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SUMMARY

A description was given of the construetion
and operation of a guadrupole mass filter system. This
was used to identify negative ions emitted from a hot
polycrystalline tantalum surface.

The ionisation of warious interhalogens and
cyanogen halides were studied using the mass filter system.
The kinetic methods of Page were applied to the results
and the difference in electron affinity, of two radicals
ionising simultaneously (halogens and cyanide) wos evaluated.
At pressures higher than 5 x 10-5 mm Hg,, anomalous resulis
were obtained and were explained quantitatively on the basis
of positive ion formation, by negative ion collisions
with the sample vapour, in the mass filter.

The ionisation of various substituted pyridines
were studied. Only fragment negative ions were observed
(m/e values 24, 25, 26, and 27) for these compounds.

In the case of 2-6-dimethyl-pyridine, the observed ions,
( m/e values, 24, 25 and 26 ) were shewn to be produced
upon the tantalum surface. The appearance of intense
pogitive ion peaks in the mass spectra of these compounds
was again explained by negative ion collisions with

the sample gas in the mass filter.
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Roads go ever ever on,

Over rock and under tree,
By caves where never sun has shone,

By streams that never find the seaj
Over snow by winter sown,

And through the merry flowers of June,
Over grass and over stone,

And under mountains in the moon.

Roads go ever ever on,
Under cloud and under star,
Yet feet that wandering have gone,
Turn at last to home afar,
Eyes that fire and sword have seen
And horror in the halls of stone,
Look at last on meadows green

And trees and hills they long have known.

J. R. R. Tolkien.
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1.

INTRODUCTION

The gtudy of negative ions, and their stabilities,
have been overshadowed until recently, by the study of the more
mmerous and easily studied positive ions. The electron may be
considered the simplest negative ionj however, the concept of a
negatively charged atom or molecule is one of the bagiec assumptions
of the theory of electrolysis. This theory assumes that a molecule
AB will dissociate in solution to give & and BY ions, which may
then move, under an applied potential difference, to the anode
and cathode, respectively. The drift wvelocity through the solution
is small and hence, solvated ion "clusters" were assumed to form.
The study of the passage of electricity through gases
shewed that the charge carriers were not all electrons, but é.lso
ions of molecular mass. (1) Studies at pressures of about
1

10" 'mm. Hg. (2) shewed that ion clusters may also be formed in

Do Bz

gas studies, as well as in electrolysis. Below about 10~
however, relatively simple reactions predominate. JJ Thompson
identified a number of simple ions having a negative charge (3);
however, studies of the upper atmosphere, astrophysics, flame
chemistry and recently, health physics, have greatly increased
the interest in negative ions.

The discovery of negative ions in the ionised layers
of the upper atmosphere has been followed by many experimental
attempts to measure both the stability and rate of formation
of these ions (4). The D and E layers have been found to contain

- —

gimple ions, for example, O, , 0 , NO,  , and H05 -

2



It has been shewn that the absorption of light by
hydrogen negative ions present in the solar photosphere
determines the spectral distributions in the visible region(5)
and hence, the apparent colour temperature of many other stars.
In the atmosphere of certain cooler stars, there appears to be
a rather greater proporfion of carbon than in other stars and
it is possible that CN~ and C,” might be important in determining
certain features of the emission spectra of these stars. (6)

One of the fields where a knowledge of the stability
of negative ions is important is that of flame ionisation. In
addition to negative ions of the halogens, many negative ions
have been detected in the natural ionisation of undoped
hydrocarbon flames. Some of these ions are simple, such as,

OH and CN , but the most striking feature of the negative ion
mass spectrum, of a2 flame, is the large number of mass peasks
which appear to be due to hydrocarbon negative ions. The
technology of magneto-hydrodynamic generators and the control
systems of rockets, have both benefitted from the study of negative
ions in flames (7).

Lovelock et al (8). have studied the formation of
negative ions by biologicaly active materials. The electron
capture detector was used to determine the relative reduction,
produeced by various materials, in the eleetron concentration of
a radio-actively generated plasma. The relative reduction in the
electron concentration was found to depend upon the electronegativi ty
of the material, with a few exceptions, where anomomously high
reduction occuffed. This reduction almost always occu:t{ed with

compounds of high biological acﬁiﬁity.
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Although it was not implied that the ability to capture electrons
was a direct cause of biological activ{ty, the results suggest
that there is a strong link between the two.

Most radio-active processes give rise to highly
energetic species, which by collision with surrounding
molecules may liberate secondary electrons and positive ions.
The cellision process may be continued until the energy of the
electrons is such that capture by the surrounding melecules
may occur to form negative ions. It may be seen that a single
radio-active event will give rise to many negative ions in this
manner. This type of process is of obvious interest in the
study of the interaction of ionising radiation with living
tissue. The work of L.G. Christophorou (9) has provided much
information for this type of process.

A recent article (10) has presented evidence that the
free negative ions in the air (about 20 ions per cmj) have a
profound psychological effect upon human beings. A reduction
in the level of negative ion concentration in the zir has been
related to the alertness of human subjects who breath it. The
implications of this discovery are wide ranging and further
work is proceeding in this area of research.

The above brief survey of the processes in which
negative ions play a significant part, indicates the importance
of negative ions in all fields of science. The amount of
knowledge available for negative ions is small compared to that
for positive ions. The work described in this thesis is an
attempt to extend the knowledge available for negative ions,

especially those formed by a surface ionisation process.



2. THE EXPERIMENTAL DETERMINATION OF ELECTRON AFFINITTES.

The stability of a negative ion is usually given
in terms of the electron affinity of the neutral molecule.

This is defined as the work done in bringing an electron from
infinity to the lowest lying vacant orbital of the isolated gas
molecule. Experimentally, there are several techniques available
for the measurement of the electron affinity of a species;
thoge in which the energy threshold of the destruction, or
formation, of the negative ion is determined, and the study of
the equilibria between electrons, ions and molecules.

The accurate measurements of electron affinities of
atomic negative ions occuﬁéd as a result of the developement of
the photodetachment techniques of Branscomb and co-workers (11).
The technique consisted of determining the limiting frequency
at which incident light, falling upon a mass filtered beam of
negative ions, was sufficiently energetic to cause the
detachment of an electron, thus allowing the activation energy
of the detachment process to be evaluated. Berry (12) has
studied the photodetachment of the halogen negative ions in a
shock tube and Lineberger & Woodward (13) have obtained the
electron affinity of sulphur as 20772 + 0-0005 eV, which is
believed to be the most accurate experimental determination for
any negative ion. Unfortunately, the technique may only be used
with species producing a large concentration of negative ions,
which may then be detached.

Various studies of the equilibrium between ions, electirons
and molecules have been carried out in flames and at heated

surfaces.



The energy changes involved are computed either by the temperature
dependence of the equilibrium constant (II law methods) or by the
methods of Statistical Mechanies (III law methods).

The measurement of electron affinities by flame
ionisation has been carried out by Rolla and Piccardi (14), who
measured the attenumation of the electron concentration in a flame
consequent upon the addition of an electron acceptor. This method
was subject to considerable experimental difficulty and requires
an extensive knowledge of the reactions occuﬁ&ng in flames. This
limits the method to a study of thermally stable, strong acceptors
only.

0f the procedures available for studying the equilibria
at hot metal surfaces, the space-charge method of Glockler and
Calvin (15) is the most simple. In brief, this method requires
the determination of the current / voltage characteristics of a
space charge limited diode, both with and without the presence
of an electronegative gas. From this the contribution made to
the total current by negative ions may be evaluated. Unfortunately
this method has the limitation that the ions must constitute an
appreciable fraction of the total current.

The magnetron method of Sutton and Meyer (16), in
which the total negative ion current formed at a heated filament
was compared with the thermionic electron current derived from the
same gource, provided information of the halogens. Page and
co-workers (17) have extensively developed this technique and
have measured the electron affinity of many organic radicals
not easily studied by other techniques. The magnetron method is

discussed in the following chapter.
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In the method of Dukelskii and Ionov (18), a
collimated beam of alkali halide molecules was allowed to impinge
upon a heated tungsten filament and the ratio of positive ions
to negative ions produced waa'measﬁred by seporation in a magnetic
field of low resolution. Use of Statistical Mechanies allowed
the electron affinity of the halogens to be computed, giving
.results which were in good agreement with the photo-detachment
measurements., Ionov (19) later improved the method by mass
analysing the various ions in a mass spectrometer. Recently,
this variation of the method has been used to determine the electron
affinity of antimony and bismuth (20). Scheer and Fine have obtained
by this method, the electron affinities of tungsten and rhenium
(21) and molybdenum (22), from the ratio of positive to negative
ions derived from the self surface ionisation of these metals.
Bakulina and Jonov (23) modified the method so that negative ions
derived from two elements ionising simultaneously from the hot
tungsten surface, were detected, allowing reliable values of the
electron affinity to be calculated for one element, if the electron
affinity of the other element was kmown. This improved method has
been used to determine the electron affinity of atoms of the
halogens (24,25), sulphr (26), gold, silver and copper (27).
An attempt has also been made to determine the electron affinity

of the CN radical by the surface ionisation of KCN and KCHS (28).
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THE MAGNETRON TECHNIQUE FOR THE ESTIMATION OF ELECTRON AFFINITIES,.

magnetic field at right-angles to its electric field is kmown
as a magnetron,

In the magnetron technigue, a hot, filementary cathode
in vacuo, emits electrons, which travel to the concentric ancde,
which is positively charged with respect to the cathode. When a
magnetic field is applied at right-angles to the electric field
the thermionic electrons are constrained to follow curved paths,
and, if the field is strong enough, the electrons are prevented
from reaching the anode. A concentriec "squirrel cage" grid system
held at intermediate potentials, is placed between the anode and
cathode, which serves to prevent the build up of a large space
charge, by removing the circulating electrons.

In the presence of a gas that can form negative ions
at the filament, some of the emission current will be carried by
the negative ions, which being vastly heavier than the electrons,
will be virtually undeflected by the magnetic field. Thus, in the
presence of a magnetic field, the anode current will be due to
the negative ions alone, whilst if no magnetic field is present
then the anode current is the sum of the electron current and
the negative ion current. If the gas pressure and filament
temperature are known, then the methods of Statistical Mechanics
may be used to estimate the electron affinity of the negative
ions, provided that certain assumptions reg arding the mode of

formation of the negative ions, are made.



Cathode

magnetic field perpendicular to paper

The forces acting upon an electron

In a cylindrical magnetron.



3+1 The Theory of the Method.

The original paper on the operation of the magnetron
diode was published by Hull (29). The discussion given here
illustrates the essential features of the apparatus (30).

The forces on an electron emitted from the central
filament of a diode placed in a uniform magnetic field, of flux
density, By applied parallel to the length of the filament, is
shewn in Fig. 1. The electrostatic force acting upon the electron

iz given by:

= =g e d'?/dr
where E is the electric field and V is the potential at a
distance r from the filament.

The electromagnetic force is given by:

Y =B aey

where v is the velocity of the electron at r.
If v is resolved into components ¥ and Vg s along
and perpendicular to the radius vector, then the components of

f will be:

fr= B--e-ve

f9= B-e-vr
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If © is the angle between the radius vector and an
arbitrary line in the azimuthal plane, the angular velocity, w,

is given by:

w = ab/at
v/r

The equation of radial motion is given by:
d /at (m « dr/dt)
= F~Ff
x

= e+ dVfdr - B+ e - r « 4@ /dt
where m is the electron mass.
The equation of azimathal motion ig found by equating the
momentum of the impressed force to the rate of change of

angular momentums

I"f&'—:’- Beee+rede/dt

d/at(m - W)

Integrating both sides with respect to fime and noting that

w = 0 as the electron Ieaves the filament, gives:

w =L(B > e) AX‘I - a%/x%) (1)
where a is the radius of the filament.
If the small thermal wvelocity with which the eleciron
leaves the filament is ignored, its velocity at a point at which

its potential is V will be given by:
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v = (2 ; e : v/ mJi
[(dr/cl‘!‘.)g + r2(a0/at)? ] %

congidering motion in the azimuthal plane.

1}

At a certain value of the magnetic field sirength,
B o Bc, the electron will just fail to reach the anode. At

this point:
v = v o
a
r =z
a
dr/dt = 0
iB/it = w
whence:
w = v [ s
- (1/z) (2-e-v_/m) (2)

Equating (1) and (2):

5, = (8- v )R/ z, (1- @2ED)). (o /P
whence, if a(ra :

B, = (Bemev, /e-z2? (3)

Equation (3) shews the value of B, to be independent
of the potential distribution between the anode and cathode so
that the presence of other electrodes or gpace charge effects
should not alter the cut off conditions. In practice, the ecut

off is not so sharp when the grids are present, pogsibly due
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to distortion of the magnetic and electric fields by the grid
structures.
%+2 A Critique of the lethod.

Since its introduction as a general technique for
egtimating electron affinities, two major exij&sma have been
levelled at the magnetron method.

1). The possibility of gas phase reactions occu%gng
and being mistaken for a surface process. Positive and negative
ions would be expected to be formed, and their relative
magnitudes, as compared to the electron current is discussed
below. However, the currents of all secondary ions formed in
the gas phase will be proportional to the electron current.
Hence, the ratio of these ion currents to the electron
current are independent of the emitter temperature.

Zandberg and Paleev (31) have shewn that a plot of log (Ie/Ii)

against 1/T, where I, and I, are the ion and electron currents,

i
respectively, and T is the temperature of the cathode, will
give a slope which is zero for gas phase produced ions, and

a non-zero slope for ions produced by surface ionisation.

In chapter 5 it will Be shewn that, in the magnetron technigue,
it is usual +to plot log'(Ie/Ii) versus 1/T to determine the
apparent electron affinity of the compound being investigated.
In many cases, it has been found that such plots have a

slope which is sensibly non zero. This is taken to indicate
that, if several ions should in fact be formed, at least one
has been produced by surface ionisation, In the cases where

a zero slope has been obtained, (e.g.7) it does not automatically

follow that the ions are not produced by surface ionisationj



however, this possibility must be remembered.

a) The magnitude of the positive ion current
caused by gas phase reactions.

It will be appreciated that, in the magnetron, a
flow of positive iong, formed in the gas phase by electron
bombardment, to the cathode, cannot be distinguished from a flow
of negative ions, formed by surface ionigation, to the anode.
Thus, the measured current may be due to both positive and
negative ions. Due to the small values of ionisation cross—
sectionsg,this effect will be of importance only when the
path length of the electrons is large or the gas pressure is
high.

The ratio of positive ions, I+, to electrons, Ie ’

is given by:

I/I, = Negq 1
5

where N is the number of gas molecules per cm”,
Q; is the ionisation cross section (cmz)

1 is the eledron path length.

Por example, for nitrogen at 10~ hm Hz. and 25°¢,

"160m?

taking Q; = 2+95 x 10 ,(32):

I /I = (62023 x 1023 % 273 x 1074
2at® (22,414 x 296 x 760 )

% 2é95 % 10779 1%/

= 96 x 1007 x 2
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When no magnetic field is applied to the magnetron,
1 is approximately 3em. Thus, I /T, is about 3 x 1072, Therefore
no significant error will be introduced by this effect into the
total measured current, at pressures near to 10™%m Hg.

In the presence of a magnetic field, the exact value
of 1 is subject to uncertainty, owing to the helical paths
which the electrons follow. Usually, the magnetic and electric
fields of the magnetron are arranged to produce an apogee in
the electron path near to the first grid, which is usually
spaced 1 em from the cathode. Assuming that the electrons are
captured by the grid upon their first approach, the path length
of the electrons under these conditions is approximately
16 cm. Thus, :[4__/1e is about 15 x 107, Provided that the
negative ion current, produced by surface ionisation, is not
less than about 5 x 10_3 that of the electron current, the
component of the measured ion current, due to positive ions
will be negligible at about 1074 m Hg.

The "eut off" (33) produced by the magnetic field in
the magnetron is not absolute; a small ( about ‘10_4 that of
the electron current) residual current always remains.
Explanations of these residual currents have been sought in the
alteration of the potential distribution by space charge (34),
asyyna‘etry in the electrode configurations (35) and in the initial
velocity with wich the electrons are emitted from the cathode (36).

An alternative explanation is that the residual
current is due to gas phase formation of positive ions. It is
shewn above that, under the conditions in the magnetron, at

1074 m Hg. the magnitude of the positive ion current was
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similar to that of the residual current. Furthermore, Page (37)
noticed that, in the presence of helium gas, the residual
current was proportional to the gas pressure., Helium is not
expected to form negative ions, but easily forms positive ions,
under electron bombardment (32). These observations give
support to the idea of gas phase detachment processes oacu%éng
in the magnetron.

b) The magnitude of negative ion currents produced
by gas phase reactions.

In general, the production cross sections for the
formation of negative ions by gas phase attachment, are of the
order of 10_5 that for detachment processes (32). In many

2 cm2 (38).

cases, the attachment cross sections are about ‘IO_'2
It was shewn in the preceding section that the formation of
positive ions was negligible at 1074 mn Hg. and small ( about
3 cm) path lengths. Thus the formation of negative ions by

gas phase attachment processes, under these conditions, will

also be negligible.

2). The Indirect Identification of the Charge
Carriers.

Experimentally, the magnetron technique can only
resolve electrons from negative ions; no characterisation of
the negative ions being possible., In consequence of this, the
identification of the negative ions was performed by energetic
considerations only. A substance which can give rise to negative

ions in the magnetron may do so in several different ways.
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Reaction schemes may be set up leading to different negative
ions, or alternative routes devised to produce only one ion.
Experimentally, a single substance may shew different apparent
electron affinities in different temperature ranges, and if any
useful deductions are to be made, the process giving rise to
the negative ions in each range, must be identified. Usually,
through lack of other information, several alternative
processes must be considered.

The work of Herron, Rosensﬂ?k and Shields (39),
hag illuminated this aspect of the magnetron technique.
Using a mass spectrometer, they were able to observe the
negative ions produced in a surface ionisation source directly.
Unfortunately, only a few compounds were studied and there is
some uncertainty in these results due to insufficient cleaning of
the filament. For example, they observed only WO3_ from
nitrogen dioxide over a tungsten filament, instead of N02"
as predicted by Farragher et al (40). However, the filament
temperature in Herron et als work was, apparently, not raised
above 1700°K, and Bakulina, Zandberg and Ionov (41) have
shewn that the surface oxide layer of tungsten is only
completely desorbed above 1700°K. Similarly, in Herron et als
work with benzene, a mass peak attributed to CN was observed,
which was explained on the basis of surface impurities.

However, the work of Herron et al may be broadly
classified into three main divisions:

a) The ion predicted from the magnetron work was
the ion observed by mass spectrometry. For example,

tetracyanoethylene over platinum or tungsten, giving

CZ(CN)4"



= Thh =

b) In a given temperature range, the magnetron
method predicted a gingle negative ion, whereas, several
ions were reported over the whole temperature range, by
Herron et al.
For example, in the case of sulphur hexafluworide,
Kay and Page (42) shewed that the surface ionisation was
complex, but could be divided into three temperature regions

in which the following main processes were deduced to occur:

i)
SP, + e = SF below 1320°K

ii)
SF, + e = SE 1320 - 1540°K

iii)

no feasible process above 1540°K
However, Herron et al report that SF6- . SF5— and F
were observed as major peaks throughout the temperature range
1350 - 1700°K.
¢) The ions predicted by the magnetron technique
were not observed by mass spectrometry.

For example, Gaines and Page (43) deduced that

the following process occured with benzene over tungsten carbides:

Clg + e = B, + CgHy

Herron et al observe C, , 32}1" and CN~ ions, but

the latter is ascribed to gsurface impurities.
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The work of Herron et al makes clear the difficulties
encountered with the deduction of the reaction type oemw%img at
the cathode of the magnetron. In those cases where the negative
ions predicted by the magnetron technique are not observed, it
should not be assumed that the magnetron method is invalid. The
possibiltiy that the magnetron measurements refer to metastable
negative ions must not be overlooked. If the negative ion which
is first formed, and whose energetics are determined in the
magnetron, is metastable, in that it changes to another negative
ion before it is detected, the observed energy will depend on
the primary ion, but the mass spectrometer will record only the

secondary negative ion.

In conclusion, it might be stated that the magnetron
technique for the estimation of electron affinities of atoms,
radicals and molecules is valid experimentally, provided that
the gas pressure remains near to 1074 mm Hg.; the path length
of the electrons is not more than about 3 em and that the

charge carriers have been directly identified.
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4. THE QUADRUPOLE MASS FILTER SYSTEM.

INTRODUCTION.

A mass spectrometer system is usually composed
of four distinet sections:

a) A source region.

b) A mass/charge analyser.

¢) A detector.

and d) A vecuum system to enclose sections a), b) and c).

In brief, in the source region, the sample material
is ionised by some means. In this study, a hot cathode was used.
The ions produced in the source are passed into the analyser
region, where the ions are characterised by their mass to charge
ratio. Tons leaving the analyser are then detected. As the ions
travel comparetively long distances in the system, a vacuum
chamber is required to prevent an excessive number of collisions

hetween the ions and gas molecules.

The following sections describe the various components
and also the mode of operation, of the quadrupcle mass filier

system used in this work.
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4«1 THE VACUUM SYSTEM.

A general review of vacuum techniques in conjunction
with the requirements of mass spectrometry has been given by
Tasman, Boerboom and Kistemaker (44). The principles expounded
by these amthors were used to design the vacuum system used in
this work.

In seeking to obtain high vacuum (that is, pressures

in the range 10"4 - 10‘8

mm Hg.), one may either remove gas
molecules from the vacuum chamber by expulsion to a higher
pressure or trap the gas molecules in the system by physical or
chemical means, In either case, the ultimate vacuum obtained
will contain gas molecules liberated in the wvessel by
"outgassing" from the vacuum chamber components and "backstreaming"
of vapours from the pumping system.

"Outgassing" of the ecomponents of the system may
be reduced to negligible proportions in high vacua, by the
use of metal gasket for joining the various components and a
high temperature bake-out of the entire system. In the present
system copper and lead gaskets were used, together with stainless
steel components. The portion of the system gbove the diffusion
pumps was enclosed by an oven, capable of reaching a temperature
of about 200°C. Worrell (45) shewed that flushing the system
with dry nitrogen was also beneficial in reducing "outgassing"
and this technique was often used when dealing with compounds

not easily removed by other means.
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"Backstreaming" is a more serious problem. In the
case of diffusion pumps reaching a maximum pressure of ‘[0-'r
mm Hg.,Hengeross and Huber (46) state that back diffusion is
negligible, but that significant contamination occurs from
degraded pump fluids and vapours (in the case of oil diffusion
pumps) and penetration of light vapours from the fore line.
Holland (47) shewed that backstreaming rates increase
temporarily, by over an order of magnitude, on switching on
a diffusion pump, and to a lesser extent, on turning off.

In order to aveid this type of contamination, the headgate
valves above the diffusion pump were always closed for a few
mimites before the pumps were switched on or off; the bypass
line being used to maintain the fore-line pressure.

The main source of "backstreaming", however, is
from the rotary pump produeing the fore-line vacuum.

Fulker, Baker and Laurenson (48) have shewn that backstreaming
from a rotary pump is not only due to the volatility of the
pump fluid, buf also due to "cracking" of the fluid. This
"eracking" is caused by hot spots at the vane-stator interface
of the rotary pump (49).

"Backstreaming" may be reduced by including a
suitable trap or baffle between the pump and the vacuum system.
Water, or thermoelectrically, cooled baffles are often used to
reduce backstreaming, but their efficiency is not so high as
liquid nitrogen cooled traps, or molecular sieve traps.(50)

Liquid nitrogen traps, wherein the gas stream is
made to pass over a liquid nitrogen cooled surface, are commonly

used, but are not so efficient as molecular sieve traps, in
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which the gas has to traverse a layer of molecular sieve,
usually a zeolite or activated alumina.

Baker and Staniforth (51) have developed a molecular
sieve fore-line trap of high efficiency and tests (52) shew
that it behaves well in service. Craig (53) has shewn that,
using alumina as trapping agent, the hydrocarbon partial
pressure may be reduced by a factor of 105, together with a
decrease in the water vapour partial pressure. Fulker (54)
has shewn that activated alumina is a better trapping agent
than zeolite as alumina continues to absorb hydrocarbons even
when saturated with water, whereas zeolites tend to desorb
hydrocarbons when saturated with watex.

In view of its high efficiency, an activated alumina
molecular sieve trap was placed between the rotary pump and
the diffusion pumps. This trap was fabricated from stainless
steel, to a design similar to that of Roepke and Pung (55),
and incorporated a 5 cm diameter x 5 cm thick layer of
5 — 8 mm diameter alumina balls, as suggested by Baker and
Staniforth (51). The alumina was regenerated by baking
periodically.

Pig. 2 shews the schematic arrangement of the
vacuum system components. The source, quadrupole mass filter
and detector sections were enclosed by a stainless steel
vacuum chamber, joined by copper or lead gaskets. The
source and analyser/detector regions were seperated by a
diaphr%n, containing a 10 mm hole, by which the ions
entered the analyser, This arrangement enabled the source

and analyser to be pumped differentially.
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Liguid nitrogen traps, together with water cooled
baffles, were used above the diffusion pumps. With this
arrangement, after outgassing, by baking to about 15000,
pressures of less than § x 10~ Trm Hg were easily obtained.

A Varian leak valve was used to admit sample wvapour
to the source, from & gas sampling system, shewn in Fig. 3._
The samples were always purified by trap to trap distillations
followed by extensive '"outgassing" by means of the usual
freeze-thaw technique.

A very sensitive technique for the detection of
incomplete degassing, is to study the spin-relaxation time
(T1) of an organic liquid, such as benzene, which contains
dissolved oxygen from the air, in a N.M.R. spectrometer.
Various authors have applied the freeze-thaw technique to
study oxygen dissolved in benzene, and the longest
spin-relaxation time obtained, which is a measure of the
compleﬁ?ess of degassing, was 19+0 seconds (56). Dudley,
Homer and M Whinnie (57) have shewn that, by using a

chemical scavehger, a T, of about 24 seconds counld be

1
obtained, thus casting some doubt on the wvalidity of the

freeze-thaw degassing technigue. Using a similar design of
vacuum system to thal described above, but with an ultimate

vacuum of only about 10-4 mm Hg., a T, of about 23 seconds

1
was obtained after only one cycle of the freeze-thaw

technigue. Further cycles gave results as shewn in Table 0.
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TABLE O

FREEZE-THAW DEGASSING DATA

No. of cycles. Spin relaxation

time' (SECS-)

0 4.0

1 23603
2 21815
3 21+432
4 20+796
5 17675

3 22+052
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It may therefore be seen that the freeze~thaw
technique, when properly applied, is a powerful tool in
removing dissolved gases. The author wishes to extend his
thanks to Mr. A.R. Dudley for determining the T1's of the
freeze~thaw degassed gamples and for many discussions on

this aspect of the work.

42 THE SOURCE SYSTEM.

For ease of fabrication, the stainless steel source
region vacuum chamber was constructed so that a space of
5¢5 em diameter x 15 cm was available for the source itself.
Many designs of surface ionisation source suitable to fit this
space were constructed and tested, including a minature
magnetron assembly. The most difficult obstacle to overcome,
however, was that of maintaining accurate alignment of the
cathode throughout its life, which was usually about 30 hrs.
The design found most suitable was that of a planar diode
with perforated anode; the perforating hole, 1 mm in
diameter, being the entrance aperture of the quadrupole
analyser.

The polycrystaline tantalum cathode, of dimensions,
3¢3 x 02 x 0003 cm, was supported by spot welding to
stainless steel plates, which were insulated from the anode
by means of pyrex spacers 1+0 em thick, as in Fig. 4. The
natural "springyness" of the supports was found to be

gufficient to ensure that the cathode did not twist out of
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alignment. By passing a current of 20 amps de through the
cathode, from a suitable power supply, temperatures in excess
of 2400°K were easily obtained. A dc stabilised power supply
variable between 0 - 300 volis, was constructed to supply the
ion accelerating potential. The cirecuit diagram of the power
supply is given in Fig. 5 and the overall circuit diagram of
the system is given in Fig. 6.

The advantage of this type of source system was
that a relatively large movement of the cathode, due to
expansion, etc, could be tolerated during operation, without
gignificant misalignment and subsequent loss of sensitiv;ty.
The main disadvantsge of the planar diocde was that, to ensure
that the ion currents were field saturated, the emerging ions
were of high ( about 100 eV) energy, thus setting an upper
1imit on the resolution of the quadrupole mass filter.

A Leeds and Northrup disappearing filament
optical pyrometer was used to determine the temperature of the
cathode in use. The measurements made with the pyrometer were
always found to be reproducible within 10°K for any temperature.
Often, a reproducibility of better than SOK could be obtained in
the mid-part of the pyrometer's scale. The calibration of
these types of pyrometer are reliable after several years
of use (58).

The observed temperature must be corrected to
allow for emissivity effects and also absorption by the glass

window through which the cathode is observed.
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Valter and Langmuir (59) have given a relationship between
the actual temperature T, and the observed temperature S, of

a tantalum strip filament viewed through one thickness of

glass ass:
T = 09919 * S + 3714 x 10-6 . 82
+ 574 x 1077 « g7
This expression was used to correct the observed
temperatures.

Fig. T, obtained from measureme~nt on the cathode,
using an optical pyrometer mounted upon a lathe top-slide,
shows that there were no temperature gradients owver the

central part of the cathode.

4% THE MASS FILTER SECTION. i
The mass analyser system employed to study
negative surface ionisation phenomenas was desired to possess

the following main features:

i) Adequate resolving power.
A resolution of approximately 100 was deemed
suffieient for the identification of simple ionic species.
ii) High sensitivity.
Negative ions, in general, are only about 10-4
the abundance of the corresponding positive ion.
iii) High ion source pressures.

Investigations in the magnetron were usually
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performed over a range of 1072 40 4072 mm Hg., and it was
desired to emulate the magnetron conditions as far as
possible,
iv) Bal%.ble system.
Highly electronegative materials, such as the
halogens, must be removed from the system, if they are not
to dominate the ion emission. Baking the system enables

such materials to be easily expelled.

After a study of the different available types of
gpectrometer, the guadrupole mass filter was believed to be

the mogt suitable type.

a) The mass filter has a very high transmission
efficiency, especially at low resolving powers. The high
transmission is maintained over high background pressures.
This is due to the strong focusing action of the guadrupole
field, which, with the exception of charge exchange reactions
maintain transmission characteristies unchanged, to a first
approximgtion, by eollisions with residual gas molecules.

b) Ion beam injection conditions are not stringent
for low resolutions, allowing simple modifications to the
mass filter to be underiaken. The cylindrical symmetry of
the analysing field enables the most practical method of
extracting ions from the source to be used, namely, a small

circular orifice.
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The resulting ion beam is then of cylindrical symmetry,
thereby maximising the coupling efficiency between the ion

gource and quadrupole field without the use of an ion lens.

0f the commercially available guadrupole mass filters
the Atlas AMP 3 type was chosen as this instrument satisfies
the criteria set above. In this work, only the quadrupole
rods and housing, together with the associated eleetronics,

were used.

Charged Particle motion in the Ideal Mass Filter.

Paul and his co-workers pioneered the construction
and subsequent theoretical development of the quadrupole mass
filter in the 1950's. The theoretical treatment of the ideal
quadrupole mass filter given here, follows that of Dawson and

Whetten (60).

The guadrupole field in apideal mass filter may
be obtained by using four parallel conducting electrodes
ground accuratelly to a hyperbolic cross-section, located
symmetrically about the instrument (z) axis, so as to correspond
to the equipotential lines of a quadrupole field. Opposite
electrodes are joined together electrically. Usually, a dc
potential, U, and an rf potential V cos (wt), are impressed

upon the electrodes. However, this is not the only possible
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arrangment; a recent commnication (61) shews that a rf square

wave potential may be used, with some increase in performance.

Using the above potentials, the quadrupole potential,

I, at any point, in rectangular coordinates, is given by:

I = (U-Vcos(mt))(Ax® + ey° + ¥3z2) (1)
where z is the instrument axis and the x direction is that
through the centres of the pair of rods which have a negative
de potential with respect to the second pair of rods.
Electric fields, for each direction, may be

obtained from the guadrupole potential at any point:

Ex = = (U -7V cos(wt)) » 2: Ax
Ey = = (U =V cos(wt)) » 2-0~y
E = - (U = V cos(wt)) « 2-%-2 (2)

For the mass filter, it is usual to chose the

values of the comstants in egn (1) so that:

¥=0
x =— g = 1/2.'1‘0
where T, is the distance from the centre of the field to

2

the nearest point of an electrode.
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Provided there is no space charge within the

electrode structure, the potenitial satisfies Laplaces' egn.
a’1/ax’ + &°1fay® + d%1/az® = o (3)
as 2{ + O + .)\ = 0

The eguations of motion of a singly charged ion, at

a point %,y are:

dzx/dt2 + (e/m - 1-02)(11 - Vecos(wt)) *»x = O
a®y/at® - (efm + x°)(U -~V cos(wt)) + y = O
EafB® = 0

(4)

The third equation expresses the fact that there
is no acceleration in the z direction. These differential
equations are of a type known as "Mathieu equations",

whose properties are known.

Substituting:
w‘ﬁ:ZC
. = (8eU/mw)
a§ e w; i&
= (4eV/mwu)
F S o)

This enables the eqns (4) to be replaced by the

canonical form of the Mathiew egn:
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a®u/af® + (a-2qcos(2f) -u = o (5)

where u represents either x or y , and

a = 8 = =3
= %

L

Solutions to the lMathieu equation can be

expressed in the form:
L ] o«
u = d'er ézczs eZisC + o(e_r &2023 e—2is(g
e s

) ]
The integration constants & and M depend on the
initial conditions existing at introduction of the ions.

The constants 025 a.ndr depend only on a and q.

In terms of the transmission of ions through
the filter, the solution of the Mathieu equations are of

two distinet types in which:

i) x or y continues to increase with time, giving
non-bounded, unstable, trajectories.

ii) x or y is periodic with time, giving stable,
bounded trajectories, provided that the ions do not come

into contact with the electrodes.

(6)
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We are interested in solutions giving rise to
stable ion motion. The constant/’ in equation (6) determines
the type of solution. Only if V = if s Where / is not a
whole number, will the solutions be stable.

Since 4 depends on the values of a and q, the
regiong of stable operation may be plotted in a - g space.

In describing the mass filter, there are two sets of a - q
diagrams, one for the x and y directions, respectively.

For an ion to traverse the mass filter, it must have a stable
trajectory in both the x and y directions. The combined
stable region of operation for the x and y directions,

used in the mass filter, is shewn in Fig. 8.

If the ratio of de to rf potentials, that is, U/V,
is fixed, then the ratio a/q is fixed and this defines the
"mass scan line" on the stability diagram. For any chosen
values of U, and therefore V, ions of differing values of
e/m will be spread out along the mass scan line, according to
their a,q values. Ions of large e/m values will be farthest
from the origin.

By varying the magnitudes of U and V, keeping
constant the ratio U/V, each ionic species may be brought in turn
into the stable region, and can then be transmitted through
the device. Thus, if a detector is placed at the exit of the
mass filter, and the U and V potentials steadily swept over
a given range, a plot of number of ions emerging from
the filter versus the value of m/e, that is, a mass spectrum,

may be obtained.
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The resolution of the mass spectrum is usually
defined for mass filters, as (M/AM), where AM is the
width, at half-height, of a peak appearing at mass M. Two

resolution ranges may be distinguished:

i) The peaks are flat topped (trapezoidal) with
100% ion transmission. This is the low resolution range and
is obtained when the mass scan line intersects the stable
region below its tip.

ii) The peaks are triangular, with less than 100%
ion transmission, and their intensity is inversely proportional
to the resolution. This is the high resolution range and is
obtained when the mass scan line intersects the tip of the

stability diagram.

Compared with modern magnetic mass spectrometers,

the mass filter's resolution is low, in general, below 500.

The Practical juadrupole Mass Filter.

The previous section was concerned with the
develop ment of the theoretical treatment of the quadrupole
mass filter. This section deals with those aspects of the
theoretical treatment which are only approximated to in

practice.
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It was previously noted that the quadrupole field
forming surfaces should be of hyperbolic cross section,
located so as to correspond to the equipotential lines of
a quadrupole field . However, many mass filters, including
the AMP 3, are constructed with rods of circular cross
section, The best approximation to a hyperbolic field is
to space the circular rods so that r&od/fo = 116 ,
where T od is the radius of the circular rod.

Brubaker and Chamberlin (62) have shewn that the
resolving power of a given instrument, using hyperbolic
rods was approximately twice that found when round rods were
used. The performance of mass filters having imperfect fields
has been treated by Dawson and Whetten (63). The use of
round rods, and the occurence of mechanical imperfections,
apart from causing loss of ions, was shewn to cause peak -
splitting. A comprehensive experimental study by Arnold (64)
later shewed that mutual misalignment of the rods, or rods
with source, caused peak splitting and loss of ions.

Quadrupole theory also assumes that the quadrupole
field falls to zero potential at an infinite distance away
from the rods. In practice, the rods are mounted near to a
grounded metal housing. Denison (65) has shewn that the
sensitivity of a given instrument may be significantly
increased by optimising the rod spacing with respect to the

pogition of the housing.
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The analysis of the transmission of ions through
a masg filter as a function of the angular entry of the
ions, hag given considerable insight into the effect of
the entry and exit fringing fields. Though  complex
phenomena, the fringing fields have the effect of making ions
passing through them unstable, thus causing loss of ions
and hence, loss of sensitiv)ty. Brubaker has shewn that,
by using extra electrodes, the fringing fields may be modified
to permit almost all the entering ions to pass through into

the quadrupole field proper.
Modifications to the AMP 3 lass Filtexr

The AMP 3 mass filter operates at a fixed frequency
of 3 MHz, and the required resolution may be obtained with
several combinations of aperture size, ion energy and a/q
ratio. The smallest aperture provides greater resolution and
greater transmission at high resolution. The largest aperture
provides greater sensitivity at low resolutions (ie less than
10).

Experimentally, 2 value of 1mm was chosen for the
diameter of the entrance orifice. For 100% ion transmission,
the diameter of the input aperture, D, for high a/q ratios

wag:

D = =z /(/An)? (7)



O e = '9|DDS SSDIA
Q

)

Q)

e
S
(/
° o ;

: 5

1

®

% -

(& L

1

<

: >

© o

O =

=3

1!

wnJ}22ds sspw (L o

aulwoug S
D
6 Old

(S
(9




ST
Thus as r  is 0+69 em, the expected resolution
would be approximately 48 at 100% ion transmission. The

accelerating voltage is given by:
V = 402 x 10° x £ x I° x (M/AN) (8)

where f is the frequency in MHz. (3<0NHz)
L is the length of the rods inm (0¢2 m)
M is the ion mass.
For example, for mass 79 (Bromine), the accelerating
potential, for a resolution of 48, would be approximately
249 voltis. Experimentaly, using a channel electron multiplier
as in the following sections on detectors, & mass spectrum
of bromine was obtained, and is shewn in Fig. 9. The
accelerating potential was 130 volts. For-the.793r peak,
the observed resolution was approximately 9f. Inserting the
accelerating potential and mess into equation (8) it may be
seen that the expected approximate resolution is 92. This
indicates that the system has been correctly set up and well

aligned.

The electronic unit of the AMP 3 was designed for

two modes of mass scanning'operaticﬁ4

i) by means of a helical potentiometer, the mass

range could be manually scanned.
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ii) by means of an internal electronic timing system
the mass range could be scanned over a range of speeds and
repetition rates.

In the study of negative surface ionisation,
valuable information may be obtained by comparing the ion
currents at various source temperatures and pressures. The
antomatic scanning system was unsuitable for this, as the
slowest scan speed per amu corresponded to about 1/30 th
of the detector's time constant, (using a Faraday cylinder
detector). Manual scanning was exiremely tedious. To obviate
this diffienlty, a simple "peak switching" circuit was constructed.
This enabled three mass positions to be preselected.

The peak switching circuit was composed simply of two

extra 50K helical potentiometers wired in parallel with the
existing helical potentiometer, and a three position, three
way rotary switch enabled each potentiometer to be connected

to the rf generator, as desired.
4«4 THE DETECTOR SYSTEM.

The quantity and charge of the ions leaving the
mass filter must be measured. Commonly, an electron multiplier
iz used as a.detector‘fﬁr low ion currents, although
scintillation detectors and semi-conductor detectors are also

in general use.



Although these detectors have a high sengitiv ty,
their responce to different ions vary and their responce to
a given ion changes with time (66). A study was therefore
carried out, using a channel electron multiplier, to determine
its suitability for use as a detector in the quadrupole

system,
Study of the Channel Electron lMultiplier.

A channel electron multiplier (CEM) consists of
a narrow tube of insulating material, usually glass, the
ingide surface of which has bheen treated to produce a thin
condueting layer. If a potential is applied between the
ends of the tube, the thin conducting layer becomes a
continuous dynode, electricaly analogous to the seporate
dynodes of a conventional photomultiplier, together with
the resistor chain used fo establish the seperate dynode
potentials. The resistance of the continuous dynode is
about 109 ohms. The channel electron multiplier operates in
vacuum, with an open window cathode, and an incident particle
entering the cathode end of the multiplier generates secondary
electrons on collision with the walls of the tube. These are
accelerated along the tube until they strike the wall again,
where they generate further secondary electrons. This
avalanching process results in a large negative I;ulse arriving

at the anode end of the multiplier.
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The gain of these multipliers, which is defined
as the magnitude of the output pulse for a single input event,
is high, often above T.OB; It is usual, with channel electron
miltipliers, to count the number of pulses appearing at the
anode, rather than attempt to integrate them, to give a
current measurement. The potential across the multiplier is
approximately 3+5 K\lolts, and some accelerating potential is
usually applied between ground and the multiplier to ensure
that the negative ions are accelerated into the cathode. This
means that, in practice, the anode of the multiplier is gbout
+4 KVolta. above ground. Thus direct current measurements were
impractical, as the amplifiers, ete., would have to be above
ground by +4 kVolﬁs also. However, in a pulse counting ecircuit
a capacitor, which allows only the pulses from the multipliers
anode to pass it, effectively seporates the multiplier from

the amplifiers, allowing them to operate at ground potential.

The channel electron multiplier used in this study
was a Mullard B419BL, aligned with its fumnel cathode in line
with the axis of the guadrupole mass filter, and located
about 3 cm from the gquadrupole's exit aperture. The circuit
used to detect the pulses is shewn in Fig. 10. The charge
pulse at the anode of the channel electron multiplier is
converted into a voltage pulse by the RC network. This

voltage pulse is then amplified by a charge sensitive amplifier



- 39 =

ingtead of the more usual emitter-follower amplifier. The
emitter-follower offers a simple solution, but it has the
digsadvantage that it must be placed as close as possible
to the channel multiplier output in order to preserve the
pulse information. In most cases it is necessary to place
it inside the wvacuum system., The charge sensitive amplifier
can be used effectively here because its output voltage
is almost independent of its input capacitance loading,
consequently a long cable can be used to comnect it to the
output of the multiplier. The charge sensitive amplifier
ugsed was constructed according to the circuit given by
Petley (67).

The resultant voltage pulse was detected by a
"Laben mod 100 Spectrascope". The Laben Spectroscope is
a versatile instrument which was used in these experiments

in two wayss:

i) As a simple scaler, in which the total
number of pulses arriving per unit time, were counted.
ii) As a pulse height analyser. In this mode,
the incoming voltage pulse is allocated to a particular
scaler store, depending on the amplitude of the pulse.
After a predetermined time, the number of pulses of a given
amplitude could be determined, thus enabling a pulse height

distribution diagram to be drawm.
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The gain of chammel electron multipliers tends to decrease
when the number of incident ions is greater than about
100 per second. This effect is known as fatigue and is
illustrated in Fig, 11. Many authors have studied the effect
of channel electron multiplier fatigue due to high incident
fluxes of positive ions and electrons. The work of Reed (68)
is very comprehensive in this respect.

It may be seen from Fig. 11 that the number of
detected ions falls to a limiting value, Ge , for a given

constant number of incident ions, G BEgidi et al (69) have

i
shewn that G, is inversely proportional to Gi for Bendix
type channel electron multipliers. However, it is important
to notice that the time taken for Gg to be reached is of the
order of 0«5 hours., Thus this am ount of time would have to
be allocated to each measurement to ensure accurate results,
Furthermore, Egidi et al have shevm that, for 5KeV electrons
a time of approximately 10t when t is the measurement
period, migst be allowed between measurements to allow the
gain to return to its original value. It may be seen that
long periods of time must be devoted to any quantitative
measurements made with channel electron multipliers, unless
the incident ion rate is low.

The sensitivity and resolution of the quadrupole
system, using a chamnel electron multiplier as detector,

was considered sufficient. However, as sensitivity is

inversely proportional to resolution, any negative ion of
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low abundance would only be poorly resolved, due to the
greater sensitivjty required to detect it. A recent report by
Van Gazkam et al (70) has shewn that it is possible to resolve
isobaric positive ions by means of their differing secondary
electron distributions when impinging on the first dynode of
an electron multiplier, The method of Van Gorkom et al was

to plot the position of the deconvoluted pulse height
distribution maxima against the energy of the incident ion.
By this means, isobaric krypton and cyclohexane positive ions
could be easily distinguished. However, a recent paper
published by Goodings et al (71) suggests that negative ions
behave in a very different mammer to positive ions on impact
with the first dymode of an electrom multiplier. This
observation of Goodings et al is in direct disagreement with
the work of Parilis and Kisinevskii (72) and Arifov and
Khashimov (73).

A study was therefore made of the effect of
impinging CN ions onto the cathode of the chammel electron
miltiplier. By keeping the source temperature and pressure
constant, a uniform beam of CN ions, derived from cyanogen
bromide vapour, could be made to impinge on the cathode of
the channel electron multiplier. The ions were accelerated
after leaving the mass filter by a voltage of 05 - 240 KV
applied between ground and the channel electron multipliers
cathode., The Laben spectroscope recorded the pulse height
distribution at a given accelerating potential, from which
the position of the pulse height distribution maxima could

be obtained.
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The electron multiplier pulse distributions were
not the true secondary electron energy distributions as
would be observed when the CN~ ions impinged only on the
cathode section, Ingtrumental broadening ocecurs in the
chamnel electron multiplier and in the amplifier. However,
it has been shewn that the position of the observed pulse
height distribution maxima corresponds to the position of
the most probable pulse height in the deconvoluted distributions .
A plot was made of pulse height distribution maxima versus
the ion energy, and is shewn in Fig. 12. These results are
similar to those obtained for pogitive ions by Van Gorkom
’et al, having a marked linear dependence on the ion energy
above about 1 KV.

Van Gorkom et al have shewn that this type of
variation of the pulse height distribution maxima with
ion energy is related to the structure, and not mass, of
the impinging ion. For example, isobaric krypton ions and
cyclohexane ions were easily distinguished. However, the
charge upon the ion has no effect upon the dependence.

Ar* and ar™ weve found to have the same dependence. This
later observation is in agreement with the theoretical
treatment of Parilis and Kisinevskii (72) who have

shewn that the secondary electron emission is the same for
a given : ion i, no matfer what the magnitude and sign of

the charge upon it.



(A3 mOva ADH3IN3 NOI

O'¢ o'l cl 80

! | 3 I ; - | 1 I ' I i 54

L 914

SUO!I ND J0} ADYINZT NO| shsdsA VINIXVIN dHd

1740)

<
(A_OLX) WNNIXVYIN LHOI3H 3ISINd



- 43 -

It is implieit in the results obtained for CN™
jons, that isobaric negative ions could be resolved by this
technique, provided that the variation of their pulse height
distribution maxima with ion energy, for a given multiplier,

was known., This, however, was not verified experimentally.

The Faraday Cylinder Detector.

The Faraday cylinder, also known as a Faraday "cup"
or"cage", consists of a partially screened electrode, at
which ionic species may neutralise their charge and be detected.
The FParaday cylinder is connected electrically to some current
measuring device, so that the amount of charge neutralised in
the cylinder per unit time, may be estimated.

The Faraday cylinder employed in this work had
dimensions 2 cm diameter by 7 cm long. It was constructed
from copper and was mounted on PIFE insulators. These
insulators were bolted to a standard electrical leadthrough
for vacuum chambers, supplied by Vacuum Generators Ltd.

The external conductors were screened by 2 grounded metal
box, and the Faraday cylinder itself was effectively screened
by the grounded metal vacuum system.

Faraday cylinders usually have a partially closed
entrance aperiure, however, the beam of ions from a guadrupole

mass filter is diffuse, and so a large aperture is required.



In use, the Faraday cylinder was located axially
about 1 em from the exii of the quadrupoie mass filter.
There is a possibility that secondary electron emigsion
may occur at the Faraday cylinder, due to the energy
(about 200 eV) of the bombarding ions. The secondary
electrons may not be recaptured by the Faraday cylinder,
thus causing an error in the measured current.

This effect may be detected by locating a bar
magnet near the cylinder, outside the vacuum chamber.

Any secondary electrons formed would then be deflected into
the walls of the Faraday cylinder, causing a change in the
measured current. This experiment was carried out, in the
presence of the interhalogen vapours and no change in the
currents was observed. In the case of cyanogen bromide vapour
a difference in the measured currents, in the presence and
absence of the bar magnet, was observed. These observations
are discussed in the following chapter.

The ion current arriving at the Faraday cylinder
was then measured by connecting the cylinder, by means of a
screened cable, to a dc amplifier. Two types of amplifier were

used:

i) An AVO 1388 B dec amplifier

Phis had a vange of 10V 4o 10 14

Amps in decade steps
and was used to obtain the ion currents in both the
temperature and pressure dependence experiments. Unfortunately,

the long time constant, approximately 30 seconds in the

’
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lower current ranges, precluded its use in obtaining mass
spectra by means of the AP 3 automatic scanning system.

ii) A fast response integrated circuit amplifier.
This amplifier was constructed using an Analog Devices varactor
bridge operational amplifier and the circuit diagram is
given in Fig. 13. The sensitivety of the amplifier in this
mode of operation is calculated as 1 wolt / pA and the
manufacturer claims that the responsz time is of the
order of 1 0-2 seconds. Great care was taken to ensure that
the input leads were well screened, and PTFE insulators
were used throughout. The whole amplifier was enclosed in
a metal box efficiently grounded. This system was used solely
to obtain mass spectra. The output of the amplifier was lead,
via a voliage divider box to a chart recorder, which had
a full scale deflection of 1, 5, or 10 millivolis in

switched steps.
4+5 THE OPERATTON OF THE APPARATUS.

Fig. 14 shews the variation of the measured ion
and electron currents, derived from iodine bromide vapour,
at constant source tempera‘tu:e and pressure, with anode
accelerating voltage. Above about 80 wvolts, all the
currents are field saturated, but in order that there was
no possibility of space charge effects within the planar

diode source, the anode voltage was usually set at 250 volts.
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In use, the hot cathode caused some outgassing
of the glass and metal parts of the planar diode, and it
was necessary to ensure that this process was carried out
to completion before any measurements were made. The usual
procedure adopted was to maintain the cathode above 2400°K
with the anode accelerating voltage applied, for several
hours, until the pressure dropped below 5 x 10™7 1m Hg.
This procedure also ensured that cathode surface impurities,
such as TayOgy were removed(41). After this treatment, the
sample material was allowed to flow over the hot cathode,
in vapour form, until measurements shewed that the system
had become stable.

The measurement of the ion and electron currents
at the detector may be undertaken in several different
ways. Perhaps the best method would be to use a Faraday
cylinder detector connected to a fast responfe logarithmic
amplifier and to record mass spectra at various temperatures
and pressures. Unfortunately, such an amplifier could not
be obtained. The alternative was to obtain a mass spectrum
of a given compound, using a slow, decade switched amplifier,
or a fast uncalibrated decade amplifier, so that the position
of every mass peak in the spectrum could be obtained. By
use of the peak switching system, described previously

the mags filter could then be pretuned to pass the observed
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ions in sequence, In its lower ranges, the AVO amplifier
had a time constant of about 30 seconds. This means that,
in order to obtain an accurate measurement of a particular
ion current,then that ion current must be measured
continuously for a period of several minutes. It was
therefore a pre-requisite to a set of measurements, that
both the pressure and the temperature of the source were
stable. A series of measurements could thus be obtained by
setting the temperature and pressure to the approximate
reqﬁired values, allowing them to become stablised and then
to make current measurements, for aboul three minutes, for
each preselected mass position.

In obtaining az mass spectrum, using the automatic
mass scan system of the AMP 3, it was often noticed that a
long "tail" developed on the electron peak, which often
extended up to about mass number 20. It was found
possible to reduce this "tail" to negligible proportions
by locating a small magnet near the quadrupole rods,
outside the vacuum system. From Fig. 15, obtained using
a large solenoid located half way along the gquadrupole
housing, it may be seen that the ion current is not
affected by the external magnetic field, whilst the
electron current is effectively reduced. The position
of the magnet was found to be unimportant, provided that

it was near to the guadrupole housing.
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5. THE ESTIMATION OF NEGATIVE TON STABILITIES USING

THE QUADRUPOLE SYSTEIN.

The early measurements of Mayer et al (74)
were an attempt to measure directly the electron affinities
of atoms derived from the dissociation of molecules at a
hot metal surface. He assumed that atoms, electrons and
ions were in both thermal and charge equilibrium with
this surface and that it was therefore possible to compute
the equilibrium constant and hence the energy change

for the reaction:

Rigye . 8rg) 8 Azg)

By the use of sgtatistical mechanics, Sutton and Meyer
(74) estimated the electron affinity of the iodine atom
as 3026 + 6+3 KJ o Doty and Mayer (75) measured
the electron affinity of the bromine atom, obtaining a
value of 3365 + 1.7 W m01_1, in good agreement with
Weisblatts estimate of 334+6 kJ mol™', obtained using
the same technigue, The study of chlorine was hampered
by the formation of tantalum pentachloride; however, using
a silver coated apparatus, M°Callum and Mayer (76)

1

obtained a value of 358¢8 + 4¢2 kJ mol ', using both

chlorine gas and stannic chloride as substrates.
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Bernstedcn and Metlay (77) obtained a value of
3437 + 16+7 kI mol™', for the electron affinity of
fluorine, using the magnetron technigue.

These results obtained with the magnetron are

in good agreement with the photodetachment studies (12)

1 1

which give 347¢7 kJ mol™ ' for chlorine, 324+0 KkJ mol ™

for bromine, 295¢1 KJ m01~7 for iodine and 33129 kJ ol !
for fluorine.

The results obtained using the magnetron technique
and interpreted by means of statistical mechanics, for
oxygen (?8) were found to be unsuccesful when compared
to the walues obtained for the electron affinity of
oxygen by the spectroscopic technique (79). It is now
well known that oxygen may interact with a hot tungsten

filament, both to markedly raise the work function of

3

certain conditions (39). The manner in which the oxygen

the surface (80) and to produce WO, negative ions under
reacts with the filament will also affect the calculation
of the degree of dissociation.

This failure to find suitable substrates caused
interest in the magnetron method to decline until Page
(81) made a further study of the halogens, using halogen
hydrides as substrates.

Page noticed that the total current was inversely

related to the gas pressure and interpreted this in terms
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of some adsorption process which resulted in a raising

of the work function of the surface. Apart from the
demonstrable effect of adsorption,,it may be shewn that

both the ion current and the electron current are
exponentially dependent on the reciprocal of the filament
temperature, at constant pressure, and that the ion

current is usually proportional to the pressure of gas in

the magnetron. Page argued that the ratio je p/ ji’

where je and ji are the electron and ion currents,
respectively, and p is the gas pressure, might be identified
with some equilibrium constant, whose temperature coefficient
leads to an energy term, which is the heat of some
hypothetical reaction. This energy term may be identified
with the overall enthalpy change between the gas-—phase neutral
species and the resultant negative ion.

The overall enthalpy change may be related to the
electron affinity of a radical by considering the enexrgetic
process involved in chemisorption, ion formation on the
surface and desorption of the negative ion, and in
certain cases, desorption of uncharged fragments. A simple
kinetic treatment of this process of ion formation was

given by Page (81) and he deduced that:

jo P f j; = conmst.x p? exp (E'/RT)



N

where the pre-exponential constant is only slightly
dependent on temperature and E' iz the apparent electron

affinity. Thus:
B = dm(3,p/3))/a0/m) (1)

Page distinguished four types of mechanism
of ion formation on the cathode surface, on the grounds
of the energy terms which contributed to the apparent

electron affinity.

i) Direct capture:-

Certain neutral species have been found to add
an electron, to form a negative ion. Usually, the direct
acceptor is a compound with many constituent electronegative

elements, For example, sulphur hexafluoride.
SF6 + e = SF6

or " contaiqa 2 pi bond system, for example,

tetracyanoethylene,

c?_(c:ﬂ) PR ca(rm) 4‘
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Since the process of direct capture involves
neither bond breaking nor adsorption of fragments, the
apparent electron affinity must be equal to the true
electron affinity, at the temperature of the measurement.

ii) Weak bond.

The transition between the direct capture process
and a process wherein a strong bond has to be broken, is
a gradual one and no sharp distinction may be made.
Generally, if free radicals can capture an electron to
form a negative ion, then, if the strength of the bond
which has fto be broken to form the free radical is less
than about 290 K J molfj, the substance will behave as
though it were composed of the free radical and the
apparent electron affinity and the true electron affinity
will be the same, at the temperature of the measurement.
For example, this type of process occurs with hydrazine

and dimethyl-mercury :

2e + N2H4 = 2NH2 + 28 = 2NHé

% + Hg(CHj)z Hg + 20H; + 2 = 20H3_ +

]

iii) Strong bond.
This type of behavicuris observed when the bend
energy is so high that only a small fraction of the material

is dissociated at the filament temperature.
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In this case, the apparent electron affinity will
equal the true electron affinity minus the energy necessary
to create the acceptor radicals. For example, in the case

of oxygen:

%¢ + O 20 + 26 = 20

Il

2

This is a symmetrical fission of the 0-0 bond and:

HY = B

true D / 2

where D is the dissociation energy of oxyzen.
In the more general case of unsymmetrical fission,

for example, carbon tetrachloride:

e + 0014 = 01 + 0013 + e = 0013 K B

El

I
=
1
=}

where D is the energy of the 0013-01 bond.

iv) Dissociation with Adsorption,

This type of process is the most general case
encountered. A bond energy term must be taken into account

for the production of acceptor radicals, as in type iii)

processes, together with a heat of adsorption term of
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some fragment adsorbed onto the cathode. The apparent
electron affinity is given as:

E’:E[-E-L-Q
where Q is the heat of adsorptiom of the fragment.

Many examples may be quoted, shewing adsorption
of different radicals. For example, carbon tetrachloride

over platinums

ccl +e=CCl—+Cla

4 3 ds
. » A
s & cor; ~ ECCI3 B+ Qq/pt
where D is the bond energy of CCI_~Cl bond.

3

The kinetic approach to the interpretation of
results obtained from the magnetron, has allowed the
estimation of the stabilities of a large number of
negative ions, together with much information on the
interaction of various compounds with hot metallic surfaces
(17).

Farragher'(az) has extended the kinetic approach
by applying the theory of rate processes to the emission
of ions and electrons. The extended kinetic treatment is
shevm by Parragher to lead to exactly the same resulis as

the statistical argu ments of Mayer in the simplest cases,
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thus supporting Page's earlier argu ments in this respect.
The quadrupole gystem may be considered to be
equivalent to the magnetron system in that the rate of
formation of ions and electrons may be measured over a
similar range of temperatures and pressures. However,
the great advantage of the guadrupole system is that the
identity of the charge carriers may be directly determined.
As both electron and negative ion currents may be measured,
it was proposed that the kinetic method of Page would be
used to estimate stabiltities of various negative ions,
using the quadrupole system.
The compounds chogen for initial study, over a

polycrystalline tantalum cathode, were:

Todine chloride
Todine bromide
Cyanogen iodide

and Cyanogen bromide.

These compounds were chosen, as, apart from giving
gtrong negative ion currents, much information is
available on their thermodynamic properties (83) and
therefore interpretation of the results should be clear.

Negative ion mass spectra were obtained in the

temperature range 1250 - 2200°K, for each compound.
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Table 1 shews the ions detected. At the higher
temperatures, the ion currents were about 1 x 10-9 Amps
and as the detection limit was 1 x 10-14 Amps, any other ions
which may have been produced must have an intensity of
less than 1072 that of the observed ions.

The dependence of the negative ion currents with
gas pressure, at constant temperature, for these compounds,

are discussed in the following section.
5¢1 THE PRESSURE DEPENDENCE OF THE ION CURRENTS.

The variation of the total ion current with
pressure, at constant temperature, in the magnetron, may
in many cases, be divided into fwo portions. The high
pressure portion, usually extending from 5 x.10-4 to
10_2 mm Hg., is characterised by the total ion current
remaining constant with changes in the pressure. The low
pressure portion, uswally 1 x 10—6 o 5 x 10-4 mm Hge,
is often linear, for simple compounds. The ion current,

Ii’ in this region, may be related to the pressure, p ,

at constant temperature, by an expression (17):
log Ii = x log'p -+  eonst.
where x is an experimental constant.

In the presence of the wvapour of bromine, iodine

chloride iodine,bromide or cyanogen bromide, the variation



TABLE 1

Compound. Tons observed.
Todine chloride £, €1
Todine bromide i AR X
Cyanogen bromide Br , CN
Cyanogen iodide T , ‘e




Ol

bH wuw

J4NSS3dd
Ol

-

dHL NI 3INIWOY8 40O
AON3IAN3Id3A IHYNSS3dd
9189

Ol
el-

o

QN
O
=

IN3HHND

sdwy



bH ww 3IYNsSINUd
o) Ol
G- 9

£ |

W
. ¥
¥, 6oL 1V dWO
3HL NI 3QI¥OTHD 3NIGOl 40
JONIANI43A IYNSSId
ZL Ol
T

Ol
cl-

o

-—
| O
e

Ol

sdwy IN3HYND



Ol

By ol

J4NSS3dd
Ol

"dAWO 3FHL NI
3JAINO¥E 3NIdOI 40

3ON3IAN3d3A 34NSS3dd
8l 9l

Ol

Ol

IN3H4ND

sdwy



bH ww
Ol

J4NSS3dd

Ol
®|

A SOrlL fya SN O 3HL NI
3dINOdd N3IOONVAD 40
dON3IAN3Id3d JHNSS3Hd

61 Ol

Ol
S

@)
sdwy  INIH4ND

Q
St



CURRENT °

14
10

PRESSURE mrrl\ Hg
| |

FlG. 20

10

3 B S
10



- 57 =

of the individual ion currents with pressure, at constant

B t0 5 x.10—5 me Hg.,

temperature, over the range 1 x 10
were obtained from the guadrupole system, and are shewn
in Figs. 16 to 19. The source and the analyser regions were
pumped differentially and a Penning discharge gauge, located
in the source region, recorded the pressure. Bach
interhalogen gave rise to two negative ion currents and
in each case, a plot of log I:i versus log p , at constant
temperature, was linear and of unit slope. Plots of this
type, indicate that the rate determining step of the negative
ion formation process is first order with respect to the
paren t gas phase molecule concentration.

Using the guadrupole system, it was found that,
‘when the source region and the analyser were differentially
pumped, the measurement of the variation of the individual
ion currents with pressure, at constant temperature,was
difficult above pressures of 5 x 10~ m Hg., ae the ion
currents became erratic. However, by closing off one pump,
the ion currents became steady and measurements could be
made over the range 5 x 10~ to 5 x 107> mm Hg. The pump
that was usuvally closed off was that which pumped the
analyser section. Measurements of the ion current were
made about ten minutes after a change in pressure, to

allow the pressure in each region to equalise.
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Todine chloride, the only compound to be examined
in the guadrupcle system in the range 5 x 1072 o 5 x 1073
mm Hg., gave plots of log II- versus log p 4 and log Icl-
versus log p, at constant temperature, which were entirely
unexpected. The pregsure was measured by a Baratron diaphr%m
gauge and the plots are shewn in Fig, 20, and were yery
reproducible. The unusual nature of these plots suggested
that further information was required and so the variation
of the total current with pressure, at constant temperature,
from iodine chloride, iodine bromide and bromine, were )
obtained, using the magnetron technique. These are shewn in
Figs. 21, 22 and 23, The plots of log (total ion current)
versu;}pressure, at constant temperature, chew a direct
dependence below about 5 x 1074 m Hg., and
a constant ion current at higher pressures. Clearly, the
processes occui%ng in both the magnetron and the guadrupole
systems at low pressures, are the same.

The fact that, at high pressures, positive currents
are observed, using the quadrupole system to obtain plots
of log Ii versus log p, at constant temperature, indicates
that some other ionisation process may be occu:{ing.
Secondary electron emission from the Faraday cylinder was
discounted, as a bar magnet placed near to the cylinder

produced ne change in the observed currents.
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Consideration of the various ionisation processes
which might occur, suggested that gas phase positive ionisation
by electron or negative ion impact, was most likely. The
magnetron and the guadrupole systems were therefore carefully
congidered, in oxrder that, should gas vhase positive ion
formation be occu%éng, its effect on the measured ion

currents might be ealculated.

In the magnetron, if a positive ion is formed in
the gas between the cathode and the anode, then the electrons

resulting from the collision:
M + e = " 2e.

will be accelerated towards the anode, whilst the positive
ion will be accelerated towards the cathodes a simple
electrical charge balance shews that for every positive ion
formed, two electrons will flow from the anode to the cathode
via the external galvanometer circuit, provided that the
grids do not capiture any charges. In other words, a
"megative" current flows in the external cireuit for both
negative surface ionisation processes and gas phase
detachment processes. However, the path length in the
magnetron is small, and it was shewn in chapter 3, that,
provided the pressure is less than about 10™% mm Hg

gas phase processes have a negligible contribution to the

measured currents.
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In the mass filter, a positive ion produced by the
collision of a gas molecule with an electron or negative ion,
will not be acted upon by any AXIAL electric field,
analogous to the radial field of the magnetron. However,
the RADTAL fields of the mass filter will act in a
manner analogous to negative ions. In the collision, a
transfer of momentum would ensure the positive ion drifting
towards the detector.

In general, the positive ion would be formed some
distance from the entrance apertureof the mass filterj thus
+he pogitive ion would not be greatly resolved relative to a
negative ion which had traversed the entire length of the
field. This point is exemplified in the following chapter,
where it is shewn that positive ion fragments could cause
"pogitive" peaks in a negative ion mass spectrum.

The strong focussing action of the quédrupole
field (84) ensures that a large proportion of positive ions
formed would traverse the field and be detected, provided
that the ion was stable in the gusdrupele field. This type
of process would only be of importance, however, at very
high pressures or very long path lengths. The following
calculations provide an estimate of the path length of
various ions in the mass filter.

The number of cycles, n , which an ion performs

in the gquadrupole field may be calculated as follows:



e

In the planar diode source, ions of mass, m ,

fall through a potential of E volts, to gain a veloecity, v.

Now:
e® =3%n v°
or v.= (2eR/ mjé
Hencej;

n =Lf(m/2e E)i
where L is the length and f is the frequency, of the
quadrupole field.
Setting

E =.02m

£ = 3'0 MHZ .

=
il

250 volts.

It may be calculated that:

Electrons perform 065 cycles in the field.
Chlorine jons " 162 " nooon "

Iodj-ne n " 30.9 " n " L

Numerical integration of the equations of motion
of an ion in the quadrupole field, under given entry conditions
enable the trajectories of the ions to be calculated (85).
However, a given ion performs a variety of frajectories,
depending on the phase angle of the field as the ion enters.
Thus an accurate value for the path length is difficult to

calculate.
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An estimate of the path length of an jion in the
quadrupole field may be made by considering the trajectory
of a stable ion to approximate to a regular triangular
wave. It may easily be shewn that the length of such a
wave, C , characterised by an amplitude, A , and a wavelength

D , for a single cycle, is given by:

¢ = 4( 42 + 226 )2
The path length, S , through the field for a stable

ion, will thus bes:

3
& = 4alE &+ HEN
L/n
4 n( 2 L2/16 n? )%

but D

therefore S

The amplitude of any stable ion trajectory cannot
exceed T the distance between the axis of the quadrupole
field and the nearest electrode. Brubaker (86) has shewn that
ions having excursions in excess of 70% of r are lost in
an experimental system.

In the AMP 3 quadrupole, T, has the value 0-0069 m.
Thus setting A = 00048 m and L = 0«2 m, it may be
caleulated that:

Stable electrons have a path length of 0«2 m

w_.chlorine iong " ®* e " Oe37T m

n iodinﬂ ions n " " i " 0.65 m
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Unstable ions and electrons will also be present
within the quadrupole field, near to the entrance aperture.
There is no method for estimating the path lengths for
unstable species, however, it is assumed that they are
of the order of 107> that of the stable species path
length,

Using these estimates of the path lengths of
ions traversing the mass filter, the number of positive
ions, I+ s resulting from colligions in the mass filter,
may now be caleculated.

The number of positive ions, derived from gas
phase impact ionisation processes, in general, is given

by:

=T B 3

where I_ is the number of bombarding ions, @ is the cross
section for ionisation, N is the number of gas molecules
rer unit volume and 1 is the path length.

Thug, in the mass filter:

I-t- = qu'eNle + quunl‘u; + IaQsmIs

where the subscripts refer to unstable electrons, unstable

ions and stable ions, respectively.
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It may be seen from Fig, 21, +that at these pressures, the
magnitudes of the ion currents are similar to that of the

electron current. Therefore:

No data are available for the cross section for
ionisation of iodine chloride by negative ions. However,
the ionisation cross section of Xenon, for 500 volt

16 2

electrons is 2+65 x 10 (32). Hence, assuming that

the cross section for ionisation for electrons and negative

ions at 250 volits is about 3 x 10-46 cmz:

The approximate number of positive ions will

therefore be given by:

Tp= LR R1,

Thus it may be seen that the positive ion current

depends mainly on the stable negative ion current.
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The positive ions once formed, would move towards
the detector, due to the momentum transfeﬁéd during the
collision. Thus the Faraday cylinder will collect both
positive and negative ions. When an equal number of
negative and positive ions reach the cylinder, no current
will flow in the external circuit. The pressure, Pc at

which this occurs may now be calculated:

At 20%¢,
X, = 3, x 34555 x 10~ 164 P, x 273/293 x Q_ x 1_.
For C1°,
Pl = 295 / (273 x 3 % 1076 3535 x 10" 37 )
= 2.7 x 1070 m He.
For I , |
P{ = 295/ ( 213 x 3 x 10~"% 3-535 x 10"% 65)

= 1e1 x 10™° mm He.

It may be seen from Fig 20 that the values for
the calculated pressure at which cross-over is assumed to
occur, corresponds to the pressure at which cross-over from
positive to negative currents is observed to take place,
bearing in mind the approximate nature of the calculation.
This is taken to indicate that, in the case of

iodine chloride, at pressures higher than 5 x 10" HZe o
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the variation of the individual ion currents with pressure,
at constant temperature, may be explained as a result of

Y )
gas phase ionisation processes oecuqéng:wiﬁhin the

mags filter sectdion,

It follows from these results that other compounds
would behave in a similar fashion, Thug, to eliminate such
effects, studies of the emission of negative ions from
hot surfaces should be carried out in the gquadrupole system

at pressures of § x 10-5 mm Hg., or less.
5¢2 THE TEMPERATURE DEFPENDENCE OF THE I0N CURRENTS.

The variation of the two ion currents and the
electron current, with temperasture, at constant pressure
of 1 xi10-5 me Hg., was studied for each of the compounds
using the quadrupole system.

The meagurements were straightforward in the case
of iodine bromide. The results from iodine chloride tended
to be more difficult to obtain due, apparently, to two
mechanisms giving riseto the chlorine ionsj this is
discussed later. In the case of cyanogen bromide, very
erratic results were initially obiained. ﬁoﬁh the electron
and ion currents apparently changed sign from negative to

positive and back to negative, in a few seconds.
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This behavié? was found over the whole temperature
range. The erratic nature of the currents did not alter
even after allowing the cathode to be heated to about 1900°K
in the presence of the vapour for over 25 hours. It was
found, however,‘that.if a bar magnet was placed near the
Faraday cylinder detector, the currents became steady,
with negative values. Examination of the Faraday cylinder,
which was of copper construction, shewed that a light green
deposit had formed over its entire surface., A gold plated
Faraday cylinder was substituted and it was found that
the currents were steady in the absence of the bar magnet.

assomed
It islfrom this that, under bombardment of ions and electrons,
the light green surface coating of the Faraday cylinder
emitted large mumbers of secondary electrons, thus causing
the apparent reversal of sign of the measured currents.

Cyanogen iodide was studied using a stainless
steel Faraday cylinder at an early stage in the deve#}ement
of the apparatus and unfortunately, only one run was
performed,

The kinetic approach of Page, discussed earlier,
enabled the apparent electron affinity, E', to be
evaluated.

Page shewed:

B' /R = da(log (3 p/3;)/a(/m)
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where p is the pressure of the gas, je and ji
are the electron current and ion current, respectively
and T is the cathode temperature. R is the gas constant.

At constant pressure:

B' /R = d(logg,) /a (1/T)

- a (l0g,3;) / @ (1/m)

Table 2 shews the values of R.d (In je) / a (1/T)
and Re d (In ji) / 4 (1/1) obtained for iodine bromide in
the quadrupole system.

The bond energy of iodine bromide is 1776 kJ mol-1
and hence, using Pages criteria for type of ion formation,
the apparent electron affinity, E', is expected to be
equal, for iodine and bromine, to the true electron
affinity at the temperature of the measurement. Page has
also shewn that, in this type of process, the true electron
affinity at 0%k may be obtained by taking a factor of 2RT
from the apparent electron affinity walue.

It may be seen from table 2 +that the values of
the apparent electron affinities for iodine and bromine
are not in agreement with the literature wvalues and that
correction to 0°K increases the discrepancy.

There may be several reasons for this; the most

likely appeared to be that the measured currents were not



TABLE 2

JODINE BROMIDE

Number of runs = 9

The values in this Table are expressed in kJ mol-1.

a(1n 3,)/a(1/m)| a(in 3-)/a(1/m)| a(in 5 -)/a(i/m)| m- | B -
~—485+0 - 2410 - 2282 - 244+0 |- 256+8
- 5420 -~ 2458 - 2196 - 2962 |~ 32244
- 52246 - 240+6 - 22040 - 282+0 |- 302+6
- 5420 - 239°6 - 2208 - 302¢4 |- 321+2
- 510+0 - 2446 - 2094 -~ 265¢4 |~ 300-6
- 4914 - 2140 - 2066 - 277+4 |- 284-8
- 5360 ~ 23546 - 2074 - 3004 |- 328:6
- 54244 - 2458 - 2308 - 29646 |- 311-6
- 5114 - 2350 - 2018 - 276¢4 |- 309:6
Mean = - 279+8 |- 3018

Std. Dev. = 1946 1946
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directly proportional to the emission currents. There

was no reliable way in which this could be ascertained
for negative ions. The measured electron current could,
'hﬂwever, be compared to the electron current emitted from

the cathode, as described below.
Transmiggsion of electrons through the Mass Filter.

When the pressure was reduced to less than
b x 10-7 mm Hg in bcth the source snd the analyser regions,
the number of negative ions passing into the mass filter
was negligible, compared to the electron current. At a given
temperature, with the mass filter tuned to pass only electrons,
the electron curreht arriving at the Faraday cylinder

could be measured, . The electron current passing into

jfar
the mass filter at this temperature could be estimated by
disconnecting the quadrupole rods from the rf generator
and instead, connecting them to a galvanometer. A bar
magnet, placed near to the rods, enabled the electrons
entering the mass filter to be deflected into the rods,
giving jrod' Measurements were carried out at several
temperatures.

Suppose that the measured current was related to

the emission current by an equation:

J0g = AX s % exp (B/Rr?T)
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where A and B are experimental constants.

Fig. 24 shews a plot of log ( jrod / . )
versus 10% / ™. A straight line is obtained, but deviation
occurs at high measured currents. From the straight
portion, B may be evaluated as about 80 KJ mol '.

The deviation from a linear behaviézr may be accounted
for by the presence of a space charge within the guadrupole
field. Dawson and Whetten (60) have calculated the
maximm ion current which may pass through a quadrupole
field. From their results, the maximum electron current
expected to pass through the mass filter is about 5 x 10-8
Amps, Deviation occurs at measured currents higher than

8

1+5 x 107 amps, which is in agreement with the expected

value.
The Difference lMethod for determining Electron Affinities.

It was apparent, therefore, that the measured
electron currents were in error and that the apparent
electron affinities, evaluated by measuring the electron
and ion currents as a function of temperature and pressure,
would be incorrect.

However, if two species, A and B, were ionising
on the cathode surface simultaneously, having been derived

from a common precursor, it may be written:



and

Thus:

or

A,

50 L3 = GATzexp(EA/ET)

S50/ 3 = G exp (By /RT)

At any temperature:

jeﬂ=je3

P

5. e (B /RP) = € T 5. exp (B /R ¥)
T T W A e B - YiB B3

1 1 - ] e s 1

Hence, taking logs and differentiating with respect to 1/T :

or

a( Im(35,/3;5) /aQ/fr) = (B} -EL/R)

a(inj;,) /a(/r) - a(ln i) /4 (1/2)

= (= -8 /R)
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Thus, in the quadrupole system, provided that
the negative ions of A and B pass through the mass filter
with the same transmission dependence, the values of the

difference in their electron affinities may be evaluated.

A typical plot of log Br wversus 104 / T and log I~
versus 10% / T is shewn in Fig. 25 , derived from iodine
bromide., Least squares determinations of R d (log ji) / a (1/7)
were carried out and the results are shewn in table 2. From
this table, the difference in the apparent electron affinities
and therefore, the true electron affinity difference, of

bromine and iodine, was evaluated as:

=1
EBr —-EI = 4 222 kI mol
Standard Deviation = 88 kJ m01_1.
From Meyers results, EBr - EI = #5503 + T*9

kJ molb1, and from Berrys results, By - E; = + 288

kI mo1™', Bailey (58) found that B - By = + 521
+ 08 kJ ol Therefore, the measured value of By ~- E;
was in good agreement with the litersture values, giving
support to the assumption that the transmission
dependencies of each negative ion through the mags filter

were equal.
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Tables 3 and 4 give the values of
d (log ji) / a (1/T) for cyanogen iodide and cyanogen bromide,
respectively. These values were obtained by a least squares
treatment of the experimental plots. Typiecal plots are
shewn in Fig. 26 and Fig. 27.

The difference in the electron affinities of
1

bromine and cyanide was found to be + 351 . kJ mol” ' with

1. For the difference

a standard deviation of 13+8 KJ mol™
between iodine and cyanide ( B, - ECN) a value of

~ 130 kT mol ' was obtained. As only one Tuni was performed,
the error was estimated from Fig. 26 to be + 25 WJ mol™,

Page (87) has evaluated the stability of cyanide
to be 305¢2 + 4+2 kJ mol™t, with Mayers values of the
electron affinity of bromine and iodine, the values of
EI - ECN and Eﬁr - ECN.were calculated as =~ 2¢5 + 105

kJ moI-T and + 31¢4 + 59 kJ mol-1, respectively.

Again, it may be seen that there is good agreement
between the experimental determinations and the literature
values.

In the case of iodine chloride, the results obtained
were complex. A typical plot of log ion currents versus
104 / T is shewn in Fig 28. It may be seen that the iodine
negative ion current behaves as expected, that is, linear
over the whole range. However, the chlorine negative ion

-
currents shew two linear portions, the change over occuﬁéng
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TABLE 3

CYANOGEN TODIDE

llumber of runs = 1

-1

]

d(1n jI-)/a(1/T) = 2722 + 11 KJ mol

a(1n ju-)/a(1/r) = = 25942 4 14+6 k3 mo1”",
B'or - B';= = #1320 4 25¢6 kJ mol™",
TABLE
CYANOGEN EROMIDE
Number of runs = 5
d(1n jp -)/a(1/r) | a(In ju-)/a(1/T) By = ¥
- 300+6 - 3428 4+ 4242
- 285+2 - 33846 + 534
- 283+4 - 2998 + 16+4
- 2808 - 3034 + 2246
- 2764 - 3184 + 420
Mean = + 354
Std. Dev. = 14+8

The values in this Table are in kJ mol_1.
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at about 1530°K. Values of d logi; / dﬁ f T‘)far each
of these portions is shewn, together with those for the
iodine negative ion currents, in table 5.

The values obtained for B' . - E'I in the two

Cc1
temperature ranges may now be compared to the literature

o1~ EI was found to be

+ 560 + 10+5 . J mol™" and from Berrys results, + 52¢7

T mol™ T,

values. From leyers results, B

Clearly the walue of E‘Cl - E'I obtained at low
temperatures is the difference in the true electron
affinities of chlorine and iodine. The bond energy of
iodine chloride is 2103 J molwi, at 298K, and so a type ii
process might be expected to occur, giving the apparent
electron affinity difference equal to the true electron
affinity difference.

It is clear that at high temperatures, some other
process must be occurimg. It had been found for iodine chloride
that the cathode had to be "conditioned" by heating to very
high temperatures ( over 2400°K) for long periods, in order
that reproducible results could be obtained. This suggested
that adsorption might be important and as only the chlorine
negative ion current was affected, the adsorption process

might be ocecuring in the chlorine ion formation process.
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For a type iwv process:

oy SN ty
B = B D + Q

so that the difference in apparent electron affinities of

chlorine and iodine, in the upper temperature range,

derived from iodine chloride, may be given by:

(R =ued SR B T TR A
CLirue = I/ta EItrue

The value for the heat of adsorption of iodine

on tantalum, QI/Ta , may be deduced by Eleys method (88).

QT/T& = 34 ETa—Ta. + Ep g ) + 2306 M?

where: EbarTa is the tantalum-tantalum bond energy.

B iz the dissociation energy of iodine.

I-I
M is the difference in the electronegativety

of tantalum and iodine.
A value for ETa—Tamay be estimated from the

heat of sublimation of tantalum. Tantalum has a body-

centred-cubic lattice (89) and Eley suggests that:

ETa—Ta = ETavap / -
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Therefore,

Byma = TI7°6 56 Lk mol™"

= 129+6 ¥J mol ',

The elec:tronegativ; ties of tantalum and iodine

are 1+9 + 0«4 and 25, respectively, according to Pauling (90).
Thus M has the value 0+6. The bond energy of iodine

is 1509 KI mol ',

Hence:

% ( 129-6 + 1509 ) + 23+06 x (0+6)2

il

QI/Ta.

1750 KJ m01-1. = 4-18

This calculated value for Q‘I/T'a. is refered to 298°K.
Page (91) has shewn that a factor of at Jeast £ R T must

be deducted from this value, to give the wvalue for Q'I /1a,

at the temperature of the measurement. Thus, at 1700°K,

e, -1
QI/’I’&. is 1692 KJ mol ',

Similarly, the value for the iodine chloride bond

energy must be corrected to the temperature of the measurement.

T

is 2103 %J mol™' at 298%. At 1700°k at factor of

Prc1
at least 3/2+ R T must be added to the value at o°K.

Therefore, has a value of 2277 ¥J mol ™",

s
Inserting these values into the equation:

/ (
Eq =~ Prex * Yqma - By = Ew-Fp



we obtain:

FATeT = 227+T7 + 1692 = 2951

No correction was made for the electron affinities
of chlorine and iodine as, by taking the difference, the
correction factors will cancel out.

Thus, a value for the difference in the
apparent electron affinities of chlorine and iodine,
assuming that a type iv process was cccuring in the formation
of the chlorine ions, is deduced ags - 5+9 kJ m01_1.

This calculated wvalue for the difference in
the apparent electron affinities of chlorine and iedine,
assuming a type iv process for chlorine ion formation, is
in poor agreement with the observed value of - 318 k3 mo1 T,
However, the estimated wvalue of the heat of adsorption
of iodine on tantalum is probabaly too high, due to
mncertainty in the wvalues of the electronegativeties used
and also the Ebarma term. A reduction in the QI/Ea term
would give better agreement with the observed results.

Such agreement, however, may be fortuitous and
further results, using different cathode materials, would

be required before the assumption that adsorption was

occuring, could be justified.
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6. THE SURFACE IONISATION OF SOME SUBSTITUTED

PYRIDINES ON POLYGRYSTA;:J;NE PANTALUM,

Failes, Watton and Joyce (92,93) have recently
studied, by means of the magnetron technique, the surface
ionisation of various methyl substituted pyridines and
have argued in favour of pyridinyl type radicals, methyl
radicals, or a mixture of both, being formed on the
filament surface. The object of this portion of the work
was to obtain additional information on the surface

ionisation of these heterocycles.

The following compounds were examined:

Pyridine ,
2-methyl-pyridine ,
3-methyl-pyridine,
A-methyl-pyridine,
2-6~dimethyl-pyridine,
2=4=-6-trimethyl-pyridine,

and A-igopropyl-pyridine.

These compounds were purified by a trap to trap
distillation and degassed by the "freeze-~thaw" technique.
Negative ion mass spectra were obtained in the guadrupole
system at about 5 x 10~ m Hg and about 1850 K and are

shevn in Figs. 30 - 36,



QuIpluAd-|Ayaw-g jo wnuidads ssbw  B6SW 13V

G oVl 1ol 9N|DA 9 /W
O0L 06 08 oL 09 o]* o o€ o)+ Ol O
4 02
-+ O
409
"POpPUIOd3J J0U 9, G
4 08
MO |99 SMD34
- 001l

5¢ Ol

A11Suaiul pasijpwJou



.-

F st 30



R T

J 5L A
n i
v i ’ L ] "I , ;!
il = i I ‘A 5 | 8 i
¢ i fl i N Ill &t |l e |
[l | il I &
il 4 i i
i I o ! if -’.:
) el Y B
‘.I. 1)
11 |
J ) i K ¥ [
| il g I_'_ |
| T et |
= i .II ‘:'-' I 1
it d 4] '

FiG 31




e 151
EY

il o T

|
-
s

I

G 32



. e e .
.l |._ __nw. — —t - . :
+ —
L e ¥ 18 T 1 ! llﬂ
™ -I — — -| - b -h - —
I T t -
- - [ =
s 48 ] I + i
...?” I..J' = — i I_ J|f”| = S— |
— ANIGIYAD TAHLINY ==
5 == 1 : | | : ~
— === .
——— ———=
: = = = ! =2 =
. === === ||_, I : -
. - . = 3 e e ¥
— T M T w— | T
s e —
. e _ | ——
= i 1 IS s
a N e 1 + m' ||||| I—
TR e N - | S
— U MG S~ -
o dzes
= - o » E by

FHG 33



FIG 34



i

ﬂiu

Fhal

O

|

=G 35



(ARB. UNITS)

PEAK HEIGHT

FlG:36.

O total current
e Mass 26 peak
X mass 25 peak
mass 24 peak

TR ANT N AT . N L SR

50 52
Fo b

Variation of negative mass spec. peaks

with 1/temperature for 2-6-dimethyl-pyridine.



. _ LA |
_v_ _..._M. 11
| Hr Tt : L1
| _ 1 B “__ 1] _ (i
_ || . |
o 4 ____ EARENE: | | I
T 8 - ! !
24 o |[[]!] n ___“;m,U | [ [ L [
. 2 LU L | AERNARARNANARAR RN RARRREE
N soma _ CCELLLEE L __ IBGER
| | Pay =g | LECEELEL R R
\J _ ____ _. _,
j 4 L HERE
14 = __._
) i i ; = T h
[ et
__._
B L
- = n 1 - mla 1“
__ _ —_ i e
ab il | | 0 i | -
i _."\s - 14 | 1
ik _ > __ _
! | ] | o | . - B T
L l ~d e |
TIH ﬂ SERRRI . HAARRE ‘
| | - ik B | §
e AN RRNER - 3RHR 00 SR IRRY | ]
U] [T | il
! Lt ._o__ L] | 8 |
(THTTHEH] ‘
| 1 | *
{ | _ d [
i HEl EUE i
I 144 1 ._n_ i
nEm f A E ...
e s il | I z
L HETHT 1 1Tt

FIG 37



- 79 =

In the presence of these vapours, it was noticed
that the tantalum cathede turned a lustrous golden colour
in use and an X ray powder diffraction photograph shewed
that the cathode had been converted to tantalum carbide.

Examination of the spectra revealed an interesting
phenomenon, namely, both negative and positi&e currents
were recorded in the same spectrum, whereas only negative
ion currents were to be expected. The large electron peak
always enabled the sign of the other peaks to be determined.

It was also noticed that all the positive peaks
were much broader than the negative ion peaks, suggesting
that these positive ions had not traversed the whole length
of the gquadrupole field, resulting in a lower resolution
in the mass spectra. Increasing the pressure of the vapour
slightly, served to increase the pesk heights of both
pogitive and negative spectra.

The insensitiv ity of quadrupole mass filters to
axial velocity (60) makes improbable any phenomena
resulting in a pogitive ion being formed and entering the
mgss filter at much higher velocities than the negative
ions, and therefore, at lower resolution relative to the
negative ions.

In the previous chapter, it was shewn that the
path length of ions in the quadrupole field were such

that above 5 x 1074 mm Hg, of halogen vapours, the positive
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ion current, obtained by collisional detachment processes
occu:‘éng within the mass filter, were large enough %o
completely mask any negative ion current,

Thus, it is suggested that electron and negative
ion collisions with the sample gas in the mass filtewr,
results in the formation of positive ions, which are then
detected, together with any negative ions produced in the
source region, by the Faraday cylinder.

Support for this suggestion comes from a study
of the usual positive ion mass spectra of these compounds,
obtained wsing an AETI mass spectrometer (MS9). The spectrum
obtained for 2-methyl-pyridine is given, as a bar chart,
in Fig. 29.

Comparison of Fig. 29 with the spectrum shewn in
Tig. 31, shews that the positive ion patterns are gsimilar
and this was also observed in all the compounds studied.
This phenomencaserved as a useful check on the mass scale
calibration.

The mass spectrum of 4-isopropyl-pyridine
Fig. 37, shewed only positive ions; a group of intense
pogitive peaks, preszmbly derived from the isopropyl
group, completely obscuring any negative ion peak which
may have been in the range 23 - 28 amu.

During the work with 4-methyl-pyridine, it

was noticed initially, that a negative ion peak occu:c:éd
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at mass number 31. This peak gradually disappeared on
heating the filament to over 2400°K for several hours,
and did not reappear during the course of the experiments.
It is suggested that the ion formed may have been ca_),o-'.
Initially, some oxygen impurities may have been present
on the cathode surface, which may then react with the
4-methyl-pyridine to give cx{.jo“. If this conclusion is
correct, then this would support the idea that methyl
fragments may be adsorbed onto the cathode under certain

conditions (94).

It should be noted in passing that the use of
in-line electron multipliers with grounded first dynode,
to detect negative ions in quadrupole systems will enable
any ion leawving the mass filter, be it charged negative or
positive, to be detected. The spectrum produced in such a
system will be, in fact, a mixture of positive and
negative ion peaks, all extending along the same direction

on the chart paper.

The negative ions detected are given in table 6.
The negative ion peaks were well resolved relative to the
positive ion peaks except the broad peak which occurred
at about 47 amu. This peak was alweys less than about 5%
that of the other negative ion peaks. The fact that the peak
is broad argues in favour of gas phase formation in the mass

filtex,



TABLE 6

Compound : Negative ion peaks observed at
these mass numbers:

Pyridine 25 4, 26 , 27 and 46-49
2-Methyl-pyridine 24 , 25 , 26 , 27 and 46~49
3-llethyl-pyridine 24 , 25 , 26 , 27 and 46-49
4-Methyl-pyridine 25 , 26 , 27 and 46-49
2=-6=Dimethyl-pyridine 24 , 25 , 26 and 46-49
2=4~6-Trimethyl-pyridine 25 4, 26 , 27 and 46-49

4=Iso-propyl-pyridine

no negative ions observed.
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This negative ion may'be-c4- s however, this
assigment is tentative.

There are several mechanisms for the formation

of the negative ions produced in the source region.

i) The "parent" molecule was adsorbed onto the
cathode, where electron attachment then occuﬂéd, followed
by a breakdown of the "parent" into "daughter" negative ions.
In such a process, the observed energetics will depend on
the primary ion formation, but the mass filter will

record only the secondary ions.

ii) The "parent" molecule may be adsorbed onto
the cathode and pyrolise to give various fragments, which
may then attach electrons. These fragment negative ions
may then be observed by the mass filter. The observed
energetics of this type of process will be determined by
the manner in which fragmentation and electron attachment

aQCccur,

iii) The parent molecule may capture an electron
in the gas phase, near to the cathode surface, to produce
the observed negative ions, especially if dissociation

occurs, that is:
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iv) A combination of i, ii, and iii.

It is clear that mass spectrometric evidence alone,
is ingufficient to enable a choice to be made between the
above processes.

However, a choice may be made if the energetics of
the system are known. Page and Goode (7) have shewn that
the diagnosis of reaction type in the magnetron may be
based on the magnitude of the apparent electron affinity,
the effect of varying the filament materizl and the
calculation of the entropy of the reaction.

Processses which involve mechanism iii may be
distinguished by plotting log (je/ji) versus
1/T. Zandberg and Paleev (95) have shewn that ions formed
in the gas phase give zero slopes for this type of plot,
whilst ions formed by a surface ionisation process give
mainly non-zero slopes, as the currents of secondary ions,
produced in the gas phase, are proportional to the electron
current. Hence log(je/ji) will be independent

of cathode temperature for the gas phase process.

Using a magnetron, Failes et al have shewn, for
the methyl substituted pyridines studied here, that a

plot of log (je/ji) versus 104/T was non zero in every case.
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However, as the magnetron measures only the total
ion current, it is possible that, of the observed ioms,
only one was produced by surface ionisation; the others

being produced by a gas phase capture process.

The temperature dependence of the individual
negative ion currents from 2-6-dimethyl-pyridine are shewn
in Fig. 36, over the range 1890 - 2010°K. No measurement
of the electron current was made in this range, however,
the experimental work function may be deduced by use of
Failes et al data (93).

It may be shewn that:

a (1n (3,/3,) / a (10%/m)
- d1nj_ /4 (1o*/m) - a1 3; / a (10%/m)

The experimental work funetion is
ainj, /@ (104 /m).

Failes et al shewed that for 2-6-dimethyl-pyridine,
a (108 3 /3;) / @ (10%/1) was - 0.599.

In this work it was found that d ( log I ) / a (104/T)
where I is the total current, was found to be - 1260.

Inserting these walues into the above equation and

rearranging:
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1

a (108 3,) / a (10*/) = -0.599 + (- 1+260)
= - 1-859
Thus the value for the experimental work
function is 356 KJ mol™'. This value falls mid-way in
the range of work functions determined for tantalum

carbide, namely, 380 o 302 kI mol™' (96).

Tt was found that d ( log j; ) / @ (10%/1) for

the individual negative ion currents were as follows:

1

CN = =194 KkJ mol
¢, = -273 kI nol !
CZHP = =265 kJ T

It may be seen that, if the work function was
indeed 356 kJ m01_1, as deduced above, the value of
d ( log je/ji ) / 4 (1/T) was not zero for each negative
ion observed.
If we take the worst case, in that the work function
was 302 kJ mol_1, the lowest tabulated value, then

d ( log 3e/ji ) / d (1/7) will only be zero if we allow

-4

an error of 29 KJ mol™ in the value of d ( log j; ) / d(10%/m)

for 0. aid 38 il ' b CH

2
It is unreasonable to suppose that the overall

process incurs an error of at least 83 kJ s
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It may thus be stated that the three negative
2
2-6-dimethyl-pyridine by a surface ionisation process.

ions CN , Gzﬂ- and C, appear to be derived from

Failes et al have argued that the surface ionisation
of the methyl substituted pyridines involves the formation
of either pyridinyl type radicals, methyl radicals, or
a mixture of both,

In the light of the results from this work, these
radicals, if formed, must breakdown to the observed ions,
indiecating that the overall energetics are likely to be

more complex than might otherwise be expected.
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7. CONCLUSIONS,

This thesis has attempted to provide information
on the production of negative ions from vapours passed over

a hot polycrystaline tantalum surface,

In order that the identification of the negative
ions formed at such a surface might bedirectly determined, a
quadrupole mass filter system was constructed, using an
AMP 3 residual gas analyser, The construction and
operation of this system was described in detail, A planar
diode was found to be the most suitable surface ionisation
source system,

A study was made of the performance of a channel
electron multiplier detector. This shewed that the use of a
channel electron multiplier was impracticable when quantitative
results were required, due to the "fatigue'" of the multiplier
at high count rates. In such work, a Faraday cylinder
detector was found to be more suitable, provided that

secondary electron emission was avoided,

The ionisation of some interhalogens and cyanogen
halides was studied, using the mass filter system, as the
thermodynamic properties of these compounds are known, thus

enabling a clear interpretation of the results to be made.
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An attempt was made to evaluate the stabilities
of the observed negative ions, either halogen or cyanide,
by applying the kinetic methods of Page to the measured
electron and ion currents, Initially, the results obtained
were at variance with the literature values., The reason
for this was traced to a difference in the transmission
of negative ions and electrons through the mass filter.

A slight modification of the Page method allowed the
evaluation of the difference in electron affinity of two
radicals ionising simultaneously on the cathode,

The difference in electron affinity of the

following pairs of radicals was determined:

I - CN

Br - CN

B st
and €l - I

In the case of iodine chloride, the results
indicated that an adsorption process might have occu%%d

in the formation of the chlorine negative ions,

At pressures higher than 5 x 10-5 mm Hg.,
positive currents were measured at the Faraday cylinder

detector, using iodine chloride,
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These results were explained quantitatively
on the assumption that positive ions were formed in the
mass filter section, by negative ion collisions with the

sample vapour,

The ionisation of various substituted pyridines
was also studied in the mass filter system, In general,
the methyl substituted pyridines gave fragment negative
ions,of m / e values, 24, 25, 26 and 27,

A broad negative ion peak at about m / e 48
was attributed to C4' , produced by a gas phase reaction,
This peak, however, was always less than 5 per cent of the
other negative ion peaks' intensity,

In particular, 2-6-dimethyl-pyridine was shewn,
by comparison of the result obtained in this work with those
obtained by Failes et al, , to give three negative ions,
C, CZH" and (N~ , which were produced by some surface
ionisation process.

An unusual feature of the mass spectra obtained
with these compoundswas that both negative and positive ion
peaks were observed, in the same spectrum, The positive
peaks were deduced to be positive ion fragments of the
sample compound, the expla nation for this phenomenon being
based again on the assumption that negative ion collisions

with the sample vapour, in the mass filter section, produced

the observed positive ions,
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The magnetron method, which has been, until
recently, the major technique for studying negative surface
ionisation, was reviewed from an experimental aspect,

This study indicated that the major criticisms of the
magnetron method were unfounded and that gas phase ion
formation, as a primary process, was of no importance,

Provided that the magnetron method was
supported by direct evidence of the charge carriers, the
method appeared to be valid for the determination of the

electron affinities of atoms, molecules or radicals.
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