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SYNOPSIS

Due to the great difficulties in working with caesium, investigation
of the breakdown characteristics of caesium vapour in the Townsend discha-
rge (and of the alkali metal vapours generally) has been neglected
compared to other gases (i.e. inert gassand hydrogen). In the present
investigation a new technique has been developed vhich enabled the
characteristics of a caesium discharge to be determined in two Pyrex
glass discharge tubes. Breakdown potential measurements at a fixed
electrode separation have been carried out in the range of pod from 0.11
to 1 mm.Hg.cm., using nickel electrodes which were covered with caesium.
Minimum breakdown potentials of 308 and 332V were found at pod of 0.22mm.
Hg. Also measurements of first Townsend ionization coefficients have
been obtained in the range of E/po from 50 to 600 V.cﬁ}mm.Hé%, which
enabled the second Townsend ionization coefficients to be estimated in

the range of E/p_ frem 525 to 600V . ciitmm. HE+

Formative time-lags have been measured in Townsend discharge in
mercury vapour using a stainless steel anode and liquid mercury pool cathode
for a reduced pressure range from 0.5 to 5.8mm.Hg. The results covered a
range of ES/p° from 138 to hSOV.cﬁ%mm.Hé% In the range of Es/po below
350V.cﬁ}mm.H§}, the measured formative time-lags were found to depend on
the gap geometwry. Analysis of the measured time-lags using Davidson's
theory showed that the predominant secondary ionization processes leading
to electrical breekdown were the emission of secondary electrons from the
mercury cathode by positive ions (coefficient y) and by delayed

radiations (coefficient sl/u ). These delayed radiationswere found



to be produced in the volume destruction of the 3p2 metastable mercury
atoms in two body collisions with the ground state mercury atoms. Values

of the coefficients y and § 1/ o have been calculated as functions of
Es/Po’ and it has been found that the § l/(:z secondary process predominates
at low values of Es/Po while the y process is important only at high

Es/po.
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CHAPTER I

BASIC PROCESSES IN A LOW PRESSURE TOWNSEND

GAS DISCHARGE.

1.1. INTRODUCTION.

The flow of electricity through a gas is often called a discharge.
It was given that name many years ago (1), presumably because gases are
normally very good insulators. It is of course well known that an elect-
rified body in a gas - air for example - retains its charge indefinitely.
But when the air is exposed to ultra-violet light, X-rays, or radiations
from radjo-active material, the electrified body loses its charge, showing
that the air has become conducting.
The study of gaseous conduction is classified into different discharge
Tegions according to the current flowing through the gas fig( § ).
The fundamental phenomenon that is common to all these regions is the
interaction of electrons with the atoms of a gas with the production of
ions and excited atoms. Any theory of gaseous conduction in an electric
field attempts to derive relationships between the excitation and ioniza-
tion coefficients and the nature and state of the gas, the gas pressure,
the field strength, the nature of the cathode and other parameters.
The theory, nevertheless, is incomplete in itself without experimentel
data to support it and therefore experimental investigation of these
Parameters is required. In the glow and arc regions distortion of the
electric field, by the high currentssadds difficulties to the understand-
ing of the fundemental processes taking place in the discharge. Such diff-
iculties can be eliminated by confining the measurements to the low current
Townsend region and it is in this region in which this work has been

carried out.



1.2 BEHAVIOUR OF ELECTRONS MOVING THROUGH A GAS UNDER

THE INFLUENCE OF AN ELECTRIC FIELD.

Consider a swarm of electrons moving through a gas under the
influence of an electric field of very low intensity. Under these
conditions the electron energies will be very small and the majority
of them will suffer elastic collisions with the gas atoms (or
molecules). Cravath (2) showed that an electron will lose approx-
inately 2.66 m_of its energy in an elastic collision with a gas
atom, where myand M are the masses of electron and gas atom
respectively. Since m<< M in most cases, then the electrons will
lose only a negligible fraction of their energies and will be
Scattered in all directions. But due to the influence of the electric

field their path is bent until,if no further collisions occur, they

Once more travel parallel to the field.

Now we have a swarm of electrons moving randomly in all
directions with a mean random velocity, but possessing an average
drift velocity in the direction of the applied field. The drift
8nd the mean random velocity are quite different in order of magnitude.
At low electric field strengths the drift velocity is usually about
three orders of magnitude less than the mean random velocity,
hOWGVer, as the field strengths increase to higher value§, few
€lectrons will be moving in directions other than the electric
field direction and the drift and the random velocity will be nearly
€qual., The mean energy of the electrons and the electron energy
distribution will be determined by the amount of energy gained by

the electrons from the electric field and the energy lost in collisions
- Q =



vith gas molecules. At low gas pressure the collision frequency is
low, or more precisely the electron mean free path, A , is large,
and as the mean electron energy is directly proportional to A ,
then the mean electron energy will be high at low gas pressures,
but if the gas pressure is increased, the electron mean free path
will be decreased, and consequently the electrons will suffer

many more collisions with a corresponding loss of energy and the
lean electron energy will be decreased. However, if the electric
field strength is increased, so that the electrons can gain greater
amount of energy from the field between collisions, the mean
electron energy will be once more increased. Hence it can be

Seen, that, it is the ratio of the field strength to the gas
Pressure, E/p, which will determine the mean energy of the electrons
Moving through a gas under the influence of an electric field.

Usually the pressure p is reduced to the pressure P, at 0°C.

On the assumption that the gas atoms were relatively at rest,
low energy electron densities were present, electronslost a fraction
of i!;r;nergy in elastic collisions, no inelastic collisions occurred
and the mean free path of the electrons were independent of their

Velocities, Penning and Druyvesteyn (3) calculated the electron

energy distribution function, given by
K =
Le) = (!t:5 5'55 ‘e%)

Where § is the electron mean energy and C 1is constant.

% B =
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The form of the distribution is shown in fig.(2) and is compared
With Maxwell-Boltzmann distribution for the same number of electrons.
Although the equation does not predict a maximum energy, it can be
Seen that the curve approaches the energy axis more quickly than
the Maxwellian, end has a smaller number of electrons with high
€nergies compared to the large number of electrons with small and
Medium energies.

So, any increase of the pargmeter E/p will be followed
by an increase in the mean electron energy together with an increase
in the number of electrons in the high energy tail. Eventually
€nergy will be lost by electrons to vibrational and rotational
States of the gas molecules and to molecular dissociation, and the
electrons in the high energy tail will be able to raise the atoms
to excited states above the ground state with a corresponding loss
of a large fraction of their energies. Further increase of the
Parameter E/p provides the electrons with energies sufficient to
Cause jonization of gas atoms and thus causes further loss of their
€nergies. Therefore, at very low mean electron energy the
Drueresteyn distribution will hardly change due to elastic coll-
isions. But as the mean electron energy increases (i.e. as E/p
increases) the electrons will start losing a large proportion of
their energies in inelastic collisions and there will be also a change
in their mean free paths (Ramsauer's effect (4)). Under these
circumstances, the conditions laid down by Druyvesteyn in his

derivation of the energy distribution function are not upheld.
- -
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Probably the effect of these inelastic collisions is to decrease
the number of electrons in the high energy tail. Now the two most
important inelastic collisions by electrons (excitation and ionization)

will be discussed in more detail.

1.3 EXCITATION BY ELECTRONS

An atom is said to beexcited when an electron is lifted from
the ground level to a higher energy level. The most important
energy levels and spectral lines of the neutral mercury atom are
shown in fig.(3). The probability of excitation to a certain
energy level is often called the "excitation function”, defined
&8 the number of electron collisions leading to the required trans-
ition, divided by the total number of collisions per electron.

This probability is, in general, of the order or smaller than 1072,
The reason for such low probability is, that, two conditions must
be satisfied before an electron can excite an atom.

a) The energy of the electron must exceed the excitation potential
of the atom for the particular level under consideration.

b) Linear and angular momentum about the common centre of mass
Must be conserved.

Thus the change in the angular momentum of the system, Op &
during the collision must balance the difference in the angular

Momentum of the atom in its initial and final state.

- B -



Probability of Excitation

0 20 <0

cnergy

Excitation Funetions P States Hg

fige4




Hence

§p=h_ 83 1.1

%

Vhere 8j=L + 5, &3 is the change in the inner quantum
humber,

L and S are the orbital and spin quantum numbers respectively.

It follows from condition (b), that if an electron carries the
€xact energy necessary to excite an atom, it will be stationary
after the collision and it has to hit precisely at the right angle
to satisfy equation (1.1). Since only a negligible number of
€lectrons fulfil this condition, therefore the excitation probability
Would be expected to be zero at the critical excitation potential
of a certain state. On the other hand, it would be expected that
the probability of excitation to increase as the electron energy
®Xceeds the critical potential, as the electron itself can carry
Avay the excess energy in a direction which satisfies the angular
Momentum condition. This can be seen clearly from the excitation
functions of the four P states of mercury shown in fig.(l), as

Calculated by Penny (5).

The transitions 6180 +61Pl (singlet-singlet) and 6150 - 63P1
(singlet-triplet) might have been expected to have
TOughly the seme excitation function as each one of them has
§=1, but as it can be seen from fig.( 4, the singlet-singlet state
has a large excitation function and broad maxima. On the other hand

- 6. -



the singlet-triplet state has a low excitation function and very
sharp maxima. The reason for this difference as given by Francis(6)
is ' that in singlet-singlet transition, the total spin quantum number
S is unchanged and thus the spins of the two valency electrons are
Unchanged. In singlet-triplet transition, S changes from O to 1

&nd hence one of the electrons must have its spin vector reversed.
For elements with strong spin-orbit coupling like Hg this can be
brought about by electron impact. For elements with weak coupling
like He, the reverse of the spin vector can occur only when the
impact electron itself is captured by the atom and one valence
electron is expelled. This electron change can occur only in a
harrov energy range and, therefore, the excitation function has a
Sharper maxima than for Hg. Such necessary conditions are not
attached to singlet-singlet transition nor to atoms with one valence

. ﬂ *
electron (e.g. ¢ eatoms) and therefore the maxima is broad.
s

When the atom is excited to a higher energy state, it may in
Most circumstances, remain in this state for about 10-8 seconds
before it returns (directly or via other states) to the ground
State, such state is called resonance state (or normal state) and
the subsequent emitted radiation is called resonance radiation.
HOWGVer, it may be excited into a state from which it cannot fall
Spontaneously, or at least the probebility of such a transition is
eXtremely small. Such a state is called a metastable state and the
transition from this state to the ground state would break the

- T -



Selection rules (which are éL=+ 1 and sj=t 1l or o and not from
J=0toj=o0). It follows that the probability of the reverse
Process, excitation into metastable state from the ground state is
very small or nearly equal to zero. Metastable states have a mean
life~time of about 10-2 secs., but in most discharge conditions they
re destroyed within this time either through collisions with ground
States atoms and with discharégfeiil or by further excitation to
lormal excited states usually by absorption of light quanta. Meta-
Stable states are usually found among the lower energy levels since
there are few lower levels into which the electronscan fall.
NMetastable states can be filled also by collisions of atoms in
Tesonance states with atoms in the ground states. For example, in
Mercury discharge the metastable state 63Po can be produced in

& collision between an atom in the state 63P1 and an atom in

the ground state 6380 1) as follows

Hg(63pl) + Hg(GlSO) + Hg(63Po) + Hg 6ls°) + A

Due to the relatively long life of atoms in metasteble states,
they can play a very important part in gas discharges by releasing

Secondary electrons from the cathode as will be seen in section (1.8.6).

1.4 IONIZATION BY ELECTRONS.

Ionization of an atom by electron can be regarded es an

SXtreme form of excitation, in which the electron is removed to

- 8 -
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infinity, For an electron to do that its energy must exceed the
J'~‘-"11iza.t'.ion potential of the atom. Thus as we increase the parameter
E/p, the mean electron energy will be increased, therefore . electrons
in the high energy tail of the distribution will not only be capable
Of exciting the gas atoms but also of producing singly charged
Positive jons; and with a further increase in energy the possibility
of production of multiply charged ions arises.

The ionization efficiency, Se is, usually, defined as the number
°f ion pairs produced by one electron moving 1 cm. through the gas
8t a pressure 1 mm. Hg and O % fig. (5) shows measured values
Of the ionization effi ziency Se’ as a function of the primary
lectron energy K for various gases and vapours. Efficiency of
i°nization is zero for electron energy equal to the ionization
Potential of the gas atom. The maxima of 8, lies for the majority
Of gases between about 80 & 120 e V. (with the exception of the
@lkali vapours whose maxima is between 15 and 30 eV.) and the
Corresponding values of 8, lie between 1 & 20 ions/ enm.

Tt can be seen from fig. (5) that the rule that the ionization
‘*‘tficiency is larger for lower ionization potentials is not generally

applicable,

So far it has been assumed that electrons collide with atoms
in the ground state. A gas which has been previously ionized
USually contains a considereble number of excited atoms and a large

Qumber of glow electrons. Ionization can then be produced by &

- 9 =



relatively slow electron of energy Es, in collision with an

&tom which has been previously raised to an excited state E,»

E > E. - E
s i e

Where Ei is the ionization potential of the atom. An important
Case arises when E_ is a metastable level E , since the chance
°f a collision is greater than for a resonance level, due to their
relatively long life. The rate of ionization by this process is

Proportional to the square of the current passing through the discharge.

wJO " =



1.5 THE TOWNSEND FIRST IONIZATICN COFFFICIENT,

The quantities outlined above are determin~d from experiments in
Vhich mono-energetic beams of electrons are used. lfence the probebility
of ionization or the ioﬁization efficiency §, cannot e directly related
to gas discharge conditions, unless the electron energy distribution is
known, As it has been seen before it is the value of the ratio E/p
Which determines the mean energy of electron swarm moving through a gas.
If the value of E/p is changed, then not only will the electron energy
distribution be modified but the possibility arises of a change in the
Probabilities of excitation and ionization due to the change in the |

Dumber of electrons in the high energy tail of the distribution.

It is possible, however, to define a coefficient & , similar
o the ionization efficiency 8, under gas discharge conditions, as
follows:

If we consider n electrons moving through a ges at a pressure
P under the influence of a uniform electric field E between two plane-
Paralle) electrodes, then the number of ion pairs dn produced by these
lectrons in e distance dx will be proportional to n and dx, thus

dn = constant ndx

= dn = ondx 1.2
Yhere the constant a is the electron multiplication factor and is

known @8 the Townsend First Ionization Coefficient of* the primary

i 4 . ¢ e
Onization coefficient.

Ifr N;) electrons pef second originate from the cathode , x=o,



and ths= &nter-electrode sepatation 3s d em., then the muber Nd of
€lectrons per sec., which will appesr at the anovde, x = d, can be

found by integrating equation (1.5.1) as follaws

Na a
dn 13 SO o dx
) n
N
o
or N u \=C'.d
a - o ’

1.3
Where the comstant I o is the photo electric current which is usually

Provided by external irradiation of the cathode. The factor o is
defined as the average number of ion pairs produced from ionizing
Collisions in the gas per primary electron advancing one centimetre

in the direction of the applied field. As o is expected to change
With the electron energy, it is usually measured at & constant .E/p.
The Photo~electrons must advance a distance do before they acquire a
COnstant mean energy and the ionization process becomes steady (9).
Equation (1.3) must therefore be altered to

ec( d-do)

I =1 1.4

(<)
It ig assumed in the above derivation that the field is uniform,

ther'—‘fore the current density should be so small that space charge does
- 12 -



Not disturb the field. The currents involved in these experiments are
Usually in the range 10 to 168 A(10). A coefficient 1y analogous to
a .can be.définéd as the average number of ion-pairs produced by an

lectron falling through a potential difference of one volt. The

Current equation can be written in this case as

I = 1, e"V-%) 1.5
o
Where Vs is a correction factor corresponding to d.. Trom their
definitions, the coefficient n can be related to o by
n = q
B 1.6

In Practice, either d or v can be treated as the independent variable
%d o or p can be found from the slope of the curve of log I against
q °r‘J.respectively at different values of the ratio E/p.

Since the controlling factor in ionization by collision is the average
fhergy an electron has gained along a mean free path in the field
direction therefore a is expected to be a function of the pressure

at a certain value of E/p, or

a/p = f(E/p).
= 14 =
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1.6 THE EVALUATION OF a /p AS A FUNCTION OF E/p.

One of the earliest attempts to relate a to the fundamental atomic
Properties was made by Townsend(l). His theory assumes that the field
is so strong that electrons always travel in the direction of the field
and the nrobability of ionization is zero for energies less than the
ionizat:on energy, eV,, and is unity for energies equél or greaier
than ev., i.e. eE ) {f 2 avi . where E is the strength of the applied
®lectric field, A is the electron mean free path andV; is the
ionization potential.

On thig assumption Townsend derived the relation

afiy = 3. eV ) {E/p

Ny

or 'Bp/ E T

a/p = A e

Vhere B = viA $ A=1 ( Ay is the mean free path an electron must
A

trave) before it is capable of ionizing an atom). A typical plot of

the function (1.7) is shown in fig.( @ which is characterised by an

€longateq letter S shape. In terms of n the relation is

A e--Bp/ E

ot SR T
E E 1.8

tig.( ? shows a plot of the quantity n , rising steeply at low E/p,
- I -



*eaching a maximum of n = A/Be at E/p = B (Stoletow point of
Maximum ionization efficiency (8)) and then deelining again. The peak
of the n versus E/p curve fixes the minimum poit on the Pmachen
Curve (see section 1. 9). By suitable choice of the constants A and B,
Townsend's theory could only be made to give reasonable agreecment with

the expe-iment over a limited range of E/p.

In a more recent theoretical calculntion, Emeleus, Lunk and
Meek (11) derived an expresgion for a/p: ~thich .&110‘78 thé insercion
of the appropriate velocity distribution end the experimentally determined

Values of ionization probabilities and electron drift velocities.
The expression of @ /p is given by

a /p = P/v 5: c.P;(c). f(c). de 1.9

i

Vhere ¢ ig the mean velocity of the electron

Ci is the veloéity an electron must attain before being
capable of ionizing gas atoms.

vV is the mean drift velocity of the electron in the direction
of the applied field.

f(e) is the velocity distribution function.

p(c) is the probability of ionization per cm. at pressure

of 1 mm.Hg.
-15 -
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Ass“ming a Maxwellian distribution, good agreement between experiment
ad theory was found for the diatomic gases,air, nitrogen, hydrogen and
OXygen, however the agreement was bad for argon.

As it can ve seen, until the energy distribution and more precise
Measurements of ionization probability are known, Emeleus,Lunk and

Meek theory would not meet any wide application.

l. ',
T THE CURRENT EQUATION AT LARGE VALUES OF ELECTRODE SIT'PARATION.

Fig. (8) shous a plot of log I/Ie as a function of d in
Air gt g pressure U4 mm.Hg. and E/p = 700 volts/am.mm.Hg. At small
Valueg of d, the curve is practically a straight line as predicted by
“Quation (1.4)., At larger values of d however, the curvélééems’to
increage faster than linearly, finally becoming verticel at d = d,.
At this distance dB a breakdown occurs (characterised by a spark)

%0Q the current seems to increase without a limit.

The explanation for the deviation of the graph from a straight
Une is that at larger electrode distance the electrons which are
Teleaseq from the cathode comsists of two groups, the primary ones
Vhich are liberated from the cathode (by external irradiation) forming
% Current I, and secondary electrons which must ofiginate from agents

‘reated by the primary electron avalanche.

Under these conditions, equation (1.4) must be modified(to
Tepresent, the variation of current at large values of d) as follows
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o u(d-qb)

I = Io
t-o (2la-4,) _ ) 1.10
Vhere w/q is known as the generalised secondary ionization coefficient

Or Townsend second ionization coefficient and is a function of E/p. w/a
describe all the processes leading to secondary electron production
4 it can be defined as the average number of secondary electrons

Produced per ionizing collision in the gas.

1,
8 POSSIBLE SECONPARY PROCESSES.

1.8.1 mTRODUCTION.

In Townsend discharge there are three possible sources of
Secondary electron production. These are (1) positive ions, (2) photons,
4 (3) normal excited and metastable atoms. Each of these can,

Wnder gujtable conditions, be capable of ionization in the gas or
®lectron emission from the cathode surface. These secondary processes

V111 now be discussed in more detail.

1.8.2 IONIZATION OF THE GAS BY POSITIVE ION COLLISION.

According to the classical treatment the ion loses half of its
Shergy in collision with the gas atom. Thus an ion will be capable of
ionizing an atom on collision if its enerpgy is greater than 2eV; ,
Vhere V; is the ionization potential of the atom (12). In early
®Xperimental measurements, Varney (13) has indicated that positive ion
Shergies greater than 300 eV were necessary before any ionization could
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€ven be detected. Recently, however, Horton and Millest (1) have
Shown that ionization of neutral helium atoms could occur at energies
8reater than 49.h4 eV which is at about the theoretical minimum
Potential of 2v, (ionization potential of helium is 24.7V). However
it hes been shown (14) that the energy of positive ions differs little
from that of the gas atoms even up to moderate values of E/p. The
fnergy of the gas atoms at ordinary temperetures is only a fraction of
2evi for any gas and therefore it is unlikely that this process of
Secondary electron production is important for the values of E/p used

N most gas discharge measurements.

1.8.3, JIONIZATION BY NORMAL EXCITED ATOMS AND METASTABLE ATOMS COLLISIONS.

In pure gases, collisions between excited atoms aqg those in
the 8round states cannot lead to ionization, since the ionization energy
is 8reater than the excitation energy. This process of ionization can
be of congsiderable importance in a gas mixture where the excitation
Potential of one gas is higher than the ionization potential of the
Other, The cross-section of such a process can be very large when the
®Xcited atom is in a metastsble state. Penning and Addink(15) have
Shown that small amounts of argon in neon have considereble effect on
the Conductivity of neon which they referred to the presence of metastable
f%on atoms whose excitation potential (16.55V) exceeds the ionization
Potentiay of argon (15.68 V). This shows the necessity when in experiments
1 pure gases with low ionization potential (like C, end Hg), to
AChieve low ultimate air pressures to remove all the oxygen and nitrogen which
Posgegg high energy metastable states. When two excited atoms collide
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Atomic and molecular ions can be produced if the sum of the excitation

fhergies is greater than the ionization energy. The process is most

efficient at high pressures and at high curreni Jensities whore the excited

@toms have a high density and especially when the excited atome are in

Detastable states.

1.8.4, PHOTO-TONIZATION OF THE GAS.

Since radiation is a form of energy, a photon may excite or
B8y ionize an atom if it has the right amount of energy corresponding
%o the atomio energy state in question. Thus, an atom in the ground

State can only be ionized by a photon of frequency v if

hv 2 eVi /”

Vhere Vi is the ionization potential and h is Plank's constant.

The Process is most efficient when the photon gives up the whole

of its energy to the atom, that is, when hy _ eV, . Ik pume games

B et e et ' ekl i, UsUeSem it amhen w0l
™ ags e then b (Dmiasiies waemy sl bunes pimis i
"R caly enca by pesussmmbes pmaseasy. Photo-ionization by a

Cum) ative process has been observed in caesium vapour (16) and

in Dercury vapour by Rouse and Giddings (17) when they discovered that
mer"“ry vapour is ionized by absorption of resonance radiation (2537A°).
Houtermanﬂ (7) has shown later thet during irradiation of mercury
v&pour’ metastable atoms Hg (3Po) are formed by collisions of resonance

Stoms, HB(BPl), with atoms in the ground state, Hg}S o) according to the



reaction Hg (3Pl) + Hg (J'So) > Hg'(3P°) + H{;(lso) + A

3

Vhere A = 0.218 eV is the energy difference between the P, and 3P-°

States which is converted into kinetic energy of the Hg atoms. From
“Xperiments with quenching geses Poutermans deduced that collisflons

Yetween atoms in the SP

1 and 3P'° states produce positive molecular

g ions ang electrons

Hg (3P1) + Hg (3Po) Hga* * Hg; + e 1.12

L X
Vhere ng is a temporary molecule in an excited state.

'S

The Process satisfies conservation of energy since the ionization

Potential of the ng molecule is approximately 9.6 Vi +he excitatiorpctentials
o the Hg(aﬂadand the Hg (3P1) atoms are .66 and 4.86V respectively and

the heat of dissociation of 0.06eV as well as the kinetic energy has

%0 be included in the formation of the molecule.

Recently Tan and Von-Engel (18) found that the associative ionization

ross-gection of reaction (1.12) of the order 5 x lﬁlhcm? and the

ross-section for the reverse process, dissociative recombination into

SXcited atoms, to be the same order as the forward process. Due to

the high dissociative recombination cross-section and the small

°°n°°ntration of the state 31’o and the low excitation probability

%0 the state 3P° the cumulative ionization is unlikely to be important

in Mercury discharge at low pressure and small currént.

Photo-ionization can also occur by stepwise process when
% Photon (of energy hv < E; ) gets absorbed by en atom which has been
Dreviously excited to normal or metastable state, provided



A SE, -E, (Em)
Vhere Ei is the ionization energy, Eé and E are the excitation energies
of the normal and metastable states respectively. The process can be
Very effective at high concentration of excited state, which is again
likely at high gas pressures and high discharge current. Photo-
i°nization, however, can be very important in gas mixtures when the
Tesonance radiation of one type of atom has energy greater than or
fual to the ionizetion energy of the second type. The process has

been used by Loeb and Meek (19) and Reather (20) to explain the streamer

Wechani sm,

In brief, therefore, the contribution of the gaseous secondary
Procesgeg to w/a is negligible except possiplyat high pressures.

In gas mixtures, however, the effects can be quite important.

1'8'5 ELECTRON FMISSION FROM THE CATHODE BY POSITIVE IONS.

When a positive ion approaches a cathode surface (solid or liquid)
i Way be reflected as positive or negative ion; reflected as an
unexcited or excited atom, cause sputtering of the surface; or cause
®lectrong to be emitted (a) due to the kinetic energy given up on

i :
TPact, ang (b) due to its potential energy (21).

The emission of electrons from a cathode surface due to the
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incidence of high energy positive ions is thought to be a thermionic
¢ffect que to intense local heating of the cathode at the point of

lmpact (22). This is supported by the fact that the energy distribution
of the ejected electrons is that which would be expected from thermoicnic

emission (23).

For low energy positive ions, electron emission can be caused by
tWo mechanisms which are independent of the kinetic enersy of the ion
&nd dependent only on its potential energy. The first is a two-step
Process, in which the positive ion captures an electron from the
onduction bend of the metal into a level of equal energy in the ion
88 long as such a level is unoccupied fig.( 9). If an excited atom is
formed’ the transition is most likely to occur when, ¢ = Ei - Ee
Yhere ¢ = work function of the metal
E, = jonization energy of the gas atom

E = excitation energy of the gas atom.
In mogt cases the excited atom collides with the cathode surface
withinéiiht short time that radiation does not occur. It is most likely
that in the second step, the excited atom gives up its energy to the
“athoge and there is subsequent emission of another electron from the
fetal The condition for the second step is that the energy of the
final ejecteq electron E = E_ - ¢
5 e E=E -29¢
Cnce jp Ei >2 ¢ and Ee > ¢ an electron may be emitted by this

mechanism.
- 22 -



The second alternative mechanism is also possible if the positive
ion Can penetrate the potential barrier before capturing an electron.
In thig process two electrons are involved at the same time, one being
Captureq by the: ion and the other being emitted. From the above
discuaBions it can be seen that the electron emission by positive ions
% moderate values of E/p is dependent not only on the energy of
the jons put also on the work function of the cathode and hence on the
®@thode surface conditions.

1:8.6. ELECTRON RMTSSION FROM THE CATHODE BY EXCLTED ATOMS.

Excited atoms,in general, can liberate electrons on collision with
the Cathode surface provided that Ee > ¢ , where Ee is the
®Xcitation energy and ¢ is the work function of the cathode. Under
i discharge conditions, normal excited atoms return to the ground
statea vithin a time of about 10"'8 secs., thus there is 1little or no
“hance o these atoms to diffuse to the cathode and cause an electron
Mission, However due to the relative long lifetime of a metastable
*om, ¢ can diffuse to the cathode and liberate an electron with energy
T < Em = ¢ where E is the excitation energy of the metastable atom.

ince letastable atoms are uncharged, and most of them formed near the
‘noae’ only a fractiom of them will diffuse to the cathode.

The Dumber of those diffusing to the cathode, will depend on the
eJ"ec“l‘@des separation (d) as well as on the electrodes diameter (D).
Aaaumins infinitely plane parallel electrodes, Newton (2L) has shown

ey, the electron emission coefficient, Y p Per metastable atoms formed
- 05



10 the gas as,

Y = Constant (N + 1 )
m ————
ad

Where N is the mean free path of metastables moving in a gas of

lormal atoms. Thus Ym falls as d increases even if the electrodes are
to be of infinite diameters. With electrodes of finite dimensions,
Ym is likely to be reduced further by diffusion of metestable from the

ischarge volume as shown by Molnaer (25).

However the yield or average number of electrons produced per
ifcident metastable atom can be quite high (26).

2

e.g. 10 ° for Hg metastable atoms on Hg

0.4 for A metastable atoms on CB

1'8'7 PHOTO-ELECTRIC EMISSION FROM THE CATHODE.
ave

Light quanta produced in gas discharge #8 of two main types :

Tesonance radiation, resulting from the decay of normal excited atoms
°F metastable atoms thet have been raised to some higher excited states
and Non-resonance radiation as the result of a collision which
surficiently perturbs the metastable state to give rise to radiation

by breaking the selection rules. The resultant photons will be

“apable of emitting electrons from the cathode surface if, hv > ¢
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Vhere v  jis the frequency of the radiation and h is the plank's

‘-‘-Onsta.nt .

Not all of the photons produced in the gas succeed in striking
the cathode. The number of photons reaching the cathode will depend
on the gap geometry and also on the ebsorption coefficient of the
Photons in the gas; however, only a fraction of the incident photons
win get absorbed by the cathode and cause emission of electrons
from the metal, which escape into the gas (27). The photo-electric
effiCiency depends on the nature and state of the cathode surface (i.e.
R the work function) and on the energy of the incident radiation.
The efficiency éenerally increases with the increase in the energy
of the incident radiation up to a maximum value and then begins
%0 £a11 que to the fact that the more energetic radiation will emit
®lectrong at greater depth in the metal and only few of these will
Ye able to escape from the suﬁface. The efficiency depends also on
the angle of the incidence and on the polarization of the incident
r&diation. Many measurements have been carried out to investigate
thig effect using monochromatic radiation and prepared surfaces, but
it ig ot fruitful to attempt to compare these conditions with those
whieh exist in gas discharge where a range of photon energies are
ineigent on a cathode surface whose work function is difficult to
“Peciry, The contribution of the photo-electric emission is expected to

¢ high g low values of E/p, where photons are produced in great
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fumber due to the high efficiency of excitation.

1.8.8. SUMMARY OF THE SECONDARY IONIZATION PROCESSES.

Each secondary process mentioned in the above sections can be
Tepresented by an ionization coefficient which is average number of
€lectrons contributed by that process per primzry ionizing collision
In the gas. If all or som: of these processes are taking part in the
Secondary ionization, then the generalised secondary ionization
Coefficient /o will be the sum of the individual coefficients (9).
At low velues of pressure and moderate values of E, it is the cathodic
Processes which are important. It is to be expected therefore that in
% mercury discharge the action of metastable atoms, photons and
Positive ions at the cathode will consiitute the major source of

Secondary electrons.

L9 BREAKDOWN CRITERION IN UNIFORM FIELD.

From fig, (8) it can be seen that at a small inter-electrode
distance d, the current I is dependent on I . Thus if the photo-
Current Io is cut off, then the current I will cease to zero. However
®/4.1s increased to & sufficiently large value 4, , the slope of the
€raph becomes infinite and the current, I, flowing through the gap is
Liniteq only by the external circuit, and breakdown occurs. The

Physical significance of this phenomenon is that the current I in the

8ap is pno longer a function of Ij+ In other words, the current has
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become self-maintained and will continue to flow even if the current
Io is reduced to zero. It can be seen from equation (1.10) that for
the current to be finite when I° is made equal to zero, the
denomingtor must become zero.

Hence, 1 =g /'m)s [ ea(ds - do ) - 1] = o at constant E/p 1.13

T°Vnsend used this criterion for a self-maintained discharge (or for
bre&kdown). For any value of the sparking distance dg in the equation

there ig o corresponding value of ( w/a),

I terms of n the breakdown criterion is
1-(wl/a) [j en (Vs = Vo) _ i] = o at constant E/p 1.14
s )

Vhere Vs is the breakdown potential and is defined as the minimum

v°lta8e required for a very small current to flow between the electrodes
Mithout the assistance of any external agency capeble of producing
Sectrons in the gas or at the cathode.

The tern ¢ Vs is much greater than unity and hence the breakdown

v
Oltage can pe represented by

v, = (- log w /a )/ n 1.15

Since w/a is involved criterion (1.15), then the sparking potential
will depenq not only on the gas but also on the nature and condition
°F the cathode, since w /o is dependent on the work function of the
“athoge, Thus high sparking potentials will be associated with low
Values of w/a (or high values of ¢ ), and low sparking potentials will

# 88sociated with high values of w /a (or low values of ¢ ),

Bince afp (or n) and w/a  are functions of E/p (=V_/P, ),
- 27 - s
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it can be shown (28) V_ is a function of the product pd_ only for a
8iven gas ang a given cathode and this is known as Paschen's law.
Typical Paschen curves in hydrogen are shHowh in fig. (10 for different
Cathode materials from which can be clearly. seen the effect of the
York functions of aifferent cathode materials on the sparking potential
(breakdown potential).

It is important to r-member thet the derivation o. :.~chen's
lav  assumes that «/a  is a function of E/p only. If w /o is a
fun‘“"ion of p or d, then Paschen's law will not be obeyed, that is for
% 8iven gag ana a given cathode, V_ will not be & function of pd
°nly bug will also depend on the indivudal values of pressure p and
the electrode separation d . Such deviation will result if either non-
ni form Tield conditions arise or if photons and excited atoms are lost
from the discharge volume. Deviation from Paschen's law was observed
by Overton (29) in mercury discharge where
me"'aﬁsiza.ble atoms and photons are important sources as secondary

ions .
Mzation processes.

L0 DISTINGUISHING SECONDARY IONIZATION PROCESSES IN GAS DISCHARGE

A decision as to the relative importance of the secondary
Proeegses cannot be provided by considering the current growth curves
Yince €ach process leads to an equation of the same analytical form as
the generay Townsend formula (1.10), with w/a being a composite
eoerfic:lent depending on which combination of secondary processes is
op"’&tiVe.

However, consideration of the variation of the generalised

- 28 -



Secondary coefficient w/o with E/p can sometimes provide some
indirect information on the nature of the secondary mechanisms. For
Sxample secondary emission due to the impact of positive ions on the
Cathode is mainly due to the potential energy of the positive ions.

As the potential energy does not depend on E/p, it is to be expected
that /o would not change greatly other than to show a small increase
 E/p increases if the positive ions action at the cathode is dominant.
Ph°t°-emission can sometimes be recognised from sharp peaks in the

Curve of w/o against E/p. These peaks usually exist, at low values

of E/p, as the concentration of the number of photons increases due

to the increase in the ratio of the excitation to ionization collisions

in the gas.

Secondary mechanisms can be distinguished more easily if the
tine taken for a gap to break down is compared to the time taken for
3 different species to reach the cathode. For instance if photo-
*nission is dominant, the time taken will depend on the lifetime of the
®xeiteq states, the point of origin and the nature of the photons.
In the cage of unscattered photons a time of the order 10"6 sec. will
be ®Xpected which is negligible compared to the time taken for the
Positive jons to arift to the cathode = 107 sec. Diffusion of
"etastable atoms to the cathode involves a delay time of the order 107> sec.
te totay time taken for the breakdown of a gap to take place after the
%Pplication of the breakdown voltage is the sum of the statistical
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tue 100 (S.T.L.) and the formative time lag (F.T.L). The S.T.L. is

the time which elapses between the application of the voltage and the
%PPearance of an initiatory electron in the gap. The F.T.L. is defined

8 the time taken for breakdown to occur after the appearance of the
initiatory electron. In practice the S.T.L. can be reduced to zero

by irradiating the cathode with ultra violet light, thus cnsuring an adequate
“WPBly of initial electrons all the time. By this wey iuc measured

bine lag will be equal to the formative iime lag. Typical experimental

CUrves iy hydrogen are shown in fig. ( 11 ). The formative time lag
. Predicteq theoretically in certain simple cases by assuming values

for the Secondary ionization coefficients which are thought to be

oper&tive. Comparison of these calculated time lags with the
“*Perimentally messured values provide approximate values of the
'rra.cti°n&1 contribution of different secondary processes to the
Ceneraliseq secondary ionization coefficient, provided an agreement
‘an be found between the calculated and the measured time lags. This
Nethog has been used in the present study of identifying the secondary
ionization processes involved in onset of breakdown in low pressure

e, . . v i
Teury discharge under uniform field conditions.



CHAPTER IT

DAVIDSON'S THEORY FOR THE TEMPORAL GROWTH OF IONIZATTON

2.1 INTRODUCTION
There are two approaches to the temporal growth of ionization

in ¢ Townsend discharge. The approach of Hormbeck (30) and Varney (31)
4 of Molnar (32) is aimed at the direct measurement of the secondary
Coefficient as a result of the action of positive ions and metastables
8% the cathode. The second approach, which in this thesis is presented
In itg most complete form, is due to Davidson. In this approach
DavidBOn*dEVeloped a theory which enables the formative time lag to
be Calculated if the ionization coefficients are known. Assuming
Values for the secondary ionization coefficients of the possible
Secondary processes in a particular gas, the formative time lag can be
“leulateq and compared with the experimental value. The coefficients
e 8djusted until agreement is found between the theoretical and the
experimental formative time lags. In this way the importance of various
aecondary ionization processes can be estimated. Three solutions for
the temporal growth of current were developed by Davidson. Each was
deve1°Ped on the assumption that a different combination of secondary
Proceggeg is active in the gas. The original theory developed by

Vidson (33), gave an exact solution to the problem of ionization

“Wth in hydrogen where only two secondary processes are operative.
Thege tWo processes are the emission of electrons from the cathode by

- 3 =



Positive jons (y process) and undelayed photons ( & process). The main
the°ry (34), discussed in section (2.2), takes into account the action
°f metastable atoms ( ¢ process) and scattered resonance radiation

(s Process). However this theory wes modified later (35) to allow for

the destruction of metastable atoms in the gas. This modified theory is

dlscussed in section (2.3).

2.2 THEORY OF TEMPORAL GROWTH OF IONIZATION INVOLVING THE ACTION OF

METASTABLE ATOMS AND DELAYED PHOTONS AT THE CATHODE.

Davidson (34) regards the motion of scattered resonance
Tadiation in the gas as a diffusion process. Photons emitted by atoms
Vhich have been excited to normal states in collision with the primary
®lectrong may be strongly absorbed by ground state atoms and after a
Shory mean time interval, T re-emitted with scattering. They
thug Proceed to the cathode by a process of diffusion due to repeated
Bcattering. Since metasteble atoms are uncharged, their motion is
®itirely due to diffusion and may reach the cathode by this process if

n
ot destroyed in the gas.

The formulae employed to represent the diffusion of
r -
epe&tedly scattered photons resemble the formulae which represent the
aj 4 .
fusion of metastable atoms and advantage is taken of this fact. The

VO cages were referred to as cases (b) and (a) respectively.
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To investigate the spatial and temporal growth produced by
Processes depending on diffusion, it is assumed that initially the only
Secondary processes are of this type. It is further assumed, both in case
(a) and in case (b), that the internal destruction produces no active
Photong capable of reaching the cathode either directly or by diffusion.
After considering these two cases, Davidson generalised the treatment
%o incluge the case where all possible secondary processes are acting

at the cathode, such as undelayed photons and positive ions processes.

Consider two plane parallel electrodes, of separation d, with
the cathoge (x=o ) being exposed to a constant radiation producing
% Photo-electric current I, . At time zero a potential of magnitude
I > Vs (where ¥ is the breakdown potential at a particular value
°f ) applied to the electrodes and maintained. Considering a region
°f the gas at a distance x, the basic diffusion equation which the active

Particles satisfy is given (34) as

(2.1)

nx,t) = - Iilx,t) + o &% (t-x ) - n(x,t)

n . .
(x't) is the spatial density of the active particles at a

i
Stance yx from the cathode at time.t.
: - 33 -



I(x,t) is the current density in the x-direction of the active particles.

1_ is the electron current density at the cathode.

V_ is the electron drift velocity.

a is the average number of electrons generated by an electron per
centimetre path length in the direction of the fie 4, (the primary
lonization coefficient).

“1 is the average number of active particles generated by -n electron
Per centimetre path length in the direction of the field.

is the fraction of the active particles destroyed per unit time by

-~
el o

Collision with unexcited atoms. It is assumed that destruction of
m -
etastable atoms by electrons can be neglected. For this reason the
t . . ; g ;
heory ig not applicable for high current densities where the field

Wo : .
Wd in any case be distorted by space charge.

In the steady state, the diffusion coefficient D for the active
Partj . g "
Wrticles 1s related to the current density, J, by

j= =D dn 2.8,
ax

Assyps
Suming D to be constant in space and time, the term -3 j

Jlx.t)
ation (2.1) can be replaced by D® “n(x,t)
2
Bx

Thug ;
the diffusion equation (2.1) becomes

Vn(x,t) = D won(x.t) + & i (t-x ) - n(x,t) 2.3
g -5 g ¢ g F o r ) st

The g4 .
diffusion coefficient D is defined differently for cases (a) and

(1)

In case (a), D = D which is an ordinary atomic or molecular

lrfu
Sion coefficient and is given approximately as 1 %iv where 2
3
- 3 -



is fhé mean free path of the metastable atoms, and v their mean kinetic

Velocity,
In case (b), D =Dp which is given approximately as

2
Dp =g3; zp /{t +(2p/ ) H 1~ F,} 2.4

Vhen tye current density of bound photons is neglected I, is the fraction
°f the original momentum retained by photons on remission from the
boung state, ﬂ.p is the collision mean free path of the photons, T is

the mean time for which a photon remains bound before being released

(or the mean lifetime of the excited atomic state) and 4:/9.p is the
fraction of free photons which become absorbed per unit time. However,
the current of photons is not Accurately monochromatic, and since their
ab5‘31'1-"?.:10:1 by atoms is a resonance phenomena, hence any spatial
Veriation in their frequency distribution will be accompanied by a
SPatial veriation in !.P and hence in DP. Thus it is not certain that

0 accurgte equation will be obtained on inserting Dp into the diffusion
‘WMation (2.3), with D assumed to be constant in space and time. Thus
the diffusion equation (2.3) with constant D may not apply to trapped

Yadiation with the same accuracy as it does to metastable atoms.

Considering the boundary conditions of equation (2.3) at the
ele‘“‘-rcdes, Davidson assumes that the fraction g of active particles
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whi
hich get destroyed at the cathode must not be greater than 1l of the
5

numb . s . . . .

€r of the active particles N which strike the cathode per unit time.
2 s . .
N case (a), the number of the active particles which strike the

Cathode per unit time

Chus D(vn) = ginv
¥ x
therefore n = h In at x=o 2.5
Bx
Mere  m o= M = 4 1 & ¥ o=l 2.6
e & 3 T '

Ir s . i Gy s
G is the fraction of active particles destroyed on striking the
8node (x = a),

then

n = -, at x = d 2.7

%n
“ax
W
here H 2m/G .

4
3
It o fraction g, of the active particles destroyed at the cathode
G8uses the emission of an electron, and if there is an externally
Maintaineg electron current density at the cathode I , then the
®lectron current density at the cathode is given as
i- = in’ =
I, + g Dm‘___-:_%_ ) at x = o 2.8
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In case (b) similar expressions can be derived taking into account that

N = iNe/ (et /9.p)+1
Thus jy the similar expression for n's (at the cathode and anode), h
ad H are given by

h = ) 322 / (l—Fl)g

and E o= & 'p/ (1-F,) G.
3

Before considering the solutions for temporal growth, Davidson considered
the Solutions for a steady state. Since in steady state i_ and n are

¢ . ’
Onstant in time, the diffusion equation (2.3) becomes

D d2n + o i- e X = _n 2.9
a2 "
Yith the boundary consitions (2.5), (2.7) and (2.8), equation (2.9) is

2 (sinh pd)/u

A, = 1/ {1.. 61 [ea d - coshmd - a(sinh ud) /u :] } 2.10
I 2
(o) oc. W

Imwie‘i"‘gSa.nd.Gaa.relau.rgeenoughi:oxnr:v.l*:eh='=H*=o

‘rhere, 51 " g al

an
d v o= 1/ f——‘—
"Dt
1
*0 ud (but ot ad) is a small fraction, equation (2.10) reduces to
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ii = 1/ [:i_ N (e*® n o =~ 1)_J 2,11

I“ ———
(o) 92d

If hovever « g is greater than 5, the electron current density at the

Cathode i-will be given by

i = 1/(1- 6§, %) 2.12
Io 62 d

I the conditions leading to (2.12) hold, the secondary coefficient due

to Metastable atoms e is shown (9) to be given by 81/ a d. VWhen

Betestable atoms and trapped radiation are acting simultaneously, the
§) in this expression must be replaced by the sum of the §,'s

°f the separate processes.

Considering the temporal growth, Davidson gives the solution for
the curyeny, growth in two forms. One is valid at all times. The other
'® Valid only for time t where t is a small fraction, e.g. L, T being

the 8ctive particle transit time. In case of metastable atoms transit

tme p & i = 3a2 . Since solution in this range of small t/T is
D [

f limiteq practical use,this thesis will concentrate on the solution
Yhich is varid at a11 times. The gas is assumed to be free from active
Particles ang electrons up to time, t = o, at which the externally
Eenerateq cathode current I is established. Concerning the quantities

n (x

t . "
© determine these quantities at all times:
- 38 -
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(i) att< o, n(x,t) = i(x,t) =0
(i) et t> 0, i(t) =1 +g D___(_,_ana: t) 2.13

(iii) at t> o, n(o,t) = n(d,t) =o

(iv) at t> o, the differential diffusion equation (3) holds

throughout the gas.
The following contour integrals are given as solutions which satisfy

the four conditions.

1 i 2~ 2v.
fat) = ia, g D08 W)t '% (1 - e 2Bd)ux 4 ({y-8)3)) -2x
8 »
e L (& - P =
. (728 | (y - 8)a er-j az 2.14
i 2
° n c i2* =« 4°)
where w = o - D(z2 - l?)/w— 2-16
8 = £ 4 zche(“’“ z)d-(261"4‘+5) e =
E= (2+ y} ((z2- p)F- 61} g
P o= g 2.19

The Purpose of introducing the function F, whose value in the present

c . ¥ &

a%e ig unity, will appear later. The contour C(42), which is traversed
¢ . y
lockwlse, is a quarter of an infinite circle, the centre of the circle

ej g gy 8
ing at the origin end the centre of the arc being on the positive real

-« 39 =



8Xis. At all positive times, Davidson showed that i (t)/I_ is the real

bart of
2 2
-2 ady D( 2= ")t
A+ g 20,3 % B (1-e22 207

The Summation extends over all values ) of % (other than 0 and y) which
Satisfy g(Z)=0 and which lie on the positive real or positive imaginary
8Xes or in the quadrant bounded by them. f is a factor which is unity
TOr the poles an the axes of the plane of integration and 2 for any
Poles inside the quadrant. A is given by the right hand side of
“WMation (2.10). The character of A all values of which lie on the
%Xes depends on the sign of the quantity, A.  If A is positive, A

°80 have a real value which will be less than u . In this case the

Tatio i (t) in (2.20) reduces to A at large times, thus a steady state
——

I
o

is established. When A ic negative, the case when the breakdown
Potentia) igq exceeded, one of the values of ) is real and greater
than u @nd thus contributes to the current equation (2.20), a term
Vhich increases exponentially with time.

The treatment can be generalised to include the secondary processes
°f Positive ions and unscattered -“otons at the cathode. This can be

“ehieveq py edding to the boundary condition (ii) in (2.13) the

i - -
tegra) expressions which represent these secondary actions,viz.
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at t>°,

d, =u_x
1_-1°+glnana(: t) + YI+(°st)"‘ 6‘01_e 17 dx 2.21
Vhere y and 5 Jaare secondary ionization coefficients due to positive
lons ang undelayed photons rvcpactively and u, is the absorption
Goefficient. To satisfy these modified boundary conditions, the function
F

* Which was previously taken as unity has to be replaced by:

Fui-(6/y ) (8%-1) - (ay/e ) (e®%1) 2.22

Vhere ¢ = q -p(2% - ud /W

ang - .

1 1 1
W W 7+ 2.23

W_ and W, are drift velocities of electrons and positive ions

respecti‘rely 2

The constant A can be replaced by
1/(1- w/a (ea 1)}
Vherg W/ a =y4 6/a + €)0

It the time lag is of the same order as the transit time of the active

p&“‘icles, W_ can be considered infinite and therefore the expression

(% o
x/W_) in the @iffusion equation (2.3) cen be replaced by i_(t).
-

¢ ang ¢y may be replaced also by a since
2 2
‘l"a-D(Za-uz)/W_and‘p = o ~D(2°-u) /W
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If there is negligible destruction of the diffusing particles in the gas,

U  can be neglected and putting f = 1, the complete modified

Solution jg given by

2
1~(0.t) = 1 R + 2( 12 ol ﬁa) (1_e"2>d-) eD i (2 25)
S—— . ad X 20 .
o 1- wle” 1) g,
a

By differentiating equation (2.17)

a
3 -A -2 A
(9, =axp-61-251(xd-1)£u ’-z [2""““2‘12)

+ 24 61(a -A)+ 2% 4 61] (2.26)
Vhere \ 4 given the real value of % satisfying 6 (2)=o, where

0(3)'(0'-‘2) { (a4 Z)F + 61} el o 6 & éa = %A

~(o+2) { (o-2)F+ &1 =0 (2.27)

When the processes of metastable atoms, positive ions and undelayed

rads nys ;
“iation are the only secondary processes operative at the cathode, F

is 8iven gg
F = 1«(y+6/a)(e-1) (2.28)
w o= y+ e/a + &/a (2.29)
e S, =(e/a ) d% L:.e od_, ] . (2.30)

eud-ad-l
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The Procedure for calculating the formative time lag t, or the time
TeQuired for the current to be self-maintained, is as follows:

(1) The externally maintained current I, is determined.

(2) The value of w/a ir determined from the Townserd breakdown
criterion, by measuring the field at which the current is just self-
Maintaineq, The value of o at this field is used to calculate w/a
It ig Necessary to assume that w/a does not vary appreciably with
the Overvoltage AV. In other words w/a  determined at the
*Paring potential , AV = 0, is assumed to remain the same for the

/

higher over voltages used in formative time lag measurements (AV = V-VB’

“here V is the voltage at which the F.T.L. is measured and V_ is the

hweakd°“n potential, V >vs).

(3) The values of the secondary ionization coefficients vy, 6/a
“a  are chosen such that vy + §&/a + ¢€/a = w/a,
.In Practice the y and 6/a components are so much faster than €/a
“omponent, that they cannot be distinguished from each other, they are
theresare taken together.
(4) The value of o is selected for the value of E/p existing
%t the Overvoltage &/ to be considered.
(5) 6, and F are then determined from equation (2.30) and (2.28).
(6) The real solution A is then determined from equation {2.2T),

(7) The value of A obtained is inserted in equation (2.26) and
( Y3 ) \ 18 determined.

(8) From equation (2.25) Dt can then be calculated. t is the time
- 43 -



T®Quired for the current to reach the value i_(o,t) of self-maintained
CWrrent,and D is the diffusion coefficient. If D is known, t is then
determineq,

In this way the forme*ire time lag can be calculated for several
SMall values of overvoliages at a particular value of E/p, for a given
Choice of secondary ionizetion coefficients. The choice of these
Coefficients is adjusted in an attempt to get agreement with experimentally
Tleasureq curves of formative time lag as a function of overvoltage.

It is of interest to observe that if the €/a  value is

Chosen g5 zero

§1 = o and the expression for 0(3) becomes

8(2) = ((«+2) (a- 2)F [Eza - 1]

™ genera p is not zero. The solutions for 6(Z) = o are then
4 = *aand o

Tnege are the trivial solutions mentioned before, which are not included

i the Summation, Thus in this case (when €/a = p) there is no real

80lution for )

2,
3 MODIFICATION OF THE TEMPORAL GROWTH THEORY TO ALLOW FOR THE

D
ESTRUCYION P METASTABLE ATOME I THE GAS.

Beside the processes which have been discussed in the previous

a >
~tlon (2.2) there are other secondary ionization processes which,
- 4 =



While contributing to the growth, nevertheless introduce an appreciable
delﬁY between the original electron-atom exciting collisions and the
Telease of cathode electrons. For example, delayed photo-electron
®aission can result from photors released in the de-excitation of
Tetastable atoms, in wiish the atoms lose their energy in collisions
Vith the ground state atom: in the following ways ( Biondi(36)),

(i) by further excitation of a metastable atom to e radisting state
Vhen the energy difference is sufficiently small.

(i1) by perturbation of the metastable state in such a way that a
°°11i8ion-induced non-resonance photon is emitted in a transition to
the ground state which breaks the selection rule.

(ii4) by the production of a short-lived excited molecule in collision
Vith two ground-state atoms.

In accounting for ionization growth in Argon, Menes (37) has
Xanineq the delayed photoelectric action of radiation produced by the
destr“ction of argon metastable atoms in three-body collisions to
forn Xcited diatomic mulecules, which then undergo radiative

'880ciation according to the reaction

* *
-+ + oton.
fnet ¥ 2A > A, +A, A, 2h 4

Thig Process ig pressure dependent, and the effective delay in the
arriv&l of the photons at the cathode is determined by the three-body
COLY3 e s
®llision frequency (which is proportional to pa) and the natural life

‘W of the excited molecules. In helium, however, Phelps (38) has
- 45 -



Shown that the main source of non-resonance photons in this gas appears
%0 ke the destruction of the 2 1S metastable atoms in two-body
COllisions with neutral atoms at a rate proportional to p. A further
Mechanigm of delayed rthotoelectric emission is that caused by resonance
Photong which was thovwshit to reach the cathode by a diffusion process
Similar to that of mets:’ ble atoms. Phelps, has showm that the
transport of resonance photons in the gases (which he crnsicared) is in
ACordance with the Holstein (39) and Biberman (40) process. In this
Procesg resonance photons undergo repeated absorption by ground state
toms which are thus excited and re-emit them, so that photons are in
Sffect retaineq by atoms for a total time of n T _, where n is the
“UEber of such gbeorbing collisions end T is the average life-tine
f the exited atoms. Taking into account dipole-dipole interactions

4 spectral 1ine br-adening has led to an estimate of n from the

Telation

n=0.87 (3 ;2 a3 (2.31)
o

Thyg the average total delay time T, by this mechanism is given by

T, = T n
1 o

Vhere g 4 - A ve length of the centre
18 the gap separation and o ‘the wa gt
o i
T the broadened resonance spectral line.
On the assumption that any or all of these secondary ionization

Poceggeg are active in the gas, Davidson (35) extended his temporal
- 46 -



rowth theory end derived two types of solution. One of these is a
Simple exponential solution where the current ik(x,t) of each type, K,

°f active particles is of the form,
C K
i (x,t) = i x,0) e (2.33)

1 wWhich the constant A is the same for all types present, is real and
U0 Zero. The spatial densities of the active particlas contain this
Same €Xponential term. Such a solution was shownto be applicable to
the complicated case suggested by Phelps (38) where molecular ions and
Mlecular metastables are included.

The procedure by which the simple exponential solution is
deri"ed. is as follows:

leae are set up for each of the ratios
i, (0,8) / i_(0,8) = £,( A) (2.34)

In S€tting up these expressions for the fk’S all the differential
*Wationg and boundary conditions will have been used except the cathode

®lectron bo dition which is given by the following equation
undary con

i_(o,t) =1 (t) + glt) )
: (2.35)
Where g(t) l=2k Yk ik (o,t) ;

W . ) .
here 1_(o,t) is the cathode electron current, at time t, Io(t) is the

extern&llb' maintained current, g(t) is the electron currents generated



by the secondary action of the verious types (suffix k) of active
particles, iy (o,t) is the active particle current at the cathode and
Yi is its secondary ionization coefficient. The expression for each
fk will be a function of A (but not time) and will be valid for all
Values of A . Inserting these kas expressions into the cathode

boundary electron boundary condition (2.35) gives

l1- I Ve Iy (*») = o s for Io(t) = o (2.36)

I, (¢) , for I#o (2.37)

1-L Yk fk

. . A
and i_(o,t) = i_(0,0) e vt

Thus & simple exponential solution exists only in the case Io(t) = o,

In that case it exists if )\ has a real value satisfying the equation
F(Aa) = 1-2v, f,(X) =o0 (2.38)

A varies continuously with the applied potential, V. At every value
of V, there is an infinite number of A's (real and imaginary) which
satisfy, F( 1) = o. However the value of ) of the simple
€Xponential solution is the one which is real and which goes through
Zero as V goes through the value v, (the breakdown potential). This
tan be easily seen from the breakdown criterion as follows.

I i(o,t) =1 (o,0)e 't
then e At =

el

o,t
0,0

At the breakdown voltage V = VB, the secondary current at the

¢athode i(o0,t) must be just sufficient to maintain the discharge,
- 48 -



At

i.e. i(o,t) = i(0,0) so that e = 1 and therefore X = o.

For the case vhere there is a constantly maintained cathode
electron current I, (produced by external illumination) and no initial
active particles are present, Davidson writes an expression for the

electron current i_(o,t) at the cathode as

i (o,t) = A-1 B, e® (2.39)

A
o

The expression is valid at all times t >o. A and B b have an explicit
expression. The summation contains A of the simple exponential
8olution and all other A 's  which satisfy F( 1) = o.

At sufficiently large time t, the terms containing all these
Other \A's  become relatively negligible in comparison with the A
of the simple exponential solution, and the general solution (2.39)
reduces to

i (0,t) = A-Be® ' (2.40)

Io

vhen V > Vgs A is positive and for large t the term A can be
heglected and expression (2.40) reduces to
i (0,t) =-Be’? (2.41)
I
Phelps (38) derived an expression similar to the simple exponential

expression (2.33) which can be re~written as

5 = t
1_(°’t) C el " (2.1&2)



The constant C was determined by an initial arbitrary
Actwe
distribution of |particles which is absent in the present problem.
Expression (2.40) is an explicit expression from which the current
due to a specific cause can bz calculated.
At this point, Davidson turned his attention to derive the
general solution when the secondary electron emission from the cathode

is due to positive ions and delayed radiation. With a maintained

Io from time zero, the cathode electron boundary conditions become

at t <o , i_(O,t) =0
'2-h3
at . -t/ 1 da x t. "
dat t > o 1-(°’t) = IO + 5-—1- e 1 !; e dx ‘[o l_(o,tl %.)
va
T
’ w
(o)

These conditions are satisfied by the following contour integral

I, Pt ap
2mi . P (2.44)

Vhere F(H = Gl(ewd - 1) - cnr(e"’d - 1) (2.45)
1~ (=pt, V" )
¥ = a ~-P/W_and ¢ = a - P/ (2.46)
and

§ .
Y/ 4 is the delayed photon secondary ionization coefficient defined
w BO -



as the number of secondary electrons released from the cathode by this
Process per primery ionizing collision in the gas.

@ is the first Townsend ionization coefficient.

y is the secondary ionizatica coefficient for positive ions, defined
a8 the number of electrons released from the cathode by this process
pPer primary ionizing collision in the gas.

d is the gap distance.

1l = 1 4+ 1, W is the electron drift velocity and W, is the
W W W -
- +

Positive ion drift velocity.
When non-resonance photons are the active ones at the cathode,

T, will be the average lifetime of the metastable states. If, on the

: |
Other hand, the delayed resonance photons are the active ones, 21
Will be the average total delay time before they strike the cathode
Surface.

From equation (2.39) the electron current can be calculated for given

Values of the various assumed secondary coefficients.

Expression (2.39) is valid for t >o, and can be written in detail as,

At

i(ost) = 1 + I, e (2.47)
I F (o) A9 F(A)/ ax
i.e. A= 1 and B= __ -1 (2.48)
F(0) A9 F(N/ aa
1 = 1/ {1-(_8 + v ) (e®)) (2.49)
F(0) a

w_ BY



As explained above, (2.47) can be approximated to

i (0,t) = A - Be™ (2.50)

I
o

and at large t, equation (2.50) can be reduced further to

i (0,8) = - Be' (2.51)

i §
[}

A is the real value of P which satisfies the equation F(p) = o

and _9F()) = 61 [% WTl(g L 1) + (1 +Arl){(Wd-1)2 d+1{5]
) -
W1 - ary )°
t oy I:( o - 1) e+ l] (2.52)
W ¢2
The total secondary ionization coefficient w/a (for this combination)
is given by w/a = 61/0 + vy (2.53)

Thus by applying equation (2.50) or (2.51) to a particular gas the
formative time lag due to the simultaneous action of delayed radiation
and positive ions at the cathode can be calculated when the various
coefficients are known. The formative time lag can be calculated for
Several values of overvoltage for a given choice of secondary ionization
coefficients, at different values of E/po. The choice of these
coefficients, at each particular value of E/p° is adjusted in an
attempt to get agreement with experimentally measured curves of
Tormative time lag as a function of overvoltage. However since one or )
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more delayed photo electric mechanisms may be active, T
(delay time) should be treated as a variable, beside the secondary
ionization coefficients. If an agreement is found between calculated
and measured formative times over the full range of the curve of the
formative time lag at a particular value of E/po, then the delayed
photon process characterised by the particular delay time rl(ax which
the agreement is found) will be responsible for the observed ionization
growth. This method of calculation is adopted in the present analysis
and its full detail is given in chapter ( 6.2.3),

For the case when the secondary electron emission from the
cathode is due to the simultaneous action of positive ions ( Y process)
and undelayed photons ( § process), the current growth equation can
be predicted from the above theory as follows. Excitation of gas
atoms by electron impact takes place with the primary ionization and,
after negligible delay time =  the life time (158 sec.) of the
excited states) spontaneous de-excitation occurs. The resulting
photons travel through the gas to the cathode in a time < d/c
(¢ is the velocity of light) which is negligible. Thus the time
taken for the undelayed radiation to reach the cathode after the
excitatioanrimary electrons is negligible compared to the time
( =16 sec.) involved in the case of deleyed radiation and can be
considered as zero. Therefore the temporal growth of ionization

current when the secondary ionization is due the & and Y processes
3 - 53 -



at the cathode can be obtained by putting =0 in the above
expressions of the modified theory. Hence the electron current i_
flowing at time t at the cathode can be given by

At
i (o,t) = I,{1-¢")

1-(y+ 8/aXed 1) (2.54)

A is given the value which makes F(}) = o

vhere F(N =1- ya(dd 1) -5 (&% 1) (2.55)
é 1
¢ = O - _)\_ (2-56)
W
v = @ - A (if the ebsorption of the photons in
W_ the gas is negligible).
1 = 1 + 1 (2.57)
W W, W
and w/a = Yy + & (2.58)
a

Io is the externally maintained current.

W_ and W, are the electron and positive ion drift velocity respectively
Y is the secondary ionization coefficient for positive ionms.

8§/ o is the undelayed photon secondary ionization coefficient defined

as the number of secondary electrons released from the cathode by this

Process per primary ionizing collision in the gas.

Expression (2.54) is the approximate expression developed by Davidson (33)

for the interpretation of ionization growth in hydrogen.
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Bartholmomeyczyk (41) solution for the same case (undelayed photon
and positive ion secondary cathode processes) neglects Io and does
not take correct account of initial distributions of the active

particles in the gap.

2.4 CONCLUSION.

In applying Davidson's growth equations, the essential test (9)
is to find what combination of secondary processes will give rise to
the measured growth times over a wide range of E/p. An agreement of
Predicted values with any particular observed value of te is nearly
always possible for a specific value of E/p, but the agreement over a
wide range is a stringent test. From the previous equations it has
been seen that the growth time depends greatly on the value of the
Primary ionization coefficient (and therefore on purity of the gas) and
on the value of secondary coefficient (which depends on the work
function of the cathode). Therefore, it is desirable to measure these
coefficients and the time lags under the same conditions, if it is
pPossible.

A successful application of Davidson theory was carried out for
hydrogen (43,44) where positive ions ( y- process) and undelayed photons
( ¥a process) were found to be the active secondary processes. The
influence of the work function of the cathode on these two processes

is shown in fig. (12).
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In helium, however, application of Davidson's approach led to the

conclusion (45) that the dominant secondary process is the photo-electric

emission from the cathode (8, /@) due to the incidence of delayed non-

resonance photons produced by the destruction of metastable 215 atoms

in two-body collisions in the gas, in the range of E/p < 13Vud3%mnﬂ&§¥.

At high E/p>38, positive ions were found to be dominant.

In mercury vapour, time lag measurements were carried out by Overton

(see section 3.2). Analysis of the results at two values of E/pb(358 and 391
V-cﬁ}um.ﬂé}) lead to the conclusion that . delayed radiation and positive

ions are dominant secondary processes at these values of E/p. However

No agreement could be found at other values of E/p.
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CHAPTER III

REVIEW OF THE PREVIOUS EXPERIMENTAL WORK.

3.1 PREVIOUS WORK IN CAESIUM.

3.1.1 INTRODUCTION

The electrical properties of the alkali metals are of much

interest from several points of view. They are interesting as
components of stellar atmosphere and other plasmas, because their low
ionization potentials ( ¥ 4-5V) lead to high ionization probabilities
and put them in the role of electron donors. However, among the
alkali metals caesium has the lowest ionization potential of 3.893V.
The most important energy levels and spectral lines of the neutral
caesium atom are shown in fig.(13). It can be seen that the caesium ;
atom can possess (apart from two excited states 62P1/2, 3/2 of ;

energies = 1.45 eV.) a considerable number of excited states with energiesf
Teater then 2 e V. above the ground state. The importance of these states
lies in the fact that associative ionization processes can teke
Place in a caesium discharge (46) since the ionization energy of
atomic caesium is 3.893 e.V. and that of the molecular caesium is
3.19 e.V. However associative ionization processes are dependent on
thepressure and the current flowing in the discharge. Thus the

efficiency of these processes is high in high current caesium discharge.

In low current discharge, however,(Townsend discharge) these excited
W



states can contribute to the breakdown mechanism by releasing
Secondary electrons from the cathode (either by the collision of

the excited atoms or by incidence of the emitted radiation) since in
iost cases any metal cathodes get contaminated with caesium and attain
& work function around 2 e.V.

A great deal of work has been carried out concerning the
breakdown mechanisms and characteristics of caesium vapour in the high
current discharge because of its important industrial applications and
how, due to the more recent development of gas discharge devices, a
detailed study of the breskdown charcteristics of caesium vapour at
low pressures is necessary in order to assist in obtaining a clear
Picture of the fundamental processes involved in the caesium vapour
discharge.

Due to the experimental difficulties created by the great
Chemical reactivity of caesium there has not been reported any work
On caesium vapour in the Townsend region apart from the paper published
by Bratescu (‘4§ on breakdown potentials in caesium vapour. The
TYesults and the technique of Bratescu will now be discussed in the

following section.

3.1.2 THE EXPERIMENT OF ERATESCU

The discharge tube was made of "'Rasotherm" glass of diameter
b9 em. The discharge tube was coated from the inside with a protective
Covering (Bestunmungen) which allowed the temperature to be taken
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above 300°C. A side-arm containing a caesium reservoir was attached
to the tube. This side-arm was maintained at lower temperature than
the tube while taking the measurements.
The electrodes were made of nickel sheets and had Rogowski profile
to reduce the field distortion. They were fastened on to the discharge
tube by a tungsten wire of diameter 1 mm., which also served as
electrical connection to the external circuit. The electrodes were
3.7 cm. in diameter and 2.6lcm., apart. A diagram of the discharge
tube is shown in fig. (1L).

The tube was heated at 450°C under vacuum for several hours. The
wtirnte, presaure.obtained after boking at the above temperature wos

Smm.Hg. TR -+ The pure caesium metal

of the ofder of. 10
was introduced into the discharge tube after several distillations under
Vacuum. After finishing the distillation, the tube was sealed and

rut into another tube, which was connected to the vacuum system during
the actual running of the discharge. The purpose of the second tube
vwas to prevent (when leaks develop) air penetrating into the discharge
tube. The main discharge tube was mounted into the outside tube by

the tungsten wires which held the electrodes. By heating the tube in
an electric oven (its specification was not mentioned in the paper)
various gas pressures of Cs vapour could be obtained. The pressure

was calculated from the expression (48)

log p = -A - B 10318 + C
10 m. Hg.) P
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where A = LoOW2, B= 1.k, C = 11.176
and T is the temperature of the side-arm in kelvin degrees.

The pressure p obtained from the above formula was within an
accuracy of 10%, and was reduced to the pressure P, &t 0%.
A potential of 1200 volts supplied by a bank of dry batteries was taken
through a potential divider and was applied across the discharge tube
through a resistance R (0 < R <5000 ?). The potential across the tube was
measured by a Chauvin-Arnoux voltmeter. The breakdown potential was
taken as that value of voltage at which the applied potential falls by
& small value, and the discharge light appeared. The breakdown
botential as a function of pod (po is the reduced vapour pressure and
d is the electrode separation) is shown in fig. (15). The minimum
Value of the breakdown potentials, Vmin in caesium vapour and those

of potaseium and sodium (48 ) are shown in table (3.1). l

Metal Cathode P d in Vo in(Volts)
Sodium Nickel 0.0L 355
Potassium Potaszium 0.33 229.5

! Caesium Nickel 0.2k 360.2

Comparing these values of vmin’ Bratescu concluded that the values of
breakdown potential (i.e. Paschen curve) obtained in caesium vapour
using nickel cathode would resemble those values if a caesium cathode

Were used. It is highly probable that the work function of his nickel
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cathode was nearly equal to that of a caesium cathode (49). However,

as it can be seen from table (3.1) that value Viin fOr caesium is

higher than those values of the other alkali metals, especially potassium,
despite the fact that caesium has got the lowest ionization potential

and work function. The reason for the high values of breakdown

potentials could be attributed firstly to the loss of photons and excited
atoms from the discharge volume since the ratio of the gap separation, d,
to electro'de diameter, Dﬂ = 0.7. In caesium discharge, photons and
excited atoms are expected to be active processes, in the breakdown
mechanism, and therefore a higher voltage is needed to subsidise for

the loss of these particles. Secondly the poor ultimate pressure obtained
in his experiment (155mm.Hg.) as well as the undegassed electrodes could
have been a source of impurities(of mainly oxygen and nitrogen) which
could easily change the breakdown mechanism of a metal like caesium.
Further discussion and comparison of Bratescu's results with those

obtained by the present author will be presented in chapter (6.1).

3.2. PREVIOUS WORK IN MERCURY.

3.2.1. INTRODUCTION

This part of chapter (3) contains a review of the
exierimental work relevant to the problem of evaluating and identifying

the secondary processes involved in the low pressure mercury discharge.
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The first investigation of any importance in a mercury gas discharge

was carried out by Llewellyn-Jones (50) and soon after by Grigorovici(51).
They limited their experiments to the measurements of sparking potential
in mercury vapour using bulk-metal electrodes. Their work showed that
Surface effects were important with bulk metal electrodes, either
because of amalgamation or condensation. A few years later,

Badareu and Bratescu (52) obtained values of a/p as a function of

E/p using iron electrodes. However their results were in doubt due to
the poor vacuum conditions under which the experiment was done

(residual gas pressure of lﬁhmm. Hg. ettained in the experimental

tube before distillation of the mercury).

It was not until recently that, in this laboratory, the mercury
discharge parameters (first and second Townsend ionization coefficients)
Were measured by Smith and Overton under clean consistent conditions.
The results obtained by Smith (53) demonstrated that a mercury pool can
Provide a clean reproducible surface of constant work function, suitable
for use as a cathode under the gas discharge conditions. Using the
Velues of o/p and of the sparking potentials, Smith (53) obtained
Curves of the second Townsend coefficient (w/a ) as a function of
E/PO, shown in fig. (16), for three electrode separations. The
three curves show the same general trends with high peaks (along the
w /a ~axis) at low values of E/Pof which was attributed to the action
of photons (produced by de-excitation of atoms in the resonance states
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3Pl and 1Pl) at the cathode. The increased loss of photons from the

discharge volume was given as an explanation of the displacement of

the curves along the w/ a- axis. Using a graphite cathode it was
found that the values of w/a were much lower than those obtained
for mercury cathode because of the higher work function of the graphite.

Later on, Overton (54) using similar techniques confirmed the
existence of such peaks in the curves of w/o at low values of
E/po shown in fig. (17). The appearance of these peaks was attributed
by Overton to the increase in the densities of resonance-photons and
metastable atoms. The peaks were observed in the region of E/Po of
200 V cm+ mm.HE}, vhere the excitation probabilities (5) to the four
P-states of mercury, are maximum. The present author has cbserved
similar peaks and also similar displacements of the curves along the

w/a  -axis iu webdwed which is accounted for as due to the loss of
the active particles as the rat;:*;;p separation (d) to the electrode
diameter (D), increases.

The increase of w/a , at higher values of E/po (greater
than 900 Vv ciﬂhm.ﬂé%);was attributed by Smith to the increase in the
emission of secondary electrons produced by the incidence of doubly
charged mercury ions (H§+) on the cathode surface. However, Kovar (55),
While determining the mobility of mercury ions in mercury vapour did not
detect Hg' although his range of E/po extended as far as 1500 V chr mm.ué}
The only fast ion detected was Hg; (with a mobility of approximastely

twice that of the atomic singly charged ion) which could not be
- €3 -
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detected above an E/p_ of about 100 V chir mm.HgT Taking an

advantage of Kovar's measurements, Overton assumed that the emission

of secondary electrons from the cathode in the range of E/po > 650V cﬁ%
mm.Hé}, is entirely due to the incidence of the singly charged positive
ions (Hg+) on the cathode and that they cause the emission of electrons
from the cathode by virtue of their potential energy.

In order to facilitate the interpretation of the curve

w/ a = £(T/p) and to find the relative importance of the secondary
Processes, Overton studied the temporal growth of ionization in mercury
vapour. His experiment and results will be discussed in the next
section.

3.2.2. THE WORK OF OVERTON.

A diagram of the apparatus is shown in fig. (18). The electrode !
System consisted of a mercury pool cathode and a glass anode. The
mercury forming the cathode was contained in a conical cup attached to
the base of the discharge chamber by an internal seal. A wall guard-ring
vas formed at the base of the chamber during the distillation process.
This electrode was connected to the cathode (though electrically separate)
Via the reservoir R. The reservoir R was surrounded by & heating coil
S0 that mercury could be distilled from the wall electrode to the
cathode, thus maintaining the required mercury level in the cathode.
The anode, 4 cm. in diameter, was surrounded by a glass guard-ring,

making the total diameter of the anode assembly 6 ecm. DBoth anode and
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guard-ring were ground smooth and coated with platinum to make them
electrically conducting. The anode assembly could be moved perpendicular
to the cathode by an electromagnetic device (coil CS, and the iron rod

Il shown in the figure (18)) and was prevented from sliding down by
exerting a sufficient fractional force between a brake, B, and the rod
Supporting the anode. This force was applied on the brake B by activating

the iron rod I2 by coil CS Ultra-violet radiation from a high pressure

x
lercury lamp was admitted through the quartz window. The apparatus was
baked for 24 hours at 450°C while being pumped by the vacuum system.
After sealing the experimental tube from the vacuum system pressure
betveen 15' and 158 mn.Hg. was obtained (by using the pressure measuring
ionization gauge) before mercury was finally distilled into it. 99.9%
Pure mercury was admitted into the system and it was twice distilled
under vacuum before being finally distilled into the experimental tube.
After finishing the distillation, the tube was disconnected from the
Vacuum system and placed in an electric oven so that vapour pressures
Could be achieved by regulating the temperature. The temperature was
Weasured by thermo-couples and a maximum difference of 1°C could be
detected between any two extreme points ( 1 metre) inside the oven.
Before measuring the formative time lag, Overton (54) measured the

L gna 158 amps ,

Townsend jonization coefficients. Using currents between 10
o /p° vas measured as a function of E/p .

For measuring the formative time lag, Overton used a pulse wuiimh
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Which consisted of the output voltage from a bank of dry batteries.

This pulse was applied across the tube by means of a mercury switch

Vhich had a rise time of a micro-second. The height of the pulse (or

the applied potenthl across the tube) was controlled by means of a
Potentiometer. The formative time lag was measured as the time for the
Current to grow from zero (i.e. from the moment of closing the

Mercury switch) to the value 156 amps, at which the current was found

Yo be self maintained. The time taken for the gap to break down, and

the magnitude of the current flowing, were measured by a Tektronix

Type sk oscilloscope, the probes of which were connected across the
Megohm resistance in the cathode circuit. The formative time lag was
Measured at small values of overvoltages at a particular value of E/po.
Measurements were carried out in the range of E/po from 170 to 500 V cﬁ}!mm.HE%
Formative time lags were found of the order of milliseconds. Fig.(19)

Shows the formative time lags as a function of the percentage of overvoltage

Ve ' ,
{k_~zg ) x 109:] at different values of E/po. A plot of the time lag
& N
8

8gaingt E/po for a given percentage of overvoltage, showed that at
Valueg of E/p° above 170 V.cm:mm.Hé}, the breakdown mechanisms were

be°°ming progressively faster. The time lag decreased from 50 milliseconds

8 an E/po of 170 V.ci}mm.HE}, to 12 milliseconds at an E/po of 400 V.cit

mm'HE}, this is shown in fig. (20.). Comparison of the two curves in

tig. ( 20 shows that the formative time lag was becoming faster when the
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Tixed electrodes separation was reduced only from 1.4 em. to 1.2 em.
Unfortunatexy, Overton did not take any more measurements at the last
€lectrode separation (1.2 cm.) to show the dependence of the time lags
On the electrodes separation. Such dependence is investigated by the
Present author and it is found that the formative time hg and thus
the breakdown processes depend to a great extent on the pressure and
°n the discharge gap geometry, as will be seen in chapter (6).

Using Davidson theory (chapter 2), Overton (54) analysed his
Tesults on the assumption that one or all of the following secondary
Processes,
(a) the action of delayed resonance radiation,
(b) collision~-induced~non-resonance radiation from metastable atoms,
(c) the destruction of metastable atoms at the cathode, were

active at the cathode together with,

(a) the action of positive ions.
As'“ming an upper limit of 2000 cir for the absorption coefficient of
the resonance radiation, and that the process of transfer of resonance
Tadiation through mercury vapour is e diffusion process, Overton
“@leulated the time lag when processes (&) and (d) were assumed to be
Bctive. Using Davidson's theory (2.2) the times calculated were found
%o be three orders of magnitude faster than the measured time lags.
The next case considered was that of the combined action of metastable

8toms (in the states 3p2) and of positive ions at the cathode. The time
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lags were calculated (using theory 2.2) for 0%, 20%, 50% and 80% positive
ion contribution to w /o . At an E/po of 250 V.cﬁ}mm.Hé}, metastable
8ction alone yielded time lags approximately 200 times greater than the
Measured ones, whereas for 80% positive ion action, Overton found the
Calculated time lag to be cnly three times too great. The present
8uthor analysed his own results in terms of Davidson's theory (2.2)
°n the assumption that the two processes considered above (metastable
8toms ang positive ions) are the only active secondaery processes at the
@thode. Again as in Overton's case, no combination of the two
Processes could fully account for the present observed growth of
i°nization (i.e. formative time lags). The present analysis is
Uiscussed later in chapter (6).

Overton performed his last analysis on the assumption that
My processes (b)(photons produced from the volume destruction of
Uetastable atoms) and (4) were active. Time lags were calculated
(using Davidson's theory 2.3) at four different values of overvoltages
&nd fop three different assumed life-times of the mercury metastable
Aoms. The assumed values of life-times were 5 x 159 sec., 163sec., and
5 x 15hsec. Only three curves of the observed time lags were analysed
% values of E/p, of 250, 358 and 391 v.cii}mm.ﬂéil

At an E/p of 250 V.ciim.Hg+, the time lag wes calculated
for 0%, 20% 50% end 80% positive ion contribution for the three assumed

llre~times. Fairly close agreement between the calculated and the
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Measured time lags was obtained, for 18%sec. life-time ( 12 and 80%
Positive ion contribution ( y) and for 5 x lﬁhsec. and 50% positive

ion contribution. The results are summarlsed in the following table.

Table (3.1)

h;
avy 0.46 0.67 0.85 1.0 Y% Tsec.
P ——
“‘,xp(m.sec.) 15.0 11.0 8.0 -0
caro(mesec.) | 12.0 | 10.0 | 8.0 6.5 | 80 153
c&lcsm-seC-) 12.0 900 7.5 6-0 50 leﬁh
alc(mesec.) | 6.0 5.0 4.0 3.0 80 5x10"

At E/po of 358 V.ciitmm.Hg~, Overton cerried out the calculation for 207,40%
5% ana 80y positive ion contribution in w /a - A good agreement

Vas foung between the calculated and the experimental time lags for 557
Positive jons contribution when the life-time of the metastable atoms

Va8 taken as 5 x 15hsec. , as can be seen from table 3.2.

o Table 3.2

v .
ot 0.49 0.77 | 1.13 | 1.5k
B L.hs2 | L.h6k | 4,488 | L.512

exp{m.sec.) | 7.25 4.96 3.40 2.40

cayq(mesgc.) | 6.0 L.97 3.84 3.0
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N

Y= 55%, w/a = 22x10, P, = 0.6 mm.Hg., d = 1.4 em.,

E/Po =358, 1= 5115hsec. A , as defined in Chapter 2.

At E/p° of 391 V.cor mm.Hg}, Overton performed his last calculation
°f the formative time lag for 20%, LO%, 607 and 80% positive ions
Contribution in w /o . The best fit between the measured and the

Calculated time lags, was foundfor GO positive ions contribution in

w /e as can be seen from the following table.

Table 3.3
\‘
A 7 . . . . h
. A V3 0.53 | 0.81 1.15 1.5
o 5.279] 5.298 5.320 5.345
texp,(lltl-siec-) 6.0 L.28 3.20 2.1
Yoale, (mesec.) 5.0 | 3.72| 3.01 2.38
A T76.4 A986.5 1260.3 1638.0
\\
YS 608, u/a = 208", p, = 0.63 m.Mg., d = 1.2 en., E/p, = 391.,
. leﬁhsec.

Alth°“8h & close agreement between the measured and the calculated

time lags was found at E/p, of 358 and 391 V.ch® mm.HgY, the calculated

bines gt E/p, of 250V.chir mm.HgL show a deviation from the measured

0, A y
Nes. The deviation is more pronounced at the smallest value of

percentaee of over voltage (0.46%), although the analysis was carried
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out for only a small range of AV%, between 0.46% and 1.0%, (the present
8uthor's measurements of time lags were analysed for a range of

AV7 between 0.2% and 2% and in some cases up to 4%). The deviation

is not surprising since at all the three values of E/po, the nearest
8greement was found for a lifetime of 5 x 15h sec. The average lifetime
°f metastable atom is goverred by the destruction processes (36) which
depend in most cases on the number of collisions per sec. the metastable
atom undergoes. It is expected, therefore, that the average lifetime of
Detastable atoms will be a function of pressure (see section 2.3).

The lifetime v, , would be expected to be smaller at E/po = 250 V.cﬁ%

1
m., pgTl (p, = 0.98 mn.Hg.,) than at E/p_ of 358 and 391 V.chy mm.Hgr

(Po is 0.6 and 0.63 mm.Hg., respectively). The dependence of the
Verage lifetime of metastable atoms on the pressure is investigated

by the present author and it will be discussed in Chapter (6). From

the pregent analysis (Chapter 6), it is found that a lifetime of
a‘PPPOJCimJB.t;e].y 50 u sec. would be expected at E/po = 250, vhich agrees
Vith the lifetime (46.8 predicted by Aubrecht (56), of 46.8 M sec.

a lifetime of approximately fxl(-)h sec., would be expected by the present
“Belysis at E/p_ of 358 and 391 V.ciiv mm.Hz:

3.3 conecrusIon.

As it can be seen from the previous review, apart from Bratescu's
measurement of breakdown potential, the electrical properties of

Qaesium’ in the Townsend region, have not been measured yet.
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In mercury however, values of the primary and secondary ionization
Coefficients have been established (Smith (53 and Overton (54)) and

have shown that the general behaviour of mercury vapour under controlled
diSCharge conditions is very similar to that of the rare gasses.
Overton's measurements of the formative time lag have shown that slow
Processes are involved in the mercury discharge. His analysis has shown
the importance of non-resonance radiation (produced by the volume
dGStruction of metastable atoms) as a secondary process at the values

of E/p_ mentioned above.

However, as it has been seen, further measurements of the
f°1‘m8.tive time lags afe needed to show its dependence on vapour pressure
&nd gap geometry as well as to confirm Overton's measurements. Analysis
of the formative time lag measurements ere also required in order to
identify and to assist the relative importance of the secondary

Processes involved in the mercury discharge at low values of E/Po.
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CHAPTER IV
EXPERIMENTAL APPARATUS

%1 _vacuum sysram.
A line diagram of the vacuum system used to process the mercury

®Xperimental tubes, is shown in fig (21). The system, apart from the rotary
PUp vas made of Pyrex glass. The asbestos board which separated the manifold
from the pumping system acted as a support for an electric furnace. This
8llowed the glass (manifold) to be baked and thus enabled a good ultimate
Vacuum to be obtained.

The pumping system consisted of a rotary pump in series with a two
Stage mercury diffusion pump, separated from the latter by a flask containing
Phosphorous pentoxide, included to protect the rotary pump from moisture.
The diffusion pump was connected to the manifold via two liquid air traps
"hich were connected in series. The purpose of the liquid air traps was to
ondenge any mercury on the high vacuum side and prevent it reaching the
Manifolq.

There were two greased taps Gl and G2, which vere greased with the
Winimy amount of "A piezon N" grease. The function of Gl was to isolate
the rotary pump from the rest of the system; that of G2 to let the rotary
P up to atmospheric pressure after isolation. No greased taps were
Mesent on the high vacuum side of the pumping system.

The manifold consisted of three distilletion tubes, Dy, D2, D3,
fonnecteq together in series through constrictions C, and C,. The constr-
ictiOh C3 separated the distillation tubes from the pumping system. The
Pigstaiy breaker B served to isolate the experimental tube T from the
distillation tubes. An Edwards ionization gauge ( 1 G3)

V88 mounteq between the experimental tube T, and the constriction Cge
When the constriction CS vas closed, the ion gauge served as a measuring

Snq Pumping device. An iron rod completely surrounded by glass was placed
- 3_.
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@t & in order that the breaker might be smashed when required.

The vacuum system was modified for use with the caesium experimental
tubes. A diagram of the apparatus is shown in fig(22). In this case the
Size of the distillation tubes was much smaller than in the previous case
(by about a factor of 100). The distillation tube D, was connected to a
8ide-arm, A, which was mounted underneath the asbestos board. The side-arm
Contained a caesium ampoule which was surrounded by a heater made of thin
tungsten wire. Electrical connection to the coil was made through two thick
tungSten—pyrex seals. The side-arm was baked at a lower temperature than
the rest of themanifold, because the ampoule was made of low melting-point

Blass,

4.2, THE CAESIUM EXPERIMENTAL TUBES

4%.2.1. INTRODUCTION.

Experimentally caesium (and generally the alkali metals) presents
e Unique set of problems. Appreciable vapour pressures of this metal can
- be 8chieved at temperature of a few hundred degrees centigrade. At these
high temperatures, the experimental difficulties are caused by two main
Problems,
(a) Intensive reduction of the oxide film of the glass~tungsten seals
(Vhiep provide the electrical connection to the electrodes) results either
in deVeloping leaks or cracking and thus a complete destruction of the
seals"ihe destruction process takes from one to several hours (in the
first tube the seals were destroyed in less than 24 hours at a temperature
°f 200%).
(b) The glass becomes electrically conducting so that measurements of the
TOWnSend ionization coefficents would become impossible (a leakage current

43 ~l5hA. vas flowiﬁg on applying 100V between the electrodes in the
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Pirst and second experimental tubes).

Three different tubes were built vith different designs before finally
the 1ire time of the tungsten-pyrex seals was nearly 20 days (under
ontinuous running at temperatures above 200°C with caesium inside the
Xperimental tubes) and the leakage current was cut down to better . than

lﬁ&A_

h~2.2. THE FIRST AND SECOND CAESIUM TUBES.

The two tubes were similar in the genemal design, fig3 ).
The main body of each tube was made of a 500 c.c. pyrex boiling flask. The
®lectroges vere made of nickel and had a Rogowski profile to reduce the field
distOrtion and were 5 cm. in diameter. They were polished with a fine
Stery paper and jeweller's rouge and washed by 30% diluted nitric acid and
then by a distilled water. The electrodes were joined to the central tubes
by tungsten-pyrex seals which served also as their electrical connections.
The Separation between the electrodes was 1.23 cm. and 1.18em. in the first
04 secong tube respectively. Parallelism between the electrodes was
¥ithin 3%. A graphite guard-ring was painted on the inside of each dis-
charze tube in order to intercept currents travelling along the walls.
connection to each ring was made by a nickel wire joined to a tungsten-
Brex seal in the wall of each tube. The only two differences in the
desisn of the tubes were in the qualities of the tungsten-pyrex seals and
in the width of the peinted rings. A diagram of the two seals used in
tubeg (1) and (2) are shown in fig(2L). In the case of seal (1), the glass
i around the tungsten rod was about 131.5mm. thick and was lcm. long.
T geqy (2) the thickness was 0.15+0.25mm. and it was 2.5cm. long. Experi-
Tentg with the first and the second tubes indicated that at a temperature

Sboye 200°C, the life time of seal (1) (and thus of the corresponding
= 75 =
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diSCharge tube) was less than 24 hours, while that of seal (2) was about
240 hours. The shortness of the 1ife of seal (1) was ceused by the
destruction of the entire seal due to the cracks which started at the end
°f the thick glass film. In the case of seal (2),however, because of the
thinress of the glass film, the cracks were localised and owing to the
Very slow entry of the caesium along the already reduced part of the seal,
the reduction process in the next part of the seal was very slow, {and
therefore'seal (2) lasted ten times longer than seal (3). Close inspection
°f tube (2) revealed that the seals were not destroyed completely as in
tube (1), but the air was starting penetrating inside the tube, probably
Qe to jeaks which developed through the slow reduction of the oxide layer
8 the other end of the seals.

In boty tubes, a high leakage current (circuit in fig(34)) of about lc—)hA-
V88 found to flow around the walls although the tracking (vall) guard-
*ing vag at the same potential as the anode and the width of the painted

Ting in tube (2) was five times bigger than in tube (1).

%2.3. THE THIRD CAESTUM TUBE.

As it has been seen, the seals used in the second caesium
tube, proved to be quite satisfactory as it lasted for a period long
®hough to take enough measurenents, on the other hand the leakage current
Vas tro lerge (aﬁlﬁhA). Such high leakage current disturbs the unifeorm
fiela in the discharge gap. Therefore, the third caesium experimental
tube was designed with the object of cutting down the leakage current
r1°"in8 around the walls, as well as extending the life-time of the
tungaten-pyrex seal (and eventually the life-time of the discharge tube).
A line diagram of the third caesium tube is shown in fig (25). The elect-

Todes were constructed and treated in the same way as in the first two
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taesium tubes and were 1.T45 cm. apart. The body of the discharge tube
Vas made of Tem. diameter Pyrex glass tube which had its wall blown out
around the discharge gap. The distance between the circumference of the
Clectrodes and the walls of the discharge tube was more than 3 cm. All
the tungsten-Pyrex sealsused in this tube were similar to those used in
the secona tube. To stop air penetrating into the tubes (through the
SVentual development of leaks or cracks) each electrical connection to

the inside of the tube electrodes was made through double (tungsten-Pyrex)
Seals in series with each other. The side-glass tube between the first
8nd second seal was pumped separately thra;g? a constriction and wide

bore tube which were connected straight to)mein pumping system.

The wa1j guard-ring was painted this time with a very thin layer of
Platinum of 3 cm. width. The liquid bright platinum (Johnson Matthey Ltd.)
Vag fired before the nickel electrodes were welded in the tube to prevent
80y attechment of the fumes from the liquid on the electrodes. In an
@tempt to reduce the leakage current, a side-arm (glass tube) R, was
8ttached to the main discharge tube to act as a caesium reservoir. This
TeServoir was kept at a lower temperature while taking the measurements.
A small qiameter (0.6em.) quartz tube was attached to the discharge tube

t?r°u8h a graded seal to facilitate irradiation of the cathode by Ultra-
Violet 1ight.

b, g FOURTH, FIFTH CAESIUM TUBES.

Observations made with the third tube proved that the double
S€als extended the life-time of the tube to approximately & month under
¢Ontinuous running at caesium pressure between 0.1 and O.5mm.Hg. which
Corresponds to temperatures between 207°% ana 253°C. However, a high

leakage current ( ~ 156) was still flowing around the inside walls, even
- TT =
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Vhen the temperature of the reservoir was 150°C lower than that of the
diSCharge tube.

The extension of the tracking path length (distance along the
inside walls) betwen the two electrodes (anode and cathode), was found
to be more effective in reducing the leakage current. Two different
techniques were employed in the fourth and fifth tubes for the extension
°f the tracking path length.
A line diagram of the fourth tube is shown in fig(26). The tracking
Path length was extended by corrugating the surface of the top of tube
Upwards and downwards. The corrugated part consisted of six Pyrex tubes
°f diemeters 0.8, 1.5, 2.5, 4, 5.5 and T cm., and were of medium size
Walls, These tubes were sealed to each other alternately at each end and
Were arranged to fit inside each other concentrically, so that their
¥alls would not touch each other. Each seal waé tested for leaks indivi-
dua'l-ly and they were annealed at a temperature of 520°C to get rid of any
strains which might have developed during the sealing processes. The
outside tube was joined to a 500 C.C. Pyrex flask. The electrodes were
Supported by central tubes which were sealed to the top and the bottom
of the discharge tube. Attachment of the electrodes to the central
tubes vere made through tungsten-Pyrex seals (of similar kind to thoge
Used in the second tube). The length of the tube from the top to the
bottom was 50 cm., and that of the corrugated part was 20 cm., which
nade g tracking path of about 150 em. Unfortunately., due to the large
height of the tube compared to that of the electric oven ( * 60 em.) it
Vas not possible to make double-seals for the electrical connections to

the two electrodes. o



The top of the fifth caesium tube
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The fifth caesium tube
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In the fifth tubes, however,the top part was made in a simpler way.
A Pyrex tube of diameter 1lTc.m., was sealed at one end and five tubes of
different small diemeters and each of length 20cm., were clamped inside
it concentrically. All the five tubes were then joined to the sealed top
Of the outside tube by internal seals. While these seals were hot the top
°f the central tube was blown out and another tube was joined to it. A
ph°t°graph of the top of the tube is shown in fig(27). The bottom of the
Outside tube had a small diameter tube joined by an internal seal in the
inside and another small tube from the outside, as shown in the photograph
&nd the line diagram im figs.(28) and (29).
The length of the whole tube was L4.5cm., and that of the attached tubes
8% the top was 20 cm., which constituted a tracking path length of about
230cm. Because of the shorter length of the tube ( compared to fourth
tube) all electrical connections to the electrodes were made through
d°‘ible-tungsten-Pyrex seals similar to those used in the third tube.
In boty tubes the wall guard-rings were made with a very thin layer of
Platinum, and were 1 cm. wide. Electricel connections to both guard-
Tings were made through the double seals. The electrodes used in these
two tubes were made from nickel, and were constructed and treated in the
aameiWay as in the first two tubes. The electrode separations were
0.566 cem., and 1.65 cm., in the fourth and fifth tubes respectively.
Pe'1‘&11031:'.3111 between any pair of electrodes was within 3% accuracy. A
Vide diameter (1.5cm.) quartz window was attached to each tube through
% 8raded seal for the irradiation of the cathode by Wtra-violet radiation.
Collimation of the radiation was achieved by an appropriately machined
eninder(of small diameter O.3cm.) made of Copper, mounted over each
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Quartz window.

Fach experimental caesium tube was connected to the distillation
System via a breaker and a length of narrowbore tubing which could be
tasily collapsed and sealed after the caesium had been distilled into
the tube. The main body of each discharge tube and the side-tubes
(Which contained the double seals) were joined to the pumping system
Via & wide bore tube which had constrictions.

4.3. THR MERCURY EXPERIMENTAL TUBES.

4.3.1. THE FPIRST MERCURY TUBE.

A line diagram of the tube is shown in fig(30). The tube
Vas mede of a rounded flask with a flat bottom. The electrode system
Consisted of a mercury pool cathode and a stainless steel anode, which
haq o Rogowski profile. The neck of the flask, unfortunately limited
the anoge dimmeter to 4 cm. The anode was ground smooth using success=-
ively finer grades of emery paper, then polished by using a mixture of
Jeweller's rouge and Brasso. It was finally washed by tetrachloroethylene
and distilled water successively. The anode was supported at the centre
°f the tube by a small diameter (1 cm.) glass tube sealed to a tungsten
Tod which was spot welded to the anode. The glass tube was fixed in
Position by means of an internal seal at the top of the neck of the tube.
Care was taken to ensure approximate parallelism between the anode and
the gt bottom of the tube, while sealing the anode to the central tube.
A fine nickel wire was attached to the tungsten rod (which was svot
Velded to the anode) and to a tungsten seal in the walls of the tube to
Provide the electrical connection to the anode. Connection to the
Bercury pool was provided through a tungsten-Pyrex seal in the base of

the tube. - 80



A graphite ring was painted on the inside of the discharge chamber in order
to intercept currents flowing along tﬁe walls of the tube. Electrical
Connection to the ring was made by a nickel wire joined to a tungsten seal
in the wall of the tube. A quartz window was joined to the tube through

& graded seal and positioned at such an angle that Ultra-violet radiation
transmitted through it would strike the cathode at almost grazing incidence
and provide an efficient source of photo-electrons. The quartz window had
& dirmeter of about 0.3 cm. The distance between the periphery of the
8node and the walls of the tube was approximately 3cm., which was approx-
im&tely five times bigger than the electrode separation.

The tube was connected to the distillation apparatus via a breaker and a
length of a narrow bore tube (Ch) which could easily be collapsed after

the mercury had been distilled into the tube. A tube of wider bore
Containing a constriction (06) served as a pumping arm. The experimental
tube could be removed from the manifold after sealing the constrictions.

A thermo—couple was strapped to the outer wall of the base of the discharge
Chamber so that the temperature of the mercury pool could be determined.

4.3.2, THE SECOND MERCURY TUBE.

Preliminary measurements show that at an E/po <250 V.cﬁ} mm.HE},
the formative time lag was not dependent only on the gep geometry (i.e.
Tatio of the electrodes diameter D to the electrode separation, d) but
also on the pressure. Therefore, in the design of the second mercury tube,
Clectrodes of large diameters with small variasble separation distances
Vere used. This design enabled the formative time lag to be measured for
hiBher ratios of D/d and for a wide range of pressures. A photograph of

the tube, during mercury distillation, is shown in fig( 31, and a line
= 81 «



Photograph of the second mercury tube
Fig. 31
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diagram of the same tube is shown in fig (32). The main body of the
diBCh&rge tube was made of pyrex flask of diaemeter 1Tem. The neck of the
flask was made of pyrex tube of diameter 11.8ecm. The electrode system
Consisted of a mercury pool cathode and of anode disk and guard-ring. The
diameter of the anode was 8.Tcm., and that of the anode and guard-ring,

0. 5em, wide ,taken together, was 1lOcm. Both electrodes were made of
antimagnetic stainless steel (grade ENS8E), and were ground smooth and
Polished by Beck and Moss Ltd. (Faraday Works, Hanley, Stoke-on-Trent,
England). The maximum deviation from flatness at any region on the

Surface of the electrodes was not greater than 0.005cm. The anode and
8Uard~ring were each supported by four glass branches coming out from a
Central tube, D. Each electrode was attached to these branches in the
r°110wing way. Four blind holes were drilled at equal intervals round

the back surfaces of the electrodes. Into each of these eight holes vwas
SCreweq o piece of stainless steel studding which had been welded at the
top to a tungsten rod. The electrodes were adjusted symmetrically on a
flat, surface, then all the tungsten rods were sealed into the glass
br&nches of the central tube. In order to prevent the electrodes being
Strained during this process every two tungsten rods that were diameter-
leayyy opposite were sealed at the same time. After the eight seals had
been completed they were all annealed together. During the sealing
pr°°¢88, the electrodes were covered with asbestos to prevent them being
oxidised by over-heating. The anode assembly was held in the central plane
by Passing the central tube, D, through two close-fitting tubes A and C.
The Close-fitting tube C was held in position by joining its widened end to
& tube E which was joined at its other end to the other close-fitting tube
A, Due to the small diameter of the central tube, D, it was joined at its

top to another bigger diameter tube which Just fitted inside the close-
- 82 -



fitting tube, A. The close-fitting tube, A, was connected to the top of
the main body of the discharge tube by an internal seal. Tube A was
Videned at its other end and joined to a large diameter tube, B, which had
half of its upper top sloped and serrated. The central tube, and thus the
@node assembly, was held in the vertical position by joining the central
tube at right angles to a glass rod, F, which rested on one of the notches.
Joined to the glass rod was a metal rod enclosed in a glass tube, G, so
that g magnet could be used to select different notches to hold the glass
¥od, F, and thus the height of the anode assembly above the mercury pool
could be altered.

The mercury forming the cathode was contained in a flat bottomed cup
oh diameter llcm. A flat surface was necessary so that the mercury cathode
to be formed could have the largest possible surface area with the minimum
qmount, of distilled mercury. The cup was attached to the base of the
disCharge tube by an internal seal. A wall guard-ring was formed at the
bage of the discharge tube during the distillation process. This electrode
(va1y guard-ring) was connected to the cathode (though electrically
BePar&te) via the reservoir, R. This was surrounded by a heating coil so
that mercury could be distilled from the wall electrode to the cathode
thug maintaining the required cathode level. This method of maintaining
the correct amount of mercury in the cathode was simple and convenient as
28 Mechanical disturbance of the tube was required and the level could be
Testored without ruoving the electric furnace.

A small diameter (0.3cm.) quartz window was attached to the discharge
“hamber gt guch angle that irradiation of the centre of the cathode could

b - . .
¢ &chieved at grazing incidence by Ultra-violet radiation.



Electrical contacts to the electrodes were made by tungsten seals and
tickel tape. Observatioms of the electrode separation were made through
two plain glass windows, which were built at right angles to each other.
The tube was connected to the vacuum system in the same way as in the
first experiment.

Y.\, THE ELECTRIC OVEN.

The electric oven used in these studies is the one used by Smith (53)
8nd Overton (54). It was an air oven, which consisted of two enclusures,
One inside the other. The inner enclosure consisted of a cube of side
2'-3" and wes constructed from 3" thick steel plate. The outer container
Vas a cube of side 4' made from hard asbestos and lined on its outer faces
With polished aluminium sheet to reduce heat losses. The amount of air
Space between the inner faces of the outer box and outer faces of the
inner box was about 6" all around. Three heating elements were moated
°n each of the inner faces of the outer box. These elecments were mounted
%bliquely across each face to assist the even distribution of heat. These
heaterg were connected to the mains through 8A Variac transformers gauged
together so that they could be operated simultaneously. The transformers
€habled the temperature of the oven to be adjusted to any desired value up
%0 & maximum of 300°C. Four calibrated copper-constanton thermo-couples
Vere useg to test the oven for temperature gradients. These were mounted
8 different parts and at different heights inside the imner box. The
aximam difference in temperature that could be detected between the
®tremes of the oven was 2°C. This meant that the variation in temperature

N the centre, in the region of the experimental tube, was about 0.2%.
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Illumination, inspection of the inter-electrodes separation, and irradi-
8tion of the cathode by Ultra-violet, were made through windows 2" in
diameter which were drilled in the centré of each lateral faggtof each
Container. Leads to the thermo-couples and to various electriéal conn-
€ctions to the experimental tubes were taken out through the base of the
Oven through glass tubes and attached to coaxial sockets on a panel fixed
Yo the main frame. In the case of the anode and cathode leads, the glass
tubin& was encased in copper conduit piping and fixed rigidly in position.
This reduced vibration and the production of small charges by friction.
The inner steel box and the copper pipes were earthed, and thus provided
8 efficient electrostatic screen. In this way measurement of currents of
the order of lallA were possible.

In the case of the third caesium experimental tube, a small oven was
8ttached to the big oven through its base to regulate the temperature of
the side-arm which contained the caesium reservoir. This small oven con=-
Sisteq of copper pipe of bigger inner diameter thanthe outer diameter of
the gide-arm tube. The lower end of the pipe was closed and the other

Was gerewed to the base of the big oven.

A heater wire was wrapped regularly around the outer surface of the copper
Pipe, which ensured even heat distribution around the side-arm. The
heater was electrically isolated from the copper tube by thin sheets of
BWee  ang was driven by a stabilized power supply of 2.5 KW output. The
temPerature of the reservoir was measured by a thermo-couple strapped to the

Valls of the side-ayrm.

b.s THE VOLTAGE SOURCE.

The D.C. voltages were obtained from a bank of dry cells connected
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in series through a chain of 500 kr resistors. These resistors were wired
to a double bank selector switch, S, (fig. 33}, enabling various voltages
to be tapped. A 250 k@ wire-wound potentiometer, R, was connected across
the output of the switch. The centre terminal of this pofentiometer was
Used as the high tension output, enabling the voltage to be varied by less
than 0,1y,

The output voltage was measured by applying it acroes & chain of
Calibrated resistances, each of the order of a megohm. This chain was
Vired in series wvith a calibrated wire-wound 15 kQ resistor, Rl’ and the
Voltage drop across this resistor measured with a potentiometer. The
Mltiplication of this voltage by the appropriate factor gave the value
Of the output voltage. The apparatus described above was used in the
Measurement of breakdown ptoentials, first ionization coefficents and
r°rmatiVe time-lags. The techniques used in obtaining these measurements

¥i11 be described in the following chapter.
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CHAPTER V

FXPERIMENTAL PROCEDURE

5.1 VACUUM TECHNIQUES.

All grease and dust particles were removed from glassware before it
Was assembled by washing it thproughly, first in 30% diluted nitric acid
&nd then in distilled water. After the assembly, the system was evacuated

3 mm.Hg. by means of the rotary backing pump, and was

to a pressure of 10
tested for leaks by using a "Tesvac” high frequency leak detector.
Once it was established that the system was free of leaks large enough to
be detected by this method, the mercury pump was switched on, and liquid
Nitrogen was added to the liquid air traps to condense any mercury vapour
&nd thus prevent it from reaching the manifold.
The Bayard-Alpert gauge was outgassed in two stages, firstly the filament
alone by resistive heating and then the grid and the collector together
Were outgassed by electron bombardment from the filament. The maximum
Currents used in the two stages were those values quoted in the manufac-
ture catalogue. The manifold was then covered with a large electric oven
and baked at 450°C for about one day with continuous pumping. In the
Caesium vacuum system the side-arm was baked alone at 250°C by an electric
"Iaotape" heater. The pressure at this stage was about 8 x 157 mm.Hg .
Byarogen from & cylinder was then introduced into the system through a
Tubber tube between the cylinder gauge head and tap (G2). A glow discharge
Vas initiated by applying 700 D.C. V. between the electrodes of the
®Xperimental tubes. The current passing between the electrodes was
linited to a value of 153A., by using a varisble resistor (of about
1 Megohm) in series with the cathode. After passing the discharge for a
Periog of half-hour, the polarity of the electrodes was reversed, and the
w Bl .



discharge was passed again for nearly the same period. This was done in
an attempt to remove any oxidized surfaces on the electrpdes, by bombard-
ing them with hydrogen positive ions. In the mercury tﬁb;s, only the
8node system was bombarded by passing the discharge between the anode
System and one of the tungsten-Pyrex seals at the bottom of the tubes.
The system was then pumped down (after closing tap (G2) and the electrodes
of the experimental tubes were then outgassed by means of an eddy current
heater, Unfortunately, the output power of the heater was not sufficient
%o raise the temperature of the electrodes to a red heat. In case of the
Caesium tubes, extra care was taken to protect the tungsten-Pyrex seals
from destruction by excessive heating. After the electrodes had been
°“t8&ssed, the Bayrad-Alpert gauge was again treated as previously
described and the manifold was then immediately baked at 450°C for 20
hours, While the system was being baked, the liquid air trap (nearest

%0 the manifold) wes taken awey and the trap (as well as the glass tube
°°nnecting it to the manifold) was baked at a temperature of 250°C for

4 hours, by the use of electric "Isotape" heater. This was done to get
*id of any condensed mercury in this trap and to make sure that the whole
Manifold was baked up to the glass tube separating the two traps. After
rinishing outgassing this part of the vacuum system, the trap was refilled
With liquid nitrogen. The temperature of the electric oven was then
lovered to 100°%C and the Bayard-Alpert gauge was outgassed again and the
"anifold was then rebvaked (at 450°C) for another two days. At all times,
it Was made sure that sufficient liquid nitrogen was present in the cold
“raps, An ultimate pressure of approximately 5.158 mn.Hg. was obtained
in ayy experimental tubes.

The Sxperimental tubes were then isolated from the pumping system by
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Collapsing the constriction C_ . Because of the considerable amount of

5

888 released from the glass while being heated, each constriction was
Collapsed-in extremely slowly in arder to allow- suffident time for the
Pump to remove this gas. Constrictions C7, C8 and 09 which were leading
to the side tubes (containing the double seals) of the case of the third,
fourth and fifth caesium experimental tubes, were then sealed in the

Same way as constriction C The Bayard-Alpert gauge was used to test

5°
the experimental tubes alone for leaks. The constriction 05 (and CT’ Cq
Cg in the case of the caesium tubes) was replaced if any leaks were found.
After it was indicated that the tubes were leak-free, the gauge was then
Used to pump the experimental tubes for about e week (and for three weeks
in the case of the second mercury experimental tube#) during the distill-
8tion processes. An ultimate pressure better than 158 mm.Hg. was obtain

®d in all experimental tubes.

5.2 DISTILLATION OF THE MERCURY.

Distillation of the mercury was carried out while the distillation
tubes vere being pumped continuously with the pumping system. The mercury
Used in the experiments had a purity of not less than 99.8%. It was intro-
duced into the first distillation tube by breaking the fine tip of the
tapillary tube underneath the mercury surface and drawing the liquid mercury
into the tube under the action of the vacuum. The purpose of the capillary
tubins was to reduce the speed and violence of the entry of the mercury
into the distillation tube and so to prevent the apparatus from shatteriﬁg.
Mter gufficient mercury had been admitted, the capillary tube was soft-
®hed ang sealed. Distillation to the second tube was achieved by means
°F electric "Isotape" heater surrounding the first distillation tube. The

Clectric tape was driven by a Variac transformer which enabled the
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selection of a convenient slow distillation rate. After about two-thirds
of the mercury had been disti;;ed, constriction C, was closed.

D“ring the distillation procggé, the mercury was thoroughly outgassed, and
& large amount of air liberatéd‘was probably adsorbed on to the surface of
the glass. Therefore, before proceeding with the second distillation, the
Tegion of the manifold between constriction Cl and C3 was baked at high
temperature (450°C) by using the electric "Isotape" heater, and then the
Second distillation into the third tube was carried out in the same way as
in the first distillation. After two thirds of the mercury had been dis-
tilled into the third tube, the constriction C, was closed.

Again the part of the manifold between the third distillation tube and
Constriction 03 was baked at 450°C. The constriction C3 was then slowly
Closed thus isolating the twice distilled mercury from the pumps. The
n"V‘l‘d-Alpert gauge was removed from the experimental tube by slowly
Collapsing constriction Cg and the pig's tail breakdr B was then smashed
by means of the glass encased iron rod. The final distillation of the
Wercury into the experimental tubes was completed in the same way as in
the previous aistillations. After enough mercury had been distilled, the
®Xperimental tubes were then removed from the manifold by sealing the
Constriction Cy,

The distillation tubes were made progressively smaller so that the volume
bove the mercury surface in the third tube was small compared to the
Volume of the experimental tubes. The volumes differed by a large

factor ( 300), so that any residual air pressure of 5 x 10! mm.Hg. in

the fina) aistillation tube would not then increase the residual pressure
in the experimental tubes by an appreciable amount.

The experimental tubes were mounted on a tripod table in the inner enclos=-
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ure of the oven in such a way that the electrodes and the quartz windows
tould be seen through the windows of the enclosures. After the electrical
Connections had been made, the electfodes were checked for parallelism by
Beasuring the electrode separation at two positions at right angles, by
Weans of a cathetometer. Parallelism was obtained by tilting the mercury
cathode surface in the desired direction by adjusting the appropriate
Supports of the tripod. The oven was switched on and the Variacs were
then set to give the required operating temperature.

5.83 DISTILLATION OF THE CAESIUM.

After the isolation of the experimental tubes by sealing the
Constriction CS’ the distillation tubes were still continuously pumped
thr°ugh the constriction C3. Before the distillation of the caesium the
tungsten coil heater (surrounding the caesium ampoule) was outgessed by
Tesistive heating. While outgassing the coil, the distillation apparatus
Vas baked at high temperature (450°C) by the electric "Isotape”. The
c@esium ampoule was then broken by flashing high current through the
tungsten coil. The distillation was carried out in the same waélior the
Mercury, The volume of the distillation tubes were much smaller than those
Used for mercury, each distillation tube was about 5 cm. long and 1 cm.
danetey, Only about 2 grams of the original 5 grams in the
Caesium ampoule were finally distilled into each experimental tube. The
Caesiun ampoule was supplied by Koch Light Laboratories Ltd. A caesium
Purity of 99.98% was claimed. After finishing the distillation, the
SXperimental tubes were disconnected from the manifold by sealing
fonstriction C)s and were mounted inside the oven so that the electrodes
&nd the quartz windows could be seen through the windows of the oven
®closures. The oven was then switched on and the variacs were set up to
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give the required temperatures.

584 MEASUREMENTS OF THE BREAKDOWN POTENTIALS.

The circuit used in the determination of the breakdown potential

is shown in fig(34). The resistances Rl’ R2 and R3 were included to limit

the currents flowing in the cathode, the wall guard-ring and the electro-
Static guard-ring circuits respectively. The resistance R3 (10 MR ) was
includea only in the second experimental tube, since no electrostatic

8uard-rings were included in other tubes. The resistance Rl and R2 had

different values in the case of the mercury and caesium experiments. In

lercury experiments Rl and R2 were each of the order of 10 MQ , while in

, ves fo MQ and R2 was 1 M@ .« This was done in an

8ttempt to draw most of the leakage current (in the caesium experiments)

Caesium experiments R

thr°“8h the wall electrode. It was hoped that the leakage currents flowing
in the wa1l guard-ring would not distort the field between the electrodes.
This was ensured in the design of the tubes by keeping the walls of the
disch&rge tubes as far as possible from the electrodes.

The technique used to determine the breakdown potential of a given
88D was to increase the applied potential (at the critical stages) in steps
Of about 0.5V and applying it across the gap by closing the tapping key, S,
Tor about 10 seconds. The breakdown potential was taken as the potential
Just sufficient to maintain the discharge without the external radiation.
The Currents flowing under these conditions were observed to be of the

6A in the caesium experiments and @15 x 167A in the

Order of 3 x 10
mereury experiments. The currents were measured by a Cambridge spot
ga‘J-"Ol'u'.\me‘t:e.r, which had a maximum sensitivity of 158A per scale division.

Paschen curves were obtained by varying the vapour pressure inside the
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tubes, which was achieved by varying the temperature inside the oven.
The temperature of the vapour, taken as that of the cathode, was determ-
ined by the calibrated thermo-couple strapped to the walls of the tube
a8djacent to the cathode. No measurements were taken until identical
readings between this thermo-couple and the others measuring the air
temperature of the enclosure of the oven were observed. This condition
eant that there was no temperature gradient between the inside and the
Outside of the experimental tubes. This condition was confirmed by
identical breakdown potentials measured half an hour apart. When it was
Certain that the temperature measured was that of the vapour, the
electrode separation was meesured with a cathetometer and the breakdown
Potential taken. The pressure, reduced to the vapour pressure at 0°C,
Was then determined from a graph of pressure and thermal e.m.f. vhich was
Plotted from two graphs of pressure against temperature (58, 57 21 of
thermal e.m.f. against temperature (60). The measurement of breakdown
Potentials was facilitated by the irradiation of the cathode by Ultra-
Vialet radiation from a high pressure mercury lamp. Smith (53) had

fo

demonstrated the suitability of such a lamp ¥ these experiments.,

5.5. MEASUREMENT OF THE FIRST IONIZATION COEFFICIENTS.

The circuit used in the determination of the first ionization
Coefficients is shown in fig (35). In the mercury experiments the resist-
il .

3 éwas 1M
Bec&use the electrodes were at a fixed electrode separation, in most of

&nce R, and R, vere each 13° @ , while in caesium experiments R

the tubes, only the values of the coefficient n (= a/,, ) were obtained
E
by Plotting logi as a function of the applied voltage for different values

of E/po.
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The technique of measuring the gas (gap) currents was the same in all
Caesium and mercury experiments. The temperature of the oven was regula-
ted to give a convenient vapour pressure inside the experimental tubes.
When an agreement between the readings of the thermo-couple strapped to
the tube and those measuring the air temperature was reached, the vapour
Pressure and the electrode separation were then determined in the same
W&y as described in the last section. The electrode separation, d, and
the reduced pressure b, were then used to calculate the voltages required
to give the chosen values of E/po. Each calculated value of voltage was
then applied across the tube, by setting the potentiometer to the required
Value and increasing the voltage until no deflection was observed on the
8alvanometer of the instrument. After measuring the corresponding currents,
the temperature of the oven was then regulated to give a different vapour
Pressure and the above process was repeated. Due to the appreciable leak-
8ge currents flowing on the walls of the tubes (especially in the case of
the caesium experiments) the gas current was taken as the difference
Yetwreen the measured currents with and without Ultra-violet radiation.

The current was measured by a Keithly microammeter (type 610) in the
Bercury experiments and by e Keithly picoammeter (typeli09) in the caes-

lwn experiments.

56 THE TECHNIQUE OF MEASUREMENT OF FORMATIVE TIME-LAGS.

Formative time lags are measured by applying a step voltage
8cross the discharge gap. The rise time of the step must be short in
“Omparison with the time-lag to be measured. This requirement is less
diffiCUlt to meet for mercury than for some other gases, such as hydrogen,

Yhere the time-lags are much shorter, of the order of microseconds. The
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Circuit for the measurement of the formative time lag
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formative time-lag for mercury is of the order of 10m.sec. at 0.25 per

Cent overvoltage, therefore a step voltage with a rise éime of a few micro-
Seconds will fulfil this requirement for mercury. The other requirements
for this step voltage are that, it must last for a longer period than the
time interval needed for the gap to breakdown and must be continuously and
finely variable up to about 600V. These requirements are fulfilled by the
Circuit shown in fig (36) which has been used in the present measurements
of the formative time-lags in mercury vapour. The step voltage consisted
of the output voltage from a bank of dry batteries. The step voltage was
&Pplied by means of a liquid mercury switch, M.S., which had a rise time
of a micro-second, and it also enabled the voltage applied across the gap
to be mustained for any required period so long as MS was closed. The
time taken for the gap to breakdown (the formative time-lag) and the
Magnitude of the current flowing were measured by a Tektronix Type 545A
®8cilloscope, the probes of which were connected across the resistance, R, >
in the cathode circuit. The voltage drop across the resistance was used
to trigger the time base of the oscilloscope. Quickly changing currents
less than 156A could easily be observed by this method. The time cons-
tant of the whole circuit waé less than 5 micro-seconds. After the press-
Ure and electrode separation had been measured, the onset of breakdown
(self-sustained current) was observed with a micro-ammeter and the
°3cilloscope. The values obtained by these two methods were identical,

804 for later measurements the oscilloscope only was used. The magni-

tuge (height) of the step voltage (equal to the breakdown potential plus
Tequireq percentage of this amount) was measured by the potentiometer
Yefare the mercury switch was closed. The time taken for the gap to

break down after closing the switch was measured by the oscilloscope.
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Variation of the time-lags with the period between the
discharge at Eﬁ/po = 160Vem=lmm.Hg™! and AV = 1.5%

Time/cm = l.m.sec
Volts/em = 10volts

1. After 1 sec from the previous discharge

2. After 3 sec from the previous discharge
3. After T sec from the previous discharge
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ey udls

Some of these measurements were obtained by photographing the oscilloscope
trace,

At voltages near the breakdown potential of the gap, the formative
time—lag becomes sensitive to small voltage changes. An increase in the
Overvoltage from 0.05% to 0.5% might lead to over 50% reduction in the
Tormative time-lag from its original value at 0.05%. At LOOV.this
ch&nge in percent overvoltage corresponds to a voltage change of 1.8V.

Since at these small overvoltages, very stable high voltage supply and

”hish accuracy #bltage measurements are needed, no measurements of the

'time-lag were taken below 0.1% overvoltage. In the present measurements,

this percentage of overvoltage (0.1l) corresponded to over 0.3V. Formative
time-lags are usually plotted as a function of over-voltage at a constant
ES/PO (where Eé = Vs, Vs is the breakdown potential and d is the electrode
Separation, and P, gs the reduced pressure). The maximum overvoltage was
limited to less than 4%, so that EB/po could be taken as sensibly constant.
H°Wevep in the analysis of the results, using Davidson's theory, no calcul-
8ion of the time-lags were performed above 2% overvoltage, sirce the
Beneralized secondary ionization coefficient ( w/a ) is assumed to be
Constant at each Es/po‘

In order to improve the accuracy of the reading of the length of the
°8°illoac0pe trace, the average of several readings at each value of
°V°rvoltage was taken. However it was noticed that the interval between
Successive measurements at the same percentage of overvoltage, can some-
times effect the formative time-lag. If the interval was too short the
r°1'm8.tive time-lag used to reduce from 2 m.sec. to 1 m.sec. as shown in
the oscilloscope trace shown in fig (37). This reduction in the time-lag

fould be produced by two effects.

at X
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(a) If the charged particles from the discharge could reach the tube walls
and remain there for¢ some time after the discharge had ceased.

(b) Some of the active particles (atoms excited in metastable states

from previous discharge might still be present in the discharpe gap.
Accumulation of charged particles on the inside walls of the discharge tube
Can W distort the electric field between the electrodes, and therefore the
time-lags. However, since the walls of tubes were connected to the anode
and vere kept away from the discharge resion, it is likely then that it was
the presence of the active particles which caused this reduction. It was
found that consistent formative time-lag measurements were obtained when at
least 5 seconds intervael was allowed between each discharge.

The method adopted (with both of the two experimental tubes) was to
Measure a set of five successive time-lags for a given overvoltage with a
Standard interval of ten seconds between each discharge. The applied voltage,
€qual to the breakdown potential plus the required overvoltage was measured
before and after each set of time-lags. The breakdown potential was
Deasured after every set of time-lag measurements, since a small
Variation in the breakdown potential could result in a large error in the
Overvoltage setting and thus in the time-lags as well. In the first experimente
tube formative time-lags measurements at different Es/po, were obtained by
Varying the vapour pressure. In the second experimental tube, however, this
w§8 achieved by varying the pressure and the electrode separation,

; Statistical time-lags was eliminated (or reduced to very shért times) by
irradiation of the cathode by Ultra-Violet from a high pressure mercury lamp

11 12A were

(Smith). Photo-electric currents of 5 x 10 -A and 2.5 x 10~
Obtained in the first and second experimental tubes respectively. These
Photo-electric currents corresponded to statistical time-lags of the order of
3.2 x 10 %ec and 6.4 x lo-esec, vhich are negligible compared to the



Measured time-lags (>lm.sec.). The results of these measurements together
With those on the breakdown potential and first ionization coefficients in
Caesium and mercury will be presented and discussed in the following

Chapter,
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CHAPTER VI

DISCUSSION OF THE RESULTS

6.1, CAESTUM RESULTS.

6.1.1., INTRODUCTION.

The first three experimental tubes are interesting only in
80 much as they provided information which resulted in the improvement in
€Xperimental technique and in the design of subsequent experimental tubes.
The useful results were only obtained from the fourth and fifth experimen-
tal tupes.
These experiments were concerned with obtaining accurate breakdown poten-
tial measurements in caesium vapour. Preliminary values of the Townsend
Tirst jonization coefficient were also obtained from both tubes. These
Tesults will now be presented and discussed together with the results of
the breakdown potentials obtained by Bratescu (section 3.1).

6.1.2. THE BREAKDOWH POTENTIALS.

Measurements of the breakdown potentials as a function of
the product pod were taken during the rise and fall of temperature. In
Order to obtain more accurate results measurements were subsequently taken
Ouly after the thermo-couple on the tube gave the same thermal e.m.f. as
those in the surrounding air. The results obtained in this way with the
fourth ana fifth experimental tubes are shown in fig (38 ). Unfortunately,
N0 measurements could be obtained at high values of pd. It is found from
the first three experimental tubes, that caesium vapour attacks the quartz
¥indows at high temperature ( ~270°C) and forms a brown layer on the
insige walls (presumably an oxide layer) and thus stops the function of the

Wartz windows. Due to the limited life-time of fourth tube, it was not
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Possible to obtain any measurements at low values of pd. The leakage
Currents were neéily'of the same order of magnithde as the gap current.

It can be seen from the two ;ﬁgéés in fig( 38 ) that for any given value

of P,d over the range plotted the breakdown potential is lower for smaller
€lectrode separations. The breakdown potentials obtained from the fourth
€Xperimental tube are about 20V lower than the breakdown potential obtained
from the fifth tube. The vacuum and caesium distillation techniques were
Similar and the same ultimate pressure, of better than lﬁamm.Hg.)was
Obtained in both of the experimental tubes before distillation. The
higher voltages , in the case of the fifth experimental tubes, could not
be que to any differences in these techniques. McCallum and Klatzow( 61 ),
w°rking in argon and neon, demonstrated that the breakdown potential
dePended on the ratio D/d, (D, electrode diameter and d electrode separat-
ion) and to some extent on the distance between the walls of the tube and
the electrodes. The effect was investigated by measuring photo-electric
CUrrents between the electrodes. The variation of breakdown potential
Vith D : q was explained by the investigators as being caused by the loss
°f electrons by diffusion from the discharge region. The loss would be
8reater for an apparatus of which the ratio D/d is smell than for one in
Vhich the ratio is large, and consequently it would be expected that the
bre&kdcwn potential would be greater in the former apparatus although the
Value of pd is the same.

Dependance of the breakdown potential on the ratio D/d would be expected
8180 when metasteble atoms and photons (29) are important in the break-
down mechanism. A loss of these active particles from a discharge volume

for which D/d is small, can only be compensated by an increase in the
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8pplied potential for the breakdown'fo occur. If it is assumed that the
Nickel electrodes, used in the present investigation,wgﬁtained the work
function of caesium (=1.9eV) (L49), the most important photons which are
likely to contribute in the caesium breakdown mechanism are those omitted
in the transition (fig(13)) 62"},,10 8295'53f energy:fwev. However,
Since the excitation function of caesium excited states are not available
in the literature, it ic difficult to estimate the importance of the above
transition or any other transitions in a caesium discharge.

Comparison of the present results of breakdown potential with those
Obtained by Bratescu given in fig (15 ), shows that breakdewn potentials
°btained from the fourth tube are much lower than those obtained ty
Br&tescu over the whole range of pod. The difference in the breakdown
Potential varies from 53V at pod of 0.23mm.Hg.cm. to 65V pod of 0.8 mm.Hg.
®M. Such a big difference can be referred to many factors. The ratio of
D/a can be one of the factors for such high breakdown potentials in
Br&tescu's case, since a value of D/d of 1.4l was used in his apparatus
COmpared to D/A of 8.83 which was used in the fourth tube. In his paper,
Bratescu reported that the ultimate pressure in his apparatus was that

8imilar to the one reported in one of his previous papers (L48) of 18°

mm.Hg.
Such high pressure can markedly change the breakdown characteristics
thr°u8h a change of the gaseous ionization processes and change of the
Cathode work function by reaction of caesium with oxygen, which exists in

fairly large quantities at the above residual air pressure. Smith (53)

heg Shown that an air impurity with a partial pressure of lﬁkmm.Hg. vas
Sufficient to raise the breakdown potential in mercury vapour by LOV.

In an attempt to limit the leakage currents flowing on the inside
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Walls of the discharge tube (section 3.1.2), Bratescu only kept the

Caesium reservoir at lower temperature ( x120°C) than the rest of the

Main discharge tube., From the present author's experience from the third
experimental tube (section 4.2.3) it is found that such method is ineffec-
tive in limiting the leakage currents to the required values of less than
the gap currents. A leakage cur;ent of the order of 355A was observed

Vhen only 300V was applied across the electrodes and the caesium reservoir
Vas kept at temperatures of 150°C lower than the main body of the third
discharge tube. Such high leakage currents can disturb the uniform field
between the electrodes, especially in Bratescu's case where the walls

Vere only 0.6cm. away from the discherge gap compared to 3cm.and 6cm. in the
Present fourth and fifth experimental tubes. The influence of the distur-
bance of the field in the discharge gap was observed in a mercury discharge
Y Smith and Overton where they found it lowered the breakdown potentials.
From the above discussion it is difficult to assess the contribution of
fach of the above factors to the high breakdown potentials of Bratescu's
exPeriment, however the main one was probably the poor ultimate pressure
Obtained in his apparatus.

6.1.3 FIRST TONIZATION COEFFICIEMTS.

Due to the high leakage currents flowing on the inside walls of
. . st
the experimental tubes (despite the wall guard-rings belng the same
9

Potential as the anode), currents of the order of 10° to 158 were used in
the easurements of the first ionization coefficients. Graphs of loglOI
8gainst the applied voltage, V, were plotted for constant values df”f/pa.
Tree of the curves obtained are shown in fig(39). From each of the’

Slopes of these curves, values ¢f n(= a /E) wewee obtained for a range of

E/Po from 50 to 600V.cﬁ}mm.HE} Continuation of measurements was prevented
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by the high leakage currents ( >158A) beyond this range of E/pb' Values

of n( a/E) as function of E/po obtained from the fourth andAfifth
€Xperimental tubes are shown in fig (40 ). Since no previous measurements
°f n(= o/E) have ever been published in the literature for alkaline
Metals, it is difficulﬁ to estimate the accuracy of present results because
the currents were limited in the range 159 to 158A and the leakage currents
Vere as high as the gap current. Therefore it must be emphasised that

the present measurements of the first ionization coefficients are only
Preliminary and dm. error as much as 15% to 20% is involved in their
determination.

However, using these values of n(= o /E) an estimate of the
8eneralized secondary ionization coefficient w/a can be obtained from
the curvesffig( 38)7 using the Townsend breakdown criterion

1-(u/a )e"E-1)=0
Due to the limited range of pod at which the breakdown potentials were
"®asured and the range of E/po in which n was obtained, only values of
w/a » in the range of E/po between 520 to 600V.cﬁ%mm.H§%, were
Calculated. These values of w/a calculated by using the breakdown
Potential obtained from the fourth and fifth experimental tubes are given
in the following teble (6.1.1)

Table (6.1.1)

E/p° w /o w/a
V. citum. Ha Y (fourth tube) (£ifth tube)
525 1.300"
570 5.7x1‘61‘ L .3x161‘
583 7.1x16h 5 .0x16"
600 1,3.8x16h 8.3::15h
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It must be mentioned here that this method of calculating ./ a is not
Very accurate because the function is somewhat sensitive to errors in

n(= a/E), therefore the above values given in table (6.1.1) only give
81 estimate of w/o as mentioned before.

6.1 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK.

In view of the difficulties involved in working with caesium vapour
in 8lass, a new technique has been developed by which the life-time of the
®Xperimental tubes can be as long as a month under continuous running at
high temperatures (250°C). Also it is found from the experience gained
from this work that the most effective way of reducing the leakage current
flowing on the inside walls of the experimental tubes, is by extending
the tracking path length between the electrodes. Using this tec'inique,
the breakdown potentials in uniform field and an estimate of the first and
S€cond jonization coefficients were obtained.

Since a deposit of about two monolayer of caesium on a cathode of any
“dinary metal (49) changes its work function gf that of the pure caesium,
therefore it is assumed that the work functionynickel cathodesused in the
Present experiments corresponded to that of pure caesium i.e. about 1.9eV.
The Winimum breakdown potential in caesium vapour was found at p,d of 0.22
™.Hg.cn, and hed a value of 308V and 332V from the fourth and fifth
Xperimental tubes respectively. The difference in the breakdown potentials
obtained from these two tubes can be referred to dependance on the gap
geomEtrY- The high breakdown potentials obtained by Bratescu can be

re . . .
ferred to many factors, however the most important factor is the high air
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impurity that existed in his apparatus.

Due to the errors involved in determining ﬁ(= a/E), its values and

those of /o obtained in the present studies give only an estimate of

the order of magnitude of these coefficients. |

Using the technique developed here, the leakage current could still be

Teduced by extending the tracking path length, and therefore more accurate

Values of the first ionization coefficient could be determined for a

Vider range of E/po. In order to avoid working at high temperatures above
*250° for the measurements of the breakdown potentials at high values

of P,d, a bigger electrode separation and diameter could be used, provided

that there is enough clearance between the electrodes and the w~nlls of the

8Pparatus. In this way values of the generalized secondary ionization

oefficient could then be determined for a wider range of E/po, which

fould help in identifying the secondary ionization processes in caesium.
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6.2, PRESENTATION AND DISCUSSION OF THE MERCURY RESULTS.

6.2.1. INTRODUCTION

In order to evaluate the magnitude of the individual active
Secondary jonization processes by using Davidson's equations (chapter 2)
8 any given value of Es/po, it is necessary to know the primary ioniza-
tion coefficient, @ , the total secondary ionization coefficient, w/a
the drift velocities of the electrons and the ions, W_and W , and the
life-time of the different excited states, t . The secondary ionizat-
ion coefficient w/a at a particular value of Es/Po can be found from
the measured values of a and the static breakdown potential Vs by using
the Tovnsend criterion for breakdown, 1 = w/a egd-l). (section 1.13).
However beeause of the exponential function of o in this critsrion, any
frror in the magnitude of a (due either to measurement's inaccuracy or
imPurities in the gas sample) leads to large errors in calculating w/a
®0d thus also in the formative time-lag calculations. Therefore a success-
fu application of Davidson's theory requires the determination of all
these quantities under the same conditions for the particular gas sample
Under investigation. However measurement of all these quantities under the
Same conditions would make the design of the experimental tube very compli-
Cateq,

In the present studies of the temporal growth of ionization in mercury
vap°“r, a Vs and hence w/a were the only quantities determined under
the Same conditions in which the formative time lag was measured. The
Valueg of these quantities obtained in the present studies will be present-
1 ang compared with those obtained by previous workers, before discussing

the time~lag results.
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6-2.1. BREAKDOWN POTENTIALS AND IONIZATION COEFFICIENT IN MERCURY.

6.2.1,1., THE BREAKDOWN POTENTIALS.

The breakdown potentials as function of the product pod.fig.
(hl)nWere obtained by varying the pressure at fixed electrode separations.
A nmeasurements were taken only after agreement between all the thermo-
“Ouples was cbtained. The self susteined currents were taken as 8 x 16°A
d 2,5 y lﬁ@\in the first and second experimental tubes respectively.
The Paschen curves cbtained by Overton (54) are shown also on the same
8raph in fig (W), in order to facilitate its comparison with the present
resultso It can be seen that for any given value of pod, the breakdown
Potentialg obtained from the second tube is lower than those obtained from
the first tube and by Overton. A difference of about 6v.can bc :learly
Been’ at any value of pod. This difference can not be referred i~ the
Purity of the mercury since similar techniques in the handling of mercury
Yere Used, and ultimate pressure better than 168 mm. Hg., was reached in
both Measurements. However, this can be referred to the superior gap
Beometry (D/d) used in the second experimental tube. The breakdown poten-
tiay 8s it has been seen in section (6.1) depends on the ratio of D/d, (61),
“lace the éxcited atoms and photons are expected to take part in the break-
Qown Mechanism in mercury (section 6.2.3). A lower breakdown potential is
asa°°i&ted with a large ratio of D/d (15 in the second tube), while
: highey breakdown potential is associated with small D/d (6.55 in the
Hrey tube and 6.66 in Overton's results) to compensate for the loss of
:he ®Xcited atoms and photons. TFrom their observation of variation of the

*
“akdown potential at the minimum, Overton and Smith (29) have concluded

th
%t the minimum breakdown potential vsm is a linear function of electrode
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Separation. This relation is of the form V_ = 285 + 5d where L. is
in volts and d in cm. A Minimum breakdown potentials are 29% and 288V

8t electrode separations of 0.65 and 0.72 in the first and second experi-
Mental tubes respectively. Using the above formula minimum breakdotm
Potentials of 288.25 and 288.6V would be expected for the above two
€lectrode separations. From comparing the above results, it was conc-
ludeq that the work function of the liquid mercury cathode used in the
Present studies was the same as in the previous experiment and it proved
8180 that a surface of constant work function can be obtained by a
Properly prepared mercury pool cathode.

6'201.2 THE FIRST IONIZATION COEFFICIENT.

Using currents between 15%A ana 158A, values of n as a function
o E/Po were obtained from both experimental tubes. The method consisted
°f plotting logeI as a function of voltage for different values of E/po
by varying the pressure and a fixed electrode separation. In this way
Values of n( a/E) were obtained by measuring the slopes of curves, for a rangeof
E/PO from 100 to 600v cm mm.Hgr Vhen the Davies-Milne analysis (62),
8ppendix I, for the correction of secondary effects, was applied to the
Present, results, it was found that the correction factor was less than
lbh in n over the whole range of E/po investigated. The present
Values of 1/ n , as well as those of Smith (53) and Overton (54), plotted
% a function of E/po are shown in fig.(42). The minimum value of 1/n
(s E/a ) given by Stoletow constant, represents the minimum amount of
Slectron energy needed to produce an ion pair in the gas concerned. The
Value of 1/n  at the minimm are bh.5 as determined by Smith and

Werton and L4.6 as determined by the present author. Since n(= a/E) is

% Sengitive function of the gas purity, thus from the agreements between
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the present results of with those of previous workers fig(l42), it is

1
fair to conclude that thenmercury used in the present investigation had
the same purity as in Overton's case (27), Therefore from the results of
the breakdown potentials and the first ionization.cpefficients, it is con-
cluded that the formative time-lag measurements of the present author and
of Overton, have been measured for similar mercury samples and for the
Similar cathode surfaces. Thus any difference in the formative time-lags
of Overton and the present author cannot be referred to change in the gas

Purities or in the work functions of the cathodes.

6-2.1.3. THE TOTAL SECONDARY IONIZATION COEFFICIENTS.

Values of the generalized (total) secondary ionization coeff-
icient w/a were calculated from the values of the firr© jonization
Coefficient n together with the breakdown potential Vs’ vsir. s the
Townsend breakdown criterion, 1 - w/a (%Vs -1) = 1 Fig(x3) shows
the coefficient w/a as a function of E/p° obtained from the first
(curve 1) and second (curve 2) experimental tubes. The values of w/a
Vere calculated only in the range of E/p° between 100 and 600v cﬁ}mm.HE%
Since measurements of n did not exceed the above high value of E/po.
Tae feature of these two curves bear a close resemblance to those obtain-
®d by Overton and Smith (section 3.2) both in order of magnitude and the
8eneral shape. The most striking features are the appearance of large
Peaks in the order of an E/Po of 200v.c5}mm.H§% and the displacement of
the w/a  for different ratio of D/d. Since at low E/p° the ratio of
exciting to ionizing collisions is large, the increase in w/a at low
E/DO is most likely to be the result of the contribution of the increased

QUMbers of photons and metastable atoms produced. The displacemqut of
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w/a is a reflection of the dependance of Vs on D/d, where at small
D/d the number of active particles lost from the discharge gap is higher
than when D/d is large. Smith (B) has found that, w/a -depends not
only on the D/d but also on the indiviéual values p_ and d. At the same
Value of E/pO and for the same ratio ¢f D/d, higher values of w/a
8re associated with increase in P, and decrease in d, which is mostly
Caused by the increased number of exciting collisions as the pressure is
increased. This fact, as well as the previous one, can be of considerable
Significance where photon and excited atom action at the cathode is import-
ant as in the case of mercury vapour discharges.

The excited atoms which are important in producing the second-
ary electron emission from the cathode in a mercury discharge =@o the
four P states. The probabilities of excitation to these states ere shown

3

in pig( 4), the 23P5 and 23p2 states being metastable, the 2 “P. &nd

1
2 lP1 levels are the resonance levels. It can be seen that these excited
States are most efficiently produced at an electron energy of about 1lv.

If it is assumed that the mean electron energy is given by € -h;_E/po + 6
2

(34), then e peak in w/a  would be expected at E/p, of approximately
QOOV.cE}mm.HE} This in fact can be seen to be the case.

Since the life-time of the resonance states are too short
( =157 sec.) then they would not be expected to diffuse to the cathode
to cause secondary emission, on the other hand the resonance photons
Ritted by these states can do so. Metastable atoms, because of the rela-
tiVely long life-time, can either act directly at the cathode, or by tkeir
®Witted non-resonance rediation. It is dififcult to estimate the relative
“ontrivutions of the photons and metastable atoms to w/e¢ . The numbers
°f normal excited atoms (and hence photons) produced will be somewhat
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greater than the numbers of metastable atoms because of the high probab-
ility of formation of the 2 lPl state and because of its high energy
(=6.7ev.) The 2 3P1 state has pgot a lower excitation probability and very
low excitation energy of 4.86eV. when compared to the work function of the
mercury cathode (4.5 eV). From their excitation probability 21Pl state
Should be of increasing importance at high values of E/po, while the 23Pl
state at low values of E/po, if they are to contribute to

However the efficiency of electron emission by the metastable atoms can
be quite high. Sonkin (63) has shown that the incidence of the 2 3po
Nercury metastable state atom on to a tungsten surface covered with a
layer of mercury and oxygen, can give a secondary emission coefficient

of the order of 152. Tehoretical calculations by Ggrlevitch 294

Yavorsky (6L4) for the 2 3P° mercury metastable atom incident oz to a
lMercury surface, indicate that the secondary coefficient can be as high

88 0.75. This value is considerably higher than the maximum value of
0.004 obtained in the present study. This very high value is even more

3

Surprising since the potential energy of the 2 ~p, state of L.66 eV is

Only slightly higher than the work function of the mercury surface of
h-S eV. However, von-Engel has shown high cross-section of 5 x 151hcm€
for the destruction of 2 3Po metastable atoms in the reaction (18).

Hg*(23p°) +H§(23pl) > Hgg > Hg; + e

And if one considers the very low excitation probability (of less than

1616 2 g s i . 3
cm.) to this state it is therefore unlikely that 2 P, metastable

8toms will contribute to  w/a . It is probable that 2 3p2 mercury
Detastable atom will play a more impcrtant part in the secondary electron

®mission because of its higher probability of formation and its higher
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Potential energy of 5.u43eV.

From the above discussion, it appears that photons from the
hormal excited states 2 lPl and 2 3p1 as well as 23P6'metasthhle atoms can
contribute in the generalized secondary ionization coefficent. In order
to show the relative importance of these states, the formative time-lag
Was studied and analysed by using Davidson theory, chapter 2. The results
Of the measurements of the formative time lag is presented and discussed

in section (6.2.2),while the analysis is presented in section (6.2.3).

6.2.2. FORMATIVE TIME-LAG IN MERCURY VAPOUR.

Measurements of formative time lags obtained from the first

eXxperimental tube, covered a range of Es/po (E8 =¥ > vy is the sparking
“a

Potential and d is the electrode separation) from 192 to 1020v cﬁ}mm.ﬂé%
Four typical curves of the formative time-lag as a function of the percent
Overvoltage are shown in figs(44) and (45). A plot of the formetive time-
lags against E/p° for a given percent overvoltage indicated that in the
Tegion of Es/po above 480v cﬁ%mm.HE% the growth rate is getting slower

as %Jbo increases. It increases from 11 m.sec’ at an Es/p° of 400v.cht
m.HgT to 60 m.sec. at an Es/Po 1020 v.cﬁ}mm.Hé% for 0.25% over-voltage.
Since these measurements correspond to values of Es/po on the left-hand
8ide of the Paschen curve (E,/p, at the minimum breakdown potential is
about h65v.ci}mm.3§}) it is to be expected that the secondary electron
emission is caused by positive ions, because the excitation probability is very
Very low. In fact the time-lag in this region of E/po has only one signi-
ficance, that it represents the time taken by the positive ions to reach

the cathode from their point of formation (almost near the anode). In the

Tegion of Es/po between 210 and h80v.cﬁ%mm.ﬂé} and for 0.25% overvoltage
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Tig(46), the present time-lags show similar characteristics to the growth
times obtained by Overton, fig(20). The most important of these charact-
erigtics is the dependance of the growth times on the ratio D/d. At a
Particular value of E/pO lower growth times are associated with higher
Tatio of D/d. For example, at an E/p° of 275r.cﬁ}mm.H§%, the present
Measured time-lag is 13 m.sec. for D/d of 6.55, while the times obtained
by Overton are of the order of 20 m.sec. and 16 m.sec. for D/d of 4.3 and
5 respectively. This point will be discussed again with respect to the
results obtained from the second experimental tube. In the region of

E/Po below 210v.chimm.Hgr, contrary to the previous results which still
8how an increase in the time-lag, the present measured growth times show
that the breakdown process is becoming faster. The speeding up of the
breakdown process in this region of Es/p° is most likely due to the incre-
88e in the population of the slow components (the photons and metastable
8toms) as it has been seen in the last section. Unfortunately. due to the
Tixed electrode separation in this experimental tube, it was not possible
Yo obtain another set of measurements of the formative time-lags at anoth-
€r electrode separation. In order to investigate thoroughly the dependance
Of the growth times on the ratio of D/d, the second experimental tube was
designed with much bigger electrode diameter (10cm.) and with a variable
€lectrode separation system as described in section (4.3.2). Curves of
time-lag as a function of percent overvoltage obtained from the second
tube are shown in figs.(47) to (52). The measured times covered a range
of Es/po from 138 to h22v.cﬁ}mm.HE%, and of 4 from 0.42 to 0.95 cm. and of pj
from 0.9 to 5.8 mm.Hg. As it has been seen, the liquid mercury cathode

Was contained in & glass cup in the centre of the tubeé. Change of the
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temperature of the oven to vary the pressure inside the tube (to obtain

& new Es/po) caused some evaporation of the mercury in the cup. Due to
this evaporation, it was not possible to obtain a set of time-lag curves
at the same electrode separation covering the wide range of Es/po. No
rigk was taken to maintain the mercury surface level at the same point in
the cup by evaporation of mercury from the side-arm, at the high tempera-
tures used in the present measurements. The maximum variation of the
ercury surface level was not greater than 0.05 cm., over the period(of
12 hours) required for stabilization of the temperature inside the oven.
HOWever, Im.sec., was the maximum difference between any two readings of
the time-lag at the same Es/p° and 0.25% overvoltage, observed for a
difference o0.15cm. in the electrode separations. This is not surprising,
Since a plot of the time-lag against D/d, at 0.25% overvoltege snd et
Es/po 275 and 200v.cﬁ}mm.ﬂé} fig(5h) shows that the formative gwowth of
ionization is less sensitive to variation in the electrode se arstion at
this high ratio of D/d. The results used in the above two curves shown
in fig(slh) are taken from the present results (obtained from the firs+
and second tube) and those of Overton.

The time-lag as a function of Es/po for 0.25% overvoltage, obtained
from the second experimental tube and those of Overton for the same per-
cent overvoltage are shown in fig(55). In the range of Es/po above 350v.
cﬁ}mm.ﬂé}, they are almost the same. In the range of E/p° below 350v.ciis
mﬂ-HE%, the present measured times, unlike the previous results, are
Showing that the breakdown mechanism is becoming progressively faster up
to an E /p, of about 160v.cﬁ}mm.H§} In the range of E_/p  below 160v.cm.
mm-HE}, despite the fact that the present measurements are showing a slow

increase. these times and thus the breakdown mechanism is much faster than



in the previous results. The speeding up of the breakdown mechanism at
these high ratios of D/d is most likely to be caused by the increase in
the population of the active particles which are responsible for the
breakdown mechanism. As will be seen later from the analysis of the
Tesults using Davidson's theory (section 6.2.3), it is found that at
Values of E/po below 350v.cﬁ}mm.H§}, the secondary electron emission from
the cathode by the incidence of delayed non-rescnance photons ere becoming
Very important. The photons are found to be produced by the volune destr-

3

Uction of the 2 P

2
Detastable atoms and the photons are entirely by their diffusion in the

metastable mercury atoms. Since the motion of the

€as between the electrodes, then the rate of arrival of these photons at
the cathode will depend on the solid angle between their point of forma-
tion and the cathode, since most of these photons are produced near the
8node, then their rate of arrival at the cathode will generally cepend

On the ratio of D/d. For a tube for which the ratio D/d is large, the loss
Of the metastable atoms and photons from the gap will be small, and thus
the rate of arrivals of photons at the cathode will be higher than in a
tube for which D/d is small. This is most likely to be the explanation
for the dependance of the growth times on D/d. At values of Es/po above
35°V-c53mm.ﬂé%, however, it is found from the analysis that the secondary
®mission is caused mainly by the mercury positive ions. Since that motion
of the positive ions is confined to the field lines, therefore, it is not
Surprising to find the growth times are independant on the ratio of D/d

in thig region.

The Speeding up of the temporal growth of current in the present results
. Es/po gets lower than 350v.cﬁ%mm.H§%, is most likely to be caused by

the increase in the population of 2 3P2 metastable mercury atoms as well
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88 of the increase in rates of their destruction in the gas. At these
high ratios of D/d, as the pressure increases, (i.e. as Es/po gets lower),
it is to be expected that it will be accompanied by an increase in the
Population of the 2 3P2
Tate of their destruction (i.e. decrease in the life-time). This will

metastable atoms and also by an increase in the

lead to an increase in the rate of formation of the non-resonance photons

(the probability of excitation of the 2 3

P, metastable atoms, fig(4 ),

Starting to increase very steeply at an energy of about 14 eV. An energy
Of 14.3eV is expected to correspond to an Es/po of 350v.cﬁ%mm.H§}) in the
discharge gap, and thus will be accompanied by an increase of their arriv-

& at the cathode. I oot —iwbereobsti—ighiee

6'2-3. ANALYSIS OF THE FORMATIVE TIME-LAG MEASUREMENTS USING DAVIDSON'S
THEORY

6.2.3.1 1mTRODUCTION

As it has been seen from section (6.2.1), the appearance of
the peeks in the curves of &/a against Es/po at low values of Es/po
below 350v.cﬁ%mm.H§%) indicates the importance of the four P states of
the mercury atoms together with the positive ions as secondary processes
in g mercury discharge. The observed growth currents indicate that a
Slow Process of a diffusive nature is operative. If undelayed photons
Produced from the de-excitation of the lpl and 3p1 states to the ground
State ls° are active, a time of the order of 18° to 187sec. would be
®Xpected. In the case of delayed resonance photons, however, Overton(5h)
88suming an absorption coefficient of the order of 2000cm: > and that the
Photong reach the cathode by a diffusion process, calculated times of the

rder of 156 to 18%sec. by using Davidson's growth equation (2.25). Thus
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the calculated times for the last case differ little from those expected
if an undelayed photon process is active.' Mercury positive ions with a
drift velocity of the order of 10hcm.se5%, would give times of the order
of lﬁhsec. For metastable mercury atoms ;(3p2) to act alone as a second-
8ry process at the cathode, times of the order of 100m.sec. would be
Tequired for the breakdown to occur. Comparison of these times with the
Observed growth times, indicated that none of these processes could account
8lone for the breakdown mechanism. However it suggested that it could be
8ccounted for by a combination between these last two processes and one or
both of those discussed previously in section (2.3). Therefore a combina-
tion of either of the following two processes and the positive ion process
Were considered.

(a) The action of metastable atoms.

(b) The action of delayed non-resonance phctons.

Formative time-lags were calculated using the appropriate temporal growth
°f current equation from Davidson's theory (chapter 2) on the basis of the
Simultaneous action of the primary ionization process and one of the above
Combinations of secondary processes active at the cathode. The celculated
times were compared with the observed time-lags to enable the unimportant
Secondary processes to be eliminated and the important secondary ionization
Coefficients to be estimated. The analysis was applied only to results
Oteined from the second tube. The time-lag was calculated at each parti-
Culay Es/po for a range of overvoltage between 0.2% and 2% and over a
Tange of E/po from 138 to h22v.cﬁ}mm.HE% The calculations and their

lnterpretation are presented in the following sections.
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6.2.3.2. CALCULATION OF THE IONIZATION GROWTH TIMES FOR SECONDARY ELECTRON

EMISSION BY METASTABLE ATOMS.

In order to calculate the groﬁth times from equation (2.2.5) assier
Under particular conditions, it is essential to find the real solution A
Which satisfies the equation (2.27) 8 ( A) = O. This function was solved
firstly for ) graphically by plotting 6( \) against A. This was done
in the preliminary calculations to find the behaviour of the function 6() )
and the order of magnitude of the real solution (non-trivial solution) A .
Calculation of 6(2) as a function of A was performed for the experi-
Zental curves of time-lags at Es/p° of 422, 192 and 166.6v.cﬁ%mm.H§% For
each of these curves the function 6()) was determined for six values of
Overvoltages and for nine choices of metastable atoms' contribution in
(equation 2.29). Thus calculation of ©(A\) as a function of A was
Performed for 54 different conditions for each of the experimental curves.
Typical curves of the function ©(A\) as a function of A are shown in
Tigs.(56) and (57), which are for the experimental conditions of the form-
ative time-lag curve at E /p, of lGG.Gv.cﬁ%mm.Hé} The curves in fig(56)
Vere calculated for 1% overvoltage and different percent contribution
(Z/af x100) of the metastable atoms ( e/a in w/a , those in £ig(57)
wer: calculated for 107 metastable atoms contribution and for different
Percent overvoltages. It can be seen from fig(56) that as the percent
Contribution of metastable atoms is decreased, the curves cut the 8(A) = 0
8xis at shallow angles, and there is a real solution A for each of the
five curves. From fig(57) however, it can be seen that there is only a
Teal solution A for the first four percent overvoltages. In most cases,
there was not a real solution A for overvoltages above 27, the only

S0lution was found to be a trivial one (i.e. at A= a ). Fulker (65),
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Studying the time~lag in neon, also could not find a real solution (non-
trivial solution) at 2% percent overvoltage. It is @?fficult to see any
Physical reason which could account for this lack of a real solution at
high overvoltages. |

Knowing the characteristics of the function 8(x) , the formative
tiMe-lag was calculated using Davidson's theory as described in section
(2-2) involving the emission of secondary electrons from the cathode by
letastable atoms and positive ions and undelayed photons. An Elliott 4101
Computer was used to facilitate the calculations. In the following program
Some of the symbols used in the equations in section (2.2) have been changed
to make the program acceptable in the Fortran 4 computer language. The

Corresponding symbols are listed below.

A= o Primary ionization coefficient.

B = Generalized Secondary ionization coefficient.

D = d electrode separation.

P s P, reduced pressure.

T a T Temperature in degrees Kelvin.

E « e/a Secondary ionization coefficient for metastable atoms.

E = Y + §/a positive ion and photon secondary ionization coeffi-
cients taken together.

Q=

M= pa).

Fz= pl( 2 ) = sr(2)

BT Eead- 1. %

Woe @l g

P s 1 (y+ s/a) (1),

8 «

e fa (o © a)(e™ - 1),

emd -ad - 1
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o
[}

I(d,t)

I
o

RV = I§° t)
(o]

C = C2 square of the average velocity of the metastable atoms.
STY = g number of atoms per cm:.3

DFM = p Diffusion coefficient of metastable atoms.

TF= the formative time-lag.

The expressions Y, W, WV, U, FQA, and FQB were used to facilitate the
Program,

The program calculates TF (time-lag) for 8 curves of the time-~lag in each
Tfun. For each curve, TF was calculated at 6 overvoltages corresponding

to 0.2%, 0.4% 0.6%, 1%, 1.5% and 2%. At each percent overvoltage, TF was
Calculated for 9 choices of the secondary ionization coefficients satisfy-
ing the relation, GS = E + EP, Thus the time-lag was calculated for 5k
different conditions for each experimental curve of time-lag. The real

(nOn-trivial) solution A was determined automatically by "DO" loop and

n
IF" statement to an accuracy of 0.01%. Equation (2.25) was simplified

by heglecting the constant A(= 1 . ) since it can be gmitted
15 (%o

8% large observed times, without any serious error in the validity of the
®Quation. The diffusion coefficient was determined from the relation,(70),
(292);/3 Sia, vhere C is the mean velocity of the atom, N is the number of
8toms per C.C.(= P, X 167/2.827), and 812 is the average diameter of the

Normal and metastable atoms of being 3,75 x 158cm.
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!be program.
DO 500 N=1,8

READ(7,100)D,GS,P,T
DO 400 M=1,6
READ(7,100)A
RV=2 Rv=200000.0
REX=0.1
DO 200 K=1,9
E=GS*REX
REX=REX+0.1
EP=GS-E
B=(EXP(A*D) )~1.0
BA=B-(A%D)
F=1,0-EP*B
S=(E*(A*%2,0)*D*B)/BA
35 @=0.0
ZINC=0.1
DO 30 J=1,4
40 Q=qezINC
Y=(Q+A)*(((Q-A)*F)-S)
W=EXP((A-Q)*D)
WV=EXP(-2.0%Q*D)
FQ=(Y*(1.0-WV) )+(2.0%s*Q#y )~(2.0*S¥IV*Q)
IF (FQ+0.0) 50,60, 40
50 Q=Q-zINC

ZINC=ZINC/10.0

- 121 =-



30 CONTINUE
60 Y=(Q+a)*(((Q-A)*F)-S)
W=EXP( (A-Q)*D)
WV=EXP(-2.0%Q*D)
U=(2.0%((Q¥*2,0)-A%¥2,0) ) *(1.0-WV))/Q
FQA=(2.0%Q*F)~S-(2.0*S*( (Q*D)-1.0) %W
FQB=(WV*( (2.0%F*D*( (A*%2,0)-(Q**2.0)) )+(2.¥D¥S*(A-Q) )+(2.%Q*F)+5))
FQZ=FQZ-FQB
R=RV/B
C=1.25%(10.0%*6,0)*T
STY=P*(10.0%¥17.0)/2.8266L2
DFM=( (2.0%C )**0.5)/(STY*1.90755%(10.0%%(-14.0)))
TF=(ALOG( (R*FQZ)/U) )/ (DFM*(Q*¥2.0))
WRITE(2,300)TF,A,REX,Q,DFM
200 CONTINUE
%0  cowrInuE
500 CONTINUE
100 PORMAT(4FO.0)
300  FORMAT(1HO,6E12.5)
STOP
END
The calculated time-lags were plotted against percent overvoltage and
“Ompared with the experimental ones. At all percent contribution of ¢/a
My + §/a in w/a , the calculated growth times proved to be
8low. For 90% of the metastable atoms in w/a the calculated times

Vere about one order of magnitude higher than the measure ones. At an
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B /p of 294v.ciimm.H., the calculated time-lag was 15 times too great
for 0.2% overvoltage, and 6 times too gre;t for 2% overvoltage. The
theoretical and the observed.time-lag curves, at this value of Es/p° can
be seen in rig(58). The theoretical curve is for 10% metastable atom
contribution in w/a . Therefore, it was concluded that the combina-
tion of secondary processes considered above, can not account for the
breakdown in mercury vapour in the range of Es/po considered.

6.2.3.3 CALCULATION OF THE FORMATIVE TIME-LAG FOR SECONDARY ELECTRON

EMISSION BY DELAYED NON-RESONANCE RADIATION.

In the modified theory by Davidson disuussed in section (2.3)
it is shown that by applying equation (2.51) to a particular gas, the
formative time-lag can be calculated for delayed radiation and pasitive
ion action at the cathode. It has been shown also that there are several
Collisional processes known to occur in the gas which can ultimately give
rise to secondary emission after a relatively long delay between the
initial electron-atom exciting collisions and the release of a cathode
€lectron. The most likely delayed processes to occur in a mercury discharge .are,
(1) Imprisoned resonance radiation which proceeds to the cathode according

to Hoelstein-Biberman transport theory.

(2) Collision induced non-resonance radiation.

If the potion of the imprisoned resonance photons is governed by
the Hoelstein-Biberman transport law, then the total delay time Ty» has
been shown (equation 2.32) to depend on the life-time of the resonance
State T,> @nd on the number of absorptions and re-emissions made in
Yraversing the discharge gap. It has been seen in section (6.2.1.3) that

the phonons of most importance are those produced in the transition lP1 to lS
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3

with a wavelength of 18498, An average of 2.56 x 10~ absorptions and re-

emigsions will take place when these photons travel through lcm.gap
distance. The average life-time of this state is about 1.3 x lﬁgsec.(66),

therefore a delay time 1, of the order of 3.33 x 1568ec. would be expected,

1
Which is very low to account for the measured growth times. In the case

of the photons which correspond to the transition 3P1 to 1s°, of average
life-time 1.18 x 157sec.(67), a total delay time of 1.2 x lﬁhsec. would
be expected for the same gap distance. During this time a large number

of the atoms in the state 3P1 will degenerate to the state 3Po (7 ) in

two body collisions with the 180 ground state atoms. The cross-section for

17

cm?,is about 14 times higher than the
1

this transition, being 3.1 x 10

So’ being 2.2xIO'18 cm2 (68).
Yavorskii( 69 ) determined the maximum excitation cross-section to the

Cross-section for the transition 3pl to

State 3Pl from the ground state to be l.OSxib'JﬁcA{  Comperisod’ Gf ‘the
above values and the one given in section (6.2.1.3) suggests that the

3 1

delayed photons emitted in the transition p, to "8  would not lead to a

Substantial photoelectric emission in a mercury discharge.

In collision-induced non-resonance radiation, metastable atoms
emit non-resonance photons through a straight transition to the ground
States by breaking the selection rules. As it has been seen from
Section (6.2.1.3) the most likely non-resonance photons which are capable
of emitting secondary electrons from the cathode, are those emitted in the

3p2 to lSo. Couiljette (70) has concluded that there is a

transition
digsipative process in which one collision in 1300 with normal mercury
atoms results in the metastable mercury atom losing its excitation energy

Zerangky (71) has also shown that there is a probebility of 9x15h of the



mercury metastable atoms losing their excitation energies in two-body
collisions with ground state mercury atoms. For an electrode separation
of lem., mercury metastable atom, moving through the gap without late;él
deflection, will on the average make 200 collisions at pressure of lmm.
Hg. At a pressure of 4mm.Hg., however it will make about 900 collisions.
Therefore it seems likely that the 3p2 metastable mercury atom will have
ample opportunity of losing its excitation energy in this manner, result-
ing in volume destruction with a subsequent emission of non-resonance
Photons. If the secondary electron emission is caused by these non-

resonance photons,the delay time L (i.e. the average life-time of 3P2

State) would be expected to depend on the pressure, since the number of
dissipative collisions per cm. is dependant on the pressure. According
to Couillette and Zemansky's values, a life-time of the order 67 to
ol x 156 sec. and 280 to 215 x 156sec. would be expected at pressures of
4 ang lmm.Hg. respectively.

Aubrecht (56) working on the afterglow spectrum of a pf mercury

discharge, has determined the life-~time of the 3p2 state to be 46.8 x 156

8ec. in the region of pressure between 0.5 and 3 mm.Hg. This determinat-

ion was based on the assumption that the 3

Py metastable atom is destroyed
in a two body collision with another 3p2 metastable atom.
On these semi-quantative grounds, it would appear unlikely that the

imprisoned resonance rediation produced from the transitions lP1 to lso

&nd 3Pl to 1s° will lead to a substantial secondary emission, and any
Photoelectric emission is more likely to be caused by the action of the

Non-resonance radiation which is produced in the volume destruction of the
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state 3p2. However a detailed quantative analysis of the observed growth
times using Davidson's theory (section 2.3) is necessary before a reliable
conclusion concerning the relative importance of these two possible
delayed radiation processes can be obtained.

The formative time lag was calculated from equation (2.51) on the
assumption that a combination of positve ions and delayed radiation is
active at the cathode as the secondary process. It can be seen from
equation (2.45), that at a particular value of overvoltage and a given
choice of secondary ionization coefficients ( Gl/a and y in equation
2.53), the value of y of P which satisfies F(P), and therefore the
Calculated growth times, will depend on the value of the delay time Ty .
Now it has just been seen that there are two possible delayed radiation
Processes and each of them has a variable delay time ranging from leﬁs
to 5x15hsec. Therefore in the calculation of the time-lag at a particular
Value of overvoltage and choice of the secondary ionization coefficients
( Gl/a +y =4, T, was treated as a variable and given 12 choices
Of delay times. Preliminary analysis showed that the values of 1

1

required to account for the observed growth times are equal or higher

6

than 50x10 sec. Therefore in the analysis of the present results T. was

1
varied between 50x166sec. to 600x166sec., in steps of 50x10%sec. e
following program was written by the present author to facilitate the
Calculation of the time-lag using the equations (2.45) to (2.53)., Some of
the variables used in these equations had to be changed to suit computer
Fortran & language. The corresponding variables are given below:-

A = o  primary ionization coefficient.

D = g electrode separation.
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5

positive ions secondary ionization coefficient.

ED = 6,/a Delayed photons secondary ionization coefficient.
GS = w/a generalized (or total) secondary ionization coefficient.
EB = E/po ratio of the field strength to reduced pressure of

mercury vapour.
WB = W, drift velocity of positive ions.
RE = ¢ average electron energy in election volt unit (Overton).
WE = W  drift velocity of electrons.

TE = average total delay time in the case of resonance photons

1
or the average life-time of the metastagle states in case
of non-resonance radiation.
Q = of P which satisfies the equation F(P) = 0
R = F(P)

FQD = Fl(P) the first differential with respect to P of F(P) evalua-

ted at the A of P which saﬁésfies the equation F(P) = 0.

-

Rv = i(dlt!
IO
R =  i(o,t)
IO
PIL = t  the formative time-lag, 1 =1 + 1

W W Ve

X = v= o - X/w_
Xz = b= a - AW
B s uM

M . G

v = (1+2.1)

FID, FCD and FOD are intermediate expressions used to simplify the program.
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The Program:
DO 699 N=1,12

READ(3,1¢¢)D,GS ,EB

DO 55¢ M=1,6

READ(3,10¢)A

DO 5¢9 K=1,2
READ(3,1¢0)WB
REX=0.38

DO 52¢ I = 1,14
REZ=REX*100. 0
EP=GS*REX
ED=GS-EP
REX=REX+.#8
TE=@.@

ACD=p. pppps

DO U5¢ J=1,12
TE=TE+ACD

RE=((EB/42.9)+6.0)*1.6%(19.p**(~-12.9))
WE=(2.8*RE /(9.147*(10.0%*(-28.0))))**p.5
W=(WE*WB)/(WE+WB)
Q=g. ¢

ZINC=50.0

DO Wpp IJ=1,5

350 Q=Q+zINC

X=A-(Q/WE)

XZ=A-(Q/W)
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309

Lpg
60

529
509
55¢
6op
25¢
209

B=EXP(X*D)

BA=EXP(XZ*S)

V=1.p+(Q*TE)
FQ=1.-((A¥ED*(B-1.8))/(V#*X) )~ ((A*EP*(BA-1.) )/XZ)
IF (FQ-@.9) 350,60, 3¢9

Q=Q-2ZINC

ZINC=ZINC/16.0

CONTINUE

X=A-(Q/VE)

XZ=A-(Q/W)

B=EXP(X*D)

BA=EXP(XZ*D)

V=1.0+(Q*TE)

FLD=(A¥ED)/(WE* (X*%2.0)*(V**2.0))

FCD=FLD* ( (WE*X*TE#(B-1.) )+(V*( (((X*D)-1.)#*B)+1.)))
FDD=( (A*EP)*((((XZ*D)-1.0)*BA)+1.0))/(W*(Xz**2.0))
FQD=FCD+FDD

RV=203p03p. ¢

R=RV/((EXP(A*D))-1.0)

FTL=(ALOG(Q*FQD*R) ) /qQ

WRITE(2,209)FTL,REZ,A,TE,W,Q,EB
CONTINUE
CONTINUE
CONTINUE
CONTINUE
FORMAT(F15.7)
FORMAT (1H@ ,1¢E17.5)
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1¢p  FORMAT(3F@.H)

STOP

END
This program has five loops. The first loop enabled the measured time-lag
at twelve values of Es/po to be analysed in one sum. The second loop
€nabled the time-lag to be calculated at each E/po, for six values of over-
Voltages which covered a range between 0.27 and 2%. The third loop helped
to find out the effect of the drift velocities of the atomic and molecular
mercury positive ions on the time-lag. The values of the drift velocities
Were those determined by Kovar (55). The fourth loop enabled the calcula-
tion to be performed for ten choices of 51/0 and y, such that
51/a +vy =w/a . TFinally the fifth one enabled the time-lag to be
determined for each of the above variebles (i.e. 10 choices of secondary
coefficients, 2 choices of drift velocities and six choices of overvoltages)
at 12 values of Ty The accuracy of determining the value of Q of FQ=0
Vas better than 0.001%.
The analysis applied to all the present experimental curves of time-lag
8gainst overvoltage. It was found in all cases, that the difference
between the drift velocities of the atomic and molecular ions had negligible
effect on the calculated time-~lag, a difference of 11500 cm.per sec. resul-
ted in a difference of only 0.07 m.sec., in the calculated times. The
theoretical time-lag at constant Es/po was then plotted as a function of
Percent overvoltage and compared to the experimental curves. At any
Particular value of EB/po, the agreement between the theoretical and
SXperimental curves, over the whole range of overvoltage, was found at
Only one particular velue of t,- Fig(59) shows a typical plot of the

Observed and calculated time-lags at E /p, of ma.lv.cﬁ?m.né}, and
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reduced pressure of 2.47 mm.Hg. Only the 4 closest theoretical curves are

included. The four theoretical curves show that the best fit is at a

value of T, of 5Ox156sec. end 36% of & /a
w/a
The values of required in order to obtain agreement to within 10%

"1
between calculated and measured growth times, obtained in this way, are

given below in table (6.2.1)

Table (6.2.1)

p, (mm.Hg.) d(cem) E /p, T, % 18%zc.
5.8 0.72 13.8 150
5.6 0.4776 166.6 50
4.5 0.45 192.35 50
h.2 0.7 160.2 50
3 0.k2 2ko.5 50
2.47 0.465 272.1 50
2.45 0.8 196.4 50
2 0.71 236.3 100
1.58 0.6563 294, 4 150
1.4 0.83 271.9 100
0.95 0.72 22 250
0.9 0.9 357 300

In order to decide, from these values of t, vhich of the two delayed
Photon processes is the more important, the role of each process will be

discussed separately in the following two sections.
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6.2.3.4. THE ROLE OF IMPRISONED RESONANCE RADIATION.

It has been seen earlier in this section the delay time for
fhe ( lPl * 180) pﬁotons was only ~3 x 156sec., vhich is far too short
compared with the lowest required value of Ty However for the (3Pl i
lSo) photons the delay times are between 75 to 120x156sec. for electrode
separations between 0.4 and lcm. These delay times are of the order of

nagnitude of some of the required values of 1, in table (Qll). The

1
= 2.3 . . i
17 (31; d)° x 0.87, shows that if this process is solely

responsible for the delayed photoelectric emission, then the required

relation T

times should be a function of the gap separation d over the whole range
of Es/Po analyzed. Comparison of the values of T, and the electrode

separation in tabk (6,.2,1) shows that t., is not a function of d. There-

1
fore it is concluded that this process is not of great importtance, which
agrees with the conclusion reached earlier in the section.

6.2.3.5 THE ROLE OF COLLISION-INDUCED HON-RESONANCE RADIATION.

It has been seen earlier in this section that if non-resonance

3

photons produced in the volume destruction of the P2 metastable atoms are
responsible for the observed ionization growth times, then the required

delay time 1jl should depend on the pressure (i.e. density) (38).

Comparison of the values of pressure and the required values T (table6.241.)
shows that for pressures up to 2.5mm.Hg. ] is dependant on the pressure

3

B

which indicates the dominance of the volume destruction process of o

metastable atoms. In the range of pressures from 2.5 to 5.6mm.Hg.,
however, the required values of T, show independance of the pressure.

Since the lowest value of T involved in the calculation of the growth
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times is 50x156sec., it is difficult to be sure that T, would be
independant of the pressure.

Assuming that 3P2 metastable mercury atoms are de-excited in two body
collisions with the ground state atoms within the discharge volume, and
that the value of the dissipative collision probability is 9x15h (11 ),
the life-time was calculated as the reciprocal of the number of the
dissipative collisions per sec. The life-times obtained in this way show
a reasonable agreement with the required values of T fig (60) (except
the point at L, ™ 5.8). When the calculation was repeated, using
Couliette's value for the probability of dissipative collisions (T7.7T x
lﬁh), the calculated life-times were slightly higher than the required
values of 1., especially in the range of p_ from 1 to 4 mm.Hg.(£ig(6O )).
The above two agreement suggests that in the range of pressure 0.9 to 5.6
mn.Hg., the active non-resonance photons are produced by the volume

3

destruction of P, metastable mercury atoms in two body collisions with

2
the lSo ground state mercury atoms. Aubrecht's (56 ) value of h?xlﬁGsec.

is in good agreement with the required values of T, at pressures between

1
2.5 and 5.6 mn.Hg., however the agreement is poor in the range of pressures
below 2.5 mm.Hg., where he had made his observations. The rate of the

de-excitation process, of the 3

P2 state, considered by Aubrecht would be
Proportional to the pressure, and therefore the life time would be
inversely proportional to it. Consequently the life-time would be expect-
ed to vary by a factor of 6 over the range of pressure (0.5 to 3 mm.Hg.)
that he studied. Therefore a life-time of thlﬁssec. would not be expected

to account for the observed growth times over the whole range of pressure,

Unless there was some other destfuction process in Aubrecht's discharge
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which he did not consider. It is of interest to notice that an
extrapolation of the required values of 2] fig(60 ), gives a value of
0.5m.sec. at a pressure of O.6rm.Hg. This is the required value of the
life-time of the 3p2 metastable mercury atoms which is given by Ovefton,
section (3.2.2.), for his interpretation of the time-lags observed at
pressures from 0.6 to 0.63mm.Hg.

The observed time-lag at Es/p° of 138v.cﬁ%mm.H§% and pressure of 5.8mm.Hg.
is rather unexpected, since the lowest life-times found to give an
agreement was 150x156sec. The closest calculated and experimental time-
lags at this value of Es/Po’ are shown in fig(6l1 ). It must be mentioned
here, that the breakdown potential, at the value of pod at this value of
Es/po’ confirmed that the cathode conditions had not changed. Also the
secondary ionization coefficient ( & 1/ o and y) obtained by the analysis
was not anomalous.

6.2.376. THE VARIATION OF THE SECONDARY IONIZATION COEFFICIENTS WITH Es/Po

Fig( 62) shows the percent contribution of the positive ion,
and the nonresonance radiation, Gl/al in w/a obtained by the
rresent analysis as a function of Es/po' The increase in the percent
contribution of the non-resonance radiation ( 61/a 100) at low Eslp° is

a reflection of the increase in the probability;gf excitation to the 3p2

mercury metastable state (fig( 4)) at low energies. The decrease of the
prercent contribution of él/a in the region of Es/p° below 160v.cﬁ}mm.
HE} is more interesting since the probability of excitation to this state
(3Pé) starts decreasing sharply beyond this region. However this can be
better seen from the curves in fig(63) showing the variation of secondary

ionization coefficients §/a  and y as a function of E /p,, These
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values of 61/ a and Y are obtained by multiplying the appropriate
percent contribution by w/a  which are shown in fig( 43 ). The most
striking feature of these curves is the dominance of 61/“ in the
region of Es/po below 250v.cﬁ%mm.ﬁ§} The feature of the curve of the
secondary ionization coefficient 451/a is that it bears a very close
3

P, state. As

resemblance to the excitation probability curve of the 5

Es/po is increased from low values (i.e. as the energy is increased) the
probability of excitation increases very sharply to a maximum and then
starts decreasing more slowly. Therefore the similar variation of the
6‘1/a with Es/po is not surprising since it would be expected if the
photoelectric emission ( & 1/0 ) by the non-resonance radiation produced

by the volume destruction of the 3

Py metastable atoms was operative. If
it is assumed that the relation given by Overton (5% ) for the mean

electron energy, & :=E/Po + 6, is within 107 accuracy, then a maximum

L2
of 5l/a at ES/po of 166v.ci}mm.H§} would correspond to an energy of

10ev. The maximum probability of excitation of the 3P2 state ( 4 ) is
at 8.3evV. The points joined by a vertical solid line in figs( 62) and
(63 ) are due to difficulties in finding the right percent contribution.
The broken line drawn between the two points on the y curve in fig ( €63 )
is believed to be the most likely variation of y with Es/po. A sudden
change in y 1is not expected since the action of positive ions at the
cathode is entirely by virtue of their potential energy. Probably the
sudden change is caused by error in w/a it must be remembered that
w/a is very sensitive to any errors in determining o (due to the

exponential factor,), As it has been seen, the computations are insufficien-

tly sensitive to the values assigned to ionic velocities to enable a
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distinction to be made between the roles of atomic and molecular mercury
ions in this present investigation. The work of Kovar (55 ) on the ion

mobilities of mercury ions in a Townsend discharge could not detect any .
Hg'

2
Aubrecht (18,%) has confirmed that there is a high cross—sect:i.on(‘5xl(3ll‘cm2

at an Es/po above 200v.cﬁ}mm.H§} The work of von-Engel and

for the formation of Hg; at pressures above l.5mm.Hg. Therefore, if
there is a Hg; ion contribution to w/a it would be expected only at
low Es/po’ generally lower than 2SOv.cE}mm.H§%, vhere the pressure is

3 3

high and thus the excitation probability to the states Py and p, are

high (which are mainly responsible for the formation of Hg; in a mercury
discharge). It would be expected therefore that at-Es/p6 abo§e~QSb;VQlts cmfl
mmHg'¥,"y is mostly the contribution of atomic mercury positive ions.
From Overton's analysis, 55% and 607 Y contribution would be expected at
an Eslp° of 358 and 39lv.cﬁ}mm.HE% respectively. From the present
analysis, 807 and 85% would be expected at the same values of EB/po. The
difference between these values can be easily caused by inaccuracy of
Im.sec. difference in the measurements of the time-lag. However his
analysis, shown in section (3.2.2) tables (3.2. ) and (3.2. ) shows
that the agreement between his calculated and experimental time-lag is
restricted to high overvoltages ( 2 1.15%).

His results indicate that a big deviation (much more than 20%) would be

expected at low values of overvoltage( € 0.5%).
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6.2.4. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK IN MERCURY.

The present measurements of the time-lags, together with
those of Overton, indicate the importence of the gap geometry in the
mercury discharge. The loss of the active particles, at small ratios of
D/d, not only will effect the ionization growth rates, but also as we
have seen, the breakdown potential and thus the total secondary ionization
coefficient. At high ratio (10-20), the use of Davidson's analysis shows
that o combination of delayed non-resonance photon and positive ion
secondary processes together with the primery ionization processes can
account for the observed growth times in the region of Es/Po between 138
and b22v.cﬁ}mm.ﬂé}, and in the range of pressure used between 0.9 to

5.6mm.Hg. Comparison of the required values of T, with that calculated by

1-
using Zemansky's value of the probability of destruction shows that the .
non-resonance photons are produced by the volume destruction of the triplet
3p2 metastable atoms in two body collisions with the ground mercury atoms.
The contribution of the non-resonance photons produced in the de-

excitation of 3

P, metastable atoms to the ground state has been eliminated
on the basis of its low energy (4.66eV) compared to the work function of
the liquid mercury cathode ( “L4.5eV) and also on the basis of the low

3po excitation probability. Comparison of the delay times, associated
with the imprisoned photons (3pl - lSo), with the required times T, has
shown that these photons are unimportant as o secondary process. The last
conclusion is supported by the low energies (4.86 eV) and the cross-

section of deactivation of the 3

Pl state to the 3Po state which is higher
than to the 1S° ground state. Due to the high energy (6.6eV) and the high

numbers of the undelayed photons produced in the transition (lPl to lSO),
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it may contribute to the secondary ionizetion coefficient. Since the
calculations are not sensitive to distinguish between the fast secondary
processes (i.e. atomic positive ion, molecular positive ion, and
undeleyed photons (8/a)), therefore the calculated values of y

includes any ionization resulting from the action of undelayed photons
at the cathode. Also, there may be some molecular ion contribution at
values of E_/p  below 250v.cﬁ}mm.H§} The required value of T, is

taken as the average life-time of the 3p2 nmetastable mercury atoms. To

confirm the values of 1., and the other conclusions reached from the

1
application of Davidson's analysis, measurements of the life-time of the
3p2 metastable state, and its veriation with pressure are needed by

direct methods (i.e. opticzl absorption methods, or observation of the
mercury after glow). Also Data on the electron drift velocities and
electron energy distribution needed to be obtained to encble the use

of the theory of Emeleus, Lunt and Meek, since values of u/po as a function
of E/po has already been established in mercury discharge.
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APPENDIX I

DAVIES-MILNE ANALYSIS
Three simultaneous current growth eocuations of the form

= i e“ \V"vo )
0

V-V
ook

1l - w/a
are taken for three values of current and voltage (il,Vl), (i2,V2) and (13,V1)
at a given value of E/po, w/a, io and Vo can then be eliminated, producins

£(n) = i (i,-1,) e"(V3-Yy)

- ip(ig-iy) e"(V3=V5)
+ i3(12—i1) =0

By using Mewton's method of successive apnroximation a value of n may be
' Obtained to any required accuracy, by estimating a value of n and substituting

this in the expression

nt = e £(n)

(n)

Where nl is a closer approximation to the true value of n, and fl(n) is the

Pirst derivative of f(n).
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