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ABSTRACT OF THESIS

The_properties of a plane mirror electrostatic energy analyser
low energy -

are discussed when using ap electron beam with an angle of incidence
of 20 degreee to the front plate of the analyser. Factors affecting
 the energy resolution of the analyser under second order focusiﬁg
conditions are discussed and an analyser constrgcted so that ite
various characteristics can be tested under practical conditions.
Using a thermionic electron source the electron ballistics of the
analyser are checked énd calculations made from the méasurements to
‘determine the energy resolution of the analyserf Values of percentage
resolution of the analyser of around one per cent are obtained and
the thermal spread of the electron source is‘also evaiuated.

The use of such an aﬂalyser 28 an instrument to detect back-
-scattering of electrons from a gaseous source is discussed and a
short description is given of an experiment using‘the analyser to
observe the inelastically scattered electrons produced at an angle
of 180 degrees when the 61P1,‘63P0 andr63Pl states of the mercury

atom are excited by an electron beam which is energy selected by the

same analyser,
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CHAPTER 1
INTRODUCTION

One of the most basic problems in electron ballistics is the
motion Qf electrons of a known initial energy in a wniform electric
field. An electron emitted at an arbitrary angle into a ﬁniform
electric retarding field will follow a parabolic trajectory in that
field. Given that two electrons are emitted bj a point source
with the same initial kinetic energy, but with different angles,
then their trajectories will, in general, Qfosé each other. A
well known example (Pierce:1949) is that electrons of the same
initial kinetic energy, emitted within a smal}-angular range about
an angle of 450 from a point source located on the more positive
plate of a plage parallel condenser, will be focused cn this plane
provided that the initial velocities of fhe-electrons lie in a
piane parallel to the electric field.

This is the basis of the electron energy analysz2r developed
by Yarncld and Bolton(l949)and studied in some detail by Harrower
(1955) in the energy range 100 to 900 eV. In these cases, since
there is no force acting in the direction perpendicular to the
electric field, focusing takes place-in one direction only.

Two directional focusing can be achieved by using the type of
field developed between two co-axial c¢ylinders. Electrons, with
the same initial energy, emitted within a small range of solid
angle by a point source situated on the symmetry axis, can be
brought to a focus on this axis (Blauth:1957) (Sar-el:1967). As well
as its two directionai focusing property, such a cylindrical mirror
satisfies the requirements of second order fecusing for a specific
combination of experimental parameters (Zashkvarail966). The

performance/
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performance of such a cylindrical mirror as 2n energy analyser can be.
shown to surpass that of a hemispherical analyser (Hafner:1968);

Green and Proca (1970) showed that if the source slit and
collector slit of a plane‘mirror energy analyser are located in a
field free region, then electrons of the same initial kinetic energy,
emitted within a small angular range about an angle of 300 from a
point source, will come to a focus under second order focusing
cpnditionso3 The minimum image size of such an analyser was also
studied. ‘

The use of various types of energy analysers in the study of
eléctron—atom interaclions means that the resultant scattered elec-
:trons can bé analysed vory accﬁrateiy and their energy distributions
found; Schulz (1962) devised a method of studying tne vibrational
excitation of nitrogen molecules by electrons in the energy range
1.5 to LeV using two identical 127 - degrees electrostatic analysers,
the first to produce essentially monoenergétic electrons and the
second tuned to an energy loss process; The plane mirror energy
_analyser has been used in experiments to study the angular
distribution of electrons scattered with well defined energy (Lassettre:
1964) and as a part of a simple photoelectron spectrometer (Eland:
1968). These analysers are of the type which accept electrons emitted
at an angle of 45 degrees as is the one used by Malcolm (1976) in
‘his apparatus to study angular momentum dependent collision processes
in sodium.’

M1 these -types of apparatus mentioned latterly cannot be used
to observe scattering out to angles of 180 degrees because of the
interference of the source. The apparafus that does enable

observations/
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obgervations to be made at‘these angles was developed by Gagge (1933)
who employed a uniform magnétic field to deflect the electrons in a
circular path. A plane mirror electrostatic analyser ﬁith a 30
degree entrance angle can be used as an instrument for the measurement
" and study of 180 degree inelastically scattered electrons from a
éaseous sources The beam of scattered electrons will follow a
different path from-the source beam and this particular experimenf
will be discussed more fully in the appendix.

Although a study into the angular resolution of the plane mirror
electrostatic analyser with a 30 degree entrance angle (120 degree
analyser) has been made by Green and Proca, as previously mentioned,

a project to study the energy fesolution of such an aralyser under
second order focusing conditions was carriéd through.

| The theoretical babkground of fhe electrostatic analyser is
discussed in chapter two, and in econjunction with the relationships
formulated an analyser was constructed and operated with a simple
thermionic source, the description of both of which are dealt with
in chapter three. When operating the analyser, two methods of data
collection were used both of which have distinet advantages and these
are discussed in chapter four along with other factors important to
the wﬁrking of the analyser. The general performance and charac-
tteristics of the analyser using low energy electrons were checked and
measurements to determine the energy resolution were made. These
calculatioﬁs and results were based on certain assumed characteristics
of the thermionic electron source used and upon the analyser having a
Gaussian instrument function, all of which are discussed in chapter
five. As well as obtaining values of resolution of less than one

percent/
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percent certain characteristics of fhe thermionic scurce were obtained,
An experiment to detect inelastically scattered electrons from
mercury at an angie of 180 degrees to the incident beam direction was
carried out. Some results were obtained and although the success was
very limited due to parameters changing during the long counting times
involved, the analyser as an instrument for the obuservation of back-
scattering is feasible. Thia experiment was done in g qualitativé

rather than quantitative manner and is discussed in the apy~ndix.

’
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CHAPTER 2
THEORY OF THE EXPERIMENT

2.1 The Plane Mirror Electrostatic Energy Analvser - Ballistics

If an electron is emitted from a point source P, which is

situated in
y = 0 in
the y axis,

a (see figo

a field free region, as it enters the hali plane
which there is a uniform electric field Ey parallel to
then the electron is subject to a constant acceleration

2.1)

where a = - ¢ Ey

’

m

e being the electron charge and m the electron mass.

ir

time t = o at (zy) = (0,0) then the usual equations

of trajectory can be written.

¥

. A
= voyt-iEyt
2m

[

v t =Bzt
N + 11 —
2m

Ez,:o

= v t = cos 8 ¢
z Voz Yo o

If

To

the initial kinetic energy of the electron is el

find the maximum penetration of the electron in the

electric field

A - Voy - eBy t
dat _ m

which gives & value of t,,y and therefore a value of y ..

Ymax

= U . 2

Similarly/
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Similarly the other cowordinate of this maximum position can be found

Buax = U sin 26,

Ey

The total distance from source to focus can be found

Z = I, + 4y + 2Zmax
Z {6,U) = (dy + d,)cote, + 2U sin 26,

Ty
If another electron of the same initial energy U leaves the source

at a slightly different angle ©,#@ it will reach y = 4,

at a distance Z (9 + 48, U)

2
Using a Taylor exponsion Z(8,+40 yU)=Z(6, ,U)+( )A @+2( g:j (a 9)2

. First order focus:’.ngl occurs if, in the first order approximation,
.Z(go_ +46,U) is independent of ag
ieee | (dg') 0
" By differentlat:x.on this condition becomes
%ga&) = 9in2, cos 20,
Thus for a given initial energy eU, there is a range of Ia.ng]es-

60 for which first order focusing occurs. Second order focusing

will occur if, in addition, the condition

(2 2/) =0 is satisfied.

d

That is 1f By {d, + dq) = 2 sinfo
._..4.D,Q___.l 0.

First order and second order focusing conditions are simultaneously

satisfied only if 90 = 300

From this the following useful relationships are obtained



T

U o= 2(d, +dy)
Ey

Ymax L= % [dO + dl)
YA =

nax A3 (d, + dl)

Il

0 4 -
Z(30°,U) 5/3 (@, + 4y)
The error due to the third order focusing effect is given by the

foﬁrth term of the Taylor expansion

3
2z = o (-%?)Gn (80)

If it is assymed that the higher order effects are wvery much
emaller for small values of 464 then effectively all electrons
emitted from the point sourceF within the éone
8o—46 to So+48  will cross the plane y = 4, at points 7-47y
to 7 reZz . Thus, choosing a collector slit of width
2 ﬁzjl‘ will allow the collection of most electrons emitted within
tﬁe-range 903'09 assuming that all the electrons have the same
energy. The required width of the collector slit for this condition
turns out to be ‘ | |

2 fazg] = 3208, +a;)@e)’

This implies that monoenergetic electrops emitted in the cone goi]gg

go to Z -'-*3?2«10 + dp)(e8)’



2.2 The Plane Mirror Electrostatic Energy Analyser - Energy

Resolution,

The following reasoning is similar to that‘uaed by Aksela
et al (1970) in his study of én electron spectograph with coaxial
cylindrical electrodos.
Consider the shift of the image of a point éource formed at

o}

a fixed angle of incidence e, =30 'if the energy of the incident

electrons changes from U to U i‘AU\'
4

a7(6,,U% aU) = ¥ dzau = X1 Ayv
dau V)
where the quantity D= dz, U
' dU

This quantity is called the 'energy dispersion coefficient’
of the analyser at the nominal energy U
If a elit of width s is considered to be in the image plane
then the fractional energy spread‘in the transmitted beam is
Mo A =i
If it is considersd once again that there is an angulaf spread
128 about the nominal angle of incidence 90 but AU=0 then
- under second order focusing conditions, where §o= 300if a slit of
width 2 ﬁz(iae,U)/ is placed in the image plane, the iﬁitially
divergent beam will be fully transmitted but the slit will allow a

fractional energy spread

R(AQ) = -d_ll_j{ = 2éZ(§AG,U)/

= 2 [d72 (a6)3
© 23D [ded

In general, if a point source emits an electron beam of

angular spread tsp about the nominal angle 90 = 300 and there

is/



is a slit of width & in the image plane, the resultiug energy

resolution is :
b TR = Ree) t Rg)

SRS LR RS}

This result can be readily extended to the case of a source of
finite width. If the source has a slit of width gjand a slit

in the image plane has width =2 then the p.revious considuerations
are valid to a point within the source slit and therefore the latter
relationship will hold to the case of a finite source as well,

provided s is replaced by 8y + 8p

_@_Z) U 2U sin 28
By

it

25 (, + d7)
The aperture angle of the incident beam is defined by the geometry

) shown in fige 2.29_

46 = I8 sin @ = 3

do/SJ.nGO 8d4
From previous equations 133z = 32(d, +d,)
5 ded ° 1

Substituting this and the relationships for D  and A8 in the

equation for R gives

R = b1 s + _.1(_3_)35
4}3 {do-%dl 1B\ a,

From this it is apparent that in the case of a small aperture S the

tﬁ'if.ﬁefff? order focusing term makes very little contribution to the energy

spread of the transmitted beam. The main obetacle to high resolution

is/
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. image
is the finite size of the source and”slit rather than the spherical

aberration. In fact, unless the contribution to R due to the
finite slit widths iz reduced considerably, the second order -
focusing contribution to the energy resolution of the‘analyser is
unimportanta. In practice, however, it is customary to make the

two contributions comparable so that

ot - ()
do + dl L6 \ d,

which would yield

R

fl

1l 8. + 8
z(do-" dl)

This gives a theoretical value to the energy resolution of a plane
nirror electrostatic energy analyser which has an entrance angle of

30 degrees.
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2.3 Analyser as an Instrument to Detect Backscattering

Suppose electrons leaving point source P and focusing on
(Fige 2.3) are inelastically scattered at 180 degrees to the
incideﬁt direction thén the motion of these scattered electrons is
governed by all the previous considerations except that the source
position jg ¥y = dj. There is a different initial energy of these
electrons of U' = U - AU whereAU is the energy loss of thé
electrons due to the inelastic¢ scattering, and the direction of the
Z axis is reversed. For the backscattered beam the position of the
focus at y = dli can be found by the relationship

By {dy =+ di) = X
U -~ Al 2

The value of Iy must be the same as that for the incident beam as .

the same analyser is used for both incident and backscattered beams,

. .
Z (8osU-4U) = (do*djlcote, + 2(U 5AIQ 5in28,
. R iy
- which gives the other relationships
a1 +dj Ay
d’O -+ d'l - U
t
Z (8.,U ~AU) _ AU
ANy = 1 - U
' ,
dy +a _ do -+ d3
Z(6,,U - AU) Z2{8o,0)

On this basis, the position of the focus of backscattered electrons
can readily be obtained for any energy loss A%%
For various energy losses the corresponding foci are located on a

straight line as illustrated in figure 2.3.
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Figure 3.la Analyser Assembly.
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CVAPTER 3

THE APPARATUS

3.1 Plane Mirror Electrostatic Energy Analyser

The analyser show:. in.figure (%.1) consisted of a front plate,
back pléte and nine guard plates separated by stepped ceramic
insulators and held tcgether by eight 10 B.A. brass threaded rodé
inserted through the centre of the insulators at eight positions along

the plates. These thresded rods were screwed to & 2.5 mm fhick copper
sheet which wazs in dirdct contact with the front plate. This sheet
acted as a support for the electron gun and collector slit as well as
being bolted to a system of slides, made from dural, which enabled
the whole analyser assembly to be moved on the baseplate.

The front, back and guard plates were cut from 0.15 mm copper
sheet to be 150 x 50 mm in size. Each plate had eightlﬁimm diameter
holes which fitted the sieps in the ceramic insulators. The entrance
and exit apertures in the front plate, as well as the large rectangular
130 x %0 mm holesin the guard plates were all made by spark machining,
The back plate of course had only the holes for the ceramic insulators.
The guard plates were equally spaced using the ceramic insulators and
joined electrically by resietors in such a way that a voltage of ten
percent of the total voltage between front and back plate; was dropped
between adjacent guard plates. In this way a uniform elecfric field
was set up inside the analyser with no danger of external fields
penetrating from the sides.

For reasons of space the value of Z max was taken to be 50 mm,

L do + dl = Z Tﬂax = 28,9 mm

i3

d0 was chosen to te 20 mm and therefore d,was 8.9 mm,

The/
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The maximum depth of penetration of the electron beam in the

analyser could then be found
Yo = %(do+dlj =" 14,45 mm

This meant that.the'back plate of the analyser had to be at
ieast this distance from the front plate and so a distance of. about
twice this value was taken to ensure that there could be no
appreciable electron scattering from thé back plate. The distance
between front and back plates was b taken té be 34.5‘mm and then -
the voltage on the back plate Eb as a function of Ey was

| Eb = 0.0345 Ey
Given this voltege Eb then a beam of electrons passing through

the analyser would have an energy of

il

U = _Znex Ib
sin 260X 0.0345

1,6735 Eb

The source slit was made 0.26 x 1,0 rm and the image slit
0.2 x 1.85 m giving a value of s7 of 0.26 mm and sp 0.2 mm.

Ignoring the apertures in the front plate, a value of energy
resolution was

R = 1 51 4 82 = 0,00459 = 0,459
5 2(a, + a1) _

Therefore a thecretical size of entrance aperture S could
be calculated, assuming the second order focus term to be of the same

value as the source-image slit term.
1

8 = G4 Z:fr?(sl + 8,5)/ (@ + d1) 3 = 12.68 ) mm
A reduction of S would have little advantage yet a value of
6 mm was chosen as this was a convenient size when machining took
place., The main result might be a reduction in transmitted intensity

which is proportional to S for a poésibly moderate gain in resolving

power/
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POWET

| Since focusing effects take place for trajectories which lie in
a plane parallel to the electric field (the focusing plane), it is
obvious that no similar effect will take place in the direction
orthogonal to thiq plane. Velocity components of the electrons.
orthogonal to the focusing plane are not affected. S51lit dimensions
81, 82 and 3 are therefore measured in the foecusing plane aﬁd
dimensions in the direction orthogonal to the focusing plane are
arbitrary for measurements of energy resolution although consiﬁeration
of fringing field effects is necessary.

The regidn in which the uniform field of the analyser will be
disturbed is confined to the neighbﬁurhood of the eptrance and exit
apértures. Inrthe case of a narrow slit; this field extends along,
and is symmetrical with respect to, the mid-plane along the slit as
well as being normal to the plane of the slit. The depth of the
disturbed regioﬁ measured along the nqrmal to the slit is of the
same order as the width of the slit. Thus a long narrow slit acts
as a cyliﬁdrical lens which has an effect on the electron velocity
component pefpendicular to the glit but has littie effect on the
electron velocity component parallel to the slit. The exceptions-
to this case are electrons which pass in the immediate vicinity of
the slit ends. |

From this it follows that the slits in the front plate of the
anélyser should‘be relatively long in the focusing plane and narrow
in the direction at right angles to the focusing plane. This is
important for the source side slit because the incoming electron beam
is decelerated and the fringing fiéld.acts as a defocusing lens.

To allow for any divergerce of the beam at right angles t the focusing
field/
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~field the output slit on the front plate of the analyser should be
made slightly wider than the source side slit. In the region of this
glit the field is slightly focusing énd the overall effect of the two
glits in the direction orthogonsl to the focusing plane of the
analyser should be slightly focusing. This situation is analogous
to the symmetrical three aperture lens where the outer electrodes
have the same potential and the centrél electrode is negative with
respect to the outer electrodes. The front plate of the analyser
is at earth potential and the back plate at some negative potential.

The source and image slits are in field free regions and
therefore their dimensions in the direction orthogonal to the focusing
plane of the analyser play no ﬁarﬁ in the performance of the system.
In practice, however, it was fhought not advisable to make these
lérge: than the corresponding dimensions of the slits in the analyser'
front plate. These front plate dimensions are

source side aperture 6 x 1 mm
" image side aperture 6 x 2.2 mm

.Thé source and image slits were gpark machined on Q.15 mm
copper sheet and they were mounted on brass blocks which were machined
such that the electron beam at an angle of 30 degrees would focus in
the appropriate dimensions of the.slits.

These blocks were mounted on the front support plate and copper
gheets were manufactured to enclose the blocks and the front plate

of the analyser so that a field free region was set up.



Figure 3.2 Electron Gun.



Figure

33

Cathode & Heater.



~16—

3,2 Electron Gun

The electron gun consisted of an iﬁdirectly hes*ed oxide coated
cathode, heater and two electrodes mounted on the same bress block
that held the source slit. The electrodes were maderfroh none
magnetic stainless steel, electrode d having a 2 mm diameter hole and
electrode e a 1-5 mm diameter hole, (Figﬁfe 3.1)e The cathode was
mounted in é non-magnetic stainless steel holder which was designed
to facilitéte easy reylacement of thercathdde. -The heater was spot
welded to two stainless steel screws bolted to a sheet of mica.

The electrodes, cathode and heater assembliés'were mounted to the
brass block using three M3 threaded rods and spacing was échievéd
using stepped ceramic insulators as shown in‘figure (3+274 The
electrical contacts to the fafious parts Qe#e made by short lengths
of nickel wire spot welded on.

The oxide coated cathode and heater were of the type used in
WP cathode ray tubes. This meant that the cathode was supplied
mounted on a ceramic disc as shown in figuré (3.3). These cathodes
were capable of being used more than once if care was taken to allow
them to cool comﬁletely before exposed to the air, althoagh the
activation ﬁrocedure had to be carried out each time before electron
emission stabilised. The heater was of the insulated, pifilar type
which meant that the cathode was of the equipctential type and there
would be no stray magnetic field produced by the heater currént.

The activation procedure cérried out on the cathodes is

described fully in appendix III.



Figure 3.4 Channeltron.



Figure 3.5 ©Sliding Mechanism on Baseplate.



3.% Electron Detector

The detector was a channel electron multiplier (Channeltron)
of the Mullard B312BL/01 type shown in figure (3.4). This was mounted
on a sheet of mica and inserted in a copper box in such a way that the
mouth of the channeltron was aligned with a small hole in the box.
This box was mounted on a sliding jig which was attached ic the
baseplate so allowing the whole assembly to be positioned with respect
to the analyser aase?bly (see figure 3.5). The lead to the closed
end of the channeltron was screened and this screen connected to the
open end of the channeltiron which was at ground potential,

The channeltron was operated at about three kilovolts ard this
was applied through a 6harge sensitive preamplifier_@hich was
connected 1o the counting equipment. FPulses from the‘channeltron
were fed to this preamplifier and from there to an amplifiér then to
the appropriate counting equipment.

Although this type of channeltrcn was used through most of
the experiment a similar type of channel electron multiplier,
developéd in the Physics department of Edinburgh University by H.J.
Stevens and E, Davidson, has also been used with considerable
success. This channeltron had similar cﬁaracteristics to the
commercially available type but of course could be produced at much
lower coste Unfortunately the dimensions of tge prototype were
unsuitable for certain aspects of the experiment although at this

present time gmaller channeltrons are heing developed.



3.4 Ancillary Apparatus

(a) Magnetic Shielding

Because of the low kinetic energy of the eléctrons passing
through the analyser it is necessary to attain a condition of
negligible magnetic field over the region in which the electron
trajectories occupye. The presence of a magnctic field, even that
céused by the earth's own magnetic properties, can cavse the
glectrons to defocus and the plane mirror electrostatic energy
analyser to behave.completely "out of tune" with the theory already
diséussed. |

The normal method of achieving a null magnetic field is to use
three pairs of Helmholtz coils to cancel the field in the three
dimensions involved. This approach was tried and found to be reason-
:ably successful, however each pair of éoils needed a stabilised
deCo supply adjustable independently of the others. To aveid this
expense another method of shielding was adopted consisting of three
layers of 0.05 mm thick Telshield wrapped around the 12" glass pipe
section. To take advantage of the properties of this material to
the greatest advantage overlapped joints were used and kinks in the
material aveided. Each layer was interleaved with paper to take
advantage of successive reflections at the shield boundaries in the
case of &a.c. shielding. Ag well as those layers of Telshield which
formed a cylinder in the vertical direction, which is the direction
orthogonal to the focusing plane of the analyser, a pair of Helmholtz
coils was also used to help nullify the earth's magnetic field in
this directions

" Measurements of magnetic flux density were made by a Hewlett-
Packard milligauss meter and probe unit. Withlthe top flange and

analyser/



4
-ﬁ;Iﬁgmu.‘s

I
o] Coir vourage
- e w — o
e —.. v
e T e -_— 1-5v
/ : o \ 3V
- go T
] .‘o-- .I
N
_ N\
foT T
————— ™ ™ == e \'
1 i —_ q\
ha .
27 BN
e
—-—
CENTRE OF CrandsR -~ ~
o i 4 4 4 4 t — S |
b FY Lo ‘o fo ioo 120 \'LP' ‘mm
.
-Zo1 \
- ot

Figure 3.6

Magnetic Field Plot



- 19 -

analyser removed from the wvacuum chamber, measurements were made of
the magnetic field inside the chamber at the depth at which the electromn

beam passed through the analyser. These measuremeﬂts were made

diametrically across the chamber and the resulis are shown in figure

(3.6). Tt can be seen that the Telshield alone does not reduce the
residual field sufficiently, but by applying another magnetic field
using the Helmholtz coils at 3 volts a reascnably uniform and for all in-
:tenfs and furgoses negligible field can be obtained.

The power supply to control the current through the ceils is
shown in figure (AII.3). The circuit uses an oberational amplifier to

control the amount of current passed by a large power transistor which

45 the same current passed through the coils and a one oum registor

which is on a heat sink. The 250 ohm potentiometer sets this value
of current. Any small changes in this current will produce a change

in the voltage dropped across the one ohm resistor. This is fed back

“to the operational amplifier which corrects this change in current

and therefcre the circuit is a stabilised current supply.
Coil dimensions = each coil
Radius -~ L4LCO mm
Number of turns - 52 of/ 22 s.w.g. enamelled copper wire

Resistance w 5.5 ohns.
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Figure 3.8 Vacuum System.
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(b) The Vacuuﬁ System

The electron gun, analyser and channeltrén were contained in a
glasse plpe sectlon of nomlnal diameter 300 mm and length 4S50 mm sealed
at the top by a dural plate te which the various feedthroughs were
attached; the bottom being connected to a fairly fast pumping system
consisting of an ES200 rotary pump, EO4 water cocled ?il_diffusion
pump, water cooled chevron baffle, liquid nitrogen trap and butterfly
valwe shown in figure (3.8). The rotary pump was connected to the
system in such a way tHat it could ""vack” the diffusion pump and
rough'' out the systém independentlys This greatly simplified any
changes which wefe necessary inside the vacuum chamber as there was no
neéd to allow the diffusion pump.to cool down and therefore a great
deal of time could be saved. The diffusion pump was filled with
Sanfovac 5 fluid and the system was capable of attaining a pressure of
1 x 10-7 torr inside the glass chamber. Pressure was measured using
an IGSG glass ionisation gauge.

There were several good reasons why a good vécuum was necessary;
firstly it waé eéééntiai‘that most of the air and gas molecules were
removed as their presence could result in the scattering of the
electrons; secondly the ty?e of cathode used was susceptible to
"poisoning' if the surrounding area contained any contaminants; thirdly
any monolayer of hydrocarbon from the pumping o0il could cause elecC~
strodes and surfaces with electrical potentials on them to behzve in
a peculiar fashionj fourthly the channeltron only operates satisfactorily
at pressures below 1 X 10—4 torr.

The top dural flange had several electrical feedthroughs and a
cold finger sealed to it using 1 mm diameter extruded indium wire.

The c¢old finger was.part of the system originally as a method of

cooling/
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cooling the mercury vapour cell in the inelastic scattering experiment
but it also served to increase the pumping speed of the system., The
béseplate containing the analyser and other parts was suspended from
the top flange by three 25mm diameter dural rods and the whole
assembly could be removed from the vacuun chamber in one piece.

A1l the components inside the vacuum system wore made from non-
magnetic materials and the insulators were of mica or ceramic which
have a lower raté of outgassing than nylon, perspex or Psi.fees the use
of which were avbided:

A1l the components, with the exception of the cathode, heater and
channeltron, were cleaned first with trichloroethyl une, then yith
acetone and dried in a stream of hot aire. The channeltron could be
cleaned using isé-propyl alcohol and being éir dried at a temperature
not exceeding 70o Ca

The 1liquid nitrogen cold traps vere filled using the automatic
level controllers described later in the appendix. These units were
developed and used in preference tolthe commercial units available.

The commercial units were expensive and tended to waste a greét deal
of liquid nitrogen because they replenished the celd trevs too uften,
having only one level detector. In thé constructed iype two level
detectors, an upper and a lower, were found to Le more economic in
liquid nitrogen costs.

Similarly, in view of the expense and peneral unsuitability of
commercially built units, a unit was built to protect the vacuum
pumps and compdnents in the case of failure >f cooling water or
system pressure. This unit is described in the appéndix and proved

" invaluable in preventing expensive equipment being ruined.



CHAPTER 4
EXPERTMIENTAL METHOD

4,1 Setting of basic experimental parameters.

The vacuum system was pumped until the syétem pressﬁre wee
less than 2 x 10“6 torr. The cathode of the electron gun was then
activated following the procedure described in the appendix. This
was necessary after tne cathode had beeﬁ exposed to the air or if
a new cathode was béing useds The voltages for tﬂe electron gun
were supplied by the uait deseribed in the appendix. With the
voltage on the cathode set:to some predetermined value, the voltage
on the first electrode (the one nearest the cathncde) was set to
the samé value, or if the cathode was nearly exhausted, slightly

'positive with respect to the ca£hode. The voltage on the second
electrode was normally fixed at +10V with respect to earth, which
was found to be the setting which allowed a fairly high intensity
of beam to enter the analyser. The voltage on the heater was
normally about 6.8V when the cathode was new, but could be as
high as 7.8V if the ozide layer on the cathode was nearly exhsusted.
A1l the voltages on the gun, as well as the voltage on the back
plate of the analyser, were measured on a digital voltmeter and
could be read to two decimal places.

The channel e ectron multiplier was normally operated at just
over three kilov&lts,'the voltage being applied slowly to avoid

breakdown in the charge sensitive preamplifier. This voltage was

also decreased slowly before switching off.
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4.2 Data Measurement and Recording.,

The back plate voltage (Eb), when varied, passes through the
ﬁalue required to defloct the beam, which has entered the analyser,
out of the exit aperture and focuses it on to the collector Sliéo
fhis procedure could be carried out manually by noting the back
plate voltage (Eb) and recording the counting rate of the channeltron
for all values of Lb.

To oﬁercomé‘thig rather tedious task, two metiods were developed
which automated the collection of the data, The first method |
ensbled Eb to be changed in steps from a low value upwards and
the counting rate for each voltage to be recorded. The second
method involved;sweeping Eﬁ.at a constant rate upwards, then
repeating sweeps and recording the countiné ;ates for different
values of Eb during these sweeps.

a) Nethod (1)«

The cathode and eleoﬁrode voltages afe get to suitabie values
for the emission of a beam of electrons with enerfv U The method
of experimeﬁtally displaying the relationship between Ib and the
countirg rate obtained from the channeltron is illustrated in
block.diagram:form,in figure (4ci). The voltage supplied to the
back plate of the analyser, the front plate being at earth potential,
is controlled by a ten~turn potentiometer connccted to a stabilised
© d.c. supply in such a way that the voltage déveloped acrogs the
potentiometer can be varied using two othef potentiometors and the
datum point of this voltage drop can also be varied. This means
that with a d.c. supply of about 20 volts, a voltage variation
using the main potentiometer of zero tc 20 volts can ve obtained;

or a small variation of &s low as under one vult with 2 starting
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point anywhere between zero and 19 volts can also be obtained.
This main potentiometer is driven by a small stepping motor, the
controller of which is described in the appendix. The back plate
voltage of the analyser can be varied by very small increments

as the stepping moter does 48 steps for every revolution and s0
there are a total of 480 steps for the full range of the potent-
jometer, 400 of which are uged in the recorded scan. The rate
of stepping is alsc variable so that the fate of scan of the
‘back plate voltage of the analyser can be slow to obtain long
counting rates, or fast to do performance checks,.

The stepping motor controller is also comnected through a
pulse correcting circuit to a'mﬁltichannel,analyser (iaben) in
such a way that every time the motor advances a step, the ILaben
advances a channel up to its maximum of 400 channelg fhén,switches
to the stop mode, The Laben is set up in the multiscaler node
so that signals collected from the chaﬁneltron arc ampiified and
cbunted in channel O for a certain 1éngth of time, determined by
the stepﬁing motor controller, then when the stepping motor steps,
the signals are counted in chammel 1 aﬁd so on up to channel 399,
The analyser back plate voltage at channel 0 and charnnel 399 is
noted so that a linear scale of Eb can be set up along the X
axié of the Jaben. As the counts in the various channels of the
Laben are directly related tb the number of electroms focused on
the image slit of the_analyser, then a graphical display of eiectron'
intensity agains£ deflecting voltage for an eleclron beam emitted
from the gun is obtained. dhis display can be traasferred to an

%~Y recorder, ityped in numerical fashion, or recorded on punch
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tape for computer analysis.

There is also the facility of switching out the stepping
lﬁotor driven potentiometer and switching in an crdinary potentiom-
eter so that the deflecting yoltage can be varied manually and
its effect on the count rate observed on .an nscilloscope or
ratemeter.

Advantages:— 1) The value of Eb at any time during the scan can
be monitored by the digitdl mulitincter.
2) The range of b swept can be very small or up
to the maximum available,
 Disadvantages:- 1) If any change in experimental paraneters
oécurs.during the scan, which is normally
set for 15 minutes, then the run had to be
repeated.
2) The data collected could not he monitored
during the runi' .
3) At the end of the scan the stepping motor
.cbntrolled potentiometer had o be switched
off manually after 400 steps exactly.
b) iethod (2).

The method of data collection shovm in block diagram form inm
figure (4.2) involves the use of a linearly variable veltage
(ramp voltage) on the back plate of the analywer and a.directly
proportional voltage to address the analogue to digital converter
(A.D.C.) of the laben. ‘he counts from the channeltron are
amplified and fed through a pulse shaping natﬁork before being
cormected to the saw&ing input of the Laben. 4his in effect means

that at any instant in time, pulses counted by the chareltron for
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a specific value of Eb will be recorded in a channel of the Laben
corresponding to the voltage level of the ramp function in the
A.D.C. at that time. The values of Ib corresponding to chamnel O
and channel 399 are noted and the same type of display as in
method {1) is obtained and can be extracted from the Laben in
both analogue ard digital fbrms. The ramp function can be cbtained
externally from the X outputl of a cathode ray oscilloscope, or
internally from the unit described in the appendix,

Advantages:- 1) . The scanning of the back plate veltage can be
continued for very long counting times and
any change in experimental parameters might
be statiétically averagzed.

2) A constant menitoring of the results being
recorded could be carried out using the
"live display' mode.

Disadvéntages:— 1) The range of Eb swept could not be varied to
such narrow values as in method (1), so that
most scans were taken between 1.0 and 10,5

volts for.Eb.



CHAPYER 5

EVALUATION OF RESUITS.

All the measurements were produced in the form of graphs of
ymumber of counts from the chammeltron against analyser back plate
voltage for given values of voltage on the cathode.

5.1 Electron Ballistics.

The peak of each curve obfained was taken to correspond to
the value 6f back plate voltage, ¥b, which allows the most electrons
to be transmitted through the anaiyser and then focused ﬁﬁ the |
image slit. ‘Iypical graphs obtained using both methods (1) and
(2) of data collection are shown in figures (5.1 & 5.2), but with

method (1) being used to obtain graphs of the importént part of
the scan; ie.ee in,the region of the pesak, By plotting_the.value
of back plate voltage (Eb) at which the maximum counting rate
occﬁ:s against the voltage on the cathode (Uk) for the same heater
voltage and the same cathcde but various values of cathode voltage,

& graph is plotted as in figure (5.3). In all cases, with the
results obtained, a straight line can be drawn through the plotted
points. The slope of this line gives the ratic of Ib to the energy
of the eléctfons entering the analyser and being focused on the
image slit. it is.apparent‘that this line does not pass throuszh
. the origin.and therefore the voltage applied to the cathode is

not the actual energy (U) of the eléctrons‘leaving the eleciron
gun, - The difference between Uy and U is the volbtage required to
move the electrons from just inside the cathode surfa;e to Jjust
outside the cathode surface,  This is the fcontact potential'J
(Beck:1953) and is denﬁted by ¢ . In the case of an oxide coatea

cathode 95 can vary from less . .than 1 volt upwards, depending on



. S Ly () serir asvry e | ’ oy

. . L _ W S SO A LA |
| . - ST

- ’ | ! ..._

- : HEE n b
. ’ to R mo R
. LI

N ' x
) i S

S - 1 »
-
4
i m
HE ;
coE ;
L N }
. : i :
5 !

, :

. Figure 5.1 ‘Result Obtained Using Method (1)




S

,ﬂ\&.-ﬂ.ﬁu, 77 L9
- F {

[EE

ined Using Method (

Figure-S
1 .

Obta

esultj

2 R

-



B

5

£y (v)

q

g

[4
Back Puaté Veirage

o o, o = 2 a~

At ITewesd o T

L]

5.3

Figure



- 28 -

the condition of the cathode surface, In fact, values ofiﬁ as
high as 2.5 volts wers measured although these occured when the

. oxide layer was very thin. Of the various-experimental runs

taken, the relationshiﬁ between Eb and U agreed with the theoreticsl
value to within a few percent, For this particular part of the
experinent, ﬁetnod (2) of data collection could be used because
only the positionuof the peaks were taken\into accouni, although

by using method (1) the same resulls were obtained. However, when,
method (1) was used, tae curves obtained wore conspicuously

agssymetric and so the following procedure was carried out to

investigate these shapes.
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55,2 Interpretatzion of shapes of measured gpectra.

the various mathematical steps for the following discusgion
cen be found in the appendix.
Electrons emitted from a hot cathode have a distribution of

upeeds which is well approx1matod by the Maxwell distribution law.

~

2
41\1) ( QLT) u e J;ET du

—mu?
censtant x uwe e du

¢

hen the probability that an electron in a beam subtending.'

n(u)du

f

unit solid angle has a velogity between u and u + du is given by

P S
P.(u)du = ud e < Cow dw

1 . - . . .
¢' is a normalisation constant chosen such that
o .

J;(u)du = ‘l

o
Ag the plane mirror electrostatic energy analyser measures

energy, an expression for energ distribution is required such
& q

that p(u)du = p(U)dU, Such a distribution can be written as

p{U)dAT = C U eka

au ' where U= O

Cis a normalisation.cbnstani numerically different from ok
N is dependent on thc cathode temperature, work funciion and
space charge conditions and, although its precise value is not
- required for the preéent, it is noted that M has the dimension of
(energy)"l, This eguation for energy distribution describes an

asymmelric dictributions .of which the mean energy <U>and the standard

deviation<<4Uzﬁ> ‘mean. square deviation) can be calculated,

LU> = 3 Lo07> =

PRI
>l
%
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If the analyser had infinitely good resolution then these two
guantities could be measured, because the mean and the mean square
deviation could bé obtained from the measured data. The problem,
however, is to disentangle the spread of the energy spectrum due to
the nature of the thermiomic emission dealt with so far, from that

arising from the finite resolution of the analyser.

A "generating function" for the probability distribution of
the electron energies is now introduced and this is the lLaplace
transforn of this equation.

I(V) = ,[:W p(U)dU = Cf:e_(’\ -v)u au

o
When the integral is evaluated, then

I(V) = X

(- v?
“he ratural logarithm of this function is called the logarithmic
generating function. | )
H(v) = 1n,f(v) = 2Ind - 2In (A -v)
. The important property of this function is that its consecutive
derivatives with respect to v, taken at v = 0, can be used to calculate

the "central moments" of the digstribution. In particular

4154
(dw' v=0 = LU >
and deg
( dv )V.'=O = <AU2)

When considering the effect of the finite vesolution of the energy
analyser on the observed results it is assumed that the analyser has
a Gaussian "instrument'function”. This neans that if the analyser ig
set or tunedlto transmit electrons-of energy i, then the probability

of obgserving an incident electron of energy U is given by



The factor K is a normalisation constant such that
s .

g(U - Up)ay = 1
s
Phis Caussiszn distribution has its mean at U,
LU> = Uo

and the mean square deviation is <AU2> = &2
Introducing a geaerating functlon as before

I(V) = f"U g(U - Uy)au
which gives 0Z9 (v} = JUov + 12 v2)
The logarithmic generatiné function becomes

H(f) = Ugv . + ¢~2v2

fhe first two central moments of the distribution become

_ . 2 _ '
g o (@), e

Having now manipulated the liaxwellian distribution of the emifted
electrons and the CGaussian distribution inherent in the energy analyser
the problem now is tc see how the_obseréed spectrum from the results
arose and how it can be described, |

Suppose the electrons emitted from the.bathode are accelérated
to an energy U, . Then the probability that an electron of energy
U, + U enters the analyser is
p(U, +U) = p(U) = cue ™M
i.e. electrons entering the analyser have the same probability of
gecurence as eleétrons being emitted from the cathode.

The property of the analyser leads to an energy spectrum different
from p(U, + U) in that it is a convolution of (U, + U) = p(U) with

g(U - Up). This spectrum is observed by scanning the nomlnal energy

of the analysecr and observing the convoluted spectrum on the U, scale.
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Then the probaﬁility of an electron of energy U, emitted from the
cathode and accelerated to an energy (Uy+U), getting through the analyser
set to accept electrons qi energy Uy is |

P(Uy) = jp(U) 5(Uy 2 T) av

-0
jhe generating function for P(U,) is

N _ vU -
.J(v; = ,_/'g o P(U,)du,
. B
| r,Z(v) .' OGUO Jp(u) g(U - Uy)dudu,
el _'w o
. L4
= 'ujrevu p(U)dyu V[‘eVA gla) dA
-t

-2

where A = Uy ~- U
If this generating, function is called,f;(v) and noting that the
first integral on the right hand side is a generating function as is

the second integral, then

ﬂf—P(V) = IP(V) ig(?)

or forming the logarithms

Bp(v) = Hp(v) * Hg(v)
Hence the mean and mean square deviation can be obtained by differen-
tiating this with respecf t0 ve Denoting the observed mean energy by
L > and {the mean‘square‘deviation,by(AW2;7

HP(V) = 2 InhA -2 In{ d = v} +‘:‘g‘<5'2 ve
falcing account of the acceleration to U,

<W> = 2+ U
by

LAWR> = )%? + &2

The nature of the analyser is such that it gives a constant
fractional resolution, i,e. the ratio of the mean spread of the

transmitted spectrum to the mean of the transmitied energy is constant.
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=Y = R = conatant
<W>
e — 2ol
and therefore < AF=> = 25, + R
A

The factor 2X™° is an energy spread characteristic of the electron
gun; it may change slightly ﬁith different settings of the electrode
potentials because they affect the space charge conditions; it may
be affected by uncontrollable changes in the work function of the
cathode and by small changes in cathode temperature. If, however,
thesé condifions vary within a range which keeps A virtually coanstant,
then from the previous equation the mean square widthlcow2:> as a
function of the mean energy squared <2 gives a straight line, the
slope of which is the square of the percentage resclution of the
analyser, ‘The extrapolated intercept gives the mean square of the
thermal spread of the incident bean,

Liﬁear relationships between the width of the observed spectrun

and the mean energy can only be expected if in the range of measurement
5 ,

2, << R°<W
A

‘Thig would be the cage if the electrons.had an incident energy greate?
than. about 100 ev with a cathode temperature of approximately 1200 °k.
Then the resolution of the analyser would be the slope of the line
obtained when the half widths of_the spectra were plotted against the
energy of the electron beam (Harrower:1955). In this case the intercept
is vanishingly small, the spectrum is of Gaussian shape, so that the
nmean aod peal of the spectrum cﬁincide and the thermal apread is
negligible, In the low energy range in which the present analyser is

working this is not the case.
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5.3 Caleulation of Resolution.

yhe measured energy spectra obtained from the laben using method (1)
of data collectioﬁ were reproduced graphically and also on punch Tape.
Eachlset'of data was run %through a comvuter program tn help to evaluate
the mean obscrved enerzy <> and the standard deviationd aWP: The
results obtained from the computer established the mean value of the
curve by denoting the value of LEb at which it occured by a channel
ywamber X. The extent of each scan was known,(ﬁ), and the nuiber of
channels used in that stan was N. This gave a channel step size for
a scan of 1i/N. The start of the scan (E;) was known and ‘herefore the
position of back plate voltage {<E> for the ﬁean.observed energy was

KEr = B + XM
N

he ratio between Eb and the electron energy U was lmown by using the
fesults from 5.1 and therefore the observed mean energy was

LW> = . U <KBX>
Eb

Sinilarly the value of mean square deviation of the measured spectrum
was in channel numbers (12) and so the mean square deviation of the
back plate voltage was

L4E > = ({_}_Ig)a ¥

N

The mean square deviation of energy can be found
2 2
<aw > = (g) (2%
- Eb

The values of-éW?2 against<(nwz)>, for the sare cathcde and same

heater voltdage, were plotted and the best straight line fitfed to
these points using the methed of least squares. Trom this the resol~
ution R and the thermal spread of the beam were found as deseribed in

section 5.2.
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RUN (1) Fgures (5.4 to H.11)
Heater voltage = 7T.50 volts
Cathode Voltage Uk 19 ‘16.5 14 |11.5 | ¢ |6.5 V. i
Peak value of Eb 10.63 \9.175 TeTY 6024 |4:73:3:27 Vﬁh
~ Graph. plotted shown in figure(5.4)
.ﬂy methbd of least squarés:~
Slope of line = U = 1.6955
Eb
Intercept on axis = contact potential % 0,951 volts
" From computer print out & graphs ( see text ).
X Y M| W B, <wF <72
155,5 | 78,8 | 0.77| 400 | 10,41 | 329.5 0,0549
- 148.3 63 o4 1 0,781 400 8,95 245 .4 0.,0439
161.7 603 \ 0.77 | 400 Tedd . 172.7 0.0387
174.3 | 574 0,77 | 400 5.94 113.,2 0,0351
152.5 |51.6 | 0.80 | 400 | 4.48 65,3 0.0306
207.5 |48.,0 | 0,79 | 400 | 2.9 31,5 0,0258

Graph plotied shown in figure (5.11)

sy method of least squares:~

Slope of line = R®

; Intercept = mean square of
thermal spread

Resolution = R = 0,00952 = 0,952%

yhermal Spread of electron source = J2 = 154 my
y -

Error in resolution =AR = 3,1 %

R
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RUN (2)
Heater voltage = 7.8% volts

U 19 ‘17 15 13 11 9 T 5 volts
Eb peak | 10575 | 940 | 8422 [ 7403 [ 585 | 4,75 | 3449 [ 2:30 | volts

Graph plotved shown in

By method of least

Slope of line

Intercept on akxis =

r

figure (. 5,12 )

Sq_ua:r‘es [t
Ib

contact potentiél = 1,034 volia

kFrom computer print ouv & graphs, . -
x| x | ow Ep W’ £a72>
105,35 | 82,1] 0.69! 400 | 10,28 | 326.9 | o.,0582
207.0 | 78.6 | 069 | 400 9,09 258,8 0,0533
197,9 | 77.0 | 0.675 400 | 7093 198,0 0,0490
154.,8 | Toel | 0.66 | 400 6453 U6 0.0457
192,53 | 68,8 | 0.65 | 400 5,58 100,.7 0.0362
226.9 | 55.3 | 0,77 | 400 4,29 6445 0.,0329
162,1 | 47.9 | 0.68 ] 340 3421 3662 | 0.0200
159,8 | 4543 | 0.655] 320 2,02 16,0 0.0249

uraph plotted shown

By methed of

Slope of line

Rescluticn =

thermal spread of electron source

Error in resolution = A

= R2

Intercept

pas
R

= L1.03%

in figure (5.13)

least squares:—

e

mean square of thermal spread
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ruan (3)
fleater voita.ge = {32 volts.
L w9 | s [ a9 s

Eb Pea].C 10 ob3 9&4-8 8.18 b997 5072 4&49 DOF{J

By the method of .Jeast squares;-
Slope of line = U = 16152
Eb .
Intercept on axid = contact potential = 1.7564

From computer print out & graphs.

X | Y | um | d E, £ &5
165.7 | 44.2| 0.79) 400 | 10.35 2974 0.0199
235.7 | 5605 | 078 400 | 9.05 235.9 0.0314 |
140.8 | 45.6 | 0.83| 400 | 7.95 177.2 0.0234
139.0 | 50.7 | 0.85| 400 | 6.75 129.5 0.0303

148.2 | 42,9 | 0.89] 400 | 5.43 | 86.5 10,0238
156.4 | 4101 |0.95| 400 | 4.16 55,6 0.0249 '

Ey the method of least squares:-
Slope of line = #e ; Iniercept = mean sguare of thermal spread
Resolution = R = 0.0054 = 0,545

1hermal spread of electron source = J:2: = 151 mV
A

Error in resolution = AR = 95%

==



CONCLUSION

The experiments carried out confirmed the analyser electron
‘optics theory to within a small percentage of experimental error.
The relationship ketween the electron energy of the beam selected
b& tﬁe analyser and the deflecting voltage necessary to achieve
this selection was borne out by the results obtained.

The measureméntm of energy resolution of the analyser are
comparable with predictions.  Although in scme runs the experi-
:mental error is quite iarge, there were enough results with small
percentage errors to justify the claim that the energy resolution
of the analyser is not worse than one percént°

The assymetries of the energy spectra obtained are similar
to those explained by Dietrich (1958); The actual temperature of
the cathode was not determined as there was no way of directly
observing the face of the cathode with an optical pyrometer and
therefore results deduced from the energy spectra could not be
directly confirmed. The value of 2‘)\“2, although teken as 2
constant for any particular set of runs, may nave varied slightly
due to variations in beum density. (Boersch:1954).

The experiment to observe the inelastically scattered
electrons from mercury vapour at an angle of scattering of 180-
degrees appeared to be feasible, although, from the few qualitative

results obtained, no firm conclusion is drawne
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MEASURFHEI'S OF THELASTIC SCACIIRING FROM UHE LINRCURY ALOM,

The plene mirror electrostatic energy‘analyser seemed to be
idealiy suited as an instrument with which to observe inelastically
soattered electrons at an angle of scattering of 180 degrees from
a gaseous source. Since the energy spread of the electrons being
focused on leﬁving the analyser seemed to be in the extreme nc
greater than i_250 millivolis about the mean energy, it was thought
that the examinationfof inélastiéally scattered electrons from
the neutral mercury atom was possible. From figure (4T.1) it can
be secen that scattering from the 61Pl state should pe fairly easy
to separate from scattering due to the other states, Electrons
of a certain energy, which interact with lne mercury atoms and
excite any of the-states of the atom, when scattered at 130 degrees -
to the incoming electrons, will have lost an amount of energy
dictated by the particular level excited. These electrons, on
re—-entering the aralyser, will be deflected in a differenf pat
to the incoming elsctrong and refocused on their exiﬁ from the
analyser. |

The apparatus, shown in figure (AI.2), consists of the plane
mirror electrostatic analyser which has already been discussed in
depth, the electron,gqn, and,. insfead of an image slit, there is
a mercury vapour cell, This has two slits in the direction of
motion of the electron beam; one to allow the entry of the incéming
electron bgam and the exit of the resulting inelastically scattered
electrons; the other for the purpose of monitoriné the incident
beam intensity by means ef a channgltron. At the focus point fof

the baclkscattered electrons there is another chanmeltron which
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measures the intensity of the inelasticallyrscattered electrons,

The vapour cell shown iﬁ figure (AT.3) consists of an oven
block inside wnich a small amount of mercury is placed and a thin
tube which has two slits spark machined in it. The oven block
has a heater inserfed in the various holes and the tube has a
separate heater wound round it in a bifilar fashion, This means
tﬁat the oven block and the tube can be heated independently thus
enabling a greater conirol tu be kept over the temperature of the
mercury vapour in theé tube. As thg tube is nuch lighter in its
construction the temperature can be varied ai a much faster rate
than that of the oven biock. The vapour cell was constructed of
non-magnetic stainless steel of the EN58Y type and was mounted
using ceramic bushes and insulators on a dural sliding mechanism
mounted on the baseplate of the.apparatus. Az previously, the
incident beam monitoring channeltron was also mounted on a sliding
mechanism on the baseplate. the other channeltron was mounted
directly on the front plate of the andlyéer with its anglé set
at 30 degrees to the front plate using a brass mounting blocic.
The mercuryvapour cell could be cooled £b a temperature of -40°¢
by £illing the top c¢old trap with liquid nitrogen. This cold
trap is connected to the vapour cell by a flexible copper braid.

The configuration of the apfaratus wes such thet electrons
with en initial energy U are deflected through the analyser and
focused on a point at the centre of the vapour cell by the voltgge
between the front plate and the back plate of the analyser (Eb) o
Nearly all of these electrons then enter the channeltron and an
indication of incident becam intensity is obtained. Any electrons

which interact with the mercury vapour and scatier inslastically
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at 180 degrees to the direction of the incident electrons, then
re-enter the analyser, are deflected by the same electric field,
and are focused on the other chanmeltron oniy if they have lost
the appropriate energy té which the analyser is "tuned". Electrons
of any other energy loss will, on being deflected by the electric
‘field, be collected on‘fhe'front plate of the analyser and do not
interfere with the count rate.

As the analysef used wsa basically the same as used in the
measurements of resoiution; then the value of deflecting voltage
Eb to focus an electron beam at the cenire of the vapour.ceil was

in +the same ratio to the incident beam ernergy as before.

1
Z nax. = 50 nm, Z max = 20 mm o
do = 20 ol o dl = 809 1L
input slit = 2X4 mm,
output slit = 1X 4 mn,. backscattering slit = 1lx 4 mm,
dy +dy = Z . max
/3
d:;_ = 3065 M o
From the relationship
Z'mqg, = 1 -4
4 max 1)
U
AU = OcGU = O.6 X 106755 I'.n‘b = Eb

: This ratio of Z max to Z'ﬁax gimplifies the use of the analyser
as a direct mezsurement of energy loss will be obtained from the
deflecting voitage.

the level ﬁf the mercury atom to be excited is chosen and

the value of back plate voltaée Tb is known to be the same as
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this energy loss. If the contact potentiél of the cathede is
known, then by using the value of U found Irom figure {AIL.5) and
adding the contact potential, a value of cathode voltage is found.
If however, as was sometimes the case, the contaet potential.was
not known to any great accuracy, then with Eb set, the values of
cathode voltage Uy and the electrode potentials are set suéh that
a maximom count rate can be observed from the incident beqm
channeltron‘using the ramp generator in the d.c. poaition, Having
made sure that the peak of the count rate occurs at the correct
value of ¥b, the ramp gemerator is then switched to either inteinal
or external ramp function. The-limits of this sweep are measured
and using method (2) of data collection and the counts from the
incident beam channeltronm, a display of count rate against ¥b dis
observed on the ILaben as shown in figure (AT.6a). Similarly, by
using the other channeltron as the detector, a display of count
rate of inelastically scattered electrons tﬁrough-lso degrees
against Eb can be obtained (figure AT.6b). ‘his is also an ensxrgy
loss spectrum fox the appropriate interaction between the incident
electrons and the merculy vapoul.

The results obtained are given along with the experimental
- parameters.

Run (1).  Pigure (AL.S)

Oven tempo = 20°C ' Cathode voltage Uy, = 12.20 v
contact Potential = 1.0 v Electron energy = U = 11.20V
Heater voltage = f.45 v

| Incident beam: Fb for maximum counts = 6.69 V

count time Z0 seconds

4

max, no. of counts 28,000
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Backscattered beau: Th for peak = 6.,69v = enexrgy loss
count tiune = 2 hours
maximum number of counts & 210

Run (2) TFigure (AT.7;

Oven temp. = 4006 . U, = B8.50 ¥
Contact potential = 1.00 V Y o= TS0V
Heater-voltage = A8 Y
Incident-beam; Eb for peak = 4.70 ¥

count time = 3O geconds

maximum number of counts = 30,000
Backscattered beam: Eb for peak = 4665 & 4.80 ¥ = energy loss
count time = 2 hours

meximum mumber of counts = 250

" Prom the results obtained, and there were at least ten
experimental runs which produced similar results, the observation
of energy loss, or inslastically sca#tered electrons, from the
mercury atom using the analyser seens possiblo, In the first run
the incident beem interaction with the 6191 state is observed and
in run $2) the interaction with both the 63P0 and 63P1 states is
observed. In fact when the experiment was carvied out for this
second run, the intention was to excite the 63?0 state only, but
the fact that the two states are very close accounts for both
energy losses being recorded. ‘he voltage on the cathode was
aloo adjusted so that the back plate voltage caused a peak for
the incident electrons at values not corresponding to any energy
loss peaks. In these cases, when.long.runs of measurement of |
backscattering were made, there were no peaks apparent on the .

gpectra obtained. This is consistent with the theory of the
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analyser as inelestically scattered electrons should dnly be
observed when the back plate voltage and the incident energy are
set to values which correspond to tﬁe focusing of the incident
5eam on the vapour cell, and the focusing of electrons which
have lost a certain energy on the second chanueltron.

‘Due to the long counting times involved and the instability
of the oxide coated cathode when exposed to mercury vapour, it
took‘a considerable period of time to achieve any success arnd
this was father shori-lived as the vacuum system became very
contaminated as did the channeltrons., Ho real conclusions for
this particular experiment are drawn except to say that the results
obtained scemed comparable with the theor&‘of the analyser although
no quantitative measurements were possible in the time available.
It may well be.useful to pursue this technigue with different
vapoui sources, especially those which do not have such a detrimen-

tal effect on the vacuum and components.,
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APPENDIX II
ELECTRONIC CIRCUITS

(a) Autcomatic Level Controller for Liquid Nitrogen

This circuit was designed to maintain the 1evelrof liéuid nitrogen
in the cold traps. Two circuits were required as one cold trap is on
the top flgngé of the vacuum system and the other is an Edwards NTM4
trap situated above the chevron baffle.

The basic idea was that 1iqﬁid nitrogen was to be delivered until
the level reached a certain point in the trap and then delivery would
stop until the level fell below another predetermined point when it
would start up againe Tre devices used fo sense the wnresence of the
liquid nitrogen were two general purpose germanium diodes. These
were found to have a forward resistance of 500 onms at room temperature
which rose to fifty kilohms at liquid nitrogen temperatures. This
charactéristic was used in the circuit in figure (AII.l)ar |

This is basieally a voltage comparator circuit so that when the
voltage on the input of the operational amplifier crosses a value
eqﬁal to that of the relerence voltage, the state of the output changes.
When the unit is first switched on with no coolant in the cold trap
theﬁ the voltage at point A is smaller than the reference voltage
maintained at B and set by the potentiometer. This means that the
output of the operational amplifier is positive and the transistor and
the relay are switched on. The relay switch then has the following
functions:~

- (1) Upper sensor D, in circuit.

(2) Solenocid walve on top of sup?ly dewar.in closed position.

(3) Heater under the 1iquid nitrogen in the supply dewar is

switched one.

This/
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This causes 1iquid.nitrogen to be delivered to the cold trape
When the coolant reachesrtﬁe upper sensor, .the voltage at A increases
above the reference ﬁoltage value so causing the cutput of the
operational amplifier to dfop to near zero and switching the relay
off. The following then happen:-.

(1) The loﬁer sensor D, is then in circuit and under liquid

| ‘nitrogeng

:(2) The solenoid valve mwitches off and vents the supply dewar.

(%) The heater in the supply dewar is switched off. |

The power supplieg to d;ive the unit are very basic apd stéble
enough for the purpose. The heater inlthe supply dewar is simply
a low value resistor of approximately 6 ohms. The distance between
the sensors was adjusted so that in the 1arge,Edwafds cold trap the

liquid nitrogen was replenished about every 12 hourse.
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(b) Vacuum System Protection

The c¢circuit shown in figure (AiI2) was designed to provide protection
for the oil diffusion pump in thé event of pressure, water or mains
failure, It is basically é network of switches and relays which latch
into the cireuit in certain positions such that if failure of any of the
three parameters involved occurs then the diffusion pump will be switched
off and can not be restarted until the fault has been attended to and
that part of the circuit assowiated with the fpult reset manually. The
wiring is such that the diffusion punp cannot be switched on without the
rotary pump being switched Olle The flow of water is monitored by & '
cup cbnnected to a lever type of switch so that when the recirculated
cooling water flow decreaces sufficiently or stops then the switch
changes to the open position and switches the diffusion pump off. The
pressure inside the vacuum chamber is monitored by an ionisation gauge
and the controller for this has & suitable relay switch built in such
that when the pressure rises above a predetermined value the ionisation
gauge switches off and ine relay switch bpens s0 switehing off the
diffusion pump. A bypass switch for the pressure part of the e¢ircuit
has been included because oi. starting the system up, the ionisation
gauge cannot be switched on until the diffusion pump has been on for
 some timea By wiring a mains outlet in parallel with the diffusion
pump certain other pieces of equipment such as hipgh wvoltage power
supplies and électron gun heater can also be switched off in the event

of vacuum failure,
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(¢) Helmholtz coil power supply

The circuit is shown in-figure (AII.3) =and is powered by two
stabilised supplies of 12V and 24V and an unstabilised supply of
20V, The stabiliszed supplies are provided 5y two L1123 regulators
with appropriate "programming resistors. The supplies are connected
to the 741 operationa; amplitier the 12V supply being the reference
voltage. By adjusting the 250 ohm multi-turn potentiometer the
outpﬁt of tﬁe amplifier is varied which in turn determines the amount
of collector current passédlby the 2N3055 transistor which is
connected to the 20V supply; . This current also passes through the
Helmholtz coils and a lohm heat sunk resistor. If when the current
has been set a small change in this current occurs then the voltage
across the lohm resistor changes and is.fed‘back to pin 2 of the 741 ana
the‘change in current is remedial so producing a constant current
condition,

(d) Electron gun power supply

This is shown in figure (AIT4) and congiets of a cathode heater
sﬁbply and electrode volﬁage supply. The cathode heater supply is
similar in operation to the Helmoltz coil power supply. The elec-
ttrode voltage supply is simply three multi-turn potentiometérs
connected across stabilised d.c. power supplies. In this case these
power supplies are of a commercial type. The heater supply is
isolated from the electrode supply and the voltage on the cathode
can never be made positive with respect to earth,

(e) Stepping motar controller: fipure (AIIS)

Two SN74121N monostables are wired to be a multivibrator circuit
and it is this part of the controller which regulates the speed of

the stepping motor hy changing the capacitors or varying the 10
kilohm/
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kilohmnm ganged potentiometer. The output of ithe multivibrator is

fed to a SN74121N monostable so that a clock pulse is fed from the
output and into a dual flip-flop. The outputs of these flip-floﬁs
are connected to a system of NAND gates which produce logic outputs
via the invertors to the bases of the four 2N1711 transistors. These
transistors power the four coils of the stepping motor and the
circuit has to te wired correctly so that the sequence of the
transistors switching on and off is sueh that the stepping motor

v

shaft rotates and does not just step backwards snd forwards. The

clock pulse can also be provided manually using two NAND gates.
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(£f) Ramp Generator, (figure (AII,6)

The ﬁpper part of the circuit diagram shows the internal ramp
gource, This is produced by the charging and discharging action of
the 25 microfarad capacitor. The capacitor charges until it reaches
a voltége which is of the same value as the reference voltage of |
the 710 operational amplifier. At this point the output of the 710
changes and causes the monostable SN74121 to pulse and discharge‘the
capacitor very quickly through the 2N1711 transistor. This produces
a voltage which&mcrea;eslinearly from zero to about 4 volts, then
drops quickly to zero agair and repeats the c¢ycle.

Either this waveform or that from the X‘output of an osciiloscope
is fed to the tﬁo 741 operational amplifiers. One of these amplifiers
acts as a voltage controller for the AD.C. of the Lében while the
other inverts the waveform to supply the back plate voltage for the
analyser. The switching to provide a d.c. back plate voltage is also

incorporated in the unit.

(g) Pulse Shaping Network for sampling input of Laben {figure (AITI.7) .. -

This circuit sharpens the edges of the channeltron pulses which
héve already been amplified, before the sampling input of the Laben
will accept thema

(h) Pulse Shaper for channel stepping figure (AIT.8)

This unit is required to change the clock pulse from the stepping -
motor controller from a + 5V pulse from zero to a -5V pulse from zero .
which the Laben needs before it will step channels.

(i) Power supply for oven heaters. figure (AIIng)

Two of this type of supply were built to operate the twq'heaters
on the mercury vapour cell. The unstabiliged d.c. voltage from the

rectifier/
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rectifier was regulated by the L123 voltage regulator to a value
determined by the 2.5 kilohm potentiometer, This voliage was fed
to the base of a 2N3%055 {ransistor to regulate.the cullector
}cﬁrreét through the transistor whic¢h is proportiénal to the current

. drawn by the heater, The supply was capable of giving from 2 to 7 volts -

at up to 2 amps.
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APPENDIX IIT

Procedure for Activating Cathode

The activation must not commence until the vacuum chamber
pressure is better than 1.5 % 16'6torr. A voltage of 3 volts is
then applied to the héater so preheating the cathode for about
15 minutes and then the heater voltage is raised to 5.5V. At this
stage any rise in pressure due to increase +in temperature is due
lafgely t6 the evolution of carbon dioxide with, perhaps, some
water vapour and other gasses. It is also advisable to make sure
that the pressure is not allowed to rise above % x 10_é torr. After
about 1% minutes at this voltage another 15 minutes af‘TBB volts
is allowed, followed by 5 minutes at 9.0 volts. At this stage, the
heater voltage is raised to 11.0 volts and 12.5 volts for 1 minute
each and then reduced to 8.0 volts at which it must be kept for at
least 15 mihutes. At no time during this pfocess must any other
voltages be apylied to the gun.

The heater can now be lowered in voltage to about 7.0 volts and
the voltages té the other electrodes switched on. The gun is now
ready for use. Although the usual heater voltage is quoted at
6.3 volts by the manufacturer, in practice, because of thé fairly
large electrodes and other structures, it ﬁay be‘found that 7.0 to
7«5 volte is necessary on the heater to attain u reasonable

performance.,
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APPENDIX IV,

MATHENATICAL SPEPS FOR THE TIUERPRETATION OF SHAPES OF MEASURED

- 3PECIRA.

WMaxwellian distribution:
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h(nf?-’)



< U> = E_(_;I__J_ = O x2 x >\ = 2
I{a) N° Cx 1 X
<U~= 2@ = gxe X = ¢
L0 P N2
<AUE> = <U‘2> - LU >2 = §_ - (2_)2 = _%
» %
Laplace transform. -

I(v) = | [evU p{U)au = C je'{kv}!dﬁ

= 0
o J“’%e-)u au where denominator = 1
o
= L0, Awy) = Cx X
-v)* Cx1
(0, M)
2
= A D
(\=v)<= _
Bv) = m[) = 21 - 2 1m() -v)
df - di ,dld=v) = - gn
dv d(\-v) dv d{\~v)
= 2 = 2 |
A~V A at v=0
()
2
ay o (=) y 80=v) 2 2
ave T A ~v) dv T O-v)E T 2 at v=0
= L4 U2> _
Gaussian distribution: ' 5
- {U-u_)
gl -U,) = Xe 26
K is constant to make ﬁu - udds = 1

it

\

Hean of gauss_ian = LU> = %ol 2(U = Uy} du _

. =
f""@(u - Ug) du o
~ot>
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Gtenerating function:=-

N § 09

o0

o
i ' _ _(%T_UO
K fevU g(U =Ug) du - . = K};U e << <)1U
~ ot

(Uo v o+ %6'2'?2)

1l

logarithmic gencrating function:-

H(v) = mj(v) = UgV +~};o‘2 2
af = U +62v = U, atv=0
p13 O O
dv .
2 2
dcH = o at v=0
ave
d-’H = 0 at v=0
avo
p(U, +U) = CUe AU " )
| ' AU (=40
P(Ug) . = p{u) (U ~Up) dU = [C Ue Ke 26
- oD

Introducing the generating func{'ion,
ol
.-‘p e .
dé(v) /mevuo P(Ug) dlUo
boa S A
JeVUo /p(U} g(U ~Up) 4l dUp
- -l

Now if A = Ug = U then dU, =d4&

H

o

e¥{Uo = U+ 0) [p(u) b(u;uO> au

L oo

vU
g’ o

av]
e
o
[e]
~—
I

= o'V gvA _E(U) g(U-Up) 4t
,,f(v) = ﬁ” A ﬁ(U) g(-A) 4U dUo
_f VA g(A) f e’V p(U) 4U da

f T o) @ f VU 4(U) du

| -

Lew) =Lon L e

Bp(v) = Hp(v) ¥ Egyv)

Hp(y) = 2 1A = 21n (=v) + %62 v2

As function gA describes a Gaussian centred at O then Po = 0
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adp

»e
= AW >

= < as in previous argunents
dv '
= -2 ( 1 __)(—1) -}-6-2 A4 ‘g
' A -V -
= 2 ‘
/\ at v=0
faking account of acceleration < WS> = 2
: . A
2 ) 2
d<H. = =2 (-1} + & ¢j
7 &
= 2 " 2
e —— G
(D -v)2
- 2 S
2 s at v=0
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