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ABSTRACT

A source of polarised electrons suitable for use 

in a crossed-beam electron/atom scattering experiment has 

been b u ilt .  The electrons were polarised by scattering 

them elastica lly  from mercury atoms in a crossed-beam 

experiment. The electron polarisation was investigated 

for electron energies between 6 eV and U4 eV in the angular 

range from 30° to 130°. Spin analysis was performed by 

means of a 100 keV Mott scattering experiment from a gold 

target at a scattering angle of 120°. The intensity of the 

polarised electron beam was monitored simultaneously with 

the polarisation measurements.

A maximum polarisation of (67.2 -  8.2)$ was obtained 

for an incident electron energy of 11* eV at a scattering 

angle of 95°. However, as a source of polarised electrons, 

the optimum conditions were obtained when the electron 

energy was 13 eV at a scattering angle of 95°. Under these 

conditions an electron polarisation of (62.7  -  8 .0 )$ was 

measured with an electron current in the alkali interaction 

region of 3.10“12 A.

Comparison with the results of previous theoretical and 

experimental studies of electron polarisation in low energy 

scattering from mercury show good agreement with the 

polarisation values and d ifferen tia l cross-sections.
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CHAPTER 1

INTRODUCTION.

Prom the "beginning of th is  century the importance of 

the study of the scattering mechanism when two, or more, 

partic les  are in co llis ion  has been rea lised . Such studies 

have developed considerably since then and have provided a 

fru it fu l source of the d e ta ils  governing these interactions.

In 1911 Rutherford proposed a model fo r the atom in 

which the positive charge and a l l  of the mass is  concentrated 

in a small region called the nucleus. Using th is mouel, a 

re la tion  between the de flection  angle and the scattered 

in tensity of f} -  partic les incident on thin fo i l s  could be 

obtained v.hich was consistent with the experimental results. 

Since then scattering processes have been used successfully 

to increase our knowledge o f the nature of matter. Such 

methods have led among others to a better understanding of 

atmospheric and astrophysical processes.

As the nature of co llis ion s  is  probed experimentally in 

greater d e ta il, the comparison with more extensive theories 

is  possib le, experiments art new being designed to 

investigate spin e flec ts  in a co llis ion , and i t  is  necessary 

that fo r  a fu l l  theoretical description s*in e ffe c ts  are 

included.

In the case o f electrons scattered from single electron 

atoms the cross-section is  given by
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f f (0 ) = i  | F3 | i | pl| ( 1 - 1 )

i f  no spin-orbit e ffe c ts  are considered. The two amplitudes 

F j» t r ip le t ,  and F^, s ing let, are a consequence o f the Pauli 

exclusion princip le.

There is  an equivalent way to describe the co llis ion  in 

terms o f the d irect and exchange amplitudes. In th is form 

the cross-section is  given by (Kleinpoppen, 1971)

* (© ) = * ] f | 2 + * | g | 2 * i | f - g | 2 ( 1 - 2 )

where f  is  the d irect amplitude, and g is  the exchange 

amplitude. In this form the cross-section is  seen as the sum 

of three terms, each corresponding to a d iffe ren t process.

Using unpolarise-u atoms and electrons a cross-section 

measurement produces only a measurement o f one of the parameters 

describing the interaction, v iz .  the incoherent sum of the 

d iffe ren t scattering amplitudes given by equations ( 1 -  1) or 

(1 -  2) .
fnother case tc consider is  when electrons are in co llis ion  

with heavy atoms and e x p lic it ly  spin dependent forces play an 

important ro le . Here the spin-orbit e f fe c t  is  related to the 

additional magnetic f ie  la  which an electron moving in an 

e le c tr ic  f ie ld  experiences. This e ffe c t  although r e la t iv is t ic  

in orig in ,ex is ts  even when the incident electron is  moving at 

n on -re la tiv is tic  v e lo c it ie s .

The concept of the electron possessing an in trin sic  

angular momentum, or spin, was f i r s t  introduced in 1925 to
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provide a fourth, quantum number v/hich could explain the 

observed atomic energy le v e ls . I t  was not however t i l l  

Dirac developed his r e la t iv is t ic  theory, that the existence 

of the electron spin and its  properties emerged in a lo g ic a lly  

consistent way,as a necessary consequence of the fundamental 

principles o f a r e la t iv is t ic  quantum theory.

At th is time the spin of the e lectron  had only been 

observed on electrons bound to atoms, and the question was 

ashed whether i t  was possible to prepare a beam of polarised 

electrons. An argument proposed by Bohr (Mott and Massey,1965, 

p.215) shewed that the Stern-Gerlach method could not be used tc 

produce completely polarised e lectrons. This is  a consequer.ee 

of the uncertainty princip le.

The f i r s t  d e fin itive  prediction that the spin of free  

electrons could produce an observable e ffe c t was given by 

Mott (1929, 1932). His theoretical investigation  of the spin 

dependence of e la s tic  scattering from heavy nuclei at high 

energies (greater than 50 l:cV) showed that an experiment 

involving two identical scatterings v/cula produce an asymne try 

fo r  the number of electrons scattered to the l e f t  and tc  the 

right at the second scattering. I t  was not fo r  a lurther 

fourteen years before this was shown experimentally to be the 

case.

The degree oi polarisation of an electron beam is  

defined by equation (1- 3) t

(1 -  5 )
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Hf and correspond to the number o f electrons which have 

their spins aligned in the d irection  p a ra lle l, and anti- 

p a ra lle l, respectively , to a given quantisation axis.

The aim of th is thesis is  to build up an apparatus which 

could be used to investigate spin e ffe c ts  in  co llis ion  

experiments between electrons and one electron atoms. An 

intense beam of polarised electrons at low energy is  

produced by c ross-fir in g  a beam of mercury atoms with a low 

energy (less than 50 eV) electron beam. Spin analysis of 

the primary scattered electron beam is  performed using Mott 

scattering at high energy (100 keV). (The design of the 

apparatus used is  fu lly  discussed.)

The polarisation o f the electrons is  investigated over 

the angular range of 30°  to 130° and at various energies from

6.5 eV to kb  eV. This provides a calibration  of the 

polarised electron sottree and id en tifie s  the optimum operating 

conditions. To th is end, calibration  of the Mott spin 

analyser is  also carried out.

tilth an electron beam of known polarisation then 

availab le, the proposal was to scatter the polarised electrons 

from polarised hydrogen atoms. This was la te r  changed, ana an 

atomic a lka li beam w ill  te usta instead. The main reason ir r  

this is  the ease in producing an intense a lk a li beam. I t  has 

alsc recently been snov.n (Drukarev and (jb'cdkov, 1971} that cu 

theoretical grounds nydrogen is  not as promising as the a lka lis  

fo r  a study involving exchange processes. An experiment to 

scatter a polarised electron beam from a polarised potassium 

beam is  a t present underway using tne apparatus described here.
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This experiment can be characterised by three competing 

processes. Shorn below are the cases when both beams are 

completely polarised either para lle l or an ti-p a ra lle l with 

each other.

(1)

(2)

e ( f )

e (t )

+

+

A(t) —* e (t ) + A (f)

e ( t )  + A ( | )

e(| ) + A lt)

( f  -  g ) or (F ,) 
interference J  
or t r ip le t  scattering 
amplitude

( f )  d irect scattering 
amplitude
(g ) exchange 
scattering amplitude

A re la tive  measure of the tr ip le t  amplitude can be obtained 

even when the two beams are not completely polarised.

In the next chapter the reasons for choosing low energy 

Mott scattering, from a mercury beam, is  discussed. This is  

followed by an explanation of the choice of high energy liott 

scattering, from a gold fo i l ,  as the spin analyser. In 

chapter I I I  the matrix formalism is  shown in the context o f 

polarisation. I t  is  used tc determine the types o f 

experiments which can be carried out. This fo llow s a 

discussion of the theoretical models used in low energy 

scattering from mercury.

In chapters IV and V the experimental arrangement is  

fu lly  discussed, with the calibration procedures and values 

required for tne mercury scattering process ar.d the spin 

analyser being evaluated in chapter VI. The cross-section  

results and polarisation values obtained over an energy range 

of up to ¿4heV are given and compared with theoretical values 

and results of other experimental groups where applicable .
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In the conclusion the settings fo r  optimal polarisation 

conditions are given. Further improvements are suggested.

I t  should be noted that the polarisation measurements 

en ta il a double scattering experiment and can be c la ss ified  

as "d i f f ic u lt "  because of the problems associated with small 

in ten s ities . On the otherhana the cross-section measurements 

which only require a single scattering can be c la ss ified  as 

"easy".



CHAPTER 11

2.1 SOURCES OF POLARISED jOECTROHS.

The idea of producing a team of polarised electrons 

has been considered ever since the electron spin was f i r s t  

proposed in 1925. The f i r s t  method which proved successful 

was when electrons with an energy o f 400 keV, were 

scattered through 90°, from thin gold fo i ls  (Shull, Chase 

and Myers, 1943). Since then other sources o f polarised 

electrons have been discovered.

Two categories of polarised electron sources ex is t.

In the f i r s t ,  electrcr.3 bound to an atom (possibly in a 

solid ),can be prepared in a specific  spin state, ana a 

process which allows them to be released s t i l l  in their 

well defined spin state is  used to produce a beam. Such 

sources include ionisation of polarised atoms and f ie ld  

emission from ferro-magnetic materials. In the second, 

unpolarised electrons undergo an interaction in which 

preferen tia l selection of electrons in a defin ite spin 

state is  allowed. Also in this category is  the situation 

where the in i t ia l ly  random population o f spin states is  

converted to cue in which one c f the spin states dominates. 

These sources include e las tic  scattering in a coulomb f ie ld  

where spin-orbit coupling introduces a spin dependence and 

exchange scattering from a polarised atom beam. The 

usefulness of any source depends on the operational 

requirements imposed on i t .



An electron beam with polarisation P and a current 

I  corresponds to a completely polarised beam current 

given by

The in it ia l beam of energy Eq, minimum beam radius r  

and an angular spread 9, must pass through a lens system 

which can only pass electrons with an energy of E (or le s s ).  

Such a beam has a maximum effective brightness given by

B.e ff = P2 I  E
r2 ( © )2 E0

(2 -  1 )

Prom this i t  can be seen that E/Eq should be as large 

as possib le. Since the source is  tc be used fo r  low energy 

a lk a li scattering (<10 eV), the brightness fa l ls  o f f  rapidly 

with increasing source energy. This is  purely a resu lt of 

electron optics.

Also from electron optics, Raith (1969) shows that 

electrons produced in a strong axia l magnetic fie ld  w ill

take up skewed tra jectories  i f  they are used outside of 

th is f ie ld ,  and vice versa. Since the fin a l experiment 

recuireo a low magnetic f ie ld  the ideal source w ill  not 

involve a strong magnetic f ie ld .

Some of the more successful methods shall be reviewed 

b r ie f ly  here, with attention paid to the election  energy ar.l 

the presence of large magnetic f ie ld s .  Por other reviews 

on the subject see I'arago (1965), kaith (1965), kessler

(1969). and Jost (1972)
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2.1.1* MOTT SCATTERING.

This method can also be sp lit  into two types.

The f i r s t ,  o r ig in a lly  proposed by Mott (1929» 1932) and 

v e r if ie d  by Shull, Chase and Myers (19U3) is  high energy 

scattering from heavy atoms. The second was a proposal by 

Massey and Mohr (19U1) that polarisation e ffec ts  should also 

appear in low energy scattering processes. This was shown 

to  be the case by Deichsel (1961), when he e la s tic a lly  

scattered electrons o f low energy ( 1 - 2  keV) from atomic 

beams o f mercury in a double scattering experimeit and 

observed an asymmetry, which was dependent on electron 

energy and scattering angle.

Since these early  experiments at both low and high 

energies, much progress has been made towards producing a 

usable polarised electron beam by these methods.

2 .1 .1 .(a) HIGH : I.'PhGY MOTT SC.-TThAIrG.

Considerable development has gone into this method, 

especia lly  with a view to developing ;;.n e f f ic ie n t  and reliab le  

analyser o f the degree o f polarisation o f a transversely 

polarised electron beam. One instance c f i t  being used fo r  

a source o f polarised electrons is  described by Van Ouinen 

and Aaldcrs (1S63), who scattered a primary unpolarised 

electron bean (o f 50 /zA) with an electron energy of
p p

261 keV from a 300 /¿g/cm gold f o i l  supported on a 200 /xg/cm 

aluminium backing. Using a scattering angle of 105°, a
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transversely polarised "beam of 1.5nA was obtained which 

had a polarisation o f 30$. This polarised e lectron  source 

was in fact used in the only experiment in which a trip le 

scattering process has been studied.

2.1.1. fb) L0.7 KIJERGY MOTT SCATTERING.

Since the f i r s t  measurements of Deichsel (1961), 

further results have been obtained, and almost the entire 

range has been covered from 3 eV up to several keV, fo r  

electrons e la s tic a lly  scattered from mercury. These 

results are discussed in review a rtic les  by Kessler (1S‘69) 

and by Eckstein (1970). The polarisation can change 

rapidly from positive to negative and can reach very high 

values at particular scattering angles i f  the angular 

resolution is  small enough (65$ with an angular resolution 

of -1$, Jost & Kessler, 1966). The polarisation always 

occurs near minima in the cross-section {hihring, 1968).

One of the best conditions being or ta iled  fo r  

electrons of energy 6.75 oV scattered e la s t ic a lly  from 

mercury at a scattering angle of 95°• Tin electron  bean 

with a 27/j degree of polarisation at an electron current 

of about 10 nA has been obtained ('..'ilners, Kaug & Deichsel, 

1969).

2 .1 .2 . rncTcioiria.-gioiT of alkali /.'ms.

As early as 1930 a proposal to produce polarised 

electrons by photoionisation from polarised a lk a li atoms 

was put forward. The photoionisation process o f an
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alka li atom is  predominantly an e le c tr ic  dipole transition
2from the n Si ground state to a continuum Pi 5 state. 

o t  5 * 2
As has "been emphasised recently, the complete theory of 

a lka li photoionisation must also take into account the 

spin orb it perturbation (Pano, 69A, 69B) o f the continuum 

P sta te .

This results in two d iffe ren t approaches to the 

problem. One method uses polarised a lka li atoms and 

unpolarised ligh t, and the other, known as the Pano e ffe c t , 

uses unpolarlsed a lk a li atoms and c ircu la r ily  polarised 

lig h t.

2 .1.2 (a ) PHOTUIONISi-TIPIT CP POLARISED ALKALI ATOMS.

Tnat this e ffe c t  products longitudinally polarised 

electrons was v e r if ie d  conclusively by Long, Raith and 

Hughes in  19b5. I t  has oeen extensively studied since then, 

with the aim of producing a prototype in jector o f polarised

electrons rcr a high energy accelerator (see Hughes, Long, 

Lubell, i-osner & Raitn, 19/2, C o iile t , iy67, and Bau..i m 

Koch, l9t>y).

Abeam with a polarisation of 78^ in 1.5 /ts pulses 

containing 2 x 1 0  electrons has been produced using a 

polarised Li^ beam and a UV lig h t source. The a lka li bear, 

is  polarised oy passing i t  t ’nrougn a hexapcle magntt. 

Afterwards the beam undergoes an adiabatic transition to a 

longitudinal magnetic f i e ld  of 100 gauss in  the ionisation 

region. The ligh t source was a high voltage spark discharge 

between tungsten electrodes in an atmosphere of argon or 

xenon. 'The maximum pulse rates were 10 per second.

A hign pressure Xe -  Hg arc lamp was used as a continuous



source o f a UV radiation, but the photoelectron current 

was reduced to about 6 x electrons /sec.The electrons 

were extracted from the ionisation region by an anode at 

100 keV poten tia l.

Polarised electrons were also produced using the sane 

apparatus from polarised potassium atoms. However, the 

maximum current using a continuous radiation source v/as a 

factor o f ten lower tnan with lithium. The electron 

polarisation obtained with potassium is  also reduced giving 

a value o f 58$u electron polarisation .

2.1.2. (b) FANO NFlhOT.

In 1969 Fano published a theory which included spin 

oroit e ffe c ts  fo r the photoionisation of electrons from 

alka li atoms (in  particular cesium atoms). He predicted, 

that the photoelectrons cruld have a large degree of 

po larisation ( > 85^) even when the a lka li atom is  

unpoiarisca i f  c ircu la n ly  polarised ligh t is  used fo r  the 

ion isation process. The wavelength of the lig h t should 

correspond to the waveiengtn region in the v ic in ity  of the 

Cooper ...lnimun (Cooper, 1962) in the photoicnisation 

cross-section. This is  because i t  is near minima in the 

ionisation cross-section that the difference in ionisation 

probability  le r  electrons of opposite spin is  s ign ifican t, 

( c . f .  Mott scattering, section 2 .1 .1 .;

Tne group at Yale un iversity, by looking at the ions 

produced, confirmed the general predictions of Fano.

(Lube11 & Raith, 1969, Baum, Lubeil <2 Raith, 1972). The
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polarisation  of the electrons was determined, shortly

afterwards oy Kessler & Lorenz, (.1970) (see also Heinzmann,

Kessler & Lorenz ±970 (a), 1970(b) ) thus giving complete

confirmation to tne proposal of Fano. In this experiment

a mercury high pressure arc lamp was used in conjunction

with a cesium atomic beam, The photoelectrons were

extracted with a weak e le c tr ic  f i e ld  (~10V/cmJ in  a

d irection  at right angles to the two incident beams. An

average polarisation of 81¡fc was obtained with currents o f 
—1 13 x 10 A. Extraction voltages o f about UOOV were used 

with a f i e ld  penetration system to reduce the number of 

background electrons.

Baum, Lube-11 & Raith, (1971) have also detected a
—Q

polarisation  of 65% with a current o f about 10 'A .

Both methods of photoionising a lkali atoms can 

produce conparable electron currents and polarisations.

The f i r s t  method uses a pulsed source whereas the second 

u tilis e s  a continuous source.

2.1.3« Si-IIi hhO...J.G-n

Electrons are trapped for up to  20 ns by a 

combination of an e lectrosta tic  potential w ell (1.8 V ueep) 

and o. uniform magnetic f ie ld  (10:uT). Abeam of polarised 

potassium atoms passes alcng the axis of the electron  trap, 

allowing an exchange interaction to occur, with tne 

atomic beam polarisation exponentially being transferred 

to the trapped electron cloud. Polarisation o f the 

electron beam of up to 50% has been detected with a current



of about 1 0 " " at  electron energies of about 1 eV. 

(Campbell, Brash & Farago 1S71, 1972 and Farago & Siegmann 

1969).

2.1 .U. 101.1 SAT I ON OF METASTAILF HELIUM.

A source o f polarised electrons obtained from an 

op tica lly  pumped helium discharge is  described by 

HcCusker, H atfie ld  & ./alters (1969, 1972).

In this source, a conventional helium optical 

pumping apparatus is  used, consisting of a c e l l  containing 

gas subjected to an e le c tr ica l discharge, irraaiatec. by 

polarised l.cS/n (2^S - 2^P) resonance lig h t . The c e l l  

was however, modified by attaching a base plate through 

which the electrons could be extracted. A magnetic f ie ld  

of 5 gauss in the direction of the incident ligh t was 

applied to provide a unique quantisation axis. The 

electrons, which were extracted with voltages on the 

extraction p l_tes of about 2000 V, were longitudinally 

polarised. The maximum polarisation detected was 1vjb 

with currents of 0.2 ¡iA axtnough miner dixierent condit.ons 

a polarisation o f 6va at currents of up to l. fiA could be 

detected. A polarisation value o f 17/j was actecteu lor 

elcc rcns extracted in the late aft.rglcv, cs a ..ulcec. 

discharge. This source has a large energy d istribution 

in the beam (,1oeV).

2 .1.5 . RkSCTAIiCB SOhTTxKInG.

I t  has been shown th eoretica lly  that appreciable
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polarisation e ffe c ts  can ex is t in  the neighbourhood o f 

resonances due to spin orbit e ffe c ts . Franzen & Gupta (1965) 

did an analysis fo r  neon in  the v ic in ity  of the resonance 

at about 16 vo lts .

Reichert <a Deicnsel ( 1967) (see also Heindorff, R o fft , & 

Reichert, 19/3) confirmed the presence of polarisation 

e ffe c ts  in the v ic in ity  of tne resonance.

For resonance e ffe c ts  to be sign ificant the energy 

resolution must be very good, thus the electron currents 

are small but the angular acceptance can be quite large 

with only a s ligh t degradation on the polarisation peaks.

2.1.6 . APU1TI01;AL SCURC&S .

ether sources whicn can y ie ld  a polarised beam are 

f ie ld  and photo-emission iron so lid s . .Vita f ie ld  emission 

a polarisation o f 18% at 10 to 100 nA has Deen obtained 

from poly-crysta lline tungsten tips cooled to 80°K with 

magnetic fie ld s  up to 25 kilegauss. (Regenfus ec Sutsh,

197k ).  In the case of p. oto-cmissicn up to 20% polarisation 

at 10 nA has been reached from thin films of ferromagnets 

evaporated on to a liqu id  helium cooled surface. A mercury 

xenon arc is  used fa  conjunction with large e le c tr ic  aiu 

magnetic f ie ld s  fo r  the release of the electrons IBusch, 

Campagnw u. oiegnana, 19/0, ig/1 J .

Both of these methods above have been developed cut cf 

an interest in the band structure in solids rather tnan as 

sources of polarised electrons.

it
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Two other sources are -decay from radio-active 

substances (usually low in ten s ities  and high energies) 

and electron -  e lectron  M/fller scattering (very energetic 

e lectrons).

I t  can be seen that o f the sources available only low 

energy Mott scattering and the lano e ffe c t  present a good 

value for the brightness. At the start of this experiment 

the kano e ffe c t had just been proposed so it s  fea sab ility  

in this context could not be considered. Low energy Lott 

scattering has the additional advantage in that i t  is  

possible to make i t  compact, allowing easier rotation  about 

the alkali beam axis (see follow ing chapter).

2 .2 . ELXILCL. - SI Hi .MdlLYS. -d .

The ¡nest w idely used technique fo r  the measurement of 

the degree of electron  polarisation is  high energy Mott 

scattering. Low energy Mott scattering has also been used, 

bet has also been made of electron - electron (h / llc r ) 

scattering in studies of £-uccay electrons but requires 

extremely high energies ( ^  lMtV).

The f a l l  o f parity conservation gave great impetus 

to hign energy Mott scattering, and i t  is  well understood 

both th eore tica lly  and cxgfrim entally. I t  is  normally 

used with electrons of energies in the range 5u keV -  1 Me7 

and requires f o i l s  (usually or geld ) to be thin to ensure 

that depolarisation e ffe c ts  do not dominate the process.

The overall detection e ffic ien cy  can De made fa ir ly  large

T
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(0.015^) • A thorough study has been made o f this type of 

analyser toy Van Klinken (1965)»

Low energy (300 eV) scattering from mercury has been 

used by a group at Mainz University fo r  spin analysis. They 

have developed a compact analyser using an atmosphere of 

mercury (Gehenn, Haug, V/ilmers & Deichsel, 1969) as well as 

a more conventional analyser using a mercury "beam (Deicnsel, 

Reichert & S te id l, 1966J.

Mott scattering is  sensitive to transverse polarisation 

only, but in connection with spin rotators, longitudinal 

polarisation can toe measured as w ell.

I t  can be seen from equation ( 2 - 1 )  that although row 

energy Mott scattering may toe useful fo r  the production of 

polarised electrons, hign energy Mott scattering is  setter 

as a spin analyser.

A high energy Mott scattering method was chosen for 

the spin analyser since a considerable study lias already

been made of i t .  Calibration of i t s  analysing power can 

re ly  on values confirmed by experiment ana theory, without 

requiring further extensive study as would be the case in 

low energy scattering. The instrumental asymmetries can be 

checked upon v i ta re la tiv e  ease in the hign energy case, 

but are more d i f f ic u lt  to detect in low energy scattering.

A disadvantage is  however the high voltage at which the 

detection electronics must be floa ted .



CHAPTER I I I

THEORY OP ELECTRON -  ATOM SCATTERING WHEN SPIN 
EFFECTS ARE INCLUDED.

A considerable amount of theoretical e ffo rt  has gone into 

the evaluation of scattering theories which are able to 

predict correctly changes in the polarisation state of 

the interacting partners. The present state of these 

theories is  surveyed, in particular fo r  scattering from 

mercury and gold.

The quantities which can be observed, before and after  

scattering, and their relationship are dealt with using 

the Stokes vectors. This enables a description of the 

different interactions involving spin to be considered 

independently of the detailed form of the scattering 

amplitudes.



3.1 METHODS OP DETERMINING THE SCATTERING AMPLITUDES 
IN MOTT SCATTERING.

Detailed information about a scattering process can 

be obtained once the scattering amplitudes are known 

(see section 3.U ) .  To include spin effects exp lic itly  

in the calculation of the scattering amplitudes the 

fe la t iv is t ic  Dirac equation is  used. This is  necessary 

even when the electron energy is  only a few eV, due to 

the important role playedby spin-orbit coupling.The spin- 

orbit interaction of an electron with a f ie ld  of 

electrostatic potential V (r ) is  given by

so

For a low energy electron incident on a neutral atom 

the importance of VgQ increases rapidly with Z.

less sophistication has been used with re la tiv is tic  

calculations,when compared with their non-relativistic  

counterparts, due to the greater complexity of the system. 

For each non-relativistic state there is  in general two 

re la t iv is t ic  angular momentum states, and fo r each of those 

a coupled pair of equations must be solved. In addition, 

for heavy atoms tnere is  a greater poss ib ility  for electron 

exchange to occur. The electron is  regarded as being 

scattered by a central electrostatic potential, chosen to 

include the nuclear charge and possible screening by the 

atomic electron cloud. The distortion of the electron 

by the incident electron and electron exchange may also

be Included
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The wave function <p whicn describes the scattered 

electron beam has four components , A =1 -  U. The 

asymptotic forms of the tvo large components of are

given by

* 3  ~  « lkZ * 4 ^ t A (0 ,0 ) 1

elto
r g.| (Of0 ) I

r
'

_ ik r )t ( 3e
r |!

e11“ * 4 ^ t 2 (o ,0 ) |
> B

for the tvo cases when the electron spin is  aligned 

p a ra lle l (A) and an ti-p a ra lle l (B) v ith  the direction of 

notion (along the z -a x is ). f  1 , f 2 and ĝ  ,g2 are the 

scattering amplitudes to be determined.

The equation governing the elastic  scattering of an 

electron by an atom such as mercury, which consists of 

closed shells*, is  given by+

(H., -  E + V )^  -  W -  X = 0 ( 3 - 2 )

where is  the one electron Dirac hamiltonian

H, = i c « .  + ftc2 -

* Closed shells refer to an atom which when specified by 
quantum numbers n , j ,s ,  has a l l  possible states in  a group 
| i l l jd ^ teTh  ̂ three quantum numbers shall be denoted by

+ The convention h= m = 1 is  used here.
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with

0 £a. = I g_ are the 2 x 2  Pauli spin matrices

1 0

ß  - , I is  the unit 2 x 2  matrix*
0 I

£ is  the energy of the incident electron with the 

contribution to the potential from the atomic electrons 

given by

and the last term X is  a function representing any lack 

of orthogonality between the scattered wave functions 

and the bound state wave functions. For a unique set 

of solutions, the wave functions are usually taken to be 

orthogonal, so X is  zero, and this is  ensured throughout 

the calculations.

The one electron wave functions can be represented 

by central f ie ld  wave functions of the form

V

with 0̂  denoting the bound state wave function. 

The exchange term is  given by

W

a Ie i  x
r  -k,m

(3 -  3)
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where X.'±k,m
are angular momentum state eigenfunctions with

k = - ( j  + i ) a ,  j is  the total angular momentum and a = - 1  

on substituting equation. (3 -  3 ) into equation (3 -  2 ) a 

coupled pair of equations for the radia l components of the 

scattered wave function can be obtained.

where V (r ) is  the screened potential of the atom.

These equations are subject to the asymptotic condition 

that fo r large r

of 1  and a and ^ (k r )  and n ^k r) are the spherical 

Bessel and Neumann functions respectively.

Other large Z atoms such as gold (Z = 79) have been 

treated sim ilarly for large interaction energies even though 

they do not form closed groups. The potential in  such cases 

haG been taken as the unscreened coulomb potential with 

exponential screening terms added, rather than using a 

Hartree potential.

+ + c (E + v { r )  + ®2) Qk = V r )

(3 -  bA)

Here £* is  the scattering phase sh ift for the given values

2
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a) Scattering Excluding Exchange.

The case where exchange Is  not of c r it ica l importance 

shall he considered f ir s t  (energies greater than 300 eV). 

Here Wq = 0 = Wp in equation (3 -  UA)

(this is  la te r  referred to as equation (3 -  UBJ ) and i t  can, 

hy eliminating Q (r) and letting

P (r ) = i }*G (r ), n= (E + V + c2 )/C2 

he reduced ^Mott and Massey, 1963» P 227) to

+2 + (k 2 « K l  + D  
2 "  Uk ( r )  ) 0 ( r ) » 0 G 1 VJ

l

d r r

Uk ( r )
>W
lcv 

CMI 
O

II i + M l  +
ri»

J  -
It

Equation (3 -  5) is  of the same form as the non-relativiStic  

Schrodlnger equation hut is  dependent on the incident 

electron energy and spin. Numerical integration methods 

are required to solve equation (3 -  5 ) from which the 

phase sh ifts  are determined.

For energies high enough that the atom can he considered 

as a hare nucleus, Mott (1929» 1932) obtained toy a suitable 

combination for if* ̂  and |f/^ in equation (3 -  1 )

^ (© , 0 ) = f 2 (©,0 ) = f(© )

g.,(©»0 ) = and g2 (©,(?) = -g (© )e“ ii2i

with
00

t(M ) = £ j ( l  ♦ ‘l)(®xp(2  i i p  -  1 )
' ’ *i(exp(2i6i) -1)] Pj(cos B )

g(0 ) -  aTTrS [e x p (2l « £ ) -e x p (2 l « I ) ]P l (c o s F )^
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where (cos ©) and P-^ (cos ©) are the Legendre and 

associated Legendre polynomials respectively. Equation 

(3 — 5) has been used "by Holtzwarth and Meister (196h) 

fo r electron scattering from gold and mercury atoms in 

the energy range from 200 eV to 290 keV.

Other transformations such as

Pk = ¿ k ^ ^ k

Qk = Ak s in « k

have been used in equation (3 — hB) by Lin, Sherman and 

Percus (1963), and Lin (196U) fo r high energies and by 

Bunyan and Schonfelder (1965) and Schonfelder (1966) for  

scattering between 1 keV and 2 keV.

Buhring (1965, 1968) has expressed equation (3 -  hB) 

as a power series, so that the errors in the solution are 

associated with the accuracy of the summation, rather than 

being dependent on the method of numerical integration 

as in above methods. Results for mercury at energies of 

Zj.6 keV to 20h keV are in excellent agreement with those in 

Lin (1964) whilst disagreeing to some extent with those of 

Holtzwarth and keister ( 196b ) .

For low energies the sum in equation (3 -  6 ) is  

truncated and only a few partia l waves are considered. 

However at high tnergies many terms must be included and 

used (Walker, 1971) to speed convergence, In the case of 

fast electrons, the atom is essentially  a bare nucleus 

and the slow decrease o f the coulomb potential with 

distance modifies the asymptotic form of the function Pk 

and the phase sh ifts  can be calculated exp lic it ly .
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s c a tte rin g  angle

Figure 1. The effect on the d ifferen tia l cross-section
when screening of the gold nucleus is  included. 
Incident electron energy of 50 keV & 4-00 keV.
(U n , 1964/

In equation 1 3 - 2 /  the screening of the nucleus was 

included and the importance of this term can he seen in 

Figure 1 where the results for scattering from gold at 

energies of 50 keV and 400 keV are shown for the unscreened 

coulomb f ie ld  and for the screened coulomb fie ld . It may be 

seen that screening is  most important at smaller angles, 

but is  of lesser importance as the energy is  increased.

From Figure 2, which depicts the polarisation value with a 

screened and with an unscreened potential, the agreement is  

good even at 50 keV. Thus the d ifferen tia l cross-section 

is  much more sensitive to screening than is  the polarisation  
e ffe c t .
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Figure 2. Hie e f fe c t  on the Sherman function when
screening of the gold nucleus Is  Included. 
Incident electron energy of 50 keV (Lin, 1964).

I t  was noted by Massey and Mohr (1941) and Mohr and 

Tassie (1954) that polarisation e ffe c ts  were to be expected 

at low electron energies as well as at high energies.

Several authors have studied interactions with energies 

less than 3 keV, and shown that fa ir  agreement with 

experiment could be obtained at least to about 100 eV. 

(Bunyan, 1963, Bunyan 4 Schonfelder, 1965» Schonfelder,1966, 

Holtzworth and U eister, 1964, and Buhring, 1968).

At these low energies considerable structure did

¥
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appear in the d iffe re n tia l cross-section and polarisation  

resu lts, with positive  and negative polarisation peaks 

appearing within a few degrees o f each other. At energies 

less than 100 eV there was no longer agreement between 

theory and experiment (Deichsel & Reichert, 1965» and 

Jost & Kessler, 1966). Small angular sh ifts  were observed 

in  the positions o f the peaks up to  about 500 eV.

(b) Scattering Including Exchange.

Electron exchange between the incident electron  and

the atomic electrons have been included in a few theoretical

calculations with a fa ir  degree o f sucess. Walker (1969,

1970) has solved equation (3 - UA) by using an ite ra tiv e

procedure. VY and are obtained using the functions P

and Q obtained with W = 0 = W . New solutions are found
P 9.

fo r  P and Q using the improved values for Wp and and the 

process repeated un til V/ and converge. Good agreement 

has been obtained by th is method with experiment down to 

energies o f 25 eV, except in the peaks, before s ign ifican t 

discrepancies appear. A contour p lot of polarisation  values 

obtained as above is  shown in Figure 3.

3.2 DETERMINATION OF CONDITIONS FOR COMPLETE POLARISATION .

Total polarisation (P = -  1) may be expected where 

the complex scattering amplitude f (Z )  is  zero ( Buhring,

1968). At this position  minima in  the d if fe r e n t ia l cross- 

section w il l  occur. Expressions fo r  the maximum (and minimum) 

polarisation and their position  can be obtained from 

functions of the complex scattering amplitudes, which are



2 «

Figure 5. A contour p lot o f polarisation  against ancle 
and energy. Contours in intervals o f F = u.2 (Walker 1971)
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f i t t e d  in. the v ic in ity  of cross-section minima. For 

mercury 23 combinations o f energy and angle were found, (see 

Table 1 ). None of these points occurred at energies greater 

than 1800 eV since the number o f partia l waves required then, 

does not allow one partia l wave to su ffic ien tly  dominate the 

others. When exchange is  excluded, some new values appear, 

and the energy o f others is  decreased by up to 10 eV.

Energy
(eV)

Angle
(deg)

P Energy
(eV)

Angle
(deg)

P

U.5 118 -1 261 188 -1
9 101.5 +1 267 186 +1

17 121.5 +1 317 120 +1
19.5 129 -1 350 117 -1

19 L2 -1 830 68 +1
29.5 83 +1 890 68 -1

1h0 113 +1 58L 152.5 +1
589 153.2 -1

158 163 +1 870 98.5 +1
157 160 -1 915 100 -1

215 85 +1 1525 139 -1
*L6 82 -1 1670 135.5 +1

Table 1. Points of to ta l polarisation o f mercury
calculated using a r e la t iv is t ic  Hartree poten tia l. 
In values below 500 eV exchange was introduced.

3.3 PETERUINATION OF SCATTERING AMPLITUDES FOR ELECTRON 
ALKALI SPATTERING.

In electron scattering from lig h t a lka lis  the 

polarisation e ffec ts  are due to exchange effects,whereas 

with Uott scattering i t  is  the spin orb it coupling e ffe c t 

which causes polarisation. The a lka li atom is  treated as

V



a one electron atom. The Hamiltonian o f the atom plus 

incident electron is  considered as toeing given toy

H = - i V 12 - i V 22 + V ( r i ) + V (r2) +

The f i r s t  two terms represent the k inetic energies of 

the atomic and incident electrons respectively, the 

follow ing two terms represent the potential energy of each 

electron in  the f ie ld  o f the atom, and the las t term is  

the e lectrosta tic  interaction between the two electrons.

The to ta l orb ita l angular momentum, the to ta l spin angular 

momentum, their z-components and the parity  of the combined 

system are constants of the motion.

For a solution of the scattering problem, the
tt

Schrodinger equation

which describes the system o f both electrons by the exact 

wave function (r^ , r 2) ,  solved. E is  the to ta l

energy o f the system. This equation can be solved 

approximately by considering a few terms in an expansion for 

r2) ,  and the transition matrix, T, maybe determined 

From a knowledge of T the scattering amplitudes may be 

obtained:

The subscripts 1 and 3 refer to the singlet and trip let  

amplitudes respectively, k is  the wave number of the 

Incident electron and 1 is  the total orbital angular

(H -  E ) ^ ( £ l ,r 2) = 0

X

momentum
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Using a four state (3s -  3P -  Us -  3d) close coupling 

method, Moores and Norcross, (1972) have obtained the 

singlet and t r ip le t  amplitudes fo r  e lastic  and in e lastic  

scattering from sodium« A variational calculation for 

scattering o f electrons from lithium, sodium and potassium 

(Sinfailam & Nesbet, 1973)» at energies below the f i r s t  

excitation threshold, is  in good agreement with a two state 

(3s -  3p) close coupling calculations of Norcross (1971)» 

and the four state close coupling calculations o f Moores 

A Norcross (1972) for sodium.

3.4 TYPES OF SCATTERING EXPERIMENTS.

In appendix I  relations between the Stokes vectors, 

the polarisation components and the scattering in tensity 

have been outlined. This matrix formalism w il l  now be used 

to demonstrate what e ffec ts  can be expected from an 

electron scattering experiment. In it ia l ly  the case of Mott 

scattering, which is  the subject matter of th is thesis, is  

treated and afterwards the method is  illu stra ted  when 

applied to electron scattering from a one electron  atom. 

This illu s tra tes  the useful experiments which can be done 

with a beam of polarised electrons.

a) Mott Scattering.

The form of the asymptotic solutions of D irac 's  wave 

function can be written in the general form fo r  arbitary 

spin d irection  as ( c f . ,  equation ( 3 - 1 )  )•

f>x -  ble ikz ♦ (A =1— 4 )

and i f  only the two large components of th is function are
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considered

u3(e ,i0

^ (© .0 )

A f(6 ) -  Bg(e) exp (-100

Bf (©) + Ag(©) exp ( i 0)
> ( 3 - 7 )

with. f (£ )  and g(O) defined in  equation ( 3 - 6 ) .  

from equation (3 -  7) the scattering matrix, M, can he 

obtained (Mott and Hassey, 1965, p250) .

/ f  - g e - ^  

\geiif f

The transfer matrix, T, of the Stokes vectors (see 

appendix I )  in polarisation space is  given by (Byrne,1971, 

McMaster, 1961)

0 0

0 R —s 0
T =

0 S R 0
(3 -  9)

V 0 0 u/
where

U = |f|2 + l«l
2 V = -K f * g -  g * f )

R = |f 12 - lei
2 s = fg*  + f * g

In the determination of the above matrix the scattering

centre is  considered as the origin o f the co-ordinate 

system. The 1 -  axis of th is co-ordinate system is  defined 

by the wavevector, k, o f the incident e lectron . The 3 - axis 

is  defined as being normal to the scattering plane and the 

2 -  axis is  such as to form an orthogonal tr ia d . Representing 

the scattered electron d irection  with the wavevector k ' gives

(3 - 8)
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«1 = *  / l*|
e j  = k x k’/ |k i  k'| (3 -  10)

e2 = e,j x e 1

The transfer matrix given by equation (3 -  9) does not 

however represent the complete transfer matrix since i t  is  

necessary to rotate the coordinate system such that the 

e^ ' -  axis again l ie s  along the d irection  o f the (scattered) 

beam. The rotation matrix fo r  the old to the new 

coordinates in the space of the Stokes vector is  given by

( '
0 0 0 ^

0 cos G sin G 0

0 -sin  G cos G 0

\°
0 0 V

The transfer matrix to be used i s  obtained from

T' = RT ( 3 - 1 1 )

A ll the properties re la ting  to the scattering are 

contained in the transfer matrix given by equation (3 -  11). 

The fin a l outcome, as given by the Stokes vector o f the 

scattered beam, S , is  also dependent on the in it ia l  

conditions as given by the in i t ia l  Stokes vector, S*. 

Equation (A1 -  13) gives the relationship

Sf  = T'S1 (A1 -  2)

These equations above hold fo r  either r e la t iv is t ic  

or n on -re la tiv is tic  energies i f  the appropriate scattering 

amplitudes f  and g are used. The main difference caused by 

the energy of the electron is  that at low energies the 

polarisation  vector and the spin angular momentum vector



are equivalent, but at re la t iv iB t ic  energies th is is  in 

general no longer true.

A normalised incident beam w il l  be considered henceforth, 

so So = 1. An unpolarised incident beam w il l  be represented 

by

1\

31 0

S2 0

\33/ 0

(3 -  12)

and an incident beam, polarised along the 2 -  axis is  given

by

' l  '

i  0 8 =
a

, 0,

where the polarisation component is  obtained using equation 

(A1 -  1)
S2

P2 = S0 = a

For an incident unpolarised beam the resu lt from 

equations (3 -  11)» (A1 -  2) and ( 3 - 1 )  is

sj = us* = |r|2 + |g|2

S? = VSq = -i(f«=g - g * f )

These are the results of ¡¿ott scattering. An 

in i t ia l ly  unpolarised beam undergoing a single scattering
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becomes polarised, in the direction normal to the plane of 

scattering, and with a magnitude of

P3 "  Sl /  Sl
V / 0 - l ( f * g  -  g » f )

I f l2 + Igl2

is  often referred to as the Sherman function a fte r  his 

extensive calculations (1956) of its  value fo r  electrons 

scattered from mercury, cadium and aluminium with 

ve lo c it ie s  from 0.2c to  0.9c.

I f  double scattering is to be considered,then for the 

most general case a rotation  of coordinate system fo r  the 

second scattering through an azimuthal angle o f 0  should 

also be considered. The Stokes vector of an in i t ia l ly  

unpolarised beam of electrons a fte r  a double scattering 

through angles (0 ^0 ) and (©2,0) is  given by

Sf  = T '(© 2) R (ev 0) T ' (©1JS1

with

1 ^ , 0 )

h 0 0 0 ^

0 1 0 0

0 0 cos 0 sin 0

0 -sin  0 cos 0 y

Y/hich results  in

CO O II U(©1) U(©2 ) ( 1 + 5  cos 0) (3 -  13)

with V ^ )
i r * > i  -  »
I  \ » ( * 2 *  I

This equation w ill be referred to in a la ter chapter 

when the conditions fo r  greatest sen s itiv ity  o f  a Mott



analyser are investigated. The double scattering case can 

be considered a lternative ly  o f as a single scattering o f a 

polarised beam where the degree o f polarisation is  given by

V(©J 
p = uT©77

I f  the scattering process determines an asymmetry in 

in tensity  fo r  scattering to + ©2 and -  ©2» i t  is  possible 

to determine the value of P i f  V(©2)/U(©2) is  known. Since 

the polarising power and the analysing power, fo r  the same 

scattering angle, are represented by the same expression, 

they must be equal.

The e ffe c t  of a single scattering fo r  a beam polarised 

in the plane of scattering is  to cause a rotation  of the 

Stokes components in the scattering plane through an angle 

given by

X  = R sin © -  S cos Q 
R cos © + S sin 9

The investigation of the ra tio  R/S requires a tr ip le  

scattering experiment since a scattering is  required to 

polarise the in it ia l  beam, to rotate the polarisation 

vector, and to analyse the fin a l polarisation . The only 

such experiment to have been reported (Van Duinan and Aalders, 

1566} used 2c5 keV electrons scattered from gold.

b ) Electron A lkali Scattering.

The special case of the polarisation, P^, o f the 

a lka li beam being para lle l with its  d irection  o f motion 

( i . e .  a long the e^ d irection ) is  considered. I f  this is  

now cross fired  by an elecei'on beam which has the d irection
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as the d irection  of the normal to the scattering plane, 

the transfer matrix fo r  the Stokes vector o f the electrons 

in polarisation  space is  given by (Byrne, 1971)»

where

/*(© ) 0 O P 1'm(©)\

0 n (e ) p ^ e ) 0
(■t _

0 --pV © )  n(©) 0

^ pV © ) 0 0 n(©)^

k(6) = * IP1i 2-7

m(9) = i f p j 2  - IP1I l 7

n(6) = i - r iF j i 2 * Re P3*P1 -7

P (e ) = i/ 'i= ’3i2 - Re P3*P1 -7
q (e ) = i I » Z "  F j'P , J

The in tensity  a fter scattering is  (from equation A1 -  2 )

s j = k(6) 8* + P* m(e) S* (3 -  15)

from which the d iffe ren tia l cross-section is  given by

sf
ff(e) = — X = *(©) + Pt P3 m(e)

so
where p| = S* /S^ (from equation A1 -  1)

+ 0
I t  can be seen that i f  either P or P^ is  zero then the 

cross-section is  independent o f spin e ffe c ts  and is  given by

' ( » )  = * n  2 + i  h r (3 - 16)

However i f  both beams are polarised the cross-section is

c (©, pe, p1) = iJ P jJ 2 Z~3 + Pt P^_7

+ -  ***5 -7

(3 -  17)

I
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I t  can toe seen from equation (3 -  17) that i f  tooth "beams 

could toe completely polarised, then a measurement o f this

amplitude d irec tly . Experimentally this is  not possible 

to  perform at the present time, however, i f  i t  is  combined 

w ith a measurement o f a (©) an expression can toe obtained 

fo r  the tr ip le t  scattering amplitude. By combining 

equations (3 -  16) and (3 -  17) •"

Such an experiment could be carried out at present 

using a double scattering arrangement.

Returning to the Stokes vector (equation A1 -  2) then

the d irect and exchange amplitudes in terms of the singlet 

and tr ip le t  amplitudes

»/here f  and g are the d irec t and exchange amplitudes 

respectively . Equation (3 -  18) can toe sim plified  to

This would involve a t r ip le  scattering experiment and is  not 

possible to  contemplate at the moment.

cross-section, a (©, p|, P*) gives the tr ip le t  scattering

u
Treating the case when P^ = 0 and using the relations fo r

F.3 f  -  g

F.1 f  + g

(3 -  19)



-  39 -

I f  now p| = 0 then equation (3 -  17) reduces to

(3 -  20)

A double scattering experiment to determine the 

re la tive  d irect scattering amplitude has been carried out 

(H ils , McCusker, Kleinpoppen & Smith, 1972).

I f  equation(3 -  15) is  considered and intensity

where v is  the phase angle between the amplitudes f  and g. 

This measurement requires a knowledge of f  and g hov/ever.

Similar expressions could have been obtained with the 

transfer matrix re la ting  to electron polarisation and i f  the 

Stokes vectors representing the atom spin states had been 

used. The information obtained by that method would be 

complementary to that obtained above fo r  any particular 

case. Experiments have been performed to determine

4* g
measurements are made when P (or P^) has both positive  

and negative values then

- <$<-> 
s j M  * sj(-)
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|g(©)|2/ a (6) (compare equations 3 - 1 9  and 3 -  20) fcy 

spin analysing the scattered atoms.



CHAPTER IV

TRIPLE SCATTERING EXPERIMENTAL ARRANGEMENT.

The aim o f the present experiment is to produce a 

source o f polarised electrons, of known polarisation , 

suitable fo r  use in  a crossed beam experiment with an 

a lkali (potassium) beam. A method o f analysing the 

polarisation state, as well as that o f producing a 

polarised beam is  required. The present state of a ffa irs  

regarding sources and analysers of polarised electrons 

was investigated (see Chapter I I ) ,  and i t  was decided to 

use as a polariser low energy Mott scattering from a 

mercury beam and as an analyser high energy Mott 

scattering from a gold f o i l .

Although, the term tr ip le  scattering is  used above 

i t  re fers  to the geometry o f the apparatus, and i t  should 

not be interpreted that a tr ip le  scattering experiment 

w ill actually be performed, but rather that the a b il ity  

exists fo r  doing any o f the three possible double 

scattering experiments, v iz : -

(1) unpolarised electrons scattered from mercury atoms 

and subsequently scattered from unpolarised a lk a li-  

atoms - the resultant intensity being measured.

(2) unpolarised electrons scattered from mercury and 

subsequently scattered from a gold f o i l  -  measure the 

up-down intensity asymmetry.

(3) unpolarised electrons scattered from (un)polarised
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alka li atoms and subsequently scattered from gold f o i l  -  

measure the up-down intensity asymmetry.

A description of the general constraints on the 

experimental arrangement w ill  be given now, follow ed by 

a more detailed description of the actual components.

U.1 Design Constraints

A conventional single scattering experiment consists 

o f an incident electron beam (and source), a scattering 

target (which may be in the form o f another beam), and a 

scattered beam (and detectors).

Usually the incident beam or the scattered beam can 

be rotated about some fixed  direction. In th is  experiment 

however, there are two such variable angles (see Figure k )  

and the a b ility  to rotate two of the follow ing systems 

is  required:

(1) a primary electron beam

(2) an asymmetry detection apparatus floa tin g  at high 
voltage.

(3) an a lka li beam apparatus 

(k) a mercury beam apparatus.

Normally a crossed beam apparatus would made use of 

d iffe ren tia l pumping and collimating apertures fo r  the 

atomic beams involved, and so even to rotate one such 

system involves considerable d if f ic u lt ie s .  Rotating a 

detection system, which by its  nature should by fa ir ly  

large and involve voltages in the region of 100 kV (see 

Chapter 5 ), would present some considerable insulation 

problems.

In Figure U (i)  there is  a schematic diagram of an 

arrangement with the two atomic beams fixed  in  position



Figure b, . A Schematic representation o f four possible 

experimental arrangements (see text fo r  d e ta ils ).

( i i )

(iii)

( i v )



( i . e .  rotating the primary electron beam direction and the 

secondary scattered beam d irec tion ), in  which d iffe ren tia l 

pimping would be possible. This would require up to four 

separate vacuum chambers. This would be the type of system 

most analagous to a single scattering experiment. This 

scheme would allow recycling of the a lk a li and of the mercury 

extending the maximum possible duration of a single run.

A further advantage o f this method is  that before and a fter 

the mercury scattering, space would not be a lim itation  

regarding the use o f electron lenses to f i l t e r  out 

in e la s tica lly  scattered electrons and to focus the 

electron beam. However, these advantages do not outweigh 

the disadvantages o f rotating the Mott analyser (Some of 

these problems would be overcome i f  instead o f high 

energy Mott scattering, the analysing method was low 

energy Mott scattering (see section 2 .2 )).

Figure U ( i i )  illu stra tes  another variant, which would 

be to f i x  the Mott analyser d irection  as well as those of 

both the atomic beams, and include an additional detector, 

which aid not employ scattering a fte r  the a lka li scattering. 

This would allow continuous monitoring of the polarisation 

of the primary scattered beam, but would not permit the 

angular variation of the polarisation of the secondary 

scattered beam to be determined.

Another method is  to f ix  the potassium beam axis and 

the Mott scattering assembly, while the mercury beam system 

rotates around the a lka li beam. There are two alternatives 

with th is scheme. The f i r s t  (see Figure h ( i i$ )  would have 

the primary electron beam making a fixed  angle with the
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TABLE 2 SUMMARY OF POSSIBLE SCATTERIKG ARRANGEMENTS

Method Rotate
Primary
Electron
Beam

Rotate
Mercury
Oven

Rotate
Potassium
Oven

Rotate
Mott
Analyser

Spin
Analysis of 
Secondary 
Scattered 
Beam

1 Yes No No Yes Yes

2 Yes No No No No

3 No* Yes No No Yes

U Yes Yes No No Yes

requires a separate experiment to determine polarisation 

o f primary Beam.

primary scattered beam, whose polarisation would have been 

previously determined by an additional independent 

experiment. This would not use the actual double scattering 

conditions fo r  the polarisation determination, but the 

mechanical problems would be considerably sim plified . The 

second alternative (see figure U (iv ))  is  to be able to 

rotate the electron beam independently of the second 

rotation . This would require two independent rotations, 

one operating inside the other.

These last two methods have the disadvantage that the 

potassium scattering must take place in  the same chamber 

in which the mercury beam is  operating. The mercury 

background would need to be kept as low as possible, and 

the potassium beam mignt require to be chopped, with phase
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sensitive detection being used fo r  the doubly scattering 

signa l. The mercury system could not be recycled or have 

much done in  the way o f collimation without increasing 

the d if f ic u lt ie s .

These four methods are shown schematically in figure k  

and are summerised in table 2. There are or course, several 

further variants from these four methods, e .g . as regards 

the necessity of d iffe ren tia l pumping.

Method 4 was the basic design f in a lly  chosen. Just 

what is  involved in this decision can be seen in Table 3.

4.2 Vacuum system

A system of three vacuum chambers is  used, (see 

plate 1 ). There is  a large chamber which houses the double 

turntable arrangement. O ffset from the centre of the large 

turntable is  the mercury system, with the electron gun 

mounted on a small turntable. The a lka li oven is  contained 

in  a second chamber with the beam direction coinciding 

with the axis of rotation of the large turntable. The Mott 

scattering is  done in a third chamber. The electron 

scattering plane is  para lle l to the turntables.

The main scattering chamber is in the shape o f a 

cuboid with inner dimensions of 900 mm x 900 mm x 300 mm.

One of the rectangular sides can be completely removed, 

forming a large flange on which the turntable support is 

mounted. The scattering plane is aligned with the median 

plane o f the chamber. There is  a NW350 flange on each of 

the large faces o f the chamber, and smaller flanges on 

the others.

The a lka li oven chamber is  a cylinder o f diameter 330 mm
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TABLE 3 ADVANTAGES AND DISADVANTAGES Of THE CHOSEN 
EXPERIMENTAL SCHEME

ADVANTAGES

(1) Mott analyser fixed  in position lessens insulation 
problems.

(2) A lka li beam fixed  in position.

(a ) allows d iffe ren tia l pumping o f a lk a li

(b) can produce well collimated beam

(c ) can recycle a lka li

(3) Primary scattered beam can have its  polarisation 
measured d irec tly .

(U) Space available fo r  e f fic ie n t  f i l t e r in g ,  collimating 
and focusing lens system between a lkali interaction 
region and Mott scattering chamber.

(5) Needs only three vacuum systems.

DISADVANTAGES

(1) Mercury system rotating

(a ) d i f f ic u lt  to recycle

(b) d i f f ic u lt  to collimate

(c ) cannot d iffe re n tia lly  pump

(2) «/ill require e ff ic ie n t  mercury collector which 
must also rota te , or be very large.

(3) Due to mercury background, w ill require to chop 
a lka li beam and use phase sensitive detection.

(U) Require one rotation inside and independent o f a 
a second rotation .

(5) Lack of space for primary electron beam focusing 
and collim ating.

(6) Lack of space far f i l t e r in g  lens system between 
mercury and a lka li interaction regions.

(7) One o f the vacuum systems must be large to help 
compensate fo r  (5) and (6) above.

A





by 600 mm long. This chamber can be d irec tly  connected 

to the main scattering chamber by the NW350 end flanges.

Both this chamber and the main scattering chamber were 

manufactured from non-magnetic stainless stee l (type EN58J) 

since with low electron energies any stray magnetic fie ld s  

can play havoc with the electron tra jec to r ies .

The Mott scattering chamber is  manufactured from an 

aluminium a llo y  with an aluminium lin e r . I t  is  a cylinder 

350 mm in diameter x 350 mm long and is  pumped out via 

the main scattering chamber.

The main scattering dauber is pumped with an Edwards 

9M3A 9" mercury diffusion  pump which with liqu id  nitrogen 

trap and refrigerated  b a ffle  gives a pumping speed of 

U00 l/sec. A similar pumping arrangement is  used far the 

a lka li oven chamber, except that an Edwards 12M3, 12" 

mercury d iffu sion  pump is  used, resulting in a pumping 

speed of 750 l/ sec .*

Both systems can be closed o f f  from their respective 

pumping systems using pneumatically operated gate valves, 

manufactured from non-magnetic stainless s tee l, A ll flanges 

are designed with plain sealing surfaces to the DIN standard 

fo r  NW flanges. Viton 'O' ring gaskets are used throughout.

The la d in g  lines have either stainless steel or mercury 

protected a lloy  components and are both pumped through a 

zeo lite  trap by a Baizers two stage rotary pump. There is  

also an electro-magnetic iso la tin g  valve in the common part 

o f the backing lin e .

The vacuum chambers are supported on a welded duraluminium 

framework with the d iffusion  pumps hanging from the chambers.

* The large pumping speeds are used because one of the
orig ina l suggestions had been to do the, experiment with an atomic hydrogen beam, rather than an a lk a li beam.
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The whole assembly is  manufactured from non-magnetic 

components.

The large end flange could be bolted to  a tro lle y  and 

the flange, support p la te , turntable and a l l  components can 

then be wheeled along the framework, t i l l  a l l  the components 

are eas ily  reached. Positive location o f the flange is  

obtained by means o f two tapered dowel pins located at the 

top and the bottom o f the flange,

U.3 The Large Turntable.

The diameter of the large turntable is  670 mm and i t  

is  recessed on one side to reduce its  weight. I t  is  

supported at sixteen points on its  tapered circumference 

by means o f 1" tapered bearings mounted on eccentric bolts 

(see iigure 5 ). The eccentric bolts permit sligh t radial 

adjustment of the turntable.

The turntable is  rotated using a two-wire drive 

arrangement coupled to a system of gears, which are turned 

using a Vacuum Generators vacuum rotary feedthrough. The 

wire drive l ie s  in a channel cut in the circumference of the 

turntable, and is  anchored on the turntable and on a cable 

drum. The gears have a reduction ra tio  o f 120:1, and use a 

phosphor bronze gear with a stainless s tee l worm to decrease 

fr ic t io n  when under vacuum. Slack on the wire is  taken up 

by means of a small pulley at the anchor point.

The rotary feed-through is calibrated in  5° intervals 

but, in addition, a scale was inscribed in  degrees on the

circumference o f the turntable. This scale . is  v is ib le  through
aj.ts- has

a glass window on the large flange, and can be read to -  0.2°
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toy use o f a reference lin e  on the support p la te . The 

turntatole is  capatole of rotating through s ligh tly  more 

than -  180° from zero degree position. Due to problems 

with fr ic t io n  in  the small turntatole drive system the 

angular motion of the large turntable is  restr ic ted  to 

*  50°. This turntatole, a l l  the lens elements, and a l l  

components mounted on i t ,  are manufactured from Firth 

Vickers Immaculate V stain less s tee l.

U.U The Small Turntatole.

This turntatole has a diameter o f 1U5 mm and 1b located 

210 mm off-centre from the large turntatole. I t  is  supported 

toy means of a large number of b" stainless stee l b a ll 

bearings held in a channel toy a clamp ring.

This turntatole is  also driven toy a two wire arrangement 

coupled to a similar system of gears, as the large turntatole. 

With th is turntatole the wire has to toe enclosed in  a wire 

c o il sleeving. This outer sleeving defines the length of 

pulley wire required, being anchored near the turntable on 

the gear support" and is  flex ib le  enough to pass round a 

cable drum. As the large turntatole revolves this outer 

winds i t s e l f  up on the drum, s t i l l  permitting the inner wire 

to move and turn the small turntatole. As the large turntatole 

is  rotated in the opposite direction, the outer sleeving 

unwinds it s e ir .  The small turntable can toe turned at a l l  

positions of the large turntatole through an angle of more 

than i  180° ( i  11+0° when the other components are in place) 

from an in line position .

*Tensicn of the inner cable could toe adjusted using screw 
adjusters on the terminal points o f the outer sleeving.
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With this drive i t  was found that fr ic t io n  in the 

gears (between the stain less steel worm and the phosphor- 

bronze gear) was great enough to cause them to seize up. 

Several dry lubricants were tried  unsuccessfully before 

Santovac 5, a very low vapour pressure o i l  used on diffusion 

pumps, was used and found to be completely successful at 

removing trouble from th is source.

The angular setting o f the turntable is  determined 

by using a potentiometer wire set into an annulus o f PTFE, 

which is  located around the small turntable on the mercury 

b o ile r  side o f the large turntable. A beryllium copper 

s lid er , attached to the small turntable, shorts the 

potentiometer to earth at this point. The resistance of 

e ither end of the potentiometer wire to earth is  a measure 

o f the angular setting of the small turntable.

i+.5 The Electron Qun.

The space available fo r  this grin is  a compromise 

reached between, the electron gun, the f i l t e r  lens, and 

the physical sizes o f the large turntable and the main 

scattering chamber. These constraints mean that the 

overa ll size o f the gun must be as small as possible.

On the other hand the maximum current possible is  required, 

since this is a double scattering experiment.

One v/ay o f trying to maximise the scattered current is 

to  u t ilis e  as much o f the mercury beam as is  possible. An 

electron gun which is  rec tilin ea r rather than cylindrical 

w i l l  allow some increase which does not run into space

a
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problems since there is  more space available in th is 

dimension.

Kuyatt & Simpson (1963 A) discuss low voltage electron 

guns using a multi-staging princip le, which because of 

their extended size cannot be considered as contenders in 

the present experiment. In another paper Simpson & Kuyatt 

(1963 B) deal with.the lim itations on beam density of 

unipotential guns. They obtain tine following expression 

rela ting the cathode temperature T (in  °K ), the electron 

convergence angle at the anode, ©2, and angle, i  , . 

characterising the dimensions of the gun and the electron 

energy, E.

This inequality must be sa tis fied  fo r  saturation of the 

space. In figure 6 the equality represented by equation (4.1)

is  shown aB the line I/ Imov = 1. Other lines p a ra lle l to111 a. a
this line represent currents less than I  . The perveancemax
defined as I/V, is  represented by the lines sloping 

upward to the r igh t. Consequently regions of in terest l ie  

above the appropriate current ra tio  line and to the right of 

the microperveance l in e .  I t  can be seen that with a 

microperveanct of unity, that no space can be saturated with 

an anode voltage of less than 220 V, and that fa* 10 V, the 

most that can be expected is 25;̂  saturation, with a 

convergeance angle o f 18°, and a current of about 20 [¡A, 

Although the useful range o f a unipotential electron 

gun is  usually considered to be at high energies, i t  can be

11,600
T

f  (30 sin* (&2) (4.1)
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Figure 6. Graph o f current versus voltage showing
regions accessible to guns capable o f saturating
a given space with I  „  .max.

usefu lly employed i f  the angular divergence is  not too 

large. The divergence angle becomes much less c r it ic a l 

as the size o f the aperture increases.

Pierce (19b0) has established the shapes of electrodes 

such that p a ra lle l electron flow , satis fying Poisson's 

equation, can exist under space charge lim iting  conditions, 

adjacent to a charge free region. There is  s t i l l  o f course 

the e ffe c t  o f the lens (divergent) formed by the anode s l i t .

The design chosen was to use a rec tilin ea r  Pierce 

electrode system with the breadth of the s l i t  only ha lf 

o f i t s  length, Using this arrangement, the appropriate 

Pierce electrode design was used fo r  both transverse
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directions of the electrodes. Usually the breadth o f the 

s l i t  is  very much less than its  length, however, the greater 

width is  used to minimise the e ffe c t  of any divergency as 

described above. Since the mercury beam w i l l  have a 

diameter of about h cm., this u tilisa tio n  o f a greater 

proportion* o f the electron beam gives a greater scattered 

in tensity, provided that the lens system can s t i l l  co llect 

the appropriately scattered electrons.

In order to help overcome the aperture defocusing a 

third element is  included. This has the e ffe c t  of producing 

a cylinder type converging lens, which is  o f s ligh tly  greater 

foca l length than the aperture lens. This should result in 

a focus at the centre of the interaction region in the 

absence of space charge dominated conditions. The overall 

design of the electron gun can be seen from Figure 5.

The gun is positioned on a tripod arrangement which 

permits s ligh t variation in distance from the mercury beam 

centre. The wires associated with the gun are clamped between 

the gun and support table and pass through the aperture in 

the turntable through which the mercury nozzle protrudes.

The cathode used is  an oxide cathode of area 5 mm x 

18 mm from a mullard PLj>6 pentode va lve. A fine tungsten 

mesh of 93l,o optical transmission is  used at the ex it 

aperture am at the front of the anode. The best operating 

conditions were found when the anode is operated at about 

80fr o f the fin a l potentia l.

*The large angular acceptance that is  implied here is  
acceptable since, fo r  an intense source of polarised 
electrons, i t  is the gross shape of that electron 
polarisation which is  under investigation and w il l  be 
used, and not very sharp structure with a resultant 
decrease in to ta l intensity.
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A disadvantage of any "simple" electron gun is that 

i f  i t  is  required to a lte r  the emission current, e .g . to 

check the lin ea r ity  of scattered signal to primary current, 

then the electron beam properties may be a ltered . By 

varying any intermediate potentials the focusing 

properties of the beam may change, a lte rn a tive ly  i f  the 

heater current is  adjusted then the temperature of the 

cathode can produce variations of the contact potential 

between the electron beam and the cathode,

i*,6 The Electron C ollector,

Any background electrons present in  the main 

scattering chamber must be reduced to a minimum. To 

rea lise  a low electron background, an e ff ic ie n t  co llector 

of the primary beam is  essen tia l. Since the co llector must 

be opposite the electron gun at a l l  times, the method used 

is  to  completely surround the mercury interaction region 

with a cylinder, inside of which the electron gun can 

ro ta te , (see Plate 2 ). This cylinder forms the co llector 

and end caps are used to p a rtia lly  enclose the ends,

A grid was used in front of the co llec tor to avoid 

secondary electrons re-entering the scattering region.

This was la ter removed because o f problems experienced 

with a discharge taking place.

The end cap near the turntable has an 8 cm circular 

aperture cut in  i t  allowing the mercury nozzle to protrude 

and the electron gun connections to pass through. The 

mercury b o ile r  and co llector are insulated from the turntable



Plate 2 View oi' the Electron Gun and the 

Mercury Interaction Region.
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so that the interaction energy can he biased with respect 

to earth.

The end cap at the opposite end contains an aperture 

shaped so as to f i t  the mercury condenser, and has a system 

o f three e le c tr ic a lly  insulated grids across th is aperture. 

The central grid  is  biased the same as the cathode to 

prevent the electrons escaping in to the main scattering 

chamber. The other two grids are biased such as to present 

a f ie ld  free  interaction region and a grounded screen 

externally . The passage of mercury vapour was almost 

unaffected due to the high transmission tungsten gauze 

used.

h.7 The Mercury F ilte r  Lens System.

The purpose of th is lens is  to remove electrons 

suffering in e lastic  co llis ion s from the mercury ( and any 

secondary electrons finding their way into the lens system ) .  

I t  also images the interaction region at the centre o f the 

scattering chamber with a magnification of less  than unity. 

Five element f i l t e r  lenses such as have been described in 

the lite ra tu re  ( V/ilmers, Haug & Deichsel, 1969, and Simpson 

and Marton, 1961) are excellent where good energy resolution 

and a small angular acceptance is  required. Because of the 

lack of available space, and the fact that a fa ir ly  large 

angular acceptance is  desirable, this type o f lens is  not 

the most su itable. Another system, which has larger 

acceptance angles, is  a three element lens, which operates 

with the central element providing the c u t-o ff.  The only
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way to vary the focuBing for d ifferen t energies with this 

type o f lens, is  by varying the re la tive  physical dimensions 

o f the lens elements since the potentials are a l l  fixed  

(outer elements at interaction potential with the inner 

element near the cathode po ten tia l).

The chosen system was a four element system ( see Figure 

5 ) where the outer two are fixed  at the interaction potentials 

the second element is  near the cathode potential, and the 

th ird  element is  available fo r  focusing the image on the 

in teraction  region. The f i r s t  lens element and the entrance 

aperture to lens element no, 2 is  covered with a fine 

tungsten gauze, whose mesh size is  smaller than the spacing 

between those elements. This ensures that the function 

o f the f i r s t  element only provides a f ie ld  free interaction 

region, and does not influence the electron tra jectories .

The e x it  o f element no.2 and the entrance of element no.3 

along with the e x it  o f element no. 3 and the fin a l lens 

element forms two f ie ld  lenses, which produce a focused 

beam on the a lka li interaction region.

The cylinder part of the co llector and the lens 

elements are surrounded by a grounded tungsten mesh to 

eliminate any stray e le c tr ic  fie ld s  near the alkali 

scattering region.

U.8 The Alkali F ilte r  Lens and In jector System.

Here, because of the much smaller interaction region 

( i . e .  a lka li beam diameter), and because a good angular 

and energy resolution is  required, the lim iting apertures

M
£
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are very much smaller, (see Figure 7 ). The f i r s t  element* 

o f the lens serves so as to lim it the scattering region 

forming an ob ject. The electrons forming this object are 

then accelerated by the second element to about th irty  

times the scattering energy. The beam then passes through 

a f ie ld  lens, which forms a w ell focused beam niiich can 

then be used to producer p a ra lle l beam at the entrance 

aperture of the f i l t e r  lens, by means of a variable ratio  

lens.

The f i l t e r  lens i t s e l f  (not shown in  Figure 7) is  of 

the type described by Simpson & Marton (1961), which 

consists of two Soa type immersion lens mounted back to 

back. The potentia l and size o f the central aperture of the 

f i l t e r  lens defines the actual energy resolution of the lenst 

A: para lle l beam i f  formed on the last aperture o f this 

lens and is  accelerated and then focused by a further f ie ld  

lens. The beam can then be deflected using a set of 

quadropole de flec tion  plates (not shown in Figure 7) before 

being further accelerated for in jection  into the Mott 

accelerator.

During the polarisation measurements the f i l t e r  lens 

was replaced by a p la in  cylinder allowing greater intensities 

through to the Mott analyser since energy discrimination 

is  not required at th is stage. The deflector quadropole

*This element has a front rectangular s l i t  with a circular 
aperture, o f the same area as the s l i t ,  which can readily 
be replaced by a larger or smaller aperture i f  desired.

+
The retarding plane aperture can be read ily  exchanged by 
one o f a d iffe ren t diameter.

4Jt
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was also removed a fte r  I t  had been shown to he unnecessary.

Host cf the lens system is  enclosed In a grounded 

shield since background electrons were found to be 

penetrating the gaps between the elements, and reaching 

the Uott scattering chamber. The lens elements are clamped 

on to two long ceramic rods forming an optical bench.

An earthed cylinder of UO mm diameter, manufactured 

from fine tungsten gauze, is  placed between the two lens 

systems. This eliminates any stray e le c tr ic  f ie ld s  which 

may be present and avoids any e lectrosta tic  deflection  of 

the beam when passing between the two systems.

U.9 The Mercury Oven, (see figure 5 ).

Because collimators cannot be UBed* and i t  is  necessary 

to maintain a low background pressure in the main scattering 

chamber, tie mercury oven is  placed as close as possible 

to  the interaction region in  order to obtain the greatest 

mercury density. This is  achieved by having the mercury 

oven situated on the large turntable, with the nozzle 

protruding through the aperture in the small turntable.

Because of the rotation  o f the mercury source, i t  is  

essential that the mercury bo ile r  be rotationa lly  symmetric 

about the nozzle axis. I t  can be seen that the body has the 

form o f a cylinder with twelve immersion type heaters 

arranged near the circumference, equally spaced around i t .  

(Benson, 1970). When the system is  rotated a minimum amount

*Any collimator used, i f  not cooled, would lead to an 
increase in background pressure o f the main scattering 
chamber, and i f  cooled, apart from problems o f clogging, 
would be d if f ic u lt  to arrange in practice due to the 
required rotation o f the coolant supply.
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of time is  required before equilibrium is reached.

The temperature of the mercury is  obtained from 

chromel-alumel thermocouples, of which there are s ix  

equally spaced around the b o ile r .  As the b o ile r  is  rotated 

the thermocouple which is  nearest the lowest point, i . e .  

the one which is  adjacent to the liqu id  mercury le v e l,  is  

used fo r  control purposes. A l l  the thermocouples are of 

comparable lengths to minimise any differences between them.

Provision is  made fo r  heating to be applied to the 

nozzle region but i t  has not been found necessary. The 

nozzle being in  a ve rtica l plane does not clog up at a l l  

with mercury droplets due to the high angle of contact of 

mercury with stainless s te e l.

The nozzle used at f i r s t  was a laval nozzle, but since 

the optimum mercury density was reached before supersonic 

conditions prevailed, the resu lt was to decrease the beam 

density by e ffe c t iv e ly  moving the aperture further from the 

in teraction  region. This la va l nozzle was seen to give 

e rra tic  beam behaviour at times, possibly caused by mercury 

droplets near the throat of the nozzle, but i t  never clogged 

up completely.

The nozzle being used at present was eas ily  

interchangeable,being sealed to the oven using a copper 

gasket and a knife edge on the oven. I t  had an aperture of

1.6 m  diameter.

Heating was done using molybdenum wire inside four way 

ceramic tubing which f i t t e d  inside the immersion tubes.

The wire was wound such that the windings were b i f i la r  in 

nature. An AC current of about 1 .5 A was used to heat the

A
i



b o ile r  to a temperature of about 120 -  130° C. The power 

input was typ ica lly  30 watts. The oven was mounted on 

four stain less steel rods which sat in  PTFE support 

spacers in  the large turntable, to minimise heat losses 

from i t  by conduction. The PTPE also served to act as an 

e le c tr ic a l insulator allowing the oven to be biased such as 

to provide a f ie ld  free interaction region.

The large mass o f mercury which the oven can hold 

(more than 8 kg) ensures that tie  main heat reservo ir is  

the mercury i t s e l f  and not the oven body. This assists 

in ensuring that equilibrium conditions are rapidly attained 

a fte r  rota tion  of the polarised electron source about the 

a lka li beam axis. I t  also allows long periods of 

continuous running without requiring the system to be 

opened and the oven r e f i l le d .  This is  of advantage on 

health sa fety  grounds apart from the longer integration 

times possib le.

U.10 The Mercury C ollector.

Although the mercury b o ile r has to rotate, i t  is  

very muon easier i f  the mercury co llector is  stationary.

The co llec to r  is  a circular copper annulus, shaped so as to 

trap any mercury atoms incident on i t ,  even i f  they undergo 

a few re fle c tion s . I t  is  cooled to less than -  170°C by 

liqu id  nitrogen passing through pipes brazed on to the rear. 

To maintain this temperature the liqu id  nitrogen flows for 

spells o f f i ft e e n  minutes in every ha lf hour. The flow of 

liqu id  nitrogen is  lim ited by the back pressure caused by
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the e x it  pipe, and less than one gallon per hour is  required. 

Because o f the a b il ity  o f mercury to amalgamate with copper, 

the complete assembly was plated with n ickel by a chemical 

deposition method. This was particu larly  important with 

the brazing.

The co llector is  supported by a long (£n) stainless s tee l 

rod, from the turntable support p la te, and at the large 

flan ge. The vacuum seal is  provided by a viton 'O' ring 

against a stainless stee l pipe which was brazed on to the 

copper pipe inside the system. Heat gains are restricted  

because of the poor thermal conduction properties o f the 

stain less s tee l.

The pressure in the main chamber with the mercury beam 

on is  about 5 x 10-  ̂ to rr , which is  about double that when 

the mercury oven is  at room temperature. The mercury 

co llec to r is  kept cold continuously whenever tte system 

was under vacuum. This avoids mercury condensing out 

elsewhere, producing e le c tr ica l short c ircu its .

Tftien the system was being opened up, compressed a ir 

was passed through the cooling pipes, to  raise the co llec tor 

temperature to near that of the room, to avoid water vapour 

condensing on i t .  The mercury then collected  in a tray 

beneath the condenser.

4.11 Temperature Controller io r the Mercury B o ile r .

A thermocouple controlled thyristor unit is  used to 

regulate the power fo r  the mercury b o ile r  heaters. The 

temperature setting is  repeatable to within 0.05°C and is
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stable to *  0.10°C or b etter. The temperature bandwidth 

ia  adjusted by means o f a sen s itiv ity  control and a time 

constant con tro l.

1*.12 The Helmholtz C o ils .

A magnetic f ie ld  free region is  necessary in the 

centre o f the main scattering chamber in  order not to 

perturb the electron beam.

The magnetic f ie ld  present is  primarily due to the 

earth 's magnetic f ie ld ,  but is  influenced by the mild 

stee l g irders and e le c tr ica l trunking e tc ., o f the building. 

The vacuum chambers, components inside the system and 

framework whicn are made of non-magnetic materials 

ensures that any perturbations from the apparatus i t s e l f  

are small. The f ie ld  present amounts to about kOO mgauss 

which is  reduced to 35 m illigauss, or less, over the region 

traversed by the low energy electron beam, and to less 

than 1 m illigauss in the centre o f the main scattering 

chamber, by the use o f a system o f helmholtz co ils  described 

below. There remains an uncompensated AC f ie ld  at the 

centre o f 0.75 milligausa.

Tie larger the system of c o ils  the greater is  the 

region or cancellation, but uue to the experimental 

arrangement severe constraints were placed on the actual 

sizes which could be used. The scale of the experiment, 

requiring the use o f a three chamber vacuum system, one of 

which is  floa ted  at 100 kV., means that the co ils  are small,
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giving fa ir ly  poor f ie ld  elimination, or very large 

( i . e .  dimensions comparable to that of the laboratory ).

The size of the assembly precludes useful orientation of 

the apparatus which would have allowed the elim ination o f 

one of the magnetic f ie ld  components.

A l l  co ils  were based on a system of a pa ir of square 

c o ils .  (F ires te r,1966). The across the laboratory co ils  

were rectangular 790 mm x 880 mm with separation of i^O cm, 

and had the poorest f i e ld  elim ination. The along the 

laboratory co ils  were square with dimensions of 1.8i| m 

and separation of 1 m, and provide the best f ie ld  

cancellation.

For the ve rtica l component of the magnetic f ie ld ,  

the co ils  have the form of a truncated square with the 

number o f current turns on the shifted side AB(LM) being 

reduced to ha lf that on the other three sides (see figure 8) 

To complete the current loop an auxiliary loop ABFE(LiiiQP) 

is  used where EF(PQ) is  placed on the c e ilin g  (f lo o r ) to 

obtain maximum separation from AB(li¿) and minimise i t s  

e f fe c t  at the centre. The separation of sides AE and BP 

(LP and mQ) with reduced current and d irection  away from 

the region o f in terest ensures that the e f fe c t  on the other 

components is  minimal. This design was chosen a fter 

computing tie f ie ld  along the axis fo r several d ifferen t 

c o il combinations and types.

The dimensions are as shown in figure 6. Because the 

spacing o f the c o il is  less than the size o f the main 

scattering chamber, one o f the shorter sides is  arranged
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Figure 8. Helmholtz c o il system lo r  v e r t ic a l component 
or magnetic H e ld .

so that i t  can be unplugged and removed, in order to 

allow the large llange to be taken o ft fo r  access to the 

assembly in side.

The measured f i e ld  in the scattered plane is  p lo tted  

in contour in Figure 9» for each of the three components.

Three Kepco CC 30 constant current power supplies 

are used to power the c o il system.
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CHAPTER V

THE ELECTRON SPIN ANALYSER

The theoretica l results developed in chapter 111, as 

they apply to high energy Mott scattering, are applied to the 

the design of a spin analyser , and to the resu lts which 

nay he obtained from i t .  This is  followed by a description 

o f the analyser apparatus including the associated 

e lectron ics.

5.1 MOTT SCATTERING THEORY AS APPLIED TO THE 

MEASUREMENT OF ELECTRON POLARISATION 

The intensity a fter scattering from heavy nuclei, 

o f a polarised electron beam, depends on the polar and 

azimuthal angles, © and )0, through equation (3 -  13)» 

which can be written in the form

I(©,0) = I 0(6) C 1 ♦ P S(©) co s0  J  ( 5 -  1 )

where 0  is  the angle between the nornal to the scattering 

plane* and the direction of the in it ia l  polarisation  ( th is 

is  in accordance with 0  as introduced in section 3»U(a) ) .

P is  the transverse polarisation  o f the incident electron 

bean ppri s(© )+, the Sheraan function, is  the analysing 

power o f  the scatterer. I 0(©) would be the in tensity

* The normal to the scattering plane is  defined by the 
d irection  e^ given by equation ( 3 -  10 )

+ g is  a function o f E,Z, and ©, even although only © 
is  quoted here. Here consideration is  only being given 
to the dependence of I  with 0 and 0»
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scattered through angle 9  in  the absence of polarisation .

Prom equation ( 5 - 1  )*  the electrons scattered 

such that

w il l  exh ib it the greatest sen s itiv ity  fo r  the polarisation .

Considering 0 = 0 to correspond to the "up" 

d irection  and ft = tt to  correspond to the " down " d irection , 

expressions fo r  I UJ), I down are given by

This equation, at least in  princip le , allows the 

polarisation  to be determined i f  the Sherman function is  

known in advance, and the asymmetry ra tio , R , can be 

measured. The e ffe c t  however is  masked because o f the 

presence of instrumental asymmetries, caused by d ifferences 

in  scattering angle, so lid  angle of the detectors, 

detector sen s itiv ity  etc. I f  a l l  o f these asymmetries 

are included in a factor A, then what is  actually measured 

is

COB0 = ± 1 ( 5 -  2 )

( 5 -  3 )
i o ( 1 -  P S )

so that an up- dov/n asymmetry is  given by

1 + P S

1 -  P 8
( 5 -  k  )

R = A 1 + P S 
1 -  P 8 ( 5 -  5 )
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I f  the mercury scattering angle is  changed from 6  to -© 

the polarisation  changes sign a lso . Denoting the respective 

asymmetry ratios  by R(+) and R ( - ) ,  equation ( 5-5 ) 

be come s
1 + P S

R(+) = A(+) -----------
,1 -  P S

« M  ■

resu lting in

1 + P B \2 ( 5 -  6 )
1 -  P S

From th is  equation the polarisation o f the electron 

beam can be determined i f

or, at least , is  known. Equation ( 5 - 7 ) Ì 6 va lid  i f  the 

instrumental asymmetries o f the spin analyser are iden tica l 

fo r  mercury scattering angles o f +© and -©.

5.2 EXPi.RILIx'l<TAL ARRANGELLiIJT OF THE AHALY5ER

Looking r.gain at equation ( 5 -  1 )

I(© ,E ,Z ) = I Q(ft,E,Z) + P S(6,E,Z) cosJ25 J

Maximum sen s itiv ity  for a spin analyser requires:

1) cos/0 = 1 ,  0  = 0, W

2) S(e,E,Z) = a maximum.

The f i r s t  requirement can be sa tis fied  i f  the normal to 

the plane of scattering is  arranged to l ie  along the direction 

o f the Incident beam polarisation . This means that the 

scattering plane in the spin analyser is  the same plane
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as in the spin polari sei*.

For the second requirement gold was chosen since S 

increases with increasing Z number. Gold, has been studied 

both experimentally and th eoretica lly  in deta il and the 

values o f s(©,E) are well known ( L in ,1964 ).The 

dependence o f 8 fo r  gold upon the scattering angle, ©, 

and the energy, E, is  shown in Figure 10.

I t  can be seen that increasing the energy fa r above 

100 -  120 keV doe8 not bring a large gain in the value 

fo r  S, whilst at the same time i t  compounds the associated 

e le c tr ic a l breakdown problems. Also from this figure i t  

can be seen that fo r  100keV, the maximum occurring at 

G a 120°  is  fa ir ly  broad, thus allowing the use of large 

so lid  angles fo r  the detection of the scattered electrons.

For these parameters,aid fo r  an in fin ite ly  thin f o i l ,  

the calculated value o f the Sherman function obtained by 

Lin (1964), whose resu lts overall are in  good agreement 

with the experimental resu lts, was used

S = 0.3978

Lin states that this resu lt is  accurate to within Ì1Jò (the 

corrections to be applied when using fo i ls  which have a 

f in ite  thickness w il l  be discussed la te r ) .

The Sherman function at small scattering angles fo r  an 

energy o f 100keV is  very close to zero (see Figure 10). 

Consequently fo r  detectors at © = 45°, an asymmetry ra tio  

can be measured in which A (+ )/A (-) is  the dominant factor 

(see equation 5 .5 ). This provides a useful test of how 

good A(+)/A(—) = 1 rea lly  is .
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Figure 10. The Sherman function fo r  scattering from gold 
as a function o f energy and angle.

Hie arrangement which was used may he seen in  Plate 3 . 

I t  consists of two detectors at © = 120° and two 

detectors at © = h5°. The deta ils of which w ill now he 

more fu lly  discussed.

5.3 THE MOTT SCATTERING CHAMBER.

In order to  reduce the hack-scattering from the walls
2

which is  proportional to Z , i t  was manufactured from 

aluminium and i t s  size was made fa ir ly  la rge . Aluminium 

also enhances the energy loss fo r  scattered electrons, 

allowing them to  he discriminated against from the
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e la s t ic a lly  scattered electrons.

One of the end flanges supports the four detectors 

and the gold f o i l  holder. There are two side flanges, 

on one of which is  assembled the collim ator from the 

accelerator lens system, and on the opposite one, a 

faraday cup, which is  maintained s lig h t ly  positive with 

respect to the chamber.

The scattering chamber is  supported by a duraluminium
4c

assembly resting on four high voltage ceramic insulators . 

This allows the complete chamber to f lo a t  at 100 kV 

with respect to earth.The four insulators are on a 

further duraluminium framework which could be raised or 

lowered fo r  alignment purposes. The assembly, immediately 

below the scattering chamber, can take two KIM bins with 

low voltage power supplies. A ll sharp edges on the upper 

assembly are rounded o f f ,  and on any corners where 

corona discharges were occurring, were covered with 

polythene tubing.

The mains voltage supply for the electronics is  

provided by a 1:1 o i l  f i l l e d  Universal Voltronics 

iso la ting  transformer capable of withstanding 13G kV.

The high voltage supply is  provided by a Universal

* Grateful thanks are due to the South o f Scotland 
E lec tr ic ity  Board who provided the high voltage 
insulators used in this experiment.



Voltronics 160 kV -  5 mA o i l  f i l l e d  generator. Since 

the output DC voltage o f th is generator is  d irec tly  

proportional to the input mains voltage, an Advance constant 

voltage transformer is  used on the input. This maintains 

the output voltage constant to within -  1% fo r  an input 

varia tion  of up to ¿15$.

The ripple from the supply is  quoted at 1 .5% RMS 

at fu l l  current/voltage ratings, and so the high voltage 

supply is  stable to within -  3 kV. By interpolating from 

the calculations fo r  the Sherman function (Lin 1964), 

the deviation from the quoted value is  less than 0.2%. 

Electron in tensity fluctuations do not cause trouble 

since a l l  the polarisation measurements are obtained 

from the ra tio  o f the number o f counts in  the two 

detectors.

For safety reasons the complete Mott scattering 

chamber assembly and accelerator lens is  enclosed in  a 

cage made of galvanised iron mesh, with a large perspex 

panel facing facing the e lectron ics. Some o f the electronics 

could be switched from the outside o f the perspex panel 

using tufnol rods.

Because of the d if f ic u lt ie s  involved with having 

a vacuum pumping system "floa tin g " at 100 kV above

earth poten tia l, the Mott scattering chamuer is  not 

pumped d ire c tly . The pumping is  done by the 9" mercury 

d iffu sion  pump v ia  the main scattering chamber and the 

accelerator. The pressure in  the Mott scattering 

chamber, a fte r  a few hours pumping, was roughly a factor

-  71 -



- 1 2  -

o f ten worse than in  the main scattering chamber 

g iving a base pressure of about 1O“^ to rr .

5J* THE ELECTRON ACCELERATOR

The electrons must be accelerated from the low 

voltage lens system to the required energy for the 

Mott scattering from gold.

The electron accelerator consists o f a series of 

ten aluminium d iscs, each with a 50 mm ¡6 hole in  the 

centre, alternated with glazed ceramic discs with 100 mm ¡6 

holes in the centre, manufactured by Royal Worcester 

Industrial Ceramics (see Figure 11 ) .  To increase the 

leakage path the ceramic discs have a larger outside 

diameter than the aluminium ones, and the inside diameter is  

corrugated. The aluminium discs have radiused corners to 

eliminate discharges occurring.

Vinyl acetate was used to seal the discs together 

Polyvinyl acetate powder was dissolved in  a small amount 

o f toluene to form a je l ly .  The je l ly  was then painted on 

the sealing surfaces, which were then baked fo r  a few 

hours at 100°C to drive out the toluene .The discs were 

then aligned and clamped together.The complete assembly 

was then heated to  160°C and allowed to  cool slov/ly 

over a period o f several hours to 80°C ,by which time 

the vinyl acetate had so lid ified , and the rate of cooling 

was increased.

The voltages are applied to the electrodes using 

a res is to r chain o f 10 x 10 megohm carbon resistors
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i

Y7) aluminium

figure 11, The high voltage accelerator assembly

between adjacent discs. The res istor chain was enclosed 

in  polythene tubing to prevent discharges occurring 

at the connections.

In principle the focusing properties could be 

altered by varying the number of resistors between the 

d iffe ren t d iscs, but in practice, j t  was done by using a 

separate 0 -  25 kV Miles H ivolt regulated power supply. 

This was used to maintain a voltage on the f i r s t ,  second, 

or th ird  discs, which was continuously variab le. I t



-  7k -

was found that the lin ear voltage divider was the most 

e ff ic ie n t  fo r  focusing the electron hearn on the gold f o i l ,  

as measured hy the count rates in  the detectors.

At the high energy end of the accelerator tube is  a 

series o f aluminium b a ffle  p lates, to elim inate non-axial 

electrons and s t i l l  allow a reasonable pumping speed down 

the tube. Through the centre of the b a ffle  p lates passes 

a collimator tube with a 20 mm aperture at the end. A 

further collimator tube with a 5 mm aperture could be attached 

on the end of the 20 mm collimator.

At the low energy end of the accelerator tube there 

is  a stainless steel bellows, whose function is  to allow 

s ligh t movement of the Mott scattering chamber when i t  

is  being aligned with the electron optics o f  the main system.

5 .5  MOUNTING FOR THE DETECTORS AND FOILS

Die detector mounting fo r  a l l  four detectors are 

attachedinto the end flange, and are of stain less steel 

and aluminium construction. The plane of the detector can 

be rotated about i t s  own mounting axis and small movements 

in the detector plane in any direction are possible. 

Supporting the end flange on a large turntable, a laser 

was used with a series of apertures to a lign  the detector 

positions to the required angular settings with respect 

to the gold f o i l  (centre of the scattering chamber). The 

settings obtained are as given below:

®+120= 119*6°  ®-120= 120,2°
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The detectors themselves were located inside an 

aluminium collim ating arrangement which lim its  the 

acceptance angle to  -  15° fo r  the 120°  scattering 

detectors and -  10°  fo r  the 45° scattering detectors.

D ifferent f o i l s  were placed in  a four vane shaped 

arrangement, made o f aluminium, which could he rotated 

in to  position whilst under vacuum, by a d irect rotary 

feedthrough calibrated in degrees.

5.6 THE GOLD FOIL.

The 'standard' fo i ls  used were gold fo i ls  of 

200 //.g/crn -  10% thickness as supplied by the Yissum 

Research Development Company. The fo i ls  were mounted 

on an aluminium annulus 22 mm diameter before mounting 

in  one o f the vanes of the f o i l  holder. Although the 

'standard' fo i ls  were su ffic ien tly  thick to be s e lf  

supporting a l l  the fo i ls  used fo r  the analysing power 

ca libration  of the Mott scatterer and for polarisation 

measurements were backed with formvar. This backing 

was necessary fo r  the thinner fo i ls  used in the 

ca libration , and made even the thicker fo i ls  less 

susceptible to breakage. The pulse height distribution 

fo r  electrons from unbacked and backed 'standard' fo i ls  

showed no d ifference and there was no s ign ificant change 

in the scattered in tensity.

Foils o f other thicknesses were made by vacuum 

evaporating gold on to the backing of formvar which had 

previously been mounted on to an aluminium annulus.
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5.7 THE DETECTORS.

The detectors used were of the s ilicon  surface 

harrier and the lithium d rifted  s ilicon  types, supplied 

hy Nuclear Enterprises Ltd. Experience showed that 

since these detectors were being operated in a vacuum 

system which could he contaminated with mercury vapour, 

some protection was required for the front surface of 

these detectors. This surface, a very thin gold layer, 

was lia b le  to form an amalgam with the mercury vapour, 

a lter in g  the properties o f the gold -silicon  junction.

A ll the detectors used had their gold surface coated 

with formvar (H ils & McGregor, 1973 , also see appendix U). 

This coating is  su ffic ien tly  thin so as not to seriously 

degrade the resolution o f the detectors fo r  100 keV 

electrons. In Table U can be seen tie noise performance 

o f one o f the surface barrier detectors (detector 

MSB 1017 -  300 - j ,  using a NE 5287A pre-am plifier) 

before and a fter coating with farmvar. Although 

in i t ia l ly  the noise le v e l was higher, a fter one hour i t  

was at its  orig inal le v e l.

The deta ils  of the detectors are given below.

i  120° detectors - I4.50 detectors

type Si surface barrier Li D rifted  s ilicon
2

sensitive area 300 mm

depletion depth 100, 500 /t.m

100 mm'2

500 fi m

resolution (quoted) 
keV F.7ILi 27, 60 2k, 28

operating bias 
voltage 6 200
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l t  was found that the coated surface harrier 

detectors were not able to withstand the fu l l  bias 

vo ltage without occasional breakdowns occurring. The 

operating bias voltage is  very much reduced from the 

maximum recommended, but is  always kept great enough 

to ensure fu l l  co llec tion  o f the charges produced in 

the detector.

TABLE 4 .

Values o f to ta l RMS noise from a 5287A preamplifier 

and the NSB 1017 surface barrier detector, before and 

a fte r  coating the detector with Formvar.

b ias voltage

RiiS NOISE (mV)

before coating 
with formvar

immediately 
a fter coating 
with formvar

one hour a fter 
coating with 
formvar

0 370 392 369

5 149 174 145

10 111 125 108

15 95 107 93

20 87 98 86

30 79 90 78

40 75 86 75

50 73 84 73

5.8 THE DETECTOR ELECTROI.ICS.

As can be seen from Figure 12 the electronics can 

be considered in  three stages:



-  73 -

detector 
bias supply

NE4605' light
amplifier discriminator source

deti NE4602

preamplifier

timer

I S R 3 3  -------N E4617 ——N E4613

teletype print scaler amplifier photo-diode
♦ preamplifier

Figure 12♦ Block diagram of the detection e lectron ics.

(a) from the detector to the analyser 'f lo a t in g ' at 

100 kV

(b) optical telemetry -  that part bringing the signal 

pulse from 100 kV to ground potential

(c ) the scalers and teletype at ground poten tia l.

The second stage could be omitted altogether i f  a l l  o f 

the detection electron ics could be operated at the same 

poten tia l. However, i t  is  much more convenient i f  the 

scalers are operated at ground potential, i f  fo r  instance, 

gating is  required.

5.8(a) DETECTION AND AMPLIFICATION

There is  a seperate channel fo r  each o f the detectors 

and at the high voltage end, with the exception of the
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four pream plifiers, a l l  the electronics are in two 

NIM b ins. The four pream plifiers were a l l  placed, 

adjacent to th eir vacuum feedthrough so as to minimise 

input capacitances. A l l  the electronics at ground 

potential were in  a NIM t in  with the exception of the 

photo-diodes and the pream plifiers which were mounted on 

the perspex panel of the safety cage.

When an energetic electron enters the surface 

harrier detector sensitive area i t  produces a number of 

electron hole pairs as i t  is  slowed down. By biasing the 

detector these charges are co llected , and applied to the 

NE5287A pream plifier. This preamplifier produces an 

output pulse the height of vhich depends only on the 

energy o f the incident partic le  (fo r  a 100 keV electron 

a 25 mV output pulse) .  The main capacitance degrading 

the performance of the pream plifier is  the detector 

capitanee. This combined with the noise of the 

detector results in moderate resolution (~  25 keV fwhm). 

The output pulse has a fast risetime dependent on detector 

capacitance, with a 50 ji sec decay.

TABLE 5.

Am plifier Settings fo r  Optimum Pulse Shaping

Am plifier Gain T C {j i b )

NE 1+603 

NE 4650

512

2800

0.8 (3 .D .) 1.6 (D.D.) 0.8 (INT) 

0J+

The pream plifier output pulse is  then fed to a 

NE 1+603 am plifier, which provides pulse shaping 

allowing optimisation o f the shaped output pulses.
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The setting at which the best energy resolution was 

obtained is  given in  Table 5 . 50 /i.s pole zero

cancellation takes place a fte r  the f i r s t  d iffe ren tia tion  

stage o f th is am plifier elim inating any undershoot.

The double d iffe ren tia ted  output is  used g iving an 

output pulse whose amplitude is proportional to the 

energy o f the in it ia t in g  electron . In order to 

discriminate against noise pulses and in e la s tica lly  

scattered electrons, a WE U602 single channel analyser 

is  used. When triggered the analyser produces a positive 

output pulse of 5 V amplitude and 100 ns duration.

The c ircu itry  far the U5° detectors is  very 

sim ilar but because of less detector capacitance, the 

noise le ve l was considerably lower allowing a NE 5289 

pre-am plifier to  be used, which produced an inverted 

output pulse o f 1 mV for a 100 keV electron incident in 

the detector. The main am plifier used with these 

detectors is  a nE U658 am plifier. I t  has more lim ited 

pulse shaping than the NE U603 but greater gain. The 

analysers are the same as fo r  the other detectors.

The settings fo r  the analysers were obtained by 

measuring a pulse height d istribution  f<r 100 keV 

electrons scattered from gold. Two channels were 

monitored fo r  constancy of current, while the other 

two channels had th eir ¿ E  set at 0.2 V and their lower 

threshold values incremented in  steps o f 0.4 V over the 

energy range. Such a spectrum can be seen in  figure 13 .
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The lower threshold value for the analyser was set to 

the value corresponding to the peak energy minus ha lf 

o f the FWHM and the upper value was set 5 V greater.

I t  can "be seen that the electronic noise ia  

completely discriminated against. This was also 

confirmed by switching o f f  the 100 kV accelerating 

supply and the count rate in a l l  channels wa3 observed 

to be zero.

5 .8 .(b) OPTICAL TELEMETRY.

The analyser pulses are used to modulate a fast 

lig h t emitting diode. The ligh t is transmitted to 

a fas t photo-diode at ground potential, by means of a 

6 mm 0  x  600 mm long lig h t  guide. The ligh t 

modulations are reconverted to pulses, and a fte r  

amplification and suitable shaping, drive the scalers 

d irec tly .

The Light Source. A Hewlett Packard gallium arsenic 

electroluminescent diode type HP 5082-M?0 is  used.

Tin wavelength radiated by this diode ia  strongly 

peaked at 9000 R with a FWHM of 330 R and is  emitted 

into a cone o f a ha lf angle of 35°* The r ise  time of a 

pulse is  about 100 ns. The ligh t output is  2 /rW/mA 

which is linear with fcrward current applied to  the 

diode.

The Photodiode.A Hewlett Packard s ilicon  planar

PIN photodiode type HP 5082-2|207 was used. The frequency

response extends from DC to IGHz whilst the quantum
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detection e ffic ien cy  is  constant over s ix  orders o f 

magnitude o f in ten s ity . The e ffic ien cy  is  0.¿4. /tA/vtW.

The c ircu its  used fee driving the ligh t source and 

the photo-diode preamplifier were those from Hewlett 

Packard application note 909 (with a few minor 

m odifications).

The Driving C ircuit (see Figure 1h). The lig h t emitting 

diode was placed in the co llector c ircu it of a conducting 

transistor (co llec to r  current of roughly 20 mA). When 

the analyser pulse is  applied to the "base of the 

transistor i t  serves to modulate the co llector current 

and thus the emitted lig h t. The r ise  time of the ligh t 

emitting diode is  lim ited by the minority carrier life tim e 

which is partly  compensated fo r  with the 100 pF capacitors 

in  base and emitter c ircu its . These have the e ffe c t  of 

rap id ly in jec tin g  or removing from the ligh t emitting 

junction any charge necessary to change from one stable 

state to another.

Figure 1U. Light emitting diode c ircu it
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The Photo-Diode Preamplifier Circuit (see figure 15)

In order that the overall response o f the photo-coupling 

c ircu it he determined by the light-source, the 

pre-amplifier must present a low resistance and low 

capacitance load to the photo-diode. Using 2N390U 

transistors th is is achieved, is  used as an emitter 

follower with i t s  emitter connected to the base of Qg. 

There is  no feedback multiplication c£ the base- 

co llector capacitance since its  co llec to r  is  grounded. 

The 15k res is to r provides negative feedback at base 

of Q.| from the co llector of Qg. The photo-diode is  

reverse biased with ^  being biased through the feedback 

resistor such that not a l l  emitter current passes to 

ground. The large negative feedback ensures extremely 

stable gain and the output signal is  the product of 

the photo-diode current times the 15 k feedback 

res is to r. With the arrangement above, the output pulse
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is  a positive one with amplitude about 10 -  15 mV 

depending on the overa ll sen s itiv ity  o f the complete 

sys tem.

The Main Am plifier. This is  necessary to increase the 

signal to a leve l suitable fo r  the scalers. The design 

is  that o f a broadband am plifier as used by H ils (1972) 

with minor amendments. I t  produces a negative square pulse 

o f 0.5  it, sec duration at i t s  output o f amplitude about 

1 -  2 V. Saturation occurs at about 15 mV giving a 2 V 

output.

This output was then shaped further by use o f a 

transistor switch which required a signal greater than 

about 0.5 V to operate i t .  This also allowed discrimination 

of any (noise) pulses from the preamplifiers which were 

below about 3 mV. This output pulse was a positive 

pulse of 5 V with a 0.5 Ji sec width and was then d irec tly  

connected to the sca ler.

Telemetry E ffic ien cy . To check the e ffic ien cy  of the 

photo-electrica l system, pulses from a pulse generator 

(EE h605) were applied to a preamplifier and then as normal 

to an am plifier. The output pulses from the am plifier 

were fed to two separate single channel analysers. The 

positive output from the analyser was used to drive the 

lig h t emitting diode and the pulses counted in the usual 

way. The positive output from the other analyser was 

used to drive a scaler d irec tly , Both scalers could be 

started and stopped simultaneously. Each channel was 

checked out separately, from count rates of 10 per sec. 

to 10  ̂ per sec. and the readings were identical for a l l

frequencies
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5 .8 (c ) DATA ACQUISITION SYSTEM.

There are four scalers and one timer arranged such 

that they a ll  start, stop and are reset simultaneously.

The timer can he preset fo r a fix ed  time in terva l, or 

any o f the scalers can he set fo r  a preset to ta l count, 

at which moment a l l  are gated o f f .  They are then 

interrogated in turn hy a prin t control unit which 

prints out the to ta l counts in each channel on a ISR33 

te le type. When a l l  fiv e  units have been interrogated, 

the units are reset and the cycle recommences. The results 

are also punched cut on paper tape fo r  analysis hy 

computer.
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CHAPTER VI 

CALIBRATION METHODS

Before the Mott analyser can "be used, i t  is  

necessary fo r  i t  to he calibrated. This requires 

knowledge o f the e ffe c t  which multiple and plural 

scattering and other background e ffe c ts  have on 

the scattering asymmetries. This entailed an 

extrapolation procedure fo r  fo i ls  of d iffe ren t 

thicknesses.

At the mercury scattering the correspondence 

between the angular setting of the electron beam and 

the resistance of the potentiometer is  determined.

The interaction energy at this stage is  also 

evaluated by investigating the potential at which 

resonance e ffe c ts  occur.

Approximate values far the mercury beam density 

in  the interaction region are also calculated here.

6.1 OPTIMUM tkickhess for gold f o il .

As the f o i l  increases in thickness, in it ia l ly  the 

count rate increases about lin early  but eventually 

decreases due to plural scattering. An optimum must 

ex is t beyond which the uncertainty of the resultant 

polarisation measurements increases. Van Klinken (1566) 

found thj variation  in  <r(5)/6 fo r  several f o i l  

thicknesses and for several electron energies, where S 

is  the asymmetry function (see equation 5.U) and <r(6) 

is  the standard deviation in 6 . For electron energies
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of 107 keV, he used a f o i l  thickness o f 225 /¿g/cm̂

6.2. THE GOLD FOIL THICKNESS.

The thickness o f the f o i l s  could be estimated by 

holding them in front o f a lig h t source and comparing 

their re la tive  ligh t transmissions as observed by eye.

A more quantitative method was to compare the transmission, 

or more correctly  the scattering o f an electron beam 

incident on the fo i ls

The method used was to  mount four gold fo i ls  in 

the Mott scattering chamber in the normal way. The 

number of electrons scattered into the detectors in a 

period of 10 seconds was noted and a new f o i l  was 

rotated into position and the operation repeated until 

each f o i l  had been in p os ition .+ The number of 

electrons counted in both 120° detectors were suiumed 

and likewise for the U5° detectors. This ensured that 

any polarisation e ffec ts  were removed. The thickness 

was determined rela tive  to a 'standard' f o i l ,  which was 

always included, by comparing the number of electrons 

scattered by each f o i l ,  through ©,- in each cycle.

These quantities were then averaged over a l l  the cycle6 

performed.

This method for determining re la tive  thicknesses 

which assumes a linear relationship between a and t is

•
Any obvious faults such as pinholes or non-uniform 
thickness could be seen and those fo i ls  were rejected 
at this stage.

The cycle was then repeated several times (up to ten) 
resulting in intensity fluctuations being restricted  to 
those occurring within one cycle which normally lasted 
about one minute.

A
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only va lid  fo r  very thin fo i ls  otiierwise multiple 

scattering can e ffe c t  the results obtained. Using h5° 

scattering as well as 120° scattering is  useful as a 

check on this e ffe c t  since the U5° value should he more 

sensitive to multiple scattering. However, although 

a discrepancy ( 13fr fo r  the thinnest f o i l s )  did ex is t 

i t  could not he explained hy plural scattering. An 

average of the two values so obtained was used.

This operation was done using both a polarised 

electron beam, produced by scattering from a mercury 

beam, and with an unpolarised beam.

I t  was also repeated with the discriminator 

settings set much lower than the e las tic  scattering 

lim it in  order that in e la s tica lly  scattered electrons 

would also be included in the measurements.

The same method was used fo r  electrons incident 

on the gold f o i ls  with energies of 100 keV and 120 keV.

In each o f the above checks the values were in 

very good agreement with each other.

6.3 DETERMINATION OF THE SHERMAN FUNCTION.

Although the values of the Sherman function have 

been derived th eoretica lly  and are in good agreement 

with experimentally derived values, these values are of 

no use as they stand. They apply fo r  the case o f single 

scattering with no background e ffe c ts . In practice, 

multiple scattering which depends c r it ic a lly  on the 

scattering geometry occurs. Multiple scattering can
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be eliminated by an extrapolation to zero f o i l  thickness. 

I f  thin fo i ls  are used a lin ear extrapolation exists 

and a p lot of (PS)“ 5 against the f o i l  thickness gives 

the best lin ea r ity .

Polarised electrons o f unknown polarisation were 

produced by scattering the primary electron beam from 

the mercury beam in  a region where a maximum asymmetry 

had been observed (95° scattering angle fo r  13 eV
1

electrons). The asymmetry value, and hence (PS)“ 5 was 

determined in  the usual way, from the ra tio  in the 

number o f counts in  the 120° detectors as given by 

equation (5 .3 ) fo r each of four fo i ls  whose thickness had 

been evaluated previously.

Since the s ta tis t ic a l errors in  the asymmetry 

values were considerably I csb than the averaging errors 

of the thickness o f the f o i l s ,  the former were 

disregarded in a least squares f i t  fo r  the best 

straight line (see figure 16) .

This best f i t  straight line sa tis fied

t  = a + b (PS)"5

where a = U.08 -  0.13

b = 1.96 ± 0.06

which gives (pscr* = 2.09 -  0.09

This results in S = (-0.259 - 0.022)

as the Sherman function fo r  the 's tandard 'fo il.

The process was repeated fo r  another polarisation state 

o f the incident electron beam, the scattering angle being 

90° fo r  11 eV electrons. The value predicted fo r  the



Sherman function fo r  the 'standard' f o i l  was -  

S = -0.239 -  0.030 

These two values were averaged giving 

S = 0.25 -  0.02

aB the value fo r  the Sherman function of the 'standard' 

f o i l .  The same 'standard' f o i l  was used in  a l l  the 

polarisation  runs and at no time did i t  show any sign 

o f damage due to irrad ia tion .

I t  is  worthwhile noting that the uncertainty in  

the 'standard' f o i l  thickness of -  10fr does not enter 

into the above determination of S (t ) which is  concerned 

with an extrapolation o f re la tive  thicknesses only.

6.L. DETERMINATION OF ANGULAR SETTINGS.

The angular position o f the electron gun on the 

small turntable is  referred to the straight through 

position , and is  measured by means o f the resistance 

between a fixed  point and a slid ing contact on a 

potentiometer w ire, (see section h .h ).

The potentiometer wire was taken from a ten turn, 

model A, Beckman H elipot. The resistance o f the helipot 

was 100 kilohms with a linear tolerance o f -  0.25fr. The 

to ta l resistance, when cold, of the part o f the 

potentiometer used was 36*^8 - 0.02 kilohms. Using 

the calibration  marks in i t s  PTFE mounting at 60° 

in terva ls , any lack o f lin ea r ity  was checked fo r , and 

a ca libration  value, p ,  was obtained in reduced units
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of resistance, R (m eas.)/R (total).

P  = 300.75 - 2% Deg/unit.

Reduced units o f resistance are necessary because when 

in. situ the potentiometer wire experiences radiation 

heating from the mercury b o ile r . The to ta l resistance, 

Rj, was then measured as well as the resistance 

to the s lid ing contact, RB, and the angle with respect 

to either end of the wire could then be determined.

Although the method above provides a scale 

calibration, i t  does not relate to the angle which the 

electron gun makes with the lens system. Using the sum 

of the counts in the U5° detectors and scanning the 

electron gun about the straight through position, 

the zero degree position was obtained from the line 

of symmetry when the count rate was plotted against 

resistance Rfi.

Another method used was to look for the symmetry 

between minimum in the scattered in tensity at both 

positive and negative scattering angles. This was done 

for the minima appearing around 60° angle of scattering 

for the incident energies of 13.1 eV and 15.1 eV. Good 

agreement was found between both these methods.

The e ffe c t 01’ any non-linearity in the resistance 

values caused by uneven heating o f the potentiometer 

wire is  considered to be small since the resistance wire 

i t s e l f  is  wound on a 3 mm diameter copper w ire. The 

to ta l change in resistance corresponds to an increase 

of 1.3%.

From the errorB in the methods above, the fin a l



-  92 -

calibration  in  the angular position  of the electron

The rate of effusion from the oven into a vacuum 

can he obtained from k inetic theory and is  governed by

where dQ is  the number of molecules emerging per 

second into so lid  angle aw at an angle of 9 with respect 

to the normal of the aperture of area Ag. n is the number 

of partic les  per unit volume and v is  the mean molecular 

v e lo c ity  inside the source.

I t  is  more convenient to consider a rela tion  fo r  the 

beam density which w il l  be obtained some distance from 

the source. Substituting fo r  n, v and d and considering 

a point along the axis the in tensity is  given by

where m is  the atomic weight, T is  the absolute temperature 

of the source, p is  the pressure in  the source (in  to rr ) 

and I  is  the number o f molecules per second passing through

gun is  expected to be accurate to within ¿2 .5° and 

the reproducability is  accurate to -  0 .2° .

6.5 THE MERCURY BEAM DENSITY.

n v A,
— cos 0 dwdQ =

I = 1.118 x 10 (6 .1)

2
an area Â  cm at a distance of L cm from the source, d

The beam density (in  atoms/cnr*) at th is point is  

given by

(6.2)
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Hg Oven Temperature°C

Figure 17. Mercury beam density in the interaction
region as a function o f oven temperature.

Using the values fo r  Ag and I  given below along with 

values lo r  p and T from tables, the mercury beam density 

was obtained for the temperature range used (see figure 1 7 ) 

At the operating temperature the temperature was typ ica lly  

between 10**̂  -  10~^ to rr.

A„ = 0.025 cms
2 L = 2 cm



I t  is  worth noting that the beam density can vary 

by a factor of two over the length of the interaction 

region due to the closeness of the region to the nozzle 

i t s e l f .

6.6 DETERMINATION OP THE INTERACTION ENERGY

I t  is  necessary to measure the electron energy in 

the interaction region. This is  because no unique 

"contact poten tia l" exists between the cathode potential 

and the electron energy in  a l l  parts o f the system.

The "contact poten tia l" is  made up from the work 

function of the cathode, and a surface e ffe c t between 

the material o f the cathode and the material surrounding 

the interaction system, The former is  typ ica lly  between 

one and tv/o v o lts , whilst the la tte r  is  only a few 

tenths of a v o lt  fo r pure conductors.

In  this experiment there is an additional component 

of the "contact poten tia l", associated with the space 

charge o f the electron ueam and any mercury ions which 

may be present. In appendix I I  this e ffe c t  is  

formulated.

The determination o f the "contact poten tia l" is  

made by observing the resonance structure in e la s tic a lly  

scattered electrons from mercury and helium.

6 .6 (a) USING THE RISCN.-JX-E STRUCTURE IN l.IRCURY.

There has been a number o f resonances observed in 

e la s tic  scattering from mercury. Kuyatt, Simpson and
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kielczarek ( 1965) observed resonances in the transmission 

of electrons through mercury vapour and Diiweke, Kirchner, 

Reichert and Staudt (1973) have reported on the angular 

dependence of d iffe ren tia l cross-section measurements 

for two o f those resonances. A study was made to 

investigate whether these resonances could be observed 

with the present apparatus. This w ill  depend on whether 

any of the resonance structure is  su ffic ien tly  broad 

enough fo r  the e f fe c t  not to be masked by the electron 

energy spread in the interaction region.

The cathode voltage could be scanned over a 

restricted  energy range. The mercury oven temperature 

was set to about 120° C and several scattering angles 

were studied. The electrons were detected in the same 

manner as for polarisation measurements by scattering 

from a gold f o i l .  Since polarisation e ffe c ts  were not 

being considered and intensity was important, the 

thickest f o i l  (270 /tg/cm) was used, and the counts 

from a l l  four detectors were added together and displayed 

on a ratemeter (MS U607). The output from this 

ratemeter was p lotted  on an X -  T chart recorder. A 

recording of scattered intensity against cathode 

potential could be obtained. The focusing of the lens 

elements was carried out by optimising the count rate 

at the raid-voltage value of the scanning range.

Although some structure did appear in  the scattered 

intensity traces, any assignment of a particular resonance 

was generally not possible due to the breadth of the 

structures. The traces which were reproducable haf a
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very d is tin ctive  feature, especially at scattering 

angles o f less  than 60° where the other structures were 

much less pronounced. This was an abrupt discontinuity 

in the scattered in tensity at an applied cathode potential 

o f

V(k) = 1 1 .7 -0 .1  vo lts

The abruptness of this discontinuity on the trace 

was governed en tire ly  by the time constant o f the 

ratemeter, even when the smallest time constant o f 0.1 sec. 

was used. The abruptness was affected  by the primary 

electron current. As the current was lowered the 

step decreased in height until a rapid but continuous 

change in the scattered electrons was measured (see 

figure 18). There was also a s ligh t sh ift in position 

o f about 0.1 vo lts  towards higher cathode poten tia ls.

This discontinuity occurred near the threshold of 

ion isation fo r  mercury (10.U vo lts  interaction 

p o ten tia l).

In figu re 19 there is a trace o f the scattered 

intensity as the cathode voltage is  scanned from 5 vo lts  

to 13 v o lts .  Subsequent to investigating a resonance 

in helium (next section) some resonances have been 

ascribed und are shown on a corrected energy scale.

Contact potentia ls o f 1.5» 1*6» and 0.9 vo lts  have 

been assumed fo r  the f i r s t  two, the follow ing four, 

and the la s t  two resonances respectively . This takes 

into account the space charge depression increasing with

fhe resonance energies have been increased by 0.6 vo lts  
from the results o f Kuyatt, Simpson and lieilczarek (1965) 
Iprivate communication with Burrow and with O ttley ).
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increasing current, u n til cancellation by ions occurs.

An e ffe c t iv e  contact potential of

e f f  = 1.5 i  0.5 vo lts

is  in ferred, fo r interaction energies belov/ the 

ionisation le v e l in mercury. This value includes a 

space charge depression estimated to be about O.U vo lts  

fo r electron  currents o f typ ica lly  30-U0 /iA at 10 v o lts .

Because of the d if f ic u lty  o f getting quantitative 

deta ils  from the resonances in mercury scattering, and 

also because this method was not available fo r  energies 

greater than about 10 eV i t  was not followed further.

A method was s t i l l  required fo r  energies greater than 

10.U eV since the presence of ions w il l  influence the 

space charge depression due to the electrons.

6.6(b) USING TH3 19.3eV RESONANCE IN HELIUM.

Using a dosaging valve, helium gas was leaked

into tlr system providing a background pressure of 

helium throughout the system. Using a sim ilar nethod 

described in  section 6.6(a) the 19.3 eV resonance in 

e la s tic  scattering from helium (Kuyatt, Simpson and 

Mielczerak, 1965) was looked fo r . This resonance 

corresponds to the v irtu a l formation o f a negative 

ion state with tie configuration (1s2s ) S ,, and 

appears vs  a large increase in transmitted current . 

Therefore a decrease in the scattered signal is  to be 

expected. Helium has the advantage o f being easily  

pumped allowing fa i r ly  high pressures to be used and
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also being in ert does not contaminate the system, I t  

was found that i f  the pressure was less than 10~  ̂ torr He 

then the resonance signal was lost in the noise o f the 

system, and i f  more than about 2 x 10- ^torr He than 

pressure fluctuations occurred. A background pressure 

of about 1 x 10-3 torr He was used fo r  a l l  measurements.

The change in the shape of the resonance with 

scattering angle was investigated and a set o f dispersion 

curves was obtained with the 90° scattering angle 

producing a reasonably symmetric depression. This 

angle was used subsequently.

The cathode potential was scanned from 19.5 vo lts  

un til well clear of the helium resonance and tie 

temperature of mercury b o ile r was notea for each scan.

The oven was slowly heated up from 18°C to above the 

normal operating temperature. A few of the resonances 

so obtained can be seen in Figure 20. The centre 

of the resonance was taken as the point corresponding 

to the mid-point of the fu l l  width h a lf minimum. The 

cathode poten tia l at which the resonance occurred was 

then p lo ttea  against the mercery density in the 

interaction region as determined from equation 6.1 and 

the b o ile r  temperature (6ee figure 21).

By extrapolating to zero mercury density, and 

thus also zero ion cancellation of the electron space 

charge, the value o f the to ta l contact potential 

including the electron space charge (0te ) was obtained.
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A least squares f i t  was made fo r  a l l  points of 

figure 21a, which were fo r  a mercury density o f up to 

12 x 1010 atoma/cm^. Values fo r  the resonance potential 

and to ta l 'contact poten tia l' were obtained.

VRe = 21.1* 1 0.1 vo lts  

0 te = 21.1 -  0.1 vo lts

from figure 21b the cathode voltange at resonance 

in the presence of the ion space charge can be seen to 

nearly le v e l out g iving values of the resonance 

potential and the "contact poten tia l" including 

the ion space charge (0 t i ) at the normal operating 

temperature to be

= 20.2 -  0.1 v o lt8

011 = 0.9 -  0.1 vo lts

The ion space charge can become appreciable because 

until they establish a large enough e le c tr ic  f ie ld  to 

repel themselves they move slowly out o f the interaction 

region with the thermal ve loc ities  o f the atoms.

iron the value o f an e ffe c tiv e  "contact poten tia l" 

can De established which is  applicable to a l l  

interaction energies, greater than the ionisation 

potential, when a mercury beam is  present in the system.

0 * ^  = 0.9 - 0.1 volts

6 .6 (c ) EQUILIBRIUM BETWEEN IONS AND ELECTRONS.

The number o f mercury ions present in the interaction 

region is  governed Dy the production rate and the loss 

ra te . There are two main processes which take part in
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the less ra te . In i t ia l ly  the escape rate is  

governed, "by the thermal v e lo c ity  cf the ions 

(confirmed by the straight line extrapolation to zero 

mercury density, above).

Once the to ta l ion charge is  greater than the 

e lectron  charge, the space charge e ffe c t  changes from 

a poten tia l depression to a potential enhancement.

The positive  space charge e ffe c t  begins to cause the 

escape rate to increase by mutual repulsion of the ions.

These e ffe c ts  are outlined in appendix 2. A 

resu lt in  qua lita tive  agreement with those measured is  

obtained fo r  the voltage depression (or enhancement) 

as a function o f the atom beam density.

6 .6 (d ) EXPERIMENTAL DETERMINATION UP POTENTIAL 
DEPRESSIUn.

Further ju s t ific a t io n  is  required before i t  can 

be stated with conviction that these voltage sh ifts 

detailed  above, arise from the influence o f space charge 

from the electrons and ions which are present, and not 

from fo r  instance a mercury / helium mixture having 

a d iffe ren t contact potential from helium alone. This 

ju s tific a tio n  can be obtained i f  i t  can be shown that the 

equations in appendix 2 are sa tis fied  when only helium 

is  present.

With the mercury b o ile r  cold, the anode potential 

was used to a lte r  the primary current, and a series of 

scans was performed to measure the variation  on the 

cathode vo ltage , corresponding to the 19.3 eV resonance
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in Helium, with the incident current. As before the 

angle o f scattering was 90°. Any change in the focusing 

of the electron  beam due to the method of adjusting 

the current cannot a ffe c t the voltage at which the 

resonance takes place.

In table 6 can be seen the measured values of the

the primary current and the cathode voltage a t resonance.

Also l is te d  in this table is  the space charge depression

as calculated from equation (A2.3). To obtain the

value to be used fo r  the In R/R0 term, reference is

made to figure 21 and an estimate fo r  the value Vr

at which the ion space charge e ffe c t  takes over from

ion d r i f t  e ffe c t  is  obtained. This value was used to

obtain the space charge depression ( i . e .  condition

where space charge e ffec ts  cancel each other out) fo r

use with one of the primary current values fo r  obtaining

the In R/R term. Because at d iffe ren t currents the o
dimensions of an electron beam under space charge 

conditions vary, corrections must be applied to 

compensate fo r  th is . Use is  made of the Universal 

space charge curve (P ierce, 195U, p. 202) by considering 

a constant position along the axis and evaluating the 

change in  beam radius. This correction was carried 

out fo r  each of the current values. This procedure 

was repeated for s ligh tly  d ifferen t conditions when 

the mercury bo ile r  was a few degrees hotter.

In  the last column is  tabulated (VR -A 0 ). For each 

o f the primary currents i t  can be seen tha t  there is good 

agreement between each o f them confirming that the 

assumptions regarding the nature of the potential sh ift

are reasonable
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TABLE 6.

Resonance voltage fo r  d iffe ren t primary currents 

a fte r  allowing for a space charge depression.

Primary
Current

Cathode
Voltage
at
Resonance

Correction 
fo r  primary 
Beam
Dimensions

Space 
Charge 
Depress: 
:ion

iOiA) VR (vo lts ) In 1/R in  R/R0 A 0 1 >

i

101+ 21.06 0.00 1.11+ 0.81 20.25

79 20.91+ 0.15 1.29 0.70 20.21+

1+9 20.80 0.1+6 1.60 0.51+ 20.26

25 20.71+ 0.79 1.93 0.33 20.1+1

110 21.33 0.00 1 .1+1+ 1.08 20.25

52 21.02 0.1+6 1.90 0.67 20.35

a 20.73 0.65 2.09 0.1+9 20.21+

33 20.71+ 0.69 2.13 0.1+8 20.26

16 20.1+9 0.99 2.1+3 0.27 20.22

1U 20.1+7 1 .05 2.1+9 0.21+ 20.23 ,

6 20.50 1.35 2.79 0.11 20.19 ^
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CHAPTER V II

THE MEASURED ASYMMETRIES.

In this chapter attention is  paid to the 

asymmetries actually measured, and to how they re la te  to 

the actual electron beam polarisation . Consideration is  

given to the importance in  avoiding instrumental 

asymmetries and to the methods for detecting them i f  

they ex is t. The influence of electromagnetic f ie ld s  

on the polarisation vector is  also discussed.

7.1 INSTRUMENTAL ASYMMETRIES.

The main d if f ic u lty  in polarisation measurements 

hy means o f a Mott scattering arrangement is  that caused 

by instrumental asymmetries. These e ffec ts  can greatly  

exceed the small variations in in tensity arising from 

genuine polarisation e ffe c ts . Such e ffec ts  can he caused 

by e ffe c ts  which are constant in time, but others can be 

of a more randomly varying nature.

The time independent, or at worse slowly varying, 

e ffec ts  such as solid  angle subtended by the detectors, 

angular misalignment of the detectors, background 

e ffec ts  can be included in the factor A of equation 

(5 -  h ). These asymmetries w ill cancel in the 

evaluation of the polarisation value.

However, the time varying e ffe c ts  are more 

troublesome and more detailed consideration w il l  be 

given to them. They w il l  most probably be caused by 

the beam sh iftin g  it s  position o f incidence and/or

I
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i t s  angle of incidence on the gold f o i l .  In th is 

experiment th is is  possible i f  the primary electron 

gun does not rotate symmetrically about the mercury 

beam causing the lens system to be viewing a variab le 

scattering volume. This point is  considered in 

Appendix 3«

Another cause could be a background e ffe c t  which 

varies  in  a random fashion. Such an e ffe c t  is  present 

in the f ie ld  emission (Malter e f fe c t )  background from 

the accelerator system. This e ffe c t  varies from day to 

day and decreases as the background mercury pressure 

in  the main scattering chamber r ises . The las t element 

o f the a lka li f i l t e r  lens system which was manufactured 

from aluminium was copper plated to reduce the f ie ld  

emission from i t .  The remaining f ie ld  emission 

electrons were counted by regu larly blocking the f i l t e r  

lens during polarisation runs. This count was then 

subtracted from the signal counts.

Any large fluctuations in the counting rates 

which would not appear on a l l  the detectors simultaneously 

w il l  also cause asymmetries. These fluctuations could 

be due to e le c tr ica l interference caused by ground loops 

picking up spurious pulses. To overcome the ground loop 

problem i t  is  necessary to  be careful when earthing the 

prcam pliiiers, both the ones at high voltage and the ones 

at the pulse telemetry receiving end. Other dubious 

earths ex is t at t it  signal feed-throughs into the 

Mott Chamber. In order that such e ffec ts  might be 

allowed fo r , integration times were kept fa ir ly  short,
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ten to f i f t y  seconds, dependent on count ra tes , and 

repeated several times at each setting .

To investigate spurious asymmetries a method in 

which polarisation e ffec ts  are insensitive is  required. 

I t  is  necessary to look at the variables present in the 

scattering process, v iz ,  E,0 and Z, and consider them 

further in the way in which the scattering process is  

a ltered as they are changed. Theory predicts that S 

decreases at low E, small 6, low Z and because o f 

multiple scattering as t increases. I f  by adjusting at 

least one o f these parameters i t  is  possible to  have a 

test fo r  unwanted asymmetries, any corrections necessary 

can be applied to the data.

7 .1 (a ) USIhG low electron energy.

This was the method used by early  investigators 

who assumed that the asymmetry function decreases 

strongly with energy. This ignored the fact that such 

instrumental asymmetries as they are seeking to 

investigate may also be energy dependent. In any case 

this point would be true to the extent that as the 

energy decreases, multiple scattering in the f o i l ,  

unless the r o i l  was replaced by a thinner one, w ill 

increase, changing the sen s itiv ity  of the device, 

however, at very lew energies tne polarisation e ffects  

can again become large as is  seen by experiments on 

mercury from a few eV to a few keV.
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7.1(b) BY VaRYIImO SCATTERING AMPLE.

As can be seen in figure 10 the Sheriaan function 

is  nearly zero fo r  9<50°, so i t  is  mainly the 

instrumental asymmetries which are present here. This 

method has an advantage tin t i t  can be carried out 

simultaneously with the polarisation measurement 

and that the counting rates are increased at smaller 

angles. This la s t  e ffe c t  makes i t  very sensitive to 

any changes in  angle o f incidence on the f o i l .

7 .1 (c ) USING A L0„-Z SUnTTBRER.

The asymmetry fo r  a low Z material like aluminium 

(Z = 13) at 100 keV at a scattering angle of 120° is  

about of that for gold (Sherman, 1956» Lin,196U) at 

the same energy and angle. I f  the gold f o i l  is  

replaced by an aluminium f o i l ,  the neasured asymmetry 

due to polarisation  w ill  be reduced to less than 7/» 

of the orig ina l asymmetry. The d iffe ren tia l scattering 

cross section fo r  100 keV electrons at 120° scattering 

is  reduced by a factor of 1000 fo r  aluminium compared 

to gold, so i'or comparable scattered intensity a 

considerably thicker f o i l  must be used. However, 

because the d iffe r e n t ia l cross section fo r  aluminium 

has more pronounced angular dependence than that o f gold, 

the plural and multiple scattering e ffe c ts  are more 

pronounced and therefore the angular distribution of 

the scattered electrons w ill  be d iffe ren t•
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7.1(d) USING A THICK SCATTERER.

For extremely thick fo i l s ,  multiple scattering 

is  the dominant e ffe c t ,  and the resultant asymmetry due

to  the polarisation can he reduced to less than 10# 

that of an in fin ite ly  thin f o i l .  Because of the greater 

d iffe ren tia l cross section, i t  is  best to use a thick 

f o i l  of high Z material to increase the scattered 

in tensity, fo r  instance, tungsten f o i l .

The most useful method o f checking on spurious asymmetries 

is  that of varying the scattering angle . This method 

requires an additional pair o f detectors and associated 

electronics but allows simultaneous measurement, 

whereas using d iffe ren t f o i ls  en ta ils  a separate 

measurement when conditions are not necessarily exactly 

the same, and is  also time consuming.

Two additional detectors were used at -  U5° 

scattering angles, where the Sherman function is  small.

The asymmetry ra tio  fo r these detectors was calculated 

in a similar way to that of the 120° detectors. This 

ra tio  is  used as a monitor to provide details of 

which values include an instrumental asymmetry.

A check was carried out on the fact that an 

asymmetry due to  polarisation was indeed caused by 

electron polarisation, by using the method of low Z 

scatterer. The primary scattering conditions from 

which an asymmetry had been produced fo r  gold f o i l  

as the scatterer, were used with an aluminium fo i l  o f 

2 mg/crn̂  thickness, and an asymmetry looked for*
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The asymmetry detected Tías only about 10% of that 

produced by the gold f o i l .  This is  what would be 

expected i f  this asymmetry was produced by a polarisation 

e f f e c t , whereas i f  i t  had originated from instrumental 

e f fe c ts  the asymmetry should remain large ly  unaltered.

Any check on the polarisation detected using other 

f o i l s  was not carried out since the Sherman function, is  

( fo r  most other materials readily obtainable in  the form 

o f f o i l s )  considerably reduced. This v/ould require 

increased integration times with considerable repetition .

7.2 EFFECT OH THE SPIN 01 AN ELECTRON OF A
HOi.iUGEIiEOUS' FIELD.

Consideration must oe given to how, i f  at a l l ,  

the electron  polarisation produced by scattering from 

mercury atoms is  altered in its  passage to the alkali 

scattering region, and on to the kott spin analyser.

In a homogeneous e le c tr ic  f ie ld ,  only the f ie ld  

component transverse to the electron motion w il l  produce 

a change in  the electron spin d irection , with respect 

to the momentum direction (Bargmann, kichel & Telegdi, 

1959, and Meister, 1962). In the present apparatus 

the only transverse e le c tr ic  f ie ld  present is  the focusing 

e f fe c t  o f the lens elements. This e ffe c t is  cancelled 

cut when the electron beam is  focused at a point further 

down the system.

In a homogeneous magnetic f ie ld ,  the magnetic moment 

associated with the electron spin experiences a torque.
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This leads to the electron  spin precessing around the 

magnetic f ie ld  with the Larmor frequency o f a free 

electron.

WL = eB/m = 1 .78 x 1010 sec"1 (Wb/m2) “ 1

The spin d irection  w i l l  rotate through an angle given

l>y

0 = Wl T

where T is  the time o f  f l ig h t .  From the knowledge 

o f the energy of the electron and the magnetic f ie ld  

(approximately) along the electron tra jectory this 

angle is  estimated to  be

0 <  U x 10~2rad.

This means that the two detectors in the Mott chamber 

are at angles of (n /2 -  0.0U) radians with respect 

to the spin d irec tion .

The polarisation  can be resolved into two components, 

one ly ing  in the plane of scattering (P sin 0 ) ,  and one 

normal to the plane o f scattering (P cos 0 ) .  I t  is  only 

the la tte r  component which w il l  give rise to an asymmetry 

in the electron count rate between the two 120° detectors 

(see section 3»¿4)

_ 1 _  cos 0 ~  10-5

Tne correction between the measured polarisation 

values and the actual polarisation values is considerably 

smaller than the errors associated with the polarisation 

measurement and w i l l  be neglected.
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7.3 MERCURY FILTER LENS PERFORMANCE.

In order to  ascertain the angular acceptance of

the f i l t e r  lens at the mercury scattering stage the

electron gun was swept over the straight through position.

In order that the detectors were not saturated, the
—8primary current was reduced to about 10 A. The 

electron signal was detected using the U5° detectors 

in the Mott chamber, and the sum of both the scalers 

was p lotted  as a function of angular setting o f the 

electron gun. In Figure 22 can be seen a typ ical 

electron beam p ro file  obtained by th is method. From 

the width at h a lf  maximum the angular acceptance o f the 

lens system was obtained. An average value, taken 

over many d iffe ren t conditions, is  given uy 

AO = ¿ 6 °

The most important quantity cf a f i l t e r  lens 

is  its  cu t-o ff performance. The source of electrons 

used to measure th is, was the electron gun near to the 

straight through position. With the potentials on the 

gun and lens elements as below, the V(F2) was altered 

and the number of electrois transmitted to the U5° 

detectors in the wott scattering chamber counted with 

an integration time of 10 uecs. (see Figure 23).

V (k) = -  8.0 V(F1) = V(iU) = 0

V(A) = - 1.0 V(F3) = + 1.0
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A usefu l measure of the cu t-o ff effectiveness is  

the va lue. The value so obtained is

A E ^  = 2.1 vò lte .

In fa c t i t  could be even less than th is, since the 

count rate at fu ll  transmission was exceeding the 

maximum ra te  far the electron ics, so pile-up of pulses 

could have been occurring. In any case th is cut o f f  

is  su itable for a mercury system since mercury has its  

f i r s t  exc ita tion  le ve l at U.9 eV. In order to maximise 

the transmission the F2 lens was always kept 5 V more 

positive than the cathode. This prevented any 

in e la s t ic a lly  scattered electrons being transmitted since 

?/ith the contact potential

E + 0  ex cp >' 5.0

Optimum focusing for transmission into the Mott 

scattering chamber was obtained by suitable adjustment 

of f i l t e r  element F3. Typical potentials applied were 

e lectron  gun V(k) = -  16.0 V(A) = -  3*0

f i l t e r  lens V(F2)= -  11.0 V(F3)= -  3.0

V (F1 }= V (i% )  = 0

7.14. PERFORMANCE OF ELECTRuN CuLLiOTlR.

Since both the scattering from the mercury beam, 

and the subsequent scattering from the a lka li beam, 

are to be carried out in the same vacuum chamber, i t  is  

o f the utmost importance that the electron co llector 

is  as nearly "black" as possib le. Those electrons
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which are not immediately collected  can bounce many times 

from the lens components and the vacuum tank walls, and 

may ultimately find th e ir  way to the entrance o f the 

accelerator tube. At that stage i t  is  impossible to 

re je c t those background electrons. Several d ifferen t 

surface preparations were tr ied  in  order to reduce those 

unwanted electrons. From the large amount o f background 

obtained without any surface treatment, i t  was obvious 

that clean stainless s tee l is  not a suitable co llecting  

surface.

Using the 60° segment co llector (see Figure 2k ) 

coated with DAG, the co llec to r  current as a function of 

co llec tor voltage was measured.The segment co llector was 

then coated with soot using the follow ing method:

Coal gas v/as bubbled slowly through some benzene, and 

the sraokey flame produced on burning the mixture from 

a je t  was directed on to  the surface to be coated.

Again the collected current as a function of co llector 

voltage fo r  constant primary beam conditions was 

measured. In Figure 25 can be seen the results of DAG 

coated stainless s tee l and of soot coated stainless s tee l.

The soot coated co llec tor current appears to be 

independent o f the applied voltage up to -0.5 vo lts  and 

to increase slowly as the voltage was increased from 

10 vo lts  up to 50 v o lts .  The e ffe c t  of going through 

zero v o lts  on the co llec to r  is  not unexpected. The 

electrons see a retarding f ie ld  co llector becoming an 

accelerating co lle c to r .
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Since the gauze has an 8555 optical transmission, up to 

1555 o f the incident current w ill  he incident on the 

tungsten gauze. Any secondary electrons produced at 

the gauze w ill  have almost zero energy, and w ill not 

he capable of reaching the co llector in a retarding 

f ie ld  condition. However i t  is  possible fo r  them to 

reach the co llec to r when an accelerating f i e ld  is 

applied, leading to an increase in the co llected  current. 

On the DAG coated surface, at 50 vo lts  the amount o f the 

primary current collected  was approximately seven times 

that co llected  at 0 vo lts , whereas with the soot coated 

surface this value was only 20% greater.

As a resu lt o f these measurements the cylindrical 

e lectron co llec tor was coated with soot. Soot had the 

advantage o f a uniform layer being eas ily  deposited on 

awkward shapes. In order to reduce the e f fe c t  of any 

re flec tion s , the stainless steel elements o f the mercury 

f i l t e r  lens were coated internally with soot. In addition 

i t  appeared that sooted surfaces had a further 

advantage that mercury droplets were less lik e ly  to 

adhere to them than to unsooted surfaces. The f i r s t  

few elements o f the a lka li f i l t e r  lens were likewise 

treated in terna lly  and externally. Any other surfaces 

which were l ik e ly  to receive electron bombardment were 

also coated with soot.

7.5 LINEARITY OF COUNT RATE WITH BEAM DENSITIES.

The scattered intensity in a c o llis io n  process should 

be lin ea r ly  proportional to the incident flux of either
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of the two beams . That th is is  true fo r  the mercury 

scattering process, must be checked since any non-linearity 

with the primary beams could result in the polarisation, 

measured at the Mott scattering chamber, d iffe r in g  

from that actually present at the a lka li interaction 

region.

The number o f electrons reaching the detectors 

a fte r  scattering from the gold f o i l  was measured as a 

function o f the primary electron beam current.

Measurements were taken both with the mercury beam 

present and the scattered Bignal looked a t, and without 

the mercury beam by looking at background electrons 

scattered from inside the cylindrical co llec to r .

Typical results can be seen in Figure 26, where i t  can 

be seen that the count rate on a detector was indeed 

linear with the primary electron current.

To check the lin ea r ity  with the atomic beam could 

only be done by counting continuously, in  intervals of 

100 seconds, as the bo ile r  was slowly warmed up. The 

results can be seen in Figure 27, where the count rate 

as a function of mercury beam density is  plotted, when 

there is  a scattering angle of 90°. From this figure 

i t  nay be noted that there are three seperate regions.

In the f i r s t  region at low mercury densities there is  

no appreciable signal detected and only background 

electrons and noise is  seen. In the region of 

1012 -  1013 atoms/cm3, a linear relationship exists

: This should also hold at any part o f the lens system
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between the mercury pressure and the number of counts 

detected. In the third region at higher mercury densities, 

the count rate fla tten s and eventually fa l ls .  Here the 

electrons undergo appreciable plural scattering.

Several ways were tr ied  to extend the linear part 

o f the curve. The methods described ea r lie r  fo r  the 

reduction o f electrons scattered, from the co llec tor, 

escaping out o f the ends of the co llector, and attempts 

at the elim ination or reduction o f the f ie ld  emission 

from the electrodes at potentials near to earth potential, 

a l l  have as th e ir  aim an increase in lin ea r ity  at the 

lower end. I t  i s  worthwhile noting that none of these 

e ffec ts  can be eliminated by the use o f higher discrimininator



-  116 -

settings at the pulse analysis stage. This is  because 

a l l  such electrons only d if fe r  in  energy from the signal 

electrons by normally much less  than 100 eV. Once 

they have experienced the acceleration to 100 keV their 

energy d ifference is  n eg lig ib le  compared to the energy 

resolution o f the detectors.

In order to increase the range o f lin ea r ity  into 

region three, i t  would be necessary to lim it the 

interaction region, which although defined by the primary 

electron beam, is  not defined by the mercury beam which 

is  much more d iffu se . Since there is  a diffuse mercury 

source, scattering out of the scattered beam can occur 

from the interaction region u n til inside the electron optics, 

where the mercury density w i l l  be considerably reduced.

To reduce th is supplementary scattering region i t  would 

be necessary to use a collim ating system fo r  the mercury 

beam. In the present experimental arrangement space and 

pressure requirements made th is  unattractive, so l i t t l e  

can be done at the upper end o f lin earity , More serious 

however, than the decrease in  signal in this region, 

is  the para lle l e ffec t of depolarisation caused by plural 

scattering. This point is  discussed in the follow ing 

section.

Another possible reason fo r  the le ve llin g  in  region 

three could be i f  the mercury density in the beam were 

not to be d irec tly  proportional with the pressure inside 

the oven, i . e .  when effusive flow no longer ex is ts  and 

equation 6-2,used for the determination o f the atomic 

density, is  not va lid . This occurs whenever the oven 

nozzle radius is  of a larger size than the mean free path



-  11? -

o f the molecules» At 127°C the pressure in the oven 

is  about 1 to rr  and the mean free path is  about 0 .5mm.

As the temperature and pressure increase further th is 

e f fe c t  w i l l  become increasingly more important.

Up t i l l  now i t  has been ta c it ly  assumed that the 

reduction in  the count rate in  region three has been 

caused by scattering out in  the interaction region. 

However, with the background pressure in  the scattering 

chamber having risen to about 5-7x10“  ̂ to rr, i t  is  

necessary to ensure that i t  is  not caused by scattering 

out in the long travel between the interaction region 

and the detectors, part of which is  at very low energy, 

where the electron scattering is  most s ign ifican t.

By allowing the mercury condenser to warm up i t  is 

possible to obtain a pressure in the complete system of 

up to 2 x 10“^ to rr, which is  many times greater than that 

produced when the mercury oven and the condenser are 

running, but becoming comparable with the mercury 

densities obtained in the interaction region.

With the electron gun directed straight through 

the lens system, the count rates in the detectors were 

monitored as a function of the background mercury 

pressure. This was done both as the condenser warmed up, 

and cooled down again . I t  was found that fo r  partia l 

pressures o f mercury in the system of greater than 

k  x 10~5 to rr , a small decrease in the count rate was 

observed. However, at the pressures typ ica lly  present 

under normal running conditions there was no sign ificant 

attenuation.

From these results the earlier assumption that
any attenuation in the scattered beam takes place in
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the v ic in ity  of the interaction region appears to be 

Justified .

7.6 PLURAL SCATTERING DEPOLARISATION.

As noted in the previous section some e ffe c ts , 

such as plural scattering cause a depolarisation o f the 

scattered electron beam, which is  more important than a 

small reduction in  in tensity. One such e ffe c t  related 

to the mercury density was investigated. As the mercury 

density increases, the probability that electrons are 

scattered many times through fa ir ly  small angles 

(multiple scattering) increases as also does the 

probability  o f electrons being scattered more than once 

through fa ir ly  large angles (plural scattering ). Both 

o f these e ffe c ts , or a combination o f them, w ill  mean 

that any electron scattered into an angle ©, could be 

obtained by a double scattering through angles 0  and 

{ 6 - 0 ) ,  or multiple scatterings through angle 6 with 

© = n$, in addition to the single scattering through ©. 

Consequently the resultant polarisation is  some combination 

o f P(6) T { 0 , Q  -  0 )  and P (n f i ) .  The re la tive  in tensities 

of each polarisation  state being proportional to the 

respective cross-sections.

Because o f the rapid variation in  cross-section 

with angle the resu lt is  to f i l l  up the minima at the 

expense o f the maxima, with a corresponding reduction 

in  the polarisation .

To investigate th is, the polarisation distribution 

iiu8 measured fo r  several d ifferen t mercury beam



densities corresponding to oven temperatures of 93.5°C, 

115°C, 133°C,& 150°C, fo r  electrons with energies 

o f 6.5 eV and 1I+.1 eV. The results fo r  1U.1 eV can be 

seen in Figures 28 & 29.

With these asymmetry ratios* i t  is  also worthwhile 

looking at the scattered in tensities  which have not 

been normalised in any way, apart from knowledge that 

th e ir  primary currents were similar in each case.

The dependence of 'X ' on the mercury beam density 

can be seen to show extreme 'X ' values for an oven 

temperature o f 115°C. A strik ing e ffe c t  is  that at 

much higher densities, corresponding to 150°C, the 

peak near a 60° scattering angle has been reduced to 

almost unity from 1.23  whereas at a 100° scattering 

angle the 'X ' value has only been altered s ligh t ly .

I f  a comparison is  now made between the scattered 

in tensity  measured at these angles, i t  can be seen that 

in  going from densities corresponding to 115°C to  those 

corresponding to 150°C that a loca l maximum at 105° 

disappears leaving only a hint of its  existence. The 

e ffe c tiv e  cross-section at this angle being considerably 

reduced. Near to a 60° scattering angle, although there 

is  no structure observed, the cross-section is  considerabl 

increased.

Tnese e ffe c ts  can be (¿ualitutively thought ox as 

scattering into the minima away from the maxima. That 

the 100° minimum in  'X ' is  less affected  than the 60° 

peak in  'X ' is  due to the much more rapid change of 

•X* at the 60° peak coupled with the very much larger

• Zero polarisation exists when X = 1
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cross-section in the v ic in ity  o f that peak towards 

smaller angles.

A corresponding resu lt was obtained at 6.5 eV 

with the beam density corresponding to 11h°C 

exhibiting the greatest asymmetry.

A ll polarisation measurements were made with an 

oven temperature of 11U°C. With this value i t  is  

estimated that fo r a l l  energies and angles studied here, 

that no sign ificant pressure depolarisation is  present.
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CHAPTER V i l i .

RESULTS OF POLARISATION MEASUREMENTS.

The errors in the measured quantities are fu lly  

discussed before the polarisation values and scattered 

in ten sities  which were obtained are presented. A 

comparison is  made of the values fo r  the polarisation 

at d iffe ren t scattering energies, and the optimum 

conditions fo r  operating as a polarised electron source 

are stated.

6.1 THE ERROR IN ELECTRON POLARISATION 
MEASUREMENTS.

In the follow ing, the standard error associated 

with a quantity A is  denoted by 6 A. Suffixes i  and 3 

are used to denote detectors up or down ( i  = 1 or 2 

respectively ) and positive or negative angular settings 

( 3 = 1  or 2 respective ly ). The quantities are defined 

below.

number of scattered electrons 
in  channel i3 = S

’i j
up-down ra tio Rd "  S1 3^ s23

asymmetry ra tio X =(R1/ Rg)*
1 I X-1 ]

polarisation p = S I X+1 J

errors in these Quanti "ties aro given toy

(6R ,r = R (ÖX)‘

id
*Y\  Rd

,fip)2 _ . If (gx_lf_ ♦  / jx  -  1J_ \ 2 (i8)S
(5P) " S* (X+17  I S2 (X + ï )  J
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I f  only the s ta t is t ic a l error in  F associated with X 

is  considered meanwhile

Usually Ni;jis  the quantity which is  measured and this

is  measured by blocking the f i l t e r  lens. The measuring 

time fo r  the scattered signal is  t  times longer than fo r  

the background, so

SiJ = Nid “  *  Bid

I f  Poisson s ta tis tics  applies fo r  the count rates

I f  the limiting case of Bi _ j « S i .j then equation (8.3) 

becomes n

»«hen the above lim iting case is  not applicable then 

equation (8.3) is  given by

Considering the error in P associated with the accuracy 

o f the knowledge of the Sherman function,

’./hen P is  small this systematic error, 6PS, w ill  

normally be smaller than$Pst but w ill become increasingly 

more sign ificant as the polarisation increases in

(8.3)

includes a background component B_^• This component, B ^ ,

this results in (¿ S ^ )2 = + t2B jj

magnitude
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There are two types o f instrumental asymmetries in 

the Mott spin analyser. The f i r s t  is  a s ta tic  asymmetry 

which relates to the amount o f hack scattering from the 

walls, the re la tive  e ffic ien cy  of the detectors and the 

scattering angle viewed by the detectors. These factors 

are constant in time and are allowed for in  the S value 

as determined experimentally.

The other type of asymmetry is  that associated with 

beam sh ifts  on the gold f o i l .  As outlined in  section 7.1 

such instrumental asymmetries present can be detected by 

monitoring the asymmetry ra tio  fo r  U5° scattering o f high 

energy electrons from gold. An attempt v/as made to 

confirm this prediction by using an aluminium fo i l  in 

place o f the gold f o i l  in the Mott scattering chamber. 

Using the de flec to r system at the high energy end o f the 

accelerator tube, a series o f measurements were made from 

which the corresponding asymmetry ratios o f the U5° and 

120° scatterings were determined (see figure 30). Using 

an aluminium f o i l  reduced any e ffe c ts  due to polarisation 

o f the incident beam to about 10'o of the e ffe c t  with gold. 

The observed sh ifts  are independent of the polarisation 

and caused by the beam sh ift alone•

The large aperture arrangement used in the 

polarisation measurements, was used, and is probably the 

cause of no defin ite  correspondence between the two 

asymmetry ratios  being obtained. I t  was confirmed that 

the h5° detectors are more sensitive to sh ifts  in the 

beam position. Because o f the uncertainty in this 

relationship, instead of applying a correction factor



to the polarisation values, the quoted error o f these 

values includes a term from th is instrumental asymmetry 

when i t  is  present.

A h%  deviation from unity fo r  the U5° asymmetry 

ra tio  is  considered to produce an error in the 120° 

asymmetry of 1%. Over the range of asymmetries 

measured this corresponds to a possible error o f 2% 

about the polarisation value. A proportional error 6 P. ,̂ 

is  estimated whenever the J+5° asymmetry ra tio  deviated by 

more than 1% and less than 6% from unity. Polarisation 

values where the deviation exceeds 6% were discarded.

This only occasionally occurred at the extremes of the 

angular range.

Instrumental errors detected as above, appeared to 

fluctuate from one run to another, sometimes being 

almost neglig ib le over a complete run, and on other 

occasions changing between each point. The cause of these 

fluctuations is  unknown, but may be due to d r ifts  in the 

lens voltages including the accelerator lens.

Another source of possible error in the measurements 

is  the accuracy of the angular settings. In particular 

the asymmetry ratio  is  dependent on quantities obtained 

at settings o f +6 and of -9. I f  +9 and -9 do not 

correspond to the same scattering angle then an error w il l  

resu lt. This was checked by inspecting the symmetry fo r  the 

scattered intensity at positive and negative angular 

settings, tor energies below 20 eV the two angular 

distributions are symmetric to less than 5°. For energies 

greater th«" 20 eV the discrepancy could be greater* than



-  125 -

10° between the two distributions. These discrepancies are 

thought to be caused by a misalignment o f the electron gun. 

The variation  with energy is  caused by the "quality" of the 

electron beam improving with increasing energy. A well 

defined beam is  more susceptable to misalignment than is  a 

d iffuse beam.

Using the 6.5 eV and the 1h.1 eV resu lts, angular 

sh ifts  were introduced in the calculations. The e ffe c t 

can be seen in  tables 7 and 8 where sh ifts  of 0° and -  10° 

are included. I t  can be seen that the peak polarisation 

is  almost unaffected even by large sh ifts  of 10°. Where 

the polarisation values change rapidly, large changes are 

experienced.

I t  is estimated that fo r  energies less than 20 eV 

polarisation values are correct to within -  2% about the 

polarisation values. For the energies greater than 20 eV 

the polarisation values are estimated to be correct to 

within i  2c/o about the values, i f  the angular scale is 

reduced by about In a l l  cases, the errors at the broad

maxima of polarisation values are estimated to be smaller 

than those ascribed to the s ta tis t ic a l and instrumental 

e rrors .

scattering
angle

r

-10°

olaric. tion (£) 
ngular sh ifts

+10°

75° -17.3 -21.0 -25.9

85° -23.7 -28.6 -27.3

95° -28.7 -27 .U -18.5

—k o Ul o -17.9 -  9.0 3.0

Table 7. Tie e ffe c t oi an angular sh ift of 0° i  10° 
”  between positive and negative angles for an

electron energy of 6.5 eV,
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polarisation values
scattering

angle angular sh ifts
-10° 0° +10°

55° -12.9 -30.1 -29.0

65° -U1.1 -U0.0 -  8.3

75° -26 .U 55 A 25.1

85° 37 .h 56.9 55.5

95° 68.5 67.2 67.0

105° 6U.3 6U.1 53.5

Table 8 The e ffe c t  of an angular sh ift o f 0°, -  10°
between positive and negative angular settings 
fo r  an electron energy o f 1h.1 eV.

8.2 DIFFYRSKTIAL CKOSS-SECTICN AID SCATTERED
Ii.’Tl-'l.oITY

The d iffe ren tia l cross-section is  related to the 

scattered intensity through the re la tion

n ( « )  = ( | ) na ^-eff cr(®) dtu (8*1)

where 11(e) is  the number of electrons/sec scattered 

through an angle 6 into solid  angle dw. J^ jis  the 

incident number of electrons/sec. n is  the target atom 

density and l c f f  is  the scattering length v is ib le  by 

the lens system.

Relative cross-sections are often measured since 

th is removes the necessity for absolute values to be 

cig'fcgrmined fo r  equation (8 .1 ). In these instances i 9 tne 

electron current is  usually extremely staDle, na can 

usually be monitored for constancy and l e f f , and dw can be 

accurately defined or are known to be constants. In
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the present apparatus the only quantity which is  known 

to he constant is  d , the solid  angle of acceptance of 

the lens system.

Although the electron current was measured continuously 

by the cylindrica l co llector, variations of up to 10?i were 

detected in going from one extreme to the other. This 

could partly  he due to d ifferen t collection  e ffic iences  

as the heam h its d iffe ren t areas of the co llector surface.

I f  the electron gun was l e f t  stationary, the current was 

stable to within a few percent fo r  periods longer than a 

complete polarisation run. The currents as measured fo r  

both a positive and the corresponding negative scattering 

angles were equal to  within i  3$o. The true electron gun 

current is  considered to be constant to within i  3^ over 

a single run.

The atomic beam conditions depend on the source 

aperture and oven conditions. The mercury oven 

temperature is  kept constant to i  0.10° ensuring that 

the mercury pressure inside the oven is  constant to -  2 

ho fluctuations in count rate were noticed which could 

be attributed to clogging of the nozzle. The atomic 

beam conditions are estimated to vary by less than -  2% 

with time. The actual beam density does vary considerably 

with distance in the interaction region, aue to the 

proximity to the source and the absence of collimating

apertures.

Since the mercury beam is  d iffu se, an e ffec tive  

scattering length must be considered. This w ill vary with

the scattering angle. I t  can be shown that approximately
, __________ sin S ______
1e f f  sin (© - e ) sin (© + c )OC (8.2)
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where 6 ie  the electron scattering angle and e is  the 

acceptance angle o f the lens system.

The misalignment causing the discrepancy in

scattered intensity between positive scattering angles

and negative scattering angles w ill also a ffe c t  1 .
e f f

By comparing the two distributions, this e ffe c t  is  

estimated to amount to about -  10% fo r  a l l  energies.

I t  ie estimated, that to allow for these angular sh ifts , 

the angular scale used must be reduced (increased for 

-  © resu lts) by about U% for energies greater than 20 eV. 

For energies below 20 eV the angular sh ifts are 

su ffic ien tly  small that no correction need be applied.

8.3 RESULTS.

The results for the electron polarisation  and the 

scattered intensity fo r  electron energies in  the range 

from 6.5 eV to W+.1 eV can be seen in  figures 31 -  U2.

The scattered in ten sities  shown in figures 31 -  h2 

are the raw count rates obtained by summing the counts in 

the U5° detectors. They have not been adjusted fo r  the 

factor 1 in equation (8 .2 ).

In figure i*2 the d iffe ren tia l cross-section at 

h5 eV obtained by Deichsel, Reichert & Steid l (1S66) 

has been multiplied by the factor given by equation 

(8.2) lor l £ i i , and compared with the present results 

at hh.1 eV. This factor has not been applied for their 

7 eV results plotted in  figure 31 since at th is energy 

the electron beam is  considerably less well defined, 

and the factor l e f f  used above is  no longer va lid .
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8.U DISmUSSIOfi OP RESULTS.

Since the present apparatus has a large angular 

resolution (9 = Ì60) ,  comparison with theoretical and 

other experimental results requires caution. In 

Figure 28 the experimental results of Deichsel, Reichert 

& Steid l (1966) at 7 eV (9 = - 2°) and the theoretical 

values obtained by Weiss (1969) at 7 eV, calculated 

using a polarisation potential only, are p lotted . The 

three sets are normalised at 90° for the scattering 

in ten s ities . There is  excellent agreement between the 

experimental results and with theory. Also in  figure 39 

the present results at W*.1 eV are in good agreement 

with the results at U5 eV of Deichsel, Reichert & Steidl 

although seme d isparity is  evident in the polarisation 

values for small angles and around 95°•

I t  can be seen that agreement is obtained with 

the prediction of Buhring (1966), that polarisation is  to 

be expected near the minima in the cross-section. I t  can 

also be seen that positive arid negative polarisations 

generally occur in pairs about cross-section minima.

8.5 p- c:; cf fcl. i : r id  electron c u r r iet .

The current which has to be evaluated is  that current 

v/hich can be locused on the a lka li beam. Since i t  v.'as not 

possible to measure this current d irectly , the current 

which Y/as transmitted through the alkali f i l t e r  lens 

(with a 1 mm central aperture) v/as measured using a 

channeltron electron m ultip lier.

At this position the electron current should be linear 

with the scattered intensity measured in the Mott chamber.
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The relationship given below was derived from 10 eV

Corresponding intensity in ¡».ott chamber 3000 cps. 

Since at an energy of 13 eV primary currents o f up 

to 50 fiA have been obtained i t  is  estimated that a

obtained at this energy.

I t  was noticed that the cathode when new could 

produce a 2x or 3x increase in primary current, which 

fa ir ly  quickly deteriorated to a more constant value, 

un removal a fter several weeks operation i t  appeared t^at 

large areas of the cathode had probably stopped emitting 

altogether. This may be part of the cause o f the 

angular asymmetry.

8.6 OPTIMUM OPhRATIhO SETTINGS.

In order to compare the d ifferen t resu lts to 

determine the optimum operating conditions, a suitable 

parameter must be used. The polarisation value is  not 

such a parameter since high polarisations occur where

the cross-section is  small g iving low in ten s ities , i f  

the brightness is  considered (see equation 2 .1 ).

then allowance is made for the intensity and ftr  the 

electron energies.

A d if f ic u lty  which is  encountered with this

electrons, scattered through 85° from mercury, using 

a primary electron current of about 10-tiA.

Corresponding channeltron current

Primary electron current

-12polarised electron current of about 3 x 10 A has been

B
„2-; yr  u ( 2 - 1 )
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parameter is  that the scattered intensity N is  proport: 

sional to the primary beam. Since the electron gun is  

operated under space charge conditions i t  is  not 

su ffic ien t to normalise a l l  values to a fixed  primary 

current. However a space charge lim ited diode sa tis fie s , 

i  oi Eo

By normalising the scattered intensity to a fixed  

primary current, and allowing for this additional factor, 

a suitable parameter is  given by

C E

where

C = P2N E *

The values of the scattering angle which 

maximises the parameter C is  shown in table 9, fo r 

each scattering energy. Also shown are the corresponding 

polarisation values and the scattered in tensity, N (in  counts 

/sec/10 /tA).
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Table 9 Tabulation o f the optimum polarisation 
conditions.

e“ 5 f
scattering

angle
0

measured 
polarisation  

P (%) N C

6.5 -  0.5 85° 28.6 ¿ 5.3 1+970 1036

11.1 ¿ 0.1 100° bh.e -  5.9 1520 1009

13.1 ¿ 0.1 95° 62.7 ¿ 8.0 1630 21+03

1I+.1 ¿ 0.1 95° 67.2 ¿ 8.2 1150 1950

15.1 -  0.1 100° 59.9 -  7.7 1150 1601

17.1 ¿ 0.1 110° 1+7.0 ¿ 5 . 8 1160 1061

19.1 ¿  0.1 100° 30.3 ¿ 3 . 8 1290 516

22.1 ¿ 0.1 110° 10.5 ¿  3.0 1390 72

29.1 -  0.1 75° 15.5 *  2.1+ 21+00 313

3U.1 -  0.1 70° 18.1 ¿  2.1 3220 618

39.1 ¿ 0.1 60° 1U.7 ¿ 3.U 1+230 575

1+1+.1 ¿ 0.1 60° -A • —k 1+ • VO 6220 1202

The values used for the scattered intensity in 

calculating C must be treated as approximate values only. 

This is  because the lens system w ill not have identical 

transmission functions for a l l  electron  energies.

However, since at each new energy the lens settings are 

set fo r  maximum transmission comparable e ffic iences 

are expected.

The general trend which can be seen from the table 

is  that the conditions are better below a scattering 

energy o f 17 eV. The best conditions would appear to be 

with a scattering energy of about 13 -  11+ eV



at a scattering angle of 95° where an electron 

polarisation greater than 60% is  measured.

Although hoth positive and negative polarisation 

values were measured none of the negative values 

corresponds to an optimum condition. However, since 

the polarisation direction  is  defined toy the incident 

and scattered electron directions, toy scattering through 

an angle (-  0) instead of an angle 6, the polarisation 

d irection has changed sign tout the magnitude is  

unaltered.



CONCLUSION

A source o f polarised electrons has been developed

which can produce a polarisation o f (62.7 *  &.0)c/° with

an e lectron  current estimated to  be about 3 x 10“ 12A.

The operating conditions o f the source are a mercury

oven temperature about 11U°C corresponding to a mercury

partia l pressure of 10_1+ to 10” ^ torr in  the interaction

region . Electrons o f 13.1 eV energy are scattered

e la s t ic a lly  through 95°• To obtain the estimated

polarised electron current a primary electron beam

current o f 50 fiA is  required. A greater polarisation of

(67.2 2 8.2)^ has been obtained but the estimated current 
-12is  only 10 A. This source is  re la t iv e ly  compact and 

can ea s ily  be rotated about an a lk a li beam allowing 

t r ip le t  scattering experiments to be attempted. I t  is  

expected that the background pressure o f mercury is  not 

a serious lim itation on a further scattering process i f  

a chopping technique is  used.

Improvements of the source are lim ited . Possibly a 

d iffe ren t cathode material could maintain larger currents 

for a longer period. The mercury f i l t e r  lens system 

could be improved to increase the transmission e ific ien cy . 

The mercury density can only be increased by using a 

collimated supersonic beam reducing the scattering length 

otherwise depolarisation w il l  occur. Using a collimated 

mercury bean tie angular asymmetry could be checked out. 

The f i r s t  two suggestions could probably increase the 

polarised current by a factor o f ten.
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APPENDIX I .

THE USES OF STOKES PARAMETERS TO DESCRIBE POLARISATION 
STATES BEFORE AKD AFTER SCATTERING*!

The Stokes parameters may he defined by 

8i  = Tr { j> a i  = 0,1,2,3.

where /> is  the density matrix is  the 2 x 2  identity  

matrix, and c r^ i = 1,2,3) are the components o f the 

Pauli spin matrices given by

(0 1) /° - i\  /
II "2 «  *3 "

1 0 j

o•H

These parameters provide a useful way of describing 

a polarised beam state, and were f i r s t  introduced in 

the last century by Stokes in connection with the 

polarisation o f l ig h t .

The in tensity  o f the beam is  given by SQ, and the 

polarisation components can be obtained from the Stokes

parameters using

Pi  e Si /3o 1 = 1»2»3 <A1 -  1)

For n on -re la tiv is tic  quantum mechanics, vhen spin is  

included, any. suitable set o f orthogonal a>xs  may be usea. 

However, in r e la t iv is t ic  quantum mechanics an electron is  

specified by a four component spinor. The above formalism 

can be applied i f  the large components only are considered. 

The Stokes parameters are then understood on the basis 

that S  ̂ represents the longitudinal component of the 

polarisation and that Ŝ  «.nd Sg represent the transverse
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polarisation components.

The Stokes parameters are invarient with respect 

to a change o f "basis states, in a manner analagous 

to a Minkowski 4 -  vector under a Lorentz transformation, 

and so the name Stokes vector is often applied to the 

combination of ( l 0, S ^ .

I t  can be shown (Byrne and Parago, 1971) that the 

Stokes vector before and a fter co llis ion  are linearly  

rela ted  through a transfer matrix, T.

S1 = T S (A1 -  2)

The precise form of T is  related to the scattering 

matrix li and the appropriate representation for the 

interaction obtainable from group theory.
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APPENDIX I I .

THE POTENTIAL VARIATION IN A BEAM OF CHARGED PARTICLES
DUE TO THE PRESENCE OP SPIN CHARGE.

In electron optics a l l  charged partic les  passing 

through a long lens element at potential V (referred to 

the same point as the partic le  energy is referred to ) 

are considered to possess an energy given by qV, where 

q is  the charge on the p a rtic le . However i f  the beam 

is  intense enough, the space through which the particle 

is  trave llin g  need not correspond to a potential of V, 

and the energy value obtained above is  inva lid .

Considering an electron beam o f circular cross- 

section of radius Rq moving symmetrically along the axis 

o f a lens of radius R, which is  at some potential V.

I f  the electron beam is  considered to be at a potential 

o f  Vo, then the charge per unit length is

( 'j.= iV0_2(2e/m)' (A2 -  1)

where i  is  the electron current and e/m is  the charge 

to  mass ra tio  o f the electron.

Applying Gauss' Law and substituting rrom 

equation (A2 -  1)

J e .ds = q/ e Q

Integrating this equation results in
I

1____iV0"*(2e/m) -2
2 «• eor (A2 -  2 )

FT
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By integrating E from the edge of the beam to  the lens 

surface equation (A2 - 2) gives 

I  iV \
V -  V = — 2----------, ln(R/R )

°  \  27reo(2e/m )^ j

The potential depression, V, between the beam 

edge and the lens is

V = 3.0U x 1CT2 iV0"*in(R/R0) (A2 -  3)

where i  is  the current in microamperes and VQ is  the 

electron beam energy in vo lts .

In a sim ilar manner the potential varia tion  v/ithin 

a circular electron  beam is  given by

1.52 x 10 & iV-2 -i (A2 - k)

Where i  and VQ are the current in microamperes and the 

mean energy o f the electrons. This potentia l variation 

results in an increase in the electronenergy distribution 

of the beam as a whole.

I t  is  worth while noting that the above 

derivations are dependent on the net charge ptr unit 

length, which has been assumed i6 only due to the 

electrons. I f  ions vere to be formed lurthcr consideration 

is  required.

The case o f an electron beau, passing through a 

f ie ld  free region, is  considered when the electron 

energy is  su ffic ien tly  high to ionise any atoms present. 

Since the ions are moving much slower than the electrons, 

the number o f ions required to cancel the negative space 

charge o f the electron beam is  quite low . Equilibrium
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conditions w ill  ex ist when the rate o f production o f ions 

is  balanced by the rate at which they leave the interaction 

region . This I osb rate is  governed, at low ion densities, 

by the d r if t  ve loc ity  which the orig inal atom may have 

possessed or, at high ion densities by the ve loc ity  

acquired by the repulsive f ie ld  produced by the ions 

themselves.

The rate of formation of the ions is  

Rf  = ffi  V na i/e

where a^ is  the ionisation cross-section

V is  the volume of the interaction region

n is  the atom density, and a
i is  the electron current.

The rate o f loss of ions is  

R = A Vj

where nA and v i are ion density and ve loc ity , respectively  

in the interaction region, and

A is  the area through which the ions escape.

At equilibrium

V n& i/e = A nA (A2 - 5)

In the f i r s t  situation the ve lo c ity  of the ions is 

about 1/1+000 that of the ve loc ity  of the electrons 

present, lo r  a 10 fi A electron beam current there is  about 

6 x i05 electrons/cm. To cancel the space charge 

depression w ill  only require an ion density c f about 

100 ions/cm. The potential depression w ill diminish 

lin ea r ly  with the atomic intensity increasing.

In the la tte r  case the determination of vi f  which is  

dependent on ni and the dimensions of the " f ie ld  free "



-  1M

region  "becomes very involved, and shall not be solved here. 

However, a rough outline w ill  be given.

Treating the ions as d iffu sing from a lin e  of charge, 

the poten tia l, set up by the ions, w ill be proportional 

to the charge, n^e, of the ions. Prom this charge an 

expression fo r  vA could be obtained, which when

substituted into equation (A2 -  5) results in
2

ni  00 ( i  na ff i )3

The potential produced by the ion space charge w ill 

vary as n 5, and w ill  be insign ifican t until n exceeds 

some c r it ic a l value, a fter which, i t  w ill increase

rap id ly  in magnitude
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APPENDIX I I I

DETECTION OF INSTRUMENTAL ASYMMETRIES.

In the arrangement o f the Mott spin analyser 

there are two detectors at scattering angles of U5° 

in the plane of scattering. These detectors w ill 

be mainly sensitive to instrumental asymmetries only, 

since at 1+5° the Sherman function is  very low . The 

method used for calculating the polarisation values has 

assumed that

The detectors at 1+5° provide a check on the va lid ity  of 

equation ( 5 - 7 )

Van Klinken (1965) has shown, (assuming Rutherford 

scattering) that fo r  a beam h itting the gold  f o i l  off-centre 

by a distance y, and inclined at an angle 6 to the normal 

o f the f o i l ,  w il l  result in an asymmetry given by

where 9 is  the scattering angle being studied and h is

the distance of either detector to the centre of the f o i l .
The deviation from 1 is  given by B with

(5 -  7)

I.
R

down

B oC sin 9
cos 9

Hence B(U5°) = B(120°) i f  h(U5 ) = h(l20 )

Any misalignment in the beam is  h times more 

sensitive with the U5° detectors than with the 120°

detectors
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Substituting fo r  R in equation ( 5 - 7 )  results in

,  A W  [1  - » (  g -

■ 1 - ‘• ' " - h ) |

where rj = 6 - 6 '

x  = y -  y

Again i t  can he seen that this value w ill he about 

four times more sensitive at U5° than at 120°. By 

monitoring th is ra tio  fo r the U5° detectors any instrumental 

asynmerties can he noticed and due allowance made in any 

values affected with instrumental asymmetries.
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APPEKDIX IV 

USES OF FORHVAR*

AS A PROTECTIVE FILM AGAINST MERCURY ON DETECTORS.

The front gold, contact on so lid  state detectors 

is  easily  attacked by any mercury present in a vacuum 

system, and in this experiment i t  can arise from the 

mercury d iffusion pump being used, and more lik e ly  from 

the background mercury atmosphere due to the mercury 

beam in the main scattering chamber. Damage to this 

gold layer results in the detector having 'dead spots' 

and more seriously greatly  increases the detector noise 

such that, i f  bad enough, saturation of the amplifier 

output occurs whenever tine bias voltage is  switched on, 

no matter at what le v e l.

A method of coating the detectors with a thin 

film  (~20  /ig/cm2) o f formvar by immersion in a solution 

of formvar in chloroform (Muggleton and Parsons,1963)
p

was tried  and proved successful fo r  the smaller (100 mm')
p

detectors but the larger (300 mm ) detectors were damaged. 

The chloroform attacking both the epoxy surrounding the 

detectors and l i f t in g  the s ilv e r  contact from the gold 

film  on the front. An alternative method of slow vacuum 

evaporation of fornvar at about 100°C was tried  (iiils  and 

McGregor, 1973) and this proved en tire ly  successful fo r  

detectors of any type of construction.

Detectors thus treated subsequently showed no signs 

of damage from mercury, with no noticable deterioration 

in their resolution for 100 keV electrons.

* polyvinyl formal (Pprmvar 15/95E) supplied by Monsanto 
Corp. -used extensively in electron  microscopy as a 
support film .



- 145 -

AS A SUBSTRATE.

Using the immersion method, described above, 

controllable film s of formvar were deposited on glass 

s lid es , Marking out the size ana shape of backing 

required with a kn ife, allowed i t  to be easily  floated 

o f f  when the glass slide was slowly lowered into a 

bath of water. The aluminium foilholder could be 

raised from underneath the film  for mounting. The 

formvar film  went taut as any adhering water evaporated 

from i t .  The film  was then suitable as a substrate 

fo r  subsequent evaporation of very thin gold film s. 

These films proved to be su ffic ien tly  strong that 

there was l i t t l e  danger of bursting them whilst le ttin g  

the apparatus up to a ir . lo r  this reason a l l  of 

our gold fo i ls  were subsequently backed with formvar.

Since the film s could be made extremely thin 

( 20 fig/cz?) and were composed of ligh t atoms (Z^8 ) 

these films did r.ot seriously influence the scattering 

signal from the gold.
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