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SYNOPSIS

Ionization processes in oxygen have been studied
using a Townsend type apparatus ‘using electron swarms of
mean energy of about a few electron volts. From a mea-
surenent of currents and gap distances the ionization
and attachment coefficients have been calculated using the
steady state currcent growth equation, while breakdown
voltage measurements have cnabled the evaluation of the
secondary coefficient.

As it is well known that the ionization coefficients
depend very nmuch on the gas used and that even traces of
another gas can lead to quite erroneous values of the
coefficients, an ultrahigh vacuum system was designed and
constructed in glass. The background pressures were less
than IO-Storr in the experimental tube while the experi-
mental gas pressures were of the order of a few torr. The
oxygen was initially produced from the electrolysis of
Ba(OH4), in distilled water, but since the silver diffusion
tube méant to be used in conjunction with it to purify the
oxygen was found to be almost inoperable, spectroscopically
pure oxygen supplied by BOC Ltd. was used for most of the
work after further purification in freezing traps cooled
by liquid nitrogen.

The experimental tubes were all made of glass while
the electrodes were evaporated gold films on glass sub-
strates in the first four tubes and solid platinum in the
final tube. The gap distance could be altered magneti-
cally from the outside by means of iron slugs fixed to the
electrode asseimbly, and a guard ring around the cathode
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ensured uniform ficld conditions..

Vibron and Xeithly electrometers were used to measure
the currents of the order of 10-'1 A, while the pressure
was measured on an oil manometer and the gap distance
could be measured accurately by means of a travelling
microscope. A bank of 120 V dry batteries supplied the
stable voltage necesscary and an accurate potentiometer was

used in conjunction with a resistance chain to measure it
to 01 V.,

An analysis was formulated to determine the ioniza-
tion and attachment coefficients, a and 7n, from current
growth equations and an IBLK 1620 computer was used to sim-
plify the calculations.

a/p values have been obtained for 50 <E/p <250 V/cm
torr and compared with other available values; the agree-
ment is reasonably good being approximately 10% lower than
the previous values. n/p is found to reduce to practically
zero at about 80 V/cm torr which could indicate the
presence of a photodetachment process. The breakdown vol-
tages and the corresponding secondary coefficients have
also been measured in the range 0O*1 <pd <5 cm torr,
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1.1

1.2

1.2.1

SUNDAL TNTA

Introduction

A gas is an almost perfect insulator under normal
conditions, but its insulating properties break down
under large enough electric stresses. The transition of
a gas from an insulating to an almost perfectly conduce
ting state and allied phenomena, are of great interest
to the physicist as well as the electrical engineer.

The passage of electricity through gases is best
explained by assuming that oppositely charged ions are
produced in the gas by the action of various agencies
(i.e. ionization), and that these ions convey the current
through the gas by their motion, under the action of an
electrostatic field. These ions interact with neutral
zas molecules and with solid surfaces with which they
come into contact. The production, motion and inter-
actions of these ions constitute the basic phenomena of

gas discharge physics and are described in this first
chapter.

Ionization Processes

Ionization processes can be broadly classified into
two groups: gaseous processes and cathodic processes.

Gaseous Processes

a Clectron Collisions with Gas Atoms and llolecules

Collisions between electrons and molecules can be



elastic or inelastic. If the colliding electron does not
possess sufficient energy, eVi, to ionizc a molecule E
which is in its ground state {where Vi is the ionization

potential of the gas atom or molecule), ¢r sufficient E

‘»

energy eV to excite a molecule (V heing the excitation
potentlal of the gas atom or molecule), the collision will‘
be elastic; the kinctic energy is conserved, while the l
internal energies remain the same. Assuming a kaxwellian |
distribution of energies for the holecules, Cravath (1) !
showed that an electron of mass m lost approximately

2+G6 % of its energy in an elastic collision with a mole- i
cule of mass M.

The probability of an electron exciting a molecule
is a maximum when the electron energy is slightly above
the excitation energy; and an excited molecule produced
in a collision may, in a second collision with another
low energy electron, be ionized. Thus there is a finite
probability of ionization even when the electronic energy
% mu2 is less than eVi. Such ionization by double impactk
of low energy clectrons is more likely in gases which
have metastable states, because metastables are more
likely to survive in an excited state until the second
collision - metastables having a mean life-time as high

as 0.1 sec compared with about lo'gsec for an ordinary
excited state.

When the electron energy exceeds evi, an ionization
can take place. The probability of ionization in such
cases is a function of electron energy and is zero at an
electron energy equal to the ionization energy, evi. The
probability rises thereafter with electron energy up to



about 100 eV and then tends to fall off (2,3). This
procéss, giving rise to a positive ion and two slow
electrons, is by far the most important process in gas
discharge physics.

Ion Collisions with Gas Atoms and holecules

While it was recognized from fairly early days that
positive lions could ionize gases by collision, the mecha~-
nism of this is still not very clear. Thomson pointed
out in 1912 (4) that the energy of the ions would have to
be of the order of thousands of electron volts before
they could ionize ordinary gas atoms. Although subse-
quent work, culminating in that of Varney (5) has esta-
blished that this process can set in at very nmuch lower
voltages, it is still an improbable agency for the pro-
duction of ionization in ordinary low pressure discharges
since the mean energy of positive ions rarely exceeds a
few electron volts.

When a positive ion captures an electron, the neutral
molecule produced may have a high velocity and hence
cause ionization as pointed out by Kallman and Rosen (6).
The contribution of this process to the discharges dis-
cussed in this work is thought to be negligible.

Photon Collisions with Gas Atoms and Molecules

When a photon is incident on a gas molecule, and hv,
its energy,is greater than eVi, either all of the energy
could be absorbed resulting in the emission of a photo~-
electron, or the photon could be scattered knocking off
a recoil electron from the molecule (7). Photoionization
may be represented by the equation,
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A + hy B ] A* + e

It is apparent that this process involves only two end
products as opposed to the three that are involved in

an atom-electron collision resulting in ionization.
Gecause of this, a photon has a maximum probability of
ionization at a certain critical value of 0°*1 to 1 eV
above the minimum energy required for it. The actual
probability will depend upon the wavelength of the radi-
ation, and the nature and density of the gas concerned,
and is usually expressed as a coefficient of absorption

of the radiation in the gas.

If the photcn energy is less than eVi, it may still
produce ionization in the gas, but naturally this will
have to be in stages and can be important only when the
gas has metastable states, e.g. in mercury (8). If the
photon energy is very much greater than eVi, a different
phenomenon occurs, since the larger part  of the energy
of the photon is given to liberate a firmly bound elec-
tron (from an inner shell) and the balance of energy is
used up as the kinetic energy of the liberated electron.

Excited and Metastable Atom Collisions with Gas Atoms
and Molecules

While ionization by collision of neutral atoms is
not an important process, collisions involving metastablq
atoms may be. The importance of such processes in gas
mixtures where one gas has a metastable level lying abovi
the ionization level of the other, is illustrated

very well in the reaction which occurs in a mixture of
helium and argon gases:



Fig 1.
Energy Diagram of Electrons in a Metal.

¥

Ee=)=E,-~a-§

l
. ‘ I‘S '
.i__ _!_.1
gl‘J_—h.

Atom

a. In vacuum. b. At the approach of a positive

ion,

T
He
Stage 1

c. 'irst stage of d. Second stage of Auger

Auger process. process.



B
Hem+A————-> He+A++e

He; being a helium atom in a metastable excited state.
This process known as the Penning effect, explains why
the highest gas purity should be aimed at in experiments
to study the properties of inert gases. A similar sort
of reaction can take place in pure gases also, especially

if Vi is about 2Ve‘ In helium the reaction would be:

H3 - 4 +
Hem + en e e + e

However, this process is detectable only when there is a
high concentration of metastable states.

Electrode Processes

If a free electron in a metal has sufficient energy
to overcome the potential barrier, it may escape into the
space above the metal and can then take part in a gas
discharge. But since the rfermi-Dirac distribution of
energies for electron gases in metals predicts that very
few electrons at room temperatures actually have energies
above €0 the maximum at OOK, the number of electrons
coming out of a metal under normal conditions would be
almost zero, unless there is an external supply of energy.
Several ways in which this extra energy may be acquired
by the electrons are described in this section.

Secondary Zlectron Emission

The electrons in a metal may be given sufficient
energy to overcome the potential barrier shown in fig ta
and so escape from the surface, by simply bombarding the
metal with charged particles of sufficient kinetic energy.



Consider a beam of primary electrons having an
energy of several hundred electron volts, incident on a
metal surface. Some of these primaries will be elasti-
cally reflected while some will penetrate into the solid
end will lose energy by exciting lattice electrons into
higher energy levels. The electrons whose energy has
been increased, may then move towards the ‘surface and
could escape as secondary electrons. Also a primary
electron could enter the metal, lose gome of its energy
and then escape from the metal. Thus it is necessary to
distinguish between these three categories of secondary
electrons.

Work is going on at Keele to enable the nature of
secondary electron emission to be more fully understood.
In the work which is described later in this thesis,
secondary electron emission does not produce an appreci-

able number of electrons in the gas discharge.

Emission due to the Incidence of Positive Yons

When positive ions impinge upon the surface of a
solid, charged and uncharged particles may be emitted.
The uncharged particles are often molecules of gas which
were in contact with the solid surface, or they may be
atoms actually sputtered from the surface.

The charged particles are mostly slow electrons and
sometimes negative ions or reflected positive ions. The
mechanism of energy transfer is not certain, but it does
scem to depend upon the kinetic energy of the ion in some
cases and on the potential energy in others. According
to Hagstrum (9) ejection of electrons due to the potential



energy of the ion (kinetic energy assumed zero) fron
metals involves the eclectronic interaction between the
incoming ion and the conduction electrons of the metal
while the ion is at a distance of a few Angstroms from
the surface.

Figure 1b shows the electron energy diagram for a
metal which is modified by the approach of the ion at a
few Angstromg distance., This ion is likely to be neutra-
lized in a "direct Auger neutralization" in this condi-
tion by electron 1 tunnelling through the reduced poten-—
tial barrier directly to the ground state of the ion and
giving up its excess energy to another electron, 2, in
the conduction band., If the minimum energy required by
electrons 1 and 2 to escape from the metal is « and B,
and Ei is the ionization energy of the incident atom, then
the second electron would obviously be ejected with
kinetic energy (Ei - a - B). It is apparent that the
production of an external secondary electron is energeti-
cally inmpossible if Ei is less than 2¢, though neutrali-
zation takes place almost invariably if Ei is greater

than ¢, where ¢ is the ninimum value of o and B (see also
section 1.2.2c).

Neutralization can also take place in a two stage

Auger process. This depends on the existence of an ionic

metastable level which has the same energy as some levelé&

in the conduction band, Here electron 1 neutralises the

ion but leaves it in an excited state, so that when the
atom is de-excited, electron 2 tunnels
state of the atom and gives its energy
electron which is ejected,

to the ground
to the metastable
The energy requirement in



this case is Ei> L +w.

It would appear from this discussion that the secon-
dary electron yield would depend primarily on the excita-
tion energy of the ion. iowever, emission due to ions
with Ei less than 2¢ can only be kinetic. As the kinetic
energy increases, the electron emission increases until
the emission due to kinetic energy predominites, becoming
quite important when the energy is a few thousand electron
volts. An explanation of emission under these conditions
has been given by Kapitza (10), who suggests intense local
heating of the surface at the incidence of the ion which

gives rise to thermionic emission.

Emission due to the Photoelectric Effect

In order to explain the liberation of electrons from
metals by photons, it is convenient to refer again to
fig ta. Considering an electron’of thermal enerky ei
within the metal, before it can escape it will have to
be given a quantum of energy hy such that its total energy
(61 + hv) is greater than the work €, which must be done
in ouvercoming the surface attractive forces. Any excess
energy will appear as the kinetic energy of the liberated
photoelectrons (11,12),

% mu2 = hv + €, = €
i o

For a given radiation, the maximum value of this energy
will be at éi = €, and hence, the very minimum extra
energy required by an electron to escape is (é% —'ém)éeﬂ,

which is a characteristic of the metal, § being known as
the work function.



The probability of liberating electrons from the
metal increases with photon energy, and sometimes
electrons from the inner shells of the atoms may even be
ejected, which having much larger velocities, are capable
of producing further secondary electrons in their paths
in the metal, and so increase the overall yield of secon-
dary electrons per photon from the metal,

Emission due to the Incidence of Excited Atoms

Emission from surfaces due to the incidence of atoms
in the normal excited state does not contribute very much
to any gas discharge, because their lifetime is too short.
Atoms in metastable states are, however, capable of
ejecting electrons from a surface, provided that their
excitation energy is sufficiently high. The mechanism
here does not necessarily involve Auger de-excitation.
Under suitable conditions excited electrons may tunnel to
an unfilled level in the conduction band in the metal
surface with the formation of a ground state ion which
can undergo Auger neutralization., Stebbing (13) and
Hasted (14) have measured secondary yields for helium
metastable atoms on different metal surfaces.

The ejection of secondaries from surfaces by meta-
stable atoms can be important since they are uncharged
and cannot be swept away from any region by electric
fields. Thus they may diffuse to a surface which is
inaccessible to ions and cause secondary emnission, In
oxygen discharges this is not a serious hazard but in
disclharges involving inert gases, mercury etc, metastables

contribute a great deal towards the total secondary
electron emission.
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e Emission due to the Thermionic Effect

Even though it was known as early as 1885 that hot
bodies emit negative charges, it was O,W, Richardson in
1912 (15) who first developed a theory relating the
current density to the temperature and work function of
the emitter. His equation for the current density I,

derived on the basis of classical thermodynamics is
P AT2e-e¢/kT

where A is a constant and KT is the equipartition energy
at the absolute temperature T, - Later it was found that
a treatment of the problem on quantuin mechanical
principles also gave a similar relationship (16). The
work function has the same significance and value here,
as in the photoelectric phenomenon,

f Emission due to Electric Fields .

The effect of a high electric field on the potential
well is to reduce its thickness, so that electrons below
the Fermi level can "tunnel" through the barrier. Fowler
and Nordheim (17) have investigated this wave mechanical
property and have obtained an expression which shows that
the field required to give a current of the order of
micro-anmps from a metal surface is of the order of 107Wbm.
In fact, fields of the order of IOGV/cm are sufficient to
remove electrons from electrodes in vacuum at ronon
temperatures. Fields of this order are not ordinarily
met in gas discharges, but field emission is important in
the case of cathode surfaces with small projectians which

could give rise to localised intense fields and could
become emission centres,
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Fig 2 gives a summary of the processes which are
liable to occur between the two electrodes in a gas

discharge.

Electron Loss Processes

Recombination of Electrons and Positive Ions

In a system containing oppositely charged bodies, it
is only natural that they should collide and neutraljize
each other by combining. The condition for this is that
their total internal energy must decrease as .a result of
this reaction., This can be electron-ion recombination,
which is more important in low pressure discharges, or
ion-ion recombination. ''hen an electron is captured thus,
its excess energy can go to a third body as kinetic
energy, or be emitted as radiation, but the probability
for the latter is low. The third quy can be the walls
of the apparatus, or some other gas molecules in the case
of high pressure discharges. If recombination is the
only loss mechanism in a system with equal numbers of
opposite charges, then:

= —Rn2

o.la.
ct|>

where R is the recombination coefficient. As this equa-
tion yields on integration:

% = %6 4+ Rt

it is obvious that the reciprocdl of the number density
is a linear function of time and therefore the coefficient
R can be obtained from the loss rate of charges in the
system, This is the principle which underlies most

experiments to determine R, but diffusion losses, ion



molecule reactions, non-uniform spatial distribution of
positive and negative charges etc make the experiments
very much more complex.

b Attachment of Electrons and Atoms

It is quantum mechanically possible for electrons
to attach themselves to atoms and molecules on collision
thus forming negative ions. This process is important
in the so-called 'elcctronegative gases'e.g. oxygen, the
halogens etc. The following are the processes which can
lcad to formation of negative ions in gases:

(i) A free electron may be captured by a neutral
atom with the emission of radiation.

A + ¢ ————> A" 4+ hv

(ii) The capture of a free electron by an atom,
with a third body taking up the excess energy, is a pos-
sible process which is important at high pressures. -

A + B 4+ @ —=———> A" + B + K.E.

(iii) A molecule may capture an electron and go into
a vibrationally excited level, becoming stabilised in a

second collision, with another molecule.

AR >i (AR
(AB)TE & X e e S AR ) e X KUES
+ PJE.
(iv) An electron may be captured by a molecule
which subsequently dissociates.

AB + e > (AB)Eiees S iy gy

This process is called dissociative attachment and is
operative in the energy range of roughly 2 to 5 eV in
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oxygen; this range is covered by the work described in
chapter 5. Some molecules like carbon dioxicde and hydro-
gen can also form negative ions through this process.

(v) An electron may leave a neutral excited molecule
after a collision, and if the excitation energy in this
case is gre2ter than a critical value, the molecule can
split up into a pair of ions.

AB + e — 5 e + A" 4+ BT

For electrons of energies of the order of 20 eV or so,
this process can become very important in oxygen.

These different processes are identified by the
appearance potential at which the ions "appear" and one
or more may be active in an electronegative gas at diffe-
rent energies. The relevant processes in oxygen and
their effect on current 8rowth are discussed further in
section 1.9,

J

¢ Geometrical Considerations of Gas Discharges

No pair of electrodes can ever produce the perfectly
uniform fields which are usually assumed for theoretical
considerations of gas discharge phenomena. Ideally a pair
of plane parallel electrodes are not only perfectly para-
llel, but also the electrode diameter is infinite, i.e.
the ratio of the electrode diameter D to the gap distance
d is considercd to be infinite. 1In practice of course,

D/d is finite and this must be considered when analyzing
results.

The effect of finite electrodes on a discharge
can be two kinds: one being due to field distortions and .
the other due to diffusion effects. The diffusidion
effects would be more significant for the uncharged
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bodies in the discharge than the charged, as they cannot
be constrained by the electric field. Thus, whether
metastables and photons produced in the discharge will
reach the cathode or not, is determined to a large extent
by the geometry of the electrodes; and changing the ratio
D/d has been shown in this laboratory to have an effect
on sparking potential curves in both hydrogen and mercury
vapour (38, 37). Field distortion is mostly an edge
effect. For the charged particles in the discharge, this
effectively means a longer drift path than 'd', but they
may also be lost to the walls through diffusion. In the
present investigation the walls were at the same poten-
tial as the cathode, so it is improbable that many elec-
trons would have diffused to it, though the positive ions
could have done so with greater ease. To correct for the
edge effects, the ratio of D/d was kept as high as pos-
sible. It was never allowed to be smailer than 2 and was
normally much greater; this, togethe} with the use of
guard rings ensured that any edge effects were kept to a

minimum.

Growth of Current between Plane Parallel Electrodes

The current Tlow between two parallel electrodes
in a gas shows a considerable variation when the voltage
between them is altered continuously. Fig 3 shows the
characteristics of such a uniform field gas discharge.
The current growth measurements described later in this
thesis were all taken in the "Townsend region" of the gas
discharge spectrum, and the sparking potentials which
were also measured, correspond to the voltage VS on the
diagram. It is interesting to observe that in the

spectrum up to the point D, the current flow would cease
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when the initial current IO was withdrawn, wherecs in the
regions beyond the point D the discharge is scid to be

self-mointained, and the current flow would continue even
if I0 was reduced to zero. In the following section, the

Townsend region is considered in rore detail.

1.5 The Townsend Discharge

Fig 4 shows in greater detail the initial part of
the discharge characteristic of fig 3, the cathode being
irradiated with ultraviolet light to give an initizl
photoelectric current. As the voltage between the elec-
trodes is slowly increased from zero, the current to the
anode increases slowly as the electrons move through the
gas with an average velocity determined by the field.
Further increacses in the voltage results in saturation
when all the electrons emitted by the cathode reach the
anode (TO). The current is then se?n to increase again
with increasing voltage since the electrons acquire energy
from the field to ionize the gas atoms (Tl)' After this,
a region where the growth of current is very much more
rapid can be seen, where evidently some other ionization
processes must be active (T2), until at & critical voltage
(Vs in fig 3), the very rapid increase in current results
in the establishment of a self-maintained current., The
discharge is not self-maintained in T1 and T2 because
there the current only rflows as long as there is an

external agency producing electrons, whether or not this
agency is photons incident on the cathode.

1.61 Townsend's First Ionization Coefficient

J.S.Townsend was the first to carry out system=tic
experiments to study the ionization of gas atoms by
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electron collisions, between plane parallel electrodes(18).
At first he used A-rays as the agency to produce his origi-
nal supply of electrons within the gap (19), but later he
adopted the now conventional ultra-violet illumination of
the cathode (20). The theory of his experiments may be

summarized as follows.

A primary electron produced from the cathode ac-
quires an equilibrium energy in the field after numerous
collisions. Let the average number of ions produced by
it per centimetre path length in the field direction be a.
These newly produce€d ions move towards the appropriate
electrode under the action of the electric field, the new
electrons producing further ion pairs. If the number of
free paths in the gap is large and spatially distributed,
ionization will occur throughout the volume, Townsend
showed that the current at a distance X from the cathode

J

was given by:

ax

IiiesT4T fde (Eq. 1.1)

(In this thesis the symbol x is used to denote distances
from the cathode in the direction of the field and 'd' to

denote the actual separation between the electrodes.)

The constant o, Townsend's Primary Ionization
Coefficient, can be experimentally determined using this
last expression, since the semi-logarithmic plot of I and
x has a slope of a,.

In order to discuss the ionization efficiency of
ele ctrons, a coefficient n; is often introduced. n; is
defined as the average number of ionizing collisions an
electron makes in passing through a potential difference
of 1V in the gas. Assuming that the voltage required for
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the electrons to reach equilibrium with .the field is

negligible, the currcent becomes

I = T MV
(0]

after passing through a potential difference V, where Io
is the initial photoelectric current. Taking logarithms
one can see that

I
log T; = niV

is a straight line, as can be seen from the region Tl in
fig 4. In region To, V is not large enough for the current
to be saturated. The region T2 is explained in section
1.6.3. Thus one can see that n; is related to Townsend's

primary ionization coefficient by the expression

”i = a/E

The Relation between the First Ionization Coefficient and
Electron Energy

J

Assuming that the electron energy is derived‘
entirely from the field, the energy should be proportional
to the field strength and the mean free path of the elec-
trons in the gas, A; A, however, is proportional to the
gas pressure, and the probability of ionization at a
collision depends upon the electron energy. Thus it can
be seen that (20)

w
e

The classical semi-empirical formula gives this

relation as

S8 AR D) (Eq. 1.2)

wherc A = 1/\, and B = Vl/x0 with A, @s N at unit pressure.

Because of the nature of the simplifying assumptions made
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in deriving this expression, and because the probability
and distribution functions have been neglected in this

derivation, the calculated values of A and B do not agreec
with the experimental values. But by a judicious choice
of A and B, experimental values of a/p can be made to fit

¢his expression in a limited range of E/p.

From the functional reclationship between a/p and
E/p it is clear that for a given E/p, a/p should be a
constant and also, it is mcaningless to talk about o at
any pressurc unless E/p is specified. Thus, when plotting
the logI-x curve, it is necessary to keep E/p constant
while x ig varied.

The relationship between the mean cnergy of an
electron swarm and n; may be derived as follows. Let
N(¢)de be the number of clectrons in unit volume with
ecnergics bectween € and € +d€, and Pi(e) be the probability
of ionization by an clcctron of cnergy ¢; then the number
of ionizing collisions pcr sccond per elcctron of cnergy
€ is given by,

\2¢/m gi%él

and thc total number of ionizing collisions per unit

)

volume in one¢ second is,

ol
vmoj Ne) e¥? P, (&) ATk de

But, if the drift veclocity of the clectrons is vc, the
number of electrons crossing unit arca pcrpendicular to
the field per sggond would bec

ch N(e) de

o
which makes the total number of ionizing collisions per
unit volumc per gccond cqual to

oC

dv
Ny ax Ve g N(e) de

(o]
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Equating these two cxpressions, the ionisation efficiency

comes out to be P

/*7m S € pite) 27 ac
g v (E/p,) of“N(e) ae

Further cevaluation of n; from this can bc donc only
if somc simplifying assumptions arc madec regarding the

cnergy cdistribution. P. and xo. For cxample, assuming the

i
energy distribution to be Maxwellian, xo to be indepcndent
of ¢ and Pi(e) = a(€-i - €), where 2 is a constent,

64 £ 4 =, -3€./2€

/2zm MoVe (E/po) +

From energy balancc considerations in the gas dis-
charge another cxpression may be derived for ny which comes
out to be

1 1
(l + r+2-'/€i) Vi

ny =
where r is the ratio of cenergy losses in exciting collisions

to thosc in ionizing collisions., Assuming that

G Sit
P() Q. —ss—
Gre 1vee;

and that the cxcitation probability is

€ - €j
PC(Q) = o, —t
vVeec
and that the cnergy distribution is
/3P
\] a—y —— —em—————
K€ mipi CBED(n =€) fon € &
(Druyvesteyn's derivation)
a
n = : I exp (-Bp /E)
Qe 1/ViVe

at low E/p,which is of thc same form as that obtained
empirically for a (Eq.1.2).
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1.6.3 Townsend's Secondary Ionization Coefficient

The region T2 in fig 4 cannot be explained on the
basis of primary ionization 2lone, because here the ¢~ 2t
growth is hyper-exponential, indicating the existence of
an additional process or processeés., This is hardly unex-
pected since the primary electron beam produces not only
further electrons along its path, but also positive ions,
excited atoms and photons. It has already been mentione<d
in section 1.2 that all these can, under suitable condi-
tions, liberate electrons from the gas as well as from
the cathode.

Historically, the first of these agencies to be
investigated was positive ions. Townsend assumed that the
positive ions were producing ion pairs in the volume of
the gas and he introduced a coefficient B to represent the
average number of ion pairs produced by a positive ion in
moving unit distance in the field direction, obtaining Th-

expression

I o= T (0"'3) exp (C""B)X
3 o a - Bexp (a-B)x

B/p depends on the nature of the gas and the E/p value.

Holst and Oosterhuis (21) later explained the cur-
vature in terms of the emission of electrons from the
cathode due to positive ion bombardment. If Yy is the
average number of electrons recleased from the cathode duz
to.2 single positive ion striking it, then for each elec-
tron leaving the cathode, (e“d—l) ions are formed in the
gap which on returning to the cathode release Yi(c“d-l)
electrons from it. Let this number be fi. This second
generation of electrons results in fiead more electrons
reaching the anode. But at the same time, fl(ead-l) ions

are also produced which give rise to a further generation
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of electrons at the cathode, Yi(e“d-l)fi = fi. Thus the
total number of electrons arriving at the anode due to one

primary electron is,

ad
ead(l LA £2 . £ 1 et | = =
So, in the steady state,
L2 hio. ik s L e
I = = =
0 L] 1 - v;(e*-1)

which is of the same form as the expression obtained by
Townsend, if ead is much greater than 1, as is usually the
tasc., Thus it would appear that the current growth produced

by assuming cither of these processcs is approximately thec
same.,

The effects of sccondary ionization in the gas volume
and at the cathode, due to other procecsses, can be studied
in 2 similar manncr. Consider first the emission from the
cathode produced by photons. Assume that 6 photons, ener-
getic enough to produce emission from the cathode, are
produced by an clectron moving 1 cm in the field direction.
Then each initial electron produces pc®* dax photons in the
thickness dx at x, considering primary electron nultiplica-
tion. Photons being neutral, are not constrained to move
in any particular direcction by the ficld and therefore only
a fraction g (approximately 1/2) of these will reach the
cathode. If the absorption coefficient is p in the gas,
the number of photons rcaching the cathode will be
ac(“'“)x dx, from dx, in the special case where g=1; pro-
cecding along the same lines as for positive ions, the
steady state equation is obtained as,

I ea'd

——— |

I 1
0 Tt e‘ax_pg(e(a.—u)d_.i)
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The expression for the effect of metastables on the
cathode is very similar to this; however, here g will be
a function of X as the mctastables would tend to diffuse
to the cathode where their concentration is zero. Vari-
ation of the secondary coefficient with x could, then, be
indicative of the prescence of metastables in the discharge.
Oxygen, the subject of this investigation, however, does
not have any known important mctastable states.

An exact analysis of sccondary ionization in the
gas duc to photons has been given by Dutton et al (22).
A simplified derivation given by Little (23) is as follows.
If 6 be the number of photons created by an electron in
moving 1 cm in the field direction, the total number of
photons crcated by onc clectron crossing the gap is
Q(ead-l). Assuming that they are created at thc anode, as
gost of them are, and that a fraction g of them move para-
llcl to the field to rcach the cathode, the number of
photoionizations in dXx can be seen to be

_3_%_‘_}_ (e(a-u)(d—X)) n
where p is the total absofption coefficient and My that
corresponding to absorption lecading to ionization. Thes
photoclectrons in turn nultiply, e&nd on integration, the

currcent duc to second and later generations of electrons
is secn to be

é

" e“d (e(“‘P)d_i)

The steady state currcnt cquation in this case would be
ead
(Of‘]u.)d

o v
o 1= %"(e -1)

where y" = egpl/a(a—p). This is of the same form as the
others if a is greater than p, but if it is no%, then this
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cquation would not explain the upcurving of the logl-x
curves. The other possiblc gaseous sccondary processes are

not very important in practiec and are not discussced hecre.

It is obvious that the different secondary processcs
cannot be distinguished in a study of I/I0 VEérsus x curves
alonc. Also, since the expressions comc out to be of a
very similar form, it is possible to introduce 2 generalized
sccondary coefficient w/a, which is the linear sum of the
individual coefficients.

The modificd equation for the current in the stecady

state, taking into account secondary processcs may be
written as
I ad
& c (Bg. 1.3)
w
I, 1 - (uﬂ(ead_1)

Since o = Eni by definition, equation 1.3 can be rewrittcen
as
iV
I enl

LW TNV
0 1 a (e

- 1)

which would directly explain the hyper-exponential growth

of currcent with V in the rcgion of T2 in fig 4.

The Breackdown

Fig 4 shows that for a constant pressurc and gcp
distance, the current increases to very high values at a
certain voltage. This behaviour is indicated in equation
1.3 also, wherc the current should tend to infinity for
a certain value of the gap distance, d, at & given pressure
and E/p; it can be seen that when this happens,

X (a%d 1) = 1 (Eq. 1.4)

and also that if the external sourcc of primary electrons
1s removed at this point, i.e. if I0 is reduced to zero,
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the current will continue to flow unaffected. This means
that at this voltage, (or gap distance, as the case may
be) the discharge in the tube undergoes a transition and
becomes self-maintained. Equation 1.4 in other words, is
the brealdown criterion. This is valid for uniform fielcs,
moderate pressures and constant w/a (which effectively
means constant surface conditions). If the pressure is
too low, there will not be many primary ionizations occur-
ring in the gas and hence the use of a in eguation 1.3

is not justifiable. If the pressure is too high, there
will be too many gas excitations for any cathode secondary
process to be really effective.

Paschen's Law

To get the value of the breakdown voltage, or spar-
king potential from the breakdown criterion, ad is written
as %.pd and then % is replaced by the expression given
in equation 1.2. Thus one obtains

v = 2"3 (Eq. 1.5)
log _;L.T__.
log( 14—
: X

Paschen's law (24) states that the sparking poten-
tial is a function of the product of the pressure and gap
distance as can be seen from equation 1.5 and has been
verified by experiments in different gases. Accurate
measurements, however, have revealed deviations from
Paschen's law, i.e. variations in Vs independent of pd.
The deviations can be explained on the basis of the finite
nature of the parallel plate electrodes used, as this
would lead to loss of electrons, positive ions and photons

(agents producing secondary ionization) from the gap.
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Further, it has been assumed in the derivation of the law
thaw w/a is a function of E/p only, and so if w/o does
depend upon p or d, which it often does to some extent, then
deviations from the law are only to be expected.

A minimum for VS can be predicted from equation 1.5
since Vs should be increasing at high as well as at low
values of pd. At low pd the logarithmic variation of the
denominator is greater than the linear variation of the
numeratcer and therefore Vs should increase with decreasing
pd; on the other hand, the logarithmic term varies very
slowly at high pd and therefore the sparking potential
should increase alnost linearly with pd at high pd. Thus
analytically, a minimum for the Vs versus pd curve is to be
expected., This is easily explained on the basis of physical
principles also. Considering the collisions in the gas, at
very low pressures, the probability of collisions is very
small and so the number of ionizations will be fewer, while
at high pressures the mean free path of the electrons is too
small for it to acquire sufficient energy to ionize by

collisions. ©Sc at both high and low pd,Vs would have to
be high.

It is obvious that the sparking potential will depend
very critically on w/a i.e. the gas and the nature of the
cathede surface. TFigure § shows breakdown voltage curves
obtained for different cathodes in hydrogen studied by
Llewcllyn Jones and Henderson (25) and figure 6 shows break-
down curves for oxygen and hydrogen obtained by Fricke and
for air obtained by Meyer (26,27). The minimum sparking
potential measurements of Llewellyn Jones and Davies (28)
show how sensitive they are to the history of the cathode

surface, i.e. to the thickness of films, baking, outgassing,
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oxidation, flushing with gas, etc. Davies and Fitch (29)

¥
have observed a lowering of the worl: function of a copper

L]

cathode due to the passage of a spark which caused the ‘
minimum sparking potential to drop by up to 30 volts. This
was attributed to positive charge build up on the cathode
which would obviously reduce the potential barrier for
conduction electrons in the metal and would therefore re-
duce the work function of the surface. Gozna (30) has fur-
ther shown by formative time lag studies that the orlglnalv
surface conditions of a copper cathode reappear only after

a time interval of about ten seconds after a discharge in
hydrogen.

Current Growth in the Presence of Electron Attachment

It is obvious that the loss of electrons in produ-
cing negative ions, influences the current growth in oxy-
gen and that consequently the current growth equation has
to be modified. To do this Harrison and Geballe (31) ;
consider the following three types of reactions leading té“
negative ion formation in oxygen: :

1 AB + ¢ —>» AB~
2 AB + e —» A +D° (Dissociative procgkﬂ

3 AB+ e —> AY 4+ B~ + e (Ion pair production)

The first two types of reaction are described by a
parameter mn, which is defined in analogy with o as the
number of attachrents per centimetre path of the electron
in the field direction. At a constant Ef, (for the numbep
of attaching collisions is bound to depend on the mean ‘
electron energy), assuming that secondary processes are
not important, the continuity equations can be written as,



ane 3 e

3¢t Yesx g WVele = MVeN,
ony v+_a“+ = av_n

3¢ T e e

on_ on_

ot T e 0X = MVele

with subscripts e,+ and -~ referring to electrons, positive
ions and negative ions respectively and n and v referring
to numerical density and drift speed in the gas. Solving
these for steady state conditions gives. for the I-x

characteristic,

(a=-n)x

5 @ - n a - 7
"lhen reaction 3 is predominant, the appropriate
continuity equations yield the equation

& = (a+r) R R |

I0 o a .

where A is the parameter describing the third process,
being the number of pairs of ions produced by an electron
moving one cm in the direction of the field.

When all three processes are active,

SXE s e e e h) e R iy )
1, (a - 7n) (a = 1)

These equations have been obtained on the assunption
that secondary processes are not important. When secon-
dary processes and dissociative attachment take place at
the same time, the equation has to be modified to

(a-n)x
g (R 1 L voe -7 Eas 1.°7)
o GRS i e lBen)X g 5

a=1]



secondary €yects

‘N

affachment

n

d =—

Current Growth Curves - Modified due to Secondary

Effects and Llectron Attachment.

Fig 7.



- 28 =

Figure 7 shows the nature of the logI-x curve when in
addition to the primary process, attachment takes place

and secondary processes are present,

Probability of Negative Ion Formation

The probability of an electron attaching itself to
a molecule or atom depends very strongly on the nature of
the gas and the energy of the electron. The attachment
probability, h, is defined as the probability that an
electron will attach itself to a molecule or atom in a
single collision. h relates the attachment or capture
cross section to the total collision cross section by the
equation

PR30 h qi,¢
It is easy to see that the number of electrons lost
in a distance dx due to attachment is
dn = hu n dx
Xve

where U is the mean agitation velocity. Assuming that

n = no at X = 0,
(-hu/av,) x -nx
n = Oe e = noe
Thus n comes out to be equal to %;—. Using the
expression e
eE A
Ve = keE = a-ﬁ-%-

where ke is the mobility of the electrons and a is a
constant for a given electron energy distribution, this
can be rewritten as

n = -2he (Eq 1.8)

mke E
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This is a useful expression enabling onc to corre-
late n and capture cross sections, and has been used to
compare the results of experiments using different tech-
niques.

Breakdown in the Presence of Electron Attachment

Geballe and Reeves (32) discuss the effect of
attachment on the breakdown of gases starting with thec
current growth equation (1.6) which takes into account
both secondary processes and electron attachment. As in
the case of non-attaching gases the threshold for a self-
maintained current is obtained when the denominator of
the equation is zero, i.e. when

¥ eSS i)

T = =1 (Eq 1.9)

It is obvious here that breakdown is possible if a is
greater than y, irrespective of the values of a,n and w,
for sufficiently large pd. But if o is less than n or
equal to it, breakdown is impossible regardless of the
value of pd, since under these circumstances, electrons
are removec from the gas by attachment as fast as they
can be produced by collision ionization. Since o/p and
n/p are both functions of E/p, and o/p increases with E/p,
there must be a limiting value of E/p below which break-
down cannot take place. From eq 1.9, the exact E/p at
which this happens should be defined by the condition

[- e o 17 : W
- = iy (where y = a)
According to this expression, as pd increases, Vs//pd

i.e. E/p at the sparking potential should approach the
limiting value asymptotically. Geballe and Reeves
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consider a number of gases where this condition is found
to hold. They also polnt out that it is valid to assumec
that y is very small for gases at the experimentally
observed liniting E/p, so that the condition may be
written as

- R i 1

p p
for all practical purposes.

Crowe and Devins (33) verify the sparking condition
for SFS and CF2C12. They have also found that Paschen's
law is obeyed by a large number of electro-negative gases.
However, their suggestion of an empirical relationship
between the molecular structure and the sparking poten-
tial is probably open to question since it is based on
the assumption that y does not vary with E/p, which is
not always true.

Temporal Growth of Current

The time that elapses between the instant of appli-
cation of the voltage and the occurrence off a spark, is
known as the time lag and is the sum of two parts. First,
the statistical time lag which is the time that elapses
after the voltage is applied before an initiatory
electron appears in the gap, and second, the formative
time lag which is the time taken for the discharge to
become self maintained after an initiatory electron has
appeared within the gap.

The statistical time lag is a random quantity which
depends on the ;ossibility of ionization in the gas, for
example on the presence of ultrsviolet radiation, radio-
active material etc, and may of course be reduced to zero
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if there is a sufficient amount of suitable radiation in
the gap. Experiments on statistical time lags indicatc
that the lower the amount of radiation in the gap, the
higher the peak value of voltage pulses have to be to
produce breakdown in the same time.

An approximate theory of the temporal growth of a
discharge and an expression for the formative time lag
has been given by Druyvesé&n and Penning (34). The
formative time lag is found to be approximately propor-
tional to 1/(V - Vg ), where V is the applied voltage and
(v - Vs) is the "overvoltage". When V = Vs, the forma-
tive time lag approaches very high zalues. Experimenta
results are normally plotted in the form formative time
lags versus percentage overvoltage (V-Vg).100/Vg, and
figure 6 shows some typical curves,

Formative time lag studies are important in gas
discharges because they are valuable tools in determining
the relative importance of the various secondary pro-
cesses active in the gas under the relcvant conditions.
The actual analyses of Bartholomeyczk, Davidson et~ are
too involved to give here (35,36), but have been applied
in this laboratory to low pressure hydrogen and mercury
discharges to evaluate the relative importance of the
secondary processes active In the discharge(37,38).

Conclusion

An outline has been given of the basic phenomena which
occur in gas discharges. The work described in this
thesis deals with the ionization and attachment processec
and their effects on breakdown and pre-~breakdown currents
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in uniform fields in oxygen. The next chapter gives an
account of the theoretical and experimental background
of the study.



2.2

2.2.1

CHAPTER II y

REVIEW OF PREVIOUS WORK

Introduction

In this chapter it is intended to give a summary of the
work that has already been done on negative ion formation
and ionization processes in oxygen. In many experiments
these processes have been studied simultaneously. Most of
these experiments can be broadly classified into two groups,
depending on whether they make use of a swarm, or a beam of
electrons, and in cach of these methods several different
experimental techniques have been adopted.

Experimental Methods

Experiments Using Elcctron Swarms

Diffusion Mecthod

Healey and Reed (39) describe the method used by Bailey
(40) and his collecagues to study the attachment coefficient
in oxygen. Bailey's experiment consisted of measuring
currcnts received by a scries of clectrodes of which all but
the last contained a slit. through which the ions and the.
clectrons passcd. The same method has been refined and used
for the measurement of m and the Townscnd energy factor k‘
by Huxley, Crompton and Bagot (41) in 1960, where k, is the
ratio of thc mean agitation cnergy of the electrons to the
molecular energy. They allowed a strcam of thermionically
produccd electrons, alrcady in a steady state of motion in
an electric field E, to cnter a diffusion chamber through
a small hole in the cathode, and to move under the same ficld
to the anode which consisted of a central disc and two
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annuli. The ratio of the current received by the inner
annulus to that rcceived by both annuli togcther is

expressed in terms of the dimensions of the apparatus, the
rclation ve/D = 40,29 B/kl’ and the attachment coefficient.
Assuming the ionization to bc small, the expression was
analyzed and values of 71 and k1 obtained, for gas pressures
of a few torr.

Electron Filtcer Method

The electron filter, devised by Loeb (42), is a grid,
between alternate wires. of which a high frequency alterna-
ting ficld may be applied, so that from a beam of eclectrons
and ions, the elcctrons are swept away by it, while the ions
which have a greater inertia can pass through. Bradbury
(43) used this; idea in his measurement. of n. He had two
f‘ilt,ers‘G1 and 02 which could be inscrted one at a time in
between a photocathode and an anode, at known distances.

The electrons diffused under a field maintained uniform by
guard rings, and the current at the anode was measured with
Gl in position, with and without a high frequency woltage on
it; the procedurc was repeated for 62 after retracting Gi.
The radio frequency voltage was adjusted so as to producce

a minimum disturbance Qf the uniformity of the field and
maximum efficiency of clectron capture. The electron current
in the beam at the filter is giwen by the difference in the
values of anode currents with and without the alternating
voltage on. From the gurrcnt values thus obtained, the field
and gas pressure Vulugs and the dimensions of the tube, the
attachment probablllty‘could be determined, provided that

the elcctron drift welocity is known. Bradbury used gas
pressures of 3 to 90 torr and his pyrex apparatus was baked
out at 200°C which reduced his background pressurce to 10—6

torr. Illisi results in oxygen arce siven at the end of this
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chapter.

Kuffel (44) employed the same type of apparatus; in 195¢
to study m in dry and humid air gaps and also in oxygen. He
used a larger chamber which permitted the use of higher field
gradients before the onset of corona, and thus enabled him
to extend the range of electron cnergies.

Chatterton and Craggs (45) used the filter method again
in 1961 to investigate attachment coefficients. They also
obtained a vacuum of about 10—6 torr and the gas employed
in their investigation was spectroscopically pure oxygen.
Photoelectrons were produced by focussing ultraviolet light
on to a platinum coated disc sct in the centre of the
cathode. The pressure was sct to be higher than the mini-
mum required for negligible electron diffusion corresponding
to the E/p value investigated, ranging from 24 torr at
E/p=0.2 V/cm.torr to 5 torr at E/p=30 V/cm.torr. 1In.
Bradbury's and Kuffel's experiments there must have been
somec elcctron diffusion, but the error introduced by the
loss of negative ions at the filter due to too large a
voltage on the grid would have tended to cancel out the
error due to diffusion; the fraction of ions collected at
the filter was considerable in Bradbury's experiments. In
this experiment, a criterion for filter voltage was set for
the collection of only upto 2% of the negative ions; for any
lower voltages the resolution had to be sacrificed to an
unacccptable extent. The filter voltage was also kept low
enough to prevent the dctachment of electrons from the
negative ions which would have produced a systematic lowe-
ring of the mcasured 7m values. The E/p range covered exten-
ded from 3 to 30 V/em.torr. In addition to the recal or
apparent attachment coefficient, n or a-n, the threc-body
coefficient (section 1.3.Dbiii) also has been investigated
here.
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Time of [Flight licthod

These experimentS involve the measurement of the time
dependence of the currents of electrons and negative ions
as they drift across a tube. The three most important

cxperiments in this group were done in 1952 by Herreng (48)
and Dochring (47) and in 1959 by Chanin, Pheclps and

Biondi (48).

Herreng used a pyrex tube with plane parallel elec-
trodes as his ionization chamber with initial ionization
produced by a becam of Xx-rays parallel to the clectrodes.
The x-ray tube was pulsed 50 times a scecond at 1 pus
duration and onc of thrce windows was used to let the x-rays
in, the windows being at different distances from the anode.
The uniform ficld maintaincd bectween the clectrodes drove
all the ions produccd on to the anode in onc impulsc before
the next impulse came along. The current at the anode was
amplificd and displayed on an oscilloscope. In oxygen (or
any attaching gas) the current can be expressed in the
form

j U I0 exp(-kt)
where kK can be determined from the oscillogram. But k is
related to the attachment probability h in a simple manner,

hii= kmE/O.?chC 5
and hence he was able to determince the attachment
cocefficient. In the samc experiment, llerreng also mcasurcd
the drift velocity of clectrons. He covered a range of E/p
from 0.1 to 20 V/cm.torr, with 'very carcfully purificd’
gas at pressurcs of a few torr,on its own and mixed with
Argon.

Dochring mcasurcd the ion current rcaching the anode

after the cleccectron currcent had virtually died out. He

derived the relation,
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L1 being the flight length. He used thermionic electrons
to initiate the ionization. The ions had a grid in their
path witich acted as an inlet gate and in front of the
anode there was an exit gate. Doth the 'gates' were
gsimilar in construction and were operated by rectangular
voltage pulses. Using these grids, pulse generators and
and a quartz oscillator, the required time sampling could
be achieved. Doehring used the same discharge tube to
determine the drift velocity of electrons after modifying
the circuitry. llere positive and negative peaks of an
oscillatory voltage were applied to open the inlet and
exit gates respectively, so that only electrons with
their flight times an integral multiple of the half cycle
got through both gates to the anode. The frequency of
the oscillating voltage was variable in this case.
Doehring's apparatus was made of Jena 20 glass and bakable
at 500°C., He used electrodes made of a steel alloy and
two samples of gases, one produced electrolytically, and
the other obtained from industrial cylinders, after far-
ther fractional distillation.

Chanin, Phelps and Biondi (48) used a method similar
to that of Zoehring's. They had photoelectrons liberated
in pulses and only one shutter grid to control the arri-
val of ions at the collector (fig 8). The time of
opening of the shutter was controlled in relation to the
electron pulse to study the time dependence of the
current. Here again the electron drift velocity could
be determined. The measurement of 7n as a function of
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£/p was carried out in the range of 0.01 to 10 V/cm torr
for pure oxygen, and with oxygen-helium mixtures, the

lower energy limit was extended even further.

Schlumbohm's experiments deserve special mention here
(49), since hie results are the first to cover the Z/p
range greater than 70 V/cm torr, after Xarl jjarsch's
(50). Schlumbohm looked at electron avalanches between
plane parallel electrodes of 21 cm diameter with gap
distances upto 4.7 cm, enclosed in a glass vessel, at
gas pressurcs of 0.01 to § torr. His clectrons were pro-
duced photoelectrically by a pulsed light source (about
15 ns duration) and diffuscd across to the anode where
the current was subjected to wide-band amplification and
displayed on an oscilloscope. From the positive ion

current at time t

eno
I+(t) = _T: (exp ad - exp av t)

where T _ = d/v,, the ion transit time which can be
measured, o and v, were determined. Diffusion was neg-
lected here, as the drift energy was very large compared

to the diffusion energy.

Microwave Cavity liethods

At extremely low E/p's the electron loss rate in the
afterglow of a pulsed microwave discharge can be used to
study diffusion coefficients, recombination coefficients
and, under special conditions, also the attachment co-
efficients, The method originally suggested by Biondi
(51) has been employed by PFulcahy et al (52) and Chantry
(53) in oxygen.



e Townsend kMMethod

The equation for current growth between parallel
plates has been derived in the last chapter, and for an
electronegative gas, neglecting secondary effects, it is

g, o o el i n s
As has been mentioned already, from a measurement of the
steady state currents at different d's it is possible to
compute the values of a and . On the other hand, the
continuity equations may be solved for the temporal or
non-steady state, and the resulting current growth equa-
tion can be used in the determination of the attachment
coefficient. This is referred to as the avalanche method.

Using the Townsend method, Masch obtained a curve of
o/p as a function of E/p in oxygen as early as 1932.
His experimental tube for low pressures (less than 1/2
an atm.) was of glass and he used zinc electrodes at
separations of a few mm. Oxygen obtained in steel cy-
linders was used after drying with P205 and the pressures
were measured on a mercury manometer. He used the Town-
send relationship to calculate o without taking a:tach-
ment into consideration in an E/p range of 30 to 500
V/cm torr. For E/p less than 70 V/cm torr his results
would be in considerable cacrror, of course, as the attach-
ment coefficient is still significant in the range
30<4E/p<70 V/cm torr. (For this reason, his results
are presented only for E/p>50 V/cm torr in the results
section.) NMasch conducted his experiments in air and
nitrogen also,and with hitrogen, he tried two samples:
one from steel cylinders and the other, an 'absolutely
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pure' sample produced by heating a nitride of sodium.
From these he concluded that the purity of the sample has
no effect on the ionization coefficient and therefore,
one gathers, did not attempt to purify his other gases
any further. None of his gases could have been very pure
in fact, as they were all mercury contaminated.

The most important experiments in the steady state
in oxygen have becen those of Harrison and Geballe (31)
and Prasad and Craggs (54). Both sets of experiments
covered roughly the same E/p range - a few tens of V/cm
torr - though the pressures at which the experiments werec
carried out were different.

Harrison and Geballe used polished copper electrodes
of 9 cm diameter with contoured edges. The anode was
perforated "rith a large number of holes in the middle.

The cathode was mounted on a2 nut and screw which

allowed d to be varied between O and 4 cm, by means of an
iron armature and external magnet. Photoelectrons were
liberated from the cathode by the normal incidence of
ultraviolet light. A coating of 'dag' on the walls provi-
ded 20 equipotential surface which could be kept at any
potential desi:ad, so that diffusion to the walls could

be kept to a minimum. The pyrex vessel holding the
assembly was a five litre flask which could be taked at
400°C and the background pressure was found to be 10—5
torr after baking. Oxygen was produced by the decomposi-
tion of three compounds, HgO, (Mn04,and Mnoz, and purified
with liquid nitrogen traps. The gas was never permitted
to break down. Current measurements were made at diffe.
rent gap distances for the same E/p. The E/p range was
roughly 25 to 65 V/cn torr at 11 to 40 torr pressure.
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Prasad and Craggs used a pair of dural electrodes
as well as platinum ones in their experimental tubes.
Photoelectrons were produced from the cathode by vertical
illumination through a perforated anode. The tube was of
80 litres capacity, giving background pressures of 10"'s
torr. Prasad (5%) has described the apparatus in detail
in connection with similar experiments done in air. The
intensity of the ultraviolet lamp was monitored by a photo-
cell incorporated in the assembly. The gas pressure was
measured on an oil manometer at lower pressures and on a
manometer with metal bellows at higher pressures. A rigidly
supported micrometer measuréd the gap distance to X0.005 mnm
while the ionization currents were measured by an electro-
meter bridge and were reproducible to 5%. An E/p range of
30 to 50 V/cm torr was covered at pressures of 60 and 150
torr with the dural cathode, and 100, 150, 200, 300 and 600
torr with the platinum electrodes. Breakdown voltages were
also measured in this experiment using both cathodes at
pressures of 150, 300,and 700 torr. The secondary coeffi-
cient was calculated from prebreakdown currents at E/p
greater than 45 V/cnm torf for the dural cathode while it
was obtained in both cases from the breakdown criterion
{eq. 1.8)s

The results of Prasad and Craggs are in fair agree-
ment with those of Harrison and Geballe as can be seen
from fig 11 in section 2.4.

Experiments Using Electron Beams

The formation of ions has been studied by several
workers using well-collimated beams of electrons of known
energy in gases at low pressures. The most important of
these experiments are outlined in this secction.
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a Lozier Tube

Lozier devised this method to study positive and
negative ion formation in several gases (56). His appa-
ratus (57) consisted of a field-free collision chamber in
which the gas under consideration was maintained at a
pressure of the order of 10-5 torr and through which a
narrow beam of electrons - confined by slits outside,
and an axial magnetic field inside the collision chamber -~
was passed. At the other end the electrons escaped from
the chamber and were collected on a plate kept slightly
positive with respect to earth, while the ions produced
in the chamber were drawn out by a set of vanes which
were concentric with the axis of the tube, and collected
on 2 cylindrical electrode.

Absolute cross sections for the production of ncga-
tive ions are measured in this method by a comparison of
the yield with that of a known positive ion. The electron
affinity may be determined from energy considerations,
provided that the dissociation energy of the molecule, the
total kinetic energy of the products of dissociation, the
appearance potential of the ion considered and any changes
in internal energy involved are known.

Craggs, Thorburn and Tozer (58) have used this
arrangement with slight modifications to study attachment
in several gases. Fig 9 shows the schematic diagram of
their apparatus. A tungsten filament produced electrons
which were accelerated up to about 40 eV and limited by
slits before their entry into the collision chamber. The
magnetic field used was about 200 gauss. The inner set (I)
of concentric vanes was maintained at earth potential,
while the outer set (0) had a drawout potential applied
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on it., The cylindrical electrode (H) collected the ions
while G acted as a guard. If the kinetic energy of the
ions is to be measured, a retarding potential is appliecd
to the cylindrical electrode, while for cross section
measurements the potentials of O and H are kept the same.
The electron beam energy was varied to determine the
minimum energy required for the production of a specific
ion as well as the relative efficiencies of producing
ions of a specific kinetic energy. By reversing the po-
larity of the draw-out potentials, positive or negative
ions could be studied, obviously. The ions collected in
this method were only those which have directions of
motion within about 12° of the perpendicular to the axis,
because of the gconmetry of the vanes. This has the inhe-
rent disadvantage that angular anisotropies which accom-
pany dissociative attachment will introduce large error

in the results.

Asundi, Craggs and urepa (59) used a Lozier type
tube again in 1963, in what was virtually a repetition of
the experiment of Tozer et al (58). One of the improve-
ments was, however, regarding the collector voltaze,
Realizing that the efficiency of the collector depended
on the kinetic energy of the ions collected, Tozer et al
had used appropriate potentials on the collector in the
inverse ratio of the Kinetic energy of the ion. This,
however, meant a correction for the collection efficiency
for high energy ions owing to the small potentials applied
in the presence of the magnetic field. Asundi et al used
a collecting potential sufficient to overcome the mag-
netic field in all cases and the collection efficiencies
were normalized using a correction factor which had been
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evaluated. In addition to the Lozier tube, a Tate and
Smith type of apparatus (described in the next section)
was also used by these authors.

Buchel Nikova (60) made measurements on oxygen,
water vapour and other gases in an experimental set-up
very similar to that of Lozier's; however, she did not
use vanes perpendicular to the electron beam direction,
so her results would be free from angular discrimination
effects which are inherent in Lozier's measurements.

Tate and Smith Apparatus

Tate and Smith (61) used a tube with two compart-—
ments, each of which was pumped separately (sce fig 10).
The filament F produced the electrons which pass through
S1 and S2 to the accelerating field between S3 and S4.

A constant potential difference is applied between F and
S1 and between S2 and S3 so that the total electron cur-
rent is independent of the accelerating voltage. A sole-
noid around the tube produced a field of a few hundred
gauss to prevent scattering of the electrons. The ions
produced were collected by the plate P1 with a guard ring
G. The collector voltage was as low as 4 V for electrons
of energy up to 4500 eV. (The validity of thisws qucicnag
recently (62)). Ionization and attachment cross sections
are calculated using the formula,

L4 16
= L p 3°56 . 10
i 273 " y

Q

where L is the length of the collector and the other

symbols have their usual meaning. liassey and Burhop have
suggested that the effect of the axial magnetic field on
the path length of the electrons would introduce a fairly
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large error in the results (63), but Asundi shows that
that the increase in path lengtn in this experiment would
in fact be negligible (64).

Schulz's (65) apparatus, based on similar principles,
employed a retarding potential difference electron cur-
rent and was designed to collect all the ions formed,
irrespective of their Kkinetic energy and angular distri-
bution. The system was boakable, giving background pres-
sures of 10—9torr. A magnetic field was used to align
the electron beam in the collision chamber which also
housed the cylindrical electron and ion collectors. Dif-
ferential pumping was employed to keep the purity of the
gas high in spite of the hot filament. The positive ion
cross sections were assumed and therefore, only the ratio
of the positive and negative ion currents had to be mea-

sured to calculate the negative ion cross sections.

In addition to the Lozier apparatus, Asundi et
al (59) also used a Tate and Smith apparatus. The expe-
rimental pressure was about 10~% torr with a suitably
accelerated electron beam passing through it, collected
by a collector plate. The ion collector plate collects
all the ions that are formed, and not just a fraction as
in the Lozier tube. The pressure was measured on a
licLeod gauge and the absolute cross sections calculated
from the formula quoted on the previous page. Asundi et
al determined not only attachment cross sections but also
ionization cross sections in his experiments.

Beam experiments have the advantage of using mono-
energetic electrons, but a hot filament has to be used
and the experimental pressures have to be quite low, so

that very low background pressures are quite essential
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for high gas purity and difrerential pumping is often
necessary. The experimental data obtained from these
experiments are discussed in the next three sections along
with those obtained from the other experiments described in
this section.

Experimental Data on Primary Ionization Coefficient

Experimental data on a's in oxygen appear to be
mainly in the region 30<E/p< 50 V/em torr. At low E/p
the ionization processes are far less predominant, of
course, than electron attachment processes and this explains
the accumulation of data on m with hardly any on a, in the
region 0K E/p< 30 V/cm torr. For example, Kuffel (44) uses
the expression
. I,
I

which 'does not allow for the formation of new electrons

by ionization', to determine 7, while a is considered to be
merely a correction term, even when the 'correction' turns
out to be more than 100%.

lMasch (50) obtained a wide range of the ionization
coefficients in oxygen using a Townsend type apparatus,
This was the first set of resulte to be published in this
region since those of Townsend himself (20). Harrison and
Geballe (31) used the Townsend method again in 1952, but
they measured o and m simultaneously using a curve-fitting
technique employing equation 1.6, In 196t Prasad and Craggs
(54) published their results which agree reasonably well
with those of Harrison and Geballe (figure 11), but the
agreement with the results of Masch is not very good, pos-
sibly because Masch's values have not been corrected for
attachment., This is apparent from the fact that in the
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higher E/p region where attachment is almost negligible, the

agreenent is quite good.

Schlumbohm (49) has determined a's for oxygen (as
well as many other gases) in the range 60< E/p< 2000 V/cm
torr from analyses of oscillograms of electron avalanches.
Considering the different techniques used, and the time
interval of 32 years between the two investigations, the
agreement between the results of Schlumbohm and liasch is

remarkable. (Figure 12).

The ionization cross sections have recently been
measured by Asundi, Craggs and Kurepa (59) using electron
beans in the energy range of 13 to 90 eV. This was done

with both a Lozier type apparatus and a Tate and Smith type
apparatus.

Experinmental Data on the Attachment Coefficient

There is a great quantity of data available on 7 in
the lower E/p region, but unfortunately they do not all
agree very well with each other. This is hardly surprising,
however, when one takes into account the widely different
techniques used,

In the region O0<CE/p <50 V/enm torr, a two body
attachment process

e + 0O, e ng —_— 0+ 0 + k.c.

was assumed to take place right up until 1959, when the ex-
periments of Chanin, Phelps and Biondi (48) established that
in this region n/p is a pressure dependent process up to an
E/p of 3 V/cm torr. They also established that in this

region ﬂ/p2 is 2 pressure independent function indicating
a three body attachment process of the type
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This pressure dependence of n/p below E/p = 3 V/cm torr was
not known to or investigated by earlier experimenters and
therefore, below this E/p iheir results of 7mn/p are not sig-
nificant. Chanin et al also measured the effectiveness of
other gases like nitrogen and helium in playing the part of
the third body required in the above process. They found

a maximum for the three body attachment at an average elec-
tron energy of about 0°01 eV. TFigure 13a is a summary of
their results. The pressure dependence of 7n/p has been veri-
fied since by Chatterton and Craggs (45).

The variation of n/p with E/p has been investigated
by a fair number of workers (see fig 13b). De Bitteto and
Fisher (66) confined their experiments to the region where
o = m and they found that the critical E/p for this was
35,6 V/cm torr. Harrison and Geballe (31) covered the region
20<E/p <70 V/cm torr and the results of Prasad and Craggs
agree with these reasonably well in the region whpre they
overlap, viz 30< 5/p< 60 V/em torr. Llewellyn Jones, Dutton
and liorgan (87) publish results in the region 34< E/p< 39
V/ca torr, which are less than half the magnitude of the
others. However, no explanation for the lower values has
been given.,

The normalized cross section for formation of 0~
ions by the dissociative attachment process has been obtained
by Schulz (65), Craggs, Thorburn and Tozer (58), Buchel 'Nikova
(60) and Asundi, Craggs and Kurepa (5%) in recent years.,
These are all results from beam experiments (described in
previous sections), The agreement among these authors is
very good indeed as regards the appearance potential
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corresponding to an energy of 4,6 eV and the energy for maxi-
mum cross section at 6.7 eV, The maximum cross section
itself comes out to be 1.3 x 107 1% cm? in all the experinents
except that of Craggs et al (2+25 x 1078 cn?). Fig 13c

shows the results of Schulz and Craggs et 2l.

Ion pair formation is possible in oxygen at electron
energies above 17 eV:

e + O, = O+ OF e
The dissociation energy of O2 is 5°1 eV while 13°6 eV is
required to ionize an oxygen atom. But the electron affinity
of the atom, 1°S§ eV is releascd in capturing the electron,
and thus the threshold for this reaction comes out to be
17*2 eV, This has been experimentally verified by Lozier
with the retarding potential method in 1934 (68) and Hagstrum
and Tate (69) using a mass spectrograph method.

Breakdown Voltages

Fricke's curves (26) appear to be the earliest pub-
lished for the relationship between sparking potentials and
pd in oxygen. He used iron electrodes and covered the pd
range of 0°2 to 12 cm torr at pressures of a few torr. His
results are given in fig 6. This gas could not have been
very pure, because of the poor vacuum techniques used, but
this is further discussed in Chapter S5,

De Bitteto and Fisher (86) chose the value of E/p
where a = 7, for their investigation of the breakdown pheno-
menon in oxygen. At this value, the breakdown condition
becomes y.pd.a = 1. The value of y at an E/p of 35:4 V/em
torr has been reported by them as 0°045 for a nickel cathode
at gas pressures of the order of 300 torr. The not too high
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values of VS in oxygen in spite of the loss of electrons
from the avalanche due to attachiizent are here attributed to
the large secondary coefficient which seems to compensate

for this.

Prasad and Craggs (54) have investigated the vari-
ation of Vs over a pd range of 50 to 1200 cn torr in oxygen
with platinum and dural cathodes. Their results are given
in figure 14, They were able to deduce the values of the
secondary coefficient in two ways: by estimating the effects
of ¥ on the upcurving part of the log I vs d curve and by
making use of the breakdown criterion and sparking potential
measurements, the values obtained in both these methods

seening to agree quite well.

Conclusions

Thile there is a2 considerable amount of data avai-
lable for some regions of electron energies for both the
jonization and attachment coefficients, it is obvious that
there is a great deal of discrepancy among the results and
also there are several regions where more work still needs
to be done, particularly in ﬁhe region E/p> 50 V/cm torr,
It was with these facts in mind that the work described in

this thesis was undertaken,
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CHAPTER III

DESCRIPTION OF APPARATUS

Introduction

Townsend's method was adopted to investigate the
discharge phenomena in oxygen referred to in section 1,10,
i,e. pre-breakdown currents and sparking potentials were
measured., For convenience the apparatus used in this
investigation has been divided into four sections, the
vacuum system including the manifold, the gas supply,
the experimental tube and the electrical equipment.

The Vacuum System

The vacuum system was made of pyrex glass. A con-
ventional rotary oil pump was used as a backing pump
while a boat containing phosphorous pentoxide prevented
water vapcur getting to the rotary pump. The high
vacuum was produced with a Jencon three-stage mercury
diffusion pump. :Grease taps were used only on the higher
pressure side of the diffusion pump while liquid nitrogen
traps were used immediately above the diffusion pump to
prevent mercury vapour contaminating the high vacuum side.
The manifold was mounted above the cold traps.

In the earlier part of the work, a Penning gauge
positioned under the manifold was incorporated in the
system, between the traps and the manifold. The Penning
gauge was made in the laboratory and it consisted of a
double cathode made of nickel sheet cut into circles of
1 cm diameter and Kept apart at a distance of about a cm
with a nickel ring shaped anode between them. A magnetic
field of 600 Causs was applied normal to the plates by a
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small permanent nagnet, whilec the potential difference bet-

ween the anode and a cathode was 2 kV. This arrangemcnt

3 -6
to 10 torr, but owing to the

weakening of the magnetic ficld the pressure readings were

should rcad pressures of 10~

found to be inaccurate on comparison with the results of the
Alpert gauge and therefore, the Penning gauge was not includ-
ed in later vacuum circuits.

The backing pump produced pressures of the order of
IO"3 torr while the mercury diffusion pump could produce

precssures as low as 10™7 torr.

The Lianifold

The manifold was connccted to the pumps through a con-
striction which could bc scaled off to isolate the manifold.
Fig 15 shows a typical manifold. The constituents of the
manifold were the experimental tube, an Alpert gauge and a
getter tube, the whole asscmbly being bakable at 440°c,

The Dayard-Alpert gauge (70) was usced as a pressure

measuring instrument (in high vacua) and also as a pump. The
gauges used in the earlier circuits were constructed in the

laboratory (sce fig 16). A commecrcial seven pin pinch was
used to mount the cathode and the grid, two directly hcatcd
cathodes being provided, in casc onc burnt out, though only
onc was uscd at a time. These were made of fine tungsten
wire mounted on nickel supports. The grid was again fine
tungsten wirce, wound round a copper former at roughly six
turns per centimetre and spot welded on to three nickel rods.
Thesc acted as supports for the grid for mounting it on the
pinch in between the two cathodes. The anode was a very fine
tungsten wire, often ctched to get it finer, placed along the
axis of the grid structure and was suspended by a tungsten
scal from the glass envelope. The pinch was then drop-scalcd
on to the cnvelope. The pumping action is described by
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Schwartz (71) who points out that the major part of the
pumping is done by the walls of the tube. The gauge when
used as a punp is able to reduce the pressure in a sealed
of f manifold to below 10 %torr.

In later experiments, commercially constructed
Alpert gauges (kiullardlOG-I2) were used, With the grid
kept at =24 V and the anode at 144 V with respect to the
cathode, the pressure in the system was given by

e |
B e T

DH lnH

where I_ and Ia are the anode and grid currents respec-
tively.o The filament current was supplied by a regavolt
and the voltages on grid and anode supplied by dry
batteries with suitable tappings.

The getter tube was just a glass tube sealed at both
ends with & pumping arm and containing barium getters.
These were spot-welded on to a nickel rod which was pro-
vided with "legs" such that the getters did not touch the
walls of the tube: otherwise they could have cracked the
tube when they became red hot. Provided the getters had
been out-gassed very thoroughly beforehand, they were
capable of bringing the pressure down by almost an order
of magnitude after the system had been sealed off at

10" torr.

The manifold was provided with a side arm containing
a "pig's-tail" breeker, in case it had to be pumped again
after sealing off. The breaker was made by closing one
end of 2 glass tube after drawing it very thin and narrow
and also butt-joining the tube on ta another tube. An
iron slug(enclosed in glass tubing to prevent the metal
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outgassing) was moved magnetically to break the pig's-tail
when necessary.

The connection between the manifold and the gas

supply was also through a pig's-tail breaker which could
be opened at will,

The Experimental Tube

The experinental tube consists mainly of the elec-
trode assembly, a side tube to hold a gold bead in the
case of tubes using evaporated gold film electrodes, and
a quartz window (fig 17).

Electrode Assembly

The first four experimental tubes uses cvaporated
film clectrodes While tke final one had a2 puir a@f solid
platinum electrodes. The glass substrates for the gold
film electrodes were prepared by melting hard glass rods
on to carbon moulds and pressing them flat. then the
required shape had been formed in the mould, a very hot
but tiny flame was applied to one spot on the disc and
a tungsten rod was pushed in until it just got through
the whole thickness. A length of glass rod was also
joined on at this stage to fTacilitate the final mounting
of the electrode system and the whole electrode was

anncaled. This procedure was adequate to make the anode,
cathode and the guard ring.

The surface of the electrodes was far from smooth on
their removal from the carbon block. It was ground suc-
cessively with different grades of carborundum powder

and finally with Jewellers' Rouge to get it as smooth as



- 55 -

possible. The edges could still be rather jagged and
sometimes had to be filed down. The oxide layer is re-
moved from the tungsten rod also in the process, and so
as to keep it conducting, a drop of aquadag was placed
on it, Except for tube 3 the cathodes were all of 2.5cm
diameter with a guard ring of width 0.5 cm around them,

and the anodes were 3,6 cm in diameter. The electrodes
of tube 3 had an overall diameter of 4,5 cm.

The cathode was then placed within the guard ring
and the two joined together by means of the projecting
glass rods, This joint was softened and the structure
forced against a plane surface so that the two surfaces
lay in the same plane and the cathode was arranged
symmetrical within the guard ring. By moving the anode
perpendicularly with respect to the cathode the gap dis-
tance was varied., Thus it was necessary to get the
anode parallel to the cathode assembly. This was achiev-
ed by passing the glass rod (fixed normally to the anode)
through a glass tube and bending the other end twice at
right angles to form a 'U'., An iron slug enclosed in
glass tubing was fixed on at the end of this, so that it
could be operated magnetically from the outside. (The
iron slug being heavy also ensured that the rod rested
in the tube for all values of the gap distances
so that the plane of the anode remained the same in all
positions. In the case of tube 5 where platinum elec-
trodes were used, the weight of the anode tended to tilt
the iron slug upwards for small gap distances, but
equilibrium could be restored by applying a small mag-
netic field to increase the downward force on the iron
slug.) A connection from the glass tube which acted as
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"pails", to the pinch ensured that the system was firmly
fixed., Except in the case of tube 3, where the diameters
of the electrodes were too large, the cathode assembly
was also supported from the pinch. The cathode support
for tube 3 had to be supplied from the envelope., This
support was softened in all cases to get the cathode
parallel to the anode in its equilibrium plane.

The electrical connections to the anode were made
through the pinch. The cathode and guard ring had
connections made to them directly through the envelope,
because had they also been connected to the pinch, there
could have been sparking over between the wires at high
voltages. All electrical connections through the
envelope were achieved by means of tungsten seals with
spot welded nickel ribbons connecting them to the clec-
trodes,

The Quartz Window

The quartz window was positioned so that ultraviolet
light would fall at grazing incidence on the cathode
from a suitably positioned mercury lamp. To join it on
to the hard glass envelope, a quartz to pyrex graded
seal was used.,

The Gold Bead

The preparation and mounting of the gold bead was a
lengthy and tedious process. A few inches of fine gold
wire was wound on a notch made of tungsten wire spot
welded on to strong nickel supports. This was mounted
in a glass envelope through which a steady stream of
hydrogen was passed (and burnt at the outlet). A
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current was passed through the tungsten frame and gradu-
ally increased, until the gold wire melted and formed a
bead. The bead was further heated and %ept mobile for
about a minute for further reduction of any impurities
by the atmosphere of hydrogen. The cooled bead was
nmounted in a side tube of the experimental tube by two
more tungsten seals, The mounting had to be arranged
so that it was symmetrically between the electrodes at
their maximum separation, and low enough to get a good
coating of gold on the electrodes, while on the other
hand, it had to be not so low as to produce field dis-
tortion by its presence.

The deposition of the gold film on to the glass
substrate was carried out in ultra high vacuum by Joule
heating at a current of about 10 A. A movable iron slug,
prepared in the usual manner, was used to provide an
optical window on the side of the tube, so as to facili-
tate the measurement of gap width. During the evapora-
tion of the film, this was held in the position of the
window by a small permanent magnet outside the tube.

The film deposited on the walls of the tube was used
as an electrical screen and was earthed by means of a
tungsten seal. A shield formed of a small piece of
nickel sheet and suitably spot welded on to the bead
assembly prevented the film from being deposited on the
pinch, thereby short circuiting the high voltage supply
(to the anode) and earth.

Tube 5

Tube § had platinum electrodes. This meant that the
construction of the tube was a great deal easier, there



being no gold bead to prepare, position and evaporate,
though the platinum electrodes did have to be outgassed.
The electrodes thenmselves were of 3.5 cm diameter (in-
cluding the guard-ring} and were machined to order by
Johnson, katthey and Company. They all had "tags" on
them which were bent back to be normal to the plates and
which were used for providing the mechanical support for
the electrodes and for spot welding the electrical
connections to them, The mechanical support was provid-
ed in the following way: tungsten rods with a bead of
glass at one end, were spot welded on to two diametri-
cally opposite tags and a short glass rod was fused on

to the beads so that it formed a bar across the electrode;
another glass rod was then joined on to the middle of
this bar normally to the electrode. The assembly there-
after was exactly the same as for the other tubes, except
for the fact that two iron slugs were needed instead of
one, to balance the weight of the electrodes in this
case. The envelope was also similar to the previous

ones, only the side-arm carrying the gold bead was no
longer necessary.

The Gas Supply

Several vacuum systems had to be constructed and
tried before a satisfactory one was obtained, Originally,
oxygen produced in the laboratory by electrolysis of
barium hydroxide solution in distilled water was used,
but later on spectroscopically pure oxygen supplied by
the British Oxygen Company replaced this. A silver
diffusion tube for the purification of the oxygen was
thought desirable but found impractical, The details of
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this part of the vacuum system are described in this
section.

Pumping

The same rotary oil pump that was mentioned in sec-—
tion 3.2 was used to pump the gas side also, to backing
pressures. This was a perfectly adequate arrangement,
while being economical and compact. The phosphorgus
pentoxide trap was also shared, though a separate three-
stage Jencons mercury diffusion pump was used to reach
high vacua. Unfortunately grease taps could not be
avcided altogether on this side of the vacuum system,
but Apiezon N grease which has a vapour pressure of only
10—8torr at room temperature was used on the taps.
Freezing traps were used on the gas side also, to stop
mercury vapour contaminating the rest of the system.

Gas Supply System 1

The first vacuum system designed and constructed is
shown in fig 18a, The oil manometer contained silicone
fluid oil, with one arm connected directly to the pumps
and the other one to an air leak and the voltameter
through grease taps. The oxygen from the voltameter was
passed through phosphoreus pentoxide traps to dry it
before it could get to the silver thimble. The other
side of the silver thimble was connected to the manifold.
To measure the pressure of the gas in the manifold, a
spiral gauge was used, the spiral being connected to the
manifold and the outer tube to the air leak.

(i) Silver Diffusion Tube

These were supplied by Johnson, Matthey and Company
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and were made of silver tubing of about 1 mm bore; the
length was about 90 mm with one end closed and the open
end joined to a piece of platinum tubing of the same bare,
15 mm long. The platinum was sealed on to a piece of
lead glass tubing which was joined via a graded secal to

a pyrex tube. The coils for electrical heating were spot
welded on to two pins of a commercial pinch and the pinch
drop-sealed on to an envelope with a pumping arm and an-
other arm to take the silver tube. The joint between the
hard glass tube leading to the silver tube and the side
arm of the envelope was achieved by means of an internal
seal, and is shown in fig 18b, The tube was arranged so
that it lay along the axis of the heating coils. At
first a length of about 9" of platinum wire was used as
the heater coil but as the tube refused to diffuse any
appreciable amount of oxygen even when the current was
sufficient to deposit black platinum all over the tube
and eventually to burn out the wire, another tube had to
be constructed. This was done on similar lines as those
of Whetten and Young (72). The main difference between
this and the previous tube was that here the heating
element was a 20 mil nichrome wire with six turns per
inche The coil was supported by letting it rest on a
ceramic rod suspended by two hooks on a thick nickel rod.
The diffusion rate is quoted as only 0.5 c.c./hr/cmz/mm
thickness at a temperature of 700°C and a pressure
difference of 1 atmosphere (73) and is very much lower
for lower temperatures. In the pyrex system used, it did
not seem very safe to go very much beyond SOOOC, with air
cooling provided for the glass envelope by means of a
compressor. As the life of the coil turned out to be
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much shorter than the time it took for any appreciable
build up of pressure in the‘manifold, this arrangement
had to be discarded finally. The heater current for both
tubes was supplied from a "regavolt",

(ii) Spiral Gauge

The spiral gouge is a useful instrument for the
measurement of pressures where grease taps, manometer
0il etc have tobe avoided. It works on the principle that
the twist of a coil of thin glass tubing changes when the
pressure inside the spiral is different from that outside
it. The spiral was connected to the manifold, in this
case, and the outer tube to the manometer. The suspen-
sion of the spiral carries a small mirror on it, so any
deflection can be magnified several times by a suitable
lamp and scale arrangement in conjunction with the
mirror. With any pressure in the manifold, the air-leak
arrangement could be used to let air into one arm of the
previously evacuated manometer, till there was null
deflection recorded on the scale. Now the pressure in-
side and outside the spiral should be equal and c¢ould be
read off the manometer directly.

Gas Supply System 2

The system described in the last section had to be
modified after the abandoning of the silver diffusion
tube, The voltameter was replaced by a litre flask of
oxygen supplied by the British Oxygen Company and a
further freezing trap was introduced just before the
manifold to freeze out impurities such as water vapour,
vapour from the grease taps, and vapour from the oil
manometer. The air leak was no longer necessary and
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therefore was eliminated. The whole system can thus be
schematically represented as in fig19.

The oxygen flask was supplied with a long neck and
a pig's tail breaker. A side arm was therefare put on it
to take an iron slug and two taps were attached in series
to the neck, so that after pumping, the breaker could be
shattered by the slug and by operating the two taps
oxygen could be let into the system in small quantities,
The inclusion of the grease taps was inevitable, but the
freezing trap just before the manifold should have re-~
moved the bulk of impurities before the gas entered the
manifold.

Electrical Equipment

Voltage Source and Voltage lMeasuring Apparatus

For both parts of the experiment (i.e. sparking
potential measurements and pre-~breakdown current measure-
ments ), the voltage was supplied by a bank of about eight
120 V dry batteries connected in series, The negative of
this was earthed and the positive connected to the anode.
The guard ring was also earthed through a high resistor :
of about 3 Mohms while the cathode was earthed through
the electrometer for the pre-breakdown current measure-
ments and through a Cambridge spot galvanometer and a
3 Mohm resistor i{or the sparking potential measurements.
A potential divider arrangement was made by connecting
a 100 Kohm resistor across one of the batteries and the
circuit shown in fig20was constructed so that any
voltage (0 - 960) could be obtained easily at the output
terminals. The bank of batteries was chosen for the
voltage supply because of their high stability.
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To measure the voltage accurately, a resistance
chain was made, Ten 1 Mohm resistors were each calibra-
ted against a standard 1 Mohm, and then connected in
series with a calibrated 10 Kohm, The total voltage
output was connected across this chain and the voltage
across the 10 Hohm measured on a conventional potentio-
neter (Cropico P3). With this arrangement, changes in
voltage as small as 0.1 V could be produced and measured.

Current Measurements

The ionization currents were measured by means of
a Vibron 33B electrometer in the earlier tubes and by a
Keithly 600A electrometer in the last two tubes,

The currents measured were of the order of 10—11 A,

The Vibron had scales corresponding to t V to 10 mV and

the resistors included were 106, IO9 and 10'0 ohms, so

that it was possible to measure currents down to lO"sA

The accuracy claimed by the manufacturers is 2% of the

full scale reading. In spite of using screened co-axial
cables throughout, keeping the length of this to a mini-
mum and screening the tube by means of the earthed gold
film internally and by a sheet of metal foil wrapped
round it externally, the reading of the instrument was
found to be very very unstable under laboratory condie
tions, and therefore nowhere near the accuracy claimed
could be achieved in practice.

The Keithly 600A was 2ziically a deCe vacuum tube
voltmeter with electrometer, inputs, It could measure
3 to 107'3A rull scale on overlapping scales and the
manufacturers quote an accuracy of 4% on the 3.10-11 to

10"'3A scales, The input resistance was of the order of
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1014ohms. In spite of the slightly lower accuracy, this
instrument was found very much more preferable to the
Vibron because of its stability and ease aof cutting out
external noise,

Conclusion

In this chapter, some of the essential features of
the apparatus used in this investigation have been
described, while in the following chapter some of the
experimental techniques used will be discussed.
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CHAPTER IV

EXPERIMENTAL TECHNIQUES

Introduction

This chapter describes the techniques used in this
work, mainly consisting of two parts: vacuum techniques
involving the processing of the experimental tubes and
techniques for analysing the data obtained from the
experimental tubes.

Vacuum Techniques

The apparatus has been described in the last chapter,
The first step towards processing the experimental tubes,
after construction was, of course, pumping the whole
manifold system, The backing pump was switched on first,
and the system examined for leaks; at backing pressure
the "tes-vac" was found to be extremely useful for
detecting pinholes, small pinholes being enlarged and
made visible by the instrument. When the system was
free of pinholes, the diffusion pump was switched on and
the freezing traps filled with liquid nitrogen., The
pressure could then go down to 10"%torr. If the manifold
pressure stayed very much above this, a leak was again
suspected and searched for by a process of elimination,
If there were no leaks, however, one could then proceed
to bake the manifold, with both pumps still running. As
soon as the oven was switched on, the pressure would ob-
viously increase, because of the outgassing of the glass
and metal parts of the system, In a leak-free system,
however, this would be pumped away eventually and after
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about 24 hours, the oven could be switched off., While
the glass was still warm, the oven was taken off and all
the metallic parts outgassed at a higher temperature,
since 440°C, which is about the highest possible out-
gassing temperature for pyrex, is far too low for metals.
The filament of the Alpert pump was outgassed for about

2 hours by passing a current through it from the'"regavolt"
(which was able to deliver a current of {0 A at a p.d. of
20 V) until it was hotter than it would ever get during
the pumping. The grid of the Alpert pump, the barium
getters and the bulk-metallic parts of the experimental
tube (e.g. nickel shields) were outgassed by heating them
to red heat by a radio-frequency heater. The gold bead
also was outgassed by getting it mobile and evaporating
it slightly with a regavolt. The constriction between
the pumps and the manifold needed special treatment, of
course, as it would get much hetter than 440°C during
seal-off, For this reason, a gas flame was allowed to
play on it for about 10 minutes, until the glass was on
the verge of collapsing. The typical pressure at the end
of this procedure was about 10-7torr. If at this stage
the pressure was much higher, then a leak was suspected
but it was very difficult to detect it, and a process of
elimination had to be adopted.

Another period of baking at 440°2 followed, lasting
for about 48 hours, at the end of which the outgassing
of the metal parts was repeated. The pressure registered
on the Alpert pump at this stage was below 10 ' torr, when
the constriction was sealed off using a small but hot
flame so that the outgassing was kept to a minimum. A
getter was also fired at this point to pump any gas away.



As a further test for leaks, the Alpert pump was switched
off then, and the system left for a day. If the pressure
stayed constant during this period, it was assumed that
the system was leak-free and the Alpert pump was switched
on so that it could reduce the pressure further. The
pressure after a day of Alpert pumping was less than
IO—Storr, when the spot galvanometer ceased to register
the ion current, and at this stage pumping was usually
stopped.

Zvaporation of the Gold Bead

The evaporation of the film on to the glass sub-
strates was carried out with the electrodes at their maxi-
mum separation, so that the electrode surfaces would sub-
tend the largest solid angle at the bead. Before evapo-
ration, the loose iron slug in the tube was held against
the walls of the tube using a small magnet to act as a
shield, so that when evaporation was completed and magnet
withdrawn, the iron slug rolled off leaving a transparent
"window". The window was so positioned that the gap
separation was clearly visible from outside the tube.

The evaporation itself was done with the regavolt which
was earlier used for the coutgassing. Care had to be
taken during evaporation not to jerk the tube at all as
this could have caused the liquefied bead to fall off,
and further, not to overheat the bead as this could have
caused the tungsten seals to get red hot and crack the
glass. The maximum current was switched on and off
gradually at the beginning and the end of the operation,
as any sudden change in temperature would have cracked
the seals.
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4.4 Sparking Potential lleasurements

For the measurement of sparking potentials, the elec-
trical circuits were only slightly different from the
circuit used for ionization current measurements. The
electrometer was obviously not necessary in this case
and was replaced by a Cambridge spot galvanometer with a
3 Mohm resistor in series with it, The anode voltage was
varied very slowly by means of the potentiometer arrange-
ment on the voltage supply system and the current growth
observed on the galvanometer. Under most circumstances,
the sudden rapid increase in current on breakdown could
very easily be seen on the meter, but in some cases the
rise was more gradual, To allow for the latter case, the
breakdown voltage was taken to be that voltage for which
the current in the circuit was 0*5 pA, The current was
seen to be self-maintained for this condition. To repeat
the experiment the same procedure was adopted, but know-
ing the approximate value of the sparking potential, one
could be even more careful in changing the voltage gradu-
ally; care was taken not to repeat.the measurements with
less than 2 minutes interval between sparks, as the elec-
trodes could have got charged up in the first spark and
thus affected the work function of the cathode. With
this procedure the sparking potentials could be determined
to ¥ 2 V using gold Tilm electrodes and * 0.2 V using the
platinum electrodes. The method of varying pod was to
keep the pressure P, 2 constant and to use the whole
range of gap distances possible for any one curve, and
then to change P, to another value.
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4,5 Current Measurements

4.5.a Initial Photoelectric Current

It is of primary importance that the initial photo-
electric current Io stays a constant throughout any one
run of the ionization current measurement, as can be seen
from equation 1.6. The test for constancy was carried
out in two parts. The first part was to check the output
of the low pressure mercury lamp, Fletcher (74) has al-
ready analysed the intensities of the spectral lines of
such a lamp and shown it to be monochromatic in the
electron emitting region (A less then 2747 X), 99.92% of
the total intensity being due to the 2536 R line, The
experimental tube was used to observe the constancy of
the output of the lamp, by measuring the photoelectric
saturation current in the tube over a period of time,
This was done with the tube at a pressure of lO—storr,
after the lamp had been allowed to'stabilize" for a
couple of hours, the measurements being taken every
5 minutes for about 2 hours, roughly the time taken for
a single run, and at intervals of about an hour for about
8 hours. The current stayed constant to within 3% in
both cases.

The second part consisted of checking that the
initial current stayed constant in the prescnce of oxygen
for any given pressure, which effectively means checking
that the work function of the cathode stayed constant.

To check this indirectly, gas was allowed in at some
pressure (a few torr), and the ionization current was
measured every 1§ minutes for a few hours. The voltage
applied being the same in each case, the current I should



be a constant (see equation 1.6 ) provided that the
photoelectric current Io was. On checking IO thus, a 5%
random fluctuation was obgerVed in the current. Since no
gradual or systematic changes could be observed, the
fluctﬁizion was attributed to changes in room temperature
rather, to any systematic changes in the work function of
the cathode surface. The liquid nitrogen trap could
easily have affected the temperature of the gas in the
tube (depending on whether it was conpletely filled up or

not) in addition to random fluctuations in room tempe-
rature.

Prasad discusses (54) the effect of oxygen pressure
on I ;5 using aplatinum cathode, he observed an exponen-
tial decrease in I0 with gas pressure, the current drop-
ping by a fTactor of four on reducing the gas pressure
from 500 torr to 10 torr. As the pressure range covered
by the present work was 1 torr to 10 torr, the drop iwn
current due to this effect would be by a factor of only
1+05 over the whole range; moreover, as Io was computed
for each value of the pressure and each curve, this

effect should not have any significance in this investi-
gation,

4.,5.b Variation of I, with sap distance

It has already been mentioned that in this investi-
gation, ultraviolet light was shone at grazing incidence
on to the cathode. There was thus a risk that at small
gap distances, the light could have been partially cut
out by the anode, resulting in a reduction in Io. The
exact amount cut out would of course, depend upon the
positioning of the lamp and the quartz window. Thus it
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was necessary either to ensure that Io stayed a constant
at all measured gap distances or to estimate the percent-
age reduction in Io for the gap distances affected and
apply a correction to the measured value of current.

With tube 1 a correction had to be applied for all gap
distances up to 0.4 cm, but with tubes 4 and § the
largest gep distance where any reduction in Io took place
was 0.15 cm and 0,10 cm respectively, which were less
than the smallest gap distances used. This measurement
was carried out before the gas was admitted into the tube
in each case, Along with this, the saturation voltage

was also determined and no measurement was taken involving
smaller voltages.

Procedure for Measuring I

The preceding sections have described the procedure
adopted in getting the experimental tubes ready for taking
readings. The actual procedure for taking readings was
quite simple. The gas was let in at the required pres-
sure, the pressure read off the oil manometer and convert-
ed to pressure in torr at OOC. Three or four values of
E/po at intervals of 10 V/cm torr were chosen such that
for the lowest values of gap distance and E/p° the volt-
age to be applied was still above the saturation voltaze,
and for the largest gap distances and E/p0 the voltage
was still well below the sparking potential, The voltage
corresponding to each gap distance was calculated and
applied to the electrodes and the corresponding ionization
currents measured on the electrometer. Variation of gap
distances was achieved by using an external magnet as
mentioned earlier; gap distances were chosen at random
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to begin with at intervals of 0°06 to 0+15 cm measured
with a travelling microscope, but later on increments of
0+1 cm were used even though this was slightly more diffi-
cult to do as the cross wires of the travelling microscope
had to be fixed at the required point and then the anode
had to be moved to coincide with that. The maximum gap
distance enployed was 1°*0 to 1«2 cm, For each E/po, about.
ten pairs of current and gap distance values (i.e. I, d
values) were obtained, to enable a meaningful curve to

be drawn.

Analysis of Readings to Determine o and n

It has been mentioned in chapter 2 that some earlier
workers had used a curve-fitting method to determine a
and n simultaneously. Moruzzi (75) pointed out that un-
less I, was Known, Io would have to be taken as a third
unknown in equation 1.6 , and then these techniques could
only yield mean values of a and 7n with a spread of 1100%
and therefore that this method would hardly be of any use.
However, if I0 could be estimated to any degree of accu-
racy, then the a and 71 values would be the only unknowns
and they could be determined with a corresponding degree
of accuracy and thus it can be seen that for this tech-
nique it is very important to obtain accu:r'ate values of

I,. loruzzi lists three methods of determining I,.

(i) Extrapolating a family of log I vs d curves to the
single point where d = O, Io can be determined. Where a
is greater than 7, Io can be found to * 10%.

(ii) With a fixed electrode separation, current measure-
ments are mace as a function of applied voltage (arranged
to produce no ionization) and the saturation current I0
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is determined. The accuracy is : 5% for favourable condi-
tions, but can be up to © 30% for other conditions.

T
p’
= 10(1 + ad) (de Bitteto and Fisher, 66 )
So, the plot of I against d should yield a very accurate
value of Io. If the appropriate E/p is known, Io can be
determined to an accuracy of i 2%. But this method can
be of use only for a limited range of E/p's.

(iii) When then

L
P
i

Sukhum (76 ) mentions another method for calculating
%. He considers two currents I1 and 12 and gap distances
d and 2d and obtains an expression
(I - Io)”

Sy,

i
yl
This value can be substituted in the original equation to
get a and m individually. He claims an accuracy of 3%
for a given E/p. But I, has to be estimated here also
using one of the methods quoted above and should a be
much bigger than n, a2 graphical method has to be used
when the accuracy is reduced considerably.

Thus it would appear that calculating a, 71 and I0
from the readings obtained is a rather tedious process

and therefore a simpler and more direct way of analysing
the results was devised,

Theory

To begin with, the effect of the secondary coeffi-
cient on the growth of current was assumed to be negli-

gible and so the relevant current growth equation was
equation 1., 6 , which reads
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I =g 5 exp(a - n)x =~
x being the gap distance.

It is obvious from this that a semilogarithmic plot
of I against d would not have any simple form and there-
fore this was not attempted. However,

ar

e Ioa.exp(a - Mn)x
and log LEgE (o = 7n)x + log I a
ax o

Therefore, log %% plotted against x will be a
straight line of slope (a - 1) and y-intercept, log Ioa.
Thus substituting for o and m and an in the original
equation, and using a pair of values (I,x) enabled nI, to
be evaluated. Then knowing oI , nI_ and (o = m), all
three unknowns o, m and I, can be calculated.

It may be painted out that subsequent to the pro-
cedure outlined in the last paragraph being decided upon,

a very similar method was suggested by Govinda Raju (77).
He argued that

I +08I = molow e(a - n)(x + 6x) _ nig
a = n T

where §I is the increase in current corresponding to an
increase in gap width 6x, and as

T malotdCaie w)x it inlor
a - 7 a - n
I $38 T = T Slaien) Sxife Eﬂggﬁ (e(a-n)ﬁx -1)

It is evident from this that a plot of (I + 8I)

against I for a constant §x would be a straight line of
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slope exp(a - 7m)sx. Therefore, (a - m) could be found
and then by a substitution in the original equation, a,
n and Io could all be determined.

Modification of Davies-NMilne Analysis

The Davies~iiilne analysis was formulated for non-
attaching gases to correct for the effect of the second-
ary coefficient on the linear part of the log I vs d
curve and therefore a, the slope of thid region. In the
analysis described in the last section, it was mentioned
that the effect of the secondary processes has been
neglected. An analysis was formulated so that the method
of successive approximation could be applied to the case
where there arc two variables. This is outlined in the
next paragraph.

The full current growth equation reads as follows:

geelotmin) e

I .
Io " (a-m[1 - E_g_ﬁ (e'® = N1X 251

With II, I2, I3 and I4 referring to the ionization
currents at gap distances of X9 Xps Xg and X,, it is

possible to define two functions f;, and T, where:

f‘I(Q"T") =510)
= HE Ty (e IR i (a-ndxgypg (a-m)xz ain,
-(II—Ig)Iz(e(a"n)x‘ - elo=)xg) (a=n)xz _ 2)
frylem)=0

= (11_12)14(e(a-n)x1 z e(a-n)x4)(e(a-n)xZ “2)

PRyl (a-m)x, __(o-m)x (a=n)x
(T4 —4)12(6 1 e 2)(e 4 ~£)
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Taylors theorem can be applied to these functions

since f; = 0 and fII = 0, If a' and n' be the approximate
values of o and 71, then leaving out all but first order
terms, one can write

1 fI 1 fI ] 1
(a-ax*aﬂ(aud) 55 (n-n)hfﬁ)(d,nﬂ = -fI(G )
Ly f11 vy F1X P ey
e (D R O

Solving these two simultaneous equations, one can
obtain values of a and n which in turn can be substituted
in the equation as a' and ' to get a new and more accu-
rate set of values of a and n. This process can, in
theory, be carried out until (a - a') and (n - n') are
within any small limit that has been specified.

In practice, however, this was an extremely difficult
procedure and could not be successfully applied to many
readings for several reasons: the accuracy of the current
measurements did not warrant the use of the functions fI
and f11 and their derivatives to any degree of accuracy,
the convergence of (a - a') and (n - n') was very small
and the process took an almost unjustifiably long time to
work out. Therefore, while this was recognised as a
possible method to correct a and n for secondary effects,
it was not pursued much further in this investigation.

Details of Analyseis

The practical application of the theory outlined in
section 4,6.a involves finding out the rate of change of
variation of current with gap distance., With the
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preliminary results a graphical procedure was adopted for
this purpose. For each E/p, a linear plot of I against x
was made, the best curve drawn through them and the gradient
of the curve at different points determined by drawing the
tangents at these points. These gradients were then plotted
against the appropriate gap distances on semi-logarithmic
graph paper. This procedure established that log %% vs

x was in fact a straight line, provided one did not exceed

d beyond 0*8 cm or so, but the scatter in the calculated
values was so high as to make another method of finding

%% very desirable. (This method was applied actually, to
the results from tube 1 only; the history of the tube, des-

cribed in Chapter 5§, is probably partly responsible for the
results being what they are.)

The final analysis was, in fact, done using an IBM
1620 computer. Numerical analysis was employed to find
the derivatives at the different points. As the gap dis-
tances had been changed in unequal steps, an interpolation
formula had to be used before the derivative could be deter-
mined. Lagrange's polynomial for unequal intervals was
used to effect the interpolation; given (n+1) pairs of
values (Io,xo), (Il’xl)’ ......(In,xn), the n'th degree
polynomial can be derived as (78),

I = P(X)

(x=xg) (x=%X1)eoe(x=%g_1)(x=Xg q)e0(x=x)

s (xs-xo)(xs—xl)...(xs-xs_l)(x§«g+1)..(x§«h)

]

n
2 I
0

which would go through all the (n+1) points.

The computer was programmed (see appendix 1 for the
actual prograinme) so that given the currents for say, five
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gap distances ranging between 0°15 and 0°8 cm, it would
produce values of currents for regular intervals of 0°¢02 cm,
e.g. at 016, 0°*18, 020 ... up to 0.80 cm, Once this
had been achieved, it was of course an easy matter to cal-

{(I:i3mdl) =0k 5
culate (T ox) e x for any value of gap distance.

Fig21 shows a log %% vs X graph drawn at this
stage from a set of computed values. This is only given
as an illustrative example, as the procedure of drawing a
graph was not followed as a rule. Instead, the method of
least squares was applied to each set of values to obtain
the slope and the y-intercept of the best straight line
through these points. The programme given in appendix 2
was used for this purpose. This programme also went on to
substitute the values of slope and y-intercept for (a-7)
and log an in the original equation (eq. 1.6). Thus one
could obtain values of nIo and therefore a, m, and IO
separately. The programme was written in such a way that

a/p, n/p and I, were printed out as output of the computer.

Conclusion

Some of the experimental techniques used in the
investigation have been mentioned in this chapter. Ultra-
high vacuum techniques used with the hard glass system
were conventional. The data analysis mentioned in this
chapter, however, does have the advantage that a knowledge
of the initial current is notneeded; the importance of this
fact is apparent from the references (75,776,702 ). It may
be mentioned here that Io obtained from the individual

members of a family of curves was a constant within experi-
mental error.
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N CHAPTER 5

RESULYS AND DISCUSSION

Introduction

In this final chapter, the results obtained from the
experimental tubes are set out and attempts are made to
interpret them in terms of the gas discharge phenomena dis-
cussed in chapter 1, Five experimental tubes were made,
and at this stage it is useful to consider briefly the his-
tory of each and then in subsequent sections the results
obtained from them are discussed in some detail.

History of the Five Tubes

The first tube was constructed for use with the silver
thimble using the platinum wire heater. A residual pressure
of about 10~° torr had been obtained and the gold film laid
down before it was realized that the thimble did not func-
tion properly,with the filament burning out, and so the
tube had to be let down to air and processed again. This
meant that the gold film electrodes were no longer very
clean and so the sparking potential and prebreakdown current
measurements which were taken with tube 1 had to be checked
with another tube under cleaner conditions.

The second silver thimble had a nichrome heater which
was found to work before the gold film was laid down, but
unfortunately burnt out again during the actual run before
any appreciable pressure had built up in the tube., So
once again the thimble had to be discarded and the tube let
down to air. However, after reprocessing the tube, it was
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thought desirable to put a fresh layer of gold on the elec-
trodes, so that the actual surface would be as clean as
possible. The results found with this tube were found to
be rather unusual and are discussed in section 5,3.

The third tube had the largest pair of electrodes
used in this investigation, but soon after beginning to
take readings, it was found that no reproducible or consis-
tent readings could be obtained. The spread in sparking
potentials was so great that no Paschen curve could be
drawn through them. It was thus decided to discard the
third tube at this point because the sparking potential
measurements definitely indicated very inconsistent surface
conditions. This was unexpected but was perhaps due to an
insufficient coating of gold on the surface. The anode
diemeter was about 5 cm and probably the gold bead was not
sufficient to lay down an even film on the whole area.
Insulating patches on cathode surfaces have been known in
this laboratory to influence measurements greatly, due to
charge build-up and consequent field distortions. In fact
Myatt (80) has found that primary ionization coefficients
were changed by up to 50% when he used an annular glass
surface to separate the guard ring and cathode in his expe-

riments on hydrogen., The results from tube 3 are not dis-
cussed any further in this thesis,

Tube 4 was the best one with gold film electrodes,
and both Paschen curves and ionization coefficients were
obtained from it. Unfortunately, at one point a power
failure resulted in the pumps being cut off which caused
air to leak into the tube through the gas side of the sys-
tem, thus preventing all the wanted readings from being
obtained from this tube., Tube 5 with solid platinum
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electrodes had already been constructed at this stage and
so this was put on the manifold and the final set of rea-
dings obtained.

Tubes 1, 4 and 5 werc similar and readings were ob-
tained from all thrce of them. Tube 3 obviously does not
merit any further discussion, but the results from tube 2,
though not contributing anything significant to the study
of ionization processes in oxygen, did have some interesting
features and these are described briefly in section §5.3.

The 'Sandwich' Effect in Tube 2

After obtaining some precliminary results from tube 1
it was not quite clear if gold film electrodes were, in
fact, the most suitable for work in oxygen. They had been
successfully used in this laboratory for work in hydrogen
and inert gases, but oxygen is a chemically active gas and
an 02 ion is about IO7 times larger than an H2 ion and so
the behaviour of the electrodes when used in oxygen could
be quite different, espccially as the adherence  between
the film and the glass substrate is not very strong (81).

This was the reason for investigating the behaviour of the
second tube,

The history of this tube has been described. in the
last section. The special feature about it was that two
layers of gold had been laid down on the electrodes, in
between which the tube had been exposed to air. The usual
practice with all the tubes was to check that there was no
significant variation of Io with d, then to determine the
saturation voltage and finally to adjust the position of
the ultraviolet lamp for maximum IO before any gas was 1let
in. This procedure was in fact followed after laying down



1 After first baking
2 After further baking with hydrogen in tube
3 After further baking and running an H discharge

4 After further baking

5 After further baking and running. an [ discharge
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the first layer, but taken for granted after the second
layer. Ilhen, later on, the saturation voltage was checked,
it was found that on raising the potential difference bet-
ween anode and cathode to 200 volts, Io was still increasing.
The saturation voltage was usually only about 25 V, so the
actual saturation voltage was examined using a high voltage
power pack instead of the bank of batteries. Finding this
to be of the order of kilovolts, the saturation voltage was

now measured after subjecting the tube to various treatments

such as baking the tube with hydrogen in, and running a
hydrogen discharge in the tube followed by subsequent dif-
fusion pumping. The photoelectric current is plotted
against the applied voltage in figure 22. The curves are
numbered in chronological order and it is apparent that the
saturation voltage decreascd after baking and flushing with
hydrogen. (The relative intensities of the maximum I0 are
not significant here as the position of the ultraviolet
lamp had to be changed each time the tube was baked.) The
higher saturation voltage would seem to indicate a higher
surface work function. As none of the other tubes showed
this effcet, it is perhaps justifiable to assume that the
surface in this casec was composed of a layer of gold, an
adsorbed layer of gas and then another layer of gold. This
seems a plausible explanation since the work function in
this case could be expected to be composed of the work func-
tion of the surface and the energy required to ionize the
sandwiched layer of gas. The ionized gas layer probably
cnhances the emission from the gold. This seems to take
place only in the sandwich layer because no such effcet was
noticed when the cathode of tube 4 was exposed to oxygen
and tested for incrcased saturation voltage. (The
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saturation voltage did, in fact, increcase to esbout 45 V in
this case, but this is still very much less than 1300 V.)
The sandwich layer was most probably mainly oxygen as flush-
ing with hydrogen and running a hydrogen discharge tended

to reduce the effect, It was not possible to do any quan-
titative study here because the tube was not equipped for
work function mecasurements and the conditions were not
reproducible as the thickness of gold layers was not Kknown,

At this stage it could not be decided whether this
was o gold-oxygen effect or not. When the next. tube was
put on the manifold, however, the saturation current was
observed carcfully and it was found that after the introduc-
tion of oxygen there was no spectacular change in Io' which |
indicated that the behaviour of tube 2 was due to the send-
wich layer.

5.4 Paschen Curves

The usual proccdure with all the tubes, after letting
in the oxygen, was to take sparking potential mcasurcments
at different gap distances for different gas pressures,
This had the effect of "stabilizing" the electrodes and
also enabled one to prevent the anode voltage from exceed-
ing the sparking potential during ifonization current
mcasurements, The procedure for measuring sparking poten-
tials has been described in chapter 4., The readings are
plotted in the form of Paschen curves, V. (sparking poten-
tial) being plotted ageinst pod.

5.4.a Tube 1
Figure 23 shows the Paschen curves obtained from

tube 1 using electrolytically produced oxygen. The diffe-
rent curves correspond to different gas pressures, With
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tiiis tube, the mecasurcd minimum sparking potentials seen to
vary from 452 V to 490 V at ¢ pod of 0*55 (X0°*15) torr cm.
The lowest sparking potential, however, scems to correspond
to the lowest pressure which is not what one would expect
considering nrinary ionization processes alone; for at

the lower pressures, the primary ionization processes would
become less effective., Thus to explain this phenomenon

one has to consider somec other process, but it is difficult
to specify which. These points were also replotted so that
each curve correspondcd to a particular d4/5 ratio, where

D is the dianeter of the cathode. No strong trends became
observable, although the curves for the snaller d's lay
slightly above those for the larger d's in general, but
almost within experimental error. The fact that the Paschen
curves do not exhibit any marked dependence on d/D would :
seem to indicate that the photoh sccondary proécss was not .
the predominant secondary process. If a photon sccondary k|
process was active, however, then some other effect, like !
absorption in the gas, nust also be active masiking the 4a/D
effect, There is also the possibility that the measured
sparking potentials for the lowest d's was exaggerated some=-
what, because a reduction in I  was observed with this tube
for d values less than 0*6 cm and sparking potentials have
been reported to have a strong dependence on the intensity
of i{llumination (66), It must be remenbered, however, that
the cathode surface of this first tube was not very clean

as it had been exposed to air, and thus too much importance

should not perhaps be placed on these sparking potential
measurements,

5.4.b Paschen Curves PFrom Tube 4

Tube 4 also had gold film electrodes, but the film
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was in a relatively clean state, not having been exposed to
grease taps, mercury vapour, ctc after deposition. The
Paschen curves obtained fromn this tube are given in figure
24, In spitc of taking the rcadings as carefully as pos-
sible, the points can be seen to have a lot of scatter.

However, the curve does have some distinctive features.

The minimum sparking potentiacl comecs out to be 446 X2
V at a pod of 0*43 * 0°02 cm torr, corresponding to an E/p
of 1,037 V/em torr. (The lowest observed sparking potential
in the case of tube 1 was 452 V, 6 V higher than this.)
The left hand side of the curve has a very high slope, Vs
increcasing rapidly cos pod decreases. As bod)nin' the Dod

corresponding to (Vg) is so small (0°43 compared with

’
1*5 ¢cm torr in hydrogzz?, it was not casy to take many
points on the left hand side of the minimum with any degree
of accuracy. On the right hand side of the uinimum, there
appeared to be two distinct parts to the Paschen curve; the
part of the curve where p d lies between (pyd)gy, and 0°7
cm torr consists of one straight line, while the part for
which p,d is greater than 1+3 cm torr is a second straight
line, of a different slope from the first. The portion
0.7 ¢ Pyd <1*3 cm torr is In fact curved, bridging over the
two straight lines of different slopes. The transition
occurs at 558 V and a p_d of 0°93 cm torr, i.c. at an E/p
of about 600 V/cm torr.

On replotting the points, no change was observable
due to changing d/D ratios or variations in pressure.

Paschen Curves From Tube §

This was the only solid metal (platinum) electrode
tube used, and the gas was spectroscopically pure oxygen.
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The Paschen curves obtained from this tube are shown in
figure 25, The mininum sparking potential for platinum
comes out to be 425 X 1 V, ot a p,d of 0°33 X 0°03 cm torr,
corresponding to an E/p of the order of !300 V/cm torr.
This valuc of pod is even lower than those observed carlier
and it was not possible here to obtain the part of the
Paschen curve for which pod is less than (pod)nln' The two
elmost lincar portions are clearly visible here also; the
transition from one region to the other is much sharper
here than that obscrved carlier, but this is perhaps because
of the very much reduced scatter of the points. The tran-
sition point is almost exactly the same as in the previous
case, V, = 550 V, p,d = 0493 cm torr, corresponding to an
E/p of 601 V/cm torr. This would appeer to be significant
and is considered further in the next section. _Couparlng
the curves themselves, it is casily scen that the sections
of the curves between the minimum and the trensition point
arc identical which would again appear to be significant,
Oeyond this point, however, the curve for platinum eclec-
trodes lies lower than that for gold, i.e. the rate of
change of v. with pod is smaller in the case of platinum,

Here also the deviation from Paschen's law was very
small indeed., In figure 25, the points corresponding to
the same gap distances have been marked similarly; clearly,
no specific conclusions can be drawn from this, except
perhaps to say that the polnts corresponding to the largest
gap distances tend to liec gbove the mean curve. But this
is hardly outside experimental error.

5.4,d General Discussion of Paschen Curves

There is quite good agreement between the results
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obtained here and the measurcments of Fricke (26). Fricke's
electrodes were of iron and he obtained ¢ minimum sparking
potential of 440 volts at a pd of 0°44 cm torr, while 4438 V
at 0+43 cm torr and 423 V for 0'33 cm tarr were observed

in this investigation for minima with gold film and solid
platinum clectrodes.

Fricke also obscrved o ‘turvature' in the Paschen
curves for 0°7<pd< 1S cm torr, about which he comments
that '"in this higher ficld strength region the ionization
due to positive lons (B/p) becomes effective and produccs
the sharp decline in the sparking potentials'. The tran-
sition point from his curves would come out to be at about
an £/p of 560 V/cm torr even though he does not consider
it to be a2 transition point, but only @& a curvature, As
pointecd out in scctlions 5.4.b and §5.4.c, in the-present
work, the transition point comes out to be at an E/p of
600 V/cm torr which would correspond to a mean e¢lectron
energy of about 11 eV, (Schlumbohm (49) gives a correla-
tion between E/p and mean electron energy in oxygen,) The
work of Schulz (65) and Craggs, Thorburn and Tozer (58)
on the cross scction for production of 00 ions shows that
the normalized cross section falls to about 0+05 at about
10 eV from its maximum value of | at 6°7 eV, As onec moves
from left to right on a Paschen curve, one is usually
reducing the E/p value and therefore, as one moves from
the transition point towards the right, one is reducing the
mean electron energy, or increasing the cross section for
the production of O jons, thus incurring the virtual loss
of electrons from the gap. This appears to be satisfactory
in explaining why the sparking potential falls slowly to
the right of the transition point, and faster to the left,



The fact that this happens ot virtually the same point for
different cathode metals {Turther confiris the fact that
this is primarily a gas effect.

The results from tube 1 show that for the same pod,
V9 increases with increeasing gas pressure., Fricke also
notices this effect, though only for p greater than 3 torr,
for p less than 3 torr, V8 increadging again as the gas
pressure decreases. One factor that the nmeasurenents from
tube 1t had in common with Fricke's was that they werc both
done in electrolytically produced oxygen contaminated with
phosphorus pentoxide. Even though Fricke claims his gas
to be 'extremely pure and dry', his experimental tube
itself contained a crucible of phosphorus pentoxide while
the oxygen in tube 1 was dried over phosphorus pentoxide
for several hours, though subsequently passed through liquid
nitrogen treps. This could hardly be a coincidence and
especiclly as the effect was not noticed with tube 4, again
using gold film clectrodes, it is probably safe to assume
thet it is o gas impurity effect.

Prascd and Craggs (54) and De Bitteto and Fisher (66)
have investigated breakdown in oxygen, but as they workeu
at pressures of the order of 0*5 to 1 atmosphere, and con-
sequently at low E/p and high pd, no rcal comparison of
results can be made here, However, it is interesting
to note that De Bitteto and Fisher have observed a fluctu-
ation in V8 with intensity of ultraviolet illumination,

As suggested carlier, this could explain the variation of
sparking potential with gap distance for the same pd, as
observed with tube 1 which was the only one used where the
tube design produced a variation of Io with gap distance.
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The breakdown mechanism itselfl is discussed further
in section $.6 along with the sccondary ionization
coefficient,

Townsend's Priucry Ionization Cocfflclient (a) _and
Attachment Coefficient (n)

The method used for obtaining o and 7n values from the
I and d measurements, using equation 1.6 has been outlined
in chapter 4. This involves determining %% values at
different values of x and obtaining thoe slope of the log %%
vs % curve which should be a straight line., The slope
should give (a-n) and the y-intercept log an, which on
substitution in the original equation would give nlo, whence

a, n and Io can be determined.

With tube 1, &I was found out by drawing tangents at
different points to the hand-drawn curves., Following this
procedure, no reasonable conclusions could be drawn from
the results, the margin of error being far too large to
draw any unique straight line through the (log %%3 Xx) points
plotted. Therefore it was decided to try to get more
dependable values from a new tube under purer conditions
(sce section §,2), Tube 4 was the next successful tube
and this is described first in thls section.

Tube 4

The E/p range covered by this tube was 50 to 200 V/cm
torr in steps of 10, several of the E/p values being covered
at different pressures, Flirst of all log I vs X curves
were plotted and the apparent a values obtained from the
infitial pert of the curve (where secondary processes were
apparently not active)., This scemed to be a valid procedure
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as previous work in the field indicates that for E/p greater |
than 50 V/cu torr, attachment is very small compared to

jonization and therefore can be considered to be a correc-

o-" E

% ) vs “/p 1is
shown in figurc 26, While there is some scatter in the
points, undoubtedly a curve cen be drawn through then and

this encourages one to anclyse them further.

tion term in this region. The curve of (

The analysis mentioned ecarlier was now applied to
these points. As most of the d values were taken at random, |

first of all the Lagrangian interpolation was uscd to find
dI

ax with the aid of the computer and then these values were
fed in again with appropriate I and x values, when the a,

n and Io values were computed corresponding to the best
straight line through the (log;%% , X) points put in; these
values were printed out in the output. The result is shown
in fig. 27. It is easily scen that o/p is an increasing
function of &/p, the scatter of the points being compara-
tively small, The so-called n/p function, however, is posi-
tive only in the region 50< E/p< 80 V/em torr roughly, and
there is a great deal of scatter in the points, even though

they show a trend of increasing in the negative direction
with E/p.

The negative attachment coefficient cannot, however,
have any significance as such, If one assuncs thgt 7n redu-
ces to zero at an E/p of about 75 V/en torr, (Frommhold
(82) found no stable 0 jons for E/p greater than 70 V/em
torr), the negative n/p probably signifies secondary pro-
cesses L.e. clectrons beling added to the gap rather than
being removed from the gap; obviously it does not represent
the sccondary coefflficient, since noking n negative in eq.
1.6 does not lead one to the current growth equation
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including secondary effects, /Also, it is obvious that in
the region of necgative n the computed values of a cannot be
very meaningful; therefore these values are not used any more,

There was also provision in the programne to print out
the (a-n) values obtainecd in the case of each set of input
points. This would be the slope of the log %% Vs X curve
as opposed to the slope of the log I vs x curve, which of
course is normally used. (These values should be identical ‘
for the exponential growth of current in a non-attaching gas,) ?
The computed values are plotted in fig. 26 along with the
polnts obtained graphically. Again there is some scatter
in the points, but the curve through the two sets of polints
is almost identical. This scews to prove the validity of
the application of the analysis, and further, is indicative
of the non-attaching behaviour o} oxygen in the cnergy range
concerned, However, if attachment and detachment were to
occur simultancously, both the ecquation and the analysis
would fail to detect this.

Tube §

Tube § had solid platinum electrodes, but otherwise
tic construction was identical to the previous tube. The
E/p range covered using the tube being 60<¢ B/p < 240 V/em
torr, the analysis for a and n could not be usefully applied
to the results, So the apparent a was obtained in the usual
way froa log I vs X curves and these are presented in
figure 28,

In a preliminary analysis, it was observed that while
the (a-n) values were reasonably consistent with the expec-
ted values, the individuanl a and n values varied by a factor
of 1000 in some cascs; the current growth equation 1.6
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could certainly not apply to these! However, there is
another factor which has to be nentioned in this context.
As the x's were equally spaced in this cese, the Lagran-
gian interpolation was not uscd herec, %% being calculated
os 10(1'-12), where I' and I, were the currents at a scpa-
rotion of 1 mm., This presumably exaggerates the errors

in measurement, while fitting o polynomial should smooth
them out., This is probably another reason for the ridicu-
lous a and 7n values obteined. However, as a comparison
shows that the 2%3 vs ii/p curve fits almost identically
the curve obtained from tube 4, and the enclysis cannot be

expected to be velid for E/p greater than 70 V/em torr, it

does not scem worthwhile to try to do the Lagrangian inter- |

polation on the results from tube 5., The two points

corresponding to E/p 60 and 70 V/cm torr, have been correc- |

ted for n from the results of tube 4,

General Discussion

Most of the results obtained have becn presented in
the previous scctions and now it remains to discuss their
significance and conpare them with those obtained by other
workers. For this, the results are considered in three
parts: (i) Townsend's primary ionlization coefficient (ii)

the relationship between o/p and £/p (iii) the attachment
coefficient.

(1) Primory Ionizotion Cocefficient

The most important published results of o/p are those
of Masch, Harrison and Geballe, Prasad ond Cragrs, ond
jchlumbohm, The naximun E/p covered by Harrison and
Geballe was 70 V/em torr end thot by Prassd aond Crgggs was
50. So they are only on the verge of the region covered
In this investigation, Masch's were the only published
results till 1964 when Schluubohnm's paper case out,
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covering the higher E/p regions. Thesc results are presen-
ted in figure 29 along with the present results. Schlum-
bohm's results were taken only in the rezion where attach-
ment is not effective, Masch's have been limited to exclude
the down-curving part and all the rest have been corrected
for attachment where gppropricte. The results of the
present work are consistently lower than those of the
others, although at the highest E/p values the present
results approach those of Schlumbohm's.

The discrepancy between these results can perhaps be
explained fron a consideration of gas purity. Schlumbohm's
curve is almost identical with that of Lasch's, even though
there was a time interval of more than 30 years between the
two investigations. Vacuum techniques were not very advan-
ced in 1932 so Masch's oxygen, which was obtained fron a
steel cylinder and used in a tube which contalned large
volunes of amber which could not be outgassed in any case,
could not have been very pure. Schlumbohm unfortunately
does not describe the vacuum techniques that he used, but
as he used brass elcctrodes, 21 cm in diameter, it must
have been virtually impossible to outgos them properly;
and further, he does not mention what his background pres-
sures were, except that “"the leak rate" was “"sufficliently
saall", The oxygen that he used in his experiments was ]
99+99 « pure obtained from o steel flask, bht for his pres-
sure mcasurements MclLeod gauges were used, Thus it jg
possible that his gas was mercury contominated to some
extent, even though he mentions some cooling arrangements.
A8 he used pressures down to 10'2 torr, even impurities
which are neglibible at moderate pressures could well have
had a marked effect on his results.
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The Ielationship Detween o/p and E/p

It has already been mentioned in section 1.6,2 that
a/p is a function o E/p. Townsend obtains this functional
relation to be

O./p = A e-n/(:‘n/l’)

assuning the probability of ionization for electron energlies
greater than eVl to be unity and assuming a distribution

of free paths based on Kinetic theory. While there have
been more sophisticated theories since then, and while the
assumptions involved in this derivation can hardly be
Justified, most gases have been found to obey this equation
very well, at least in a limited range of E/p. Figure 30

shows 2 plot of log a/p vs E/p obtained from this experi- 5

ment end it can be seen that gver the range of E/p's used
here the experimental points lie on a straight line. The
slope of the line should give the constant B and the y-
intercept, log A. These two constants have been calculated
from the straight line and come out to be A = 18*6 and

B = 350. 1In roughly the same region Schlumbohm quotes

77 for A and 203+5 for B. However, the present values
seem to fit in botter with the constants quoted for air
and nitrogen (308): 15 and 12 for A and 365 and 342 for B
respectively in the range of E/p 100 to 600 V/en torr,

Attachnent Coefficlent

In this investigation, not a great deal of information
has been gathered about the attachment coefficient, Unfor-

tunately, as a result of the present tube design it does
not seem possible to investigate the E/p reglons where a
and n are comparable in magnitude. An illustration of
current growth over the whole gap distance range

it e




(0°2<d <1 cn) for an E/p of 40 V/cm.torr and pressure 5
torr will explain this:

e AR il i R Sl 70%
Il a e(a—n) -

The a/p and n/p values used here were taken from the
results of Prasad and Cragrs, o/p = O¢11 and n/p = 0°07.
Assuning the maximum error in current measurement to be

+ 4%, the change in ionization current over the whole range
of possible gap distances is scen to be barely outside
experimental error. Thus it would appcar that attempts to
obtain a and n in this region (i.e. E/p less than 50 V/cn
torr) with the present experimental arrangement must be
rather futile. The whole range of results froa tube 1 for
20<E/p< 50 V/cnm torr bear out, this fact, olthough there
was the added complication of the correction for Io in
this case.

With tube 4, however, it has been possible to obtain
o few values for n/p (see figure 27). At 60 V/em torr n/p
comes out to be 0+039 attachments/cm torr which coupares
very favourably with 0041 obtained by Harrison and Geballc.;
While the results of Prasad and Craggs do not extend to
this value, extrapolation of their curve gives n/p = 0°05
which is again in fairly good agreement with the present
results. However, at 70 V/ecm torr the present value falls
just below 0¢001, while that of Harrison and Geballe falls
only to just below 0°04; it is difficult to extrapolate
the results of Prasad and Craggs, but from the curve it
would appear that the value would not be snaller than 0¢03.
At E/p = 80 V/cm torr, the value obtained here is virtually
zero (0°0016/cm torr) which iIs not directly evident fron




either of the other investigations, though Frommhold (82)
was not able to observe any stable ions above an E/p of
70 V/em torr, which is in porcement with the present
results.,

All this leads one to a rather confused picture of
the physical processes involved here; the confusion is
only incrcased when one looks ot the data available from
beam experiments where a naximum cross section of 0 pro-
duction is obtained at a mean electron energy of 6*7 eV,
the cross section fTalling off virtually to zero at about
11 eV, In the swarm data, however, the electron energy
corresponding to maximum cross scction varies from 2°*5 to
4 eV (llarrison and Ceballe, 31), while nowhere can the
cross section be seen to fall to zero except at 4+2 ¢V in
the results of Healey and Klrkéotrlck. (Extrapolating the
results of Harrison and Geballe would give zero cross
section at about 13 eV, but extrapolation over such large
ranges cannot be taken to be valid.)

Frommhold, on the other hand, claims n = 0 for E/p
less than 70 V/en torr; while the present investigation
cannot be held to prove anything conclusively, it certainly
appears to support Frommhold's results, n falling off to
zero at sbout E/p = 75 V/em torr. Perhaps a detachment
process is the explenation for this. Branscomb, Burch,
Smith and Geltoan (83) have nmeasured the photodetachment
cross section of 07 ions by measuring the eclectron current
produced in a reaction between ifons and photons and the
threshold for detachment was found to be at 1°*5 eV; the
cross section rises to 6 X 107'% cm? at 2 eV (roughly 6000
R) whereafter the curve flattens out. (The maximum obser-
ved cross section for the production of 0 jfons by electron




8 cmz.) Thus there must be con-

siderable amounts of electron detachment in the cxperiments

collision is about 2 X 10~'

conducted in glass tubes ond especially those using ultra-
violet illumination. MNost swarm experiments fall into this
category. The beam experiments, on the other hand, use
electron guns as their eclectron sources and as collecting
electrodes cowpletely envelope the tube, the amount of
fillumination inside the tube will be practically negligible.

Having sald this, one nmust hasten to add that this is
an incomplecte picture. First of all it is difficult to
understand why detachment is so effective above an E/p of
75 V/em torr. One is probably justified in thinking that
detachment does occur below th{s value also, as the maximum
cross section for 0  production in swarm expeﬁlmenta is ten
times snaller than that observed in beam experiments. Per-
heps for E/p = 75 V/cn torr, the effective 0 production is
so swall that It is not manifest in current growth,

Another point to consider in this context is the sud-
den change in slope in the Paschen curve at E/p = 550 V/cem
torr (mean electron energy of about 11 eV). This has
alrecady been mentioned in section §5,4.d. As this point is
independent of cathode materianl, it is likely to be the
effect of o gas process and most probably corresponds to
the cessation of O production. However, if the production
of stable fons stops at asbout 80 V/em torr then this theory
foils, unless one considers the process to be o series of
attachments and detachnents taking place in the gas volume,
thus effectively retarding the growth of current; in this

case, the detachment process can only be treated justifiably
a8 a secondary process.

e
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The generalized secondary ionization coefficient
values have been obtained Tor gold film and platinum elect-
rodes. They have only been calculated for tubes 4 and S.
Tube 1 has been left out as tube 4 is sinilar to it but i

better, The values have been calculated using the break-
down criterion,

s (6?9 = 1) w8

at brealkdown,

ad = (%)8 (pd)

can be calculated using the appropriate E/p (=Vs /pds) and
thercfore w/a can be obtained.. The E/p range covered by
the Paschen curves is roughly 150 to 2,000 V/cm torr. As
the present work covers pre-~breakdown current oeasurements,
in the region 60< E/p € 250 V/em torr, roughly, the values
of a/p had to be obtained elsewhere to calculate w/a.
Schlumbohm's (49) results have becn used here because his
are the nost recent values covering this range and have
been taken under similar conditions of gzas purity, even
though using a different technique.

As can be scen from fig 31, where w/a is plotted as
a function of E/p, w/a depends very strongly on E/p. The
features of the curves are, briefly, that they coincide in
the region of E/p down to 400 V/cm torr and that thereafter
they diverge, the sccondary coefficients for gold being
lower in this region than for platinum. Over an E/p range
2,000 to 200 V/cm torr, w/a varies alnost three orders of

mognitude, 2 X IO'2 to 2 X :o‘s. 2 significant amount. A




sharp change of slope can be noticed in this curve, as in
the Paschen curves, occurring roughly at an Z/p of 600 V/
cna torr again.

Before one can be sure of the secondary processes
that induce brealdown, one has to make a study of the forma-
tive tine lags in detail. Without such a study, one can
only make guesscs as to the relative importance of such
processes., In this experiment, however, there are one or
two features that are suggestive,

The two main cathodic secondary processes are the
photon pirocess and the positive ion process (in gases where
metastable states arc not important). The photons obviously
are not constrained to move in any particular direction in
the discharge ond so with random velocitics at production,
their paths should be evenly distributed in all dircctions
and therefore, the fraction that reach the cathode is decided
by the gap geometry. Thus for the same number of photons
produced in the gap, i.ec. for the sane ad or (a/p)(pd), i.e.
for the same pd, the snaller the gap, the larger should be
the number of photons reaching the cathode, and the larger
the number of secondary clectrons. Therefore, as the gap
distance is reduced for the sane pd in any c¢lectrode arrange-
ment, the sparking potentlial would be expected to decrecase
when the photon process is inportant., This was not observed

with any of the three tubes., 'With tube.y, a reverse effect
was noticed, in fact.

Positive fons on the other hand, are forced to move
more or less in the ficld direction only. As long as the
effective field Z/p is the same, the effect of '¢' should
be very saall in o discharge with dominant positive ion
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tive tine lags in detail, Without such a study, one can
only make guesscs ©s to the relative importance of such
processes, In this experiment, however, there are onc or
two features that are suggestive,

The two main cathodic secondary processes are the
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the number of photons reaching the cathode, and the larger
thie number of secondary clectrons. Therefore, as the gap
distance is reduced for the sane pd in any electrode arrange-
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when the photon process is inportant. This was not observed
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action. Diffusion cannot be ruled out completely, of course,
especially when the walls are kept at the same potential as
the cathode. DBut the chances of this were minimised in the
present experimental set up with the provision of guard
rings.

There are two other points which also would
suggest ¢ dominant positive ion process. The first of these
is the nature of the dependence of the secondary coefficient
on E/p. With a photon process it is reasonable to expect a
maximum in the w/a vs E/p curve, as photon production has
e peak efficiency at a particular electron energy. These
curves, however, displey no strong peaks though at E/p
= 400 V/cnm torr, there is a very small peak in each curve.
(The possibility of a decline in w/a velues for E/p greater |
than 2,000 V/cn torr exists, of course, and cennot be ruled
out, though one can see no evidence of it.) On the other ;
hand, a positive ion is produced in each primary donizing i
collision and the primary ionization coefficlient is a |
monotonically increasing function of E/p in this region, w
and therefore if the positive ion process was dominant, w/a [
would be expected to be an increasing function of E/p, too. w
In addition, most of the energy of the positive lons is
derived from the field, and therefore would increase with m
E/p. Thus the nature of the functional rclationship between{
w/a and £/p favours the positive lon secondary process.
The sudden change in slope at E/p = 600 V/em torr can also
be explained qualitatively with reference to this process, }
since this corresponds to a aecan clectron energy at which |
the cross section for 0O° production reduces to zero, %

!
|
|
|

virtually, end therefore there are more free electrons to
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produce positive ions,

The second favourable point comes from Fisher's (84)
experiments on formative time lags in oxygen. These would
be expected to be ol the order of d/ve, l.¢. of the order
of microseconds in the case of the photon secondary process
as hardly any time is lost in photons reaching the cathode
oncc they have been produced, and this has been found to be
so in other gases, Positive lons, on the other hand, have
to drift across to the cathode before they can produce
secondary electrons and therefore this will necessarily be
a slower process involving larger formative time lags, of
the order of d/v+. Fisher reports time lags of the order
of hundreds of microscconds (at about 1% overvoltage) which
fits in quite well with the positive ion process. It must
be acknowledged, however, that Fisher's experinents were
conducted at a pressure of gbout | atmosphere which would
correspond to a very nuch lower E/p than those mentioned
here. Fisher also mentions a 'very pronounced' variation
of formative time lags with pressure, which is difficult to
explain on the basis of positive ion action, though perhaps
electron attachment played some part under the conditions.

In conclusion, all that can be said about the mecha-
nism of breakdown is that it appears to be predominantly
due to a positive fon process. The possibility of photon

sction, especially of the delayed type cannot be ruled out
though .

The secondary coefficients come out to be roughly the
same for both platinum and gold cathodes: this is not very
surprising as the work functions of the two metals are
very close. Prasad and Craggs (54) quote 10°% a8 their
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value of ¥ for a platinum cathode at about E/p = 45 V/cm
torr which is not in any disagreement with the present curve
extrapolated. But Fisher's (66) 0.045 at E/p = 35.4 V/cm
torr for nickel is hard to understand,

Ceneral Discussion and Suggestions for Futher Work

So far in this chapter an account of the work done
for this thesis has been given and the results obtained
presented wherever possible. In this section it is
intended to point out some of the limititions of the tech-
niques used, discuss some of the errors introduced and to
nake some suggestions which might be useful lor future
workers in the field,

The range of 5/p has been restricted to within 50
and 250 V/cm torr in the final’‘experiments., This was main-
ly a featurc of the design of the apparatus. The eclectrodes
being o7 about 2*5 cm diameter, it is not possible to in-
crecase d much beyond 1 cm and still have uniform fields,
and gap distances below 1 mm could not be measured accurate-
ly; besides, very small gap distances also have the effect
of cutting off the illumination of the cathode., The usable
pressures had practical linitations too as the oil manometer
could not be read to less than * 1 mm, i.e. there was a
10 € error in a pressure difference of | cm of oil which
corresponds to roughly 0+6 torr. The arms of the nmanometer |
were ecach of about O+8 metres in length, so pressures of theg
order of 50 torr could be mecasured on the manometer if |
desired, although the naxinum pressures used were only be-
low 15 torr, in fact, most of the readings being obtained
at a fow torr pressure, The applied voltege V = E (pd)
was linited, of course, by the saturation voltage az the
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lower 'd' end and the sparking potential at the hisher 'a'
end. Thus keeping 50 < V< 500 V, the lowest accuracy of
pressure neasurements to about 4% and 0+1< d <1 cm, the
usable E/p range is roughly between 50 and 300 V/em torr,
So to extend the E/p range to lower values, tubes with
larger clectrodes should be used so that the gap distance
can be increascc without field distortion, at higher
pressures. The same recasons apply to the limits of pd
values covered in the sparkln;rpotcntlnl ncasurenents too.

The cooling trap on the gas side is virtually essen-
tial to ensure greasefree, dry gas. However one has to be
extremely careful in using this, as there is evidence that
this can produce unpredictable temperature variations in
the experimental tube, The trqp used in this work had to
be manually filled up, and once on filling thé trep, the
sparling potential was observed to go down from 695 V to
680 V. Here the level of liquid nitrogen in the trap must |
have affected the temperature of the gas in the experimental ?
tube, Thereafter, the trap was filled up half an hour
before each set of readings, so that the oxperinmental
temperature would reach an equilibrium and remain fairly
steady. Thus it would appear that the temperature neasure-
ments in these experiments might not have been sufficiently
accurate throughout, One or more of the following sugges-
tions should improve nmatters:

(1) use an automatically filling liquid nitrogen trap,
where the level ol the liquid stays virtually constant,

(Li) incorporate a thermometer (e.g. thermocouple)
in the experimental tube, so that checks on temperature can
be made If necessary while taking readings.
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(1i1) use a pair of bakable metal taps instead of the
grease taps for the controlled introduction of gas into the
tube - though unfortunately the experience in this labora-
tory so far has been that bakable netel taps can be extreme~
ly troublesonme., Perheps random fluctuations of temperature

in the laboratory also ought to be mentioned in this context f

although it can bec easily seen that the error in p produced
by fluctuations in room temperature of X zoc is negligible;

@8 during any one run the tenperature scldom changed by
more than 2°C.

Since evaporated rilm and solid metal electrodes have
both been used in the present work, it might be worthwhile
to look at their relative merits for use in oxygen. As far
as constructional details are concerned ther- is not very
nuch to choose between the two; though in this case the
platinun ones were less troublesome having Leen ordered to
size and so ready to use, while the gold film electrodes
had to be constructed from glass rods and gold wire!l
Evaporation of gold clectrodes is rather o tedious process,
but then outgassing solid metal clectrodes is no easy job.
It was feared that eddy-current heating might produce warp-
ping of the clectrodes in tube 5, or even snapping off from
the supporting rods, so all the outgassing that was done
was prolonged baking at 450°C. With both, it was possible
to achieve ultinate pressures of the order of 10”2 torr.

On the other hand, current neasurements and sparking poten-
tisl neasurements were much nore reproducible in the case
of the platinum electrodes. It would be interesting to
study the effect of O2 ions on the gold film cathode, While
the gold film would have been more than 100 X thick, the
adherence of the film to the substrate is not very strong

B R o i g




- 105 -

(81). Oxygen on the other hand, can get into the nolecular

ingerstices and get lodged there senipernanently, Whether
or not this happens, and if it does, how it affects the
work function of the surface, should meke an interesting
investigation. Gold film elecctrodes have, of course, been
used very successfully in this laboratory for other gases,
and the results from tube 4 indicate that this is probably
all right for oxygen too; it is the smell fluctuations in
current and changes in the sparking potential, especially
when the tube is new, that makes one wonder if, in fact, the
surface conditions are staying perfectly constant,

It is extrcuely important, of course, to have an ab-
solutely constant I0 in all the I-d measurements, The im-
portance of neasuring I accurately cannot be overemphasised
because the accuracy of one's final results is so critically
dependent on this., The error in I is doubled in calculating
%% and it is obviously meaningless - physically, if not
nmathenatically - trying to fit the best straight line to
points which have no semblance of lying on a straight line.
For the same reason, a method of interpolation proved to |
be much more valuable than any other in finding %%. It
probably would not have been quite so important, had the
range of x been much larger with correspondingly larger
ranges of current. This is particularly true for low E/p's

where the current hardly rises above Io'

The a's presented here have not been corrected for
secondary effects: but a consideration of the nmagnitudes of
w/a and o/p soon reveal that the correction of a/p due to |
w/a 4s very much within experimental error for oxygen in
the range of E/p covered. For an E/p of 200 V/em torr the
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pressure used was typically about 2 torr, a/p is 2+4 /cm
torr corresponding to this E/p from fig 28. Even at the

maximum gap distance of 1 cii, the ionization current changes

only by 0¢2% on taking into consideration the secondary
coefficient, which is well within the experimental error.
As w/a appears to continue to decrease with decreasing E/p
in the range of E/p covered, thec correction due to w/a
would be even smaller for lower E/p's and smaller gap
distances,

The nature of the secondary coefficients has only
been guessed at so far, It is surprising that as yet no-
body has ever attempted to make a study of the formative
time lags in oxygen, except Fisher (84) whose publication
does not describe anything beyond some prelimlpary obser-
vations. A study of formative time lags in low overvoltage
gaps in oxygen is being made in this laboratory at present,
It would be interesting to correlate this with, and extend

this to, high overvoltage breakdowns and the growtl: of
avalanches,

Conclusion

A record of the results obtained from this investiga-
tion has been presented in this chapter, The results com-
prise of lonization coefficients and attachment coefficients
in oxygen in the £/p range of 60<E/p< 250 V/em torr and
sparking potentials for low pd values, pd<6 cm torr, ob-
tained from steady-state neasurements using plane parallel
electrodes. The results have been critically analysed and
compared with those of previous workers. Some suggestions
wihich may be useful to future woriters have been given too,
for a surprising amount of work still remains to be done,
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APPENDIX I

Programme for Lagrangian Interpolation

DILENSION JOVER(2), D(4,10), G(3,9), T(7)
FORMAT (I3)

FORIAT (F6.3)

FORMAT (F3.2)

FORLIAT (4F .3, 3X)

ACCEPT TAPE 10, JOVER (1)
DO 101 J=1,7

T(J)=0.

ACCEPT TAPZ 10, JOVER(2)
PRINT 10, JOVER(2)

IF (SZNSE SUWITCH 2) 103,104
NUL: = 2

GO TO 108

IF (SENSE SUWITCH 3) 105,106
NUL = 3

GO TO 108

IF (SENSE SWITCH 4) 107, 997
NUM = 4

DO 109 I=1,NUL

ACCEPT TAPE 11, D(I,1)
T(1)=D(1,1)

J=2

DO 112 I=1,NUM

ACCEPT TAPE 11,D(X,J)
IF (D(1,J)-D(1,J-1)) 997,115,114
J=J+1
GO TO 111
END=J-1

M=2



126

127
128

129

130
131

132
133

134
135
136

137

138

139
140

- 11 =

ACCEPT TAPE 12, T(5)

DO 129 J=1,JEND

FAC=1.

DO 128 K=1,JEND

IF (J=-K) 127,128,127
FAC=FAC” (D(1,3)=D(1,1))
CONTINUE

5O 129 K=2,NUL
G(K-1,J)=D(K,J)/FAC

IF (D(1,2)=-T(1)) 146,145,130
DO 131 K=2,4

T(K) = 0.

DO 134 J=1,J:ND

FAC=1,

DO 133 K=1,JEND

IF (J-K) 132,133,132 .
FAC=FAC*(T(1)=D(1,K))
CONTINUE

DO 134 K=2,NUL
T(K)=T(K)+G(K=1,J)*FAC

GO TO (997,136,137,138),NUN
PRINT 13, T(1),T(2)

GO TO 139

PRINT 13, T(1),T(2),7(3)

GO TO 139

PRINT 13, T(1),7(2),7(3),T(4)
IF (T(1)=-D(1,1)) 997,140,141
J=D(1,1)/7(5)

S=J

T(1) = Ser(5)

t IF (D(1,JEND)=-T(1)) 997,151,142

IF (D(1,M)=T(1)) 997,148,143
T(1) = 7(1) + 7(5)

T e T T s
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144
145

146
147

148
149

150

151
152

153
154

200

997
201

- iii -

IF (D(1,M)-T(1)) 146,145,130

M = M+t

GO TO 130

T(6) = T(1) - T(5)
T(1)=D(1,NM)

GO TO 130

IF (D(1,M#1)=T(6)-T(5)) 149,150,150

M=N+1

GO TO 147
T(1)=T(6)+T(5)

T(6)=0

M=M+1

GO TO 144

IF (7(6)) 997,152,153

T(1)=T(1)+7(5) '

GO TO 154
T(1)=T(6)+T(5)

PRINT 11,T(1)

JOVER (1) = JOVER(1)-1

IF (JOVER(1)) 997,201,200
PAUSE

GO TO 100

PAUSE

END
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Programne to derive a and n fronm 41

Ax® X and I values

DILENSION INDEX(3), X(10), DERIVX(10), Y(10), T(4),

10
1
12

100
101

102

103

104

105
106
107
108
109
110

CURNT(10)
FORIAT (I4)
FORMAT (F7.3)
FORIAT (3F9.4,3X)
ACCEPT TAPE 10,INDEX(1)
DO 101 J=1,4
T(J)=0.
ACCEPT TAPE 10, INDEX(2)
PRINT 10, INDEX (2)
ACCEPT TAPE 1O, INDEX(3)
PRINT 10, INDEX(3)
ACCEPT TAPE 11, X(1)
J=2
ACCEPT TAPE 11, X(J)
IF (X(J)=X(J=1)) 900,105,104
J=J+1
GO TO 103
N=J-1
DO 107 J=1,N
ACCEPT TAPE 11, DERIVX(J)
DO 109 K=1,N
Y(X) = LOGF (DERIV(K))
DO 111 J=1,N
T(1)=T(1)+X(J)
T(2)=T(2)+Y(J)
T(I)=T(3)+1x(J)=u2
T(4)=T(4)+X(J)=Y(J)
Z=N

4

A B G S, AR
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112
113

900

120

o L1 =

SLOPE=(25T(4)=T(1)5T(2))/(Z2%T(3)=T(1)%%2)
YINT -=(T(2)=T(3)=T(1)=T(4))/(Z2=T(3)=T(1)5=2)
A = EXPF (YINT)

PRINT 12, SLOPE, YIRT, A

DO 114 K=1,N

ACCEPT TAPE 11, CURNT(K)

D=A*EXPF (SLOPE®}(X))-5LOPE#*CURNT(K)

CURNTO = (A-DB)/SLOPE

ALPHA = A/CURNTO

ETA = B/CURNTO

PRINT 12, CURNTO, ALFHA, ETA
INDEX(1)=INDEX(1)~1

IF (INDEX(1)) 900,120,100
PAUSE

GO TO 100

END

IR 8 S b T Do Y
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