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SUMMARY

"Analysis of the particles produced by saddle

field ion sources"

Mohammad Khorassany

Ph.D - 1977

L review of the literature concerned with the production of
ion beams is given and the development of saddle field ion sources
and their importance in relation to other devices is also discussed.

In this work two forms of the saddle field ion source, one with
cylindricel and the other with spherical geometry, have been studied
for argon, nitrogen and helium and a comparison between them has
been made in terms of their characteristics and applications.

It has been confirmed that in both sources there are three
principal modes of operation - the oscillating, transition and glow
modes. These have been explained in terms of the mean free path for
electron-molecular collisions inside the source and its relation to
the dimensions of the source and show that the source efficiency is
greatest in the low pressure oscillating mode.

L retarding field energy analyser has been developed to measure
the energy distribution of the ions. The results show that the
energy spectra of both sources are dominated by a high energy peak
which arises from ions being accelersted through & potential egual
to that between the saddle point and the cathode. Lower energy ions
are alsc produced but these are mainly confined to the edges of the
ion beam. The proportion of these low energy ions increases as the
mode changes from the oscillating to the glow mode.

The energetic neutral content of the beam has been studied
using an electrostatic analyser. These experiments indicate that
the percentage of energetic neutrals can vary from 10z to 80% with
different gases and modes of operation. These results have been
confirmed by etching copper films and are explained in terms of a
charge exchange process between & fast ion and a slow neutral
occurring inside the source.

Key words: discharge, ion, ion source, neutral, vacuum.
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CHAPTER 1

DEVELCPMENT OF ION SOURCES

1.1 Introduction

Any process which removes an electron from atom by imparting
energy greater than the first ionisation potential of the atom
produces an ion, and this action is called ionisation. As a result
of ionisation, usually a group of ions, electrons and unionised atoms
(neutrals) will exist together, and this is referred to as a plasma
when the number of ions and electrons are eqgual.

An ion source produces and accelerates ions to the required
intensity and energy for the particular application. In fact it is
generally difficult to extract ions from a plasma region, so the
properties of the source should be such that the required number and
type of ions can be extracted. It is also important that the source
should be stable in operation for in some applicatiomns, such as ion
etching, the source must-be rur for long periods. In the same
application, it is also sometimes desirable that the ions should
have a broad energy spectrum, in order to provide differential
etching of the sample.

Although ion sources have been in use for a considerable time,
it is only in the last two or three decades that there has been
significant progress due mainly to the advances in electronics and
vacuum technology. The main requirements of any ion source are
() the capability of producing the appropriate ioms, (b) a vacuum
system to produce the necessary pressure which mey range from

7

1 torr to 10/ torr, depending upon the particular application and



(c) a facility to accelerate and focus the ion beam. Some of these
aspects will be discussed in this chapter together with the
development of the different types of ion sources.

Early experiments on charge particle accelerators by
J.J. Thompson and F.Ww. Aston (1912-1920) led to the development of
Nier's mass spectrometer and ion source for analyticzl purposes
using positive and negative ions. However, real progress and
improvement in ion beam devices began with the birth of nuclear
physics in about 1930, Thus the energies of the particles have
changed from & few 100 eV in the Thompson accelerator to several
GeV in the recent machines. For example the energy required in ion
implantation usually does not exceed 0.5 MeV, but energies greater
than 1 MeV are needed for studies in Rutherford backscattering.

The method by which the plasma and resulting ion beam is formed
varies in different sources and the electrons which ionise the
molecules or atoms should preferably move in a helicel trajectory to
increase the ionisation efficiency.

0f course many of the ions used in ion implantation are solid
ions, and some of the materials that we need to use are corrosive, so
thzt this adds to the complexity of the source.

In order to place certain ions at the desired depth in the
target, we need to consider the design of the source, to select the
appropriate ion species. Thus numerous problems exist in designing
ion sources and the method of overcoming these will be discussed in

the next section.

1.2 Froperties and requirements of ion sources

The ion source is one of the most important parts of, for

example, an accelerator and its function is to provide the required



type of ion beam. Thus the requirements of the ion source must be
considered in relation to the particular application.

During the early development of ion sources the design and
assembly has been influenced by the availability of appropriate
materials for the electrodes and insulators and also the associated
power supplies. Thus any assessment of progress in this technology
must take into account how those technical aspects have gradually
been solved. Of course it is difficult to state the precise
requirement and particulars of all types of ion sources in use todzy,
so the intention is to describe certain generzl points and technigues
of ion source design.

As the ionisation process results from electron impact with atom
or molecule, the source of.the electrons in ion source construction
is a very important consideration. Thus the cathode material is an
important parameter in ion source technoclogy. The function of the
cathode is to provide electrons either by thermienic emissien or
secondary electron emission during ion bombardment. In the case of
thermionic cathodes the opersting temperature and hence the cathode
work function is the mzin consideration but in cold cathode devices,
the secondary electron yield at the cathode is important. Furthermore
the cathode is one factor which determines the life and stability of
operation of the source.

Another important aspect in source design is the material ﬁsed
for the insulators. In many cases the optical quality and stability
of the ion beam depends on the ability of the insulator to stand at
high voltages (Hamilton)1. The insulators which are used in any
source must have not only a reasonably high insulating factor, but
they should also be sufficiently soft to be machinable, quick to

outgas and easy to clean if they become contaminated.



The properties of the anode material are less important but must
be designed to provide the required accelerating field. In many
sources, considerable power is dissipated at the anode so that in some
sources water cooling of the anode may be essential.

The menner in which the ions are produced and extracted varies in
different sources. In order to obtain the maximum degree of ionisationm,
the electrons should have a long path length, so that they are not
_collected too quickly by the anode. For this purpose many sources use
a magnetic field to coil up electrons into a spiral path but a few
sources use an electrostatic configuration to cause the electrons to
oscillate. Thus in both cases the source can be operated at a reduced
pressure. Any reduction in source pressure is an advantage as this
reduces contamination of the specimen during ion bombardment and
scattering of the ion beam by the residual gas in the experimental
chamber.

It is also often necessary for the source to produce a well
collimated beam, preferably without the addition of a complex system
of extraction and focusing electrodes.

Perhaps the most important property of any ion source is its
ability to produce a beam of ions at the required intensity, energy
and charge state. The current density in, for example, ion cleaning
in ultra high vacuum mey be only a few pA cm™° whereas in large
sputtering systems current of several A cm-z may be required. In a
mass spectrometer the ions will need to have a very small energy
spread, but in ion etching it may be advantageous to use a large
energy spread. The charge state of the ion is not always important,
but multicharged ions are injected into some types of accelerators.

Finally, all sources will have a finite operating life which

will depend upon the type and construction of the source. One such
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limitation may be due to the eventual failure of the thermionic
cathode. On the other hand in cold cathode devices it is quite
common for the source to deteriorate due to the gradusl contamination
of the electrodes and insulators from the vacuum pump fluids. Thus
this factor may ultimately influence the type of source used when it

is necessary to have a stable beam of ions for a long period of time.

1.3 General classification of iomn sources

There are now a large number of different type of ion sources
available, each having its own characteristic design, properties and
applications. It is thué rather difficult to classify them in any
special way, but an attempt has been made in this section to discuss
the most important types in four main groups, namely, hot cathode,

cold cathode, radio-frequency and special types of ion sources.

1.3.1 BHot cathode sources

1 = Electron impact ion source

The electron impact scurce was one of the earliest devices and
was first described by Bleackneyz and Nier3. This source, which
produces a low energy spread, and reasonably intense ion beam, has
found many uses in mass spectrometrys It consists simply of
cathode, ancde, filament, repeller and extractor electrodes.
Electrons are produced at the filament and accelerated into the
ionisation chamber with an energy exceeding the first ionisation
potential of the atoms. A magnetic field is applied to make the
electrons oscillate as they traverse the ionisation region. The ions
are extracted by making the repeller a few volts positive and the
extractor a few volts negative. The ion energy is about 70-100 eV,
and the source operates at about 10-h Torr, and gives a beam

current of only 10'9 A with 0.5 eV energy spread. By increasing

the source pressure to 5 x 10’“ Torr and using a higher emission
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7 A but the

current the ion beam may be increased to about 10”7
energy spread increases to 2-3 eV when the ions are at an energy of

about 500 eV.

2 - Duoplasmatron ion source

One of the most common thermionic or hot cathode ion sources
that has been widely used and developed is the puoplasmatron ion
source. The duoplasmatron was first described by Ardue!:'.ne!+ in 1956
and has since been used as an intense source of high energy ions for
various ion bombardment studies. Ions in this source originate by
collision of electrons emitted from a filament with atoms or
molecules, and the ion beam emerges from & hole in the anode. A
schematic diagram of this source is shown in Fig. 1-1.

The duoplasmatron consists mginly of an anode, cathode
intermediate and extractor electrodes, a filament and a magnetic
field in the anode region. The latter is produced by a solenoid
to constrain the electrons and also restrict the formation of ions
to a small volume. The source normslly operates at a pressure
between 10”2 - 10”> Torr and produces a beam current of 1 to 15 A, at
an energy of about 50 keV. The energy spread of thé ions is only
5=10 eV. Illgen5 showed that any increase in magnetic confinement
causes an increase in the energy spread of the iomns. The source has
been further developed by Masic et a16 and Wilson and Brewer7. This
device has the advantages that (a) it can be used for both gas and
solid ion production, and ion currentsof up to 1 mA for Cu and 02
are reported and (b) any corrosive elements are not in contact with
the main parts of the source. A disadvantage of tHis source is that
when it is used for solid ions the insulators in the extraction
region become coated and this leads to breakdown. The rapid

development of these heavy ion sources has enabled beams of
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Figure 1.7. Schematic diagram of a duoplasmatron showing the
intermediate electrode which confines the discharge
between cathode and anode and the extractor which
accelerates ions from the plasma cap projected

through the anode aperture.

multiply_cbargéJions of almost all elements to be available for solid

state physics research. An illustration of these sources is the
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Penning ionisation gauge type ion source (PIG) which was designed

by Bethge et a18. L PIG type cold cathode source developed by

Bennet et alg, consiste of an extractor electrode, magnetic coil,
cooling system, anode cylinder, cathode and anti-cathode.(B@manmn era(]w
simplified diagram of this source is shown in Figure 1.2,

The source with a few kV discharge voltage, produces 1-4 mA
beam current, with about 60-80 eV energy spread. Winter and wolf11
produced a continuous multiple ion beam for rare gases up to 75 muhA
beam current. The gas flow and magnetic field in this source can
vary without affecting the discharge current

Duoplasmatron ion source can produce negative ions by
reversing the polarity of the extractor. In fact, they accept
appropriate atoms and attach one or a few electrons and thus emit

negative ions. These sources are particularly useful in tandem

accelerators.

3 - Electromagnetic isotope separator ion source

This highly developed source was first used by Freeman12 and it
is a high resolution electron impact ion source for isotope
separation. A magnetic field is applied parallel to the filament,
which together with the field produced by the filament causes the
emitted electrons to travel in a spiral path and increase the
ionisation rate. This source produces solid ions, and the heat
generated from a2 heater and filament inside the source is
sufficient to vapourise the material in a crucible placed near to
the filament, and thus the source does not need a separate oven to
evaporate the metal. An advantage of this source is that the beam

can be focused by a sector magnet without the need of any ion optics.
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L - High yield low pressure ion source

This ultra high vacuum source which operates at a pressure less
than 10-5 Torr was used to produce mass analysed beams by
Kornelsen13. The source operates in a system having a background
pressure of about 4 x 10'11 Torr and the energy range of the ioms is

100 eV-10 keV with 10-? A beam current. £ schematic diagram of this

source is shown in Figure 1-3.

Electron repeller cup

Filament

Electron repeller

Grid

Beam forming electrode

Lperture lenses

Exit plate

Aperture

Figure 1.3. L diagram of the high yield low pressure ion source.

Its main components are the filament, electron repeller grid and
beam forming electrode. The ions are extracted from an aperture in

the beam forming electrode and ionisation occurs by electron

bombardment.

5 = Low voltage arc source

This source is applicable in isotope separation of small

gquantities of materials. The discharge is maintained between the
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heated filament and an anode, as illustrated in Figure 1-4,

Filament /// % Anode

%///////4
T

Figure 1.4. Low voltage arc source.

/7,

L suitable magnetic field is applied and thus the operating pressure
of the discharge can be slightly reduced. This arc source produces
an ion beam current of 100-200 pA with about 0.2 eV energy spread.

It operates at 2 x 10" Torr and the beam forming voltage is around
100 V. This device, which can produce solid ions, was developed by

Koch14.

1.3.2 Cold cathode ion sources

These sources operate essentially on the principle of the Penning
ionisation gauge and no thermionic cathode or filament is used. A
magnetic field is often used and an electrostatic field is sometimes

added to extract the ions.

1 - Mercury pool cathode discharge source

15

The mercury pool cathode discharge was first used by Fetz ~.
This source is basically a low voltage arc discharge, which uses a

mercury pool cathode. The mercury vapour can be frozen out and the

source produces noble gas ions. An interesting development of the
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1
mercury pool system has been used by Stuart 6. In his modified system
the main discharge is constricted by a magnetic field. The main
discharge current is normally between 2-5 mA with 30 V between the

anode and cathode giving about 5 mi ::m-2 ion current density.

2 = Oscillating discharge source

This source consists of a hollow cylinder as anode and two plane
circular cathodes. A magnetic field is applied parallel to the axis
of the anode, thus restraining any electron to oscill ate in a
helical path between the anode and cathode. Ions can be extracted
through a small aperture in one of the cathodes. The source is
basically a modified form of the Penning gauge and has no filament.
It operates at a discharge voltage of 7.5 kVgpressure of 1072 to
10'4 Torr and produces a beam current of more than 1 mA and an energy
spread of 25 eV. The oscillating discharge source was developed by

L and he used it for controlled ion bombardment

8

Barnett et al
: 3

experiments because of its wide energy spread. Cobic et al

described a type of this source using a filament and has

successfully applied it to sclid materials.

2 = Glow discharge ion source

This simple glow discharge ion source which was developed and
used by Crockettqg, produces gas ions useful for etching biological
applications. R.G. Livesey, a colleague of Crockett designed a
parallel plate analyser of this type of source and used it to measure
the energy distribution of ions. The source operates with a
discharge voltage of a few kV and a pressure of about 107* Torr. It
consists essentially of an anode, cathode and the beam emerges from

a hole in the cathode disc.
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1.3.3 Radio frequency sources

A radio frequency ion source was first used by Thonemann et alzo.

In this device ionisation does not rely on either a thermionic
device or the cold cathode method. In an R.F. ion source icnisation
takes place by collision produced by coupling the gas discharge tube
with a radio freguency tuned supply. It consists of a glass tube
surrounded by a radio freguency coil. The source produces gas iomns
better than solid ions. In order to constrain the ions near to the
exit aperture, a magnetic field is used and the electric field from
the positive potential of few kV on the anode moves the ions towards
the exit aperture. FUbgnak et a.ll.?I developed this source and
constructed an r.f. source up to 15 mA of hydrogen ion current. The
r.f. ion source can produce about 10 mA of ion current with 20-100

2 _ 40~ Morp. ‘This source is useful for

eV energy spread at 10~
high energy bombardment and production of proton beams. It is
particularly useful when bombarding insulating materials as there is

no problem with charge build up on the specimen as is often the

case with D.C. sources.

1.3.4 Special type of ion sources

Many other types of ion sources which operate on quite
different principles to those discussed sc far have been described

in the literature and some of those will be discussed.

1 = Surface ionisation source

This source does not rely on energetic collision between
electrons and atoms. If an atom with & low ionisation potential is
desorbed from a surface with a high work function it may come off
more like a positive ion than a neutral atom, as a result of it

losing an electron at the surface. The heated surface, which is
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called hot ioniser, thus produces an energetic beam of ions. A simple

diagram of this source is shown in Figure 1.5.

Focus
- electrodes

Ion beam
Hot ioniser

Target

Incident
beam

Extractor——@m_”"m "l”“

Oven

Liquid
Metal

Figure 1.5. Schematic diagram of the surface ionisation ion source.

This ion source does not need any gas and is thus suitable for ultra
high vacuum applications. The main parts of this ion source are;

an oven to produce the incident atoms, the hot ioniser, focusing and
accelerating electrodes. Hague et a122 developed this source using
Platinum and Iridium as the ioniser surface.

2 - Vacuum spark ion source

23

Dempster -~ developed and used the vacuum spark ion source for

demonstrations of isotopic formation, and since then, this source
has been established by Craig et alzk as being suitable foi chemical
analysis of solid materials. The spark ion source operates in a
high voltage of 50-100 kV, together with a radio frequency supply

6

applied between the electrodes. The source pressure is about 10~
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Torr and produces a very intense ion beam with a current density of
about 1004 cs . Its energy spread is between 100-1000 eV and the
beam current 10-10 A. Consequently, due to the small beam current

this source is not suitable for clean surface studies and has found
most use as a source for mess spectrometry. Alsc as this source

produces an energy spread of about 1000 eV it is not recommended for

ion surface interactions.

3 - Thermal ionisation source

This source produces energetic beams on the same basis as that
described for the surface ionisation ion source. In fact there are
two methods of heating the material to form ions in this source. One
uses an ordinary single filament on which the sample is placed, and
the other is a multiple filament arrangement, where the sample is
evaporated from one filament heater and is ionised by the other. 1In
operation all the filaments are operated at the same potential. The
disadvantages of this source are (a) the rapid fluctuation in source
intensity and, (b) the need for replacement of sample material.

25

Tyrell et al ~ developed this source and used a combination of

ionisation and electron bombardment ion source.

1.4 Limitation of existing ion sources

In recent years there has been a considerable increase in the
application of ion beams. Furthermore, some of these applicationmns,
such as ion thinwng of specimens for electron microscopy and ion
implantation of semiconductors, have extended into the commercial
field. It is now well accepted that there are areas where special
advantages are to be gained using ion beams in preference to other
techniques. In this section particular problems related to the
existing ion sources and also factors limiting the performance of

particular ion beam systems are discussed.
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Different aprlications, of course, require some particular
value of ion beam current and energy. For example, in surface
studies ion beams of 1 pA - 1 mA and 5-200 keV energy, in sputtering
100 pA-10 mA with 1-10 keV beam energy and in surface analysis
1-10 pA current at 10 eV-20 keV beam energy, are the usual values
(Hurﬂey)as. Consequently, in application of ion beams the limiting
factors in the performance of the ion beam system which may comprise
an ion source, extractor, focusing and accelerating electrodes, mass
separator, target facilities and beam transportation, should be
studied. The design of the ion beam system always relates in detail
to its application. Fig. 1-6 shows a typical ion bear system and

its requirements as an example.

Extractor Hagnetlc‘analyser Accelerator Target

?:l I /\\
e

Ion source

fdjustment plates Deflecting

Aperture Plates

Figure 1.6. Typical ion beam system

The guality of the emerging beam permits comparison between
different ion sources. The production of a low emittance source and

high brightness ion beam is limited by several factors.

(a) required beam density =

To obtain the optimum performance of the source and provide
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the required ion beam density may be difficult. For example a low
current density is needed to minimise radiation damage but on the
other hand an intense beam may be required at a target placed a

considerable distance from the source.

(b) Momentum dispersion =

Ion particles are not uniform and they disperse because of
their various momenta and also ions with the same charge repel
each other, sc that the ion beam diverges-(Taylor)z?. At high
pressures charge exchange and secondary electron ionisation causes
a significant dispersion of the ion beam at the extractor aperture,
and produces ions with different energies which will be restrictive
in certain applications. Therefore the ion beam must be focussed
and accelerated towards the target and in a simple system a pair of

electrodes may be sufficient to accelerate and focus the beam.

(c) Mass separation -

In some applications some species of ions are unwanted.
However ions of the same energy but different mass cannot be
separated by & D.C. electrostatic device and one must use a magnetic
analyser or alternating electric field as in the quadrupole analyser.
Thus separation of the ion beam into its component masses can be

achieved.

(d) Beam transport and control =-

This is another aspect which limits application of ion beams
and generally it is necessary to minimise contamination of the
target from the vacuum pump fluid.

In spite of these limitations in ion beam production and in
various applications, many studies of ion bombardment phenomena
have been carried out in which much of the work has been of a basic

nature and designed to learn more about sputtering and various
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ionic and electronic emission process. It is perhaps only since
about 1950 that applications of various ion bombardment process
became of importance. For example it is possible to ion etch all
types of materials, whereas chemical etching is often difficult and
is limited to certain materials. Furthermore ion bombardment can
be carried out at any selected temperature which is necessary with
materials in which the temperature range is restricted. Normally
there is no contamination of the surface with ion bombardment, but
sometimes gases such as oxygen are used in reactive sputtering.

In ion bombardment the energetic ion impinges on the surface
and removes atomswithout disturbing the other atoms (ankins)aa.
The yield is usually of the order of one atom per ion and thus this
process is very suitable for removing ome or a few atomic layers.
In fact the etching process is one in which the energy of the
incident ion is transferred to the bombarded atom; This can cause
the atom to be ejected when (a) the energy transferred to the atom
in the collision process exceeds the binding energy of atom and
(b) when the momentum imparted to the atom is such that the atom is
directed away from the surface. If the ion energy is less than a
few keV then only the first few atomic layers of material are
involved (Gloersen)zg.

The process of removal of atomsduring ion bombardment is often
called sputtering and early experiments on sputter ion etching
showed that at high pressures, if the mean free path of sputtered
particles is less than the distance from target to the collector,
some of the liberated atoms diffuse back to the surface after
collision with gas molecules. These particles are either
resputtered or buried underneath the subsequent returning particles.
However, in ion beam etching it may be required that (a) the energy

spread of the ions should be small, (b) the gas pressure or source
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pressure must be such that the mean free path of sputtered particles
and ions is large compared with the source dimensions and (c) the
beam current demsity, di‘ must be high and the background pressure

surrounding the target P, should be low. Thus the best condition

b
£ e 30
is == > 10", where d. is in pA cm ~ and P, in torr (Pleshivt-sev)” .
Pb i b

The etching yield also depends on the incident angle. Gloersen
showed as the angle of incidence of the incoming beam is increased
away from normal to the surface, the sputter yield increases at first
and reaches a maximum for an angle of about 45° and then decreases.
Of course this angle is for a certain target and few hundredé%o one
keV ion energy. The most interesting experiments to determine the
variation of sputtering yield in different conditions have been
carried out by Wehner31. However Wehner and Glf.:>erae::13‘1 showed that
the angle of meximum incidence varies with target material, ion
species and ion energy. Figure 1-7 shows the variation of angle of
incidence as a function of sputtering yield (atom/ion) for Bg+ ions
and st different energies by wWehner, (a) with 800 eV and 200 eV ion
energies and (b) with 200 eV ion energy and various targets.

The maximum yield for Argon ion bombarding a copper target is
reported at approximately 75° by Tsong et a132.

The example of ion etching has been used to illustrate the
nature of the requirements that any particular application imposes
on the ion source. More recently there has been considerable
interest shown in ion etching carried out in-situ in the specimen
chamber of scanning and transmission electron microscopes and this
has placed further restrictions on the type of ion source that can
be used. Under these conditions it is necessary that the source
should operate at low pressure without the need of a magnetic field

which would effect the electron beam. It is alsc preferable that
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Figure 1.7. Variation of sputtering yield with angle of incidence
for Hg' ions with (2) 800 and 200 eV ions using Ni

target and (b) for 200 eV using various targets.

the source should be small, but still produce an intense beam of ioms
without the complexity of additional extracting and focusing
electrodes.

The sources already discussed in section 1.3 do not readily meet
21l of these reguirements but a new type of ion source which is very
suitable for these applications has recently been developed from the
idea of I-chlraithji, for an electrostatic charge particle oscillator.
This source is the main subject of this thesis and its present

developments and properties will be discussed in the next chapter.



o

CHAPTER 2

THEEORY AND APPLICATICN OF THE McILRAITH OSCILLATOR

2.1 Introduction

In 1966 McIlreith”~ found that a ball released on a stretched
rubber sheet, into which a vertical pair of rods had been pressed,
oscillated for a long time. These observations gave him the idea
how to make charged particles of one sign oscillate within a limited
volume by means of an electrostatic field alone. This arose during
his investigation of electron paths in an x-ray tube by means of the
rubber model, and he found that the ball follows a path which is
very similar to that followed by an electron released at the
corresponding point in the electric field. Thus the ball passes
between the rods many times before finally colliding with one of
them. The trajectory of the ball on & rubber model and hence the
electron path in an evacuated device with two rods at a positive
potential depends on the position from which the ball or electron
is released.

Figure 2.1 shows examples of electron trajectories caused by a
pair of equally charged poles. He also stated that the type of
motion may occur in the gravitational field of stars where the
asteroids could be held in oscillatory motion between the stars.

The theory, use and development of the McIlraith idea is given in

this chapter.
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Figure 2.1. Examples of particle trajectories caused by a pair of

equally charged poles.

2.2 Theory of oscillator

McIlraith showed that in a corresponding electrical model
comprising a pair of positive charged parallel rods surrounded by
a conducting cylinder, an electron oscillates between the rods and
follows a very long oscillatory path which usually passes between
the electrodes. This assumes that the electron does not lose any
energy by radiation.

At low pressures the oscillating particle must travel a very
long distance in order to collide with other particles or gas
molecules to provide the necessary degree of icnisation and hence
meintain the discharge. For example if the pressure is 10-5 Torr
McIlraith showed that each electron will travel about 5 km. The
particle trajectories are of two types - stable and umnstable. In
the case of a stable trajectory the oscillating particle passes
between the two electrodes and in the unstable trajectory it orbits
around them. However in the stable oscillation the electron will
be collected by one of the poles after an appreciable length of
time depending on the pressure. In this case the electron starts

from rest inside the region R (Fig. 2.2), and those released
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outside of R have unstable trajectories.

Region R

Figure 2.2. Region R, in which the stable trajectories start.

Thus during operation the source of electrons should be inside the
region R. Figure 2-3 shows (a) stable and (b) unstable electron

paths. Y

(a) (b)

Figure 2.3. Different electron trajectories inside & saddle field
ion source (a) stable and (b) unstable trajectory.

McIlraith showed that the electric field has a saddle point at the

origin O between the two anodes A, and Aye In fact Hgllenstedt34

as early as 1949 described a type of saddle point field electrostatic
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analyser for the first time, but no one appears to have made use of
his idea. Although the saddle point is a point of unstable
eguilibrium, the electrons can oscillate through it in stable
trajectories along the y axis of the oscillator, and lines of force
curve in the vicinity of the origin O. McIlraith investigated the
trajectories followed by a charged particle within the oscillator
using computing techniques. As a result the potential and the

electric field was calculated for a point, P.

|
b4

He showed that the potentiel at F is given by:

dh
V.t = ¥ = q ln .
P xy 2, .2
r1 + I‘2
or v = g ln du
P (524 (x-0)2) (3% (x+0)®)

where 2d is the distancé between anodes. The electric field along

the axgs Ex and Ey are found by differentiating Vp with respect to
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x and y. In this case:

u ng(x2+32-d2)
X (P (x-2)2) (3P4 (x+d)?)

t=J
|

. Loy( x2+y2+ d2 )
T (e (x-0)2) (g% (244))

It is obvious that for x = O (particle on the y axis) and also
for x° + 32 i (particle on the circle with AjA, as its Qiameter},
the electré&e%imponent Ex is zero. Outside this circle Ex is
directed away from the y axis and inside Ex is towards the y axis,

but the force F% on the electron is always towards the x axis.

From the two above equations, Ex and Ey, then

EE Tk ya - xz - da
T T RaERR S 2 2
5 4 y +x +4d

Thus at large distances for T, and s that is for y2 - xz > d2
when the particle is outside of the circle of A1A2, the field lines
radiate from the saddle point at O, and the accelerating force on the
electron will be towards the saddle point.

Owing to the long paths followed, each oscillating electron has
a large number of elastic collisions with the gas molecules before
collection by the anode. According to whether the collisions are
elastic or inelastic between the electron and the neutirals, if the
electron energy is higher than the ionisation potential of the
neutral, the neutral will be ionised, and with the large electron
path a high density plasma can be produced even at the low pressure.

If we assume that ie is the initial electron current which

starts the oscillation, then the electron can ionise Ni pair of
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ions before being collected by one of the anodes. Therefore

(Ni + 1) electrons will strike the anode, and Ni ions bombard the
cathode. Thus K Ni secondary electrons will be emitted where K is
the secondary electron coefficient which depends on the type and
energy of the ions and cathode material, and Ni depends on the
electron energy, pressure and type of gas.

It should alsc be mentioned that during this process neutral
atoms and sputtered ions are emitted from the cathode so that the
cathode target can produce neutral particles or cause recombination
of iones and secondary electrons. As a2 result of this electron
transition from higher to lower energy levels photons will also be
emitted. Now in the next ionisation process between the two poles
(Ni + 1) electronswill cause N:..(l'wl:.L + 1) electrons and Ni(K Ni) ions
and so on in the third and fourth collision-etc.

Therefore,

lo

(N+1) + (N+7) K N+(R+1) K £ Ny eeesenes

(e

or i

: 2 n
-1 (Ni+1) (1+KNi+K Ni ..................Kﬁi)

where ic is the ion current. This is due to the primary electron
ionisation, and the effect of secondary electrons from the anodes due

to the high accelerating field is ignored.

2=-3 Application of the oscillators

The high ionisation efficiency of the oscillator has lead to

some important applications and these will be now briefly discussed.

1 - Vacuum gauges

A thermionic ionisation gauge based on the charged particle
133,

oscillator was first discussed by Fitch et a The gauge
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consisted of a cylindrical collector surrounding the anodes, and a
V-shaped tungsten filament protruding through a hole in the cathode
wall to inject electronstowards the saddle point between the anodes.
The maximum sensitivity of the gauge was about 7 x ‘10':+ Torr —1, and
due to this high sensitivity and low emission current it was suitable
for pressure measurement in the ultra high vacuum region.

However full advantage cannot be taken of this high sensitivity,
as most of the x-rays generated at the anode are intercepted by the
ion collector, and thus the low pressure limit was not much better
than the Bayard-Alpert gauge.

Atkinson et a136 largely overcame this problem by using a
series of rods in place of the solid cylindrical collector. This
design not only reduced the collection of x-rays but also eliminsted
unwanted electron trajectories arising from electrons orbiting arcund
the anodes. The gauge produced a directed beam of ions and thus the
remaining x-ray current could be eliminated by deflecting the ion
beam onto a collector which was shielded from the x-rays. With this
device the x-ray limit was estimated to be about 10-12 Torr but it

-1
vwas only tested down to about 10 ] Torr.

2 = Molecular beam detector

Another significant application of the charged particle
oscillator is as a molecular beam detector. This detector was
originally suggested by McIlraith based on his oscillatory particle
idea, and later in a practiczl form described by Peggs et a13?. In
this device the molecular beam passes through a band of oscillating
electrons emitted from a hot filament and is detected by measurement
of the resultant current of ions. The semnsitivity of this detector
to a molecular beam of argon was about 6 Torr-1. The detector is

designed to measure molecular velocity distributions when used with






