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SUMMARY .

The method proposed by Byrne and Farasgo (1965) for the
production of a polarised electron beam, by means of = spin
exdhange interaction between trapped electrons and a polarised
potassium atomic beam, has been investigated. A pulsed bezm
of polarised electrons has been generated by this method, with
105 electrons per pulse, a pulse length of the order of one
microsecond, and a polarisation of 0.5 at a repetition réte of
55 Hz. The repetition rate could be increassed =t the expense
of the polarisation; at a repétition.rate of 120 Hz the
polarisation was reduced to 0.4. The polarisation and average
intensity of the electron beam was limited principally by the
properties of the trap in which the electrons were confined
during the interaction; as a result of various suggested
improvements; it should be possible to increase the polarisation
to 0.8, and the average intensity by several orders of
magnitude.

From a study of the behaviour of this polarised electron
source, .it has been possible to derive estimates of the cross-
section for spin exchange collisions between potassium atoms
and electrons, at three different average kinetic energies in
the range O0-4eV. These vslues of the spin exchange cross-
section are in reasonable agreement with previous'experimental
results, znd confirm the theoretical prediction of a rapid
decrease in cross-section with increasing energy over this energy

range.
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1.1. l.

CHAPTER I. INTRODUCTION

s Purposes of the Investigation

The discovery of the electron by Thomson in 1897 may be
taken as the starting point of atomic physics in the modern sense,
Ever since, free electrons have provided physicists with an in-
dispensible tool in the investigation of atomic structure. The
classic experiments of Franck and Hertz (1914), in which the
excitation potentials of mercury were investigated by electfon
bombardment, are only one example of an important class of
experiments in which the study of electron atom collision processes
has yielded information about the target atom, As the sophisti-
cation of theoretical methods has increased, it has become possible
to predict with increasing accuracy the nature of the interaction
between electrons and atoms; the experimental verifiecation of
these predictions has provided evidence of the basic soundness of
the quantum mechanical postulates on which they are based, In
all but the simplest cases, it has been necessary to employ approxi-
mation methods in the predictions; such approximations are normally
walid only over a limited range of electron energies and types of
atom, and experimental study of the range of validity of a given
approximation may provide valuable guidance in its improvement,

For such reasons, the investigation of electron-atom scattering

processes is still an important field of research in modern physics.



In any experiment in which a projectile interacts with a
target, the information which may be obtained (either about the
target or about the interaction) will depend on the degree of
knowledge of the initial properties of the projectile. For
example, the fine structure of an electron excitation function
can only be resolved by the use of a sufficiently monochromatic
incident electron beam, The practical problems involved in the
production and use of electron beams with very small energy.
spread have until recently been prohibitive, and optical excita-
tion has normally been used in investigations of atomic struecture
“which require excitation of a particular atomic state, Apart
from the increased ease of collimation and monochromation, ex-
citation by a light beam possesses an additional advantage, in
that another property of the beam may be predetermined: 1its
polarisation. By selection of a particular polarisation state
of the incident beam, it is possible to discriminate between
magnetic sublevels of the excited atom; +the whole field of
optical pumping, one of the most fruitful in present day atomic
physics, depends on this possibility. ‘

The realisation by Uhlenbeck and Goudsmit (1925) that the
electron possessed an internal degree of freedom, corresponding
to an inherent "spin" angular momentum, made it possible to
conceive of a similar preselection of the spin state of an
electron beam, If an external magnetic field defines an axis

of quantigation, the component of electron spin in the
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quantisation direction has a value t%Tﬁ s 1if an ensemble of
electrons contain3n+ electrons with spin component +h y, and n_
electrons with spin component -:+h , the polarisation of the
ensemble is defined as a vector in the quantisation direction,

of magnitude

The polarisation of the ensemble is clearly proportional to the
expectation value of the electron spin angular momentum,

In fact, within four years of the postulation of the existence
of electron spin, Mott (1929) had proposed a method of producing a
polarised electron beam, and of measuring its polarisation (see
Section 3.3,1.). DBecause of the great technical difficulties of
the double-scattering experiment involved, the predictions of Mottt
were not confirmed until 1942, by Shull et al (1942). Somewhat
ironically, a further fourteen years elapsed before it was dis-
covered that electrons emitted in beta decay were normally quite
highly polarised (Lee, 1957).

The experimental analysis of the spin-dependent features of
Mott scattering and beta decay provided valuable information gbout
the interactions involved. In both these cases, the electron
energies involved are high (typically > 100 keV ). The possi-
bility of investigating spin-dependent features of low-energy
electron—-atom scattering has only recently been followed up,
largely because of the difficulty of obtaining polarised electron.

beams of sufficiently high current to make such experiments



feasible. In recent years much effort has been devoted to the
development of a suitable polarised electron source; a wide
variety of techniques has: been suggested and investigated (Farago,
1965; Brash, 1969). In the work here described, a proposal by
Byrne and Farago (1965) has been developed., This proposal was
based on the fact that it is a relatively straightforward task to
produce a beam of highly polarised atoms, by deflection in an in-
homogeneous magnetic field (see Section 3.1). If an unpolarised
electron beam is allowed to interact with such a polarised atomic
beam, at an energy of a few electron volts, the mechanism of spin
exchange collisions (see Section 1.2) should result in a partial
polarisation of the electron beam, with a corresPanding decrease
in the atomic beam polarisation. :

The present experiment was conceived as the first stage of a
programme of investigation into spin dependent aspects of low
energy scattering of electrons from alkali atoms. The primary
consideration in the design of the apparatus was to produce a
source of polarised electrons sulitable for use in subsequent stages
of this programme, However, very little work, either theoretical
or experimental, has been done on spin exchange collisions between
electrons and alkali atoms (see Section 1.2.); it was therefore
anticipated that useful information on the nature of the intér—
action might be obtained from a study of the mode of operation of
the source, In particular, it was expected that the spin exchange
cross—éectioﬁ would depend on the energy of the electrons (Section
1.2.2); although the nature of the experimental method implied a

considerable uncertainty in the electron energy, it seemed likely

that any gross dependence would be observable.
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dgds SPIN EXCHANCGE IN EIECTRON ATKATI ATOM COLLISIONS

1.2,1. Theoretical Background

A rigorous quantum mechanical treatment of an interaction
involving electron spin should start from Dirac's eguations ( see,
e.g. Mott and Massey, 1965, p.219). However, in the case of the
very low electron energies used in the present experiment, for
which spin-orbit effects may be neglected, the non-relativistic
treatment in terms of the Schrodinger eguation may be used,
modified by the additional postulate of the Pauli principle. e
the valence electron of the alkali atom is assumed to move in a
Coulomb field due to the screened nucleus, the Pauli principle
implies that the wave function describing the collision must be
antisymmetric with respect to the interchange of the spatial and
spin co—ordinates of the bound and free electrons,

Thus if the total wave function is symmetric with respect to
interchange of spatial co-ordinates, it must be antisymmetric with
respect to exchange of spin co-ordinates, and vice versa. Denot-
ing the spin state of the bound electron by |s), and that of the

free electron by IS)? , with s = £ %, the total spin will have

four stationary states, described by lS,vn;}i
(11> = |+iyled)
II)°> = —\lﬁ|{|+%>3]—-|i>l;- g I--!i>Bl+l1:>F} ‘-I

lla"l> = \_%>%}-%>k
ooy = il = i
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The first three total spin states ( the "triplet" states) are
symmetfic with respect to interchange of the spin coordinates of
the two electrons; the last ( the "singlet" state) is anti-
symmetric in this respect.

Burke and Schey, (1962), in a discussion of electron-hydrogen
spin exchange collisions, have pointed out that a consequence of
the difference in symmetry between the singlet and triplet states
of the total spin is the introduction of an effective spin -
dependence in the scattering forces, Since the total state
function (spatial and spin parts together) must be antisymmetric,
the triplet state will be antisymmetric with respect to inter-
change of spatial coordinates, while the singlet state will be
symmetric in this respect. This implies that, on average,
electrons move in different regions of the interaction potentials
in the different spin states, so that the strength of the inter-
action can be spin dependent.

This effective spin dependence may be allowed for in the
discussion of the scattering of a beam of electrons by an alkali
atom,by defining the singlet and triplet scattering amplitudes
£,(@) and '.f_'j( © ) respectively, such that the probability per unit
time, per unit incident flux, of scattering into a solid angle dw
through an angle 6 due to an interaction in the singlet state is
lg&e)\zdug » While the corresponding probability for an inter- -
action in the triplet state is l¥3(9nadui. These are related to

the corresponding total cross—sections for singlet and triplet
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scattering by the expressions
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For an electron of energy 1leV, AxdDa, (where a = 0.53 x 10
since the radius of the potassium atom is v, & (a, (Mott and
Massey, p.572), the effective range of the interaction will clearly
be comparable with the electron wavelength, so that several partial
waves will be necessary to describe the scattering. A calculation
by Karule (1965) indicated that the triplet scattering was pre-

dominantly P - wave, while the singlet scattering was predominantly

D-wave; the total cross-sections were found to be

¢,

R

AL0O ﬁu:
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Qa = 290 Ta,

The spin exchange scattering cross-section Qg is defined
(Dehmelt, 1958) as the cross-section for an interaction in which
the spin of the incident electron is initially oppositely oriented
to that of the valence electron of the atom, and electron exchange
occurs; the outgoing electfon is therefore in the opposite spin
state to that of the incoming electron. Thus although electron
exchange can also occur between electrons whose spins are parallel,
this constitutes an unobservable interchange of identical particles,

and is excluded by the above definition, Burke and Schey (1962)
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have used the alternative nomenclature "spin-flip cross-section"

to describe Qe; although this makes it clear that the exchange of
identical spins is excluded, we have preferred to retain the term
"spin-flip cross-section" for the description of the total scatter-
ing cross-section by any process which reverses the spin direction
of the scattered electron, including thereby possible contributions
from spin orbit interactions (see, e.g. Kessler, 1969).

The dependence of Q_ on the singlef and triplet scattering
amplitudes fl and f3 may be examined by expanding an initial spin
state of the total wave function, in which incident and bound
electrons have opposite spin-orientation, in terms of the
stationary states of the total spin. If the incident electron is
described by |-4), , and the bound electron by [+-‘,;>3 , the

initial total spin state can be written as
: |
iy = %l = g {iney + Loy}

Scattering into unit solid angle at an angle © will take place with
amplitude f3(9) for the triplet component, and with amplitude

fl(e) for the singlel component, corresponding to a final state

£ = &{ &luod + 4000} .

In terms of the single particle states, this can be written
$7 = S0+ )=al-3) + S0+
folEeteen tf 15,100,



where £.(8) = %(f3 + £;) represents the scattering amplitude with
no interchange of spin coordinates ("direct" scattering), and
fe(e) = %(fj—flj the scattering amplitude with spin exchange.
Thus the possibility of spin exchange scattering depends on a
difference existing between the singlet and triplet scattering
amplitudes.

The direct and exchange total cross-sections are given by

Al Q‘ITI [f,ﬂns‘medt? = (@ +a,+Y)

T
S 5 1“'L Ifelzsfmeﬂle = '-:I(Qz*‘gs“‘()

:hrf(ﬁlf:+ffﬁ)m9 48 . TIn section 3.2. the

interaction of partially polarised ensembles of electrons and

where Y

potassium atoms is discussed in terms of the cross-sections de-
fined here, The available theoretical and experimental evidence

on the magnitude of the electron-potassium spin exchange cross=—

section is summarised im Section 1.2.2.

1.22.2, Previous Experimental and Theoretical Estimates of S

for Potassium,

The total cross-section for spin exchange collision between
electrons and potassium atoms has been measured in three previous
experiments. In each of these experiments the spin-exchange
process was investigated by allowing an ensemble of unpolarised
electrons to interact with an ensemble of polarised atoms, and
observing the transference of spin from one ensemble to the other,

The method by which this transference was observed was, however,
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quite different in the three experiments.

The earliest experiment was performed by Franken et al.
(1958), using a method pioneered by Dehmelt (1958). The
polarised atom ensemble was produced by optically pumping a
potassium vapour cell with circularly polarised potassium
resonance radiation, Since the transmission of the pumping
radiation increased with the orientation of the ensemble of
potassium atoms in the cell, changes in the polarisation of the:
atoms could be monitored by observing the corresponding changes
in transmission, When an ensemble of unpolarised electrons was
introduced into the cell (by an R.F. discharge), a transference
of spin took place, the atoms becoming partially depolarised,
and the electron polarisation increasing to an equilibrium value
determined by the relative magnitudes of the optical pumping rate,
the spin transference rate, and the rate of depolarisation of the
electrons due to spin relaxation effects. The diffusion of
electrons to the walls was inhibited by the introduction of an
inert buffer gas.

A uniform magnetic field Bo was applied to the vapour cell.
When a radio frequency magnetic field was applied perpendicular to
Bo’ its frequency satisfying the relationship

qeBo

(/)
2 im ’
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the electrons were disoriented by electron spin resonance. This
disorientation was in turn communicated to the ensemble of atoms
by spin exchange collisions, and was detected by a further decrease
in the transmission of the pumping radiation, Detailed analysis
of the processes involved showed that the spin exchange cross-
section could be derived from a measurement of the width of the
resonance signal in the transmitted radiation intensity,when ),
was held constant and the steady field was swept through the wvalue

Bo. In this way Franken et al, obtained an upper limit

-8
GQe < 3:0 v H? m?

for the potassium-electron spin exchange cross-section, Because
of the high collision frequency with buffer gas atoms, the energies
of the electrons created by the R.F, discharge were rapidly reduced
to a distribution in thermal equilibrium with the buffer gas

(T = 573 K); the above measurement of the spin exchange cross—
section therefore corresponded to an average electron energy of
about 0.07 eV.

In the experiment of Rubin et al, (1960), the oriented atomic
ensemble was produced by polarising a potassium atomic beam, This
was done by passing the beam through a strongly inhomogeneous
magnetic field (ef., Section 3.3.4.); by suitably rigorous
collimation, a highly polarised beam with a reasonable degree of
velocity selection was obtained. This beam was cross-fired by an

electron beam with an energy spread of about 0.5 eV, the electron
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energy being varied between 0.5 eV and 4.0 eV, No attempt was
made to analyse the scattered electron distribution or polarisa-
tion; instead, the polarisation of atoms scattered through a
given angle was examined by.passing them through a second
inhomogeneous magnetic field. By observing the depolarisation
of the atoms as a function of the atomic scattering angle, and
relating this to the corresponding electron scattering angle
(uniquely determined if both atomic and electron velocities were
known), the ratio of the differential spin exchange scattering
cross~section to the total differential cross-section was determined.

Because of mechanical limitations, it was not possible to
carry these measurements to very high scattering angles. It was
therefore necessary to make some assumptions about the behaviour
of the differential cross-sections at high scattering angles in
order to obtain the ratio of the total spin exchange cross-section
Qe to the total elastic scattering cross-section Q. Depending on
the nature of these assumptions, upper and lower bounds were
placed on the absolute value of Qe by comparison with measurements
of @ made by Brode (1929)., Recent measurements (Collins et al.,
1968) have suggested that Brode's values for the total elastic
scattering cross-section Q were a factor 2 too large; the limits
given by Rubin et al, should therefore be divided by two. The
corrected values for these limits, with the average electron energy
at which they were determined, are given in Table 1.1.

The experiment of Farago and Siegmann, (1966), the development

of which constituted the present work, also used a polarised



Electron Qe (lOHlez)

energy Lower Upper
(eV) bound bound
0.5 : 0.43 0.8
1.0 Q.27 0.8
2.0 0.28 , 1.0
3.0 0.22 126
4.0 0.16 0.9

Table 1.1; Experimental results of Rubin et al. (With subseguent

corrections).



atomic beam. Apart from this, it had more in common with the

me thod of Dehmelt. An ensemble of electrons was trapped by a
combination of electric and magnetic fields (see Chapter 2) in a
region through which the polarised atomic beam was flowing. Since
a given atom only spent a short time (~20ps) in the interaction
region, the polarisation of the atomic ensemble was effectively
undiminished by the interaction; the electrons, on the other hand,
were retained in the interaction region until the probability of a
given electron suffering a collision with a potassium atom approached
unity. The electrons were then extracted from the interaction
region, and their polarisation was analysed by Mott scattering
(see Section 3.3.).

By varying the time for which the electrons were trapped in
the interaction region, and measuring the electron polarisation as
a functiom of this trespping time, the rate of transfer of spin
could be observed directly. One disadvantage that this method
suffers from is the necessity for an absolute measurement of the
atomic beam density in the interaction region, the estimation of
which results in a large uncertainty in the value of Qe. However,
it is undoubtedly the most direct method of observing the total
spin exchange cross-section. The value obtained by Farago and

Siegmann,with an average electron energy of about leV, was

& = [1LE0k o
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The only currently available theoretical results for the
total elastic spin exchange cross-section for potassium are
those of Karule (1965), and Karule and Peterkop (1965). The
latter give values for Qe over a range of energies from
1.8eV to 5.0eV. The calculation by Karule relates to energies
below the excitation threshold, ghe derives the zero energy
limit of Qe, and also gives singlet and triplet phase shifts,
from which values of Qe may be derived in the energy range
0eV to 1l.6eV. In both cases, the calculations employed a
two-state close-coupling approximation.

These theoretical values are presented in Table 1l.2. A
comparison with the previously quoted experimental results
shows that the zero energy limit for Qe given by Karule is
consistent with the upper bound derived by Franken et al. from
measurements on thermal energy electrons. The theoretical
treatment predicts a rapid fall in the spin exchange cross-—
section with increasing electron energy, up to 3eV, some
evidence of a similar trend ma& be discerned in the general
behaviour of the lower bound derived by Rubin et al. (efe.
Tables 1 and 2). However, there are considerable gquantita-
tive discrepancies, for example, at an electron energy of
3eV, the theoretical value of Qe is a factor 3 smaller than

the experimental lower bound.



Electron Qe ( 10_201112) Source

energy (eV)
0.0 212 1
0.4 104 1
0.6 68 1
1.0 39 1
9% 68 27 il
153 21..0 2
2.0 16.6 2
3.0 6.8 2
4.0 Mred 2
5.0 5.8 2

Table 1.2: Theoretical results from (1) Karule, (2) Karule

and Peterkop.



-5 Outline of the Present Experiment

A schematic diagram of the experimental arrangement used in
the present work is shown in Fig., l.l. A potassium atomic beam
issued from a circular sperture in an oven at 583K, and after
collimation was polarised by passage through a six-pole magnetic
field (Section 3.1.). The polarised beam then flowed through the
centre of the electron trap, in which electrons with an energy of
a few electron volts were confined by an electrostatic potential
well and a uniform magnetic field,in such a way that they |
oscillated backwards and forwards across the atomic beam (Section
2l ke The electrons were supplied by a conventional electron
gun, outside the trapping region, and were injected into the trap
by the application of a pulse to one of the electrodes determining
the form of the trapping potential, After a defined trapping
time, in which many traverses of the atomic beam occurred, the
electrons were released from the trap in a similar way. Since
the uniform magnetic field was directed along the electron beam
axis, the electrons were longitudinally polarised by spin-exchange
collisions with the potassium atoms during the interaction time;
because of the rapidity of the transition to a region of zero
magnetic field when the electrons were extracted from the trapping
region, the direction in space of the polarisation vector remained
unchanged.,

The degree of polarisation of the electrons was measured by
Mott scattering analysis (Section 3.3.). The longitudinal

polarisation was converted to transverse polarisation by rotating
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Fle, 1.1: schematic diagram of the present experiment.



the momentum vectors through 90O in an electrostatic deflector;
after acceleration through 50kV, the electrons were scattered
from a thin gold film target, and the asymmetry in scattering at -
an angle of 1200 was measured by allowing the scattered electrons
to fall on two scintillation counters, The intensity of the
atomic beam was measured by a Langmuir Taylor surface ionisation
detector,

The experiment was partially automated to allow the repeti-
tion of a series of polarisation measurements at different trapp-
ing times (Section 3.3.7.). In this way, it was possible to
establish the time constant governing the approach of the electron
polarisation to the equilibrium value, determined by the competi-
tion of spin exchange and relaxation processes. Since the re-
lative magnitudes of these processes could be estimated by com-
paresing the eguilibrium electron polarisation with the polarisa-
tion af the atomic beam, a subsidiary measurement of the number
density bf the atomic beam in the interaction region enabled a
value for the spin exchange cross-section to be derived,

The arrangement outlined above was basically similar to that
proposed by Byrne and Farago (1965), and used by Farago and
Siegmann (1966), The most significant improvement made was the
use of a six-pole magnet to polarise the atomic beam, instead of
the dipole magnet used by Farago and Siegmann. The principal
advantage of the six-pole magnet was its property of focussing
one spin state in the atomic beam and defocussing the other; by
8 proper adjustment of the "optics" of the system (Brash et al.,

1969), it was possible to achieve a polarisation close to unity
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in the interaction region, with an atomic number density more
than an order of magnitude higher than that obtained with the
dipole magnet.

The importance of the increase in atomic beam number density
lay in the fact that the rate at which the electron polarisation
approached its equilibrium value was correspondingly increased
(see Sections 3.2; U.1). 1In the experiment of Farago and
Siegmann, it was not possible to extend the trapping time
sufficiently to determine this equilibrium value; it was there-
fore not possible to establish the importance of relaxation
effects. In the present experiment, it has been possible to
observe convincingly the approach to saturation of the electron
polarisation (see, for example, Fig. L,l); in this way it has
been shown that relaxation effects are probably negligible under
the present circumstances, Values for the spin exchange cross-—
section at three different electron energies have been derived
(Table 4,.,7.); these are in broad agreement with the results
quoted in Section 1.2.2. and confirm the decrease in Q@ with
increasing electron energy suggested there, ;

It was pointed out in Section 1,1. that the purpose of the
present work was not only to derive information on the spin
exchange process directly, but also to examine experimentally the
conditions under which this process could be made the basis of a
usable source of polarised electrons. The polarisation and

average intensity of the electron beam extracted from the electron

trap were limited basically by the properties of the trap, which



are discussed in Chapter 2, TUnder optimum conditions (Section
h.1.4.), it was possible to obtain a pulse containing 105 electrons
with a polarisation of 0.5, at a repetition frequency of 55Hz.

This corresponded to a trapping time of 17ms; since the electron
polarisation was then close to its equilibrium value (Fig.4.6.),

it was possible to reduce the trapping time to 7ms, corresponding
to a repetition frequency of 120 Hz, without reducing the polarisa-

tion below O0.4. These results are fully presented in Chapter L,
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CHAPTER 2

THE ELECTRON TRAP

S DESCRIPTION OF THE ELECTRON TRAP

2.1.1. Theory of Penning Trap with Hyperbolic Electrodes

The general behaviour of electrons trapped by a combination
of electric and magnetic fields can be illustrated by considering
the theoretically simple case in which the electrostatic potential
distribution, rotationally symmetric about the z axis, is described
by 5

G =)

Such a potential distribution can be created by using as electrodes
the surfaces formed by rotating Fig. 2.1 about the z axis (Graff
et al, 1968).

Since the potential distribution on the z axis has the form of
a parabolic well, an electron of energy eV will be trapped between
the limits z = & (\ﬁ%‘ )%, and will perform simple harmonic motion

in the z direction with angular fregquency

o, = (2}
The term in ¢> involving r2, necessary to satisfy Laplace's
theorem, means that an electron on the axis is in a state of un-
stable equilibrium with respect to its radial motion, In order
to ensure radial trepping, an axial magnetic field can be applied;
if this is a uniform field it will have no effect on the axial

motion of the electrons. The radial motion is described by the

equation (Byrne and Farago, 1965)
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where W, is the cyclotron freguency of the electrons in the field

B (wc=%§)

and

Radial trapping can be achieved only if the argument of the first

exponential inside the square brackets is imaginary: that is, if

2 2
We: 1= T =i 0 o

When this condition is satisfied by the more stringent condition

Wz
o < ) o

Eguation 2,1 can be written as

t(We=wp)b tweb

o= ae + be ©
where = Wy’ A
¥ T =

Three periodicities can then be identified in the motion of
electrons in the trap: axial oscillation with angular frequency w,
rotation in a plane perpendicular to the z axis with angular

frequency W, ~ w_, and a precession of the orbital centre of this

D
rotation about the z axis with angular frequency wh.
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2.1.2, The Trap used in the Present Experiment

The system of electrodes used in the present trap is shown
in Fig.2.2. It consisted of a series of discs and eylinders,
which were used to define an approximately parabolic potential
well along the axis, This arrangement was chosen in preference to
the hyperbolic electrode structure partly because of simplicity of
manufacture, but also because in the present case it was desired
to inject electrons into the trap from outside, and to extract them
after trapping, so that a structure open along the axis was in any
case required,

The two outer electrodes were turned from copper, and the
central dises were of stainless steel. The electrodes were
supported on four ceramic rods, their relative spacing and orienta-
tion being determined by quartz tube spacers. A plot of the axial
potential, made using a scale model in an electrolytic tank
(Fig. 2.3), showed that, with appropriate voltages applied to the
electrodes, a close approximation to a parabolic variation could be
obtained over the central region of the trap.

The trap was mounted between the polefaces of an electro-
magnet, as shown in Fig.2.,4, The magnet was capable of supply-
ing a field of up to LOO gauss, more than adequate for radial
confinement of the electrons. A simple electron gun was mounted
on the outside of one of the polefaces, the filament being in a
region of very low magnetic field, A potential difference of 80
volts between filement and polepiece accelerated the electrons,
and they passed at this energy through a cylindrical channel im

the polepiece into the trapping region. The normal axial
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¥ig. 2.3: Electrolytic taznk plot of potential distribution

on trap axis.
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potential distribution is shown in Fig.2.5, from which it will be
seen that the first trap electrode (the "input gate") was normally
held about 1 volt negative relative to the filament; electrons
were therefore reflected at this barrier. Injection of electrons
into the trap was accomplished by applying a positive pulse to the
input gate. This pulse was of sufficient magnitude to open the
gate to electrons, which were then reflected by the third electrode
( the “"output gate"). On closure of the input gate, electrons
between the two gates were trapped; they were released after a
predetermined trapping time (ranging from 0.25 ms to 18 ms.) by
the application of a positive pulse to the output gate. The
ejected electrons were accelerated towards the other poleface of
the magnet, again at +90 volts relative to the filament; passing
through an aperture in this polepiece, they were further acceler-
ated in two stages to 3 kilovolts, and injected into the electro-
static deflector which preceded the Mott scatterer. The seguence
of pulses applied to the trap electrodes is shown in Fig. 2.6.

2:1.5. Normal operating Conditions of Trap

To simplify the analysis of the interaction between the

trapped electrons and the potassium atomic beam, it was desirable
that the electrons should have insufficient energy to undergo in-
elastic collisions. Since the threshold for the first excited
state of potassium is 1.6eV, the nominal trap depth ( the
difference in potential between the gates and the centre electrode)

was chosen to be 1.5 volts, The axial potential in the central
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region of the trap was thus approximately described by
¢ = -Az*,

withleA s =5 ot e (see Fig. 2.3).
The angular frequency of axial oscillation of electrons in the

trap was then

1.0 x 108 3-1

wZ

The minimum magnetic field necessary for radial confinement was

(from Equation 2.2)

-3
Bmir\. lo T"

il

For reasons given in Sect, 2.2.1, the magnetic field in the trap

was normally restricted to 6 x fI.D'_3 T'"; for this field

w, 1.1 x 102 g1

w0 '
Simceli—t Ay = 0»] Equation 2,3 was also satisfieds

The precession frequency was given by

w? - "%' ~ S X 106 S—

An electron trapped for 10 milliseconds would therefore under-
g0 3.4 x.105 traverses of the interaction region; during each
traverse it would perform approximately five cyclotron orbits in
the radial plane, and the centre of these orbits would precess

around the axis through about 90,
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2,2.  Measurements of Trapped Current

2.2.1 Dependence on magnetic field

Initially, the behaviour of the electron trap was examined
by collecting in a Faraday cup the emergent electron beam
(Fig.2.7). In order to ascertain that the electrons had not come
straight through the system but had in fact been trapped, it was
verified that the current disappeared unless both input and output
pulses were applied to the eppropriate electrodes. This traﬁped
current was measured as a function of several of the experimental
parameters, and some curious features emerged. The most important
of these is illustrated by the experimental plot of trapped current
versus magnetic field strength, shown in Fig.2.8: the current
was found to depend strongly on both the magnitude and the
direction of the magnetic field, rising to a sharp maximum at
around 6 x 10> T , and falling off rapidly for higher fields.

It had been expected that the trap would function more
efficiently at high fields, since radial confinement would be more
stringent, and losses due to radial diffusion reduced (see Sect.2.L).
An earlier trap, of basically similar design (Farago and Siegmenn,
1966) had behaved satisfactorily with a field of 3 x 10 -~ T .,
The suspicion therefore arose that the decrease in current at high
fields was not directly related to the trapping, but might be due
to losses in the electron injection or extraction processes. This
suspicion was confirmed by the measurements shown in Fig.2,9. The

three trap electrodes were raised to +8 volts, and the current
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passing straight through the trep plotted as a function of magnetic
field. The similarity of form between the curves in Figs.2.8 and
2,9 left no doubt that the dependence on magnetic field was not a
conseguence of the trapping of the electrons.

Quite apart from improvements in trapping efficiency, it was
desirable to have a relatively high magnetic field in the inter-
action region in order to decouple the nuclear and electronic
spins in the potassium atoms (see Sect.3.1.4). It had been hoped
that a field of 2 x '.1.0_2 T could be applied; in this the effective
atomic beam polarisation would be j>?5%. In such a field, however,
the trapped current was reduced to ~ 6% of its maximum value, and
was so low that polarisation measurements would be complicated by
the difficulty of distinguishing signal from background. Further-
more, if the losses were occurring after the trap, the polarisation
measurement would effectively be performed on a very small and not
necessarily repreéentative sample of the trap output.

some further investigation of the cause of this effect was
therefore necessary. This was accomplished by replacing the
Faraday cup which had been used to collect and measure the emergent
electron beam, by a scintillating screen, made by depositing silver-
activated zinc sulphide on a mica backing. The electrons bombarded
this screen with an energy of 3 KeV, yielding a visible fluorescent
image of the beesm cross-section which could be viewed from behind.
Only the direct (untrapped) beam was examined in this way; the
trapped currents were too low to provide visible images, and the

background of light from the electron gun filament prevented the
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use of long exposure photography. However, it seemed almost
certain that the same mechanism was responsible for the forms of
the curves in Figs. 2,8 and 2,9, and that any conclusions as to
the reasons for losses in the untrapped beam would apply with
equal validity to the trapped electrons.,

The series of photographs comprising Fig. 2,10 show. the
images produced on the scintillating screen by the electron beam
at various values of the magnetic field. On examing these images,
it became clear that the primary reason for the decrease of current
with increasing field was the increasing divergence of the electron
beam. For fields of up to 6 x 10“3 T, the beam was confined to a
diameter of about Smm., and increased steadily in intensity. As
the field increased further the beam "blew up'; the highly diffuse
image became increasingly eccentric and distorted; and at a field
of 4 x 10-2 T it was no longer visible,

When the loss of current at high fields was first observed,
the injection of the electron beam through the polepiece into the
magnetic field had been considered a likely source of such a
field dependence., The maximum current which can be passed through
the cylindrical aperture of radius a (Fig.2.4), for a given
accelerating voltage V, is obtained in the special case of
Brillouin flow (see, e.g. Pierce, 1954, p.152); in this case

the beam is parallel, and the necessary magnetic field is given

by
L
B = lbmV \?
3eol? !

where e and m are the electron charge and mass respectively., If
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(e): B= Z6x107"T

Pig. 2.10: Beam crossegection at spin-twisterentrance.
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the magnetic field is increased beyond this value, the beam which
emerges from the aperture in the polepiece is no longer parallel,
but periodically converging and divefging along the axis; the
current is also reduced. Thus a dependence of current on magnetic
field similar in form to that found experimentally is predicted,

In order to obtain pure Brillouin flow, the electric field in
the region between cathode and polepiece must be carefully shaped
so that the electron beam is parallel when it enters the magnetic
field., In the present case, electrons entered the transition
region of the magnetic field with a considerable angular spread,
so that the theory of Brillouin flow cﬁould not be exactly applied.
Nevertheless, it seemed likely that the dependence of the current
on the magnetic field would exhibit the same general features: 1n
particular, that for a given accelerating voltage there would be an
optimum magnetic field corresponding to a maximum transmission of
current through the aperture, In fact, for an accelerating volt-
age V = 80 volts, the maximum current was obtained at a field of

2 T,compared with the optimum field of 1.6 x 10”2 Ty LoD

6 x 100
Brillouin flow through the aperture (a = 3mm).

However, the steadlly increasing divergence of the beam with
increasing magnetic field, revealed by the scintillation screen
observations, seemed more likely to have arisen at the second pole-
piece, After leaving the trap, the beam entered this polepiece
through another aperture, The axial component of the magnetic

field dropped rapidly to zerec (Fig. 2.11), implying the existence

of a significant radial field component, An estimate of the beam
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divergence caused by this transition field may be obtained by
considering the somewhat simplified case illustrated in Fig.2.12.
It is assumed that the magnetic field has uniform magnitude Bz at
every point in the plane of the poleface, and has decreased to zero
at every point in a parsllel plane a distance d from the poleface,
Applying Gauss's theorem to the volume bounded by these two planes

and a cylindrical surface of radius r coaxial with the beam:

[eoas -0

CLOSED SURFACE

' 2 o= ~
Lo Tre'B, = Amed B, (2.1)

where EP is the average value of the radial field component over
the cylindrical surface,

Consider now an electron which enters the aperture at a radial
distance r from the axis, with a velocity v; parallel to the axis,
It will experience a deflecting force due to the radial component
of the magnetic field: the average force, over the distance d

within which the radial field exists, is given by
B a5 eV By

(assuming that the deflection O is small), The electron will

therefore acquire a transverse velocity ‘Vé s given by

@ = d o odE
ds e LBags L et



9 A tane ’\_f:g = ed Br 3
Nz ™V,

This axial velocity 'V"z can be expressed in terms of the accelera-

ting voltage between cathode and polepieces

a - ()

using the relationship (Eqn.2.L) between Ev and B , we obtain

finally an expression giving the deflection in terms of the known

fieldss

2l
e 2
& et a——
P (?MV) it Bz : (2.5)
If we consider an initially parallel beam of 2mm. radius
entering the aperture, and take V = 80 volts, B = 6 x ZL()"3 TS
we find that

g & O-2 vodians %« l’lo,

for an electron at the surface of the beam, Since the deflection
is proportional to r, the central region of the beam will remain
relatively parallel, but as the magnetic field increases, the
whole beam will spread out. The effect is clearly strong enough

to explain the observed divergence of the beam,
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For a given magnetic field Bz’ Equation 2.5 states that
L
5] o« vV ?

The divergence may therefore be reduced either by reducing the
diameter of the beam at the aperture, or by increasing its
velocity. In the present case, it did‘not seem possible to reduce
the beam diameter without incurring further loss of current. - The
possibility of increasing the beam velocity, by increasing the
potential difference between the filament and the second pole-
piece, was considered; unfortunately, since the two polepieces
were electrically connected by the trap vacuum chamber, this also
implied an increase in the acceleration voltage between filament
and first polepiece. As this latter voltage was increased beyond
the optimum value for the given magnetic field, an increasing
fraction of the electrons emitted by the filament would be collected
on the first polepiece, instead of being channelled through the
aperture by the magnetic field,

A compromise was obviously required between the conditions
for optimum injection through the first polepiece, and those for
optimum extraction through the second. To establish the best
compromise, the beam current Iﬁ was measured as a function of
magnetic field B for several values of accelerating voltage V.
Fig.2.13 shows the maximum beam current obtained in each case,

plotted against the accelerating voltage. Simultaneous
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measurements were made of the current collected on the pole-
piece (IA)’ and these are shown on the same graph. Since only
a small fraction of the current emitted by the filament did in
fact pass through‘the aperture in the polepiece, IA may also be
taken as the emission current of the gun; it increased con-
tinuously with V, showing that, at the filament temperature used,
the electron gun emission was space-charge limited. The beam
current, collected as usual in a Faraday cup beyond the second
polepiece, increased with incressing V up to 80 volts, and then
dropped sharply.

It was therefore decided to operate the system with an
accelerating voltage of 80 volts. To achieve maximum beam

3

current, a magnetic field of 6 x 10 ° T was then required in

the trap., As previously explained, this was undesirably low
from the point of view of the hyperfine compling in the potassium
atom. It was found that the field could be increased to about
RS - 10_2 T before the currént decreased to such an extent that
polarisation measurement was no longer possible; in practice,
however, fields above 10-2 T were not used, since it seemed
possible that the increasing divergence of the beam, revealed by
Fig, 2.10, might result in a significant degree of depolarisation

due to scattering and secondary emission in the spintwister and

accelerator.
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2.2.2 space Charge Limitations in the Trap

The graph of average trap output current against magnetic
field previously given (Fig. 2.,8), showed a maximum current of

=11 3

10 emps at a field of 6 x 10

T. This was a typical value
of maximum average beam current. Under certain circumstances,
it was found possible to obtain considerably higher currents;

in particular, when the electron gun was switched on after a
pegt! of several days, the current was initially high, and
decreased steadily for several hours before reaching a stable
value. The untrapped electron beam also displayed this
behaviour, which seemed to be due to variations in the efficiency
of injection through the first polepiece. The explanation might
lie in the temporary increase in pressure in the gun region when
the filament was newly heated, resulting in a temporary improvement
in injection efficiency due to space-charge compensation by out-
gassed ions,

In these measurements, the trap was operated with a repetition
frequency of 3kHz. An average current of 10“11A was therefore
equivalent to 2 x 10h electrons from each trap output pulse. This
provided an adequate counting rate for Mott scattering analysis of
the polarisation (see Sect.3.3), but if the apparatus were to be
usable as a source of polarised electrons for future experiments,
an increase in the number of electrons contained in the trap was
highly desirable, An upper limit to this number was set by space-
charge considerations, the containing forces due to the applied

fields being counteracted by the mutual repulsion of the electrons,

To obtain a rough estimate of this upper limit under the present
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circumstances, the change in axial potential in the trap due to
the presence of a cylindrical space-charge cloud of uniform
density was calculated. The radius of the cylinder was taken to
be 2mm,, and the length 10mm,; it thus nearly filled the central
region of the trap.

The results of these calculations, with a diagram illustrat-
ing the simplified situa_tion for which they were derived, are
given in Fig. 2.1Lh. The original potential well was taken to
have a depth of 1,5 volts. With a charge density of 1.3 X 10-6Cm._3
in the defined trapping volume, corresponding to a number of trapped
electrons N = 106, the well retsined an approximately parabolic
shape, the potential at the centre rising by 0.6 volts, and the
well depth dropping to just over 1 volt. For. N = 5 X 106, the
potential at the centre h:ad rigsen to 1,8 volts, and was almost
uniform throughout the trapping volume. Further increase in the
density of trapped electrons was not possible, as can be seen from
the curve for N = L4 x 106: the net electrostatic forces at the
edge of the space-charge cloud were now directed away from the
centre, so that the electrons were no longer trapped.

The assumption of uniform charge density in the trapping
volume implied a particular distribution of electron kinetie
energies; the limiting case, for which the axial potential
throughout the trap was uniform,could be achieved only if all the
electrons were stationary, In practice, of course, the situation

would be much more complicated. The charge density of the

electron cloud would vary continuously throughout the trapping
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volume ; the precise nature of this variation would depend on the
energy distribution of electrons in the trap, which would in turn
depend on the method by which the electrons were injected into the
trap. In the present case, the electrons were of such an energy
that they were normelly completely reflected by the closed input
gate, which was at a potential of 1,5 volts relative to the centre
of the trap. It was therefore energetically impossible for
electrons to exist in the trap in a region where the potentisl
exceeded 1,5 volts; from Fig.2.lh, it may be seen that values of
N »>2x 106 were thus excluded.

The conclusion drawn from these considerations was that the
limit set by space charge effects on the number of electrons which
could be contained in the trap was of the order of 106. The
typical experimental value of 2 x 1{'.:*"[L electrons per output pulse
was therefore well below this limit, Even allowing for the loss
of a considerable fraction of the electrons during extraction, it
seemed unlikely that sufficient electrons had been trapped to
appreciably modify the potential distribution in the trap.

Improvements in the electron gum, and in the method of filling
the trap, might therefore be expected to increase the trapped
current by an order of magnitude, Further improvenent would
depend on modification of the trap itself. The space~charge limit
could be raised by increasing the trapping volume; to achieve a
significant increase, a "merged beam" type of arrangement would be
desirable, in which the atomic beam could be fired along the axis

of the trap rather than across it (Fig.2.15). Such a system is
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at present under construction in this laboratory. The length of
the trapping volume, and therefore of the interasction region,
could then in principle be increased up to the limit set by

depolarisation of the atomic beam, This limit may be estimated

by noting that the total spin angular momentum carried out of the
interaction region by the electron beam in unit time cannot exceed
that carried into the interaction region by the atomic beam, In
order to achieve high electron polarisation, the atomic beam
polarisation must remain close to unity throughout the interaction
region; this implies that only a small fraction of the total flux
of spin angular momentum carried by the atomic beam may be trans-
ferred to the electron beam. If the number of atoms entering the
interaction region per unit time is IA’ and the average number of
electrons leaving the trap per unit time is IE’ high electron
polarisation can be achieved only if IE‘KLIA' In the present case,
IA ~ 1012 atoms s-l, so that the highest average current of fully
polarised electrons which could be achieved with such a beam is
ﬁfloth. With a repetition rate of SOHZ, this would correspond
to 5 x 108 electrons per output pulse, It therefore appears that
the number of trapped electrons could be increased by several
orders of magnitude before depolarisation of the atomic beam
became serious.

The number of electrons which can be trapped in a given
volume is approximately proportional to the depth of the potential
well which confines them, However, if this number is to be
increased by using a deeper well, care has to be taken in the

method by which the trap is filled. The space-charge limit can
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only be approached if the average kinetic energy of the electrons

in the trap is very low; (in the present experiment, the require-
ment of low kinetic energy was also necessary in order to ensure
that only elastic collisions between electroﬁs and potassium atoms
occurred) . The simple method of injecting electrons into the trap
described in Section 2.1.2 would almost certainly lead to a con-
siderable distribution of kinetic energies; 1in a deep well, a large
fraction of the electrons would have energies well in excess of the

excitation threshold.
Krisciokaitis and Tsai (1969) have suggested that a deep well

may be filled with low velocity electrons by continuously modifying
the potentials on the trap electrodes, as the filling proceeds, in
such a way as to counteract the changes in potential due to the
accumulating space charge. The scheme which they proposed involved
a gradual.increase in the potentials of both filament (VF) and in-
put (VI), the potentials on the trap centre and the output gate re-
maining constant (see Fig.2.16)., At an intermediate stage in the
filling process, the potential at the centre of the trap would have
become ¢rvolts more negative due to the space charge by then
accumulated in the trap. If the rﬁte of change of filament
potential VF were not greater than the rate of change of(b, the
kinetic energies of the electrons entering the trap would remain
low throughout the filling process.

The same result could be achieved by a gradual change in the
potential Vo on the central trap electrode, all other potentials

being held constant (Fig.2,17). As the bottom of the potential
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well was lowered, electrons in the central region of the trap

would lose energy, and become trapped; if the rate of change of
Vg were matched to the rate of accumulation of trapped electrons,
the increase in the potential difference (V, - Vc) between fila-
ment and central electrode would be compensated on the axis by the
increase in space-charge potential(h; The well could thus be

made very deep without increasing the kinetic energy of the trapped
electrons,

The rate at which such a filling process could be carried out
would be determined principally by the rate at which electrons
could be supplied to maintain the condition of space-charge
saturation in the trapping region. If the rate of change of the
applied potential were too rapid, the equilibrium distribution of
the space-charge would be upset, resulting in an increase in the
average electron kinetic energy. In practice, the optimum filling
rate would have to be determined empirically. At present, this
method is being tested on the trap previously described, in an
attempt to increase the final trap depth to 100 volts. If this
can be done withqut increasing the average electron kinetic energy
beyond 1leV, the trap should be capable of containing 108 electrons,
The extension of the method much beyond this point would be use-

ful only if the intensity of the atomic beam could also be

increased,
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25, Electron Energies in the Trap

2.3.1 General Considerations

One of the aims of the present experiment was to
investigate the energy dependence of the cross-section for spin-
exchange collisions between electrons and potassium atoms. This
was to be done by measuring the polarisation of the electrons as a
function of the depth of the potential well in which they had been
trapped during their interaction with the atomic beam, In order
to interpret the results of these measurements, it was necessary
to know the distribution of electron kinetic energies in a potential
well of a given depth.

In the following discussion, the effects of space charge in
the trap are neglected. If the trap were filled to the space-charge
limit, the effective depth of the well, and therefore the maximum
possible kinetic energy, would be greatly reduced; however, the
measurements quoted in Section 2.,2.2 showed that, under normal
experimental conditions, space charge effects were not significant.

Consider an electron trapped in a statiec potential well of
depth D volts, as shown in Fig. 2.18. It is convenient to choose
the potential on the axis at the centre of the trap as the zero
of potential, If the electron has momentum p at the centre of
the well, with components D, and Py parallel and transverse

respectively to the z axis, the fact that it is trapped implies
that

ze - <Alenl,



Fig. 2.18: Energy levels of an electron in a potential well

of depth D.
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This does not yield information directly about the total energy,
since the transverse momentum p; can have a range of values up to
the 1limit set by the maximum permissible cyclotron orbit radius.
In practice, however, the potential difference between the cathode
of the electron gun, and the trap input gate was set so that, with
the input gate closed (as in Fig. 2.18), all electrons were reflected.
The electrons with the highest possible axial momentum would be
those with maximum total energy, and no transverse momentum; since
these were unable to surmount the barrier of the closed input gate,
it could be deduced that the maximum kinetic energy of electrons in
the trap was less than |eD| .

The total energy of a trapped electron with purely axial
momentum can then be represented on Fig. 2.18 by a horizontal line

E volts above the bottom of the well: +this total energy is

2
R

A =

If such an electron undergoes an elastic collision, either with a
potassium atom or with a residual gas atom, the magnitude of its
momentum will remain unaltered, but its direction will change,

It will thus acquire a transverse momentum component, and its axial
momentum will decrease, The electron's axial motion will now be
characterised by a lower level in the potential well ( that is, it
will oscillate over a more confined region of the z axis); this

!
level will be & volts above the well bottom, where

(=t
et == 5
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and P, is the new axial component of momentum at the centre of the
trap. The total kinetic energy at this point is, of course, un-
changed. After a large number of elastic collisions, an ensemble
of such electrons, initially having purely axial momentum, will
have their momentum vectors randomly distributed in momentum
space; this corresponds to a continuous distribution of levels

in the trap of Fig. 2,18 from € volts down to zero. Those at
the bottom of the well will have no axial momentum, and will be
performing cyclotron orbits at the centre of the trap, with
orbital kinetic energy e é electron volts,

The experimental situation was complicated by the fact that
the electron beam used to fill the trap was neither monoenergetic
nor parallel, Electrons whose momentum vectors were equal in
magnitude, but at different angles to the axis, would occupy
different levels in the well, corresponding to differences in
their axial momentum components., ‘The thermal spread in the total
energies of electrons emitted by the filament would, of course, be
reflected in a range of momentum magnitudes as well as directions;
changes in total electron energy would result from the time
dependence of the potential distribution during the trap filling
and emptying processes,

Over the interaction region, the axial potential did not vary
with z by more than 10% of the well depth, The kinetic energy of
the electrons at the centre of the trap was therefore taken as the

approximate average kinetic energy of interaction with the atomic
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beam, In estimating this average kinetic energy, and the width

of the energy distribution, reliance was placed as much as possible
on direct measurements on the electron beam, rather than on
theoretical computations. The principal reason for this was that
factors such as contact potentials, charging of insulating surfaces,

and finite mechanical tolerances in electrode construction and
alignment, whose magnitudes were difficult or impossible to
estimate, seemed likely to play a significant role in determining
the behaviour of the electrons. In addition, the thermal spread
of electron energies (of the order of 0.5 eV) limited the accuracy
with which the energy dependence of the spin-exchange cross-section
could be measured; thus the somewhat unrefined measurements
presented in the following sections provided as much information as
could be meaningfully used in interpreting the results of the

electron polarisation measurements,

2.3.2 Measurements on the Untrapped Beam

The energy spread of the electron beam which was injected

into the trap was investigated.by allowing the beam to pass freely
through the trap, then stopping it by gradually applying a retarding
.potential to one of the trap electrodes. The graph in Fig.2.19
shows the results of such a measurement: the untrapped beam current
is plotted against_the difference between the potential, Vo,

applied to the putput gate electrode, and the nominal filament
potential (teken as zero in this discussion), The curve in
Fig.2.20 was obtained by differentiating that in Fig.2.19, and gives

en indication of the spread of components of axial momentum in the
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beam, In these measurements the other two electrodes were
mgintained at the nominal filament potential.

gince only a small fraction of the electrons emerging from
the filament could have thermal energies greater than 0.5€V
(corresponding to approximately 2kT), the fact that a retarding
potential of over 2 volts appeared necessary to stop the electrons
indicated that the region of the filament from which the electrons
were principally emitted must be over 1 volt more negative than
the nominal applied potential, Such an effect could be ascribed
to contact or thermal E.M.F's in the electron gun; the magnitude
of the apparent shift certainly increased with the temperature of
the filament,

Of more serious consequence in the experimental analysis, was
the observation that a more negative potential was required on the
central electrode to stop the beam than sufficed on the outer
electrodes (see Fig.2.21). This suggested that the potential on
the axis at the centre of the trap was more positive than that
applied to the central electrode (V_). Since this electrode was
in fact a fairly open structure of two discs with large apertures
(Fig.2.4), the field at the centre could have been influenced by
the large positive potential (80 volts) applied to the walls of
the trap chamber, or by the relatively positive potential Vo applied
to the outer electrodes in these measurements. In order to obtain
a reasonably accurate estimate of the depth of the axial potential
well, it was necessary to disentangle these effects, for although

the former would remain unaltered when the electrode potentials
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were adjusted to create a trapping potential well, the latter
would reverse in sign, and its magnitude would be proportional
to the nominal trep depth,

To establish separately the magnitude of the effect due to
the potential difference (vc = VO) between central and outer
electrodes, the measurement of beam current as a function of
central electrode potential was repeated, with the outer electrodes
first at +2 volts, then at +5 volts (relative to the filament -
potential), The results are shown in Fig. 2.,21. The potential
vcs required to completely stop the beam was plotted in Fig,2.22

against the potential difference vc - VO; as expected, a linear

8
dependence was found, By extrapolation, it was estimated that

it vcs - Vo were equal to zero, the electron beam could have been
stopped by a potentiai of -2,5 volts on the central electrode, In
that case, of course, the outer electrodes would be at the same
potential, and no correction could be necessary on their account,

The remainder of the discrepancy between the stopping
potentials on central and outer electrodes, amounting to about 0.5
volts, was ascribed to the effect of the high potential on the
chamber walls, It was then possible to calculate the actual
depth of potential well created by a given set of electrode

potentials, If, for example, these potentials were

<
1

I -2 volts on the input gate,

<
I

+1 volt on the central electrode,

5
o
<
o
il

=2 volts on the output gate,
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further extrapolation in Fig, 2.22 showed that, for Vc - Vo = 3 volts
the axial potential at the centre of the trap was made 0.5 volts
more negative than Vc by the influence of the outer electrodes.,
Taking into account also the influence of the potential on the
chamber walls, which alone would have rasised the axial potential
by 0.5 volts, it appeared that in this case the corrections
cancelled, and the actual well depth was just

D = V. - vo = 3 volta.

(
If, on the other hand, the potentials on the electrodes were

Vi = =1.,5 volts
Vc = 0.0 volts
and VQ = —10 5 VOltB,

a similer treatment showed that the actual well depth was given by
D = Vc -'Vo + 0.3 = 1,8 volts

General confirmation of these deductions was provided by
electrolytic tank and resistance paper plots of the potential
distribution near the trap centre (see, for example, Fig. 2.23).
More reliance was placed on the measurements quoted above, however,
since the changes in potential being studied were only of the
order of 0.5% of the potential difference between the central
electrode and the vacuum chamber, and there were several possible

sources of systematic error of this magnitude in the apparatus

available for analogue measurements.
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2,3%,3, The Effect of Closing the Input Gate

The measurements displayed in Fig. 2.20 revealed a spread of
components of axial momentum in the electron beam passing through
the open trap. In order to deduce the range of energy levels in
the potential well which would be populated by this beam when the
trap was closed, the effect of the change in the input gate
potential on the energy of the electrons had to be taken into
account. The nature of this effect depended on the rate ab which
the gate was closed; in the present case, the change was adiabatie,
in the sense that the time taken to close the gate was loné compared
with the period of axial oscillation of a trapped electron,

To estimate the magnitude of the effect, some simplifying
assumptions were made, Reverting to the convention that V = 0
at the centre of the trap (2 = 0), it was assumed that at any
intermediate stage in the closure of the trap, with a constant
potential vo on the output gate and an instantaneous potential
Vi'< VO on the input gate, the potential well was represented by

two parabolic curvess

il
<
Q
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<
—
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V=V1(%)z T )

(see Fig., 2.24). When the input gate was fully open (VI =0),
an electron emitted from the filament with total energy E = e

in such a way that it entered the region of uniform magnetic field



Fig. 2.24s Simplified potential distribution in partly closed trap.

A A
10

02+
0'b-
O‘fl-'

oa-L

\ .
1 } E !

i } e
o2 Osly o~-f 0% iJO e

Fig. 2.25; Effect of closure of input gate on relative energy

level o .



2-303. 46'

with purely axial momentum, would be reflected at the output

gate if E < eV, , and would oscillate between cathode and out-
put gate. Since in this state it would spend only a small
fraction of its time in the neighbourhood of the input gate, it
was assumed that the changing potential on this electrode would
have a negligible effect on the energy of the electron until it
became trapped. This would therefore occur when Vi = €&.
Subsequent to this, the electron would oscillate in the potential
well between input and output gates; a considerable fraction of
its time would now be spent in the region of varying potential,
so that as the input gate was further closed the total energy of
the electron would increase. Under the assumptions detailed
above, it was shown (Appendix 1) that when the input gate was
completely closed.(VI =V, = -D), the total energy of the trapped

electron would have increased to a wvalue
D il
/ D\a2
e = et = teg1+ (g)].

L€l
In terms of the parameter A = T;- s, describing the total

energy as a fraction of the maximum possible total energy for a

trapped electron, the final energy level is given by

el’ s lEl ..'.-)‘

D

This function is plotted in Fig, 2.25; Fig. 2.26 illustrates the
effect of the gate closure on a series of originally equally

spaced energy levels.
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These considerations were applied to the measured energy
level distribution of the untrapped beam, given in Fig, 2,20,
in order to predict the resulting spread of energy levels in a
trap of depth D = 3 volts. The original distribution is shown
as a function of ol in curve A of Fig, 2.,27; curve B shows the
distribution to be expected after the input gate was closed.
In this case the electrons may have additional energy associated
with transverse momentum, and this must be borne in mind when
interpreting these distributions. The average energy of axial
motion at the centre of the trap corresponded to o & 075,
or E % 2:2eV ; transverse motion could increase this some-
what, but since the maximum energy in the trap was 3eV, the
change in the average energy could not be large.
2.3.4 Energy Analysis of Trapped Electrons

It was desirable to establish the validity of these

predictions by measuring the energy distribution of the electrons
ip the trap direétly. To do this, a method based on that of
Graff et al. (1968) was adopted. A negative pulse was applied
tp the central electrode of the trap at the end of the trapping
period, of sufficient magnitude to reduce the trap depth to a
fraction Y of its initial value D. All energy levels in the
well were raised to some extent, and those above a certain level
gained enough energy to escape from the trap. With the central
electrode potential maintained at the new value, a small positive

pulse was applied to the output gate, releasing electrons in a
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further narrow range of energy levels, Only these latter
electrons were counted; by keeping constant the magnitude
of the pulse applied to the output gate, and varying the magnitude
of the pulse applied to the central electrode, the entire range of
energy levels could be scanned,

The results of measurements taken in this way are shown in
Figy 2:28, In this case the nominal trap depth was 3 volts, and

AV, = 0.5 volts., The three curves correspond to trapping

times of 0.3 ms., 3.0 ms., and 6,5 ms.; the ordinate is pro-
portional to the number of electrons released by the 0.5 volt
pulse on the output gate, after the bottom of the well had been
raised by a pulse whose magnitude was given by the corresponding
abscissa. From the considerations of Section 2,3.,2, it was
expected that the actual depth of the potential well in this case
would not be significantly different from the 3 volt potential
difference between central and outer electrodes, The small
residue of electrons which were still apparently trapped after
the central electrode had been made more negative than the outer
electrodes ( AV, > 3 volts), may have been retained in the
small potential dip at the trap centre caused by the potential
on the chamber walls,

To interpret these curves in terms of the distribution of
electron energies in the trap prior to the application of the
pulse to the central electrode, it was necessary to consider the

effect of these modifications of the potential well on the energy
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of a trapped electron. The details of these considerations,
which involved approximations similar to those of the previous
section, are given in Appendix 2; only the results are presented
here, It was found that if the pulse applied to the central
electrode reduced the trap depth from D volts to YD volts, an

electron whose energy level in the original well corresponded to

et
B ey

!
would be raised to a level & volts above the bottom of the new

well, where

£ = pL‘F_.

4 (x
Expressing € as a fraction of the new trap depth D = pD,

the new energy level corresponded to

: l¢] prlel %
P 7 pD = {3

An electron at a level @ im the original trap would be
released from the trap by the pulse on the central electrode, if
: I
the corresponding B = &=, Phus all electrons whose original

energy levels were above that’' for ghich
|

ﬁ = (3‘ = P-f

would be ejected from the trap.
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If the output gate were subsequently partially opened by a
pulse of amplitude

AV, = 8D,

electrons would be released if their energy levels in the original

trapping well were above that for which

gl = ‘ﬁ%ﬁi + (p-8)* ]

»
1"

For the measurements shown in Fig,2.28, in which D = 3 volts and
AV, =0.5 volts, § =0.17. InFig. 2.29, @, and g,
are shown as a function of Y for this case, The width of the
range of energy levels ( 8, —@, ) released by the pulse dD

on the gutput gate, after the application of the pulse }JD to
the central electrode, was clearly dependent on p ; this
dependence is shown explicitly in Fig. 2.30.

The results given in Fig. 2.28 were reinterpreted om the
basis of these considerations, to give the energy distributions
over the levels of the original trap shown in Fig. 2.31. KEach
measured point is now represented by a bar, the length of which
gives the range of energy levels released in each measurement,
The ordinate is proportional to the number of electrons counted
per unit range of energy levels. The curves are drawn so as to
be consistent with the averages implied by the bars; they are
not unique in this respect, and are merely intended to indicate

the probable outline of the energy distributions. In all the
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distributions, a maximum is apparent around (@ = 0.7, as
suggested by the measurements on the untrapped beam. From the
broad range of energy levels occupied in the trap, it was only
possible to draw the conclusion that the average value of ef

in the trap was

eé %= qeN;

taking into account the additional kinetic energy associated with
the transverse momentum of the electfons, the average kinetic
energy at the centre of the trap was probably somewhat nearer to
3eV,

It was not found possible, in practice, to carry out an
energy analysis in the manner previously described, if the
emplitude of the pulse applied to the output gate was reduced
below 0,5 volts, The principal limiting factor was the decrease
in current as the width of the "window" was reduced. This made
the method unsuitable for analysis of the energy distribution in
a potential well only 1.8 volts deep. In the latter case, a
modified scheme was adopted, in which, after the negative pulse
had been applied to the central electrode, a pulse of +3 volts am-
plitude was applied to the output gate, and all the remaining
electrons in the trap were ejected and counted. The curve shown
in Fig., 2.32 was obtained in this way; from it, the energy
distribution of Fig. 2.33 was deduced. The peak of the distribu-
tion was fairly low in this well, and the average value of €&

was estimated to be e

eE %« O0:bLeV, (7~
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As in the previous case, energy of transverse motion would
increase the average total energy, but it seemed probable that
the average electron kinetic energy at the centre of the trap did
not exceed |eV.

The spread in energy of electrons in the trap was perhaps
best expressed by noting that over 75% of the electrons were
found between levels of 1.2 and 2,7 volts in the 3 volt deep well
(a range of 1,5 volts), and between 0.2 and 1,0 volts in the 1,8
volt deep well (a range of 0.8 volts)., The breadth of these
energy distributions allowed only a qualitative investigation of
the energy dependence of the spin exchange cross-section (see
sect, 4,2). In terms of the use of the apparatus as a source of
polarised electrons in further experiments, however, it may be
remgrked that for many experiments at somewhat higher energies,
an energy resolution of under 1 volt would be gquite acceptable.

2.4. LOSS OF ELECTRONS FROM THE TRAP.

2.4.1 Theoretical Discussion

In principle, electrons could be trapped for an indefinite
time without loss in the combination of electric and magnetie fields
described in Section 2.2, In practice, the maximum usable trapping
time was limited by a gradual decrease in the number of trapped
electrons. Measurements of the rate of this decrease are given in
Section 2,42; in this section, possible cause@ are discussed.

In considering the loss of electrons from the trap, it is
assumed that, if the radial distance from the axis of a trapped

electron exceeds some limiting value Ro’ the electron will be
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lost, in the sense that it will not form part of the pulse of
electrons extracted from the trap. The limiting radius R, may
be simply the internal radius of the cylinder forming the output
gate electrode, or it may be the radius of a virtual aperture
determined by the conditions governing the extraction of electrons
from the trap.

Effects arising from relative misalignment of the axes of
symme try of the electric and magnetic fields in the trap were
investigated theoretically by Byrne (1969). He found that such
a misalignment resulted in the electrons acquiring a radial drift

velocity proportional to the degree of misalignment:
\fd”f_t - = 62 w?gbih¢,

where z andcgp are electron axisl displacement and precession |
frequency, as defined in Section 2.1.1, ¢ is the azimuthal angle
end 6O is the angle of misalignment, Since 2z = Z, cosW,k,

the drift velocity changes sign every half period of the axial
oscillgtion in the trap; the radial displacement is thus also

an oscillatory function, with maximum amplitude

AR = nez ().

For the trap previously described in Section 2.1.3, in which

. : g
25 < 8510w, wp = SHO"S', and. W, = o5

AR = & 5uo'3e m
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A misalignment of 10, corresponding to 6 = 0,02 radisns, will
result in a maximum radisl displacement of 10'“m. It is clear
that the diameter of the trapped electron cloud would not be
significantly increased by this effect, unless a substantial and
unsuspected degree of misalignment had occurred,

The effect of elastic electron-atom collisions on the
directional distribution of electron momenta in the trap has
already been mentioned (Section 2.3.1). If a trapped electron
has a transverse momentum Dys it will perform cyclotron orbits

of radius:
Yol = .E.E..
eB

S #

let the guiding centre of these orbits be a radial distance R
from the trap axis. As the result of an elastic collision with
an atom (assumed infinitely massive), R may be increased or
decreased by up to 2¥ , depending on the point in the orbit at
which the collision takes place, and on the direction of the
electron's velocity after the collision. The average transverse
momentum of an electron, after a large number of such collisions,
will depend not only on the total energy E of the electron, but
also on the axial distribution of the collision probability;
if the collisions all occurred at the centre of the trap, the

2

total energy E = %%; would be equally shared among the three

degrees of freedom of translational motion, so that

) —
e
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The mean square radius of the cyclotron orbits would then be

2 = (t%2> = LwmE .
LoD - T 26

The mean square displacement, in the plane perpendiculer to the
z axis, of the guiding centre of the cyclotron orbit,as the

result of a collision,will be

<a?) &Kty

As a consequence of these collisions, electrons will diffuse
radially outwards from the axis, and those passing the limiting
radius Ro will be lost, The rate of loss to be expected from
this cause may be derived by solving the two-dimensional
diffusion eguation

on = 2
e = =D v(ne)n,

- where n 1is the electron concentration, and D the diffusion co-
efficient, For the case of two dimensional diffusion, D is given

by
v v
D = A48y ST i),

where Y. 1is the average frequency with which a given trapped
electron suffers a collision, The nature of the solution of the

diffusion equation depends on the assumed initial and boundary
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conditions on the electron distribution. In Appendix 2, the

idealised case is considered in which the original radial electron
distribution is a delta function centred on = © . It is
shown there that the fraction of electrons remaining in the trap

after a time ¢ is given by

- R

f£(6) = | — e
B
s SNL le M Le3)

The function ;(t) is shown in Fig. 2.34. The time taken for

the population of electrons in the trap to decrease to half of its

initial number is

- R.2
T e b Koo
3 G -

In a potential well of depth 1.8 volts, with an axial
magnetic field of 6 x 1077 T, the maximum electron energy

corresponds to a mean square cyclotron orbit radius

-7
<'f2 s &~ Lx 10O wm .

For a limiting radius R = 3 x 1072 m (the internal radius of the

gate electrodes),

1
Re A=

2
4‘- Moy,

== & Seig - o



WO
10

0+ +

0 T

0L T

0+
@ } t I | v : (éil)k
g i 2 43 b Bl R

Pig.'2,.34: Fraction {(t) of electrons remaining in trap after

time t.
A 2
i
Q (ﬁaig
(lO_ mmz)
) 15+
¥ /
///’
1 N. 2
3 K i /“/%Dnr‘_
j_ = 5
ﬂaw’”““””MHEZL*MMm“#-ﬂ
i
oO t Foer g { e
L2 fy)? o | (V)™

(2) :Massey and Burhop,n30.

(b): Hasted, p.}79.

Pig. 2.35: Total electron collision cross-sections.



AR o

The trapped electrons may collide either with atoms in the atomic
beam, or with atoms of the residual gas. If the corresponding

collision frequencies are \)B and ¥, respectively, then

R
Ve = Yg + VR

The normal density of the potassium beam was &~ 3 x 101M

atoms m —3, and the width of the interaction region A Lmm;
the total cross-section for potassium—~electron collisions at an
~-18 1

electron energy of 1.,8eV is ~ 5 x 10 (see Fig. 2.35),

so that

=%
Ve =2 S RloR S 260 e

If the residual gas pressure were low enough so that bafvg‘

the diffusion of the electrons would be characterised by a time

-[% E; 100 wms ,

From Equation 2.6, <{w?) « E . The aiffusion rate
might therefore be expected to increase with increasing trap
depth, However, ¥, 1is proportional to the collision cross-
section, which is also energy dependent. For example, if the
trap depth were increased to L.5 volts, so that the maximmum
electron energy was increased by a factor 2.5, the corresponding
cross—-section would be reduced by a factor 1,5; the diffusion

rate would therefore only increase by a factor 1.7.
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2,4.2 Measurements of Trapped Current as a Function of Trapping Time

The most striking fact to emerge from an experimental
investigation of the loss of trapped electrons was that the rate
of loss appeared to be unaffected by whether or not the atomic
beam was passing through the trap. The curves in Fig.2.36 show
the average trapped current as a function of trapping time for
several different trap depths, with an atomic beam passing through
the trap; in each case, measurements were also made with the
atomic beam shut off, and the resulting curves were not
significantly different. This implied that, if radial diffusion
were indeed the dominant mechanism for electron loss, collisions
must occur predominantly with residual gas atoms. The theoretical
considerations of the previous section showed that a collision fre-
quency '93 (o2 BSOS"with'beam atoms would correspond to
T% 3 60wms in a trapping well of depth 4.5 volts; the
situation revealed by curve B in Fig. 2.3%6, for which T% < bws,
required a collision frequency VR . at least an order of magnitude
greater than Vg .

Estimation of Y@ was difficult, since the nature and partial
pressures of the constituents of the residual gas were not known,
Measurement with an ionisation gauge indicated a total pressure in

7

the trap of the order of 10 ' Torr, corresponding to a number

= atoms M ~J. This

density of residusgl gas atoms of ~ 3 x 10
was an order of magnitude greater than the atomic beam number

density; however, if the residual gas is assumed to be composed
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of atmospheric proportions of oxygen and nitrogen, the cross-
section in the relevant energy region is smaller than that of
‘potassium by a factor of about 4O (see Fig. 2.35). When the
increase in the length of the interaction region is taken into
account, a collision frequency vR ~ Vg could be explained.
The fact that the collision rate with the residual gas appeared
to be an order of magnitude greater than expected might be due
either to an underestimate of the pressure in the trap, or to
the presence of an appreciable density of molecules of large
cross-section due to backstreaming from the (o0il) diffusion
pumps,

In general, the trend towards increasing diffusion rate
with increasing tfap depth was observed., The measurements on
a potential well of 1.8 volts depth showed some curious features:
three typical examples are shown in Fig, 2.37. Normally, the
usual pattern of increasing loss with increasing trapping time
was found, as shown in curve A; on occasion, however, it
appeared that more electrons were extracted from the trap after
a long trapping time than after a brief confinement, as evidenced
by cunves B and C. Presumably the losses were in such cases
being masked by larger variations in either injection or extraction
efficiency; the explanation might lie in the fact that the energy
distribution of the trapped electrons changes with increasing

trapping time,
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CHAPTER

INTERACTION BETWEEN TRAPPED ELECTRONS AND

A POLARISED ATOMIC BEAM

eol. THE ATOMIC BEAM

3elels Properties of the six—pole magnet .

The early experiments of Stern and Gerlach (Stern, 1921,
Gerlach, 1924 ) established the feasibility of preducing a highly
polarised beam of atoms by passing them threugh a regien of streng
magnetic field gradient transverse to the beam. If the atoms
have a magnetic mement pn, they will experience a deflecting

force

F = ZuvB,

s

an atem whose magnetic moment is aligned with the magnetic field
will be deflected in one direction, and one whose magnetic moment
is antiparallel té the field will be deflected in the oppeosite
directioen. By insertion of suitable apertures, it is possible te
achieve almoest 1000/o polarisatien of the output beam,

The principal disadvantage in using a straightforward dipole
magnet of the Stern-Gerlach type (Fig. 3.1) is that the collimatien
necessary in order te totally exclude one spin state results in a
rather low transmissioen. Much more intense pelarised beams can
be preduced by using a magnetic field of the "six-pele" type
(Pige 3¢2) In this type of field the magnetic field gradient VB
is preportienal to the radial distance r from the symmetry axis,

and is in the direction eof r. Consequently, an atem with magnetic
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Fig. 3.1: Cross-section through pole-pieces of Stern Gerlach
magnet .,

Pig. 3.2: Cross-section through polapieces of six-pole magnet.
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moment parallel te B will experience a force away from the axis,
increasing linearly with »r, while an atem with magnetic moment
antiparallel te B will experience a linear restoring force
towards the axis. One spin state will be defocussed, the eother
spin state will be fecussed at seme point en the axis.

Arguments can be develeped by analegy with optical fecussing
systems to predict quantitatively the behaviour of such a "lens"
(Brash et al., 1969). The pewer of the lens will clearly be
a function of the velecity eof the atems aleng the axis, since
the net deflection will be propertienal te the time that the atem
spends in the field. This "chromatic aberratien" means that it
is impessible te fecus at one peint on the axis all the atems
in ene spin-state emanating frem a peint source. Nevertheless,
by adjusting the value of the magnetic field se that the peak
of the velocity distribution is fecussed at the centre of the

interaction region, high atomic densities can be achieved.

3ele2s Details of the six-pele magnet used.

The six-pele magnet used in the present investigatien was
an electremagnet manufactured by Newpert Instruments. The
length of the magnet was 250 mm., and the peletips were at a
distance of 3.5 mm. radius from the axis. The magnetic field
at the pele tips ceuld be varied, by adjusting the current
through the windings, from zere up te the saturatien value of
about 0.7 Te (at a current of about 8 A.).

Using the formulae given in Brash et al., (1969), Brash
has calculated (Bfash, 1969) the tetal. flux, number density,

and pelarisation which can be expected from a petassium beam
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fecussed by such a magnet under the cenditions of the present
experiment (Fig. 3.3). It was assumed that the atemic beam
was produced by a peint source at a temperature of 583K. The
results of these calculations are shown in Fige 3.4 For a
poletip field of O0.5T., corresponding to a current ef about
3A., the polarisation is close to 100%/e.

301le3. Measurement of atemic beam density.

In the analysis of the results of the present experiment,
tweo properties of the atemic beam are significant: the number
density of atoms in the region of interaction with the trapped
electrons, and the pelarisation of the atemic beam in this regien.
Basically these quantities are found by using the computed curves
shoewn in Fig. 3.5, normalised by a measurement of the atemic beam
flux en a Langmuir-Tayler hot wire detector. The details ef
this nermalisation precedure are given by Brash (Brash, 1969),
and only an outline is presented here.

The use of a hot-wire detector is the mest convenient methed
of measuring the flux of an alkali atemic beam. It relies on
the fact that the work functien for an incandescent platinum
surface is greater than the ionisation potential of the alkali
atem; an atem falling en such a surface has therefore a high
prebability - appreaching unity fer a clean surface (Schroen, 1963) -
of losing its electron to the metal and being re-emitted as a
positive ien. By applying a suitable electric field the ien
current can be collected on an anode, and a measure obtained of
'the number of atoms per second falling on tﬁe expesed surface of

the wire.
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In the detector used here the wire had a diameter of
0.1 mm., and a slit in front of it expesed a 0.62 mm. length
to the atomic beam. Because of the geometry of the ien
collectors (Figo 30.6), only a fraction 0.53 of the emitted ien
current was collected when a potential difference of 90 volts
was applied between filament and collectors. The relationship
between measured ion current i and incident atemic flux

density @ was therefore
' s5.3%xi0 g .

It was not poessible te place the hot wire detector in the
centre of the trap, for ebvious reasens, the actual expérimental
arrangement is shown in Fige 3.7 However, for a given current
through the six-pele magnet, and & fixed beam source temperature,
there is a unique relationship between the flux density measured
at the detector and the particle density in the interactien
regione. Por a six-pele current ef 3A., corresponding to a

peletip field B, = O.L4T , this is given by

W = 1.88x 1078 =5

where §m is the maximum flux density measured at the detector.

In terms of ien current, this can be written
N = 3.58 x 109 1_,

where im is the corresponding maximum ien current from the
detector.

The source of the atemic beam in the present experiment
was a conventional oven (Fige. 3.8), in which petassium was

vapoerised at a temperature of about 30000. The vapour issued
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Fig. 3.8: Atomic beam oven.
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through a cylindrical channel O.,4mm diameter, 1.5mm long. Since
the mean free path in saturated potassium vapour at this temperature
is
P e e

it could not be expected that molecular flow would occur in this
channel. However, it was found that a much higher beam intensity
could be obtained by such a source than was possible from a
conventionally sized aperture. The maximum beam intensities used
gave a maximum. detector current of 10_9 A, corresponding to a
number density in the trap of 3 x 10'4 atoms m™> .

The calculated atomic beam polarisation in the trap for a
sixpole current of 3A was

P = 0495

A fairly crude confirmation of the high degree of polarisation of
the beam was obtained by inserting a small Stern-Gerlach magnet
immediately in front of the detector. By traversing the wire
across the emergent beam, the plots of ion current against dis-
placement in the Stern-Gerlach field shown in Fig. 3.9 were
obtained. The resolution of the two peaks corresponding to the
two spinstates can be clearly seen in Fig. 3.9(4), for the un-
polarised beam; for sixpole currents greater than 2 A, one peak
completely disappears, indicating a polarisation greater than

85%. There are, however, several important gqualifications to

this result.
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In order to achieve the required resolution, a very narrow
slit (O.1mm) was placed in front of the Stern-Gerlach magnet.

The measured polarisation is therefore not the average polarisation
over the whole beam cross-—section,but the polarisation of a small
segment of the beam. If the aperture is on the axis, this could
give a misleadingly high figure. The "polarisation" measured by
the Stern-Gerlach magnet is furthermore a relationship between the
fluxes of the two spin states, rather than their number densities,
and the measurement takes place at a quite different position oﬁ
the axis to that of the interaction region. Taking these factors
into account, however, the results confirm that high polarisations
are obtained, as predicted by the theoretical treatment.

So far, the coupling of nuclear and atomic angular momenta in
the potassium atom has been neglected. In the sixpole magnet, the
magnitude of the magnetic field is large enough to render the
effects of coupling insignificant, except for atoms travelling
within O0.5mm of the axis. The result of the coupling is that the
effective magnetic moment of the atom becomes different for each
of the hyperfine states of the atom; for all the hyperfine states
except those with total magnetic quantum number m = 2 the magnetic
moment is field dependent (Fig. 3.10). The conseguence is that
the lens is weakened for paraxial rays. A central axial stop of
0.5mm radius would eliminate this section of the beam, which will
of course have a reduced polarisation. However, thé solid angle
involved is of the order of 1/40th of the total acceptance of the

magnet, and the resulting complication of alignment procedure was



Pig. 3.10: Megnetic moments of hyperfine states of potassium

in intermediste maeunetic field.
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not considered worth the small increase in polarisation which
might be expected.

In the Stern-Gerlach magnet the atoms once again find them-
selves in a strongly decoupling magnetic field, and the polarisation
measured will be that corresponding to the complete absence of
coupling. The situation is very different in the electron trap,
where, for reasons already described (Sect. 2.2.1), the magnetic
field had to be restricted to under 10_2T. The effective
polarisation of the beam will be much reduced by the fairly strong
coupling between nuclear and atomic electron spins. The extent
of the reduction in polarisation can be found by expressing each
hyperfine state of the atom as a summation of l'“':r, msy sStates
and calculating the effective polarisation, subsequently averaging
over all hyperfine states present in the beam. If a particular

hyperfine state |F,wm) is written in terms of |wy m;) states as

IB,wmy = al+3,m-3) +b]-4, m+%)

the effective polarisation of this state is

F,m a2 3 b2

An atomic beam which is completely polarised in a strongly
decoupling field will be composed of equal populations of those
hyperfine states which in the strong field limit tend to the form

|+3, m1 )y . The effective polarisation of these states
as a function of magnetic field is shown in Fig. 3.11; Fig. 3.12

gives the effective polarisation of the whole beam. It will be

seen that in a magnetic field of 6 x 10_3T, the polarisation of
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a beam of atoms initially all in one spin state is reduced to

47%. This effective depolarisation must be taken into account
in discussion of the interaction between the atomic beam and the

trapped electrons.
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3.2, MATHEMATICAT, DESCRIPTION OF THE INTERACTION

5s2s1s The Interaction Matrix.

We consider a beam of electrons interacting with an atomic
beam in a region of uniform atomic density. Let there be N+
atoms per unit volume with spin component +¥h in the direction
of the magnetic field, and N_ with spin component —+Hh . Let
the densities of electrons in the two spin states be likewise n,
and n_ . It is useful also to consider the effect of a typical
unpolarised residual gas, of density N1 molecules/hnit volume, -

The population n+ of electrons with spin +fk can change as
a result of three processes during the interaction with the atomic
beam:

(i) A spin—-exchange collision between a "spin-up" electron
and a "spin—-down" atom will result in a loss to n+.

(ii) A spin exchange collision between a "spin-down" electron
and 2 "spin-up" atom will result in a gain to n+.

(iii) Electrons will be lost-from the trap during the inter-
action by radial diffusion (see Sect.2.4). We will consider a
gimplified case in which the rate of loss of electrons is pro-
portional to the total collision frequency. This is expressed
by allowing a probability o that after a collision an electron
will be lost from the trap.

An interaction with a molecule of the residual gas may also
lead to a change in electron spin state. Since spin-orbit inter-

action, negligible in the case of low energy scattering from



3.2k 69.

potassium, may make a significant contribution in the case of
a residual gas molecule, we will define a total spin-flip cross-—
section st to allow for both spin-exchange and spin-orbit inter-
actions. The residual gas will also contribute to radial
diffusion, with a total cross-section Q' .

1L Q1, Q3, Qd’ and Qe are singlet, triplet, direct and
exchange cross—sections respectively for collision between an

electron and a potassium atom, the changes in n, and n_ after an

+
interaction time &t are given by:
n, (t+8t) = nglt) = an vt [ Ny Q; + N_(Qu+8,) + N'Q']
* (1= «) vat [R (0, n=Non,) + £ QYN (n-n,)]
n_(E+6t) = n(t)- an_vét [w_cQ; + M; (R4 +@e) + N'a’ ]
*+ (1-a) v 8t [ Qe (Non, =N ) + E QYN (n - m)]
: M= N, -N_°
n(t+8t) = nt) — dvét ["5, Az (Nn + Mw) + 5 (04+Qe (N - M) + M'nQ’]
m(r+6t) = m(t)-avst ['!5_ Q,(Nm+Mn} +"i(aa+@e){l\lm—Mu]+N]mQr]
+ (1-4) \rcﬂ'[Gle (Mn -Nwm ) - Gl';f_ M'vn] 3

therefore

§n = [-avét.$](Q5+84+8,)N +2e'N'}]n +[—u-»rJt.‘%ifo,-Qa-&e)MHm

Sen = | —avsti{(@- Q-0 M} | n + [-wat-;-{(ar&pee]~+za’~'} -
+(1-)wréty Re M ] —-(l-d)\rﬂ'{&el\l +&;F M’f

Writing

nN=nN,*v_ m=n-n_, N=N_+N_

L]

It is convenient to describe the polarisation state of the
trapped electrons by a two component vector [ﬁ] (Byrne and Farago,

1965).
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In terms of this vector, the interaction can be described by a
4
n(e+86)| _ (I+ ;’-\st) n( )J
m (¢t +6t) mlt)
d {n z n
T I‘”‘] = A [M} ool

The elements of the matrix A are given by

Gy = - 3avi(Ry+Qu+@IN +2Q'N'}

matrix A:

or

0 = -fuavi(2-ag-g)M]}

L T -—-',;w{(a3—ad-c;ze)M}+(l-d)\r{QeM}

0y = ._—,';_w{ (Qy+ Q4 +&e )N +2a'N' ] 4'(l-ee)~r§ QeM-PG?;]gN'}.
Defining Q = $(Q+ 3Q3)

and S = 4(Q- Q)

and bearing in mind that Qi + Q. = #(Q + QB)’

the elements of A can be written as

QL= ety { AN + Q!NI}

o = +aw'§ sM{
e +ow{ sM} + (1—d)v{@eM}

Oy = -our{ AN + Q’M'l"(\""‘)‘f{&e” = Qs’ﬂ\],i.

Integration of Equation 3.1 yields the result

n(t) = -tA |n(o)
m(t) = wmo)|
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This can be expanded by matrix methods to give the development of
n and m with time. However, the result we require here is the
developmént of the electron polarisation p = § , and this can be
found without recourse to matrix algebra.

56242, Development of Polarisation

Equation 3.1 implies two component equations:

%.% = Og n + Qi M
dw
Now p= m;
n

. QLE db . dw dp dn

L dwm M odn

= N dkE - Nk

= o.z( -+ (Q:]_"' C(“) P - 042 Fz .

THis can be written:

%xh i Qw.(\""}-')(l""f’)

\ ‘ 7
with HP = 2—;"1 { - [0"-‘02;] s [lc‘u"ﬁn) =+ L""lnzazf]

3
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s d
I(F;;{L].:F) = ey s S ()
',_',!:_[5 EnlE:—!;'l = ~OQalE S ie
lk;_‘__%\ i e—a.:(!"f’)l‘—»t‘(kf’)

If p-= O when t = 0,

=1

_H e““iz(P"P)t = vg—-)\l‘

D

where V= F75p ,
A= an(p-p).

e

}9 = P(e—-edl’l | =

|— ve 2t

2 %
where \ = [ (ay = Cz2) +lo Qu]

p = "ﬁ"aa [7\ = fc\u—a?-‘&)]

Y = Qu = Gu — A
Oy — Gy + A
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cally to a value

pigs), = =

Thus the polarisation of the electron beam tends asymptoti-

In general this is a complicated function of the matrix elements;

some special cases which lead to simplified results are
interesting.

3.2.3. No Atomic Beam (M=N=0):
'
Oy - == MV'(&'M )
A= O
Qv = o
032

—av(@'N') = (=) v (R N')
for p reduces to

b= poe™™

The equation

]
where \J‘QSF N,(l—d']z';\g the reciprocal of the relaxation time

constant due to the depolarisation of the electron beam by the
residual gas.

In the presence of several such gases, with number
’
, Mt e v w = oa

Mo = £ (Rl N(1-4

densities N:
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%.2.4. No Losses from Trap (X=0).

O = -0
Qi = O
01; = \raeM
2 L)
Ay = "’V(GQM + &sf“ .
A= Apt g where Ap = v&eN
y =0
P = vQe M = P(|+.7_\E_ = _
V@M + V&Y N’ AP 1
where P is the atomic beam polarisation (F- _N']
= 5 e
— R ==
‘*’g; 7

In the absence of losses, the electron polarisation approaches
an equilibrium value
() = AR
b ™ E
with a time constant T = (Ap+7g). The relaxation effects due
to the residual gases reducé the ultimately attainable polarisation,
and increase the rate at which it is achieved.
Qe N’
It may be noted here that ’7\% = =Gh . Since most
P @eN
residual gases appear to have spin flip cross—sections several
orders of magnitude below that of the alkalis (cf. Bernheim,1969,
p.59) relaxation effects are likely to be small unless the
residual gas density is considerably greater than the density of

the atomic beam.
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302¢5, _ Small Loss Rate (o << 1)

A curious result emerges from a consideration of the
equilibrium electron polarisation achieved when there is a small

but finite rate of loss from the trap. From Equation 3.2

i = A= (an—0a2)
Rl p = e

ll)‘ 7 (c‘u"ckn)[l -+ _LH&.;Q,, ]T.

(Qu = Qlt]z )

and

4‘Qu Qz{

if'mt <<l N

A~ Q. Q3 G0y £ :
% = (all = Qll )[‘ % lan_az‘&)t 2 ((Ck“ T Q-ﬂ_] ) ---]

ps el
2
= “"‘_"_“ [1 -«(ae {' (H*R) }] =370

) ﬂ
P(l + ';&;) is the equilibrium polarisation that would obtain

I o =03 eall this P0 .

Then poa Po [1.5. ol (-é'e)(l— Poz)] 3.3(6).

In the‘case of potassium, it appears that Q_,) > Ql 5
thus S/Q.e< 0 , and the equilibrium polarisation is reduced
by losses. However, it is interesting to note that if
Q) >> Q5 (e.g. for hydrogen), S/Qe'x T Thus_n the
equilibrium polarisation attained by the electrons can be greater
than that of the atomic beam, if relaxation effects are neglig-
ible. This apparent paradox can be understood by considering
the case of a completely polarised atomic beam. If the triplet
cross-section is negligible, electrons in the same spin state as
the atoms will suffer no collisions; those in the opposite spin

state will therefore be preferentially lost. The polarised atomic
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beam acts as a spin-sensitive filter.
Offcourse, if the atomic beam is completely polarised, the
spin-exchange process will eventually yield complete electron

polarisation in any case. A partially polarised beam will still

preferentially filter out one spin state, and this effect will
augment the polarisation of the electrons due to spin exchange.

It can easily be shown that the above result (Equation 3.3(a))
remains valid up to fairly high values of « , if the effective
atomic beam polarisation PO is low. Por instance, if P0= Ok
and ® = 0.5, the equilibrium polarisation of the electron ensemble
is

bl2) = Vo = 0'2(é5e) =09 i} _E_e =
This is not of practical significance, however, as sqch a high
loss factor would deplete the electron population to an unaccept-
able degree.

3.2.6. Initial Rate of Increase of Electron Polarisation.

The development of the electron polarisation with time is

given by equation:-—

2 Sl
B I—ve

- Ak )

- AU

Wnen AL &< |, the exponentials in this expression can be
written out as rapidly converging power series. Taking only the
first order of AY , we obtain the result

b= (&),

1=V
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A graph of p against t should initially be linear, with

slope given by

blo) = P2

|-V

If losses are neglected,

P A
X B, PEaaan e veD)
_LL =, b / = .(0 3. :
T P>\.P ) ’\P P L"

The fact that the initial slope of the polarisation curve is
independent of IAR is important, since measurements in this
region will yield informa.‘sion directly about A P - If the
equilibrium polarisation (as t—>e0 ) can also be measured, an

estimation of relaxation effects can be made, since

P

pleor=—== sy

el P

Combining E"t"‘" 3.&,3‘5, we have:
|

G = ol e )
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a3 MEASUREMENT- OF ELECTRON POLARISATION

3.3.1.  Theory of Mott Scattering.

The theory of what has subsequently become known as Mott
scattering was first given by Mott in 1929. His application of
the Dirac electron theory to the case of fast electron scattering
by a heavy bare nucleus (a Coulomb field) showed that, if a beam
of electrons travelling in the x direction with transverse
polarisation P in the z direction is incident on a target contain-
ing heavy nuclei, the intensity of scattering through an angle ©
in the x,y plane will in general be diffeXent from the intensity
of scattering through an angle-8. If I(8) and I(-8) denote these
respective scattering intensities, a scattering asymmetry A will
be observed, defined by

I(8) - I(-0)
A(9) =I(9) + I(-9)

The scattering asymmetry can be written as
AE=ES P
where P is the polarisation of the incident beam, and S (the
Sherman function) is a function of the scattering angle, the
charge on the nucleus, and the energy of the incident electron.
This asymmetry in the distribution of scattered electrons

arises from the fact that an electron approaching a positively
charged nucleus with velocity ¥ experiences a magnetic field

B = ‘é‘i(}_l'_“_E_) in its own frame of reference, due to its motion in

the nuclear field E. If the magnetic moment of the electron is K,
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it will have a potential energy U = p.8 in the field B; since
B will be a rapidly varying function of position in the region
of the nucleus, the electron will experience a force (in its own
reference frame) given by F = -~ JU = -é’;V(H- !‘,.E_). The sign of

this force will depend on the orientation of y relative to ¥ , E;

A
the scattering must therefore be spin-dependent. This simple
classical argument, which is confirmed by the quantum mechanical
treatment of Mott, provides a useful check on the sign of the
asymmetry expected in a given situation. For example, if the
electron approaches the nucleus with velocity v in the x direction
with positive spin component in the z direction, its magnetic
moment will have a negative z component, and the spin-orbit inter-
action will result in a force with a negative y component (Fig.3.13).
The effect of this force will be to increase the number of electrons
scattered "to the right" in the diagram, at the expense of those
scattered "to the left".

Detailed calculations of the value of S as a function of the
various parameters involved were performed by Sherman (1956).
The experimental verification of these calculations presented
great difficulties, since it involved measurement of the absolute
scattering asymmetry in a double scattering experiment, in which
intensities were inevitably low, and many potential sources of
systematic error were present. Careful measurements performed
by Mikaelyan et al.(1963) indicated that for high energies agree-

ment between theory and experiment was adequate, but that with
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Fig. 3.14: Electrostatic deflector (spin twister).
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decreasing energy the experimental values for S were systematically
lower than predicted by Sherman.

Holzwarth and Meister (1964) considered various possible
sources of error in the theoretical derivation, and concluded that
only the neglect of the screening effect of the atomic electrons
on the Coulomb field of the nucleus could cause an error compar-
able to the observed discrepancy. They therefore allowed for
this effect by using a relativistic Hartree potential for the
scattering field instead of the Coulomb potential. The results
of their calculations provide the best available theoretical
estimation of the scattering function, but still do not give agree-
ment within experimental uncertainty with the results of Mikaelyan
et al. Holzwarth and Meister concluded that the exceptional
difficulties involved in the experiments were likely to account
for these remaining differences.

For scattering from a gold target at an angle © = 120° and
energy 50 KeV, the value of S calculated by Holzwarth and Meister
is 0.%4. The experimental value given by Mikaelyan is 0.29 + 0.01.
Because of the arguments advanced by Holzwarth and Meister, the
theoretical value was considered more reliable, and was used in

the evaluation of the results of the present experiments.
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3.3i2 Design of Mott Scatterer

In considering the design of an apparatus to measure the
electron polarisation of the beam emerging from the trapping
region, the first point to note was that the beam would be
longitudinally polarised, the electrons being radially confined
by an axial magnetic field. In order to use Mott scattering
analysis, this longitudinal polarisation must be conﬁerted into
transverse polarisation. There are two straightforward ways of_
doing this. The beam may be passed through uniform electric and
magnetic fields E and B which are perpendicular to each other and
to the velocity v of the electrons. If the ratio of the magnitudes

of E and B is given by

E

m—

B

the Lorentz force on the electrons vanishes, and the trajectory

]

Vi,

of the beam is unaffected. The magnetic moment of the electron
will, however, precess about the magnetic field direction with
angular velocity W = %ﬁg, where e,m, and g are the charge, mass,
and g factor of the electron respectively. -After the electron has
travelled a distance 1 =—%%; in the crossed fields, the magnetic
moment will have precessed through an angle T¢/2 and the original
longitudinal polarisation will have become treusverse. such a
"spintwister" is known ag a "Wien filter" and was originally
developed as a velocity selector.

An alternative means of converting longitudinal polarisation

into transverse is the use of an electrostatic beam deflectione.
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If the beam is injected into the space between two concentric
cylinders with & potential difference V applied between them, as
shown in Fig., 3.14, an electron entering with é tangential velocity
V= ‘251@ at a radius Y, will experience an electrostatic force
ek, wh:;e E is the electric field at radius r,. If the potentials

on the cylinders are adjusted such that

o

the trajectory of the electron will be the circumference of the
cirecle of radius r s and after traversing one guadrant the electron
beam will emerge with its momentum vector rotated through 900. It
can easily be shown that electrons entering the deflector with a
small spread of angles about the tangential direction will experience
an additional deflection towards the central trajectory: that is,
there is a focussing effect in the plane perpendicular to the
symmetry axis of the cylinders. Since there is no field perpendi-
cular to this plane there will obviously be no focussing effect on
electrons diverging from the plane of incidence perpendicular to the
symmetry axis; as an electron lens, the cylindrical deflector is
astigmatic. (This astigmatism can be removed by using sections of
two concentric spheres as deflectors,)

In the absence of any magnetic field, the direction in space of
the magnetic moment will remain constant, and the angle between
momentum and a magnetic moment will be increased by %% in the
deflector, The electron will, however, experience a magnetic field

in its frame of reference, due to its motion in the electric field E,

Sl e - L(c,E)
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Tolhoek and DeGroot,who first considered the use of the electro-
static deflector as a polarisation transformer (Tolhoek and DeGroot,
1951), pointed out that this relativistic effect would result in an
electron emerging after 900 deflection with its magnetic moment

rotated (relative to the original momentum vector) by an angle

e e ] (5.5

Since the transverse polarisation P, is the expectation value of

t
the electron spin measured in the transverse direction, it will

clearly be given by
Pb' = Pe CQW

where PG is the original longitudinal polarisation. The electro-
static deflector was chosen in the present experiment, partly because
of its simplicity of construction and operation, but principally
because it was desired to introduce a bend into the electron path in
order to shield photomultipliers in the Mott scatterer from the
radiation from the electron'gun filament. One particularly useful
facility was denied by this choice: with the electrostatic deflector
the direction in space of the emergent magnetic moment was determined
by the direction of the field in the trap, whereas with the Wien filter
this direction could have been varied by rotating the entire filter
about the beam axis. The elimination of instrumental asymmetries

in the Mott scatterer would have been greatly facilitated by this

possibility. Reversing the sign of the electron polarisation by

reversing the magnetic field in the trap was not a practicable
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alternative because the properties of the trap depended strongly
on the sign as well as the magnitude of the magnetic field (See
Sect. 2.2.1).

The electrons were accelerated to 3 kV before deflection.
This voltage was considered high enough to minimise the effects
of contact potentials, stray magnetic fields, and other such
plagues of low energy electron work, but low enough for the
relativistic effect described by Equation 3.6 to be negligible

(4 ~ 0-5°) . Potentials of 3,700V and 2,450V were
applied to the cylindrical plates, so that the 3,000V equi-
potential surface lay midway between the plates. Apertures at
3kV were inserted at input and output ends to reduce fringing field
effects. The whole deflector was enclosed in a magnetic shroud.

On emergence from the deflector the beam was accelerated to
50kV in 8 stages. A large number of stages was desirable in order
that each stage should be a weakly focussing lens, resulting in beam
confinement without overfocussing and consequent divergence, At
the exit of the accelerator, the beam was collimated by a series of
aluminium apertures, and entered the Mott scattering chamber. This
was a brass cylinder of 250mm diameter (Fig.3.15). In the diametral
plane perpendicular to the direction of incidence was an aluminium
target-holder (Fig.3.16), rotatable in this plane so that one of
three targets could be inserted into the beam. The gold foil
target used in Mott scattering was made by evaporating a known thick-
ness of gold (See Sect.3.3.4) on to a thin film of cellulose nitrate
("Zapon"). Another target, consisting only of this backing film,

could be inserted in place of the gold foil target to assess the
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Fig. 3.15: Mott Scattering chamber.
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effects of scattering from the backing. In gddition, a scintillat-
ing screen was available to examine the beam profile (see Sect.3.3.3).
The chamber was evacuated to a pressure of ~ 2 x ZI.O'_6 Torr.
Electrons back-scattered from the target through an angle of
%120° (see Fig. 3.15) were incident on two circular discs of plastic
scintillator (NEIO2A) mounted on eylindrical light guides of
polyvinyltoluene, The lightguides passed out of the vacuum chamber
through Wilson seals; 1inside the scattering chamber they were
surrounded by aluminium shields containing apertures to define the
gsolid angle of acceptance of the scintillators. Polyvinyltoluene
was chosen because its refractive index matched that of the NEIO2A
plastic scintillator, and reflections at the interfaces were there-
fore avoided. At the other end of the light guide, similar atten-
tion was paid to achieving good optical contact with the face of the
20th Century Electronics BMS 10/1LA photomultiplier, used in con-
junction with a Nuclear Enterprises "Edinburgh Series" counting
system, One of the major practical difficulties of Mott-scattering
lies in the necessity for the scatterer to be at high voltage relative
to source. The frequently adopted solution of placing the entire
counting system at high voltage (and taking readings with a tele-
scope') was avoided here by dropping the high voltage along the light-
guides. 'This too has its disadvantages; experience has shown that
electrical dischavrges in such a sensitive region can be very trouble-
some, However, it has the advantage that everything from the photo-

multiplier onwards is at ground potential.
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Problems associated with discharges along the lightguides
precluded the use of a higher scattering energy than 50 keV.
This limitation was not serious as far as the magnitude of the
Mott scattering effect was concerned - the variation of the
Sherman function: S with energy (Fig.3.17) is fairly slow at the
energies involved here -~ but ﬁroved troublesome for other reasons.
One problem which was much magnified by the restriction to
relatively low energy scattering was the estimation of the effect
of multiple scattering in the gold foil, which is dealt with in
detail in Section 3.3.4. Another disadvantage was that the
energy was not high enough to give a resolved peak in the pulse-
height distribution of the photomultiplier output, and a consider-
able amount of noise-had to be accepted in order to be sure of
counting all the genuine scattering events.

3343 Electron Optics of Mott Scatterer.

It has already been stated that the spin twister behaved
as a cylindrical lens, and that it was expected that the accelerator
should have a small overall focussing effect, Detailed calculations
were not attempted on the electron optics of the system. Instead,
the electron beam cross-section at the scatterer was examined
experimentally for a range of accelerating voltages, deflecting
voltages, and currents. This was done by covering one of the holes
in the scattering foil holder (Fig.3.16) with a scintillating screen
made by depositing a uniform layer of silver-activated zinc sulphide
on g mica backing. The gold foil normally used as the scattering

target could thus be replaced by a scintillating screen of identical
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position and size, and the beam cross-section observed through a
viewing port in the scattering champer (Fig.3.15). |

Several significant results emerged from this study. The
normal image observed on the scintillation screen was a circular
disc, of considerably smaller diameter than the scattering foil,
crossed by a much more intense bar in the plane of scattering.

A photograph of such an image, taken through the viewing port,

is shown in Fig.3.21. The diameter of the image was consistent
with the diameter of the beam collimators, and confirmed that tﬁe
electron beam was being adequately confined by these. The intense
bar was interpreted as being the result of focussing by the electro-
static deflector, having the appearance of the astigmatic image
produced by a cylindrical lens.,

One odd effect which had been previously noticed in measure-
ments on counting rates was elucidated by using the scintillating
sereen, The electrostatic_deflector was adjusted by first setting
the potentials to the theoretically derived values, and then maxi-
mising the transmission of the deflector by further fine adjustments.
It was found that two such maxima occurred, for two different values
of the deflecting field, and it was not clear which to choose. On
examiﬁing the image on the scintillating screen, it was found that
one maximum (in fact, that corresponding to maximum scattering
intensity) had the appearance of an astigmatic image previously
described, whereas the other was a more diffuse pattern, It was
concluded that the latter was the spurious maximum, possibly aris-
ing from a setting of the deflector for which electrons hit the
outer plate at such a point that the reflected beam could emerge

with considerable intensity through the exit aperture of the
deflector.
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Periodic beam instability was noticed for certain values of
accelerating voltage at high beam currents. The image drifted
slowly across the screen, returning abruptly to its original
position. The periodicity was a function of accelerating voltage.
The effect seemed likely to result from charging and discharging of
insulators in or near the beam path (the scintillating sereen was
coated with a thin layer of aluminium to minimise such effects there).
It was less noticeable at low beam currents, and was not therefore
likely to be significant when dealing with trapped electrons, thel
average current of which was always several orders of magnitude
lower than the "straight-through" currents (d/lO_BA) used in this
investigation.

While investigating the instrumental asymmetries in the Mott
scatterer (see Section 3.3.6), it was desired to check on whether
the bgam cross-section at the scatterer was the same for each
trapping time. Since the average current was much too small to
give a visible image, long-exposure photographs were taken through
the viewing port (Fig.3.15). By this method it was confirmed that
for all trapping times used, the beam cross-section retained the
"bar" shape previously described, and that its position relative to
the scattering foil remained unchanged.

3,34, Effect of Scattering Foil Thickness

The theory of Mott scattering given in Section 3.3.1 assumed
that electrons were scattered from a single target atom. In

practice, a gold foil of a finite thickness.szboﬁ) is used, and
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a fraction of the electrons scattered through a given angle will

do so as a result of more than one collision in the scattering

foil, Since the magnitude of the Sherman function is in general
small for small angle scattering, electrons scattered through 1200
by a series of collisions each resulting in a small angle scattering
event will display a negligible asymmetry regardless of their initial
polarisation; the overall asymmetry will therefore be reduced. This
corresponds to a decrease in the effective Sherman funetion.

It has been established both by theoreticgl considerations
(Wegener, 1958) and from experimental measurements (Mikaelyan et al,
1963) that for sufficiently small thicknesses of foil, the effective
Sherman function is decreased by a fraction proportional to the foil
thickness (t); that is,

As

- = &b (3.7) where S8, is the Sherman function
o

corresponding to zero foil thickness.

Meaéuring asymmetries for several foil thicknesses, and extra-
polating the asymmetry linearly to zero foil thickness, is therefore
a justifisble procedure within the range of thicknesses for which
Equation 3.7 ‘is wvalid. According to Mikeelyan et al.,
this can be done for values of M;/s,, apto =M 0.5

Unfortunately, & is a function of scattering energy which
increases rapidly as the energy becomes less than 100 KeV. For
scattering of 50 KeV electrons, £ 6x 10—3, and linear extra-
polation can be justified for foil thicknesses up to 50 M?cm?.

Since the total scattered intensity is proporfional to foil thickness,
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this imposes an undesirable restriction on the maximum svailable
count rate, If thicker foils are to be used, however, a different
method of extrapolation must be used, and there is no consensus as
to the most reliable function of the asymmetry which may be
linearly extrapolated to zero foil thickness.

In the present experiment a foil of 100 pg/em? was used in
order to achieve reasonable counting rates at long trapping times.
The effective Sherman function was found by extrapolating a graph
of A-l against t to zero thickness, a procedure used by Cavanagh
(1957) with success. It was not possible to perform polarisation
measurements in the present case for thinner foils, so the gradient
of the graph was estimated from the data of Mikaelyan in similar
circumstances. This results in a value of 6§go = 0,38, and an
effective Sherman function

Seff A=

3.3 5Instrumental Asymmetry in Mott Scatterer.

Ideally, an asymmetry in the counting rates in the two channels
measuring scattering through t 120o respectively should appear only
when the incident electron beam is polarised. In practice, a pange
of factors may givé rise to a spurious asymmetry even when the beam
is unpolarised, and this purely instrumental asymmetry must be
allowed for in estimating the electron beam polarisation,

In order to see where spurious asymmetries can arise, we may
consider Fig. 3.18,showing the two counting channels, and follow

the signals through. Starting with the beam incident on the
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scattering foil, the beam axis may not be perpendicular to the foil,
resulting in different scattering angles on either side, Since the
Sherman function varies slowly around O = 1200, this source of error
may safely be neglected. The scattered electrons are then incident
on scintillators, which may have different conversion efficiencies.
The light pulses travel down the light guides to the photocathodes
of the photomultipliers, and the two optical systems will probably
have different transmission characteristics. The gains of the two
photomultipliers will in general be different, and there is the
additional possibility that the overall gain of the preamplifiers
and amplifiers may be different, The net result of these effects
is that the pulse-height distributions due to a monoenergetic
incident electron beam can be different in the two channels, The
signals then pass through discriminators; unless the pulse-height
spectra are identical, equal settings of discriminator level will
result in different fractions of the total count rate passing to the
scalers; the net result will be that an instrumental asymmetry
appears, An additional possible source of error arises from the
fact that the scalers are gated to accept input only for a short
period after each trap ejection, in order to reduce background;
differences in the gating in each channel could produce an apparent
asymmetry.

The procedure adopted in allowing for these effects was to set
the discriminator levels to the same value by feeding into both the

output from the amplifier of one channel, and adjusting for equal

count rates; the amplifier gains were then equalised by feeding
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the output from one preamplifier to both amplifiers; the pre-
amplifier gain was not variable, It was then assumed that with

an unpolarised electron beam incident on the target, equal numbers
of electrons were falling on each scintillator, and the gains of the
photomultipliers were adjusted until equal count rates were achieved
in the two channels,

One disadvantage of the Mott scatterer used here was its in-
ability to rotate about the incident beam axis. This facility
would have enabled the entire counting channels, frcm.scintillatdrs
onwards, to be interchanged. The sign of any instrumental
asymmetry arising due to differences in the counting channels would
then have changed, whereas that of the genuine assymmetry would not;
the two could therefore have been distinguished. It should be
noted, however, that the present scatterer was not designed as a
high precision instrument, capable of absblute measurements.
Essentially, it was designed to measure the difference in asymmetry
between a polarised electron beam (when a polarised atomic beam was
flowing through the trap) and an unpolarised beam (when the atomic
beam was off). Since instrumental asymmetries in the Mott
scatterer were unlikely to depend on the presence of an atomic beﬁm
in a quite different part of the apparatus, the instrumental
asymmetries were expected to be the same in the two cases. By
simply subtracting the measured asymmetry in an "atomic beam off"
experimental run, the genuine polarisation dependent asymmetry

would be found.
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In order to ensure that only electrons scattered from the
gold foil were counted, and that spurious counts from electrons
scattered by the chamber walls or from photomultiplier noise did
not dilute the asymmetry, one of the holes in the target holder was
covered only by the cellulose nitrate backing on which the 100

}Ig/cm? gold film was normally evaporated. The effect of sub-
stituting this for the gold target was therefore effectively to
remove the gold atoms from the backing, leaving everything élse
unal tered, Every measurement with a gold foil was normally
accompanied by such a background measurement, which was subtracted
before calculation of the asymmetries,

3.3.6 Instrumental Asymmetry with Trapped Beams

With the first results from tests of the Mott scatterswith
an unpolarised but trapped electron beam, a major problem presented
itself,. It was found that the instrumental asymmetry was systgmati-
cally dependent on the trapping time, The details of this dependence
were liable to change considerably between experimental runs; but for
a given run the measured asymmetry, calculated after subtraction of
background, increased (or decreased) regularly with increasing trapp-
ing time,

In order to understand the full implications of this fact, it
must be recalled that the effect which the experiment was primarily
designed to study, namely the polarisation of the electron beam by
spin-exchange collisions with the atomic beam, manifests itself in
just the same way as does this trapping-time dependent instrumental

effect. The polarisation of the electron beam was expected to
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increase regularly with trapping time in accordance with Equation
3.2, the time constant depending on the spin-exchange cross section.
Any instrumental asymmetry which was independent of the trapping
time would not affect the form of this curve, but would merely shift
the abscissa. It had therefore been hoped that the asymmetry
corresponding to genuine polarisation would have been readily
distinguished from instrumental effects by just this dependence on
trapping time which the instrumental effects now appeared to
dempnstrate.

The magnitude of the effect varied considerably, but a typical
set of results is given in Table 3.1 and Fig. 3.19, showing an
instrumental asymmetry change of nearly 4% for a variation in
trapping time of 15 ms,

A considerable time was spent in attempting to identify the
experimental factors which determined the size of the effect, and
various possible causes were considered and discarded. The
possibility that the gating of the scalers might vary with trapp-
ing time in such a way as to cause an asymmetry was ruled out by
interchanging the two channels from preamplifiers onwards, which
did not change the sign of the asymmetry. Another obvious possible
explanation arose from the dependence of trap losses on trapping time,
resulting in a smaller number of electrons in each output pulse at
long trapping times than at short trapping times, - The "dead-time"
correction arising from the finite resolution time of the counting
system would therefore be more significant for short trapping times.
An estimate of the upper limit of such a correction may be made by

assuming that if two electrons from a single trap output pulse



Trapping Asymmetry Uncertainty

time T (ms) 4107 ) Aki(2052)
053 -4.5 T 0.4
ee a1 6.3 2057
15.5 -8.4 IS4

Table 3.1l: Dependence of instrumental asymmetry on

trapping time - a typical set of measurements.
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Fig. 3.20: Oscilloscope traces of photomultiplier pulses due
to trap output.
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arrive at one of the scintillators, only one count will be
recorded. (In fact, since most of the electrons in a given output
pulse appear to leave the trap within one microsecond of the open-
ing of the output gate of the trap, this is probably a fairly
realistic estimate,) For small asymmetries, it can be shown
that the correction AA which must be made to the

measured asymmetry A is approximately
AAE e

where ( is the probability of a count being registered in a given
channel due to a single output pulse from the trap, If the

correction is to be negligible in comparison with the uncertainty
in measuring A (normally of the order of % 1%), the maximum count

rate per pulse in each channel must be restricted to a value

@ < 0|

The maximum correction necessary for a measured asymmetry of 5%
would then be less than 0.5%.

The effect of increasing ( above this limit was observed
by displaying the output from one of the photomultipliers on an
oscilloscope. The oscilloscope was triggered by the pulse which
opened the output gate of the trap, and thus displayed superimposed
the pulses resulting from several hundred openings of the trap. For
relatively low currents the heights of these pulses formed a con-
tinuous spectrum (Fig.3.20 (a)), for although the electrons
arriving at the scintillator were all the same energy, the number
of lightnquanta received by the photomultiplier per incident

electron fluctuated. When the beam current was increased, the
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oscilloscope trace assumed the appearance of Fig.3.20(b). The
pulses were of a more or less uniform height, corresponding to
limiting in the amplifier, and no small pulses were observed.
Clearly, under these circumstances, the probability of only one
electron arriving at the scintillator during an output pulse was
small, and it would be meaningless to perform asymmetry measure-
ments by comparing the counting rates in the two chénnels. It
was therefore essential to restrict @ to reasonably low values,

In practice, values of P up to 0.15 have been used in ordef
to accumulate a significant number of counts without unduly long
runs, Even so, the difference bétween the corrections required
for asymmetries measured at short and long trapping times could
not approach the observed differences in the instrumental
asymmetry, The final nail in the coffin of this explanation was
the observation that altering the gain of one channel (by adjusting
the photomultiplier voltage), so that the sign of the measured
asymmetry changed, did not reverse the sign of the asymmetry
difference between long and short trapping times.

The possibility that the pulses which were applied to the
trap might be influencing the counting system was carefully
investigated, and it was in fact discovered that such pulses were
being picked up and transmitted through the power supplies to the
amplifiers and discriminators. Bliminating these did not however

eliminate the dependence on trapping time of the instrumental

asymmetry,
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A series of experimental runs was® performed, during which
varioué'experimental parameters were varied in order to identify
those to which the effect was sensitive, The results were not
wholly conclusive, since the magnitude appeared to vary when every-
thing under experimental control remained constant, but the effect
was found to depend on the depth of the trap: the difference between
long and short trapping time asymmetries increased #s the trap depth
was reduced.,

It is difficult to see how such a dependence could arise, The
electron optics of the trap varied with trap depth, and it seemed
poseible that the orientation of the electron beam entering the
deflector might be different for different trap depths, This could
result in the beam being steered to one side or another during
acceleration; if it arrived considerably off-centre at the
scatterer, this could give rise to an asymmetry in the counting rate
of the two scintillators, since the scattering geometiry would no
longer be symmetrical. If this were the explanation of the effect,
however, the orientation of the beam would have to be dependent on
the trapping time as well as on the trap depth,. To check this,
the scattering foil was replaced by the scintillating screen, and
the photographs shown in Fig. 3.2} taken. There is certainly no
obvious difference between the cross-sections of the untrapped beam
and either of the beams corresponding to short and long trapping

times, This explanation was therefore also discarded.



(a):

untrapped

Fig. 3.21: Beam cross-section at scattering foil,
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3.3.] Measurement Procedure

The method of taking measurements was based on the automatic

repetition of a cycle of measurements at different trapping times.
The timer of the counting system was modified to count the pulses
applied to the output gate of the trap instead of those from its
internal oscillator, One cycle of measurement involved (i)
selecting a given trapping time; (ii) counting for a fixed number
of trapping cycles (usually 2 x 10“); (iii) printing out the
number of counts accumulated at the two scalers; (iv) replacing-
the foil by a backing film and repeating (ii) and (iii);
(v) selecting a different trapping time, replacing the gold foil,
and repeating from (ii) for as many trapping times as was desired
(usually six). When the cycle was complete, the original trapping
time was selected, and the cycle repeated a sufficient number of
times to give adequately low uncertainties. The asymmetries were
then derived by éumming the corresponding terms in each cycle out-
put, subtracting the total "foil in" counts from the corresponding
“"Poil out" counts, and calculating the asymmetries in corresponding
pairs of corrected totals. i

The number of cycles required to achieve a given uncertainty
in the asymmetry was determined by the limit on ® . Normally
each element of a cycle consisted of 2 x 10” output pulses of the
trap, and the maximum number of counts allowed by restricting

3

to 0.15 was therefore 3 x 10~ in each channel, Since for small
asymmetries the absolute uncertainty in an asymmetry measurement is

AR A N'z,
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where N is the sum of the two counts, the restriction on g

implied that at least seven cycles would be required in order

to reduce the uncertainty in the asymmetry to 0.5%. In fact, the
count rate for long trapping times was usually much lower than for
short trapping time due to losses, and longer series of cycles were
necessary.

The reason for choosing a large number of fairly short cycles,
rather than a single cycle whose elements were each long enough to
accumulate significant numbers of counts, was that the instrumental
asymmetry showed long term fluctuations. These seemed to be due
to variations in the gains of the photomultipliers, which were of
course highly dependent on applied voltage. It was therefore not
possible to do a significant measurement ovef a period greater than
about an hour; in order to reduce the effect to insignificance the
repetition period of the cycles was.reduced to about 10 minutes, the
exact time depending on the choice of trapping times.

These precautions did not affect the trapping time dependence
of the instrumental asymmetry. Since it was not found possible
to find the csuse of this effect, or to eliminate it by a suitable
choice of experimental circumstances, it was necessary to allow for
it in the treatment of the results. The method at first adopted
was to precede and follow each experimental run in which an atomic
beam was present, and polarisation therefore expected, with a run
in which the atomic beam was switched off, and the electron beam
unpolarised, The unpolarised runs were used to estimate the

variation of instrumental asymmetry which would have occurred in
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the central run if the atomic beam had been switched off; the
difference between this variation and that which actually occurred
was taken as the asymmetry variation due to the presence of the
beam, corresponding to genuine polarisation. Experience showed
that this method of allowing for the trapping-time dependence of
the instrumental asymmetry was not entirely satisfactory. It has
already been pointed out that the value of the instrumental
asymmetry for a fixed trapping time drifted noticeably over the
length of time necessary for an experimental rum (usually about
four hours); it appeared that the difference in instrumental asym-
metry for different trapping times also showed this kind of fluctu-
ation,

It was therefore common to find that the difference in asym-
metry for short and long trapping times in the run preceding the
polarisation measurement was substantially different from that in
the run following the polarisation measurement, and there was some
doubt that a simple averaging provided a valid estimate of the
instrumental effect in the polarisation run.

Eventually it was decided that the only way to be sure that
the instrumental effect was being properly measured and allowed
for was to interlace measurements on polarised and unpolarised
eléctron beams (atomic beam on and off respectively) at such a
frequency that the instrumental effect was effectively constant
during each pair of measurements. It might then be expected that
the average instrumental asymmetry obtained from the summations of

the "unpolarised" counts in a complete run consisting of many such
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pairs would correspond fairly accurately to that part of the
average asymmetry in the "polarised" counts due solely to
instrumental effects.

To assess the validity of this scheme a series of measurements
on an unpolarised beam was analysed in the way described above.

The results for a typical run are shown in Table 3.2 and Flig.5.22:
This run contained 24 cycles, each consisting of measurements at
three different trapping times with gold foil in and out, as
previously described. Each cycle lasted just under ten minutes;
Cycles numbered 1, 2, 5, 6, 9, 10, etc. were labelled "series A",
cycles numbered 3, 4, 7, 8, 11, 12, etc., were labelled "Series B",
The average asymmetries at each trapping time, cofrected for back-
ground, were computed separately for the two series. It was found
that for each series the asymmetry tended to increase with trapping
time as expected, the asymmetry at the long trapping time in each
case being about 1,5% greater than that at short trapping time.

The difference between the average asymmetry at a given trapping
time in Series A and the asymmetry at the same trapping time in
Series B was found to be zero within the uncertainty expected from
statistical considerations.(~+0:4%)

The deduction may therefore be made with reasonable confidence
that if the atomic beam had been passed through the trap only
during the cycles of Series A, and had been switched off during
those of Series B, an accurate estimate of the instrumental
asymmetry for each trapping time in the Series A measurements could
be found by using the asymmetries calculated from the measurements

of Series B. This conclusion was confirmed by many such
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measurements of the type shown in Table 3.2.

This method of measurement was nevertheless adopted with
reluctance, because it involved "wasting" half of the output of
the atomic beam oven, In order to achieve a stable atomic beam
the oven had to be heated up and cooled down slowly, and it wes
not possible to do this in the twenty minute intervals prescribed
above. The atomic beam was therefore running continuously, but
was shut off from the trap, for half of its life. The increased
frequency of oven filling was finally accepted as the price of

accounting for the trapping time dependence in the instrumental

asymnetry.
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CHAPTER

L.l, MBEASUREMENTS OF ELECTRON POLARISATION AT FIXED TRAP DEPTH

bh.,l,1. Nature of the Measurements

The results presented and discussed in this chapter are
measurements of the polarisation of the pulsed electron beam ex-
tracted from the electron trap after interaction with a polarised
potassium beam, The measurements were made in accordance with
the procedure outlined in Section 3.3.7, except that the regular
accompaniment of every measurement of scattering from the gold
target by a similar measurement using only the backing film was
replaced by an occasional check on the magnitude of the signal to
background ratio, Justification of this change was provided by
the observation that, while the correction to the absolute value
of the asymmetry resulting from the subtraction of the background
counts could be significant, the relevant quantity in the experi-
mental analysis was in fact the difference between the asymmetry
measured with the atomic beam on, and the corresponding asymmetry
with the atomic beam off. The change in this difference occasioned
by the background corrections was invariably found to be in-
significant in comparison with the statistical uncertainties (see,
for example, Table L.,1). It can be seen that this will be the
case if the signal to background ratio is much greater than 1,
as long as neither the signal to background ratio nor the

asymmetry in the background changes by more than a few per cent



Trapping Asymmetry A with uncertainty A (10-2)
time T with background without background
(ms) correction correction

Series A Series B A(A)-A(B) Series A Series B A(A)-A(B)

M:io,s M:to .5 M:to -7 M:to -5 aA:iO 05 M=i-o '7

0.3 5.0 6.0 =1.0 5.6 6.6 =10
3.0 4.1 6.6 =25 4.6 7.0 -2.4
6165 2.0 6.1 -4.1 2.6 6.6 -4.0

Table 4.1: Measurements on polarised electron beam, illustrating

effect of background corrections.
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due to the introduction of the atomic beam. Since the scalers
were gated to coincidence with the trap output pulse, the signal
to background ratio was always > 10; the validity of the other
conditions was confirﬁed by the occasional background measurements.
This change in procedure enabled a more rapid accumulation
of data, When the full procedure was used with alternations of
both "atomic beam on - atomic beam off" and "foil in - foil out"
measurements, only a quarter of the total running time of the
atomic beam oven was in fact available for the actual polarisation
measurements, By elimination of the "foil out" measurements, it
was possible to repeat a cycle of six trapping times, ranging from
1.5 ms to 17 ms, with and without the atomic beam, five times in
an hour, About 30 hours of such measurements were necessary in
order to accumulate a sufficient number of counts to reduce the
statistical uncertainty in the asymmetry difference discussed
above to * BX 10_3; it was normally possible to carry out such a
run without having to refill the atomic beam oven,

4,12, Confirmation of Equation 3,2

In Section 3,2, the interaction between trapped electrons

and polarised atoms was discussed, and a formula derived which
predicted the polarisation of the emergent electrons as a function

of time:

e )

AT
|

3.0

(the parameters p, A and V Dbeing defined in Sect.3.2.2).
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The form of this function depends on the magnitude of )5
which in turn is governed by the parameter « characterising
the rate of loss of electrons from the trap. It can be shown
(Appendix 4) that if « << I, then y <« | . 1In the present
case, o0 & 0.1 (see Appendix 3), so that the exponential term

in the denominator of Equation 3.2 can be neglected:

Y )

o= pli—e .1

The first experimental task was to verify that the electron
polarisation was validly described by Equation L,.1.

For reasons previously given (Sect.,2.1.3), these initial
measurements were done using a nominal trap depth of 1,5 volts,
The results obtained are shown in Table 4,2; in Fig, 4.1 the
asymmetry is plotted as a function of trapping time. The
continuous curve in Fig. L.1l(a) is a least mean squares fit of
the exponential function

A= Al c |

7
the best fit was obtained with

2

At = gnG e o
= e

The confirmation of the functional dependence predicted by

Equation 4,1 which these results afford is perhaps best illustrated



Trapping Asymmetry Uncertainty

time T (ms) A(1079) AA (1072)
0.3 0.4 + 0.3
1.5 0.8 £ 0.3
3.0 i + 0.3
4.5 2.6 + 0.4
6.4 3.9 + 0.3

11.0 5e.5 + 0.4

17.2 o + 0.4

Table 4.2: Electron scattering asymmetry versus trapping

time (well depth 1.8V).
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by Fig. 4.1(b), in which 1n (Ao - A) is plotted against t.

According to Equation 4,1,
B (mmn) = b e

the straight line in Fig. L.1(b) is the previously derived least
mean squares fit,

Having established the functional dependence, it remained to
confirm that the magnitudes of p and A  were consonant with -

theoretical predictions. The equilibrium electron polarisation,

k("o) = M

is obtained from.Ao through the relationship

-1

Bilfen)) = = =SS QRS S

where S is the Mott scattering Sherman function, A considerable
disagreement between theoretical and experimental values of S at
the electron scattering energy used here (50 keV) was pointed out
in Section 3.3.l; coupled with the uncertainty arising from
multiple scattering in the target foil, this disagreement led to
some doubt as to the correct value of S to be used in the present
circumstances. Adopting the value S = 0.21 proposed in Section

3.3.4 gave a value for the equilibrium electron polarisation
b(eb) = oo .

According to the discussion in Section 3.2.4, if losses can be

neglected F(°°) should be given by
A =1 :
};(w) = Pﬁ'(\-—i-% = L. 2
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Fig. 4.1(b): Logarithmic plot of results given in Pig. 4.1(a).
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where PA is the atomic beam polarisation in the interaction

region, and N, and NA; are the contributions to the rate constant
A due to potassium and residual gas atoms respectively. In

Section 3.1.L4 the polarisation of the atomic beam in a strongly

decoupling magnetic field was estimated to be 0.95; in a field

of 6 x 10—3T, this would be reduced to 0.45.

According to Equation 4,2,

."_‘E__f&_._|
Qe = b(e) ;

The difference between theequilibrium electron polarisation

( b@o) = 0Ll o ) and atomic beam polarisation (P, = 0.U45)

A
might therefore be ascribed to spin relaxation effects, with

..?\._R_ A 0|
e

1

However, there are two other possible sources of this discrepancy,
The calculation of atomic beam polarisation involved idealising
assump tions about the symmetry of the six-pole field, and the
accuracy of alignment of the atomic beam system; the quoted
figure could be reduced by imperfections in these aspects,
although the direct measurements (Sect. 3.1l.L4) suggested that the
polarisation in the interaction region was unlikely to be much
below 0.40. Another possibility is that the wvalue adopted for

the effective Sherman function is an overestimate, If the
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experimentally derived value of the Sherman function at zero
foil thickness (0.29) given by Mikaelyan et al, is used instead
of the theoretical value (0.34) derived by Holzwarth and Meister,
correction for foll thickness yields a value for the effective
Sherman function of 0,18, instead of 0.21; the equilibrium
electron polarisation (corresponding to A-— o - 10"2) then

becomes

P(oo) = Dl

Because of these uncertainties, the most that can be said

about relaxation effects is that the corresponding rate constant
94; appears to be at least an order of magnitude smaller than

the rate constant characterising the polarising effect of the
atomic beam. This is understandable, since the spin-flip cross-
section for most residual gases is likely to be very much smaller
than the potassium spin-exchange cross-section (see Section 3.2.L4),

If relaxation effects are discounted, the experimental results

suggest that
}P N 875-1.

A reliable theoretical estimate of this quantity under the present
experimental circumstances was difficult to obtain. According to
Section 3.2.L4, when losses from the trap may be neglected

Mp = GeNv
in Seetion 3.2,7 it was pointed out that because the atomic beam

did not fill the trap, v must be replaced by V' , the path
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length traversed in the interaction region per unit time, The
value of v' will depend both on the momentum distribution in the
trapped electrons and on the radial extent of the electron cloud.
A further complication is introduced by the fact that the atomic
beam did not have a uniform density within its defined radius of
Jmm; a plot of the radial intensity distribution, taeken with
the Langmiir-Taylor hot wire detector described in Sectiom 3.1l.L4,
showed (Fig. 4.2, curve A) that the density was highest on the
axig, falling off sharply towards the perimeter. Thus both the
width of the interaction region traversed by a given electron,
and the average atomic density in the neighbourhood of its path,
would depend on the radial and azimuthal co-ordinates of the
guiding centre of the electron's cyclotron orbits.

These considerations were made guantitative by assuming that
the radisl density distribution in the atomic beam was described

by

where y is the radial distance from the atomic beam axis (in mm).



Pig. 4.2 A — Radigl atomic beam intensity distz phion T (1)
T)

B — Simplified radiel density distritutio
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This curve, and its relationship to the measured intensity dis-—
tribution, is shown in Fige L4.2. An electron travelling on the
z axis would pass through the centre of this distribution; the
width of the interaction region traversed by such an electron
would be 2#A = 6 mm., and the average atomic density over the
electrons path would be (see Appendix 5)
Q- —=Sou(Tioss
The value N = 3,1 x :I.O:u"‘m-3 quoted in Section 3.l.3 was

the average number density of atoms within a cylinder of radius
3 mm. coaxial with the z axis in the trap. In terms of FO ’

N = 0.48 Fo 5
thus

Po = 6e5H x 1014 53 5 {PY = halt x 101t p=3 s
Assuming that the orientation of momentum vectors in the trapped
electron ensemble is rapidly randomised by collisions, the
average value of v' is (see Section 3.2.7)

<\r’> = g_@%&& = -3.3,:10; IMS-I_
Thus the expected value of RP corresponding to the foregoing

assumptions is
Ap =G <P><"J>

= |‘Sx Iozo@e S

The above case, in which the electron oscillates through

the centre of the atomic beam, provides an upper limit to RP’
since both <py and <v'> have maximum values. A lower
1limit may be derived by considering an electron which moves
on a trajectory such that the guiding centre of the cyclotron

orbits precesses round the z axis at a radius Py = 3 mMMo
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(see Fig. L.3). If the precession radius exceeds this value,
some of the axial oscillations will not intersect the atomic
beam at all; however, such an electron would be lost from the
trapped ensemble (Section 2.4.1). It was pointed out in
Section 3.2.7 that the width of the interaction region and the
average atomic density experienced by a precessing electron
would vary periodically with the precession anglee. In
Appendix 5, the magnitudes of these effects were estimated

for an electron with precession radius Fige L4 shows

Ty >
the variation with precession angle © of the average atomic
density < p>,and of the function

F(e) = <p?sind o
The average value of lP characterising an ensemble of electrons

precessing at a radius T, is obtained by averaging over the

precession angle.

{npy

Trf acgXy do.

2®
T ReTa Wz 1T,f

Carrying out a numerical integration of F(6)

20 -1

LAy = 0.6x107 Q5 .
It may thus be stated that the measured polarisation rate
.constant should be between the limits 0.6 x 10%° Qe s1 and
1.5 x 107> Qe S-lo The actual value will depend on the radial
distribution of the electrons. The lower limit is unlikely to
be approached, since it would correspond to a situation in
which the electron cloud was much more dense on the periphery

than on the axise. The effect of diffusion will be to produce
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a uniform distribution; the corresponding value of Aps Whdth
will be about 1.0 x 10°° Qe‘s_l, is probably a more realistic
lower bound.

In the experimental circumstances to which the measure-
ments quoted above pertain (trap depth 1.5 volts, magnetic
field 6 x 10"3 T) , losses from the trap were usually small
but significant. From this it could be deduced that, at
least for the greater part of the trapping period, the trapped
electron cloud had a radial extent comparable to ry = 3 mme

Assuming, therefore, that

Ap = o Lo @ s

it

the measured value of 87 S ~ for Ap implied that

Qg = 0.87 x 1018 2

L

Comparison with the results of Farago and Siegmann, and of
Rubin et al., which were discussed in Section l.2.2, shows &
reasonably satisfactory general agreement, more detailed
discussion, including an estimate of the uncertainty in the

present value of Qe’ is deferred until Section Lelelle
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L.l1.3. Effect of ITncrease in Atomic Beam Density

A further series of electron polarisation measurements was
carried out, in which the experimental conditions were identical
to thoge of the measurements described in Section L.1.2., except
that the atomic beam density was doubled, There were two purposes
behind this, One was to confirm that the rate constant ’kf, was
linearly dependent on the atomic beam density; the other was to
establish whether it would be possible to use the higher density
in further measurements. The advantage of using a more dense
beam would be that a given electron polarisation could be
achieved in a shorter trapping time. However, at the normal
temperature of 583K;, the oven was already operating outwith the
conditions for which molecular flow might be expected in the
chennel, as pointed out in Section 3.1.3. Consequently, the
oven temperature had to be increased to 613K, corresponding to
a pressure increase of w~ 3 times, in order to double the beam
intensity; it was feared that the resultant increase in the size
of the vapour cloud in front of the oven hole, together with the
increase in background pressure in the oven chamber, might reduce
the polarisation of the atomic beam emerging from the sixpole
magnet,

The results of the measurements, shown in Table 4,3 and Fig.
L,5, confirmed this suspicion, As before, a least mean squares

fit of the curve

== =t e'w:)



Trapping Asymmetry Uncertainty

time T (ms) A (10"2) AA (10_2)
0.3 0.6 +0.3
1.5 2.2 + 0.4
3.0 il + 0.3
4.5 4.0 Ea0isd
6.4 4.7 £ 03
17.2 Tl O

Table 4.3: Electron scattering asymmetry versus trapping time

(well depth 1.8V, zstomic beam intensity doubled).
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Pig. 4.5: Eledtron asymmetry versus trapping time (D = 1.8 volts;

atomiec beam density doubled).
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to the measured points was performed; the resulting parameters

were
B, = cwaEw0 T

DRSO o

The rate constant was increased by a factor 2¢I, in satisfactory
agreement with the prediction. However, the eguilibrium
polarisation was reduced by a factor 0,84. Because of this
spparent depolarisation, the later measurements were done at the

reduced beam density.

b.l.,bh., Effect of Increase in Trap Magnetic Field

The previous measurements were performed with an axial

3T in the trap. At higher magnetic

magnetic field of 6 x 10
fields, the effective atomic beam polarisation in the trap will
be increased; the equilibrium electron polarisation should there-
fore also be increased, unless the depolarising effects mentioned
in section 2,2,1 become significant,

A series of measurements was therefore carried out with a
magnetic field of 10-2T, in order to establish whether or not
the equilibrium electron polarisation was still consistent with
the predicted atomic beam polarisation. Since the trap output
current diminished rapidly with increasing magnetic field, this
was the highest field for which polarisation measurements could

be conveniently made. The results are shown in Table L.l and

Fig. 4.6; the best least mean squares fit used the parameters



Trapping time Asymmetry Uncertainty

T (ms) A(1072) AL (1072)
15 : 2.6 +0 8
3.2 Ll L0
4.8 5.1 o
5.8 6.9 + 0.4

11.0 8.6 + 0.4

17.0 9.0 + 0.4

Table 4.4: Electron scattering asymmetry versus trapping time

(well depth 1.8V, trapping field increased).
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= -1 = =4
Ao — q.(’*‘lo ) ﬁ = 1‘3‘35 "
From Fig. 3.12, it may be deduced that when the trap magnetic

30 t0 1.0 x 10721, the effective

field was increased from 0.6 x 10
atomic beam polarisation should have increased by a factor 1.26.
Comparing the above figures with those guoted in Section 2.2.1.,

it appears that the equilibrium electron polarisation, pro-
portibnal to AO » increased only by a factor 1,13. However,

these figures also suggest that the polarisation rate constant
increased by a factor 2.2. Some increase in 9\9 was anticipated,
since it was expected that at the higher magnetic field the trapped
electron cloud would be initially more closely confined to the

trap axis; the rate of radial diffusion would also be reduced,
since the diffusion constant is proportional to B (Section
2.4.1), The considerations of Section L4.1l,2 suggested that an
increase in A, by a factor of up to 1.5 could be explained in

this way, but it did not seem possible that a change in radial
distribution could more than double the rate constant.

The apparent conflict between these two sets of results is
largely resolved when it is noted that a considerable range of
pairs of values for Ao anﬂf%?may be found to give a reasonably
good fit to a particular set of data. The quality of the fit
may be described quantitatively by calculating the wvalue of

X L i e
e = (_E{;) ’

L=
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where A; is the difference between the measured value of A
at the trapping time T: and the corresponding value predicted
by the fitted curve, 6 1is the standard error in the experimental
value, and n is the total number of results in the set. In the
present case, the criterion was adopted that if K £ | , the fit
was good.

The best fit to the results given in Table 4.2 was obtained
with A0= 8.H X 10"2, and X = % s", as previously stated;
in this case, K = 0.50. The corresponding values for the
results given in Table L.4 with higher’ magnetic field, were
A = 9.6 % 10—2, A = 188s”, andK = 0,88. Thus both of
these fits are good by the above criterion.,

In order to establish whether the rate constants derived
for two sets of results are significantly different, it is
necessary to obtain an estimate of the uncertainty in the
predicted values, If the optimum fit to a given set of results
has parameters ﬂo’, 7\’ s consider the effect of altering the
rate constant A’ by an amount AA ., If A, is then adjusted to
minimise ‘){1 s, a new fit will be obtained with parameters A;-f'Aﬂa,
AL AN ; the value of x* , characterising the quality of
the fit, will of course be greater than that for the parameters
A,y A . We define the uncertainty in A as that value of AR
for which the wvalue of ')(‘2 is increased by unity, The uncertainty

in Ao is similarly defined,
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These uncertainties were ecalculated for the two sets of
results under discussion. For the results of Table L,2

(B=6x LD"3T), the fitting parameters, with uncertainties, were
-2
Ao = (725 =illo) wilo

A = ooy AR e e

for the results of Table L., 4 (B = IO-ZT)

—7

A, = (26+05)x

A = 1B sl

It is important to note that these deviations are not
independent; a choice of the lower limit in Ao, for example,
implies a simultaneous choice of the upper limit of A . This

may be emphasised by writing the limits in the following way:

oS s NS (no”) §w5=£;to'3T
il e =it el

s

q.| <y < lo-| (HDJJ J’WB:’ o
Ao sEpas s e

When the results are expressed in this way, it is clear that they
do not confliect with the prediction that the value of Ao should

have increased by a factor 1.25 due to the increase in magnetic
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field. Taking the values

- % % -2
Ao" T-% x 1|0 } 1{)“ B

e S

(
G~
b
GI
e
~

A, = l10:0 x 10" Le B T
N =gt

"
©

which are consistent with the above limits, both the increase in
the equilibrium polarisation (a factor 1,28) and the increase in
the rate constant (a factor 1.7) are in satisfactory agreement
with the predictions made on theoretical grounds. Conversely,
if these predictions are accepted as valid, they may be invoked
to reduce the uncertainties in the results, since only a
restricted range of the possible values of the parameters will
combine in the predicted ratios, Thus the harmonisation of the

two sets of results with theoretical considerations leads to the

conclusion that

— S
= (78 ‘_"_0'3) x |o fd B = bxlp ‘:
A L= (foor s GECH

A, = (agxo3)xp’ b Bo=bjo

>
i

[Erq +=to’) <!

In the light of these considerations, the estimate of the

spin-exchange cross-section given in Section L,1.2 must be
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modified, It was there calculated that

> ‘ 20 _1 ;
DR =E -0 ORI P t
the presently adopted experimental value of 100 s" for ?\p
therefore implies a cross-section value
-8
Re = ol et

There is, of course, a considerable uncertainty in this estimate.

r

Since

f>\1> G Qe <€><“r'>5

(section L4.1.2)

uncertainties in the values adopted for.<f}>and <¢f> will
combine with the uncertainty ( ~ 6%) in Ap, The magnitude of

(P?> depended on the estimate of N, the average number density
of the atomic beam in the trap (section 3.1.3); this was a rather
indirect measurement, and it was considered that it could be in
error by izo%. The uncertainty in <v’> arose principally from
the lack of knowledge of the radial distribution of the electrons;
bearing N mind the discussion of the effect of changes in radial
distribution in Section 4.1,2., and the measurements guoted in
Section 4.,1.,4,, it seemed unlikely that the error was greater than
10%. |

Thus the obvious uncertainties in the experimental parameters

upon which @e depends, suggest Gfaimly pesd8imistie): meitalfw

limits
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on the derived value for GQe :
OBt xlO-'gwf <R l‘§'$ldqimf.
Systematic errors could also arise from the failure of one or
more of the assumptions on which the foregoing derivation was
based. For example, it was assumed in the evaluation of (V,>
that the momenta of the electrons in the interaction region were
randomly distributed in directidn; A insfead the electrons had
' purely axial momentum, the value of (') would be reduced by a
factor 3-% , and the estimate of (), given above would be
correspondingly too low. However, the verious assumptions must
- be judged on their merits, and the queted uncertainty does not
include an assessment of their plausibility. 1In fact, the overall
consistency of the results, and the general sgreement with the
measurements of other workers, provide some ground for optimism

in this regard.

4.2. POLARISATION MEASUREMENTS WITH DIFFERENT TRAP DEPTHS.

42000 Meaéurements.

The measurements guoted and discussed.in Section 4.1.
were all made with a trapping potentisl well of nominal depth
1.5 volts. In the present section, mesasurements of the ﬁolaris—
ation of electrons trapped in potential wells of depth 3.0
volts and 4.5 volts are reported. These measurements'were
part of a programme to find empiric&lly:fhe gptimum éqnditions

for operation of the apparatus as a source of polarised electrons;
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if was also hoped that the results could be interpreted in such
a way as to yield information about the energy dependence of the
spin-exchange cross-section,

It was found that the maximum average trapped output current
at very short trapping times ( €| wms) was achieved with a trap
depth of 3 volts, As the well depth was further increased, the
current dropped slowly. When the well depth was reduced below
1 volt, the current decreased rapidly, and at 0.5 volts was too
low to be measurable, It was expected that the capacity of the
trap would increase with inéreasing well depth (see Section
2.2,2); the decrease in output current at depths above 3 volts
mey have been due to the increase in the diffusion constant
(section 2.4),

Measurements of electron polarisation as a functiom of
trapping time with a well depth of 3.0 volts are shown in Table
L.5 and Fig. 4.7; The corresponding results for a well depth
of 4.5 volts are given in Table 4.6 and Fig. 4.,8. Comparison
of these data with the results given in Table 4.2 and Fig. 4.1
for a well depth of 1,8 volts, reveals a systematic decrease,
with increasing well depth, of the polarisation achieved in a
given trapping time. The effective atomic beam polarisation in
the trap region was expected to depend only on the magnetic field,

3

which was 6 x 10 -~ T in all the above cases. It was therefore
assumed that the asymptetic asymmetry Bs = 7.8 x 10—2, derived

in Section 4.1.4 for the 1.8 volt deep well, would also



Trapping Asymmetry Uncertainty

time T (ﬁs) A {10-2) QA(10_2)
1.5 s 0.5
3.0 1.0 £ 0.5
4.8 2.0 + 0.5
5.8 2.0 £10,.5
11.0 3.3 + 0.5
17.0 4.3 + 0.5

Table 4.5: Electron scettering asymmetry versus trapping time

(well depth 3.0V).

Trapping Asymmetry ' Uncertainty
time T (ms) e ) AL (205)
155 -0.5 + 0.4
32 -0.2 + 0.4
4.8 1.2 + 0.4
5.8 0.7 + 0.4
116 1.6 + 0.4
17.0 2.6 + 0.5

Table 4.6: Electron scattering asymmetry versus trapping time

(well depth 4.5V).



3
;|

A
L
S
hmh%iﬂ*ﬂh‘ :
'ii'

i:-mnw

"
1-1--'-1 e T

‘)\
e

}u—“mmum}mnmmmﬁmm - ..-.-.1,.. il Spneiit o \F
10 12 I 16 )

|3 i et 4,7:.Eleétron agsymmetry versus tr&pping time-(D — 30N

i
D ‘ﬂr‘rmwnmhﬁtﬂ"hﬂﬁ} sy oy et w-‘"m*—i——-"‘“‘"’"”""“'* '“""‘"l‘mm“'m'ﬁm"*m_ﬁmﬂ#rﬁmmm “E“mem*wwwm‘"“mmﬁm“ %‘ﬁmmﬁr
| 'T".‘e | Li | (s | 5 e () 2, R s S |
| _ e . (s

’ .

|
i
.
:‘:i

Pig. 4.8; Electron asymmetry versus trapping time (D



4,250 123.
characterise the results obtained with well depths of 3.0
volts and 4.5 volts. The least mean squares fits performed
under this assumption are shown on the appropriate graphs; the

corresponding values for the rate constant are
Ne= (51 £6) s~ for D= 3.0 volts

and Np = (21 55 -3) s”  for D = 4.5 volts.

The uncertainties quoted above assume a fixed value of A, and
are therefore smaller than those derived when Ao is also varied

2
to minimise ')( .

20l Interpretation

The rate constant 7\9 is given by

’)tp = Qe <(’> <"J>

(section 4,.1.2)

The measurements quoted above showed that ;\9 decreased rapidly
with increasing trap depth: in the well of depth L.5 volts,
had fallen to under a quarter of its value in the well of depth
1.8 volts. This effect can be interpreted in terms of the
energy dependence of Q@; first, however, the dependence of Lg’)
end <v'> on D must be discussed.

In Section 4.1.2 it was shown that 4% > GIo
the freguency of axial oscillation of the trapped electrons. In
turn, W2 < D" o If this dependence were the only

varying factor in ,)\p , 1t would be expected that the rate
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constant would increase with increasing well depth. Thus
the observed decrease becomes even more significant when this
dependence is taken into account,

The dependence of <E>><\J"> on the radial distribution of
the electrons was discussed in Section L.1,2, where it was pointed
out that this quantity would have a higher value for a trapped
electron cloud of limited radial extent than for a diffuse cloud.
The diffusion constant will increase with increasing electron
energy; it might therefore be expected that increased rapidity
of radial diffusion in the deeper wells would lead to a reduction
in the appropriate value of <P><"J> - Howevelr, it was shown
in section 4,1,2 that changes in the radial electron distribution
were unlikely to lead to changes in <p¥< v'> by a factor much
greater than 1.5, In addition, the results of Section 4.1l.4
implied that the distribution in a well of 1.8 volts depth, with
2

a magnetie field of 6 x 10° T, must already be almost uniform.

It could therefore be deduced that
=i
&_e ol ’>\P D 2

where Qe is interpreted as the spin-exchange cross-section
averaged over the distribution of electron energies present in

the well of depth D,

Hence if &, = 1.0 x 10728 w2 for D

then @, = 0.39 x 10-181112 for D = 3.0 volts

and & = 0.13 x 10;181112 for D = 4.5 volts

1.8 volts

il

il
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The problem of determining the electron energy distribution
in a potential well of depth D volts was dealt with in Sectiom
2o, The curve in Fig. 2.20 implied an energy distribution with
a half width not greater than 0.8 &V in the electron beam passing
through the open trap; this was reflected in the analysis of the
output of the trap with a nominal well depth of 1.5 volts,
illustrated by Fig. 2.33. Since the methods of investigation
used were sensitive only to the axial component:electron momentum,
the results were useful only as a guide in estimating the average
electron kinetic energy in the interaction region; this was taken
as 1 eV in the well of nominal depth 1.5 volts. The well depth
was increased by altering the potential on the central electrode,
maintaining thg gates at the same potential relative to the fila-
ment, It was therefore expected that the average kinetic energy
in the interaction region would be ~ 2.5 eV in the well of depth
3.0 volts, and ~ L.0 €V in the well of depth L.5 volts. TLittle
overlap was thus expected between the energy distribution in the
different wells; this expectation was supported by the magnitude
of the changes observed in Ap when the well depth was altered,

The uncertainties in the absolute values of Re in wells
of depth 3.0 volts and L.5 volts will be of the same relative
magnitude as that previously estimated for the 1.8 volt deep

well, {Seg¢tion 4.1.4 .. ) The three values are collected in
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Table L.7, and displayed as a function of energy in Figo li.9.
In this figure, the horizontal bars represent the spread of
electron energies in the trap, which was taken to be about

leV (see Section 2.3)e The vertical bars represent the
estimates previously given of the uncertainty limits on the
measured values of Qe. It should perhaps be emphasised that
the magnitude of the latter reflect principally the difficulty
of measuring the average number density <?j> of the atomic
beam in the trapping region, and of estimating the appropriate
value of £v’'> (see Section 4ele2). Thus the upper limit
is an attemﬁt to define the maximum value of Qe consistent
with the experimental fesults; this would correspond teo a
combination of an underestimate of {p) by 20°/0, and a
simultancous underestimate of <V')» by 109/0. The random
error associated with the fitting of the polarisation curve

to the measured points is small in comparison (i 6?/0 for

D = 1.8V, £ 12°%0 for D = 3.0V, £ 1.%06 for D = L.5V);

it is also taken inte account in assigning the uncertainty
limits,

An underestimate in the value of £p> or 4v') would
be systematic, in the sense that it would affect equally the
measurements made at different trapping depths, all the
measurements of Qe would be increased by a constant
fraction. Hence although the outer limits on the error bars
reflect the uncertainty in the absolute values of Q_, the
form of the dependence of Qe upon energy is determined more
accurately than they suggest. Only the random errors

contribute to the uncertainties in the relative values of Qe
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Averzge electron Qe(lo— m<) Statistical Uncertainty
energy (eV) uncertainty limits
1.0 1.0 + 0.06 + 0.5
- 0.3
2.5 0.39 + 0.05 + 0.22
- 0.14
4.0 0.13 + 0.02 + 0.08
- 0.05

Table 4.7: Values of Qe calculated from results of present experiment
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at different average electron energies, they are shown
separately on Fige l4.9

Fige L4e9 also shows the measurements of Rubin et al.,
and a theoretical curve derived from the work of Karule and
Peterkop (see Section 1a2goNi Before a comparison may be
made with the present results, however, it must be noted that
these previous estimates relate only to elastie spin exchénge
scattering. In the present case, inelastic processes may
also have contributed to the observed rate of spin exchange
in the two deepest wells, in which the average electron energy
was well above the excitation threshold. Indeed, the results
of Karule and Peterkop imply (Wykes, 1971) that the inelastic
spin exchange cross-section is at least a factor 2 greater
than the elastic spin exchange cross-section at an electron
energy of 3eV. An increase in the observed rate of spin
exchange could also occur as a result of the two-stage process
in which an electron suffers a direct inelastic collision,
followed by an elastic spin exchange collision at the lower
ENETrgye The theoretical results predict that in a trapping
time of 10 ms, this two stage process has about the same
Probability of occurrence as a single stage elastic spin
exchange.

Thus the results given here for average electron energies
of 2,5 eV and L.O eV must be taken as upper bounds on the
total elastic cross—section, they are therefore consistent
with the theoretical predictions of Karule and Peterkope. For
an average electron energy of 2.5eV, our experimental value for

Qe 1is 3.9 times the theoretical value, while for an average
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between theoretical and experimental values of Qe in the
energy range around leV,

Taken together, the present results provide confirmation
of the general form of the energy dependence of thg spin
exchange cross—section; This is of practical significance
from the point of view of the utilisation of the spin exchange
process to provide a source of polarised electroné, since it
shows that the kinetic energy of the electrons in the inter-
action region must be low ( € leV) if high electron polaris-
ation is to be achieved at short trapping times. In the
present case, although the highest average trap output curreﬁt
was achieved with a well depth of 3.0 volts, the apparatus is
operated as a source of polarised electrons with a trap depth
of leh volts, in order to obtain a sufficiently high rate of

spin transfer.
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lto3s CONCLUSIONS.

The method proposed by Byrne and Farago (1965) for the
production of a polarised electron beam, by means of a spin
exchange interaction between trapped electrons and a polarised
potassium atomic beam, has been investigated. A pulsed beam
of poiarised electrons has been generated by this method, with
lO5 electrons per pulse, a pulse length of the order of one
microsecond, and a polarisation of 0.5 at a repétition rate
of 55 Hz, The repetition rate could be inereased at the
expense of the polarisation, at a repetition rate of 120 Hz
the polarisation was reduced to O.4 . The polarisation and
average intensity of the electron beam was limited principally
by the properties of the trap in which the electrons were
confined during the interaction; as a result of various
suggested improvements, it should be possible te increase the
polarisation to 0.8, and the average intensity by several
orders of magnitude.

- From a study of the behaviour of this polarised electron
source, it has been possible to derive estimates of the: cross-—
section for spin exchange collisions between potassium atoms
and electrons, at three different average kinetic energies in
the range O0-LeV. - These values of the spin exchange cross-—
section are in reasonable agreement with previous experimental
results, and confirm the theoretical prediction of a rapid
decrease in cross—section with increasing energy over this

energy range.
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APPENDIX I, CLOSING OF TRAP INPUT GATE (Section 2.3,3.).

Adopting the notation and assumptions of Section 2.3.3, we

congider an electron trapped in the unsymmetrical well shown in
Pig. Al 13 The potential distribution for Z > 0 is statie,
while that for 2 < 0 is changing in such a way that it retains a
parabolic form, It is assumed that this change is adiabatic, so
that the potential distribution may be taken as approximately
static over one period of oscillation of an electron in the well,
We consider such a period, at a stage in the closure of the
gate when the energy level of the electron is Ef‘. In that
fraction of the period which the electron spends in the region

Z £ 0, its motion is approximately simple harmonic, with equation

of motion

Z = A-sin ik
where ;

AL 2eV1\2

W = Zy m 9
and

A (1: af)z

Vz

The potential at z is given by

V(z) = Vi {z

Sl
~——
Sae
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oVz

gsince 3[:‘ is so small that w may be aésumed constant over

one period, the explicit dependence of V(z) on time may be written

oV(r) _ Vg ( A*s;.;"ut)
okt ot £

Alcsls

The electron will travel from z =0 to z :—zO and back to z =0

in time U4 = Tr/w % If the change in VI in this time is AVI,

the corresponding change in the total energy of the electron may

be obtained by integrating Equation Al,l oyer the time interval

Tr/w s assuming ;.)aZE:F- constant; this gives
Vr [ _A ) T o oVaig/aet T
QUEE SR 220 S R s

In the remaining fraction of the total period, which the
electron spends in the region z > 0, its motion is again simple
harmonic, but now with angular freguency

_.L. ( Qevb)-lf
“w /)

Wo Z.

|

It will therefore travel from g =0 to Z = Z, and back to Z =20

in time Toy = T/wo 3 in this time there will be no change im
the total electron energy, since the potential in this region is
not explicitly time-dependent. Meanwhile, VI will change by an

amount avI -

SEE g
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Thus the total period of oscillation is

A = T ( is v Esb) 5

in this time, VI changes by an amount

oV 2l el
AVy = 3%? J Tr( ) o ),

and the energy level of the electron changes by an amount

oVz E’) T
s sadi e SNe e
Qe ot (1\;1 e,

: _
The relationship between'VI and & is therefore given by the

solution of the differential equation i

- S DRl AR
g = CVI%[I-&-(%)%}-I Al.2,

The arbitrary constant C is determined by the condition that the
original energy level is E , so that the electron becomes

trapped when Vi = & ; this implies that

o a“f[u%;f"]

Ailss

When the gate is completely closed, VI = VO. In this case,

we obtain from Equations Al.2 and Al.3 the final electron energy
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level in the closed trap:

A1k,
£ B
In terms of the parameters o =y 4 &« = 7 , Equation Al.L
o o

becomes

A = Jﬁ_(o{—rot-'{)
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APPENDIX 2. SELECTIVE EJECTION OF TRAPPED ELECTRONS (Section 2.3.L.)

We consider first the effect on the energy level of a trapped
electron of an adiabatic change in the trapping well depth. It
is assumed that the potential at = z,o remains constant; for
convenience, this is defined as zero potential, (see Fig. A2,1).
The potential at the centre of the trap is then + D' s, where D‘ is

the changing trap depth, and the potential at 2 is

P =% |

V

The energy level of the electron F_, is defined, _as usual,
in such a way that the kinetic energy at the centre of the well
(Z = 0) is ei’ electron volts; since the electronic charge
is negative, 5; is also a negative quantity. The total electron

energy E is given in this case by

£ = el (bl e
A2.1.

Assuming again that the potential distribution changes

adiabatically, the motion of the electron may be described by

Zi = Bisen b »

where _I Zos lfr' 2
_ po- ()
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An argument similar to that employed in Appendix I shows that
the change AE in the total electron energy during one period of

the oscillation of the electron is

(3

AE = Ie]AD’(I—QZ:) + IGI&D’{":II%L) ’

!
where O) is the corresponding change in well depth, From

. 7
Equation A2.1, the change in energy level € is then

L g’
ate!] = ap'- lel 'AE - AP’(%).

This yields the differential eqguation

d g £ |

P

de Q-D’ 2

]

the solution to which is
o
! —-—
il apla

If the original energy level was & , in a well of depth D,
the arbitrary constant C is defined as

2

@ eEp

thus 5, = 2 ({%{)E = )J% Ei )

n
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where 'J is the ratio of final to initial trap depth,

‘| A el
In terms of p = _IB___ ) Qnd (5{ = —57' - /J ""5"’
44
=

B P e A2.2.

After the well depth has been reduced from D to D' by a
pulse on the céntral electrode, the output gate is lowered by an
amount d D; this will cause a further change in energy level,
from &' to f.". If this corresponds to a change in output
gate potential from V_ to Vo' , measured relative to the bottom
of the new well (Fig. A2.2.), the treatment is similar to that
used in Appendix I, and the relationship between the final energy
level E" of an electron and the final output gate potential Vo'
may be obtained directly from Equation Al.2 by the substitution

t.
Vv ——?Vo.

] / g Vo’ 7
E = &, ( Vo ) [ |S=r (vo' ) ]
/

"
In this case the initial condition is that &g when

ik
=

‘ — -
Vo -Vo, thus

and " / Vgl z Vor %‘ =
S S (T/';) [l+('v;)] A255:

An electron will be ejected by this process if < > [5
0

it may be shown immediately from Equation A2,3 that the'
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- i) / '
limiting case, with E = Vo s, corresponds to an energy level

before alteration of the output gate potential, such that

A2.L,

In terms of the parameters

}J
Vo=Ns 4
ma S = gk p(1-%)

Equation A2.4 can be written

ol — = Sl R

A2,5,

Considering now the complete process, illustrated in Fig.A2.3,
we wish to find the lowest energy level in the original well, of
depth D, such that an electron in that level will be released after
the application of the two pulses to the central and output gate
electrodes, From Equations A2,5 and A2,2, this level is

characterised by

= A
e LR ]
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APP L RADIAT, DIFFUSION IN THE TRAP ection 2.4,1
The simplified case is considered in which any given electron
orbit centre performs random walk in the@&,&) plane, with steps of

constant length <f1>/% It may easily be verified that

1

R

N - —

A3.1

is a solution of the two dimensional diffusion eguation

e

n 2
e - DVH,

o

A3.2

using the notation of Section 2.4.1. (Sommerfeld, 1949, p.59).
This solution is independent of 6, and has the radial form of a
Gaussian function with half width proportional to t%. It is
therefore appropriate to a situation in Which.No electrons are
concentrated on unit length of the z axis at time t = O,

The value of the diffusion constant D may be deauced by
considering the net flux of electrons across a small area perpen-
dicular to an arbitrary direction X in the R,8 plane, g

the unit vector in the X direction, the flux per unit area per unit

time is
Eoier— 2’%(«:‘){5‘_.%)

A3.3

where ¥, is the collision frequency and {x'7 the mean square

displacement in the X direction per collision (Kennard, 1938, p.286).
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It may also be deduced from the general diffusion equation A3.2

(Chandrasekhar, 1943) that

F = “'D[L'Vn) 4
A3.L
comparing the two expressions for F, we find that
i
D= =3 Ve {x*
Since in the two dimensional case, iy iy,

D = ‘:‘; VC <‘rz>‘

By applying Equation A3.4 to the distribution given in
Equation A3.1, choosing the unit vector i in the radial direction,
we find that the flux of electrons across unit area at a radial

digtance R from the axis at time t is

2
NeR - 75

F = grpt* © .

Thus if N is the number of electrons remaining inside a cylinder

of unit axial length and radius R0 at time t,

dN
P gl
R 2 3 E:
= = _’Z;_t;. e W

A3.5

The fraction of the original number of electrons in the cylinder
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remaining after a time t is

Ept o Sigs

N 0 SUEED

e = 1-w, = 1= [mee™
N
S

A3,6
ith LD 't
i AR <R:> ;

The time taken for the trap population to decrease to half of its

original number is

(hta)”

T =
2 |
3 I bl R,
W Ve 4125 A3.7

In Section 3.2.1, it was assumed that the rate of loss of

electrons was given by

%ﬁ%- = -V, N
—-adVe £
this implied that N = N,e ~, so that the fraction

remaining after a time t would be
/ =V L
§ (oiEE=s ) = e 9

"A3.8

and half the population would be lost in time

-Il, 2 2 o-69
2 A Ye K V. o A3.9
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It is in fact possible to find a solution to the diffusion

equation (Egn.A3.2) which has such a time dependence; the radial
distribution is then a Bessel function (Hasted (1964), p-20 ). 1In
the experimental situation, the time dependence of the losses would
be more complicated than that of either Equation A3.6 or Equation
A3,8, since the initial radial distribution would not be a simple
function, A rough estimate of the value of & gppropriate to the
present circumstances may nevertheless be obtained by comparing
Equations A3.7 and A3.,9; this comparison shows that the function
f(t) in Equation A3,7 may be approximated by the function f{t) of
Equation A3.9 by setting

2.1 4>
R :

o

The nature of this sgpproximation is illustrated in Fig A3.1l.



Fig. A3.1: Comparison of £(t) and £{t).
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APPENDIX L.

FORM OF EQUATION 3,2 WHEN o 1 (SECTION Lole2e)

Froem Section 3.2.2, the rate of change of electron pelarisation
with time is

()
_— U % 2
e e-—)n‘: 2
where % = [(Qu ___sz)" 5 LI‘GIIQZI ]?
P _ 2—“':2[ ')\ — (&;.—Gn]]
(O«n"'c*zz) =2
and Y % (aw—02) * A )

the coefficients ﬂ/% are defined in Section 3.2.le

In terms of 5 = all - a5,

Lha_ . a
and ’X = Pt

D
(817-255)

$ [td-’x:]%

- [1+ ’X:lli
j+ [+ %)%

>
n

<
i

It e

gm0 =

f-+&-.z Q2
(On = “zz)z

ey &) - (2]

5 2 -2
in terms of the symbols defined in Sectien 3.2, P(l s —') < | 5

Now: ,x

n
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the equality pertaining te the case of the complete polarisation
of the atomic beam, and absence of relaxation effects. The
theoretical results of Karule and Peterkep (1965) imply that

at an electron energy of IeV,

SE T

Qe
Hence, if & <& |y
. P'Z ¢
-—L - —— - —_—
L C T 1+ %Y “(6‘?@)«"
e

Equation 3.2, then takes the approximate form

e )
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APPENDIX 5

EFFECT OF NON-UNIFORM ATOMIC DENSITY IN TRAP (SECTION Lele2s)

We consider an atomic beam flowing in the x direction, with
& density cylindrically symmetric about the x axis} if r is the

perpendicular distance from the x axis, the density is given by

o= o P vE N AS.I

e = eo[} - ;Z?i] gd' N e S AS.2.

An electron travelling with uniform velocity in the z direction,
through the centre of the atomic beam, would experience an

average atomic density

1 r]

R e R -
49(0\) = -é—LFAz = 'é‘[)radz + %'{r&[“ E_G]dz

- o [ 55,

In the present case, R =3 mm., T, = 1 mm,

o <fJ(O]> = O‘é?(:o

Consider now an electron precessing slowlj around the origin
in the x,y plane at a radius R, while oscillating rapidly across
the beam in the z direction (See Fige. A5.1l). Once again, we
assume uniform electron veloclty magnitude in the region of
intera;tien with the atomic beam. At a time when the angle of
precession is ©, the width of the atomic beam traversed by the

electron is 2Rsind® (see Fige A5.2). We now calculate the
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average atomic density {P (8)> over this path,

Two cases must be considered?

r
(i) e <« ©, ¢ (where cose = l/R)

In this case, the electron moves always in a region where the

atomic density is given by A5.2, the average density is

the refore Rew O
=,
<?{9)> Rs».ﬂff [l = f{-r,] dz
. i
o R Rs...t? Raeﬂ'z)l
Rsiw | [' & = ] dz

0 f’o[ =t R?r, 2(r - *‘){I . 1?93 Q‘(%gJ”

(i1) e > 6, :

In this case, the electron moves in a region of uniform density

(Equation A5.1) for |Z] < (2] , where
4
2" = '- R =0,

the integration must therefore be performed in two parts.

R (R%os 9+ z? "-‘ fl} oz

Lplely = ste{jﬁ,dz + . P [' R

=) =Z8i= Z, 4
= f’v['*i‘-ﬁ.[‘ 'Rsfue) &- {' !
Z)
R ca @ { s S'Jw9) (‘ﬂ"‘ )} ]
T L (R-0)) 5AmB 9'“ 1= s B, L. Vi —Zi
The function ({’(9)}, with ry = 1l mm., R=3 mm., is shown in

Fig ® Ll-o’-l-.
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