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. ABSTRACT

Formative time lags have been measured in neon using
variable gap nickel electrodes for a reduced pressure range from
18 to 59 torr. The results cover an Ea/Po range from 15 to 32
volt cm-':L torr_l(that is an ES/N range from 4.3 to 9.0 x 10-16
volt cm2.) Theoretical formative time lags have been calculated
using Davidson's current growth theory for various assumed values
of the secondary ionization'coefficients. Comparison between
theoretical and experimental formative time lags showed that the
predominant secondary ionization processes leading to electrical
breakdown were the emission of electrons from the cathode induced
vby'pésitive ions (coefficient 57) and by radiation from the
destruction of atomic neon metastable sj:ates at two body
collisions with gas atoms (coefficient 51,/@). The coefficient
¥ included ionization from undelayed photon; reaching the cathode
(coefficient cf/a). biatomic metastable molecules were not
thought to contribute significantly to secondary ionization for
the range covered by this work. Approximate values of the
coefficients ¥ and 6‘1'/“ were calculated as functions of Es/po
and P,* For low EJpo and high p, the 81/0. process provides
most of the secondary ionization, the¥process becoming more

important at high Es/po and low p_.
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CHAPTER T

BASTIC PROCESSES IN A LOW PRESSURE TOWNSEND DISCHARGE

1.1. TINTRGDUCTION

The application of a D.C. voltage to parallel plate
electrodes in a gas at low pressure may result in the passage of
a current through the gas. Such a current may be initiated by
the emission of electrons from the electrode at the negative
potential or by externally induced ionization of gas molecules.
The emission bf electrons from the cathode is commonly induced‘by
raising the cafhdde temperature or illuminating the cathode surface
with ultraxviolet radiation. This e#fernally induced current is
denoted by Io' If the electric field applied between the two
electrodes is sufficiently low the total current I flowing in gap
(or the.ourrent of electrons arriving at the anode) is related to

the current Io by the equation:

- % , (1)
Lo 18/,(e%1)

where d is the separation of the electrodes in centimetres. a is
the average number df ionizing collisions made by an electron
travelling 1 cm in the direction of the field, and is called the
primary ionization coefficient. Thus, if only this primary

process operates, one electron leaving the cathode results in

-



e electrons arriving at the anode. _ However, secondary
ionization processes are normally present in the discharge,

These processes which involve ions, photons, and excited molecules
formed in the discharge, are all included in the generalized
secondary ionization coefficient‘%yg which.is the average number
of electrons contributed to the dischargg by secondary processes
per primary ionizing collision in the gas. As the field is
increased these secondary processes increase and contribute
significantly to the discharge current,‘which remains, howe#er,
proportional to the externmally induced electron current Io' For
a particular valye of the electric field the generalized secondary
coefficient‘iya reaches such a value that the denominator, of
equation (1) falls to zero and the total current I therefore Becomes
independent of Ioland is only limited by the external circuit.
This was first used as the criterion for electrical breakdown of
the gap by Towsend (Townsend 1910). The criterion only applies
where the breakdown involves many eiectron avalanches crossing the
- gap. i.e. at low gas pressures where the space cherge of the charge
carriers in the gas is not sufficient to distort the fielde In a
few simple cases the secondary jonization processes, which lead to
breakdown of the gap, can be evaluated frﬁm study of the growth of
current with time., The Townsend breakdown of a uniform field gap
‘ in low pressure hydrogén is known to be the result of secondary
electron emission from the cathode by positive ions and photons
formed in the gas., fThe Townsendubreakdown of the rare gases has
 been studied for a number of years but the mechanisms are stil}

not completely clear. ' The current growth as a function of time is



much slower than for hydrogen. This has been attributed to the
presence of low energy metastable states in the rare gas.

‘There are two main approaches to this problem. One is
to observe the current resulting from a short pulse of electrons
leaving the cathode under a steady electric éield. The secondary
electrons which result from the arrival of ions and uﬁdelayed photoﬁs
at the cathode can be separated temporally from those caused by the
arrival of diffused metastable atoms and photons which have been
delayed. The second approach, which is used in the present work,
is to apply to the gap a step voltage, slightly greater than the
breakdown voltage, with constant ultra-violet illumination of the
cathode, and oﬁserve the resulting growth of current with time.
In cases where metastable atoms or molecules are involved this
approach requires a knowledge of the lifetime and diffusion rates
of these particles, This information is provided by measurements
of the density of metastable particles, by an optical absorption
method, as a function of fime following the passage of a short bufét
of electrons thfough the gap.

In this first chapter some of the basic concepts of the
Townsend breakdown theory for low pressure gases under uniform
electric field will be introduted. The theoretical and experimental
work which directly concerns the problem of secondary ionization

mechanisms in neon will be discussed in chapters IT and III.



1.2, COLLISION PHENOMENA IN GASES

The build-up of a current in a gas is the result of a
1arge’ number of interactions initiated by t£e electric field.
Thé interactions, or collisions may involve électrons, ions,
" neutral and excited gas mo}ecules, photons, the electrodes and the
surrounding walls, and may be elastic, involvihg no change in the
internal ehergy of the particles involved, or inelastic, involving
excitation or ionization., Diffraction effects may occur if the
kinetic energy of the incident particle is such that the wavelength
is of the same order of magnitude as the diameter of the impacting
particle. For example, diffraction effects occur for low energy
electrons (below 1 electron volt) in the heavier noble gases, Ar,
Kr, Xe. . In helium and neon however electron diffraction is hot

“significant.

1.3, EXCITATION BY ELECTRON IMPACT

Electron impact with a neutral gas molecule can cause
excitation of the gas molecule, called a collision of the first
kind. For this to occur two conditions must be satisfied,

(1) The kinetic energy of the electron must exceed the

critical excitation energy of the gas molecule. .

(2) The linear and angular momentum must be conserved.

It follows that the probability for excitation is

negligible at the threshold.

The gas molecule may be excited to a normal excited

state with a typical lifetime of lO-8 seconds, or to a metastable
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state where the lifetime may be 10‘3.seconds or greater,
' Fig. 1 shows the energy level diagram of the first two excited
‘configurations of the neon atom. The groﬁnd state of neon is
denoted by 1322322p6, where 1,2 denote_the prinéipal quantum
number of each electron orbit, s,p correspond to the electron
angular momentum values of £= O and £= 1. The superscript
denotes the number of electrons in each orbit. The ground state
'may be more conveniently expfessea as lso where S denotes a value:
of 0 for L, the orbital angular momentum Quantum number of fhe atom.
'The subscript gives the value of the total angular momentum gquantum
number . obtained by couﬁliﬁg ‘the orbital angular momentum
quantum number L and‘the spin angular momentum quantum number S.
The superscript denotes the multiplicity or the number of possible
levels with the same L value.

The first excited configuration of neon consists of
those energy levels where one electron ié raised from the 2p to
the 3s orbit, i.e. the configuration is 1522322p538. This
configuration consists of the triplet levels, éﬁz, 3P1 and 3Po,
and the singlet level 1Pl. Transitions between the 180 state and
the 3P2 and 3P0 states are prohibited by the selection rule that
AT = t.l or O with the transition O;’O forbidden. The 3P2 and 3P0
states are therefore metastable and play an important bart in the
secondary ionization mechanisms which lead to the Townsend breai— '
down., Transitions between the 3Sl state and higher energy D states

1
prohibited by a second selection rule that AL = ¥ 1,

and between the 33 state, the D states and the 1s0 ground level, are

5.



FIG.2 THE PROBABILITY OF IONIZATION AT A
COLLISION AS A FUNCTION OF ELECTRON ENERGY.
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l.4. TONIZATION BY ELECTRON INMPACT

Tonization of gas atoms or molecules by electron impact
can occur‘if the electron kinetic energy exceeds the lonization
of the atom or molecule. The probébility of ionization for neon
as a function of electron energy is shown in Fig. 2. (Compton and
VanVoorhis 1926). The probability is negligible at the threshold
but increases approximately linearly with electron energy above that,
reaching a maximum at about 350 eV. Above this energy the
probability slowly decreases.: For a given electron energy the
number of ions produced per second is proportionai to the primary
electron current.

The probability qf ionization for electrons of a given
energy cannot be directly related to gas discharge conditions unless
the electron energy distribution is known. Under Townsend discharge
conditions, the primary ionization coefficient i1s the average number
of ion pairs produced in the gas by one electron moving 1 cm. in
the direction of the field. This coefficient is denoted by a.

For sufficiently low value of uniform electric field
ionization of gas molecules by electron impact is the only sig-
nificant ionization process and results in multiplication of any
initial electron current emitted from the cathode, In this case
the total electron current I at the anode distance d cm. from the
cathode is given by I = Ioea(d-dO) (Llewelyn Jones 1957, ps 3).

Io is the initial electron current at the cathode, do is the
average distance an electron must travel from the cathode in order
to acquire sufficient energy from the field to be capable of ionizing

8 gas molecule. In practice d  is usually small compared with Q.



The measured cufrent for a given uniform electric field between two
electrodes (i.e. voltage per unit gap distance) should increase
exponentially with gap distance. In practice, for sufficiently
large gap distances, the current increases with d at a faster rate
than this due to the operation of other, secondary, ionization

processes, Some of these processes will now be considered,

1.5.  TONTZATICN OF GAS NOLECULES'BY POSITIVE TON TMPACT

The secondary ionization in the Townsend discharge, which
can lead to breakdown of the gap, was originally tﬂought to be the
result of ionization of gas ﬁolecules when in collision with positive
ions formed in the primary ionization process. ‘Later work has
shown this process to be of little importance.

According to the classical treatment for ion-atom or
atom-atom collisions, only about half the energy of the incident
particle can be transferred., Thus an ion or neutral atom must
have at least twice the ionization energy to be capable of ionizing
an atom. Experimental work by Utterback and Miller (Utterback 1961)
has shown that the threshold of ionization for neutral nitrogen
molecules occurs at about this value. Calculations by Little
(Little 1956, p. 625) have shown that the prodability of ionization
- for neon atoms by neutral neon atoms or neon ion; is negligible in
the Townsend discharge region, so that this process need not be

considered in the present work.

1.6.  COLLISIONS BETWEEN ELECTRONS AND EXCITED ATOMS OR MOLECULES

Electrons with energy less than the ionization energy

(e
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can ionize an already excited atom or molecule. " This two-stage. .
ionization process depends'on the squafe of the electron current

and on the lifetime of the excited states. Although metastable

excited states are present in the neon Townsend discharge, the

electron current is not sufficient to make this ionization process

appreciable.

l.7. DESTRUCTION OF METASTABLE STATES

The neon atom can be easily excited to low energy
metastable states. The dissipation of the metastable excifation
energy on destruction of a metastable level can affect the
~excitation and ionization of the gaé discharge in several ways,.

The metastable atom may be destroyed at a collision with
a neutral gas afom or molécule, causing ionization, excitation or
dissociation of that atom or molecule. For example, if the
metastable excitation energy E_ . exceeds the‘ionization energy Ei
of an atom of a different species, the metastable state can be
destroyed at a collision causing ionization of the second atom.
The:Penning effect (Penning 1929 (1,2); Pike 1936)'was first
observed in neon-argon mixtures where argon atoms wefe ionized
(Ei = 15.7 electroﬁ volts) by collision with metastable neon atoms
(Emet = 16,53 electron volts), Quantum mechanical considerations
show that the cross section for this process ias large because of

the particular energy difference between the two states. Slight

contamination of neon with argon can therefore serdiouslv affect



the ionization processes operating in a discharge. For example,
Penning showed that argon impurity of 10 parts per million of neon“
could reduce the sparking potential of the gap by 50% and increase
% (the primary ionization coefficient per unit pressure) by as mﬁch
as several orders of magnitude. Therefore the purity of neon used
for experimental measurements is very important.

A metastable particle may revert to the ground state on
collision with one of the electrodes or-the wall of thé chamber to
liberate an electron. The electron emission is by an Auger potential
energy process ﬁiscussed in a later section., If the probability of |
metustable atoms reaching the cathode is large this process may
contribute appréciably to secondary ionization.

An atom in a metastable state may be excited to a higher
encrgy non-metastable state on collision with a neutral gas atom.

Tne higher state can then revert to the ground level with emission
of a photon. This process can occur for neon, since the energy
gaps between the excitation states are comparable with the thermal
energy of a neutral gas atom. Fo? heliﬁm thé energy gaps are
larger and metastable states are unlikely to be destroyed by this
process,

| Metastable‘states may be destroyed at two or three body
collisions involving one or two neutral gas atoms producing a collision
induced photon. This photon may reéult in electron emission from the
cathode. (Such photons are sometimes referred to as 'non-resonance
photons' to distinguish them from 'resonance photons', Resonance

Photons travel through the gas by exciting gas atoms to non-metastable



- resonance levels which qﬁickly decay, re-emitting photons of the

same energy. As a result the photons travel through the gas by a
process similar in some respects to diffusibn. After each eBsorption
the photon is emitted in a random direction.) The production of
collision induced photons by metastable atoms is proportional to

the pressure in the two body case, and the square of the pressure

in the three body case.

From these considerations it is apparent that the life-
time of a metastable state is‘dependent on gas purity, geometrical '
factors, temperature and pressure. Experimental measurements of the
lifetime can provide information about the relative importance of

the different destruction processes, These measurements will be

considered in chapter III.

1.8, EXCITATION OF GAS MOLECULES BY PHOTONS -

An atom or molecule of a gas can be excited by a photon
which has energy h»’exaétly equal to the excitation energy. 1In
this respect photoexcitatiﬁn differs from excitation by electron
impact where the probability of excitation is zero at the threshold.
However if the photon energy.is not exactly equal to the excitation
energy, the probability is sﬁall (the excess energy being radiated
at longer wavelength), o

One consequence of the high probability of excitation when
the photon energy is exactly equal to the excitation energy Eox
is that a photon which has been emit;ed by the decay of . an excited
. 8tate (after about 1078 seconds) has & high probability of being

absorbed by an adjacent molecule. Such a photon is said to be

L
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'"trapped! and moves through the gas being repeatedly absorbed aqd
re-emitted. The photon‘is emitted in a random direction after |
each absorption so that scattering results. The'delayed pasSaéé
.of the photon through the gas is by a aiffusion‘type process.and -
results in 16ng transit times., ThiS'tréﬁpgd or reésonance radiation’
might explain the relatively slow (millisécond) build-up°of
secondary ionization which is sometimes observed in a gas if the
photon can cause electron emission when it finally reaches the
cathode. The resonance process is most important for excitation
levels near the ground state. It can work.for higher excitation
levels, but there is then a considerable volgme destruction of

photons. (Holstein 1947, Biberman 1947).

1.9. IONIZATION OF GAS MOLECULES.BY PHOTONS -

Tonization of gas molecules in the ground state by a photon
of energy h can occur if hy is greater than or equal.to the
ionization energy Ei' The cross section for photoionization in
maﬁy cases reaches a maximum close to the threshold in contrast to
" ionization by electron bombardment where the cross section is zero
at the threshold. Photo-ionization cross sections are generally
about 1000 times smaller than crosé sections for ionization by
electrpn impact. Therefore the contribution to‘ionization by this

process is usually insignificant.
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l.lOf SURPACE PHENOMENA CONTRIBUTING TO IONIZATION IN A GAS

.The inf?raction of photons, electrons, ions, and excited
atoms or molecules with the solid or 1iéﬁid surfaces in contact
with a gas can cause electrons to be released into the gas,
Tlectrons can also be released by field emission where high
electric fields are applied or where the field is enhanced by
surface irregularities. |

vAn electron in a metal must be supplied with at least a
well defined minimum energy, (known as the work function and denoted

by £,) in order to escape. An electron which lies below the Fermi

level of the metal will require greater energy than this.

1,11, PHOTO-ELECTRIC EMISSION FROM METALS

Emission of an electron from the metal by an incident
_ . enersy .
photon is possible if the photon is equal to or greater than the

AP
ﬁork funct{on.ﬁ of the metal.‘ The ejected electron will have energy
hV ~f if it comes from the Fermi level of the metal., For example,
to release an electron from a gold Surface wifh a work function of
4.7 electron volts the photon must have a wavelength less than

26308 which means that it must be in the ultra-violet region.

The electrons will have various energies even if all the photons

have the same wavelength because the electrons are ejected from
different depths in the conduction band. TFor photons of a given

energy the electron emission current is proporticnal to the

intensity of the radiation.
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The photoelectrlc yield (eleotrons emitted per incident .t‘»‘
photon) depends on the nature and state of the surface as measured
by the work function. The work function can be affected by absorbed
gas layers on the surface and by insulating surface layers,such as an
oxides The photo-electric yield also depends on the angle of
incidence and polarization of the incident radiation.

For all metals except the alkall metals and those with
surface layers, the ﬁavelength réquired to produce electron emission

is in the ultra-violet region. Irradiation of a cathode with ultra-

violet radiation is a common method of producing an initial qurrent

" of electrons in a gas.

1,12, SECONDARY EMISSION OF ELECTRONS BY ELECTRON IMPACT

An electron striking a solid surface may be reflected or it
‘may cause secondary electrons to be emitted from the solid, These
secondary electrons are often accompanied by the emission of soft
X-rays. The primary electron energy~mu8t exceed the work function
(in electron volts) of the solids No completely satisfactory theory
exists for secondary emission by electrons. Under Townsend discharge
conditions, electrons arriving at the anode of a uniform field gap
may cause secondary electrons to be emitted. However, these will
have a negligible contribution to the ionization of the gap because
. they are prevented by the field from travelling far from the anode

and they are mostly of low energy (a few electron volts only).



FIG 3. POTENTIAL ENERGY DIAGRAM AND ELECTRON
TRANSITIONS FOR NEON IONS ON A NICKEL SURFACE
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1.13, EMISSION OF ELECTRONS FROM METALS BY POSITIVE TONS

The secondary emission coefficient 71 for ions incident
on a surface is defined as the number of secondary electrons emitted
from the sﬁrface per incident ion of a specified energy. For
positive lons of low energy it is found. that ?i is almost independent
of ion kinetic energy and depends only on the potential energy.
Little (1956, p. 651) describes two alternative Auger processes in
which two electrons are involved at the same time., The two stage
process is illustrated in Fig. 3 (a and b) for the case of emission
of an electron from nickel by a neon ion. The first stage is the
resonance capture of an electron from the Férmi level of the metal
by the ion, the electron goin§hto an excited level which may be
metastable (Fig. 3a). This is possible if W > (Ei - Eex) > P where

W is the maximum aepth of the Fermi level in electron volts.

£ 18 the minimum depth or work function of the nickel.

Ei is the ionization energy of the neon in electron volts.

Eex is the excitation energy of the neon in electron volts,

The second stage shown in Fig (3b) involves the eJection of this
electron by the neon and at the same time the transfer of another
electron from the Fermi level of tge metal to the ground state of

the neon. This is called Auger de-excitation. (For some excitation
states the excited electroﬁ may_decay to the ground state at the

same time as an electron is emitted direofly‘frbm the metal.5 The

energy of the electron released, E_, 1ies in the range

. -W
Eex p} Ee } EGX

The alternative single stage prooess desoribed by Little



15,

(11lustrated in Fig. 3¢) involves the simultaneous emission of two
electrons from the metal, one being released and the other going to
.the ground state of the gas ion. In this‘case the energy of the

released electron lies in the range

Ei-2ﬁ5> E, > E - 2w '

In eithgr case, the process is dependent on the work function and thé
maximum depth of the Fermi level of the metal, and also on the ionization
energy of the ion. The two stage prbcess also requires the existence

of a suitable excitation level in the gas. ﬁeither process depends

on the kinetic enefgy of the ion. Recent experimental measurements of
the electron‘emission from metals by rare gas ions of low kinetic energy
have confirmed the oberation of a potential emission process.

(Hagstrum, 1954, Rakimov and Dzhurakulov 1964, Magnuson and Carlston
©1963). | |

Under gas discharge conditions the situation may be ooﬁplioatad

by the existence of several different species of ions., Single and
dohble charged atomic and'molecular ions will have different potential
energies of ionization and therefore they will have different seoondéry
‘emission coefficients. The proportion of each 'ion species will depend
on the voltage and preésure conditions in the gap.

1.1, SECONDARY ELECTRON EMISSION BY EXCITED AND METASTABLE ATOMS
AND MOLECULES

As previously mentioned, a metastable particle may liberate
an electron at a collision with a solid boundary, If the excitation
energy of the metastable particle is M electron volts, and the solid

surface has a work function of @ eleotron volts, the ejected electron
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energy Ee will be given by

Ee \<M - po

For the low energy metastable atomic states of helium and neon M
has values of about 19,8 and 16.5 electron volts respectively.
These metastable atoms would clearly be capable of releasing
electrons from a nickel surface with work function between 3.96 and
5.2 electron volts (Weissler 1956, p. 347). The electrons are
emitted from the metal by the secondary stage of the two stage Auger
process described in the previous section (MacLennon 1966). 1In the
present work a metastable neon atom arriving at the nickel cathode
could cause the release of a secondary electron.

Since metastable atoms are uncharged, only about 20% of
those formed in the gas will diffuse to the cathode and be capable
of returning electrons into the discharge. However the yield or

average number of electrons produced per incident metastable atom

can be quite high,

€e8e 1072 for Hg metastable atoms on Hg
0.24 for 233 He metastables on Pt
0.5 for 218 He metastables on Pt

0.4 for A metastables on Cs
(Weissler 1956, p. 84).

1,15, SUMMARY OF SECONDARY TONIZATION PROCESSES

The processes mentioned in this chapter which contribute
to secondary ionization in a gas discharge can each be represented
by an ionization coefficient which is the number of olectrons

contributed by that process per primary ioniring collision in the gas,
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If several secondary processes are operating at the same time it can
be shown that, to a good approximation, the secondary coefficients are
additive and the total secondary ionization can be expressed by a
éeneralized secondary ionization coefficient‘ﬁyu which 1is the sum of
the individual coefficients. (Llewe?&n Jones, 1957, p. 54). The
spatial growth of ourrent in the steady state can then be expressed

by the equation

ad
e

I - . . -
T 1%9a(eo) . | (1)

where I is the current measured at the anode, Id is the initial
externally induced electron current at the cdtho@e, d is the gap distance - -
and a is the'primarj ionizﬁtion coefficient, .All the ionization
coefficients, both primary and secondary, are functions of the eleotric
field per unit pressure, E/p. Some of the secondary ionization

coefficients may also be functions of pressure and gap distance.

1,16, THE SPARKING CRITERION AND THE PHYSICAL SIGNIFICANCE OF
BREAKDOWN

If there is some secondary ionization in a gas dlscharge
a graph plotted of log.(L/Io) against éhe.gap distaﬁce d for a given
" value of F/p will show some upcurving for large d values, If d is
made'sufficiently large the slope of this graph beo&mes infinite and
the current Iﬂflowing through the gap-is limifad only by the external
circuit, The physical significancg of this phenomenon is that the
current I in the gép_is'no longer a‘fupption of I, the externally

induced photocufrent at the ocathode. ~ In other words the current has
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become self-maintained ana will continue to flow even if the current

I, is reduced to zero, '~ From equation.(l) it will be seen that when
‘this state is reached

1 -%a(e®1) = 0 - - (2)

' This expression is known as Towmehd's criterion for breakdown, and can -
be used to determine the generalized secondary coefficient “Ya where

a is known,

1.17. DISTINGUISHING THE SECONDARY IONIZATION PROCESSES IN A GAS
DISCHARGE ‘

Consideration of the spatial growth of current for a gap
which has r;ached equilibrium without breaking down does not provide
a means of distinguishing which of the several possiﬁle secondary

.lonization processes are operating in the discharge, Measurement of
the breakdown potential (VB) and the generalized secondary ionization
cosfficient, */a , may provide some indirect information. For
example the existence of a sharp peak in the curve of‘“?a.against

‘}E/p at low E/p values (less than 10 volts om™> torr-l) can sometimes
be attributed to photo-emission from the cathode. In some simple

- cases it is possible to relate the temporgl growth of current as the
discharge reaches the breakdown condition, to the life-times and transit

times across the gap of the active particles. ' In this way it may
be possible to estimate the importance qf some of the secondary
ionization processes. This approach has however three serious
weaknesses, The théoiy required is 6omplioated and necessarily

involves a numbér of simplifyihg aasumption;, all of which may not
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be justified. The current growth is not always a sensitive function'
of the .secondary ionization coefficients,. If this is the case the,
inforration obtained about the secondary céefficients will be
correspondingly inaccurate. The theory requires values bf diffusion
coefficients, drift velocities of ions and eiectrons, metastable
iifetizes and pricary ionization toefficient under the corditicns of
the experiment. The data may not always Dbe é#ailable under conditions
which are strictly comparable. The calculated current growth is a
particularly sensitive function of the primary ionization coefficient a.
The various theories for the temporal growth of current at
the beginning of a gas discharge will be considered in detail in
Chapter IT and III. One of the simplést methods of observing the
temporal growth is to measure the 'time lag'. This time lag is the
total time required for the formation of a self maintainddischarge
measured from the application of the voltage to the gap. The first
part of the/time iag'is the time which elapses before primary current
of electrons begins to flow from the cathode. This is called the
'statistical time lag' since it involves statistical events. The
second part of the time lag is the time required for the primary
current to lead to a selfl mainfained discharge.' ‘Phis is called the
Tormative time lagh In practice the statistical time lag can be
made very short by ensuring that the appearance of electrons in the
&ap is highly proﬁable. This can be done, for examplery irradiating
the cathode with ultra-violet light. The measured total time lag
is then equal to the formative time lag. The formative time lag can

be predicted theoretically in certain simple cases by assuming values
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for the secondary ionization coefficients which are thought to be
operative, Comparison of these calculated time lags with the
experimentally measured values for a rumber of values of the applied
field can ffovide approximate values for the seéondary coefficients

- provided agreement between theory and expefiment can be found.'

This procedure, bdnsidered in détail in ohabter 3y has Beén uéed in

' the present study of the secoﬁdary ionization processes involved in 4}
the onget of breakdown in low pressure neon’ﬁnder uniform fie}d

conditions. - ' o ~;";‘ S

;s
P

e
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CHAPTER TIT

A REVIEW OF PREVIOUS WORK

2.1  INTRODUCTION

This chapter contains a review §f experimental and
theoretical ﬁofk relevant to the problem of evaluating the
secondary mechanisms of the Townsend breakdown of neon. The
neon atom has two low energy metastable levels, excitation to either -
of which require; less energy thaﬁ ionization. Atoms in a meta=~
stable state will be,présent in a gas discharge initiated by
emission of ;lectrons from the cathode and have an important effect
on the s;condary jonization processes which lead to breakdown. | The
" secondary elecfron currenf'which results from processes involving
metastable afoms can be observed by initiating a short burst of
primary photo%lectrons from the cathode. The.metaatable processes
are much slower than'the positive ion and undelayed photon procesges,
and can therefore be separated temporally. "

The temporal growth of curfenf»resulting from the apflication
of a step voltage to a gap constantly illuminated with ultra-violet
liéht'involvés a more complicated fheory but can still be related to

the secondary'ion{}ation processes., In addition, optical absorption

" . methods applied to recently excited gaps can be used to provide

information about-the lifetimes and Qecay processes of metastable
atoms, The work %ill be described in order of histopical develop-
ment, the formative time lag theory of Davidson and its application
to the rare gasea‘helium and neon being considered éeparately in

/

Chapter III.



The energy levels of the first two excited configurations

of neon are shown in Fig. 1 in Chapter I (Dixon and Grant 1957).

The first configuration consists of the.lP singlet level of energy

3 3

1

16.7 electron volts, and the triplet levels:3Po, P, on the

2

| Pl’ and ‘
“energies 16,62, 16.58 and 16.53 eV. The 3Po and 3P2 levels are metastablé

because selection rules prohibit transition to the ground state,

2.2, THE LIFETIME OF NEON METASTABLE STATES

F.A..Granf'used absorption of mohochromatic light of a

- suitable wavelength by excited neon gés to measure the lifetimes of
the neon excited levels. (Grant 1950) He used neon purified by a
potassium pool dischﬁrge to remove.mercury vapour, the electrodes

of the system were rigorously outgassed and the system used for the
purified gas contained no stopcocks. Despite these precautions,

a trace of argon remained in the gas., Grant found that the lifetime

of the 3P2 metastable state depended on the size of the absorption

tube. The 3P2 lifetime17_was related to the neon pressure P by the
equation: |
1 B :

where B and C are constants for a given tube. Earlier theoretical
treatment by Meissner and Graffunder (1927), Anderson (1930) and

Zemansky (1929) gave the constant B as

23.2

N

+

b
= IF‘N

where D and L are the diameter and length of the discharge tube.



Gfant's results however showed widespread disagr;ement with this
erprazzion for 2. The tern CP nal a predominant effect on the
lifetime at high pressures, although if was thought that argon
impurity could have been partly responsible for this term. The lines
used for absorption were 6402, 595, 6143, 6334 and 5882 A,  All these
wavelengths excite atoms in the 3P2 state to higher levels in the |

second configuration which may decay to the ground state via the

3

3P2 metastable atoms can thus be calculated from the absorption of

P1 or 1Pl non-metastable levels. The density and lifetime of thé

radiation of these wavelengths. Grant also observed long lifetimes

‘for the 1? 3P1 radiating levels. This was thought to be due to

1

& resonance radiation process where photons from the decay of these

and

states are quickly re-absorbed by ground state atoms.
An important contribution to the stgdy of rare gases has been

made by Phelpé and Volnar using pulSed light beém techniques.. Ina
theoretical paper published in 1951, Molnar calculated the form of the
slow current build up for a Townsend discharge in a rare gas stimulated
by a pulsed light beam. The form of the calculation is based on a
pPrevious paper by ﬁngstrom&ﬂﬂuxford (1940)« The metastable components
v'of this current can be separated from the much faster effects resulting
from the action of photons and ions. He considered two mechanisms:
(1) emission -of electrons from thé cathode by metastable atoms,
and (2) conversion of metastable atoms into radiating atoms with the
consequent emission_of a photon and photoelectric ejection of electrons
at the cathode. Two further processes:
(3) collision of two metastable atoms to produce one atom in the

ground state and one ion, and (4) collision of a metastable atom



with an electron to produce ar. ion ani %wo electrons, were not

included in the analysis because they are only of importance at high

metastable density or high eleciron current density. The énalysis

based on (1) and (2) enabled the fundamental time constant T, of

the metastable decay to be calculated, It is this decay of metastable

particlés which gives rise to the slow comﬁonent,of the current

- Tollowing a pulSe of light. This slow component could be described

by a single exponential plus a second term of higher time constant

but much smaller amplitude.: Experimentally; ﬁalues fér £he time

constant T, could be obtained from the form of the current growth,

Comparison- with fhe calculated values over a.pange of gap éistance.

and pressure made it possible to calculate ‘the diffusion constant and’

the volumer deétruction probability of the metastable atoms. )
In a paper published concurrently (Nolnar 1951 (2)).Nolnar

applied this method to experimental results for argon and neon. The.

experimental method was similar to that used in earlier work by

Engstrom and Huxford (1940). The resulté for argon cover an g/p range

from 50 to 200 volts cm~l torr-l. The gas was purified by Béﬁalum

getters and liquid nitrogen traps. The operation of a cataphdresis'

discharge had little beneficial. effect. The fundamental time constant

Ti, was calculated fromzthe current growth of the slow component.

A graph of ;c,]ll against ﬂ/xz,.where X was tl"le anoae-éathodé gap,

enabled the metastable diffusion coefficient Dm and G, the probability

of volume destruction of the metastable states per second, to be

obtained from the equation

T~
1 m\

——— = | +G,
o T\
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The argon results showed that Dm varied inversely with pfessure as
expected. TFor a given pressure, results obtained using different
electrodwm.fell on the sgme straight line giying values for D and G-
which were independent of electrode material. TFig. (4) shows some
of these results for argén. The diffusion coefficient for argon
metastable atoms was found to be 45 b N cm2 sec-l for a pressure'qf

1 torr at 25°C., The diffusion céefﬂicient fqr the neon metastable
states was 120 ¥ 10 cmz'sec":L at the same pressure and temperature.
The probability of volume destruction, G, was found to.be.80_sec-1 at
1 torr for argon metastable atoﬁs corresponding to an argon metastable
lifetime 0£2 x X§Simpacts with normal atoms. The probability of
.volume c¢e3truction for neon metastable atoms at 20 torr and a gap of
.5 cm was 870 sec™t.

By introducing suitable radiation, the metastable atoms can
be excited into higher radiating leveis which may decay (1) back to
metastable levels, or (2) to other lower radiating states, TIf (15
occurs there is no net change in the metastable density. If (2)
occurs it results in radiation of a photon whose energy is very
nearly the same as that of tﬁe metastable level because of the
closeness of the 3p543 levels in argon, Kalﬁar used this method

to compafe the efficiencies of metastable atoms.and photons of about
the same energy for emission of electrons from the cathode. - He.
found that the metastable atoms were considerably more efficient.

This approach used by Molnar has the advantage of physical,
if not mathematical simplicity. It does héwever ignore many possible
mechan;sms for loss and decay of metastable states. For example,

measurements and calculations by Biondi (1952) in the afterglow of
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helium and neon mixtures following a pulsed discharge suggested
that the Schade and Bittner reaction (Schade 1937, 1938; Biittner
1939) produced significant ionization. In this reactionitwo
metastable atoms interact to form one ion and one ground state étom,

* * + -
€efe Ne + Ne ————> Ne + Ne + e

This is possible because 2Emet > E;, where E; is the ionization
energy and Emet the excitation energy of the metastable atom.

However, this process was not observed by later workers (e.g. Phelps

and Molnar 1953, Dixon and Grant 1957, Phelps 1959). Molnar's theory
is extended in a later paper (Phelps and Molnar 1953). The

processes considered in this paper by which metastable gas atoms can

be lost aré as foilows: .

(1) Diffusion to the walls and de-éxcitation.

(2) Two body collisions with neutral atoms resulting in (a) excitation
to a nearby higher radiating state, (b) de-excitation to a lower

state (this of course only applies to the higher metastable states

which have greater energy than a radiating state), (c) formation of
unstable diatomic molecules which may radiate before diésociatiod occurs
(collision induced radiation).

(3) Three body collisions with two neutral atoms resultiné in tﬁe
formation of a stable excited molecule.

(4) Collisions between pairs of metastable a@oms resulting in the
ionization of one of them and de-excitation of the other. Process

2(a) is possible for neon and argon because the energy gap between

the lowest metastable state 3P2 and the higher 3P1 radiating state

is less than%BeV and this is comparable with the thermal energy
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of the neutral atom. ' The process is not possible in helium because
the energy gap is too large.

Using a similar approach to the simpler theory, an expression.
is derived for the fundamental time constant of the exponential decay
of the metastable density resulting from a pulse of ultra-violet
radiation directed on to thébcathode. (The decay is exponential if

the metastable density is not too large). This expression is;

D

Z + Ap + sz ' ' (&)
PR

A=
I

where Q is the diffusion length given by

4

o = |G+ 2/
for a cylindrical vessel of length L and radius R. Do is the
metastable diffusion coefficient at 1 torr pressure. A is the
frequency of destruction by two body .collizions (process 2);
B is the frequency of destructlon by three-body 0011151ons (proccss 3)
p is the pressure in torr. . A process of curve flttlngl for o -
experimental graph of_% against p enabled Do’ A and B to be ;valuated.
The results ‘obtained from the absorption of the 6143A line by
the lower neon metastable level (3P2) are shown in Fig. 5. The 3P2
neon metastable atoms, for a temperature‘of 300%K were lost mainly‘
by diffusion at the lower pressures and by destruction at two body
collisions at the higher pressures used. De-excitation of the
netastable atoms to a lower radiating state (process 2b) is not
possible for the 3P metastable level. At a temperature of 77°k

2
it was found that the 3P2 metastable loss processes were diffusion at
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lower pressures and destruction at three-body collisions at the higher
pressures, The average diffusion coefficients found from these
results were 150 cm® sec ' at 300°K and 60 cm> sec™® at 77%K..
There is, however, some departure between the experimental and
theoretical %'values at intermediate pressure, as can be seen from
Fig. 5.

In a paper published‘in 1957vDixoﬁ and Grant used the
optical absorption method for investigation of the decay in the after<
glow of neon metastable atoms.
The neon metastable loss processes considered were:
(1) Diffusion and de-excitation at the walls.
(2) Enission of forbidden radiation. |
(3) Radiation resulting from two-body collisions.
(k) Transition to radiating levels by two-body collisions.
(5) Ionization of impurities with ionization energy lower ‘than the
neon metastable excitation energj. (The fénning effeét).
(6) Formation of metastable molecules by three-body collisions.
(7) Metastable collisions with ions., ' "
(8) Metastable-metastable collisions producing an ion.
In this work processes (2), (5), (6) and (8) were not observed.
There was no evidence to show that the thee—body collison process
occurred at 300°K. This agrees with results of Phelps and Molnar (1953)

where the three-body process was only apparent at low temperature.
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3 3

P1 and _P2 neon levels as a

function of pressure are shown in Fig. (6). The 3P1 and the °P

" The mean lifetime measurements for the

2

values fall on the same curve, and over a pressure range from 9 to 17

torr the lifetimes were the same within the limits of experimental

error. This implies that the }Pl radiating level is filled from

the 3P2 metastable level, and therefore governed by the lifetime

of the 3P2 levels The solid curve was obtained by using the formula

|

= =+ Ap | (6)
°p

i

where D, is the diffusion coefficient of the 3p2 level, Q the
diffusion length given by equation (5)s A is the frequency of two-
body quenching collisions per unit pressure. Equation (6) is
identical with the equation (L) used by Phelps and Molnar (1953),

if B, the three-body process destruction frequency, is put equal to

" Zeros

The value of D1 used to give this curve was 170 cm2 torr sec-l.
It can be seen that this equation deséribes the experimental results
reasonably ﬁell,»except at the higher pressures. Dixon and Grggt
state that £he short straight line on'thg right of the graph was
obtained by allowing for resonance radiation using an approach due to
Phelps (1955). It is not explained in eitherkpaper how this curve
is arrived at.

Fig. (7) shows the lifetime of the_sPo metastable neon states
obtained by Dixon and Grant using absorption 6f‘the 62664 line.

At the lower pressures, where diffusion is the predominant loss

mechanism, the lifetimes for the 3Po and 3P2 states fall approximately
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on the same curve, This implies that the two types of atom have
the same diffusion coefficient (eQuation 6). The 3Po lifetimes are
however shorter at the higher pressures. The theoretical curve
shown on Fig. 7 was obtained by using equation 6 with the same value

3

for D. as used for the P2 case, but with a larger value for the

1

destruction frequency.

The optical absorption method has been used by Phelps (1959)
to measure the lifetimes of neon excitation states in the afterglow,
the theory being extended to inclﬁde the imprisonment of resonance
radiation. The results show that thé 3P2 metastable atomic state is
destroyed by:

(1) Diffusion to the walls.

(2) Two-body collisions involving a ground state neon atom which
causea the 3P2 state to be excited to the 3P1 radiating staté.

- (3) Three-body collisions involving two ground state atoms.

The 3Pl states are destroyed by:

(1) Two-body collisional de-excitation to the'BP2 metastable state.

(2) Escape of the imprisoned resonance radiation, B

The 3Po metastable states are destroyed by:

(1) Diffusion to the walls.
(2) Two-body collisional de-excitation: to the 3P1 or 3P2 states

The 3Po states may also be produced by collisional excitation
of the 3P2 and 3P1 stétes. It was found that the 1P1 state played
no significant part in the decay of the 3Pz, 3Pl or 3P0 stateé.
(This agrees with the findings of Dixon and Grant in 1957). The

diffusion coefficients of the two metastable states were found to be

30.
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equal, and in agreement with those of Dixon and Grant. TFig. 8

shows Phelps' results for the metastable diffusion coefficient as a

function of temperature.

2.3, PHELPS' THEORY OF CURRENT BUILD-UP

Phelps has further extended his theory to include the effects
of molecular ions, molecular metastabie particles and non-resonance
radiation and used it to calculate the build-up of current p?eceeding
the Townsend breakdown of a rare gas. (Phelps 1960). A parallel
plane electrodeAsystem is c¢onsidered and the rates of arrival at the
cathode calculated for atomic and molecular ions, atomic and molecular
metastable ﬁarticles and resonance and non—résonance photons. For '
this theory it waé assumed that the electron current increased
exponentially "with time, although Phelps pointed out that this is
not strictly true in the initial stages of the current build-up
because of the discrete nature of the electron., The Holstein-Biberman
theory for the imprisonment of resonance radiation was used to find
the spatial distribution and the rate'of.ﬁrrival at the cathodé of the
resonance radiation. (Holsteiﬁ 1947, Biberman 1947; Biberman ;nd :
Gurevich 1950). This avéids the inaccuracies which are introduced
if the passage of resonaﬁce radiation througﬁ the.gap is treated as
a diffusion p;océss. The molecular ions are considered to be formed
by two or three-body interactions between excited and ground state.
atoms. Phelps applied this theory to- the case of current growth
in helium for which the required data is available., The growth
constant A of the exponential pre-breakdown current was calculated
from the theory as a function'of the amp itude of the applied voltage

pulse. TFig. (9) shows the predicted growth constant as a function
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of applied voltage for helium at 300°K and 100 torr for a number of
-possible secondary ionization processes. The secondary electron
current at the cathode is assumed to be due to the arrival of (a)
diatomic metastable helium molecules, (b) diatomic helium ions,
(c) resonance photons, and (d).all three processes together.
Fig. (10) shows the calculated fractions of the cathode current
resulting from each process as a function of the growth constant.
_ These results show that for low time constants (slow current growth)
the diatomic metastable molecules provide the main contribution to
the slow COmponénts of the current. At intermediate N the molecular
ions dominate and at large N the resonance radiation process is most
important. . The threshold voltages for the appearance of each process
is shown in Fig. (9).

This approach to the problem of pre~breakdown currents is
at present limited to the case of helium because of the availability
of the data required. Phelps considers that the existence of four
closely Spaced metastable and resonance 1eyels in neon and argon would
lead to a more cﬁmplicated situation than fofﬁhelium. This theory
does not take into accounf faster ionization processes such as -
electron emission from the cathode by atomic positive ions and “
‘ undelayed photons. These processes cap néver—the-less have an
important effect on the Townsend‘breﬁkdowﬁ even though slower

metastable effects are present.

2.4+  MOLECULAR IONS

Mass spectrometer measurements by Arnot and M'Ewan (1938, 1939)
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suggested that the ion Hez could be produced by a collision between
a low energy excited helium atom (e.g. the metastable state at

19.8 eV) and a neutral atom. However, more recent measurczents by
Hornt eck and Molnar (1951) have shown that the appearance potential
is too high for this. It is fhought that the molecular ions are
.pruduccd by czcitation of a hclium atom‘to a high energy non--
metastable state by electron impact. The molecular ion(is produced

by impact between this excited atom and a ground state atpm, i.e.
»
He + e + K.E. —>He + e
W

He + He — He; + €.

+
Similar processes led to the formation of Kr,, Xe;, Ne! and AY.

2 2
The appearance botentials measured were 23,18 +.2 volts
-7
for He; and 20.86 + .3 for_NeE. Thus the 3Po and 3P2 metastable
- .7

states of neon would not have sufficient energy for the formation

of molecular ions, although they could be produced by a high energy

non-metastable excitation state.

2.5. METASTABLE MOLECULES

Colli (1954) observed ultra-violet radiation from avalanches
in a couter tube containing argon at pressures from 70 to 650 torr.
This radiation was thought to result from the destruction of

metastable atomic states. The lifetime of these states, determined
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from the temporal variation of the radiation, was found to be
‘inversely proportional to the square of the argon pressure implying
a three body destruction process for the pressure range used. The
hypothesis suggested by Colli was that the 3P2 argon metastable
atom was destroyed in a three body collision involving two ground
state atoms to give a diatomic metastable molecule, one ground state

atom and a photon in the ultra-violet region

» Tk
A +A+ AR, + A.
This process would however be much less important at lower pressures.

A similar process could occur for neon at high pressures.

2.6. McCLURE'S THEORY FOR THE TOWNSEND BREAKDOWN OF NEON

The temporal growth of current for the Townsend breakdown
of neon has been measured by McClure (1962). A step voltage was
applied Yo a plane parallel electrode‘system with variable gap
distance where the cathode was continuously illuminated with ul?ré-
violet radiation. The voitages used were slightly greater than.
the voltage required for breakdown (i.e. overvoltages up to about 1% ).
A1l results were for a neon pressure of 4O torr. An electrical
circuit was used'directly to measure the time coﬁstant 8 of the
growth of current in the gap at breakdown. McClure attempted to
explain the variation of © with gap voltage by a theory where it was

assumed that only two secondary ionization processes were concerned

in the breakdown. These were the emission of secondary electrons
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from the cathode resulting from the arrival of positive ions and
metastable atoms. An explicit expression fof.the time constant

© was obtained by using a return function L(V,t). An electron
leaving the cathode at time t = O, with a gap voltage of 'V volts,
causes an average L(V,t)dt secondary electrbns to leave theé cathode
during the interval (t, t + dt). | However.it was fbuna that the
experimental values of © exceeded the calculated ones.by atout 15%.
Thus it was concluded that the brezkdown could not be explzinel by
the action of positive ions and metastable atoms at the cathode and
that some other process was required. The Townsend breakdown of
helium has been examined by D.K. Davies (1963) using Davidson's
formative time lag theory. This will be discussed in chapter III,
but it is of interest to note here that a conclusion similar to

McClure's was reached,

247+ CONCLUSION

In recent years the mechanisms by which metastable atoms
of rare gases are destroyéd have been extensively studied and the
processes are now reaéonably well understoods The work of Phelps
and Molnar has been parficularly valuable. At pressures of a few
torr the predominant loss of neon metastable atoms is by diffusion.

At higher pressures (20 to 50 torr) destruction of metastable atoms.

at two body collisions involving gas atoms becomes important. This
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experimental work has provided values of the meanlife time of metastable
atoms as a funétion of pressure and geometry, and also values of the |
diffusion coefficient of the metastable atoms as a function of pressure.
This data is required for formative time lag calcuiations.
The extensive anaiysis by Phelps of the slow component of

.current resulting from a pulse of electrons is ét present limited

to helium. A study of the Townsend breakdown by McClure has shown

that breakdown cannot be explained by the action of positive ions

and metastable atoms at the cathode. 'Davidson's formative time lag
theory provides an analysis of the Townsend breakdown which is more
complete and'more rigorous than McClure's simple approach. This
theory, and its application to the rare gases helium and neﬁn, will

be considered in the next chapter.
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CHAPTER ITI

DAVIDSON'S THEORY -FOR THE TEMPORAL GROWIH OF CURRENT

3.1. INTRODUCTION

Formative time lags in the Townsend breakdown of low
pressure gases under uniform electric field have been studied at
the University College of Swansea for a number of years. A
temporal growth theory developed by bavidson enables the
experimentally measured formative time lags to be related to the
secondary ionization processes which lead to the electrical break-
‘down of the gap. The theory enables the formative time lag to be
calculated if the secondary ionization coefficients are known. The
usual procedure therefore is  to assume values for the coefficients,
calculate the tﬁeoretical formative time lag, and compare it with the
experimental value. The coefficients are adjusted until agreement
is found between the theoretical and experimental formative time
lags. In this way the importance of various secondary ionization
processes can be estimated. A particularly simple case is the
'Townsend breakdown of low pressure hydrogen where only two
secBndary ionization processes are of importance. These processes
are emission of electrons from the cathode resulting from the impact
of photons and positive ions. The theory developed by Davidson
(Dutton et al. 1953) will be outlined here since it forms the basis

for the more complex theory used for the breakdown of the rare gases.

'
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3.2, DAVIDSON'S THEORY FOR HYDROGEN

In a uniform field gap between two electrodes the steady

state pre-breakdown current I is given by Townsend's formula

Ioexp(ad)

1-"/a(exp(ad)-1)

where Io is the current of électrons generated at the cathode by
external means, and d is the gap distance; a is the primary
jonization coefficient for electfons, andoi/a is the generalized
secondary ionization coefficient which includes contributions from
the two operative processes. If é/a is the coefficient for the
emission of.electrons from the cathode by photons generated in the
discharge, and3~tme coefficient for emission of electrons from the
cathode by positive ions formed in the discharge, then, for hydrogen
aj%x=ﬁ=§7a +%.

In the non steady state, when the appiied voltage V exceeds
_ the sparking voltage Vs’ the rate of increase of current in the
gap with time will depend on which of the two processes is the
dominant one. Thus the measured formative time lag, which is the
time required for the gap currént to grow to a given value, will
depend on the relative importance of the ion and photon processes.

The continuity equations for ions and electrons are:

I :
2(=) DI_
=~ = =~ —— + aJ_ for electrons (7
ot ax
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and

LG

= —> 4+ oI_ for ions . - (8)
9t ox .

where I_is the electron current
I; the ion current
v_ the electron drift velocity

and v, is the ion drift velocity.

The distance from the cathode is.x cm, and tﬁé'time meaéuréd from

the application of the voltage V is t secs. Bartholomeyczyck’(l940)
produced an approkimate solution for thegse eqﬁations, but fﬁn
Gugelberg (1947) pointed out that Bafholomeyciyck's solpt}on
ignored the current of electrons from tﬂe cathode induced by ultra- i.
violet illumination. This omission'has peen allowed for in a
modified solution by Davidson (Dutton et al. 1953). An exact

form of this solution allows for the presence of an initial |
distribution of change particles in the gaﬁ at the time of
application of the breakdown voltage (Davidson 1955). This is
important in cases where continuous backing voltage is applied to
the gap and a pre-breakdown current is already flowing when the
voltage pulse,lwhich leads to breakdown, is applied. However,

this form is difficult to apply in practice because of the lengthy
| calculations involved. The approximate f;rm of Davidson's solution
oﬁtlined below can be applied whefe there are no cherged particles

present in the gap at t = 0, or if particles are present it can be
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The electron current I_ flowing at time t at the cathode

(x = 0) is given by the equation:

I (1 - expht)

I_(0,t) = 1-(3+ 8/c;,)(expa.d - 1)

where Io is the externally induced current at the cathode.

value of A is calculated by solving the equation:

) - 1- 82 (P - 1) £ (% - 1)

for F(d) = O
where £ =a- 2:;

Y=a-p- %;

foi L

v v v

v_ is the electron drift velocity in cm. sec .

v, is the positive ion drift velocity.

p is the coefficient of photo-absorption in the gas.

T is the secondary ionization coefficient for the release of

(9)

The

(10)

(11)
(12)

(13)

electrons from the cathode by positive ions (expressed as the

number of electrons released per primary ionizing collision in

the gas).
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§/a is the secondary ionization coefficient for the release of
electrons from.the cathode by photons formed in the discharge
(defined as the number of electrons emitted per primary ionizing
collision in the gas).
The calculation of formative time lags is carried out
as follows:
(1) The value of‘aya,is calculated from the value of the sparking
potential using the value of the primary ionization coefficient a for
the value of the electric fiéld‘per unit pressure E/po existing in
the gap. (p, is the pressure reduced to 0%).

(2) values of ﬁ)and‘é/a are chosen to satisfy
¥+ §/a =%, (1)

(3) Equation (10) is now solved for A; this is done in practice
by calculating F(d) for various values of A until a value is found
which satisfied F(d) = O.

(4) Using this value of N equation (9) is solved for t assuming
suitable‘values for Io~apd I. Inlfhe‘solution for \ and t, the

- relevant value of & is the value for_the E/po which obtains as the
chosen value of the pvervoltage AV =V - Vs. It is assumed that
a%a is the same at the sparking voltage as %t is at the given over-

voltage. This is approximately true for small values of overvoltage.
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Repeating the above procedure for a number of low values
of overvoltage, & curve showing the variation of formative time
2
lag with overvoltage can be obtained for a given ratio of ks .
a
A series of curves for various values of-€7; can be obtained, and
a process of curve fitting with the experimeﬁfal results can give
an estimate of the value of 351 under experimental conditions,
[
This solution has been successfully used by a number of

workers for the use of hydrogen (Dutton et al., 1953, Goznﬁ 1960,

Betts 1963, Fulker 1963).

3.3, EXTENSION OF THE THEORY FOR RARE GASES (T)

Phelps' theory for the growth of the slow component of
current in thé Townsend breakdown of rare gases has been described in
- 243, This theory enabled the time constant of the current growth
to be calculated. Measurements of the growth constant are required
for interpretation of the theory. However, Phelps has pointed out
(1960) that the current build-up will not be'exactly exponential
for very short times after the initiation of the discharge owing to
the discrete nature of electrog avalanches., The theory does not.
take into account the faster ionization processes which may also
be present. The solution developed by Davidson for rare gas break-
down enables the current flowing in the gap to be calculated as a

function of time for cases where the growth is not exponential.
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This solution also includes the effecfs of faster processes
involving positive ions and undelayed photons. The theory

which will now be described includes the emission of electrons

from the cathode by impact of metastable atoms produced in the gas
discharge (Davidson 1958). it was suggested that this same theory
éould also be applied to the resonance radiation process (which does
not involve a metastable state) since the photons move through the
case by a process analagous to diffusion. However, it was pointed
out by Phelps (1960) that the resonance radiation should obey the
Holstein-Bibefman theory and not diffusion laws. The parameter of
the solution for resonance radiation derived from the Holstein-
Biberman theory is independent of the gas density and varies only
as the square root of the electrode separation. On the other hand
the parameter of the diffusion theory is proportional to the density
and to the square of the electrode separation,

The complete solution for the Holstein-Biberman resonance
radiation theory is given in a later paper (Davidson 1962).

For the case of electron-emission from the cathode by
metastable atoms formed in the gas discharge, the basic diffusion
equation for a region of gas x bm. from the catﬁode is
‘0n§>bctzt! - - ‘ngifxzt! . c['lea.x i_(t _%-) _ n{x,t

t (15)

(Davidson 1958)



n(x,t) is the spatial density of active particles at a distance
x from the cathode, at time t.
J(x,t) is the current density in the x direction of active particles.
i_ is the electron current at the cathode.
w_ is the electron drift velocity.
o is the average numbér - of electrons generated by an electron
per centimetre path length in the direction of the field, (the
primary ionization coefficient).
oy is the average number of active particles generated by an electron

per centimetre path length in the direction of the field.

%I is the fraction of the active particles destroyed per unit time
by collisions with unexcited atoms. It is assumed that destruction
of metastable atoms by electrons can be ignored. _ For this reason

the theory is not applicable for high current densities where the
field would in any case be distorted by space change.

In the steady state the diffugion coefficient D for the

metastable atoms or active particles will be given by
' 2n
§ = -0z (16)

Assuming that this also applies to the non-steady state we can write

. 2
_ bggxztz as D'D n(x,t) | (17)

X ox
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the diffusion equation then becomes:

2
D—Ii;‘-z—ltt = D—(—Q—H%Xt +ae®™ i (v - - nlx,t) (18)
- -

For metastable atoms the diffusion coefficient D cén be written
approximately at %-L? where J is the mean free path and v the mean
kinetic velocity. |

Davidson gives the solution for current growth in two

forms, one valid at all times and one valia'for time t where t is

T
a small fraction, e.g. %; T being the active particle transitvtime.
» 2 2
The transit time for a diffusion process is %;' = 2%:— .
. v

For example with a gap distance of .5 cm. and diffusion coefficient
of 4 Cm.zsecm1 the transit time is about 10-1 sec,.
The solution is written as a Laplace contour intégral.

The boundary conditions are:

(1)  att <O, n(x,t) =4 (t) = 0; . g
(i1) at >0, i (t) =T+ glnb—n(-a’i;ﬁ at x = 0,

[This follows from Fick's firstvlaw of diffusion wkich states:
that J, the current density o}.metastable atoms is giveh by
Jd =+-D gradf n. g is the secondary emission coefficient :
at the cathode for the metastable atoms,]
(11i) at t > 0 n(0,t) = n(d,t) = 0
[d being the electrode separatioﬁq-
(iv) &t t > O the differential equation (I8) holds throughout the

gaSe



6.

The solution of (i) = (iv) given by Davidson is as follows:

nlx ia, . eD(Z?-u%t _
L) T e - e (19)
. (e(q/-z)d S 1)ePx (o724 e(q)-z)d)exzj}j a7
i_(t) i ZeD(zz-;f)t(zz_q,z)(l_ o228y 45
I, =z . | (22 _ p‘Z)g (20)
where Y = q - 2 Zzw- : ‘ (21)
0 =+ zglz(a@"zyd - (26,2 +§)e’22d - (22)
£ = {z +ly} ((z -¥)F -51} (23)

5‘1 = g% (Thus a-]-'- is the secondary ionization coefficient

for the metastable process more usually denoted

by &a).

B =J-—%€1— For the metastable process, where the active
particles are assumed to be destroyed only at

the cathode, p becomes infinitesimal because

.Elf--—m.
1
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However, expérimental measurements discussed in the previous chapter
have shown that this assumption is only valid for low pressures.

The fﬁnction'F, given ecual to 1 hére, provides for later genereli-~
zation to allow for the contribution to ionization by positive ions
and undelayed.photons. The contour ¢ is a Quarter of an infiﬂité circle
with its centre at the origin traversed clockwise, the centre of the
arc being the positive real axis. Calculation of the current ratio |
i_

f;' requires solution of equation (22) fer Z., 1In gene?al there are
an infinite number of complex solutions. The contour ¢ may be
deformed and the integral can be expressed as a series. TFor the
casé where the time t is small compared with the metastable transit
time T, (e.g. for t << 107t sec.) the expression i (t - %—) may be
replaced by i (t) and ¥ may be replaced by a. The conto;r ¢ of
equation (20) can be deformed to form a semi-circle to the right

of the imaginary axis. This integral can be expressed as & the

integral round an infinite circle since the integrand of (20) is an

odd function of 2. By considering residues at:the poles Davidson
showed that

- S 20 (32 (1-e'2"d)eD(>\2-u2)t
IO

(A2=?) @g))\

= RJA +

(24)
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f is a factor which is unity for the poles on the axes and 2 for
poles elsewhere., - The summation extends over all values \ of Z°
other than O and ¥ which satisfy 6(Z) = 0. The expression for

-

Tj can in pracfice be evaluated since it is possible to shoew that

only one real A\ value need be considered for a good approximation.
- The efféct of pbsitive ions and unscattered photons

causing emission of.electrons from the cafhode can be included by

replacing F by the expression:

1= (A - 1) - () (- 1) © (25)

2 2
€0 Th) NSV R S
where f = a - == and T =& 4+

- +
1
1l- C")/ct,(eu'd - 1)

' The term A in equation (24) has the value

The above temporal growth theory, has been applied to the
case of helium by D.K. Davies et al. (1963) with little success as
will be described in section 3.4. The theory was also used by the
author in an attempt to describe experimental current growth in neon,
but again the theory met with no success. The applicatiqn of the
theory to a practical case will now be described.

Thé expression @2) for1 6  has one real solution
for A and an infinite number of imaginary ones. None of the A's

are complex since F is real, so that f is 1. In practice the
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imaginary solutions can be neglected in comparison with the real
solution. (D.K. Davies, 1961). Thus the complete solution is

as follows:

2

1.(0,8) 1 Y G Te e (26
I N 1-%Ya(e 1) 7 36 )
;TR )
(Putting £ = 1, p = 0)
By differentiating equation (22):
(-2—‘;) = 2aF -["- 2M(\d - :L)e("")‘)d | ‘ (27)
A

~e"2M {2Fd(a2 =A%) 4 2a0(a - N) + OAF + P}

Fe=l-(@+ &%) -1) (28)
where A is the real value satisfying 6(2) = O
where G(Z) = (a, - Z) { (q, + Z)F + [_’}e—2Zd' + 2PZe(Cb"Z)d. \ ' (29)

-(a+Z){(q-Z)F+P}=O

& 2.0, ad - ’ ,
and I = Zo(a”d)(e 1) .
(ea"i -ad - 1)

(30)

The main assumptiorsapplicable to this modified solution are given

below,
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(1) There is negligible destruction of diffusing metastable

atoms in the gas.

(i1) The electron and ion transit times éL- and éi may be

- +
regarded as infinitely small compared with t, the time at which
1_(0,t)
it is reguired to calculate the ratio —T
0

(iii) All the contributions to the current arising from the

. imaginary roots may be neglected.

' The procedure for calculating the formative time lag t, or the

time required for the current to rise to a given value, is as
follows.
(1) The externally maintained electron current Io is determined.
(2) The vaiuevof‘aya is determined from the Townsend breakdown
criterion, by measuring the field at which the current is just
self-maintained. The value of a at that field is used to calculate
“7au It is necégsary to assume that Cﬂ/a does not vary appreciably
with the overvoltage AV. In other wordsce/a, determined at the
spariing potential where AV = O, is assumed to remain the same for
the higher overvoltages uéed in formative time lag measurements.

(3) The values of the secondary ionization coefficients ¥, ¥/a,

€7a are chosen such that

¥+ 8/a + &/a =‘€7&.
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In practice the & and g/a components'are so much faster than the
éya component that they cannot be distinguished from each other;
they are therefore taken together.
(4) The value of a is selected for the field unit pressure existing
at the overvoltage AV to be considered.
(5) " ana F are then determined from equations (30) and (28).
(6) The real solution A is then determined from equation (29).
This represents the main difficulty in the calculation since
numerical methods are required.
(7) The value of A obtained is inserted in equation (27) and
(%% )K is determined. |
(8) From eéuation (26) Dt can then be calculated. t is the time
required for the current to reach the value i_(O,t), and D is the
diffusion ceoefficient, If D is known; t is then determined.
In this.way the formative time lag can be calculated
for several small values of overvoltage for a given choice of
‘secondary ionization coefficients. The choice of these coefficients
is adjusted in an attempt to get agreement Wwith experimentally
measured curves of formative time lag as a function of overvoltage.
It is of interest to cbserve that if the €/a value is

chosen as zero, D = O and the expression for 6(Z) becomes

8(z) = (o + 2)(e - 2)F [0 - 1] (31)



52.

In general F is not zero.

The solutions for ©(Z) = O are then

Z = -a
Z = +a
and Z =0

These are the trivial solutions reférred to on page 48 which are

not included in the summation. Thus'in this case (&a = 0) there

is no solution for A. This is not surprising since the assumption
that w_ and w_ are zero is clearly no longer valid if the $/a

and § processes are the only two secondary ionization processes

operating.

'3.L. EXPERINMENTAL MEASUREMENTS IN HELIUM AND APPLICATTON OF THEORY (I)

Formative time lags have been measured in low pressure
helium by D.K. Davies et al. (1963) using parallel plate silver
electrodes. .The field per unit pressure, E;/pO was varied from
8.61 to 38,08 volts em T tgrr_l for a constant electrode separation.
The helium used was initially spectrally pure, active charcoal being
used in an aﬁtempt to maintain thié purity in the system. In this
experiment the a values used in‘the calculations were actually
measured in the same gas smample and were therefore directly applicable.
This is an important advantage since current growth measurements are
particularly sensitive to small changes in o which may result from

8light variation for the gas purity. The measurement of the longer
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formative time lags at low overvoltages, which are most sensitive
to changes in sécondary ionization, were found to be consistent,
with a coefficient of variation of less than 1%. The voltage
was applied to the electrodes in two parts. A steady D.C.
'backing voltage! was applied continuously, and a square wave
voltage pulse used to raise the total voltage above the sparking
voltage for the gap. This arrangement simplifies pulse generator
requirements, but the continuous presence of the backing voltage
may affect conditions in the gap. If the electrodes have slightly
insulating layers it i1s possible for the continuous flow of small
' pre-breakdovn currents in the gap to cause the build up of a charge
layer on the cathode and thus alter the work function, and the
sparking potential of the gap. Thié effect has Deen
shown in previous work by the éuthor using an oxide coated cathode
(Fulker 1963). The flow of current at time t = O also gave a
charge distribution.in the gap at t = O and thus violates one of
Davidson's boundary conditions. However, D.K. Davies found that
the measured formative time lags were substantially independent
of the magnitude of the backing voltage and of the initial current
in the gap.so that the effect of departure from the boundary
condition was small,

Instead of the more direct measurement of current.to

determine formative time lag, D.K. Davies used the collapse of
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the applied voltage as the criterion. This, of course, is dependent
on the electrical circuit. The breakdovn current can be calculated
from the voltage collapse.

The experimental results of formative time lag as a function
of overvoltage were analysed using theory I, on the assumption that
any or all of theK,éyq,éya processes were active, It was found that
a process slower than the ¥ process was necessary to explain the
results. Combinations of the fast processes ( ¥ and §/a
taken together) and the slower ?/a process would not give
sufficient agreement between experimental and theoretical results
for a range of overvoltage from O to 5%. Figures (I) and (12)
show the célculated formative time lags which give closest agreement
at two different values of Es/Po‘ For Fig.(11) Es/p° = 8.61,

P, = 38.51, a = 8,17 cu., ©fa = .53, Ya is L.2% of “/a, and
¥ is 95.8% of “/a. The agreement here is very poor.
For Fig. (12) Es/po = 38.08, p, = 5.07, a = 8,17,
“fa = .25, €/a 13 19.5% of “a, and ¥ is 80.5% of “Va.
Here the agreement is much better, but the theory fails to explain
the experimental results over'a range of Es/Po'

An atiempt was also made to explain the results by the
theory which treats resonance radiation as a diffusion process
(although, as has already been pointed out, this is not valid)

(D. K. Davies, 1961). This also failed to explain the results.
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3.5, MODIFICATION OF THE THREOKY TO ALLOY FOR DESTRUCTION OF
METASTABLE STATRS IN THS GAS (IT)

In a péper published in 1962 Davidson extended his temporal
growth theory so that it could include other'secondary ionization
processes, in particular the destruction of metastable atoms at
collisions with gas molecules and the transmission of the resulting
radiation to the cathode, without appreciable scattering, to cause
electron emission,

Davison derived two typés of solution. One of these
is a simple exponential solution where the current of each type of
active particles is of the form iK(x,f) = iK(x,O)GXt (32)
This assumes that the time constant N is the same for all types of
active particles and that N is real and non zero. The spatial
densities of active particles contain the same time factor A.

This can be applied to the comﬁlicafed cases such as that suggested
by Phelps (196Cb where molecular ions and molecular metastables are
included. Fornulae can be set up for each ratio

iK(O,t)

T - &M (33)

where iK is the active particle current and i_ the electron current,
using the differential equation and boundary conditions for the active
particles., Each function fK(x) is a function of the time constant

A, but does not involve time.
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The fK(X) functions can then be inserted into the electron boundary

condition

1.(0,8) = I, + g(t) (31)

where g(t) = ZKK‘LK(O,’C) (35)

where iK(O,t) is the active particle current at the cathode and
?)DK the secondary emission coefficient for that species of active

particle. If I_(t) is zero this equation becomes

i (0,t) = }—I;_B’KiK(O,t) | (36)
or 1 - Z{ b)KfK('}\) = 0 : (37)
If Io(t) 18 not zero the equation (34) becomes
1(0,8) = T,(4) + gﬁKiKco,t) (38)
. I.(%) S,
. = 2 3
: 00 AK. k() (39)
. I8 X
.. C (00) = 1- KK_ .2?K £.00) (40)
I (t
1 (0,t) = o (41)

1- 4:_ Pl (M)

and 1_(0,t) # 1_(0,0)eM.
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Thus if the externally maintained current I, is present a simple
exponential solution which does not involve t does not exist.

If,however;Id is zero a simple exponential solution exists if A

satisfies a relation

F(\) = O where F(A\) = 1 -ZwaK(x) (%2)

In general there will be an infinite number of A's satisfying F(A) = O.
These \'s may be complex and change continuously with V. The simple
exponential solution of F(A\) = O is the M\ value which goes through

zero as V.goes through Vs' This follows from the equation
1(0,t) = i(0,0)eM"

At _ i(0
or e -—OO

Hp
-

At the épérking voltage V =V  and the secondary current at the

cathode i(O,t) is Jjust sufficient to maintain the discharge,

i.e. i(0,t) =1(0,0) so that M =1anan=0 l} has units seconds-lJ
For the case where there is a constantly maintained current

Io and no active particles present for times t < O, Davidson writes

the electron current i (O,t) at the cathode in the form

i;(o,t) . oA :E:BKGXt‘ (43)

o

this is valid at all times t > O. A and the B's have explicit

expressions. ’ The summation contains the simple exponential
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- solution N and all the other N's which satisfy F(A) = O.
However, further approximations can be made. For sufficiently
large times all the other A\'s become negligible in comparison
with the simple exponential A\, and the general solution reduces

to the simple exponential solution:

At

E:SELEZ A - Be o (34)

IO

ItV > Vs N is positive and the expression can be written as

i (0,t
_( ) _ == Be)\t | (1_‘_5)

IO

with only a small percentage error. The expression B here relates

directly to the problem considered., The simple exponential

solution considered by Phelps (1960) has a similar form

At

&

= Ce
o ' .
but in that case the function C was determined by an initial
arbitary distribution of particles which is absent in the considered
problem. Using Davidson's approach the functions A and B were
calculated for the case where it was assumed that secondary electron
emission from'the cathode was caused by positive ions formed in the

gas, or by delayed photons originating from destruction of

metastable atoms in the gas.



i (0,%) N At
__"f— = (0 + Z '}\ev N (46}

i.e. A = FO) and B = W}T

As expleined above, this can be approximated to

i (0,t)
= = -2 (47)
I
o)
where B = XFrlx (48)

Thils expression is generally true even for the complicated case

considered by Phelps (1960), if the appropriate expression for

F(\) is used. TFor the positive ion and delayed radiation case
yd

§1(77 -1 (B _ g

(1 + pTy)¥ J

F(p) = 1-

gf/a is the delayed photon secondary ionization coefficient
expressed as the rumber of secondary electrons released from
the cathode by this process per primary lonizing collision in
the gas.

a i1s the primary lonization coefficient.

¥ is the secondary ionization coefficient for positiﬁe ions,
d is the gap distance.

'Cl is the mean lifetime of the metastable states.

(u9)



A is the real value of p which satisfies the equation F(p) =0

where *

¥ o (50)

l

g = a-D (51)
1 1 1
§oT Wt E (52)

w_ is the electron drift velocity in cm sec T,
L is the positive ion drift velocity.
The total secondary ionization coefficient e7a is assumed to be

given by Ya = ¥ + 61/a. . (53)

B = SN ‘where

Fr(\) = é\1 [Wytl( ewd-l) +( l+'X'Cl) { (Ya-1) e! d...]} ] ay [()’5&-1) Epd—l]

_ W_Lyz( 1+7\'C1) . sz

In the case where"c‘1 = 0, these equations reduce to those given

earlier (Dutton et al., 1$53) for the positive ion and undelayed

radiation case.

3.6. APPLICATION OF THEORY II FOR HELIUM

This delayed radiation and positive ion theory has been

applied to the helium results obtained by D.K. Davies et al. (196L4).

The same form of Davidson's solution can also be used for the

resonance radiation process using a value for the average delay



61.

given by

ol

2
3n°d 1 S .
n 1.15 | (54)

o]

I
'Tl =%

’Co is the lifetime of the resonance state.
Xo is the wavelength of the ‘centre of the broadened
resonance spectral line.
There are no experimental values of"l:0 , but they can be calculated
(Mitchell and Zeménsky 1934). At first it was assumed that
either the delayed radiation or the resonance radiation was
entirely responéible for the breakdown. The equations of
Davidson's theory (equations 47 = 53) were solved for the time
constant A by a process of trial and error and the formative time
‘lag calculated., The delay time Tﬁ was treated as a variable
parameter and the1?1 value.fouﬁd which gave the best fi£ with the
formative time lag results for a particular value of Es/po‘
Column (1) of talle (1) shows the‘ri values obtained for agreement
to within 20% between the experimental and calculated results,
The 771 value calculated from the Holstein-Biberman theory
for transport of resonance radiation, involving 21P excited state,
is approximately 107 sec. It was therefore concluded that

resonance radiation was not a significant process since the

experimental delay times were considerably longer than this.
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TABLE 1
Total radiation delay time Tﬁ
<
1
T
1 data :
P, EJpo calculated from Paelps(1960)
38,51  8.61 1.2 x 10 *sec 1.3 x 10 *sec

29.43 10,04 2., x 10 ¥sec 1.8 x 10 ¥sec
25,01  11.43 2.1 x 107%sec 2.2 x 10 ¥sec
19.17 12,93 2.3 x 10 "sec 2.7 x 10 ¥sec
USh 15.7% 1.5 x 10¥sec 3.6 x 10 Fsec
10,10  20.82 1.7 x 10 ¥sec 5.1 x 10 ¥sec

5.07 38.08 1.5 x 10 ¥sec  10.0 x 10 *sec

- If, however, the delay process is due to the volume
destruction of 215 metastable helium atoms, then the values of
the delay time Ti found from the experiment should agree with the
valge calculated from Phelps data using the formula 'tl =-T§%§-
seconds, which are shown in column 2. This was found to be °
the case and comparison of columns 1 and 2 shows reasonable
agreement from pressures greater than 19 torr. The discrepancy
for lower pressures is an indjcation that some cdntribution to the
ionization is made by a faster process which becomes more effective
as the pressure is reduced. It can also be pointed out that if

3

the three body destruction process for 27S metastable atoms was
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an important process 1515wou1d be inversely proportional to pg,
showing a greater variation than appears in column (1). This
agrees with Phelps'(1960) view that the 235 metastable atoms form
1ong lived metastable helium molecules at three body collisions.
The simultaneous action of the delayed radiation process
and the positive ion process was then considered using .tl values
given by .Cl = 35%5;. The results obtained are summarised in
Table 2. The combination of delayed radiation and positive ion
processes can explain the experimental results over the whole
pressure range (though the closeness of the agreement is not given).

TABLE 2

potorr Ess/po 78‘6}0{-102 51% \67%

38.51 8.61 9.9 100 O

29.43 10,0, 7.8 100 O

25.00 1143 7.0 88 12

19.17 12,93 7.9 76 24

L5k 15.7% 9.4k k3 5T | ‘
10,10 20,82 8,9 37 63

5,07 38,08 12 2% 76

The role of the positive ions becomes increasingly
important as the pressure decreases and E/po increases, eventually
becoming the dominant process for pressure below about 10 torr.

At low E/po and high pressures the number of excitations to
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metastable states exceeds the number of ionizing collisions
according to data of van Engel and Corrigén (1958). At lower
pressures the ratio of metastables to ions is much reduced and

the destruction of the metastables is reduced giving a qualitative
explanation. It was not possible to distinguish between the
atomic and molecular'metastables; The values of ¥ (the number
of secondary electrons emitted from the silver cathode per
incident ion) in the helium measurements of D.K. Davies have been
further analysed in a later paper. (C. G. Morgan et al., 1965). -
Fig. 13 shows the variation of ¥ with E,/po and P, obtained from
the time lag analysis. It is assumed that back scattering of the
secondar& electrons can be neglected. For pressures less than
about 18 toiz‘f'is about .2 electrons per ion and roughly
independent of E/po and kinetic energy of thg ions considering
the low accuracy of the tfvalues. For P, >.18 torr ¥ decreases
rapidly. The ¥ obtained for higher pressure was discarded as
inaccurate because of the large change in Sl/a which occurred there.
The variation.of‘b’with }?,/pO could be interpreted by supposing that
two species of ions were present. One species was effective for
E/po > 1, having a T of about .2, and another ion with a lower

¥ becoming effective at lower E/Po‘. The more effective ion

was probably the He' ion formed by a two body electron atom

collision in the gas., The lack of ¥ dependence on E/po and ion
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energy for higher E/po indicates that the secondary electrons
are emitted from the silver cathode by a Auger potential energy
process., (Calculation by Hagstrum (1954) for this process with
He' ions gave a o value of .293 electrons per ion which agrees
well with D.K. Davies values., Hagstrum's values were for tungsten
which has a work function of about 4.5.eV which is not very
different from the work function for silver. The lower ¥ values
for E/p < 14 may be due to the presence of He; ions formed by
three body‘collisions between a helium ion and two ground state
helium atoms. Hagstrum's measurements for tungsten showed that
He; was about half as effective és Het for causing emission of
electronsA(Hagstrum 1953). The molecular ions are more likely
to be present at higher pressures because of the three body formation
process. The variation of the delayed radiation ionization
coefficient with EVpo obtained from the D.K. Davies results are
shown in Fig. 4., This radiation results from the destruction
of' the 218 helium metastable atom in two body collision with
ground state atoms, and reaches the cathode without appreciable
scattering to cause photo-emission of electrons.

More recent work on'the Townsend breakdown in helium
by Griffiths (1964), also using Davidson's theory, has shown
that the action of three separate ionization processes can be

distinguished.
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(1) Emission of electrons from the cathode by positive
. ions. (Coefficienty’ ).

(11) Destruction of the 2°S metastable helium states
at two body collisions with gas atoms, the
resulting photons causing electron emission from
the cathode. (Coefficient 6&/0).

(1ii) Dissociation of 2°) molecular metastable states,

| the resulting radiation causing electron emission

from the cathode. (Coefficient 2/a).

The 23;ijetastable molecule is considered to be produced by e
three body collision involving a 238 metastable atom and two
ground state atoms. Griffiths assumed that the ?38 lifetime was
long compared with the 23;2: lifetime and was thus the determining
3

time factor for the process. The 2°S lifetime 'ET was calculated

from the equation

T = L sec
T 0.26 p2

from data given by Pheips (1960) for the three body destruction
process., Griffiths used a large range of over-voltage (5%) but
calculated the value of the ;oefficients separately for each over-
voltage to allow for the effect of the‘change in E/po. In
agreement with the work of D. XK. Davies he found that the
collision induced radiation process (Sl/a) and the positive ion

process (¥) were able to account for the current growth at low
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pressures (< 30 to?r) and high E/p, (> 10). TFor higher
pressures and lower Es/po the metastable molecule process (5é/a)
replaced the faster positive ion process [Fig. 15, 16] « I

was not possible to distinguish the fdssible effect of molecular
+

helium ions since the drift velocities of the He' and He2

are not sufficiently different. The values of the coefficients

ions

Ya, ¥ and 6i/a obtained by Griffiths (Fig. 16) are considerably

lower than those obtained by D. K. Davies (Figs. 13, 14).

3.7+ APPLICATION OF THEORY IT FOR MNFASUREMENTS IN NEON

\

A similar study of the temporal growth of current in a
neon discharge using silvér and gold eléctroaes has been madse-
by R. D. Davies and F. Llewellyn Jones (19€5). A gap
distance of .4 cm was used, the ﬁreSSGQ;m;éﬁge extended up to-
50 torr. TFormative time lags of the:of&erbof Zl.O-'1 sec. at over-
voltages below 1% were reported. These could be explained by a ‘
combination of positive ion action at the cathode and secondary
emission resulting from delayed radiation from the destruction

of neon metastable atoms at two body céllisions. No evidence

was found for a metastable molecular process,



3.8. CONCLUSIONS

The experimental and theoretical work described in this
chapter indicates that Davidson's theofies for current growth
should be applicable to the analysis of formative time lag
measurements in 10W'pressure neon. It appears unlikely that -
the emission of electrons from the cathode by metastable neon
atoms is an important secondary ionization process, because of
the high cross sections that have been observed for destruction

of metaatable states iﬁ the gas. The radiation.resﬁlting %rom
thesé destructiops is more likely to provide significant electron
emission from the cathode. The time constant of the current
growth for slightly overvolted gap will theﬂ depend on ‘the life
time of the metastable states rather than on their diffusion
coefficient.

Tﬂe formative time lag measurements in low pressure neon
by R.D.Dayieshave only come to light since completion of the
present work and in fact are not yet available in published form.
However, they do enablé a compariéon to be made with the results

which will be described in chapters V and VI,

63.
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' CHAPTER IV

- EXERLEINTAL AFPARATUS

L.,1, TINTRCDUCTICN

The determinntion of secondany'ioni%ation coeffiéienté_
in the neon Townsend breakdown by the formativé time lag method
recuires very high gas purity., If any impurity is present the
Penning effect may operate, for example, if any argon impurity
is present the cross section for.iqnization of an argon atom
by a neon metastable atom is high, Penning showed that a few
parts per million of argon could have a lafge effect on the
ionization coefficients, Thus, if a neon éas pressure of 40 torr
is to be used for formative time lag measurements, the partiali'
pressure of impurities should be less than 107 torr. In the
design of a qyétem to'meet these requirements it must be
remembered that a vacuum éystgm which is not continubusly pumped
will releaée gaseous impurities even thqugh'it has been carefully
oﬁtgassed. For example, water vapour will be slowly released by
glass walls, No leaks can be tolerated in a closed system since
argon from the air will diffuse in through vény small holes,
Argon may even diffuse in through regions of very thin or badly
annealed glass,

The molybdenum getters used for punping are a potential
source of hydrogen, methane and argon, Gases may also be

released during the course of the experiment by fon or electron
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construct o lenk tight system vhich could be thoroughly ocutgassed
2 of iniecrnal parts, The only »arts of the
system woich ‘could ros be beiicd were the class spiral rauge used
to rnecasure the neon pressure ané a2 short length of glass tubing
g to the gas reservoir, The system was eguipped with a
cataphoresis aischarge tube to remove gaseous impurities from

the area of the exreriment,

L2, Ty VACUTRD ST

The vacuun systcm, shown in Fig, 17, was mainly

constructed of Eora-silioate Tyrex glass, ALl metal bakeable
valves were used in the hizh vacuum part of the system to avoid
irtroducing grease or oil, Valve 1 was used to-clcse off the
cystem from the pumps, Valves 2 and 3 were used to control the
introduction of the test gas into the system from the gas reservoir,
These taps were a source of considerable trouble throughout the
research prograrme, A leak developed in a welded Joint, several
glass-to-metal seals failed during baking because of faulty
annealing, qnd the taps'frequentiy failed to clcse completely,

The use of three taps in a glass system ;ade it necessary to use
long }engths of " diameter plass tubing between the taps to

.allow for differences in thermal expansion, This seriously limited

the conductance of the system and the effective pumping speed . of

the system was therefore low.




The system was cvacuated by a two-stage rotary backing
purp connected througn a P O5 vwater vagour trap to a glass two-

stage nercury aiffusicn pumn, Two lig

F'

were used to prevent mercury Irom entering the system, I vas

found that one trop was not sufficient, No preccautions were

taken to prevent oil from thc rotary pump from entering the system,

[

ct

Recent work by Baker (4968) has shown thet oil diffuses back

nto the system especially when the pump is operatin

s at it's
vltimte pressure. Tais oil cont ation can result in the

formation of insulating polymer films on electrcde surfaces Th

il is not effectively trapped by the tray type of P,0. trap,
5

of molecules is too sm2ll at backing pressurc, Coataminaticn

can, however, be simnly prevented by an "in-line" trap packed

with activated alunina,

During evacuation rressures were measured by a Iayard-

Alpert ionizaticn gaugze (Mullard I0G-12), the.pressure during
taking being measured by a Penning gauge mounted just below the

oven,
Spectrally pure neon was used as the test gas in this

Li

.
investigation, This was contained in a glass bulb sealed 1o the

vacuum system., When required the gas could be released from the

bulb by breaking a thin glass "pig's tail" with a glass encased

iron slug operated by an exterral magnet, Ultra-high vacuum

71.



could e cobtained by use of molyblenum getters and the Bayérd—
Llpert pauge used as a Uumb
The pressure of necn in tpe closed off system during
exverimental measurcrments was determined by comparing it with
the pressuré in a separate system by-observin» the deflection of
a beam of lizht reflected from & mirror on the spiral gauge., Che
pressure of the auxiliary system could be adjusted to equal the
pressure of neon in the closed system, using the spiral gauge as
a null indicator, and measured with a msnometer containing
cilicone 7CL4 diffusion pump oil,
The vacuum system vwas baked for 24 hours with all thres

balkeatle taps open. Where possible, parts of the system cutside

14

the oven were outgassed by heating with a gas Tlame, The metal

-

ossivle after

3

rarts in the system were outgassed as soon &s
removal of the oven, The grid of the ion gruge, the metal

el

(0]

ctrodes in the experimental tube and in the cataphoresis tubes

[}
bJ

he gold evaporation'source'used in the first experimental tube
vas outgassed by passing a curreat thrduéh the fungsten cere,
The system was then baked for a further 24 hours, followed by
outzassing of metal parts, After this treatment the system, if
lealk tight, would reach a pressure of 10-7 torr,

The firing of molybderum getters inevitably causes the

release of some gas, Consecuently the getters were fired with

72.

the molybdenum getters, were outzassed by eddy-current heating,



the system still open to the &iflusion pump, Tap 1 was closcd

when the pressure fell baclt to the criginal level, In acddition

N

to the action of the getters, further »umping was obtained by

£
s 4
pumping with the Beyerd-Alpert gauge, The Mullard ICG-12 gaugze

used had a conducting tin oxice film on *he inside of the glass

v3ditional don collectinz

o

eavelepe, This could be connccted as an
surfface. In practice it was found besf to pump with a grid

current of 1 mA, A higher current than this tended to cause the
release of gas from the gauge, After ion pumping the ultimate
pressure could in some cascs be reduced to 5 x 10-9 torr, The
vump down of.experimcntal tibe 2,from which most of the useful
resulis were obﬁaineé, reached an ultimate pressure of 2 x 10
torr, The rate of pressure rise when ion punping was &iscontinued

was 30 small that it was realistic to cxpect a partial pressure

,
. o A0 s o

of impurities of lesgs than 41C tcrr from gas sources insicce the

vacuum system, The spectrally pure neon was a greater source of

impurities than this, A ftypienl chemicenl analysis of the ncon

~

supplicd by the Dritish Cxypgea Company showed:-

Neon 99,9%

Helium 0,49

Oxygen approximately 2 parts per million.
The high percentaze of helium made it necessary to use

some additional means of purificatlon.

L,3, CON3TRUCTION COF T3 RXTFRIVINTAL TUBES

The requirements of an experimenial tube for the

73



FIG.18 MOVABLE GOLD EVAPORATION SOURCE
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PSR + s - . g e Ta - . - P N R A -
reasurcmont of temporal growth of current arc cutlined telow

Jno o eleeutradon were roculred to nrcediucs o uniferm electric Picld
vnicn wenld et te &isturtel Ty the Troxmimity ¢f the conTaining
vessel, It was zalso desirable that one electrode snould be
movable so that diferent con dictances could be used for a

civoa presswre,  Illumineticon of tha.cnthod=, the fixed electrode,
wes regaired To provide an initial nhotcourrent, - It was nccessary

- v

thet botz the elscirodes should nave lmown, uniform and stable
work functiors, and not to be sources of gaseous impurities,
Two experimental tubes were consiructed, both from

Fyrex glass and both havinz varizble zas distances, Tube 4 ha

[o3)

zlass elsctrodes of 3 cms dinmeter, These were moulded, with

o tunrsten seal passing through tae zloss, The clectrodes were
ground flat on & grindin:
enhancing the field, and finnlly polished with

_The anode was mounted so that it could be moved ebout 5§ cms with

iroa slug, opurcted by on external magact.

0:’7‘

&

A pold evaporation cource, censisting gold wire.

overwound on.e tunssten filament, was mounted in a side tube,

LARRENE N ~ . B TR} e h 4o ; ] Y P 5 4- <ot o
L4005 S0UrCE wasS purii lec, CF rre-meliing Il & nyorogen aitmospnere

tefore being mownted in the experimental tube, It is difiicult

A

£0 obtain a wniform gold coverage on the electrodes with a fixed

Tho
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gap to disturb the field during thé experimentél measurements,

It was hoped that this préblem could be overcome using the movable
gold source shown in Fig, 18, The filament was attached to a coil
of 1.5 mm diameter nickel wire, This was mounted on a rail in a
L cm diameter glass side-arm, The source could be moved along.
the wire with a magnet, The filament could be heated and gold.
evaporated by inducing eddy-currents in the nickel coil using an
eddy-current heater coil, This sysfem had the advantage that the

gold source could be outgassed inside the side arm, well away from

the electrode surfaces, The source could then be positioned between

the electrodes to obtain a uniform gold evaporation on to the glass

5.

surfaces, and retracted for experimental measurements, Unfortunately

the device was not successful because there was enough evaporation

of nickel from the coil to form a conducting film on the glass.

-

Currents were aiﬁo induced in this film leading fo'failure of the
glass, Time did not‘allow further attempts but the film could be
- prevented from forming a circuit by use of a glass rod to form a
shadow across the film, The coil could be made of some other

metal with a lower vapour pressure but this would require more
A

'~

complicated movement arrangements,

The construction of Tube 4 is shown in Fig, 19, The
gold film evaporated oh to the glass envelope provided a screen
which could be earthed to prevent changes building up, A glass

encased iron slug was magnetically held in position during the



evaporation of thé gold in érder to leave a window in the film
.for gap distance méasurements.

Unfortunately no satisfactory time lag measurements
could be made with this tube because the breakdown of the gap
between the electrodes occurred in two stages, In the first stage
the breakdown'was limited to a filamentary discharge between the
points on the electrodes where the tungsten pins contacted the

‘gold £ilm, This discharge was sometimes follo@ed by complete
breakdown, the discharge then filling the interelectrode spacé.
This two stage breakdown was believed to be the result of poor
ele;trical contact between.the tungsten pins'and the gold film,
perhaps resultihg from the formation of a high resistaﬁce tungsten
oxide layer p}ior to évaporation. Bdik metal electrodes were
used with ?ube 2 to over;ome this probiem. These wefe made from
die stamped 0,007" thick nickel sheet and could be outgaésed by
eddy-current heating to red heat, The electrodes were 4 cms
diameter with rounded edges to prevent field enhancement, Tube 2
was otherwise similar to Tube 41, having a movable anode and a
cathode illuminated by ultra-violet light,

The inside of the envelope was painted with colloidal
graphite leaving a window for measuremené of the gap distance,
This screen could be earthed through a fungsten lead-through to
prevent changes building up on the envelope, This us; of colloidal
graphite is not really desiragle since the preparation contains

organic binders, Some of these may remain even after baking and
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act as a source of impurity gases, especially if bombarded by
kelectrons or ions from the discharge, Other conducting paints
such as liquid bright platinum would suffer from the same
disadvantage,

Tube 2 was found to give consistent time lag results
after an initial "conditioning".of the electrodes, This
"conditioning" phenomena is possibly cdue to removal of slight
oxide layers from the clcctrode surfaces and the consequent
stabilization of the work function,

L,L, PURTFICATION OF NEON BY CATAPHORESIS

Cataphoresis, or the separation of different species of .

gas in a low pfessure D.C. dischargé, was observed by Baly in
1893 using hydrogen and carbon dioxiée; The phenomenon was later
observed with mixtures of rare gases and metal vapours such as
magnesium, A theory to explain this separétion was developed by
Langmuir (1923) and Druyvesteyn (1935).

The céncentration of the iméurity is determined by
.the current of 'impurify positive ions tow‘ards the cathode and
diffusion back of impurity atoms, Metél impurity atoms are more
_easily ionized than the rare gas atoms beéause of their lower
ionization potential and this leads to a.higher concentration’ of
the metal impurity near the cathode of the discharge tube,
Spectroscopic me@surements by Penning (41934) for a mixture of

10% mercury in neon at a pressure of 12 torr and a discharge
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current of 30 mA confirmed this theory,

Reize and Dieké (1954) used cataphoresis to separate
rare gas mixtures using a discharge current.of about 20 mA and
total pressures from 5 to 55 torr, The minor constituent appeafed
to be concentrated at the cathode, whatever it's nature, For neon
impurities in helium, this agrees with Druyveéteyn's theory because ‘
of the lower ionization potential of ﬁeon; For helium impurities
in neon the mechanism appeared to be retrograde, that is, the
constituent with the higher ionization potentinrl concentrated
at the cathode, in disagreement with the previously mentioned
thebryf

Retrograde cataphofesis(was also observed by Kenty (1958)
for mixtures of xenon and'meréury, where the mercury was concentrateq

at thé anode even though the ionization poféntiai for mercury
(10,43 eV) is less than that for xenon .(12.12)'.'

Loeb (1958) has suggested that the pumping action of
electron impacts with mercury atoms may exceed the cataphéresis
effect,

However, Schmeltekopf (196u)lusing helium and neon
mixtures of about 4% impurity (about 40 times higher than used
by Reize and Dieke) did not find retrograde cataphoresis with
hélium impurity in heon.' Spectroscopic measurement for helium
and nebn lines indicated higher helium impurity concentration.at

“the cathode, but observations with a mass spectrometer showed that
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in fact the helium concentration was greatest at the anode, The
anomrlous spectroscopic observations were apparently due fo the
high degree of ionization in the cathode region, To remove the
helium impurities frdn the ﬁeon used in the‘brééent work, it
would therefore be advantageous for the anode of the cataphoresis
tube to be furthest away from the experimental tube, To remove
mercury which could be pfesent as a result.of backstreaming. from
the pumping system, the opposite would be the case, Ho@ever,
either helium or mercury vould be concentrated in-the cataphoresis
tube and away from the experimental tube, In fact in the present
work the cathode of the cataphoresis tube was furtheét away from
the experimental tube,

Schmeltekopf also showed that cataphoresis improved with
increasing bressure up to about 40 torr, above which there was
little imprévement. The separation was improved by increasing -
the current from 20 to 400 mA, but eventually became independent
of current, The effectiveness of cataphoresis was decreased by
increasing temperature, increasing tube diameter and decreasing
length, Thus a catapﬁoresis tube should Se as long and narrow as
practicable and should not be allowed to get hot,

4,5, CONSTRUCTION OF THE CATAPHORESIS TUBKS

Two cataphoresis tubes were constructed and sealed to
the manifold, Only one of these was in fact used because leaknge

of neon through control taps 2 énd 3 did not allow sufficient time
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for thg high current cataphoresis tube to be brought into .
operation,

The cataphoresis tube used in the experiménts is shown
in Fig, 20, Both electrodes were cylinders of 'C' nickel, 4 cm
diameter and 2 cms long, This electrode shape could be easily
outgassed by eddy-current heating, The enhanced field at the
edge of the cylinder made the discharge easier to start, The
cathode was éupported by two 4 mm diameter tungsten rods passing
.through the glass, These rods were cooled externally by a Hegvy
copper lead with one end in a water reservoir, The anode was
supported by a single tungsten rod, The envelépe vas constructed
of 4 cm diameter Pyrex glass, The distance between the electrodes
was 25 cm, The cataphoresis tube was connected to the manifold
by a 3" diameter tube near the anode end,

“ The second cataphoresis tube, which Qas attached to
the manifold but not used, wag‘of basically similar construction
'except that the cathode c;nsisted of a loop of 1/16" diameter
' copper tubing brazed-to twb'1/h" diaméter Kovar seals, as shown
in Fig, 21, A copper strip brazed across the tubes formed a
loop for eddy-current heating, It was intended to cool this
cathode by a flow of water through the copper tube so that a
high cataphorésis current could be used without overheating the
cathode,

The simple cataphoresis tube was kept running

continuously throughodut experimental measurements of formative

Qe



tiée lags, A discharge current of about 40 mA was obtainedt
from a D,C, power supply supp}ehented with H,T, batteries,
Starting of the discharge‘was assisted by the use of a high
‘frequency leak detectbr. |

L .6, T ELECTRICAL CIRCUIT

At voltages near the sparking potential of the gap
the temporal growth of current leéding to Townsend breakdown
becomes extremely sensitive to small voltage changes, TFor
example, a change in the over-voltage from 0,05% to 0,5% might
change the formative time lag from 50 msec to 16 msec, For a
sparking potential of 300 volts this correéponds toa voltage

change of less than 1.5 volts in 300, Considerably better

voltasge stability than this would be required to measure formative.

time lags at over-voltages of 0.5% or, less, Formative time lags
are measured by applying a step.voltage to the gép, The rise.
time of the step must be short in comparison with the time lag
to be measured, This requirement is less difficult to meet

for neon than for some other gases, such as hydrogen, where the
‘time lags are much shorter, The formative time lag for neon

at 5% over-voltage is about 1 msec, A liquid mercury switch
with a rise time of a few pysec can therefore be used to provide
the step voltage, The #oltage output is required to be

continuously and finely variable up to about 500 volts, It was
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not thought desirable to use a continuously applied backing
voltage (over-volting the gap with an additionél voltage pulse)
since this violates the initial boundary condition, used by
Davidson, that the current in the gap be zero for t L0,

Previous experimental work by the author (A963)’has shown that
the use of a backing voltage can alter the temporal growth of
current, particularly where an insulating layer is present on

the cathode, The entire voltage étep was tﬁerefore obtained by
using a mercury switch and a bank'of ﬁigh tension batteries as
shown in Fig, 22, The voltage was measured with a calibraied
resistance divider and a potentiometer, The éurren@ flowing
through the gap aftér breakdown was limited by a 1 MQ resistor

in series, The current rise in thergap at breakdown was observed
by display;ng the voltage drop across this resistor on a
Textronic 5@5A oécilloscope. Quickly changing currents less than
1 pA could be easily observed by this method, the time constant

‘of the circuit being of the order of {1 psec, A current of
-5 x 10-7 Amps was normally used as the criterion for breakdown,
This value was not particularly critical because of the fast rise
of the current above this value,

The measurements of formative &ime lag as a function of

over-voltage obtained from the experimental tubes 41 and 2 will

be described in the following chapter.
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CHAPTER V.

EXPERIMENTAL RESULTS

5.1, INTRODUCTION

No reliable formative time lag results were obtained with
Tube 1. §ome of thiﬁpreIiﬁinary results are included to show the
effect of cataphoresis. The results used in the calculations
described in Chapter VI were obtained with Tube 2. Some of the -
later results obtained weré thought to be slightly unreliable as a
result of the apparent release of somé‘impuritf gas, caused by the
failure of a mercury switch. |

5e2. EXPERIMENTAL PROCEDURE WITH TUBE 1.

After the system had been evacuated, baked and outgased,

the bakable‘tap 1 was closed to seal the manifold from the pumping:
system. The gold film was then evaporated on to the glass electrodes.
After final pumping with the Bayard Alpert gauge, the neon control
~taps 2 and J were closed And the neon reservoir opened by breaking

the glass 'pig's tail's The gas was then let into the systgm in
small quantities by operating taps 2 and 3. ?;r low neon pressure

it was found that breakdown in the experimental tube gave a diffuse
glow f£illing the whole tube. The sparking potential increased if -
the electrode gap was reduced so that breakdown was occurring to the

left of the minimum of the Paschen curve (VB as a function of ) X

where V_ is the sparking potential, P, the pressure reduced to 0°c
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and 4 the gap distance). The pressure was increased until break-
down occurred to the right of the Paschen curve minimum,

Thé, cathode was illuminated by a high pressure mgrcury
lamp giving a high output in the ultra-violet region. This lamp
was originally operated from a 2kV A.C. supply. However it was
found that this caused 50 cycle modulation of the current flowing
through the experi..m‘ental tube because of modulation of the initial
photo-current Io’ This problem was avoided by running the lamp from
a 500 volt D.C., supply using a 60 watt light bulb in series as a
ballast resistor,

With tube 1 it was found that the current growth occurred
. in two distinct stages. The current first rose to a limited value,
the magnitude of which depended on the voltage. In the event of the
voltage being sufficient this first stage was followed by complete
breakdown, the current Abeing uniimited by the gap. Two examples
of the growth of current with time are shown in Fig. 23. During the
firs_t stage of breakdown a filamentary neon discharge was visible
between the points on the electrodes where the tunéaten rods contacted
the gold films, The effect was probably due fo a poor electrical

connection between the tungsten and the gold film.

5.3, EXPERIMENTAL MEASUREMENTS WITH TUBE . 1,

In formative time lag experiments it is necessary to

compromise between making a large number of observations of the time



lag to improve accuracy, and completing all the measurements for
several values of overvoltage before the pressﬁre or temperature

of the gas has had time to change. The interval between sucéeasive
applications of the voltage can sometimes affect the breakdown.

For example, if the interv£l is too short, some of the active
particles from the previous breakdown may still be present. If
charged particlea from the discharge'éan reach an insulating surfaée ,
near the discharge the surface mAy remain charged for some time after.
the discharge has ceased. This is not likely to be serious in the

tubes used, since exposed glass surfaces have been kept well away

from the discharge region. The absence of this effect was demonstrated

by the fact that the formative time lag and sparking potential were
not seriously affected by variation of the interval between successive
breakdowm

The procedure adopled was to measure 10 successive timé
lags for a given overvoltage with a standard interval of 10 seconds
between each application of the voltage. The appli;d voltage was
measured before and after each set of time lags, The sparking
potential was measured by applying the voltage to the gap at 10
second intervals, reducing the voltage very slightly between each
application, The lowest voltage for which the gap would just break
down was then measﬁred. The sparking potential was measured between

each set of formative time lag measurements, since a small variation

Se
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FIG.25 THE EFFECT OF CATAPHORESIS ON SPARKING POTENTWL TUBE |.
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in the sparki.ng' potential could result in a large error in over-
voltage. Formative time lags were measured for a number of over-
voltages between 0 and 5% The neon pressure was measured on the
0il manometer of the auxiliai-y system using the spiral gauge to
indiéate equality of pressure between the two s;)'stems. This pre'aﬁure '
was reduced to a temperature of O°C.- |

A D.C. ﬁiscknrge of 44 mA in the cataphoresis tube caused
a reduction in the formative time lag, as shown in Fig. 2, However,
all or part of this effect could have been due to a rise of about 2%
in the pressure when the cataphoresis discharge was running. The
sparking potential increased slowly after starting the cataphoresis
discharge, z;eaching a steady value after gbout 1 hour, This chanée
was reversible and reproducible, falling back to the origina]_. value
about 1 hour after the cataphoresis discharge had been switched off.
This effect is shown in Fig. 25. |

The reversible chs npe in s:pafk:ing potential appeared to be
slower than the pressure change. However the pressure change wgs
difficult to follow because of the lack of sensitivity of the spiral
gauge system, In the later work with tube 2, with a more sensitivé
spiral gauge system, the pressure change could be followed more -
accurately and it was found that the change in sparking potential
resulting from the operation of the cataphoresis discharge was

accounted for by the corresponding chenge in pressure.
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No attempt was made to apply Davidson's theory to the results
from Tube 1 because of the complex form of the current growth observed

at the breakdown of the gap. '

5.4, EXPERIMENTAL PROCEDURE WITl TGBF 2,

The results finally used in calculgtions of secondarj

ionization coefficients using Davidson's theory were obtained with

the second experimental tube with nickel electrodes. After the final
pump down of thé ulfra-high vacuum system the 'pig's tail' of the neon
reservoir was broken and neon let into.the system, using the bakable
faps 2 and 3, Unfortunately neither of these taps would close
completely. This was the reéult of a series_of vacuum system
failures duringlthc beking process caused by faulty metal-to-glass
seals on these taps. The seating of the taps had been damaged by
- small glass fragments and by oxidation. The failure of these taps

to close completely resulted in a continuous rise in the neon pressure.
This rise was slow ?nough to enable formative time lag measurements

té be made, but did ﬁot allow the consistency of results at a given
pressure to be checked, nor did it allow time for the water cooled
. cathode cataphoresis tube: to be brought into operation. For this
reason the measurements of secondary ionization coefficients as

. functions of E/bb, d, and p_, which are given in Chapter VI, are
somewhat limited. '
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5.5, THE EFFECT OF CATAPHORESIS WITH TUBE 2

As observed with tube 1, the cataphoresis disgharge caused

an increase in the sparking potential of tube 2 (measured in the

way gescribed for tube 1). Fig.26 shows the increase in the
sperking potential after starting the catéphofesis discharge. The
change was reversible, falling back to the original value after
switching off the cataphoresis, The results shown were obtained
with a gap of .456 cm. between the electrodes. The neon ‘pressure
corrected to 0°C was initially 47.68.torr.rising to aﬁ equilibrium
value of 49,67 with a cataphoresis‘ourrent of 50 mA. . The cataphoresis
tube was kept cool by a small fan. The corresponding pressure
changes could be followed with the improved spiral.gauge system,

Fig. 27 shows the increase in pressure after switching on the
cataphoresis discharge. The pressure reached equilibrium after

30 to 45 seconds. The sparking potential values as a function of.
p,d are shown in Fig. 28 with and without the action of a oataphoresis.
- discharge. All the V; values fall on the same curve within the
llimits of experimental error. Thus the appafent change injv; when
the cataphoresis discharge is switched on is completely accounted for
by the change in pressure of the system.

The effect of the cataphoresis discharge on the temporal

growth of current was inveatigated by measuring the formative time

lag as a function of AV the overvoltage, with and without cataphoresis.
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A period of at least Mf an hoxixr was allowed for the gas composition
in the system to reach equilibrium in each case. Fig. 29 shows the
measured formative time lags with and without cataphoresis with reduced
pressures of 24.08 and 23.72 torr respectively and a gap distance of
«448 cm. The cataphoresis current was. 3L mA. There is no detectable
difference between the two.curves. The difference in Es/po for the
two curves is small enough to be neglected, so that for these
experimental conditions the breékdown of the gap is unaffected by

the operation of the cataphoresis discharge. Thus the gas was |
sufficiently pure without cataphoresis or the cataphoresis discharge

was ineffective in removing impurities. .= - ‘

5,6, FORMATIVE TIME LAG RESULTS OBTAINED WITH TUBE 2,

Formative time lags were measured as a functiﬁq of the
overvoltage AV% for a given value of pressure and gap distance, The
formative time lag Qas taken as the time required for the current in
the gap to rise to a value of 5 x 10”7 Amp. . An initial current of
electrons from the cathode was induced by continucus illumination of
the cathode surface with ultra-violet radiation which entered the
tube through a quartz window. | Five formative time lags were
measured for each valﬁe of overvoltage, with a standard interval
of 10 seconds between each application of the voltage. The bresk-

down voltage V; was measured between each set of time lag measurements.
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FIG.31 FORMAT IVE TIME LAGS IN NEON
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The consistency of the time laga for a given overvoltage was checked
over a period of about 36 minutes.- A check over e longer period of
time was not possible, because of the continuous slow rise in neon
pressure reéulting from the imperfeéf closure of taps 2 and 3.

All measurements of formative time lag were made with the cataphoresis
discharge in operation, Curves of formative time leg as a function

of the percentage overvoltage were obtained for pressures from 18.4

to 59 torr and Eg/p, velues from 15.34 to 31.89 volt e torrr,* -
(Expressed in terms of E/N, the field pér unit gas density in molecules

16 46 9.00 x 10716 vo1t ent ewd)

per cm’, this is the range 4.35 x 10”
The electrode separation used varied between ,128 and...655 cm.

These curves are shown in Figs. 29-38. For a typical curve the
coefficient of variation was approximately 2% at an overvoltage of

.2%  For overvoltage sbove 1% the coefficient of variation fell to
below .5%. The data for Figs. 29-38 is included in Table 4 in

Chapter VI. The experimental results shown in Figs. 37 and 38 are )
considered less reliable because of the possibility of gas con=- |
tamination. Any interpretation of secondary ionization coefficients
based on these curves must therefore be considered less certain..
Despite this, the experimental results cover a sufficient range of

P, Eg/p, and 4 for broad interpretation to be possible. ' The analysis

end interpretation of the results is given in the final chapter,
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" CEAPTIR VI

DETERINATICT OF SECCNDARY ICNIZATICN CO:ZFFICIENTS
USING DAVIDSCN'S THEORY

6.1. TNTRODUCTION

The theories developed by Davidson, which have been described
in Chapier III, ensble the formative time lag to be calculated as a
function of the overvoltage assuming various secondary ionizaticn
processes. The simple theory assumes that electrons may be emitted
from the cathode by ions or undelayed photons. Theory I is an
extension of this, allowing also for the emission of electrons from
the cathode by metastable atoms. This assumes that destruction of
metastable atoms in the gas is negligible. Theory II allows for
destruction of metastable atoms in the gas with the consequent arrival
of delayed photons at the cathode. These theories are used in twm
to calculate theoretical formative time lag curves., Comparison with
the experimental curves enables possible processes to be eliminated

and the imporiant secondary ionization coefficients to be estimated.

6.2, THE STMPLE TYEORY FOR POSITIVE ICNS AND PHOTONS

An attempt was made to calculate theoretical formative
time lag curves, which agreed with the experimental ones, assuming

that the only significant seconcary ionization processes were



the emission of seconcary electrons from the Caﬁhode Ty prnotons

end positive ions formed in the discharge. .The theoretical curves
~ were calculated using Davidson's approimate solution given in
Chapter III(page 40). Using the data for the results shown in

Fig., 32 the lohgest possible formative time lags were calculated

by assuming that only the slower positive'ion process was operative,
using the method of solution given on page 41 . The time required
for the current to reach a value.of 5x 10"7 Amp with an overvoltage
" of 1% was calculated. This time was.found to be 7.5 x 107° seconds
which wa$ still about 1C0 times faster than the experimental time

. lage It was therefore concluded that some other, slower, ionization

process was required to ekplain the experimental results.

6.3, DAVIDSON'S THEORY I ALLOVING FOR EMISSICN OF ELFCTR(NS FROM
THE CATHODE BY METASTABLE ATCS

Using Davidson's simple theory, for the positive ion and
photon processes, it was éossible to solve the eqﬁations for A fairly
eagily by trial and errof. In the more complicated case where the
emission of electrons by metastable atoms is considered, this would °
become an.unduly tedious process. The programme outlined below

were therefore written to obtain the solution using an IEM 1620

computer.
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The solution of equation 29 (Chapter III page 49 ) for
A could in theory be obtained by an automatic programme which would
adjust the value of N until a sufficiently accurate solution had
been obtained. 1In practice there were some difficulties in
using such a programme because it was found that for certain
values of the imput data a non-trivial solution for A did not
exist (as will be seen later). It was found more convenient to
find N graphically from values of F(A\) as a function of A calculated
by the computer. In the following programmes some of the symbols.
have been changed from those used in chapter III to make the
programme acceptable in Fortran Computér Language. The

corresponding symbols are listed below.

A(T) = ‘o primary ionization coefficient.
6(J) = T+ §/a positive ion and photon secondary
ionization coefficients taken together.
E(J) = §7a secondary ionization coefficient for
metastable atoms,
. . DL Zeldaea
- (e - a - 1)
F = F = 1 = Gf+ é/a)(ead - 1)
B = A
X = o(A)



The secondary ionization coefficients for the positive ion and
‘undelayed photon processes are taken together in G(J) since both
these processes are so much faster than the Q/a process for
metastable atoms that they cannot be disfinguished by the analysis.

The primary ionization coefficient A(I) is subscripted
with the variable I so that the ca;culations can be performed for
several values of A corresponding to different values of over-
voltage by means of a "DO" loop. The I values 1, 2, 3, 4
correspond to overvoltages of .5, 1, 1.5, 2%, The subscript J
applied to the ionization coefficients G and E enables the
calculations to be performed for four choices of the coefficients
satisfying the relation:

“Va = 6(J) + E(J).

The relationship between X ( = 6(N\))and B (+= A) is obtained by
first putting B = A(T) and then decreasing B in small steps since
it is known that the required non~trivial solution for which X =0
lies in the range O < B < A(I).

The input data required for programme (la) is as follows:

L values of A corresponding to 4 overvoltages.

L choiceé of G and E.

D the gap distance.

Sl
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Fortran Programme 1(a)

DIVENSION A(L),G(4),E(4)

ACCEPT TAPE 1,A,D,G,E

1 FOR¥AT (LF10.4)

DO 207 = 1,4

DO 13 = 1,4

T = B(J)*A(T)**2,%D* (EXPP(A(T)*D)~1.)/ (=XPF(A(I)*D) -A(T)*D~1.)

T = 1.-6(3)*(Expr(A(1)¥D)-1)

PRINT 8,T,A,F

8 FORUAT (3F10.4)

B = A(T)

9 X = (A(T)-B)*((A(T)+B)*F+T)/EXPF(2.%B*D)+2 *T*B*EXPF( (A(I)-B)*D)
- (A(T)+B)*((A(T)-B)*F+T)

PRINT 11,X,B,I,J

11 FORMAT (2F1C.); 2I2)

1Fr(x)12,12,13

12 3 = B-O.4

GO TO 9

13 PRINT 11, X, B, I, J

20 PRINT 21, I, J

21 FORMAT (212)

EXD

i

This programme calculates X as a function of B for 16
different conditions. The value of B for which X = O can then
be found graphically giving the value of N which is required for
calculation of the formative time lag. - Some typical curves of
X as a function of B are shown in Figs. 39 - L2, The values

of the subscript I and J are indicated on the curves. Figs. 39-.2
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are the results of calculations for the experimental conditions
of the formative time lag curve shown in Fig. 36 for a pressure
of 32.2 torr., It can be seen that as J 1s increased, increasing
the ratio G/E, the curves cut the X = O axis at increasingly
shallow angles and for the case J = L, there was only a solution
for the first three I values (the three lowest overvoltages).

It is difficult to see any physical reason which would
account for this lack of solution at the high overvoltage (2%).

Having determined graphicdlly the value of B to give
X = 0, the corresponding formative time lag was calculated using
a second programme. This corresponds to equation 26 (Chapter II,
page 49 ), writing

1 (0,%)

T > TF Jor t the formative time lag
o

Q for

DM for D the diffusion coefficient of the metastable

atons.
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Fortran Prosrarme 1(Db)

DIMZNSION A(4), B(4,k), Flh,4), T(k,4)
ACCEPT TAPE 1,A4,B,F,T,D,Q,DM

1 FORVAT (7F10.4)

DO 20 1 = 1,k

D0 187

1,4
P = 2.%B(I,J)*F(I,T)-T(T,7)-2.%2(T,3)*(B(T,T)*D-1.)*ExPF{ (A(T)
- B(T,3))*D)-EXPF(~2.*E(1,T)*D)* (2.*F(T,J)*D* (A(T)**2.-3
(T,3)%*%2.)+2.%D*1(1,J)*(A(T)-B(I,J))+2.%8(1,3)*®(1,J)+1(1,J))
R = (Q*B(Z,J7)*P)/((2.#(B(T,T)**2.-A(T)**2.))*(1.-EXPF(~-2.*3(I,J)*D)))
TF = LOGF(R)/B(I,J)**2.*Dl)
18 PRINT 19,I,J,P,Q,R,TT
19 FORVAT (2I2,4F10.5)
20 PRINT 21,I,J
21 FORMAT (212)
END
The evaluation of the expression P is the determination of
(%%% (equation 27). R is an intermediary used to simplify the
calculations,
The value of the neon metastable diffusion coefficient
Dif used initially was calculated from Nolnar's data. (Molnar 1953).
2 3

sec_l for the P, metastable atoms at

a pressure of 1 torr. It was assumed that DM varied inversely

He gave DM as 120 £ 10 cm

with pressure. Dixon and Grant (1957) showed that the BPO and the
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3Po metastable atoms had the same diffusion coefficient at low
2 -1
pressures, namely 170 ¢cn~ sec ~ at 1 torr. The value of DM
used for the conditions of the experimental results shown in

-1

Tig. 36 for a pressure of 32.2 torr was 4 cm2 sec
The ratlo of the breakdown current to the extern2lly
induced current Q was taken as 300, In fact the calculated
formative time lag was not a sensitive function of Q. Figs. 43
and L4 show theoretical formative time lag curves calculated for
fhe conditions of experimental curve shown in Fig. 32. The curves
shown are the ones where closest agreement between experimental
and calculated formative Time lags was obtained. The analysis
showed that a reasonable fit beiween experimental and theoretical -
curves coﬁld only be obtained using larger values for the diffusion
coefficient. The results are sunmarlsed in Table 3.

Fig. 45 shows these results expressed-as a graph of Qf;z

against DM. From holnar‘s data the alf“u51on coefficient should

et 6 cm2 s.ec"l at this pressure. TFor the lowest valucs of

DI the solutions of the ecuation X(B) = O were incompletes For
DI = 5.5 thé analysis only gave a solution at .5% overvoltagse s
that only one point was obtained on the theoretical formotiive time

lag curve. This cannot be regarded as a fit with the experimental

results, Similar calculations for the results shown in Fipg. 36

for a pressure of 32,2 torr led to a similar conclusion.
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It was concluded that Davidson's theory for the case
where secondary electrons are emitted from the cathode by ions,
undelayed photons or metastable atoms cannot account for the
breakdown of the gap over a range of overvoltage except for a
value of diffusion coefficient which is much too high. In other
vords the diffusion of neon metastable atoms is too slow to account
for the growth of the current. The more approximate theory used
by lcClore, for the same secondary ionization process in neon,

also failed to describe the results satisfactorily (McClure 1962).
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RUCTION OF NETASTARLE

6.4, DAVIDSON'S THEORY IT ATLLOVING FOR DES

T
5

ATOVS AT COLLISIONS WiTH GAS ATON

Davidson's theory IT for the temporal growth of current
includes enission of secondary electrons from the cathode by
delayed photons released from the destruction of metastable states
at collisions with neutral gas atoms. This theory has already
been described in chapter ITI. The detailed application to the
practical case of the Townsend breakdown in neon will be given here.

Scme of the variables used in equations 47-53 of chapter
IIT have to be changed to suilt the Fortran computer programnme.

The corresponding varisbles are given below;

A(T) N G prirary ionization coefficient,
D = d elecectrode separation

N P
p7(1,J) = &l where /o is the ionization

coefficient for the delayed

radiation process,

i

P(J) Y ionization coefficient for the

positive ion process.

T(X) = T the mean lifetime in seconds of the
metastable states.

U ' = w_o the electron drift velocity

v = v, the positive ion drift velocity

J
I
I
o
3

F = t the formative time lag.
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ad
B = (e -1)
Q = p the solution of F{p) = O
F1 = F'(p) the first differential with respect to p

of F(p) evaluated at the soluticn p of F(p) =0

C, G, and H are intermediate expressions used to simplify the

programme., The expressions

(l) = Qq - Ej‘- . (50)
| ) .
and B = a-=% (51)

can be simplified if p is small compared with w end w

1 1 © 1 - 3 : . -

Pl §_>' Fortunately, Iin all practical cases examined the
- +

solution of F(p) = O was such that these approximations were

justified. This made the solution of F(p) = O very much simpler

since an explicit expression for p could be written as follows,

If p <<w and p << W

then Y = «

(56)
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The calculation of the formative time lag, for a given choice
ot as P 1 o~ o

of the secondary ionization coefficients /o and ¢end for a

given a value corresponding to the value of the overvoltage, is

then merely a matter of evaluating a number of complicated

expressions,

Fortran Programme 2

DIIIASION A(A),DT(A,A), P(4), T(35

ACCEPT TAPE 1,(A(T),T = 1,0)

AcCEPT TAPZ 1,((DT(I,3),5 = 1,4), I = 1,4)
ACCEPT TAPE 1,(P(3),J = 1,4)

1,3)

i

ACCEPT TAPE 2,(7(X),X

ACCEPT TAPE 3,D
ACCEPT TAPE 4,U,V,R
FORVAT (4F10.5)
FORUAT (3F9.0)
FORMAT (F10.5)

FORYAT (3F9.0)

DO 20T = 1,4
D0 18 J = 1,4
D0 16 X = 1,3
B = =PF(A(T)*D) - 1.

Q

i

((D2(T,3)*8)/ (A(T)* (1.-2(3)*3))-1.)/2(X)
= DT(I,T)/ (U*A(T)**2.* (1.+0*T(X)))

«
I



16
17
18

20
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G

UA(T)* T (K) B+ (Lo+Q*T(X) )% ((A(T)*D-1. )*EXPF(A(T)*D)+1.)
A(T)*P(3)* ((A(T)*D-1.)*2PF(A(T)*D)+1. )/ (V= (A(T)**2.))

Fl = C¥G+H

H

Tz

(LOGF(R*Q*T1))/Q
PRINT 17,9,C,G,4,FL,7F,I,J,K

FORMAT (3ELL.8/3Z1L .8 3I2)

CONTINUE

CONTINUE

5!

D

This progremme used 5 subscripts and 3 DO lecops. The subscript

I determines the value of a correcponcing to one of four values of
overvoltage. The subscript J corresponds to the choice of G%/a
and ¥ such that Sl/a, +¥ = “Va. Y(=P) is then determined by

J and DT (=£;) by I and J logether. The third subscript K
enables the calculations to be repeated for three values of the

nean netastable lifetime 7:1.

The Variation of TF with T

The effect of smaell variations of the metastable
lifetime on the formative time lag could be observed by using

the approximate relationship between TF and T given below
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But QT is independent of T and therefore C is independent of T.
The variation of G with 7 is mainly determined by the first term
50 that G« T. This is confirmed by the fact that G values

calculated for different values of T follow the relationship

Q
k3
i._)

to a geod approximation.

)
=]
()

H is independent of T s0 that Pl T. The product R*Q*Fl is

. LOGT{R*Q*F1) .
irdependent of T. TIF = —— 3 1) is therefore « T to a

good approximation., This relationship could be used to adjust
the value of T to give a better fit between theoretical and
cxperimental curves of formative time lag TF against overvoltage.
The analysis was applied to 17 experimental éurves of

formative time lag against overvoltage (Figs. 29-33). In most
cases a rough fit was found first by using choices of the ratio

1 a . o . - _ y ord 7 a
§7§- covering a m1§e range (for example 100%, 75%, 50% and
25%).  The programme was then re-run covering & narrower range
E? give a more precise fit. Each programme used L choices of

1
7y QQ , end 3 choices of T giving 12 formative time lag curves
covering 4 values of overvoltage (.5%, 1%, 1.5% and 2%). TFig. 46
shows a typical plot of experimental and theoretical time lag'
results. These are for the experimental results of Fig. 31
with a gap distance of .54 cm, reduced pressure po of 21.04 torr,
ard Ey/p, at sparking of 2.6k volt ot torr T, Only the L

closest theoretical curves are included.
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. The metastable lifetime, calculated from Grinits ¢m-irical
N | - -) X .
relationship (Grant 1951), wes 8.5 x 10 © seconis ot this pressure.
blfﬂ
The theoretical formative time lag curve for ;;f:: = 30%

agrees with the experimental curve vwithin the liz
experimenfal error. The Tour theorelical curves sheowun wer
adjusted using the approxirate proporticnality beiween T and T
to give an exact fit between the theoretical end ciperine

: . WA
curves at .5% overvolizge. The relation between o/ /o
L

and T is shown in TFig. 47. Tor a metustable lifeiize ol 3.5 x 10 b

. ht — -
seconds this curve shows = value for /7= of 27%. Tor a
°1
. . & . <3
shorter lifetime a higher Z;é;— value would be obtzined.

For 211 the 17 cases examined it was JTound that the
greement between the experimental and theorstical curves was
adequate in view of the experimental accuracy, the accuracy of

data used in the calculations, and approximations involved in the

theory. The results ¢ the analysis are summarised in Table L.

RN
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The last column of Table 4 shows the values of ES/N
volt cm2 where Es is the electric field af,the sparkdng potential
(volt cm-l) and N is the gas density in molecules cn™. This
parameter is now commonly used ;n place of Es/po (Huxley et al.
1966).

The last five results of Table 4 were considered slightly
less reliable because of the possibility of contamination of the
neon as discussed in the previous chapter.

For the four results marked with an asterisk a reasonable
fit betﬁeen experimental.and calculated timellag curves could be
obtained over the range of values Qf‘_gl/o, and ¥ shown. This is
because the calculated formative time lag is not always a sensitive

T8
function of the ratio —1?2 and is an intrinsic weakness of

the method.

6.5. THE VALUE OF THE PRINARY TONIZATION COEFFICTIENT USED IN THE
CALCULATIONS ' ' .

The value of the pfimary ionization_coefficient a is often
a sensitivé function of the purity of the-gas. The effect is
particularly important for neon where the introduction of a small
impurity of argon leads to an increase in the value of a because
the Penning effect can then operate. In the study of the breakdown

of helium by D. K, Davies and Griffiths a measurements were made
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in the same sample of gas. This obviously desirable procedure

did not prove possible in the present investigation because of the
continuous rise in neon pressure which opcurred. Trhe & mezzurements
used were taken from data by Chanin and Rorz (1963). These results
were obtained using gold electrodes with guard rings, the cathode
being illuminated with ultra-violet light through small perforations
in the anode. The neon purity was good, the system being equipped
with a liquid nitrogen cooled trap, bakable valves and a cataphbresis'
discharge run&ing at 50 mA. TFig. 48 shows q/po as a function of
E/po. fhese resﬁlts agreed surprisingly well with results obtained
much earlier under more primitive‘conditions by Townsend and
McCallum (1928) and Knuitoff and Penning (1937). Measurements by
Fletcher (1963) made with a system using grease taps for E/po values
greater than 30 gave lower values of @/po thaq those of Chanin and
Rork. | ,

Recent work by Lucas (1965 1 and 2) has shown thét o values
caiculated from the prebreakdown current may be in error as a result
of the loss of electrbns by diffusion whege large electrode gaps
are used., Calculation for the case of helium have shown that the
error in the a value obtained is significant for low values of
E/po.(up to about 4O V cu ™+ torr -). In some cases the a value
obtained was larger than tﬂe true value’by é factor of 4.
Unfortunately complete analysis to give the correct a value fequires

a knowledze of the secondary ionization processes under the conditions
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of the a measurementa. The effect of the error for the case of
neon o values canrot therefore Te zipply leterzizned, but the
work of Lucas stresses the danger o:f“using incorrect a vglues
in formative time lag calculations. The error involved in the

calculated time lag TF is all the more serious since the calculation

involves the function B = eo.cl - 1.

6.6, THE DRIFT VELOCITY OF ELECTRONS IN NEON

The values of electron drift velocity in neon msed in the
calculations are shown in Fig. 49 as a function of E/po. This
graph has been extrapolated to higher E/po from data by Bradbury
and Nielson {1936 1,2) and Nielson (1936) assuming that the drift
~velocity becomes proportional fo E/po for the E/p0 region where
inelastic collicions become significant. (Von Engel 1955 page 106).
It was seen from Programme 2 that provided p << w_ {or @ << U in
Fortran notation) and the approximation § = & can be made the
electron drift velocity appears only in the expression Fl the'
derivative of F(p). | F1 = C*G + H where Cx¢ % ,and G& U since'
the first term of G is much larger than the second term. Tl'lus
C*G is approximately independent of U so that F1 is not sensitive
to small change in U. 1In practice it was found that a change of
an order of magnitude in the U value used resulted in a change in

the theoretical formative time lag which was well within the limits
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of accurzey of the analysis. The extrapolated values of U used

in the calculations were therefore of adeguate accuracy.

6.7. T7% DRIFT VELOCITY O POSITIVE IONS IN NEOW

-

The values of the drift velocity of neon positive ions

vsed in the celeuletions were taken from data by Hormbeck (1551).

Fig. 50 shows the drift velccity of a simgly changed neon ion as
& J

a function of = . The value of w (or V) used in Programme 2
PO g

is related to the ion and electron drift velocities by thae formula;

i, 1 . 1
W w *
- +

Since v, << w , wis mainly determined by the positive ion Qr¢ft

velocity v e In practice it was found that the calculated

. . N . a . -
formative time lags, and the ratio &l determined by curve
I":

tting, were not significantly affected by order of magnitude

caanged in U, V or R.

6.8, T3 LIFEPIVE OF NECY IITASTABLE ATONS

The values of mean metastable neon lifetime T, or T,
used in the calculations were obtained by uszing Grant's cmpirical

forrula [Gzant l95i]

110.
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where B = 66
C = 135

n

i1
.
-~

o is the reluced pressure in torr

P
The first term depends on the geometry of the sy:
significant at low pressures. Tabel 5 shows

izportance of the two terms of the W

Hy

used. The effect of the geometrical term is very szmzll,

PRESSURE

(@]
Yo
(o]
tJ
~
go]
+
(]
)

20 torr sec 8.9 x 10 ¥sec

50 torr 1.52 x 107 "sec | k.83 x 10 % sec

O
5 G
"
=
OI

o

¥ost of the present experimental results were ol

with an electrode gap of about .5 cm in a tube of diamcier & cnm.

The lifetimes measured by Graent were for a longer tube (150 cn)
so that the geometrical term used in equation (57) may be an

underestimate for the present work,

A similar formula for?fl has been described by Phclnz

and Nolnar (1953):
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1 D

l .

——
“

o) 2 ,
= ﬁz + hp, + 3p . (4.,)

The first term is again a geometrical term. D is the diffusion
coefficient for the metastable atoms at a pressure of 1 torr.
A is the diffusion length given by
1 w2 2,02 -' SR
s @5 (5
~where L is the length and R the radius of a cylindrical chamber,

1 .
= accounts for
L1

destruction of the metastable atoms in the gas by two body processes.

The second term Apo of the expression for

A is the frequency of destruction at two body collisions determined
by Phelps and Molnar as 50 sec — torr - at 300°K. The third term
accounts for destruction at three body collisions. The destrﬁction,
frequency B was shown by Phelps-to be zero ét BOOOK and only
important at lower temperatures.

The diffusion length of the apparatus used for fhe-
present work was 1/6 cm for a gap of 5 cm between the electrodes.
For D of 150 cnZsec™ the geometrical term could then bé evaluated
as a function of pressurg. Table 6 below shows the relative

importance of the two terms over the range of pressure used.
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i 1

i : !
‘ ZISSURT | 1 | ;

% Iz, . D, |
| 1’ ° |
| VR b
| 20 torr . 1 x 10 “sec ¢ 7.9x10 sec |
! i ’ i
l 5O torr i L ox 10 %500 | 3.8 x 10 qsec%
| : | ,

These results show that the geometrical effect on‘ti
is probebly larger then it eppears from Grant's formula because

of the longer diffusion length used by Grant, Fig., (51) shows

)

the metastable lifetime T, or T a: & function of pressure calculated
by using Grant's formula, and also the values obtained by Phelps!
arnd Molnar's formula, The latter values are slightly lower but

the difference is not sericus. The experimental variation cf

-?;é?;'% against T showm in Fig. &7 for a typical set of results,
shows that the value cféi/a would not be seriously affected by a
small discrepancy in T in view of the other inaccuracies of the
method. licasurements of'”* by Dixon and Grant (1957) over a

rather restricted pressure renge indicated thet the liletimes of

I b . ¢ e
tne P, and ‘po netastable states colnclde and the two types of
aton both have the same diffucion coeflicient, Thus the analysis

u

w
[l

d in themesent work does not enable the two metastable states

to be distinguished.
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In section 6.3 the secondary emission from the cathode due to
positive ions, undeloyed photons anl retastable atoms, failed fo
explaein the experimental currenv gn wth., The metestable lifetime
values shown in Table (6) Zve some iniicatioh of the reasdn for
this feilure since even at the loweit pressure & considerable
number of the metastable atoms ere destroyed by two body collisions

in the gas and will never rezch the cathode.

6.9. VARTATION CF THE SZCONDARY IONIZATION COEFFICIENTS WITH Es/po

Fig. 52 shows the secondary ionization coefficients “Va,
“L/a and ¥’ as funciions of 2 /pO The last 5 resulis for which the
aas &urity was slightly coubtful are indicated on the graphs.
because of the intrinsic inaccuracy of the method previously
mentioned and the possibility of an irappropriate o value having

~ o

been used the “1/a and U curves are not of high accuracy, tut they
CO provide an estimate of the value of the seconlary coefficients
and show general trends.

Tor the Es/po range from 17 to 27 there is no clear

o . & . i
evideace for any varlaz on of “/a with goep distance ranging from

O

N

215 cm to 635, Tne slightly less reliable results indicate a
£211 in Y/ for Er/pO below 17 and a rise for En/po above 27, but
-~ -~

e

further datz would be reguired vo confirm this. The secordary

a3

coefficient L/a and >’ ovtained I

2]
O
k
ot
e
o
[

n2lysis chow a wider
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scatter because of inaccuracies introduée@ in the calculations.
For low Es/Po there is a fall in ¥ and a rise in SL/@ for
decreasing E /p_ . (The ¥ values include secondary emission
resulting from undelayed photohs (S/GJ since the two processes are
not distingﬁishable.) The results for'gl/d.bbtained by D.K. Davies.
for helium showed a similar rise in 1/a at low Es/po as shown in
Fig. L. At high E/p_ (above 27) 81/a rises faster than{ with
increasing Es/po° However further evidence wopld be required to
confirm this since the apparent rise depends on only one experimental
point where the gas could have been contaminated and where a very
small gap distance (.125 cm) was used. The increase in 81/@
could be due to a geometrical effect, since with the smallér.gap
distance a larger fraction of the radiation from the decayed metastable
atoms would arrive at the cathode. |

Graph 53 shows the sparking potential measurements
obtained during the formative time lag experiments plotted as a
Taschen curve against pod. There is o serious deviation from
Paachen's low for the rangevof gap distances_uSed with the exception.
of the smallest gap used, so that geometrical effects were not serious;
The result for the smallest gap distance falls below the extrapolated.
burve for the rest of the results. This lower Vs v;lue could be
accounted for by the high‘yl/a coefficient described above. The

sparking potentiél values from McClure's work with molybdenum disc
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electrodes fall well below the curve. This could be due to a
lower cathode work function, contamination of the neon or non-
uniform field near the edge of his electrodes.

The predominence of the gl/a process at low Es/po
shown on Fig. 52 is not the result of a geometrical effect,
since it is still true of results for a single gap distance.

Fig. 54 shows the variation of Xvand ' Sl/a with Py for a gap
distance of 448 cm. The résults for gaps of .46 and 446 cm
are also included. For pressures below L6 torr the7§.process
predominates, but above L6 torr the Sl/a process becomes more
important. This may be partly due to the fact that the life-
time of the metastable states decreases with increasing pressure
s0 that less metastable atoms diffuse out of the gap before
collision with a neutral atom releases a photon.

The ¢ values obtained in the present work are
considerably lower than values of ij the secondary electron
yield per incident ion, measured by'Hagstrum‘(1954) using mono-
energetic ions on atomically clean tungsten (Fig. 55). Hagstrum's
measurements, using ion beams in vacuum, are not susceptible to
errors due to the operation of the Penning effect and may be
considered as reliable since they are in agreement with more recent
work by RakXhimov and Dzhurakulov (1964). In the present work,
the operation of the Penning effect was considered as a possible
reason for the discrepancy. Contaminated neon would have a lower
sparking potential than pure neon (Penning 1929). Unfortunately

no sparking potential measurcements for high purity neon are
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In addition to this effect, Penning showed that contaminated
neon would have higher a values than bure neon. The a effect

is larger and would therefore cause a reduction in Lﬁ/a calculated

1 . .
from“/a = A However, if o values are not measured in the
-1

experiment and values for purc neon are used instead (as in the

present work), any unsuspected Penning effect would result in an
increase in the calculated value of “Yo and would not therefore
account for the diffeerence between the K'coefficient of the present
work and Hagstrum's YZ values. This difference could only be
accounted for if the a values used were obtained under Penning
effect conditions and applied to the case of pure neon. This is
thought to be unlikely since the a measurements of Chanin and Rork

were obtained under good experimental conditions,

A similar difference arises between the helium § values
of Griffiths and Hagstrum's measurements of X; for helium, although
the ¥ values of D.K. Davies are consistent with Hagstrum's data,
The data of Griffiths' experiment shows slighﬁly higher sparking
potentials than those of D.K. Davies for Eﬂ/po values of about
25 volt cnt torr™+ for similar experimental conditions., Griffiths
also measured higher o values than D.K. Davies. These two factors
would give a lower value'ﬁ/a and lead to a lower value of {'for
Griffiths' work. If the helium purity for Griffiths' experiment
was inferior to that of D. K. Davies, as suggested by Griffiths,
this would lead to higher o values, but on the other hand Vs would
be lower., Thus the Penning effect is not sufficient to explain
.these results, The low %7@ and ¥ values obtained by Griffiths

may be the result of a high cathode work function or possibly
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gas sample (a low \%/a value resulting from the use of an a
value which is too high). |

The'f& values of Hagstrum and Rakhimov and Dzhurakulov
were measured for atomically clean tungsten and molybdenum
respectively. Both workers observed that X; decreased as the
surface became contaminated. Under conditions of a Townsend
discharge the cathode surface may be contaminated and the
possibility of an oxide layer cannot be ruled out. In the
present work in neon using a nickel cathode,an oxide layer,
once formed, would not be removed by the electrode outgassing
techniques used., Such a layer could increase the work function
by more than 2 eV (Farnsworth 1953) and would have a ¥ coefficient
considerably lower than that for a clean nickel surface. This
is the most likely explanation of the low J values obtained in the

present work,

Graph 56 shows the experimental formative time lags
plotted as a function of E/p0 for 4 different overvoltages for
a gap of 448 cm. These curves show a rise in the formative
time lag at low E/p0 and at higa E/po. The helium results of
D.K. Davies showed a peak at low Es/po. The rise of formative
time lag for decreasing F,/po and increasing pressure for low
E/p and high pressure is difficult to explain qualitatively since

the life-time of the metastable state decreases with increasing



115,

pressure leading to a decrease in the delay of the trapped

energy in reaching the cathode.

- 6.,10. THE EFFICT OF YETASTABLE NEON NOLFCULES

The work of Griffiths in helium, which has been
described in Chapter III, showed that the temporal growth of
current at the Townsend breakdown for pressures above 30 torr
and Es/po below 10 volt cm — torr ™ could be explained by a
combination of three secondary proceases, These were emission
of electrons from the cathode by (a) ions, (b) delayed photons
from helium metastable atoms destroyed by two-body collisons,
and (¢) delayed photons from the destruction of diatomic
metastable molecules. These metastable molecules were believed
to be formed by three~body collisons involving two ground state
atoms. Phelps (1960) also showed that the action of these
metastable molecules could account for the current growth in
helium for low values of the growth constant and pressures of

more than 100 torr.
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s found tnet J215 electrons were cuiited per incident metestieble
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processsconsidered. n extension ol the work to lower pressure

using very sxzell gap distances may enable tais point to be resolved

6.13. CNCLUSIONS

The analy%is of euperimental Torzative time lag curves
using Davidson's anal&sis enzolées the secondary ionization processes,
which prefomirate in the Townsend breakdown of neon, 1o be
distinzuished., Tais procedure does, novwever, have its limitetions.,

Trne analysis only provides a possiole ‘explanation of the results.

There may exist some other  tasory wihich would explain the
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Despite these considerations the use of Davidson's
analysis has shovn that for an E_/po range from 15 to 32 volt
2

en™t torr t (or E/N range from 4.3 to 9.0 x 10-16

volt cm2) and

a pressure range from 18 to 59 torr, the initial Stage of the

neon Townsend discharge can be successfully explained by assuming
that the secondary ionization processes predominating are the 35

and SL/a processes. The gL/a process involves the destruction of
atomic neon metastable states by two body collisions with gas atoms,
the resulting photon causing secondary electron emission from the
cathode., The coefficiént Sl/a has the value ,015 L ,005 electrons
per priwary ionizing collisioﬂ in the gas, and is approximately

1

independent of Es/po over the range 18 to 27 volt em T torr™
SL/a rises for Es/po below 18, and for Es/po below 16 the 51/@
process provides most of the secondary ionization,

The secondary ionization coefficient ), for emission of
elecctrons from the cathode by positive ions, has the value ,OL0 L
.005 approximately independent of Es/po over the range 18 to0.27
volt cm Ytorr t. For Es/po below 18 the value of ¥ falls. For
Es/po above 16 the ¥ process provides most of the secondary

ionization. The value of ¥Yincludes any ionization resulting

\

from the action of undelayed photons at the cuttrode (S/a process).

| The‘?i values measured by Hagstrum (1951) and Rakhimov and
Dzhurakulov (1964) for mono-energetic neon ions on clean tungsten
and wolybdenum are considerably higher than the ¥ values for a nickel
cathode obtained in the present work. This is thought to be due to

a high cathode work function caused by the formation of an oxide layer.
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6.1h., SUGGESTIONS FOR FURTEIR TORK

In any further measurements of formative time lags it
would be an advantage to improve the conductance of the pumping
system. This would give a shorter pump down time, a better
ultimate pressure and less contamination of the test gas. Effective
closure of the valves in the system 1s of course most important
since this makes it possible to check the reproducibility of the
results at a given pressure. ' This was not possible in the present
worke Good pressure stability would also make it possible to
mezsure the primary ionization coefficient in the sahe sample of
ga3 as used for formative time lag measurements. This could be
done with the type of experimental tube used in the present work.
Such o measurements would greatly improve the accuracy of the
calculated secondary ionization coefficients,

It would be useful to extend the range of the measurements
particularly to higher pressures (above 60 torr) to ascertain whether
a diatomic metastable molecular process needs to be considered.
Further work at lower pressure (< 20 torr) using small gaps (<.l cm),
where the destruction of metastable states in the gas will be reduced,
ma& enable the emission of electron from the cathode by incident
metastable atoms to be observeds There is now sufficient data
availéble for the formative time lag analysis to be used for argon.

Some of the sources of argon data have been mentioned 'in Chapter II.
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In formative time lag experiments where impurities are
likely to have én important effect considerable weight is added to
the conclusions if proof of gas purity can be obtained., The
effectiveness of cataphoresis purification could also be directly
determined. Unfortunatély the addition of a mass spectrometer
to the system would recuire the compiication of a differentially
pumped system to reduce the pressure of the test gas to a level at
which a mass spectrometer, such as an omegatron, could be used,

It is clear from the results of the present work, and the
work in helium by D. K. Davies and Griffiths, that the state of the
cathode surface has an important effect on the secondary ilonization
coefficients operating ai the cathode. It is therefore important
to be able to measure the work function of the cathode surface
under the conditions of the experiment. This could be done by
the Kelvin vibrating electrode nmethod provided that the practical
difficulties of incorporating this in an already complicated tube
can be overcome. (See for example Llewellyn Jones and Davies 1951.)
To obtain stable wofk functions electrodes shoﬁld preferably be of a
noble metal and be outgassed at a high temperature. Alternatively,
noble metal films put down in high vacuum could be used provided
that the difficulties, experienced with such electrodes in the

present work, can be avoided.
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