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SUMMARY. 

The method proposed by Byrne and Farago (1965) for the 

production of a polarized electron beam, by means of a spin 

exchange interaction between trapped electrons and a polarized 

potassium atomic beam, s; been investigated. A pulsed beam 

of polarized electrons has been generated by this method, with 

10 electrons per pulse, a pulse length of the order of one 

microsecond, and a polarization of 0.5 at a repetition rate of 

55 Hz. The repetition rate could be increased at the expense 

of the polarization; at a repètitionibrte of 120 Hz the 

polarization was reduced to 	0.4. 	The polarization d average 

intensity of the electron beam was limited principally by the 

properties of the trap in which the electrons were confined 

during the interaction; as a result of various suggested 

improvements, it should be possible • to in&ièàse the polarization 

to 0.8, and the ae.rage intensity by several orders of 

magnitude. 

Prom a study of the behaviour of this polarised electron 

source, At has been possible to derive estimates of the cross-

section for spin exchange collisions between potassium atoms 

and electrons, at three different average kinetic energies in 

the range 0-4ev. These values of the spin exchange cross-

section are in reaacnable agreement with previous experimental 

results, and confirm the theoretical prediction of a rapid 

decrease in cross-section *tth increasing energy over this energy 

range. 
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1.1. 	 1. 

CHAPTER I. INTRODUCTION 

1.1. Purposes of the Investigation 

The discovery of the electron by Thomson in 1897 may be 

taken as the starting point of atomic physics in the modern sense. 

Ever since, free electrons have provided physicists with an in-

dispensible tool in the investigation of atomic structure. The 

classic experiments of Franck and Hertz (1914) in which the 

excitation potentials of mercury were investigated by electron 

bombardment, are only one example of an important class of 

experiments in which the study of electron atom collision processes 

has yielded information about the target atom. As the sophisti-

cation of theoretical, methods has increased, it has become possible 

to predict with increasing accuracy the nature of the interaction 

between electrons and atoms; the experimental verification of 

these predictions has provided evidence of the basic soundness of 

the quantum mechanical postulates on which they are based. In 

all but the simplest cases, it has been necessary to employ approxi-

mation methods in the predictions; such approximations are normally 

Valid only over a limited range of electron energies and types of 

atom, and experimental study of the range of validity of a given 

approximation may provide valuable guidance in its improvement, 

For such reasons, the investigation of electron-atom scattering 

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

/ 
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In any experiment in which a projectile interacts with a 

target, the information which may be obtained (either about the 

target or about the interaction) will depend on the degree of 

knowledge or: the initial properties of the projectile. For 

example, the fine structure of an electron excitation function 

can only be resolved by the use of a sufficiently monochromatic 

incident electron beam. The practical problems involved: in the 

production and use of electron beams with very small energy 

spread have until recently been prohibitive, and opticsl exalta-

tion has normally been used in investigations of atomic structure 

which require excitation of a particular atomic state. Apart 

from the increased ease of collimation and mohoobromation, ex-

citation by a light beam possesses an additional advantage, in 

that another property of the beam may be predetermined: its 

polarisation. By selection of a particular polarisation state 

of the incident beam, it is possible to discriminate between 

magnetic sublevels of the excited atom; the whole field t 

optical pumping, one of the most fruitful in present day atomic 

physics, depends on this possibility. 

The realisation by Uhienbeck and Goudemit (1925) that the 

electron possessed an internal degree of freedom, corresponding 

to an inherent "spin" angular momentum, made it possible to 

conceive of a similar preselection of the spin state of an 

electron beam. If an external magnetic field defines an axis 

of quantisation, the component of electron spin in the 
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quantisation direction has ava1ue tt ; if an ensemble of 

electrons contaimn+ electrons with spin component ±* , d n_ 

electrons with spin component 4t , the polarisation of the 

ensemble is defined as a vector in the quantisation direction, 

of magnitude 

The polarisation of the ensemble is clearly proportional to the 

expectation value of the electron spin angular momentum. 

In fact, within four years of the postulation of-the existence 

of electron spin, Mott (1929) had proposed a method of producing a 

polarised electron beam, and of measuring its polarisation (see 

Section 3.3.1.). Because of the great technical difficulties of 

the double-scattering experiment involved, the predictions of Mott 

were not confirmed until 1942, by Schull et al (1942), somewhat 

ironically, a further fourteen years elapsed before it was dis-

covered that electrons emitted in beta decay were normally quite 

highly polarised (Lee, 1957). 

The experimental analysis of the spin-dependent features of 

Mott scattering and beta decay provided valuable information about 

the interactions involved. In both these cases, the electron 

energies involved are high (typically ' 100 kcV ). The possi-

bility of investigating spin-dependent features of low-energy 

electron-atom scattering has only recently been followed up, 

largely because of the difficulty of obtaining polarised electron 

beams of sufficiently high current to make such experiments 
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feasible. In recent years much effort has been devoted to the 

development of a suitable polarised electron source; a wide 

variety of techniques 	been suggested and investigated (Farago, 

1965; Brash., 1969). In the work here described, a proposal by 

Byrne and Farago (1965) has been developed. This proposal was 

based on the fact that it is a relatively straightforward task to 

produce a beam of highly polarised atoms, by deflection in an in-

homogeneous magnetic field (see Section .i). If an unpolarised 

electron beam is allowed to interact with such a polarised atomic 

beam, at an energy of a few electron volts, the mechanism of spin 

exchange collisions (see section 1.2) should resultin a partial 

polarisation of the electron beam, with a corresponding decrease 

in the atomic beam polarisation. 

The present experiment was conceived as the first stage of a 

programme of investigation into spin dependent aspects of low 

energy scattering of electrons from alkali atoms. The primary 

consideration in the design of the apparatus was to produce a 

source of polarised electrons suitable for use in subsequent stages 

of this programme. However, very little work, either theoretical 

or experimental, has been done on spin exchange collisions between 

electrons and alkali atoms (see Section 1.2,); it was therefore 

anticipated that useful information on the nature of the inter-

action might be obtained from a study of the mode of operation of 

the source. In particular, it was expected that the spin exchange 

cross-section would depend on the energy of the electrons (Section 

1.2.2); although the nature of the experimental method implied a 

considerable uncertainty in the electron energy, it seemed likely 

that any gross dependence would be observable. 
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1.2. SPIN EXCHANGE IN ELECTRON ALKALI ATOM COLLISIONS 

L2.l. Theoretical Background 

A rigorous quantum mechanical 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 low electron energies used in the present experiment, for 

which spin-orbit effects may be neglected, the non-relativistic 

treatment in terms of the Scbrbdinger equation may be used, 

modified by the additional postulate of the Pauli: principle. If 

the valence electron of the alkali atom is assumed to move in a 

Coulomb field due to the screened nucleus, the Pauli principle 

implies that the wave function describing the collision must be 

antisyimnetric with respect to the interchange of the spatial and 

spin co-ordinates of the bound and free electrons, 

Thus if the total wave function is synetric with respect to 

interchange of spatial co-ordinates, it must be ant±symmetric with 

respect to exchange of spin co-ordinates, and vice versa. Denot-

ing the spin state of the bound electron by I5>8  and that of the 

	

free electron by , with a = 	, the total spin will have 

four stationary states, described by I S, m5) 

11,0) 	 + l-½.Z$+%>} 	 LI. 
- I 	= 

J o,o> 	-'IL >F - 
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The first three total spin states (the "triplet" states) are 

symmetric with respect to interchange of the spin coordinates of 

the two electrons; the last (the "singlet" state) is anti-

symmetric in this respect. 

Burke and Schey, (1962), in a discussion of electron-hydrogen 

spin exchange collisions, have pointed out that a consequence of 

the difference in symmetry between the singlet and triplet states 

of the total spin is the introduction of an effective spin 

dependence in the scattering forces. Since the total state 

function (spatial and spin parts together) must be antisyzmnetrio, 

the triplet state will be antisymmetric with respect to inter-

change of spatial coordinates, while the singlet state will be 

symmetric in this respect. This implies that, on average, 

electrons move in different regions of the interaction potentials 

in the different spin states, so that the strength, of the inter-

actin can be spin dependent. 

This effective spin dependence may be allowed for in the 

discussion of the scattering of a beam of electrons by an alkali 

atom by defining the singlet and triplet scattering amplitudes 

and f3((9 ) respectively, such that the probability per unit 

time, per unit incident flux, of scattering into a solid angle dw 

through an angle 9 due to an interaction in the singlet state is 

ç1  (a) j AW , while the corresponding probability for an inter-

action in the triplet state is J.ç3 (&)j tJi. 	These are related to 

the corresponding total cross-sections for singlet and triplet 
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scattering by the expressions 

211ç Ic1(e)¼.c2e49 

= 21rf 4 5je) Itte e 

For an electron of energy 1ev, )20a0(where %= 0.53 x 10
10 

 m); 

since the radius of the potassium atom is ç ta 0  (Mott and 

Massey, p.572), the effective range of the Interaction will clearly 

be comparable with the electron wavelength, so that several partial 

waves will be necessary to describe the scattering. A calculation 

by Karule (1965) indicated that the triplet scattering was pre-

dominantly P - wave, while the singlet scattering was predominantly 

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

21 	t 	240iIa 

a3  

The spin exchange scattering cross-section Q is defined 

(Debmelt 1958) as the cross-section for an interaction In which 

the spin, of the incident electron is initially oppositely oriented 

to that of the valence electron of the atom, and electron exchange 

occurs; the outgoing electron is therefore in the opposite spin 

state to that of the incoming electron, Thus although electron 

exchange can also occur between electrons whose spins are parallel, 

this constitutes an unobservable interchange of identical particles, 

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

to describe Q e although this makes it clear that the exchange of 

identical spins is excluded, we have preferred to retain the term 

"spin-flip cross-section" for the description of the total scatter-

ing cross-section by any process which reverses the spin direction 

of the scattered electron, including thereby possible contributions 

from spin orbit interactions (see, e.g. Kessler, 1969). 

The dependence of Q on the singlet and triplet scattering 

amplitudes r1  and 5 may be examined by expanding an initial spin 

state of the total wave function s, in which incident and bound 

electrons have opposite spin orientation, in terms of the 

stationary states of the total spin. If the Incident electron is 

described by j-> , and the bound electron by IF½>B , the 

initial total spin State can be written as 

4T[t 0>b 0) 0>j. 

scattering into unit solid angle at an angle a will take place with 

amplitude 5(9.) for the triplet component, and with amplitude 

for the single component, corresponding to a final state  - 

*f)°> +i°'>I. 
In terms of the singlet particle states, this can be written 

(43•±f1) !>3 Hk) +~ (c 3-flI->j+ ~) 

hIt>zIa>F 	4jIt>g)2> 
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where 	 t3  + 	represents the scattering amplitude with 

no interchange of spin coordinates ("direct" scattering) and 

= the scattering amplitude with spin exchange. 

Thus the possibility of spin exchange scattering depends on a 

difference existing between the singlet and triplet scattering 

amplitudes. 

The direct and exchange total cross-sections are given by 

	

271 f1 	ItO& = 

Qe = 2rf 
where y 	ir f ( 	4 4) a_e A 8 .. In section 3.2. the 

interaction of partially polarl.sed ensembles of electrons and 

potassium atoms is discussed in terms of the cross-sectionsde-

fined here. The available theoretical and experimental evidence 

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

section is summarised in section 1.2,2. 

1.2.2. Previous Exnerimentpl and Theoretical. Estimates of 
As 

for Potassium. 

The total cross-section for spin exchange collision between 

electrons and potassium atoms has been measured in three previous 

experiments. In each of these experiments the spin-exohange 

process was investigated by allowing an ensemble of unpolarised 

electrons to interact with an ensemble of polarised atoms, and 

observing the transference of spin from one ensemble to the other. 

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

The earliest experiment wad performed by FraMcen et al. 

(1958), using a method pioneered by Debmelt (1958). The 

polarised atom ensemble was produced by optically pumping a 

potassium vapour cell with circularly polarised potassium 

resonance radiation, Since the transmission of the pumping 

radiation increased with the orientation of the ensemble of 

potassium atoms In the cell, changes in the polarisation of the 

atoms could be monitored by observing the corresponding changes 

in transmission, when an ensemble of 'unpolarised electrons was 

introduced into the cell (by an R .F. dtschage), a transference 

of spin took place, the *tome becoming partially depolarised, 

and the electron polarisation increasing to an equilibrium value 

determined by the relative magnitudes of the optical pumping rate, 

the spin transference rate, and the rate of depolarisation of the 

electrons due to spin relaxation effects. The diffusion of 

electrons to the walls was Inhibited by the introduction of an 

inert buffer, gas.. 

A unifarth magnetic field B was applied to the vapour cell.. 

When a radio frequency magnetic field  was applied perpendicular to 

B0 , its frequency satisfying the relationship 

EJO- ____ 
VA 
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the electrons were disoriented by electron spin resonance:. This 

disorientation was in turn communicated to the ensemble of atoms 

by spin exchange collisions, and was detected by a further decrease 

in the transmission of the putng radiation. Detailed analysts 

of the processes involved showed that the spin exchange  cross-

section could be derived from a measurement of the width of the 

resonance signal in the transmitted radiation intensity,when °-' 

was held constant and the steady field was swept through the value 

B0. In this way Franken et at, obtained an upper limit 

Y- 10 

for the potassium-electron spin exchange cross-section. Because 

of the high collision frequency with buffer gas atoms, the energies 

of the electrons created by the H.P. discharge were rapidly reduced 

to a distribution in thermal equilibrium with the buffer gas 

(T = 573 K); the above measurement of the spin exchange cross-

section therefore corresponded to an average electron energy of 

about 0.07 

In the experiment of Rubin et al. (1960), the oriented atomic 

ensemble was produced by polarising a potassium atomic beam s  This 

was done bypassing the beam through a strongly inhomogeneous 

magnetic field (Cf. Section 3.3.14.); by suitably rigorous 

colLirnaton, a. highly polarised beam with a reasonable degree of 

velocity selection was obtained. This beam was cross-fired by an 

electron beam with an energy spread of about 0..5 eV, the electron 
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energy being varied between 0.5 eV and 4,0 el. No attempt was 

made to analyse the scattered electron distribution or polarisa-

tion; instead, the polarisation of atoms .scattered through - a 

given angle was examined by paSsing them through a second 

inhornogeneous magnetic field. By observing the depolarisation 

of the atoms as a function of the atomic scattering angle, and 

relating this to the corresponding electron scattering angle 

(uniquely determined if both atomic and electron velocities were 

known), the ratio of the differential spin exchange scattering 

cross-section to the total differential cross-section was determined, 

Because of mechanical limitations, it was not possible to 

carry these measurements to very high scattering angles. It was 

therefore necessary to make some assumptions about the behaviour 

of the differential cross-sections at high scattering angles in 

order to obtain the ratio of the total spin exchange cross-section 

to the total elastic scattering cross-section Q. Depending on 

the nature of these as.sutions, upper and lower bounds were 

placed on the absolute value of Q5  by comparison with measurements 

of Q made by8rode (1929). Recent measurements (Collins et a].., 

1968)'have suggested that Brode's values for the total elastic 

scattering cross-section Q were a factor 2 too large; the limits 

given by Rubin et a]., should therefore be divided by two. The 

corrected values for these limits, with the average electron energy 

at which they were determined, are given in Table 1.1. 

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

of which constituted the present work, also used a polarised 



Electron e (10_m2) 

• energy Lower Upper 

(eV) bound bound 

0.5 0.43 0.8 

1.0 0.27 0.8 

2.0 0.28 1.0 

3.0 0.22 1.0 

4.0 0.16 0.9 

Table 1.1s Experimental results of Rubin et al. (With subsequent 

corrections). 



1.2.2. 	 13. 

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

method of Deiflt. An ensemble of electrons was trapped by a 

combination of Selectric and magnetic fields (Bee Chapter 2) In a 

region throqgh which the polarised atomic beam was flowing, since 

a given atom only spent a ahrt time ( dv 20j4 in the interaction 

region, the .polarisation of the atomic ensemble was effectively 

undimiz*ishe4 by the Interaction; the electrons, on the other hand, 

were retained in the interaction region until the probability of a 

given electron suffering a collision with a potassium atom approached 

unity., The electrons were then extracted from the interaction 

region, and their polarisation was analysed by Mott scattering 

(see Section 3.3.). 

By. varying the time for which the electrons were trapped in 

the interaction region, and measuring the electron polarisation as 

a function of this trapping ttme.1 the rate of transfer of spin 

could be observed directly. One disadvantage that this method 

suffers from is the necessity for an absolute measurement of the 

atomic beam density in the Interaction region, the estimation of 

which results in a large uncertainty In the value of Q e• However, 

it is undoubtedly the most direct method of observing the total 

spin exchange cross-section. The value obtained by Farago and 

Sienann with an average  electron energy of about 1ev, was 

(16± oz)Io 
	2 
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The only currently available theoretical results for the 

total elastic spin exchange *oss-section for potassium are 

those of Kantle 965), and Karu].e and Peterkop (1965)• The 

latter give values for Q over a range of energies from 

1,8ev to 5.0eV. The calculation by Karule relates to energies 

below the excitation threshold; she derives the zero energy 

limit of %, and also gives singlet and triplet phase ShftS 0  

from which values of Q may be derived in the energy range 

0ev.. :  to 1.6ev, In both cases, the calculations employed a 

twoastate close-coupling approximation. 

These theoretical values are presented in Table .1.2, A 

comparison with the previously quoted experimental results 

altoS that the zero energy limit for % given by Karule is 

consistent with the upper bound derived by Fra±iken et al, from 

measurements on thermal energy electrons, the theoretical 

treatment predicts a rapid fall in the spin, exchange crops-

section with increasing electron energy, up to 3eV some 

evidence of a similar trend may be discerned in the general 

behaviour of the lower bound derived by Rubin et at. (of. 

Tables 3. and 2). However, there are considerable quantita-

tive discrepancies; for example., at an electron energy of 

3ev, the theoretical value of Q e is a factor 3 smaller than 

the experimental lower bound, 



Electron 	 Qe(1020m2) 	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 l6.6 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 Exerimnmt 

A schematic diagram of the experimental arrangement used in 

the present work is shown in Fig. I.I. A potassium atomic beam 

issued from  circular aperture in an oven at 563K, and after,  

collimation :was  polarised by passage through a six-pole magnetic 

field (section 3.1.). The polarised beam then flowed through the 

centre of the electron trap, in which electrons with an energy of 

a few electron volts were confined by an ,electrostatic potential 

well and a uniform magnetic field in such a way that they 

oscillated backwards and forwards across the atomic beam (section 

2.1.). The electrons were :supplied by a conventional electron 

gun, outside, the trapping region, and were injected into the trap 

by the applicétion of a pulse to one of the electrodes determining 

the form of. the trapping potential. After a defined trapping 

tine, in which many traverses of the atomic beam occurred, the 

electrons were released from the trap in a similar way. Since 

the uniform magnetic field was directed along the electron beam 

axis, the electrons were longitudinally polarised by spin-exchange 

collisions with the potassium atoms during the interaction time; 

because of the rapidity of the transition to a region of zero 

magnetic field when the electrons were extracted from the trapping 

region, the direction in space of the polarisation vector remained 

unchanged. 

The degree of polarisation of the electrons was measured by 

Mott scattering analysis (section 3.3.). The longitudinal 

polartsation was converted to transverse ,polarisation by rotating 
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1,1: Schematic diagram 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 1200  was measured by allowing the scattered electrons 

to fan on two scintillation counters. The intensity of the 

atomic beam wee measured by a Lanuuir Taylor surface ionisation 

detector, 

The experiment was partially automated to allow the repeti-

tion of a series of polarisation measurements at different trapp-

ing times (section 3.3.7.). In this way, it was possible to 

establish the time constant governing the approach of the electron 

polarisation to the equilibrium value,determined by the competi-

tion of spin exchange and relaxation processes. Since the re-

lative magnitudes of these proce8ses could be estimated by corn-

paris. - the equilibrium electron polarisation with the polarisa-

tion of the atomic beam, a subsidiary measurement of the number 

density of the atomic beam in the interaction region enabled a 

value for the spin exchange cross-section to be derived. 

The arrangement outlined above was basically similar to that 

proposed by Byrne and Farago (1965), and used by Farago and 

Siegmann (1966). The most significant improvement made was the 

use of a six-pple magnet to polarise the atomic beam, instead of 

the dipole magnet used by Farago and Siegznann. 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 achieve a.polarisation close to unity 
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In the interaction region:., with an atomic number density more 

than an order of magnitude higher than that obtained with the 

dipole magnet. 

The inortance 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; 14.1). In the experiment of Farago and 

Sienann, it was not possible to extend the trapping time 

sufficiently to determine this equilibrium value; it was there-

fore not possible to establish the importance at relaxation 

effects. In the present experiment, it has been possible to 

observe convincingly the approach to saturation of the electron 

polarisation (see, for exaix1e, Pig. 14.1); 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 14,70.; these are-in broad agreement with the results 

quoted in section 1,242. and confirm the decrease in Q  with 
e 

increasing -electron energy suggested there, 

It was pointed out in Section 1,1. that the purpose of the 

present work was not only to derive information on the spin 

exchange process directly, but also to examine experimentally the 

conditions under which this process could be made the basis of a 

usable source of polarised. electrons, The polarisation and 

average Intensity of the electron beam extracted from the electron 

trap were limited basically by the properties of the trap, which 
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are discussed in Chapter 2, Under opti.mum conditions (section 

•41,4,), it was possible to Obtain a pulse containing 10 electrons 

with a polarisation of 0.5, at a repetition frequency of 55Hz. 

This coriesponded to a trapping time of 17ms;.  since the electron 

polarisation, was then close to its equilibrium value (F±g,4.6.) 0  

it was possible to reduce the trapping time to .s, corresponding 

to a repetition frequency of 120 HZ, without reducing the polarisa-

tion below 0.14. These results are fully presented in Chapter 4. 
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• 	 CHAPTER2 

	

• 	
THE ELECTRON TRAP 

2.1, DESCRIPTION OP THE-ELECTRON TRAP 

2.1.1. Theory of Penning Trap with Hyperbolic Electrodes 

The general behaviour of electrons trapped by 'a combination 

of electric and magnetic fields can be illuétrated by considering 

the theoretically simple case in which the electrostatic potential 

distribution, rotationally symmetric about the z axis, is described 

	

by 	
( r2 	z2 

 

Such a potential distribution can be created by using as electrodes 

the surfaces formed by rotating Pig. 2,1 about the z axis (Graft 

et al. 1968). 

Since the potential distribution on the £ axis has the form of 

a parabolic well, an electron of energy eV will be trapped between 

the limits z = t ( 	), and will perform simple harmonic motion 

in the z direction with angular frequency 

 aeA 

The term in & involving r_, necessary to satisfy Laplace' s 

theorem, means that an electron on the axis is in a. state of un-

stable equilibrium with respect to its radial motion. In order 

to ensure radial trapping, an axial magnetic field can be applied; 

if this is uniform field it will have no effect on the axIal 

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

equation (Byrne and Parago, 1965) 
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Fic. 2.2: Cross--section of the trap electrodes used here. 
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r = e4tt [ e t * 6 e_]  

where wC  Lathe cyclotron frequency of the electrons in the field 

B: 

we- - 

 

1. k*)zt 

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

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

- 	> 0. 	 (2.2) 

When this condition is satisfied by the more stringent condition 

<.( I 	 (23) 

Equation 2.1 can be written as 

1' 	- 
	

-4- 
be opt 

where 	 -Li Z'4 

	

- 	A wP - Z7C - 

Three periodicities can then be identified In the motion of 

electrons, in the trap: axial oscillation with an gular frequencyWz p  

rotation in a plane perpendicular to the z axis, with angular 

frequency Wc. -p , and a precession of the orbital centre of this 

rotation about the z axis with angular frequency C4 
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2.1.2. The Trap used in the present Experiment 

The system of electrodes used in the present trap is shown 

in Fig.2.2. it consisted of a series of discs and cylinders, 

which were used to define an approximately parabolic potential 

well along the. axis. This arrangement was chosen in preference to 

the hyperbolic electrode structure partly because of simplicity of 

manufacture, but also because in the present ease it was desired 

to inject electrons into the trap from outside, and to extract them 

after trapping, so that a structure open along the axis was in any 

case required. 

The two outer electrodes were turned from copper, and the 

central discs were of stainless steel. The electrodes were 

supported on four ceramic rods, their relative spacing and orienta-

tion being determined by quartz tube spacers. A plot of the axial 

potential, made using a scale model in an electrolytic tank 

(Fig, 2.3), showed that, with appropriate voltages applied to the 

electrodes, a close approximation to a parabolic variation could be 

obtained over the central region of the trap.. 

The trap was mounted between the polefaces of an electro-

magnet, as shown In Fig.2,)4. The magnet was capable of supply-

ing a field of up to 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 filament being in a 

region of very low magnetic field. A potential difference of 80 

volts between filament and polepiece accelerated the electrons, 

and they passed at this energy through a cylindrical channel In 

the polepiece into the trapping region, the normal axial 
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Fig. 2.3: Electrolytic tank plOt of potential distribution 

on trap axis 
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potential distribution is shown in Fig.2.5o from which it will be 

seen that the first trap electrode (the "input gate") was normally 

held about I volt negative relative to the filament; electrons 

were therefore reflected at this barrier, Injection of electrons 

into the trap was accomplished by applying a positive pulse to the 

Input gate. This pulse was of sufficient magnitude to open the 

gate to electrons, which were then reflected by the third electrode 

(the "output gate"), on closure of the input gate, electrons 

between the two gates were trapped; they were released after a 

predetermined trapping time (ranging from 0,25 ma to 18 ma.) by 

the application of a Positive pulse to the output gate. The 

ejected electrons were accelerated towards the other poleface at 

the magnet, again at +90 volts relative to the filament; passing 

through an aperture in this polepiece, they were further acceler-

ated in two stages to 3 kilovolte, and injected into the electro-

static deflector which preceded the Mott scatterer. The sequence 

of pulses applied to the trap electrodes is shown in Fig. 26. 

2113. NonW RRerettlug Conditions at Trap 

To simplify the analysis  Of the interaction between the 

trapped electrons and the potassium atomic beam, it was desirable 

that the electrons should have insufficient energy to undergo in-

elastic collisions* since the threshold for the first excited 

state at pot4ssium is 1.6ev, the nominal trap depth (the 

difference in potential between the gates and the centre electrode) 

was chosen to be 1.5 volts. The axial potential in the central 

S, 
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region of the trap was thus approximately described by 

c4) = — Az 2  

with A = 3 X 10 Vm 2 	(see Fig. 2.3). 

The angular frequency of axial oscillation of electrons in the 

trap was then 

Lu = 1.0x106 B 
-1 

The minimum magnetic field necessary for radial confinement was 

(from Equation 2.2) 

= 	1o 3 T. 	 / 

For reasons given in Sect. 2,2,1, the magnetic field in the trap 

was normally restricted to 6 x 10 T; for this field 

to = 1.1 x 109 8-1 

Since 	 Equation 2.3 was also satisfiet 
Lot 

The precession frequency was given by 

A 

An electron trapped for 10 milliseconds would therefore under- 

P, 	go 3.4 x lO traverses of the interaction region; during each 

traverse it would perform approximately five cyclotron orbits in 

the radial plane.* and the centre of these orbits would precess 

around the axis through about 90 
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Fig. 2.7: Study of electron beam emerging from trap. 
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2.2. Measurements of Trapped Current 
W.  

2.2t Dependence on magnetic field 

Initially, the behaviour of the electron trap was examined 

by collecting in a Faraday cup the emergent electron beam 

(Fig.2.7). In order to ascertain that the electrons had not come 

straight through the system but had in fact been trapped, it was 

verified that the current disappeared unless both input and output 

pulses were applied to the appropriate electrodes. This trapped 

current was measured as a function of several of the experimental 

parameters, and some curious features emerged. The most important 

of these is illustrated by the experimental plot of trapped current 

versus magnetic field strength, shown in Fig.2.8: the current 

was found to depend strongly on both the magnitude and the 

direction of the magnetic field, rising to a sharp maximum at 

around 6 x 	T ' , and falling off rapidly for higher fields. 

It ba1been expected that the trap would function more 

efficiently at high fields., since radial confinement would be more 

stringent, and losses &'.e 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 lO•  17 

The suspicion therefore arose that the decrease in current at high 

fields was not directly related to the trapping, but might be due 

to losses in the electron injection or extraction processes. This 

suspicion was confirmed by the 
	

ta shown in Fig.12.9, The 

three trap electrodes were raised to +8 volts, and the.current 



Fig 2. 8- Trapped current I, 	versus rnEig1etic field B. 

Fig * 2 .9: Untrpped current 	versus mu.netic field B. 
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passing straight through the trap plotted as a function of magnetic 

field. The similarity of form between the curves in Figs.2.8 and 

2.9 left no doubt that the dependence on magnetic field, was not a 

consequence 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.3.1.14). 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 v 6% of its maximum value, and 

was so low that polarisation measurements would be complicated by 

the difficulty of distinguishing signal from background. Further-

more, if the losses were occurring after the trap, the polarisation 

measurement would effectively be performed on a very small and not 

necessarily representative sample of the trap output. 

Some further investigation of the cause of this effect was 

therefore necessary. This was accomplished by replacing the 

Faraday cup which had been used to collect and measure the emergent 

electron beam, by a scintillating screen, made by depositing silver-

activated zinc sulphide on a mica backing. The electrons bombarded 

this screen with an energy of 3 KeV, yielding a visible fluorescent 

image of the 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 gin filament prevented the 
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use of long .exposure photography, However, it seemed almost 

certain that the same mechanism was responsible for the forms of 

the curves in Figs. 2.8 and 2.9, and that any conclusions as to 

the reasons for losses, in the un. rapped beam would apply with 

equal validity to the trapped electrons. 

The series of photographs comprising Fig. 2.10 showc the 

images produced on the scintillating screen by the electron beam 

at various values of the magnetic field. On' exaxning these images, 

it became clear that the primary reason tot the decrease of current 

with increasing field was the increasing divergence of the electron 

beam1 For fields of up to 6 x 10-3  T, the beam was confined to a 

diameter of about 	and increased steadily in intensity. As 

the field increased further the beam "blew up"; the highly diffuse 

image became increasingly eccentric and distorted; and at a. field 

of 4 x 107 2 P it was no longer visible. 

When the loss of current at high fields was first observed, 

the Injection of the electron beam through the polepiece into the 

magnetic field had been considered a likely source of such a 

field dependence. The maxim current which can be passed through 

the cylindrical aperture of radius a (Pig.2J4), for a given 

accelerating voltage V. is obtained in the special case of 

Brillouin flow (see, e.g.. Pierce, 1954, p.152); in this case 

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

by 

B 
- 	k3eoY 

where e and in are the electron charge and mass respectively. If 



(a) B= oor 

(h) 	B 

(d) 	I.3I6 2 T. 

(c) B (f) 	B 	10 -2  T. 
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the matetic field is increased beyond this value, the beam which 

emerges from the aperture in the polepiece is 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 is prediàted. 

In order to obtain pure Brillouin flow, the ,electric field in 

the region between cathode and polepiece must be carefully shaped 

50, that the electron beam is parallel when it enters the magnetic 

field. In the present case, electrons entered the transition 

region of the magnetic field with a considerable angular spread, 

so that the theory of Briflouin tiOI cquld not be exactly applied. 

Nevertheless, it seemed likely that the dependence of the current 

on the magnetic field would exhibit the same general features: in 

particular, that for a given acceerating voltage there would be an 

optimum mégnetic field corresponding to ,,a maximum transmission of 

current through the aperture, In fact, ior an accelerating volt-

age V = 80 volts, the maximum current was obtained at a field of 

6 x lC3 T compared with the optimum field of 1.6 x 10s2  T, for 

Brillouln flow through the aperture (a = 3mm), 

However, the steadily, increasing divergence of the beam with 

increasing magnetic field, revealed by the scintillation screen 

observations, seemed mqrq likely to have arisen at the second pole-

piece. After leaving the trap, the beam entered this polepiece 

through another aperture,. The axial component of the magnetic 

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

of a significant radial field component. An estimate of the beam 
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divergence caused by this transition fIeld may be obtained by 

considering the somewhat simplified case illustrated In Pig,2.12. 

It is assumed that the magnetic, field has uniform magnitude B at 

every point in the plane of the polefacei and has decreased to zero 

at every point in a parallel plane a diatancó d: from the poleface. 

Applying Gauss' a theorem to the volume bounded by these two planes 

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

•fs 	 = 	0 

CLOSED SueFACE 

2-rraS, 	 (.k) 

where 9 is the average value of the radial field component over 

the cylindrical surface. 

Consider now an electron which enters the aperture at a radial 

distance r from the axis, with a velocity V parallel to the axis. 

It will .experience a deflecting force due to the radial component 

of the magnetic field: the average force, over the distance d 

within which the radial field exists, is given by 

(assuming that the deflection 6 is small). The electron will 

therefore acquire a transverse velocity V9  , given by 

119 
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This corresponds to an angular deviation 

a 	t1e 	 edB 

The: axial velocity ; can be expressed in terms of the accelera-

ting voltage between cathode and polepiecec 

'J_z 	= ( 41 )" ; 

using the relationship (Eq.2.4) between 9 and B3 ,we obtain 

finally an expression giving the deflection in terms of the known 

tielda4 

(ejk 
tB2 	

(2.5) 

If we consider an Initially parallel beam of 2mm, radius 

entering the aperture, and take V = 80 volts, B = 6 x 10 T o  

we find that 

2 c 	02rAns t 12 0  

for an electron at the surface of the beam, Since the deflection 

is proportional tor, the central region of the beam will remain 

relatively parallel, but as the magnetic field increases, the 

whole beam will spread out. The effect is clearly strong enough 

to explain the observed divergence of the beam. 
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For a given magnetic field B z # Equation 2.5 states that 

e 	1\a 

The divergence may therefore be reduced either by reducing the 

diameter of the beam at the aperture, or by increasing its 

velocity. In the present case, it did not seem possible to reduce 

the beam diameter without incurring further lose of currents The 

possibility of increasing the beam velocity, by increasing the 

potential difference between the filament and the second pole-

piece, was considered; unfortunately, since the two polepieces 

were electrically connected by the trap vacuum chamber, this also 

implied an increase in the acceleration voltage between filament 

and first polepiece. As this latter voltage was increased beyond 

the optimum value for the given magnetic field, an Increasing 

traction of the electrons emitted by the filament would be collected 

on the first poleplece, 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 

couromise, the beam current I was measured as a function of 

magnetic field B for several values of accelerating voltage V. 

Fig.2.13 shows the maximum beam current obtained in each ease, 

plotted against the accelerating voltage. Simultaneous 
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Fig. 2.13: Maximum trapped beam current I M and emission current I. 

versus accelerating voltage V. 
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measurements were made of the current collected on the pole-

piece 'A' and these are shown on the same graph. Since only 

a small fraction of the current emitted by the filament did in 

fact pass through the aperture in the poleptece, I   may also be 

taken as the. emission current of the gun; it increase con-

tinuously with V, showing that, at the filament temperature used, 

	

the electron gun emission was 	 limited. The beam 

current, collected as usual in a Faraday cup beyond the second 

polepiece, increased with increasing V up to 80 volts, and then 

dropped sharply. 

It was therefore decided to operate the system with an 

accelerating voltage of 80 volts. To achieve maxim beam 

current, a magnetic field of 6 x lQ 	P was then required in 

the trap. As previously elained, this was undesirably low 

from the point of view of the hyperfine coupling in the potassium 

atom, It was found that the field could be increased to about 

1.5 x 10 —2 T before the current decreased to such an extent tat 

polarisation measurement was no longer possible; in practice, 

however, fields above 10 —2 T were not used, since it seemed 

possible that the increasing divergence of the beam, revealed by 

Pig. 2.10, might result in a siwtificarlt degree of depolarisation 

due to scattering and secondary emission in the spintwtster and 

accelerator., 
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2'.2Z Dace ChargLimitationa in the Trap 

The graph of average trap output current against magnetic 

field previously given (Fig. 2,8) 0  showed a maximum current of 

10 	amps at a field of 6 'x 10 T. This was a typical value-11  

of mn&mum average beam current. Under certain circumstances, 

it was found possible to obtain considerably higher currents; 

in particular, when the electroü gun was switched on after a 

"rest" of several days, the current was initially high, and 

decreased steadily for several hours before reaching a stable 

value. The untrapped electron beam also displayed this 

behaviour, which seemed to be due to variations in the efficiency 

of injection through the first poleptece. The explanation might 

lie in the temporary increase in pressure in the gun region when 

the filament was newly heated, resulting in a temporary improvement 

in Injection efficiency due to space-charge compensation by out-

gassed ions, 

• In these measurements, the trap was operated with a repetition
-11  frequency of 3KHz, An average current of 10 	was therefore 

equivalent to 2 x lO  electrons. from each trap output pulse. This 

provided an adequate counting rate for Mott scattering analysis of 

the polarisation (see Sect-3-3),, but if the apparatus were to be 

usable as a source of polarised electrons for future experiments, 

an increase 4n the number of electrons contained in the trap was 

highly desirable 4  An upper limit to this number was set by space-

charge considerations, the containing forces due to the applied 

fields being counteracted by the mutual repulsion of the electrons. 

To obtain a rough estimate of this upper limit under the present 
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circumstances., the change in axial potential in the trap due to 

the presence of a cylindrical space-charge cloud of uniform 

density was calculated. The radius of the cylinder was taken to 

be 2mm.,,  and the length 10mm.; it thus nearly filled the central 

region of the trap. 

The results of these calculations, with a diagram .iflustrat-

ing the simplified situa tion for which they were derived, are 

given in Fig. 2.14. . The original potential well was taken to 

have a depth of 1.5 volts, With a charge density of 1.3 x 

in the defined trapping volume, corresponding to a number of trapped 

electrons N = 206, the well retained an approximately parabolic 

shape, the potential at the centre rising by 0,6 volts, and the 

well depth dropping to just over 1 volt, For N = 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 was not possible, as can be seen from 

the curve for IT = U x 10 6: the net electrostatic forces at the 

edge of the spacercharge cloud were now directed away from the 

centre, so that the electrons were no longer trapped. 

The assumption of uniform charge density . in the trapping 

volume implied a particular distribution of electron kinetic;  

energies; the limiting case, for which the axial potential 

throughout the trap was unit orn could be achieved only if all the 

electrons were stationary., In practice, of course, the situation 

would be much more complicated. The charge density of the 

electron cloud would vary continuously throughout the trapping 
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volume; the precise nature of this variation would depend on the 

energy distribution of electrons in the trap, which would in turn 

depend on the method by which the electrons were injected into the 

trap. in the present case, the electrons were at 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 volts; fromFig.2.]A, it may be seen that values of 

N > 2 x 106  were thus excluded. 

The conclusion drawn from these considerations was that the 

limit set by space charge effects on the number of electrons which 

could be contained in the trap was of the order of 106.  The 

typical experimental value of 2 x 10 electrons per output pulse 

was therefore well below the limit. 'Even allowing for the loss 

of a considerable traction of the electrons during extraction, it 

seemed unlikely that sufficient electrons had been trapped to 

appreciably modify the potential distribution in the trap, 

improvements in the electron gu'i, and in the method of, filling 

the trap, might therefore be expected to increase the trapped 

current by an order of magnitude. Further improvement would 

depend on modification of the trap itself. The space-charge limit 

could be raised by increasing the trapping volume; to achieve a 

significant increase, a "merged beam" type of arrangement would be 

desirable, in which the atomic 'beam could be fired along the axis 

of the trap rather than across it (Fig.2.15). Such a system is 
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at present under construction in this laboratory. The length of 

the trapping volume, and therefore of the interaction regiS, 

could then in principle be increased up to the limit set by  

depolarisation of the atomic beam. This limit may be estimated 

by noting that the total spin angular momentum carried out of the 

interaction region by the electron beam In unit time cannot exceed 

that carried into the interaction region by the atomic beam. In 

order to achieve high electron polarisation, the atomic beam 

polarisatión must remain close to unity throughout the interaction 

regions this implies that only a small fraction of the total flux 

of spin angular momentum carried by the atomic beam may be trans-

ferred to the electron beam, if the number of atoms entering the 

interaction region per unit time is 'A' and the average number of 

electrons leaving the trap per unit time is 1E' high electron 

polarisation can be achieved only if IE<IA•  In the present case, 

atoms s , so that the highest average current of fully 

polarised electrons which could be achieved with such a beam is 

"-'l0 9  A. With a repetition rate of 50Hz, this would correspond 

to 5 x 
10  electrons per output pulse. It therefore appears that 

the number of trapped electrons could be increased by several 

orders of magnitude before depolarisation of the atomic beam 

became serious. 

The number of electrons which can be trapped in a given 

volume is approximately proportional to the depth of the potential 

well which confines them. However, if this number is to be 

increased by using a deeper well, care has to be taken in the 

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

in the trap is very low; (in the present experiment, the require-

ment of low kinetic energy was also necessary in order to ensure 

that only elastic collisions between electrons and potassium atoms 

occurred). The simple method of injecting electrons into the trap 

described in section 2.1.2 would almost certainly lead to a con- 

siderable distribution of kinetic energies; in a deep well, a large 

fraction of the electrons would have energies well in excess of the 

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

may be filled with low velocity electtons by continuously modifying 

the potentials on the trap electrodes, as the tilling proceeds, in 

such a way as to counteract the changes in potential due to the 

accumulating space charge. The scheme-which they proposed involved 

a gradual increase in the potentials of both filament (vs ) and in-
put (v1 ), the potentials on the trap centre and the output gate re-

naming constant (see Fig.2.16). At an intermediate stage in the 

filling process, the potential at the centre of the trap would have 

become 4 volts more negative due to the space charge by then 
accumulated in the trap. If the rate of change of filament 

potential V were not greater than the rate of change of 4?, the 

kinetic energies of the electrons entering the trap  would remain 

low throughout the filling process. 

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

.potential V on the central trap electrode, all other potentials 

being held constant (Fig.2.17). As the bottom of the potential. 
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Fig. 2.'16: Method of trap hung proposed by Krisciokaitis and Thai. 
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Fl. 2.17:. Alternative method to that - of Fig. 2.16. 

F, I ,Q and 0 denote the positions of fil::jnent, input gate, central 

electrode arJ output gate - respectively. 

Solid lines represent potentials in absence of space charge;  

dashed lines show oote:icials including space,  charge. 

(1) start of filling process; (2) intermediate stage in 

filling process 



2.2.2. 	 37. 

well was towered, electrons in the central region of the trap 

would lose energy, and become trapped; It the rate of change of 

V0  were matched to the rate of accumulation of trapped electrons, 

the Increase in the potential difference 	- v0 ) between fila- 

ment and central electrode would be compensated on the axis by the 

increase in space-charge potential cf. The well could thus be 

made very deep without increasing the kinetic energy of the trapped 

electrons. 

The rate at which such a filling process could be carried out 

would be determined principally by the rate at which electrons 

could be supplied to maintain the condition of space-charge 

saturation in the trapping region. If the rate of change of the 

applied potential were too rapid, the equilibrium distribution of 

the space-charge would be upset, resulting in an increase in the 

average electron kinetic energy. In practice, the optimum tilling 

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. It this 

can be done without increasing the average electron kinetic energy 

beyond 1ev, the trap should be capable of containing 10 electrons. 

The extension of the method much beyond this point would be use-

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

increased. 
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.2.3. Electron Energies in the TraD 

2.3.1 General Considerations 

One of the aims of the present experiment was to 

investigate the energy dependence of the cross-section for spin-

exchange collisions between electrons and potassium atoms. This 

was to be done by measuring the polarisation of the electrons as a 

function of the depth of the potential well in which they had been 

trapped during their interaction with the atomic beam. In order 

to interpret the results of these measurements, it was necessary 

to know the distribution of electron kinetic energies in a potential 

well of a given depth. 

In the following discussion, the effects of space charge in 

the trap are neglected. If the trap were filled to the space-charge 

limit, the effective depth of the well, and therefore the maximum 

possible kinetic energy, would be greatly reduced; however, the 

measurements quoted in Section 2,2.2 showed that, under normAl 

experimental conditions, space charge effects were not significant. 

• 	Consider an electron trapped in a static potential well of 

depth D volts, as shown in rig, 2.18. It is convenient to choose 

the potential on the axis at the centre of the trap as the zero 

of potential. If the electron has momentum 	at the centre of 

the well, with components p and Pt parallel and transverse 

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

that 

< NM. 



Figs 2.18: Energy levels of an electron in a potential well 

of depth D 
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This does not yield information directly about the total energy, 

since the transverse momentum p t  can have a range of values up to 

the limit set by the maximum permissible cyclotron orbit radius. 

In practice, however, the potential difference between the cathode 

of the electron gun, and the trap input gate was set so that, with 

the input gate closed (as in Fig. 2,18), all electrons were reflected, 

The electrons with the highest possible axial momentum would be 

those with maximum total energy, and no transverse momentum; since 

these were unable to surmount the barrier of the closed input gate, 

it could be deduced that the maximum kinetic energy of electrons in 

the trap was less than teD) 

The total energy of a trapped electron with purely axial 

momentum can then be represented on Pig, 2.18 by a horizontal line 
1. 

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

eE. 

If such an electron undergoes an elastic collision, either with a 

potassium atom or with a residual gas atom, the magnitude of its 

momentum will remain unaltered but its direction will change. 

It will thus acquire a transverse momentum component, and its axial 

momentum will decrease. The electron's axial motion will now be 

characterised by a lower level in the potential well (that is, it 

will oscillate over a more confined region of the z axis); this 

level will be E. volts above the well bottom, where 

= 
am I 
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and p is the new axial component of. momentum at the centre. of the 

trap. The total kinetic energy at this point is, of course, un-

changed. After a large number of elastic collisions, an ensemble 

of such electrons, initially having purely axial momentum, will.. 

have their momentum vectors randomly distributed in momentum 

space; this. corresponds to a. continuous distribution of levels 

in the trap of Fig. 2.18 from E. volts down to zero, Those at 

the bottom of the well will have no axial momentum, and will be 

performing cyclotron orbits at the centre of the trap, with 

orbital kinetic energy €E. electron volta. 

The experimental situation was complicated by the fact that 

the electron beam used to fill the trap was neither monoenergetic 

nor parallel. Electrons whose momentum vectors were equal in 

magnitude, but at different angles to the axis, would occupy 

different levels in the well, corresponding to differences in 

their axial momentum components. The thermal spread in the total 

energies of electrons emitted by the filament would, of course, be 

reflected in a range of momentum magnitudes as well as directions:; 

changes in total electron energy would result from the time 

dependence of the potential distribution during the trap filling 

and emptying processes. 

Over the interaction region, the axial potential did not vary 

with z by more than 10% of the well depth. The kinetic energy of 

the electrons at the centre of the trap was therefore taken as the 

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

of the energy distribution, reliance waè plaáed as much as possible 

on direct measurements on the electron beam, rather than on 

theoretical computations. The principal reason for this was that 

factors such as contact potentia].s., charging of insulating surfaces, 

and finite mechanical tolerances in electrode construction and, 

alignment, whose magnitudes were difficult or impossible to 

estimate, seemed likely to play a significant role in determining 

the behavtour of the electrons. In addition, the thermal spread 

of electron energies (of the order of 0.5 eV) limited the accuracy 

with which the energy dependence Of the spin-exchange cross-section 

could be measured,; thus the somewhat unrefined measurements 

presented in the following sections provided as much information as 

could be meaningfully used in interpreting the results of the 

electron polarisation measurements. 

2L32Mepstirements on the Untaarrned Beam 

The energy spread of the electron beam which was injected 

into the trap was Investigated by allowing the beam to pass freely 

through the trap, then stopping it by gradually applying a retarding 

potential to one of the trap electrodes. The graph in Fig.2.19 

shows the results of such a measurement: the untrapped beam current 

is plotted against the difference between the potential, V 0 , 

applied to the output gate electrode, and the nominal filament 

potential (taken as zero in this discussion). The curve in 

Fig,2.20 was obtained by differentiating that in Pig.2.19 0  and gives 

an indication of the spread of components of axial momentum In the 
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Fig.2.19: Effect of retarding potential Y on untrapped current I. 

Fig. 2.20: Differentiation of curve in Fig, 2.19 
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beam. In these measurements the other two electrodes were 

maintained at the nominal filament potential. 

Since only a snail fraction of the electrons emerging from 

the filament could have thermal energies • greater than 0 . 5ev  

( -corresponding to approximately 21C), the fact that a retarding 

potential of over 2 volts appeared necessary to stop the electrons 

Indicated that the region of the filament from which the electrons 

were principally emitted must be over 1 volt more negative than 

the nominal applied potential.. Such an effect could be ascribed 

to contact or thermal LM.F' a in the electron girn:; the magnitude 

of the apparent shift certainly Increased with the temperature of 

the filament. 

Of more serious consequence In the experimental analysis, was 

the observation that a more negative potential was required on the 

central electrode to stop the beam than sufficed on the outer 

electrodes (see Pig42.21). This suggested that the potential on 

the axis at the centre of the trap was more poSitive than that 

applied to the central electrode (v0). Since this electrode was 
in fact a fairly, open structure Of two discs with large apertures 

(Fig.2.4), the field at the centre could have been tnfluencedby 

the large positive potential (So vol ts).:applied to the walls of 

the trap chamber, or by the relatively positive potential V 0  applied 

to the outer electrodes in these measurements, In order to obtain 

a reasonably accurate estimate of the depth of the axial potential 

well, it was necessary to disentangle these effects, .for although 

the former would remain unaltered when the electrode potentials 
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Fig. 2.21: Variation of untrapped current I with retarding potential 

V. 	 H:- 

Curve I: V=V 1 ; 1[0 V = 0 

Curves C(0), C(2), 0(5): V =V0 , V1  = V0  = 0,2 9 5. 

¼1 

Fig  .2.22: Dependence f central electrode stopping pbentia1 

on trap depth Ycs - V0 
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were adjusted to create a trapping potential well, the latter 

would reverse in sign, and its maitude*ould be proportional 

to the nominal trap depth. 

To establish separately the mwiitudé  of the effect due to 

the potential difference 	- v 0 ) between central and outer 

electrodes, the measurement of beam current as a function of 

central electrode potential was repeated, with the outer eleCtrodes 

first at +2 volts *  then at +5 volts (relative to the filament 

potential). The results are shown in Fig. 2.21. The potential 

V03  required to completely stop the beam was plotted in Fig.2.22 

against the potential difference 	- 	as expected, a linearas  
dependence was found. By extrapolation, it was estimated that 

if V 5  - V 0  were eq.üal to zero, the electron beam could have been 

stopped by a potential of -2.5 volts on the central electrode. In 

that ease, of course, the outer electrodes would be at the same  

potential, and no correction could be necessary on their account.. 

The reminder of the discrepancy between the stopping 

potentials an central and outer electrodes, amounting to about 0.5 

volts, was ascribed to the effect of the high potential on the 

chamber walls. It was then possible to calculate the actual 

depth of potential well created by a given set of electrode 

potentials. It, for example, these potentials were 

V1  = -2 volts on the input gate, 

V, = +1 volt on the central electrode, 

and V0  = -2 volts on the output gate, 
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further extrapolation in Fig. 2.22 showed that, for V. - V 0 = 3 volts, 

the axial potential at the centre of the trap was made 0.5 volts 

more negative than V 0  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 axial potential. 

by 0.o5 volts, it appeared that in this case the corrections 

cancelled, and the actual well depth was just 

P 	V0 -V0  = 3 volts. 

If,, on the otherhand, the potentials on the electrodes were 

V1  = -1.5 volts 

V 0  = 0.0 volts 

and V0  = -1.5 volts, 

a similar treatment showed tlat the actual well dtpth was given by 

D=V0-V0+O.3 = 1.8 volts 

General confirmation of these deductions was provided by 

electrolytic tank and resistance paper plots of the potential 

distribution near the trap centre (see, for example, Fig. 2,23), 

More reliance was placed on the measurements quoted above, however, 

since the changes in potential being studied were only of the 

order of 0.5% of the potential difference between the central 

electrode and the vacuum chamber, and there were several possible 

sources of systematic error of this magnitude in the apparatus 

available for analogue measurements. 



I- 

 (a) V1  = V0  = 2volts; V  = -1 Volt 

(b): V1 = V = -3 volts; V 0  = 0 volts 

Fig. 2. 23 -- Reis.tance paper plots of radial potential wariation 

at ? 	0, with a potential of +80 volts on the 

chamber walls (r = 24mm) 
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2.3.3. The Effect. of.ClosigthaIngut Gate 

The measurements displayed in Fig. 2.20 revealed a spread of 

components of. axial momentum in the electron beam passing. through 

the open trap., . In order to deduce the range of energy levels in 

the potential. 4wefl which would be populated by this beam when the 

trap .was ciced., the effect of the change in the input gate 

potential on the energy of the electrons had. to be taken into 

account. The nature of this effect depended on the rate at which 

the gate was closed; in the present case, the change was adiabatic, 

in the sense that the time taken to close the gate was long aouared 

with the period of axial oscillation of a trapped electron. 

To estimate the magnitude of the effect, some simplifying 

assumptions were made. Reverting to the convention that V = 0 

at the centre of the trap (z = a), it was assumed that at any, 

intermediate stage in the closure of the trap., with a constant 

potential V 0  on the output gate and an instantaneous potential 

V1  c V0  on the input gate, the potential well was represented by 

two parabolic curves: 

V = 	 fof z'O 

foc 2<0 

(see Fig. 2.24). when the input gate was fully open (v1  = a), 

an electron emitted from the filament with total energy E = eE.. 

in such a way that it entered the rdgion of uniform magnetic field 
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Fig. 2.24: Simplified potential distribution in partly closed trap. 

Pig. 2.25; Effect of elosire of input gate on relative energy. 
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with purely axial momentum, would be reflected at the output 

gate it E A eV,, 	and would oscillate between cathode and out- 

put gate. Since In this state it would spend only a small 

fraction of is time in the neighbourhood of the input gate, it 

was assumed flat the changing potential on this electrode would 

have ,a negligible effect on the energy of the, electron until it 

became trapped. This would therefore occur when VT- 

Subsequent 

	= 

 to this, the electron would oscillate in the potential 

well between input and output gates; a considerable fraction of 

its time would now be spent in the region of varying potential, 

BO that as the input gate was further closed the total energy of 

the electron would increase. Under the assumptions detailed 

above, it was shown (Appendix 1) that when the input gate was 

completely closed (Vt = V 0  = -D), the total energy of the trapped 
electron would have increased to a value 

D4 
- - 	1eE[l +  () J 

I&l 
In terms of the parameter oC 	- 	, describing the total 

energy as a fraction of the rnax&zm possible total energy for a 

trapped electron, the final energy level is given by 

/ 	itt 
D 	

= 

This function is plotted In Fig, 2.25;  Fig, 2 0 26 Illustrates the 

effect of the gate closure on a series of originally equally 

spaced energy levels. 
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Fig, 2.26: Effect of gate closure on originally equally s'paced 

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 9  H 

in order to predict the resulting spread of energy levels in a. 

trap of depth D = 3 volts, The original distribution is shown 

as a fimetion of ( in curve A of Pig, 2.27; curve 3 shows the 

djet'ibution to be expected after the input gate was closed, 

In this casee the electrons may have additional energy associated 

withtransverse momentum, and this must be borne in mind when 

interpreting..these distributions. The average energy of axial 

motion at the centre of the trap corresponded to 	0'75, 

or 	E 	e\/; transverse motion could Increase this some- 

what, but elate the maximum energy in the trap was 3eV, the 

change in the average energy could not be large, 

/ZLS;.4 Energy Analysis of Trared 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 

Graft et a].. (1968) was adopted. A negative pulse was applied 

to the central electrode of the trap at the end of the trapping 

period, of sufficient matitude to reduce the trap depth to a 

fraction p of its initial value D, All energy levels In the 

well were raised to acme 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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Fig 2.27: Change in energy level distribution of Pig 20 due 

to closure of input gate. '- 

Pig, 2.28 Results of application of pulse V 0  to central 

electrode, followed by pulse 110  to output: gate: 

well. depth= 3'0 volts. 



2.3.4. 	 48. 

further narrow range of energy levels. Only these latter 

electrons were counted; by keeping constant the maitude 

of the pulse applied to the output gate, and varying the maghitud.e 

of the pulse applied to the central electrode,  the , entire range of 

energy levels could be scanned, 	 1; 

The results of measurements taken In this way are shown in 

Fig, 2.28. : tn this case the nolninal.ti'apdepth  was 3volts, and 

LW0 r. 0.5 volts. The three curves correspond to trapping 

times of 0.3 ma., 3.0 ma., and 65 ma.; the ordinate is pro-

portional to the number of electrons released by the 0.5 volt 

pulse on the output gate, after the bottom of the well had been 

raised by a pulse whose magnitude was given by the corresponding 

abscissa. From the considerations of section 2.3.2, it was 

expected that the actual depth of the potential well in this case 

would not be significantly different from the 3 volt potential 

difference between central and outer electrodes. The small 

residue of electrons which were still apparently trapped after 

the central electrode had been made more negative than the outer 

electrodes ( AV > 3 volts), may have been retained in the 

small potential dip at the trap centre ,caused by the potential 

on the chamber wails. 

To interpret these curves In terms of the distribution of 

electron energies in the trap prior to the application of the 

pulse to the central electrode, it was necessary to consider the 

effect of these modifications at the potential well on the energy 
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of a trapped electron. The details of these considerations, 

which involved ,approximations simflar to those of -the previous 

section, are given in Appendix 2; onl the results Care presented-

here. It was found that ir the pulse. appfled to the. central. 

electrode reduced the trap •depth from D. volts to pb volts,, an 

electron whope energy level in the original well cor-respon.ded:-o 

I 	
at 
p 

would be raised to a levbl £. vltaa'b'ove the bottom of the 

well, where 

FS 

Expressing 	as a fraction of the new trapdepth, 

the new energy level corresponded to  

/ 	1" 	p1 IEl 
DJ 	PD ía 	t. 	 Pap. 

An electron at a level 	the original trap would be 

released from the ..trap by the pulse on the central electrode,. if 

the corresponding 	1 • thus ll eleebrona whose original 

energy levels were above that for MUch 

- 

pt  

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

pulse of amplitude  

LW 0 	= 	& D,. 	•. H. 	... 

electrons would be released if their energy lele in the original 

trapping.wefl were above that for which 

='L pVa +  

For the measurements shown in Fig,2.28 2  in which D = 3 volts and 

AV0  = 0.5 volts, S = 0017* In Fig. 2.29, 	d,d. 

are shown as a function of p  for this case. The width of the 

range of energy levels 
( - 	released by the pulse SD 

on the gutput gate, after the application of the pulse pP to 

the central electrode, was clearly dependent on p ; this 

dependence is shown explicitly in Fig, 2.30.. 

The results given in Fig. 2.28 were reinterpreted on the 

basis of these considerations, to give the energy distributions 

over the levels of the original trap shown in Fig. 2.31. Each 

measured point is now represented by a t, the length of which 

gives, the range of energy levels released in each measurement, 

The ordinate is proportional to the number of electrons counted 

per unit range of energy 'levels. The curves are drawn so as to 

be consistent with the averages implied by the bars; they are 

not unique in this respect, and are merely intended to indicate 

the probable outline of the energy distributions, In all the 
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depth 3 OV, derived from Fig. 20 8,  



2.3.4. 	 51. 

distributions, a maximum is apparent around 	= 0.7, as 

suggested by the measurements on the .untrapped beam. From the 

broad range of energy levels occupied in the trap, it was only 

possible to draw the conclusion that the average, value of LIE 

in the trap was 	 . 

€1 	 2 e 	. 

taking 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 nearer to 

3eV. 

It was not found possible, in practice, to carry out an 

energy analysis in the manner previously described, if the 

amplitude of the pulse applied to the output gate was reduced 

below 0.5 volts. The principal limiting factor was the decrease 

in current as the width of the "window" was reduced. This made 

the method unsuitable for analysis  of the energy distribution in 

a potential well only 1..8 volts 4eep. In the latter case, a 

modified scheme was adopted, in which, after the negative pulse 

had been applied to the central electrode, a pulse of +3 volts am-

plitude was applied to the output gate, and all the remaining 

electrons In the trap were ejected and counted. The curve shown 

In Fig, 2.32 was obtained in this way; from it, the energy 

distribution of Fig. 2.33 was deduced. The peak of the distribu-

tion was fairly low in this well, and the average value of 

was estimated to be 	 . 	. 
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Fig. 2.32: Analysis of output from well of depth 18 JItS 

2.33: Energy level distriiuti.on in well of depth 1-8 volts 

derived from Eg. 2.32 
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As in the previous case energy of transverse motion' would 

increase the average total energy, but it seemed probable that 

the average electron kinetic energy at the centre'of the trap did 

not exceed I eV. 

The spread in energy of electrons in the trap was perhaps 

best expressed by noting that over 75% of the electrons were 

found between levels of 1.2 and 2.7 volts in the 3 volt deep well 

(a range of 1.5 volts), and between .0.2 and 1.0 volts in the l, 

volt deep well (a range of 0.8 volts). The breadth of these 

energy distributions allowed only a qualitative investigation of 

the energy dependence of the spin exchange cross—se otion (see 

Sect. 14.2). In terms of the use of the apparatus as a source of 

polariaëd electrons in further experiments, however, it may be 

remarked that for many experiments at somewhat higher energies, 

an energy resolttion of under 1 volt would be quite acceptable. 

2.4.. LOSs_fl 'flEC1RON 

2.4'it' Theoretical Discussion 

In principle, electrons could be trapped for an indefinite 

time without, loss in the combination of electric and magnetic fields 

described in section 2.2. In practice, the max&rnum 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 2.4?;  in this section, possible causeE are.discussed 

In considering the. loss of electrons from the trap, it is 

assumed that, if the radial distance from the axis of a trapped 

electron exceeds some limiting value R 0, the electron will be 
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lost, In theeense. that it will not fozt.partof the pulse at 

electrons extracted from the trap. The limiting radius R may 

be simply the internal radius of the cylinder forming the output 

gate electrode, or it may be the radius of a virtual aperture 

determined by the conditions governing the extraction of electrons 

from the trap. 

Effects arising from relative misalignment of the axes of 

symmetry of the electric and magnetic fields in the trap were 

investigated theoretically by Byrne (1969). He found that such 

a misalignment resulted in the electrons acquiring a radial drift 

velocity proportIonal to the degree of misalignment; 

where z and w are electron axial displacement and precession 

frequency, as defined In section 2.1.1, 	is the aimutha2 angle, 

and 0 Is the angle of misalignment. since 2 = 70 Ces Li z  , 

the drift velocity changes sign every half period of the axis]. 

oscillation In the trap; the radial displacement is thus also 

an oscillatory function, with maximum amplitude 

tR 	t269 z 0.(t) 
W z  

For the trap previously described in section 2.1.3 9  In which 

20 < 2 x tOws I 	LO P S io s- I , ana ci2 
= 10g 

AR < 5 x10 T3e 
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A misalignment of 1 ° , corresponding to e = 0.02 radians, will 

result in a maxilmim radial displacement of lOxn. It is clear 

that the diameter of the trapped electron cloud would not be 

significantly increased by this effect, unless 'a substantial and 

unsuspected degree of misalignment had occurred. 

The effect of elastic electron-atom collisions on the 

directional distribution of electron momenta in the trap has 

already been mentioned (section 2,3.1). If a trapped electron 

has a transverse momentum pto  it will pertain cyclotron orbits 

of radius; 

let the guiding centre of these orbits be a radial distance It 

from the trap axis. As the result of an elastic collision , with 

an atom (assumed infinitely massive), It may be increased or 

decreased by up. to I 'C , depending on the point in the orbit at 

which the collision takes place, and on the direction of the 

electron's velocity after the collision. The average transverse 

momentum of an electron, after a large number of such collisions,, 

will depend not only on the total energy S of the electron, but 

also on the axial distribution of the collision probability; 

if the collisions all occurred at the centre of the trap, the 

total energy E 	would be equally shared among the three 

degrees of freedom of translational motion, so that 

= 	3. 
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The, mean square radius of the cyclotron orbits would then be 

4wE. 
- 3eB 

The mean square displacement, in the plane perpendicular to the 

z axis, of the guiding centre of the cyclotron orbit as, the 

result of a collision will be 

<A2 > 
As a consequence of these collisions, electrons will diffuse 

radially outwards from the axis, and those passing the limiting 

radius R will be lost, The vale of loss to be expected from 

this cause may be derived by solving the two-dimensional 

diffusion equation'  

- 	t - .D  

where ri is the electron concentration s, and D the diffusion co-

efficient. For the case of two dimensional diffusion, Die given 

by 
-  - 4\Af a, - L*' " 

where 9 is the average frequency with which a given trapped 

electron suffers a collision. The nature of the solution of the 

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

idealised case is considered in which the original radial electron 

distribution is a delta function centred on C 	0 	It is 

shown there that the fraction of electrons remaining in the trap 

after a time t is given by 

• 1-' 	e 

- 

- I—e-  

The function J(t) is shown in Pig. 2.311. The time taken for 

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

initial number is 
2 

t'Li4 	Ro 
= 

In a.potential well of depth 1.8 volts,, with an axial 

magnetic field of 6 x 	T, the maximum electron energy 

corresponds to a mean square cyclotron orbit radius 

1~ x I5 7 n. 

For a limiting radius Ro 3 x lO m (the internal radius of the 

gate electrodes), 

" 23
- 

maX. 

33''s. 
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The trapped electrons may collide either with atcus lit the atomic 

beam,, or with atoms of the residual gas. IS the COrrCSPQrLdJSLS 

collision frequencies are V6  and VR respectively, then  

- 

The nbrmal density of the potassium beam was ' 3 x lO 14 

atoms flt , and the width of the interaction region "- 14mm; 

the total cross-section for potassium-electron collisions at an 

electron .energy of 1.8ev is 	' 5 x 1_18 0 	in2  (see Fig. 2.35), 

so that 

V5 	3S " tows 	3SOs 

If the residual gas pressure were low enough so that V3  >> V, 

the diffusion of the electrons would be characterised by a time 

> 100 

From Equation 2.6, 	e2 > 	E 	. The diffusion rate 
might therefore be expected to increase with increasing trap 

•depth. However, Vc  is proportional to the collision cross-

section, which is also energy dependent. For example, if the 

trap depth were increased to 14.5 volts, so that the maximum 

electron energy was increased by a factor 2.5, the corresponding 

cross-section would be reduced by a factor 1,5;  the diffusion 

rate would therefore only Increase by a factor 1.7. 
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!L.AJ.2 Measurements of Trapped Current as a Function of Trating Time 

The most striking fact to emerge from an experimental 

investigation of the lose of trapped electrons was that the rate 

of loss appeared to be unaffected by whether or not the atomic 

beam was passing through te trap. The curves in Pig.2.36 show 

the average trapped current as a function of trapping time for 

several different trap depths, with an atomic beam passing through 

the trap; in each case, measurements were also made with the 

atomic beam shut off, and the resulting curves were not 

significantly different. This implied that, if radial diffusion 

were indeed the dominant mechanism for electron loss, collisions 

must occur predominantly with residual gas atoms. The theoretical 

considerations of the previous section showed that a collision fre-

quency V3 	350 s with beam atoms would correspond to 

T% 	60 ms in a trapping well of depth 4,5 volts; the 

situation revealed by curve B in Fig. 2.36, for which 	C £,b%%S, 

required a collision frequency V at least an order of magnitude 

greater than V8  

Estimation of V 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 lO Tori', corresponding to a number 

density of residual gas atoms of 	3 x 1015 atoms in 	This 

was an order of magnitude greater than the atomic beam number 

density; however, if the residual. gas Is assumed to be composed 
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Fig. 2.36. Trapped electron current I versus trapping time I': 

well depths 30 and 4-5 volts. 
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of atmospheric proportions of oxygen and nitrogen, the cross-

section in the relevant energy region is smaller than that of 

potassium by a factor of about 40 (see Fig. 2.35). When the 

increase in the length of the interaction region is taken into 

account, a collision frequency V R nt 95  could be explained. 

The tact that the collision rate with the residual gas appeared 

to be an order of magnitude greater than expected mist be due 

either to an underestimate of the pressure in the tray, or to 

the presence of an appreciable density of molecules of large 

cross-section due to bapkstreaming from the (oil) diffusion 

In general, the trend towards increasing diffusion rate 

with increasing trap. depth was observed. The measurements on 

a potential well of 1.8 volts depth showed some curious features: 

three typical examples are shown in Pig. 2.37.  Normally, the 

usual pattern of increasing loss with increasing trapping time 

was round, as shown in curve A; on occasion, however, it 

appeared that more electrons were extracted from the trap after 

a long trapping time than after a brief confinement, as evidenced 

by curves B and C. Presumably the losses were in such cases 

being masked by larger variations in either Injection or extraction 

efficiency; the explanation might lie in the fact that the energy 

distribution of the trapped electrons changes with increasing 

trapping time. 
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•CHAPTER 3 

INTERACTION BETWEEN TRAPPED ELECTRONS AND 

A POLARISED ATOMIC BEAM 

3.1. THE ATOMIC BEAN 

3.1.1. Properties of the sixpole rnigiett., 

The early experiments of Stern 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 a magnetic moment p, they will experience a deflecting 

torte 

F = 

an atom whose magnetic moment is aligned with the magnetic field 

will be deflected in one direction, and one whose magnetic moment 

is ant±parallel to the field will be deflected in the opposite 

direction. By insertion of suitable apertures, it is possible to 

achieve almost 1000/0  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 a magnetic field of the "six-pole" type 

(P.1g. 3.2), In this type of field the magnetic field gradient VB 

is proportional to the radial distance r,  from the symmetry axis, 

and is in the direction of . Consequently, an atom with magnetic 
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moment parallel to B will experience a force away from the axis 

increasing linearly with r, while an atom with magnetic moment 

antiparallel to B will experience a linear restoring force 

towards the axis. One spin state will be defocussed, the other 

spin state will be focussed 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 also 1969), The power of the lens will clearly bp 

a function of the velocity 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 

±s impossible to focus at one point on the axis all the atoms 

in one spin-state emanating from a point source, Nevertheless, 

by adjusting the value of the magnetic field so that the peak 

of the velocity distribution is focussed at the centre of the 

interaction region, high atomic densities can be achieved, 

3.1.2. Details of the six-pole maet 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 QX1$fr The magnetic field 

at the pole tips could be varied, by adjusting the current 

through the windings, from zero up to the saturation value of 

about 0.07 P. (at a current of about 8 A.). 

Using. the formulae given in Brash et al,, (1969)1, Brash 

has calculated (Brash, 1969) the total! flux, number density, 

and polarisation which can be. expected from a potassium beam 
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focussed by such a magnet under the conditions of the  present 

experiment (Fig. 3.3), It was assumed that the atomic beam 

was produced by a point source at a temperature of 583K, The 

results of these calculations are shown in Fig, 3.4 	For a 

poletip field of 0.51'., corresponding to a current of about 

3k. 0  the polarisation is close to 1000/0. 

3.1.3. Measurement of atomic beam density. 

In the analysis of the results of the present experiment, 

two properties of the atomic beam are significant the number 

density of atoms in the region of interaction with the trapped 

electrons, and the polarisation of the atomic beam in this region. 

Basically these quantities are found by using the computed curves 

shown in Fig. 3.50 normalised by a measurement of the atomic beam 

flux on a Langmuir-Taylor hot wire detector. The details of 

this normalisation procedure are given by Brash (Brash, 1969), 

and only an outline is presented here. 

The use of a hot-wire detector is the most convenient method 

of measuring the flux of an alkali atomic beam. It relies on 

the fact that the work function for an incandescent platinum 

surface is greater than the ionisation potential of the alkali 

atom an atom falling on such a surface has therefore a high 

probability - approaching unity for a clean surface (schroen, 1963) - 

of losing its electron to the metal and being re-emitted as a 

positive ion. By applying a suitable eledtrlc field the ion 

current can 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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3.1.3. 	 63. 

• In the detector used here the wire had a diameter of 

0.1 mm, and a slit in front of it exposed a 0.62 mm, length 

to the atomic beams Because of the geometry of the ion 

collectors (Fig. 3.6), only a fraction 0,53 of the 'emitted ion

current was collected ten a potential difference at 96 volts 

wi applied betwe'en filament and collectors. 2 The relationship 

between measured ion current i and incident atomic flux 

density a was therefore 

IH = 5,3 X 10-27  

It was not possible to place the hot wire detector in the 

centre of the trap, for obvious reasons; the actual experimental 

arrangement is shown in Fig. 3.7. However, for a given current 

through the six-pole magpet, and a fixed beam source temperature, 

there is a uniquerelationehiP between the -flux density measured 

at the detector and the particle density in the interaction 

region. For a aix-pole current of 3A., corresponding to a 

poletip field B 0  = 0,1414T • this is given by 

= 1s88 x 10-3 m s 

where f is the maximum flux density measured at the detector. 

In terms of ion current, this can be written 

N 	3o58X10 23 im  

where im 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 

vaporiséd at a temperature of about 30000.. The vapour issued 



AW 
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throuh a cylindrical channel 0.4mm diameter, 1.5mm long Since 

the mean free path in saturated potassium vapour at this temperature 

	

is 	
0' I 

it could not be expected that molecular flow would occur in this 

channel. However, it was found that a much higher beam intensity 

could be obtained by such a source than was possible from a 

conventionally sized aperture* The maximum beam intensities used 

gave .a maximum detector current of 10 -9  A. corresponding to a 

number density in the trap of 5 a .1014  atoms 0r3  . 

The calculated atomic beam polarisation in the trap for a 

sixpole current of 3A was 

P = 0.95 

A fairly crude confirmation of the high degree of polarisation of 

the beam was obtained by inserting a small Stern-Gerlach magnet 

immediately in front of the detector.. By traversing the wire 

across the emergent beam, the plots of ion current against dis-

placement in the Stern-Gerlach field shown in Fig. 309 were 

obtained. The resolution of the two peaks corresponding to the 

two spit states can be clearly seen in Pig. 3.9(A), for the tin-

polarised beam; for sixpole currents greater than 2 A. one peak 

completely disappears, indicating a polarisation greater than 

850 	There are, however, several important qualifications to 

this result. 
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In order to achieve the required resolution, a very narrow 

slit (0.1mm) was placed in front of the Stern-Gerlach magnet. 

The measured polarisation is therefore not the average polarisation 

over the whole beam cross-section but the polarisation of a small 

segment of the beam. If the aperture is on the axis, this could 

give a misleadingly high figure • The "polarisation" measured by 

the Stern-Gerlach magnet is fin,thermore a relationship between the 

fluxes of the two spin states, rather than their number densities, 

and the measurement takes place at a quite different position on 

the this to that of the interaction region. Taking these factors 

into account, however., the results confirm that high polarisations 

are obtained, as predicted by the theoretical treatment. 

So far, the coupling of nuclear and atomic angtd.ar 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 0.5mm 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 an the hyperfine states 

except those with total magnetic quantum number m = ±2 the magnetic 

moment is field dependent (Pig. 3.10). The consequence is that 

the lens is weakened for paraxia3. rays • A central axial stop of 

0.5mm radius would eliminate this section of the beam, which will 

of course have a reduced polarisation. However, the solid angle 

involved is of the order of 1./40th of the total acceptance of the 

magnet, and the resulting complication of alignment procedure was 
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not considered worth the small increase in polarisation which 

might be expected. 	/ 

In the Stern-Gerlach magnet the atoms once again find them-

selves in a strongly decoupling magnetic field1 and the polarisation 

measured will be that corresponding to the complete absence of 

coupling. The situation is very different in the electron trap, 

where, for reasons already described (Sect. 2.2.1) 9  the magnetic 

field had to be restricted to under 10 2T. The effective 

polarisation of the beam will be much reduced by the fairly strong 

coupling between nuclear and atomic electron spins. The extent 

of the reduction in polarisation can be found by expressing each 

hyperfine state of the atom as a summation of )nr1i,n> states 

and calculating the effective polarisation, subsequently averaging 

over all hyperfine states present in the beam. If a particular 

hyperfine state IF, m> is written in terms of 	states as 

l Fw> 	= CtJ t g, M4> -lbH4,bvt*J>, 

the effective polarisation of this state is 

a 2  -b 2 

P,m = 

An atomic beam which is completely polarised in a strongly 

decoupling field will be composed of equal, populations of those 

hyperfine states which in the strong field limit tend to the form 

+4, wit> 	
. The effective polarisation of these states 

as a function of magnetic field is shown in Fig. 3.11; Fige 3.12 

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

seen that in a magnetic field of 6 x 10 3T, the polarisation of 
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a beam of atoms initially all in one spin state is reduced to 

47%. This effective depolarisation must be taken into account 

in discussion of the interaction between the atomic beam and the 

trapped electrons. 

I 
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3,2. MATHEMATICAL DESCRIPTION OF THE INTERACTION 

3.2.1, TM Interaction Natrix.. 

We consider a beam of electrons interacting with an atomic 

beam in a region of uniform atomic density. Let there be N+. 

atoms per unit volume with spin component i4t in the direction 

of the magnetic fteld., and N. with spin component —4t . Let 

the densities of electrons in the two spin states be likewise n 

and a • It is useful also to consider the effect of a typical 

unpolarised residual gas, of density N1  molecules/unit volume. 

The population n+ of electrons with spin 4t can change as 

a result of three.processes during the Interaction with the atomic 

beam: 

s spin-exchange collision between a "spin-up" electron. 

and a "spin-down" atom will result in a lost to n+. 

A spin exchange collision, between a "spin-down" electron 

and a "spin-up" atom will result in a gain to n+ 

Electrons will be lost from the trap during the inter-

action by radial diffusion (see Se't,2.4). We will consider a 

simplified case in which the rate of loss of electrons is pro-

portional to the total collision frequency. This .is expressed 

by allowing a probability ci that after .a collision an electron 

will be lost from the trap. 

An interaction with a molecule of the residual gas may also 

lead to a change in electron spin state. Since spin-orbit inter- 

action, negligible in the case of low energy scattering from 
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potassium, may make a significant contribution in the case of 

a residual gas molecule., we will define a total spin-flip cross-

section 	to allow for both spin-exchange and spin-orbit inter- 

actions. The residual gas will also contribute to radial'  

diffusion, with a total cross-section Q 1  

If Q1 s Q3 , Qdt  and Qe are singlet, triplet, direct and 

exchange cross-sections respectively for collision between an 

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

interaction time St are given by: 

= n+(&)_oni +vSt 

+ (t )vft{Qe(M,nftv't) +46lN'(n.rnj] 

= mje) _c, rst[rsi..Q *J(Q*Qe +NfQ'] 

+(i_) T S  [e (ftn+  -  
Writing 

= nt'. 	' 	' 	 FJ 	 fri = 

n(t-tSE) = n(F) _0w6t[ -kQ%(t4 0-#M*s) +j(QaiQeXrJn_Mm) 41s?nQ ' ] 

84) +(lrSt[Q e (Mn_l¼Jw) -Q r..J 'w p J 
therefore 

jfl = [- 0Ir6t.*f(01 +Qa+Qg) 
p4 +W'J'}]fl +{ar6t.*{(Q3 or4)M}]yn 

Sm = I ._cat.-kf(0_&a-6)M}1 + ... o41.41&3 t ct*Qe1hJ +2Qt"JJ 

L +(._s)rSt1 QgMl 	J 	- (%_ K)VSt{Q e NJt&rtsJ'I 

It is convenient to describe the polarisation state of the 

trapped electrons by a two component vector 	(Byrne and Faragq, 

1965). 
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In terms of this vector, the interaction can be described by a 

matrix A: 

= (I 	Ase) 

or 

a . ] 	= 	A[n 
V 

The elements of the matrix A are given by 

a 1 , 	f3s*Qe)N ±2Q'rJ'} 

2I = 	 Oak -Qe )t1 + 

-_ir{(&3 4 @a+Qe)N + 2&'r'J'J ( °) 'h f 0e& *oh NJ /  }. 

Defining Q = 4-(Q1 + 3Q3 ) 

and 	S = +(Q1 - Q3 ) 

and bearing in mind that Qd  + Qe = 	+ Q3 ), 

the elements of A can be written as 

otti 	= 

0.12 

a21 	-4F t,4 	SMI - 0.00\4QM} 

Integration of Equation 3.1 yields the result 

=  e 	
n() 
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This can be expanded by matrix methods to give the development of 

n and m with times However, the result we require here is the 
M 

development of the electron polarisation p = ,. and this can be 

found without recourse to matrix algebra. 

3,2,2. Development of Polarisatiolt 

Equation 3.1 implies two component equtions 

cLn -t c&2ni. 
CAt 

= Q2n *a2 1 vt. 

m 
Now p = 

• 	4i. 	ckE c1w 	d6 c1 
CTF 

= 	 S 

• cit 	cAm at 

I 	01 VA _P1 d'n 
= 

= 	2i + (&nau)f 	ck12k' t  

This can be written: 

= 

with 	
- (a 11 - a21) ±{(a1 -01 7.2)1  -4- 4aaav 

2012 
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- • - 
	i—rt 	- 	- 2 t -C 

+ 

• 	—et 	
= 	e 

If p = 0 when t = 0 9  

 e- 
C4%2  - 

where  

A 11  

= 

= 

where = 

fr= k4 - (

ctiQn'] 

\)= 
czii _Qtt +?I. 

3.2. 
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Thus the polarisation of the electron beam tEnda asymptoti-

cally to a value 

= 	 • 	
: 	

:1 

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

some special eases, which lead to simplified results are 

interesting, 

3.2.3., No Atomic Beam  

/ 	I 

0 

021 	
0 	' 

I 
_ qQ 

I' 

The equation for p reduces to 
XFt 

where 	= g, the reciprocal of the relaxation time 

constant due to the depolarisation of the electron beam by the 

residual gas 	In the presence of several such gases, with number 

densities  
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3.2.4. 	No Losses from Trap (o1 = 14.  

Q11 =  0 

0 

a2 I 	 + QJ') 

'X 	A it , tAere)p 	"e')s 	'5M 

V tO 	 -t 

- yQ6vQ'J' 

where P is the atomic beam polarisation =-&• 

Thus 	[6 	
= 

r 	 - e 

In the absence of losses, the electron polarisation approaches 

an equilibrium value 
P 

with a time constant t ()pt)g ' . The relaxation effects due 

to the residual gases reduce the ultimately .attainable polarisation, 

and increase the rate at which it is achieved. 
I  N ?' 	

F 

t, 
It may be noted here that ''? _Q,  - _ 	. Since most 

residual gases appear to have spin flip cross-sections severa3. 

orders of magnitude below that of the alkalis (of.. Bernheim,1 969, 

p.59) relaxation effects are likely to be small unless the 

residual gas density is considerably greater than the density of 

the atomic beam. 
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Small LOss Rate Cot CCC  .) 

A curious result emerges from a consideration of the 

equilibrium electron polarisation achieved when there is a small 

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

- 	

- 

 

(a ll -a22) 
0.0 

and 	 ç 	40inflzi 	l 

	

(aii—Azz)[ 	* 	
(411-Q21)2 j 

iv 	 r - 
Qit 4 2.1 	 ' 	it2; 

A 	 21) :  
OtiAai 	1 

	

(Ott C4 21) I 	- 	(' 	)2  J 
P 	1 	& j\r 	(P \ 

- 	 I ~ 	 U 	3.3(s) 
LR_

P  
(i'$R) 	

is the equilibrium polarisation that 'would obtain 

if ot=o call this P0 . 

Then 	
•.. 	 3%) 

In the case of potassium, it appears that Q 3  > Q1  

thus 	 0 , and the equilibrium polarisation is reduced 

by losses. However, it is interesting to note that if 

'¼ 	3  (e.g. for hydrogen), 5'e + 1 • Thus the 

equilibrium polari eation attained by the electrons can be greater 

than that of the atomic beam, if relaxation effects are negli- 

ible. . This apparent paradox can 	understood by consi de ring 

the case of a completely polarised atomic beam. If the triplet 

cross-section is negligible, electrons in the same spin state as 

the atoms will suffer no collisions; those in the opposite spin 

state will therefore te preferentially lost, The polarised atomic 
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beam acts as  spin-sensitive filter. 

o$ourse ;  if the atomic beam is completely polarised, the 

spin-.ezghange process will eventually yield complete electron 

polarisation in any case. A partially polarised beam will still 

preferentially filter out one spin state, and this effect will 

augment the polarisation of the electrons due to spin exchange. 

It can easily be shown that the above result (Equation 3.3(o)) 

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

atomic beam polarisation P 0  is low. For instance, it Po  = 0.1 

and o( = 0.5, the equilibrium polarisation of the electron ensemble 

is 

	

= (354 	= 0.2 if 0L 

This is not of practical significance, however, as such a high 

loss factor would deplete the electron population to an unaccept-

able degree, 

3.2.6. Initial Rate of Increase of Electron Polarisation,. 

The development of the electron polarisation with time is 

given by equation:- 

to 

When U<< I , the exponentials in this expression can be 

written out as rapidly converging power series. Taking only the 

first ardor of A $ we obtain the result 
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• A graph of p against t should initially be linear, with 

slope given by 
pA 

If losses are neglected, 
• 	 PA 

74g 	fr' 	 0.• 

	

I-v 	 P 

The fact that the initial slope of the polarisation curve is 

independent of ?¼ is important, since measurements in this 

region will yield information directly about Ap. If the 

equilibrium polarisation (as t -* cc) can also be measured, an 

estimation of relaxation effects can be made. ,since 
P 

	

'(coj 	
= 	 • 

Combining 	 we haveg 

	

'INs 	= 
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• 3, 	 OF E1 OTRON POLAFIBATI QI! 

Theory pf Mott Scattering.. 

The theory of what has subsequently become known as Mott 

scattering was first given by Mott in 1929. His application of 

the Dime electron theory to the case of fast electron scattering 

by a heavy bare nucleus (a Coulomb field) showed that, if a beam 

of electrons travefling in the x direction with transverse 

polarisation P in the z direction is incident on a target contain-

Lug heavy nuclei, the intensity of scattering through an angle 9 

in the x., y plane will in general be different from the intensity 

of scattering through an angle-9. If 1(e) and I(-e) denote these 

respective scattering intensities, a scattering asymmetry A will 

be observed, defined by 

s(e) tie) +x(-.a) 

The scattering asymmetry can be written as 

A=BP 

where P is the polarisation of the incident beam, and S (the 

Sherman function) is a function of the scattering angle, the 

charge on the nucleus, and the energy of the incident electron. 

This asymmetry In the distribution of scattered electrons 

arises from the fact that an electron approaching a positively 

charged nucleus with velocity z experiences a magnetic field 

S = 	in its own frame of reference, due to its motion in 

the nuclear field E. If the magnetic moment of the electron is 
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it Will have a potential energy U = p.B in the field fl; since 

will be a rapidly varying function of position in the region 

of the nucleus, the electron will experience a force (in its own 

reference frame) given by = -VU = 	'V(R..'L A ) . The sign of 

this Three wifl depend on the orientation of g relative to x 
the scattering must therefore be spin-dependent. This simple 

classical argamentp which is confirmed by the quantum mechanical 

treatment of Mott, provides a useful check on the sign of the 

asymmetry expected in a given situations For example, if the 

electron approaches the nucleus with velocity x in the x direction 

with positive spin component in the z direction, its magnetic 

moment will have a negative z component, and the spin-orbit inter- 

action will result in a force with a negative y component (Fig-3.13). 

The effect of this force will be to increase the number of electrons 

scattered "to the right" in the diagram, at the expense of those 

scattered "to the left". 

Detailed calculations of the value of S as a function of the 

various parameters involved were performed by Sherman (1956). 

The experimental verification of these calculations presented 

great difficulties, since it involved measurement of the absolute 

scattering asymmetry in a double scattering experiment, in which 

intensities were inevitably low, and many potential sources of 

systematic error were present. Careful measurements performed 

by Nikaelyan et ai. (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 (1 964.) considered various possible 

sources of error in the theoretical de'ivation, and concluded that 

only the neglect of the screening effect of the atomic electrons 

on the Coulomb field of the nucleus could causeaa error compar-

able to the observed discrepancy. They thereforo al3wed for 

this effect by using a relativistic Hartree potential : for the 

scattering field instead of the Ooulombpotential. The results 

of their calculations provide the best available thebretical 

estimation of the scattering function, but still do not give agree-

ment within experimental uncertainty with the, results of ?Iikaelyan 

at a]. • Holzwartb and Moister concluded that the exceptional 

difficulties involved in the experiments were likely to account 

for these remaining differences. 

For scattering from a gold target at an angle 9 = 1200  and 

energy 50 ReV, the value of 8 calculated by Ho].zwartii. and Meister 

is 0.34. The experimental value given by Mikaelyin is 0,29 + 0.014 

Because of the arguments advanced by liolzwarth and Meister, the 

theoretical value was considered more reliable, and was used in 

the evaluation of the results of the present experiments. 
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3J 3i2 Design of Mott Scatterer 

In considering the design of an apparatus to measure the 

electron polariBQtiOfl of the beam emerging from, the trapping 

region, the first point to note was that the beam would be 

longitudinally polarised, the electrons ,being radially confined 

by an axial magnate field. In order to use Hptt scattering 

analysis, this longitudinal polaflsation must be converted into 

transverse polarization, There are two straightforward ,ways of 

doing this, The-beam may he passed: through unifprrn electric and 

magnetic fields J,and B which are perpendicular to each other and 

to the velocity x of the electron 	If the ratio of the magnitudes 

of Aand is given by 

4: = 
the Lorentz force on the electrons vanishes, and the trajectory 

of the beam is unaffected *  The magnetic moment of the electron 

win, however, precess about the magnetic field direction with 

angular velocity W = 	, where e,m, and g are the charge, mass, 

and g factor of the electron respectively. After the elpctron ha 

travelled a distance 1 in the crossed. fields, the mp.gnetic 

moment will have precessed through an angle 11/2 and the original 

longitudinal polarisation will have become tranuverse.. Su.ch a 

"spintwister" is known as a "Wien filter" and was originally 

developed as a velocity selector. 

An alternative means of converting longitudinal polarisation 

into transverse is the use of an electrostatic beam deflection, 
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If the beam is injected into the space between two concentric 

cylinders with g potential difference V applied between them, as 

shown in Fig. 3.14, an electron entering with a tangential velocity 

V = J2CVo' at a radius ç, will experience an electrostatic force 

eE, where E is the electric field at radius r0 . If the potentials 

on the cylinders are adjusted such that 

E = 

the trajectory of the electron will be the circumference of the 

circle of radius r 0, and after traversing one quadrant the electron 

beam will emerge with its momentum vector rotated through 900. It 

can easily be shown that electrons entering the deflector with a 

small spread of angles about the tangential direction will experience 

an additional deflection towards the central trajectory: that is, 

there is a focussing effect in the plane perpendicular to the 

symmetry axis of the cylinders. Since there is no field perpendi-

cular to this plane there will obviously be no focussing effect on 

electrons diverging from the plane of incidence perpendicular to the 

symmetry axis; as an electron lens, the cylindrical deflector is 

astigmatic. (This astigmatism can be removed by using sections of 

two concentric spheres as deflectors.) 

In the absence of any magnetic field, the direction in space of 

the magnetic moment will remain constant, and the angle between 

momentum and magnetic moment will be increased by 21 	in the 
deflector. The electron will, however, experience a magnetic field 

in its frame of reference, due to its motion in the electric fields, 

given by 	B 
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Tolhoelc and Deoroot,who first considered the use of the electro-

static deflector as a polarisation transformer (Tolhoek and DeGroot, 

1951), pointed out that this relatiflstió effect would result in an 

electron emerging after 90
0  deflection with its maetic moment 

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

Since the transverse polarisation Pt is the expectation value of 

the electron spin measured in the transverse direction, it will 

clearly be given by 

where P is the original longitudinal polarisation. The electro-

static deflector was chosen in the present experiment, partly because 

of its simplicity of construction and operation, but principally 

because it was desired to introduce a bend into the electron path in 

order to shield photomultip].iers in the Mott scatterer from the 

radiation from the electron girn filament. One particularly useful 

facility was denied by this choice: with the electrostatic deflector, 

the direction in space of the emergent magnetic moment was determined 

by the direction of the field in the trap, whereas with the Wien filtei 

this direction could have been varied by rotating the entire filter 

about the beam axis. The elimination of instrumental asymmetries 

in the Mott scatterer would have been greatly facilitated by this 

possibility. Reversing the sign of the electron polarisation by 

reversing the magnetic field in the trap was not a practiàable 
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alternative,because the properties of the trap depended strongly 

on the sign as well as the magnitude of the magnetic field (see 

Sect. 2.2.1). 

The electrons were accelerated to 3 kV before deflection. 

This voltage, was considered high enough to minimise the effects 

of contact potentials, stray magnetic fields, and other such 

plagues of low energy electron work, but low enough for the 

relativistic effect described by Equation 3.6 to be negligible 

• Potentials of 3000v and 2,450V were 

applied to the cylindrical plates, so that the 3,00eV equi-

potential surface lay midway between the plates. Apertures at 

3kV were inserted at input and output ends to reduce fringing field 

effects. The whole deflector was enclosed in a magnetic shroud 

On emergence from the deflector the beam was accelerated to 

50kV in B stages. A large number of stages was desirable in order 

that each stage should be a weakly focussing lens, resulting in beam 

confinement without overfocussing and consequent divergence.. At 

the exit of the accelerator, the beam was collimated by a series of 

aluminium apertures, and entered the Mott scattering chamber. This 

was a brass cylinder of 250mm diameter (Fig.3,l5). In the diametral 

plane perpendicular to the direction of incidence was an aluminium 

target-holder •(Fig.3.16) 9, rotatable in this plane so that one of 

three targets could be inserted into the beam.. . The gold foil 

target used in Mott scattering was made by evaporating a known thick-

ness of gold. (See Sect.33.4) 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 backing. in addition, a scintillat-

ing screen was available to examine the beam profile (see Sect.3.3.3). 

The chamber was evacuated to a pressure of v 2 x 10 6  Ton. 	- 

ElectronS back-scattered from the target through an angle of 

t120 0  (see Fig. 3.15) were incident on two circular discs of plastic 

scintiflator (NEI02A) mounted on cylindrical light guides of 

polyvinyltoluene. The ligbtgutdee passed out of the vacuum 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 scintillators. Polyvinyltoluene 

was chosen because its refractive index matched that of the NEI02A 

plastic scintillator, and reflections at the interfaces were there-

fore avoided. At the other end of the light guide, similar atten-

tion was paid to achieving good optical contact with the face of the 

20th Century Electronics BMS lo/lLsA photomultip].ier, used in con-

junction with a Nuclear Enterprises "Edinburgh Series" counting 

system. One of the major practical difficulties of Mott-scattering 

lies in the necessity for the scatterer to be at high voltage relative 

to source. The frequently adopted solution. of placing the entire 

counting system at high voltage (and taking readings with a tele-

scopet) was avoided here by dropping the high voltage along the light-

guides. This too has its disadvantages; experience has shown that 

electrical dischatges in such a sensitive region can be very trouble-

some. However, it has the advantage that everything from the photo-

multiplier onwards is at ground potential, 
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Problems associated with discharges along the lightguides 

precluded the use of a higher scattering energy than 50 key. 

This limitation was not serious as far as the magnitude of the 

Mott scattering effect was concerned - the variation of the 

Sherman functions $ with energy (Fig.3117) is fairly slow at the 

energies Involved here - but proved troublesome for other reasons. 

One problem which was much magnified by the restriction to 

relatively lá energy scattering was the estimation of the effect 

of multiple scattering in the gold toil, which is dealt with in 

detail in Section 3.3.4. Another disadvantage was that the 

energy was not high enough to give a resolved peak in the pulse-

height distribution of the photomultiplier output, and a consider-

able amount of noise had to be accepted in order to be sure of 

counting all the genuine scattering events. 

B13i3.Eiectron Oytios of Mott Scatterer. 

It has already been stated that the spin twister behaved 

as a cylindrical lens, and that It was expected that the accelerator 

should have a small overall focussing effect. Detailed calculations 

were not attempted on the electron optics of the system. Instead, 

the electron beam cross-section at the scatterer was examined 

experimentally for a range of accelerating voltages, deflecting 

voltages, and currents. This was done by covering one of the holes 

in the scattering foil holder (Fig.3.16) with  scintillating screen 

made by depositing a uniform layer of silver-activated zinc sulphide 

on a mica backing. The gold foil normally used as the scattering 

target could thud 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 chaxn*er (Fig.3.15). 

Several significant results emerged from this study. The 

normal image observed on the scintillation screen was a circular 

disc, of considerably smaller diameter. than. the scattering foil, 

crossed by a much more intense bar in the plane of scattering. 

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

is shown in F±g.3,2 1. The diameter of the image was consistent 

with the diameter of the beam collimators, and confined  that the 

electron beam was being adequately confined by these. The intense 

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

static deflector, having the appearance of the astigmatic image 

produced by a cylindrical lens. 

One odd effect which had been previously noticed in measure-

ments on counting rates was elucidated by using the scintillating 

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 scattering 

intensity) had the appearance of at astigmatic image previously 

described, whereas the other was a more diffuse pattern. It was 

concluded that the latter was the spurious maximum, possibly aris-

ing from a setting of the deflector for which electrons hit the 

outer plate at such a point that the reflected beam could emerge 

with considerable intensity through the exit aperture of the 

deflector. 
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Periodic beam instability was noticed for certain values of 

accelerating voltage at high beam currents, The •image drifted 

slowly across the screen, returning abruptly to its origi,nal 

position, The periodicity was a function of accelerating. vo),age4 

The effect seemed likely to result from charging and discharging, of 

insulators in or near the bean path (the scintillating screen was 

coated with a: thin layer of aluminIum to minimise such effect, there). 

It was less noticeable 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 (''lo4A) used in this 

investigation. 

while investigating the instrumental asymmetries in the Mott 

scatterer (see section 3.3.6), it was desired to check on whether 

the beam cross-section at the scatterer was the same for each 

trappiflg time. Since the average current was much too small to 

give a visible image, long-exposure photographs were taken through 

the viewing port (flg.3.•15). By this method It was confirmed that 

for all trapping times used, the beam cross-section retained the 

"bar" shape previously described, and that its position relative to 

the scattering foil remained unchanged 

3.37;4 Effect of Scattering Foil Thickness 

The theory of Mott scattering given bisection 3,3.1 assumed 

that electrons were scattered from a single target atom.. In 

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

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

foil. Since the magnitude of the Sherman function is in general 

small for small angle scattering, electrons scattered throu120 0 . 

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

event will display a negligible asymmetry regardless of their .initial 

polarisation; the overall asymmetry will therefore be reduced. This.. 

corresponds to a decrease in the effective Sherman function, 

It has been established both by theoretical considerations 

(Wegener, 1958) and from experimental measurements (Mikaelyan at al, 

19 3) that for sufficiently small thicknesses of foil, the effective 

Sherman function is decreased by a traction proportional to the foil 

thickness (t)f that is,  

= 0 t 	(3.7),where s, is the Sherman function 

corresponding to zero foil thickness. 

Measuring asymmetries for several foil thicknesses, and extra-

polating the asymmetry linearly to zero foil thickness, is therefore 

a Justifiable procedure within the range of thicknesses for which 

'Equation 37 	 is valid. According to Mikaelyan at at,, 

this can be done for values of 45/s up to Ad 0,30 

Unfortunately, o is a function of scattering energy which 

increases rapidly as the energy becomes less than too ReV4 For 

scattering of 50 Key electrons, ( 	6 x lO s, and linear extra- 

polation can be justified for toil thicknesses up to 50 pVcm2  

Since the total scattered intensity is proportional to foil thickness, 
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this imposes an undesirable restriction on the maximum available 

count rate. It thicker toils are to be used,, however, a different 

method of extrapolation must be used, and there is no consensus as 

to the most reliable function of the asymmetry which may be 

linearly extrapolated to zero foil thickness. 

In the present experiment a toil of ]OO pg/cm2  was used In 

order to achieve reasonable counting rates at long trapping times. 

The effective; Sherman function was found by. extrapolating a graph 

of A 
—1. against t to zero thickness, a procedure used by Cavanagh 

(1957) with success. It was not possible topertorm polarisation 

measurements in the present case for thinner foils, so the gradient 

of the graph was estimated from the data of Miicàelyan in similar 

circuiistancSs, This results in. a value of 	= 0.380 and anso 

effective Sherman function. 

S erf 	t4 	o'2l 

3.3.5 Instrumental Asymmetry in Mott Scatterer. 

Ideally, an asymmetry in the counting rates in the two channels, 

measuring scattering through I 120 respectively 1  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 polarisation. 

In order to see where spurious asymmetries can arise, we may 

consider Fig. 3a18,thowing the two counting channels, and foll6w 

the signals through. Starting with the beam incident on the 
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scattering foil, the beam axis may not be perpendicular to the foil, 

resulting in different scattering angles on either side. Since the 

Sherman function varies slowly around 0= 120°, this source of error 

may safely be neglected. The scattered electrons are then incident 

on scintillatora, which may have different conversion efficienodes. 
The light pulses travel down the light guides to the photocathodes 

of the photoxrnAtipliers, and the two optical systems will probably 

have different transmission characteristics. The gains of the two 

photomultipliers will in general be different, and there is the 

additional possibility that the overall gain of the preamplifiers 

and amplifiers may be different. The net result of these effects 

is that the pulse-height distributions due to a monoenergetic 

incident electron beam can be different in the two channels. the 

signals then pass through discriminators; unless the pulse-height 

spectra are Identical, equal settings of discriminator level will 

result in different fractions of the total count rate passing to the 

scalers; the net result will be that an instrumental asymmetry 

appears. An additional possible source of error arises from the 

fact that the scalers are gated to accept input only for a short 

period after each trap ejection, in order to-reduce background; - 

differences in the gating in each channel could produce an apparent 

asymmetry. 

The procedure adopted in allowing for these effects was to set 

the discriminator levels to the same value by feeding into both the 

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

count rates; the amplifier gains were then eq.ualised by feeding 
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the output frontone preamplifier to both amplIfiers; the pre-

amplifier gain was not variable, It was then assumed that with 

an unpolarised electron beam incident on the target, equal numbers 

of electrons, were fallizjg on each acintillator, and the gains of the 

photomultipflers were adjusted until equal court rates were achieved 

in the two channels. 

One disadvantage at the Mott scatterer used here was Its in-, 

ability to rotate about the incident beam axts. This facility 

would have enabled the entire counting channels, from scintillatora 

onwards, to be Interchanged, The sign of any instrumental 

asymmetry arising due todifferqnces in the counting channels would 

then have changed, whereas that of the genuine .assyznmetry would not; 

the two could therefore have been distinguished, It should be 

noted, however, that .e present scatterer was not designed as a 

high precision Instrument, capable of absolute measurements. 

Essentially it was designed to measure the difference in asymmetry 

between a polarised electron beam (when a polarised atomic beam was 

flowing through the trap) and an unpolarised beam (when the atomic 

beam was off) • since Instrumental asymmetries, in the Mott 

scatterer were unlikely to depend on the presence of an atomic beam 

in a quite different part of the apparatus, the instrumental 

asynunetriçs were expected to be the same in the two cases. By 

simply subtracting the measured asymmetry in an "atomic, beam oft' 

experimental, run, the genuine polarisation dependent asymmetry 

would be found, 



3.3.5. 
	 93. 

In order to ensure that only electrons scattered from the 

gold foil were counted, and that spurious counts from electrons 

scattered by the chamber walls )  or from photomulti&.ieP noise,did 

not dilute the asyretry, one of the holes in the target holder was 

covered only by the cellulose nitrate backing on which the 100 

pk/cm2  gold film was normally evaporated. The effect of sub-

stituting this for the gold target was therefore effectively to 

remove the gold atoms from the backing, leaving everything else 

unaltered. Every measurement with a gold foil was normally 

accompanied by such a background measurement, which was subtracted 

before calculation of the asymmetries. 

3 .3,:6.Inetrumen tat Asynnetry with Trapped Beams 

With the first results from teats of the Mott acatteitiwith 

an unpolarteed but trapped electron beam, a major problem presented 

itself, It was found that the instrumental asymmetry was systemati-

c"tlly dependent on the trapping time. The details of this dependence 

were liable to change considerably between experimental rims; but for 

a given run the measured asymmetry, calculated after subtraction of 

background, increased (or decreased) regularly with increasing trapp- 

ing time. 

In order to understand, the full implications of this fact, it 

must be recalled that the effect which the experiment was primarily 

designed to study, namely the polarisation of the electron beam by 

spin-exchange collisions with the atomic beam, manifests itself in 

just the same way as does. this trapping-time dependent instrumental 

effect. The polarisation of the electron beam was expected to 
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increase regularly with trapping time in accordance with Equation 

3.2 1  the time constant depending on the spin-exchange cross section. 

Any instrumental asymmetry which was independent of the trapping 

time would not affect the .form of this curve, but would merely shift 

the abscissa. If had therefore been hoped that the asymmetry 

corresponding to genuine polarisation would have been readily 

distinguished from instrumental effects by just this dependence on 

trapping time which the instrumental effects now appeared to 

dempnMrate. 

The magnitude of the effect varied considerably, but a typical 

set of results is given in Table 3,1 and Fig. 3,3S9, showing an 

instrumental asymmetry clange of nearly Li.% for a variation in 

trapping time of 15 me. 

A considerable time was spent in attempting to identify the 

experimental factors which determined, the size of the effect, and 

various possible causes were considered and discarded. The 

possibility that the gating of the scalers might vary with trapp-

ing time in such a way as to cause an asymmetry was ruled out by 

interchanging the two channels from preamplifiers onwards, which 

did not change the sit of the asymmetry. Another obvious possible 

explanation arose from the dependence of trap losses on trapping time, 

resulting in a smaller number of electrons in each output pulse at 

long trapping times than at short trapping times. The 'dead-time" 

corrpction arising from the finite resolution time of the counting 

syst' would therefore be more significant for short trapping times. 

An estimate of the upper limit of such a correction may be made by 

assuming that if two electrons from a single trap output pulse 



U 

Trapping 
	Asymmetry 
	Uncertainty 

time T (me) 
	A (lO_2) 	SA (10_2) 

	

0.3 	 -4.56 	 ± 0.4. 

	

3.1 	 -6.3 	 ± 0.7 

	

15.5. 	 -8.4 	 ± 1.0 

Table 3.1: Dependence of instrumental asymmetry on 

trapping time - a typical set of measurements. 
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Fig. 3.19: Instrumental asymmetry A versus trapping time T. 

count rate (b) : high count rate 

Fig. 3,20: Oscilloscope traces of photornultiplier pulses due 

to trap output. 
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arrive at one of the scintiflators, only one count will be 

recorded. (In fact, since most of the electrons in a given output 

pulse appear to leave the trap within one microsecond of the open-

ing of the output gate of the trap, this is probably a fairly 

realistic estimate.) For small asynunetries, it can be shown 

that the correction A A whiàh must be made to the 

measured asymmetry A is approximately 

AA = PA, 

where ' is the probability of a count being registered in a given 

channel due to a single output pulse from the trap. If the 

correction is to be negligible in comparison with the uncertainty 

in measuring A (normally of the order of ± i%, the maximum count 

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

The maximum correction necessary for, a measured asymmetry of 5% 

would then be lees than 0.5%. 

The effect of increasing 0 above this limit was observed 

by displaying the output troth one of the phótàmultipliers on an 

oscilloscope. The oscilloscope was triggered by the pulse which 

opened the output gate of the trap, and thus displayed superimposed 

the pulses resulting from several hundred openings of' the trap, For 

relatively low currents the heights of these pulses formed a con-

tinuous spectrum (Fig.3.0 (a)), for although the electrons 

arriving at the scintillator were all the same energy, the number 

of light quanta received by the photornultiplier per incident 

electron fluctuated. When the beam current was increased, the 
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oscilloscope trace assumed the appearance of Fig-3.20(t). The 

pulses were of a more or less uniform height, corresponding to 

limiting in the applifier t  and no small pulses were observed. 

Clearly., under these circumstances, the probability of only one 

electron arriving at the scintillator during an output pulse was 

small, and it would be meaningless to perform asmimetry measure-

ments by comparing the counting rates in the two channels. It 

was therefore essential to restrict P to reasonably low values. 

In practice, values of 0  up to 0.15 have been used in order 

to accumulate a significant number of counts without unduly long 

runs, Even so, the difference between the corrections required 

for asymmetries measured at short and long trapping times could 

not approach the observed differences in the instrumental 

asymmetry. The final nail in the coffin of this explanation was 

the observation that altering the gain of one channel (by adjusting 

the photoxmil.ttplier voltage), so that the sign of the measured 

asymmetry changed, did not reverse the sign of the asymmetry 

difference between long and short trapping times. 

The possibility that the pulses which were applied to the 

trap might be influencing the counting system was carefully 

Investigated, and It was in fact discovered that such pulses were 

being picked up and transmitted through the power supplies to the 

amplifiers and discriminators. Eliminating these did not however 

eliminate the dependence on trapping time of the instrumental 

asymmetry, 



3.3.6. 	 97. 

A series of experimental runs 	- performed, 4uring, which 

various experimental parameters were varied in order to identifyc 

those to which the effect was sensitive, The results were nfl 

wholly conclusive, since the magnitude appeared to vary when every-

thing under experimental control remained constant, but the effect 

was round to depend on the depth of the trap: the difference between 

long and short trapping time asymmetries increased as the trap depth 

was reduced. 	 1. 

It 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 

result in-the beam being steered to one side or another during 

acceleration; it it arrived considerably off-centre at the 

scatterer., this could give rise to an asymmetry in the counting rate 

of the two scintillators, since the scattering geometry would no 

longer be 6ymmetrical. If this were the explanation of the effect, 

however, the orientation of the beam would have to be dependent on 

the trapping time as well as on the trap depth.. To thecic this, 

the scattering foil was replaced by the scintillating screen, and 

the photographs shown in Fig. 3.21' taken. There is certainly no 

obvious difference between the cross-sections of the untrapped beam 

and either of the beams corresponding to short and long trapping 

times.. This explanation was therefore also discarded. 
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Measurement Procedure 

The method of taking measurements was based on the automatic 

repetition of a cycle of measurements at different trapping times. 

The timer of the counting system was modified to count the pulses 

applied, to the output gate of the trap instead of those from its 

internal oscillator. One cycle of measurement involved (i) 

selecting a given trapping time; (ii) counting for a fixed number 

of trapping cycles (usually 2 x 1045; (iii) printing out the 

number of counts accumulated at the two scalers; (iv) replacing 

the foil by a backing film and repeating (ii) and (iii); 

(v) selecting a different trapping time, replacing the gold foil, 

and repeating from (ii) for as many trapping times as was desired 

(usually six),.. When the cycle was complete, the original trapping 

time was selected, and the cycle repeated a sufficient number of 

times to give adequately low uncertainties. The asymmetries were 

then derived by suiing the corresponding terms in each cycle out-_ 

put, subtracting the total "foil in" counts from the corresponding 

"foil out" counts, and calculating the asymmetries in corresponding 

'pairs of corrected totals 

The number of cycles required to achieve a given uncertainty 

in the asymmetry was determined by the limit on (3 • Normally 

each element of a cycle consisted of 2 x lO4  output pulses of the 

trap, and the maximum number of counts allowed by restricting 

to 0.15 was therefore 3 x lO in each channel.. Since for small 

asymmetries the absolute uncertainty in an asymmetry measurement is 
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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 uncertainty in the asymmetry to 0.5%. In fact, the 

count rate for long trapping times was usually much lower than for 

short trapping time due to losses, and longer series of cycles were 

necessary. 

The reason for choosing a large number of fairly short cycle, 

rather than single cycle whose elements -were each long enough to 

accumulate sianuficant numbers of counts, was that the instrumental 

asymmetry showed long term fluctuations. These seemedto be due 

to variations in the gains of the photomultipliera, which were of 

course highly dependent on applied voltage. It was therefore not 

possible to do a significant measurement over a period greater than 

about an hour; in order to reduce the affect to insignificance the 

repetition period of the cycles was reduced to about 10 minutes, the 

exact time depending on the choice of trapping times. 

• These precautions did not •  affect the trapping time dependence 

of the instrumental asymmetry, Since it was not found possible 

to find the cause of this-effect,, or to eliminate it by a suitable 

choice of experimental circumstances, it was necessary to allow for 

it in the treatment of the results1 The method at , first adopted 

was to precede and follow each experimental run in which an atomic 

beam was present, and polariastion therefore expected,, with a run 

in which the atomic beam was switched off, and the electron beam 

unpo].arised. The unpolarised runs were used to estimate the 

variation of instrumental asymmetry which would have occurred in 
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the central run if the atomic beam had been switched off; the 

difference between this variation and that which actually occurred 

was taken as the asymmetry variation due to the presence of the 

beam, corresponding to genuine polarisation. Experience showed 

that this method of allowing for the trapping-time dependence of 

the instrumental asymmetry was not entirely satisfactory. It has 

already been pointed out that the value of the instrumental 

asymmetry for a fixed trapping time drifted noticeably over the 

length of time necessary for an experimental run (usually about 

four hours); it appeared that the difference in instrumental asym-

metry for different trapping times also showed this kind of fluctu-

ation. 

It was therefore common to find that the difference in asym-

metry for shot and long trapping times in the run preceding the 

polarisation measurement was substantially different from that in 

the run following the polarisation measurement, and there was some 

doubt that a simple averaging provided a valid estimate of the 

instrumental effect in the polarisation run. 

Eventually It was decided that the only way to be sure that 

the instrumental effect was being properly measured and allowed 

for,was to interlace measurements on polarised and unpolarised 

electron beams (atomic beam on and off respectiv].y),at such a 

frequency that the Instrumental effect was effectively constant 

during each pair of measurements. It might then be expected that 

the average instrumental asymmetry, obtained from the summations of 

the "unpolaris.ed" counts in a complete run consisting of many such 
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pairs.,would correspond fairly accurately to that part of the 

average asynzuetry in the"polarised" counts due solely to 

instrumental effects. 

To assess the validity of.this scheme a series, of measurements 

on an w.polarised beam was analysed in theway, described above. 

The results for a typical run are shown in Table 3.2 and Fig.3,22. 

This run contained 24 cycles, each consisting of measurements at 

three different trapping times with gold foil in and out, as 

previously described. Each cycle lasted just under ten minutes. 

cycles numbered It 2, 5, 6, 9, 10, etc. were labelled "series A", 

cycles numbered 3, Lj.,  7, 8, 11, 12, etc., were labelled "Series :" 

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 trapping time in each 

case being about 1.5% greater than that at short trapping time. 

The difference between the average asymmetry at a given trapping 

time in Series A and the asymmetry at the same trapping time in 

Series B was found to be zero within the uncertainty expected from 

statistical considerations.( ±o9$) 

The deduction may therefore be made with reasonable confidence 

that if the atomic beam had been passed through the trap only 

during the cycles of Series A, and had been switched off during 

those of Series B, an accurate estimate of the instrumental 

asymmetry for each trapping time in the Series A measurements could 

be found by using the asymmetries calculated from the measurements 

of Series B. This conclusion was confirmed by many such 



Trapping 	 Asymmetry A with uncertainty A (10-2 ) 

time ¶P (ma) 	Series A 	Series B 	A(A) - A(B) 

+ 

	

0.3 	 0.4 ± 	 + 0.5 	0.3 - 0.5 	0.1 - 0. 7 

	

3.0 	 0.9 	0.6 	0.8 ± 0.6 	0.1 ± 0.8 

	

6.5 	 2.1 ± 0.6 	1.7 ± 0.6 	0.4 ± 0.8 

Table 3.2: Asymmetry measurements with an unpolarised beam 

(see p.101). 
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Fig, 3 ;22 Instrument;aJ asymmetry in i:ntEr1e'ved series 



3.3.7. 	 102. 

measurements of the type shown. in Table 3,2. 

This method of measurement was nevertheless adopted with 

reluctance, because it involved "wasting" half of the outrizt. of 

the atomic beam oven. In order to achieve.a stable atomic beam 

the oven had to be heated up and cooled down slowly, and it was 

not possible to do 'this in the twenty minute intervals prescribed 

above. The, atomic beam was therefore running continuously, but 

was shut off from the trap for half of its life. The increased 

frequency of oven filling was 'finally accepted as the price of 

accounting for the trapping time dependence in the instrumental 

asymmetry. 
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CHAPTER 4 

4.1. MEASUREMENTS OF ELECTRON POLARISATION AT PIXTW TRAP DEPTH 

641. Nature of the Measurements 

The results presented and discussed in this chapter are 

measurements of the polarisation of the pulsed electron beam ex-

tracted from the electron trap after interaction with a polarised 

potassium beam. The measurements were made in accordance with 

the procedure outlined in section 3.3.7 0  except that the regulr 

accompaniment of every measurement of scattering from the gold 

target by a similar measurement using only the backing film was 

replaced by an occasional check on the magnitude of the siwial to 

background ratio. Justification of this change was provided by 

the observation that, while the correction to the absolute value 

of the asyrnuietry resulting from the subtraction of the background 

counts could be significant, the relevant quantity in the experi-

mental analysis was in tact the difference between the asynaetry 

measured, with the atomic beam on, and the corresponding asyninetry 

with the atomic beam off. The changç in this difference occasioned 

by the background corrections was invariably found to be in-

significant in comparison with the statistical uncertainties (see, 

for example, Table Ll). It can be seen that this will be the 

case if the signal to background  ratio is much greater than 1, 

as long as neither the signal to background ratio nor the 

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



Trapping 
	 Asymmetry A with uncertaintyhA (10_2) 

time T 
	 with background 
	 without background 

(me) 
	 correction 	 correction 

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

&A=+0 .5 	AA=+0.5 AA=-0.7 
	

aA=±o.5 M=tO.5 	M=+0.7 

0.3 5.0 6.0 -1.0 5.6 6.6 -1.0 

3.0 4.1 6.6 -2.5 4.6 7.0 -2.4 

6.5 2.0 6.1 -4.1 2.6 6.6 -4.0 

Table 4.1: Measurements on polarised electron beam, illustrating 

effect of background corrections. 
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due to the introduction of the atomic 'beam. Since the scalers 

were gated to coincidence with the trap output pulse, the signsl 

t.o background ratio was always >10; the validity of the other 

conditions was confirmed by the occasional background measurements. 

This change in procedure enabled a more rapid accumulation 

of data. When the full procedure was used with alternations of 

both "atomic beam on - atomic bean off" and "foil in - foil out" 

measurements, only a quarter of the total running time of the 

atomic bean oven was in fact available for the actual polarisation 

measurements.. By elimination of the "foil out" measurements, it 

was possible to repeat a cycle of six trapping times, ranging from 

1;5 ma to 17 me, with and without the atomic beam, five times in 

an hour. Abut 3Q hours of such measurements were necessary in 

order to accusaflate a sufficient number of counts to reduce the 

statistical uncertainty in the asymmetry difference discussed 

above to t 5 x it was normally possible to carry out such a 

run without having to refill the atomic beam oven. 

4.12, confirmation of Eauation 3.2 

In section 3.2 0  the interaction between trapped electrons 

and polarised atoms was discussed,, and a formula derived  which 

predicted the polarisation of the emergent electrons as a, function 

of time; 

3.2. 

(the parameters 	p, 'X and V being defined in Sect.3.2.2). 
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The foS of this function depends on the magnitude of 9, 

which in turn is governed by the parameter o( characterising 

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

(Appendix U) that if cc. cc I, then V cc I . In the present 

case, 	o.1 (see Appendix 3), so that the exponential term 

in the denominator of Equation 3.2 can be neglected: 

H e- 
	

4.1 

The first experimental task was to verify that the electron 

polarisation was validly described by Equation 14.1. 

For reasons previously given (sect.2. 1.3), these initial 

measurements were done using a nominal trap depth of 1.5 volts. 

The results obtained are shown in Table 4.2; in Fig. U.1 the 

asymmetry is plotted as a function of trapping time. The 

continuous curve in rig. U.l(a) is a least mean squares fit of 

the exponential function 

A =. 

the best fit was obtained with 

-  
A 0 	 1 0- 

 -2 

= 7s* 

The confirmation of the functional dependence predicted by 

Equation U.1 which these results afford is perhaps best illustrated 



C 
cm 

Fig 4.1(a) Electron asymmetry versus trapping time (1) = 1. 8V) 



Trapping 	Asymmetry 	Uncertainty 

time T (ms) 	A(10 2 ) 	 A (10-2) 	
E 

0.3 0.4 0.3 

1.5 0.8 + 0.3 

3.0 1.7 + 0.3 

4.5 2.6 ± 0.4 

6.4 3.9 ± 0.3 

11.0 5.5 ± 0.4 

17.2 6.4 

Table 4.2: Electron scattering asymmetry versus trapping 

time (well depth 1.8V). 
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by Fig. 14.1(b), in . :'whi ch.ln  (A0  - A) is plotted against t. 

Apcórding to Equation iLl, 

£P —t 

the straight line in Fig. 14.1(6) is the previously derived least 

mean squares fit. 

Having established the functional dependence, it remained to 

confirm that the magnitudes of p and 	were consonant wIth 

theoretical predictions. The equilibrium electron polarisation, 

H, 

i8 obtained from A0  through the relationship 

= 	A, S- ' 

where S Is the Mott scattering Sherman function. A considerable 

disagreement between theoretical and experimental, values of S at 

the electron scattering energy used here (so key) was pointed out 

in section 3.3.14; 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 

circumstances. Adopting the value S = 0.21 proposed in Section 

3.3.14 gave a value for the equilibrium electron polarisation 

= 	O'4-O •  

According to the discussion In section 3.2.14, if losses can be 

neg1ected. 	(.a) should be given by 

= 	± 
Alt 
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Fig 	1(t): Logarithmic plot of results giveia in  
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where PAis U-i.e atomic beam polarisation in the interaction 

region, and Xe and 7R  are the contributions to the rate constant 

due to potassium and residual gas atoms respectively. In 

Section .3.1.:Lt the polarisation of the atomic beam in a strongly 

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

of.Gx 1o 3t; this wouldte reducedto 0.45a 

According to Equation 14,2, 

The difference between theuflibrium electron polarisation 

• ( 
(.b•) 	 and atomic beam polarisation ( F 

A 
0.145) 

might therefore be ascribed to spin relaxation effects, with 

- 

However, there are two other possible sources of this discrepancy,  

The calculation of atomic beam polarisation involved idealising 

assumptions about the symmetry of thd Six—pole field, and the 

accuracy of alignment of the atomic beam systen; the quoted 

figure could be reduced by imperfections In these aspects, 

although the direct measurements (Sect. 3.11+) suggested that the 

polarisation in the interaction region was unlikely to be much 

below 0.140. Another possibility is that the value adopted for 

the effective Sherman function is an overestimates If the 
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experimentally derived value of theSherman mnotion at zero 

foil thickness (0,29) given by Mikaelyan et at, 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 éqüIiibriurn 

electron polarisation (corresponding to A. = 8,5 x 1o2) then 

becomes 

= o'L+7. 

Because of these uncertainties., the most that can be said 

about relaxation effects is that the corresponding rate constant 

appears to be at least an order of magnitude smaller than 

the rate constant characterising the polarising effect of the 

atomic beam. This is understandable, since the spin-flip cross-

section for most residual gases is likely to be very much smaller 

than the potassium spin-exchange cross-section (see Section 3 1 2.4). 

If relaxation effects are discounted, the experImental results 

suggest that 

= 	C 

A reliable theoretical estimate of this quantity under the present 

experimental circumstances was difficult to obtain. According to 

Section 3.214, when losses from the trap may be neglected 

)\p = &e sJT; 

in Section 3.2.7 it was pointed out that because the atomic beam 

did not fill the trap, \r must be replaced by 't , the path 
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length traversed in the interaction region per unit tithe. The 

value of V t  will depend both on the momentum distribution in the 

trapped electrons and on the radial extent of the electron cloud, 

A further complication is introduced by the fact that the atomic 

beam did not have a uniform density within its defined radius of 

3mm; a plot of the radial intensity distribution, taken with 

the Laniira$lor hot wire detector described in Section' 3.1.4, 

showed (Fig. 4.2 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 path, 

would depend on the radial and ainnthal co-ordinates of the 

guiding centre of the electron's cyclotron orbits. 

These 'considerations were made quantitative by assuming that 

the radial density distribution in the atomic beam was described 

by 

Co 	aI 	foc 	'rI 

F 	 car 	e 	I 

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



/ 

Fig 4.2 A - Radial. atoic beam iiH;emj ity ditriJ;u Lion  

B - Sii;iol.i.ujed :r&di3. de reihy d:i..str 1. 1i::;orI 	( r) 
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This curve, and its relationship to the measured Intensity dis- 

tribution, is shown in Pig. 4.2. An electron travelling on the 

z. axi.e would pass through the centre of this distribution; the 

width of the interaction region traversed by such an electron 

would be 	6mm. 0  and the average atomic density over the  

eiectrods path would be (see Appendix 5) 

0-67 

The value N = 3.1 x lO C3  quoted in Section 311.3 was 

the avèragà number density of atoms within a cylinder of radius 

3 mm, coaxial with the z axis in the trap. In terms of (% 
N = 01i.8 PO 

thus 

= 6.5 x 1014  M-3 . 	<P> = 44 x 1014 
m3 eo 

Assuming that the orientation of momentum vectors in the trapped 

electron ensemble is rapidly randomised by collisions, the 

average value of VO is (see Section 392.7) 

/ 	2J?.(JZY'A 

= 	 = 	3'3x10 

Thus the expected value of X corresponding to the foregoing 

assumptions is 

Qe<P><'JY> 
.-n 	I 

1 510 
+20 

 b(e S
- 

The above case, in which the electron oscillates through 

the centre of the atomic beam., provides an upper limit to 5, 
since both <(') and <Vt> have maximum values. A lower 

limit may be derived by considering an electron which moves 

on a trajectory such that the guiding centre of the cyclotron 

orbits precesses rou'd the a axis at a radius rA .= 
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(see Pig. 4,3). If the precession radius exceeds this value, 

some of the axial oscillations jilt not intersect the atomic 

beam at all; however, such an electron would be lost from the 

trapped ensemble (section 244.1)9 It was pointed out in 

Section 3.207 that the width of the interaction region and the 

average atomic density experienced 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 rA to Pig. 4.4 shows 

the variation with precession angle G of the average atomic' 

density <p'>, and of the function 

= 	<f'> sing  

The average value of 5 characterising aft ensemble of electrons 

precessing at a radius rA  is obtained by averaging over the 

precession angle 

I ae 

= 	lreAoz.TrJ0W. 

CarryIng out a numerical integration of fl9) ; 

<?'p> 	0s6fl1020Q1e rt. 

It may thus be stated that the measured polarisation rate 

constant should be between the limits 0.6 x 1020  Q -4  and 

1.5 x 1020  Q, 	The actual value will depend on the radial 

distribution of the electrons.. The tower limit is w.i1ce1y to 

be approached, since it would correspond to a situation in 

which the electron cloud was much more dense on the periphery 

than on the axis. The effect of diffusion will be to produce 
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Fig. 4.3: Limiting precession radius for trapped, electron. 
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Fig. 4.4: 	and F versus precession angle G 
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a uniform distflbution the corresponding value of 7L., whh 

Will beabout 1.0 x 100Q. 57 1 is prcbably amoi'ereálistic 

lower bow.. 

In the experimental circumstances to which the meagre-

ments quoted above petain (trap depth 1.5 volts, magnetic 

field 6 x lO T) • losses from the trap were usually small 

but significant* From this It could be deduced that, at 

least for the greater :art of the trapping period, the trapped 

electron cloud had a radial extent comparable to r A  3 • 

Aósumi.ng, therefore, that 
20 = 	IOIO 	e 

the measured value of 87 S . for X implied that 

Qe  = 0.87 x 10 	m2  . 

Comparison with the results of Farago and $iegmann, and of 

Rubin et al., which were discussed in Section 1,2.2, shows a 

reasonably satisfactory general agreement more detailed 

discussion, including an estimate of the uncertainty in the 

present value Of %., is deterred until Section 4.1.4. 

LI 
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14.1.3. Effect of Increase in Atomic Beam Density 

A further series of electron polarisation measurements was 

carried out, in which the experimental conditions were identical 

to those, of the measurements described in Section 14.1.2., except 

that the atomic beam density was doubled. There were two purposes 

behind this. One was to óonfirm that the rate constant 2 p  was 

linearly dependent on the atomic beam density; the other was to 

establish whether it would be possible to use the higher density 

in further measurements. The advantage of using a more dense 

beam wou).d be that a given electron polarisation could be 

achieved in a shorter trapping time. However, at the normal 

temperature of 583'K, 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 613c, corresponding to 

a 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 sirpole 

magnet, 

The results of the measurements, shown in Table 14.3 and Fig. 

45, confirmed this suspicion, As before, a least mean squares 

fit of the  curve 

A 	A o  (i —  €-) 



Trapping 	Asymmetry 	Uncertainty 

time T (ms) 	A (10-2) 	A (10_2) 

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 

Table 4.3: Electron scattering asymmetry versus trapping time 

(well depth i.Bv, atomic beam intensity doubled). 
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Fig. 4.5: Eledtron asymmetry versus traping t,iine (B = 1.8 volts; 

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

were 

Ac, 	72sIO 
-2 

The rate constant was increased by a factor 2•I, in satisfactory 

agreement with the prediction, However, the equilibrium 

polarisation was reduced by a factor 0.84. Because of this 

apparent depolarisation, the later measurements were done at the 

reduced beam density. 

4j.U. Effect of increase in Trap Magnetic Field 

The previous measurements were performed with an axial 

magnetic field of 6 x 10 3T in the trap. At higher magnetic 

fields, the effective atomic beam polarisation in the trap win 

be increased; the equilibrium electron polarisation should there-

fore also be increased, unless the depolarising. effects mentioned 

in section 2.2.1 become significant. 

A series of measurements was therefore carried out with a 

magnetic field of IC2T, in order to establish whether or not 

the equilibrium electron polarisation was still consistent with 

the predicted atomic beam polarisation, Since the trap output 

current diminished rapidly with increasing magnetic field, this 

was the highest field for which polarisation measurements could 

be conveniently made.. The results are shown in Table ti..k and 

Fig, 14.6; the best least mean squares fit used the parameters 



Trapping time 

T 	(ins) 

Asymmetry 

A(102) 

Uncertainty 

AA (10_2) 

1.5 2.6 0.4 

3.2 4.1 ± 0.4 

4.8 5.l 0.4 

5.5 6.9 ± 0.4 

11.0 8.6 ± 0.4 

17.0 9.0 ± 0.4 

Table 4.4: Electron scattering asymmetry versus trapping time 

(well depth 1.5V, trapping field increased). 



Fig. 4.6: Electron asymmetry iersus trapping time (B = 1 .8v; 

increased magnetic field in trap) 
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A 0  = 	 = jfl 

From Fig. 3.12, it may be deduced that when the trap magnetic 

field was increased from 0.6 x 10 3T to 1.0 x oS, the effective 
atomic beam polarisation should have increased by a factor 1.26. 

Coaring the above figures with those quoted in Section 2.2.1., 

it appears that the .qutlibrium electron polarisation, pro-

portiona). to A , increased only by a factor 1.13. However, 

these figures ,also suggest that the polárisation rate, constant 

increased by i. .actor 2.2. 	Some increase in Xf ,  was anticipated, 

since it was expected that at, the higher magnetic field the trapped 

electron cloud would b! :inittally:more  closely confined to the 

trap axis; the rate of radial diffusion would also be reduced, 

since the 	constant is proportional to B 2  (section 

The considerations of section 4.1.2 suggested that an 

increase in 2 p by a factor of up to 1.5 could be explained in 

this way, but it did not seem possible that a change in radial 

distribution could more than double the rate constant. 

The apparent conflict between these two sets of results is 

largely resolved when it is noted that a considerable range of 

pairs of values for A0  and'A may besfound to give a reasonably 

good fit to a particular set of data. The quality of the fit 

may be described quantitatively by calculating the value of 

- 

K 

U 
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where 	is the di ference between the measured value of A 

at the trapping time T and the oorrespoxding value predicted 

by the fitted curve, C is the standard error in the experimental 

value, and  is the total number of results inthe set.. . In the 

present case., the criterion was adopted that if, x <I , the fit 

was good. 	
.. 	 . 	 . 

The best fit to the results given in Table 14.2 was obtained 

with Ac  8.5 .x 10 2 , and 	'A U s -  as previously stated 

in this case, IC = 0.50. The corresponding values for the•. 

results given in Table Lt.Zi.• with 3hAeghe3t magnetic field, were 

A0 9.6Xl0. 2 , 	) =Ifl•s', and k=Q.68. 	Thus both of 

these fits azegood,by the above criterion. 

In order to establish whether the rate constants derived 

for two sets of results are significantly different, it is 

necessary to obtain an estimate of the uncertainty in the 

predicted values. If the optimum fit to a given set of results 
I 

has parameters P, A , consider the effect of altering the 

rate constant )' by an amount 4AX • If A is then adjusted to 

minimise I)Z  a new fit will be obtained with parameters 

'X' IS/A 	; the value of 'X 2  , chracterising the quality of 

the fit, will of course be greater than that for the parameters 

:, 	. We define the uncertainty in ).. as that value of A% 

for which the value of 	is increased by witty. The uncertainty 

in A0  is similarly defined. 
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These uncertainties were calculated for the two sets of 

results underdiscussion. For the results of Table 4.2 

(n =6 x 10 3T), the fitting parameters, with uncertainties, were 

A 9  = (?' s± i.o) 

- 	27± .O 

for the results of Table 4.14 (B = xoS) 

= 	 ± 0•5) qc5 

-' 

It is important to note that these deviations are not 

independent; a choice of the lower limit in 	for example, 

implies a simultaneous choice of the upper limit of ' . This 

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

7•5 < A , < ¶5 	 4or 	6i5 T ;  
107 > ) > 0 	(s) J 

q ,  I C 	< lo'j 	(') ID-
_ 

2 0 7 	 > 	( 	() } or 

	 2  T. 

When the results are expressed in this way, it is clear that they 

do not conflict with the prediction that the value of A 0  should 

have increased by a factor 1,25 due to the increase in magnetic 
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field. Taking the values 

- 

= Ioos_ I 	. 3 

and 

= 	 4 3 = 
= 	172 s' 

which are consistent with the above limits, both the increase in 

the equilibrium polarisation (a factor 1.28) and the increase in 

the rate constant (a factor 1.7)  are in satisfactory agreement 

with the predictions made on theoretical grounds. Conversely, 

if these predictions are accepted as valid, they may be invoked 

to reduce the uncertainties in the results, since only a 

restricted range of the possible values of the parameters will 

combine in the predicted ratios. Thus the harmonisation' of the 

two sets of results with theoretical considerations leads to the 

conclusion that 

= (7 2 t 03)iS 	 £ 1C3 T 
A 	(leo ± 6 ) s' 

(q• 	± 

 

0-3 	x IQ 	

} 	

= 

= 	(179 ± )o) s 

In the light of these considerations, the estimate of the 

spin-exbhange cross-section given in Section 4.1.2 must be 
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modified. It was there calculated that 

H 	 20 
= 	t'O,cIO 	0e 

the presently adopted experimental value of 100 s' for ) p 

therefore. iziies a cross-section value 

-i8 
= 1.0 X 	YK 2 

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

Since 

= 	 (section 4,1.2) 

uncertainties in the values adopted for 	and <sr')  will 

combine with the uncertainty ('tv 6%) in 	The magnitude of 

<p> depended on the estimate of N, the average number density 

of the atomic beam in the trap (section 3.1.3); this was a rather 

indirect measurement, and it was considered that it could be in 

error by t200%,, The uncertainty in C"> arose principally from 

the lack of knowledge of the radial distribution of the electrons; 

bearing t  mind the discussion of the effect of changes in radial 

distribution in Section 14,1.2., and the measurements quoted in 

section 4.1.24., it seemed unlikely that the error was greater than 

Thus the obvious uncertainties in the experimental parameters 

upon which 0e  depends, suggest 

limits 
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on the derived value for 

 
-It 

o7Jo 
It ,  

< 0e 

systethatic 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 <r'> 
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 < ' >would be reduced by a 

factor 3 	, and the estimate of 	s 	given above would be 

correspondingly too low. However, the various assumptions must 

be judged on their merits, and the quoted uncertainty does not 

include an assessment of their plausibility. In fact, the overall 

consistency of the results, and the general agreement with fle 

measurements of other workers, provide some ground for optimism 

in this regard. 

4.2. POLARISATION MEASUREMENTS WITH DIFFERENT TRAP DEPTHS. 

4.2.1. Measurements. 

The measurements quoted and discussed in Section 4.1. 

were all made with a trapping potential well of nominal depth 

1.5 volts. In the present section, measurements of the polaris-

ation of electrons trapped in potential wells of depth 3.0 

volts and 4.5 volts are reported. These measurements were 

part of a programme to find empirically the optimum conditions 

for operation of the apparatus as a source of polarised electrons; 



4.2.1 
	

122. 

it was also hoped that the results could be interpreted in such 

a way as to yield information about the energy dependence of the 

spin-exchaflge cross-section. 

It was found that the maximum average trapped output current 

at very short trapping times ( < I s) was achieved with a trap 

depth of 3 volta. As the well depth was further increased, the 

current dropped slowly. When the well depth was reduced below 

1 volt, the current decreased rapidly, and at 0.5  volts was too 

low to be measurable. It was expected that the capacity of the 

trap would increase with increasing well depth (see Section 

2.2.2); the decrease in output current at depths!  above 3 volts 

may have been due to the increase in the diffusion constant 

(section 2.14). 

Meaàurements of electron polarisation as a functioa of 

trapping time with a well depth of 3.0 volts are shown in Table 
S 

4.5 and Fig. 4.7; The correspénding results for a well depth 

of 4.5 volts are given in Table 4.6 and Fig. 14,8. Comparison 

of these data with the results given in Table 14,2 and Fig. 4,1 

for a well depth of l.B volts, reveals a systematic decrease, 

with increasing well depth, of the polarisation achieved in a 

given trapping time. The effective atomic beam polarisation in 

the trap region was expected to depend only on the magnetic field, 

which was 6 x 10 T in all the above cases. It was therefore 

assumed that the asymptutic asymmetry A 
0 

= 7.8 x 	derived 

in Section 4.1.14 for the l.5 volt deep well, would also 



Trapping 

time 	L' 	(me) 

Asymmetry 

A (10_2) 

Uncertainty 

AA(102) 

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 scattering asymmetry versus trapping time 

(well depth 3.OV). 

Trapping Asymmetry Uncertainty 

time T (me) A (10-2 )  AA (10_2) 

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 , 	2.6 ± 0.5. 

Table 4.6: Electron scattering asymmetry versus trapping time 

(well depth 4.5V). 



.3 

Fig. 4.7: Electron asymmetry versus trapping time (P = 3 LV) 

1 

Fig. 4.8: Electron. &synimetry vcrsus trapping tjme  
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characterise the results obtained with well depths of 3.0 

volts and 4,5 volts. The least mean squarea fits performed 

under this assumption are Sown on the appropriate graphs; the 

corresponding values for the rate constant are 

(SI t () r ' 
	

for D = 3,0. volts 

and .)'i =(t) - 
	

for D = 4,5 volts, 

The uncertainties quoted above assume a fixed value of A0, and 

are therefore smaller than lose derived when A 0  is also varied 

to minimise )c 

4.2.2, .tnteretation 

The rate constant )is given by 

°e 
	

(section 4,1.2) 

The measurements quoted above shdwed that ) 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 

1.5 volts. This effect can be interpreted in terms of the 

energy dependence of Q 	first, however, the dependence or<?) 
and <vS') on 1) must be discussed. 

In section 4.1.2 It was shown that 	4r'> CK . 	z , 

the frequency of axial oscillation of the trapped electrons. In 

turn, cot 	P 4 	. If this dependence were the only 

varying factor in 	> ,it would be 'expected that the rate 
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constant would increase with increasing well depth. Thus 

the observed deôrdase becomes even more significant when this 

dàpendence is taken into aecointt. 

The dependence of < '><\t ' > on the radial  distribution of 

the electrons was discussed in section 4.1.2, where it was pointed 

out that this quantity would have a higher value for a trapped 

electron cloud of limited radial extent than for a diffuse cloud. 

The diffusion constant will increase With increasing electroü 

energy; It might therefore be expected that increased rapidity 

of radial diffusion in the deeper wells would lead to a reduction 

In the appropriate value of K?'><v'>. However, it was shov 

in section 4,1.2 that changes in the radial electron distribution 

were unhiké]3t :to lead to changes in <f Xv'> by a factor much 

greater thazi.1.5. In addition., the results of Section 4,1.4 

implied that the distribution in a well of lJ volts depth, with 

a magnetic field of 6 x 10-3  P, must already be almost uniform. 

It could therefore  be deduced that 	I 

DC 

where Q e  is interprdted as the spin-exchange cross-section,  

averaged over the distribution of electron energies present in 

the well of depth . 

Hence 	 ..o x 10 18  m2 for  = l.ff volts 

then 	= 0.39 x 10 18 for B ='3.0 volts 

and e = 0.13 x 10 1  m for B 1,5 volts 
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The problem of determining the electron energy distribution 

in a potential well of depth D volts was dealt with in Sectiont 

2.3. The curve in Fig. 2.20 implied an energy distribution with 

a half width not greater than 0.8 eV in the electron beam passing 

through the open trap; this was reflectQ&tn the analysis of the 

output of the trap with a nominal well depth of 1,5 volts, 

illustrated by Pig, 2.33o since the methods of investigation 

used were sensitive only to the axial componentlelectron momentum, 

the results were useful only as a guide in estimating the average 

electron kinetic energy in the Interaction region; this was taken 

as 1 eV in the well of nominal depth 1.5 volts. The well depth 

was increased by altering the potential on the central electrode, 

maintaining the gates at the same potential relative to the fila-

ment. It wastherefore expected that the average kinetic energy 

in the interaction region would be "-' 2.5 eV in the well of depth 

3.0 volts, and A 14.0 eVin the well of depth 4.5 volts. Little 

overlap was thus expected between the energy distribution in the 

different wells; this expectation was supported by the magnitude 

of the changes observed in ? when the well depth was altered. 

The uncertainties in the absolute values of GZe  in wells 

of depth 3.0 volts and 14.5 volts will be of the seine relative 

magnitude as that previously estimated for the 1.3 volt deep 

well, (Section. 4434..). The three values are collected in 
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Table 4.79  and displayed as a function of energy in Fig. 14.9 

In this figure, the horizontal bars represent the spread of 

electron energies in the trap, which was taken to be about 

IsV (see Section 293).  The vertical bare represent the 

estimates previously given of the uncertainty limits an the 

measured values of Qe 9 It should perhaps be emphasised that
11  

the magnitude of 'the latter reflect principally the difficulty 

of measuring the average number density <) of the atomic 

beam in the trapping region, and of estimating the appropriate 

value of (v'> ('see Section 4.1.2). Thus the upper limit 

is an attempt to define the maximum value of Qs consistent 

with the experimental results this would correspond to a 

combination ofn underestimate of <'f> 'by 200/a, and a 

simultaneous underestimate of <'1 ' > by lO/o. The random 

error associated with the fitting of the polarisation curve 

to the measured points is small in comparison (S 6 °/o for 

D = l.BV, ± 120/a for D = 3.OV, ± 140/o for D = 4.57) 

it is also taken into account in assigning the uncertainty 

limits. 	 ' 

An underestimate in the value of 	or <'1'>  would 

be systematic, in the sense that it would affect equally the 

measurements made at different trapping  depths; all the 

measurements of Qe would be increased by a constant 

fraction* fierce although the outer limits on the error bars 

reflect the uncertainty in the absolute values of Q. 9  the 

form of the dependence of % upon energy is determined more 

accurately than they suggest. Only the random errors 

contribute to the uncertainties in the relative values of Qe 



Average electron 	Qe(1038m2) 	Statistical 	Uncertainty 

energy (eV) 	 uncertainty 	limits 

1.0 	 1.0 
	

0.06 
	

+ 0.5 

- 0.3 

2.5. 	 0.39 
	 ± 0.05 
	

+ 0.22 

- 0.14 

4.0 	 0.13 
	 ± 0.02 
	 + 0.08 

- 0.05 

Table 4.7: Values of Q.calculated from results of present experiment. 
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at different average electron energies' they are shown.. 

separately on Fig. 4.9, 

Figo 4.9 also shows the measurements of Rubtn et al. 

and a theoretical qurve derived from the work of Karule and 

Peterkop (see Section 1.2.2). Before a comparison may be 

made with the present results, however, it must be toed, that 

these previous' estimates. relate only to elastic spin exchange, 

scattering* in the present case1 inelastic processes may 

also have contributed to the observed rate of spin exchange 

in the two deepest wells, in which the average electron energy 

Was well above the excitation threshold, Indeed, the results 

of Karule and Peterkop imply, (wykes, 1971) that the inelastic 

spin exchange cross-section is at least a factor'. 2 greater 

than the elastic spin excha2ge cross-section' at an electron 

energy of 3eV.. An increase in the observed, rate of spin 

exchange could also occur as a result of the two-stage process 

inwhichan electron suffers a direct inelastic cofliflon, 

followed by an elastic spin exchange collision at the, lower 

energy. The theoretical results predict thatin a trapping 

time of 10 ma, this two stage process has about the same 

probability of occurrence as a single stage elastic spin 

exchange. 

Thus the results given here for average electron energies 

of 2.5 eV and 4,0 eV must be taken as 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 o* 2.5eV, our experimental value for 

Qe  is 3.9 times the theoretical value, while for an average 
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energy of 14.0eV, the experimental value is a factor 1.9 times 

the theoretical value. It is perhaps significant that the 

two stage process referred to above is expected to be less 

significant at the higher energy, since the predicted cross-

sections for the second collisions (elastic spin exchange at 

the reduced energy) are 4.3 x 	 for an electron energy 

of 0.9eV (2.5ev - 1.6ev), and 1.2 x 10"'19 M  for an electron. 

energy of 2446V (Li..Oev - 1.6ev). 

Only elastic processes could have contributed significantly 

to the rate of spin exchange measured In the trap of depth 

1.8 volts, since only a very small fraction of the electrons 

had energies above the excitation threshold. ' Thus. the value 

of the spin exchange cross-section calculated from these 

measurements (% = 100 x iO' in  2) may be compared directly 
IS 2 with the limits of Rubin et al. (0927 x 10 	m%C008x1Q 8'm2), 

and with the theoretical prediction from Karule 

(Q0  = 0.39 pc lO' ni2). The lower limit of the present result 

= 0.7 x 10-18 2) is consistent with the limits of Rubin 

et al.; a considerable discrepancy exIsts between our measure-

went and the theoretical prediction. It may be noted, 

however, that the theoretical value of Q. is highly dependent 

on electron energy in the range 0-1ev; at an electron energy 

Of 0.14eV the predicted value is 1.014 x 10- I in2. The measure-

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 electron energy was higher than 0.6ev, they were 

not reliable enought to establish beyond doubt a discrepancy 
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between theoretical and experimental values of Q. in the 

energy range around 1eV. 

Taken together, the present results provide confirmation 

of the general form of the energy dependence of the spin:.. 

exchange .croas-section, This is of practical significance 

froth the point of view of the utilisation of the spin exchange 

process to provide a source of pOlarised electrons, since it 

shows that the kinetic energy of the electrons in the inter-

action region must be low (C 1ev) it high electron polaris-

ation is to be achieved at short trapping times. In the 

present case, although the highest average trap output current 

was achieved with a well depth of 3.0 volts, the aparatQs is 

operated as a source of polarised electrons with a. trap depth 

of 1.5 volts, in order to obtain a sufficiently high rate of 

spin transfer. 
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4.3. CONCLUSIONS. 

The method proposed by Byrne and Farago (1965) for the 

production of a polarised electron beam, by means of a spin 

exchange interaction between trapped electrons and a polarised 

potassium atomic beam, has been investigated. A pulsed beam 

of polarised electrons has been generated by this method, with 

105  electrons per pulse., a pulse length of the order of one 

microsecond, and a polarisation of 0.5 at a repötltion rate 

of 55 Hz. The repetition rate could be inerreased at the 

expense of the polarisation at a repetition rate of 120 Hz 

the polarisation was reduced to 044 • The polarisation and 

average intensity of the electron beam was limited principally 

by the properties of the trap in which the electrons were 

confined during the interaction as a• result of various 

suggested improvements, it should be possible to increase the 

polarisation to 08, and the average intensity by several 

orders of magnitude. 

From a study of the behaviour of this polarised electron 

source, it has been possible to derive estimates of the cross-

section for spin exchange collisions between potassium atoms 

and electrons, at three different average kinetic energies in 

the range 0-14ev. These values of the spin exchange cross-

section are in reasonable agreement with previous experimental 

results, and confirm the theoretical prediction of a rapid 

decrease in cross-section with increasing energy over this 

energy range. 
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APPENDIX 1i CLOSING OF TRAP INPUT GATE (section 2.3.3.1. 

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

consider an electron trapped 'in the unsymmetrical well shown in 

Fig. 'Al.l. .The potential distribution for Z >'O is static, 

while that fOr < 0 is changing in such a way that it retains a 

parabolic ton. It is assumed that this change is adiabatic, so 

that the potential distribution may be taken as approximately 

static over one period of oscillation of an electron in the well. 

We consider such a period, at a stage in the closure of the 

gate when the energy level 'of the electron is 	* In that 

fraction of the period which the electron spends in the region 

z ( 0, its motion is approximately simple harmonic, with equation 

of motion 

Z = fls..wt, 

where. 

I. 	__ 
W - 	

_ 
v,) 

and 

(

2 
z 0  E 

The potential at z is given by 

v1(f) 
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since 	is so small that to may be assumed constant over 

ne period, the explicit dependence of V(z) on time maybe written 

aV(z) - àV1 f Ats2tat ) 

: I: 	Al.l. 

The electron will travel from z = 0 to z 	and back to z = 0 

in time 4= 71w . If the change mV1  in this time is AV 

the corresponding change in the total energy of the electron may 

be obtained by integrating Equation 41.1 over the time interval 

, assuming 	constant; this gives 

	

W, I A Z. 	 ( 5! ) -Ir  
2z)L0 

In the remaining fraction of the total period, which the 

	

electron spends in the region z 	0, its motion is again simple 

harmonic,, but now with angular frequency 

It will therefore travel from z = 0 to z = zo and back to z = 0 

in time r. in this time there will be no change ut 

the total electron energy, since the potential in this region is 

not explicitly time-dependent. Meanwhile, V 1  will change by an 

amount 43 V-1  
)E 
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Thus the total period of oscillation is 

T 

in this time, V1  changes by an amount 

vI 	ft 
A'Jt 

and the energy level he the electron changes by an amount 

eV, I E' \  Tr 
t 

The relationship between V1  and E is therefore 	by the 

solution of the differential equation 

it•--- 	 = 
ak'1 	2V1 . L 	 2V1  

/ 	~ I 	ivx i -1' 
£ - CV1 L 1 V) j 	 A1.2. 

The arbitrary constant O is determined by the condition that the 

original energy level is & , so that the electron becOmes 

trapped when V = & ; this in1ies that 

C = 
	-L L, , (q 	

Al - 3- 

When the gate is completely closed, VT = V0 . In this case, 

we obtain from Equations A1.2 and A13 the final electron energy 
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level in the closed traps 

VO  

In terms of the parameters oc 	c 4 
bee.ome& 

.1. 
= 4(0-+-oct). 

, Equation Al..LI- 



Fig. Al .1 Trapping in unsyminetriáal well. 
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APPENDIX 2. SELECTIVE 31CTION OF ¶RPPED.ELECtRQNS (section 2.3.4L) 

we consider first the effect on the energy level of a trapped 

electron of an adiabatic change in the trapping well depth. It 

is assumed that the potential at . 	rename constant; for 

convenience, this is defined as zero potential, (see Fig. A2.1). 

The potential at the •centre of the trap is then + )t, where D 1  is 

the changing trap depth, and the potential at 2 is 

2t 

V = 

The energy level of the electron E is defined, as usual, 

in such a way that the kinetic energy at the centre of the well 

(s 0) is eS ' eleotron volts; since the electronic charge e 

is negative, £.' is also a negative quantity, The total electron 

energy E is given in this case by 

E = .IeI (D' —  IC!) 	
A2.1. 

Assuming again that the potential distribution changes 

adiabatteally, the motion of the electron may be described by 

2 = 

where 	

A 	(ZJ 1E1 )± 
JD 
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An argument similar to that employed in Appendix .1 shows that 

the change AE in the total electron energy during one period of 

the oscillation of the electron is - •  

• 	 __ • 	if 	__ 
H 	- 22:)  

where 	is the corresponding change in well depth. From. 

Equation AL]., the change in energy level £ / is then 

This yields the differential equation 

ajE'I  
CA  D  

the solution to which- is 

= 

If the oflginal energy level was £ , in a well of depth D #  

the arbitrary constant C is defined as 
I 

C-  

.2- 

thus 
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where 

Iii terms of 

is: the ratio,  of final., to InStial trap depth, 

/ 	(Cl •. 	 H 

ci.vsct.  

(3 

*2.2. 

After the well depth has been reduced from 1) to 1)' by a 

pulse on th.central electrode, the output gate is lowered by an 

amount S i; this will cause a further change in energy level, 

from 	to 	IT this corresponds to a change in output 

gate potential from V 0  to V0 t , measured relative to the bottom 

of the new well (Fig. A21.20, .the treatment is similar to that 

used in Appendix I. and the relationship between the final energy 

level C' of an electron and the final output gate potential V0 t  

may be obtained directly from Equation A1.2 by the substitution 

Vr _a,V0 : 	 - 

C = c&:)[i 
+(3')i[ 

In this case the initial condition is that E" EL' when 

Vol = V; thus, 

L. 

.1- 
In  

and 	
11'çLy[ _(JTy1, 	 A2.3. 

II 

An electron will be ejected by this process if 	I 
Vol  

it - may be shown immediately from Equation A2,.3 that the -" thc: 
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limiting case, with 	:= 	correspoflds to an energy level 

before alteration of the output gate potential s  such that 

.i_ 
V. V (R/ 

A2..14. 

In terms of the parameters 

= 

- 	

-  
and 	

'10-V0' 
- 	 / - "1 

- 	 p 	-pt! cri 

Equation A2.4 can be written 

g 	 g\T1 
= 	 + (I) J. 	 A2.5. 

Considering, now the complete process, illustrated in Fig.A2,3, 

we wish to find the lowest energy level in the original well, of 

depth D. such that an electron in that level will be released after 

the application of the two pulses to the central and output gate 

electrodes, From Equations A2.5 and A2.2, this level is 

characterised by 

s p-S\ 	k 
= 	 = 	 ~ 0'-') 
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APPENDIX 3, RADIALDIFFUSION IN THE TRAP (section 2.4.1) 

The simplified case is considered in which any given electron 

orbit centre performs random walk in the(R,$.) plane, with steps of 
2 

constant length <'C > • It may easily be verified that 

R2  

4irDt e 4Dt 	

A3..1 

is a solution of the two dimensional diffusion equation 

= 
A3.2 

using the notation of Section 2.14.1. 	(sommerfeld, 1949, p.59). 

This solution is independent of 6, and has the radial form of a 

Gaussian function with half width proportional to t. It is 

therefore appropriate to a situation in which N 0  electrons are 

concentrated on unit length of the z axis at time t 0. 

The value Of the diffusion constant D may be deduced by 

considering the net flux of electrons across a small area perpen-

dicular to an arbitrary direction X in the R,0 plane. If S is 

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

time is 

F = 	<x>  

A3.3 

where V. is  the collision frequency and <x1>  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 equatipnA3.2' 

(chandrasekhar.'p i943) that 

F = 	
A3.4 

comparing the two expressions for P. we find that 

- 	p = 

Since in the two dimensional case, <x2> t 

D = 

By applying Equation A3.4 to the distribution given In 

Equation A3,1, choosing the unit vector A in the radial direction, 

we find that the flux of electrons across unit area at a radial 

distance B from the axis at time t is 

RI  
r 

Thus if If N is the number of electroto remaining inside a cylinder 

of unit axial length and radius R at time t, 

4±L =-21rRF 
0 1  
F'6 

	

= 	 T¼c) 

*3.5 

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

1t.e02 -~ 
4Dt 

I 

= 1-en 

A3. 6 

with 	 4.D , 	 ___ X 	= V 

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

original number is 

= 

R 

- 	 A3.7 

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

electrons was given by 

d  NJ 

this implied that 	 i'3 e 	 , so that the fraction 

remaining after a time t would be 

A3.8 

and half thepopulation would be lost in time 

= 

 

0( VC 
	

= 	C4 "7r  

A3, 9 
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It is In fact possible to find a solution to the diffusion 

equation (Eqn.A3.2) which has such a time dependence; the radial 
distribution is then a Bessel function (gasted(i&6.), b 20 ). In 
the experimental situation, the time dependence of the lOsses would 

be more complicated than that of either Equation A3,6 or Equation 

A3,89 since the initial radial distribution would not be a simple 

function. A rough estimate of the value of o( appropriate to the 

present circumstances may nevertheless be obtained by comparing 

Equations A3..7 and  A3.9;  this comparison shows that the function 

f( t) in Equation A3.7 may be approximated by the function f( t) of 
Equation A3.5 by setting 

p2 

The nature of this approximation is illustrated in Fig A3.1. 



Fig. A3 .1: Comparison of f(t) andf ( t) 
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APPENDIX 14: 

FORM OF EQUATION 3.2 WHEN a<C 1 (SECTION 4l.2,) 

From Section 32.2, the rate of change of electron polarisation 

with time is 

	

pfl—e 	
3.2. 

I_ 

where 	 (C111= 
{ 
(i 	zz) t  + 

-  
and 	

a 22) - 
V =  ______ 

H 

the coefficients 	are defined in Section 3.2.1. 

In terms of S = aj1 - a22  

and 	= 	
12 a21 

(a11-a22) 

C 	 - 

V = 

If  

v 	
-  -k' 	<<. 

Now 	= 	_4OilOn 

(Ott - U. ) 

L12 	f( 
 - 

\t c\2 

eJ + lçVCt kQ 

in terms 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 relaxation effects. The 

theoretical results of Kansle and Peterkop (1965)  imply that 

at an electron energy of 1ev, 

Hence., if 	<C I , 

2 

Equation 3.2* then takes the approximate ton 

1.. 
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APPENDIX 5: 

EPECT OF ION-UflFORM ATOMIC DENSITY IN TRAP (SECTION lj.l.2.) 

We consider an atomic beam flowing in the x direction, with 
1 

a density cylindrically symmetric about the x axis; if r is the 

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

p 	 •Ac.I. 

e fo[c 	 4c2. 

An electron travelling with uniform velocity in the z direction, 

through the centre of the atomic beam, would experience an 

average atomic density 

= 	 k 

- ?o 	aR). 

rn the present case, R 3 mm., r, = 1 mm 

Consider now an electron precessing slowly around the origin 

in the x,y plane at a radius H, while, oscillating rapidly across 

the beam in the z direction (See Fig. A5.l). Once again, we 

assume uniform electron velocity magnitude in the region of 

Interaction with the atomic beam,, At a time when the angle of 

precession is Q, the width of the atomic beam traversed by the 

electron is 2Rsing (see Ftg. A5.2).9  We now calculate the 
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average atomic density 
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over this path. 

U 

Two cases must be considered: 

(1) 9 C 0 	(when cosG0  

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

atomic density is given by A5 9 2. the average density is 

therefore 

= 	PD{I- 	Id2 

	

f tSWO

r 	(R27 +z 2 

 L 1 	s—c' 	j clz 
. 0  

	

'C 	g 	 Cos tO 

(ii) G ) 

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

(Equation A54) for H C i2I 
,: when 

a 
z i t. 	= 	- RZccntO ; 

the integration must therefore be performed in two parts, 

- 

i&{J0rM t J : h 
?1 / 	, ' 	R 	 R 	49 	i+sn°1 .4r,41 

The function <$9)>'  with .r1 = 1 mmo, R = 3 mm., is shown in 

Pig. ta..L. 
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pcEtT1 oF 1LOi) 
oP ATCMC S5L Mi. 	 'I 

1 	I 

a 
d.c 

I 

/iTNH. 
I H 

t 	I 

'I" 

Fig A5.1; Atomic beam 	 Fig. A5.2: 'VP.rJtiOfl of v;idt} 

density diibx -ibptioh. 	 ot interattien region with 9. 
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