measurements

After leaving the ionization region, the electron
beam entered a pipe, approximately 1 m long, which

led to the polarization measuring apparatus (cf.
Sec. III E). The beam pipe consisted of several
components, each having an inside diameter of
about 5 cm. One portion of the pipe, between the
ionization chamber and the electrostatic deflector,
contained the movable hot-wire detector used for
monitoring the atomic beam intensity. Downstream
from the hot-wire detector was a section which

housed a Faraday cage for electron current mea-
surements. Measurement of the electron current
is nontrivial since not only electrons but also alkali
atoms and uv photons are incident on the cage. In

addition, the cage is located in the magnetic field
of the big coil. To keep secondary electrons in the

cage, a negatively biased electrode was inserted
at the entrance and was shielded from uv light by
a grounded disk. A door at the rear of the cage
could be opened to allow the beam to enter the po-
larization analyzer.

E. Electron-Polarization Measurements

1. Polarization Convexsi on

An electrostatic deflector was employed to con-
vert the longitudinal polarization of the electron
beam into the transverse polarization required for
polarization analysis. The deflecting plates of the
polarization converter were 5-cm-high concentric
aluminum cylinders of mean radius 25 cm, sepa-
rated by a distance of 0. 82 cm and having an arc
length of 112 . For 100-keV electrons, the beam
leaving the converter has a nearly perfect trans-
verse polarization.
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2. Mott Scattering Technique

A scattering chamber for scattering through an
angle of 8 = 118 was used. Early measurements
with scintillator-photomultiplier detectors showed
that improved energy resolution was necessary for
efficient discrimination against electrons scattered
from the walls. As a result, silicon surface-bar-
rier junction detectors were employed. They were
mounted 180 apart in azimuthal angle in a rotable
housing whose axis of rotation coincided with the
direction of the incident electron beam. The output
pulses from the detectors were amplified and shaped
with charge-sensitive preamplifiers and low-noise
amplifiers. The signals were then routed to alter-
native halves of a 400-channel pulse-height ana-
lyzer. The pulse-height spectrum was read out onto
paper tape, converted to punched cards, and pro-
cessed on a computer.

A collimator with a 0. 64-cm-diam hole, located
in front of the scattering foil, ensured that elec-
trons hit only the foil and not the foil holder. Other
collimators within the scattering chamber reduced
the likelihood that electrons scattered by the walls
could reach the detectors. In addition, the colli-
mators and walls were coated with graphite to in-
crease the probability of energy loss in wall col-
lisions.

Along the 2-m path from the ionizer to the po-
larization measuring apparatus, magnetic steering
fields were used to maximize electron transmission
and to control the angle of incidence of the beam on
the scattering foil. A second Faraday cage, lo-
cated beyond the scattering foil, monitored the
electron beam at the polarization measuring appa-
ratus. The electron current measured in this cage
was typically 25% of that measured in the first
Faraday cage. With the deflector voltage held
constant, the electron current in the second cage
was a sharply peaked function of the main acceler-
ating voltage. The peak occurred at 100 kV and
had a FWHM of 2 kV, as compared to 3 kV cal-
culated for the transmission of the electrostatic
deflector which served as a polarization converter.
Thus the electrostatic deflector did not seriously
restrict the beam transmission.

The scattering foils with a diameter of 1.9 cm,
were mounted on a wheel that could be rotated
under vacuum to place any one of four foils in posi-
tion. The foils used were the following: aluminum
with a thickness of approximately 1 mg/cm; gold
of different thicknesses up to 105 pg/cm, evap-
orated onto Formvar backings; and a bare Formvar
foil with a thickness of approximately 20 pg/cm .

Low molecular weight Formvar" was dissolved
in ethylene dichloride at a concentration of 8 g/
liter. A clean microscope slide gras dipped into the
Formvar solution and withdrawn quickly and

Rotation of the detector housing (including the
scattering foil) can introduce another asymmetry
if the axis of rotation is at an angle with respect to
the incident electron beam. The rotational asym-
metry p and the polarization asymmetry 5 both
enter into the observed asymmetry O'. For mea-
surernents with a gold scattering foil these asym-
metries are related according to

x[(I —p„„)/(1+p„„)], (3. 6)

or, to a good approximation for small asymmetries,
/

~Au ~Au + PAu (3.&)

For the elimination of the rotational symmetry,
an aluminum scattering foil was used for which the
function S(9, F) is very close to zero In this c. ase
the measured asymmetry 5A, is given by

1

~A 1 PA1 (3.3)

The relationship between p» and pA„was deter-
mined experimentally as

smoothly after several seconds. The end of the
dripping slide was blotted on absorbent paper in
order to remove the excess solution and draw the
film out evenly. After the slide had dried, the
edge of a razor blade was used to cut out the area
of the film to be used as the target backing. Next,
the slide was breathed upon until it became fogged.
Then it was immersed in a pan of water and the
film was floated off. A mounting ring was finally
inserted under the film and both ring and film were
removed from the water. Then gold was evaporated
in vacuum and deposited onto the Formvar foil. A
piezoelectric deposit monitor' was used to mea-
sure the thickness of the gold layer.

3. Method of Data Taking

The Mott scattering plane in which the two elec-
tron detectors A and B lie is the vertical plane
through the axis of the incident hori. zontal beam.
The ratio of the counts registered in the two de-
tection channels, C~/Cs, is called Rp if the de-
tector A is in top position and R, if the scattering
chamber is rotated around the beam axis through
180' so that detector B is in top position. If 6' is
the scattering asymmetry as yet uncorrected for
any instrumental asymmetries, and if g„and g~
are the detection efficiencies of the detectors A.

and B, then Ro and R, are given by
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p„„=(0. 65+0.05)p„, (3.9)

from the scattering of unpolarized electrons (orig-
inating at the copper-mesh photocathode in the
ionizer (cf. Fig. 18) by the aluminum and gold foil
for various angles of beam incidence. For the
actual measurements beam steering was used to
minimize the rotational asymmetry p„, so that in
no case did p„„exceed 0.03&5„„.

Instead of scattering polarized electrons from
aluminum to eliminate the rotational asymmetry,
we could have scattered unpolarized "mesh" photo-
electrons from gold. This, however, would have
introduced an asymmetry originating from the dif-
ferent electron-optical conditions for the polarized
and unpolarized beams, and hence additional mea-
surements with an aluminum foil would have been
necessary for a check of the two-beam asymmetry.
Another approach to avoid the rotational asymme-
try is not to rotate the scattering chamber at all.
This would have necessitated reversal of the elec-
tron polarization by reversing the direction of the
ionizer magnetic field, and would have led to
changes in the electron optics and again to a new
field-reversal asymmetry.

To eliminate the effects of multiple and plural
scattering in the gold foil, the polarization asym-
metries 5„„,and 5„„2were determined for two
gold foils of different thicknesses t, and t„respec-
tively. For the two foils used, the thickness ratio
was t2/t, = 3.03 (+ 1%). The gold foils were thin
enough so that the relation

(1/5, ) = (1/50) (1+ o.t), o. = const

applied, ' where 6, is the polarization asymmetry
for a foil of thickness t and 50 is the extrapolated
value for t-0. The extrapolated asymmetry 60
was 26% higher [(50 —5,)/5, = 0. 26] than that mea-
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FIG. 20. Typical pulse-height spectra obtained with
the solid-state detectors in the Mott-scattering chamber
for scattering from a gold and an aluminum foil.

sured with the thicker gold foil of 105 gg/cm .
With the value of S=0.39+0.01 for 9=118 and
&=100 keV (cf. Fig. 5), e was then found to be
0. 0035 cm /pg. The value of the electron polari-
zation was calculated from the relation P, = 50/S.

4. Background Corrections

Before Eqs. (3. 5)—(3. 10) were used, the counts
C~ and C~ were corrected for counts of inelastical-
ly scattered electrons. Typical smoothed pulse-
height spectra for scattering from Au and Al foils
are shown in Fig. 20. The subtraction of back-
ground was done by using a linear extrapolation of
the nearly flat background. From measurements
taken with a pure Formvar foil, it was found that
scattering from the Formvar backing of the gold
and aluminum foils is highly inelastic and contrib-
uted less than 0. 1% of the elastic peaks in the spec-
tra of Fig. 20.

A background which is difficult to eliminate is
illustrated in Fig. 21. It may arise from the scat-
tering of electrons by the foil in conjunction
with scattering by the walls of the Mott scattering
chamber. Since this background effect is propor-
tional to the thickness of the foil, it cannot be
eliminated by foil-thickness extrapolation or by a
null-effect measurement with the foil removed.
The effect was minimized by coating the walls with
carbon, combined with pulse-height analysis. The
remaining contribution is estimated to be less than

The case of the pulsed electron beam was more
complicated, because the high instantaneous beam
current resulted in a significant probability of de-
tecting more than one electron per pulse. Those
events appear in the pulse-height spectrum beyond
the 100-keV peak. Hence for the polarization mea-

Detector

Foil
C0
v Scattering Probablll tyI Proportional to
LU Foil Thickness

Wall Reflection Probability
Independent of

i( = Foil Thickness
D

FIG. 21. Schematic illustration of a background effect
in Mott scattering whose intensity is proportional to the
thickness of the scattering foil.
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surements with the pulsed electron beam, the cur-
rent was reduced so that the detection of two scat-
tered electrons in no case contributed more than
1% to the total number of counts in the spectrum.

IV. RESULTS

A. Electron Intensity

As will be seen in Sec. IVB, for the potassium
photoionization, it was necessary that a light filter
be inserted in order to obtain the expected electron
polarization. With this filter in place we obtained
an electron current of 1&&10 'z A or 6& 108 electrons/
sec. Since the measured potassium beam flux was
7&&10'z atoms/sec, this corresponds to an ioniza-
tion probability of about 10 . For continuous photo-
ionization of lithium, without the use of a light
filter, the electron current obtained was about 10 "
A or 6 &&10 electrons/sec, corresponding to an
ionization probability for the lithium beam atoms
of about 2&&10 7. These dc electron currents are
sufficiently large for measurements of the electron
polarization.

Much higher photoelectron currents can be ob-
tained by using a pulsed light source, since pulsed
light sources such as sparks have a peak radiance
in the ultraviolet which is many orders of magni-
tude larger than that of continuous lamps. With
the spark light source which was described in Sec.
III B we obtained up to 2&&10 electrons/pulse. At
a repetition rate of 10 sec ' this is an average cur-
rent of 3&10 ' A. The pulsed electron current
obtained corresponds to an ionization probability
of 2-3' for the lithium atoms in the ionization re-
gion. (Atom motion during the duration of the flash
is negligible. ) A fast electron detector consisting
of an aluminum-covered plastic scintillator and a
photomultiplier was used to observe the shape of
the electron pulse. The electron pulses were
1-1.5 p, sec long.

The spark light source was usually operated with
argon at a pressure of V atm. Similar results were
obtained with xenon. Nitrogen yielded a much lower
intensity and a longer pulse; it also led to increased
sputtering of electrode material. Helium also
yielded a lower intensity. A study of the dependence
of the electron intensity on the argon pressure in the
spark chamber showed that a reduction of the pres-
sure from V to 1 atm reduced the peak electron in-
tensity by only a factor of 2, while at the same time
reducing the pulse length by a factor of —,'. This in-
dicates that the spark plasma was at least partially
opaque to the radiation at 7 atm.

From the measured electron and atomic beam
intensities together with the lithium photoioniza-
tion cross section, we estimate that the useful light
(intersecting the atomic beam in the ionizing region
and having wavelengths between the lithium thresh-

old and the cutoff of Suprasil) corresponded to a
radiant energy of approximately 1 mJ per flash.
This value is in reasonable agreement with esti-
mates for our light source and optical arrangement
made on the basis of other investigations of spark
discharges~ 6' which show that a light output cor-
responding to blackbody radiation of 35000-40000
'K is achievable.

The power supply used limited the repetition rate
to 10 pulses/sec. Significantly higher repetition
rates would also have required cooling of the spark
source. The spark electrodes, made of tungsten
with conical tips, had to be remachined occasionally
since the spark caused sputtering of the metal.
In addition, the window which sealed the high-pres-
sure spark chamber had to be replaced when the
vaporized metal, which condensed on the window,
reduced the transmittance significantly. The pulse
intensity fluctuated by as much as a 50% because
of changes in the spark position which, when mag-
nified about four times by our optical system, led
to changes in the atomic beam illumination.

Most studies of the pulsed beam were made with
Suprasil windows and the optics chamber at atmo-
spheric pressure. The use of LiF windows in con-
junction with an evacuated optics chamber did not
lead to an increase in the pulsed beam intensity.
With LiF windows the useful wavelength range
should have extended from the threshold at 2300 A

down to the LiF cutoff at 1050 A. By comparison,
the Suprasil cutoff lies at about 1VOO A. Thus, a
corresponding intensity increase was expected. One
possible explanation for the negative result is ab-
sorption at shorter wavelengths by oil films on the
window.

B. Electron Polarization

1. DePolarization Effects

The predicted electron polarization for photoion-
ization of polarized alkali atoms is given by P,
= P„=sf(II) if background electrons are avoided
and if the photoionization does not affect the elec-
tron spin. Contamination of the electron beam by
unpolarized photoelectrons originating at the elec-
trode walls was effectively avoided by the electron-
optical arrangement. There are, however, a
number of nontrivial depolarization effects which
can lead to a lower electron polarization in the ex-
tracted beam. Depolarization effects, discovered
and studied in the potassium work, are photoioniza-
tion of alkali molecules and photoionization of
optically excited alkali atoms. The spin-orbit per-
turbation in the continuum P states of potassium
was not detectable under the conditions of this ex-
periment. In the case of lithium, the depolariza-
tion effects were found to be either negligible or
avoidable.



POLABIZ ED EL EC TRONS FROM THE P HO TOIONIZ A TION. ~ ~

1.0

KEY: )( WITHOUT, WITH

1np =A —8/T, (4. 2)

Oo
&o
~ UJ
~ CL

O W
A

0.5

Q O
I- ~
N V)

Q UJaX0

HEATER AT ORIFICE

0
500 600 700

2. Photoionization of Alkali Molecules

The discovery that photoionization of molecules
can lead to substantial depolarization was made in
the early potassium studies. Measurement of the
electron polarization at a potassium-oven tempera-
ture of 680 'K gave a value very close to zero.
However, when the oven temperature was de-
creased, the electron polarization increased sig-
nificantly, as shown by the data "without heater at
orifice" of Fig. 22. The polarization was found
to be independent of transverse oven position, thus
proving that the effect was not due to a temperature-
dependent oven misalignment. Later a study of the
alkali-molecule problem revealed that even a very
small K2 contamination of the atomic beam can con-
tribute a large portion of the photoelectrons and
that the ratio of molecules to atom does indeed in-
crease with oven temperature.

In thermodynamic equilibrium the molecule to
atom ratio is given by

2 + 273 P Uo/k T
S/2

y=4AR No e (4. &)

where R is the radius of gyration of the molecules
in A, No Avogadro's number, T the temperature
in K, P the pressure of the vapor in Torr, Uo the
dissociation energy of the molecule, A, Planck's
constant, m the mass of the atom, and k Boltz-
mann's constant. The pressure p of saturated
alkali vapor can be described by

OVEN TEMPERATURE (4K)

FIG. 22. Data on the polarization of electrons from
photoionization of polarized potassium atoms, showing the
depolarization effect related to the oven temperature
(cross points). By means of overheating the oven orifice,
this depolarization effect was eliminated (dot points). All
data shown in this figure were obtained with scintillation
detectors which did not have sufficient resolution to dis-
criminate against electrons scattered from the walls of
the Mott scattering chamber. (See Sec. IIK2. ) The
measured polarization increased by a factor of l. 28 when
silicon surface barrier detectors were used.

where A and 8 are constants, and hence

(4. 3)

For potassium U0=0. 514 eV and 8=4480'K
so that Uo —Bk = —0. 165 eV. Since the exponent in
Eq. (4. 3) is negative and the exponential term dom-
inates the temperature dependence of y up to 2900
'K, the molecule to atom ratio increases with in-
creasing temperature in the range over which the
oven temperature was varied. In order to calculate
y we evaluated the constant in Eq. (4. 3)usingR
= 1.95 A 6 and A = 1.028 ~ 10 Torr. 6 %e obtained
y = 0.002 for T = 620 K. The ratio in the beam was
somewhat smaller because molecules were not
focused by the six-pole magnet.

The photoionization cross section of K2 is about
1 Mb in the region of X = 2500-2900 A, whereas the
cross section of K is only 0. 1 Mb near threshold
and close to zero in the cross-section minimum
near 2720 A. ' Furthermore, the ionization poten-
tial of K2 is at least 0. 24 V smaller than that of K,
as inferred from data of Lee and Mahan. 7 Since
unfiltered light from a mercury high-pressure arc
lamp was originally used in our experiment, the
light beam contained many photons with energies
in the range below the threshoM of atomic ioniza-
tion but above that of molecular ionization. The
ground state of the potassium molecule is a 'Z
state with zero spin. Therefore, photoelectrons
from K2 are unpolarized. If all these factors are
taken into account, the depolarization effect due to
K2 molecules, as exhibited in Fig. 22, can be
explained.

Avoidance of this K2 depolarization effect can be
achieved through the use of an atomic beam emerg-
ing from an unsaturated vapor. In other words, the
vapor near the oven orifice has to have higher tem-
perature and/or a lower pressure than the vapor
which is in equilibrium with the metal reservoir.
This condition was achieved with an extra heater
attached to the oven orifice. The consequent tem-
perature increase of several hundred degrees
eliminated the temperature dependence of the photo-
electron polarization, as shown by the points "with
heater at orifice" of Fig. 22.

For lithium, the depolarization due to molecule
photoionization is less serious because atomic and
molecular photoionization cross sections are of
the same magnitude. ' Nevertheless, the lithium
oven was designed to have the orifice at higher
temperature and lower pressure than the metal
reservoir.

3. Photoionieation of Optically Excited Atoms

Elimination of the molecules from the atomic
beam did not yield agreement between measured
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and expected polarization (cf. Fig. 22). It was dis-
covered that an electron current as large as 12%%uc

of the total current was obtained with the atomic
beam on and with a sheet of window glass or acrylic
plastic in front of the quartz window which allowed
only wavelengths longer than 3200 A to enter the
ionization region. No current should have occurred
under this condition since the light did not have suf-
ficient energy to photoionize ground-state atoms
(ionization threshold equal to 2856 A). Further-
more, it was found that these electrons had a polar-
ization smaller than that measured without light
filtersbyafactor 0. 72+0. 05. Hence these anomalous
electrons could notbe photoelectrons from surfaces,
which would have been unpolarized. Impurities in the
technical grade potassium metal such as Rb could not
be responsible for these anomalous electrons, be-
cause the effect remained when highly pure potas-
sium metal was used in the oven. Collisional ion-
ization of potassium atoms, optically excited to high
nP states, was ruled out by studies at different
beam densities and residual gas pressures.

The mechanism responsible involves photoioniza-
tion of potassium atoms which have been excited
to lower P states by the longer-wavelength light
from the lamp. Since this process requires two
photons, the anomalous electron current should
have changed quadratically with light intensity.
This was established by the use of pieces of window
screen that had an open area of 50'/c which reduced
light intensity by factors of 2 without affecting the
optical geometry or spectral distribution. The

N ~-$/P,J + I /2 +5/2

3/2

1/2

I/2

FIG. 24. Schematic illustration of atomic excitation
(nuclear spin decoupled). The ground-state atoms are
assumed to be in state ngz=+~. Unpolarized light inci-
dent parallel to the magnetic field induces the transitions
indicated by the arrows. The number of arrows gives

.the relative strengths of these transitions.

fraction of the current produced by unfiltered light
which exhibited the quadratic behavior was found
to be 0.32+0.03.

The reason for this large contribution is a co-
incidence of an intense line of the mercury arc
spectrum near 4050 A and the 4 S,&~

—5 P reso-
nance line of potassium (Fig. 23). The fact that
the electrons originating from the 52P state are
polarized, although somewhat less than those
originating from the ground state, can be understood
from Fig. 24. To estimate this effect we assume
that the nuclear spin is decoupled and that the
ground-state atoms are completely polarized, oc-
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cupying the m& =+ 2 state. Unpolarized light in-
cident parallel to the magnetic field can only induce
transitions with ~m~ =+ 1. For a spectral flux
from the lamp which is constant over the small-
wavelength interval between the P,&,-P, &~ line
doublet, the relative strengths of the optical transi-
tions are indicated by the number of arrows in
Fig. 24. Forunitypolarizationof theground-state
atoms, the average electronic polarization of
the excited atoms is calculated to be ~»= 0. 583.
If the ground-state atomic polarization is less than
unity, as in the potassium experiment where P«
=sf(H) = 0. 57, the polarization of the excited atoms
should be 0. 57x0. 583=0. 332. If 32% of the elec-
trons result from ionization of excited atoms and
the remaining 68% from ionization of ground-state
atoms, the net electron polarization should be
0. 32&& 0. 332+ 0. 68&& 0. 5V = 0.494. Elimination of
the photoelectrons from excited atoms should then
lead to an increase of the electron polarization by
the factor 0. 57/0. 494= 1.15. We eliminated these
photoelectrons by use of an appropriate filter (see
below), and we measured an increase of the elec-
tron polarization by the factor 1.19+ 0. 04, in good
agreement with the explanation given above (Agr.ce-
ment between measured and expected values of the
electron polarization was achieved af ter improve-
ments in the Mott-scattering electron detection were
implemented, which increased the measured elec-
tron polarization by another factor of 1.28. )

Elimination of this effect was achieved with the
use of a filter consisting of a NiSO4 solution in a
quartz tank. Kith the thickness of 1 cm, the filter
transmitted about 90% of the radiation between
2400 and 3100 A and none at 4050 A.

For the work with lithium the wavelengths of the
Li resonance lines were checked against the lines
in the xenon-mercury arc spectrum and the signifi-
cant argon atomic and ionic lines in the spark spec-
trum. No such coincidence was found. However,
since the two-step photoionization process depends
quadratically on the light intensity and since the
instantaneous intensity in the spectral continuum of
the pulsed light source may be very high, it was
necessary that the electron polarization be mea-
sured as a function of the light intensity. Such
measurements showed that the two-step photoioniza-
tion process did not contribute significantly in
pulsed photoionization of lithium.

4. SPin-Orbit Perturbation

As mentioned in Sec. III C, for photoionization
with unpolarized light the polarization of the
photoelectron P, is related to the electronic polar-
ization of the atom P„by P, =R P,q with R=X2/
(X +2), where X is the wavelength-dependent per-
turbation function which has been determined in ex-
periments involving photoionization of polarized
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FIG. 25. Depolarization parameter R as a function of
light wavelength for photoionization of polarized potassium
atoms by unpolarized light. This function was calculated
from the experimental results on spin-orbit perturbation
in potassium (Hefs. 7 and 33).
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alkali atoms with circularly polarized photons. '
For potassium, the depolarization parameter B
as a function of photon wavelength has the form
shown in Fig. 25. It can be seen that depolariza-
tion is significant only in a small-wavelength in-
terval around X = 2V20 A. In order to determine
the effective depolarization, R(X) must be con-
sidered in conjunction with the cross section,
o(X), and the spectral distribution of the light
source.

The photon distribution of the light source O(A)
was obtained from the spectral energy distribution
of Fig. 23 and is plotted in Fig. 26(a). For the
potassium cross section we used an upper limit
which was derived from the perturbation data ' '
which gives a minimum of only 2% of the threshold
cross section, in good agreement with Seaton's
theoretical estimate and consistent with the data
of Hudson and Carter3' but much lower than that
of Marr and Creek+ (Fig. 3). The number of photo-
electrons produced is proportional to f4(X)o(X) dX,

as illustrated by the hatched area of Fig. 26(b).
Finally, the number of unpolarized electrons pro-
duced is proportional to f@(X)o(X)[1—R(X)]dX as
shown by the hatched area of Fig. 26(c). Note that
the hatched areas in both figures are roughly equal
in size. However, the scale in Fig. 26(c) is en-
larged by the factor 100. The depolarization thus
estimated amounts to about 1% and was not detect-
able in our polarization measurement where the
accuracy was only 67o.

In lithium the depolarization due to spin-orbit
perturbation is negligibly small for two reasons.
First, the perturbation is a relativistic effect
which decreases with the atomic number g of the
alkali atoms. Second, the resulting depolarization
is only significant in the vicinity of a cross-section
minixnum. Lithium does not exhibit such a mini-
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tained after elimination of the depolarization ef-
fects discussed above was I', = 0. 58 + 0.03, as
compared with an expected electron polarization
of 0. 5V based on the calculated values of f(H) = 0. 58
for a field of 90 6 and a state-selection parameter
of s = 0.98.

For lithium the data on the electron polarization
are shown in Fig. 2V. The vertical error bars
correspond to 1 standard deviation. The error re-
sulting from counting statistics is approximately
+ 1.5%. The remainder of the error results from
uncertainties in the foil thickness extrapolation and

knowledge of the function 8 [cf. Eq. (3.10)]. The
horizontal error bar is based upon the variation of
the magnetic field over the region in which the

atomic beam was photoionized. The theoretical
electron polarization was calculated for a beam of
the isotopic composition 95. 8/o Li and 4. 4% Li,
and a state-selection parameter of s = 0. 96.

Within the accuracy of the data, the results agree
with the expectation. Any remaining depolariza-
tion is certainly less than 3% and was too small to
be investigated systematically. Both photoioniza-
tion of Li~ molecules and spin-rotation during ex-
traction from the magnetic field of the ionizer
could perhaps have contributed depolarizations on
the order of 1'/o.

C. Pulsed Photoionization of Polarized Lithium Atoms as a
Source of Polarized Electrons

Polarized electron beams are useful for other
physics research. Several methods of obtaining
polarized electrons are known, but no single
source is ideal for all kinds of polarization experi-
ments. 74 The pulsed photoionization of polarized
lithium atoms which we have investigated appears
to be particularly useful for providing a source of
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FIG. 26. Plots for estimating the depolarization. due

to spin-orbit perturbation in the potassium photoionization
experiment. Plot (a) represents the photon distribution
of the light source. The hatched area in plot (b) corre-
sponds to the total number of electrons produced while the
hatched area in plot (c)—scaled up by a factor of 100—cor-
responds to the number of electrons which were depolar-
ized.

mum (Fig. 3).

5.' Final I'olari ration Results

The final electron polarization for potassium ob-
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FIG. 27. Results of the electron polarization measure-
ments in the experiment on photoionization of polarized
lithium atoms. The metal used was 95.6% Li and 4.4%
Li, The dashed curve sf{H}describes the calculated
electronic polarization of the atoms.
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polarized electrons for injection into a pulsed high-
energy accelerator. *7' The pertinent data of our
source are compared with the published data of
other sources in Table II.

Some improvement in the peak current is possible
through the use of a multi-channel oven4 or a jet
atomic beam source. The repetition rate can
certainly be increased by technical improvements
on the spark light source and the associated elec-
tronics. An electron polarization up to 90%%uo ls
achievable by using a stronger magnetic field in
the ionizer of about 200 G. The accompanying in-
crease in emittance (skew parameter) can be
tolerated for accelerator injection. '
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APPENDIX A: STATE-SELECTION PROPERTIES OF
SIX-POLE MAGNET

The magnetic field H inside an ideal six-pole
magnet is proportional to the square of the radial
distance x from the axis; that is,

We will use a coordinate system with the z axis
along the axis of the magnet and z = 0 at the magnet
entrance. Since the force is radial and depends
only on the radius r, the equations of motion are
the same for the x and the y components. We
will write only the equations for x, unless differ-
ent initial conditions in x and y are considered.
First we assume that the atoms come from a point
source on axis and hence x, =O and y,=O. (3ff-
axis source points and the resulting vignetting are
discussed later.

From Eq. (A2) it follows that

p
2

dt
o +(d x=0, (As)

dx 1
x (t) = — slnMf+ x cos(df

dt p co
(A4)

x,(z) = ——sin(vz/v) + xa cos(&uz/v),
dx 5
dz pcs

where v is the atom velocity and

(As)

=V —V ~

dt
(A6)

As in Sec. III A we will use the inverse-velocity
parameter

where &u = (2pQ„/mR )'i and m is the atomic mass.
Thus atoms with m~=+-, [upper sign in Eq. (A3)]
traverse the magnet on a sinusoidal trajectory
whereas atoms with m~= ——,

' are deflected from the
axis on a hyperbolic trajectory [lower sign of Eq.
(A3)]. For atoms in the state m~ =+ —,

' we obtain

ff(r) = r '(H, /R'), (Al) q = (1/v) (4u 7/m)'" (AV)

where R is the magnet gap radius and FI~ is the
field at the pole tips. The force acting on the
atomic magnetic moment is given by

F(r) =v poVU= w (2 p, H/ z'R)r (A2)

in the strong-field limit where the magnetic mo-
ment p is independent of the field H. For ground-
state alkali atoms whose nuclear spin is decoupled
from the electronic angular momentum, the upper
sign refers to atoms in the Zeeman state with m&
=+-,' and the lower sign, to m~= ——,'. The assump-
tion of decoupling is only valid in strong magnetic
fields where p, P is larger than or, at least, of the
order of the hyperfine-structure (hfs) interaction
energy. This is certainly not valid in regions very
close to ~= 0 where the magnetic field approaches
zero. On the other hand, in the region close to
the axis, the force acting on the dipole moment is
also very small. Since the trajectory of the atom
is affected predominantly in the high-field region
of the magnet, use of Eq. (A2) is a good approxi-
mation.

dx R . z z
x,(z) = ——sin gC2 —+xocos qC2—

8 p

where
(A9)

(A10)

as well as the source-to-magnet entrance distance
A, magnet length L, magnet gap radius R, source
radius R„source temperature T, magnet pole-tip
field H„and the two distribution functions Fo„z(ri)
and EB«M(q) plotted in Fig. 9. The various for-
mulas take on a simplified form with the use of the
following three dimensionless constants:

K= (Po Pz/2kT), Ci ——KA/R, Cz = KL/R .
(A8)

For the experimental conditions in our lithium ex-
periment these constants had the values K=O. 0172,
C, =O. V91 and C~=1.926. We can rewrite Eq. (AS)
in terms of K, C„and C, as
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for a point source on axis. The derivative of Eq.
(A9) is

dx,(z), z ~x . z= x2cos qC2 —— 1lKsin 1/C2 — . (All)

cot(1l*C2) =. q*C, . (A12)

The solid angle which describes the transmittance
of the magnet can be defined as

n'(q) = v[x2, (1I)]'/A' (AI8)

The maximum entrance coordinate for a trajectory
with x& R throughout the magnet can be found from
Eq. (A9). For 1I&1I* we require that x,(i,)&R and
find

sin(q C, ) + q C,cos(1jC,)
(A14)

For g & q* we require that the amplitude of the
sinusoidal traj ectory

x = [(x2/q C, )'+ x(',]'/2

not exceed A. Then we find

x, (1))= A.17K/[1+ (1IC,)']' ' .

(A16)

(A16)

Combining Eqs. (AIS)-(AI6) we obtain

0'(q) =11(qK) /[sin(1lC2)+qC, cos(1IC2)]2 for q & 1l*

(A17a)

g'(1I) =v(1lK)2/[I+ (1IC,)'] for 1I &1I*,

with q* determined by Eq. (A12).
The values of g&g* correspond to the very fast

atoms whose trajectories are still diverging at the
magnet exit. The trajectories for atoms with

g & g* bend toward the axis inside the magnet at
radial distances & R. Therefore, the second ex-
pression for Q' is independent of the magnet length,
contained in C,. For our parameter values we
find g* = 0. 59; thus, it is the second expression
for Q'which dominates (cf. Fig. 9). Note that
0' depends strongly on H~, contained in the con-
stant K, but not very much on the ratio A/R, con-
tained in the constant C, (since C, =O. 62& 1). For
atoms in the state m~ = ——,', a similar calculation
gives

0 (1l) = 1/(qK) /[sinh(1l C ) +q C, cosh(q C )] . (A18)

Both functions, 0' and 0, are plotted in Fig. 10 for

If dx, (z)/dz = 0 for 0 & z & I, the maximum value of
x(z) for the trajectory occurs inside the magnet.
Let q* be the value for which x= x ~ at z = L. From
Eqs. (A9) and (A11) it follows that 1)* is determined
by

x2 cos(1l*C,) —(x2/R)1l*K sin(1I* C2) = 0

or

the parameter values of our experiment.
The trajectory slope at the magnet exit follows

from Eq. (A11) and accordingly is given by

= x A cos gC~ —xo qK R sin gC2
z g

(A19)
The maximum value of ) n,„«) is obtained when
xo

12.*« I
=n KI sin(1l C2) —(I/1I C,) cos(17C2) I

~ (A20)

With our parameter values C, =0.8 and C~ = 1.9
we can approximate sin(1l C2) = 1, cos(11C2) = 0 for
the p values near unity. For the purpose of this
estimate we can use q = 1, which corresponds to
the peak of the distribution function I'0„,. Thus
we obta. in I ~,„«l & K. Along the axial distance
D = 14 cm between the magnet exit and the ionizer,
the atomic beam diverges in the radial direction
by not more than KD = 0. 24 cm. Since this radial
distance is of the same order as the magnet gap
radius (R = 0. 16 cm) as well as the size of the light
source image in the ionizer, more detailed calcu-
lations for the beam profile at the ionizer are not
necessary in our case. We therefore chose the
magnet length on the basis of the state-selection
parameter desired (cf. Fig. 11) rather than on the
basis of its focusing properties. The magnet gap
radius was chosen as 0.16 cm because such a radi-
us is large enough to permit accurate machining
at reasonable cost, but it is still small enough to
provide a large value for l./R, which ensures good
state selection, without going to an unwieldy mag-
net length I.. A treatment of the focusing proper-
ties of six-pole magnets was recently given by
Brash et al.

APPENDIX 8: VIGNETTING CALCULATIONS FOR
EXTENDED SOURCES

We derived the transmittance solid angles of
Eqs. (A17) and (A18) for a point source on axis.
The decrease of transmittance for increasing
radial distance of the source point is called vignet-
ting by analogy to light optics. In order to esti-
mate the effect of vignetting, we consider a source
point off axis, at x, 40, y, &0. The trajectory in-
side the magnet, given by Eq. (A9), can be rewrit-
ten as

x,(z) = a sin[q(K/R) 2] + b cos [(qK/R) 2],
with

a = (x2 —x, )/1l C1 and b = x2,

The maximum of x, inside the magnet is

x-x 3 1l'
x1118X ( 2 ~b2)1/2 x0 xs + 2

C o

A similar equation holds for y. The radial distance
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inside the magnet is

r(z) = [x(z)'+ y(z)']'~' . (B3)

As an approximation, we consider the case in which
x and y go through maxima at the same value of
z, that is,

where the first bracket equals 0'(r = 0) as given by
Eq. (A17b). The approximate vignetting condition
of Eq. (B4) leads to the result that atoms origina-
ting at off-axis source points are transmitted by
the magnet if they enter the magnet within a cir-
cular area which has its center at

~(z)=(x'.„.y.' )"' R . (B4) 1+(~C,)' ' y 1 (qc,)'
We use this to obtain an estimate on the intensity
loss due to vignetting. From Eqs. (B2)-(B4) it
follows that

2 2

and has a radius smaller than that for the on-axis
source point by a factor of

(I —(r./z)')'+
E 1+rPC,

1
C z [(xo x ) +(yo y*) +xo]+So ~

(gC, )

By substituting

+S
1+ (AC()

' 1+ (qCg)z

(B5)

(B6)

[cf. Eqs. (B6) and (BV)].
We therefore find for the average transmittance

solid angle for a circular source orifice of radius
R, with R, & R the following expression:

zs
n'= ~ n'(r, )2vr, dr,

&~s

and going through some lengthy algebra, we obtain
finally

R & 1+ 2 +Y + p Q +p ~

2
z 0'(0)

RS

(~./R)'' 1'(C)' "
0

,() 1 R/RP
2 1+(pcs)

(B11)

(B12)

(Bv)

Now, we introduce a source-point radius r,
= (x, +y,')'~' and an aperture radius r„defined as
(x* + y* )'~2 for the maximum value permitted by
Eq. (BV). Then we obtain

= n'(0) C„„
where

1 (R,/R)
2 1+(qC )

(B13)

(B6)

(r„/R)' (q C,)' '
1+(pc, )' 1+(pc,)' (B9)

The source point at r, has a transmittance solid
angle

vr.' vR' (qC, )' (rJR)'
A A 1+(qCi) 1+(qCi)

v(qZ)' ' (~,/R)'
1+ (qC&) 1+ (qC&)

(B10)

Since most of the atoms transmitted lie in the
vicinity of q =1, we can omit the factor p. For
atoms in the state m~ = --,', the vignetting effect
is negligible so long as R, & R. This can be shown
from the trajectory equation x (z) for R, & 0 and the
requirement that x & R for 0 & x & L.

Note that the approximation made in this calcu-
lation [based on Eq. (B4)] overestimates the vignet-
ting effect, thus giving a lower bound for C„,. In
our case, we find C„~=0.92. Vignetting, in our
case, thus has a negligible effect on the state-
selection parameter. (The solid curve of Fig. 11
gives s = 0.960 for the lithium experiment. This
value is reduced to 0. 956 by vignetting. )
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A procedure which combines the methods of variable-phase and R-matrix theory is formu-
lated for multichannel scattering processes. R-matrix theory is used to obtain the logarithmic
derivative of the scattering functions at a radius a, beyond which all exchange potentials are
negligible. Variable-phase theory is used to construct a radially dependent reaction matrix
which is integrated from a to infinity. The method is applied to a two-channel model which
has some of the features of the low-energy electron-hydrogen problem. Essentially exact
results are obtained with as few as 40 R-matrix states (20 per channel).

I. INTRODUCTION

In recent publications, ' 3 several computational
procedures have been suggested for studying low-
energy electron-atom scattering which do not re-
quire the direct solution of the coupled integrodif-
ferential equations describing the scattering pro-

cess. In general, such procedures yield only ap-
proximate solutions to the coupled equations. How-
ever, the computational ease of these procedures
is such as to allow for the coupling of more chan-
nels than might be attempted in a direct solution,
and therefore it is hoped that any numerical inac-
curacies introduced will be more than compensated


