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SUMMARY , -

The method proposed by Byrne and Farago (1965) for the
production of a polarised electron beam, by means of & spin
exchange interaction‘between trapped electrons and a polarised
potassium atomic beam, kidss been investigated. A pulsed beam
éf polarised electrons has 5een.genera£ed by this method, with
'105 electrons per pulse, 2 pulse length of the order of one
microsecond, snd a polarisation of 0.5 at a repetition rate of
55 Hz. The repetition raté could Ye increased at the expense
| of the polarisation; at a repétition3¥ate of 120 Hz the
polarisation was reduced to 0.4. The polarisétion und average
intensity of the electron beam was limited prineipally 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 inc¥edse the polarisation
to 0.8, and the average intensity by several orders of
magn;?ude. | -

From & étudy of the behaviocur of this polarised electron
gource, :it has been possible to derive estimates of the cross-
section for spin exchsnge collisions between potassium atoms
and electrons, &t three different average kinefic energies in
the range 0-4eV. These vaiues of the spin exchange cross-‘.
secticn are in reascnable agreement with previcus experimental
resulté, znd confirm the theoretical prediction of a rapid
decrease in crosé-section with increasing énergy'ofer this energy

range.
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CHAPTER I. _ INTRODUCTION

1.1, Purpogses_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 potentialé of meréury wére inﬁestigated by electron
bombardment, are only one example of an ilmportant class of
experimeﬁts in whiech theAstudy of electron atom collision processes
hes yielded information about the target atom, AB th¢ sophisti-
cation of theoretical methods hae inoreased, it has become posslble
to ﬁredict with increasing accuracy the nature of the interaction
between electrons and atoms; the experimental verification of
these predictions has provided evidence of the basic soundness of
the quantum,mechanicéi postulates on which they are based, In
a1l but the simplest caees, it has been necessary to employ approxi-
~mation methods in the predictions; rsuch approximations are normally
valid only over a limited range of electron energies andAtypes of
atom, and experimental study of the range of validity of a given
approximation may provide valuable guidance in its improvement,
Por 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 inferacts with a
target, the information which may be obtained (either about the
tér;et or about the interaction) will depend on the degree of
knowledge of the initial properties of the projectile., For
exémple, the fine structure of an electron excitation function
can only be resolved by the use of a sufficlently monochromatic
incident electron beam, The practical problems involved in the
production and use of electron beanms with very smsll energy
spread have until recently been prohibitive, and optical excite-
tion has normally been used in investigations of atomic structure
which reguire excitation of a particulaer atomic state. Apart
from the increased ease of collimation and monochromstion, ex-
citation by a light beam possesses an additional advantage, in
that another property of the beam mey be predetermined: 1itis
polarisation, By seleetioh of a particular polarisation state
of the incident beam, it is possible to diseriminate between
magnetic sublevels of the excited atom; the whole field bf'_:
optical pumping, one of the most Fruitful in present day atomic
physics, depends on this poésibility,

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
coneceive of a similar preselection of the spin state of an
electron beam. If an external magnetic field defines an axis

of quantisation, the component of electron spin in the



quantisation direction has & value *¥ % ; if an ensemble of
electrons containsan+ electrons with spin component +h, and n_
electrons with spin component é%R » the polarisation of the
ensemble is defined as a vector in the quanﬁisation diréction,

of magnitude

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

In fact,'within four years of the postulation of;the existence
6f electroﬁ gpin, Mott (1929) had proposed & method of producing =a
polarised electron beam, and of measuring iis polarisation (see
Seetion 3.3,1.)., Because of the great technical difficulties of
the'doubleascattering experiment involved, the predictions of Mott
were not confirmed until 19h2, by Schull et sl (1942)., Somewhat
ironically, a further fourteen years elapsed before it was dis-
covered that electrons emltted 1n'beta decay were normally quite
highly polarised (Lee, 1957). |
| The experimental analysis of the spin-dependent featurés of
Mott scattering and beta decay provided vsluable information about
the interactions involved, In both these cases, the electron
energies involved are high (typically >> 100 keV ), The possi-
bility of investigating apin-dépendant features of low=energy
electron~atom scattering has only recently been followed up,
largely because of the difficulty of obtaining polarlised electron
beams of sufficiently high current to meke such experiments



feagible. In recent years much effort has been devoted to the
development of & suitable polarised electron source; a wide
vériety of technigues has: been suggested and investigated (Parago,
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 & polarised atomic
beem, 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 corresponding decrease
in the atomic beam polarisation.

The present experiment was concelved as the first stage of =
programme of investigation into spin dependent aspecis of low
energy scattering of electrons from alkali atoms, The primary
consideration in the design of the apparatus was to produce a
gource of polarised electrons suitable for use in subsequent stages
of this programme, However, very little work, elther theoretical
or experimental, has been done on spin exchange collisions bsiween
electrons and alksli atoms (see Section 1.2,); 41t was therefore
anticipated that useful information on the nature of the inter-
action might be obtained from a study of the mode of operation of
the source, In particular, 1t was expected that the spin exchange
craoss~section would depend on the enérgy of the electrons (Section
1,2.2); =8lthough the nature of the experimental method implied a
cansiderable uncertainty in the electron enérgy, it seemed likely

that'any'grosa dependence would be observable,
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1.2, SPIN EXCHANGE IN WIRCTRON ATXALI ATOM COLLISIONS

Ry L AREe R e s e e e e i

1.,2.,1., _ Theoretical Background

A régorous quantum mechanlcal treatment of an interaction
involving electron spin should start from Dirac's equations ( see,
e.g, Mott and Massey, 1965, p,219). However, in the case of the
very ldw electron energies used in the present experiment, for
which spin-orbit effects may be neglected, the non-relativistic
treatment in terms of the Schrodinger equation may be used,
modified by the additional postulate of the Pauli: principle, it
the valence electron of the alkali atom is assumed to move in a
Coulomb field due to the screened nucleus, the Paull principle

~implies that the wave function describing the collision must be
ahtisymmetric with respect to the interchange of the gpatial and

gpin co-ordinates of the bound and freé electrons,

Thue if the total wave function is symuetric with resgpect to
interchange of spatial co-ordinates, it must be antisymmetric with
regpect to exchange of spin co-ordinates, and vice verssa, Denot;
ing the spin state of the bound electron by Is)B and that of the
free electron by [s) , with & = = %, the total spin will have

four stationary states, described by |S, mgy :

L+y = Ik 14k
oy = g{iedl-h) + - ien)) ..
| l,-*l) = 1—15>5l_!§>p

ooy = gl — -]



The Pirst three total spin states ( the "triplet" states) are
symmgtric with respect to interchange of the spin coordinates of
the two electronsj the last ( the "singlet" state) is anti-
symmetric in this respect.

Burke end Schey, (1962), in a discussion of eiectron—hyarogen
gspin 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 antisymmetriec,
the triplet state will be antisymmetric¢ with respect to inter-
change of spatlal coordinates, while the singlelstate 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 scatiering of a beam 6f electrons by an alkasli
etom by defining the singlet and triplet scaitering amplitudes
fl(e) and f3(6 ) respectively, such that the probability per unit
time, per unit incident flux, of scattering into a scllid angle dw
through an anglé © due to an interaction in the singlet state is

| %(9)]2(ho » while the corresponding probadbility for an inter-
action in the triplet state is Iﬁ[e)}zm. These are related to

the corresponding total cross-sections for singlet and triplet



scattering by the expressions

v (3
@ = ar{ [f@l e do

i

‘Q's :W.Lﬂ [ £416) (ié-we Aé'

‘For an eiectr@n of .energ;r lev, .’)\210 ao(whére Q,= 0.53 X 10"1°m)
since the rédius of the potassium atem 18 v, ~ ba, (Mott and
Massey, p.572), the effective range of the interaction will clearly
be comparable with the electron waveleﬁgth, so thet several partial
waves will be necessary to desgribe the scattering. A calculation
by Karule (1965) indicated that the triplet scattering was pre-
doninantly P ~ wave, while the singlet scattering was predominantly

- D=waves the total cross—gections were found to be

A, = 240 Tao
Q. % 290 Ta/

The spin exchange gcéttering cross-gection Qe is defined
(Dehmelt, 1958) as the cross-section for an interaction in which
the syip of the incident‘electronlis initially oppositely oriented
to thét of the valence glectrbn of the atom, and electron exchange
occursy the outgoing election_is therefore in the opposite spin
state to that of the incoming electron, Thus although electron
exchange can also occur between eléctrona‘whose spins are parallel,
this constitutes an unobserveble interchange of identical particles,

and is excluded by the sbove definition., Burke and Schey (1962)

.
’
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have uscd the alternative nomenclature "spin-flip cross-section”

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

The depehdehce of Q on the singlétand.triplet scaftering
amplitudes fl and f3 may be examined by expanding an initial Spin
state of the total wave functian, in which incident and bound
electrons have opposite spin orientation, in terms of the
stationary states of the total spin, It the incident eleetron is
'describéd by [—-"/\/ , and the bound electron by I-H')B . the

initial total 5pin gtate can be written ae

s = w{he lea],

Seattering into unit sclid angle at en angle & will take place with
amplitude fs(e) for the triplet component, and with amplitude
fi(e) for the single com@onent, corresponding to a final state

14> = w@iLluod « fledd ]

In terms of the singlel particle states, this can be written

14y = Tl )00, + 5 (Fh)-, 5,
SR PU R DALV R DA Ly
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where fd(e) = "a‘(f + fl-) repregents the scattering amplitude with
no interchange of spin coordinsates (“ﬁirect" scattering) and

f (9) = % fs-rflf) the scattering amplitude with spin exchangs,
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
L]

ay - zwfo 144] s 640

Tl?(at*@”'\/)

]

T
Q, = QTI'L ]ﬁeltﬁﬁugo@ ’}Z(QH’C’% ")’)
where Y = 2v f:[ f.f:-l-f'*f,)a-dué d© , In section 3.2, the
interaction of partially polarised ensembles of electrons aﬁd-
potassium atoms 1s 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 crosg-

section is summarised in Section 1.2.2.

for Po tassium,

The total cross-—section for spin exchange collision between
elsctrons 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 . gtoms, and
ocbserving 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 peolarised potassium
resonance radiétion, Sincé 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
atomg could be monitored by observing the corresponding changes
in traﬁsmission. When an engemble of unpolérieed electrons was
introduced into the cell (by an R.F. discharge), a transference
of spin took place, the -atoms becoming partially deﬁciafised,

~and the electron polarisation increésing t0o an equilibrium value
determined by the relative magnitudes of the optical pumping fate,
the spin téansference rate, and the rate of depolarisation d%jths
electrons due to epin relaxation effects, The diffusion of
electrons to the walls was inhibitédbbé the introduction of an
inert buffer gsas., |

A uniform magnetic field B, was applied to the vapour cell,
When a radio freguency magnetic fleld was applied perpendicular to
B,s» 1ts frequency satiefying the relationship |
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the electrons were diporiented by electron spin resonance, This
disorientation was in turn communicated to the ensemble of atoms
by spin exchange cecllisions, and wes detected by a further decrease
in the transmission of the pumping radiation, Detailed analysis
of the processes involved showed that the spin exchange crosse
section could be derived from a measurement of the wldth of the
resonance signal in the transmitted radiation intensity,when W,
was held constant and the gteady field was swept through the value
Bo. In this way Franken et al, obtained an upper limit

. | -8,
Ry = 3:0 x 10 wm

for the potassium-electron spin exchange crosa-éection. Because
of the high collision frequency with buffer gaé atoms, the energles
of the eleétrons created by the R,F, discharge were rapidly reduced
to a dlstribution 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 V..

In the experiment of Rubin et al., (1960), the oriented atomic.
ensemble was produced by polarising a potassium atomic beam, This
was done by‘bassing the beam through a strongly inhomogeneous |
megnetic field (eof, Section 3.3.4.); by suitably rigorqus
collimation, a highly polarised beam with a rsascnable degree of
velocity selection was obtalned, Thls beam was cross-fired by an

'eleetron beam with an energy spread of about 0,5 &V, the electron
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energy being varied between 0.5 eV and 4,0 eV, No attempt was
made to enalyse the scattered electron distribution or'polarisau
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 gtoms as a Ffunction of the atomic scattering angle, and
relating this to the corresponding electron scattering angle
(uniguely 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 posaible to
carry these measurements to very high scattering angles, It was
therefore necesssery to make some assumptions about the behaviour
of the diffarential grosa—sectiohs et high scattering angles in
order to obtain the ratio of the total spin exchange cross-section
Qe‘to the total elastic scatiering croaa—section Qe Depending on
the nature of these assumptions, upper and lower bounds were
placed on the absolute value of Q. by comparison with measurements
of Q made by Brode {1929), Reéent measurements (Collinas et al,,
1968) have suggested that Brode's walues for the total elaatié
scattering cross-section Q were a factor 2 foo 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 wereldetermined, 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



flectron Qe (10'18m2)

: enefgy Lower Upper
(V) bound " bound
0.5 0.43 0.8
1.0 0.27 0.8
240 0.28 1.0
3.0 0.22 1.0
4.0 0.16 0.9

Puble l.l1s Experimental results of Fubin et al. (%ith eubsequent

corrections).
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atomic bgam, Apart from this, it had more in commen with the
method of Déhmelt. An engenble of electronsg 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‘aﬁomndnly spent a shaort tiﬁe (ﬂunoyﬂ in the interaction
region, the polarisation of the atomic ensemble was effectively
undiminished by the intepractiony the electrohs, on the other hand,
were retained in the interaction region until the probability of a
given elsctron suffering a collision with a potassium atom approached
unity. Thé;elgctrons 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 regioﬁ, and measuring the electron polarisation as
a function of this trepping time, the rate of transfer of apin
could be observed directly. One disadvantage that this method
gsuffers from is the necesgity for an absolute measurement of the
atomic beam density in the interaction region, the estimation of
which results in a lerge uncertainty in the value of Q. However,
it is undoubtedly the most direct method of chserving the total
spin exchange crosse-section. The value obtained by Farsgo and
Siegmann with an aeverage electron energy of about leV, was

-3,

Q, = (6% 0:8)x10 w.
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The only currently availsble theoretical results for the
total elastic spin exchange cross-section for potassiuvm are

those of Karule (1965), and Karule and Peterkop (1965). The

latter give values for Q, 'over a range of energies from

1.86V to 5.0eV, The calculation by Karule relates to energies
balow_the excitation threshola:‘she'derives the zero energy

limit of Qé, and also gives singlet and triplet phase shifts,

_from whiéh values of Qe‘ may be derived in the energy range

- OeV. to. 1l.6eV, In both cases, the calculations emblgyed a

two-state close-coupling approximation.

. . These theoretical values are presented in Table l.2, A

- comparison with the previously guoted experimental resuits

‘shows that the zero energy limit for Q, given by Karule is

 consistent with‘the u@ber hound derived by Ffénkan et al, from

_meaSuremehts on thermal energy elactrons. The thecretical

treatment predicts a rapid fall in the spln exchange Crosse
seetion with increasing electron energy, up to 3eV; some
evidence of a similar trend may be discernsd in the general
behaviour of the lower bound derived by Rubin et al. (ef.
Tables 1 and 2). However, there are considerable quantita-
tive discrepancies; for example, at an electron energy of
3eV, the theoretical value of Q, 18 a factor 3 smaller than
the experimgntal lower bound.



Electron Q, (107%%%)

Source
energy (eV)

0.0 212 1
0.4 104 1
0.6 68 1
1.0 39 1

1.6 27 1
1.8 | 21.0 2
2.0 16:.6 2
3.0 6.8 2
4.0 | 7.1 2
5.0 5.8 2

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

and Peterkop.
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1.3, Outline of the Present Experiment

) A schematic disgram of the éxperimental arrangement used in
the present work is shown in Fig. l.l. A potassium atomic beam
issued from a circular aperture iﬁ an oven at 583K, and after
collimationgwas polarised by passage through a six-pole magnetic
fieid (Section 3ele). The polarised beam then flowed through the
centre of the electron trap, in which electrons with an ehergy of
a few électron volte were cdnfinéa by an -electrostatic potential
well and s uniform magnetic field in such a way that they
oscillated backwards and forwards across the atomic beam ($ection
2.1.). The electrons were supplied by a conventional electron
gun, outside the trapping region, and were injected into‘the trap
ﬁy the application of a pulse to one of the electrodes determining
the form of the trapping potential. After a defined tmapping
| time, in which many traverses of the atomic beam occurred, the
electrons were released from the trep in a simlilar way. Since
the uniform magnetic field was directed along‘the electron beam
axis, the electrons were longitudinally polarised by spin*exchénge
collisions with the potassium atoms during the interaction timé{”
because of the rapidity of the trensition to a region of zero
megnetic field when the electrons were extracted from the trapping
region, the direction in space of the pélarisation 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 itransverse polarisatlion by rotating
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FiZ, 1.1: Schematic diegram of the present experiment.
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the momentum vectors through 90° 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 120' was measured by allowing the scattered electrons
to fall on two scintillation counters, The intensity of the
atomic beam was measured by a Langmir 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-
Ation of spin exchange and relaxation processes, Since the re~
lative magnitudes‘of these processes could be estimated by com=
parigg. - the equilibrium electronfpolarisationIwith the polarisa-
tion of the atomic beam, e subsidiary measurement of the number
density of the atomic beam in the interaction region enabled a
value for the spin exchange crogs~section to be derived, .

The arrangement outlined above was basically similar to that
proposed by Byrne and Farago {(1965), and used by Farago and
giegmann (1966)., The most significant improvement made was the
use of a sixepole 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
a. proper adjustment of the "optics" of the system (Brash et al.,
1969), it was possible to mchieve a polarisation close to unity
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in the interaction region, with an atomiec number density more
than an order of magniltude higher than that obtained with %he
dipole magnet,:

The importence 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; U4.1). In the experiment of Farago and
Sieémann, i1t was not possible to extend the trapping time
sufficiently to determine this equilibrium valuej; 1t was there-
fore not possible to establish the importance of relaxation
effects, In the present experiment, it has been possidble to
observe convincingly the approach to saturation of the elesctron
polarisation (see, for example, Fig. 4,1)3 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 L,7.); these are in broad agreementi with the resultes
gquoted 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
exchanée process directly, but also to examine experimentally the
conditions under which this process could be made the basis of &
usable source of polarised electrons, The polarisation and
average intensity of‘the electron beam extracted from thé electron

trap were limited basieally by the properties of the trap, vwhich
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are discussed in Chapter 2, Under optimum conditions (Section
%.1.4.), 1t was possible to obtain a pulse containing 10° electrons
with a polarisation of 0,5, at a repétiti-on frequency of 55Hz,
This corresponded to a trapping time of 1l7ms; .since the elegtron
polarisation was then close to its equilibrium value (Fig.l.6.),

it was possible to reduce the trapping time to 7ms, corresponding
to a repetition frequency of 120 Hz, without redueing the polariss-
tion below OL.U. These results are fully presented in Chapter L,



CHAPTER 2

Fz 1. DESCRIPTION OF THE ELECTRON TRAP

*&.m-mm———m

2.1,1, _ Theory of Penning Trap v with Hyperbolic Electrodes

The general behaviour of glectrons 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 .

G=a (5 -2
such a potential distribution cen be created by using as electrodés
the surfaces formed by rotating Fig. 2.1 sbout 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

L
the limits 2z = + ( N Y%, and will perform simple harmonic motion

il

in the 2z direction with angular frequency
o

| (13g21)"
The term in 4)'involving rz, necessary to satisfy Laplece's
theorem, means that an electron on the exis is in a state of un-
stable eguilibrium with respect to 1ts radial motion, In order
to ensure radial trapping,‘an axial magnetic field can be applled;
if this is a uniform field it will have no effect on the axial

motion of the electrons, The radisl motion is described by the
equation (Byrne and Farago, 1965)
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‘Fig. 2.1: Cross-section of trap with hyperboloid electrodes.
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i _ |
r = e* J:[ae“t4-be wt], 2. 1.
where w, is the cyclotron frequency of the electrons in the field
B:
eB .
W, = — -
I
2 Loyt Lyt
W' = FWp —F We .

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

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

2z

we = 2w, > O. | (2.2)

When this condition is satisfied by the more stringent condition

Wz I
“we <« ! (243)

Equation 2.1 can be written as

D (We— we )t :
Aaet(.c e) + betwrt

where 2

L A
2 B

2
1

Three pexiodicities can then be identified iﬁ the motion of
electrons in the trap: axial oscillation ﬁith angular frequency w,,
rotetion in a plane perpendicular to'thé Z axia1with angular
frequencytuc_w(db , and a precession of the Prbital centre of this

rotation sbout the z axis with angular frequency ui.
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2.1.2. . The Trap used in the Present Experiment

~ The syétem of electrodes used in the present trap is shown
in Fig.2.2. Tt consisted of a series of dises and oylinders,
which were used to aefine an approximately parabolic potentisl
well along the ‘axis, This arrangement was chosen in preference to
the hyperbolic electrode structure partly because of gsimplicity of
menufacture, 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 reguired, |

The two outer electrodes were turned from copper, and the

central discs were of stainless steel, The electrodes were

- gupported 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
(rig. 2.3), showed that, with appropriate voltages applied to the
'electrodea, a close approximation to a parabolic Variaiion could be
obtained over the central region of the trap.

The trap was mounted between the polefaces of an eleciro-

. magnet, as shown in Fig.2.h4. The magnet was c¢apable of supply-
ing a field of up to 400 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 filement being in a
region of very low magnetic field, A potential difference of 80
volts between filament and polepiece accelerated the electrons,
and they pessed at this energy through a cylindrical channel in
the polepiece into the trapping region, ‘The normal axial



Pig. 2.3: Electrolytic tenk plot of potential distribution

on trap axis.
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potential distribution is shown in ¥ig,2,5, from which 4t will be
seen thﬁt the first trap eiectrod& { the “input gate") was normally
held about 1 volt negative relative to the filament; electrons
were therefore reflected at this bérrier. Injection of electrones
into the %trap was accomplished by epplying a positive pulse to the
input gate, This pulee was of sufficient magnitude to open the
gote to electrons, which were then reflected by the third electirode
(the “output gate"), On closure of the imput gate, electrons
between the two gates were trapped; they were relenned after a
predetermined trapping time (ranging from 0,25 ms To 18 ms,) by
the application of & positive pulse to the output gate., Ths
ejected electrons wers accelerated towards the other poleface of
the magnet, again at 490 voltis relative +to the filament; passing
through an aperture in this poleplece, they were furthey acceler-
ated in two stages to 3 kilovolts, and injected into the eleatro-
static deflector which preceded the Mottt scattierer. The seguence
of pulses applied to the trap electrodes le shown in Fig. 2,6,

. X} operating Conditions of Tra

To simplify the snalysisg of the interaction between the
trapped olectrons end the potassium gtomic beam, 1t was desirable
thet the electprons should have insufficient energy to underge in-
elastic collisions. Since the threshold for the first excited
state of potﬁéaium is 1,66V, the nomingl trap depth (the
gifference in potentiasl botween the gates and the cenire electrode)
wag c¢hosen to be 1,5 volis, The sxigl poteniial in the cenfral
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region of the trap was thus approximately deseribed by
¢ - —nz

with A = 3 x lob mez (see Fig. ?.3)-

The angular frequency of axial oscillation of electrons in the

trap was then
w, = 1.0 x10° g7
The minimam magnetic field necessary fér redial confinement was

{ from Equation 2.2)

Bmin. = )O‘s T' s

For reasons glven in Sect, 2,2,1l, the magnetic field in the trap
was normally restricted to 6 x 107 ”E%W; for this field

w, = Llx 107 g1

N

8ince %%% ~ O b, Equation 2,3 was also satisfiefd

The preceSsion frequency was given by

A 6
W, = &~ Sxjp §,

An electron trapped for 10 milliseconds would therefore under-
go 3.4 x 105- traverses of the interaction region; during each
traverse it would perform approximately five e¢yclotron 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

Initially, the behaviour of the electron trap was examined
by collecting in a Faraday cup the emeégeﬁt électren beam
(Fig.2.7)s 1In 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 appropriate electrodes. This trapped
current was measqred és a function of several of the experimental
parameters, and some curious features emerged, The most important
of these is illustrated by the experimentel plet of trapped current
versue magnetic field strgngﬁh{ shown in Fig,2.,8: the current
was found to depend sirongly on boih the'magnitude and the
direction of the magnetic field, rising to & sharp maximum et
around 6 x 10“3'T;4i , and falling 6ff rapidly for higher fields,

I+ 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.2.4).
An earlier trap, of basically similar design (Farago and Siegmann,
1966) had behaved satisfactorily with a field of 3 x 10'1‘7}”..
The suspicion therefore arose that the decrcase in current at high
fields was not. directly related to thé 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 trap plotted as a functlon 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 10”2 T could be applied; in this the effective
atomic beam polarisation would be >75%, 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 b‘ackgx-camd. Further-
more, if the losses were occurring after the  trap, the polerisation
messurement would effectively be performed on a very small and hot.
necessarily x-eprese‘ntative semple of the trap output,

Some further investigation of the cause bf—this effect was
therefore necessalry. This was accomplished by replacing the
Faraday cup which had been used to collect and measure the emergent
electron besm, 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, ylelding a visible fluorescent
imege of the beam 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 secemed almost
certain that the same mechanism was respénsible-for the formﬂrof
the curves in Figs, 2.8 and 2,9, and that any conclusions as to
the‘reasohs for losses in the untrapped beam would apply with
equal validity to the trapped electrons,

The series of photographe 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 eurrent
with increasing field was the increasing divergence of the electron
beam, TFor fields of up to 6 x 10“3 T, the beam was confined to a

diameter of about 5mm,, and increased steadily in intensity. As
the field increased flurther the beam "blew up'; the highly diffuse
image became increasingly eccentric and distorted; and &t a field
of L x 1032 T it was no longer visible,

when the loss of current at high fields was firet observed,
the injection of the eleetron beam through the polepiece into the
magnetic fiegd had been considered a likely source of such a
field dependgncg. The maximmm current which can be passed thfaﬁgh
the .eylindrical sperture of radius a (Pig.2,4), for a given -
accelerating voltage V, is obtained in the special case of
Brillouin flow (see, e,z. Pierce, 1954, p,152); 4in this case
the beam is parallel, and the necessary magnetic fleld is given
by |

L
- ()

3ea’

where e and m are the electron charge and mass respectively., I?f



(a): B= o0, (d): B= 1-3xi0 " T,

(b)e B*-; bLx1o T (e): B= 2.6x10°T.

(£): B=3-8=107%T
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the magnetic field is increased beyond this value, the beam which
emerges from the aperture in the polepiece 1s no longer parallel,
but periodically converging and diverging along the axis; the-
current is also reduced, Thus a dependence of current on magnetic
field similar in form to that found experimentally 1s predicted,

In order to obtain pure Brillouin flow, the electric field in
the region between cathode and polepiece must be carefully ahaiéd
so that the electron beam is parallel when it enters the magnetic
field. 'In the present case, electrons entered the transitionl
region of the magnetic field with a conslderable angular sPread,-
80 that the theory of Brillouin flow could not be exactly applied.
Nevertheless, it seemed likely that the dependence of the cyrrent
on the magnetic field would e€xhibit the same general feaﬁures: in
varticulayr, that for a given aqcaiepating‘voltage;there would be an
optimum magnetic field corresponding to & maximum transmission of
current through the‘aperture. In fact, rfor an accelerating volt-
age V = 80 volts, the maximum current was obtained at a Tield of
6 x 10“3'T &ompared with the optimum field of 1.6 x 1072 T, for
Brilleuin:fiow through the sperture (a = 3mm),

However, the steadily 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 poleplece
through gnother aperture, The axial component of the magnetic
field dropped repidly to zero (Fig. 2,11), implying the existence
of a significant radial field component, An estimste of the beam



h

.

< !} WMM“M

Commmenne MAGNET POLE-FACES  orvomom e} -

e wmndle v —— T

Fig. 2.11: Axisl magnetic field in region of tran

(electromagriet current 0-:54).

S

Vo Yy
\‘*
. \*’”‘ﬁm_..,

1 =
o

v #

¥

™

N
S
MAGNETIE oy
Fieeh LINES N
- §
> BT TT?
oy

* PolE-Enel

) NN Y

Fig. 2,12: Simplification of magnetic field-in region of pcm.‘:‘ﬁce.n



2.2.1. - 28.

divergence cauéed by this transition field may be obtained by
considering the somewhat simplified case illustrated in Pig,2,12. ,
It is assumed that tﬁe magnetic field has uniform magnitude Bz at
every point in the plene of the poleface, ond has decreased to zero
at every point in a paréllel plane & distance d from the poleface.
Applying Gauss's theorem fo,the volume bounded by these two planes
and a cylindrical surface of radius r coaXisl with the beam:

f.B_.éS = 0O

CLOSED SURFALE
S.oTeB, = 2wrd B, (2.4) ~

where §¥ is the average value of the radial field component over
the cylindr;éal_surfage. .

Consider now an electrén which enters the aperture at a radial
distance r from the axis, with a velocity WV, parallél to the axie.
It will‘gxperience a defleqting force dug to the radiasl component
of the magnetic field: the average force, over the distanﬁé a

within which the radial fileld exists, is given fy

i

ev; B,

Fo -

(assuming that the deflection 8 is smell), The electron will

therefore ac¢gquire a tranaverse velocity vb y Ziven by

’V’al = %\r Ef(i) = edgr,

—
m



2.2.1. 29.

This corresponds to an angular deviation

O A~ fanb .__‘._\{2, = ed‘g’{

- V2 mv;

The: axial velceity v, can be expressed in terms of the accelera-

ting voltege between cathode end polepieces
L
¥ = \ieVl z

using the relationship (Eqn.2.l) between ﬁv and.Bz}we obtain
finally an expfeSsion'giving the deflection in terms of the known
fieldse ‘
o = (&) e )
2 . .
| BmV (2.5)
"If we consider an initially parallel beam of 2mm, radius

entering the aperture, and teke V = 80 volts, B = 6 x 1072 Ty
we £ind that | |

O & 0-Aradians = 12°

for an electron dt the gurface of the beam, Since the deflection
is proportional to vy, the central region of the beam will remain
relatively‘parallel, but as the magnetic field increases, the
whole beam will apréad out, The effect 18 clearly strong enough

to explein the observed dlvergence of the beam,
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For a given magnetic field B,» Bquation 2.5 states that

-1
2

The divergeﬁce‘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 diemeter without incurring further loss of currqnt. The
possibility of increasing the beam veloclity, 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 trep vacuum chamber, this also
implied an 1ﬁcreasa in the accéleratiop %oltage between filement
and first poleplece, As this latter voltage was increased beyond
the optimum value for the given magnetic field, an inéreasing
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 13 was measured as a function of
mggnetic ﬁield B for several values of accelerating voltage V,
Fig.2.13 shows the maximum beem current obtained in cach case,

plotted égainst the accelerating voltage, Simuilteneous
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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

s small fraction of the current emitted.by the filament did in
facf pass through the aperture in the poleplece, IA may also be
taken as the . emission current of the gun; 1t increased con-
timiously with V, showing that, at the filament temperature used,
the electron gun emission was gpace—eharge'limited, The beam
current, collected as usual in a Faraday cup beyond the segcnd
polepiece, increased with increasing V up %o 80 volts, and then
dropped sharply.

It was thereforg decided to operate the system with an
accelerating voltage of 80 volts, To achieve meximum besm
current, a.magnetic‘field of 6 x 10?3 T was then required in
the trap. As preyiously explained, thls was undesirably low
from the poinx‘of view_of the hyperfine coapling in the potassium
atom. It was found that the field could be incregsed to about
1.5 % 10"2 T Ydefore the current decreased to such en extent that
pOIarisatioh.me&surement was no longer possible; in practice,
however, fields ebove I.LO"?"_'2 T were not uged, since it seemed
possible that the increasing divergence of the beam, revealed by
*ig. 2,10, might result in a signifigant degree of depolaerisation
due to scattering and secondary emission‘in the spintwister and

accelerator,
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2.2.2 Space Charge Limitations in the Tra

y——p—

The graph of average trep output current against magnetic
field previously given (Pig. 2.8), showed a meaximm current of

10731

amps at a field of 6 x 1073 v, This was a typical value
of maximum average beam current, Under'ceftain circumstances,
it was found poseible to obtain conslderably higher currents;

in particular, when the electron gun was switched on after a
"rest" of several days, the current was initially high, and
decreased steadily for several hours before reaching a staeble
value, —The untrapped electron beam alsb displayed this
behaviour, which seemed to be due to variations in the efficiency
of injection through the first poleplece, 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 compensetion by out-
gassed ions,

In these measurements, the trap was operated with a repetition
frequency of ZKEz, An average current of 10“11A was therefore
equivalent to 2 x 10“ eléctronsffram each trap output pulse._' This
provided an adequate ccunting rate for Mottt scatiering analysis of
the polarisation (see Sect.3.3), but if the apparatus were to be
usable ag & source of polarised electrons for future ekperiments,
an increase -in the number of electrons contained in the trap was
highly desirsble, 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 qf uniform
density waa.calculated, 'Tpe padius of the cylinger was'taken to
‘ bé 2mm,, and the length 1Qmm,} 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 Pig. 2.1k, = The originel potential well was teken to

6

have a depth of 1.5 volts, With a charge density of 1.3 x 10~ Cu™>

in the defined trapping volume, corresponding te a number of traspped
electrong N = 106, the well retained an aspproximately parabolie
shape, the potential at the centre rising by 0.6 volis, and the

well depth dropping to just over 1 volt, For N =3 x 106, the
potential at the centre had risen to 1.8 volts, and was almost
uniform throughout the trapping volume. Further increase in the
density of trapped electrons wag not possidle, as can be seen from
the curve for N = 4 x 106: the net electrostatic forces at the'
efdge of the spacew-charge cloud were now direcﬁed away from the
centre, so that thé electrons were no longer trapped,

The assumption of uniform charge density in the trapping
volume implied a particular distribution of electron kinetic
energies; the limiting case, for which the axlial potential
throughout the trap was uniform, could be achleved only 1f =sll the
electrons were stationary, In practice, of course, the situation
would be much more complicated, The_charge denesity 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 tumn
depend on the method by which the electrons were injected into the
trap. - In the present caee, -the electrons were of such an energy
that they were normally 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 potential
exceeded 1,5 volis; fromﬂFig.z;lh, it may be seen that~va1ues“of ‘
N>2x 106 were thus excluded.

The conclusion drawn from these considerations was that the
1imit set by space charge effects on the number of elecirons which

6

could be contained in the trap was of the order of 10 ., The

typical experimental value of 2 X 10Ll

electrons per ocutput pulse
was therefore well below this limit., - Even allowing for the loss
of a éonsiderable fraction of the electrons during extraetion, 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 msgnitude, Further im@rcvement would
depend on modification of the trap itself, The space~charge limit
could be ralsed by inereasing the trapping volume; +to aechieve a
significaent increase, a "merged beam" type of arrangement would be

desirable, in which the atomic-beam could be fired elong the axis
of the trap rather than amcroes it (Fig.2,15). Such a gystem is
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at present ﬁnder congtruction in this lsboratory, The length of
the trapping volume, and therefore of the interaction region,
could then in principle be increased up to the limit set by
depolarisation of the atomic beam; This 1imit may be estimated

by noting that the total spin angular momentum carried out cf the
interaction region by the electron beamxin unit time cannot exceed
that carried intoc the interaction region by the atomic beam, In
order to achieve high electron polariaation, the atomic beam-
polarisation must remain closé to unity throughout the interaction
region; this implies that oniy a small fraction of the total flux
of spin angular momentum carried by the atomlc beam may be trans-
ferred to the electron beam, If the number of atoms entering ihe'
interaction region per unit time is IA' and the average number of
glectrons leaving the trap per unit time is IE’ high elecfron
polarisation can be achleved only if IE-<<IA. In the present case,
I~ 10*2 atoms S“l, 50 that the highest average crrent of fully
polarised electrons which could be achieved with such a beam is
4/10-9 « With a repetition rate of 50Hz, this would correspond
to 5 x 108 electrons per output pulse. it therefore appears that
the number of trapped electirons could be incressed by several
orders of magnitude before depolarisation of the atomic beam
became serious. |
The number of electrons which can be trapped in a given

VOlumelis approximately proportional to the depth of the potential
well which confines them, However, if this nhmber 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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onl& be approached if the average kinetic energy of the electrons

in the trep is very low; (in thg present experiment, the regquire-
ment of low kinetic energy wes also necessary in order to ensure
that only elastic collisions between electrons and potassium atoms
occurred), The simpie method of injecting electrons into the trap
described 1in section 2,1.2 would almost certainly lesad to a con-~
siderable distribution of kinetiec energies; in a deep ﬁell, & 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 modifyiﬂg
the potentisals on the trap electrodes, es the fllling proceeds, in
such g way as toreounteract the changes in potentisl 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 gafe re-
maining constant (see Fig,2,16). At an intermediate stage in the
£illing process, the potential at the centre of the trap would have
become @ volts more negative due to the space charge by then
accumulated in the trap, If the rate of change of filament
potential Vﬁ were not'greater than the rate of change of ¢,Athe
Kinetic energies of the electrons entering the trep would remain
low throughout the filling process.

The same result could be achieved by & gradual change in the

~potential VC on the central trap electrode, all other potentisls
‘peing held constent (Fig.2.17). As the bottom of the potential



Pig. 2.16: Method of 4rap filling proposed by Kriscicksitis snd Tsai.
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ig. 2.17: Alternztive method to that of Fig. 2.16.
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Py 1,0 #nd O denote the positions of filement, input gate, central
electrode wnd output gate respectively.

Solid lines represcent potentials in absence of space ¢harge:
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dushed lines shoew poterntials including space charge,

(1) start of filling process; (2) intermedizie sitage in

filling process.



well was lowered, electrons in the central region of the trap
would lose energy, and become trapped; if the rate of change of
Ve were matched to the rate of accumulation of trapped electrbna,
the increase in the potential & fference (YF - Vc) between filae
ment and'central electrode would be compensated on the axis by the
increase in space~charge potentisl ¢. The well could thus be
made very deep without incressing the kinetic energy of the trapped
electrons.

' The rate at which such a filling process could be carried out
would be Getermined principally by the rate at which electrons
could be supplied to maintain the condition of apace=~charge
saturation in the trapping region. ‘If the rafe of change of tﬁe
apﬁlied‘potential were tda rapld, the e@ui;ihrium distribution of
the space-charge would be upset, resulting in an increase in the
average electron kinetic energy; In practicé, the optimum £illing
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 without increasing the average electron kinetic energy
beyond leV, the trap should be capable of containing 108 eiectrons.

- 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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2.3, 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-gec¢tion for spin-
exchange collisions between electrons and potassium atoms, This
was to be done by measuring the polarisation of the electrons as s
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 discuesion, the effects of space charge in
the trap are neglected, If the trap were filled to the spéme-chérge
1imit, the effective depth of the well, and therefore the maximum
possible kinetic energy, would be greatly reduced; however, the |
‘megsurements quoted in Seetion 2,2.2 showed thét, under normal
experimental conditions, space charge effects were not signifiéant.

Consider an electron trapped.in a statie¢ potential well of
depth D volts, as shown in Fig., 2.18. It is convenient to chooéé
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 p, and p, parallel and transverse
respectively to the z axis, the fact that it is trapped implies
that |

Pz

™ < ]e[)\.



Pig. 2.18: Ernergy levels of an electron in 2 potential well

of depth D.
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This does not yield informastion directly about the total energy,
since the transverge mcmentum p, can have a range of values up to
the llim:l.t set by the meximum permissible cyclotron orbit radius,
In practice, however, the potential difference between the cathode
of the electx:onl_gun, and the trap input gate was set so t}xat, with
the input gate closed (as in Fig, :2.18), ell electrons were reflected,
The electrbns with the highest possible axial momentum would be
those with maximum total energy, and no transverse mo;nentum; since
these were unable to surmount the barrier of the closed input gate,
it could ve deduced that the maximm 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

€ volts above the bottom of the well: this total energy is

= e .

am

L]

I1f such an électron undergoes an elastie c‘ollisﬁbn, el ther with a '
potassium atom or with e residusl gas atom, the magnitude of its
momentum will remain unaltered, but its diz'éction will change,

It will thﬁs acguire a transverse momentum component, end 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

; 2
g . P

am ?
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~

and b, 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 axiel momentum, will.
have their momentum vectors randomly distributed in momentum
spaces; thig,oorrespondsyto a continuous distribution ofllevelg
in the trapgéf Fig, 2.18 from £ volts down to zero, Those at
the bottom of the well will have no axial momentum, and will be
performing éyclotron orbits at the centre of the traﬁ, with
orbital kinetic energy e& electron volts,

The experimental situation was complicated by the fact that
the e€lectron beam used to £111 the trap was neither menoenergetic
por parallel, Electrons whose momentum vectors were egual 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 spreed in the total
énergies of electrons emitted by the filament.would, of course, be
reflected in a range of momentum magnlitudes ag well as directions;
changes in total electron energy would result from the time
dependence of the potential distribution during the trap £illing
and emptying processes,

Over the interaction region, the axlal potentisl 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, Tn estimating this average kinetic energy, and the width

of the energy distribution, reliance was placed as much as possible
on direet measurements on the electron beam, rather than on . |
theoretical computations, The principal reason for this was thatl
factors such as contact potentiale, charging of insulating surfaces,
and finite mechanicel 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. thermel 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 messured; thus the somewhat unrefined measurements
gresented in .the following sections provided as much information as

could be meaningfully used in interpreting the resulis of the

electron polarisation measurements,

The energy spread of the eléctran beam which was injected
inte the trap was investigated by allowing the beam to pass freely
through the trap, then stopping it by graduelly applying a>retarding
potential to one of the trap electrodes, The graph in ¥1g,2,19
shows the results of such a messurement: the untrapped beam current
is plotted against the difference between the potential, Vor
applied to the gutput gate electrode, and-the nominal filament
potential ( taken ég zero in this discussion). The curve in
Fig.2.20 was obtained by differentiating that in FPig,2.19, and gives

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

Since only a small fraction of the electrons emerging from
the filament could have thermal energieé‘greater than 0,56V
(corresponding to approximately 2k?), 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 ¢lectrons
were principally emitted must be over 1 volt more negative then
the nominal applied potential.. Such an effect could be as¢ribed
to contacet or thermal ®¥,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 suffiged on the outer
electrodes (see Pig.2.21). Thie suggested that the potential on
the axis at the centre of the trap was more positive than that
eprlied to the central electrode (Vc). Since this electrode was
in fact & fairly open structure of iwo discs with large apertures
(Pig,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 vV, applied
to the outer electrodes in these measurements, In order.to‘dbtain
a reasonebly accurate estimate of the depth of the axial potential
well, it was necessary to dlsentangle these effects, .for although

the former would remain unaltered when the eleectrode potentials
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were adjusted to create a trapping potential well, ‘the latter
would reverse in sign, and ita'magnituds'WOuld be proportional
to the nominal trap depth,

To establish separately the magnitude of the effect due to
the potential difference (VC - V&) between central and ocuter
electrodes, the measurement of beam current as a function of’
centrsl electrode poﬁential was repeated, with the outer electrodes
first at +2 volts, then at +5 volts {relative to the £ilament
potential). The results are shown in Fig, 2,21, The poteéential
vcs required to completely étop the beam was plotied in Fig.é;22
against the potential diffefence"vca -V, as expected, a linear

depén&ance“was found, By extrapolation, it was estimated that
if‘vcs w‘Vo were equal to zero, the electron beam e¢ould have been
stopped by a potential of ~2,5 volts on the central electrode, In
that case, of course, the outer electrodes would be at the sgme
pofential, and no correction could be necessary on their account.,

The remainder of the discrepancy between the stopping
potentiale on centfal and outer electrodes, amounting to sabout 0.5
volts, was ascribed to the effect of the high potentisl on the
chamber walls, It was then possible to calculate the actual
depth of potential well created by a glven set of electrode
potentials, If, for example, these potentials were

VI = =2 volts on the input gate,
V_ = +1 volt on the central electrode,

and Vo = «2 yvolts on the output gate,
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further éxtrapolation in Fig., 2,22 showed that, for Ve n‘Vo = 3 volts,
the akial potential at the céntre.of the trap was made 0,5 volte
more negative than Vv, by the influence of the outer electrodes. .
Taking into account also the influence of the potential on the
chamber walls, which alone would have raised the exial potential
by 0.5 #olﬁa,‘it sppeared that in this case the corrections
cancelled, and the actual well depth was Just

D = V_ - vo = 3 voltis.

c
If, on the other hand, the potentials on the elecirodes were

Vi = -1.5 volts r

vc = 0.0 volts'

il

and Vo =1,5 volts,

a similar treatment showed that the actual well depth was gliven by
D= Vc “'vo + 0.3 = 1,8 volts

Generai_confirmaﬁion.of these deductions was provided by
electrolytic tank and resistance paper plots of the potential
distribution near the trap centre (seé, for example, Pig. 2,25)¢L
More feliance was placed on the measurements quoteﬁ above, however,
since the ehaﬁges in pqtential being studied were only of the
order of 0,5% of the potential difference between the central
electrode énd the vacuum chamber, and there were several possible
sourées of systematié error of this magnitude in the apparatus

avallable for analogue measurements,
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Pig. 2.23:; Resistance paper plots of radisl potential variation
at z = 0, with a potential of +80 volis on the
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chamber walls (r = 24mm)
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The measurements displayed in ¥Fig, 2,20 revealed a spread of
components o’_ﬁ exiel momentum in the electron beam passing. through
the ‘open trap, : In order to deduce the range of eneréy 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 _-o;’ .this effect depended on the rate at which
the gate was closed; .in the present case, the change was adiabatic,
in the sense that the t:_ln{,e taken to close the gate wes long compared
with the period of axiel oscillation of a tz;a'pped electron,

To estimate the ma_gﬂnitude of the effect, some simplifying
assumptions were made., Reverting to the convention that V = 0
at the cenﬁre of the trep (z = 0), it was assumed that at any
intermediate sfage in the closgre of tpe trap, with a constant

potential VO on the.oﬁtput. gate and an instantaneous pbten’oia:l,

VI < V 0 o1 the input gate, the potential well was repreéented by
two 'paraboli'.‘c curvess |
o Z 2 ' ) . 5 u §
Vo= Vo'(}"o) |  for z >0 |
5 \ 5 2
V.. = \’I ("fo) {o\r z2 £ 0O

S

(see Pig, 2,24). When the input gate was ful;y open (VI = 0),
an electron emitted from the filament with total energy E = el
in such a way that it entered the region of uniform magnetic field

[
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with purely axial momentum, would be reflected at the output
gate 1f E < eV, = and would oscillate between cathode and ocut-
put gate. Since in this state it would spend only a small
fraction of its time in the neighbourhood of the input gate, 4t
was assumed that the changing potential on this electrode would
have a negligible effect on the energy of the electron until it
became trappéd. This woul@ therefore occur when \G;== £.
Subsequent to this, the electron would oscillate in the potential
well between input and output gates; a conslderable fraction.of
its time would now be spent in the region of varying potential,
so0 that as the input gate was further closed the total energy of
the electron would increase, Under the assumptions detajiled
above, it was shown (Appendix 1) that when the input gate was
completely closed.(VI = Vo = «D), the totai energy of the trapped

electron would have ingreased to a value

In terms of the parameter o = , describing the total
energy as & fraction of the maximum possible total energy for a
trapped electron, the final energy level is given by
- 1e'
o —_—

= 5 ::-‘-i(o(.q-o(‘?‘-')

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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Fig. 2.20: Effect of gate closure on originally equally sypaced

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 predlet the resulting spread of energy levels in a .
trap of depth D = 3 volts, The original distribution is showm
as a function of ¢ in curve A of Pig., 2,273 curﬁe'B;shawswthe-
distribution -to be expected _a.ftér -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
interpretiné}these distributions. . The average eneréy of axial
motion at the centre of the trap corresponded to o = 075,
or E = EQ'ZeV; transverse motion could increase this some-
what, but since the maximum energy in the trap was 3¢V, the .

change in the average energy could not be large,

_Analysis of Trapped Electrons

It was desirable to establish the‘validity of these
predictions by measuring the energy distribution of the electrons
in the trap directly, To do this, a method based on that of
Graff et al, (1968) was adopted, A negative pulse was epplied
to the central electrode of the trgp at the end of the trapping
periocd, of sufficlent magnitude to reduce the trap depth tc a
fraction‘}l of its initial wvalue D, All energy levels in the

well were raised to same 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 gpplied to the output gate, and varying the magnitude
of the pulss applied to the central electrode, the ‘entire range of
energy levels could be scanned, =~ - - - i}

The resultis of measurements ﬁaken‘in-this-way'are‘shown in
Fig, 2.28. . In this case the nominal trap depth was 3 volts, and

AV, = 0,5 volis, 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 sctual 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 émall'
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 energieé 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 eleetron, The details of these considerations,
which involved approximations similar to' those of -the previous-
seotion, are given in Appendix 23 only the results - -are presented.
here, . It was found that 1f the pulse applied to the central - . -
electrode reduced the trap depth from D volis to pD- volts, an
electron whose energy level in the originsl well corresponded to
- £ |

g = 5

would be raised to a 1eve1 E. volts above the bottom of t.he g

+

well, whe re

+ . o =h‘!.‘

A ’ .
Expressing £ as s fraction of the new trap depth ‘Df%“PD,‘ |

the new energy level corresponded to

i)
i
o
1
T
V)
i1
-
M-
“»®

An electron at a level @, in the original trap would be
releasgd .frq}n th_e.:.tr_ap by tl_;a' ﬁulse on the central electrods; if
the corresponding @'>1 . fhus all electrons whose original
energy levels were a{)ove that for éhieh

B8 = & :'PJ{

would be ejected from the trap.
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If the cutput gate were subsequently partially opened by a
pulse of amplitude .
AVD = éD, : ' -_... o "“'--".‘ [
glectrons would bc.rgleaséd if their energy levels in the original

trapping well were above that for which

— |
B = & - ¥ [ Hp";f + (p-é)/zj';

For the measurements shown in Fig,2.28, in which D = 3 volts and
AV, = 0.5 volts, & =0,17. InFig 2.29, B, and B,
are shown as e function of p for this case, The width of the
range of energy levels (@,—-—@1) released by the pulse J&D
on the putput gate, after the aﬁplication of the pulse pD to
the central electrode, was clearly dependent On_ﬂJJ $ this
dependence is shown explicitly in Fig, 2.30. |

The résults given in Fig. 2,28 were reinterpreted on the
basis of these considerations, to give the energy distriﬁﬁfions
over the levels of the original trap shown in Fig. 2.31; Each
measured point is now repfesented by a %ar;.the léngth 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'ievela.‘ The curves are drawn so as 10
be consistent with the averages implied by the bars; they are
not unigue in this respect, and are merely intended to indlcate

the probable outline of the energy distributions, In all the
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distributions, a maximum is apparent around ‘@;y: 0.7, a8 -

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 ek

in the trap was

gy

et

4

LeV

teking into account the additional kinetic energy associated with
the transverse momentum of the electrons, the average kinetic
energy at the centre of the trap was probably somewhat nesrer %o
3eV.

It was not found possible, in practice, to carry out aﬁ
energy anaslysis in the manner previocusly described, if the
gmplitude of the pulse applied to the cutput gate was reduced
below 0,5 volts, The pfincipal 1limiting factor was the decreaée
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 a&opted, in which, after the negative pulse
nad been applied to the central electrode, a pulse of +5 voitis am-
plitude was applied to thé output gate, and all the remaining
electrons in the trap were ejec%ed and counted, - The curve shown
in Pig. 2.32 was obtained in this way; from it, the energy
distribution of FPig. 2.33 was deduced, The peék of the distribu-
tion was fairly low in this well, and the average vaiue of

was estimated to be -
38' s O‘(JGV.
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As in the previous case, energy of transverse motilon would
increase the average total energy, but it seemed probable that
the ‘average clectron kxinetic energy at the centre of the trap did
not exceed = 1eV,

The spread in energy of electrons in the trap was perhsgps
best expressed by noting that over 75% of the electrons were
found between levels of 1.2 and 2.7 voltis in the 3 volit 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 exchenge 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
remarked that for many experiments at somewhat higher energies,

an energy resolution of under 1 volt would be quite aceceptable,

2.410 Theoretigal Discussion

In prineciple, electrons could be trapped for an indefinite

time without loss in the combineation of electric and magnetic fields
described in Section 2,2, 1In practice, the meximum 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 sectlon, possible causes are discussed,

In considering the loss of electrons from the trap, 1t 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 thet it will not form .part of the pulse of
electrons extracted from the trap, The limiting radius R o may
be simply the internal redius 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 -el-ect'rons
from the trap. -

mffects arising from relative misalignment of the axes of -
symmetry of the electric and magnetic fields in the trap were
1nv.estigateq..theorétically‘ by Byrme (1969), He found that such
a mi‘saligxment reaulted in the electrons acguiring a radiasl drift
velocity proportional to the degree of misalignment:

'%WGT T -6z, Opmd,
where z and qag are ‘eJleetron axial digplacement and precesslon
frequency, as defined in Section 2.1.1, ¢ is the azimuthal angle,
and 6 is the angle of misalignment, Since Z = Z,ces W, t,
the drift velocity changes sign every half period of the axial
oscillation in the trap; the radial displacement is thus also
an oscillatory function, with meximum amplitude

AR = 1267, ).

z

For the trap previously described in Section 2,1.3, in which

-3 . ‘ b -
Z, < 8x10 m | Wp = 5x10 s H

AR < 5%x1070 wm.

and W, = 10857
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A mlsalignment of 1°, corTeSponding to © = O 02 radlans. will
result in a maximum raﬁial displacement of 10*h 1t 15 clear
that the diameter of the trapped electron cloud would not be
aignificantly increased by this effect, unless a substantial and
unsuepected.degree of misalignment had oﬁcurred. o

. The effect of elastic electron~atam colliaions on the
directianal diatribution of electron mamenta in the trap has
alréady'been ment1onéd-(Section 2,3.1), 1If 5 trapped electron
hes a transverse momen tum pys 1t will perform cyclotron orbits

of radlius;

Py

Y B

h

let the guiding centre of these orbits be a radial distance R
from the @rap ax;s. As the result of'an elastic collision:with
an aton {assumed infinitely massive), R may be increased or
decfeased.by up. to 2y, deyending ;n the pcint in the orbit at
which the colllsion takes place, and on the direction of the
electron's velocity aftgr the collision, The average transverge
momen tum of an electron, after a large number of such cclliaions,
will depend not only on the total energ& E of the electroﬁ, but
also on the axial éistribution of the collision probabllity;

if the collisions all ocecurred at the centre of the trap, the
total energy E'="E%w\ would be equally shared among the three

degrees of freednm'af translational motion, so that

{he> - 2
Lt S E.
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The mesn square radius of the cyclotren orbits would then be

u <P:_I> ‘[_FME . S o
<T2> = e-l.B?. = '_32232 . ) | 2.,6.

The mean sqgﬁré diaplacgment, in the plane perpendicular %o the
4 axis,:of-ihé guiding centire of the cyclotron orbit as the
result of a collision will be

Kar> = e

As a consequence of these collisions, electrons will diffuse
radiglly outwards from the axis, and those passing the limiting
radtus R, will be lost, The rate of loss to be expected from
this cause may be derived by solving the two-dimensional
diffusion equation’

| %% D V(e n,

’

where n 18 the electron conqentration; and D the diffusiorn co-
efficient., TFor the case of two dimensional diffusion, D is given
by

D = Ly = L),

where Vv, is the average frequency with which e 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 ca‘s‘e 18 considered in which the originsl radiasl electron
d:ia-tri‘bution ig & delta function centred on 'r-=' O o It 15‘
shown there that the fraction of electrons remaining in the trap
after a time € 1is given hy

J¥(t). . ‘TQ
Ve 40D
= - e ; %ﬁr

k3
- Ro/pt
e

The funct:!.on f(t) is shown in I“ig. 2.34, The time taken for |
the population of.’ elestrong in the trap to decrease to half of its
initial number is

’ 2
T i ._R_..‘E.
4 e

“In a potentml well of depth 1, 8 volts, with an axial
magnetic field of 6 x 10 -3 T, the maximum electron energy
corresponds to0 & mean square cyclotron prbit radius

_7

2
Y s L m’
< max. X \O :

For a limiting radius R, = 3 X 1070 m (the internal radius of the
gafe electrodes), .
}(r‘)m“. | B
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The trapped electrons may collide either with atams 'in the atomic
beam, or with &toms of the residual gas, If the corresponding
gollision fregquencies are Vg and Y; respectively, then

The normal density of the pota331um beam was N 3 X ‘_103","l
atoms im *3,'and the width of the interaction regien ~~ lymmg
the total cross-section for potassium-electron collisions at an

~18 2

electron energy of 1.8ev is ~ 5 x 10 m“ {see Fig. 2.35),

so that

-t -
vg  35xl0 w, = 350s.

If the residnael gas pressure were low enough so that Vg > Ve,
the diffusion of the electrone would be characterised by a time

T'/z '3 |00 ws

prom Bouation 2.6, <¥'> « E , The aiffusion rate
might therefore be expected to increase with increasing trap
depth, However, Y. is proportional to the collision cross— -
section, which is also energy dependent, For example, if the
trap depth were increased to 4.5 volts, so that:the max iymum
electron energj waes increased by a factor 2,5, the corresponding
cross~seciion would be reduced by a factor 1,55 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 Trepping Time

‘Phe most striking fact to emerge from an experimental
investigation of the losg of trapped electrons was that the rate
of loss sppeared to be unaffected by whether or not the atomj.c'
beam was pessing through the trap. The curves in Yig.2.36 show
the average trapped current as e function of trapping time for
seversl céifferent trap depths, with an atomic beam passing through
the trapj in each case, measurements were also ninde with the
atomic beem ahut: off, and the resuliing curves were not .
significantlbf different, This impiied that, if radisl diffusion
were indeed the dominant mechanism for electron loss, collislons
must oécur predominantly with residusl gas atoms, The theoretical
considerations of the previous section showed that a collision fre-
quency Vg = 350 s~ with beam atoms would correspond o

T.,&‘ = (Owms in a trapping well of depth 4.5 volts; the
situation revealed by curve B in Fig, 2.36, for which T./1 < bws,
required a collision frequency V, &t least an order of magnitude
greater than Vg . | |

BEstimation of VvV, 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

the trap of the order of 1077

Torr, corresponding to a nurber
density of residual gas atoms of ~ 3 X 1037 atoms in ~3,  This
was an order of magnitude grester than the atomic beam number

density; however, if the residual gas is assumed fto be camposed
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of atmogpheric proportions of oxygen and nitrogen, the cross--
section in the relevant energy region is smaller than that of
potassium by a factor of sbout 4O (see Fig. 2,35), VWhen the
increase in.the length of the interaction region is taken into
account, a collision frequency Vg ¥ 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
croés—section due to bagksireaming from the {(oi1l) daiffusion
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 featureé:
three typicéi examples are shown in Flg, 2.37. Normally, the
usual pattern of increasing loss with increasing trapping time
was found, as shown in curve A; on occgsion, however, it
appeared that-more,eiectrons were extracted from the trap after
a long trapﬁing time than after a_brief‘confinemént, ag evidenced
by cuﬁves B and C, Presumably the los§es were in such cases ,
being masked by larger variations in either injection or extraction
efflciency; the explanation might lie in tﬁe fact that the energy
distribution of the trapped electrons changeg with increasing

trapping tinme,
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CHAPTER

INTERACTION BETWEEN TRAPPED ELECTRONS AND
A POLARISED ATOMIC BEAM

3sls THE ATOMIC BEAM

3,1.1s Properties of the siz-pole magnet:.

The early experiments of Sterm and Gerlach (stern, 1921,
Gerlach, 1924) established the feasibility of producing a highly
polarised beam of atoms by passing them through a region of strong
magnetic field gradient transverse to the beam. If the atoms
have a2 magnetic moment u, they will experience a deflecting

force

‘F = -tuVB

an atom whose magnetic moment is aligned with the magnetic field
will be deflected in one direction, and one whose magnetic moment
is antiparallel to the field will be deflected in the opposite
direction. By insertion of suitaeble apertures, it is possible te
achieve almost -1009/o polarisation of the output beam.

The principal disadvantage in using a straightforward dipole
magnet of the Stern-Gerlach type (Fig. 3.1) is that the collimation
necessary in order to totally exclude one spin state results in a
rather low transmission. Much more intense polarised beams can
be produced by using & magnetic field of the "aix-pole" type
(Pige 3+2). In this type of field the magnetic field gradient VB
is propeortional to t@e_raq;alldistgnce r from the symmetry sxis,

and is in the direction of x. Consequently, an atom with magnetic
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moment parallel to B will experience a force away from the axis,
increasing linearly with », while an atom with magnetic moment
antiparallel te B will experience a linear restoring force
towards the exis. One spin state will be defocussed, the other
spin state will be focuseed at some point on the axis,

Arguments can be developed by analogy with optical focussing
systems to predict quantitatively the behaviour of such a "lens"
(Brash et al,, 1969), The power of the lens will clearly be
a function of the velecity of the atoms along the axis, since
the net deflection will be proportional to the time that the atom
spends in the field, This “"chromatic aberration” means that it
i8 impossible to focus at one point on the axié all the atoms |
in‘one spin~state emanating from a point source., Nevertheless,
by adjusting the value of the magnetic field so that the pesak
of the velocity distribution is focussed at the centre of the

interaction region, high atomic densities can be achieved.

3ele2s Details of the six-pole magnel used.

The six-pole magnet used in the present investigation was
an electromagnet manufactured by Newport Instruments., The
length of the magnet was 250 mm., and the poletips were at a
distance of 3.5 mm, radius from the axis, The magnetic field
at the pele tips could be varied, by adjusting the curreﬁt
through the windings, from zero up to the saturation value of
about 0.7 Te. {at a currﬁnt of about 8 Ae)e

Using. the formulae given in Brash et al., (1969), Brash
has calculated (Brash, 1969) the tetalg-flux, nunber density,

and polarisation which can be. expected from & potassium bean
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focussed by such a magnet under the conditions Qf the present
experiment (Fige 3e3)« it &aé assumed that the atomic beam
was produced by & point source at a temperature of 583K, The
results of these calculations are shown in Figs 3.4. For a
poletip field of 0.5T., corresponding to & current of about
3A., the polerisatien is close teo 100%/0,

3,1,3, Measurement of atomic beam density.

In the analys;p of the results of tpe present experiment,
two properties of the afomig bean are significant: the nnmber
density of atoms in the region of interaction with the trapped
electrons, and the polarisation of the atenic heam'iﬁ‘thié regione.
Basieally these quantities are found by using the computed curves
shown in Fig. 3.5, normalised by a measurement of the atomic beam
flux on a Langmuir-Paylor hot wire detector. The details of
this normalisation procedure are given by Brash (Brash, 1969),
and only an outline is presented hére.

The use of a hot-wire detector is the most cénvenient method
of measuring the flux of ean alkall atemic beam. It relies on
the fact that the work function for an incandescent platinum
surface is greater then the ionisation potential of the alkalil
atom] an stom falling on such & surface has therefore a high
probability - approsching unity for a clean surface (Schroen, 1963) =
of losing ite electron to the metal snd being re-emitted as a
positive ion. By applying a sultable electric field the ion
current cen be collected on an anode, and a measure obtained of
the number of atoms per second falling on the exposed surface of

the wire.
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) In the detector used here the wire hed a dismeter of
0.1 mm., anﬁ a Blit in front of it exposed a 0 62 mm. length
to the atomic beam. Because of the geemetry of the ion
collectors (Fig. 3¢6), only a fraction 0.53 of the ‘emitted ien
curren$ was collected when a potential difference. of 90 valts
wéé'applied-betWan filament and collectors, ' The relationship
vetween measured lon current 1 8nd incident atomic flux
aensity‘ 3 lwas £herefore -
1 = 5.3 x 107272 L

' It was not possible to place the het wire detector in the
centre of the trap, for obvious reasons; the actual experimerntal
arrangement is shown in Fig. 3.7 However, for avgiven current
through the 8ix-pole magnet, and o Pized beam source temperature,
there is a unique - relationship between theuflux density measured‘
at the detector and the particle density in the interaction .
region. For a six-pole current of J3A., gcorresponding to &

poletip field B, = O.uhT , this is given by .
N = 1.88 x 1072 B _, | 5

where §m 18 the maximum flux density measured at the detector,

In terms of ion current, this can be writiten

N o= 3.58 x 102 4

m

vhere 1% ” is the corresponding maximum ion current from the

detector.,
The source of the atomic beam in the present experiment
was a conventional oven (Fig. 3.8), in which potassium was

vapofiééd at a temperature of azbout 30006. The vapour issued



Fig. 3.8: Atomic beam oven.
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‘through & cylindricel channel O.4mm diameter, 1.5mm long. Since
the mean free path in saturated potassium vapour at this texperature
is '
A X O lwmm,

it could not be expectéd that molecuwlar flow would occur in this
channel. However, it was found that a much higher beam intensity
could be obtained by suchra source than was possible from a
conventionally sized aperture. The maximum beam intensities used
gave 2 maximum detector current of 1072 4, corresponding to a
number density in the trap of 3 x 10 14 toms n™ .

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

= 0.95 .

& fairly crude confirmation of the'high degree of polarisation of
the beam wWas obtained by inserting a emall 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 Fige. 3.9 vwere
obtained. The resolution of the two peaks corresponding to the
two spinstates can be clearly seen in Fig, 3.9(A), for the un-
polarised beam; for sixpole currents greater than 2 A, one peak
completely disappears, indicating a polarisation greater than
85%; Phere are, however, several important qualifications o
this result, |
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In order 1o achleve the reguired resclution, a Very narrow

‘g1it (O.1mm) was placed in front of the Stern-lerlach magnet,

The measured polarisation is therefore not the average polarisation
over the whole beam cross-section but the polerisation of a small
segment of the beam. If the aperture is on the axié; this could
give a misleadingly high figure. The "polarisgation" measured by
the Stern-Gerlach magnet is furthermbre a relationshiﬁ between the
fluxes of the two spin states; rather than their number dehsities,
and the measufement takes place at & quite different position on
the axis to that of the interaction region, Taking these factors
into éccéunt, however, the results confirm that high polarisations
are obtained, a8 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 O.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 siates
except those with total magnetic guantum number m = 2 the magnetic
moment is field dependent (Fig. 3.10). The conseguence is that
the lens is wealkened for paraxiel rays. A central axial stop of
0.5mm radius would eliminate this section of the béam;.which will
of course have a reduced polarisation. However, the sqlid angle
involved is of the order of 1/40th of the total accepiance of the

magnet, and the resulting complication of alignment procedure was
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not considered worth the small increase in polarisetion which
might be expected, )

In the SternuGerléch magnet the atoms once again find them-
selves in 2 strongly decoupling megnetic 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. 2.241), the magnetic
£ie1d had to be restricted to under 107°T. The effective
polarisatlon of the beam will be much reduced by the fairly strong
coupling between nuclear and atomic electron Spins,  The extent
of the reduction in polariéation can be found by exﬁressing each
hyperfine state of the atom as a summation of Irw,,nni>; states
and calculating the effective polarisation, subsequenﬁly averaging
over all hyperfine states present in the beam., If a particular

hyperfine state |F,m) is written in terms of |my M) states as

\F;W‘> = C*}*‘i) M"L5'> +b] --'7’» ) M+‘/‘3>9
the effective polarisation of this state is
| 2 .2
Pen = iz
o1 e“ + b

An atomic beam which is Qompletely polarised in é strongly
decouplihg field will be composed of equal populations of those
hyperfine states which in the strohg field limit tend to the form
| ++%, myr > . The effective polarisation of these states
as é function of magnetic field is shoun in Fig. 3.11; Fig. 3.12
gives the effective polarisaiion 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 nust be taken into account
in discussion of the interaction between the atomic beam and the

trapped electrons.
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3,2,  MATHEMATICAL DRSCRIPTION OF THE INTERACIION
3.2.1. 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 wnit volume with spin component ++$H in the direction
of the magnetlc field, and N_ with spin component ~+h . Let
the densities of electrons in the two spin states bve llkewiseln*
and n . It is useful also to consider the effect‘of‘a typical
unpolarlsed residvasl gas, of density'Nﬂ molecules/unlt volume.

The population n+ of electrons with spin +%t\1can change as
a pesult of three processes during the interaction with the atomic
beam: | | |

(1) A apin-exchanée collision between a "gpin-up" electron.
and a "spin-down" atom will result in a loéé ?o n+. '

(ii) & spin exchange collision betveen a "gpin-down® electron
and a "spin-up" atom will result 1in a gain to n+, _

(iii) Electroné will be lost from thg trap during the inter-
action by radiasl diffusion (see Sect.2.4), Ve will conslder a
eimplified case in which the rate of loss of electrons is pro-
portional to the total coll;sion frequency. This.i#fexpressed
by allowing a probability o " that after a collision an electron
will be lost from the trap.

An iﬁteraction with a molecule of the residual gas may also
lead to a change in electron spin state. Sincg syip—orbitlinter-

action, negligible in the case of low energy scattering from



3.2.1. | | 89,
potassium,.may'make a significant ccntribution,in the case of
a residual ges molecule, we will define a %otal spin-flip cross—
section 9 £ to allow for both spinwexchange and spin—orbit intere
’actions._ The vesidual gas will also contribute to radial
diffusion, with a totel cross-section Q' .
1t Q,, Q3 Qd' and Q are singlet, triplet, direct and
exchange cross~sections respectively for colllsion between an
electron and a potassiun atom,.the changes in n and.n_ after an
interaction time &L are given by: |
n+{r+5t‘)' = ng(t) — an v [N Ry +N_ (6201+Q )+ NQ]
+ (-) b [ Qe (N, n~Non,) + 3 & N'(n_- n,)
_(past) = no(t) —#nvat (NG N, (84+ Q)+ N'Q']
+(|—-oz)\r£t[Qe(M_n+-M_Ln_)-!-‘ﬁa'“N'{n,,—-n_ﬂ
Vriting ’ .

. o= A N, M= N -n, N=N++u_, M= N, -N_:
n(t+8t) = n{t) — avet[F8(Nn+Mm) + 5 (Ry+ Qe Nn-Mm) +Nn@')
m (+88) = mly - avSt[F Ry [Nm+Mn) + T(R4+QcfNm-Mn) +NmQ']

+ (1— v ot [Q (Mn-Nm) = QFN'wm] 3

thex_'ei’ore
Sn = [—’ws_r.—',;{(o;afay Q) N +2&'N | ]n +[—a\r6t.~'5{(a%-&4-@e)r1}]m
S o | mavetEf(e-ai-eMb] _avbt g @y Ry QIN « 20N "

+{1 -mstg Qe M} — (1~ vat{acN +Q N'}]

I+ is convenient to describe the polarisation state of the
trapped electrons by a two component vector 1{3] (Byrne and TFaruase,

1965).
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In terms of this wector, the interaction can be described by 2

matrix A:

Cin(t+8t) | e
[m(nst‘) = (T4 Rgt) { w [t

i

The elements of the matrix A are given by

or

a, = -i—d\r{(Q3+QA+Q)N +2Q'N }

oy = - Fev{(@-ay- )M} |

N o SRR,

Gay 7 -y {(&3+ad*ae)N +2&!’\]!}—(‘;&)‘;{&@’\1402!\],}'

Defining Q = §(Q+ 3Q3)
and bearing in mind that Q) + Q, = #Qy + QS)’

the elements of A can be written as

a, = -—avi{an=+aN'}

Bgq = +d\r{SM’} |

6, = +aw]sMi+(i-«)v QM}

o = wvfan s@n'] - (v feens gt

Integration of Bquation 3.1 yields the result

el _ -!:A n(o)
m(E)] m (o)
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This can be expanded by matrix methods o give the development of

n and m with time,  However, the result we require here is the
o 3

developnent of the electron polerisation p = 3 o and this can be

found without recourse to matrix algebra,

Equation 3.1 implies two component equations:
- - Us“ n -+ &‘2 m

e = QN T O m,

£
HE

dw db dw
g

Ldwmo
ok
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i
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: Gq, + (0.11f'alt)}’-"_ 0‘|2]"'Z
This can bte written:

%% = ‘_Qn(F”PXP“f)

¢
with VP = 2o {-(G.wﬂu) i[(au’an)‘ + L#-ﬂn“z;] }
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2
B (S
S(\"‘PY\C’"F) T ont s
l -
—'—E’p’“ '|;L-_P(;{ = —agt =+
}P_"E_\ - —m;(_p-r)t‘ +c(p-P) .
=

'If p.= O when t = O,

]i—‘_-%] _ ._%e‘%(r"(’)l‘ _

where ¥ = V/P
A= oa (p-p)

LB vet) = (i)

k- p—e™)

where A= [(Gu"ﬂzzy + ba, C“M]—i

'J: -‘i'-a-n[ ')\ - (c‘ll - ql}.}‘]
y= Qu= Gn -\ A .
Gu — Qa2 + A

ve

DY,

3.2,



I2

2. o 73.

Thus the polarisation of the electron beam tends. asymptoti-
cally to & value

Po

i

/J .

In geperal this is & ¢omplicate& funetion of the matrix elements;

some special ceses which lead %o gimplified results are

interest:mg-._
3223,
Ay
0.|—,_ =- O
Oay = ©

o | ;o : r ot

By = = AVAN = [1-%)v RN,
The equation for p reduces to

‘ -t

P = pee

where VQS‘;N'(I-d) = ?\g , the reciprocal of the relaexation time

k]

constant due to the depolarisation of the electron beam by the
regidual gas. In the presence of several such gases, with number

4
densities s No ..

]

N,
N = %(l-d).\r(a,’ﬂr\l{)

0
.
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2,._2.4. No Losses from Tra_,'p‘ (ol =0),

9

a, = O | |
0 = O | -
aa = VQM
‘102'7_‘ = —\f(@el\l + QS,M ) _
N = A Ng o where  Np = V&N, Ap: vEGN
y = O | e
Y n%'iimm N P (" + )h&f') ) :
where P is the atomic beam polarisation (:-»).
Thug b = P (I'“. -(Me+Ag)E )
(1+55) '

In the sbsence of losses, the electron polarisation approaches
an equilibrium velue

_ P
P = TR
with a time constant T = (>p+ﬁkg) . The relaxation effects due
to the residual geses reduce the ultimately attainable polarisation,
and 1ncrease the rate at which it is achleved.

_ @5 .
It may be noted here that %5/ Ef—ﬁL . Since most
e

residual gases appear to have spin £1ip 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 thé density of
the atomic beam,



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

but Finite rate of loss from the trap, From Equation 3.2

. : AT (a“-—a ‘Z)
\Doo = P = 2a2 2
Cend | L
. ’ Looya Qa z
' N = (an"’azz)[ |+ (an - 95,)? ]
If 4-6\1-;011 - << l | ) o
(an = an) Q. a Q.20 \?
v Q2 _ [k 2k 1|
A = (e ewl] 1+ 2Ty -2 foer e
Sl N CTEE | = (au —032,)° N '
, o ‘(s p
= g [' M (T:‘on(ae){’“((wﬁﬁg }] 330
. (1+35) P |

(1+7%,) s the squilibrium polarisation that would obtain

if o = 0 c=ll this P, .

Then | o [g+o¢( )(I-—P)] | 3.3

~ In the case of potasaium,rit sppears that QB > @ >
thus S/Q,e< 0 , and the equilibrium polarisation is reduced
ty losses. Howéver, 1t 18 interesting to note that if
Qy > Q3 (e.g. for hydrogen), S/Q ~ ol "l‘husrthe
equilibrium polarieation attained by the electrons can be greater
than thet of the atomic beam, if relaxation effects are neglig-
ible. .This apparent paradox can be uhdarstdoa by considering
the case of a éomplately polarised atomic beam. If the triplet
eross—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. A
0-co§rse; if the atomic bean is éompletely polarised, the
spingexphange process will‘eventually yield'complete electron .
po;a:isatign in eny case, A partia}ly polerised beam will still
preferentially filter out one spin state, and this effect will
augmeént the polarisation of the electrons due to spin éxchange.
' It cen easily be shown that the above result (Equation 3.3(a)

remains valid up to fairly high values of L , if the effective

atomic beam polarisation P, is low. For instance, if P= 0.1
and of = 0.5, the equilibrium polarisetion of the electron ensemble
is |

P¢> = Po = C)'QC%;) = 02 if hé% = 1.
This is not of practical gignificance, however, as édch_a high
loss factor would deplete the electron pbpulation to an unaccept-
able degree, |

2.6.  Initisl Rate of Increase of Blectron Polerisation,

| The development of the electron polarisation with time is
given by equationi- |

F - JJ(!‘“E

When ’kt<z‘l}‘€he exponentials in this expression can be
written out as rapid;y converging power series, Talking only the
first order of At , we obtain the result !

F‘_ x (—kﬁa__) v,

-V
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. & graph of p ageinst t should initially be linear, with

slope given by

- __&_—-‘/\ |
Py = |~V
If losses are anegleﬁiied; 3
b ‘
A= RprAg, MR S 0 v= 0.
‘.‘ —E_L - PAP 3 /AP = (O) | . '3‘1’,'.

1=V P

The fact that the initisl slope of the polarisation curve is
independent of >\R is inportant, siﬁce measurements in this ’
region will yield information directly about Np . If the
equilibriun polarisation (as £-» c0) can elso be measured, an

estimation of velaxation effects can be made; since
- P o
p(e) a (P VAR o 3.5

| | e
Combining Eoqms 34,36, we haves

LY P(O)(F!E)"" %‘)
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. The theory of what has subsequently become known as Mott
scattering was first wiven'by Yottt in 1929. ﬁis application of
the Dirac electron theory to the case of fast electron scattering
by a heavy bere 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 containe
ing heavy nuclei, the intensity of scattering throﬁgh an angle ©
in the x,y plane will in general be diffePent fror the intensity
of scettering through an sngle-®. If I(8) and I(-8) denote these
respective scattering intensities, a scattering asymmetry A will
be observed, defined by

The scattering asymmetxy can be written as
| A= SP
where P ig the polerisation 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 fazct that an electron approaching a pbsitively
chargéd nucleus Wifh velocity ¥ exXperiences a magnetic field

'Ei==é?(§ﬁg) in its own frame of reference, due to its motion in

the nuclear field E. If the megnetic moment of the electron is J,
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it will have a potential energy U =p.B in the field B; since
B will be & rapidly varying function of position in the region
of the nucleus, the electron will experience & force (in its owmn
reference freme) given by I = -YU = "%rV.f }1\!. E ) . The sign of
this force will depend on the orientation of P relative to Y YA E;
the seattering must therefore be SPin-dependenﬁ, This gimple
classical argument, which is confirmed by the guantum mechani.cal
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 veloecity ¥ in the x direction
with positive spin component in the z direction, its magnetic
moment will have & negative 2 component, and the spiﬁworbit inter-
action will result in a force with a negative y component (Fig.3.13).
The effecf of this force will be to increase the number of electrons
scattered "to the right" in the diamgram, at the expense of those
scattered "to the left". |

Detvailed calculations of the velue of 8 as a function of the
various paremeters involved were performed by Sherman (1956).
The experimental verification of these calcu;ations,gresented
great diffioulties, since it involved measurement of %he absoluie
scattering asymmetry in a double scattering experiment, in which
intensities were inevitably low, end many potential sources of
systematic error were present. Carveful measuremen%é-performed
by Mikeelysn et sl (1963) indicated that for high energies agree-

ment between theory and experiment was adequate, but that with
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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 eoncluded that

only the neglect of the soreening effect of the atomié slectrons

on the Coulomb field of the nucleus could ceuse. ah eYTOr compar-

able to the observed discrepancy. They thﬁreforé’éiipwed for
this effect by using a relativistic Hartree potential for the
scattering fieldrinstead of the Coulomb. potential. The results

of their celculations provide the best available theoretical
estimation of the scatbering function, but still do not give agree-
ment within experimental uncertainty with the results of Mikaelyan
et al. Holzwarth znd Meister concluded that the exceptional
difficulties involved in the QxPeriments were likely to account
for these remaining differences.

For secattering from a gold target at an angle 8 = 1200 and
energy 50 KeV, the value of S calculated by Holzwarth and Meister
is 0,34, ‘The experimental value given by Mikaelyan is 0,29 + 0.01.
Because of the arguments advanced by Holzwarth and Héister, the
theoretical value was considered more reliable, and was used in

the evalustion of the results of the present experiments,



L In considéring the design of an apparatus to measure the
electron pqlariSinon‘of the beem emerging frpm,the.t;apyihg
region, the first point to note was that the beam would be
longitudinally polarised, the electrons being radially confined
by an exial magnetic field, In order to use Mott scattering .
analysis, this longitudinal polarisation must be .converted into
. trensverse polarisation, There are two straightforwerd ways of
doing this, The beam may be passed through uniform electric and
megnetic fields E and B vhich are perpendiculer to each other and
to the velocity ¥ of the electrons.  If the ratio of ‘the magnitudes

of E and B is given by

E
-

the Lorentz force on the electrons vanishes, and the-trajectory

of the beam.is-unaffeéted. 'Thg nggnetic moment of the electron
will, howevex, precess sbout the magnetic field dirvection with
angular velocity W = %ﬁé, 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 megnetic
moment will have precessed through an éngle II/Z and the original
longitudinel polarisation will have become transverse. Such &
"spintvister® is known as a "Wien filter" and wes originally
developed as a veloclty gelector,

An zlternative means of converting longitudinal polarisation

into trensverse is the use of an electrostatic beam deflection,
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If the beam is injected into the space between two concentrie
eylinders with a potential difference V appiied between them, as
shown in Fig. 3,14, en electron entering with é tangential velocity
v = [2%;2 at a radius v, will experlence an electrostatic foreé
eE, where E is the electric ficld at radius r_ . If the potentials

on the cylinders are adjusted such that

Fo

E =

the trajectory of the electron will be the circumference .of the
cirele of radius r and after traversing one guadrant the electron
beam will emerge with its momentum vector rotated throughl90°. It
can easily be shown that electirons entering the defiector with a
small spread of angles about the tangential direction will experience
en additional deflection towards the central trajectory: that is,
there is a focussing effect in the plane perpendlicular 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
symme try axis; as an electron lens, the eylindrical deflector is
astigmatic, (This astigmatiem can be removed by using sections of
two concentric spheres as deflectors.)

| In the absence of sny magnetic field, the direction in space of
the magnetic moment will remain constant, and the angle between
momentum and . maghetic moment will be incressed by :% in the
deflecgtor. The electron will, however, experience a maghetic field

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

given by R = 'c":“i(!:\E).
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Tolhoek and DeGroot,who first considered the use of the eléctro-
static deflector as a polarisation transformer (Tolhbek and DeGroot,
. 1951), pointed out that this relativiastic effect would result in an
electron emerging after 90o deflection with its magnetic moment
rotated (relative to the original momentum vector) by an angle

= 7 | — - :
v x [1- (-84 3.6,

Since the transverse polarisation Pt is the expectation value of
the electronlapin measuréd in the transverse direetion, it will

' clearly be given by

Pr = ?t cos 4

where P, 1s the original longitudinal polarisation. The electro-
static deflector was chosen in the present experiment, partly because
of its simplicity of construction and.oyeration, but pbincipally
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 electrosﬁatic deflector,
the direction in space of the emergent magnetic momanﬁ‘was determined
by the direction of the field in the trap, whefeaa with the wWien filte;
this direction could have been varied by rotating the entire filter

: about the beam axis. The elimination of instrumental asymmetries
in the Mott scatterer wou;d 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'ppoperties of the trap depended strongly
on the sign és well as the magnitude of the magnetic field (See
Sect. .2.1) |

The eleetrons were aecelerated to 3 kv before deflection.

This voltage was considered high enough to minlmise the effects

of eontact.pptentials, 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
(v = 0.5°) .. Potentials of 3,700V and 2,450V were
apﬁlied to the cylindrical plates, so that the 3,000V equi-
potential surface lay midway between the plates, Apertures ?t
Skvhwere'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 siages was desirable in order
that each stage should be a weékly focussing lens, resulting in beam
confinement without overfocussing and consequent divergencef " A%
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 250mmldiamater (Pig.3.1%). In the diametral
plane perpendicular to the direction of incidence was an aluminium
target~holder (FPig.3.16), rotatable in this plane so that one of
three targets could be inserted into the besm, The gold foil
target used in Mottt 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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effects of scattering from the hacking, In addition, a seintillat-
ing screen was available to examine the beam profile (see Sect,3.3.3).
The chamber was evacuated to a pressﬁre of ~ 2 x 10’6 Torre.
Electrons back-scattered from the target through an angle. of
t120° (see Fig; %,15) were incident on two circular dliscs of plastic
geintillator (NEIOZA) mounted on cylindrieal light guides of
polyvinyltoluene, The lightguides passed out of the vecuum chamber
through Wilson seals; inside the scattering chamber they were
surrounded by aluminium shields containing apertures to define the
solid angle of acceptance of the seintillators, Polyvinyltoluene
was chosen becsuse 1ts refractive index matched that of the NEIO2A
plastic scintillétor, and reflections at the interfaces were there-
fore ﬁvoided. At the other end of the light gﬁidg, similar atten-
tion was paid to achieving good optical contact with the facé of the
20th Century Electronics BMS 10/1L4A photomultiplier, used in con-
junction with a Nuclear Enterprises "Edinburgh Series' counting
system, One of the major practical difficultieé 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~
guldes, This too has its disadventages; experience has shown that
electrical discharges in such a sensltive region cén be very trouble-
some, However, it has the advantage that e?erything'from the ﬁhcto-

maltiplier 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 veriation of the
Sherman funetions § with energy (Fig.3.17) is fairly slow.ét the
energies involved here - but proved troublesome for other reasons.
One problem which was much magnified by the restyiection to
:Qlatively low energy scattering was the estimastion of the effect
of‘l.;miitix'sie 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 smount of noise had to be accepted in order to be sure of
counting all the genuine scattering events,

Bi333.Electron Optics of Mott Scatterer,

Tt has already been stated that the espin 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 (rig.3,16) with a secintillating screen
made by depositing a unifoﬁm layer of silver-activated zine sulphide
on a 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 chamber (Fig.3.15).

several significant results emerged from this study. The
norme) image observed on the scintillation screen was a circular
dise, of considersbly smaller dlameter. than the scattering foll,
crossed by 8 much more intense bar in the plane of scattering.
A photograph of such an image, teken through the viewlng port,
ig shown in Fig.3.21. -The diameter of the image was consistent
with the diameter of the beam collimators, and confirmed that the
electron beam was being adequately confined by these, The intense

bar was interpreted as being the result of focussing by the electiro-

‘static deflector, having the appearance of the astigmatic image

produced by & cylinafical lens,

One odd effect which hed been previocusly noticed in measure-
ments on counting rates was elucidated by using the scintlililating
screen, 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
examining the image on the scintillating screen, it was found that
one maximum ( in fact, that corresponding to maximum sgcattering
intensity) had the appearance of an astigmatic image previously
deseribed, 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
ocuter 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 notiéed for certain values of
accelerating voliage at high beam currents, , The lmage drified
slowly across the screen, returning sbruptly 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 screen was,
coated with a thin layer of sluminium to minimise such effects there),
It was less hétiseable at low beam currents, and was not therefore
likely to be significant when dealing with trapped electrons, the
average current of which was always several orders of magnitude
lower than the "straight~through" currents («110'5a) used in this
investigation, |

while investigating the instrumental asymmetries in the Mot
scatterer (see Section 3.3.6), it was desired to check on whether
the beam eross-section at the scatierer was the same for esach
trapping time, Since the average current was much £00 amail 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 rétained the
"har" shape previocusly described, and that its position relative to
the scattering foil remained unchanged.

i

34 Effect of geattering Poil Thickness

The theory of Mott scattering given in Section 3,3.1 assumed
ﬁhat electrons were scattered from a single target atom, 1In

practice, a gold foil of a finite thickness (~Sboa) 1s used, and
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8 fractienfaf 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 shgrman,function is in generél

small for small angle scattering, clectrons scatiered through_120°.

by a series of collisions each resulting in a small angle scattering

event will display a negligible agymmetry regsrdless of theiy initial
polarisation; the overall asymmetry will therefore be reduced, This.
corresponds to a decrease in the effective Sherman functionm, -

It has been established both by theoretical considerations
{(Wegener, 1958) and from ekperiméntal measurements (Mikaelyan ét al,
1963} that for sufficiently small thicknesses of foll, ﬁﬂe effective
Sherman function is decreased by a fraction proportional to the foil
thickness ( t); that is,

a5

. = at (3.7),where 5 15 the Sherman function
o > .

* corresponding to zero foil thicknesa‘
Measuring asymmetries for several foil thicknesses, and extra—n
polating the asymmetry linearly to zero foil thickness, is therefore
a justlfiable procedure within the range of thicknesees for which
"Bquation 3,7 is valid. Acgcording to Mikaelyan et al,,
thig cen be done for values of Ai@, up %o A 0,3,

Unfortunately, o is a function of scattering energy which

. increases rapidly as the energy becomes less than 100 KeV, For

geattering of 50 KeV electrons, o 6 x 10“3, and linear extra~
polation can be justified for foil thicknesses up to 50 ps/am .
Since the total seattered intensity is propor&ional to foil thlekness,
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this imposes an undesirasble restriction on the maximum available
count rate. IFf thicker folls are to be used, however, a different
method ¢f extrapolation must be used, and there is no consenéuafas
to the most relisble Punction of the asymmetry which may be |
linearly extrapolated to zero foil thickness,

In the present experiment a foil of 100 ;Jg/cmz was used.in
order %o achieve reasonable counting rates at long trapping times, ‘
The-effeetive:sherman function was found by extrapolating & graph
of Afl agaiﬁst %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 folls, 80 the gradient

of the graph was estimated from the data of Mikaelyan in similar
A%y

circumstances, This results in a value of
o

= 0,38, and an

effective Shermen function

Sefp = 021,

3.3.5 Instrumental Asymmetry in Mott Scatterer,
Ideally, an asymmetry in the counting rates in the two channels,

measuring ecétteriﬁg through pat 1200 reSpectively,Should.appear only
when the incident electron beam is polarised. In practice, a range
of factors may give 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 polarisatiqn.'- |

In order to see where spurious asymmetries can arice, we may
consider Pig, 3.18,ghowing the two counting chemnnels, and follow
the signals through. gtarting with the beam incident on the



3.3-5- 91-

seattering 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 0 = 1200,‘this source of error

" may safely be neglected, The scattered electrons are then incident

on scintillators, which mey have different conversion efficiencies.

The 1ight 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
photémnltipliers 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
1s that the pulse-height distributions due to a monoenergetic
incident eleciron beam cen be different in the two channels, The
signais then pass through discriminaiors; unless the pulse~height
spectra are identical, équal settings of discriminator level will
result in different fractions of the total count rate passing to the
sealers; the net result will be that an instrumental asymmetry
appears, An sdditional possible source of error arises from the
fact that the scalers are gated to accept input only for a short
veriod after each trap ejection, in order to-reduce backgrounds
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-
emplifier gain was not variable, It was then assumed that with

an unpelarised electron beam incident on the target, equal numbers
of electrons were falling on each scintillator, and the gaiﬁs of the
phatamultipliers}were-adjusted.until equal count rates were achieved
in the two channels,

One dissdvantsge of the Mott scatterer used here wasg its in~.
ability to rotate about the incident beam axis. This facility
would have enabled the entire counting channels, from scintillators
onwards, to be interchanged, The sign of any instrumental
asymmetpry arising due to differences in the counting channels would
then have changed, whereas that of the genulne assymmetry would not;
the two could therefore have heen distinguiehed. It should be
noted, however, that the present scatierer was not designed as a
high precision instrumeﬁt, capable of absolute measurements,
Essentially, it was designed to measure the difference in asymme try
between a polarised electron beam { when a polarised atomic beam was
flowing through the trap) and sn 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 beeam
in a quite different part of the apparatus, the instrumental
asymuetries were expected {0 be the same in the two cases, By
simply suhtﬁacting the measured asymmetry in an “atomic beam off"
experimental_ruh; the genuine polarisatiﬁn dependent apymmetry

would be found.
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In order to ensure that only electrons scattered from the
gold foill 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
ccvgred only by the cellulose nitrate backing on which the 100

Pé/Gm? gold £ilm was normally evaporated. The effect of sub-
stituting this for the gold target was therefore effectively to
remove the gold atome from the backing, leaving everything else
unal tered. Every measurement with a gold foil was normally
accompanied by such & background measurement, which was subtracted

before calculation of the asymmetries.

With the Pirst results from tests of the Moit scatteriwith
an unpolarised but trapped electron beam, & major problem presented
iteelf, It was found that the instrumeﬁtal asymmetry wes systematl-
 eally dependent on the trapping time. The details of this dependence
were liable to change considerably between experimental runsj but for
a given run the measured asymmetry, calculated after subtraction of
background, increased {or decreased) regularly with increasing';fapp-
ing time, | |

~In order to understand the full implications of this fact, it
must be recalled that the effect which the expériment was primarily
designed to study, namély the polarisation of the electron beam by
spin-exchange collisions with the atomic beam, manifests itself in
just the same way as does. this traﬁping~time dﬁpendentAinstrumental

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 seation.,
Any instrumental asymmetry which was independent of the trapping
.tihe would not affect the form of this curve, but would merely shift
the abscissa, If had therefore been hoped that the asymmetry
corresponding to. genuine polaripation would have beenrreadily
'distinguished fpom instrumental effects by just this dependence on’
trapping time which the instrumental effects now appeared to
dempnstrate,

The magnitude of the effect varied considerahly, 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 very with trapp-
ing time in such a way as to cause an agymmetry was ruled out by
interchenging 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 “deadw-time"
correction arising from the finite resoluticn,timerf the counting
systam would therefore be more significant for short trapping times,
An estimate of the upper 1imit of such a correction may be made by

assuming that if two electrons from a single trap output pulse



Trapping Asymmetry Uhcertainty

time T (ms) A (107%) aA (1072)
0.3 . =4.5 to.4
3.1 6.3 0.7

£13.0

15-5. —8-4

fable 3.1l: Dependence of insirumental asymmetry on

trapping time - a typical set of measurements .
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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
reslistic estimate.) For amali-as&mmetries; it can be shown
S 27T that the correction AA which must be mede ﬁd the
nmeasured asymmetry A is epproximately | |

| AR = BR,
where @ is the probability of @ count being registered in a given
chennel due to a single output pulse from thg‘tyap? If the
correction is to be negligible in comparison with the uncertainty
in measuring A (normally of the order of i 1%), the meximum count

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

-@, < 0+

The maximmm cnprection necéssary for a measured asymmetry of 5%
would then be iess than 0,5%.

The effesct of increasing @ above this limit was observed
by displaying the output from one of the photomultipliers on an
oscilloescope, The oscllloscope was tfiggered by the pulse which
opened the output gate of the trap, and thus displayed superimposed
the ﬁuises resulting from several hundred openings of "the  trap., For
relatively low currents the heiglits of these pulses formed a gone~
tinuous spectrum (Fig.3.20 (a)), for although the electrons
arriving at the:seintillator were all the saeme energy, the number
of 1ight quanta 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 Eig.},&@(ﬁ), The
pulses were of a more or less uniform height, corresponding to
Alimitingain the amﬁlifiér, and no small pulses were observed,
Clearly, under these circumstancee, the probability of only one
electron arriving at the scintillator auring an output pulse was
small, and it would be meaningless to perform asymmetry measure-
ments by comparing the counting rates in the two channels. It '
was therefore essentiael to restrict B to reasonably low values,

In practice, values of @ up to 0,15 have been used in order
to accumulate a signifiéant numbei of counts wiﬁhout unduly long
runs, Even so, the difference between the corrections required
for asymmetries measured at short and long trapping times couid
not approach the observed differences in the instrumental
asymmetry. The final nail in the qoffin of this explanation was
the observation that altering the gain of one chammnel (by adjusting
the photomultiplier voltage), so thaet 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 earefully
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, Eliminating these did not however
eliminate the dependence on trapping time of the instrumental

agymmetry,
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\
A series of experimental runs was performed. during which
various experimental parameters were varied in order to identify
~those to %hich the effect was sensitive, The resﬁlts were not
wholly conclu31ve, since the magnitude appeared to vary when every~-
thing under experlmental 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 ipcfeased 49 the trap depth
was reduced.j .
I+ is difficult to see how such a dependence could arise, The
electron optics of the trap varied with trap depth, and it seemed
possible that the orientation of the electron beam entering the
 deflector might be different for different trap depths. This could
pesult in the beam being steered to one side or another during
acceleration; if 1t arrived considerably off-centre at the
gscatterer, this could give rise to an asymmetryhin the counting rate
of the two écintiliators, since the scattering geometry would no
longer be dymmetricel. If this were the explanation of the effect,
however, the Brientation‘of the beem would have tp be dependent on
the trepping time as well ag on the frap depth, To check this,
the scattering foil was replaced by the acintillating screen, and
the photographs ‘shown in Fig. 3.2 taken, There is certainly no
obvious difference between the eross-sections of the untrapped dbeam
and either of the beams corresponding to short and long trapping

times. This explanation wes therefore also discarded,
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The method of taking measurements was based on the automatic
rgpetitién of a oycle of measurements at different trapping tinmes,
The timer of the counting system was modified to count the pulses
applied to the output gate of the trap instead of those frcﬁ its
internal oscillator, One cycle of measurement involved (1)
selecting & given trapping time; (1i) counting for a fixed number
of trapping cycles (usually 2 x 10”); (iii) printing out the
number of counts accumulated at the twe scalers; (iv) replacing
the foil by a backing film and repeating (ii) and (111);

(v) selecting a different trapping time, replacing the gold foil,
and repeating from (ii) for as many trapping times as was desired
(ususlly six)., When the cycle was complete, the original trapping
time was selected, and the cycle repeated a sufficient number of
times to give adegquately low uncertaiﬁties. The apymmetries were
then derived by summing the corresponding terms in eac¢h cycle out-
put, subtracting the total "Foil in" counts from the corresponding‘
1P541 out" counts, and calculating the aesymmetries in corresponding
pairs of corrected totals,

The number of eycles required to achieve a given uncertainty
in the asymmetry was determined by the limit on g3 . Normally
each element of a cycle consisted of 2 X :1.0’+ output pulses of the
trap, and the maximum nunber of counts allowed by restriciing
0 0.15 was therefore 3 x 10° in each channel, Since for small
asymmetries the absolute uncertainty in an asymmetry measurement is

AR = N~T
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where N is the sum of the two.counts, the restriction on @

implied that at least seven cycles would be required in order

to reduce the uﬁcertainty in the asymmetry to 0.5%. In'fact; the
count rate for long trapping times was usuelly much lower than for
short trapping time due to losses, and longer series of cycleé‘were
necessary.

The regeson for choosing a iarge'number of fairly short cycles,
rather than a single cycle whose élementélﬁére each long enough ‘to
gccumulate significant numbers of counts, was that the instrumental
asymmeﬁry shoWed‘léng term fluctuations, ‘Theae seemed¥to be due
to variations in the gsins of the phéﬁomultipliéra; which‘wefelof
course highly dgpendenf on applied‘voltage. 1t was thereféfé not
possible to do a significant measurement §ver'&‘period greater than
about an hourj 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 ¢hoice of trapping times. '

. These precsutions did not affect the trapping time dependence
of the instrumental asymmetry., Since it was ndt-féund‘possibiei
to find thelgauseofthis-effect, or to eliminate it by a suitable
choice of experimental circumstanceé, it was necessary to allow'for
it in the trestment of the results, The method at firat adopted
was to precede and follow each experimental run in which an atomic
beam was present, and.ﬁolar;aation therefore expected, with a run
in which the atomic beam was switched off, and the electron beam
unpolarised;'.'The unpoiariaed‘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 of £3 the
difference between this variation and that which actually occurred
was taken as the asymmetry variation ﬁﬂeAtoAthe.prgsence‘of.tbe
beam,.corresponding to genuine polarisation, Experience showed
that thie method of allowing for the trapping~time dependence of
the instrgmental asymmetry was not entirely satisfactory, 1t has
already dbeen pointed out that the value of the instrumentsl
ésymmetry for a fixed trapping time drifted noticeasbly over the
length of time necessary for en experimental rum (usually about
four hours); it appeared that the difference in inétrumental a8 ym-—
metry for different trapping times also showed this kind of fluctu~
ation, | |

It was therefdre 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 velid estimete of the
ingtrumental effect in the polarisation runm,

Eventuallylit was decided that the only way to be sure that
the instrumental effect was being properly meagured énd allowed
for,was to interlace measurements on polarised and unpolarised
etéctron 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 asymme try, obtained from the swnmations 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 "polabised"'counts due solely to
" instrumental effects. |

To assess the validity of this scheme a sefieé‘of measurements
on an unpolarised beam was analysed in the way described above,
The resul?s‘for'a typical run arelahown in Table 3.2 and Fig.3.,22. -
This run contained 24 eycles, cach consisting of measurements at
three different trapping times with gold foil in and out, as
previously described, Each cyecle lasted Jjust under ten minutes,
Cycles numbered 1, 2, 5, 6, 9, 10, etc.-were labelled “series A",
cycles numbered 3, 4, 7, 8, 11, 12, ete,, were labelled "Series B".
The average asymmetries at each trapping time, corrected 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 trepping time in each
case being sbout 1,5% greater than that at short trappiﬁg time,

The difference between the average ssymmetry at a given trapping
time in Series A and the asymmetry at the same trapping tiﬁe in
Series B was found to be zero within the uncertainty expected from
statistical considerations.( +09%)

The deduction may therefqre be made with reasonable confidence
that if the aﬁamic 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 trepping time in the Series A measurenents could
be found by using the asymmetries calculated from the‘measuréments

of Series B, This conclﬁsion was confirmmed by many such



Trapping Asymmetry A with uncertainty AA (10'2)

time T (ms) Series A Series B A(4A) - A(B)
0.3 0.4 X 0.5 0.3 ¥ 0.5 0.1 % 0.7
3.0 0.9 ¥ 0.6 0.8 X o0.6 0,1 0.8

t 0.6 0.4 ¥ 0.8

6.5 2.1 X 0.6 1.7

Tabie 3.2: Asymmetry measurements with an unpolarised beanm

(see p.101).
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measurements of the type shown in Table 3.2,

This method of méasurement was neévertheless adepted with
‘reluctanée,_becauSe it involved "wasting" half of the output of
the atamic beam oven, In order to achieve.a stable atomic beam
the oven hadgto be heated up and Qdoled‘down slowly,‘and it was
not possiple.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

agymmetry.
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CHAPTER L

4.1.,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 eleetron trep after interaction with a polarised
potassium beém, The measuremnents Wefe made in accordance with
the procedure outlined in Seetion 3.3,7, except that the regular
accompaniment of every measurement of. scattering from the gold
target by a similer measurement using only the backing film was
replaced by an occcasional check on the magnitude'of the signal to
background ratio. Justification of this change was proﬁided 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 guantity 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 stomic 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 (sece,
' 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 signel to background ratio nor the

asymmetry in the background changes by more than a few per cent
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Trappiﬁg Asymmetry A with uncertaintyas (10~
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=30.5  AA=40.5  AA=E0.T  AA=30.5 As=E0.5  AA=£0.7

Ol3 5-0 6.0 . "'1.0 : 5,-06 606 —l .0

* 3!0 4-1 606 _205.4 ’ 406 . 7.0 '.'2.4
605 200 6.1 ""4.1 2.6 - 6-6 "'4 -O

Table 4.1: Meassurements on polarised electron besm, illustrating

effect of background corrections.
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due to the introduction of the atomic bean. Since the scalers
were gated to coincidence with the trap output pulse, the 31gna1
to background.ratio was alwaya ~>10; the validity of the other
conditions was oonfirmed.by the occasional background.meaourements.
This change in procedure enabled a more rapid accumnlation
of data. When the full procedure was used with alternations of
ooth "atomic beam on = atomic beam off" andt"foil in - foil out"
‘measurements, only a guarter of éhe total running time of the
atomic beam oven was in fact available for the actual polarisation
megsurements., By elimingtion of the "foil out” measuremente, 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 timos in
an hour, Abwut'joAhours of such maaaufemenxs were necessary in
order to accumulote a sufficient number of counts to reduce the |
statistical unoertainty in the asymmetry difference disaussed
" gbove to & 5\x 10 3; it was normally possible to carry out such a
run without having to refill the atomic beam oven.
L,12, Confirmation of Eguation 3.2

In Section 3.2, the interaction between trapped electrons

and polarised atoms was disoussed, and a formila derived which

predicted the polarisation of the emergent electrons as a function
of time:

LJ(‘ _ e-kt)

- ve M 5.2

o
n

(the paramsters p, A and vV being defined in Sect.3,2.2),
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The form of this function depends on the magnitude of Vv,
which in turn is governed by the parameter - »characterising

the rate of loss of electrons from the trap. It can be shown

(Appendix L) that if o << |, then. V44 | ., -In the present

case, ol % 0,1 (see Appendix 3). so that the exponential term

in the denominator of Equation 3.2 can be neglected:

o= pi-e™) - wa

The first experimental task was to verify that the elgctron
polarisation was validly described by Equation 4.1,

For feasons_previously given (Sect.z;l.s), thesé initial
megsurempnts.were done using a nominal trap deptﬁ of 1.5 volts,. .
The results obtained are shown in Table 4,2; in Fig, L.l the
asymmetry is plotted as a function of trapping time, The

continuous curve in Fig. 4.1(a) is a least mean squares fit of

the exponential function

A = A, (V- e )

the best fit was obtained with

-1

L1

A, 8.5 %o
A = %7 s,

The confirmstion of the functional dependence predicted by

Equation 4.1 which these results afford is perhaps best illustrated
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Trapping Asymmetry Uncertainty

time T (ms) A(107%) As (1072,
0.3 0.4 £ 0.3
1.5 0.8 £ 0.3
3.0 , 1.7 + 0.3
4.5 2.6 v 0.4
6.4 3.9 + 0.3
11.0 5..5 + 0.4
17.2 6.4 + 0.4

Table 4.2: Electron sczattering asymmetry versus trapping

time (well depth 1.8V).
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by Pig. 4.1(b), in which 1n (a, - A) is plotted ageinst t.
A¢cbrding to Equation 4.1, B ; '
'QW(AO—Q) '-'-':-Qvtho - At 5

ihe Qtraightlipe in Fig. u.l(B)‘ié:the previouely derived least
mean sguares fit. | .

Having established the functional dependence, it pemained‘to
confirm that the magnitudes of P and A were consonant with
theoretical predictions, The equilibrium electron polarisation,

bl = ¥,

is obtained from Ao through the relationship

Blw) = AesT,

3

ﬁhere S is the Mott scattering Shermsn function. A considerable
disagreement between theoretical and experimental values of § at
the electron scattering energy used here (50 keV) was pointed out
in geetion 3.3.43 coupled with the uncertainty arising from
multiple scattering in the target foil, this disagreement led to
some‘doubt as to the correct value of § to be used in the present
circumetances, Adopting the value 8 = 0.21 proposed in Section

3.3.4 gave a value for the equilibrium electron polarisation
(o)

According to the discussion in Section 3.2.U4, if losses can be

"

040,

neglected, Pp(w) should be given by
-t
ble) = T(1+3%), 2,
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Fig. ":L_.l(b): Logarithmic plot of results given in Tig. 4.1{a).
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where PA ;s-thq atomic beam polarisation in the interaction

region, and >\¢ and %1§ are the contributions to the rate constant
'?\ ‘ dueAﬁo potessium and residual gas atoms respectively.‘l In

section‘S 1.t the polarisation of the atomic beam in a strongly

decoupling magnetic f1eld was estimated to be 0,95; in' a fi€eld
of 6 x 10 5T this would be reduced to 0.45,

According %o Equation 4,2,

L S T
Ao b )

The difference between theeqﬁilibrium electron polarisation

{ blw) = b Lo ‘and atomic beam polarisation (P = 0,.45)
might therefore be ascribed to spin relaxation effects, with

AR

AP

However, there are two other possible sources of this discrepancy.,
The éaleulaﬁion of atomic beam poiarisation"invblved ideslising
assumptions 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 aapects;
altkhough the direct measurements (Sect. 3.1.4) suggested that the
polarisation in the interaction region was unlikely to be mhch
below 0,40, Another possibility is that the value adopted for

the effectlve 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 foil thickness yields a value for the effective’
Sherman function of 0.18, instead of '0.21; the egquilibrium
electron éoléfisation (cér:ésponding to A, = 8.5 x 10‘2) then

ey

becomes

- Pﬁn) = _O-l+7;

Because of these uﬁcertainties, the most that can be said

about relaxation effects is that the corresponding rate constant
g appears to be at least an order of magnitude smeller than

the rate ébnstant characterising the polarising effect of the
atomic beamn, This is understaendable, since the spin-flip cross-
section for most residual gases 1s likely to be vefy much smeller
than the potassium spin-exchange cross-section (see Section 3,2.4).

If relaxation effects are discounted, the experimental results
sugrgest that

e = A = B71s7.

A reiiable theoretical estimate of this qnantit} under the present
experimental circumstances was difficult to obtain, According to
Seetion 3,2.4, when losses from the tr;p ﬁa& be neglected

e = Qe NV 4
in Sectionl3.2°7 it was pointed out that because the atomic beam

did not £ill the trap, v must be replaced by V' , the path
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length tfavérsed in the interaction region per unit time. The
value of v will depend'both on the momentum distribution 1n the
trapped eleetrons and on the radial extent of the elecﬁron cloud.
A further con@lication is introduced by the fact that the atomic
beam did not have a unifonm density within its defined radius of
Amm;  a plot of the radial intenslty distribution, taken with
the Langmuirawaylor hot wire detector described in Seetion 3.1.U4,
showed (Fié. h;é; curve A) that the density was highest on the
axis, 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 ﬁath,
would depend on the radiel and azimuthal co~ordinatea of - the
guiding centre of the electron's cyclotron orbits.,

These consideratlons were made quantitatlve by assuming that
the radial density distribution in the atomic beam was described
by |

p = po(3zf7 For v 3 |
P

= Fa ?gd‘ I

where Y is the radial distence from the atomic beam axis (in mm).
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This curve, and its relatienahip to the measured intensity dis~

tribution, is shown in Fig. L4e2. An eleetron travelling on the
2 axis would pass through the centre of this distribution; the
width of the interaction region traversed by such an eléetron
would be &r, = 6 mm,, and the average atomic density over the
electrors path would be (see Appendix 5)

<) = 067 p,,

Thé"ﬁalue N = 3.1 x 101“ ~3 guoted in Section 3,1.3 was
the average nunber denaity of atoms within a cylinder of ‘radius
5 mm. coaxial with the z axies in the trap. In terms of Fe ’

N *, 0.8 P 3

thus ' '
Po = 6.5 x 10 1™ 3 <pr= by x 20M a3,

Assuming that the orientation of momentum vectors in the trappea

electron ensemble is rapidly randomised by ¢ollisions, the

average value of v! 18 (see Section 3,2.7)

<V’>. = "J:%klh = ‘}3ﬁlospw;2

Thus the expected value of A, corresponding to the foregoing
assumptions is | ,

Ae T RelpXV)

= 1-5x10* Qs s

The above case, in which the electron oscillates through
4+he centre of the astomic beam, provides an upper limit to RP’
since both <p¢>» and <Vv') have maximum values. 4 lower
limit 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 axie at a radius r, = 3 mm.
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(cee Pig.s L.3)e 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 loat‘froﬁ the
trapped ensemble (Section 2.4.1). It was pointed out in
Sestion 342,7 that the width ofrthe interaction region aﬁd the
averagé atonic density experlenced by a precessing electron
would vary periodically with the precession angle. In
Appendix 5, the magnitudes of these effects were estimated
for an electron with precession radius Ty H ‘Fig. Li.l4 shows
the variation with precession angle © of the average atomic’
density <p>, end of the function |
F(e) = <prsind .
The average value of LP dharéeterising an ensemble of éiectrons
precessing at a radius r, 1s obtained by averaging over the

precession angles’

| 1]
LAp)y = ;jo Qe {pp{v") 4B

28 %
= 7 Qeﬁ\h)z. '%-‘L F[B)AB,

Carrying out a2 numerical integration of F(e)

{ry = 06 %202 s,

| 8]

It may thus be stated that the measured polarisation rate
constant should be between the limits 0.6 x 107 o, 5™ and
105 x 100 |
distribution of the electrops. Thé lower linit is uniikely to

Qe 5”1- The actual value will depend on the radial

be approached, since it would correspond t¢ & situation in
which the electron cloud was much more dense on the periphery

than on the axis., The effect of diffusion will be to produce
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uniform distributien. the eorrespenﬂing'value of 1P,-wh¢ih\

will be - about 1»0 x 10 Qg 5 is probadly a-morefrealistié
1ower bound. . : -:{~.';;;'*

In the experimental circumstances ¢ which the measurew
ments quoted above peptain (trap aepth 1.5 volts, magnetia
field 6 x i0;3 T) , losses from the trap were usualiyléméll '
but significant. From this it could be deduced that, at
least for the greater part of. the trapping period,ithe trapped
eleétrdn cléud had a radisl extent comparable to Ty = 3 mme

Assuming, therefore. that

Ap. = lox10°Q, s,

the meaeured value of 87 S~ . for hp implied that

-18 2 .

Q. = 0.67 *.l 10

©
Comparison with the results of Farago and Siegﬁapn! and of
Rubin et al., which were discussed in Sectioﬁ 1e262, shows &
reasongbly satisfactory general agreemenﬁ:' more detailed
discussion, including an esiimate of the uncertainty in the

preéent value of Q,, 1is deferred until Seetion Lielels
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. Effect of Increase in Atomic Beam Densit

E A further geries of electron polarisation measureménts was
carried oﬁt, in which the experimental conditions were identlcal
to those of the measurements described in Section 4.1.2., excepf
fhat the atomic beam density was doubled. There were two purposes
behindthia, One was to confirm that the rate constant 2,, was
linearly dependent on the atomic beam density; the other was o
establish whether it would be possible to use the higher deﬂsify
in further ﬁeaéurements. The édvantage of using a more dense
beam would be that a given electron polarisatioh 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
channel, as pointed out in Section 3.1,3. Consequently, the
oven temperature had to be increased to 613K, corresponding to
& pressure increase of ~ 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.'
4.5, confirmed this suspicion, As before, a least mean squares
£it of the curve

A = A, (1= e )



Trepping Asymmetry Uncertainty

time T (ms) A (107%) aa (107%)
0.3 0.6 0.3
1.5 2.2 + 0.4
3.0 3.1 + 0.3
4.5 4.0 + 0.4
6.4 4.7 + 0.3

17.2 7.1 + 0.5

pable 4.3: Electron scattering asymmetry versus trapping time

(well depth 1.8V, atomic beam intensity doubled).
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atomic beam density doubled).
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to the measured points was performed; the resulting parameters

were

721 x ID_2

Ao
A

194 s~ .

The rate constant was increased by a factor 2-I, in satisfactory
sgreement with the prediction, However, the egquilibrium
polarisatioﬁ wés reduced by a factor 0,8k, Becauge of this

apparent gepolarisation, the later measurements were done at the

reduced beam density.

_Effect of Increase in Trap Magnetic Field
The previous measurements were performed with an axial

ET in the trap. At higher magnetic

magnetic field of 6 x 10
fields, the effective atomic beam polarisation in the tiap:will
be inecreased; the equilibrium electron polarisation should there~-
fore also be increased, unless the depolarising effects meﬁtionéd
in section 2,2.1 become significant.

A series of measurements was therefore carried out with a
magnetic field of lofaT, 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 fleld for which polarisation measurements could
be conveniently made, The results are shown in Table 4,4 ana

Fig, 4.6; the best least mean squares fit used the paremeters



frapping time Asymmetry Uncertainty

T (ms) A(107%) aa (1072)
1.5 2.6 + 0.4
3.2 4.1 + 0.4
4.8 , 5.1 + 0.4
5.8 6.9 + 0.4

11.0 8.6 +0.4

17.0 | 9.0 + 0.4

Psble 4.4: Electron scattering asymmetry versus trapping time

(well depth 1.8V, trapping field incfeased).’
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A, = q-(,uo"i-, 2 = 188 s,

. From Pig, 3.12, it may be deduced that when'ﬁhe trap magnetic

field was increased from 0,6 x 10_3T to 1.0 % 10”2$, the effective

atomic beam polarisation should have increased by a factor 1,26.

Comparing the above figures with those quoted in Section 2.,2.1.,
it appears that theA@quilibrium electron polarisation, pro=-
portional to A, s inéreased only by a factor 1,13, However,
these figures also suggeat that the polerisation: rate canstmnt a
incresmsed by a factor 2.2, Some increase in Ap was anticipated,
since it wes expected that at the higher magnetic field the trapped
electron clcud would be-initially‘more elogely confined to the
trap axis; the rate of radial diffusion would also be reduced,
eince the diffueion constant is proportional ﬁd B”a {section
2.4.1), “rhe considerations of Section 41,2 "suggested that an
increase in Ckp 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
distrihution could.mere than double the rate cqnstant

The apparent conflict between these two sets of results is
largely resql&ed when it is noted that a considerable range of
pairs of values for A andfk?méy be ‘found to give a reasonably

good £it to a particular set of data, The quality of the Pit

may be ﬁeacribed quantitatively by calculating the value of

2 2

| X" -'_"(é_".)
K = N - ﬂiZ:I Giz )
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where A; is the, difference between the measured value of A
~ at the trapping time T.‘ and the corresponding vialue predicted ‘
by the fitted curve, ¢ 1s the standard error in the experimental
value, and n is the total number of results in the set. ..];nﬁftl;g.
present casé_l‘,' the cr‘iter.i-on was adopted thet if w < |, the fit
was good. f'- _ L o
The best it to the results given in Table h 2 was obtained

with A = 8.5 x 1072, end 2= 875", as previously stated;

in this case, K = 0,50, :;.fhe gorresponding values for the
‘results given in Table 4,4 with hdghem! magnetic field, were

Ay = 9.6 x 10."2, N =188 s°', andK = 0,88, Thus both of
these fits are good,by the above criterion,
. In order to establish whethér the ra{se“cénstants. derived

for two sets of .results are signiflcantly 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
hasfparame.ters A;., )\,’ , consider the effect of altering the
rate constant A’ by an amount AX ., If Ao is then sdjusted to
minimise X2, & new fit will be obtained with parameters niws,,,
A+ B 3 the value of 'S s characterising the quality of
the fit, will of céurse bhe greater than.that for the parameters
A,,’., 2 . We define the uncertainty in A as that velue of AR
for wnich the value of X' is increased by uﬁity. The uncertainty

in A o is similarly defined,
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These uncertainties were calculated for the two sets of

results under discussion. - For- the results of Table 4.2
(B =6 x 10—51), the fitting parameters, with uncertainties, were
. i - -2'

A, = ($:5&£1-0) xi0

N = 87 20 s";

for the results of Table L, L4 (B = 10-2T)=

A, = '(ql@ + 0:5) x |02
A

1}

(g% + 19 s~'.

It ie important to note that these deviations are not
independent; a choice of the lower limit in Ao’ for example,
jmplies a simultaneous choice of the upper limit of A

. Thisg
may be emphasised by writing the limits in the following ways

75 < A < A5 (x07) [ 4R e fuo T,
o7 > A > 67 (s")

VW< R <ol e L gy g oty
207 > X > 1ta  [(s")

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

have increased by a factor 1l.25 dae toc the increass in mégnetic
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field. Taking the values

| L, | | el
Ao = T8 1070 L g Ba et T,
" = joo s~ | | |

and | -

R T N R e
o= 172 !

which are consisgtent with the above limits, both the increase in
the eqnilibriﬁm 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*ﬁhése prqdict}ong are accepted as valid, they may be %nvoked |
to reduce the uncertainties in the results,'siﬁce only a‘
restricted range of the possible values of the pavameters will
combine in the predicted ratios., Thus the harmonisation' of the

two sets of results with theoretical considerations leads to the

conclusion that

Ao = (7 ¢ + 03 ) X ]d-z ?tﬂ' B = fx lﬂ-;T
A = (wo = () s

ﬂ“_) = (qg -+ 0'3 ) X |0-1 gw B - !o"zT

N = {179 £ 10) ¢! | |

i

_1§;the‘1ight'of these considerations, the estimate of the

spinéexéhange‘cross-section.given'in gection 4.1.2 must be
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modified, It was there calculated that

. 2 .
Nep = ['O‘XIOOQG S'I;-

t‘.hé. presently adopted exper'imental value of 100 s~ for )\? .
therefore implies & cross-section value

-18
Qe = 1‘0‘#‘0. .

There is, of course, a considerable uncertainty in this estimste,

Since

e = Qe Loy, (Section L,1.2)

un_certai‘ntiea in the values a_do‘pted for (> and v’y will
combine with the- uncertainty ( ~ 6%) in 'AP. The; magni tude of

{p? depended on the estimate of N, the aversge number density
of the atomic beam in the trap (Section 3,1.3); this was & rather
indirect measurement, and it was considered that it could be in
error by =20%. The uncertainty im (V') arose principally from
the lack'of knowledge of the radial distribution of the electrons;
bearing #n mind the discussion of the effect of chaenges 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 &, depends, suggest (feirlkyrpessimistic)cunedrteintinol

limits
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on the derived vzlue for Qg .

-1% ' _ig
07 + |0 vn‘z < Qe £ |18 xlo w.z

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 direction; if instead the electrons had
purely axial momentum, the value of £v') would be reduced by =z
factor 371 , and the estimate of ®e given above would be
correspondingly too lew. However, the varibus assumptions must
be judged on fheir merits, and the guoted uncerfainty_does not
include an assessment of their plausibility. In fact, the overall
consistency of the results, and the general sgreement with ﬁhe

- measurements of other workers, proviae some ground for optimism

in this regard.

4,2. POLARISATION MEASUREMENTS WITH DIFFERENT TRAP DEPTHS,

4.2.1. Neasurements,

Thé measuremeﬁts guoted uand discussed in Secticn 4.1.
were all made with a‘trapping‘potenti&l well of nominal depth
1.5 volts. 1In the present section, meusurements of the polaris-
ation of electrons trapped in potentizl wells of ‘depth 3.0
volts and 4.5 volts are reportéd. These measurements were
part of =z progrumme to find empirically the optimum conditions

for operation of the apparatus &8 a source of polarised electrons;
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1t was also hoped that the results could be interpreted in such
a way as to yield 1nformation sbout the energy dependenée of the
spin-exchange cfoss-section. | |

It wae found that thé ﬁaximum.averagé trapped output current
at very short trapping times ( < l.s) was achieved with a trap
depth of 3 volts, As the well dep th was Further increased; the
current dropped slowly, When the well depth was reduced below
1 volt, the.eﬁrrent decreased rapidly, and at 0.5 volts was too
low to be measurable. 1t was expected thet . the capaciﬁ; of the
trap would increase with increasing well depth (see Section
2,2;2); the decrease in output current at deptha‘abcvé 3 volts
may have been due to the increase in the diffusion constant
(section 2.4).
| Measurements of electron polarisation as a function of
trepping time with a wellldepth of 3.0 volts are shown in Table
4.5 and Fig. 4.7; The corresponding results f6r a well dépéh
of h,5 volts are given in Table 4.6 and Fig, 4.8. Compari.son
of these data with the results given in Table 4,2 and,Fig; L1
for a well depth of 1,8 volts, reveals a systematic decrease,
with increasing wéll 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,
which was 6 x 1072 T in all the abové cases, It was therefore
‘assumed that the asymptatic asymmetry A = 7.8 x 10”2, derived
in section L4,1,4 for the 1.8 volt deep well, would also



Trapyoing Asymmetry Uncertainty
2 2

time 4 (ms) A (107F) AA(10™ %)
1.5 | 1.3 + 0.5
3.2 1.0 + 0.5
4.8 2.0 + 0.5 |
5.8 2.0 + 0.5
11.0 3.3 + 0.5
17.0 4.3 + 0.5

Table 4.%5: Electron scuttering esymmetry versus trapping time

(well depth 3.0V).

Trapping' Asymmetry Uncertainty
time T (ms) A (1079 AA (107%)

1.5 ~0.5 + 0.4

3.2 ~0.2 + 0.4

4.8 1.2 + 0.4

5.8 0.7 + 0.4
11.0 1.6 + 0.4
17.0 4 2.6 + 0.5

Table 4.6: Electron scattering asymmetry versus trapping time

(well depth 4.5V).

.-
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‘characterise the results obtained with well depths of 3,0
voits and L.5 volts, The least mean squares fits performed
under this assumption a.re-.-ghown on the appropriate graphs; the

corresponding values for the rate constant are
Ne 3 (51 = 6) s for D = 3,0. volts

~and  Ap =‘(2“.t3) s ! for D = 4,5 volts,

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

"to minimige X .

4,2,2., Interpretation

The rate constant N, is given by

e ot G <e><\r’> (section 4.1.2)

'I'he-'meaaurements quoted above showed that o decreased rapidly
with increasing trap depth: in the well of depth 4.5 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 ®R.3 first, however, the dependence of 4\:)
and {v'7) on D must be discussed.

In Section 4,1.2 it was shown that <Lv') = Wz,
the frequency of axial oSGillation of the t:;apped electrons, In
turn, W, & Dt ', If this dependence were the only

varying factor in ’>\p s 1t would be expected that the rate

L
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o magnetic field of 6 x 10
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constant would increase with increasing well depth., Thus
the observed decrédase becomes even more significsnt when thies
dependence is taken into account,,

The dependence of < (>'>I< v/? on the radial distribution of
the electrons was discussed in Section 4.1.2, where it wes pointed
out that this quantity would have & 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; 1t might therefore be expected that increased rap}.-dity
of radial diffusion in the deeper wells would lead to a reduction
in the appropriate value of {eMv') . However, it was shown
in Section 4,1.2 that changes in the radial electroﬁ di‘stribution
were unlikely. to lead to changes in <¢>{v’') by a factor much
greater ‘l.:ha.n,,l;.zs‘._ In sddition, the results of Section L,1.4 o
implied that the aistribution in & well of 1,8 volts depth, with .
*3'1.', must already be almost uniform,
. It eomuld therefore be deduced that . . .

Qe =, %?D“Ji

where Qo is interpreted as the spin-—exehange erosg-section ’

averaged over the distribution of eleetron energies present in

the well ‘of depth D,

H

Hence if Qe = 1.0 x 10 -18 m2 for D = 1.8 volts '
then Ge = 0439 x 10 181:12 for D =" 3,0 volts

and © = 0,13 x 10 18m2 for D = U,5 éolte



2. ' 125.

The problem of determining the electron energy distribution
in a potential well of depth D volts was dealt with in Sectiom
2.3. The curve in Fig, 2.20 implied an energy distribution with
a half width not greater then 0.8 &V in the electron beam passing
through the open tr'ap{ thies was reflected . in the analysis of the
output of the trap with s nominsl well depth of 1,5 volts,
illustrated by Fig. 2.33. Since the methods of investigation .
used were sensitive only to the axial componentoﬁelectron momentum,
the results were useful only as a gulde in estimating the average
electron kinetic energy in the intersction region; this was taken
ag 1 eV in the well of 'nomina'l depth 1,5 volts, The well depth
was increased by altering the potential on the central electrode,
maintaining ;bhe‘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 ~ 4.0 &V 'in the well of depth ’-l--.{5 volts., Little
overlap was thu,é expected between the energy distribution in the |
different wells;; this expectgti-on was supported by the magnitude
of the changes observed ,111‘ Np when the well depth ‘was altered,

The uncertainties in the absolute values of (&, in wells
of depth 3.0 volts and 4.5 volts will be of the same relative
magﬁitude as that px;evimésly estimated for the 1.8 volt deep

well, (Section. 4:.104.). The three values are collected in
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Table Le7, and displa&ed as a function of energy in Fig. L.9.
In this figure, the horizontal bars represent the spread of |
electron energies in the trap, which was taken to be aboﬁt
leV (aee 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 <{p) of the atomic
beam in ths trépping region, and of estimating the sppropriate
value of (v'>  (see Section Lele2)s Thus the upper limit
is an attempt to define the maximum value of Q, consistent
with the experimental results; this would correspond to a
combination of an underestimate of <p) by 20%0, and a
simultanecus underestimate of 'y -by 10%/0. ‘The random
error associated with the fitting of the polarisation curve

to the measured points is small in compapiéon-biv62/o for
D= l.BV, X 12?/3 for D = 3,0V, = 1% for D = L4e5V),

it is also taken into account in assigning the uncertainty
limits. | -

An underestimate .in: the value of oy or (v') would
be systematic, in the sense that it would affect egually the
measurements made at different trepping depths; all the
measurements of Q, would be inereased by a constant
f'raction. ﬁence although the outer limits on the error bars
reflect the uncertainty in @ﬁe absolute values of Qe' the
form of the dependence of Q, upon energy 1s determined more
accurately than they suggest. iny the random errors

contribute to the uncertainties in the relative values of Qe
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Aversge electron : Qe(lo m-) Statistical ﬁncertainty
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 differsnt average electron ensrgies, they are shown.
separately on Fige LaTe -

Fig. 4.9 also shows the measurements of Rubin et al,;
and a theoretical gurve derived from the work of Karule and
Peterkop {sece Section 1.2.2). Before a conmparison may bhe
made with the present results, however, it must be noted that

these previous estimates relate only to elastic spin exchange

- seattering, In the present case, inelastic processes may -

also have contributed to the observed rate of epin exchenge

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 inslastic
spin exchange cross~-section is at least a factor ' 2 greater
thap the elastié spin‘exchange'aross-section at an electron
energy of 3eV., - An increase in the observed rate of spin
exchange could also ogceur as a reault'of the two-stage process
in which an electron suffers g direct 1n§1ast1c colliglon,
followed by an elastic spin exchange collision at the lower
energy. 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 aveiage electron‘energies
of 2.5 eV and h}O eV must be taken &s upper bounds on the
total elastic cross-section] they are therefore consistent
with the theoretical predictions of Karule and Peterkop. For
an average electron energy of 2,5eV, our experiméntal value for

Qe 18 3.9 times the theoretical value, while for an average
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energy of L.0OeV, the experimental value is a factor 1.9-times
the theoretical value, It is perhaps significant that the
two stage process referred to shove is expected to be less
significant at the higher energy, since the predicted cross-
sections for the aecond collisions {elastic épin exchange at
the reduced energy) are L.3 x ;0'1q m? for an electron energy
of 0.9eV (2.5¢V - 1.66V), and 1.2 x 10~ p?

energy of 2.heV (h.OeV - 1.6eV).

for an electron

Only elastic processea could have contributed significantly
to the rate of spin exchange measured in the trap of depth
1.8 volts, since only a very small fraétion of' the electrons
had energies above the excitation threshold, Thus. the value
of the spinfexchange‘cross~aection cal#ulated frqm these
measurements (Q = 1,0 x 10718 ma) may be compare&-directly
1% n%a<0.8x10"'%n?),
and with the theoretical prediction from Karule
(R = 0.39 x 1078 n?),  The lower limit of the present result
(9 = 047 x 10718 0?) 18 consistent with the limite of Rubin

with the limits of Rubin et al, (0.27 x

et al.; a considersble discre¢pancy exists betwesn our measure-‘
ment and the theoretical prediction. It may bs noted,

however, thﬁt the theoretical value of Qe is highly dependent
on electron energy in the range O-leV; et an electron energy

0"8 ma. The neasuree

of O.4eV the predicted value is 1,04 x 1
ments of electron energy distribution in the trap, discussed
in Section 2,3, yielded only a crude indication of the average
 energy and energy spread; while-they certainly suggested that
the average slectron energy was higher than 0,.6eV, they were

not reliable enough:. to establish beyond doubt a discrepancy
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‘between theoretical and experimental values of Qg in the
ensrgy range around levV,

Taken together, the present results provi&e confirmation
of  the general form of the eriergy dependence of the apin
exchange eross=-section, This is of practical significance
fron the point of view of. the utilisation of the spin exchange
precess to provide .a source of polarised eleetrans, since 1t
shows. that the kinetic energy of the electrens in the inter—
action region must be low (< 1leV) if high electron pqlaris—
ation is to be achieved at short trapping times. 1In the.
present case, although the highest avefage trap output current
wes achieved with a well depth of 3.0 volts, the apparatus is
operated as & source of polarised electrbns with a trap depth
of 1.5 velts, in order to obtain a sufficiently high rate of

~spin transfer.
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i3, CONCLUSIONS.

The method proposed by Byrne and Farago (1965) for the
production of a polapiséd electron beam, by means of a spin
éxchénge interaction.between trapped electrons and é‘polarlsed
potassium atomic beam, has béen investigated, A pﬁlsé& beam

of polarlsed electrohs has been generated by this method, with

10° electrons pér pulse, a pulse length of the order of one

microsecond, anﬂ a polarisatien of 0.5 at a repetition rate .
of 55 Hz. .The repetition rate could be increased at the
eipénse of the polarisation; at aegapetition rote of 120 Hz
the polarisation was reduced to O.4 . The poiarisati6ﬁ and
aﬁerage intensity of the electron bean was iimited princip&lly
by the properties of the trap in which the electrons were
confined during the interaction; as a reault of various
suggested improvements, it should be possihle to increase the
polarisation to 0. 8, and the average 1ntensity by several
orders of magnitude, _

From & study of the behaviour of this polariséd electron
source, it has been possible to derive estimates of the-~ cross—
gection for spin exchange collisions betwesn potaésium atoms
and electrohs, at three different average kihﬁtic energies in
the renge O-LeV, These values of thé spin exchange cross-

section are in reasonable agreement with previous experimental

results, and confirm the theoretlcal prediciion of & rapid

decrease in cross-section with increasing energy over this

energy rangs.
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_CLOSING OF TRAP INPUT GATE (Section 2,3%.3.),

- Adopting the notation and assumptions of Section 2,3.3, we

consider an electron trapped in the unsymmetrical well shown in
Pig. Al.l. . The potential distribution for z 9 0 is static,
while that for iz < 0 is changing in such & way that it retains a
parabolie form, .It is assumed that this change is adiabatic, so
that the potential distribution may be taken as approximaiely
static over .one period qf dscillation_of an electron in the weil.
We consider such a period, at a stage in the closure of the
gate when the energy level of the electron is 8' +» . In that
fraction of the period which the electron spends in the region

z £ 0, i‘té motion is approximately simple harmonic, with equaiiion

of motion
Z = Asw wt,
where
1
L ( :levl)z
w = z, o N
and , 1
7o € \2
A = Vi

~ The potential at .z is given by

4

Ve s (R
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since is so smell that w may be assumed constant over

dVg
St

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

———

aV(z) bVI" A st
b T dE |

Al.l.

The eledtrmi will travel from z = 0 to z ----zo and back "to z =0

in time % = " .. If the change in V, in this time is AV,

I
~ the corresponding change in the total energy of the electron may
be obtained by integrating BEquation Al,.l ovey the time interval

T4  , assuming '?gg— constant; this gives

| Ne [\ W&\ T
At = St laz:[w °© '3*?{2\!1 W,

Iin the remaining fraction of the totel period, which the
electron spends in the region z 7 0, its motion is agaein simple

harmonic, but now with angular freguency

. A .
Wy = . ( 2eV, )z |

z o Y

A

It will therefore travel from Z = 0 to z = 'zc', and back to z = 0
in time To, = T4 § in this time there will be no change in
the total electron energy, since the poténtial i_n'this 'fegion is
not explicitly time-dependent, Méanwhile', V, will change by an
amount | aVy T
T Wo r
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Thus the total period of cscillation ':w.
Tl )
in thia’ time_, Vy changes by an amougt
Mz b‘;\"?“('&i* Dﬂ, |

and the energy level of the electron changes by an amount

p o N [ €7 ).1"_
A€ = -B_E_ ( V1 w

, , .
The relationship between V. and £ . is therefore given by the

solution of the differential equation L. - i~
Yef ! -1 ! L=l
aVy AV : Wo 2V Vo
| ' : Lo =l
/ '3‘_" [ (VI )1 ]
= +

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

trapped when Vo = & ; tt‘zis‘ inzpliies’ that

¢ = ‘z%[ldr(%’] | A13

Whex_i the gate 1s completely closed, 'V.I = vog‘ In this case,
we obtain from Equations A1.2 and Al,3 the final electron energy
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level in the closed tra_pi
L
/ |
e = e+ (%]

In terms of the parameters ol =33 , o =
) Vo’ Vo
bhecomes.
-L .
A = F (),

Aloll'_g '

, Equation Al,h
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He consider first the effect on the energy level of a trapped

electron of an adiabatic change 111 the trapping well depth, It
is assumed that the potential at i Z g remaing constant-; for
convenience, this is defined as zero potential, (see Pig, A2 1).
The pctential at the centre of the trap is then + Dt s Where D is
the ehanging trap depth, and the potential at Z is |

The energy level of the electron &' 18 defined, as usual,
in Buch a way that the kinetic energy at the centre of the well
(z = = Q) is et’ electron volts; since the electronic charge e
is negative, £’ is also a negative quanti’ty.‘ The total electroxi
energy E is given in this case by |

E = lel (»-1€7).

A2.1,

Assuming agein that the potential éistribution changes
adigbatically, the motion of the electron may be described by

Z = A sin Wi,

where
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An argument similar to that employed in Appendix I shows that

 the change AE in the total eleciron energy during one pericd of

“the oscillation of thé e1ectran ;B

e < 1o (1 F2) - 1= )

. Ch o [T

. ! .  . L . -,A
where AD is the corresponding change in well depth,  From.

Equation A2.,1, ﬁhe change in energy level £ﬂ is then

. ' !
O _ ' -1 - ! ]51)
Als'| = D le|” AE AD (53;; ‘
Thie yields the differential equation

ale] 3

— e —_——

it ﬁhe or1gina1 energy lével was £ , in a well of-depth~D,

the apybitrary constant C is defined as

~%
. = ED

thus . g = ¢ (%?)% o= PR,
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where - is the ratio of final to initial trap depth, . &

el el g
In terms of §=‘-—D—-)o«‘m&§=-§r=ri 5

A2’2°

After the well depth hes been reduced from D to D' by a
pulse on the c¢éntral elegtrode, the output gate is J_.owe:"ed by an
amount & D3 this will cause a further change in energy level,
from €’ to €”. 1If this corresponds to a change in output
gate potential from V o Yo V', measured relative to the bottom
of the new well (Pig. -Aa‘._.a.;), .the treatment is similar to that-
used in Appendix I, and the relationship between the final energy
level &" of an electron and the final output gate potentisl V o'
may be obtained directly from Equation Al,2 by the substitution

Vo —a;_Vo': :
. / L
£ = o) (2)7]
)

In this case the initial condition is that 8" = & when

-1

v, = V3 thus

| cC = 22’\/(:-;:0;
o ¢ - 2£'§‘\%)% L1+ (%"‘)?]—' AZ+2.

An electron will be ejected by this process 1f — > 13

o

i% may be shown immedistely from Equation A2,3% that the: tic



a2, 138.

1imiting case, with g'= ‘Jo’ s corresponds tc an energy level
before slteration of the output gate potentlal, such that

£ (Y au)
Vo T2 Vo) [|+{~Q:)]

.3.2",’-‘:
In terms of the parameters
‘ S T4 R
B = T TV
D'
= F l
‘ o Vo — Vo v’
and § = D - f’(’ﬂ_Tf')a
Equation A2,L4 éan be written
. -'-—[(I'-—i)—l-(l—g‘}%]l |
F’ - % K IJ ‘ A2:5,

Gonsidéring_now the complete ﬁrocess, ilrustrated 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 Eguations A2,5 and A2,2, this level is
sharacterised by |

..’" > - rg - '!f[(’}';_"")'*(”"g)%}-

th
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The simplified case is considered in which any given electron
orbit centre performe random walk in the(R,G] plane, with steps of
‘ .y
constant length <F2>1. 1t may easily be verified that
- R’
No T ar
Y\(R t).'-? T 4Dt

Lot € A5.1

.is8 a solution of the two dimensionsgal diffusion‘equation

ah

T

]

A3.2

’using the notation of Seection 2,4.1, (Sommerfeld, 1949, p.59).
This solution is independent of‘e, and has the radial form of a
Gaussian function with half width proportional to t%. 1t is
therefore apprbp?iaté to a situation in which.No electrons are
concentrated on unit length of the z axis at time t = O,

The value of the aiffusion constant D may be dedﬁcéé by
considefing the net flux of elecirons across a small area perpen-
&icular to an arbitrary direction X in the R,0 piane; If 4 is

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

time is

— Ve 2 . )
F =-—T<7C>(£_.Vm). |
A3.3
where v 1s the collision frequency and <¥:> 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

Fo= -D{i.Vn) ; a3

‘ccmparing the two expressions for F, we find that
1
D = 3 Ve <*1> .

Since in the two dimensional case, <{x') = L)

D o= T V{7,

By applying Equation A3,4L to the distribution given in
Equation A3.1, choosing the unit vector i in the radial direction,
we find that the flux of electrons acrose unit area at a radial
distance R from the axis at time t is

£
NoR =5

F gupt: @

3

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

of unit axial length and radius Ro at time t,

dN . R
dk—j._'rop’

R,
_ NoRe -3¢

Lot © .

"

A3.5

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

N R 'E%E
g(t} = |- No = | — o l(-Dtt e
R
= | —e M
A3,6
with LD L0t
')\ = Rg = | Ye R: .

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

original number is
_ -1
' 'TV?. = ( ’>\ 2»\ 2)

|- bl R’ | -
.‘ - \,’c<f1> - : A307

In section 3.2,1, it was assumed that the rate of loss of -

elecirons was given by ‘

AL
. —ld\)ct B
this implied that ° N = N, € , 50 that the fraction

remaining after a time % would be

'gl(b) - - e_u\7¢£’

2

A3.8

and half the'population would be lost in time

£a2 0-69

O{VC ’ = d\)ﬂ .

!
Ty,
A3.9
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It is in fact possi’ole to find a solution to the diffusion
equation (Eqn.AS 2) which has such a time dependence; the radial
distributibn is then a Bessel function (Easted a6t), b.20 ). In
the experimental situation, the time dependence of the losses would
be more comp.iicated than that of either Eguation A,‘,’;,.,E or Equation

- A3%,8, since the initial radiel distribution would not be a simple
function, A rough estimate of the value of o appropriate to the
present circumstances may nevertheless be obtaine& b& comparing
Eq_ua*‘ions A3,7 and A3,9; this comparison shows‘ that the function
£f(t) in Equation A3,7 may be approxinmted by the function &‘( t} of

' Equation A3.9 by setting

2- 14>

d. K'Z .

4

Phe nature of this approzimation is illustrated in Pig A3.1.
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APPENDIX L? | -

- Prom Section 3.2.2, the rate of change of electron polarisation

with time is
Y
*9 = ,J( l— ¢ ) 3.2
| — ve ? o
) 3+
where P [(Gu"c‘n) * ‘rauzqz}]
A
V = 2&12 [ ’k - (Q" —'&22)]
Q [ a —
I VI W
. (aw — C‘zz) + A
the coefficients 0".1 are defined in Section 3.2.1.
In terms of S =  a'li- 85 - | |
Lha,, a
(all*aaz) ’ '
7\ = [‘ + ’)(] -
v = I-[|+‘XJ
| |+ [\ + ')(] .
1f ," N <& |,
| vV o= 4% & |
' bo, Gy
Now X = a—em)t 4
wr* | «x"‘_s_.)z _s_
| - 1+ % T ('*“‘* (Qe " 6?e
in tema of the symbols defined in Section 3.2¢ ' (*""" -< |-,
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" the equality pertaining to the case of the complete polarisation

of the atomic beam, and absence of relaxatién'effécfa. " The
theeretical rasults of Kamile and Peterkep (1965) imply that

at an electrnn energy of IeV,

a"e A ~0-3,
Henc_e’ if ol <& ,’
b - s o o('( S ) & |
= - = = T g\ . - '
. “ (I* 3&) e

Equation 3.2. then takes the approximate erm_

po= p(i- ™)
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We consider an atomic beam flowing in the x direction, with

a density eylindrically symmetric about the x axis; if‘ r is the
perpendicular distance from the x axis, the density is given by

»

P = Po . for YN AS. I
. - | ]
e =  Po [ | — E:F.] | 'j{,,r > - RS2,

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

average atomic density

e Y O A T ST
_ R+ T,
e 5

In the present case, R = 3 mmoy, Py = 1 mm;

-

e KPRy = o7 o

Consider now an electron pregessing slowly around the origin
in the x;y plans at a radius R, while oscillating rapidly across
the bean in the z direction (See Pige A5e.1)e Oﬁce again, we
assume uniform electron veloelty magnitude in‘the region of
interaction with the atomic beam, At & time when the angle of
preceasién ié 6, the width of the atomic beam'traversed by the
'électr@n i8 2ZRsin® (see Pige A5.2)s We now calculate the
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average atomic density <P(9)> over this path.

Two cases must be considered?

\ r
(i) © < 6, : (where cos8, = 1/r)

In this case, the electron moves always in a region where the
etemic density is given by 45,2 the average density is
therefore

Rana
i r—N
<\o(9)> - Rsl‘nafa Co [ —r'] dz
a : ' Rsm@ , )1 v
= Ks.ma { V- me+i ' ] oz

=)

' T R COSB e
= Po["”'ﬁ'—'ﬁ ~ ey {1+ 1

X ]

(i1) e > e,
In this case, the electron moves in a region of uniform density

(Equation A5.1) foi' 1z} < | 24| y . Where

2 2
zt‘_ =y - K(m‘@;

the integration must therefore bve performed in two parts.
RSMg

RSMB{ Foolz +I Fo (i’c«’@+z ]0‘2
P"lH (' ‘?‘"‘9) J?R-fi){l' e 9} L:n ciee{“(t?:)ﬂl%}ﬂ

The function {p(p)) » with r) = 1 mm., R = 5 mm., is shown in
Fige Lelss

¢l

Lelo)y

11}
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