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Synopsis

This investigation originated from work by
Dr. A.H, McIlraith of the National Physical Laboratory who,
in'l966, described a new type of charged particle oscillator,
This makes use of two equal cylindrical electrodes to constrain
the particles in such a way that they follow extremely long
oscillatory paths between the electrodes under the influence of
an electrostatic field alone, The object of this work has been
to study the principle of the oscillator in detail and to
investigate its properties and applications.

Any device which is cepable of creating long electron
trajectories has potential application in the field of ultra
high vacuum technélogy. It was therefore considered that a
critical review of the problems associated with the production
and measurement of —ltra high vacuum was relevant in the initial
stages of the work,

The oscillator has been applied with a considerable
degree of success as a high energy electrostatic ion source.
This offers several advantages over exiéting ion sources, It
can be operated at much lower pressures without the need of a
magnetic field. The oscillator principle has also been applied
as a thermionic ionization gauge and has been compared with other

ionization gauges to pressures as low as 5 x 1071 torr, This




new gauge exhibited a number of advantages over most of the
existing gauges. Finally the oscillator has been used in an
evaporation ion pump and has exhibited fairly high pumping
speeds for argon gas relative to those for nitrogen.

This investigation supports the originai work of
Dr. A.H. McIlraith and shows that his proposed oscillator has
considerable potential in the fields of vacuum technology and

electron physics.
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HIGH VACUUM

Tel Introduction

Since 1950 there hes been a steady growlh of the application
of ultra high vacuum in universities, research estsblishments and

industry. It is now commonplace for experiments to be carried out

o7

—t

torr or less. However, whilc there is very

—t

al pressures of

-1

little difficulty in obtaining such low pressures, there is still
considerable need for improvement; not only in the ultimate vacuum
wiich can be achieved, but also in the methods of obtaining and

measuring it.

1.2, Attainment of Ultra High Vacuum

12,1, Fundamental considerations

.

The ultimate pressure, Pu’ which can be obtained in a

high vacuum system can be defined by the equation

P = _ ¢ © & ® ¢ s e 5 @ ¢ e o (l)

where

O
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Total gas influx in torr litres per second

Total rate of removal of gas in litres per second,

N
it
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Tn order that P should be small then,either the total gas influx

&4

should be made as small as possible, or the rate of remcval of the

gases made extremely highe Since Sm is mainly dependent on the

£

size and type of vacuuwn pump used, 1t is apparent that if QT is
resarded as constent it is necessery to produce a large change in

the pump speed in order to produce 2 sisnificant chanpge in Pua

On the other hand Q. is dependent on several factors,for example,

T

influx due to leaks Q ras diffusion through chamber walls Q

MLX o D

outgassing from surfeces within the system @ and back diffusion of

o]
gases from the pump J_. It is normally possible to increase the
it

pumping speed in a vacuum system by only 2 or 3 orders of magnitude,

therefore if very low pressures are required it is necessary to

dg

design and process the system in order that Qm should be reduce

This is normally achieved by constructing the system from materials
such as stainless steel and glass which can be outgassed at relatively
hipgh temperatures. By paying such attention to the processing of

12

the system it is possible to reduce to less than 10 torr

o
“
litres per second.

It is clear that U.H.V, may be regarded as an extension
of general high vacuum techniques, Since the vacuum pumps used

to produce U.H.V. affect both Q., as well at S it is necessary to
P J

T
consider the general principles of each tyve of pump applied to

U.H.V. production.

Lelols Diffusion Pumps

It is now thought probahle ; that many workers making

. . 1 .
use of high vecuum in the 1930's - e.g. Anderson =~ - were in fact




Je

obtaining pressures of hetter than 10“8 torr with diffusion pumps.
yhile diffusion pumps have a number of advanteges such
as simplicity, robustness and short cycling times, they also have
a number of disadvantages, These include such phenomena as
backstreaning, back diffusion and, depending on the pump fluid,
back migration. These factors all contribute to the size of QT@
t is necessary to

Y

T order to attain a low ultimate pressure Pu i

use suitable cold traps end baffles as described for example by
Pirani and Yarwood , The epplication of such traps and baffles
also reduces the pump speed, but iv spite of this pressures of 10
torr and lecs have been obtained using such a system

l.2.5, Sublimation and Getler ion numos

The diffusion pump relies on the removal of gas from the
vacuun system as explained in l.2.72. An alternative method of
producing low pressures is to cause the residusl gases in the system
to react with or diffuse into a suitable clean metal surface, Such
a process has, for example, been used with getters, in order to
maintain high vacuum in valves and electron tubes. Metals such as
barium or titanium can remove residual gases in a process known as
sorption, The process of sorbing gas atoms by an active metal is
known as gettering. In general there are three ways in which a
gas or vapour can be taken up by a metal surface. The solid surface
may react chemically with the gas - this is the process of chemisorption
upon which the idea of gettering is based. Alternatively the gas
atoms may be condensed as a layer on the fresh metal surface which

is the process of adsorption, or they may bury themselves deep into




the metal, which is known as absorption.
Most of the active gases are pumped by chemisorption,

, > - . v s
as shown by Holland and Harte 7 and Holland  , but the inert
gases do not combine with the getter material in this way. In
order to remove the inert gases it is necessary to lonize the gas
atoms and accelerate them towards the getter surface, The ions
are either nummed at the athod v t} £} N A £ 5 burial ~
are either pumped at the cathode by the process of ion burial or
pumped at the anode according to the energetic neutrals hypothesis

5 : .
of Jepsen 7. The necessily of ionizing the gas atoms has given
rise to a family of pumps known as ilon pumnps. These are often used

4. J-

in conjunction with a type of pump which getters only the active

gases, called a sublimation nump. Ton pumps have high speeds for
the active gases although the speeds for the inert gases are often
as low as 10p% of the nitrogen speeds. However using this type of
pump with a U.H.V. system enables the gas influx to be reduced since
there is no back diffusion from ion pumps apart from the so called
argon instability which can be partly overcome by the use of a third
electrode or a slotted cathode. With U,1I.V. systems the gas influx
can also be reduced by baking the system, including the pumps.
#hile this process reduces the subsequent outgassing of the system
it also causes the release of hydrogen from the getter material as
shown by Stout and Gibbons 6 and so the process of limiting the
gas influx by baking also has its own limitations,

All the commercial ion pumps work on the same principle,

that of driving ionized gases to a fresh clean metal surface, which

can then getter the gas. In order that the pump should remove
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rate as possible

[6)e]
]

S
large number of ions should be pro

the gas atoms should be carried ou

This problem is exactly the same a

caeses high

In most I

ionizing elect

by constraining the

strong megnetic fields, By incre

way the probability of an electron

mportant that a sufficiently

duced and that the ionization of

t as efficiently as possible.

s the problem of measuring the

ionizing efficiency is achieved
rons into long spiral paths using

asing the

making en ionizing collisicon is

increased. One exception to the use of magnetic fields is the

radial field electrostatic ion pump. Tris type of pump works on
. ;

a principle first described by Gabor in which electrons are

injected into a radial electrostat
cylinders.

central cylinder,

original work of Herb and Herb e

Electrons follow long orbiting trajec

ic field between two concentric

~ 4
v

oriecs about the

Development of the ‘orb-ion' pumps followed the

t al on the development of

evapor~ion and sputter-ion pumps at the University of Wisconsin.

They have been subsequently invest

Bills ©, Denison '19 Douglas et a
The radial field pump has the adva
and therefore has potential applic
end ion optics, where freedom from

l.2.4.  Cryogenic oumvs

There remains one family
the ionization of gas atoms in the
The last decade

magnetic fields.

cryopump, which, operating usually

7

igated by other workers among them

12

1 12

and Maliakal et al

(3
ntage of being magnetic field free

ztion in the field of electron

megnetic fields is often reguired.

of pump that does not rely on
presence of electrostatic or
has seen the emergence of the

at liquid helium temperatures,
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condense the gas atoms from the vapour phase and holds them in

the ligquid phase thus producing very low pressures The princip
of the cryogenic pump have been described in the literature for

. 1h
example by Steinberz and Redhead o Crycpump systems generally

ensive to maintain since they reguire

hY

are rather bulky snd exy

8]
T
continuous supply of liquid helium, and this may be a vesson why

their potential has not been exploited.

1.2 The Measurement of Ultra Iigh Vacuun

N

B/ P N Tundamental Considerations

In many ways the problems of measuring the degree of
altra high vacuum are related to the problems of p wtiona There
are two mzin points to be considered. Firstly the celibration of
instruments capable of measuring very low pressures,; and secondly
the effect of such measuring instruments on the system,

U.H.V, measurement is limited to the use of ionization
gauges because no other type of gauge exists which is capable of
measuring pressures in the ultra high vacuum region. Ton geauges
are not absolute in the sense that a Mcleod gauge or Knudsen gauge
is, and so they have to ke calibrated either against a suitable
standard such as the McLeod, or by using a gas flow technique,

15

Carr or example, describes some of the problems arising from

McLeod calibration werk and the subsequent advaentages of the gas

. . ‘ . 15 16
flow technique. Using the technique of Carr Fletcher and VWatts
have described a practical precison gauge calibration system

currently in use at the research laboratories of Edwards High

Vacuum, International, Ltd. The limits of an ion gauge depend
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very much on their geometry end mode of action e.g. whether they

are therinicnic or cold cathode ion gauges. In general the high

and low pressure limits of an ion gauge are set when the ion current
recorded at the collector is no longer linearly dependent with
pressure. Fﬁrthermore the collector current of any iog gauge

depends upon the average ionization cross-section of the residual

]

gasges contained within the system. Consequently, pressures recorded
by ion gauges are critically dependent on residual gas composition.

The second point to be considered is the effect of the
gauge, not only on the vacuum itself, but on experiments being
conducted within the vacﬁum system, -~ All ion gsuges are capable of
outgassing and causing dissociation of gas molecules, Consequently,
the ion gauge may well be the factor which liwmits the production of
a hetter vacuum, Conversely the efficient production, and collection,
of ions in an ion gauge means that an ilon gauge may have a pump speed
of typically 0.2 litres/sec depending on the gauge geometry. Thus
it cen be seen that the efficient production of i1ons, while dekirable
for more accurate pressure measurement, is also a method of pumping
the gos as described in section l.2.35. In spite of their limitations
total pressure measuring ion gauges continue to be widely used although
increasing attention is being paid éo the use of partial pressure
measurenent. In order to look more closely at the difficulties
associated with total pressure measuring ion gauges it is necessary

to define the sensitivities firstly of the cold cathode ion gauges as:~

P

i -1
dfnp torr © © © L] e L e ° ° L (2>
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when i is the collector current in amps and p is the total gas
n

&

0

pressure in torry and a

i -]
5 = p torr e o 6 o o 6 o s o o (3)
P°ie
for therminnic ion gauges
when
i = primary electron current in amps.
o I
Lode2e Low Sensitivity Gauges

This group includes the thermionic lon pgauge and also the

many variations of the inverted thermionic gauge first described

r
I n

3y}

by Bayard and Alpert 7 in 1950, These gauges make use o

jonizing current of electrons which are released from a hot filament

and oscillate through an open cylindrical grid. During the course

of oscillation they ionize neutral gas atoms and molecules by collision;,

and the positive ion current produced is dependent upon the total gas
N X 18 . .

prenssure within the device. Leclk pointed out that the high

pressure limit of any thermionic lon gesuge is reached when the

secondary currents caused by ion bombardment and gas ionisation

approach the same order of magnitude as ie of eguation (3). For

the conventionally arranged ion gauge this limits pressure measurement
-2 . . .

to about 10 torr at the high pressure end of the scale, Howevery
the main interest in the ion gauge has centred on the lowest pressure
it can measure, since there are an adequate number of gauges capable
of measuring pressures in the range of 10 torr to 10 torr. The
conventional thermionic ion gauge has a low pressure limit resulting
from the emission of soft X~rays from the grid being collected by

the ion colliector, In order to reduce the collection of X-rays




17 . . 5 C .

Ravard and Alpert ~ ' designed an inverted thermionic ion gauge with
say I & & &
reduced ccllector srea, which will henceforth be referred to as
the B.A. gauge.

The B.A. gauge has been exlensively reviewed in the

18 .

literaturc. Cobic Leck and Carter for example have investigated

the bistable opcration of the B, A. gauge and discuss gas evolution

from the walls of a glass envelope, and the effect of an electron

o

ential of greater than 250 volis on the wall potentials.

. 20 . . .
Freytag aund Schram have investigated the effect of variation of

accelerator po

21

. - . N .- - fas

the physical dimensions of the B.A. gaug~ while Comsa has
investigated the collection of energetic ions.

Main interest however centres on the low pressure limit

©

of the B.A, gauge. Because the gauge is only able to constrain
ionizing electrons so that they follow only a short path before
being collected; the sensitivity of the B.A: gauge is only about

10 torr ml. This meens that it is necessary to use rather large
primary electron currents in order to produce a sufficiently large
positive ion current. This large primary current gives rise to

a low pressure limit dictated not only by X-ray collection from the
grid but also due to positive ion desorption from the grid as shown
by Lawson 22, Hartman 25,2k and Redhead 25.

In order to overcome this fundamental limitetion it is
either necessary to increase the sensitivity and hence reduce the
primary currenl, or devise some means so that the residual currents
are not collected. Various methods using the latter choice have

been devised in the last decade. These have been reviewed by




10,

N

Steckelmacher —, and incliude remote collector gauges such as
the bent beam pauge of Helmer ond llayward and the extractor
28
gauge of Redhead ; suppression of the emission of photo-electrons
. 29
from the ion collector e.g. as in the suppressor gauge of Schuemann 7

and the modulation of the collector current as in the moduletor gauge

. 50 . . R , = g
of Redhead B It appears thet while these variations of the B.A,
gauge are simple, robust and entirsly electrostatic, their low
15

pressure limit is about 10 ory depending on the geomeirical
arrvangenent used; because of their low sensitivity.
attention has been focussed in more recent yvears on those gauges which
have large electron paths and hence increased sensitivity,

loe2o2s High Sensitivity Geauges using Magnetic Iields

;_
()

The presence of a magnetic field causes electrons with a
component of velocity perpendicular to the field to perform spiral
paths about the field axis, By this means the total path length of
any charged particle can be greatly increased. The probability of
an clectron performing en ionizing collison is therefore greatly
enhanced in the presence of a magnetic field. iny gauge: with an
increased celecltron path therefore has a higher sensitivity and in_
the case of a thermionic ion gaﬁge, can be operated at very much lower
emission currents with subsequently less problems of outgassing,
pumping at the filament, X-ray production and ion desorption from
the anodes,

Several ion gauges meke use of a magnetic field in order
to increase the electrons jornizing peth. Perhaps the best known

31

of these is the Penning ion gauge. First described by Penning

b4
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P

as a cold cathode ion gruge, it makes use of crossed electrostatic

and magnetic fields, Tmprovement of the structure of the ancde,
52

=

or example by Young and Hessian , Who have also incorporated a

igzer to enable the discharge to be struck or re-established at

has lead to cold cathode gauges capable of. reading
g Al2
pressures as low as 10 torr.
Another cold cathode dlon gauge, the cold cathode magnetron,
-

. X . 53 3 e o . .
has been described by Redhead and the design, performance and

operation of various forms of magnetron have been reviewed by Barnes,

%l

Gaines and Kees )+, The outstanding advantagé of these cold cathode
ion gauges is the absence of a filament and the consequent absernce
of Xeray limitations although the low pressure limit may be set by
field emission. Cold cathode gauges still cause outgassing,

running,- ion desorption and dissociation/ofzgés méiééulea. Cne
other disadvantage is the fact that the ioﬁ currenﬁwpressure
characteristics of the cold cathode magnetrons and Penning gauges
are non lincar at low pressures.

The magnetron has élso been developed in the form of a

35

thermionic ion gauge e.g. by Lafferty who describes a gauge
with the electron path length so much increased over that of the
B.A. geupge thsat the sensitivity is a factor of 105 larger,

A fundamental limitation exists with the magnctic ion
gauges and that is the presence of strong megnetic fields, typically
0.1 Wb/ﬁ2 s needed to give long electron trajectories. Cn account
of these disadvantages the electrostatic radial field gauges based

on the idea proposed by Gabor 7 appear to be very attractive,
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1B, High Sensitivity Gsuges usging Blectrostatic Tields

36
. . O .
In 1965 Hooverman - derived the mathematical expression

ial field with a single central pole and has shown that

jo3
=]

for a rad
a charged particle with angulaer momentum in such a field is capable
of performing an orbiting type of motion about the central pole.
According to Hooverman such a perticle should be capeble of travelling
en extremely long path. A typical trajectory simulated on a rubber

3

model analogue is shown in Figure 1, which was kindly supplied by

Dr, AH. McIlraith at the National Physical Laboratories.

The first experimental devices meking use of a radial
electros ic field in order to cbtain long electron paths were
s 57

]

described by Herb, Pauly and Fisher . Figure 2 shows the geometrical

KN

these workers. Electrons were ejected Ifro

@]
=
=

arrangement used by
filament ¥ and prevented from reaching the central pole A by mesns
of shield posts S placed directly between the filament and central
anode. The application of a suitable bias potential V to the

filament causes a potential disturbance such that the electrons are

ejected tangentally to the anode which is held at a few hundred volts

above earth potential.

The crbiting electrons are eventually collected by the
anode, but travel a very long path before this hapvens. Positive
ions produced by electron collisions with the neutral gas atoms
contained in the cylinder are accelerated towards the outer cylinder,
the magnitude of this ion current being a measure of the total gas

N

pressure. The electrons leave the filament and potential disturbance

at all angles and directions. Most of the electrons drift axially
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and are reflected at either end of the cylinder by suitable reflector

plates or cylinders. However, it i1s reasonable to suppose -that

many electrons are collected prematurely following their deflection by

El
the petentisl disturbance subseguent to their ejecticn. It can
therefore be seen that while the potential disturbance is necessary

for ejection purposes it is not wanted once the electrons are in

f1light.
38

4

It has been shown by Mourad Pauly and Herb and by

Gammon 29 that the sensitivity of these radial field gauges, named

torbitronst; are strongly dependent on the bias voltage zpplied to
. ‘ 29
the filaisent structure, as shown in Fifie, 3, Gammon ~7 attributes

these ion current instabilities to unfavourable trajectories arising
g . s . 40

from different filament blas conditions; however Fitch and Thatch

found that a small volume orbitron with modified exial field tarmination

gave stable ion current characteristics, An orbitron of this design

is shown in Figure 4, The orbitron as shown exhibited a sensitivity

4y

cf 5000 torr ‘l, although other workers, notably Meyer and Herb

5

have constructed orbitrons with sensitivities as high as 107 torr ml.
It is obvious that the presence of a potential disturbance
in the radial field, while necessary in order to inject the electrons,
is undesirable because it is likely to destroy the trajectories of
electrons already in flight, ne method of overcoming this problem
is to inject the electrons from an externally mounted gun in the
manner originally suggested by Gabor l for an electrostatic ion

L
pump. This method has been used by Fitch, Norris and Thatcher.+2

Fal

I -
Preliminary results show that sensitivities of the order of 10 torr




can be achieved using this arrangement. The sensitivity is not

i

5

vy dependent on the filament or pgun modulator potential, but
is dependent on the gun anode potential sincerthis determines the
Resistance vpaper field plots reveal le

isturbance to the logarithmic field then in the case of the orbitron,
However, injection of the electrons into the radial field still

J

blem, since the exact way in which the electron gun

behaves is not fully understood, For this reason it is necessary
to consider other possible ways in which electrons are capable of

ionizing trajec

1.4, An Flectrostatic Chorped Forticle Oscillator
- . WAL : L .
In 1966 McTlrsith 4 iescribed a principle which also
mazes use of an electrostetic field alone, in which electrons are

1

constrained in such a wey that they oscillate between two equally
charged poles. Unlike the orbitren and gun orbitron devices, there
is no need for a complicated launching mechanism in the oscillator
which may also be operated es'a cold cathode device. Blectrons in
this new device are capable of trevelling extremely long paths
before eventuel collection.

The purpose of this thesis is to study the experimental
£

and theoretical aspects of this device. The principles of the

osciliztor will be discussed in the following chapter, and subsequent
chepters will show that this principle may be applied to several
vacuuwn devices for eremple as an electrostatic ion pump, thermionic

ion gauge, and ion source.
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CHAPTER 2

PRINCIPIES OF THE TWIN WIRE ELECTROSTATIC

CHARGED PARTICLE OSCILLATOR

2ol Saucer shaped fields and Earnshaws Theoxrem

It is well known that a particle starting from rest

in a savcer-~shaped, or logarithmic, potential field follows an

oscillating trajectory passing through fthe point of lowest
potential. However Earnshaw's Theorem - which states that "A
charged particle, acted on by an electrostatic field alone,

cannot exist in a state of stable equilibrium' - indicates that

a perfect saucer shaped field carnot exist'in practice because
it possesses a point of stable equilibrium; However if‘has been
shown by McIlraith "3 that a pair of equally charged poles

produce an approximation to this type of field that is logarithmic

everywhere except in the immediate vicinity of the poles.,  The

point midway between the poles is & saddle point., Since there
will be a tendency for particles to go to one pole or the other
this saddle point is a point of unstabie equilibrium. If a

particle, with charge opposite in sign to that of the two poles,

is released within a certain boundary which depends upon the
charge. separation and diameter of the poles, it will perform an

oscillatory motion which passes through the saddle point. This
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is therefore a class of motion in which particles perform stable
oscillations about a point of unstable equilibrium, Oscillatory
trajectories of this type have been demonstrated by McIlraith 43
on a rubber model analogue constructed at the National Physical
Laboratory. This analogue consists of a thin rubber sheet
stretched lightly and evenly over a circular metal framework,
Depressions in the rubber sheet were made using copper rods, the
depth of the depressions being taken as proportional to the
electrode potential. The particle trajectories were simulated
using highly polished steel ball bearings. By releasing the
steel ball from various positions on the rim of the model McIlraith
showed that a family of particle trajectories can be obtained of
which“nguféVE is one member. The trajectory was recorded by
mounting a camera vertically above the rubber sheet and holdiug
the shutter open.

Recause of their simplicity rubber models have been

used for gualitative work with a high degree of success in the

hs . :
? discuss some of their limitations, and

past. White and Perry
methods of impro&ing particle trajectory simulation., In the
case of the oscillator the rubber model serves to give a good
experimental approximation to the type of potential field and
particle trajectory attainable with this device.

In order to investigate the potential distribution of

the oscillator field a little more quantitatively,experiments

were carried out at the University by the author using a carbon
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v

of anode potential

Figure 6




resistance paper analogue. This is a fairly standard method

of investigating potential distributions ond, provided the scale
of the field plots obtained by it are large, the mecthod is
capable of achieving an accuracy of a few per cent.

The electrode arrangements were painted onto the
resistance paper using silver peint. A potential difference of
a few volts was put across the electrode system and the lines of
equipotential plotted using a 'servomex' potentiometer. Figure 6
shows a typical field plot obtained using this technique. It can
be seen “hat by fixing a circular boundary condition the
equipotential distribution is approximately logarithmic ( or
saucer shaped) except in the region of the anodes. The saddle
point potential appears to be approximately 80% of the anode
potential. The actual saddle point is single valued, the
nagnitude of which depends upon the ancde potential and geometrical
arrangement of the electrodes. It will be shown in subsequent
calculations how this saddle point potential may be obtained.

It can be seen from Figure 6 that charged particles
which travel normally to the lines of equipotential will be
accelerated towards the saddle point. Such a particle will
follow a trajectory as shown in Figure 5. RBoth the above
experimental methods are limited in the way in which they represent
the electrostatic field and particle trajectory. The rubber
model is limited in many aspects such as the size of the steel

ball used to simulate the charged particle and the imperfect
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simulation of the field by a sheet of rubber. The resistance
paper analogue gave a good approximation to the equipotential
distribution, but does not allew the particle trajectories to be
calculated with any ease.

By maling use of the‘calculated field strength at any
point within the electrode system a more accurate set of
trajectories have been obtained at the N.P.L. by A.He McIlraith,
using digital computer techniques. These trajectories were all
calculated on the assumption that the charged particles start
with zero kinetic energy. The computer results have shown that a
charged particle should be capable of following an extremely long
path in a medium free of perturbations, collison processes and
other energy loss mechanisms.

2oeloe Calculation of the potential distribution and the

containment of oscillating particles.

In section 2.1 only a two dimensional model of the
oscillator was considered. In this section the mo@ion of charged
particles in the axial direction will also be tsken into account,

The calculations carried out in this chapter and also
in Appendix I and II are based on some unpublished work kindly
made available by A.H. McIlraitﬁ Q6. In these notes the
electrostatic field distribution within the oscillator has
been calculsted using analytical and numerical methods.

The effect of a magnetic field or oscillezting electrons
is discussed znd possible loss mechanisms are put forward by

which an oscillating particle could be collected by the anode
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wires, Finally calculations have been made to demonstrate
the possible applications of the oscillator,
Since the calculations mentioned above were originally

made using C.G.5. units the author has modified them slightly by

recalculating them using M.K.S. units in order to express the

results in a more practical form. Suppose the radius of each
pole is 'bf metres, and the separation of their centres is ‘'2a!
metres, If a charged particle is considered as starting from

rest at some point P (xy) as shown in the two dimensional model

of Figure 7 and that the poles bear an cqual positive charge of
+q coulombs per metre then it is shown inihppeLdix‘I that the
potential at P (x,y) relative to that at the saddle point O (o,0)

is V__ when .
Xy ‘ “

vky‘ =4 o ? (1)
uﬁceo (72 +(x-2)2) (7% +(x+a)?)

€ and €, are the dielectric constant and permitivity of free

space. Differentiation of this expression with respect to'x and y

yields the clectrostatic fields in the x and the y directions,

respectively EX and Ey.

_LLqX (X2 +y2 -a2 ) (2 )
x 4W€eo(y2+(x+a)2)(y2+(xfa)2)

. = ~Lgy(xZ+v*+a2) .. (3)
uweeo(y2+(x+a)2)(y2+(x—a)2)
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It can be seen from equation (3) that Ey is such that any
negatively charged particle is always accelerated towards the
X axise However equation (2) indicates that [Ex] given by

] Lax (%2 +y” -a® )
* hree (y°+(x+a)? ) (7% +(x-a)%)

[E

is positive and greater than zero only if X?—%yz > a®
consequently charged particles bearing a negative sign are
accelerated towards the y axis only in the region outside a
circle radius fa' metres centre 0(o,0). Inside this circulaxr
regiong with the exception of the saddle pointig; the value of
[Exj:is negative indicafing a repulsion from the y axis. This
indicates the difference in the field configuration from a
perfect logarithmic field in which DEXJ and[Jﬂy] would always
be positive.

The equation of motion of an electron in this field
configuration given by equations (2) and (3) is complicated.
In order to evaluate the frequency of an oscillating electron it
is simpler to consider motion on the y axis only. It is shown
in'Appendix I that with an outer collector electrode radius R

at zero potential,

g = baree |V, | D,
2 aLCf+f

b(2a-b)

when VA is the potential applied to the equal poles with

respect to the collector. Using equation (4) it is shown that

the equation of motion of an electron on the y axis is:-




2 e/ m VA

m (R +a” y*+a

b(2a-b)

when e/m is the charge to mass ratio of an electron and ¥y is

the acceleration of the electron in the positive y direction.
Unfortunately a solution of eguation (5) is not possible
analytically and so it was necessary to integrate it numerically.
For this purpose it becomes necessary to assume values for the

various parameters. These values were taken from an experimental

oscillator, and yielded the informetion that if en electron starts
its trajectory from the outer electrode on the y axis then its

frequency of oscillation is about 1.7 x 108 c/so Independent

calculations made by Dr. McIlraith at the N.P.L. and by the author
at the University were in very good agreement. Table 1 Appendix I
shows how the frequency of oscillation depends upon the starting
position, while table 2 Appendix I shows that the particles perform
a reasonable approximation to simple harmonic motion only when the

electron starts near to the poles, as can be seen in Figure 8.

This result can also be obtained by putting y << a in equation (5).
The model set up in this way indicates that electrons

experience electrostatic fields in £he xy plane such that they

are constrained in an oscillatory motion between the poles. The

model also serves to indicate a typicel oscillation frequency.

However in a practical three dimensional model electrons will

also tend to drift axially parallel to the & direction which is

normal to the(k y)plane, and passes through the point (o0,0).



Figure 8.

Hence an electron will oscillate about the z axis in the (yz)
plane and will also drift in the z direction under the influence
of a force FZ acting away from the plane Xy.

It is therefore necessary to consider the motion of
electrons in the z direction. In order to do this McIlraith
has suggested a model oscillator consisting of a single central
electrode of radius fa', arfanged on the axis of a cylinder of
length 21, and radius R and having plane end plates. Such an
arrangement is shown in Figure'9, The potential on the cylinder
is assumed zero and the potential on the central pole assumed to
be VO with respect to the cylinder, The results of table 3
Appendix II show that in order to simplify the analysis the use
of a single central pole is justified. Jt is also shown in
Appendix II that the dependence of the field Ez with the distance

z from the flat end plates is, as expected, most marked near the

outer cylinder, The variation of the field Ez is small except
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in the immediate proximity of the flat end plates. Hence it
seems that the use of flat end plates in order to reflect the
electrons axially makes adequate use of the oscillator volune,

This leads to the question of the stability of electrons
with components of velocity in the z direction. If the field
components EZ in the z direction were independent of 7 the motions
of the electrons parallel to, and perpendicular to the z axis
would be independent of one another, However it is shown in
Appendix IT that Ez is slowly dependent on z for 95% of the
oscillat.r length and very rapidly at either end. It is shown in
table. 3 that if motion is considered such that the electrons
approach no closer than z = 0.786 R to the ends then there is very
little dependence of EZ with z.

Suppose an electron approaches the endrplates as shown
in Figure 10, and that it has an axial velocity vZ and starts on
the eoquipotential Vp at the diametral plane z = L. The total

energy of the electron is therefore:-

= eV 1 2
E = eVb + z mv, eVb )
when
e = electron charge (coulombs)
]
Vp, Vp are potentials relative to the saddle point VO.

For one reflection an electron moves forward a distance iz,
with a reduction in velocity'Vz as it approaches the end plates

given by:
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42N
§(zmve) = -eF ¢z
if EZ is dependent only on =z.
If EZ(t) is the value of EZ at the turning point of the transverse

oscillation then

o,
=
R
o
p—
fl

~eEZ(t) 8z

But Ez(t) is less than EZ as shown in Figure 10, since the latter

is closer to the z axis i.e.

Ez(t)ﬁz < EZ(§Z>

Consequently the change in potential en:rgy edV where

?
edV = eV - eV
P P

is greater than eE7(t)y(§z, lence the electron moves to

equipotential Vp' i.e. the Qalue of*vz becomes zero before the
electron reaches point t. Thus e¢lectrons do not experience as
large a change in the transverse field at the plane of reflection
relative to the transverse field z = L as might at first be

expected from Appendix II.

2e2e The influence of magnetic fields on electron trajectories

The presence of a magnetic field could be expected
to have considerable influence on the electron trajectories in
the oscillator. Stray electrostatic fields may Ee easily screened
and present no serious problem but this is not completely possible
with a stray magnetic field. A magnetic field B will give rise

to a force F on an electron whose velocity is V such that:-

E:e(@,\_y).............%)
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The force I' is always perpendicular to the directions of both B
end V o Consequently stray fields in the x and y directions

give rise to a set of forces:-

F, = e(Ey/\_Yx). e o o o o s o o (7)
jg_‘z:e(_@y/\zz)e..a.@,eaw)
EZ:e(EKAXy).G,,o,e.b@)
gy:e(gx,\yz)e,,.,,.pa(lo)

Force Ez in equation (7) will be small and harmless since in

general;ﬁx is smalls. Similarly Ex and gy of equations (8)

and (10) respectively will also be small. However Ez of

equation (9) will be large sincelzy,is large in megnitude at

the z axis, but Ez will be directed in the z direction and provided

there is no region of disturbance - say for example due to a

filament in the field -~ this value of Ez will also be harmless.
Thus stray fields in the x and y directions are not

harmful to the electron trzjectories. A magnetic field parallel

to the 2z axis however acts on both Xﬁ( and jzy,to produce a
rotation of the trajectory about the z axis. This is the Larmor
precession, Eventually this precession is halted by the
electrostatic forces actihg on the electromn. Consider an
electron starting from rest at some point P on the y axis in the
presence of a magnetic field Ez and a saucer shaped electrostatic
potential field in the plane normal to the z axis. The electron

would precess as shown in Figure 1l.
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Figure 1l.

The frequency of rotation f would be

Lygrm

i

when e/m electron charge to mass ratio

BZ = axial magnetic field
McIlraith 46 has shown that the angular deviation of an electron
released from rest at a pbint (a,10a) under the influence of an
electrostatic field alone is 0.08 radians per cycle. This
corresponds to the value of 0 in Figure 7 being 0.1 radians.

From table 1. Appendix I, for a starting point of (0,102) and

with VA = 10 kV for an oscillator of 0.027 metres radius, the
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frequency of the electron oscillation is 1l.74 x 108 CPSe
Therefore the rate of precession is:-
1.7 x 10°x 0.08 radians per second

= 1.3%39 x 107 radians per second

From eqguation (11) the rate of precession due to a magnetic
field B? in the presence of a perfect saucer shaped electrostatic
field is:~

. eB .
f = Z radians per second

om
For a field BZ of 10°% webers/metre® this is 0.88 x 107 radians
per second, Hence the magnetic field necessary to deflect the
trajectory of an electron oscillating on the y axis through

0.1 radians is

B = 1.
5.

AN

- "y
9 x 10 webers m™ 2

8

Co

_ ~ 4
= 1.57 x 10 webers m™ 2

This is several times the horizontal component.of the earths
magnetic field, Tt is therefore expected that a magnetic
field several times that of the earths field would cause a
deterioration of the performance of aApractical oscillator,
This will be shown in the following chapter, The expected
shape of an electron trajéctory subject to the forces described

above, after many oscillations, is shown in Figure 12,
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Figure 12.

2.h, Possible applications of the oscillator principle

It has been shown in chapter 1 that at low pressures
thermionic vacuum gauges need either high emission currents or
long electron paths. Furthermore all ion pumps make use of
increased electron trajectories in order to produce ions as
efficiently as possible.

Any device which is capable of sustaining electrons in
flight so that they travel very long paths before they are
eventually collected therefore has application in the field of
ultra high vacuum for example &s an ilon pump Or ZaUVge. The only

devices which make use of an electrostatic field alone in order

e

Smme et
S e S
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to obtain long electron paths are the radial field ion pumps
based on the original idea of Gabor ?a The potential application

of the oscillator principle to an electrostatic ion pump or gauge.

therefore locks attractive, particularly as the oscillator does

not suffer from the electron injection problems associated with
the orbitron devices,. In order to investigate the manner in
which electrons oscillate, using the configuration described in
this chapter an experimental oscillator was constructed by
McIlraith '3 at the N.7.L. This consisted essentially of a
copper cylinder with flat copper gauze cnd plates at each end of
the cylinder and two fine tungsten wires arranged symmetrically
about the cylinder axis, held parallel under tension, By
applying a suitable potential difference between the central anode
wires and the cylinder a glow diccharge was maintained to pressures
as low as 10 ° torr, thus showing that electrons are capable of
following very long paths in the oscillator. The following
chapters will discuss the variation of some of the parameters of

a practical oscillator and show how the oscillator princple may

be applied to an electrostatic ion souvrce, gauge and pump.
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CHAPTER 5

EXPERIMENTAL TNVESTIGATION OF THE PROPERTIES OF THE

OSCTILATOR AS A COLD CATHODE DEVICE

3.1 The experimental oscillatox

An experimental oscillator was constructed at the
University based on the original McIlraith design described in
the previous chapter, but constructed in such a way that the
physical paremeters could be varied. This design is shown in
Figure 13, The cylinder or collector was of stainless steel
5.7 crms internal diameter 0.16 cms thick and 20 cms long.

The two anode wires of 0,025 cm diameter tungsten,
mounted parallel to the cylinder axis had a centre to centre
separation of 0.5 cus, and were located by passing each wire
through perspex end plates recessed to fit onto the ends of the
cylinder., The wires were held under even tension by compressed
spring clamps. Circular pieces of copper gauze with a mesh of
0.2 cms were mounted in the recess as shown in Figure 13, These
acted as axial reflector plates as discussed in section 2.2
The mesh was cut to enable the anode wires to pass through it
without making contact. Holes were drilled in the perspex end
plates to enable the twin anode wires to be moved in directions

parallel and perpendicular to their original plane. Holes
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s 1=0 . .
were also drilled at 15 intervals on the rim of the perspex
end plates so that it was possible to twist the anode wires -
about one another.

B0l The electrical circuit

The circuit used for the experimental investigation

is shown in Figure 1k, The potential of the anodes with respect
to the cylindrical collector was controlled by meané of an

H.T. power unit capable of a peak output of 50 mA at 12 kV.
Initially a 1l.33 M flcurrent limiter was placed between the
output of the H,T. set and the anode wires. The voltage drop
across the limiter has been taken into account in all subsequent
measurements. The tube current it was measured using a Unipivot

microammeter capable of measuring 0.2 A to 120 mA.

5o e The high vacuum system

The high vacuum system consisted of a/Genévac PL“??/}’high
vacuum unit,.comprising a rotary pump of 1.88 1itrés/sec.
displacement, backing a 3 inch air cooled oil dif usion pump with
a baffled speed of 85 litres/sec. The diffusion pump was ’
surmounted by a cold trap and baffle-isolation valve. The chamser
consists of a 12 inch diameter glass bell jar mounted on a 14 inch
baseplate, drilled to take 2 H.T. and 4 1,,T, electrical feed
throughs. The vacuum system is shown in Figure 15.

The pressure in the system was measured by a Pirani gauge
mounted in the backing line and a Penning gauge mounted just above
the baffle valve, The pressure in the chamber was measured

using a B.A. gauge and the values obtained weregbmparedvdth those
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of the Penning gauge. The results of this.comparison are shown
in Appendix IIT. A1l pressures subsequently referred to are
those of the equivalent B.A, gauge air pressure in the vacuum
chamber. Pressure in the system was controlled by a leak valve
glso mounted just above the baffle valve. Th¢ system was used
in the pressure range 2 X 107 % torr to <10 ~e torr.

3.k, Investipation of the cold cathode discharge

24,1, The voltage~current characteristics

In order to investigate the variation of the discharge

current i with the applied voltage Vt the oscillator was
constructed as described in section 3.1. #With a pressure of

-3 .
approximately 10 torr in the vacuum chamber, the applied voltage

was increased until a glow discharge was obéerved. The discharge
has a figure of eight shape with two 1obes; one above and the other
below the plane of the anode wires, as shown in Figure 16. This
is to be expected from the discussion of chapter 2. Variation

of the discharge current it with applied voltage Jt gave rise to
the set of characteristics shown in Figure 17. These are typical
Voltage~Current characteristics for a glow discharge and are very
similar to those obtained for example by Guseva 48, in a uniform
electrostatic field. However it will be noticed from Figure 17
that thekapplied voltage at which the glow discharge is initiated
is dependent on the gas pressure, whereas initial considerations

indicate that this striking potential should be indpendent of the

gas pressure,. McIlraith 47 - who obtained a similar set of
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voltage current curves indpendently - has suggested a possible
explanation for this. Tn order to clarify the situation it is
necessary to make use of three parameters.

First, suppose the distance an electron is able to travel
in the oscillator in the absence of all particles is 1g. Second,
suppose the cross-section for a useful collison; i.e. one which
results in the production of a secondary electron in such a
position that it too goes into a stable trajectory, is O‘io
Finally, suppose the cross-section for scattering an electron out
of a useful oscillating trajectory, so tlat it is collected by
the anode wires, is Ué, The distance li which an electron must

travel in order to produce a useful collision is:-

when P is the operating pressure and N the number of molecules per

cc. at unit pressure; thus

Similarly the distance ls which an electron will travel before

encountering a scattering collison is:i=-

1
ls - NPo™
5
If li is greater than 1_ or lg a self sustained discharge cannot

occur, since the electron would be collected before it could have
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a useful collision,

The threshold for a self-sustained discharge

occurs when each electron has just one useful collision. The

condition for this to heppen is that 1. should be just less than
DY i J

the smaller of 1g or 1 .

(a)  Suppose 1? is infinite, A self-sustained discharge would
2
occur when li < 1 i.e, the condition for a sclf-sustained

discharge iss-

1i p
Tw 1
s
but 1. o S0 Ods < 1
1 o 1
s i

is the condition for a self-sustained discharge in the case of
1g being infinite. This expression is independent of pressure.
(b)  Suppose 1g is finite, and that li-<l8 {lq. In this case

the condition for self-sustained discharge is:-~

1. € 1
g
f.e. 1. = == < 1
A T = &
i
The threshold occurs when:-
1
o, = NP1
28

Since U& is dependent on the energy of the electron, it is
also dependent on the threshold voltage. Hence the threshold

voltage increases as the pressure falls, This variation of







35

threshold voltage with pressure has been observed by other workers
in a variety of other discharge devices notable amongst them the
works of McClure 49, and Guseva 480 Indeed Guseva 48 points

out the strong dependence of threshold voltage upon the electron
trajectories in a discharsge. On these grounds it would secem
reasonable to suppose that while the electrons certainly travel
extremely long paths, as indicated by the ability of the oscillator
to hold a discharge at ZLO“6 torr, the electron path is finite in

length,

3 b2, The effect of separation and twist of the

anode wires,

Investigation of the variation of the discharge current
with the separation of the anode wires yielded the set of curves
shown in Fipgure 18, For this experiment the diameter of the snode
wires was increased to 0.05 cms. For each curve the applied
voltage and gas pressure vere kept constant. Since separation of
the anode wires will alter both the shape of the electrostatic
field and the magnitude of the saddle point voltage, it seems
likely that for any given gas pressure and applied voltage, there
will be one separation of the anode wires which correspond to a
maximum path length of the electron trajectory. Such an
explanétion would account for the distinct maxima obtained in
Figure 18. Furthermore results from the computer programme at
the N,P.L., discussed in section 2.1, also predict an optimum
trajectory for different anode separations, However, it has not

so far proved possible to predict analytically the optimum
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geometrical arrangement which gives rise to a maximum electron

trajectory.

The effect of twisting the anode wires about one another
was expected to cause a decrease in the electron path as a
result of the axial drift of the electrons carrying them into
an unstable trajectory. The effect of twisting the wires in
practice caused greater difficulty in striking the discharge with
increased twist which is consistent with the above supposition.

However, the effect of twisting the wires is not marked until the

. . . o © o s
angle of twist is approximately 15, as shown in Figure 19.
Consequentliy the tolerances in constructing a practical oscillator
. . . . +, O
with regard to anode twist are nor particularly exacting - say =30 .

z.4.3, The effect of variation of the diameter of

&

anode wires and their displacement from

the axis of symmetry.

The effect of varying the diameter of the anode wires
was expected to produce the same effect as the separation of the
anodes, since both the saddle point potential and the shape of
the field will beAaffected. Variation of tube current it with
ano&e diameter is shown in Figure 20. The tube current decreases
with increased wire dismeter for the separation of 0.5 cms shown
in the figure. The variation is more gradual_than in the case
of separation of the anodes because the change of the shape of
the field is less marked. It follows that in constructing an

oscillator attention should be paid to both the diameter and

~

separation of the anode wires.
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Conversely the displacement of the parali&l wires in the
¥ and y directions as shown in Figure 21oéroéuééé‘a fairly rapid
deterioration of performance with increased displacement. This
is to be expected since such a displacement affects not only the
motion of the electrons in the xy plane but also their reflection
at the end plates of the oscillator,

During these experiments it wes found that a kink or
bend in the anode wires had a disastrous affect on the discharge.
Even a small kink prevents a discharge being struck at all even for
very high voltages. The explanation fc.» this is very similar to
that of %.4,2. when anode twist was considered and is indeed
simply an extension of that argument. A small bend is capable
of causing a displacement of the saddle point at the region of the
bend. Since electrons drift axioslly élong the tube length, they
encounter this disturbance to the field after only a very short
time, and are subsequently deflected to the anode wires, It was
noticeable that any dust particles which settled on the anodes
during the course of experiment became white hot, which supports
the above argument, Conseguently great care is necessary in
construction that the anodes are free of kinks and are held
under uniform tension.

z Al h, The end plates

The purpose of the end plates has been described
in chapter 2. Although the axial drift of electrons is expected
to be considerably slower than the rate of oscillation between

the anodes the end plates still perform a very necessary function
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of containing the electrons and preventing them from drifting

out of the tube. The copper gauvze end plates were removed

compltely and it was found that the glow discharge could net be
struck at all because of the axial drift. Jith the end plates
isolated from the cylinder and anodes, positive and negative
potentials of up to 10% of the tube voltage Vt wvere applied to

them., No change in the discharge current it was observed over

this range at a given pressure which demonstrates the relative
insensitivity of the oscilletor in this form to the field termination

in the axial direction. More detailed investigati
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reflection were made using a thermionic oscillator, and these sare
discussed in chapter k4,

En

34,5, Effects of a magnetic field

Since the oscillator relies entirely on electrostati-
fields in order to constrain the electrons, the presence of a
magnetic field is neither required nor, as shown in chapter 2,
desired. However, .t would seem desirable to know within an order
of magnitude the strength of the stray magnetic field which coulad
limit the performance of the oscillator. It was early established
that the presence of a large permancnt magnet near the oscillator
was capable of either (a) tilting the figure of eight glow
discharge in the manner suggested in Figure 12 or (b) causing the
extinction of the discharge altogether. Later work by G. Rushton
in the Physics Department of this University established that a
non-uniform stray magnetic field with a strength of only ten times

that of the horizontal component of the earths field is capable
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of reducing the sensitivity of the oscillator, employing a
thermionic source of electrons, by more than ten per cent. This

result is in good agreement with the predictions of chapter 2.

It follows that care is needed with regard to the location of
magnets and the presence of stray magnetic fields near the
oscillator.

«Do Conclusions

N

The series of experiments discussed in section 3.4, were

devised in order to investigate the relative importance of various
parameters likely to affect the efficiency of the oscillator i.e.
the containment of electrons so that theyAfollow long paths. The
results obteined, as expected; gave rise to a set of physical
limitations existing in an experimental oscillator.

It has been established that the most symmetrical
arrangement of the oscillator with the twin wires equally disposed
about the cylinder axis is most satisfactory, end that three factors
are likely to sericusly affect the performance. These are the
presence of kinks in the anode wires, the absence of end plates
and the presence'of stray magnetic fields.

The presence of bends or kinks in the anode wires is
regarded as the moet serious of these limitations. To what extent
a2 non perfect circular cross-section wire limits the electron
path is not known, although using commercial tungsten wires and
taking care not to kink them gave reproducible results. In all
subsequent oscillators as in the initial design, attention was paid

to holding both anode wires at even tension. Lack of tension in
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one anode or the other gave rise to more pronounced heating of
the slack wire and also considerable vibration,; believed to be
caused by the vibration of the rotary pump.
The absence of end plates, while seriously limiting the performance
of an oscillator does not present a threat to the possible
application of the device since it is simple enough to fit an
oscillator with plane end plates. It may well prove that the use
of hemispherical end plates, as suggested by FMcIlraith and
Fitch and Thatcher k0 would improve the axial reflection of the
electron ¢nd consequently increase the total electron path.
Hemispherical end plates however are not so simple to menufacture
as plane end plates. Furthermore it is likely that the effect of
hemispherical end plates will be less significant in the oscillator
then in the orbitron, The presence of stray magnetic fields could
be a serious limitation if an oscillator is to be used in the
imnediate vicinity of a fairly strong magnet. However in its
present form only stray fields several times greater than the
horizontal component of the earths field are likely to affect the
oscillator. Thé possible use of mu-metal screening could extend
the magnitude of stray field tolerable to the oscillator still
further,

The oscillator in the form described in this chapter is
inadequete as a cold cathode ion gauge since a discharge can only
be maintained to pressures as low as 10—6 torf. The use of a

collector with a higher secondary electron emission such as

copper could extend this perhaps by an order of magnitude.
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However at pressures in the region of 10~4’torr it is appareat

from Figure 17 that it is possible to obtain fairly large numbers

of ions. It follows that the oscillator also has potential as

a low pressure electrostatic ion source, with possible applications
in the field of ion etching and ion thinning. It was anticipated
that this particular application would lead to further understanding
of the properties of the oscillator, and consequently the oscillator
was constructed as an ion source as described in the following

chapter,
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CHAPTER k4,

THE O5CILLATOR AS AN ICN SOURCE

L1, Introduction

The work described in the preceding chapter has shown
that the oscillator is capable of maintaining a self sustained
discharge Jdown to pressures of at least 10»6 torr, It follows
that if ihe positive ions formed in the discharge could be
extracted the oscillator could be used as an ion source which is
free from magnetic fields and operates at much lower pressures
than most other sources. It wes noticed during the investigations
described in chapter 3 that two regions inside the oscillator
cylinder had the appearance of being highly polished. These
regions were immediately above and below the plane of {the anode

wires as shown in Figure 22.

Figure 22.
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These -polished regions were due to the bombardment of the
cylinder walls by positive ions formed in the discharge. Such

an effect was observed for example by Fenning and investigated

. .50 | .

by Penning and Moubis 7 in the well known Penning gauge.

In the.oscillator the total areca of the sputtered repgions

. . 2 . . - \
was approximately 36 cm By ignoring the effect of secondary
electron production at the cylinder walls it was possible to
estimate the ion current density at the walls within an order of

. . -l .

magnitude. With a chamber pressure of 5 x 10 toerr and applied
voltage of 8 Kv across the tube the beam density was about

140 poa S 2

It has been shown by Wehner that ion beams
extracted from a glow discharge of less than 100 u A cmm2 can be
used to cause ion etching. It was suggested by McIlraith that
‘the oscillator should be investigated as an ion source for use
in conjunction with ion etching.

4,2, Construction of the Oscillator as an Ion Source

The dimensions of the oscillator are essentially the same
as those described previously. The anode wires were 0.0% cm
tungsten, spaced 0.5 cm apart. A small rectanpgular slot 2.5 x 0.5 cm
was milled in the cylinder wall at a position midway along and on the
'y' axis of the cylinder, The ion collector originally consisted of
a small rectangular nickel plate 0.65 x 0.25 cm situated 4 cm
directly above the slot. This was later replaced by a Faraday cage

in order to reduce the secondary emission from the collector. The

Faraday cage was constructed as shown in Figure 23,
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The collector aséembly was mounted on a perspex slide in such a
way that it could be moved in the x, y and z directions as shown
in Figure 24, The oscillator was mounted in the high vacuum
system described in chapter 3.

b,3, The Electrical Circuit

The circuit used for the twin wire ion source - hereafter
called the ion source - is shown in Figure 25. The circuit is
essentially the same as used before. The bias to the collector and

Faraday cage VC and V,. respectively were supplied initially by dry

f
batteries. Thé lead to the collector cup contained within the
Faraday cage was screened using co-axial cable, and the lead to the

cage itself was coated with a plastic insulation layer.

bk, Ton Ream Density Distribution

. -k .
With a gas pressure of 5 x 10 torr in the chamber a

glow discharge was struck with the appiied voltage at 8 Kv and a tube
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current of SmA. With the intensity of illumination din the -
laboratory sufficiently reduced a collimated discharge was clearly
visible emerging from the slot as shown in Figure 26, When
viewed from the end on position -~ i.e. the xy plane - the beam
appeared to diverge at an angle estimated at 5 to.loo0 In the

yz direction the beam appeared parallel sided and no divergence
was apparent, The shape of the emergent beam supports the

previous measurements and theoretical predictions in the following

S wWay. Since positive ions produced within the cylinder tend to

travel along fiéld lines they tend to travel radially except in
the immediate vicinity of the anode wires., Conseguently there
will be a tendency for ions to diverge in the xy plane.
Consequently any excitations or recombinations occuring in this
plane are expected to give rise to a discharge which also appéars
divergent. Simiiarly in the yz plane at the centre of the tube
there are no field lines in the z direction as shown in Appéndix IT.
Thus all ions are accelerated parallel to the y axis and the
resultant discharge appears well collimated in the yz plane.
Observation of the visible discharge fhus served to
give an approximate representation of the ionbbeém density (pc)
distribution. In order to measure the heam density the Faraday
cage was initially positioned vertically ebove the centre of the
slot, that is on the y axis at a distance of 7 cms from the plane
of the anode wires. The Faraday cage represented an effective
collecting area of 0.075 cm  which corresponds to the area of

the aperture in the cage. Values of po have been expressed as
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UAacm T, The cage aperture was chosen so that the measurements

recorded corresponded rveasonably well to a point aperture but at
the same time allowed sufficiently large currents to be recorded
with a reasconable degree of accuracy on the microammeter. In
order to check on the effectiveness of the cage the velue of VC

was put 2t O volts - at which it remained for the rest of the beam
density measurements - and the cage was held at 12 volts negative
with respect to the collector, Thus any secondary electrons
produced in the collector were repelled by the cage and returned

to the cullectof, With a tube current it of 5 mA the beam density
collected was 47H,Acm“% With the cylinder, cage, and collector
all the same potential the density was recorded as 501 A cm 2

i.e; not appreciably different from the case when a very small bias
was applied as above. However when the cage was disconnected from
thé circuit as shown in Figure 25, and held at a positive potential
of 12 volts with respect to both the cylinder and the collector,
with itat SmA the beam density reaching the colloctor was only

10U A cm ° which indicated as expected that a small positive bias
on the cage alone screened the collector from incoming ions.
Consequently the circuit was reconnected as showﬁ and Vf made

O volts for the remainder of the beam density measurement s, In
general measurements made with a bias applied to the cage or
collector were more difficult to interpret. This will be
illustrated in more detail later in this chapter, With no bias
applied to either electrode however the values of pc are in good

agreement with those indicated by the sputtering of the cylinder
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as explained in section 4.1,

{With the cage eaperture mainteined at a height of 7 cms
from the plane of the anode wires the beam density distribution
was measured in directions both along and perpendicular to the
slot as shown in Figure 27 and 28, The shape of these curves
are in good agreement with both visual observations and earlier
measurements made with a small plate collector. The tail on the
curves as indicated are probably due to the finite size of the
cage aperture although the distributions indicate that the beam
is not so well collimated in the xy plane as in the yz plane -~ a
result to be expected from thez previous discussion. The ion
density does not fall to zero outsice fhe region of the tail.

This is probably due to the backscattering of low energy ions from
the béll jar which are subsequently collected either through the
aperture of the Faraday cage or small exposed regions on the back
of the collector or on the collector feed through. This residual
low energy ion current-will be shown to be the cause of misleading
interpretation of later experimental results;

The Yaraday cage was mounted vertically above the slot
on the y axis and the density distribution measured along this
aﬁis, as shown in Figure 29, As expected the intensity falls
off with increased di?tance from the slot although the fall off
does not appear to follow a simple law. The measured value of
[ obtained from extrapolation of the curve in Figure 29 to the
slot is in good agreement with the density estimated in

section 4.1.
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In order to investigate the maximum beam density
possible with the ion source in this form the Faraday cage was
mounted on the y axis 4.2 cms from the plane of the anode wires,
and the current reaching the collector, icg was increased Dby
increasing the potential difference across the tube. With the

: . . - -4 .
pressure maintained at 5 x 10 torr as before beam densities
. -2 . N
as high as 300 pA cm  were recorded as shown in figure 30,
although the anode wires reached such & high temperature due to
electron bombardment in the process of obtaining these high beem
densities that the perspex end plates were damaged.

b5, Ton energy distribution

Tnitial attempts at measuring the energy distribution of
the‘positive ions contained in the beam were made by using the flat
plate collector described in section L,2., and subsequently with
a éopper cylinder, closed at one end with an effective collecting
area of 0.78 cm2 R A retarding potential VC was applied to this
collector, and wiih’the chamber pressure at 5 X lO“4 torr and an
applied voltage of 5 kV the curve shown in Figure 31 was obtained.
Differentiation of this curve leads to the ion energy distribution
shown in Figure 32. At first the distribution shown in Figure 32
proved difficul£ to interpret until it was realised that the low
energy peak was probably due to the background of back scattered
ions observed in the earlier beam density measurements. In
‘order to eliminate as far as possible the production of secondary
electrons from the collector — which was csausing spuriously high

ion current density readings - as well as screening the collector



w8,
55
‘(l!llil!x\le/
A\.\ A\
/3
.\ ”
/M,;Jl. \. - ....;. /J
@] > /
(@] ONA O {
i [
\
\\\\\\\\\\\\\\x\ﬁ

%

o

107

7/

,/
%
/ v

O.

.

]




Lo,

from much of the back scattered ions an attempt was made to use
the Faraday cage for measuring the ion energy distribution.
However the results obtained from the use of the Faradéy cage
still showed a marked low energy peak with considerably reduced
beam densities, making interpretations of the results extremely
difficult. Tt is likely that the use of a collector in the form
described above, and to which a small bias is applied invariably
distorts the slectrostatic field in the vicinity of the collector
causing deflection of the ion beam. Hence it is difficult to
measiure thoe ion energies using such a technique. Figure 35
shows a field plot of a Faraday cage, with a biased collector
jllustrating the relatively large amount of field disturbance in

the vicinity of the aperture, supporting this viewpoint.

Some of the difficulties associated with the measurement
of electron energy distributions in various discharges have been

52

discussed by Barnes and these indicate thal the measurement
of electron or ion energies can be rather complicated. It was
therefore felt necessary that in the first instance an alternative

technique should be used in order to obtain at least a qualitative

idea of the energy spectrum.

Prior to the experimental wofk discussed so far in
this section it had been noted that the oscillator had been
cleaned by ion bombardment as explained in section k.1, and also

that the base of the Faraday cage had been polished by the
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emergent ion beam., Figure 34 is an optical microgreph showing
both the polished or etched region and the contaminated,
unpolished; region. It is well known that the sputtering rate
of many materials depends on the number of incident particles
in unit time and also on their mean energy. It therefore
appeared that measurement of the sputtering rate of a known
material placed in the ion beam would yield an estimate of the

average beam energye

b 6, ‘lon_etching technigue

Sputtering rate measurements were made using the

weight loss technique of Laegreid and Wehner o3 in which the

sample vunder investigation is bombarded by ions for a period

ransing from several minutes to several hours, depending upon the
nature of the target material. The target loses weight

according to the equatione.

10°  x (Wt. loss in grams)
yield Y = A .. (12)
AMe x I x T

when Y = vyield in atoms per ion
A.W. = atomic weight of the target material
1" = ion currentvreceived by the target
T = time of bombardment in seconds.
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Copper was chosen as the target material firstly because it has
a very high yield rate compared with other metals and secondly
because there is a considerable amount of data available concerning
the etching of copper particularly with argon ilons. The copper
targets were made from thin OFHC copper sheet cut 2 cm square
with two O.% cm holes drilled 1 cm apart on one edge. These
targets were then cleaned in concentrated sulphuric acid, washed
in distilled water and tﬁen stored in an evacuated dessicator.
The targeis - or samples - were carefully weighed prior to mounting
them on the target holder shown in Figvre 35, Since welghing was
carried out to 5 places of decimals and also because the loss of
weight of the samples was small considerable care was taken in
handling the target material, using nylon gloves and tweezers.,
Tt was also important to avoid touching the face of the target
because of the risk of contamination, as will be shown later.
The sample was mounted 2 cms above the slot in the cylinder so
thet its plane was normal to the emergent ion beam, and so that
it was centred on the y axis.
The assembly described above was placed in the high
vacuum chamber described previously and facilities were arranged
so thet argon could be bled into the chamber via the leak valve,
The electrical circuit used was essentially the same as
that of Figure 25, except that the Faraday cage was replaced by
the target and that Vc and Vf were both made zero volts.

L 7 Exverimental Results.

With the above arrangement the chamber was pumped down




ble
to 10 ° torr and then flushed with argon via the leak valve,
with the diffusion pump baffle valve closed. The chamber was
then cvacusted a second time and with a steady leak of argon
into the system an eguilibrium pressure in the chamber of
5 X 10_4 torr for argon was recorded. Because of the variation
of ion gauge sensitivity with gas composition it was decided that
all pressures would be quoted 1in terms or argon pressure throughout
the sputtering experiments.

In order to measure the current collected by the specimen
in the eusuving experiments reference was made to the earlier beam
deﬂsity experiments of section b b, ¥ith the target in the
position described in section L6, the ion density on the y axis
2 cms above the slot was G5/ A cm“2 (after correction had been
made for the residual background of low energy ions) with a tube
current i, of 5 mA, Consequently with this tube current chosen

t

for the following experiments equation (12) becomes:-

ol x 107 x W

Yy = atoms per ion (13)
Tx 04 ’
when W = weight loss of the sample in grams
§A = sputtered area of the target in cm?

The first cample placed in the chamber was bombarded for 6 minutes
with argon ions, the chamber pressure being 5 x 10“4. torr
obtained as described previously. The anode voltage Vt was

7.5 kV. After bombardment the chamber was let up to air and

the specimen inspected. The region of ion bombardment was clearly
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defined but was also heavily contaminated. Contamination of
the sample could have been due to a number of possible causes;
for example grease on the tungsten anode wires could have been
deposited on the target, or the vacuum chamber hagd not been
flushed with argon adequately, no cold trap had been used and
the sample had been exposed to the air too rapidly after
bombardment with the result that the hot sample becane oxidised,
Alternatively the H.T. on the anodes had been increased too
slowly so that initially the ion beam density was rather low,

54 53 51

Laegreid Wehner and Meckel 7 , Laegreid and Wehner “7, Wehner 7,
Hagstrum and D'Amico 22 and others, have shown that in order to
avoid contamination it is necessary to observe two main points.
Firétly that the gas pressure is below ].O”2 torr and secondly
that the beam density pC should be as high as possible. The
limitations on the beam density depend on the type of vacuum
system, the target material and any other potential source of
contaminating material contained within the system.

In order to overcome the problem of contamination the
following yrocesses were adhered to. The anode wires were
cleaned with fine emery paper cach time the ion source was
dismantled. The vacuum chamber was flushed at least three
times before sputtering commenced, liquid nitrogen was used in
the cold trap and the sample was not exnosed to the atmosphere
for ¥ hour after sputtering had ceased. The H.T. was increased

rapidly until the required tube current it was obtained. It

was found that whenever one or more of these precautions were
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neglected contamination occured.
A series of copper samples were etched; the region of

the etch being clearly visible, and appearing cleaner than the

original unetched surface, The samples were etched for periods
varying between 2 and 1 hour. The weight losses of the samples

were in the region of 1 milligram or about % % of the original
sample weight. The variation of the yield calculated using
equation (ljxjwith applied volts is shown in Figure 36. Although
it was thought that the values obtained for the yield may be high
because of initial cleaning of the impurities of the copper surface;
the results are in good agreement with those of other workers

e.g. Almen and Bruce 56 and Keyweli 57. Using the data collected
by Keywell 27 the correspondipg average ion energies are displayed
on Figure 37. From these figures it can be seen that the average
ion energy in the oscillator varied from 0.20 to 0.8% of the
applied volts. At Tirst these values seemed rather high although
Wear 58 had shown that ion energies in Penning sputter ion pumps
vary from 0.5 to 0.8 of the applied pump potential.

Tt was noticed that on each of the copper samples the
width of the etched region corresponding to the xx scan of the
Faraday cage was strongly dependent on the anode potential.

For example the width of the etched region with the applied volts
at 8 kV was 9 mm, whereas with the applied volts at Lkv it was
19 mm, The slot in the oscillator cylinder acted as a cylindrical

electrostatic lens with a focal length which was dependent on the

cylinder radius and the ilon energy. By measuring the width of
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the etch and determining the focal length of the slot it has
been possible to calculate the starting point of the ions in
the oscillator corresponding to the given anode potential. The
results are éhown in Figure %7 and the calculations in

Appendix IV. It can be seen that the ion energies calculated
from sputtering data, and from measurement of the width of the
ctched region are in reasonasble agreement. Atvhigher anode
potentials the etch width method indicated lower ion energies
than the results from the sputtering data which supports the
argumen™ that the sputtering yields from the copper samples are
high.

Tn order to investigate the process of sputtering further
and at the same time obtain more accurate measurements of the
vield, it was necessary to obtain samples upon which more
accufate measurements could be made. With a typical weight loss
of 1 milligram and an etched area of 1.5 cml it was calculated
that a step should be visible on the sample with 2 depth of about
1 micron. The original copper samples had such an uneven
surface from a microscopic viewpoint that the step was not easily

29 51

distinguished. Furthermore Holland ~7, Wehner and others
have shown that the sputtering yield varies considerably with
the angle of incidence that the bombarding ion makes with the
surface of the metal. Consequently, the yield from a rough

surface is difficult to interpret. Thus it became necessary

to use a specimen with a flat smooth surface.






56.

4,8, Etching of highly polished specimens

Because of the high anode temperatures obtained during
these experiments - over ZOOOOC - it became necessary to
re-design the end plates of the oscillator. A new set of end
plates were constructed from duralumin as shown in Figure 38,
and modified spring loading of the anode wires was used which
enabled the oscillator to be used with higher discharge currents
without the problems of arcing across the end plates previously
experienced.

Flat surfaces of copper were produced by evaporating
a thin film of OFHC copper onto glass microscope slides. These
were mounted onto the target holder by means of small clips.
The fragile nature of the slides coupled with the care taken in
handling%made this process rather difrficult. Using the technique
described previously these samples were etched using applied
voltages between 6.5 and 9 kV. Since the copper films were
only a few thousand Angstrom Units thick the ion ’eam stripped
these completely off the glass, in about 6 minutes. The yield
values calculated using this arrangement ranged from about
=7 kV to 4 atoms/ion for V

2.5 atoms/ion for V = 9 kV,

t t

However, these results cannot be taken as represéntative of the
bulk material for two reasons. Firstly, the properties of
thin films vary considerably from the properties of the bulk
materials, and secondly, the total removal of the film means
that for part of the sputtering time the ions were bombarding

nothing but the glass substrate. As a result of theece
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experiments arrangements were made through Dr. A.H. McIlraith
and the Division of Inorganic‘and Metallic Structures at the
N.P.L. for the preparation of some highly polished~capper
specimens. The preparation entailed the successive polishing
of copper with progressively finer grain sized diamond grit,
until the peak to trough ratic of the final surface was no
greater than a few hundred Angstrom units.

The sample was etched on the modified ion source
apperatus using exactly the same technique as described previously.
The anode voltage was 8 kV with respect to the cylinder and the
anode wires reached a temperavure of 2880°c.  The modified
anode tensioning made the control of the discharge current very
simple without the tendency to fluctuate that had been observed
previcusly.

Figure 39(a) is an optical dark field'miéfograph viewed
normal to the surface of the sample, magnified 240x. The shadow
édge can be cleérly seen with the original unetched surface to
the right and the etched surface to the left, The ion etching
has revealed the polycrystalline nature of the copper surface.

Figure 39(b) is a scanning electron micrograph of
magnification 260 x viewed normal to the surfacé, which also
reveals the shadow edge and the polycrystalline nature of the
etched surface. The original surface to the right appears very
smooth. Figure 29(c) is the same view magnified further -
total magnification 640 x - which reveals considerzble difference

between the individual crystals. The dark rectangle in the
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centre is the area shown in the scanning electron micrograph
%9(d) and reveals a twin graiﬁ boundary at a magnification of
6300 X, The différence between the individual crystals is even
more noticeable in this photograph.

Figures 39(e) and 39(f) are also scanning electron
micrographs viewed at an angle of 150 to the surface. The
magnifications are 600 % and 1200 x respectively.  From these
figures the t'step' etched into the surface is clearly visible
and has an estimated depth of about 1 micron. It is interesting
to note the flatness of the etched as well as the un-etched
regionse.

The etching of these highly polished specimens provided
conclusive evidence firstly that ions from the ion source were
capable of etching and secondly that they were of sufficiently
high energy and preéent in sufficient quantity to produce a
fairly high sputtering rate of about a milligram per hour, The
yield of the above sample was calculated at about 5 atoms per
ion, and for a second sample at about 6 atoms per ion. The se
yields give ion energies in fairly good agreement with the
energies previously obtained by other methods.

Tt was interesting to note that the copper sputtered
from the polished samples was deposited on the osciilator
cylinder around the edge of the slot immediately below the

sample,



4.9, Conclusions

Lh,9,1. Conclusions from the density distribution

The ion beam which was allowed to escape from the

slot in the oscillator cylinder appeared to be well collimated

. . - 0 . . .
with an angular divergence of about 5  in one direction and
parallel in the other, As expected the beam density was highest
in the centre of the slot and decreased with:increasing distance

. N - . ZA -2
from the cylinder. Beam densities up to 300 KA cm were
. -4 Vo

obtained at pressures of only 5 x 10 torr, which compares
: - - . . . . 51
favourab.y with the Penning ion sources described by Wehner
. . . . -2
in which typical beam densities were about 100/ A cm at
similar pressures.

It is envisaged that future work on the measurement of
icn beam densities would focus some attenion on the problem of
eliminating the low energy background of back scattered ions,
perhaps by using a Faraday cage with a very narrow acceptance
angle and improved screening of the electrical lecads.

L,9,2 Conclusions from the measurements of ion

energy

These are necessarily less precise because of the
general difficulty found in measuring the energy distribution.
An estimate of the energy distribution can be made from the
curve of Figure 32., although this curve is incomplete because
of imprecise ion density measurements.

The methods of measuring sputtering yield and etch

width give results related to the average ion energy only.
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However, these results are in good agreement, and the average
ion energy has been measured és 0.2 to 0.8 of the applied
volts - a fairly broad distribution, but in good agreement with
the literature published 58 on Penning discharges.,
Pecause of the high ion energies which can be obtained

from the oscillator, together with the high beam densities at
low operating pressures the oscillator has considerable potential
as an ion source, although in its present form not as a
monoenergetic ion source. It is expected that future work will
investigate the energy distribution fiether, with perhaps some
attention paid to obtaining a narrow energy band. The ways
in which the energy spectrum is investigated could include, for

xample, the use of a large collector cylinder concentric to

the existing oscillator cylinder with a greater diameter to which
a retardiﬁg potential is applied. Alternatively, a Langmuir
probe could be used to study the discharge possibly even inside
the oscillator cylinder. The use of concentric cylindricel
grids within the oscillator cylinder is a further possible method
of measuring the ion energies. However, it will be shown in
the following chapter that this may not be desirable because of
the perturbation effect of the grid on the elecfrostatic field
at the walls of the oscillator.

4,0.3, tdvantages of the oscillator as an ion

source.
In its present form the oscillator has several -

advantages over existing commercial ion sources., The oscillator
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ion source operates at very low pressures when compared with
high density sources, A discharge can be maintained to
pressures as low as 10 ° torr, The ion beam can be extracted
therefore at pressures several orders lower than most commercial
ion sources which operate with high current densities. Only
Penning ion sources operate at comparable pressures and beam
densities. A practical form of a Penning ion source has for
example been described by Holland 59.

The oscillator ion source however has several advantages
over the Penning sources, Firstly,it is entirely electrostatic

and therefore does not require a bulky and expensive magnet -

including the limitations frequently imposed by a magnetic field.

Secondly, the emergent beam is extremely well collimated without
the necessity of using separate ion lenses. Finally, the
oscillator is extremely simple and robust in construction even

in its present form. The oscillator as an ion source therefore
looks particularly attractive.

L9k, Applications of the oscillator as an ion

source,

The oscillator in its present form has the same possible
applications that any other high current high voltage source has;
although the oscillator source has several advantages over the
commercial sources as described in section 4,9.3, Particular
applications include ion etching, ion polishing and ion thinning

which have all been investigated and described in this chapter.
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These processes require ion beams of several KeV and of density
: . 2 - -2 .
ranging between 20U A cm and ZCCLA cm . Recently, interest
has arisen in ion polishing and thinning not only of metallic
samples but also of ceramics. Although this application has
not been investigated there appears no obvious reason why the
oscillator ion source should not be useful in this field.

The oscillator also has potential as an ion source for
application in the field of mass spectrometry, and with a
thermionic source of celectrons if the discharge cannot be

. ) ~6 « .
maintair :d below 10 tory, Such an arrangement could for
example be used in conjunction with a guadrupole mass spectrometer;
. . . . o )
its potential application to a 120 or 180" mass spectrometer
might be limited by the presence of strong magnetic fields.

4.,9.5, Possible improvements and limitations of

the ilon source

There are several ways in which the efficiency of the
ion source in its present form might be improved, for example
arrangements could be made in which a specimen which required
etching could be rotated and fitted, so that the incident ion
beam could etch individual faces at a glancing angle. Almen

56

and Bruce for example have shown that the sputtering
efficiency can be raised by a factor of 5 for a rotation of
60° to the normal.

In order that several specimens could be etched

simultaneously it is possible that a series of slots could be

cut along the length of the oscillator tube, Higher beam




636

densities could be achieved by focussing the emergent beam
although this would defeat the object of simplicity.

The oscillator is limited as a cold cathode ion
source in its present form because of its inability to hold a
self-sustained discharge below pressures of lOm6 torr, As
suggested in the preceding section, it is envisaged that the use
of a thermionic‘source of electrons could extend the application
of the oscillator still further. The oscillator with a thermionic
source of electrons could also be used as a sensitive total
pressure measuring gauge. Consequently, the following chapter
describes the oscillator with a hot filament end shows how such
an arrangement has been applied to the measurementAof total gas

pressures,




CHAPTER

S5els Introduction

In chapter 3 and 4 it has been shown that electrons
are capable of following very long paths in the cold cathode
oscillator. Such a device may be used as a high sensitivity
ionization gaugee. Some of the advantag-s of high sensitivity
gauges have already been discussed, but at present the onl& type
of ion gauge which has a high sensitivity and does not require
a magnetic field is the orbitron. It is likeiy that the
oscillator may be free of some of the restrictions of the
orbitron.

Since it was not possible to hold a self-sustained
discharge below pressures of 10~6 torr in the oscillator it was
necessary to provide a thermionic source of electrons in order to
maintein electron oscillations.

Sele Construction of a thermionic oscillator,

The construction of the oscillator with a small filament
was essentially similar to’the construction of the ion source
described in section 4.2, of the preceding chapter. The only
difference was that a hole of 3 mm. diameter was drilled in
the steel collector cylinder in place of the slot milled

previously. A small 'V' shaped tungsten hairpin filament was
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constructed as shown in Figure 40 below,
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With the above arrangement a limited amount of vertical
movement of the filament within the hole was possible. The tip
of the filament was arranged so that it only just protruded into
the cylinder. The filament was made from 0.15 mm tungsten wire
spot welded to an E.M.6 electron microscope filament base. The
assembiy described was fully demountable.

5.3 The electrical circuit

The circuit used is shown in Fipgure 4l. The filament
supply incorporated a variec transformer and a 6.3 volt step down
isolating transformer. The {ilament current if was measured by
an A.C., ammeter reading O - 10 amps, and a positive filament
bias potential VB was applied with respect to earth by dry
batteries. The positive ion current, ip’ collected by the
cylinder was measured using a D.Ce amplifier, and the electron

emission current, ie’ leaving the filament, recorded by a
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tUnipivot® microammeter, The anode voltage Vt was supplied by

the E.H.T. power pack described previously. In later experimental
work the 6.3%. volt isolating transformer was centre tapped in order
to ensure that the bias VB was applied to the filament tip. A
"Unipivot! microammeter was placed in the anode circult in order to
measure the electron current collected by the anode wires.

Selts Experimental investipgation of the thermionic oscillator

Before investigating the oscillator as a total pressure
measuring device several experiments were conducted in the high
vacuun system described earlier, in orde: to study some of the
properties of the thermionic oscillator. Particular attention was
paid to variastions in electrode geometry. From chapter 3 it was
clear that the most syﬁmetrical arrangenent of the anocde wires
about the cylinder axis was the Lest, and so this symmetry was
meintained throughout the experiments with the thermionic device.
The filament current was controlled so that the emission ie was
1 g A for most of the experiments. With the oscillator constructed
as described above, the sensitivity of the device was defined in

the usual way

i
1 ™ -1
g = = —= torr
P 1
e

when 'p'‘refers to the total gas pressure in the systen.
The first experiment investigated the variation of the emission
current with bias voltage VB" The triode characteristics of
the oscillator are shown in Figure L2, These were obtained at

-6 ‘
a chamber pressure of 1 x 10 torr (air) with a constant filement
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current of 2.4 amps. As expected, increasing the positive bias
VB reduced the emission until a cut-off was obtained, the cut-off
being dependent upon the anode voltage.

Variation of the ion current ip and hence the sensitivity

S with the bias V, is shown in Figure 43. The high sensitivities

(e}

obtained, together with the absence of irregularities in the bias

A
characteristic - see for example Gammon 29 . with the orbitron -
indicated the potential of the thermionic oscillator as an lon gauge.
With a bias potential of less than aboul 1.5 volts it was found that
the electrons were collected directly by the collector cylinder.
This was expected since the filament was only one or two millimetres
from the cylinder and the thermal energies of the electrons alone
were sufficient for some eléctrons to overcome the potential barrier
between the filament and collector. Similarly it was found that at
high bias voltages a cut-off was obtained as indicated by Figure L2,
The dip in the bias curves of Figure 43 remains difficult to

explain, More recent work which will be discussed later indicates

the possibility that this may be due to different modes of oscillation

in the oscillator.

The position of the filament was altered in such a way
that the tip was rotated about the cylinder axis. Figure 44 shows
that the most efficient use of the injected electrons was obtained
with the filament on the 'y' axis i.e. perpendicular to the plane
of the anode wires, A deviation of I 50 from this axis resulted
in 20% loss of sensitivity. At first it was considered that a

small rotation from axial symmetry might have been preferable
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since an electron starting from an off axis position is unable

to return to the small region of potential disturbance aﬁout the
filament tip. In this experimental oscillator the tip protruded
only a small distance into the cylinder and hence any disturbance
in the region of the filament would be small. The experiments
have shown that deviation of the filament from the y axis in
?ractice reduced the sensitivity. This is probably because the
electrons are forced to pass closer to the anode wires the greater
the rotation of the filament, and hence are collected sooner.

Tn order to investigate further the effects caused by
heving large numbers of electrons in flight at the same time the
filament was returned to its original 'y' axis position and the
variation of sensitivity with increased emission current noted.
For emission currents between 0.5 and 7/ A the sensitivity remained
about 13,200 £ hoo torr | , at a chamber pressure of 5 x 107° torr
and an anode voltage of 2 kV. Thus the oscillator did not
appear space charge limited over this range of emission current,
pressure and voltage. Another method wes used to investigate
the effect of increased charge density. The end plates were
insulated from the collector cylinder and a potential VR applied
to them with respect to the cylinder. The application of a
negative potential VR tended to repel the electrons so that they
became bunched axially zbout the centre of the oscillator.
Negative potentials up to -480 volts were applied but the
sensitivity remained unaffected as shown in Figure 45. Thus it

appears that the conseguent increase in the charge density had
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no effect within the limits of the experiment, Subsequent work
carried out in the laboratory in which the physical length of the
oscillator was reduced confirm this result. The application of
a positive potential ceaused the electrons to be collected by the
end plates and thus the sensitivity fell off with increasing
positive end plate potential.

The above experiments indicated that the volume of the
oscillator could be reduced without affecting the sensitivity.
Consequently a thermionic device was constructed as shown in
Figure 46 in which all the dimensions were exactly haelf those of
the oscillator described above, and experiments were conducted in
order to investigate the effects of scaling. The variation of
sensitivity with bias voltage VB gave very similar curves to those
shown in Figure 43. Figure 47 shows the variation of sensitivity
of the small and large thermionic oscillators with anode voltage
Vt and for different chamber pressures; it can be seen that the
difference in sensitivity between the large and -small oscillators
is very small for a given pregsure and anode voltage, However
it should be noted that for all points on the curves shown, the
field strength in the small oscillator was greater than that in
the large oscillator very approximately by a factor of two. The
difference in the sensitivity at different pressures was due to
the collector current being of the same order of magnitude as the
primary current with the result that the sensitivity was pressure
dependent as for example shown by Leck 18.

It was concluded from these experiments that the
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oscillator could be constructed as an ion gauge with dimensions

similar to those of the small oscillator described above,

5.5,

Desipgn and construction of a U.H. V. gauge

The oscillator

thermionic ion gauge, in several ways.

cylinder would collect nearly all of the soft X-ray photons

shovm in Figure 46 was inadequate as a

firstly the collector

produced by the energetic electrons striking the anode wires -

i.e. the oscillator in this form was expected to have a large

residual current due to X-rays.

of the original oscillators, for example perspex

would give rise to outgassing problems under U.H.Ve.

end plate

Secondly, the choice of materials

supports

conditionse.

Consequently the oscillator was redesigned as a nude thermionic

U.H,V. gauge as shown in Figure L8,

The end plates of the

oscillator as shown were made from stainless steel disks 3,75 cm

diemeter and 0,16 cm thicke.

A hole was drilled centrally in each

disk, with a diameter of 0.76 cm into which were jocated insulating

bushes each contain.ng two 0,015 cm holes drilled symmetrically

0.25 cm apart.

The end plates were held 10 cms apart by means of

four 6 B A stainless steel rods, located symmetrically at a radius

of 1.6 cm from the centre of the end plate disks.

The solid

collector cylinder was replaced by a cage of tungsten wires the

diameter of the cage being 2.54 cms.

The cage was formed by

threading C.015 cm diameter tungsten wire through a serieg of

16 0,025 cm holes drilled symmetrically at a radius of 1l.27 cm

in the end plates.

were drilled at a radius of 0.96 cnm in order to reduce the area

A further series of holes 5 mm diameter
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of the end plates.
Originally P.T.F.%, insulation bushes were used in
the centre of the end plates, but the operation of the gauge at
high anode voltages caused sufficient heating of the anode wires
to melt these bushes. Subsequently ceramic bushes were usede
Bach bush»required careful baking procedure before belng fittea
into the locating holes. The commercial ceramics used were
either 'Ceramtect or 'Aremco' both of which, the manufacturers

LI . o)
in air at 20 c.

claimed, had a resistivity of 1014'ohms cm
Tt will b: shown later that,with the gauge constructed as described
above,lezkage currents across this insulator could be a limiting
factor to the use of the device.

The anode wires were held under tension by drawing the
ené plates apart along the four 6 B.A. stainless steel rods as
shown in Figure 48. The collector cage was held under tension by
the same pProcess. Tungsten anode and collector wires were used
23,24

22
since it had been shown by Lawson Hartmann and others

that tungsten can exhibit less positive ion desorption than most
other high melting point metals. This will be discussed in more
detail later.

Tt was expected that the 16 collector wires used to
simulate the electrostatic field previously produced by a solid
cylinder would produce some distortion of the field in the region
of the collector wires. However Figure 49 shovs in a field
plot drawn to simulate a 32 wire collector cage the electrostatic

field remains undisturbed within the 5% equipotential. Furthernore
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it was expected that electrons oscillating between the anode
wires would experience very little of the disturbed field.

A number of filaments were designed and tested, including
a small electron gun mounted outside the collector cage. However
it was decided that the simplest and most effective method of
injecting the electrons was by means of a small hairpin filement,
made Trom 0.010 cm tungsten mounted as shown in Figurc 48, The
filament in this form could be raised or lowered into the volume
contained within the cage, and could be moved in the axial direction
to within 0.5 cm of either end of the o:sizillators.

In the nude form described above it was anticipated
that the oscillator woula be more suitable for use as a U.H.Ve
gauge then in the form described in section S.lt., since the
conductance between the vacuum system and the ionizing volume had
been imnroved.

556. Preliminary tests in high vacuun

The nude gauge was mounted in the high vacuum system
and some preliminary experiments carried out. The electrical
circuit was the same as that described in section 5.3 except that
dry batteries were used to supply the anode voltage and as
mentioned ecarlier the anode current was m asured énd the filament
centre tapped. The sensitivity of the gauge was measured for
different positions of the filament tip from the anode wires.
In_each measurement the bias voltage VB was altered so that the
maximum ion current was recorded. The result shown in Figure 50,

reveals a distinct optimum position about 0.7 cm from the plane







730

of the anode wires, that is with the filament inserted to a depth
of about 0.5 cm inside the cage. A possible explenation will
be advanced in order to explain this optimum condition at a later
stage, but at the time the experiment was conducted no obvious
explanation was apparent, With the filament tip at a position of
0.8 cm from the anode wires the filament was moved parallel to the
cylincder or Vol oxis with a constant insertion depth and with a
bias voltage VB of 120 volts. The sensitivity remained constant
-
at about 3500 torr at an anode voltage of 1kV, for the length of
the oscillator provided that the filamert was at least 0.5 cm from
either end plate. This result was expected since it has been
shown in chapter 2 that the eguipotential distribution in the axial
direction did not alter rapidly until it was very close to the end
plates,

The nude gauge was rebuilt with a ripid filament assembly
mounted, together with the cylindrical cage, on & 6" 0,D. conflat
flange. The filament was mounted centrally in the axial direction
with the tip approximately 0.8 cm from the anode wires. The
gauge assembly mounted on the flange is shown in Figure 51,

570 The U.H.V. system

A schematic diagram of the U.H.Ve. system is shown in
Figure 52. The system was roughed out by a liquid nitrogen
cooled zeolite sorption pump with both isolation valves open and
the air admittance valve closed. The backing pressure was
measured by a thermﬁcouple gauge mounted in the backing line.

When a backing pressure of about 10 microns was reached the two
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15 litre per second ion pumps were struck, and afﬁéfia few
minutes when the initial outgassing of the lon pumps had subsided
the U.H.V. isolation valve and the sorption pump isolation valve
were closed.

Total gas pressure in the system was measured- by a
Mullard I.0.G. 12 ion gauge mounted on the sublimation pump\and
a nude Mullard I.0.G. 20N modulator gauge mounted on a 4" 0.D.
flenge and inserted into the U.H.V. chamber.

Extra pumping speed wes obtained by a water cooled
200 1/8 sublimation pump as shown. The sublimation pump could
be operated manually or with an sutomatically controlled

sublimation period and cycling rate, In the unbaked state
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pressures in the region of 10_8 to 10“9 torr could be achieved,.
The gas pressure in the U.H.V. chamber could be controlled by
pumping against a continual leak via a U.H.V, leak valve, The
leak valve had a vernier adjustment screw and it was found
-~ 9 -5

experimentally that leeks between 10 torr litres/sec and 10
torr litres/sec could be controlled.

The system could»be beked to a tempcrature of about
BOOOC with the oven extending over the region shown by the dotted
line in Figure 52, however if a higher bake-out temperature was
required it was necessary to remove the magnets from the ion pumps.

Figure 53 1is a photograph of the U.H.V. system prior
to the addition of ion pump 2. The twin wire gauge shown in
Figure 51 was mounted in the test port.

5.8, Experimental investigations under U.H.V, condi tions

Tnitial results showed that the sensitivity of the gauge
shown in Figure 51 was only about 1CCO torr—1 at 1 kV - rather
lower than the gauges with demountable filament ¢ssemblies
investigated in the high vacuum system, It was discovered that
when the U H.V, chamber wae partially screened from the magnetic
field of ion pump 1, by placing a large gheet of [L~metal between
the pump and the chamber, the sensitivity of the twin wire gauge
doubled. The necessity of screening the magnetic field from the
ion pump was expected on consideration of the discussion in
chapter 2. Although it was not possible to screen the U.H.V.
chember from stray fields completely, the large sheet of [ ~-metal

was used in all subsequent experiments so that the gauge sensitivity
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as high as possible.
Figure 54 shows the variation of the sensitivity of
the nude gauge with the ratio of bias to anode voltage. A
distinct maximum occurred when this ratio was equal to 0.1,
for anode voltages between 2 and Lkyv, The reason for the
maximum can be explained in terms of the matching of the
electrostatic field produced by the anode wires with the bias
applied to the filament tip. Figure 55 shows a field plot of
the potential disturbance caused by the insertion of the filament
into the volume contained within the coltiector cage. It weas
apparent from Iigure 54 that the sensitivity of the twin wire
gauge was critically dependent on the focussing of the eléctrons
. . Y
between the anode wires and consequently on the ratio of Vt'
Tt was assumed that the focussing would be optimised when the
potential disturbance in the region of the filament tip was as
small as possible. With the tip of the filament a distance 'p‘

from the plane of the anode wires it has been shown in Appendix V

that the condition of minimum disturbance occurs when

2 2
v In{ a + p-
B =1 = 2ab
Vt 1n (& + Ef
2ab
VB, Vt’ a , b, and R have their usual meaning. From the

above expression it has been shown in Appendix V that when the
dimensions of a , b , and R pertaining to the nude gauge were
Vv

inserted into the equation the ratio of B/Vt was about 0.13.

This result was in good agreement with the experimental results
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shown in Figure 5h4.

The twin wire gauge was subsequently compared with

two Mullard 1.0.G. 12 gauges. Comparisons were made with air
and also with nitrogen. In order to attain the low pressures

recorded it was found necessary to bake the system as described

P 3 g -~ e 3 3 . 2 O‘
earlier, for about 1 week at 300 C.

Figure 56 (a) shows a comparison made between an
T.0.G, 12 mounted in the U.H.V. chamber and the twin wire gsuge.
The test gas used was nitrogen, With the anode voltage at 1 kV
and a bias of 120 volts applied to the filament the twin wire
gauge showed a linear variation of ion current over the range
~10 -

5 x 10 torr to about 10 torr. The emission current was

only 1 pA. The gauge in this form was exhibited in the

1969 Physics Exhibition at Alexandrs Palace, London. Some

difficulty was experienced with the ion pum tending to-'trip out?
I

-4 . . - 4
at 10 torr and so pressure measurements in the region of 10 torr

and ezbove were difficult until the pump was stripped and
reconstructed at a later date.

Figure 56(b) shows a comparison made under the same
conditions as above but with air used as the test gas. There was
no apparent difference in sensitivity although some deviation
from linearity of ion current with pressure was observed at a
pressure of about 5 x 10 torr recorded by the I1.0.G. 12. The

reason for this has been explained in section S.h, and the

. ot e 3 -5 .
theoretical high pressure limit derived as 5 x 10 torr in




1 !

i e et e e e

: . . i '




78.

Appendix VI, for a 10% reduction in apparent sensitivitye.
Tn order to investigate the low pressure limit the U.H.V. system
shown in Fipure 53 was modified as shown in the schematic Figure 52.
The system was baked to a temperature of EOOOC into the sorb pump
initially and then into the two ion puips. Rakeout lasted for a
period of two weeks and the system allowed to cool gradually with
the sublimation pump operated at the correct cyling rate for a
further week, All the gauges were outgassed including the anodes
of the twin wirc gauge. This was achicved by applying about
5 kV to the anode wires and bombarding them with a 100 p A beam
of electrons from the filament until the anode wires were observed
to reach a cherry red colour. The anodes were not raised to &
higher temperature because it was feared that a further increase
might cause them to evaporate. No arrangements had been made to
outgas the collector wires. The twin wire gauge was compared
with a Mullard IOG 20N (modulator) ion gauge also mounted directly
into the chamber, as shown in Figure 56(c). The comparison was
made under the same conditions as that of Tigure 56(b) except that
the bias voltage was increased to 130 volts. The modulator gauge
-11
indicated a pressure of 5 x 10 torr in the chamber whereas the
twin wire sauge exhibited a low pressure 1limit in the region of
~10
2 x 10 torr, The low pressure limit of most ion gauges is
usually due to two main factors as explained in chapter 1, that
is the presence of residual currents due to positive ion desorption

from the anode or the presgence of residual currents due to the

production of X~rays from the anode wires.
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Tn the twin wire gauge the presence of both types of
residuval current is possible. However since the positive ion
desorption characteristics depend on the material of the anodes,
whether or not the anodes had been outgassed, the gas in the systen
and the number of incident electrons,it can be seen that the
problem of ion desorption can be reduced by correct choice of
materials and processing. In the case of the twin wire gauge

; X 2%, 2L
tungsten anodes were used because according to Hartmann ’ and

"
) 22
Lawson tungsten does not show the tendency to absorb oxygen
which cerizin other metals do, and subsequently desorb oxygen ions.
) 25 - .

Oxygen been shown by Redhead and others to be the most readily
desorbed lons. The tungsten anodes were outgassed at a very low
pressure, and the emission current used with the twin wire gauge
was only 1 LA, Thus it was expected that the major constituent
of the residual current was due to X radiation from the anodes.
The residual current due to X=ray production has been calculated
. - _1 o . . - -
as approximately 2 x 10 in Appendix VII and supports this
hypothesis since the calculated residual is in good agreement with
the experimental residual.

One other cause of an apparent low pressure limit in the
twin wire gauge designed as shown, could be the presence of

electrical leakage currents between the collector cage and the

. -12
anode wires at 1 kV. For example a leakage current of 1 x 10 amps

- 10
would give an apparent low pressure limit of just below 2 x 10 torr,

This source of error was eliminated since no leakage currents greater

13
than 1 x 10 amps were obtained when the oscillator filament was
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switched off. Tt should be noted that eny electrical leakage
which does occur would do so across the ceramic end bush which is
also inside the U.H.V., chamber, The electrical lead throughs
which passed through the 61 0.D. steel flange did not present any

leakage problem since the flange was at earth potential and therefore

s

cted as a puard ring.

.S, Conclusions and Future VWork

oy

591 Effects of a potential disturbence

One feature of the work described above was the relatively
low sensitivities obtained with the twin wire nude gauge. It was
noticed that at an anode voltage of 5 kV, the nude oscillator
exhibited a sensitivity of only 3000 1:01:‘1:1 whereas at the same anode
voltage and pressure the solid collector thermionic oscillators both
large and small were exhibiting sensitivities of the order of
70,000 torrni .

From consideration of the design of the 16 wire nude
gauge it was realized that a proportion of the total ion current
would be lost begause of ions which would escape through the gaps
between the collector wires. The effective collecting area of
the nude gauge was about 1/10th of the area subtended by the solid
cylinder collector of equal diameter. Even if the number of ions
lost Weré in proportion to the collector asrea the decrease in
sensitivity would not be accounted for. Another possible reason
for the loss of sensitivity is the distortion of the electrostatic
field by the collector wires as shown inFigures Lg and 55. Such

a distortion could influence the electron trajectories. This
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remark has been supported by experimental work carried out in
e : 60 . e
this laboratory by Rushton , in which the gauge sensitivity

and therefore presumably the electron trajectories were influenced
by chenges in the form of the collector cylinder,

59620 Advantages of the twin wire gouge

As Gescribed in sections 5.6 end 5,8 the twin wire gauge
offers some adventages over conventional commercial gauges. Firstly
the fairly high sensitivities obtained enabled emission currents of

-6
the order of 10 amps to be used - rather less than those used
by commercial veriatiocns of the B.A. gauges. The advantages of low
emission currents have been discussed in earlier chapters. Secondly
no magnetic field was required with the oscillator. Since magnets
are both bulky and expensive, and magnetic fields highly undesirable
in most electron and ion opticél experiments, the oscillator has
considerable adventage over the magnetron and FPenning gauges.

The real advantage that the oscillator exhibits over the
orbitron gauges described earlier however is that no ion current
instabilities have ever been observed with any of the oscillators.
The presence of the potential disturbance in the orbitron is
regarded as the principal limiting factor of this device. It
follows that since the oscillator does not require a potential
disturbance to inject the electrons it should in theory be capable
of higher sensitivities than the orbitron gauge.

5.9.3. Future work on the twin wire gauge

Tn order to realise the full potential of the oscillator

as an ion gauge it is apparent that future experimental work should
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be directed towards obtaining higher sensitivities. Possible
methods of achieving this include the use of a double grid to return
jons which escape from the collector cage. Such a method has been
used with a moderate degree of success with other types of ion
gauge. fternatively it may prove adventageous to revert to the
use of the solid collector cylinders However any such design
would have to make a compromise between necessary apertures required
for adequate conductance to the vacuum system and the conseqguent
distortion of the field that such apertures would inevitably produce.
Increasing the sensitivity would have the effect of
reducing the residual current limit due to both X-rays and ion
desorption. The X-ray limit could be further reduced by insulating
a1l the collector wires (including the end plates) except those
directly above and below the plane of the anode wires corresponding
to the shaded regions in Figure 22. Thus the effective area for
collecting X-rays would be substantially reduced without any
appreciable reduction in the ion current collected, By making use
of the technigues described above it ielenvisaged that the
oscillator - even with a sensitivity of only 2000 torr - - could
exhibit an X-ray limit as low as 10--11 torr. If the sensitivity
of the oscillator could be increased by a further two orders of
magnitude, provided the problem of ion desorption could be overcome
-13
it should be possible to reduce the low pressure limit to 10 torr

or less. Such a gauge would be a valuable addition to the existing

total pressure measuring devices at these very low pressures,




CHAPTER

THE OSCILLATOR AS AN ION PUMP

6.1 Introduction

In recent years interest in ion pumps has centred around
the pumping of inert gases, in particular argon, because of the

L5

problems associated with argon instability In particular,
interest has been shown in the electrostatic 'orb-ion' pumps
described for example by Bills 10 and Denison 11. These have
shown a pumping speed for nitrogen as high as 1700 litres per
second and for argon of 25 litres per second, or about 1.5 of
the pumping speed for nitrogen. Since the oscillator has a
high ionizing efficiency it therefore follows that it also has a
possible application as an electrostatic ion pump.
It has beer shown in chapter 5 that the oscillator can
be used in the U.H.V. region only if it is constructed as a
thermionic device, because of the observed extinction of the cold
cathode discharge at 1OfG torr. Consequently,; in order that the
oscillator could be operated as a U.H.V. ion pump it was necessary
to construct it as an ionizer for an evaporation ion pump.
Evaporation ion pumps have been described for example by Herb 8,

and rely on the pumping of the active gases by the process of

gettering, and the burial of the inert gases - in the form of
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ions - at the pump walls. Since the oscillator may be constructed
as an efficient ionizer it was considered that fairly high pump
speeds for the inert gases should be possible.

6.2, Construction of a U.H.,V. twin wire ion pump

The ion pump consisted essentially of an ionizer and
titanium evaporation assembly mounted on a 6" 0.D. ''conflat' flange
and inserted into a water cooled chamber as shown in Figure 57.

The ionizer was constructed as a 16 wire nude gauge
identical in all dimensions to the gauge éhown in Figure 51l. The
sublimaticn assembly consisted of two 'Varian' sublimation pump
filaments‘mounted on the flange either side of the ionizer. These
filaments consisted of titanium and tungsten wire twisted together,
‘and requiréd a current of 40 amps at 5 volts in order to deposit the
required amount of titanium on the chamber wall. Experiments on
filament construction carried out by the authbr in this laboratory
confirmed the necessity of using 'stranded! filaments if a
reasonable filament life»is reguired.

The pump body consisted of a 4" diameter stainless steel
cylinder with 6" OBD; tconflat'! flanges at either end. This was
water cooled using copper piping wound round the steel cylinder.
The overall length of the cylinder was g and.was mounted onto
the U.H.V. chamber shown in Figure 53. |

6.3 The Electrical Circuit

The circuit consisted of two parts, firstly for the

jonizer and secondly for the evaporation assembly. The circuit
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used for the ionizer was identical to that used for the thermionic
gauge and is shéwn in Figure 41. The titanium filament supply was
a commercial fVarian' sublimation pump control unit which enabled

the sublimation time and cycling rate to be controlled automatically.

Gl Experimental Results and Discussion

Goltole Experimental Technigue

The technigue used to measure the speed of the twin wire
pump was a constant flow method in which the pump was operated
against a known leak rate QL° The pump speed, ST , was calculated

from the reasurement of the equilibrium pressure, Pe’ since:-

The experimental measurements were therefore separated into two
parts, firstly the determination of QL and secondly the measurement

of P o
e

6lte2e Measurement of the leak rate Qp

The U.H.V. System shown in Figure 52 was equipped with a
bakeable U.HeV. leak valve with a vernier scale which gave
reproducible leak rates between 10”7 and 107° torr litres per
second. After bakeout the outgassing rate of fhé system was
reduced to about 5 x 1072 torr litres per second. ' The leak valve
was adjusted to give leak rates (for nitrogen) about two orders of

magnitude greater than this value so that the leak rates should not
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be confused with the outgassing of the system. = The leak rates
were calculated by setting the leak valve vernier at a known
position and measuring the rate of rise of the pressure with éll
the pumps off. Typical pressure rise plots are shown in
Figures 58(a) and (b).

6.4.3, Measurement of the Penning pump speeds

With the leak valve set at positions (6) and (7) the
ultimate pressures attainable with the two commercial 15 litre
per second slotted cathode Penning pumps were found. Pumping
together these sputter ion pumps exhibited a combined speed
between 20 and 25 litres per second when nitrogen was leaked into
the systen. The above experiment was repeated using argon ges
and the pumps gave a combined speed of about 3 litres per second,
that is about 10% of their rated speed for nitrogen. This is in
reasonable agreement with the published data which has established
experimentally that slotted cathode, triode and magnetron ion
pumps may exhibit pump speeds for argon between 8 - 20% of the
speed for nitrogen.

6.k Measurement of the Twin Wire pump speeds

The experiments described in section 6.4.3. were repeated
using the twin wire pump; The titanium filament was operated
at 40 amps continuously and the ionizer with an emission current
of 7 mA. At a pressure of 2 X 107 torr the speed for nitrogen
was calculated to be between 19 anﬁ 21 litres per second,and for

-6
argon the speed was about 2.2 litres per second at 10 =~ torr.
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The twin wire pump therefore exhibited a speed for argon slightly
s . £ ; . . .
greater than 10% of the speed obtained using nitrogen. It can
be shown that, operating at the lesk rates and ionizer emission
described above, an excess of positive ions are produced by the
jonizer. For a leak rate of 3 x 107 ° torr litres per second
13 A - .
9 x 10 molecules enter the system via the leak valve every
second. A pessimistic estimate of the number of positive argon
ions collected can be made by calculating the number or argon
ions collected by the ionizer. With the leak rate at the above
value the twin wire pump held an equilibrium pressure of
\—6 1. . . - - »
1 x 10 torr. Since the ionizer was operated with an emission

current of 7 mA the ion current collected by the ionizer was:-

i = S.psie where the symbols have

their usual notation.
i = 2,500 x 1 x107°%x7x 107°  amps

= 17.5 x 10°° amps

This is equivalent to l.l X 10'% ions per second arriving at
the collector. Thus 9 x 101° ‘moleculés enter the system per
second and 1.1 X 107% ions arrive at the collector‘f that is
an excess of positive ilons are p;oduced. The excess 1s even

greater than the above estimate since many 1O01S escape between

| -
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the collector wires and are buried on the chamber walls.

6.5. Conclusions

The preliminary investigations discussed in this chapter
ave shown that the oscilletor may be successfully applied as an
ionizer for an evaporation ion pump, with an argon to nitrogen
pump speed ratio of about 10%, which is comparable to the
Penning pumps also used, and higher than the ratio exhibited by
the i descri . 10 .
e pump described by Bills R This could be due to the
production of more energetic ions from the twin wire ionizer than
. . . 10
from the orbitron ionizers o
It is expected that future work with the oscillator
applied as an ionizer in an evaporation ion pump would lead to

an arrangement as shown in Figure 59. It appears that the

filamentvlife of both the ionizer and titenium evaporator in the
présent design of the twin wire pump is necessarily limited in
just the same way as any other evaporation lon pump. Indeed the
_afrangément described in section 6.2 proved particularly fragile.
However the oscillator exhibits a fundamentsl advantage over the
orbitron devices in that ions can be produced with sufficiently
high energy to cause sputtering. It follows that if the cold

. . . 6
cethode discharge could be maintained to pressures below 10 torr,

the oscillator could be designed as a gputter ilon pump which would

be robust and simple, as well as free from magnetic fields.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS ¥FOR FUTURE WORK

This investigation has shown that the oscillatof has
application as an ultra high vecuum gauge, pump and ion source.
Of these the ion source appears particularly promising since it
exhibits several advantages over existir g sources. Firstly the
twin wire source can be used at pressures of 10 % torr or less
which, as far as the author is aware, is not possible with any

other device. Tt also has the adventage of being entirely

electrostatic thus avoiding the limitations associated with the
Penning type ilon sources. Furthermoré the_construotion. of the
oscillator is extremely simple and the emergent ion beam does not
require focussing in order to produce a beam density sufficiently
high to cause cleaning, polishing and thinning of metallurgical
specimens. This ion source can also be used for etching alloys
and ceramics and would be particularly useful in the field of

electron microscopy, since it could be built into the specimen

stage of an electron microscope in order to maintain a clean

surfsce on the specimen. Future work on the jon source should

be directed at increasing +the ion beam density and maintaining

the discharge to lower Pressures since any improvements in either

of these directions would extend the useful operating range of
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the device, It is believed that the ion beam density cannof

be greatly increased with the source designed in its presenf

form because of the evaporation of the anode wires when very high
discharge currents are used, One further possible development
of the ion source is the use of an electrostatic ion lens to
focus the emergent ion beam and consequently increase the beam

density. However, such a modification would inevitably sacrifice

some of the simplicity of the device.

The twin wire ultra high vacuum gauge has also shown
several advantages over most existing ionization gauges. For
example in one particular gauge specifically designed for U.H.V.

operation a sensitivity of zabout 2600 torr | was obtained. This

enabled an emission current of 1 4 A to be used - at least two

orders of magnitude less than the emission current of a typical
B.A., gauge. Furthermore the absence of mggnetic fields allowed
the twin wire gauge to be used in situations where the use of a
Penning or magnetror type of gauge would be undesirable, The

performance of the existing twin wire gauges show some advantage

over the orbitron ionization gauge since no ion current instabilities

have ever been observed with the twin wire gauge. Two experimental

gauges constructed by the author, but not designed for ultra high
1

. . 5 -
vacuum use, exhibited sensitivities in the region of 10 torr ° .

With further development it should be possible to combine the high

sensitivity with ultra high vacuum construction. The residual

gauge can be reduced by suitable

current limit of the twin wire

design of the collector.
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It has not been possible in the present work to investigate the full
potential of the ion pump. Preliminary investigations however have shown
that the oscillator can be successfully applied as an evaporation ion
pump. Pump speeds of 20 litres per second for nitrogen and 2 litres per
second for argon have been obtained. Since the performance of any
evaporation ion pump is limited by the evolution of gas from the source
of titanium it is concluded that future work should be directed tcwards
the prpblem of sustaining a glow discharge in order that the osciliator
~could be re designed as a cold cathode sputter ion pump. Such an
investigation should study the influence of the electrode surfaces on
the discharge, in particular the nature and state of the cathode surface,
as it is believed that such an investigatiofl could lead to a better
understanding of the discharge process and a subsequent improvement in
both the ion pump and ion sourcee.

Finally it is interesting to note that the oscillator

principle has been used to acount for the radio sources first discovered

2
by Hewish et al 61 and known as pulsars. McIlraith 6 has shown that by

means of a model based on a pair of rotating neutron stars the constancy

he shape of the signal received

of the pulse repetition frequency and t

can be interpretede
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APPENDIX T

For an infinitely long cylinder of radius 'b' metres

and charge +g coulombs per metre the electric displacement D
r

at some radius r when r>b is given by:-

= | — _._.(1_ e @ 3
Dr Ereeo = i S & D
when Er = field at radius r
€ = dielectric constant = 1 (vacua) . . dimensionless.
~9
€5 = permitivity of free space - X 10 farads metre” !
361
henCe E = —.q = -d\,r e @2 © @ © © o © o @ ©° e (ii)
- T —
dr

2ﬂ€€ol

when Vr is the potential at any radius r, in volts.

thus:=

Vr -a mr + constant e o o o o o o o (iii)
2W€€O

]

Referring to Figure 7. At some point P (x,y) for a
cylinder of radius R meters, anode radius 'b' metres, anode separation
2a metres, it follows that the potential at P, from equation (iii),

due to a charge +q coulombs per metre on each anode isi-

— ——q- - —_ q‘ 4} !
Vp = en T T+ Ko
2mEE 2mee
o o ko is a constant
v = 4 mrr +k_ volts o o o o (iv)
b 1 2 0




930

At the saddle point O, the potential is:=

Vo = —4. M a® -+ k,~ volts
2W€€O

The potential at P relative to that at 0 ist=

Vxy = Vpﬂvo

27T€€O
‘ = — @ e (v)
2T€EE rq Yo
o
__4a_ m a®
2
Liree (r1r2)
sinces =
rf- = (2+a®) + ¥
I‘z = (32-2%) + N then: -
g | at (vi)

Vig T TS, (e(na)?)(sR+(xra)?)

Differentiating witﬁ respect to x and ¥ gives the field in the

x and y directions respectively:~

i
1
2
1

-q Lx(F+y” - 2) (vii) f
ox yree, (v (x+a)?) (7P + (x-a)?) |
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l®!

L (PP ea?) (viii)
}meeo (7% +(x+a)?) (P +(x-2a)?)

and [Ey] = 2

Prom (wii ) E, =0 if x =0 or 2 4+y ~a2 =0

is€o Ex = O at the saddle pointvand on a circle passing through
the poles and with the poles as a diameter. Inside this circle
X?-+y2-<az hence [EX] is negative. The force on an electron
in the x direction is eEX when 'e'! is the electron charge, and

this will be directed away from the ¥ axis inside the circle.

Converseley if 3?'FYQ>EF [Ex] is positive and electrons
are attracted towards the y axis. The force Fy = eEy is always
directed towards the x axis since (x?-+y2-+a? ) is always

positive;

B .
Tt can be seen that _y - ¥ if 2y >>at
X

By

The equation of motion of an electron on the y axis can be obtained

from equation (viii) . The accelerating force on an electron towards

the saddle point is:i-

F, =+ By = o

Hence the equation of motion of such an electron isi-

when

my = +6(Ey)x - o
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¢0 32 X
y =

Shia
t = time in seconds
m = 1nmass of electron in Kgn

® e e
e e y = + ooy (E )
mn ¥/ X=0

From equation (viii) when x = o

(B)y, = =3 . 1
TEe (y?+2%)
—9 . J
T wee, v +a?
hence:=
o+ oo (— ‘> Y = 0 e e . o . (iX)
TEE 7> 482 .

Equation (ix) can be written in a more practical form by

evaluating 'q'. Suppose the superposition of the outer electrode

radius R at earth potential is such that the electrostatic field

is not significantly different from the field with an infinite

boundary i.e. assume R is large compared with tal! then:-

I‘2 = 172 = R2+8.2
4 2
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The potentiel at the cylinder wall is:-

Vp = s m (RP+a2)? + &
1+7T€€O

o}

The potential at the surface of the anode wires is:-

vV, = L (B2 (2a-b)2) + kg

Ltweeo

If the potential of the anodes with respect to the outer collector

(which is at earth potential) is v,

VA = Va - VR
L T @R (ean)?) - m (Bee)? ]
Lmeeo _

 ea o, Ead

uweeo , b(2a~b)
hence
q = Lmreeovpl (] 3 ° e e e ° ° e ° (X)
R2+o

0‘2
2 H(2a-0)
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- Thus the equation of motion may be written as:=

¥ e

m TEE F—
o 2| R%4ia vya 2
b({2a-b)

or

o (xi)

k = A

1
m»@n<R2 +a* _ >
b(2a-b)

v e e e e e e (i)

.:;f+k1 v =0 e e ®
v+ a®

It can be scen that if y<a i.e. y°<<a®

'§T+k1ey:0

2 2 .
g2 However in most cases o <j & hence the motion

is not S.H.M. Unfortunately equation (ix) is not
soluble for y analyticallyip terms of t, but can be solved for Ve
(v, = kv

“+ a°

c _ 4y
¥ =3t

hence

%.%/d(ir) = —k/_zé;f__,
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4 o
5 £n (y +82>+-constantk
. 2

= O - 1 .
Y Y5 wnen y describes the distance from
the saddle point at the time when

the particle is momentarily at reste.

k

~EfL ~&1(y2-+a2 ) + k
2

4

L
o 2= 1 2
oo Y 5 [{n(yo +a?) - en(y?+s2)]

dt

il
—
R\

The period Tn is given byi=

0] 36; T ag -

y
T, = U {%{1}’;‘/ [m P ag] 249y o o o (xiii)
: o ,

analytically but may be solved by

This expression is not soluble

numerical techniques, assuming the following values.

Y 10 kV

1

A
e/m

= 1.76 x 1011 coulombs/kegm

1.76 x 10% coulombs/gm

11

0.027 metres

=
1
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00,0025 netres

D
i

o3
i

O°0901 metres all of which values have been
used in practicee.
Inserting these figures into equation (xiii) and solving

numerically, yields the following table.

Table 1
s Period Tn(seconds) Frequency f (CePeSe)
2a 1.38 x 1072 7.27 x 108
lka 2.k2 x 107° 4,15 x 108
6a 3,50 x 107° 2.86 x 10°
8a 4,7% x 107° 2.11 x 108
10a 5.75 x 107° 1.7 x 10°

If we had assumed tle particle performed S.HeMo

o e
io€o '@‘—“X = )':‘117-2"‘ ¢ ¥
at? 2
angd: - e dVv _ - 2
gives T = éﬂiiZi
Ze/vaXy




f

f

2a
ba
6a
8a

10a

SHM

SHM

It can be seen from the above tab
approximation to S.He Mo
approximation to S.HoM.

predictions made from equation (ix) s

100.

then the simple harmonic frequency is given by

2eV
= e— e Y
N
2y m

substituting for Vx& yields

1 X yi)-+ a®
= = N Jo T
2y ' a®

oscillator freguencye.

TABLE 2

f (C.P.S.)

SHM,
8.75 x 10°
5.80 x 10°
4,37 x 10°
3,52 x 10°
3,02 x 10°

becomes increasin

substituting the values for k1, Vo2 @s assumed above it is

possible to make a comparison between the S.H.M. frequency and the

)

f
oscillator (C°p'ss

7.27 x 108
4,15 x 108
2.86 x 108
2,11 x 108
1.7% x 108

le that if Yo < 2a the

is within 12%. When ¥, is large the

gly less valid confirming
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APPENDIX TI

In order to simplify the analysis of axial reflection
consider the oscillator as consisting of a cylindér radius R
length 2L, Qith a single central pole of radius a, along the
Z axis. Assuming the cylinder at earth potential and the
central pole at a potential VO with respect to earth, i.e. the
saddle point potential, Figure 9 shows that, by the method of
images, the cylinder with plane end plates is equivalent to an
infinitely long cylinder at earth potential containing a set of
wires running along the Z axis each of length 2L and potential
alternatively p Vo° By Fourier analysis, the potential of the
central electrode at some position Z is:-

LV . .
0 [ sinmy , 1 sin 312 . ]

Vg T 7 o, t 3 of

that ist=-

MVO e iad 1 sin§2n+1}WZ L. (i)

Vg T 2 Snt+1 5T,

n=0

Suppose V is the potential at some arbitrary point (r,z) when

a < r < Re. V must satisfy Laplaces equation in this space.

Since the field is symmetrical about the Z axis, laplaces equation

may be reduced to:
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st Tt . (ii)

The solution V can he expressed as a function of r, and z,

thus:-

Vo= R(r) 2(2) ¢ o o o o o (iii)
Using equation (ii)
11 2
R () 2(z) + 7 R'(e)7(z) + R(xr) 2" (2) =0
Dividing by R(r) 2(z)

11 t 11
R''(r) , L Rz} 2" (z) - o

R(r) r  R(r) AZ(z)

Separating the variables

RU(e) , 1 R o oo o2l(s) o -
R(r) T R(r) 7.(z)
Hence
R (p . 1 RY (1 L K@ = 0
R(r) r R(r)

This can be re-written

2R () + TRY(T) + PRR(r) = 0 o ¢ - (iv)
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The general Bessel equation is:e

R (2) + 2 RY(e) + (Pn®) R () = O

when n is not an integer, as in equation(iv) we have a modified

Bessel equation. Hemce solving laplaces equation for each component

of equation(i) using the solution to the modified Bessel function

(iv) yields on adding

sino 2
%

L4 @ °

v = 2 [aI (e r) + B K (o )]
n

when IO and KO are modified Bessel functions of (&hr) and: -

. (v)

- 4T . _ 1
“n T Ly b 77 (a.a)-T (o R)K_ (o a) ]
(o] n (o] n O n
(6,)
- AnIO(anR)
1
Ko(anR)

radius of outer cylinder

radius of central pole

1,
Assuming values of ai R: L = 1 : 100 : 1000 /é then

R

a

i

o a = 0,001y o R = Oels )
1 1

McIlraith 46 shows expression (v) to be slowl

uce thirty terms in the summation.

it proved necessary to

y convergent, hence

It can
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be seen that o z = UZ
1
2L

Values of o Z were take — 0 o . '
; aken for a1z = 1e5 and 90° i.e. for

z = 0.786 R and for z = L. The variation in V for these two

values of @ Z were found for different values of r‘/R. Table

% summarises the results.

Table 3

r/R v, =1L "VZ=Oa786R 8V (expressed as
a percentage)

Ol 0,3922 0.3855 - 1.7%

0+3 0.2053 0.188k4 - 8.2

0.5 0.1177 0.1025 - 12.9%

0.7 0.0608 0.0508 - 16.5%

0.9 0.1780 0.0147 - 17.%%

1.0 0.0000 - 0.0000 -

As to be expected, the greatest percentage change in the

field occurs at the outer electrode. It is reasonable to suppose
that if this central wire were to be displaced from the axis of the
Cylindef a ;mall distance the field due to it would vary with =z

in a manner similar to that found above. As far as the termination
of the field is concerned, Table > gives a good‘approximation to the
case of the twin Qire oécillator.

100
Since the value of R has been taken as 1000

.2,
T
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it follows that when =

il

0.786 R

z = 0.78 x 2L
107

jee. the fractional length of the length z = ©.786 R

from the end‘of the oscillator is

109

Consequently cven at the walls of the cylinder, the field
remains uniform vithin an error of 17.3 for 9% of the length
of the oscillator, and this is the largest degree of non uniformity
of the field over this length of tube. ‘hen T/R is only 0.l the
degree of non uniformity is only 1.7% over 95% of the oscillators
length.

Tt follows that the arrangement described by Figure 9

utilizing flat end plates makes effective use of the volume of the

oscillator.
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APPENDIX IV

CALCULATION OF ION SOURCE ENERGIES FROM ETCH WIDTH CONSIDERATIONS

Introduction

It is well known that a slot or aperture can have a
focussing effect on a beam of ions or electrons. Such a
phenomena is utilized for example in % electrode electrostatic
lenses. The slot in the ion source has a divergent effect on the
jons leaving the oscillator. The effective focal length of the

slot depends upon the electrostatic field at the slot and the

energy of the ions passing through it,
Tt was noticed during the experimental investigation of

sputtering of copper that the width of the etched region of the

specimen was dependent upon the voltage applied across the

oscillator. Tt became apparent that if the focal length of the

slot were known for the particular ions under consideration the

starting point of the jons within the oscillator - and consequently

the ion energies = could be estimated from a measurement -of this
etched width.

Correspondingly the technique used to estimate the ion

energies is set out below. This requires an initial estimate

method of successive

lication of the

of the ion energies and app

approximationse
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It should be noted that the method is NOT considered
accurate and is intended to give a rough approximation only to
the ion energy. Several drastic approximations are made which
lead to results that are accurate only to within a few kV.

SUMMARY OF METEOD

Te For a given applied voltage across the tube Vt it was
assumed that the ions were born on average at some equipotential ¢
This value was estimated with some previous informgtion from
sputtering yield data. It was assumed that any ion born on the
equipotentia].‘ﬁ had zero initial kinetic energy - consequently
that ¢ represents the energy of the ion emerging from the slot.

This assumption is reasonable since the interchange of momentum

of an elechron in collision with an atom imparts little momentumn

to tne resultant positive 101,

5. . The corresponding focal length of the slot £ (¢) was

calculated corresponding to each value of ¢ and Vt'

’l“

Slot width
5 mmo

2.0 Chle

]
o

B
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3, Using the above figure the position v was calculated

from measurements of the etch width § (i.e. the total angular‘

spread of the beam) - accurate only to iO%

m o 1 1 1
L, The lens formula ST OF ¥T§F) was a?plied to each

value of f( ¢ ), and corresponding values of y obtained.  This

is justifiable only if individual values of (¢ ) are considered.
Se From the position y the corresponding starting point of
the jon was known. By using field plots obtained in chapter 2
the corresnonding equipotential ¢1was estimated.

6o i the value of ¢1 was not reasonably close to the
predicted value of ¢ for the ion energy the process was repeated
with ¢1 as the approximation.

CALCULATICN

It can be shown from Appendix II that the field on the ¥

axis of the oscillator is given by

. E = :___9.___. 4 y 2 e o « o © © (i)
J TEE y2+a '

where the symbols have the same meanings as before. It has also

been shown that

em \4
< eeo t © 3 ® [ e © (j_j_)

ALt

s the tube with radius R. It follows

q =

when Vt is the P.D. acros
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~that

at the cylinder wall

0 - 2V,
Twall T , 2 . (iv)
R2 R 4 ° L e
2ab
if R = 10a = 100b
E AL ton (1
wall = /5 ¢ from equation (iv)

The focal length of the slot which acts as a cylindrical lens is

given by

20 ' e o o o (V)

£(¢)

i

EwallﬂEoutside wall

(Bull, S.C. JeI.E.E. Part III 1945)

when ¢ is the energy of the ion passing through the slot and £(¢)

eviouslye.

n this energy as described pr

is dependent o







Now by measuring the w

diagram, the value of v may"bev d




TABLE

Vt(kV)

8.0
7.0
6.0
5.0
4,0

Finally by comparing the position of U on a field plot

the second approximations ¢1 and where necessary third

approximations ¢2 are obtained

TABLE 6
v (V) UCmm) % field line g (), (V)
8.0 ~ 26 80 6.6
7.0 19.5 50 “Tace55
6.0  1bb 32 ontish.on
5.0 10.4 18 e /
4.0 12.0 ~18 0.5 O;%{;;;{

It can be seen that by using this method the ion energies

¢ and ¢ can be estimated to within a few kV.
1 2
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APPENDIX Vv

MATCHING THE FILAMENT POTENTIAL IN THE TWIN‘WIREwGAUGE :

From Appendix I suppose the filament tip lies at some

position 'p' on the y axis as shown below

_ If the potential at the surface of the anode wires

is V_ then the p.d. (due to the potenfial on the anode wires)

between the position of the filament tip and the anode wires

is given by




1355

now ’ .
. — . '2 ¢ % ' : o o
Vp = =% e (2%+D%) + ks from
2TEeE
! Appendix T
. / ééﬁation(iv)

where the symbols have their usual méaningé;

Similarly
v, = —4— i b(2a-b) + kg
2T€EE
O
thus 5 o -
Vo= —9— w (2L L ()
2TEE b(2a-b}

but from Appendix I equation (x)

omee V

q = o't when R - radius of collector
&VR +a° > cage
1)(283&)) Vt Potehtlal of anode wires
| Q.r.t. the collector
thus ,
Ve = = Vg 4o > :
_\_2ab / P 5 . )
m <f1-+R?>
2ab
In practice Vt = 1000 volts (say)
2a = 2.5 mm ‘
2b = 0.1 mm
R = 12.5 mm

p = 8.0 mm




116.
potential difference between anode wires and filameht tip is:-

Ve = 1000 0 (-———-—————-—-1"56 + Ol
T 0.125

o (1,56-+-156
0.125

870 volts

2

bpotential difference between filament tip and collector cage

is therefore

(T ) o
(%)

Thus for minimum disturbance of the electrostatic field, the bias

at the filament tip should be V_ =V %Vf = 130 volts i.e. the ratio

B~
V.
B
- = 0513
Vi

Tt can be seen from Figure 54 that the above hypothesis agrees very

well with the experimental results.
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APPENDIX VI

we

THEORETICAL HIGH PRES

3SURE LIMIT OF TWIN WIRE NUDE GAUGE

The high pressure limit of any ion gauge occurs when

the secondary currents are of the same order as the primary
18 Below this limit the equation given

ionizing beam (Leck

below defines the ion current

)e

'3
e ®

1p = Sopole

Suppose that 10% of the electrons collected at the anode wires
are from sources other than the prisary beam i.e. electrons
resulting fro m the primary ionization processes. In this case

there is an apparent increase in the emission current of 10% with

no further increase in the ion current, ip. This occurs when

so that the pressure at which this occurs is given

i
» =1

T 0

e

by :

i
— ...]:. .__.I;). = ..];_. _.__];...__.
P =5 I 75 * oop LorT

= 5% 10~° in the case of

in good agreement with




APPENDIX VTI

RESIDUAL CURRENTS DUE TO X-RAYS

If the emission gurrent ie = 10“6 amps and the anode-
voltage 1000 volts then the rate of energ§ loss to the anode wires
is

10°°% x 10° watts

= 10° watts

The electrons stfike the anode wires producing soft X-rays.
The efficiency of producing X-rays is

energy/sec X-rays emitted

€ = kzV, = (1)
energy/ﬁec electrons collected

when
z = atomic No. = 74 for Tungsten
k = Konstant = 107° volts
’ V - Anode volts = 10%  volts

From equation (i) the energy/sec of the emitted X-rays is

given by W when

W energy/Sec electrons collected 'x IKZVf

. _ -3
v o= 10 xkzv_b

]

W 7.4 x 1078 watts
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If the X-rays strike the collector, assumingveach X-ray reaches
the collector the number of electrons liberated per second is given
by: ;
n = Q x no, of X-ray photqns arriving

pPEr Second o o o o o o o a6 s o o o o o (ii)

when @ is the quantum efficiency and depends on the photon energy

and target material,

The number of X~ray photons arriving per second isi=-

W

X-ray energy per piuoton

= 7.4 x 10" °% watts
1.6 x 107 '%x 10° joules

8
= 4,6 x 10 phOtOHS/sec.

.

Hence if the quantum efficiency Q for 1000 volt photons striking

tungsten is 1072 , from equation (ii)

«

n = 102 x 4.6 x 1 electrons/
sec.

and this is equivalent to a residual current of

ir = 1.6 x10'%x 4,6 x 108 x 10=2 amps

»

when the charge on one electron is 1.6 x 10~ 1%coulombs,
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oo i, = 7.4 x 1071°% amps

if the twin wire oscillator has an effective collection area of

about -%—6 of that of the solid cylinder, the residual current

becomes

. 7.k x 107'° amps
r 10

i ~ 1 x 10" '° amps (say)

In practice the effective area of the 16 wire nude gauge is about

%—6 of the total area presented by a solid cylinder, consequently
the residual current due to X-rays is of the order of 10—13amps

with the nude gauge, If the nude gauge has a sensitivity of

~ 2500 torr ~ ', the ion current due to gas ionization at a

pressure of 2 x 10”19 torr would be
. = S.p.i
i poi,

2.5 x 10°x 2 x 10719 x 10~6  amps

i)

5 x 107 1° amps

1]

Thus at 2 x 10~ 1% torr the residual current is about L of the

>

" ion current ip. Consequéntly an X-ray limit in the region of

2 or 3 x 10°1°% torr is expected.
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