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Synopsis.

There are various low pressure devices that use a combination of
electrostatic and ﬁagnetic fields or clectrostatic fields alone, in
order to produce long electron trajectories ond hence efficient gas
phase ionisation. A critical review of these is given in the first
chapter.

The purpose of this work was to study the properties of the twin
wire electrostatic charged particle oscillator, which is a new device
that is capable of prbducing extremely long electron path lengths.
However, previous work had shown that a self-maintained discharge cannot
be operated below aﬁout 10"6 torr. Experiments are described which show
how the performence of the oscillator is affected by such factors as
enode diameter, snode SEpdration and cathode material. The influence of
an externaliy applied magnetic field upoa the performance of the
oscillator was also investigated and it is now believed that thevlow
pressure linit of the device is due to the influence of the earth's
magnetic field. At higher pressures, the presence of the earth's magnetic
field is uninportant and the use of the ;scillator as a low pressure ion
source is discussed. This is shown to be particularly suitable for ion
etching of both electrically conducting and non-conducting materials.

In order to extend the low pressure limit of the oscillator,
electrons were injected into’ the device using a thermionic filament. ¥With
this form of electron injection, it was found that there are two principal
modes of operation, the "orbiting mode" and the "oscilléting mode". Both
modes give efficient gas phase ionisation. This method of electron
injection into the orbiting mode has been utilised to produce a new high
sensitivity thermionic ionisation gauge, which has a low pressure limit

12

due to X-rays in the region of 10 ~° torr. - -
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1.

CHAPTER 1.

THE _PRODUCTION OF EFFICIENT GAS PHASE IONISATION.

l.1. TIntroduction,

The main secondary process in vacuum.devices such as
ionisation gauges, ion pumps and ion sources is the ionisation of
_neutral ga3 molecules by electron bombardment. These primary electrons
may .originate from a thermionic source or from backgfound radiation.
The efficiency of the ionisation process depends upon a number of
factors such as the energy of the primary electrons and the nature of
the gas molecules. However, the number of ions produced per electron is
also dependent upon the total path length of the electron. In many
applications it is desirable to have this as large as possible and this
is done by constraining the electrons in either an electrostatic field
alone c¢r in a combination of elect?ostatic and magnetic fields. This
increase in efficiency of the ionisation process enables vacuum
ionisation devices to be usefully operated at lower pressures. The
purpose of this chapter is to revieﬁ the methods of producing these

long electron path lengths.

1.2, Use of combined electrostatic and magnetic fields.

1.2, Cold cathode devices.

In order that a cold cathode discharge may be self-
maintained, a new electfon must be int:oduced into the discharge when
any electron is captured at the anode. This new electron can be produced
by one of several mechanisms, such as by ejection from the cathode
surface due to positive ion bombardment or by ionising collisions of

primary electrons with ncutral gas molecules producing secondary electrons



2.

from the gas phase. For either of.these procésseslto occur, the
production of positive ions either before or after thé event is
réquired. Photons producéd from eicited molecules returning to lower
energy states can provide photo-electric emission from the cathode
surface when fhef fall upon ié;'The photo-iohisatioh of néutrﬁl géé
molecules can be ignored af low pfessuxesdue to the aﬁall ionisétion
cross-section invdlved..Electroﬁ émiséiuﬁ from the cathode can also'
occur due to the arrival of"metaétable:atoms at the cathode surface.
If the total average path length Bf'tﬂe elecirons. fromtheif
Iintroduction into the discharge to théif arrival at thé aﬁode. is iess
than the mean free path between ionising colllsions with neutral gas
ﬁolecules at that pressure,-then the discharge will eéentually cease.
With normal cold cathode gioﬁ discharges,'this occurs at pressures in
the region of 10-3torr.‘THe ﬁfoducfidn bfwa cold cathode diébharge at
pressures below about 10™>torr was first accomplished by Penningl.'
Penningl used a strong magnetic field to extend the total edectron
pﬁth lengths-between cathode;and anode and so increased the ionisation
current to a neasurable level at pféssﬁres below 10-3torr. The anode was
in the form of a loop and two mefal'cathode plates were poéitioned above

end below the anode as illustrated in Figure 1.1.

. L o . o o : -~ cathode

.,,,«*"”'
A D

Magnetic
field.

ring anode

\ cathode .

Figure 1.1. Electrode structure for the Penning discharge.
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The magnetic field is typically of 0.05 to 0.15 webers m"2 and a
voltage of about +2 kV is applied to the anode. Secondary electrons
produced at either of the cathodes by positive ion bombardment, arel
: trapped by the magnetic field lines and so oscillate through the ring
anode rather than travel directly to it. The electron paths are helical
due to the action of the magnetic field and the electrons execute
extremely long total path lengths, travelling through the ring anode
several times before being-collgcted by the anode. Thus, the discharge
can be self-mﬁintained down to pressures of about 10'5 to lo-storr,.which
is two or three orders less than with no magnetic field. In a later
development by Penning and Nienhuisz, the ring anode was replaced by a
cylindrical anade which extended almost to the cathodes. Thus, the
discharge was virtually enclosed 1n.a box which not only extended the
discharge to below 10—7torr but removed some of the'discharge
instabilities often ohserved'with the ring anode. Due to their large
mass compared with the electrons, the positi&e ions formed in the
discharge are relatively unaffected by the presence of the magnetic field
and so travel directly to the cathodes. |

As the discharge current betﬁeén the electrodes in a gaseous
discharge is dependent upon pressure, it can be used as a measure of the
pressure inside a vacuﬁm syétem. The basic Penning discharge has been
successfully used for many years as a vacuum gauge in the pressure

6 torr. With the modified cylindrical anode as

renge of 1072 to 10”
heacribed by Penniﬂg and Hienhuisz, the discharge-can be maiﬁtained to
very low preéaures. but there may Be dlcbnaiderahle delaj.before the
discharge-atrikes. This‘caﬁ be overcome in the manner described by '
MeIlwraith’, in which a hot filament is used to initiate the discharge.
This is fhe basis of the cold éathodé Trigger‘gauge as investigated by

4

for example, Chernhtony and Crawley .'They reported sensitivities of

1 amp torr™} for such a gauge.



Improved low pressure characteristics are obtained in the
magnetron cold cathode ionisation gauge (Redheads) and also in the
inverted magnetron cold cathode ionisation gauge (Hobson and Redheads).
A cutaway drawing of the inverted magnetron gauge is shown in Figure l.2.

.

anode - ; : et -

cathode shield \

magnetic
field

2

,//’;,///, o jon current
cathode : s 5

Lt L p SN . : gt Ty

(ion collector)

cathode auxiliary

shield " cathode PUEE R Rk

]
—
—
-

1 -

. Figure 1.2. Cutaway diagrsm of the inverted magnetron gauge.

The cathode is a short oylinoer of about 3 cm in diameter with its a%ia
parallel to a magnetic field of about 0. 2 webers m 2. The anode is a

1 mm diameter rod passing axlally through holes in the cathode and is at
about +6 kV with respect to the cathode. An auxiliary cathode gsurrounds
the ion collecting cathode and it ;s_groonoed directly. This acts as an
electrostatic shield against extefnal disturbances. The cathode shield
cylinders extend up into fhe ion collectieg’cathode and p?event the

end-plates of the ion collector from being exposed to high electric fields.
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These shield cylinders also provide the field emission current to
initiate the discharge at low pressures. The gauge operaies on the
basic Penning principle and a sensitivity of 1 amp tqrr’l-was reported
by Hobson and Redheads, giving it a useful operating reange from about

12 torr,

1077 torr down to the region of 10~
The positive ions formed within a discharge are accelerated towards
the cathode by the electrostatic field. Due to their acquired kinetic
energy, the ions are able to bury themselves into -the cathode and 82 be
removed from the gas phase. Thus, a discharge will exhibit a pumping
action which can be utilised in ion pumps for producing ultra high
vacuum. Obviously long electron path lengths are necessary in order-to
cbtain a large amount of ionisation to give an adequate pumping speed.
The Penning and Nienhuis2 electrode arrangement with the cylindrical
anode can be used-as a.simple diode ion pump. In order to increase the
pumping speed, many such cells are used in a single pump body as -

7, and pressures below 10—9-torr can be achieved. The-

described by Hall
cathodes are made of a metal such as titanium which is a chemically
active material known as a getter. The cathode material is sputtered onto
the pump walls due to the positive ion bombardment of the cathode
surface. Chemically activa_gases readily combine with this sputtered

" material and tpus are removed from the gas phase. The inert gases will
not combine with this sputtered material and can only be remgved from

the gas phase by ion burial into the cathode. The main disadvantage of
the diode sputter-ion pump is that the removal of cathode material by
positive ion bombardment may release gas molecules that have been buried
into the cathode previously. Many attempts have been made to overcome
this instability in ion pumps, amongst them being the slotted cathade
diode ion pump (Jepson et alB) end the triode ion pump (Brubakerg).
More recently, the magnetron ion gauge principle as described by

Redhead” has been aprlied to an ion pump (Andrew et allo) which gives
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improved inert gas pumping, as the inert gas ions are pumped at regions
in which there is less bombardment by energetic ions.

At pressures in the region of 10-l torr, D.C. glow discharges
have been used as ion sources for surface etching and thinning of
metallographic apecimen; with argon ionsg. With non-conducting specimens,
-a charge build-up accurs on the specimen surface when using a D.C. glow
discharge. In order to overcome this, R.F. discharges are often used to
- etch non-conducting materials such as biological specimens as described
by Stuart et al 11. However, most of these ion sources consume a
considerable amount of gas and fower'and do not produce a directed beam
of ions. They also have to be run at comparatively high pressures and
thié can lead to surface contamination. In differentially pumped ion
gsources, an intense discharge can be produced in a constricted region as
described by Lamar et 3112. The discharge region is a region of
relatively high pressure and'the ions produced are allowed to exit through
“a small aperture into an adjacent chamber containing the specimen. This
gpecimen chamber is maintained at a relatively low pressure in the region
of 10-5 torr. To accomplish this, large pumping systems are required in
order.to maintain the specimen chamber at . this pressure. More efficient
jon sources in which longer electron path lengths are obtained, can be
' operated at lower pressures. These use smaller quantities of gas and can
be used in conjunction with much smaller -pumping systems. The Penning
" discharge can be used as an ion source by allbying ions formed in the
cold cathode discharge to pass through an aperture in one of the cathodes.
Such an ion'source in one of its simplest forms is described by
‘Barnett et 5113. Ion beam current densities of 100 pA c:n"2 or more can

be easily achieved from the Penning ion source making it suitable for

the ion etching and thinning of specimens.
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Y22 Thermionic cathode devices.

The use of a magnetic field to extend electron path lengths
cen be applied to discharge devices which have a thermionic source of
electrons. With a thermionic cathode, there is a continual supply of
electrons and it no longer depends upon ion bombardment of the cathode

surface to liberate electrons. Houston14

added a short tungsten filament
just in front of one of the.cathode'plates in tﬁe Penning and N_ienhuis2
electrode structure. With an applied potential difference of 1 kV end a
magnetic field of 0.17 webers m-?. stable operation was obtained down to
pressures below 10-8 torr witﬁ an ;ﬁisaion current from the filament of
only 10_7amps.

When operating an ionisation gauge with constant electron emission
from a thermionic cathode, there is a low. pressure limit which is set by
the existence of a residual current to the ion collector which is
independent of pressure. This residual current is due to soft X-rays
vwhich are generated by the low energy electrons striking the anods.

Thése X—iays produce-photo-eiectric emission when they reach the ion
collector and the resulting loss of electrons cannot be distinguished

from the collection oerohitive ions. Hencé, this gives rise to a'pressure
indepenﬂent'reéidual curfent and the low pressure Iimit-is'when this
residual curfenf is equal to the true ion current. An enomalous ion
current can be‘béuséd by the electron bomﬁardment of the gﬁuge énpde.
Adsorbed gas molecules can be desorbed from the anode as ions and so give
rise to an ion curreht'that is dependerit upon the cleanliness of the anode.
Increasing the gauge éensitivity by inbreasing thé electron pathllengths'
4n the discﬁarge,ﬁ}@@i'reduce the X-ray limit due to the increased number
of ions produced at a given electron emission. Furthermore, the electron
emission may be reduced when the sensitivity is increased, so reducing the

ion desorption, outgassing from the gauge electrodes and the éegree of

dissociation of the gas molecules at the hot filament.
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In the Lafferty gaugols, the extended electron path lengths are

achieved by use of a magnetic field as shown in Figure 1l.3.

ion collector

A ' . gnode

filament

magnetic 5“ ﬁ
field I “‘

Figure 1.3. The Lafferty gauge.

In this hot cathode magnetron ionisation gauge, a hairpin thermionic
filament is mounted along the axis of a cylindrical anode. Two end-plates
for the anode are used which are maintained at negative potentials with
respect to the filament. One end-plate acts as the ion collector and

the other as a shield. The anode is maintained at +300 volts, the ion
collector at =45 volts and the shield at =10 volts with respect to: the
filament, together with a magnetic field of 0.025 webers m 2. The
electrons emitted from the filament spiral aroun& it due to the a:iai
magnetic field and are eventually collected by the anode. In this gauge

the X-ray limit is reduced to about 5 x-1614

6

torr. A very low level of
electron emission in the range of 10" to 10"9 anps is used to ensure
stable operation. and also to prevent swamping of the ion current by the

random high energy electrons which are generated in this device.

In the Nielsenl6 ion source, the discharge is formed using'a hot
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filament as a cathode and a cylindrical snode as shown in Figure 1.4.

magnetic
field
H
gas  r——| . tim

0  4ve -
anode
filament
‘Figure 1.4. The Nielsen ion source.

An axial uagnetic field is used to increase the electron path lengths
before they reach the enode, in a similar manner to the cold cathode '
Penning1 discharge. The total discharge current may be_as_high as a few
amps, making this type of ion source particularly suitable for the doping-

.

of semiconductors by ion implantation.

1:3. Use of purely electrostatic fields.

1.3.1. Low sensitivity electrostatic devices.

Various low aenaitivity.iohisation devices.can bé used in
ultra high vacuum by using a source of electrons supplied from a
thermionic filament. The Bayard --Alpert ionisation gauge M is a purely
electrostatic low aensitivity pressure measuring device. The low pressure

=10

limit due to X-rays is generally about 2 x 10~ torr due to the very

small solid angle subtended to the X—rays by the thin wire collector
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electrode as illustrated in Figure 1.5.

; thin wire
collector
filament.\\\;\\\‘
grid-
enode
Figure 1.5. The Bayard = Alpert ionisation gauge.

The grid anode is maintained at about +150 volts with respect to the
filament and the electrons emitted from the filament oscillate through
the grid a number of times gifiﬁg a total electron path 1ength'bf'a'few
centimetres, which in turn gives a sensitivity of about 10'torrrl. Here

the sensitivity S, for a gauge with a thermionic cathode is defined as :-

i 1

5 = __E . Foc) tOI‘I‘ul ..Il..l.ll...l(l)
10, s P

where ip is tﬂe‘poéitive ion éurrent. ie ia-thé electron currént end

P ié fhe total gaé pressure. In order to obtain a ﬁeasufable ion current
with fhia low-éenaitivity, the electron émission current has to be in the
region of 100 pA to 10 mA depending upon the operating pressure. Due to
this relatively high electrog current, ion desorption effects can be very

7

significant if the gauge head is not adequately outgassed.
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Several attempts have been made to reduce the low pressure limit
due to X-rays of the Bayard —'Alpert gauge. One way of doing this is to
measure the residual current due to the X-rays. In the modulator gauge
described by Redheadla, an extra collector electrode, called a modulator,
is inserted into the Bayard - Alpert type gauge head. By switching the
modulator from grid to collector potential, the ion current can be
altered without any’change in the residual current, so allowing the
residual current to be determined. A method of operating a hot cathode
ionisation gauge te eiiminate the X-ray effect wae.introduced by

Schuemann19

. Positive ions are extracted from the ionisation region and
are collected by an ion collector electrode which is hidden from the
direct line of sight of the X-rays. An additional suppressor electrode
is located near the ion collector to prevent photo-electrons from
leaving the collector electrode.

An electrostatic ion source based on the Bayard - Alpert type
ionisation gauge has been described by Khan end Schroeerzo. Thie ion gun
praﬂuces 8 total beam current of about.l pA ef argon ions with a current
density of ahout 1 to 5 pA cm 2 at an argon pressure of 5 x 10 6torr.
Thus, no differentially pumped system is needed to keep the target at a
relatively low pressure. _

However, extremely long path lengths can be achieved by constrain—
iné-electrons in. electrostatic fields alone._Two such purely
electrestatic high sensitiV1ty devices are the orbitron end the tw1n
uire electrostatic charged partlcle esclllater. As it is these type of

high sensitivity devices that are investlgated in this work, they will

be discussed in some detail in the next two sections.

1.%.2, The orbitron.

In 1962, Gaboror described a radial field electrostatic

device which gave very long total electron path lengths without the use



12,

of a magnetic field. The device was originally designed as an
electrostatic ion pump with a wire anode positioned along the axis of

an outer cylindrical ion collector as illustrated in Figure 1.6;

ion collector

orbiting electron

trajectories

anode

electron gun

- - ' ﬁ -
Figure 1.6. The radial field electrostatic ion pump. (After Gabor‘l).

Electrons were injected into the device from an electron gun with
sufficient angular momentum to perform orbiting trajectories around the
central anode. This enabled them to execute extremely long path lengths
within the device before being collected by the anode. In this wgy,
efficient gas phase ionisation occurred and the positive ions produced
moved to the collector which was coated with a gettering material.
Herb et al°® in 1963 and Mourad et al®> in 1964, reported upon

investigations carried out on the orbitron ionisation gauge which is a

e priﬁciple. The orbitron employs a hot filament

development of.the Gabor
at one end of the device to inject the electrons into orbiting trajectories
about the central anode. The essential features of the orbitron are
illustrated in Figure 1.7. The filgment is mounted on two supports, with

one of these supports acting as a shield post to prevent electrons

emitted from the filament going straight to the anode. Applying a suitable
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positive bias voltage VB to the filament with respect to the collector
electrode, creates a field disfortion-that ejects the electrons infc
orbits about the anode which is held at several hundred volts above
earth-potential. Again very long electron path lengths are obtained

. and the positive ions formed by electron collisions with neutral gas

molecules, travel to the collector electrode which is maintained at earth

potential.
— anode
s
’ ’ ion collector
. . £ilament
reflector shield §
' post:
Figure 1.7. The orbitron ionisation gauge.

If b is the radius of the collector electrode, a is the radius of

the anode, r is the radial position of an électron and V, is the potential

A
of the snode, then the potential V(r) at r is given by :-

TesS e EBDEORN (2).

; -V(r) - VA 'ln(b/r)
) 1n(b/a)

Using the ezpression in equation (2) for the radial electrostatic field
in the orbitron, Hooverman 4 has shown that with appropriate angular

momentum, the electrons are capable of travelling in orbiting type motion
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about the gnode and has determined the electron trajectories within the

orbitron. Typical electron trajectories are illustrated in Figure 1.8.

Aston University

ustration removed for copyright restrictions

24)

Figure 1.8. Electron trajectories. (hfter Hooverman

The electron trajectory in Pigure 1.8(a) represents an orbit of higher
angular momentum than that of Figure 1.8(b). Trajectories of this nature
can be simulated on a rubber ﬁodai'&nalugué of the arbitron. This
analogue consists of a rubber sheet stretched across a circular frame to
simulate the collector electrode. A metal rod is pressed into the rubber
to simulate the anode and the dépth of deprassian-intu'the rubber is
unéiogoua to the anode potential V,e The electron t&ajectofies are
simuiatedxbr fnliiﬁg ball bearings on the surface of the rubber. The use
and some of the limitations of rubber model analogues are discussed by

25 24, nc account

White and Perry“”. In the theoretical analysis by Hooverman
was taken of electron motion in the arial direction of the arbitron or of
the potential disturbance due to the positive bias voltage ?B on the
fill-‘:lment- . I -
: - 26 o 4
It was reported by Meyer and Herb™ and by Gammon“', that the

sensitivity S, of the orbitron depended critically upon the value of Vs
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placed upon the filament. This gave rise to undesirable ion collector

current instabilities in the bias characteristics as illustrated in

27

Figure 1.9. Gemmon™  reported observing these instabilities at pressures

of 1G£5 torr and above..

Aston University

Hustration removed for copyright restrictions

Figure 1.9.  Variation of sensitivity with the ratio 'B/'A .
3

. (after Gammon“').
Meyer and Herh26 reported instebilities at lower pressures with "dipa" to
negative values of sensitivity, which were not present in the instabilities

27 1

reported by Gammon~ . The sensitivities reported by Gammon™ were in the

region of lﬂ3 tu.ln4 tarr’l. whereas Meyer and Herbzﬁ reported

5 26 attributed their

sensitivities higher than 10° torr ), Neyer end Herb
ion current instabilities to some electrons gaining sufficient energy to
enable them to reach the ion collector electrode. They proposed three

ways in which electrons might gain this energy - namely from their thermal
energies at the filement, from an R.F. field and thirdly by electron =
electron collisions. They considered that the electron - electron

scattering was the moat probable process by which electrons gained the
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21 Jttributed

energy necessary to reach the collector electrode. Gammon
the ion current instabilities that he observed, to electron interaction
with the field distortion around the filement. He also suggested that the

* instabilities observed by Meyer and Herb2?

in their very high sensitivity
devices may be due to the same process. Electron interaction with the
field distortion around the filament will occur if the electron
trajectory closes on'iéself at the position of the filament and if by

this time the electron has not drifted away from the plane of the filament
along the axial direction af the orbitron.

_ Thus, although the field distortion around the filament is
necessary to inject the electrons into the orbitron, it is undesirable
after the electrons are in flight. A poasible way to overcome this
problem is to inject the electrons into the device from an electron gun
as originally suggested by Gaborzl. This method was tried with some

28. They obtained smooth bias characteristics for

4 1

torr —,

gsuccess by Fitch et al
their gauge whilst obtaining sensitivities in the region of 10
but with their design only about 10f% of the filament emission was
injected into the main gauge envelope. This necessitated operating the
filament at an undesirably high temperature.

Attempts have %een ﬁade to reduce the X-ray limit of orbitron type
devices by introducing further electrodes. A spiral electrode was
introduced info the orbitron by Gosselin et a129, in order to suppress

“secondary electron emission from the ion collector. They reported a low

= torr for such a design of orbitron

pressure limit in the region of 10~
gauge. - _ o ‘ .

Douglas et al30 aﬁd.later Bills31 reported upon the performance of
the orbitron when applied as the ioniser in electrostatic getter ion

pumps. Due to. the high sensitivity of the orbitron, high pumping speeds

could be expected. However, the sticking praobability for the ions at the
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collector is often low, due to the ions having insufficient energy to

be trapped efficiently by ion burial at the collector. In the radial
field ion pumps described by 3111531, a grid electrode is placed -
coaxially between the central anode and the collector electrode. This
grid electrode is kept at a positive potential with respect to the
earthed collector electrode, and serves to accelerate the ions that pass
through it providing them with sufficient kinetic energy to bury
themselves deeply in a layer of titanium on the collector surface.

f

1.3.3% The twin wire electrostatic charged particle oscillator.
32

The twin wire electrostatic . charged particle oscillator
consists esseatially of two positively charged anode wires, symmetrically -
disposed about the axis of a cylindrical collector electrode as

illustrated in Figure 1.10 which shows the xy plane of the oscillator,

A = anode wire.

C = collector electrode.

Figure 1.10. Schematic diagram of the twin wire oscillator in the

xy plane.

With this arrangement, the electrostatic field is similar in shape to

that in the orbitron except in the vicinity of the anodes, where there
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is a saddle-point midway between the anodes. Although the saddle-point
is a point of unstable equilib;ium, electrons can oscillate through it
in stable trajectories along the general direction of the Yy axié of
" the oscillator. Oscillatory trajectories of this type have been
demonstrated on a rubber model analogue of the twin wire oscillator by
McIlraitho2! 29

Using?digitél computer techniques, Mcllraith33 investigated the
trajectoriass followed by a particle-attrabted‘by a pair of isolated
poles by makiﬁg use of the calculated field strength at any poinf; For
a pair of infinigely long anodes at a seéaration of 2d and with a charge
of +q per unit length, the potential at a point P(x,y), relative to the

saddle-point ut the arigin (Figure i.ll), is given by :-

. dz. ‘ g i
“'V&y - 1n - (1n r) + 1n r2)
2TTEE, . = 2TEE,
q "ot
= In
4TTEE, _rf rg
q - d
= 1n g 100030-0(3)
41TE€° _!yz + (x - a)z)(y2 + (x + d)2)

where € is the dielectric constant ﬁhich is unity for vacuum and €,

is the permitivity of free space.
iy P(x,y) .-

’ |
Figure 1.11. Potential at a point P(x,y).
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Differentiating equation (3) with respect to x and y, then the fleld E;
in the x direction is given by :=-
-q 4:(:2 P yz - d2)
B = ® .00-00(4)
ATrEE, (y% + (x + ) (y2 + (x - a)2)

and in the y direction :-

-q 4y(x2 + y2 + dz)

=
]
L]

U 1,

4ree, Y+ (x+ D)2+ (x - d)‘z)

Thus, we see in equation (4) that Ex =0 for x = 0 and also for

x2 + yz = dz. Thus, tﬁere is no resultant force in the x direction for
- an electron anywhere on the y axis, or on the circle with AB as its
diemeter. Inside this circle, the force Fx in the x direction is away
from the y axis while outside the circle, Fx is towards the y axis. The

force Fy on an electron is always towards the x axis. Now from

equations (4) ana (5) :-

Ey ) ¥ . x + 32 + 62
' 2. 2 .2
?x x X +y =4d
J
_ - when xz + yz >> a2,
x

Thus, at large distances rl and T, from the ancdes, the field lines

radiate from the saddle-point at the origin 0. Hence, the accelerating -
force on an electron will be towards the saddle-point when 12 + y2:$>d2.
An experimentai twin wire oscillator was constructed by Thatcher34

using a stainless steel collector electrode. The tungsten anode wires
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had to be spring loaded in order to prevent them from bowing when being
heated by the bombarding electrons. Due to the drift velocities of the
electrons along the z axis of the oscillator, plane end-plates had to

be employed on the collector electrode as illustrated in Figure 1.12,

in order to maintain a cold cathade discharge. These end-plates were
maintained at the callector poteﬂtigl and served to reflect the electrons
baék along the z axis of the oscillator to prevent them from drifting out
of the ends of the ascillator.

F— _ 1 =

| 'z

A ——
%————F \ ceramic insulator

[ \ = N

end-plate cylindrical end-plate

. collector

A= anode wires (spring loaded).

Figure 1.12. Schematic diagzram of the twin wire oscillator in the

i : ) xz_plane.

It was found that the discharge was contained in a Figure of "8" region
in the xy plane, producing two ion etched regions on the inside surface

of the collector electrode as shown in Figure 1.13.

ion etched

region

ion etched

region
collector

Figure 1.13. The ion etched regions on the collector surface.




21.

"~ The threshold voltage at which the cold cathode discharge would
strike, was found to be pressure dependent. McIlraith35 suggested that
this could be accounted for by assuming that the total electron path

" length 1 in the oscillator is finite in the absence of all particles.

Thus, the condition for a self-sustained discharge is :-
; 1i <

where 11 is the distance ‘an electron must travel to produce a useful - -
ionising collision. Thus, it can be ahown-(Thatcher34) that :=

1 -
i = s ¢

NP

--—~where P is the operating pressure, N is-the number of molecules per unit
_‘_;golume_at*unit“pressure.and. b. is the the ionisation-cross-section.
Since ®» is dependent upon the electron energy, it ﬁill also be
dependent upon the threshold voltage. Hence, the threshold voltage will
vary with pressure.
It was found by Thatcher> that for optimum performance of the
“oscillator, the anode wires should be parallel to each other and
symmetrically displaced about the axis of the collector electrode. It
had been predicted by McIlraith>® that the enode diemeter should be small
and that an optimum ratio for anode dizmeter to anode separation to
collector electrode diameter twould be-l : 10 : iOO. Hence, small diameter
wire anodes were employed and this led talprcblems with the anodes
‘burning out when the oscillator was operated at fairly high discharge
currents. This was certainly the case when the oscillator was ehployed as
an ion source as first described by Fitch et 3137. This was done simply
by milling a slot into the collector electrode at the intersection with
the y axis. Pasitive ions formed in the discharge travel radially outward

towards the collector and those which pass through the slot were allowed
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to impinge upon a specimen surface vhich was to be etched by ion
bombardment. Ion beam current densitics of about 100 pA cn™? were
“obtained with an anode voltage of 6 kV and a pressure of 5 x 10—4 torr.
* The ion beam was very well collimated in the yz plane and only slightly -
divergent in the xy plane as would be expected from the nature of the
discharge.

Hawever, Thatcher3

4 found that it was not possible to maintain
the cold cathode discharge below 10—6 torr. In order to extend the twin
wire oscillator to lower pressures, electrons were'injected into the
oscillator from a hot "V" shaped filament placed on the y axis (Fitch
et 5138). The filanent was biased with a positive voltage VB with respect
to the callector electrode. The variatisn of sensitivity with the ratio
- "vB/vA is given in Figure 1.14, where the electron emission current ié
~-—from-the ‘filament had been kept constant at 1 pA. The vacuum chamber

pressure was kept constant at 10-6 torr in a residual atmosphere of air.

4
Sensitivity
(x 10% torr™1)
x 2
0 .
0 0.006  0.012 0.018
Vo/Vy

Figure 1.14. The variation of sensitivity with VB/VA.

H
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It can be seen, that these bias curves consist essentially of two peeks
at low and high values of VB. Very high sensitivities aof almast 1(3!51'4:'::':"'1
were capable of being achieved and no instabilities in the bias curves
were observed as were reported for the orbitron by, for example, GammonzT.
Thus, the'jhermionic twin wire oscillator showed pfomise as a very high
sensitivity ionisation gauge, but the solid collector electrode was
inadequate for ultra high vacuum conditions in several ways. Firstly, the
solid collector cylinder would collect all of the X-rays produced at the
anodes by electron bombardment and consequently a large residual
secondary electron current would be produced at the collector electrode.
The solid collector cylinder was also bulky and in order to reduce the.
outgassing from the collector, the solid cylinder was replaced by a cage
consisting of 16 equally spaced tungsten wires. This would also reduce
—._the-number of X-rays intercepted -by--the collector electrode and so iv was
believed, lower the low pressure limit of the gauge due to these X-rays.
With this "nude" construction for the thermionic twinrwire
oscillator, the variation of sensitivity with the ratio VB/V& as found by
-. fhétcher34 is shown in .Figure 1.15. The bias characteristics were again

gmooth with no instabilities, but the& now consisted of only a single

peak, with sensitivities of the order of 103 torrrl.
' 3000 __
4 v, (xv).

y 2

sensitivity 2000 |- 1

(tcrrﬂl). +
1000 |_.

0 | | |
0 0.08  0.16  o0.24 '3V

Fipure 1.15. The variation of sensitivity with vB/VA for the nude

oscillator.
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A linear variation of collector current ic with pressure was obtained

4 10

over the range 10 ' torr to the low pressure X-ray limit of 5 x 10~

torr.
The comparatively low sensitivity of the nude gauge was considered to be
‘due to increased ion losses due to the reduced collector area and
possibly also due to a decrease in electron path length as a result of
lelectrona interacting with the field distortions associated with the open
collector electrode.

" In the next two chapters, experiments will be described which were
undertaken %o’ study the consequences of tho field distortions around the
thermionic filement and the open collector. Experiments described in the

later chapters are concerned with the study of the factors limiting the

low pressure limit of the cold cathode cscillator.
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CHAPTER 2.

INVESTIGATION OF THE THERMIONIC TWIN WIRE OSCILLATOR.

2.1,  Introduction.

In order to determine why the sensitivity found by Thatcher34
'for the nude thermionic twin wire oscillator was relatively 1dw, an
experimental thermionic twin wire oacillator was constructed in which
the collector eclectrode geometry could be easily varied. A field plotting
technique was used to determine the electrostatic field distributions for
the various collector electrode geometries, so allowing the influenco

upon the electron trajectories of various forms of field distortion at

the collector electrode to be investigated.

2.2. _ Experimental equipment.

s T o 18 Design of the experimental pscillator.

The experimental thermionic twin wire oscillator shown in
Figure 2.1 was designed with the coliector electrode consisting of 32
tungsten rods of 2 mm diameter. These tungsten rods were positioned in
“the holes drilled into the "Dural" end-plates on a circle of 5 cm diameter
as illustrated in Figure 2.2. The rods could be easily removed in order
that the collector electrode geometry could be varied. The anodes were of
0.4 mn diameter tungsten wires at a separation of 0.5 cm and were
positioned in and insulated from the end-plates by means of 1.25 cm
diameter ceramic bushes. The commercial ceramic used was "Ceramtec" which
the manufacturers claim has a resistivity of 1014 ohms cm in air at 20C.
Four 4 BA screwed rods were used to' tension the two'anode wires and also

to maintain the distance between the end-plates at 20 cm. These four
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screwed rods were insulated from the end-plates by P.T.F.E. bushes, in

order to prevent them from contributing to the collector electrode area.

Aperture to locate the

Apertﬁres to locate the 4 B.A. 1.25 cm dismeter ceramic

screwed rods. insulator for the anodes.

Holes to locate

2 mm tungaten rods
on a circle of
diameter of 5 cm.

Figure 2.2. End-plate for the twin wire osﬁillator.

A "V" shaped filament of about 2 mm length was constructed from 0.l mm
diameter .tungsten wire. This filement was mounted on two parallel 1 mm
diameter tungsten rods and was positioned midway along the length of the
cylindrical collector electrode. The filament was mounted in a manner

vhich allowed the filament immersion depth to be varied.

2.2.2, The electrical circuit.

A sphematic diagram of the thermionictwin wire ogcillator

and its associated electrical circuit is given in Figure 2.3. The anode



filament

variable
A.C. . 2l : _ . A = anode.
supply
: 00° %%, ~ collector
o ! . e '/
(-]
BR| . o
. P . &- ' .
nJ —_—— ::: °
’ §33.ﬂ. % A ¢
N 3 °°
[ % o®
Cpg o
6.3 volt
isolating
transformer
T T
I Vs IV
e S A :
ic-
A A
i i
e a
/
Figure 2.3. Schematic diagram of the twin wire oscillator and

the associated electrical circuit.
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voltage VA was varied from 1 to 5 kV using a stabilised H.T. power

supply, whilst the collector electrode and end-plates were maintained at
‘earth potential. A D.C. amplifier capeble of measuring from 1076 to 20713
amps was used to measure the collector current ic. A Variac and a 6.3 volt
isolating transformer were used for the filement supply. Dry batteries '

were used for the positive bias voltage V, on the filament. The bias lead

B
was centre-tapped between two 33 N resistors across the transformer
secondary winding in order to maintain the tip of the filament at the
correct bias voltage. Microsmmeters capable of measuring from 0.2 pﬂ.up

to 120 mA, were used to measure the filement emission current ie end the

electron current to the anodes ia'

f g me s —

2.2.3. _The high vacuum system.

Experimental investigations using the thermionic twin wire
ascillator described, were carried out in a conventional high vacuum
system consisting of a 3" silicone o0il diffusion pump, rotary pump and a
- liquid nitrogen cold trap. The vacuum chanber consisted of a 12“ diameter
#lass B1T Jar nomiked 45 & 4" Uianeter abicl bags-slets- contatilis 2 Bt
and 4 L.T. electrical fecedthroughs. Thé system was capable of achieving

6 torr which were measured by a Penning gauge mounted

pressures down %o 10~
Just above the baffle-valve. The leak-valve was in a similar position
fﬁcing the Penning gauge. The pressures indicated by the Penning gauge
were compared with those indicated by a nude Bayard - Alpert type
ionisation gauge (Mullard IOG 137) by mounting the ionisation gauge in

the vacuum chamber. The results of this comparison are given in Appendix 1,
and it is the Bayard -'Alﬁert gauge pressures rather than the Penning
gauge pressures that were gasumed to be the true pressures. Liquid
nitrogen was used'in the cold trap throughout the investigation and all

measurements have been taken using air as the residual atmosphere in the

vacuum chamber.
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2.3. Effects of changes in the collector electrode geometry.

The filament bias characteristics were obtained by observing the
variation af collector current ic with fileament bias voltage VB, vhilst
maintaining the current to the anodes ia constant at 1 pA. It should be
noted that it was always ia rather than ie that was maintained cgnatant
when taking measurements. A constant pressure of 1.4 x 10"5 torr was
maintained during the measurements and the characteristics were obtained
for values of VA renging from 1 to 5 kV. Bias characteristics were -
obtained for various filament immersion depths D into th; oscillator
tube. The filement immersion depth is defined as the distance from the
tip of the filament to the.inside‘surface of. the collector electrode.
Bias characteristics for four values of D are given in Figure.2.4.

Two peaks occur in the bias characteristics, one at low values of
V.

B
" occuring at the second peak. With D equal to 0.38 cm, ic and hence the

and the other at high values of VB’ with a sharp emission cut-off

gsensitivity S is greatest with V_, equal to about +6 volts at VA = 1 kV,.

B
It was found that by removing certain rods from the collector electrode,
the sensitivity of the dev£ce could be drastically reduced.

A cross-sectional scale diagram.of the electrode assembly (but
excluding the filament) was painted onto Teledeltos resistance paper using
a conducting paint consisting of a disp;rsian of silver in methyl iso-
butyl ketone. These painted electrodes were energised by a Servomex field
plotter and the equipotential lines of the electrostatic field were
plotted for several collector electrode configurations. four of these
field plots are reproduced in Figure 2.5, namely the 32 rod, 28 rod(a),

28 rod(b) and 20 rod collector electrodes. The equipotentials are expressed

as a percentage of the anode voltage V,. The saddle-point occurs at

A

between 70% and 80% of V,. It was found that the 32 rod collector

, A
configuration gave very high sensitivities, with the maximum sensitivity
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Figure 2.4. The variation of collector electrode current with filament

bias voltage in the twin wire oscillator.
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being obtained with VB at approximately +6 volts when VA = 1kV.

However, with these filament bias conditions, the presence of two double
spaces  in the 28 rod(a) collector reduced the sensitivity S more than
did the use of the 28 rod(b) collector with four single spaces in it.

In fact, the presence of the two double spaces in 28 rod(a) was mare
detrimental to the performance of the device than was the presence of 12
single spaces in the 20 rod collector.electrode. The field distortion
associated with the double spaces in the 28 rod(a) collector electrode
should have had 1little effect on any electrons that were oscillating

between the anodes. .It was then suspected that some of the electrons may

be orbiting around the twin anodes rather than oscillﬁting between them.

2.4. The orbiting electron theory.

The maximum value of i in the low bias voltage pesk was obtained
when the filament bias potential VB did not match the aﬁode field
potential at the tipof the filament. The resulting field distortion
around the filament would probably give .the electrons sufficient angular
momentum to get them ihtc an orbiting trajectory around the ancdes. In
this way, the electrons would encounter the field distortions of the
28 rod(a), 28 rod(b) and 20 rod collector geonetries. The larger field
‘distortion associated with the double spaces in the 28 rod(a) collector
would be more detrimental to the orbiting motion of the electrons than
would the distortion of the 12 single spaces in the 20 rod cclletor.

In order to:verify that the electrons were perforﬁing any orbiting
motion, metal foil was wrapped around the twin anodes. This would stop
any oscillatory motion of the electrons between the anodes, but would
still allow any orbiting motion around the anodes. This now produced a
device with a single plate anode of ¥+ cm wide by 20 cm long. The field
plot in Figure 2.6 shows that the potential distribution within the device

is as might‘be expected, altered very little by the use of the single



Figure 2.6. The distribution of the lines of equipotential in

the single plate anode device.
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plato anode., Bias characteristics at a pressure of 1.4 x 10-5 torr vere
obtained for the single plate anode device for various values of filament
immersion depth D and four sets of these are reproduced in Figure 2.7.
Large collector currents 10 were obtained with the single plate anade

device. The maximum values of ic with V, = 1kV were very little different

A
from those obtained for the twin wire oscillator at low values of V.

B

However, the variation of the maximum value of ic vith VA was not so
great as with the twin wire device. It was concluded that under the low
bias conditions, the majority-of electrons were going into orbit around
the anodes in the thermionic twin wire oscillator. The bias characteristics
obtained for the single plate anode device were of a different form from
those for the twin wire oscillator. It can be seen from Figure 2.7 that
there is no minimum in the bias characteristics, before emission cut-off
is encountered.

The likely variation of the potential distribution at the'filament
with change in VB is illustrated in Figure 2.8. For example, consider a
filement biased at zero volts with respect to the collector electrode and
with its tip at the position of the 100 volt equipotential of the
undisturbed anode field. Under these conditions, the electrostatic
potential distribution around the filament would be similar to that
'illustrated in Figure 2.8(a). This field distortion would give the
electrons emitted from the sides of the filament, an angular moﬁentum that
would be sufficient ta put them into orbiting tfajectories”around the
anodes. The elect;ons eﬁitted from the tip of the filament may go into
oscillation between the anodes. As V, is increased to say +50 volts

B
 (Figure 2.8(b)), the area of electron emission from the filament will be

39

reduced as shown by Haine and Einstein””’. Neglecting the thermal energies
of the electrons, electron emission can only take place from the region of

the filament in front of the point where the 50 volt equipotential cuts
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the filament surface. If VB is increased further to say +100 volts
(Figure 2.8(c)), the electron emitting aves of ths filasent will bo
decreased further and near to cut-off, the region of elcctron emission
‘would, be redﬁcad to only the very tip of the filament. A collim?ted beam
of electrons would be obtained for this ébnditidn of bias, making this |
most suitable for the emitted electrons to oscillat;~bétweem the anodes.
Emission cut-off from the filament is obtained when the filament bias Vs
is large ensugh to make the equipotential no longer cut the filament
surface and so produce a retarding field at the filament tip (Figure
2.8(d)). Allowing for the thermal energies of the electrons leaving the
filament, the value of VB for emission cut-off would not be much greater

than that required for a matched filament bias when the equipotential cuts

““the very tip of the filament.

2.5. Modes of operation in the thermionic twin wire oscillator.

It was”therefore suspected that the peak at high values of VB in
the bias éharactér;atics of the thermiﬁnic twin wire oscillator, was due
to electirons oscillating between the anodes. To verify this the filament
was rotated about the plane of the twin anodes. Bias characteristics were
obtained for durotation, 45fr6tation and 9d°rotation of fhe filament about
the anode plane, as illustrated in Figure 2.9(a). The three curves are

given in Figure 2.9(b) and were obtained whilst maintaining V, at 1 kV,

A
i atlpa and the pressure at 1.4 x 10~2 torr. The normal form of bias

characteristic with two peaks was obtained at 0 rotation of the filament
(curve 1). At 45°rotation, ic was reduced by about 20% at the low values
.of V, and at high values'af v

B B ,
an emission cut-off at approximately +72 volts Sias (curve 3). The same

, i_ remained at less than 107 amps with

form of bias curve was obtained for the Qd’rotation of the filament
(curve 2).

Thus, two modes of operation exist in the thermionic twin wire

*
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ascillator, the "orbiting mode" at low values of VB and the "oscillating
mode" at high values of VB’ (Fitch and Rushton40). The variation of ic
with V; for both the twin wire oscillator (solid line) and the single

;plate anode device (dashed 1ine) is given in Figure 2.10, with V, = 1 kV,

A
ia = 1 pA end D at approximately 0.5 cm. In the twin wire oscillater, the
peak (a) is due mainly to electrons orbiting around the anodes and as Vg
is increased, the accelerating field distortion at the filament is
reduced until a minimum at (b) is obtained. There is an increase again to
peek (c) due to electrons oscillating between the anodes and a sharp
emisﬁion put-off at (c'). In the single plate device case, the peak (a)
is due purely to electrons orbiting around the plate anode and no minimum
(v) is passed through before an emission cut-off is again obtained at.(c').
There is, however, a small difference in height of peak (a) between the
~twin wire oscillator and the single plate anode device. This difference
is due to the electrons emitted from the tip of the filament at low
values af ?B, going into oscillation between the anodes in the twin wire
_oscillator, whereas in the single plate anode device, these electrons go
: h gtraight to the anode.

A
plate anode devices was less than 10% but, in order to determine the

At V, = 1kV, the difference in ic for the twin wire and single

actual proportion of electrons that are oscillating between the anodes in
the twin wire oscillator under these conditions, a knowledge of the
relative ion production efficiencies for the orbiting and oscillating
modes is required. Also, in the twin wire oscillator, the orbiting mode

peak (a) shows an increase in i, vith increase in V, whereas with the

A
single plate anode device, the height of the peak (a) was almost

independent of change in V,. This was due to this oscillating mode

A
contribution being dependent upon VA' vhereas the orbiting mode is
relatively independent of VA.

In the orbiting mode, electrons require a sufficiently large
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angular momentum about the anodes in.order to go into an orbiting
‘trajectory. Electrons ejected from the collector electrode by positive
ion bomber;d;tnent and secondary ele_ctro?riel .from the gas phase ionisation
*would not have sufficieet angular momentum ‘around the anodes to enable
them. to go into orbff. Thus, the_orbitieg ﬁode will be relatively
independent of VA, as the seconda;j electrons do not contribute to it.
However, electrons must not have a large velocity component tangential
to the anodes in order tc go into the oscillating mode. Thus, electrons
ejected from the collector surface by ion bombardment anﬁ secondary
electrons from the ges phase ionisation will probably go inte oscillation
if they are producoé in the appropriate region near the y axis. Hence,
the oscillating modelwill be dependent upon VA as these electrons will
gain more energy and eo:p:oduce more ions and electrons as VA is increased.
. The existence of the oscillating electron contribution in the twin wire
oscillator when operated under the orbiting mode condition, was
demonstrated by an experiment in which two external electrodes A and B
were positioned outside the collector electrode of the twin wire
ascillator, as illustrated in Figure 2 11(a). Electrode A was positioned
on the y axis, oppoaite the filament and the current collected by
electrode A will be dependent upon positive ions produced by both the
orbiting_mode and the oscillating mode electrons, escaping through the
collector. Electrode B was positioned on the x axis at right angles to
the filament and the current collected by electrode B will be dependent
upon poeifiva ions produced by.only the orbiting_mode electrons. With
ia = 1 pA, the variation of the currents in A and B with VA was
determined. The values of V, employed were 6, 12, 18,24 and 30 volts for
values of VL of 1, 2, 3, 4 and 5 kV respectively. These correspond to
the peak (a) in Figure 2.10. It can be seen in Figure 2,11(b) that the

current B is independent of VA vhereas the current A is dependent upon VA?
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Returning to Figure 2.4(a-d), it can be seen that as the filament
immersion depth D is increased, the maximum velue of ic in the orbiting
mode peak also increases. This is due to the accelerating field around
the filament being insufficient to give many of the electrons sufficient
angular momentum about the anodes when D is- small. As D is increased, this
accelerating field also increases if VB is maintained constant. However,
when D reaches about 0.5 cm, any further increase in D results in no
further increase in the maximum value of ic for the orbiting mode. This is
due to the maximum ionisation cross-section of air occuring when the-
incident electron energy is in the region of 100 eV. At large values of
D, as for example when D = 1.33 cm (Figure 2.4(d)), the accelerating field
around the filament can give the electronz far more than 100 eV energy.
Thus, VB has to be increased in order to reduce the resulting energy of
the orbiting electrons to correspond with the maximum ionisation cros:z-
section for air. Hence, at large values of D end low values of VB. the

ionisaticn efficiency of the device in the orbiting mode at V, = 2 kV, nmay

A
. be less than at V, =1 kV. This will cause the bias curves at different

values of ng to cross each ather as V. is increased when D is large, as

B
is the case when D = 0.91 cm (Figure 2.7(d)) for the single plate anode
device. It should be notéd-that the field distortion around the filament
determines the initial kinetic energies of the electrons and the anode
field will. then modify the electron energy further as the electron
approaches the anode. Thus, the average kinetic energy of the electron will
depend upon the trajectory that it takes during its orbiting motion.

The immersion depth D of the filament appears -to have little effect
upon the value of i in tﬁe pure oscillating mode at high values of Vg.
This is .to.-be expected, because in the oscillating mode, a large acceler-
ating field around the filement is neither required nor desired. It is for

this -reason that the pure oscillating mode only occurs at high values of

VB, when a nearly collimated beam of electrons is obtained. The maximum
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value of ic for the oscillating mode is obtained when VB is near to
emission cut-off from the filament. Then the electrons are emitted from
only the éery tip of the filament which gives the most favourable
conditiéns for a collimated beam of electrons with little velocity
component fangential to the anocdes.

The variation with D of the maximum ion current ic obtained on the
orbiting mode peak for both the twin wire and singleplate anode devices

is given in Figure 2.12(a) for V, = 1kV and in Figure 2.12(b) for V, = 3kV.

A
This data was obtained at a pressure of 1.4 x 10-5 torr and with ia =1 pA.
With values of D at 0.5 cm or greater, the orbiting electrons make m;st of
the contribution to ib. The.small difference in ic between the twin wire
oscillator and the single plate anode device is due to those electrons
coming off the filament tip and going into oscillation between the anodes
in the twin wire oscillator. This oscillating electron contribution
increases with VA and so this difference is gréater at Vv

A
= 1 kV. However with D less than about 0.5 cm, the contribution from

= 3 kV then at
Va
electrons, that at sometime: during their trajectories must have passecd
between the twin wire anodes, increases as D is reduced. When D ig Iess
than about 0.2 cm, ic is very smell in the single plate anode dévice case
and so the contribution fronm arbiting electrons is apparently very small,
'_ this being due to the low- accelerating field around the filament at thése
smail filament immersion depths. Thus, it seems likely that at these small
values of D, the major contribution to ic in the twin wire oscillator is
due to electrons that have insufficient energy to orbit around the anodes
continually and so follow a trajectory that eventually takes them between
the anodes. Thus, there will probably be a third mode of operation which
is predominant at only small values of D in the twin wire osciliatﬁr. This
third mode could possibly be a composite of the oscillating and orbiting

modes, as -illustrated in Figure 2.13(a). Complex electron trajectories

may arise, such as the Figure of "8" trajectory illustrated, Evidence for
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the existence of such trajectories has also beén obtained when uainé the
rubber model analogue to predict electron trajectories.- -

.. The contributions of these various electron modes are summarised
in Figuie 2.13(b0. When D is zero, ic is most likely due in the twin wirel
oscillator, to oacillafing electrons and perhaps a small contribution
from -the composite mode. When D is zero in the single plate anode device,

20 emps giving sensitivities less than 100 torr-l,

i, is less than 5 x 10
indicating that the electrons were going almost immediately to the plate

anode.

2.6. - Discussion, . . .

It has been shown that with the thermionic twin wire oscilletor
with the solid cylindrical collector electrode (Fitch et 3138), the two
peaks in the bias charactéristica (Figure 1.14) were due to the orbiting
end oscillating electron modes. However, the orbiting peak was depressed
due to a very small filament immersion depth being used in this device.
Similar experiments have been carried out using a solid stainless steel -«
collector: electrode, but with larger filement immersion depths, Blas :-
characteristics were obtained that had pronounced orbiting mode .and
oscillating mode peaks similar to that with the 32 rod collector electrode.
The small amount of field distortion at the 1% equipotential in the 32 rod
collector (Figure 2.5(a)) appeared to produce little deterioration in -the
performance of thé device. -

When operating the twin wire oscillator in the orbiting mode at

V, = 1 kV and at a pressure of about 1078

torr, in was varied from 1 to .
6 pA and ic-was found to vary linéarly with ia in this region. This .
indicates that the device is not space-charge limited at this pres;ure.
The orbiting mode peak was always very reproducible,: though this was not

-always the case with the oscillating mode peck.
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In the bias characteristics of the nude twin wire oscillator as
described by Fitch et al’C, the orbiting modo pesk is probably depressed
due to the field distortion at the nude collector electrode. Hence, the
only electrons that can orbit successfully are those which pass near to
the ancde wires. The oscillating mode peak will also probably be depressed
due ta the smailer nunber of secondary electrons liberated from the
reduced collector electrode area. This could explain why the bias
characteristics for the nude oscillator consist of only a single peak as
shown in Figure 1.15. The maximum collector current i, will occur at a
bias voltage YB where the electrons are both orbiting closely around end
oscillating between the anode wires. This value of VB will not be idesl
for either the orbiting nor the oscillating modes and so a relatively low
gensitivity is obtained for the nude oscillator.

The thermionic twin wire oscillator with the 32 rod collector

4 1 5

electrode, gives very high sensitivities in excess of 10" torr ~ at 10

'tqrr, when operated in either the orbiting or the oscillating modes. The
gsensitivity of the twin wire oscillator was still increasing with decrease

. in pressure and at 1076 torr when operated in the orbiting mode, sensitiv-

> torr were obtained with VAI= 1 xV. In order to

maintain ia at 1 pA, the filament has to be run at a much higher temperature

ities in excess of 10

for. the oscillating mode than for the orbiting mode. This is due to the
restricted area of electron emission from the fileament when operated under
the high bias voltage conditions. The orﬁiting node peak was very smooth
and flat at 10"5 torr, so that this method of electron injection appeared
to be very suitable for an orbitron type device. Thus, the twin wire anodes
were replaced by a aingle'wire anode, giving rise to the electron-orbit

41, 42.'The perfarmance of this electron-orbit ionisation gauge

ion ‘gauge
in both high and ultra high vacuum conditionsz will be discussed in the

next chapter.
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CHAPTER 3.

THE ELECTRON = ORBIT IONISATION GAUGE.

el Introduction.

At 10-5 torr, the orbiting mode peak in the bias characteristic
of ihe.twin wire oscillator shows no sign of eny instabilities as
reported for the orbiiron at aimilar pressures by for exsmple GammonzT.
Thus, theﬂtwin wire anodes were replaced by a single wire anode
positioned along the axis of the cylindrical 32 réd collector electrode,
giving rise to the electron-orbit ionisation gauge (Fitch and Rushton“1’42).

Using the "V" shaped filament in this way gives a simple and efficient
.-method-of electron injection into this gauge, from which very high

_ __sensitivities_are obtained.

o P The electron-orbit ionisation gauge in high vacuum.

5 P 0 I Description of the gauge.

A -schematic diagram of the gauge together with its
associated electrical circuit is given in Figure 3.1. The construction and
materials used for the gauge fere identical to those of the thermionic
twin wire oscillator described in section 2.2.1, except for the use of a
single anode wire. The anode wire was of 0.4 mm diemeter tungsten and was
positioned along the axis of the collector electrode. The electrical
circuit was essentially the same as that described in section 2.2.2 for
the: thermionic twin wire oscillator. However, the electron emission
current ie from the filament was no longer monitored. An end-on view of
the gauge, including the filament and its supports is shown schematically
in Figure 3.2. This also shows the potential distribution within the

gauge, with the equipotentials again given as a percentage of the anode
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voltage VA' As with the twin wire oscillator, the small amount of
distortion of the electrostatic field caused by this 32 rod collector
electrode can only be seen for the 1% equipotential line. Figure 3.2
also shows that with the filament and its supports at the same potential
as the collector, a small potential disturbance exists around the
filament. This potential disturbance is required to inject the electrons

-

into orbiting trajectories about the anode. The gauge was tested down to

6

about 107~ torr in the oil diffusion pumped high vacuum system described

in gsection 2.2.3.

Beele Experimental results.

Bias characteristics of collector current ic versus bias
voltage VB were obtained for the electron-orbit ionisation gauge whilst

maintaining the anode current ia at 1 PA' The snode voltage V, was

A
“varied from 1 to 5 kV for several values of filament immersion depth D
aﬁd the pressure was again maintained constant at 1.4 x 10~° torr.
Similar forms of bias curves were obtained as with the single plate

. anode device. At 10-5 torr, higher sensitivities were obtained than with
either the twin wire or single plate anode devices. This increase in .
aensitivify was to be expected as the single wire anode is-smaller apd

" produces a trug central force fieid whereas the plate anode only
approximates to this fieid.

The value of the filament immersion depth D was not very critical
but was found to be optimum at about 0.5 cm. For much smaller values of
D, the accelerating field around the filament was insufficient to inject
the majority of the electrons into satisfactory orbiting trajectories.
Oon the other hend, for larger values of D, it was necessary to use high
values of vy to ob?ain naximun gauge sensitivity. With D = 0.5 cm, it
can be seen in Figure 3.3, that ic varies smoothly with changes in YB.

5

At a pressure of 1.4 x 10~ torr, the maximun sensitivity is about
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4 1

4 x 10" torr ~ ‘with'V, = 1 kV and V; = 30 volts; and about 5 x 104 torr?

A
with VA; 3 kV and VB = 90 volts. However, the loss in sensitivity when

V, = 0 is very small for all values of V, at this pressure. The variation

B A
of thq“gauga sensitivity with pressure for V, = 1, 2 and'3 kV with ?B =

6

A
30, 60 and 90 volts respectively is shown in Figure 3.4. At 1.4 x 10~

1 5

torr, the sensitivity is 1.1 x 105 torr ~ for V, = 1 kV and 2.8 x 10

A

torr‘l for’VA = 3 kV. The sensitivity is shown to increase with decreasing

pressure for all values of VA and has not reached a constant value at
10'5-tbrr£ Results in Figure 3.4 indicate that the upper pressure limit
of the gauge - that is when the gauge sensitivity is independent of
7

pressure - will be in the region of 10-' torr.

 Sensitivity
1y

" (torr

L 105 ——+

107 : 1074

Pressure (torr).

Figure 3.4. The variation of sensitivity with pressure. .
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3e2e3 Variation of the length of the paume and the position

of the filament.

The length of the gauge wasﬁiaried from 20 cm downwards
vhen operating at a pressure of about 10-5’torr. It was found that there
was no»gignificant loss in sensitivity until the length had been reduced
to about 5 cm. This is when the collector length is equal to the collector
diameter. ?he plane end-plates are adequate for the reflection of the
electrons in the axial direction, as the eleotroﬁé will ‘be reflected at a
distance from the end-plates which is approximately equal to the cylinder
‘radius.

The lergest potential disturbance in the orbitron arises from the
presence of the filament supports rather than from the filament itself.
.—With the-method-of electron injection used in the electron-orbit ionisation
: _,gauge,_the_iilament supports are positioned behind the filament, so
preventing most of the electrons from interacting with this distortion
when returning‘to the vicinity of the filament. The positioning of the
filement midway along the length of the collector cylinder makes it
.possible to: have smooth termination of the electrostatic field at both
ends of the cylinder. It was for this reason that all future measurements
were made with the filament positioned midway along the length of the
cylinder.

It was found that using the "V" shaped filement with its plane
along the cylinder axis (Figure 3-5(3)) was more efficient than using it
with its plane normal to the cylinder axis (Figure 3.5(b)). This was
presumably on account of the larger emitting area of the filament being
in a favourable position to inject electrons into the orbiting trajectories
when the filament was positioned in the manner illustrated in Figure 3-5(5)'
Thus, all future measurcments with the electron-orbit ionisation gauge,

involved the use of the filament orientation illustrated in Figure 3-5(3)-
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3.2e44 Ion losses.

.With the twin wire oscillator operated in the orbiting node,
it was found in experiments using a solid cylinder as the collector
electrode, that the small .amount of field distortion at the 1% equipotent-
ial for the 32 rod collector did not seriously influence the electron
trajectories. This design did however, provide very good conductance to
..the vacuun system. The difference in collector currents for the solid
cylinder and 32 rod collectors was attributed mainly to ion losses
through the 32 rod collector. The ion losses were determined by measuring
the electron current leaving the filament ie‘ the electron current arriving
at the anode i and the collector electrode current ié' Thus, if i
represents the ion current lost through the collector and neglecting
secondary electron emission from the collector, then := -

ip=4 -1 -1

c

and hence the the fractional loss of collector current is :-

i - - .
L 1y = te =4
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It was found that for-vA = 1 kV, about 15% of the ions are lost
through the 32 rod colléctor electrode. This is less than would be
expected from this design of collector which has a 60% open structure.
This must be due to some degree.of ion focussing arising from the
potential distortion -around the collector rods. Thus, this open collector
electrode structure should offer the advantage of reducing the effects of

X-rays produced at the anode end so reduce the X-ray limit of the electron

-orbit ionisation gauge when operated in ultra high vacuum conditions.

‘3,3, The electron-orbit ionisation gauge in ultra high vacuum.

F3e3.1, Description of the gauge.

The ultra high vacuum form of the electron-orbit ionisation
gauge (Fitch and Rushton43) was very similar to the high vacuum device,
but was constructed entirely of stainless steel, tungsten and ceramic
insulators as illustrated in Figure 3.6. The stainless steel end-plates
were of 5 cm dismeter and the 2 mm dismeter tungsten rods were located in
.:32 ;Y“ ;haped nétches around the circumference of the end-plates. Stainless
steel cleats were used to secure the tungsten rods to. the end-plates.
Ceramtec bushes were again used to insulate the anode wire from the end-
plates and collector rods. The anode wire was of 0.25 mm diameter tungateﬁ
and was pqgitioned along the axis of the gauge cylinder. Due to the
independence of gauge sensitivity with gauge length, the overall length of
the gauge was'redueed to- 12.5 cm. The gauge including the 0.1 mm dismeter
filament andﬁifé supporté, was mounted on & 6 o0.d. conflat flange which
vas 1nserté& into a stainless steel ultra high vacuum chamber. A filament
immersion depth of 0.5 cm was used and a general view of the completed
gauge mounted on the flange is given in Figure 3.7. The electrical circuit

was essentially the szme as given in Figure 3.1, except that ;hg'gqqﬁg

voltage was now supplied from H.T. batteries.
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Figure 3.6. Schematic diagram of the electron-orbit ionisation gauge

for use in ultra high vacuum.
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3324 The ultra high vacuum systen.

A schematic diagram of the ultra high vacuum system is
given in Figure 3.8. The system is a standard A.E.I. ultra high vacuum
"
system with a 12 diameter stainless steel vacuum chamber. The system was

roughed out to about 10~

torr (as measured by a thermocouple gauge) by
two liquid nitrogen cooled zeolite sorption pumps with the isolation valve
open. At a pressure of about 10°2 torr, the 120 litre sec™! triode ion
pump: could be operated and the isolation valve then closed. Extra pumping
speed was obtained by using a water cooled sublimation pump. The
sublimation period was automatically controlled but the cycling time had
to be operated manually. Three ovens were used to bake the vacuum chamber
and ion pump up to a temperature of 35000. With this bakeout, pressures in
the region of 10"11 torr could be achieved. The total gas‘pressure in the
gyatem was mcasured by both an A.E.I. Trigger gauge and a Mullard IOG 13T
jonisation gauge. Partial pressure analysis could also be carried out by
use of the Minimass mass spectrometer on the system. The gas pressure in
the system could be controlled by pumping against a continusl leak via the
: ultra high vacuum leak valve. Figure 3.9 shows the complete system
together with the associated control units for the equipment. On top of
the vacuum chamber is a 6? o.d. conflat flange onto which the experiments

could be mounted.

3.3.3. Experimental results and discussion.

The bias characteristics for the electron-orbit ionisation
gauge with VA =1 kV and ia = 1 pA are given in Figure 3.10 for pressurés
ranging from 10—5 torr to ?I.()'_8 torr as measured by the Mullard IOG 13T
jonisation gauge. A normal bias characteristic with a broad collector

current peak was obtained at 10~

torr, as shown in Figure 3.10(a). As the
pressure was reduced to 10-6 torr, the peak became more critical as shown

in Figure 3.10(b), with the maximum of the peak corresponding to the
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electron energies where the maximum ionisation cross-section occuras.

7

However, at 5 x 10" ' torr, the general shape of the characteristic shown

in Figure 3.10(c) is similar to that observed at 10“6

-torr. The maximum
sensitivity is 2 x 10° torr T at Vy = +20 volts. But thore is clear
evidence of a second peak occuring near this region of maximum sensitivity.
Figures 3.10(d), 3.10(e) and 3.10(f) show the form of the characteristics

at 10'7, 5 x 1078

md 1072 torr respectively. It cen be seen that as the
pressure is reduced, the apparent sensitivity of the gauge also reduces
and at 10'8 torr, the recorded collector current ic is negative at nearly
all values of VB. These characteristics were quite reproducible and the
positions of the various peaks were always found to occur at a definite
value of VB for any particular pressure.

If we exanine tne bias characteristic at 10°° torr (Figure 3.10(f)),
then at very small values of VB’ some of the electrons are able to reuch
the collector electrode due to their own thermal energies. In addition
some electrons can reach the collector électrode due to the use of A.C.
heating of the filament. The A.C. heating superimposes a small alternating
.‘voltage of approximately * 1.5 volts upon the steady bias voltage VB' This
electron current to the collector is virtnally independent of pressure and
is: therefore negligable at high pressures. Over the region AB, electrons
leaving the filament only require to gain a small amount of energy due- to
the small value of Vp , in order to enable them to reach the collector
electrode. Therefore, it is possible that ia is mainly due to electrons
that have travelled relatively short total path lengths, as the long lived
‘electrons will possibly have gained sufficient energy in order to
surmount the small potential barrier at low values of VB and so reach the
collector electrode. A possible mechanism ﬁy which they gain this excess
energy nay be by electron-electron collisions as suggested by Meyer and

26

Herb“’ for the orbitron. Thus, at low pressures, this electron current to

the collector will be larger than the positive ion current to the
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collector, because at these values of V the electron energies will not

B L
be near the maximum cross-section for ionisation.

As VB is increased further, the electrons now require more energy
to reach the collector and so the electrons will exist in stable

trajectories. At pressures below about 1077

torr, the total electron path
lengths are large enough for these electrons to form a significant electron
space-charge within the ionising volume. Thus, any further electrons
ejected from the filament will tend to be screened from the anode by this
space-charge. Electrons leave the filament in random directions and so an
equilibrium of the electron space-charge density will not exist. With an
imbalance of the electron space-charge denuity, the electrons tend to move
into regions of lower electron density and so acquire kinetic energy and
overshoot these regions. The imbalance remains and so the electrons are
attracted back and again overshoot, so producing an oscillation of the
electron space-chsrge density. Hence, some electrons will extract a nett
energy from the space-charge oscillations, enabling them to reach the
collector electrode. This electron space-charge will exist over the range

: of VB from B to F. In this region, ic will be negative due to more
electrons than positive ions arriving at the collector electrode, but a
peak CDE is obtained vhich is probafly due to the electron energies at this
value of VB, being near to the maximum cross-section for ionisation of the
gas molecules.

As Vg is again increased over the region FG, the area of electron
emission from the fileament will be restricted to the filament tip, thus
making the electrons pass very close to the anode. This isga region of high
potential gradient in the anode field and.more electrons will g; straight
to the anode. Thus, the effect-of the eleétron space-charge will be reduced
and the positive ion current obtained with this bias voltage will
predominate over region FG.

The electron space-charge hypothesis is supported by the fact that
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if the electron emission current from the filament is increased, the
electron current to the collector electrode at the minima C and E also
increases (that is ic goes more negative). A further point of interest is
that these bias characteristics in Figure 3.10 were obtained without the
mass spectrometer magnet being in position. The residual magnetic field

in the ultra high vacuum system was of the same order as the stray
_magnet{c field in the laboratory. With the mass opectrometer megnet in its
normal position on the mass spectrometer, the leakage magnetic field was

4 ebers m'z) and the bias characteristic at 10~C torr was

large (> 10~
"modified in the manner illustrated in Figure 3.11. Therefore, the applic-
ation of the magnetic field tends to remove the electrons from the electron
space-charge to the anode; thus reducing the electron current to the

ccllector electrode. This makes the positive ion current to the collector

obtained at 10-8 torr predominate giving rise to a single peak in the bias

curve.
A - .
* 10~2 torr.
i S
c >
s
-4
1. Mass spectrometer magnet in position.
2. Mass spectrometer magnet not in position.
Figure Fill Modification of the low pressure bias characteristic

by the presence of a maénatic field.
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The electron energies end trajectories will be modified by the
anode field and by the presence of the electron space-charge. The electron
mean free path between ionising collisions will be dependent upon pressure
and so the extent to which the electron traiactoriea and energlies pre
modified by the electron space-charge will be dependent upon pressure.
This could possibly be the reason why the ion current peak D appears té
move to slightly larger values of VB with decrease in pressure.

With these electron space-charge éscillations present in thé blas
characteristics, the use of the device as a pressure measuring gauge 1is

limited and attempts were made to overcome these limitations.

BeSeds Reduction of the electron space-charge.

The bias characteristics given in Figure 3.10 were obtained
with the anode current ia maintained at i RA. In order to overcome the

electron space-charge limitation of the electron-orbit ionisation gauge,

7

the anode current ia was reduced to 10 ' amps, so reducing the electron

density within the ionising volume of the gauge. A D.C. amplifier was now
employed to measure ia and the mass spectrometer magnet was again removed.

The bias characteristics obtained with V, = 1 kV and i_ = 10”7 aaps

9

A

are given in Figure 3.12 for pressures ranging from 10""5 to 107 torr as

measured with the Mullard IOG 137 ionisation gauge. With this reduced anode

=T

current of 10 ' amps, it can be seen that the collectar current peak is

constant at all pressures at about +36 volts filament bias VB. No negative
values of i, are present at large values of VB' indicating that no
significant electron space-charge oscillations are present.

Figure 3.13 shows the variation of collector current ic with pressure
for the electron-orbit ionisation gauge operating at VA =1 kV, VB = 36volts

and i = 10'7
a

anps. The pressures were measured simultezneously with the
Trigger gauge and the- IOG 13T gauge. As can be seen from the two graphs in

Figure 3.13, there is agreement in the pressure values indicated by the
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Trigger and I0G 13T gauges at 10™° torr. However, below 10~ torr, a
discrepency exists between the two gauges. Thus, the sensitivity of the
electron-orbit ionisation gauge will appear to be greater when the pressure
is measured with the Trigger gauge rather than the I0G 13T gauge. The high
pfeésure limit for the electron-orbit ionisation gauge is as predicted

earlier, in the region of 10™!

torr. This high pressure 1limit is when the
average total electron path length in the gauge is limited by electron
collisions with gas molecules. Below 10~/ torr, there is a fairly linear
variation of collector current ic with pressure.

Figure 3.14 shows the variation of sensitivity of the electron-
orbit ionisatior gauge with change in pressure as indicated by the IOG 13T
gauge. The apparent sensitivity of the gauge when using an anode current of
1 PA, given in Figure 3.14(a), was determined from the maximum positive
. velues of ic obtained at the peak D in Figure 3.10. With ia =1pA, a
maximum sensitivity of about 4.5 x 10° torr~! is obtained at about 10"7torr,
but at lower pressures, the apparent sensitivity rapidly decreases due to
~ the electron space-charge limitation. With i, = 107 amps, Figure 3.14(b),
. ﬁ maximum sensitivity of nearly 4 x 105'torr"1 is obtained in the region
of lo-T'torf, but at lower pressureé kﬁe sensitivity does not decrease
nearly so rapidly as when :La = 1 pA. It should be noted that a maximum

sensitivity of 10° torr™2

is obtained for the electron-orbit ionisation
gauge, when using the Trigger gauge pressure‘maaaurements'to'défermine

the sensitivities. Reducing the emission current from the filement has the
desired effect of reducing the electron space-charge oscillations.

It can be shown (Dushman44) that =

I = }lnI ’ ®esevevssessne (6)

where 1 is the average total path length of the electrons before collection

by the anode, Ip is the positive ion current prbduced in the device, ? is
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the ionisation cross-section, n is the number of gas molecules per unit
volume and Ie is the electron emission current from the filament. At
pressures above the high pressure limit of the gauge, the average total
electrqn path length is limited by collisions with gas molecules. Hence,
the varisbles in equgéiqn (6) will be Ip, n and 1. Below the high pressure

G
limit, for a linearysmariation of Ipwith pressure to occur, the sensitivity

————

S must be constanti?ﬁhﬁ%'ia 1 must be constant with pressure. Hence, for a
linear response of the gauge below the high pressure limit, the only
variables in equation (6) are Ip and n. Now it has been shown that if the
sensitivity is too high, that is if 1 is too long, tﬁenlelectron space—
charge problems will be encountereﬁ. However, if the number. of electrons
is reduced, that 1is if Ie is reduced, then these electron space-charge -
problems can be overcome. At first sight, by reducing Ie-by an order of
magnitude, the pressure at which electron-space problems occurred could

be expected to be reduced by an order of magnitude also. However, if'i-is
now constant with pressure, then this would probably not be the case. This
is because the electron space-charge is dependent upon the number of

. electrons per unit volume, which is in turn dependent upon 1 and Ie’ Thus,
the electron density in the ionising volume will tend to remain constent
with pressure.'This is probably why only a single peak, with no space-
charge oscillations, is present in the bias characteristics at any pressure

7

when ia = }0’ amps. Thus, in practise the electron space-charge problems

-7

develop far more slowly at ia = 10" ' amps than at ia = 1 PA"

Measurements with the electron-orbit ionisation geuge were carried

out down to-pressureé of 5 x 10”0

10

torr as measured by the IOG 13T gauge,
that is 1.4 x 10~ torr as measured by the Trigger gauge. However, at

h x 10_10 torr, it was necessary to ‘use an electron emission current of
10 mA for the IOG 13T gauge. This produced a residual electron current of

12

3.5 x 10 -~ amps on the collector electrode of the electron-orbit

ionisation gauge. With 1 mA emission for the IOG 13T gauge, the residual
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3

electron current was 3 x 1()-1 amps. These residual currcnts were

measured when the filament in the electron-orbit ionisation gauge wes
switched off, but had a bias voltage VB of +36 volts on it, whilst

VA = 1 kV. The true dion collector current id in the electron-orbit

12

jonisation gauge is of the order of 10 ~° emps at a pressure of'lo'gtorr

when using an anode current of 10™!

|

amps. Thus, the residual electron

current at 5 x 10~ v torr resulting from the 10 mA electron emission for

the I0G 13T gauge, will be of the some order as the true collector current

12

10. A correction was made by adding the 3.5 x 10 amps onto the measured

value of.i-c obtained:at 5 x 10—10 torr. No significant interference from
the Trigger gauge with the electron-orbit ionisation gauge was observed.
+ Another problem encountered at very low pressures below'lo-lo torr

was due to positive ion emission from the tungsten filament of the

.. electron-orbit ionisation gauge. This emission was very dependent upon:

filament temperature but independent of pressure. It was due to positive
ions produced at the hot filament surface probably from alkali metal ' °
impurities in the tungsten. However, the positive ion emission reduces
with filament age and this process was accelerated by operating the

filament at a'very high temperature prior to taking any measurements.

However, when using a tungsten filament at pressures in the region of 10'11

12

to 107" ° torr, even after a period of operation of the filament at a high

temperature as described above, the positive ion emission could still be -
a problem. For this reason, it would be advisable to use filaments that
operate at lower temperatures, such as'thoriated tungsten or lanthanum
hexaboride (Jenkins45). Thus, measurements have not been iaken-below

1 torr;'but.no‘low pressure limit has been observed. Calculations
(Appendix 2) show that the X-ray limit of the gauge should be in the region

2

of 10712 torr.
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3.4, Discussion.

In any very high sensitivity device such as the electron-orbit
ionisation gauge, electron space-charge oscillations will be a problem at
low preséures, producing instabilities in the bias characteristics of the
gauge if too large an emission current is used. In one series of

_experiments with the electron-orbit ionisation gauge, reducing the
senait{vity of the gauge by removing rods from the collector electrode,

. also reduced the instabilities due to the electron space;charge

, oscillations. This is sanalogous to the observations reported by Meyer and

Herb2?

with orbitrons of high and low sensitivities. In their high
sensitivity orbitrons, they observed instubilities with dips to negative
collector currents, which they attributed to electrons gaining sufficient

4

w————energy to reach the collector electrode. In their low sensitivity orbitrons
;:__ﬁ;1£h$£:::nstabillties were not observed in the bias characteristics. Gammon27
= reported instabilities at far higher pressures in the region of 10~ 9 torr
. and attributed these to electron interaction with the electrostatic field
distortion produced by the filament. In the electron-orbit ionisation
gauge, the field distortion associated with the filament is very small
and removed from the orbiting electrons and no instabilities have been
. encountered at the pressures reported by GammonZ?. However, if too many
.rods were removed from the collector electrode in order to reduce the
_sensitivity of the electron-orbit ionisation gauge, there were indications
that instabilities were developing which were possibly due to electron
interaction with the large field perturbations at the collector electrode.
.Thus, it is reasonable tc assume that the instabilities reported by’

Meyer and Herb26 and those reported by Gannon?’

are of a different nature
from each other. The instabilities reported by Meyer and Herb® appear to
be of the same nature as those encountered in the electron-orbit

ionisation gauge at low pressures. It is essential to keep any

perturbations of the anode field inside the ionising volume to a minimua,
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in order to prevent any instabilities of the type reporteé by GammonaT.
Also, in any very high sensitivity device, it is necessary to keep the
electron emission current to a minimum in order to reduce the instabilities
due to electron space-charge oscillations.

The results obtained with the electron-orbit ionisation gauge were
of & very reproducible nature ‘even when new filaments were used. The gauge
should find useful application in the ultra high vacuum field due to its

~very high sensitivity. A mesh structure could replace the 32 rod structure
of the collector electrode, so simplifying the construction of the gauge.

Finally, this design of ionising device may find:application as the
ioniser in radial electrostatjic field ion pumps. The whole geuge including
the filament could be raised by about + ¥ XV above an earthed outer casing

~~in-a"manner similar to that described by Bills’® for the orbitron. This
_ _would —ensure that-ions passing-through-the collector electrode-grid
structure,have sufficient energy to be trapped efficiently by ion burial

at the outer casing wall. It was observed that at V, = 1'kV, only about 15%

A
of the collector current id‘wés lost 'due to ions passing through the
collector. Thus, if this device is to be used in en' ion pump, the collector
electrode will probably have to be made more open in order to increase the
number of ions passing through it, even if this means some loss in
sensitivity. The titanium gettering material would preferably be cbtained
from a separate resistance heated sublimation filament. This method is
preferred to having slugs of titanium mounted on the anode as described by
Douglas et 3130, as these would lower the sensitivity of the device as a

result of electron collision with the enlarged regions of the anode due to

these slugs of titanium.
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CHAPTER 4.,

INVESTIGATION OF THE COLD CATHODE TWIN WIRE OSCILLATOR.

4.1. Introduction.

An investigation of the characteriatics in terms of the

geomet?y of the cold cathode twin wire oscillator is described in this
Chapter. The influence of secondary cleétron yield from the collector
electrode is also described. The construction of the oscillator was based
on the design described by McIlraith32 and Thatcher34.

4.2, Exverimental equipment.

421 Desien of the oscillator. .

~ The construction of the cold cathode twin wire oscillator
is shown in the-schematic diagrem in Figure 4.1. The collector electrode
consisted of a 5 cm internal dismeter by 20 cm long stainless steel tube
end two 'Dural' end-plates were positioned at the ends of the collector.
Each end-plate contained six 0.95 cm‘diameter gas pumping ports. Anode
wires of 0.25 mm diameter tungsten were used at a separation of 0.5 cm.
These anodes ﬁere positioned in end electrically insulated from the end-
plates by two ceramic bushes. Spring tensioning of the snode wires was
employed in order to prevent them from bowing when heated by electron
bombardment. The cold cathode oscillator was operated in the high vacuum

system described in section 2.2.3.

4.2.2, The electrical circuit.

A schematic diagram of the electricel circult is given in

Figure 4.2. The tube voltege VT wes provided from a H.T. power unit

copable of delivering an output of 50 mA at 12 kV. A 10°SU current
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limiting resistor was placed betwveen the anodes snd the output of the
H.T. unit. The tube current iT was measured at the earthed collector
electrode (which is now the cold cathode) by means of a microammeter

capable of measuring from 0.2 pA to 120 mA.

105Il limiting resistor.

—_—
—
—

-

Figure 4.2. Circuit for the cold cathode twin wire oscillator.

4.3. The current - voltage characteristics.

The variation of tube discharge current i, with enode voltage VT

_ T
was investigated at different pressures. It should be noted-that"\’A is

the -anode voltage with respect to the earthed collector electrode, where

5

the voltage V. across the 10

L N limiting resistor has been taken into

account. Thus, the applied tube voltage VT from the output of the H.T.

unit is equal to the sum of VA and VL.

The curves of i, versus vA were obtained by measuring i, es vV, was

decreased. In order to obtain reproducible results, the oscillator was

operated for a period of time in order to outgas the materisls before any
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measurements were mede. During these experiments with the cold cathode
twin wire oscillator, it is the Penning gauge pressures that are quoted
rather than the Bayard - Alpert pressures given in Appendix-l. The
characteristics are given in Figure 4.3 and are very similar to those
obtained by Thatcher34, with the cut-off voltage for the discharge being
dependent on the total gas pressure.

In order to test the efficiency of the planc end-plates for the
end-reflection of the electrons along the z axis, three further _
oscillators were constructed with collector electrode tube lengths of
10 cm, 7.5 cm and 5 cm. Similar shaped characteristics were obtained as

for the 20 cm long oscillator and these are given in Appendix 3. From the

cleaning of the anode wires by heating due to electron bombardment, it

- --was-observed that the electrons only approached the end-plates to within

approximate’ly 1.8 cm. Hence, the active discharge region was approximately

3.6 cm shorter than the length of the oscillator. As the oscillator length
was reduced, the tube current density was found to remain constant if
these end-effects were taken into account.

The usual form of current - voltage characteristics were obtained

~down to pressures of 5 x ].l)"'6 torr, but the cut-off voltége at 10-6 torr

was less than at 5 x 10—6 torr, resulting in a cross-over in the
characteristics as shown in Figure 4.3(b). The cause of this cross-over
is uncertain, but it was observed that this cross-over did not always
occur, as sometimes no discharge at all could be obtained'at 10'6 torr,

As the cross-over discharge current at 10-6'£orr was dependeht upon the

-collector electrode length, it appears that this current must be due-to

genuine oscillating electrons. The cross-over only occurred when the leak

valve was fully closed and the high vacuum system was ‘at its ultimate

6 6

pressure of about 10~ torr. Also, the discharge glow at 10™° torr was.

only visible in the vicinity of the ceramic insulators} The existence of
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the cross-over is suspected to be dependent upon the degree of
contamination of the insulating bushes. This could possibly give riso to
a supply of electrons or gas from the contaminated insulators, 8O

initiatihg the discharge at this pressure.

4.4. The effects of variation of anode scparation nnd snode dismecter.

The variation of tube current i with anode contre to centre
separation is given in Figure 4.4. for V = 9 kV. Similar information is
given in Appendix 4 for values of VT equal to 10 and 11 kV. The tube
voltages VT quoted in Figure 4.4 and Appendix 4 are not corrected for the
voltage drop VL across the lpsfl liniting resistor. Anode diameters of

0. 15 nn, 0.25 mm and 0.4 mm were used and in all cases, as the anode

b

aration ig decreased, the value of i increases until a maximnm is

/

£

talned at an anode separation of 5 mm tv 6 mm. However, at anode
. separations of less than asbout 4 mm, it was not possible to obtain any
discharge, so éiving rise to a cut-off ac this anode separation,(Rushton
and Fiten?0).

The electrostatic fiéld in the xy plane of the electron-orbit
ioni;ation gauge, which uses a single wire anode, is a true central force
field. In the central force field, the angular momentum L of the individual
electrons is conserved if L is defined relative to the centre of the field,
since the line of action acting on the electron passes through the centre
of the field and so the torque X on the electron is zero. Since Eé- = K,
then L is constant with time. a

In the twin wire oscillatof, the electrostatic field approximates to
a central force field when the distance r of the electron from the origin
(that is the saddle-point) is large compared with the snode separation.
Hence, at large values of r , the angular momentum of the electron about

the origin will tend to be conserved. Hence, the electrons will follow the

field lines if they have zero initial kinetic energy. However, if they
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have an initial kinetic energy, they will follow a trajectory where L

is conserved snd is given by :- .

L .H mz X x = m_:_'! Eine RN R R RN NN (7)

where v is the electron velocity and m is the electron mass.

electron

Origin.

SIS 1 e 4.5.

Hence, the trajectory of the electron at large values of r will be given

by :-
¥ x r = constant

vhere the constant is determined by the initial kinetic energy of the.
electron.

However, as the electron approaches the vicinity of the anodes, the
angular momentum of the electron about the saddle-point will no longer be
conserved due to the anodes exerting a torque X = r x F on the electron,
.where F is the resultant force exerted on the electron by .the anodes.

At large anode separations, the potential of the saddle-point will
be low and the electrons will experience a torquekK exerted by the anodes
at larger values of r , giving rise to a relatively short average total

electron path length. As the anode separation is decreased, the saddle-
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point potential incresses, so haking the electrostntic field appear to
be more like a true central force field. Hence, the total electron path
length will tend ;o'increase and so the discharge will build up. This
increage in total electron path length with decresse in anode separation
has been demonstrated when using the rubber model analogue of the twin
ﬁire osciilatbf; Theldiécharga ﬁould continuelto.incroése as the anode
aepnratién is decreésed further, if it were not for the fact that
elecfrons éjected froﬁ the collector clectrode surface.by positive ion
bombardment, ara-ejectad in random directions and with initial energies
of up to qevéféllelectfon-VSIts (Hagstrum47).

| Thére%dre, the initial velocity‘gx in fhe direction of the x axis
ﬁuét be sufficie£¥1y large to cause the electfﬁn to be immediately
captured by one of the anodes. As the anode separation is reduced, thé
electron velocit& % vwhich is necessary to Eause the electron to be
captured.woﬁld-aléo 5e reduced. Thus, en anode separation will probably
exist where.fhelﬁajority of the electrons have éufficiently lafge velocity
cdmponents Ex to cause them to be captured by one of the ﬁnodés. At this
. -sepﬁration, ferﬁ few eiectrons will oscillate between the anodes and a
cut-off is observed. ‘ - |
) Llrough:calculation can be made of energy required bylthe eleéfroh
in order for it to be immediately captured. McIlreith®® calculated the
fredﬁency of osciilation of the electrons along the y axis to bﬁ about
2x 108.Hz ﬁhen.vi
’5'x 10~2 seconds. Thus, the time taken for the electron to reach the

= iO kV, giving a period T of osciliation of about
plane-of the enode wires is T/4 = 1.25 x 10~ seconds. Assumiug that the
electrostatic field is a true central force field with ita origin at the
saddle-point, then the electron will travel along the field 1ines to the
saddle—point, if it has zero initial velocity. Taking the anode aeparation
of 0.4 cm (the separation at which the cut-off occurs) then to hit an

enode immediately, the electron nust have.a veloclty c0mponent Y. that is
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sufficient to make it travel 0.2 em along the x axis direction. Assuning

that X, remains constant as the electron approaches the anode plane, then,

2 x 100 1

m sect = 1.6 106 m sec ,

'5&

1.25 x 1072

vhich is equivalent to an electron kinetic energy of §.3 eV.

' Thus, .an electron emitted from the collector wall in the x axis
direcf&on ﬁith:an energy of 6.3 eV will collide directly with an anods.
With an anocde separation of 0.5 cm, the equivalent electron cnergy will
be.about 11 eV, which about 1.7 times that of the required energy at
0.4 cm separation. The above calculation assumes that_xx is constent as
the'electrqn approaches‘the.plane of the anodes. This is obviously not
true, as the electrostatic field is not & true central force field and
the electrons_cen only oscillate along the y axis if there is to be no
resultant force on it in the x axis direction. However, this calculation
does indicate that the initial‘energies.required to expléin the cut-off
are within, the range of energies expected for electrons ejected from a
surface by positive ion bombardment. :

However, it is not necessary for the electron to be captured
immediately to;produca a cut-off in the discharge. It is only necessary
th_at‘gx_shouldipe sufficiently large to enable the electron to be captured
by an enode before a useful ionising collision with a gas molecule occurs.
Thus, the elecfron nay make several oscillations between,tha.aqodes
before being captured and so the required value of_gi for the discharge
cut-off may be less than the calculated value. Furthermore, as the mean
free path between ionising collisions:ihcreasea with”dep;ease_in_pressure,
the anode separatioﬁ at vwhich the discharge ceasea wi1; also=bq dependent ‘
upon pressure, as appears to be the. case in Figure 4.4 and Appendix 4.

It can be seen from Figure 4.4, that the enode diameter has very

little effect upon the performance of the oscillator. An oscillator that
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employs two 2 mm diameter anodes has beea constructed and little
deterioration_iﬁ thg performance‘of the oscillat&f was observed. The use
of these rigid anodes offer many advantages over the wire anodes and
these were made use of in the improved version of the ion source

application of the oscillator, as described in Chapter 6.

4.5. The influence of electron vield from the collector electrode.

In order to investigate the éffects of the electron emission
yield from the collector electrode surface, the material used for the
collector electrode was changed to aluminium. The characteristics of tube
current iT versus anode voltage VA are given in Figure 4.6. Similar
shaped characteristics were obtained as vhen using the stainless steel
collector electrodes, but due to the larger secondary electron emission
yield from the aluminium collector surface, the characteristic curves
for the aluminium collector were displac;d from the curves for the -

stainless steel callector, to smaller values of V This made the cut-off

A
voltage with the aluminium collector occur at approximately half of the
value of the cut-off voltage with the stainless steel collector. In
addition, because of the larger electron yield from the aluainium
collector surface, the tube current iT becomes critically dependent upon
anode voltage aﬁ the higher values of VA.
In order to investigate the effects of the electron yield from the
collector surface upon the low pressure limit of the oscillator, the
oscillator first with the stainless steel collector and then with the
aluninium collector, was put into the ultfa high vacuum system described
in section 3.3.2, with the mass spectrometer magnet removed for reasons
explained in the next chapter. It was found that the low pressure limit
of the device was lower by about a factor of two when ﬁéing the aluminiun
collector at any given value of V,. No indication of the cross-over

A
mentioned in section 4.3 was observed during these experiments.
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It was found that when operating the oscillator with the aluminium
collector in the high vacuum system, the performance of the oscillator
fell off gradually. After a few hours operation,  the performance of this
oscillator vas less than that obtained from the oscillator with the
stainless steel collector. This is now believed to be due to the original
gluminium collector having a considerable oxide layer on ité surface which
is ﬁnown to have a high secondary yield. But during operation, the .surface
became cleaned by positive ion bombardmént, so exposing the relatively
clean aluminium surface from which the secondary -electron yield is lower.
Hence, aluminium appears to Pe an unsuitable material for the collector

electrode, if reproducible results are to be obtained.

4.6, Discussion.

The -enode separation is the important parsmeter to be considered
when constructing the twin wire oscillator, as below a critical snode
separation, no cold cathode discharge can be maintained. Anode diameter
has little influence on the performance of the ogscillator and 2 mm diemeter
anodes have been successfully used in an ion source based on this
principle, as described in Chapter 6. -

The twin wire oscillator is capable of sustaining a cold cathode
discharge down .to pressures of 10-6 torr, depending upon the value of the
electron yield from the material used for the collector electrode. However,
the-experiments concerned vith the geometrical changes in the device have
not produced eny significent reduction in the low pressure limit. Therefore,
it was assumed_thatvsome other faptor or factors were responsible for this
low pressure ;ipit. A possible reason is discussed in the next chapter
which is concerned with the influence of magnetic fields upon the

performence of the oscillator.
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. CHAPTER 5. . C

THE INFLUENCE OF MAGNETIC FIELDS UPON THE PERFORMANCE OF THE OSCILLATORS.

5.1, Introduction.

o __The cold cathode oscillator was put into the ultra high vacuunm
system, in order to_carry;out further investigations of its low pressure
limit. However, it was found that a discharge could not be held at a

-4

pressure below about 10 torr, even w;th Vp up to 11 kV. Previously it

was found that-using the hlgh vacuun system, a discharge could be

-6

meintained down to the region of .between 10~ : ard 10"° torr. It was

thought that the poorer low pressure limit in the ultra high vacuum
systen nay haﬁé'ﬁééH:dﬁé to the presence_pf_stray magnetic fields; such
as from the triode ion punmp, masslqpectrometer or T?igge;.ggpge magnets.
In order to test this theory, the mass spectrometer'and Trigger gauge
magnets wvere removed. The low pressure limit of the oscillator was then
reduced by about an order of ﬁagnitude, to a pressure of gbout 10"5 torr
at Vp, = 11 kV. This was now of the same order as the low pressure limit
obtained in the high vacuun system. It was eventually concluded that the
stray magnetic field from the mass spectrometer magnet had the most
influence. Thus, an investigation of the influence of magnetic fields
was carried out on both the cold cathode and thermionic oscillators,

(Rushton and Fitch45)3

Bele The influence of magnetic fields on the cold cathode twin wire

oscillator.
A magnetic field B will exert a force F on an electron of

charge e with velocity v , where F is given by :-

P o= e(zxy.
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Magnetic fields in the x, y end z directions of the twin wire oscillator

will give rise to forces :-

EZ = e (Exx_!y_) LR N N R (B)o
E, = e (B, xx) sassussseviis (9
'

EI = e (ny}:x) oncoo.-otooao.o‘“(IO)-

_F_x = e (%:xz) secscesssssrans (11).
t

Ey = e (szv) R R N N N N ) (12)0
1

_F_z = © (szv) sssveees e e (13).

It was concluded by McIlraith36 that as 3& is large, Eé in equation (8)
 and gi in equation (13) ‘are also largé. Assuming efficient end-reflection
of the electrons, Ez should ‘'be harmless as it is'directed along the
length of the oscillator tube. However, E; will produce a Larmor

* precession of the electron trajéctory'about B, as illustrated in Figure

' 5.1.

LR

( B, appli ed)

3
[ ]

= ok et
b o
fogamen B

electron trajectory. .
I

“ata

Fipgure 5.1. . . -,- The Larmor precession.. .
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Assuming that the electrostatic field were ssucer shsped, the
precession would continue indefinitely with a frequency, f, of rotation

given by :=-

e B
f = - HZ LR I A ] (14)!

4 Tn

vhere m is the mass of the electron. The Larmor precession will
eventually take the eclectron out of the discharge region and if the
electron does not produce an ionising collision with a gas molecule
before it leaves the discharge region, the discharge itself will be
eventually destroyed if enough electrons are removed in this manner. As
2 and v, are relatively small with rggpept to_g& » then a gqugf{p field
gzlwill be the most demaging to the performance of the twin wire
oscillator and this has been demonstrated experimentally to be the case.

In order to measura.the effect of magnetic fields upon the
performance of the cold cathode oscillator, the major component of the
magnetic field of a permanent horse-shoe magnet was calibrated at various
distences from the magnet using a Hall probe. Thg caelibration curve for
this magnet is given in Appendix 5. As it has been shown above that
pagnetic fields have their major influence upon the performance of the
twin wir; oscillator when they are applied along its z axis, various
known magnetic fields from the calibrated magnet were then applied along
this axis. Although the applied mamnetic fields were got strictly
uniform, it can be seen from the variation of tube current with applied
magnetic field in Figure Be 2, that the performance of the oscillator
rapidly deterlorates in the presence of magnetic fields. During these
measurements, the oscillator was for convenience replaced into the high
vacuun system with its z axis in the vertical positién. The two curves
in Figure 5.2 were obtained vith the applied magnetic field being in

opposlte directions along the z axis. For curve A, the applied magnetic
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field was in the opposite direction to the component of the earth's
field along the z axis. At the maxinmum, the two fieids cancel each other
out. In curve B, there is a continual decrease in tube current iT vith
increase in applied magnetic field, as in this case the earth's.magnetic
field ond the applied magnetic field were in the same direction.

figure 5.3 shows the variation of the oscillator's cﬁt—off pressure
vith cut-off magnetic field with the oscillaéor's z axis in th;
horizontal position in the high vacuum antem. The cut-off pressure is
defined as the pressure at which a cold cathode disharge just ceases
under certain conditions such as anode voltage and applied magnetic field.
Conversely, the cut-off magnetic field gc is the magnetic field applied
along the oscillator's z axis, that is required to just cut out the
discharge at a particular pressure snd anode voltage. To obtain the
results given in Figure 5.3, a parficular cut-off pressure was obtained,
first with the applied magnetic field and the earth's magnetic field in
theyéame direction, end then with the two magnetic fields in opposition

along the z, ‘axis. In this vay, the earth's magnetic field along the z axis

-

could 'be, eliminnted and the true cut-off magnetic field B deternined at

“_v:*_?ﬁa_particular cut-off pressure. It can be seen that the cut-off pressure

7

‘of the'oécillator is extremely dependent upon the presence of magnetic

fields. At pressures in the region of 10—5 torr, the cut-off magnetic

field is of the order of the earth's magnetic field. Hence, it is believed

=5 -6

that the present low pressure limit of about 10 ~ to 10 = torr for the

cold cathode twin wire oscillator could be due to the presence of strey

magnetic fields in the laboratory, these stray magnetic, flelds being of

. the order of the earth's magnetic fleld.

From the simplified theory described, it might be expected that

there would be a linear variation of cut-off pressure with magnetic field

gc . Figure 5.3 does not show a linear veriation between cut-off ﬁressure

and the cut-off magnetic field gc . This could be due to the applied



22 | 1 | T l
Cut-off

pressure o4 | . Yo = 11 kY.

(x 10" torr) .

18 —

16 |—

14 [

; | | | | |
o & T j

Cut - off magnetic field '(z 1074 webers ﬁ'zy.

Figure 5.3. The variation of cut-off pressure with cut-off magﬁetic

field.



67.

magnetic field being much more non-uniform at small distances froam the
magnet - that is fo; large values of magnetic field Ec . Mso, at large
distances from-the magnet, that is at small values of magnetic field'gc '
stray magnetic field components in the laboratory, along directions other
than the z axis of the twin wire oscillator may be significant. Thus,
deviations from linearity in Figure 5.3 cen be expected at both large and
small values.of Ec with this present experimental technique.

Having determined gc.. an estimgté of the stray magnetic field along
the z axis can then be calculated. In the high vacuun system with the
oscillator having its z axis in the horizontal position, the stray
nagnetic field along the z axis was estimated to be between 5 x 10-6 and

5 6

10" ° webers n~2, This wes later measured with a Hall probe as 8 x 10™

webers m-z, which is of the order to be expected for the horizontal
component of the earth's magnetic field. -In the high vacuum system with

the oscillator's z axis in the vertical position, the stray field along
5

-}
‘webers m =,

5 webers m ¢

the z axis was estimated to be between %.5 x 10“5 end 4 x 10
Measurements with the Hall probe confirmed this as being 4 x 10°
which %3 of the order to be expected for the vertical component of the
earth's field. With the oscillator in the ultra high vacuum system in the
vertical position and with the mass spectrometer and Triggor gauge magpets
removed, the stray field was determined as about 3 x 10~° webers a2,

5

Measurements with the Hall probe showed this to vary between 3 x 10 ° and

% yebers 12 in this -direction.

4 x 10
It was observed that with the oscillator in its normal position,

that is with its 2z axis in the horizontal position in the high .vacuum

system, a better low presaure-limit was -achieved than with the oscillator's

z axis being in the vertical position. This is due to the larger component

of the earth's magnetic field being in the vertical direction. This -again

demonstrates that magnetic fields along the z axis of the oscillator, of

the order of the earth's field, will affect the performance of the cold
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cathode oscillator. At one stage during these magnetic field experiments,
the 6 B.A, stainless steel screwed rods employed to hold the end-plates
onto the collector electrode tube, become very slightly magnetised and
this reduced the tube current. Replacing the stainless steel rods with
brass rods restored the tube current to its ﬁormal value. An improvement
was also obtained in the low pressure limit when using the brass rods.
With tpe brass rodé, the best low pressure limit for the cold cathode
discharge wes about 10~2 torr in the vertical position snd ebout 5 x 10‘"6

torr in the horizontal position when VT = 11 kV.

5.3, The influence of macmetic fields on the thermionic oscillators.

As a result of the experiments carried out with the cold cathode
~oscillator, investigations of "the influence of magnetic fields on the
—-—thernionic twin-wire-vscillator -were carried-out-in-the-high-vacuun
system for both the orbiting and oscillating mode electrons. With a
filament bias VB of +12 voité for the'orbiting mode end +96 volts for the

oscillating mode when V, = 1 Ef, the effects of magnetic fields slong the

A
z axis upon these two modes were observed. In Figure.5.4, the variation
of the ion collector current ic with applied magnetic field along the

z axis is shown for both the orbiting and the oscillating modes. With the
oscillating mode, the collecfor current ic is reduced by an order of

4

magnitude with the application of a magnetic field of only 10 @ webers n2
Vith the orbiting mode, over the region CD in Figure 5.4, a general
decrease in collector current i occurs when the orhitiné mode electrons
are disturbed by the relatively large magnetic fields. Hovever, even in

the orbiting mode condition, some electrons are emitted from the tip of
the filament and thus go into oscillation between the enodes. It is the
disturbance of these oscillating electrons by the magnetic field that gives
rise to the region AB.

By replacing the twin esnode wires with a single snode wire, as in
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the electron-orbit ionisation gauge, only orbiting electrons are

possible. It can be seen in Figure 5.5 that the orbiting electrons-are

only seriously affected by magnetic fields greater than 10~4 webexs m2,

As would be expected, no region ‘AB is obtained when using the single anode

vire. Whether the magnetic field was applied along the x, ¥ or z exes

made no observeable difference on the influence of the magnetic field

upon the orbiting mode eiectrons. However, due to the very high sensitivity

of greater than 105 torr’l for the electron-orbit ionisation gsauge, at low

pressures in the region of 1(}l-8 torr, §ery high electron densities exist

in the ionising volume of the device, giving rise to electron space-charge
' oscillations. With the application of magnetic fields of the order of

10'4

webers ﬁ'z or more, the electrons can be made to leave the ionising
-~ yolume and go’fo the anode more quickly, so reducing the electron density

and_the associated electron space-charge ogcillations, as described in

Chapter 3.
When operating the thermibnic'twin wire oscillator in the high
vacuum system, four 4 B.A. mild steel screwed rods were employed to tension
a ihe enodes. At one stage during these experiments, the oscillating mode
peak in the bias characteristics could not be obtained whereas the
e orbiting mode beak was unaffected. It was later found that this was due to
the presence of a residual magnetic field that had been produced in the
4 B.A. mild steel rods. As with the.cold .cathode oscillator,. these mild
steel rods were replaced with bress rods and the oscillating mode geak was
restored. All of the magnetic field measurements quoted here for the
~thermionic twin wire oscillator have been carried out when using these

brass rods.

5.4, Discussion.

McIlraith ® had originally predicted that small magnetic fields

of the order of the earth's field would have little effect upon the
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performance of the twin wire oscillator. However, these experiments have
demonstrated that magnetic fields have a much more significant influence
upon the oscillating mode electrons, whether in the cold cathode or the
thermionic twin wire oscill&tor, especially when the magnetic field is
applied along‘the z axis of the oscillator. These experiments have shown
that magnetic fields as low as the earth's field will produce a
deterioration in the performance of the twin wire oscillator. It is
therefore believed that the low pressurg linit of 10-5 to 10"6 torr for
the cold cathode oscillator is due to stray magnetic fields in the
laboratory which are of the order of the earth's field. Experiments have
been carried cut in vhich attempts have been made to shield these stray
magnetic fields from the cold cathode oscillator, in order to see if a
cold cathode discharge could be maintained at lower pressures. The
shielding material ﬁsed was en alloy with a high permeability at low
magnetic field strengths, but the results of these experiments proved to
be inconclusive. In order to obtain any evidence, it will be necessary
to canéel out these stray magnetic fields in the vicinity of tﬁe
oscillator by using some form of Helmholtz coils.

With an anode separation that is too =mall, it is known that the
discharge will eventually cease. If at 5 mm anode separation, the low
pressure limit o; the cold_cathode oscillator is due to stray magnetic
fields, then it is possible that even if the earth's field is screened
from the oscillator, a lower pressure limit will exist due to the anocde
separation. This is because the electrons will be Able to travel furtper
" in the x axis direction due to the increased mean free path between ‘
ionising collisions at lower pressures., If the znode separation is madé
larger, then the average total electron path length 1 within the
oscillator will be shortened, so reducing the discharge efficiency.

Due to the destructive influence of magnetic fields upon the

oscillating mode electrons, care must be tsken to avoid the presence of
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large magnetic fields when operating both the cold cathode and thermionic

twin wire oscillators.
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CHAPTER 6.

THE IMPROVED ION SOURCE.

6.1. Introduction.

The cold cathode twin wire oscillator was first employed as an
ion source by Fitch et 3137. This was done by allowing positive ions
formed'within tﬁé‘diacharge to escape through an aperture positioned in
the collector electrodh*on the y axis. Ion beam current densities of
about 100 pA c%fz were observed at pressures in the region of 5 x 10-4torr.
The major problém w;th this ion source was due to the fragile nature of
the thin eanode wires,‘which-were very easily burned out if there was a
sudden rise in gas pressure. However, it was shown in section 4.4, that
the gnode wire diemeter had little influcnce upon the performeance of the
oscillator, whereas the value of the anode spacing was rather critical.
It wvas therefore.realised that advantage could be taken of this
phenomenon by designing an ion source with much larger diameter anodes at
en appropriate anode separation. In this chapter, an ion source using 2mm
dismeter anodes is described, which has a performance equal to the
original ion source, but vwhich is much simpler in construction and more

reliable in operation.

6.2. Description and performance of the improved ion source.

The construction of the imprﬁveiﬁfaﬁ”saurée48 is illustrated in
Figure 6.1. The ion collector electrode wés"aéaiﬁ o} stainlesé sfeéi,
20 cm long by 5 cm internal diameter with a rectangular apgrture, 2,5 cn
long by 0.5 cm wide. End-plates of the usual design were used, but were
nov constructed of stainless steel. The anodes were made from 2 mm
diameter tungsten rods and were free to move in the ceramic insulating

bushes during thermal expansion caused by electron bombardment. It was



- ——

s————Specimen.

Cathode.

(1)
L/

i
Anodes. z
EE 10551 limiting resistor.
+ -
¥
l i
v —_
T -
Ceramic insulator. " Aperture.
A N
N wem— <
N S s N

Fieure 6.1. Schematic diasrsm of the improved ion source.




73.

therefore not necessary to incorporate any spring tensioning of the
anodes.

-« - The performance of this ion source was investigated for several
values of anode separation and it:was found to compare favourably with.
the oscillators that employed finer anodes. Again, if the anode separation
was too small, no discharge could be maintained. However, the optimum
anode centre to centre separation was found to be about 8 to 9 mm. This
is larger than the value of 5 to 6 mm separation for the optimum
performance obtained with the wire anodes. It.thus appears.that the
surface to surface anode spacing rather than the centre to centre
separation as illustrated iq Figure 6.2, is *he important parameter in
optimising the performance of  the oscillator. Thus, the.optimum surface to
surface spacing 'is about 6 to 7 mm, which is not very different from that
for the wirc anodes. This is to be expected, as the anode separation at
which the discharge ceases due to the initial kinetic energies of the
electrons, will to a first approximation, depend upon the.surface to

surface-spacing rather -than the centre to centre separation.

|
1
| ~ centro to I

qu———Jcentre -—————Eﬂ

separation.

o ; surface to @

|
|
— | surface
|
|

geparation.

Figure 6.2.

At centre to centre separations larger than 9 mm, the fall in tube current

i, was not drastic and so an anode centre to centre separation of 10 mm
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was used in the ion source. The variation of tube current i, with tube
voltage VT for this pnode scparation, is given in Figure 6.3 for the
pressure range 6 x 10-4 torr to 1 x 10-4 torr. It was observed that the
tube current reduced by as much -as 30f% after an initial period of outgass-
ing and the results in Figure 6.3 were obtained after this period when
the tube current was constant with time.

During normal operating conditions, the 2 mm diameter anodes reached
temperatures in excess of 1006o C, but this was considerably cooler than
when using the wire anodes because of the increased surface area. The
perfornance of the ion source was reduced by sbout 50% when 6 mm dismeter
stainless steel tubular anodes were employed. This suggested that it
should be possible to incorporate water cooling of the anodes if it is

necessary to reduce the anode temperature.

6.3. The radial distribution of positive ions emerging from the discharge.

The radial distribution of positive ions emerging from the
discharge in the cold éathode oscillator was determined by scenning a
. faraday cage around the outside of the ion collector electrode. A 120°
aperture was milled into the collector electrode midway along its length,
as illustrated by the dashed line in Figure 6.4(a). The aperture had a
width of 3 mm and a nickel cleat was placed around the oscillator's
collector g}ectrode, so producing an effective aperture of about 1 cm by
3 nm in--size in the collector. In this way, this effective aperture
could be rotated around the oscillator tube relative to the planc of the
enodes. The Faradey cage was constructed mainly from nickel sheet and had
a 1 mm diemeter limiting aperture in front of the collector cup, &as shown
in Pigure 6.5. This Faraday cage was scanned from -10° to 90o rotation
from the y oxis, as illustrated in Figure 6.4(a). The distance along the
y axis between the limiting aperture and the collector electrode was

maintained constant at approximately 5 cm. Inside the vacuum chamber, the
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electrical lead to the Faraday cup collector was completely screened in

order to prevent it collecting any ions scattered from the glass bell jar.

" . N . . sen " oo

' D.C. onplifier.

Coax socket.

Perspex ,,/””

insulator. -

"~ =

\\\\““~\\Faraday cup

; /// collector.
(0.8 cm diemeter by

1l mm diameter

2.5 cm long).
limiting aperture.

© Figure 6.5. The Faraday cage.

The variation of‘Faraday cup current iF with angle of rotation‘ia
given in Figure 6.4(b). The ion current density falls off quite rapidly
with angle of rotation and the discharge subtends an angle of about 50°
at the cylinder. axis. This agrees with the widths of the observed ioul.
etched regions on the interior of the collector electrode surface.

t

6.4, Current density of the ion beam.

The variation of ion beam current density with distance salong
the y axis from the ion source aperture is given in Figure 6.6. The
diemeter of the limiting apeture in. the Faraday cage was 1 mm end its
area is therefore 7.8 x 16'3 cmz. At VT = 10 kV and iT = 7 mA, the ion
bean current density at the aperture is about 90 pA cun™2,

Assuming that the current densities obtained by the Faraday cage
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are due to singly positively charged ions, a knowledge of the secondary
electron emission from the collector electrode wall can be obtained by
extrapolation of the measured ion densities back to the position of the
collector. These can then be compared with the average current densitios
obtained from a knowledge of the tube current ip and the area of the ion
etched regions on the interior surface of the collector electrode. Thus,
as the.total area of the two ion etched regions is 80 cmz, then the

values obtained for the current densities from the two methods ‘sgroe very
closely, indicating a secondary electron emission coefficient of zero from
the collector electrode wall. However, it has been shown in Figure 6.4(b)

tﬁat the ion density falls off quite rapidly with angle of rotation.
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Figure 6.6. The variation of ion beem current density with distance

from the ion source aperture.
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From this distribution, it can be seen that the average ion current
density will be app?oximataly half of that measured by the Faraday cage
at 0' rotation on the y axis. Thus, the secondary electron cmission
coefficient from the collector wall will be in the region of unity,
assuning that these electrons are produced purely by positive ion
bombardment of the collector electrode surface.

The results given in Figure 6.6 woere obtained when using 0.25 mn
diometer anodes in the ion source. The.§ar1ation of ion beam current
density with distance from the aperture was also investigated when using
the rigid 2 nm diameter anodes in the improved ion source and these results
are given in Appendix 6. It was found that the ion beam current densities
obtained with the improved ion soﬁrca under given conditions of VT and iT
were the same as obtained from the original wire anode ion source.

- However, the improved ion source gave coupletely rsliable operation when
2

delivering ion beam current densities in excess of 300 PA cm - due to the

more rabust nature of the rigid anodes. - ; - -t

6.5 Energy distribution of the ion beam.

An attempt was made to determine the energy distribution of the
ion beam emerging from the ion source, by putting a positiye retarding
voltage on the collector cup in the Faraday cage.' It was found that thé.
Faraday cup colléctor'current iF went negative when a.retarding voltage of
only 43 volts was applied to the cup. This negative current increased with
.increase in retarding voltage. This was attributed to electrons being
ejected from the surface of the limiting aperture by positive ion _
bombardment and then being attiracted into the Faraday cup collector due to
the positive voltage on the cup.

The positive retarding voltege was then put onto the limiting.
aperture structure, with the cup being maintained at earth potential. The

positive Faraday current iF began to increase with the application of a
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positive potential on the limiting aperture. This was attributed to
electrons being pro@uced in the collector cup by positive ion bombardment
end then being attracted out of the cup by the positive potential on the
1imiting aperture structure. These unsatisfactory results indicate some
of the problems associated with ion energy analysis, which are even more
gserious than in electron energy aﬁalysis.

The design of various types of retarding field energy analyscrs is

dealt with by Simpson®’

. -Due to the problems encountered with the Faraday
cage when it was used as énlicﬂ energy analyser, it was decided to
‘geparate the analyser and detector systems, as shown in Figure 6.7.
Aperture 1 was the 1 mm diameter limiting aperture that had the positive
retarding potential'VR apﬁiied to it. Aperture 2 was 3 mm in dismoter and
was maintained at earth potential so screcning the Faraday cup collecior
from the returdinglvoltage_vR on aperture 1. The Faraday cup was
maintained at earth potential and a D.C. amplifier was used jo measure ip.
Aperture 3 vss ¥ mm in diameter and was.earthed in order to shield
aperture 1 from mést of the ion beam leaving aperture 4 in the ion source.
_ This was necessary, as when aperture 1 was at a fairly high positive
voltage, instabilities within the anal&se; system were observed if
-aperfure 3 was not empioyed. |

The variation of ip with retarding potential VR is given in
Figure 6.8, for VT =10 kV and iT = 7 mA. With the 10° N liniting
resistor at the output of the H.T. power supply, the-hctual voltage
across the tube, V,, was 9.3 V. Then, by plotting diF/dvR versus Vpy
the energy distribution of the ion beam is obtained as given in Figure 6.9,
where diF/BVR is proportional to the number of ions per unit energy H(ED
end VR is proportional to the ion energy in electron-volts.

In the ion energy spectrum, ions are present at encrgies of about

20 eV and above, 20 ¢V being in the region of the first ionisation

potential. The ion population density N(E) rises to a maximum at somewhere



Faraday cup LN L

collector
electrode.ﬁhh\““\

T 2.
2 cm | l
}

k>

r

1.

1% cm

J‘ .

3.

1% Im ..

e

+V

e
s
e

Figure 6.7. The electrode arrangement for the ion energy analysis.




4 | l | ] I [
oo,
3 e ""'"'-—-..o p—
Faraday . 8~——o ——O o .
. . ——— O
cup T o
current 5 ' : .
0 : | 1 | | | |
0 . 200 | : 400 600 800 1000 1200 1400
\'s (volts).

Retarding voltage R

Figure 6.8. The varistion of Faradéy cup current wifﬁ reﬁnrding voltane.
4 1 1 | I I
31§, ; -
I 3 Vp = 10 kV.
A -y
. I \
-oalg/avy gl 1 ! 1n = 7 mA. o
= 3 3
(210720 amps :'l Y
volts"l). s e
l - ! ‘\\ -—
' F ‘Iuo--
: B T - T LT ey Y-
S
]
0 hod ] ] | ! ]
0 100 200 300 400 500 600
LA (volts).

Figure 6.9. The resulting ion energy spectrum,



79.

between 50 and 106 eV. This is in the energy region where the maximum
ionisation cross—seption for nitrogen occurs asnd so will most likely be
due to ions that have been produced by electrons that have been ejected
from the collector electrode by positive ion bombardment. Thiq_log_energy
peak refrésenéa.oﬁi} #bout éﬁ of-tﬁe fotal number of ions in the ion
beam end so the exact shape of this low energy pesek is uncertain. Above
the low energy pesk, there appears to be a broad distribution of ion
energies. Howe?er;-{t was found to be difficult to make very high ion
energy measurements of several keV with the present system, due to
instabilities occurring in the analyser system when using these very high
retarding voltages VR.
In order to investigate the form-of the high energy end of thé
- —sgpectrum,- the applied tube vcltage'VBS'réﬁuced to 4 XV with iT = T mA.
was 3.3 kV when taking into account the voltage

A
drop across the current limiting resistor. In this way, the retarding

_Thus, the anode voltage V

voltage VR on the analyser could be made to approach the value of V,, The

A
variation of iF with Vﬁ is given in Figure 6.10, for values of Vh up to
_ " about 1300 volts. At values for Vp -of 1500 volts and greater, the

-Faraday cup current iF showed en excessive drop and at VR = 2.5 kV, iF
was completely negative. This could be due to an increase in ion
population density in this energy region, but due to the negative current

at VR = 2.5 kV, it is suspected that it is more likely due to electrons

produced- within the analyser system, .entering the Faraday'cup~éolleétor.
However, extrapolation of the graph in Figure 6.10 gives zero

Faraday cup current iF at a value for Vh of about 2.5 kV. Now, the saddle-

point potential is in the region of 70% to 80% of V, and as v, is 3.3 xV,

A
the saddle-point potential is within the region of 2.3 to 2.6 kV. This

corresponds closely to the intercept when i, = 0 in Figure 6.10. Thus, it

F
seems reasonable that the ion energies should extend up to energies

corresponding to the region of the saddle-point potential. Extrapolation
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of the graph of iF versus Vﬁ in Figure 6.8 will give zéro'iF at a value

of VR in the region of 5200 volts. With an applied tube voltage VT of 10kV
and iT = T mA, the anode voltage VA is 9.3 kV and the saddle-point
potential will be in the region of 6.5 to 7.5 kV. This supports the theory
that the ion energies extend up to the region of the saddle-point potential.
Extrapolation of the graphs of iF versus VR is only a rough approximation,

probably giving an intercept with the Vh axis at too small a value of VR.
due to a decrease in ion population density at the higher ion energies.
The ion energy spectrum will probably be similar to the illustration

given in Figure 6.11.

~ gaddle-point
potential. .

Figure 6.11. - The possible ion energy spectrum.

The ion energy measurements have only been carried out with the
analyser positioned on the y axis of the oscillator. However, the ion
source aperture has its own ion optical properties. The low energy ions
will tend to be deviated to the sides of the ion beam more than the high

energy ions, by the electrostatic field distortion at the aperture in the
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collector electrode. Thus, the ion energy spectrum will be modified to

sone extent at positions sway from the y axis.

6.6, Exemples of ion etching using the improved ion source.

| Atoms can be reméved.frOm the surface of a solid material at a
useful rate by bombarding it with a beam of ions whose mass is greater
than a few atomic units and energy is greater than about 100 eV (Spencer
end Schmidt’®). When preparing thin foil specimens by ion bombardment, it
is necessary to keep their temperature low in order to avoid structural
changes and so ion current densities in excess of about 200 RA cﬁ-z are not
necessary (Barbersl). Thus, this improved ion source should find many
applications such as in specimen preparation for both optical and electron
microscopy and in device fabrication by ion beam machining.

Several specimens have been etched by bombarding them with
positively charged argon ions using the improved ion source (Fitch and
Rushton48). The specimens were mounted in turn as shown in Figure 6.1 at
a distance of 2 em from the ion source aperture. All of the specimens
: were approximately 1 cm square and the bombarding argon ions arrived at
normal incidence to the specimen surface. Scanning electron micrographs of
some of the specimens that have been ion etched are given in Figure 6.12.

Figures 6.12(a), (b) and (c) show micrographs of polycrystalline
nickel, mo}ybdenum and 0.F.H.C. copper specimens respectively. In order
to make the effécts of the ion etching more obvious, half of the specimen
was shielded using aluminium foil. In all of the micrographs, the etched
regiéns are on the ‘right. The nickel and molybdenum specimens were in
sheet metal form whercas the copper was in the form of a metal stub.
HMechanical polishing to a *-F finish was employed for both the
nolybdenun and copper specimens. In all three cases, the applied tube
voltage V,, was 10 kV and the tube current i, was maintained at b;tween

T T
10 and 15 mA. The nickel and molybdenum specimens were bombarded with



Figure 6.12. Examples of ion etching using the improved ion source.
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argon ions of.approximately 100 PA cm"'2 for 8 hours each. Due to the
higher sputtering y;eld of copper,‘the copper specimen was only exposed
to the ion beam for 1% hours. Figure 6.12(d) shows the surface of an
acrilonitrile butadiene styrene (ABS) plastic specimen after bombardment

with argon ions at 50 pA ™2

for 4 hours. This plastic is a two phase
polymer end consists of small particles of graft rubber in a styrene
acrilonitrils (SAN) matriz. The ion etching has revealed the distribution
and size of the rubber particles. Other specimens that have been
successfully etched are aluminium, tungsten and soda glass.
The:auccessful ion etching of the glass and plastic specimens is
interesting in *hat some process must be preventing a positive charge
“build up on these non-conducting specimens. This process preventing the
charge build up may be due to leskage of charge across the specimen
Iaurfaces frcu earth due to the relatively small dimensions of the
specimens. On the other hend, it is possible that this charge build up
is neutralised by negatively charged particles such as electrons present

in the ion beam emerging from the ion source. Thus, it will require

‘further investigation to establish the nature of this process.

6.7. Small volume ion sources.

The tube current density was maintained when collector electrode
tube lengths of 10 cm and 7.5 cm were employed, when using the 2mm
diameter anodes. Figure 6.13 is a colour photograph of the inside surface
of the 10 cm long collector electrode. This collector has been split and
rolled out flat. The two regions that have been etched by positive ion
bombardment can be clearly seen in the photograph. Thin film colour
fringes can be seen over the rest of the surface, but the material
comprising these films and the mechanism of their formation is uncertain.
They could be a result of oil contamination or of matariél that has been

removed from the ion etched regions of the collector electrode surface.



Figure 6.13.
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However, these colour fringes disappear after a period of operation, due
to the deposition of a relatively thick layer of material that has been
removed from the ion etched regions of the collector electrode.
;n oscillator wes set up with a stainless steel collector electrode
that was approximately 2.5 cm in diameter by 7.5 cm long. Two 2 mm
diemeter tungsten._anodes were employecd and at an applied tube’voltage VT"

4 torr, a tube current.of about 3:'mA

of 10 kV and a pressure of 6 x 10
was obtained with an esnode centre to centre separation of 7 mm. The ion
etched regions on the collector electrode wére about -1 em wide, which’
suggests tpat the positive ion current densities were comparable to those
obtained with the larger diameter oscillator. With this small dieameter
oscillator, experiments were carried out to determine what-size of -

- —¢ircular- aperture -could be tolerated. With circular epertures of 5 mm

. giameten_or_uorg,,né_ﬂischarge“could_be+maintained.hWith-a-4mmndiameter-
circular aperture, a discharge could only be held at pressures above -

4 x10°%

torr. With circular apertures of 3 mm and 2 'mm diameter,
satisfactory discharges could be maintained in both cases. Thus,-the

:‘maximum size of aperture that could be tolerated in this small diameter

..ogscillator was 3-mm, The loss in perfoimance of the oscillators with
bigger apertures was most likely due to the field ﬁistortion produced by'
these relatively large apertures, interfering with the oscillating" "
electrons. However, a 6 mm diameter aperture at the side of the oscillator,
that is away from the discharge region, did not have any influence upon
the performence of the oscillator. Hence, gas pumping ports in the

-collector electrode at the side of the oscillator away -from the discharge

region are a feasible proposition.

6.8. Multiple beam and wide beam ion sources.

Experiments with the rubber model analogue have shown that

oacillating electron trajectories can be obtained when using any even
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nunber of snodes. Figure 6.14 shows the case of 4 anodes in whibh the
oscillations are in the directions XX‘ and YY'. Independently, McIlraith52
prédicted the same phenomenon by using a computer to investigate the
electron trajectories in the oscillator. The ion source was reconstructed
using four 2 mm diemeter tungsten rods at a separation of 8.5 mm and
poéitioned as shown in Figure 6.14, inside the stainless .steel cylindrical
collector electrqde of 20 em length and 5 cm diameter. This enode spacing
was found from the rubber model analogue to give the largest number of
oscillations. Glow discharges were obtained in the tube as indicated by
the shaded areas in Figure 6.14 and the characteristics were similar In
form to those of the twin anode device, butﬂthe actual tube currents iT
at a given tube voltage'vfhéﬁd?ﬁbébéﬁfe were somevhat lower. However, the
"~ ‘widths of the ion etched regio;siinaide the collector cylinder were '
- . _narrower than in the twin anode caée, indicating that the ion density may--
be‘only slightly reduced. With this multiple beam ion source, it should

be possible to etch a large number of specimens at the same time.

- B -.‘ T i i

A = anode.

“~_Collector

electrode.

Fifure 6.14? ’ ‘The ﬁultihig=beaa ion éoﬁfcé?
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It has also ﬁeen observed from the rubber model analogue
experiments that the cylindrical collector electrode can be replaced by
a collector of square or rectangular cfoss-section. Using a square
stainle;s steel collector electrode 5 cm wide and 20 cm long, the full
width of the ion beém YY' can bé used tb.eteh a large are& apeéimen by
using'the specimen itself as 6ne aide.of the collector electfode{ as

indicated in Figure 6.15.

. F”"—’;_,_Specimen.

A = anode.

huhh‘h“Collector

electrode.

Figure 6.15. The wide beam ion source.

6.9, Discussion.

The improved ion source should find applications in many
techniques, such as the ion etching, thinning and polishing of specimens
and also in device fabrication by ion beam machining. Both metallic and

non-metallié specimens have been successfully ion etched using this ion



'86.

source. The source is simple to construct and it was found to be
completely reliable in operation. The length of the collector electrode
could be reduced’'below 20 cm'in order to reduce the power consumption
of the ion source. . .

With the smaller diemeter ion sources, it should be possible to
use them to ion etch specimens in situ, such as in the specimen stoge
of the electron microscope. Introducing gas directly into the ion ao;g:;
tube rather than flooding the whole chamber may have several'advantages,
;uch as reducing the gas load requirements of the system and may also
give some degree of pressure differential between the inside end outside
of the ion source. This would allow the specimen stage to be naintained

at a lover pressure than that in the dischargs region.

) . T S L wa® wi PO VAR ol
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CHAPTER 7.

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK.

This investigation has shown that when electrons ere injected into

the twin wire electrostatic charged particle oscillator from 2 hot ' "V"

shaped filament, two principal modes of electron oscillation can occur.

If a low positive bias voltage with respect to the collector electrode

is applied to the filament, then the electrons will orbit around the

anodeS'in_the "orbiting mode". On the other hand, when a high positive

bias voltage is applied to the filament, the electrons will oscillate

between the anodes in the “oscillating mode". The orbiting mode was always
. .-very reproducible end-this-method-of-electron injection has been
____rsuccessfully_nsed_in the development of the electron-orbit ionisatiorn

5 1

torr -,

gauge. This gauge has a very high sensitivity in excess of 10

giving it a low pressure limit due to X-rays in the region of 1 torr.
Hovever, in order to overcome the electron space-charge oscillations

o arising at low pressures due to this very high sensitivity, the gauge

~has to be operated at en electron current of 1077

enps or less. This
method of electron injection into the electron-orbit ionisation gauge
should find useful application in the ioniser of a radial field ion pump.
The-oscil}ating electron mode produces a directed beam of ions and thus
the X-rgy limit Bf en ionisation gauge that uses the oscillating electron
mode, could be eliminated by deflecting the ion beam onto a collector
—~hich is shielded from the X-rays generated at the anodes. However,’tﬁe
filament has to be run at a much higher temperature for the oscillating
mode than for the orbiting mode. This is due. to the restricted area of
electron emission from the filement when operated.under the high bias

voltage conditions.

Magnetic fields have been showvn to have a considerable destructive
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influence upon the oscillating electron mode in both the thermionic and
cold cathode forms of the twin wire oscillator, whereas the orbiting
nmode is only affected by relatively large mametic fields. It is believed
that'thé low pressure linit of about 10"'6 torr for the discharge in the
cold cathode oscillator is due to the presence of the earth's magnetic
field. Further investigation of the influence of magnetic fields should
be carried out using techniques that cancel out the earth's magnetic
field in the vicinity of the oscillator, in order to confirm that the
preseht low pressure'limit of the self-sustained discharge is determined
by the earth's magnetic field.

When constructing the twin wire oscilliator, it was found that the
enode separation was the iﬁportent parameter to be considered, as when
this was too small, no cold cathode discharge could be maintained. This

—-is-believed -to-be-due to-the-initial velocity of the-electrons having
'éufficiently large components along the x axis to couse the electrons to

- collide with one of the anodes before a useful ionising collision with a
neutral gas molecule occcurs. The variation of znode diemeter has much
less influence upon the performance of the oscillator aad this has led
to the use of larger dismeter anoaeé and hence an improvement in the
design of the ion source application of the oscillator. With the larger
dismeter ancdes, the ion source can be operated at higher icn beam
current densities with complete reliability.'Ion besm current densities

2 at the specimen surface can be easily obtained

in excess of 100 pA cm
with pressures in the region of 5 x 10"4 torr. The ion energy spectrum
is broad with ion energies ranging from a few electron-volts up to
_energies equivalent to the.region of the saddle-point potential. Futﬁre
work directed towards the ion energy measurements should take into
account any multiply charged ions or electrons that may be present in
the ion besn.

A closer investigation of the influence of the electron yield from
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the collector electrode should be carried out with a view to increasing
the ionisation currgnt. by using a material for the collector electrode
that has a high secondary. electron yield. Some form of specimen cooling
ar cooling of the anodes should. be attempted in order to reduce the
effects of radietion heating of the specimen from the anodes. In future,
it may be ad?antageous to introduce the gas directly into the ion source
tube rather than flooding the whole vacuum chamber. In this way, the gas
load on the system would be reduced and may also allow the specimen stage
to be maintained at a relatively low pressure with respect to the actual
discharge ?egion.

The improved ion source is very easy tb construct and is entirely
reliable in operation. It should find many applications in fields such as
ion etching and polishing of specimens. Furthermore, the absence of
magne&ic fields would allow this ion source to be used in situations

where the use of a Penning type ion source would be undesirable.



APPENDIX 1.

COMPARISON OF THE PENNING GAUGE AND I0G 13T GAUGE PRESSURES.
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APPENDIX 2.

CALCULATION OF THE LOW PRESSURE LIMIT DUE TO X -~ RAYS OF THE ELECTRON =

ORBIT TONWISATION GAUGE,

The efficiency € of producing X-rays at the anode by electron

bombardment is given by :-

G - Rate of energy loss due to X-ray emission from the anode.
Rate of energy gain due to electron collection at the anode.

W
= —"x' = szA, sestsNBsRIBRRROORS (i)l
v
e
9 "'1

where K is a constant = 10~ volts"',
Z is the atomic number = 74 for tunzsten

end VA is the anode voltage = 1 kV.

Therefore, from (i) :-

Wy = € v
S L=X2V ¥

Now, if ia= 1 pA and VA= 1 kV,

= 10°% x 107 = 1072 vatts.

then W
S W =1072 x 1207 x 74 x 107
/1 W, =T.4x 1070 vatts.

Assuming that the electrons produce X-rays & transfer gll of their energy

GVA into photon energy, then the number n, of X-ray photons ejected per

second is given by :-



X T4 % 1078

n = =

X-ray photon energy 1.6 x 107+ x 107

]

e n = 4.6x 10° X-rays gec T,

R

Now, if all of the X-rays strike the collector, then the number of

electrons ne ejected from the collector will be :-

-1
n, = Q . n_ electrons sec —,

vhere Q is the quantum efficiency of a material for a particular photon
energy. L S '’ _

For X-rays of 1000 volts energy, Q for tungsten 15-10-2. Hence,

n, = 10"2 x 4.6 x 108__ electrons sec"l.

:ﬂ.ne = 4.6 x:106 electrons sec .

Therefore, tpe residual X-ray currenthix = 8 ne » Wwhere e is the

electronic charge,

Sod =16 1029 x 4.6 x 10°

o1 =1T7.4 x 1073 amps.

The collecfor electrode and end-plates will intercept approximately
50% of the X-rays. Therefore, ix for the open collector will be :=-

7.4 g

i = — x 10 = 3.7 x10°%° amps.
5 2




The low pressure limit duc to X-rays is when ip—a ix' Now, the

gensitivity S is given by :-

i 1
S = £ x - torrt
i P
a
where ip = the ion current,
ia = the anode current == :le

and P = the total gas pressure.

Therefore, letting ip = ix and taking S as 3 x 105 torr"l, the low

pressure limit Pz due to X-rays will be given by :=

8 i 3.7 x 10722 1
P= X x- = ——— x
i = 1076 3 x 10°
LR o= 1072 torr,

Thus, the low pressure limit due to X-rays will be in the region of
10712 torr, which will be independent of 1. This low pressure linit due
to0.X-rays can be reduced further by electrically isolating the end-plates

from the collector elecirode.
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CHARACTERISTICS OF THE COLD CATHODE OSCILLATOR.
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Appendix 3. (continued).

Tube current

i, (ma).
T T - 1 T
/
2 Pressure
d (torr).

0.3 |~ o / =

0.1 |~

_ Anode voltage v, . (xv).

Collector electrode tube léngth = 10 em.




Tube current

i

T

(mA) .

Appendix 3. (continued).

4

Pressure (torr).
8 x 10—4
°
6 x 10-4
° )

——0

/ 4 B
. /o
o o
/ o’ 2 x 1‘:)"'4
o e .
/°/ o~
0 o
° /0, -4
o/ 0~"° 10
/ o~ .
| [ /77
| B 1 | |
2 4 6 8 10 12

Mnode voltage V, (xv).

Collector electrode tube length = 7.5 ca.

14



. Appendix 3. - (continued).

Tube current

. (ma).
0.4 I .5 | | |
Pressure / /
(torz). 8 x 10" o =
% x 10"5
0.3 e [+] h—
Q
[*)
/ 4 x 10'5
() (/]
0:2 ™ o o/ ===
I
[+]
/ /°/
o o
‘0 / /
o o
/ 0/2 x 10~
0.1 [ ) /
Vi
o
o i
o/ g 1072
o’o 6
o/ -
i -0
. O,.O i -6
. 1. ol
O l | | a0 _u!‘.w-—n-'n-‘)to-—}(‘-"'l!. bl
o 2 .4 6 8 10 12 14
Anode voltage V (xv).

A

Collector electrode tube lerngth = 7.5 cm.




Tube current

Appendix 3.  (continued).

. (m4a) .
2,0 | T 1 | I l
Pressure (torr).
1.8 |- =
//8 x 10-4
//o
1.6 = o 6 x 10"4
[+]
104"— ]
(-]
1.2 / i
(o] /°
1.0 [~ e 4 x 1074 K
/;
0.8 I~ 0 .
o/
. [ +]
0-6 i / ._-l
Q
o/ | o/f-* 2 x 1074
74
0.4 [ v ; n
/7 10° o
} /0’0/ -
& 4 ,o/°/° oo Bz 202
0.2 O e o o~ 6 x 0>
/O 0/0/0/0#—4 X 10-5
& ail
0 ' Iﬂ (e} 0 l n l (el ’ l
0 2 4 6 8 10 12 14
Anode voltage V (xv).

A

Collector electrode tube length = 5 em.




APPENDIX 4.

THE VARTATION OF TUBE CURRENT WITH ANODE SEPARATION.
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APPENDIX 6.

ION BEAM CURRENT DENSITIES OBTAINED FROM THE IMPROVED ION SOURCE.
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a = Anode radius.

b = Collector electrode radius.’

BB, ++eer = Magnotic field.

a ‘= * Half the anode centro to centro separation.
D = ' Filement immersion depth.

e ; = Electron charge.

E,E_ eesss = Electrostatic field.

_1_";,;?'_: e e s Force on an electron.
ia ‘=" Anode curr;:nt.
i, " = - Collector electrode current.
i S = Emission current.
i = ‘' Faraday cup current., ~’
iT = Tube current.
L = Angular momentun.
m "= ° Mass of electron.
P,p = Pressure.
: --q_ L= Charge per unit length.
T = Period of electron oscillation.
'_VA =  Anode voltage.
L C " = Filment bias voltage.
v, = Retarding voltage.
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-vm' ‘= Potential at a point P(x,y).
YoY eeees = Electron velocity.
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>
€ = Dielectric constant.
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