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SYNOPSIS

Becauge of the important industrial applications of mercury,
most work in the field of mercury vapour discharges has been carried
out ou mercury vapour arcs. The work described in this thesis is
cecncerned with the fundamental processes operative in mercury vapour
in the Townsend region of gas discharges, when the cathode used is
a nercury pool.

Apparatus has been developed with which it was possible to
obtain data oﬁ breakdown potentials, primary ionizetion coefficients
and formative time lags. Generalized secondary ionizetion coefficients
were calculated from the breakdown potentiels and primary ionization
coefficients as a function of E/po. This curve is interpreted in the
light o. calculations made of the numbers of excited atoms in each
of the 'P' states per ion pair, and the application of Davidson's

treatment of the temporal growth of ionizaticn.
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CHAPTER 1

THE SPATIAL GROWTH OF IONIZATION

Introduction

A large amount of work has been concentrated on the high pressure
high current mercury discharge, because of its engineering applicatiocns.
The low pressure, low current mercury discharge has by comparison been
neglected, The work described in this thesis is confined to the study
of mercury vepour in that port of gas discharge physics known as the
Townsend or Controlled Discharge region, in which currents are in
general limited to the range 10-12 to 10-6 amps in uniform applied
fields. In this chapter, the basic physies of this type of discharge
is prescnted, in order thot an adequate background cen exist for the
interpretaticn of the results in mercury vapour.

1.1 The Producticn of Photo~electrons

Consider an evacuated tube containing two plane parallel

‘electrodes. Ultra=violet light falls cn ocane electrode liberating
photo-electrons. The variation in photo-electric current can be
studied by altering step by step the potential epplied hetween the
electrodes, from a large accelerating value to a suitable retarding
value and plotting current voltage charocteristics. Differentiation
of this curve yields the encrgy distribution of the electrons. The
type of distribution obteined is shewn in fig. (1). The curve,
unlike a Maxwellian distribution, shews thet electrons esre emitted
with &ll cnergies from zero tc & well defined maximum, given in
terms of the critical potential, V,, by
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where e ig the charge on the electron and m is its mass. In the
presence of an accelerating field, the form of this distribution will
be meintained at any intermediate distance between the electrodes, and
the current carried ¢t any instant will be

Tha Nev

a
where N is the number of electrons, e is their charge, v the meon
wlocity and d the electrode scparation.

1.2 The Interaction of Electrcons with Gas Atoms

1.2.1 Elastic Collisions

If gas is now introduced into the system, the fcrm of the energy
distribution may be altered by the interaction of the electrons with
the gas molecules. The simplest type of interection is an elastic
collision, defined as an event in which totel kinetic energy is con-
served. The fracticnal loss of cnergy by an electron having such a

collision is given by

de =

where m is the mass of the clectron and M is the mass of the atom. For
most cascs this fractional loss of energy is small, e.g. for the case

of an electron colliding with a mercury atom of mess 200

de = 5 x 107°
It is to be expected, therefore, that the energy distribution of phcto=-
electrons traversing & gap under the influence of an applied field will
not be changed in form to any great extent by elastic collisions.
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Assuming that the flow of electrons tokes from the field E an amount
of energy enough to belance losses by elestic collisions, that the
electron current density is constant and the gas atoms are relatively
at rest, Druyvesteyn and Penning (11) calculated the clectron energy

distribution function given by
=04 2
ole) = Ce? 0077 (&)

where € is the mean energy of the electrons calculated in this distri-
bution. Fig. (2) shews the distribution and the Maxwellien for the

same mean energy, €. Although the equation for the Druyvesteyn
distributicn does nct predict a maximum energy, it can be seen that the
curve approaches the energy axis more quickly than the Maxwellian, and
the number of electrons with energies a few volts ebove the ionising
potential is negligibly small, The distribution may be markedly changed
when inelastic collisions are included.

1.2.2 Inelastic Collisions

An inelastic collision is defined as one in which the kinetic
energy is not conserved; part of the energy going to raise the internal
energy of the atom. The probability of an inelastic collison is defined
as the number of atoms that are excited or icnised per electron per
centinetre of peth length at a pressure of one millimetre at o°c.

1.2.3 Excitation by Llectrons

Electrons with sufficient energy to excite an atom, viz;
v2->-’.
inv? = Wi

where W; is the excitation potential, can do so providing the angular
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momentum of elcctron and atom with respect to the commen contre of nass
of the systen is conserved. Thorefore the change in angular nomentum
of the system, dp, is equal to the change in the internal angular

momentua of the atom. Op is given by

bp = 6§ (o
where j = (1+s). For exemple, in mercury, a transition of one of the
electrons in the sixth shell (fig., (3)), from the ground state 6180
into 7180 (n=6 into n=7) is associasted with 6j = O, Thercfore &p
is zero snd only head on ccllisions are effective. The number of such
collisions is snall and negligible probebility of excitetion is to be
expected for electrons of 7.89eV, the critical energy corresponding to
that transition.

The transition 6180 to 71P1 or 81D1, is associated with 6j equal
to one or two and 6.67eV end 8.8eV respectively. In these cases
excitation will result only if the atom is hit in such o direction that
ép hes the required value, The cxcitation probability is zero at the
excitation potential since a negligible number of electrons fulfill
this condition, and becomes positive when the electron energy is
grecter then the ninimum energy necessary because the electron can carry
away the excess energy end also balance the anguler nomentun.

The probability of excitation to & certain energy level is
called the 'excitation function', defined as the number of electron-
eton collisions leading to & transition divided by the total number

of collisions. This fraction is gencrally of the order of 10523

-l -
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There are marked differences in slope and shape of the
excitation functions corresponding to different transitions. For
atcms with two valency electrons the function for singlet - singlet
transitions rises relatively slowly reeching a broaed maximum. The
function for singlet = triplet transitions reaches a sharp naximum
just above the critical energy end then falls quickly away. Fig.

(%) shews the excitation functicns for the four 'P' states of mercury
as calculated by Penny (1). The shape of these curves has considereble
gignificence when the inmportance of excited atoms tc the breakdown
process is considered. This point is amplified in chepter five of
this thesis.

The difference in shape of the curves is due to the fact that in
singlet - singlet transitions the tectal spin quantum number is unchanged.
Thus befcre and after excitation the spin vectors of the two valency
electrons must be enti-parcllel, For singlet - tripiet transitions S
goes from zero to one, viz. the spin vectors are reorientated to be
perellel. For elements such as nercury with strong spin-orbit coupling
this can be brought about by electron impact. For elements with weak
coupling like helium it can only occur when the impinging electron is
captured by the etom and one valcncy electron is expelled., This
electron exchenge only occurs within a narrow energy range, hence the
corresponding excitaticn function for helium has o sharper maxinum than
for mercury. Such stringent conditions are not attached to singlet -

singlet trensitions and the maximum is broad.

-5 -
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1.2.4 Icnisation by Electrons

This can be considered as en extreme form of excitation. The
pobability behaves in & similar menner to the probability of excitation,
with the maximum further removed from the criticel potential than the
critical potential for excitation. Compton end van Voorhis (2)
meesured the number of ions formed in a gas from a known electron
current beem. This number, when reduced to the number of ions formed
by cne clectron travelling cne centimetre at a pressure of one
millimetre ot 0°C, is called the 'efficiency of ionisation'. The
probebility of ionisation, defined in an analogous menner to the
probability of excitation, is found by dividing the efficiency of
jonisation by the number of collisions made or the number of mean
free poths., A diagran of the ionisation efficiency for mercury vapour
es obtained by Bleckney (3) ic shewn in fig. (5), cnd the probability
of ionisation for various geses including mercury vapour is shewn in
fig., (6).

Tt can be seen that the probebility of ionisstion rises from
zero at the ionisation potential to a raximum between 100 and 400
volts depending on the gas, after which it steadily decreases. For
dlectrons with any particular energy the probability of icnisation
generelly increeses with the atemic number of the gas, i.e. with the
number of clectrons in the atom,

1.3 The Townsend First Ionisetion Coefficient

The guentities outlined above are determined from experiments

in which nmono-energetic beoms of electrons are used. If we now
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return to the case where the swarm of electrons shews an energy
distribution, a few electrons in the high energy tail of the distri-
bution only will have sufficient energy to cause ionisation. It is
possible to define a coefficient analogous to the ionisation
efficicncy for this condition, as follows.

The mean energy of the electrons will be determined by the
mtio E/P, vhere E is the field strength and P the ges pressure., If
A, is the electron nean frec path, eE)\e is the average energy gained
by an electren in a meen free path in the field direction. eE)\e is
proporticnal to E/P and is the controlling factor in ionisation by
collision,

A photo-electron, of sufficient energy, moving through the gas
in the direction of the field, will produce on average o ion peirs
per centimetre of its path in the dircction of the field. Thus with
ne electrons et a distance x from the cethode there will be adx ion
peirs produced in a distance dx. Thus in moving & distance dx,

there is en increase in the number of ion pairs dn given by
dn = n, odx
1f the number of photo-clectrons at the cathode (x=0) is n,, and the

clectrode serameticn is d cm., we have

nddn a
f ey [ adx
o)

g

or 2d 2 ™, 1n tems of current, 25 ead.
ng Lo

where I, is the photo-electric current from the cathode. Hence the
logarithn of I/I, is »rorortional to the electrcde seperation if

ST



E/P is kept constant. The slcpe cf this curve is a nmeasure of q,
known as the first Townsend ionisation coefficient (4). The above
derivation assumes the field is wniform and that space charge effects
are negligible. The currents involved are therefore small, of the
order of 10713 to 1078 amps, (=),

After leaving the cathode, the vheto=-electrons must travel a
certain distence d, hefore the energy distribution becomes steady end
a constaont nean energy is scquired corresponding to the value of E/P
in the gop. This equilibrium is thought to be attainecd after the
electron hes undergone some elastic collisions (6). The above

equation must therefore be altered to

T, it ulara)
/Io e do

An slternative coefficient to @ is the ionisation produced by
an electron falling through a potential difference of ocne velt., In
this case the currcnt may be written as

T = cﬂ(v"v:,\)

where V, is o correction factor corresponding to d . The coefficient

n is related to e by

ne==

E

If the meen energy of the clectron swarm is maintoined constant,
the fraction of the number of collisiocns betwecen electrons and gas
atoms leading to ionisation will remain unchenged if the gas density

is nltered. Thus o is preportional to p for o given E/P, or
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%, = 2(C1p)

1.4 The Evelustion of o/F as a function of E/P

A typical plot of a/P as a function of E/P is shoewn in fig. (7).
The curve is characterised by an eclongated letter S shape, rising fronm
an asynpbtote through o point of inflexion to un epparent saturstion
value. Nt very low E/P, the mean energy of the electrons is low, so
that the nwaber of el:ct:rons in the high energy teil of the distribu-
tien is lcw. Thus o/P rises slowly st first. As E/P increases, the
number of high cnergy electrons with energies greater than Vi increases,
but the probetility of ionisation decreeses, The rate of ionisetion
thus beccrmes proportional to E/P before rising more slowly. In
contrast, the quantity n hes o unifornm shape, rising steeply at low
E/P, reaching & peck and then declining, fig. (8).

n represents the efficiency of ionisation relative to the
applied field. At low E/P therc is a high proporticn of energy lost
to excitation relative to ionisation, and n is therefore low. The
ratio of excitation losses to ionisation losses decreeses as E/P
increascs, cnd n rises with E/P. As E/P increases further the electrons
goin energy vhich is not lost to icnisation, as the probability of
jonisation decrecases. The electrons carry awsy this excess energy
which is ultimately delivered to the anode., n therefore decreases at
higher E/P. The electrons are no longer in equilibrium with the
epplicd field, and the average clectron energy changes to higher
volues as the peth length inereases. The velue of a/P will then be a
function of electrode scparation as well as E/P.

-0



The peck of the n versus E/P curve represents the point of most
efficient ionisation and fixes the minirumpoint on the Paschen curve
(see section 1.5). This value also corresponds with the Stoletow
point on the &/P versus E/P curve.

There has not been a single functional relation derived that
will fit the whole curve of @/P as a function of E/P for any gas. This
is largely because such functions nust teke account of the energy
dietribution form prevelent in the gas. This distribution is likely
to change with E/P especially if the Ramsauer effect is appreciable.
The way in which free peths vary with energy determines the collision
frequency end heuce the energy losses. These in turn will determine
the shape of the high energy tail., Any change in the distribution in
high energy electrons will influence o/P,

Towvnsend (f) on a purely classical basis, was the first to
attempt an evaluation of o/P a3 a function of E/P., His treatment
assumes an ionisation probability of unity for all electrons with energy
greater than eVj. Thus only those electrons travelling a distance x

in the field direction will ionise if

>
eEx = eVi
The number of mean free paths exceeding x is given by the kinetic

theory as

f(x) = X/

where A is the nean free path. Therefore the number of ionising

ollisions per unit length, o, is given by

- 10 -



-x/ A -

a(fx)/ax = (1/X) e a

If A is written as A;/P and x is put equal to V;/E, then we have

ofp = L ~Vi/M/B/P

A

or

JP = A o~BP/E
When plotted, this function starts at zero, rises to a point of inflex-
ion at B/2; and epproaches A as E/P increases indefinitely. This

levelling is not always observed in practice. In terms of n the

velation is

-

Nig

i ~BP/E

= P

=l e
=)

At low E/P, N as predicted by the theory is small, then increases till
E/P = B, giving the value of E/P at which the Stoletow constant occurs
and at which point n = A/B. Thereafter n declines with E/P.

Although the shape of the curve is similar to the experimental
curves, it is usuelly found that the predicted values of the constants
A ond B are too low. Since no account is taken of the energy distribu-
tion of the electrons, the randonisation of direction as a result of
elastic collisions, end the variation of ionisation probability and free
path with electron energy, the disagreement is not surprising.

The velue of Vj in the equation represents the energy an electron
must have before ionisstion occurs. This energy in fact rises from Vj
and the probability of ionisation varies accordingly. Neglect of this
fact tends to make the value of a/P too high. The value of A assumed
is also greater than thet which in fact occurs because of the random

-1l -
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electron motion. Thus nore icnisation occurs per distance ) in the
direction of the field then is assumed, This tends to make the value
of o/P too low. The Ramsauer cffect can either increese or decrease
o/P depending on the variation of mean free path with electron energy.
In some cases, however, these errors cancel out. Thus fair aéreenent
is found in certsin gases over a limited range of E/P. Fig. (9)
shews a plot of log c/p &s & function of (E/P)-l, fron Myatt's (8)
results in hydrogen. It cen be seen that the curve is linear between
an £/F of 50 and..160.

By adjusting the constards A and B one can adapt Tonsend's formula
to fit clmost eny section of the experimental curves. DPosin (9), for

nitrogen, found four functicnal fc.ms for different ranges of E/P.

They are
5.76 x 10=7 0.245 E/P

2

A

2
i

(1) E/P 20 - 38

(2) E/P b - 176 a/P = 1,17 x 10~ (E/P - 32.2)2

Q

et
J
]

(3) E/P 176 - 200 proportional to E/P, linecar through

point of inflexion

+

(4) E/P 200 = 1000 (a/P + 3.65)2 = 0,21 E/P

An expressicn identical in form to that of Tovmsend was later
derived by von Engel and Steenbeck (10), in which A = 2aVi/x% and
B = gx%vi/xl where a is & constant, x is the average fraction of energy
lost on ccllision, and A, is the mean free path at a pressure of one
millinetre of mercury. A and B are found to be of the right nmegnitude,
but no cccount was taken of the varistion of x with electron energy.
Attempts et calculating o/P as a function of E/p, for Ne vhere

1D e



the Ransauer effect is emall, werae made by Penning and Druyvestyn (ll),
but the only general theory comparable in usefulness and application to
the Townsend, von Engel-Steenbeck expression is that derived by Emeleus,
Lunt and Meek (12). The theory evolves along kinetic theory lines. It
is assumed that all electrons with energies greater than the ionising
energy cen ionise, end the probability of such an event is Pj. If

c 2 c; where c; is the velocity corresponding tc the ionisation energy,
then P(c) represents the probability of en ionising event in 1 em. of
peth at 1 rm.Hg. Thus at & pressure p mm.Hg. an electron on average
will create Pj(c)p.c new electrons per second. The probebility of an
electron having e velocity ¢ is f(c)de, where f(c) is the velocity
distribution form existing at the value of E/po in question. Thus the
number of electrons created by electrons with velocity c is given by
Pi(c)p.c.f(c)dc. Thus the total number of electrons created per second,
given by av, where v is the average drift velocity in the field direct-
ion, is

0
ov = p [ c.P;(c).f(c)de
Ci
Thus

0

a/P = P/v [ c.P;(e).f(c)de
€3
The theory thus allows the insertion of the appropriate velocity dis-
tribution and the experimentally determined values of ionisation
probabilities and electron drift velocities.
Assuming a Maxwellian distribution, good agreement between
experiment end theory was found for the diatomic gases air, N,, and H,.

B b



Y,
w?
t 77
NS
¢
70
7

|
Q '
=
/.
a/fvi Y !
7v=# mmHg
/A
7
7
e
/d
/ 9
| |
} J
ac g4 96 496 cm n0
L —
| 1 =)
g 560 7400 V 2800

V Lo

Multiplication i/1, as a function of the clectrode spac-

ing d or the applied voltage V7 at a constant and high value of
E/p (700 V/cm. mm. Hg) in air at 4 mm. Hg,

fig 10



Agreement was not so good for the extreme high and low values of E/Po‘
The agrecement was bad for argon. The Ramsauer effect in argon fluctuates
in such a manner as to give a distribution law with very few electrons
in the high velocity tail, since inelastic impacts do not occur until
gbout 10 eV is reached. The diatomic gases can undergo inelastic
collisions to vibrational and rotational stales at low electron energies
wsulting in a more even distribution of excited states which tends to
rduce the Ramsauer effect and produce a distribution of energies tnat
is approximately Mexwellian,

It cun be seen that there is a great need for knowledge concern-
ing the encrgy distributions in different gases before the function
derived by Emeleus, Lunt and lMeek can neet with any wide application.
Until these data become available, useful approximations of a/P over
1imited ranges cf E/po can be nmade by adjusting the constants A and B
of the Townsend relation tc form empirical expressions.

1.5 Breakdown

Tt was seen in section l.L that a plot of 10geI/Q>as a function
of d was linear in the initial stages, and that the current through
the gap could be expressed as

RT3\ 940)
where o is the primary ionisation coefficient given by the slope of the
curve. As the electrode separation is increased further, however, the
curve rises faster than linearly, indicéting that some other processes

producing ionisation are becoming importent (fig. 10). As d increases

to a value dg the current is limited only by the external circuit



components and is independent of I,. Under this condition electrical
breakdown of the system is said to have occurred. The equation
describing the spatial growth of ionisation is now modified to include
growth at the higher values of d and is given by

ea(d'do)

l-w/a(e (d'doy:l)

I/Io =

where w/o is known as the generalised secondary ionisation coefficient
and is a function of E/p,.

When the current tends to rise to infinity, the condition can be
represented by the denominator of the above equation tending to zero.
Thus the equation

l- w/a(ea(d'do)

=1l) =0
can be taken as the criterion for breakdown. In terms of the

coefficient n the breakdown criterion is
1 - wa(e"(Yo) 1) = o

where vy is the breakdown voltage and is defined as the minimum voltage
required for an infinitely small current to flow between the electrodes
without the assistance of any external agency. The breakdown voltage
is mainly determined by nand to a lesser extent by w/a. The term

e"™b in the above equation is much greater than unity and hence the
breakdown voltage can be represented by

b ('logw/a)/ﬂ

Since w/a varies little, especially at high E/p,, as a first approxima-
tion vy, is inversely proportional to n. Thus an approximation to the
curve of v;, as a function of E/p, can be obtained by mirroring the

=15 e
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curve of N as a function of E/pj about a horizontal axis. However, it
is often simpler to show vy, as a function of pd (gas concentration
tines electrode separation). Since vy is a function of E/p,, it is
aleo a function of pd. Thus vy, is not dependent on p and d separately
but on their product. This ie known as Paschen's law. A typical
Paschen curve for air is shewn in fig. (11).

Although for a given gas the shape of the Paschen curve is
mainly deternmined by the shepe of the n versus E/po curve, the cathode
has an important influence through the magnitude of its work-function
and state of cleanliness, etc. Thus the value of w/a is of importance
in comparing the breakdown voltages for different cathode materials.
For instance, low breakdown voltages are associated with cathodes of
alkali or alkaline earth metels, for which ®w/a has high values.

This is illustrated in fig. (12) in which Paschen curves for argon
with different cathode maeterials are plotted, and in fig. (13) in
which w/a for different cathode materials in argon is plotted as a
function of E/p.

1.6 Possible Secondary Mechanisns

As the prinary electrons traverse the space between the
electrodes, they interact with the gas molecules producing excited atoms
and positive ions which must be the source of any secondary ionisation
assuning that field emission, thermionic emission, thermal ionisation
end auto-ionisation are absent. Such assumptions are justified when
using & plane, perallel, cold cathode system with low current density.

Possible sources of secondary ionisation are therefore excited and
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metastable atoms, photons and positive ioms, ell or any of which may
interact with the ges or cathode.

1.6.1 The action of cxecited ctoms and resulting radiation

Because of the exponential growth of current across the gap,
the vast najority of excitations and ionisations occur in the rezion
close to the anode. The life-time of an atom excited to a rescnance
level is obout 10~® nce. Return to the ground stete is therefore
practically inctontonecue and there is little or no chance of the
ator diffusing to the cathcde and causing the eniseion th ve Lz an
clectron. OCollisions betwcen excited atoms end those in the ground
stetc connct lead to ionisation in pure gases, since the ionisation
cnergy is greater than the excitaticn cnergy. The process may be
importert in ges nixtures, where the excitation potential of one atom
is higher than the ionisction potential of the other. The process
ney be varticularly irportant when the atom is excited to 2 metastable
1evel., The process is known as the Penning effect and Penning and
Addink (13) have shown that snell amounts of argon in neon cen affect
the breakdown voltages.

Whea two excited atoms collide one of thenm can become icnised,
povided the sum of their excitation energies is greater than the
jonisation encrgy. The process is nost efficient when the excitation
energics are sbout helf the ionisation cnergy and when the excited
ators are in lerge concentration.

Metasteble otoms have a relatively long life, about 10"1 sec.,
ond ot o pressure of lmm.Hg. a netasteble atom may have as many as

ST



108 collisions. There is thus ample oprortunity for the volume destruc-
tion of meteatables by the raising to normel excited states with the
gubseqacnt cmission of o photon by collisions with electrons or absorp-
tion of quanto or collision with other atcms. The energzy relaticnship
must be

hv or }env? 2 Bi~E,
The long life of o netastable aton allow the possibility of diffusion
to the cuthode with the subsequent emission of an electron, providing

By > c¢. The coefficient for this process, Yys can be shown to depend
on the electrode geonetry of the systen. The metasinobles formed near
the ancde will 0ll diffuse to it since their concentration ot the anode
je zero and the concentretion gradient is large. Thiz neans that the
froction of metestables noving towards the cathode is a function c¢f the

electrode scparation ori decrenses rapidly towards the enode. Assuming

infinitely plane perallel electrodes, Mewton (14) has shown that

- S
Y, = const, (=

vhere N is the ncan free path of metastables nmoving in a gas of normal
atoms. Thus Y falls os d incrcases even if the cethode is essumed to
pe of infinite diamcter. With electrodes of finite dimensions s is
likely to be reduced further by diffusion of netastables from the
discharge volune.

The light guanta produced in o gas discharge are of two mein
types: resomnance radiction, resulting from the decay of normal excited

atons or neteosteble stoms that have been raised to some higher excited
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state, and non-resonance radiation or collision induecd radiation, the
resnlt of & collision which sufficiently perturbs the metasteble aton
to give rise to radiation by breeking the selection rules. The
resultant photon cen then cause cmission of on electron at the cathode
by the photo-electric effect, a process dencnstrated to be of importance
in the breckdown of helium by Llewellyn-Jones et al (15).

When photons collide with atoms they produce results analogous to
those coused by clectrons of cquivalent energy. Thus photons are able
to excite an atorm when they have the required excitation energy, and an
aton in the ground statc can only be icnised by o photon of frequency
vt

hy & eVi

vhere Vi is the ionisaetion potential and h is Plank's constant. The
process ig most efficient when hv=eVj when the photon gives up the
whole of its energy. In a purc ges photons emitted by excited atons
will have energies less than cV; and photoionisation can only occur by
s cumulative process. Rousc and Giddings (1¢) have shown that mercury
vepour is ionised by its resonance radiation by the transition
3pl < 150 (Fig. 3). The encrgy associated with the transition is only
4.86 eV, as compared with Vj=10.4 eV. The ionsiation process is
probably

Hg + hv » Hg(63P1)

3 3 %
Hg(6 Pl) 5 H8(6 Po)netastable = ng =0

The second step is a collision between an excited atom and a metastable
aton resulting in a molecule with potentiol energy of about 9.6 eV,

S (T



Together with the heat of disscciation, 15 eV, this is sufficient to
ionise the umclecculc,

In gascous mixtures, vhoto-ionisation cen be importent when the
resonance radiation of one type of oton has energy greater than or equal
to the ionsietion energy of the second type. The process has been used
by Loeb and Meek (17) and Reather (18) to explain the streaner
nechanisn.

The importance of photo-ionisation is a gas cen only be
appreciable where high densitics of excited und metastable atoms occur.
Photo-clectric emission at the cathode is likely to be of greater
importance where the energy hy nust be such that hy 2 e¢ where e¢ is
the work function of the cathodec surface. Resonance photons produced
near the anode can rcach the cathode unscattered (& process) or
alternately may be hindered in their motion through the gas by repeated
erission and absorption by ground state atons. This inprisonnent of
rodiation may result in a considereble deley in the arrival of the
photons at the cathode. The delay will depend on the cross-section
for absorption and the lifc-tine of the -particuler rescnance state.

1.6.2 Secondary ionisetion due to positive ions

Foer en clastic collisicn between o positive ion and a neutral gas
atom, the energy loss cen be written as

2raM

0E; =
(rtM)2

E.

where n is the nass of the positive ion and M is the nass of the gas

eton, Since n = M



2
U2

Thus a positive ion loses helf its cnergy in elastic collisions
with gas atoms and at all but very low gas densities, where E/po is
very high, will not gain nuch energy from the applied field. The
energy of the icns will, therefore, not be very much greater then the
thermal energies of the neutral atoms. Thus the probability of an
jnelastic collision resulting in excitation or ionisation will be
extrenely small, The probability of charge trensfer, though great at
low kinetic energies, will result in neutral atoms with velocities
1ittle different from the nornel thermal distribution. The efficiencies
of positive ions and the neutral atoms resulting from charge transfer,
as ionising agents, will be very low and they nay, thercfore, be
neglected.

Positive ions can, however, liberate electrons from metal
surfaces. The phenomenon has been exemined by Oliphant (19) and by
Oliphant and Moon (20) end by Massey (21). It has been shown that the
efficiency of the process depended on the ionisation potential of the
atonn and the work function of the surface; the efficiency increasing
as the former increased and the latter decreased. The mechanisn
involved nay be two-fold, depending on the energy of the ions. The
jncidence of high energy positive ions on a cathode has been considered
by Kapitzeo (22) to cause a transfer of kinetic energy of the ion to
thermel energy of electrens resulting in thermionic emission from the

cathode. The energy distribution of electrons produced by positive
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jons as determined by Oliphant and Moon is such as would be expected if
the process were thermionic.

When the cnergies of the ions are of the order of thermal
energies, as in Townsend discharges,another mechanisn becomes importent.
An ion approaching the cathode may become an excited atom by the trans-
port of an electron fron the cathode to the ion, moving between states

of equal cnergy. The trensition is most probable when

e¢=Ei—Ea

where e¢ is the work function of the cathode, end Ej and Ea are the
energies of ion and stom respectively. If the exeited eton collides
with the cathode beforc radiation occurs, the aton may give up its
potentiel encrgy to & metallic clectron, which nay be ejected in a
collision of the second kind. For this to occur Ij 22 €de

An ion of sufficient velccity nay penetrate the potential
barrier before cepturing an electron by resonance transition., The
excited atom can then give up its energy to a second clectron, giving a

normsl unexcited atom and en electron. For this to occur, the energy

relation must be

where Ep is the energy at the top Fermi-level,
1,7 Conclusion

From the ebove discussion of the posrible secondary processes in
Townsend discharge, it can be seen that secondary ionisation phenomena

occurring in the gas depend on high concentrations of excited atons.
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Since the probability of excitation for must gases is small, about 10-2
(23), then such processes only become important et high pressures,
about T60 rm.Hg. The nore important processes are likely to involve
enission fron the cathode. A decisicn as to the reletive importance
of these processes cannot be obtained from the current growth curves,
since each process leeds to an equation of the same analytic fornm as
the general Townsend formula (2k), w/o being a composite coefficient
depending on which combinetion of secondery processes is prevalent.
Studies of the temporal growth of current to breakdown can solve
this problem, For instance, if electron enission from the cathode
due to positive ions is operative, the delay time %I = 10=5 sec,
where 4 is the gap separstion and W+ the ion drift velocity.
Sinilarly if the incidence of unscattered photons is dominant then
the delay time is of the order d/W_= 107® sec, where W_ is the
electron drift velocity. Likewise nectastable atoms involve a delay
tine a@%/D = 10~3 sec. where D is the diffusion coefficient for neta-

gtables. The temporal growth of ionsiation will be studied in the

next chapter.
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CHAPTER 2

THE TEMPORAL GROWTH OF IONISATION

2,1 Introduction

There are two approaches to the temporal growth of icnisation in
a Townsend dischargc. The approach of Hernbeck(25) and Varney (26),
and of Molnar (27) is ained at the direct neasurenent of the secondary
coefficient s a result of the action of positive ions and nmetastebles
at the cathodc. The second apppoach, which is presented in its nost
conplete form by Davidson (28) ains at the interpretation of formative
tine lags in terns of ratios of the different coefficients,

2.2 The Apprecach of Varney

Hornbeck's initiel purpose was to evaluate Yso the numnber of
electrons liberated at the cathode per incident positive ion., His
analysis, however, would not allow Yi to be evaluated with any
precision. Varney used similar apperatus to determine Y3 to that
cnployed by Hornbeck. A diegran of the apparatus is shewn in fig. (1k).

A flash of light of durstion about 10~7 seconds, produced from
an air sperk-gep is focussed on the cathode of a discharge tube. The
resulting photo-clectrons are accelerated by the epplied field, which
is less than that required for breakdown. The positive ions produced
by the interaction of primary electrons with gas nolecules drift to the
cathode and there liberate secondary electrons. An ocascilloccope is used
to display the currcent which consists of an electreon and a positive ion

component, as & function of time. A typical trace is shewn in fig. (15).
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Varney shewed that the clectron component i and the positive

ion component i were given by the following relations,

i_ = n08v+ (Y; (ead-l)eav+(l+Yi )t) (2'1)
. ad ad

: n~eVy Ylea aVe(l+ys )t | e

] = c - 1)e + 1 A e

£ A ((1+Yi ) T ) (2.2)

A

‘ < : > .
it 0=t = d/v+, where d is the eclectrode separation, V, the positive
jon drift velocity, ¢ is the electronic charge, n, the number of
electrons liberated by the flash, and o is the first Townsend ionisation

coefficient. The total current i, given by

+ -
is therefore cqual to
1 e ad vi (oo aVy(Llys )t . ¢
i (e =1) + 5 et SOV Yi e
i= S {(vi( ) Ty (c™"=1)) e + TT?; b (2.3)

The appearance of a horizontal oscilloscope trace
neans that the current is constent with tine, since d and V, are constant
Thus the time dependent term in equetion (2.3) vanishes if the co-

efficient of the tern is zero, viz;

ad
Yi(b -l)+(Yi/l+Yi)(ead—l) =0
cr
= (/(e™0))? (2.4)

Yi

Thus if o and d are known, y; can be found,

2.3 The Approach of Mclnar

A Tommsend discharge was stinulated by photo-clectrons genersated

TS



CURRENT —=

LIGHT —»

TIME, t —=

. Diagram illustrating the theoretical curve forms of current
versus time to be expected from metastable action in the Townsend gap of
figure 9.33, as observed oscilloscopically by Molnar.

fig 16

TRAVELING

MICROSCOPE g
Hg ARC
O o~

;!Cg i
;£C|
LINEAR SWEEP
P8,
2 “"*Molnar's Apparatus.

fig 17



by a shuttered light bean focussed con the cathode of a gas filled tube.
The tronsient character of the resulting current between the elcectrodes
was observed with an oscilleoscope. The current, fig., (16), was con-
posed of a component closely in step with the stimuleting light pulse,
and a component which lagged by the order of a nillisecond. This
component was attributed to the acticn of netasteble atoms. The

fast component includes the primary clectron current amplified by
ionisation and emission due to icn and photon effects, which reaches

n steady state after gbout 10 nicro-seconds. From the enalysis of
such traces the fraction of cmission due to nctastables, ions and
photons could be obtained. The experiuent was thus more comprehensive’
+han that designed by Hornbeck and Varney, in which only Yy the con-
tribution due to positive ions, could be established.

A dimgran of the spparatus is shown in Fig, (17). The actual
current mcasurcnent was made by employing & null nethod. By nmeans of
a partially reflecting mirror, scme of the light was divected into a
vacuun photo-tube, which then generated a current pulse cxactly in
step with the primary current in the Tovmsend tube. This current
flowed through two resistor-cepecitor combinations, B,C,end R,C,y by
neans of which & voltage prulsc could be forued similar in shape and
size to the Townsend current but oppositc in sign. The fast component
of the Townsend current could usually be matched closely with an RC
combination having e tine constant of 0.1 to 30 milliseconds. When
these components were adjusted to e best fit to the Towmsend current

there remained e component negetive in anplitude and internediate in
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tine constent. The anplitude of this component was measured by the
decrease necessary in the fast component to bring the current trace

up to the base line.

Molnar showed that w/a (designated y) was given by

=L

o O g
e {y; b ZE L0 v, i fx Yot fopf .Y} (2.5)

3 s r rk
a3 a3

where y., Y.» Y, represent the nunber of electrons liberated at the
cathode per ion, per photon and per netastable respectively, and
G.9 O am represent the number of ions, photons and metastables pro-
duced per cm. per electron; £ is the fraction of clectrons liberated
at the cathode which enter the discharge strean; frk' fﬁk are the
froctions of photons amd metastables generated in the gas which reach
the cathode; f . is the fraction of netastables generated in the gas
which are converted to radiating atoms; f,, is the fraction of photons
from these gtoms which reech the cathode.

The fast component of the current is given by the Townsend

equation with the Y coefficient given by Yeast? where

O
anst r fesc (Yi s E;

fouavE) (2.6)

and the total current is descriled by the Townsend equation with
= +
Y Yfast Yslcw
where

= O o
Ys1ow Tese (;E'fmk Yot E;'fﬁr T Yr) (2.7)

o7



Molnar nade detailed time constant studies of the slow component of the
current. He neasured the time constant of the slow component Ty, the
emplitude of the fast conponent if, the slow component, isl, and the
internedicte, isz, conpenent for verious applied voltages. T, was shown
to be related to the time constant of decay of metastables, T,, by

jous weid)
vy m T e (2.8)
if+l‘3i82+i

51
1, is related to the diffusion constant of the metestable D, and the

probability of volune destruction per second in the gas, G, by the

relation
L 2D
se 240 (2.9)
1 2
a

plots of 1/t; ageinst 1r2/d2 therefore yield straight lines with slope
D,, and intercept G. The technique thus allows the evaluation of Dm'
This was deternmined for argon, neon and xenon,

A radiation conversion process was used to measure the relative
ariount of electron emission produced by a netastable drifting to the
cethode compared with a photon of the same energy. Two experimental
arrongements were emplcyed. In the first, external radietion fron a
line source was focussed so as to go through a small region between the
clectrodes cither neer the anode, in the middle or near the cathode,

In the second errengenment e ring-shaped discharge tube was placed around
the discherge volume. The radiation was difficult to focus but better
conversion vas cbtained. Only the experiments using the first arrange-

ments will be described here,
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The discharge through the tube was neintained steady, and the
gide light pulsed. The current was found to rise immediately on appli-
caticn of the side light and then to decrease slowly. When the side
light was cut off the current dropped suddenly and then returned slowly
to its steedy state value. The side light had two effects: that of
increasing the number of photons striking the cathode, and that of
decreasing the netastoble density in the region through which the light
was passing.

The sudden increase in current when the light was switched on
a8 due to the increase in the incidence of photons at the cathode.
The slow decrcase was caused by the diminution of the number of neta-
stables aveilable to diffuse to the cathode. The net reduction of
current with the light on shewed that photons were less effective than‘
netastebles in producing electron liberation at the cathode.

The time constant of the slow component was neasured with end
without the side light, and T, computed for the twc cases., Now
(wz/dz)gm inclules the contribution of diffusion losses to 1/11, and G
the effect of volune destruction. With the light off, G includes cnly
the normel volume loss, G,. With the light on G also includes the
volume loss caused Ly radiation, Cge Therefore, the difference in
1/11 for the two cascs gives a measure of Gs‘ The quantities
"2Dm/d2 and G, and Gs ere elso, to a first approximaticn, a neasure of
the rete at which the nmetastables are destroyed at the elcctrodes, in
the gas by collision and in the gas by radiation. It is assumed thet

half of the photons releascd by cither type of volunme destruction will
= purt



will go to the cathode. Thus the quantities

=2
e, /202 5 Gg/2

(2.10)
(12D, /a2 )+G, (n%Dyp/a2)+G,

represent the fractione of the excitation cnergy of the metastables
which without the side lignt reach the cathode by mztasteilag and

pactons respestively. Immediately after the side light ig turned on

the rate of arrival cof metastables remains unchanged but the rote of

Gc*Gs
Gy

gredually, o new steadvestate is set up for which the fructicnal

srrival of photons channes suddenly - by the factor ., 'Then,
aprpiers of energy cre given by the ohove expression, except that G
is replaced by GG .

The measurcsment of Yr/Ym is made using the amplitudc of the sicw
emponent either immediately the light is turned on or using the value of
this corponent after the new equilibrium has Deen obtueined. Molnar
enployed the former nethod.,

The quantisies ﬂsz/ﬁz, G, end G, are established from time
congtent studies., The magnitude of the slow compcnent just before the
side light is turned on, 8, and its valuc just afterwards, a+ds, ia
measured. Both s and s+ds will be directly proportional to the electron
airrents leaving the cathode due to the combination of metastebles and

photons from converted metastables striking the cathode, i.e,
2 1 ’,
8s/s = GY, /¥, (7°D /?) + v G (2.11)

Thereforc,

Nl



v, /Y, = (8s/s)(n2D,/a2)/(C ~(85/8)C, ) (2.12)

All the guantities on the right hand side are measurable and Yr/ym

can be evaluated directly, to en accuracy of about $20%, the main
source of error being the electrical noise induced in the Townsend
current by the operation, in close proximity, of the light source. The
avercge velue of yr/ym was 0.40 for tantalun, 0.08 for molybdenum and
0.10 for a barium oxide cathode.

a, was determined by a trial and error method. A value of oy
was assumed end together with the ratio of i+/io taken for different
volues of clectrode separation, d, at constant E/p,, a,_ was computed
from the Townsend equation. The values of o which nade o constent
with a4 were acceptcd as the 'best' values. Velues of y and Y, vere
corputed fron i/iO and if/iO data, end vy, obtained fror. the relation
Y=Y Y o

Molnuar was further able to show that the following relation held:

12 o2
fesc(amYm+aIIYr(Gd /‘n Dn))

- {aiioiSIIif(isl+if)} (1+Gd2/w2nm)u (2.13)

where H iz a function of a;, @ and a.a . Thus if the right hand side
of the cxpressicn is plotted as & function of Gd"’-/ﬂzDm then a straight
line with slope @y f . and an intercept of @y fo.o results. Thus
Gl is known, G Y can be deternined.

The quantity fcsc’ in the expression for y, is evalusted by making
detailed neasurenents of the current ot low voltages, and was determined

- 3] -



as 2.56 x 10-8 anps, the value observed for an E/po of 400 in the
region of 8 to 14 volts. The fraction of this value at 14 volts for
other values of E/po wos assuned te be a neasure of fesc'
Molnar was thus able to neasure fesc’ Oi9 Yo Ygo O Y, and
yr/ym. The quentities @ ond o, cculd not be neasured, and were taken
fron Kruithoff (29), who evaluated the ratio (am-o-ar)/ai as a function
of E/py for the rare gases. Y, values werc then calculated from o
and O Y.. Y, Was then computed from the ratio yr/yn. Finally,
(qr/ai)frkyr vas computed, assuniing frk=0.h (the grounds fer this
assunption ere not made clear), from which y; could be computed fron i
and fesc' The values of Yi and Ym were accurate to about 207 and were

found to be similar in magnitude.

2.4 The Apuroack of Davidson. Formative Tiue Lags

The totel time taken between the application ‘of a potential
differcnce greater than or equal to the breakdown potential, and
breskdown is known as the total time leg, t. The tine, t_, which
elapses between the application of the voltage end the appearance of an
initiatory electron is called the statistical time lag, since the
eppearance of such electrons is statistically distributed., After the
appearance of such an electron the time, tf, taken for the gap to

break dovn, is called the formative time lag. Thus

Gas ts + tf

Tn practice, the statistical time lag con be elinineted by
jrradiating the cethole with ultre-violet light, thus cnsuring an ade-
quate supply of initial electrens at sll tines. The total time lag cen
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then be equated with the foruative time lag.

The formative tine lag at any given E/p  will be related to the
specd of the various sccondary processes. Hence a study of fornative time
time legs should meke it possible to estinate the relative importance of
the different processes. The nethod is that of essunming velues for the
coefficient of cach process as e fraction of w/a and using these to
caleculate e theorctical curve of foraotive tine lag against per cent
overvolturc, These curves can then be compared with those obtained by
cxperinent. Typical experinental curves for hydrogen, where only two
processce are nossible, those of positive ion acticn and photon action
nt the cothode, are showm in fig. (18).

The original thecry by Daviisen {30;, gave an exact solution to
the prollen of ionigetion growth involving the primary, a, proceces and
the action of positive ions, (y process) and undelpyed photons, (&
process) at the cathode. The later theory (28) miven below takes into
sccount the acticn at the cathode of netastable atons, (e process) and
seattered resonance radiztion (63 process).

The scattered radiation process is treated es o diffusion process.
Photons enitted by atons which have been excited by the clectron current
nay be strongly absorbed by groundi state atoms and after a mean time
interval, T, re~cmitted with scattering., They thus proceed to the
cathode by a process of diffusion due to repeated scettering. Since
metastable stons are uncharged, their notion is entircly due to diffu-
gion end ney reasch the cathode by this process if not destroyed in the
gas with the liberction of an ective photon.
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The formulae employed to represent the diffusion of repcatedly
scettered photons resenble the formulae which represent the diffusion
of metastable atoms and adventage is taken of this fact. The two cases
were referred to as cases (b) end (a) respectively.

To investigate the spatial and tenmporal growth produced by
processcs depending on diffusion, it is assumed that initiaslly the only
process operating is of this type. It is further assuned, both in
mse (a) and case (b), that the internal destruction produces no active
photons capeble of reaching the cathode either directly or by diffusion.
The treatment was then generclised to include the case where all
possible secondary processes cre acting sinultaneously.

Two plane perallel electrodes, of separation d, with the cathode
(x=0) being exposed to a constent radiation producing & photo-electric
current I_, are considered. At time zero the potential differcnce of
the pletes is incressed to a value V ebove the breakdown potential Vg
and maintained., A region of the gas at distance x from the cathode is

then considered, and the diffusion equation which the active particles
satisfy is given as
: oX.
an(x,t)/ot = =3j(x,t)/3x + aje™i_(t=x/w_) - n(x,t) /7, (2.14)

where n(x,t) is the spatial density of the active particles, j(x,t)

is their current density in the x direction, a the Tirst Townsend
jonisation coefficient, a,, the number of active particles generated
by en electron moving unit distence in the x direction, w_ the electron

arift velocity, 1/t; the fraction of active particles in any region
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which are destroyed per unit time by collision with ground state atoms
and i_ the electron current density at the cathode. i_ and n are
assuned so snell as to justify neglect of quantities proportional to
their product (e.g. the destruction of metastable atoms by electrons).

The current density, j, is related to the diffusion coefficient by
j = =D am/dx

As D is taken to be constant in space, =3j(x,t)/dx becomes

Dyn(x,t)ax2. Thus the diffusion equation becones

_g-tzl (xst) = D. 33}‘2-‘. (X,t) + al i_eax(t—X/W') = P(_J‘:lﬂ (2.15)
ox 1

The diffusion coefficient D is defined differently for cases (a) and (b).
In case (a), D=D, which is an ordinary stomic or moleculer diffusion
coefficient and is given approximately as %-zm§ wvhere £ is the mean
free path of the metastables and Vv their mean kinetic velocity. 1In case

(b), Dqu which is given approxinately by
Dy = % zp/[r + (np/c)](l-F) (2.,16)

when the current density of bound photons is neglected. F is the
fraction of the original momentun retained by the photons on re=-
emission fron the bound state, & is the collision mcan free path of the
photons, T the mean time for which a photon remains bound and e/i; the
fraction of free photons which become absorbed per unit time. Since
the current of photons is not accurately monochromatic and since the

absorption of photons is a resonance phenomenon, any spatisl
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variation in their frequency distribution will be accompanied by a
spatial variation in Ep end hence in DP' Thus it is not certain on
inserting DP into the diffusion equation that an accurate equation is
obtained with DP constent in space ond time. Thus the diffusion equation
with constant D nay not arply to trapped radiation with the seme accuracy
as it does to metastable atons.

Davidson next considers the boundary conditions of the diffusicn
cquaticn. Assuning that the fraction, g, of the number, N, of active
particles striking the cathode per unit time destroyed in so doing is
not grecter than 1/5 the resulting asyrmetry in the dircectional distri-
pution of the active particles near the cathode can be ignored. Thus

for g < 1/5, Davidon writes, in case (a),
N =2 nv and D(dn/3&) = g.i.nv (2.17)

that is n = hon/dx at x=0, where

h=hD/gx'r-%.fn_v-%nm?r
&v

If ¢ is the fracticn of active perticles destroyed on striking the anode,

then
-H.3n/3x at x=d (2.18)

=
]

where

H =.% /G

At the cathode a fraction of the active particles destroyed

o
’ bll
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will cousc the enission of an electron. If there is an externally nain-

tained electron current density at the cathode, I, then

(oL}
i =TI+ g D(d/ax) at x=0 (2.19)
Consideration is now given to case (b). The D in the last

equation must be replaced by

n

D -% 2/ (1 + (#y/e)) (1-F)

and II by

n
.

N=¢i nc/{(crlzp) + 1}

Thus ot x=0, it can be written that
D(an/dx) = § g.n.co/{(et/0;) + 1}

In the expressions for n (equetions 2,17 and 2.18) h now becomes

h = ﬁéa / (1-F)g end H= ng /(1-F)G

If n and i are constant in tine, a steady state is attcined and the

diffusion equation can be written as

D 32n/3x% + a, i_ ™ = n/1, (2.20)

1

with the boundary conditions as defined above, that is

n = han/dx at x=0

n = -H 3n/dx et x=4

and i_ = Io + gl D(an/ax) at x=0
The equation is integrated te give

BT



ad .
X ¢~ =cosh.ud = a(sinh yud)/u /
( sinh pd/n )} 2.21)

i/1,=1/{1-~- AT
- a-u

providing g and G are large cnough to neke h=H=0
X = ga, p o= l/#ﬁrl
when pd (but not ad) is a small fraction, the ratio i_/I, becomes

i /1o =1/ - a—’é; (¢ - ca - 1)) (2.22)

After considering the steady state Davidscn turns his attention
to the problem of current growth in tine. The gas is assuned to be free
from active particles and electrons up to the time, t=0, at which the
externally generated cathode current I, is established., Cencerning the
guantities n(x,t) and i_(t) the following conditions arc given as

gufficient to deternmine thesc quentities at all tines

(i) at t <0, n(x,t) =i (t) =0
(i) ot t > 0, i (t) =TI, + gD an(x,t)/sx at x=0 (2.23)
(iii) ot t > 0, n(0,t) =n(d,t) =0

(iv) at £ > O the differential diffusion equation holds
throughout the ges

The folbwing contour integrals cre given as a solution to this

equetion setisfying the above four conditions,

: D(22-p2)t
n(x,t) . i".‘lf i ((1-e722%)¥* 4 (o!¥-E)d) 2
Io 1 ‘e (22-42)6
(720012 ol¥rB)a) Xy gy (2.24)
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= L 2™ Pt (52.42) (122 o )
Lo ™ le (z2-p2)0 3

where ¥ = a-D(22-u?) /v (2.26)

B =g+ (oxze V24 (oxzag)e 22 (2.27)

£ = {Z+P}{(2-y)F=X} (2.28)

F=1 (2.29)

The purrose of introducing the symbol F vhich in the present case is

unity is explained later.

It is further shown that at all positive times i /IJ is the real

part of

) ax(A2_¢2)(l_e-2Ad)eD(AZ-NZ)t

(A2-u2) (30/32) A

A+ (2.30)

where A is given by the right hend side of equation (2.21) and is shown
to be given by

i /1, 1/01 - £ (")) (2.31)

if volune destruction can be negelcted. The sumnation extends over all
velues of A of 2 (other than 6 or u) which satisfy 6(Z)=0 and which lie
on the positive reel or positive inaginary axes or in the quadrant
pounded by them. The character of A, all values of vhich lie on the
exes, depends on the sign of the quantity, A, At large tines and A
positive a steady state is established and the ratic reduces to A. If
A is negetive, the case vhen the breakdown potential is exceeded, one of
the values of A is real and greater than y and thus contributes to the

current A tern which increases exponentielly with time.
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The treatment can be generalized to include the secondary action
at the cathode of positive ions and unscattered photons. To the
boundary condition (ii) in (2.23) is added the integral expressions
which represent these secondary actions, viz.

at t > O,

a

i =1I,+gD an(x,t)/ox + y I, (0,t)+8 f ie
3 i~

-pux

ax (2.32)

where p is an absorption coefficient. To satisfy these nodified
boundary conditions, the quentity F, which was previously taken as

unity, has to be replaccd by

Fel- (6/6)(e¥-1) - (ay/¢)(e?-1) (2.33)
where

¢ = o = D(22-p2) /v (2.34)
end

et d

s o R (2.35)

The expression

ad

e X
£ =0 -5

represents the condition of a normal pre-breakdown Townsend discharge

and can be replaced by

g8 e
== 1/ (e a(er 1)) (2.36)

Thus the ccnplete solution cexn be written as
: £ s
;:“°'t) 1/ (afa(e 1)) A=yl (ate 2Mdy  D(A2-u?)t
; (A2=p2)(230/02)

(2.37)

If there is negligible voluen loss of the diffusing perticles
?
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y = l/ﬁ)'ﬂ-, can be neglected since 1/1, is zero. If the tine leg is

o the seme order as the transit time of the diffusing particles, w_ can
be congidered infinite. Therefore, the expression i_(t_x/w ) in the
original diffusion equation can be replaced by i_(o,t), & end y may now
be replaced by a since

p = a = D(22-p?) v 6 = a = D(22=p2) /v

The ccamplete nodified solution then becomes

i-(O,t) - 1k 5 2(}\2_a2) (l_(J-E)\d)eDAZt S
1o {l—m/a(cad-l)} A (26/32) .38)
where

28/3z = 2AP-x-2x(ra-1)el ¢ 2o (=2Ad) s a2 e e Ear ) (239)
A is given the real value satisfying 8(2)=0, i.e.

~27.4 -7
(anz)[(a+Z)F+X)e +2XZe(a )d-(a+z)((a-Z)F+X = 0 (2.40)

where F = 1 = (Y+5/a)(€ad-l) (2.541)

Thus by epplying the above formulae to particular gases the rate
of current growth due to the sinultanecus action of netastable ~toms,
trepped radiation, undelayed photons and positive ione at the cathode
can be calculated when the various coefficients are known., The calcu=
lated rate of growth mey then be compared with that neasured experimen-
tally. Values of a correcponding to different per cent overvoltages ere
qubstituted and t calculeted. The results are then conveniently plotted

as formative tine legs aginast AVS overvoltage.
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CHAPTER 3

PREVIOUS WORK

3.1 Introduction

Llewellyn—Jones end Gellowey (31) and Grigoroviei (32) carried
out work on breskdown potentials in nercury vapour using alien metal
electrodes. The first measurements of icnisation coefficients were made
by Badercu ond Bretescu (33) in 194k, end more recently by Smith (34)
in thig laboretory. The experiments and results of the shove will he

discussed in this chapter.

3.2 The Work of Llevwe.lyn-Jones and Gelloway

Those experiments were confined to the measurement of breakdown
potentials in mercury vapour. The apparctus wsed was of simple design,
consisting cf t o polished netal clectrodes, 3.8 mm, in diameter, one
of nickel end the other of 'Staybright' steel, both 1 mm. thick, with
bevelled cdges to reduce field distortion in these repgicns, enclosed
in o gless envelcpe. A fixed clectrode separztion of 2.5 rm. was
used. The rotio of clectrode scparation to electrode diameter was
1/15, so that the ficld between the electrodes could be assumed uniforn,
A diagrem of the apparatus is shown in fig. (19).

The electrodes werc degesscd at 750°C in vacuun before being
sepled in the tube. When the tube was complete it was mainteined at
400°C whilst being evacuated by o diffusion pump. There is no mention
of the ultimcte pressure reached or of how eand in what condition the
mercury was introduced into the tube,

The vapour pressure of the mercury was raised by heating the tube
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in an electric furnace, the temperature of the vapour being indicated
by & mercury thermometer placed as near as possible to the electrodes.
Initial cxperinents showed that the Paschen curves taken while
the temperature of the tube wes rising did not coincide with those
obtained while the temperature of the tube was falling. The difference
was attributed to a temperaturc lag between thermometer reading and
the acctual tcmperature of the tube. It was assuned that the temperature
leg was the sanmc when the tube was being heated as when it was being
cooled, so that for ony given sparking potentisl the corresponding
temperature for the vapour was obtained by teking the mean of the two
temperatures recorded during the heeting and cooling. A less
embiguous procedure would have bcen to change the temperature by
erall smounts allcwing at each chenge sufficient time for the nmercury
to reach a steady temperaturc before measuring the breekdown potential,
It was observed that the nmininum sparking potential was about
80 volte lower when the temperature was rising than when it was fall-
ing. The difference was ettributed to the condensation of nercucy on
the electrodes, presumably due to the teuperature lag between the outer
and inner perts of the tube. If the temperature of the walls was
glightly greater than that of the clectrodes, mercury would be
expected to condense on the latter. If the reverse condition was
operative, i.e. when the tube was being cooled, then the clectrodes
would be expected to be free from mercury, Smith (34) has criticised
this interpretation seying that eny sudden change in cathode surface

due to condensation of mercury would rcsult in a chenge of slope of
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the Paschen curve. However, it can be scen that condensation would
oceur only at the point when the walls of the tube were warmer than
the electrodes, i.e. ot the omsct of the experiment, before the
neasurcuents were taken.

The results obtained are shown in Fig. (20). Thes nininum spark~
ing potentiel with a mercury-covercd nickel s«nd a mercury-covercd steel
cathode was found to be 305 volts in both cases. The values for the
clean surfaces were found to be LOO volts for the nickel cathode and
380 volts for the staybright stecl cathode. The results were repro-
ducible to 3% for several different tubes. The difference was
attributed to the difference in work function of the two neteals,

The electric furnace employed to raise the vapour pressure is
not described irn full., Temperature gradicnts would almost certainly
exist to on appreciable extent if the furnace were a simple box with
heating clements cn the inside, These, together witi the doubtful
experinental procedure for determining vapour tenperatures, could lead
to serious errors in pressure ncasurcnent. The work was, however,
useful in that it was established that mnercury vapour has the sane

general sparking cheracteristics as the true gases.

3,3 The work of Grigoroviei

Grigorovici's measurenents were confined to the breakdown
potentials in zercury vapour, with the object of deducing conclusions
as to the phenomers teking place on sperking in the gas and at the
alectrodes.

A diagran of the apparatus is shown in fig. (21). The electrodes
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consisted of thin netal foils of pletinunm, aluninium end iron, nounted
on en iron base, the whole being held in position by iron stays. The
iron basescontained heating coils so that condensed mercury could be
removed by evaporation if necessary. The mercury was contained in e
snall side-arm of the main tube containing the electrodes, while
another side-arm led via a valve to the pumping system. The valve was
so designed that it could be operated from outside the surrounding
electric furnace.

The mercury was introduced to the tube after distillation under
vecuuri. The heating coils were outgessed Ly heating to white heat and
the tube by heating in en electric oven to about 400°C. The electrodes
were heated by passing an abrormal glow discharge in mercury vapour and
the escaped gases were pumped off. The platinum and aluminiun cathodes
could not be subjected to this treatment since the surface was affected
by the discherge. An impurity content of 0.01% could not be avoided
because the valve allowed some ges to leak back fron the punps. The
high excitation potential for some of the states for nitrogen could
thus have influenced the discharge.

The tenperatures were neasured by calibrated mercury in glass
thernormeters placed on the sides of the tube where mercury was condens-
ing. There is no description in Grigorovici's paper as to how the
tenperature of the vepour was naintained, but the fact that condensation
was occurring on the tube walls implies that tenperature gradients were

present, which would make the accurate determination of vapour pressure

aifficult.
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Breakdown potentials were measured with three different cathodes.
The wpinimum sparking potentials obtained were 565 volte for a platinum
cathode, 437 volts for an iron cathode, 390 volts for an aluninium
cathode, and for a mcreury pool cathode usad in a second tube (fiz.
(21b)}, 295 volts.

Tt was noticed that after running e discharge for some time using
an iron cathodc the sperking potential was lowered until it wes 3 to 10
volts higher than for a pure mercury cathode. The lowering was attribu-
4ed to the formation of u mercury layer on the cathode, sir:e¢ on heating
the cathodc the potential returned to its former value. The other two
metals, platinun end aluniniuz, chosen becausc of their lurge difference
in work functicn, (cbout 1.5 volts), gave different results. The
gurfaces of thecs cathodes took on a spongy structure, a result attribu-
ted to the incidence of singly cherged mercury ions. The mercury was
sound difficult to renove, indieating thet some forn cf strag binding
existed between mercury and cothode, Crigorovici has suggested tiag
this may sinmply be due to the increascd chsovptive power of the
irregular surface. A sinilar effect, but to a lesser extent, was
observed with the iron cathode. The mininun breakdown potentials for
the mercury-covered cathode were 300 volts for iron, 245 volts for

aluiniug and 200 volts for platinun, The mercury laycr was invisible

to the naked eye but could be detected with a nicroscope. ~ Further

experinents indicated that the winimum breakdown potentials were

dependent on the thickness of the film, such that the thicker the filn

the lower the minimun breakdovn potemtial. Tt is well-known thet when a
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filn is sufficiently thick it takes on the properties of the metal of
which it is composed. Llewellyn-Jones and Davies (35) revealed that a
decrease in the work function of a surface when a thin film of electro-
positive metal was deposited on one of lower electro-positivity resulted
in a lowering of the sparking potential. Mercury occuries a lower
position in the electro-chenical series than iron but lies above
aluminium and platinum., The change in breakdown potential can therefore
be explained on this basis.

Trom the value of Nin?® the nminimum enerygy required to form
an iron pair, given by Langmuir and Jones (36) for mercury vapour,
Grigorovici calculated the second Townsend coefficient. The value
given for n_. was 38 eV, towhich Grigorovici added 15% to give
= L4 ¢V as an upper linit. If the energy which is spent by an

"nin

electron in the field for the production of en ion peir is known then

from the relation
Vs .. = Min 2n (1 + &9
nin Y

can be calculated, The values of y obtalned for vsmin and Nain 8re

shown in the following table reproduced from Grigorovici's paper.
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Gamma as a function of Cathode Melting Point
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Cathode P i

Meterial v# ¢ Vi-2¢ Tg
Pt 3.2x107" 5.5 -0.6 4073
Fe 4.8x10"3 4.5 +1.h 2723
Al 1.5%x1072 3.0 +h.h 2273
Hg 1.2x107! 4.5 +1.4 630

Comparisons of the excess energy of the Hg+ ion (V;-2¢) and the
boiling point of the cathode, T, with the value of y, led Grigorovici
to the conclusion that the boiling point of the cathode was the more
gignificant factor. The kinetic cnergy of the ions is therefore assumed
to be responsible for electron emission from the cathode, the mechanism
being that sugge-ted by Kapitza (21) in which intense local heating is
produced resulting in thermionic cmission. By plotting y as a function
of Tg, which is proportional to the critical temperature, & smooth curve
wes obteined, fig. (22). The slightly high point corresponding to an
aluninium cathode is explained by assuming that in this case, where
(V;-29) = L4 eV, the potential energy of the ioa may pley some part.
The pcssible effects of metasteble and photon ection at the cathode ave
ignored, i.e. Y is not considered to be a composite paramcter. At the
values of E/p in question (v500), this assumption may be valid. Evidence
will be given in Chepter 6 to the effect that at values of E/p less than
500 V/moHg. metasteble and photon effects become the deminent factors in

electron liberation.

Fron the value of y calculated from the relaticn
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vV = n(1 Y)

Grigorovici calculated o/p = £(E/p), cssuning y constent with E/p , an
assuription that is in contradiction to his postulate that y was prim-
arily the rcsult of the kinetic energy of the Hs+ ion, a contradiction
which he rccognises. ofp is calculated fron the relation where V/pd=E/p.
The result is shown in fig. (23). The values of a/p arc noted t§ be
high compared to those of the rare gases, o result attributed to the

low ionisation potential and small electron vuecn free path. It is
reco;;nised thet the uncertainty of the absolute values of V, and the
assumption rcgarding y probably nekes a/p too high, with o nxinun

error of 15%. However, as will bc shown later, the velues of a/p
ealculated by Grigorovici show remarkeble agreenent with experinent up
to an E/p of 500 volts/ar.m.Hg.

3,4 The work of Bodereu snd Bratescu

The ein of this work wes to deternine a/p as e function of E/p
by measuring pre-breckdown currents, i, and plotting logei as & function
of electrode seporation, d. A diagran of the apparatus used is shown
in fig. (2h).

The main discherge chamber was of 'Duran' glass ond was spherical
in shope with o long side-ern containing a mercury reservoir. This
gide-orn wns naintained at 20° to 70°C, below the nain discharge
chanber to eveid condensation of nercury on the electrodes. The

genperature Hifference vas achieved by splitting the electric furnace

jinto twvo compartnents, one containing the rescrvoir end the other the
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nain discharge chamber. The electrodes were mounted on glass tubes set
cen*rolly in the main chamber. The tube supporting the anode contained
a quartz window through which ultra-violet light could be trensmitted
through small holes in the anode on to the cathode to provide an initial
photo-electric current., The cathode waes attached to a screw mechanism
which could be operated from outside the oven, so altering the electrode
gseparation. A fourth side-arm led via a valve to the pumping systen.
The ele -rodcs used were of iron with Rogowski profiles to reduce field
distortion.

The nercury was distilled thrice in vacuun before being distilled
into the experimental tube. In order to reduce oxides present the tube
was pumped and then flushed with hydrogen at atmospheric presgure, and
baked at hOOOC. for several days. The ultinate pressure reached was
10-5 m.Hz. After isolation from the pumping system the pressure
reached 10=% nri,Hg. in 24 hours but did not increase sbove this value.
At one rm.Hg. of vapour pressure, therefore, the impurity concentration
was about 0.01% and the values of o/p neesured could have been influenced
by the high concentration of nitrogen. Temperatures were neasured by
nercury in gless thernoneters and the pressure (reduced to OOC.) was
calculeted from the temperatures of both compartments. This experimental
arrangerent, designed to keep mercury off the electrodes, probably
produced disturbed thermal ccnditions. It would therefore Lave been
difficult to gauge the pressurc between the electrodes accurately.
Thermal non-equilibrium elso implies that temperaturc gradients were
present, another factor complicating pressure measurcnent.
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Several graphs of logei = f(d) were plotted and values of o/p
obtained from the slopes. It was found that even with the ultra-violet
radiation switched off considerable current wes flowing, presumably
nround the walls of the tube. To allow for this, current neasurenents
were taken with the radiation on and with it off. The gas current was
then taken as the difference in the two readings. A curve of
a/ps = T(E/py) wes then plotted for a renge of E/p, frem 150 to 1400

volts/cm.m.Hg. A curve of n (=E/a) as a function of E/p, was also plotted.
These results cre shown in fig. (25). The values of o/p, obtained were
of the some order as thpse calculeted by Grigoroviei and the minimun
volue of n was 43.8 eV occurring ot an E/p of Lh5, in gocd agreenent
with the velue estimated by Grigorovici.

Fron their curve of a/p, as o function of E/pO Badareu and

Brotescu coleulated the constants of the Townsend relaticn
afpy = A exp B (py/E)

g8 A= 26.1 and B = bll, These values for the constents apply over
the renge of L/p between 200 and 1200 volts/cm.m.Hg. A further
aiscussion of these constants will be given in the final chopter of
this thesis.

Assuning that the energy distribution of electrons was narrow,
Badereu and Bratescu related a/p, to the ionisation efficiencies of
gmith (3¢) and Arnot (38). This enabled then to relcte E/p, to
electron cnergy. Thus at an E/po of 200 the neen electron energy is
quoted as 13.5 eV, the average between thc values of Snith and Arnot.
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Knowing the electron energy and using excitation functions, assuming an
excitation potentiel of T volts (referencc is not given) the authors
calculete that at an E/R)Of 200, or o mean electron energy of 13.5 cV,
there will be an averesge of 3.6 (value of a/p, at 1 mm. pressure at 0°¢.)
ionisations and 17 excitatiocns. Thus for every ion pair produced there
are on averaze 4.7 ecxcited ntoms., assuming only one excited state. For
an E/p of 1000, with ¢/p = 17.2, the value of the mean electron energy
is 33 eV nd 9.6 exciting collisions are on average ctlculeted to occur,
The method of calculation unfortunately is not given, neither is the
source of the excitation function, and thus it is not possible to check
the calculations. An alternative method of arrivingeat the nuiber of
excitations per ionisation is one first suggested by Smith (34) in
which use is nade of the values of n = E/a which reprcsents, at a given
B/p, the cnergy an clectron nust gain from the field before ionisation
tekes place. The cnergy required to ionise, Vi, is in the case of
nercury 10.4 volts. The emount of energy (n-10.4) must then have been
gbsorbed in elastic end exciting collisions. The fractional ener;y loss

on an elastic collision between an electron and mercury aton, Ae, is

very small since

14

Ae = & 5 x 10=6

s
-

and, therefore, losses to excitotions only need be considered. Knowing
E/p as a function of electron energy, use can now be made cf the excita-
tion functions. These were made available by Penney (1) in 1932 for the

four P states of mercury. For a given electron energy the ratios of the
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probabilities of excitation give the ratios of the numbers of atoms in
eoch state. Multiplying the ratios by the enerpgies of the states, sum-
ning, end equeting to the energy value (n-10.4) at the valuc of E/p
equivalent to the electron ener;y in question allows the number of atoms
in each state per ion pair produced to be calculated for that value of
E/p Snith (34) 1ade some use of this method assuning only two states
were inportant, and more detailed use is made in the final chapter of
this thc-is. It is surprising, however, that Badareu did not nake use
of n in this way, perticulerly as Penney's exciteticn functions had
heen availeble for somc yeors. The secondary coefficients, for an iron
cathode, were deternined from Grigorovici's necsurements of breakdown

potentials, using the relation
= at
V=1%1lpg (1 +-;)

Three velues of y were also obtained from the upcurving parts of the
1ogei versus 4 curves., The values calculated by the two methods were
found to be in good agreement., The values of y as a function of E/p,
are shewn in fig. (26).

Between the range of 800 to 1400 for E/P, the secondary co=-
efficient was found to be constent, leading the authors to the conclusion
that the potentiel energy of the ion was the more inportant factor in

clectron liberation, At lower walues of F/P,. the hisher values of y

were attributed to a combination of the photn-electric effect and the
potential encrgy of the ion. The role of metastable atoms in electron

1iberation was considered negligible compared to that of the other
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elenmentary processes, the reason given being that the high temperatures
involved fovour the creation of normal excited states rather than neta-
stable states. In a second paper Bratescu (39) cites the two resonance
1p! states as the most important. Any metastables produced are con-
sidered to have negligible probebility of reaching the cathode, their
destruction being achieved in the volune, with the resultant photcn
having & photo-clectric effect at the cathode. Thus at velues of
E/py < 800 the principal secondary process is thought to be a photo=
elecctric action end at values of E/p, > 800 the principal secondary
processes arc thought to be a combination of photon effects and the
gingly charged positive ion, acting by virtue of its potential energy.
The currents used by Badareu and Bratescu lay between 10~9 and
10-5 anps. Although space charge effects are thought to become important
at 10~5 amps (5) the use of such currents would not affect the values of
of/p since the large currents would be confined to the upcurving part of
the logei versus ¢ curves. The lack of an analysis to correct for
secondary effects also would not affect their values of a/p since the
secondary cocfficients deternined are ebout 10=%, The nain criticism of
their work lics in the poor vacuun techniques vhere the residual air
pressure could not be reduced Below 2.4 x 10~% torr. thus irtroducing a
possible Penning effect and in the design of the electric furnace which
probedly introduced non-cquilibrium conditions end consequent diffi-
culty in deternining the vepour pressure. Further, elthcugh the
gpperetus wos flushed with hydrogen and baked at hOOOC, no effort wes

made to outgas the bulk ireon electrodes,cither by Eddy-current heating
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or by passing e glow discharge. The probable out-gassing of these
electrodes under the experimental conditions would increase the impurity
content.

3.5 The experiment of Smith

The ain of this work was the neasurenent of o/pg &s a function of
E/p, by measuring pre-breakdown currents as a function of electrode
separation. A diagran of the apperatus used in shown in fig, (27).

r o electrode systen consisted of a mercury pool and a glass
anode. The anode, 4 cm. in diameter, was surrounded by a glass guard-
ring, making the total 4iameter of the ecnode essembly 6 cu. Both anode
pnd guard ring were ground smooth and coated with grephite on the under-
sides to give conducting surfaces. Electrical connecticns to these
gurfaces were made by tungsten scals.

The anode assenbly was connected to a glass float in a subsidiary
chamber. This subsidiary chamber was connected to an external mercury
reservoir surrounded by a heating coil, so that by heating the mercury
the vapour pressure in the rescrvoir was increcsed, foreing mercury into
the float charmber and consegucntly raising the anode assenbly.

A graphite ring was painted on the inside of the discharge
charber in oréer to by-paess currents travelling between anode and
cathode along the walls of the tute. Ultra-violet radiction was admitted
through o quartz window arranged so that radiation struck the cathode
at glancing incidence,

The apperatus was baeked for 24 hours at 450°C. while being punped
by a diffusion punp and a rotary pump arranged in series. The mercury
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bL/po as a function of I"'/p‘, in Mercury Vapours (Smith)
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was twice distilled under vacuum before being aduitted to the tube,
which by the use of ion-gauge techniques had previously been evacuated
to an ultimate pressure of 1077 mm.Hg.

The type of oven used was developed in conjunction with the
present author and will be described more fully in Chapter L4, Basically
it consisted of a massive iron chamber in which the experiment.l tube
was placed, heated by elements placed on the inner walls of an outer
chamber —hich completely enclosed the iron box. Temperatures were
measured by thermocouples and a maximum difference in temperature of
1°c, could be detected hetween any two extreme points (1 metre) in the
inner enclosure.

Using currents between 10™’and 107! amps Smith obtained values
of a/p, as a function of E/py for a range of 80 < E/p, < 2500 volts/
cm.mm.Hg. His results, together with those of Badarcu and Bratescu are
shown in fig. (28). The curve shows a levelling et high E/p,, a result
which is to be expected from theoretical considerations. The detection
of this levelling is attributed to the applicevion of the Davies-Milne
(40) analysis, which corrects for secondary effects. This point will be
discusscd further in chapter 6 in relation to the present results.

The curve crosses that of Badareu and Bratescu at an E/p, of 480
volts/cm.mm.Hg. The point at which the curves cross is the Stoletow
point. The corresponding Stoletow constant, which is the minimum valuc
of n = E/a is quoted as 44 volts, which egrecs with that of Grigorovici
and of Badareu and Bratescu. Smith attributes the crossing of the two
curves to errors in pressure measurement on the part of Badareu and
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Bratescu. An error of 37 in temperature measurement would result in the
observed 20%4 error in pressure which would explain the difference, The
error in temperature measurement is thought to be a result of temperature
gradients occurring as & result of non-thermal equilibrium conditions.
This explanation becomes more clear wien plots of p (which is a function
of E/po only) ageinst E/p are considered.

The value of the constants of the Townsend equation relating
a/ps t0 E/po were obtaired by plotting log,, a/p &s a function of E/p,.
The equation was found velid over a range of 250 < E/p < 1800 volts

cmo=lma.Hg. =1, being

| =500
o/pg = 30 exp |i§§"l
(o]

Following the idea of Badareu and Bratescu Smith compared his
values of a/p, with the ionisation efficiencies of Bleakney (3) and
showed there was reasonnble agreement between the two sets of results.
Those arc shown in fig. (29). It was considered significant that both
curves level off at approximatcly the same value, in the case of
Bleakney's results 25 eno=lmn.Hg. =1 end in Smith's case 24 cm,~lmm,Hg.-l.
Further, by fitting the two curves to give a reasonable egreement over
the maximun renge of E/py, Smith concluded that the mean clectron cnergy,

e, in volts was related to B/p by

3
Eas (E/Po)h
fhe fact that the meximum velue of u/p, obtained was less than the value
for the icnisation efficiency of Bleakney is surprising. It would be

expected that the u/po of a Townsend discharge would be greater than the
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corresponding ionisation efficiency in the experiment where mono-
energetic beams are considered because of the electrons in the high
energy tail of the distributicn function with encrgies sbove that corre-
gponding tc £he mean energy, E/po, in questicn,

Tt will be noticed that the best fit between the curves of
“/po = f(E/po) and the ionisation efficiency curve is ohtained at high
E/pgs i.c. at values greoter than that at the Stoletow constant. It
will be rcmcmbered that at velues of E/p, greater then this value, the
coefficient n=a/E decrcases i.e. the electrons no longer completely
dissipete their energy uy collisions in tho gas, but deliver a large
part of their enmergy to the anode. Under thesc conditions the electrons
ere no longer in equilibrium with the field and the drift velocity and
cnergy iuncressce with distence from the cathode. Thus, at values of
E/p, greater than the Stoletow point, a/po no longer has o precise
meening, since the mcan energy, E/pg, no loager hes a precise meaning.
Thus the compaerison on ionisation efficiercy with a/pg, in order to
relate E/p, with electron energy, should be confined to values of I/py
which do not exceed the Stoietow point by eny great amount. If this is
dene with Smith's values of a/pg the relation between E/pg end clectron

energy € is found to be linear and is given by
- _k ~
e =175 (E/pg) + 6

where k is o dimensionel constant of the order of unity. This point is
giscussed further in relation to the present results in Chepter 6.
Using the method outlined in the discussion of the work of Badareu and
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Bratescu, Smith calculated the number of excitations per ionisation at
the E/p, corresponding to Noin® Assuming that the two resonance levels
of energy 4.8 eV end 6.7 eV to be the only ones of importance, the
ratio of exciting to ionising collisions was found to be 6:1.

Using his values of a/py and of sparking potentials, curves of
the second coefficient, w/a, &s a function of E/po, were obtained for
three different electrode spacings. The three curves show the same
trends with a high peak et low values of E/p,, which is attributed to
photon action et the cathode. Increased loss of photons from the
discharge volume is given as en explanation of the displecement of the
curves elong the w/o axis. Using a graphite cathode it was found that
the velues of w/a were much lower than those obtained for a mercury
cathode, fig. (30). This is accounted for by the higher work function
of graephite. The increase in w/a at higher velues of E/py is ascribed
to the emission of secondary electrons due to the incidence of doubly
charged ucrecury ions on the cathode surface. Tt is thought that the
large potential energy, 30 eV, rather than the kinetic energy of the
ion, is the more important factor. The ion would bc expected to occur
at a value of E/po of about 900 volts cm.'lmn.Hg."1 if the electron
energy were equivalent to (E/po)i. This is where the curve begins to
rise again. However, Kovar (41) when determining the mobility of mercury
ions in mercury vapour, was unable to detect Hg++ although his range of
£/p, extended as far as 1500 volts/cn.rm,Hg. The only fast ion detected,
with a mobility of approximately twice that of the singly charged ion,
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was ng+, which could not be detected above an E/p  of about 100

volts cn. lnm.Hg.™!. However, an alternative explanation of the
incrcase in w/a at high E/p to that of the ion Hg++ nust be found. This
point will be discussed further in Chapter 6.

By plotting breckdown potentials as a function of p,d, Paschen
curves were obtained for different gap distances, d. It was found that
the mininum sperking potential could be related to the ratic of d/D
wheve D s the electrode diemeter, by the expression

Vs ;. = 282 + 20(d/D)
to an accuracy of 1 voli., Such a relationship cannot be determined
unless the work function, and hence the emissive properties of the
cathode surface, remein constant. It thercfore appears that a mercury
pool will provide such a surface under low current conditionms.
3.6 Conclusion

It can be seen from the above review that knowledge of the elec=-
trical properties of mercury vapour is incomplete. Values of the primary
end secondary ccefficients have been established to en order of magnitude
end the general behaviour of mercury vepour under controlled discharge
conditions is ectablished as being very similer to thot of the rare
gases. Further measurements are required of the first ionisation
coefficient in an attempt to resolve the discrepancy between the results
of Badarcu and Bratescu end Smith. The interpretation of the curve
w/a = £(E/p) is in doubt, and temporal studies of the growth of ionisa-

tion are required to facilitete the sclution of this problem.
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The work of Llewellyn-Jones and CGalloway end of Grigorovici has
shown that with the use of bulk netal electrodes, surface effects become
inportant to the discharge, either through amalganation or condensation.
Smith has demonstrated that a nercury pool will provide a clean,
reproducible surface of constant werk function suitable for use as a
cathode under the gas discharge conditions concerned. Such a cathode

is used in the experiments described in this thesis.

-6 =



BAYARD

Di D2

ROTARY
PUMP

M & F
£
Bl B2 B3
D3 et
ASBESTOS
- _— ' o e e Pl ey o) e
BOARD
PENNING
—]
DIFFUSION i
PUMP
LIQUID
AIR
TRAP
AG. GREASE TAPS.  EF IRON SLUGS.

B. BREAKERS.

T, EXPERIMENTAL TUBE.

D, DISTILLATION TUBES. C, CONSTRICTIONS.

FPirst Vacuum Systemn.

fig 31



CHAPTER 4

APPARATUS

4,1 Vacuun Systern

A line dizgram of the vacuwa asysten used to process the first
two experivental tubes is shewn in fig, (31). The system, aport from
the rotary punmp was nade orf Pyrex glass ond nounted on a Dexion frane.

The system was divided into two parts by an ashestos board.
Those co:ponents nounted below the boerd nade up the nain pwiping
systen, those parts above the board the manifold and cxperimental tubos,
the purpoesc of the toard vas to act as & support for an electric furnace
used to boke the nanifcld and tubes in order to asgist in outgassing
then.

The pumping system consisted of a rotary panp in series with a
two stage nercury diff.usion punp, separated from the latter by a vessel
conteining phosphorous pentoxide, included to vrotect the rotary pump
from woisture. The diffusion punp in turn was connected to a .liquid
air trap in order to condense any nercury vapour on the high vacuun
side end mrevent it reaching the ianifold,

There were two greese taps, A and G The function of A was to
isolate the rotery punp from the rest of the systen; that of ¢ to let
the rotary pump up to atuespheric pressurc after isolaticn. No grease
teps weve present con the high vacuun side of the pumping systen.

The nanifold consisted of three distillation tubes, D

D,, D

) B Pned B Db I

connceted together in scries and scparated from eech other by constrice

tions Cp and Cp. The constriction C3 separated these tubes from the
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nain arm of the nanifold,M. This arm was joined to the pumps via a
constriction, C , and three pigsteil breakers B,y B,and B,. The
breaker B, served to isolate the experinmental tube T from the distille-
tion tubes. The tube was connected to the main crn of the manifold by
o constriction Cg. Iron rods, completely surrounded by glass, were
placed at E and F in order that the breakers nmight be smashed when
required.

A Penning gauge was constructed and nounted on the mercury free
gide of the liquid air trap in order that the pressure could be measured
while the nanifold was being baked. A Bayard-Alpert typc gauge was also
constructed and mounted between the experimental tube, T, and the
breeker B,. When the constriction C, was closed, it served both as a
neasuring and a punping device.

The vacuun systen was modified for use with the third and fourth
experincentel tubes. A diagren of the modified systen is shewn in fig.
(32). The breckers B, B,, and B, were dispensed with., The distillation
tubes were pumped scperetely from the experimental tube by a second
giffusion punp. The experimentszl tubes were connected via constrictions
Cq and C, to the original diffusion pump. The ion gauge was mounted
between Cg and C,, SO that it could punp the tube after the closure of
Cy+ This arrangement was found to give a better pumping speed, and
greatly simplfied glass blowing problens.

);,2 The First Experimental Tube

The electrode system of the first experimental tube, fig. (33),
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consisted of a mercury pool cathode and a glass rnode and guard-ring.
The diamcter of the cathode end that of the anode and guard-ring taken
together, wcre approximately equal, measuring about 6 cm. The anode and
guard-ring were made by melting glass rod in a carbon mould., Both
electrodes were then ground smooth using successively finer grades of
carborundum powder. Finally, a thin layer of graphite was sprayed on
the smooth surfaces to render them conducting. Electrical contact to
these s. faces was made through tungsten rods embedded in the eletrodes
and fine nickel wire attached to tungsten scals in the walls of the tube.
The anodc and guard-rirg were connected mechanicelly by joining the glass
surronunds of the tungsten rods together by means of thin glass rods.
Joined to the latter was a second glass rod vhich passed upwerds
immediately above the centre of the anode, through the inner of two con-
centrically placed glass tubes, The upper edge of the outer tube was
slcped and serrated, so that the glass rod, on emerging from the inner
tube, could be bent over end held in one of the notches, thus being held
in position. The glass tubes in turn were fixed by glass rods to ihe
roof of the discharge chamber. Thus, by selecting different notches to
hold the central glass rcdw the height of the anode assembly above the
mercury pool could be altered. A metal rod enclosed in glass was
included so that a magnet could be used to select the appropriaste notch,
The mercury pool itself rested in the base of the discherge chamber.

The smount of mercury was sufficient to bring the surface level above
the curvaturc of the base, so that measurements of the electrode

geperation were not complicated by refraction effects. The electrical
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connection to the pool was through a tungsten seal in the base of the
tube.

A graphite ring was painted on the inside of the discharge
chamber, in order to intercept currents travelling along the walls of
the tube. Connection to the ring was made by nickel wire joined to a
tungsten seal in the wall of the tube and a connection was then made to
the appropriaste side of the clectremeter. A quartz window was joined to
the tub. thrcough a graded seal and positioned at such an angle that
ultra-violet radiation transmitted through it would strike the cathode
at olmost grozing incidcnce and provide an efficient source of photo-
electrons.

The main body of the discharge chamber was mede by seeling to-
gether two glass envelopes., This obviated the need for tungsten-gless
pinches normadly used to seal such envelopes and reduced the amount of
foreign metal in the tube. A thermocuuple was strapped to the outer
wall of the bese of the discharge chember so that the temperature of the
pool could be determined.

The tube was connected to the distillatiou apparatus via a breaker
and & length of narrow bore tubing which could casily be collapsed after
the mercury hed been distilled into the tube. A tube of wider bore
containing a constriction served as 2o pumping arm. The experimental
tube cculd be removed from the manifold after sealing the constriction,

4.3 The seccnd experimental tube

The first experimental tube suffered from the disadvantage that
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the inter-electrcde distance could not be varied when the tube was in
position in the furnace, All measurements had to be token at constant
electrode separation, the pressure being the variable parameter. Since
gufficient time had to be allowed for the temperature to reach a steady
level, a single Paschen curve often took as long as o week to complete,
e did o curve to evaluate n. (The process used to determine these
wsults will be described in the next chapter). Accordingly, a second
tube we built to incorporate the device used by Smith (34) to vary the
slectrode separation. A diagrom of the tube is shown in fig. (34).

Experinents wit» the first experimentel tube indicated that
eppreciable currents were flowing on the walls of the tube, as noticed
by Badarcu and Bratescu and by Smith. These currents mey have influ-
enced the distribution of the field. In order to approximate more
closely to the original conditions on which Townsend's theory of the
gpatial growth of current were based, it was decided that the walls of
tle main discharge chamber should be as far away as possible from the
electrcde system., This could have been achieved by blowing out the
walls of a gless envelope cf the type used in the construction of the
first tube. However, no such envelopes could be obtained., Eventually
it was decided to use a 500 c.c. Pyrex boiling flask fcr the main body
of the tube. The ncck of the flagk unfortunately limited the total
diameter of the anode plus guard-ring to 4.5 em. These were made in
exactly the same wey as the elcctrodes which were used in the first
tube.

The anode and guard-ring were joined to o glass rod which in
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turn was fixed to a flat glass annulus. This annulus floated on mercury
contained in a subsidiary chomber in the main ionisetion discharge tube.
A length of narrow bere glass tubing linked the subsidiary chember to

o mercury reservoir external to the main discharge chamber. A heating
coil was passed around this reservoir so that on passing electricity
through the coil the vapcur pressure of the mercury in the reservoir
was increased, sO forcing mercury along the small bore tubing into the
gubsidis~y chamber, and raising the annulus and ancde assenbly.

The mercury forming the cathode was contained in a conical cup
attached to the base cof the discharge chamber by an internal seal whence
it was joined to a seccnd nercury reservoir by a length of snall bore
tubing. This reservoir was also surrounded by a heating coil so that
fine adjustments to the cathode level could be achieved if so desired.
A wall current guard-ring was formed during the distillation process
py allowing mercury to overflow from the full cethode end accumulate at
the base of the cathode support. Electrical connection to the pool so
formed was by the usual method of o tungsten seal.

In order to allow for cxcessive depletion of the cathode by
eveporation, a length of smell bore glass tubing was placed between the
wall electrode and the cathode reservoir via a glass bulb, B. Mercury
evaporated from the cathode would eventually condense in the pool forming
the wall electrode. This could then be returned to the cathode by
rotating the whole tube about the point O, thus first filling the bulbd

B, then, on lowering the tube back to its original position, the mercury
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could then flow frcnm the bulb to cathode and reservoir.

The above mechanisn also served the additional purpose of keeping
the cathode surface clean and free from emall particles of graphite
removed from the other electredes. A small number of such particles was
observed on the surface of the cathode of the first experimental tube.
An exanination of Smith's cathode revealed the presence of graphite there
also.

F Sh reservoirs were placed on the same side of the tube so that
rotation of the tube always resulted in a flow of nercury away from the
tube into the reservoir.. This prevented mercury from spilling from the
subsidiary chamber intc the nain ionisation chamber. The reservoirs
were supported by tubes containing sealed constrictions, the tubes
beinz jcined to a wide side arm attached to the nmein chember. This side
arm was terninated by a flat plain glass window, facilitating the
observation and measurement of electrode separation. Such a window was
a recessity because of the distorting effect of the wall curvature.

A sneller side arm was ettached to the chamber et right angles
to the viewing arm. A quartz window was attached to this am via a
graded scal and an internal scal. The tube containing the guartz
window was drewn cut to form a tube of narrower bore, enabling a narrow
bean of ultra-violet radiation to be directed at grazing incidence at
approxinetcly the centre of the cathode, and alsoc preventing obstruction
of the light by the ancde.

The experimental tube was connected to the manifold in a sinilar
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way to the first tube.

L.4 The third experinentel tube

This tube was built to a similar plan as the second tube, the
nain differcnce being that electrodes of diancter 6 em. were used
instead of thosc of 45 cm. The use of larger electrodes was made
possible by having the nain body of the tube built by a prefessional
glass~blower.

4.5 The Fourth experinental tube

The nethod employed to raise the anode assenmbly in the second
and third tubes, although it cnabled the electrode separation to be
varied when the tubes were in situ, was only suitable for measurcments
of a/PO where the separation wes not required to be constant for any
great length of time. Temporal studics, however, require the electrode
separation to remain constant for indefinite periods. Accordingly
another method of changing the clectrode separation was devised.

A diagren of the corplete tube is shown in fig. (35). The anode
and guard-ring, total dieneter 6 cm., were made in the same way as the
electrodes formerly described, with the graphite undersurface replaced
by platinﬁm, which, it was found, had better adhesive properties. The
anode and gusrd-ring were joined by thin glass rod. To this was
connected ancther rod in a plage normael to the anode assenbly. This
rod passed through a close-fitting tube and was joined at its other
end to o glass tube completely surrounding a length of iron rod. The

close-fitting tube, which served to maintain the anode assembly in the
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correct plone, wos widened at the end furthest from the electrodes and
joined to a tube gurrounding the tube containing the iron rod. The
tube wes joined to the main body of the discharge chamber by an internel

seal.

The tube was sufficiently long to allow considerable verticel
mvement of the iron rod and electrode ussembiy. This movement was

achieved by activating & coil, C, placed arcund the tube. The coil was
wound ¢~ glass tubing and the wire was glass covered to maintain insu-
1ation at the high temperaturcs of operation.

A rectangular franme of glass rod was hinged ot a point a little
nbove that at which the guide tube was widened. This was achieved by
joining a short length of tubing to the guide tube in a horizontal
plene, and threoding through it o rod which was then tent on either
gide. The ends of the rod were then bent and joined in a further
length of short tubing, making o second hinge in a horizontal plane.,
P~ this short tubing was joined, in a vertical plane, & further Piece
of tubing which was later sliced in half longitudinally, This wae
allowed to rest cn the rod supporting the anode assemnbly and thus
acted as a brake, preventing vertical movement of the anode, when o
1ood was applied. This was achieved by mounting a horizontal lever on
the second hinge. This lever consisted of & glass rod, joined to the
hinge, with o small gless peg sealed normal to its surface. A glass
tube, with an appropriate notch et cne cnd, was slipped over and

hooked on tc this rod. To the other end of the tube was sealed a rod
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to which was attached a tube completely enclosing e length of iron rod
The weight and positicn of the rod were such that sufficient frictional
force was exerted between the brake and rod supporting enode to
prevent movement when contect was made. The frictional force was
increased by roughening rod and brake with cocarse carborundum povder.
The point of the peg and notch system in the lever was to facilitate
construction of the tube, the main body of the lever being hooked on
after t. + enode assembly had been fixed in position. A coil, C,, could
be used to lift the brake from the rod.

The cathode, as in the second and third tubes, was contained in
a glass support fixed by an internal secl in the base of the discharye
chamber. A wall guerd-ring was formed at the base of the chamber dw-ing
the distiliation process. This electrode was connected to the cathode
(though electrically separate) via the rsservoir, B, This was surrounded
by & heating coil so that mercury could be distilled from the well
elactrode to the cathode thus maintaining the required cethode level,
This level was proud of the edge of the containing cup by about 2 mm.
This method of maintaining the correct eamount of mercury in the cathode
wes simple ond convenient as no mechenical disturbance of the tube was
required and the level could be restored without cooling and removing
the electric furnace.

A wider diameter (3") quartz window was attached to the discharge
chamber ot such an angle that radiation of the cathode at grazing
incidence by ultrao-violet radiation could be achieved. A wide diameter

tube was used so that if necessary the radiation from on air spark-gep
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could be focussed on the cathode, For steady state experiments an
ordinary high pressure mercury lamp wes used as & source of radiation,
collimation being achieved by an appropriately machined ecylinder of
aluminiun, mounted over the quartz tube.

Electrical contacts were made by tungsten seals and nickel tape,
which was surrcunded by lengths of glass tubing to minimise contact with
the chamber walls., Observations of electrode separation were made
through - plain glass window.

4.6 The Electric Furnace

Previocus workers in the field of low pressure discharges in
mercury vepour heve used eir furnaces with spperent satisfaction. They
have the advantege over oil baths in that there is nc mechanical vil .-
tion to digturb the mercury surface, and that convection currents do not
introduce difficulties in measuring electrode sceparations to the same
extent. An air oven was thereforc decided on and was develcped in con=-
jurction with Smith (3k).

Preliminery experiments were carried ont with a furnace concist-
ing of an iron box approximately 1' x 6" x 6" and with a thickness of
plate of ebout 2". A flanged plate of the same material served as a
1id. Heles were drilled in this lid and thermocouples mounted in it in
guch a way that when the lid wes in place the tips of the thermocouples
at varicus points of different height along the length of the box. A
thermocouple was mounted in & tube which passed along the centre of the
box., The position of the thermoacuple could then be eltered by the

menipulation of the tube from outside the oven. Thus assembled, the box
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wos nmounted inside another in such a way that a free flow of air all
round the box was possible. This outer container was fitted with
electric elements on two of its faces. It was hoped that the high
conductivity of the iron would produce six faces all at the same
temperature, thus reducing temperaturc gradients within the inner box.
Tt was found that no appreciable difference in the thermocouple readings
occurred if the temperative was increased slowly.

Ony the strength of this result, an improved and larger furnace
was constructed on the same principles, fig. (36). In this case the
inner enclosure consisied of a cube of side 2'3" and was constructed
from 3" thick steel plate. The base was detachable, and by the use of
a winch the main body of the enclosure could be lifted clear provid..g
casy access to the experimental tube. The base plate was mounted clear
of the underside of the outer container, allowing air to circulate
freely. The outer container was a cube of side 4' made from hard
asbestos and lined on its outer faces with polished aluminium sheet to
reduce heet losses. It was made on the same plan as the internal
enclosurc so that by use of a winch it Could be raised clear of its
base cxposing the inner iron box. The amount of air space between the
inner faces of the outer box end the outer faces of the inner box was
about 6" 1l round. Windows 2" in diameter were drilled in the centre
of each lateral face of each container. These were necessary for the
illupination and inspection of the electrode space, and also to allow
the irradiation of the cathode by ultra-violet light.

The heating systen consisted of twelve five hundred watt elements
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mounted two to each of the inner faces of the outer box, providing a
total power of 6 kilowatts. The elencnts were nounted obliquely across
each face to assist the even distribution of heat. The heaters were
connected to the mains throuzh three eight amp Variac transformers
ganged together so that they could be operated simultaneously. The
transformers enabled the temperature of the furnace to he adjusted to
any desired value up to & naximm of 200°C, Four calibrated therno-
couples vere used to test the furnace for temperature gradients. These
were mounted at different parts and at different heights inside the inner
box. The maxinun diffcrence in teumperature that could be detected
petween the extrenes of the furnace was 1°C. This meant thet the veria-
tion in temperature in the centre, in the region of the ionisation
chember, was about 0'1°C.

Leads to the thermocauples and to the various electrical connec-
ticns to the experimental tubes were teken out through the base of the
furnace through glass tubes and attached to coaxial sockets cn a panel
fixed to the mein frame. In the case of the anode and cethode leads the
glass tubing was cncased in copper conduit piping end fixed rigidly in
position. This reduced vibration and the production of small charges by
friction and also provided an efficient electrostatic screen. Both these
conditions are essential for the neasurement of currcnts of the order of
20=11 anps.

The large thermal capacity of the inner iron enclosure ensured

that snall changes in power supply procduced negligible fluctuations in

temperaturc unless the change was maintained for long periods of tine.
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Furthermore, the large overall mass, about 10 cwt., ensured almost
pefect mechanical stability.

4,7 The voltage source

The D.C. voltages were obtained from a bank of dry cells connected
in series through a chain of 500 kQ resistors. These resistors were
wired to a dcuble bank selector switch, S, (fig. (37), enabling various
volteges to be tapped,

£ 250 kQ wire-wound potentiometer, R, was connectcd across the
output of the switch. The centre terminal of this potentiometer was
used es the high tensiou output, enabling the voltage tc be varied by
1ess then 0.1 volts.

The output voltage was nessured by aepplying it across a chain Jf
calibrated resistinces, each of the order of a megohn., This chain was

wired in series with a calibrated wire-wound 15 k@ resistor, R, , eand

10
the voltege drop across this resistor neasured with a potentiometer,
The multiplication of this voltage by the appropriste factor gave the

valuc of the output voltege.

The apparatus described above was used in the measurenent of
breokdown potentials, first icnisation coefficients and formative time-
lags. The techniques used in obtaining these measurenents will be

described in the following chapter.
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CHAPTER 5

EXPERIMENTAL PROCEDURE

5.1 The production of high vacuun and distillation of mercury

The nethod of evacuating the experimental tubes was basically the
game in all cases. All greasc and dust particles were removed frori the
glassware before it was assembled by washing it thoroughly, first in
pnitric ccid, then in distilled water. As each stage was assembled it
was tesced for leaks by pumping with the rotary purpand using a high
frequency testcr. Once it was established that the systen was free of
leaks large enough to be detected by this method the mercury diffusion
punps were switched on, liquid nitrogen added to the liquid air trane
to condense any mercury vapour end the system pumped down until the
micro-ammeter of the Penning gauge showed no deflection. The pressure

on the high vacuua side of the pumps was then taken to be about 0

torr.

The metal parts of the Bayard-Alpert gauges were cutgassed by
cimultaneously heating the filaments to red heat by passing a large
current through then, and heating the grid to roughly the same tenpera-
ture by neans of an eddy current heater., The whole manifold was then
baked at 480°C. overnight in an electric furnace. In the third and
fourth experinental tubes, where cormercial Bayard-Alpert gauges of
Kodial were used, the naximun bake-out terperatures werc linmited to
450°C. Above this temperature the geuges began to soften. After baking
the Bayard-Alpert gouges were again treated as previously described and

the constriction, C, (figs. 31, 32) closed. The nanifold then being



coapletely isolated from the pumps, the Bayard-Alpert gauge was used to
indicate the pressure in the menifold. For the first few attenmpts the
pauge indicated that the systcm was not leak-~free. One of the breckers,

B ...Ba. wes then opencd, the leak found and the whole procedure repected

1
until the gauge, after showing a snall initial rise in pressure, prob-
ably from o slight outgnssing of the systen, showed a steady decrease

in pressure. This indicated that the system was leak-frec and that

the geu+ was acting as a pump. Another of the breskers was then opened,
the gauge again outgassed and the systen baked continuously at the
paxinun possible temperature for 120 hours.

The experinental tubes could then be isolated from the manifold by
slowly collapsing the constrictinn on the puuping arm (CS)’ thus allw -
ing the gas to be released by the heat to be pumped awey.

In the case of the third and fourth experimentel tubes, where
the distillation apperatus was punped continuously, tlie Bayeri-Alpert
gauge was used to test and purmp the experimental tubes alone. The
constriction, C,, was replaced after each test. The tubes were puzved
for about three wecks by the gauge, the ultinate pressure being between
10~7 and 10~ torr,

Wnile the gauge was purping, the distillation of the mercury was
begun. 99.9% pure nercury was adnitted te the first distillation tube
vy breeking the fine tip of the capillary tube submerged in the mercury
and drewing the nercury into the tube under the action of the vacuum.
The purpose of the capillary tubing was to reduce the specd and violence

of the entry of the mercury into the first distillation tube and so
T



prevent the apparatus fron shattering. When sufficient mercury had been
admitted the capillary tube was softened and sealed at a point just
bencath that at which it was drawn out. Distillation fronm the first to
the second tubes was then begun. This was achieved by neans of an
electric heating coil surrounding the tube, in series with the variable
resistance. The resistaonce enabled the selecvion of convenient distilla-
tion rates. Heating braids were also used vhen the distillatiocn rate
was too slow.

When sbout three quarters of the mercury had been distilled the
constriction, C,, was closed and the distillation from the second tube
effected in the sane wey as from the first tube. Again, aofter about
three quarters of the mercury hel been evaporated the constriction, 02,
was ciosed.

Since it was probable that the distillation of the mercury was
effective in outgessing the nercury, the glass between the third dis-
tillation tube and the experinentel tube was heated Ly a gas flame to
drive off sny sbsorbed gas on the walls of the tubing. The mercury in
in third tube was then heated, the intention teirg that the vapour, act-
ing as & punp, would drive at least some of the gas liberated through
the constriction, C3. After this had progressed for some tine, the
constriction, Cj3, was closed and the Beyard-Alpert gauge removed from
-he experimental tube by collepsing the narrow tubing that attached it
+o the latter, or, as in the casc of the third and fourth tubes, the
constriction, Cs. This was to prevent the mercury atons from dislodging

gas fron the walls of the gauge on opening the breaker, B This break
Yo resker
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was then smashed by means of the glass encased iron rod, and the final
distillation of the mercury into the experimental tubes complected. The
tubes were then removed after sealing the tube through which the mercury
had been admitted. In the case of the third and fourth experimental
tubes, the distillation tubes were made progressively smaller so that
the volume above the surface of the mercury in the third distillation
tube was suall compared to the volume of the experimental tube. The
volumes Jdiffered by approximately a factor of 20. Any residual air at

6 . .
mm. persury in the final distillation tube would not

a pressure of 10~
then increase the resicdual air pressure in the experimental tube by an
appreciable amount.

After the tubes had been reucved fron the nanifold, they were
mounted on a tripod teble with adjustable supports. The tubes were then
positioned in the inner enclosure of the furnace in such a way that the
electrodes were above the centre of the base plate and on a lavel with
the windows of the enclosures. After the electrical connections had
been made the electrodes were checked for paral.elism by ncasuring the
inter-electrode spacing between the diametric extremes in two directions
at right angles by neans of a cathetometer., Parallelisn was achieved
by tilting the cathode surface in the desired direction by adjusting the
appropriﬁtc supports of the tripod. The enclosures werc then lowered
‘nto position and the variacs set to give the required operating
tenperature.

5,2 The meesurenent of breakdown potentials

The circuit used in the deternination of breakdown potentials i
s
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shown in fig. (38). The breskdown potential was taken as the potential
just sufficient to maintain the discharge without external radiation.
The current flowing under these conditions was observed to be 1076 emps ,
measured by & micro-armeter. In the case of the first ond second
experimentel tubes the breakdown potentials were taken by varying the
vapour pressure for the different electrode separations, the results be=-
ing plotted in the fcrm of Paschen curves. The temperature of the
vapour, taken as that of the cathode, was deternined Ly a calibreted
copper~constantan thermocouple strapped te the walls of the tube adjacent
to the cathode. No necsurements were taken until identical readings
between this thermocouple and the others measuring the air temperature
of the furnace were observed. This condition meant that there was no
tempereture difforence between the inside and outside of the experimental
tubes. Prelininary experinents had shown thet, even after the air
temperature had become steady, considerable differences in tenmperature
Letween the air and cathode existed often for periods of up to one hour.
When it wes certain thet the tcmperature measured was that of
the mercury, the electrode separation was measurad with a cathetometer
and the breakdowvn potential teken. This was done by increasing the
voltege by smell amounts until the nicro-ermeter showed the required
deflection. The pressure, reduced to the vapour pressure at OOC., was
then determined from a graph of pressure and thermal e.n.f. plotted from
the tatles in the Handbook of Chemistry and Physics. The neasurenent of
breakdowvn potentiels was faciliteted by the irredistion of the cathode

by ultra-violet light from a high pressure mercury source. Smith (34)
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has denonstrated the suitability of such a lamp to these experiments.
The radiation was trasnitted frem the exterior of the furnace to the
quartz window through gluss tubing of progressively narrower bore which
acted as a wave guide and concentrated the radiaticn on the cathode.

The power to the oven was then increased to give a small increase in
temperature and the process repeated. In the casz of the fourth
experinental tube, a Jength of netal pipe with polished interior surfece
wes used as & 'wave guide' since it was found to have better transmit-
ting properties.

TIn the csse of 1lie second and third experimental tubes, Paschen
curves were obtained by neasuring the breakdown potentials for different
electrode separutions at a given pressure. Sufficient current was
nassed through tie coils surrounding the reservoirs to raise the level
of the enodc by an appropricte apnount. When it was clear that the
electrode was staticnary, the breakdown potential and clectrode separ-
ation were nmeasurcd. The current through the coil was then increased
slightly to produce & small change in electrode separation, and the
process repeated. Identical precauticns were teken as to the deterring-
ticn of vapour pressure as those exercised when using the first and
fourth tubes. It was found that the heat developed by the various
coils used in tubes 2, 3 and 4 had a negligible effect on the air
temperature of the furnacec.

A sufficient number of curves could be taeken with the third
experimental tube to enable curves at given electrode separations to

ve extracted. These could then be compared with the results frorm the
<k o0 b
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other tubes.

5,3 The measurcnent of first ionisation coefficients

The circuit used in the determination of first ionisation co-
efficients for all experimental tutes is shown in fig. (39). 1In the
case of tube 1, it was found thet the furnace acted as an excellent
electro-static screen when earthed, but with later tubes the anode lead
in the oven had to be screcened to eliminate pick-up from the various
coils,

The high pressure mercury lamp used as a source of ultra-violet
light was tested over a period of several days. It was fcund that
constant photo-electric currents could be obtained over this length of
tine, indicating that the cathode did not suffer from photo-electric
fatigue and thet the output from the lamp was invariant. Using 'wave-
puides' as explainced above photo~clectric currents of the order of
101! anps were obtained with all tubes.

Using tube 1, values of the coefficient n=a/E were obtained by
plotting 1ogei as a function of voltage for diiferent velues of E/po.
The power to the furnace was regulated to give a convenient operating
pressure. When agreement betwecn the reading of the thermocouple at
the tube and those measuring air temperature hed been reeached the
pressure and electrode separation were measured. These were then used
+o calculate the voltege required to give a chosen E/po. This was then
applied by getting the potentiometer to the required value and increas-
ing the voltage until nc deflection was observed on the galvanometer of
the instrument. Although a wall electrode was included in the tube,
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appreciable currents flowed when the ultra-violet radiation was inter-
cepted by n metal shutter. At low values of E/pys these currents were
of the same order of magnitude as the gas current., The gas current was
taken es the difference between the current measured with and without
the rediation. The currents were measured in terms of the arbitrary
units of the Vibron electrameter.

Using the second, third and fourth experimental tubes, values of
the coe’ficient a were obtained by measuring the slopes of the semi-log
plots of current, i, against electrode separation, d, for different
values of E/p,. The piessure was naintained at a constant value, the
electrode separation being increased by appropriate amcunts. The value
of the pressure end electrode separation were used to calculate the
necessary voltage to give the required E/po. This was applied by using
the potentiometer as described previously. The gas current was again
teken as the difference between the current flowing with aud without
thLe ultra-violet radiation. In general, in order to measure currents
of the required order of magnitude at high E/po, smeller pressurcs were
necessary thon those used at lower velues of E/p,. This limitation,
imposed by the conditions of the experiment, will te discussed further

in relation to the results obtained, in Chapter 6.

5, The measurement of formative time-lags

Using the second experimental tube preliminary nmeasurements of
formstive tine-lags were token and plotted as a function of E/p,. The
tube was unsatisfactory in that adequate control of the electrode

separaticn zould not be maintained. All the useful measurcments of
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formative time-lags were taken with tube L4, in which the electrode
separetion could be meintained at a given value Indefinitely.
The overvoltages were limited to & maximum of sbout 3% so that

B/P, could be taken as sensibly constant. The maxinum increase in

/P, was about 5 volts/ca. “mm.Hg.”. The statistical time-lag wus
eliminated by supplying initial electrons provided by the irradietion
of the cathode by ultra-violet light.

Using & generator giving a rectangular pulse to trigger the time
base of an oscilloscope, initial experiments were performed on the
peasurenent of the time-interval between the application of the pulse
and the beginning of the fall of the voltage applied to the gap. These
attempts were unfruitful because it was not possible to obtain a signal
generator which could give pulses of sufficient length to produce brcak-
down. A more simple circuit was constructed, fig. (40}, whereby the
times teken for the current to grow from zero to the desired value,
10‘6 amps, from the instant of application of the pulse coula be
measured directly. The pulse in this cese consisted of the output
yoltege from & bank of dry batteries. The pulse was applicd by meens of
s mercury switch with a rise time of the order of a micro-second, which
ensbled pulses of any required length to be applied to the gap. The
time taken for the gup to breek down and the magnitude of the current
flowing werc measured by a Tektronix Type 545A oscilloscope, the probes
of which were connccted across the megohm resistence, R, in the
cathode circuit. The voltage drop across the resistance was used to
trigger the time base of the oscilloscopc. The resistance also served

to limit the current flowing in the circuit.
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After the pressure and electrode separation had been measured,
the breakdown potential (that required to produce a current of one
micro-erp) was neasured with both micro-ammeter and oscilloscope. The
values obtained by these two methods were identical, and for later
neasurenents the oscilloscope only was used. The height of the pulse,
equal to the breakdown potential plus the required percentage of this
amount, was controlled by giving the appropriate setting to the
potentioneter end increasing the voltege output until no deflection on
the galvanoneter of the ‘nstrunent was observed. 'The mercury switch
wes then closed, and the tine taken for 107% anps to build up in the
circuit measured. Several neesurcnents of the formative time-lag were
teken for a given percent overvoltaze and the average token. The gap
distance was then altered to give a different value of E/p, and the
process repeated. The results of these measurements, together with
those on breakdown pctentials and first ionisation ccefficieats are

presented and diecussed in the following chapter.
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CHAPTER 6

DISCUSSION OF THE RESULTS

6.1 Breakdown Potentials

Preliminary measurements of breakdown potentials as a function
of the product pod were taken for different electrode separations
during the rise and fall of temperature. Similar displacements of
the two curves elong the p,d exis to those found by Llewellyn-Jones
and Gelloway (31) and Smith (34) were observed. In order to obtain
more accurate results measurcments were subsequently taken only after
the thermocouple on the tube gave the same thermal e.n.f. as those in
the surrounding air. The results obtained in this way with the first
tube arc shown in fig. (41).

+ can be seen from the curves that Paschen's law was not
strictly obeyed. For any given value of pyd over the range plotted
the breakdown potential was lower for smeller electrode separations.
The divergence from Paschen's law was nore pronounced at the mininum,
A reduction in electrode separation of 1.34 cms, dropped the minimum
breakdown potential by 6 volts. Calculations of the generalised
gecondary coefficient from these curves, using the sparking criterion,
ghould, therefore, show noticeable differences with electrode
seperation. This will be discussed further in the section on
secondary coefficients.

A similer deviaetion from Paschen's law was observed by Smith,

a reduction in electrode separation of 1.39 ems., produced a drop in
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the nminimum breakdown‘potential of 9 volts., However, the rcoults
obtained for the electrode separation of 0.4 cms., and 0.099 cms. were
surprising. There was no change in minimum breakdown potential (277
volts) on decreasing the separation through the difference of 0.3 cms,
Smith had shown that the minimum breakdown potential should tend to

282 volts at very small electrode separstions. Since the breakdown
potential could be determined to within half a volt the difference of

5 volts was hard to explein on the basis of experimental error. Close
exemination of the cathode surface, however, revealed the presence of o
few minute grains, probably of graphite, floating on the surface of the
cathode. The particies could have been dislodged either from the ancde
assembly or frem the wall electrode painted on the inner surface of the
_ cxéerimcntal tube. Assuming a diamcter of the order of 10™° cms. with
a voltage of 27T and an electrode scparation of 0,099 cms, the field
applied to the particles would be of the order of 10° volts/em. which
mey be just sufficient to produce field onission. Such a mechanism
would be independent of pressure and would explain the level nature of
the Peschen curve on the right hand side of the minimun. In effect a
gas discharge device was produced with a breekdown potential independent
of pressure. Such & device may have industrial applications.

The Paschen curves obtained with the second experimental tube
are shown in fig. (42)., These curves were obtained by keeping the
pressure constant while the electrode separation was varied. Unfor-
tunately, the number of curves end the range of pod over which the

renge of breakdown potentials could be measured was restricted by the
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fact that the minimun electrodo separation was U . Itls linited the
choice of pressure required to give the value of p,d at the minimum,
Deviations from Peschen's law were again apparent. For any given

value of » & the breakdown potential was lower for higher values of p.

(o]

The curve V = r(pd) has the same shape as the curve V = f(%& where A

is the mean free path of electrons. At lower prcssures-% is smeller
pecause A is larger. Hence that will be fewer collisions and higher
voltages will be required to produce breakdown. This would explain the
displacerient of the curv:s along the voltage axis.

Paschen airves ~btained with the third end fourth tubes are shown
in fig. (43) end fig. (44) respectively. The curves obtained with thne
third tube for the three elcetrode separations 1.73 cme, 1.0 cm. and
0,48 cm. were ertracted from several curves taken by verying the
electrode separation for a given pregsure. The curves cbteined with
the fourth tube were taken in a similar menner to that used with the
first experinental tuhe.

Tt cen be scen that as with the first tube, deviations from
paschen's law occur in both cases at the ninina, viz. between the
range for pod of 0.3 and 1.6 torr.cm. A ¢ crease in electyode
geparation agein reduces the ninirum breekdown potential. With tube 3
o reduction of clectrode separation fron 1.78 to 0.U8 cn. lowers the
breakdovm potential by T.5 volts and with tube 4 a reduction in electrode
seperation fron 1.4 to 0.4 em. lowers the breakdown potential by about
5 volts. Outside this range of pod one curve describes the variation

of the breakdown potentiel, Vg with pod irrespective of the value of
-88-



the electrode separation. The fact that the deviation, more pronounced
at the minimun, is naintained at higher values of pd in the case of
tube 1 and in the case of Smith has to be explained. In both these
tubes e electrode gecmetry was identical and the electrodes had
1little clearance from the walls of the tubes. The third end fourth
tubes hed electrodes of the same dianeter as tube 1 but the clearance
of these fron the tube walls was greatly inproved. These facts suggest
that in some wey the proximity of the tube wall was effecting the
discharge. McCallun and Klatzow (40), working in argon, neon and
heliun, denonst—ated that the breekdown potential dependea on the
ratio D:d and to some extent on the distance between the walls of the
tubte and the electrodes. The eff ct of the proximity of the walls was
found to be importent in those cases where the diffusion rate of
electrons was great., The effect was investigated by aeasuring the
photo-electric currents between the eleectrodes. It was found that a
grmell current of electrons to the wall of the tube occurred., It was
propesed that the proportion of electrons lost in this manner would be
greater for an epparetus of which the valuc of D:d is small than for one
in which the ratio is large, and consequently it would be expected that
the breakdown potential would be greater in the former apparstus
although the value of pd is the sene. The effect of the lateral
diffussion of electrons is to negatively charge the gless walls, This
ney affect the uniformity of the field end elso cause loss of positive
jons on contect with the glass, an increase in potentiel being
required to compensate for the loss. It should be rerembered thet the

- 00 -



potential of the tube wall would be slightly positive with respect to
the cathode since the wall electrodes were mainteined at anode potential,
This would have the effcct of increasing the lateral diffusion of
electrons. However, in a mercury discharge it is to be expected thet
the metastable atoms and photons will be to some extent inportant to
the breskdown necnenisi. Collision of metastables with the walls ney
result in the production of & photon or in simple reflection. The
probebility of volume destruction of metastables on reflection weuld he
smaller the snaller the volume and the probebility of contact with the
cothode greeter. Thus the smaller the electrode separation the

1ower the breakdown potential expected if this nechanisn were operstive.
The fact that at high pod, for any pod the oreakdown potentials ore
lower in in tube 1 and thet of Snith than the potentials found with
tubes 3 and i, suggests that reflection may te operative and may be
rore inportant than lateral electron diffusion,

In tubes 3 and 4 the Paschen curves suggest that the sinilarity
principle is obeyed cxcept for the range of pod between 0.3 and 1.6
torr.cn. However, since the rate of change of V_ with p d iz zero at
the minimum any influence of electrode geometry on the breakdown
potential due to the loss of active particles should be most noticeable
at this velue. The next section deals in more detail with this region
of the Paschen curve.

6.2 The nininun breskdown potential

McCallur ond Klatzow pointed out the importance of taking into
consideration the retio D:d in monatonic geses when compering breakdown
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potentiels obtained with different apparetus. Snmith, using the results
of one tube with en electrode diameter of 2.5 cms. and another with
disneter 6 cms. showed that the mininum breekdown potential could be

related by the equation

o d =
Vs(volts) = 202 + (D) b1 ¥ 1 volt

Thus, as 4 tends to zero, Vg tends to 282 volts, The present results
do not fit this cxpression to the nearest volt, but are often 2 or 3

volts out. The present equetion relating Vs to N:4 is

qus(volus) = 285 + 29 C%) + 0.5 volts

The reason for this discrepancy berones aprarent when the minimum
breskdown potential, Vg, is plotted as a function of d alone. Such &
plot is shown in fig. (45).

The results obtr.ned with tubzs 1 and 4, and those of Smith with
o tube of the seme electrode diancter, 5 cnms., show that o linear
reletionship exists betwcen the mininunm breakdown potential and

clectrode separation given by
Vg = 285 + 54 ¥ 0.5 where d is in millinetres.

The results obtained Ly Smith with a tube containing an anode of
eneller diemeter, 2.5 cms., and a cathode of about 6 cms, diameter show
o gteeper relationship, which, when extrapclated, intercepts the voltage
axis et about 282 volts. However, the mininum breakdown voltages at the
enallest elcctrode seperations indicate thot in fact this curve is
bending to give an intercept of 285, in agreement with the results

- 61 -



obtained from the previously mentioned tubes.

The results from the third experinmental tube again indicate a
lineer relationship between V_ and d, with a slope of 5d as found with
the other tubes of the same electrode diameter. However, the intercept
is po longer at 285 volts but at 287. For a given electrode separation
the mininum breskdown potential is 2 volts higher than previously
obtained with electrodes of the seme diameter. The vacuun and mercury
purifying techniques werc similar to those used in the manufacture of

the other tubes and the ultimate pressure, no higher than 10”7

m.Hg.

wes the seme. ™e higher voltages could not be due to any difference

in these techniques. It was noticed, however, that when the constric-
tion C was being closed when mekin, tube 3, gas was evolved in

sufficient quantities to reise the pressure by en order of nagnitude,
Although the constriction was not finally sealed until this gas had been
punped ewey by the Bayard-Alpert gauge and the pressurc had veturned to
its initial lower value, quantities of goe may have been adsorbed on

the walls of the tube. It seems possible that some of this gas, a

feir proporticn of which would be oxygen, would desorb under experimental
conditions snd rest on the cethode. Snith has shown that an air impurity
with a partial pressure of lO'“mm.Hg. wae sufficient to raise the break-
down potential by 40 volts. It is well known thet the adsorption of

gas on to & cathode can markedly chenge the breakdown characteristics.

A thin leyer of oxygen would effectively reise the work function and
explain the incrcase in the breckdown potentiels. To produce a change
in breekdown potential of two volts, the change in work function would

T
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not necesserily have tc be very great. Gozna (L3) has shown that with
copper surfeces an increase in work function of 1/50 volt is sufficient
to raise the breakdown potenticl by 1 volt. Any nisgivings that this
impurity content, though small, would effect the gaseous ionisetion
process were dispelled when the velues of o/p obtained with this twbe
were reproduced with the fourth tube, where the rise in pressure during
the sealing of the constriction C, vas not otserved, and an ultimate
resicucl pressurc of not grester then 10-8 torr was attained.

When V. is plctted as o function of the ratio d:D two distinct
curves emerge, fig. (YA). Curve (1) represents the results taken with
tubes with electrode dismeter of 6 cm. and curve (2) those taken by
gmith with on anode dimaeter of 2.5 cns. Ideally, if Vg is & function
of d:D elone these two curves should be coircident. liowever, the
geometry used by Smith in this tube was poor end would not result in
uniform field conditions. Direct comparison is therefore nct justified
in this cese.

The values of the ninimum breekdowa potentials obtained with the
gecond experinental tube cannot be compared dirzctly with those
obtained by keeping the clectrode separati n constant and varying the
pressure since an insufficient number of curves was obtained at con-
gtent p and veriable d for curves at constant d and variable p to be
extracted, However, the minimum values of 286, 288 and 292 volts fall
within the range obtained with other tubes. The value of 295 volts
ns obtained by Grigoroviei also falls within this range. The close

pgrecnent between the results is remarkable on consideration of the
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wide divergences that have been demonstrated to occur by Llewellyn—
Jones and Gallowzy and by Crigorovici when alien metals are used as
éathodes. Such agreement indicates that by using a properly prepared
mercury pool cathode a surface of constant work function can be
obteined, This condition is only likely to hold for low current
discharges. When arc discharges are involved the possible evaporation
of anode meterial and consequent contamination of the cathode will

alter the discharge characteristics.

6.3 First Ionisation coefficients

Using currents between 107}2 and 107% amps, values of af/p as a
function of E/py were obtained with all experimental tubes. In the
case of the first tube the method consisted of plotting log.i as a
function of voltege for different values of E/p, by varying the pressure
end keeping the clectrode separation constant. Some of the curves are
shown in fig. (4F). In this wey values of n=a/E were obtainecd for a
renge of E/po from 100 to 300 volts cm.hlmm.Hg.-l. Pursuit of nmeasurc-
ment beyond this range was prevented by a break occurring inside the
tube in the electrical lead to the electro-static guard-ring., A few
measurements were teken with the electro-static guard-ring floating, in
the hope thet some indication night be given as to the actuel importance
of the guard-ring in the discharge. It was found that the values of
a/p for a given E/pg were about 6% higher with the guard-ring floating.
At the electrode seperation used the ratio of D:d was asbout 2, which
meant that some field distortion was probably present, epparently
increasing the valucs of &/p.
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Values of a/p as a function of E/p, ware obtaired with tubes 2,
3 and 4 by plotting curves of logei as a function of electrode separa-
tion, d, for a given B/py. A typical curve is shown in fig. (48).

Although the sccond tube allowed measurements to be taken over
e greater range of E/p, than was possible with the first tube the range
wee limited to a maximum of 800 volts c:m."lmu.-x.Hg."l by the small elcc-
trode diemeter and large minimum electrode separation which restricted
the possible renge of clectrode separation, These facts also limited
the range of pressurc, very low pressurc being required at high E/po.
The use of larger elcctrodes in the later tubes enabled meagurements
to be extended over a much greater range.

The curves of a/po as a function of E/p° obtained with the second,
third and fourth tubes together with those of Badareu and Bretescu and
cnith ere shown in fig. (49). The results obtained with the first tube
were few end ar: omitted from the graph for the sake of clarity. These
rosults are listed in Lppendix (2). It is convenient to discuss the
present results in relation tc those of Smith first.

Tt can be seen that the present results from all tubes are
practicelly coincident with those of Smith up to a value for E/p, of
about 460 volts cm.-ém.Hg.-l, the value of the Stoletow constant.
Above this point the values obtained with the second experimental. tube

1ie well below thosc of Smith and epproach those obtaincd by Badareu

and Bratescu. The results obtained with the third experimental tube



are coincident with those of Smith up to about en E/p, of 1000

volts cm,'lmm.ﬁg.'l. Above this value of E/p, the two sets of results

diverge. the velues of Smith levelling off at an E/p, of 2k em. ™ rm g
end those obtained with the third experimental tube appearing to level
at about 27 cm.—lmm.Hg.-l. The levelling is to be expected from the
ghape of the probability of ionisation curve, which shows a maximum
of .about 100 volts clectron energy. That the levelling was observed
in Smith's case was attributed to the application of the Davies-Milne
analysis for the correction of secondary effects. This enalysis has
been found to be ef'fective in hydrogen (41) where the values of the
second ionisation coefficient are high, of the order of 1072, The
valucs for this coefficient in mercury vapour are small, of the order
of 10““. It would therefore be expected that the corrzction factor
would be small. When the Davies-Milne nnalysis was applicd to the
present results 1t was found that the correction facvor was iegligible.
At en E/py of 2,400 volts em.”'mm.Hg.”! correction wes less than
0.1 cm,‘lmm.ﬂg.-l. The analysis would be expected to be most effeative
at low values of E/py vhere w/» reeches its maximum value. The correc-
tion is found to be negliglbe here also. It seems-uniikely, therefora,
that the analysis of logei versus 4 curves can account for theni;;elling,
the cxperimental error, about 5%, probably being greater than the
correction factor.

The fact that the curves are coincident at low E/p, end diverge

1y at high L/p, offers a clue as to a possible explanation of the
—i8f=
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divergence. At values of E/po greeter than that which makes n=a/E a
moxivum the electrons no longer reach equilibrium with the applied
field., The electrons gain more energy from the field than can be
dissipated in collisions and the excess energy is ultimately delivered
to the anode. Thus the concept of a mean electron energy no longer
appiles because the average electron energy and consequently the
electron drilt velocity will vary with distance from the cathode.

Thus becarse there is uncertainty in the meaning of E/po, a/p has
1ittle meaning et these high values of E/p,. Under conditions of
fairly low E and high p, however, electrons can reach terminal energy
after travelling a distance, d,, which is generally teken to be about
.% {(45). At high values of E/p,, d, cannot be attained and the use of
low pressures can only aggravete the situation. At these high values
of E/po Smith used pressures v 0,1 -+ 0.2 torr. The electron mean free

path at this pressure is 0,05 cm. as calculated from kinetie theory.

Assuming Smith's relation

€= (E/po)%

the probebility of ionisetion is calculated as 0.2, i.c. onc in every
five m.f.p.'s results in icnisaticn, or an ionisation occurs on averuge

every 2.5 mu., a distance equivalent to about half the electrode

geparation. At pressures of 0.5 torr, those used in the present
investigation, the ionisation distence corresponds to about one-

twentieth of the dectrode separation. Thus although equilibrium at

high E/py (values of E/py greater than that given by the Stoletow

O T



constent) is not attained in either cese, the values determined by
Smith represent a groater diversion from the ideal equilibrium condition
thon the present results. An explanation of the higher values of o/p

as determined with tube 3 in terms of the Penning effect is eliminated
gince the results obtained at these high velues of E/p, with tube b,

in which the residual air pressure at no time during processing rose
above 10" 8 orr, show excellent agreement. This effect would,in any
case, be cxpected to be most noticeable at low E/p, where the density
of metastables is likely %o be greatest. Furthermore, measurcrents
with the third tube usiug low pressures used by Smith resulted in values
of a/p, showing good agreement with those of Smith. For example, at an
B/pe Of 2000 vclts cen. " lmm.Hg. ! the value of a/p, obteined by Smith is
2345 cm.-lmm.Hg.-l. At the same value of E/p0 and with a presevye of
0.2 torr the value obteined with the third tube is 23.2 cm.—lmn.Hg.'l,
The velue of a/1, at an E/p, of 1800 volts cm. " mm.Hg. "t .is given by
Smith as 23.2 cm.'lmm.Hg.-l. Determinations carried out with the third

experinmental tube ot this value of E/po for a range of pressures showed

an increase in o/pg with increasing pressure, ac shown in the table

belowe.
P_ torr a/po
0.20 23.5
0.26 2,2
0.37 25.1
0.50 25.6

This trend is to be expected under non-equilibrium conditions, where an
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increase in pressure will result in greater dissipation of electron
energy in the gas and consequently greater ionisation. If the use of
higher pressure with the third and fourth tubes had been possible it is
probable that even higher values of a/po would have been obtained., It
is likely that for all practical purposes & maximum valus of a/po for a
given E/po will be attzined when the closest possible approach to
equilibriun is reached. The determination of this value would
necessitate the use of electrodes greater in diameter than those used
in the present investigations.

The divergence of the curve o/p, = r(E/p ) as determined with the
second experimental tube can be expleined in a similar menner to the
above. The comparatively small diameter of the electrodes together

with the large ninimun electrode separction necessitated the use of low

pressures (v 0.15 torr) at values of E/p, from 600 to 800 volts
cm.-lmm-HS--l-

The shape of the curve obtained ty Badareu and Bratescu, however,
cannot be cxpleined on this basis since the pressures used ranged from
1.26 torr to 3.18 torr and it Is therefore likely thot a closer
approximation to equilibrium conditions at high E/y . was obtained by
them then was obtained either by Smith or Ly the present investigator.
A possible explanation forthe discrepancy was suggested by Smith when
the curves of n=E/a as a function of E/p, are considered. Fig. (50)
ghows n plotted as & function of E/pg.

The minimum velue of n given by the Stoletow constant represents

the ninimun cnount of elect: rgy needed to produce an icn pair in
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the gas concerned. The values of n at the minimun are 43.8 eV as
determined by Badareu and Bratescu and 4.5 eV as determined by Smith
end the present author. The agreement is well within experimental error.
gince the ccefficient n is independent of pressurc it would be expected,
providing the current measurenents hed been determined accurately, that
the minimun velues of n would be the same. Hovever, if some consistent
error in the pressure measurements cccurred the curves would be expected
to show some displaccnent along the E/pO axis. It cen be seen fronm

fig. (50) that the maxinun difference for any two values of E/po between
the present curves with that of Smith and that of Badareu aond Bratescu,
for o given value of E/p, is about 20% which represents a diffcrence of
20% in pressurc neasurenents, corresponding to a difference in tenpera..
ture of 3°C.

Such & large error in temperature measurement is not likely to
have occurred in any of the experinents. The more probable cocuse is an
actual difference in temperature resulting from temperature gradients.
A constant check for temperature gradients was naintained in the present
case and in the case of Snith. The naximum difference in temperature
that could be detected across the extrenities of the furnace (v 1 metre)
in both the above cases was 1°C. There is no mention in their peper
thet similer precautions were taken by Badareu and Bratescu. The
position of the electric elements in the furnace is not deseribed but
it scems nost likely that these were mounted on the inner faces of the
compartnent, in which case temperature gradients arc almost certain to

have been present. The probability of this would be increased by the
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practise of reintaining a nmexinun difference of 70°C between the two
compartnents (see fig. (24)). The heat losses through the walls would
then be unequal. It therefore secems likely that temperature gradient:
across the tube of Badareu and Bratescu werc present on o larger scale
than those occurrinrin the present deterninations and those of Smith,
Errors due to such gradients, together with & probable experinental
error of 5% would explain the relative positions of the curves.

The range of validity of the Townsend equation relatinm a/p,
to Efpo was investigeted by plotting log.%/p, as a function of (E/po)-}
The curve is shown in fig. (51). The line departs from lincarity at
en E/pg Of about 250 volts cn.-lmm.Hg.-l. The value of the constant,
A, re.presenting the saturation value of a/p, obtained from the inter-
cept on the logea/p axis is 29.1, about 2 cx:l.'lmzn.llg.-1 higher than
that found in practice. The value is in good egreement with theat
quoted by Smith of 30 and in reasoneble egreement with that of Badareu
and Bratescu, which was 26.1. The theo:etical value, given by
A =,%§ is 36.5. The low value of A is in accordence with the general
trend for the experimentel values to be less than the theoretical ones.
The volue of the constant, B, is 500 in the present cuse end 1a tue cose
of Smith and 411 in thet of Badarcu and Bratescu. The value of
B=V;.A where Vi is the ionisation potentiael, as predicted by the
theory is obout 370. The high values of B compared to the theoretical
value is surprising in that all values of this constant determined
experimentally are in general lower than the theoretical value.

The equation relating a/p to E/p, for mercury vepour can

- 10} -



Generalised Secondary Coefficient as a function
of E/P_ . Tube 1.

4
%10
%

“o

12

100 \
o ¢ = 086cm,
ad =22¢em.

0 200 400 600 800 1600
% VOLTS /CMMM Hy.

figo 520



therefore be written as

a/p = 29.1 exp., - %%%

for the range 250 to 1800 volts cm. " 'mom Hg. " As explained in Chapter 2
Badarcu and Bratescu attempted to determine the mean electron energy
in volts of the electron avalanche for certein values of E/po, by
comparing a/p, with the ionisation efficiency. This process was
—epested by Smith, wh. obtained the relation e = (E/po)%. However,
this relation was obtained by a process of curve fitting such that
maximum agreement was obtaine® between the two curves. This occurred
when velues of a/p a% high E/p, were aligned with the ionisaticn
officiency at high electron energy. The agreement at low E/p, was
poor (Tig. (29)). However, for the reasons given in Chapter 2 and for
those given in the discussion ebove in which the present and Smith's
values of a/pO c»e compared, the concept of a mean electron energy,

or E/po’ has little meaning at values adove that given by the Stoletow
point. Comperison of o/po with the ionisation efficiencies should
therefore be confined to values teken at velues of E/p, below the

stoletow point. If this is done the relations between mean electron

energys €, and E/py is found to be lineer aud is given by
- _k
e Y (E/Po) + 6

vhere k is a dimensional constant of the order of unity.

6.4 The second Townscnd ionisetion coefficient

Using the breakdown criterion w/a(ead-l) = 1, values of the

generalised secondary coefficient w/a were obtained from Paschen curves
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end values of the primary ionisation coefficient. The method of
celculation is not very accurate, since a small error in qd can produce
a large error in the value of w/o because of the exponential factor.
The method nevertheless remains useful for showing the important trends.
The results obtained from tube 1 are shown in fig. (53) and
those from tubes 3 and 4 in fig. (53). The carves in fig. (52),
showing velues of w/a over a range of E/py from 100 to 800 volts
em.” Yym.Hg.”! were obtained from the Paschen curves for the two
largest electrode separations taken with tube 1, together with values
of a/p obteined with tube 2. Values of w/a over a range of E/p,
from 100 to 1500 volts cm.-lmm.Hg.-l.were obtained with tubes 3 and
), from the Paschen curves and o/p measurements taken with each tube.
The displacement of the curves in fig. (52) along the »/q axis for
aifferent electrodes separations is a reflection of the deviation
from Paschen's law obtained with tube 1. A similar displacement
of w/a for different electrode separations was observed by Smith, whose
Paschen curves showed the same genereal features as those obtained with
tube 1. The displacement observed with the results calculated from the
paschen curves obtained with the fourth experimenti.. tube is continca
to the region of E/po around that giving the minimum of the Paschen
curve. Reasons for the various displacements of the Paschen curves
have been offered in the section dealing with breakdown potentials,
The features of both sets of curves bear a close resemblance to
those obtained by Smith, both in order of magnitude and general shape.
The most important of these features is the appearance of large peaks
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in the region of en E/p, of 200 volts en.” m.Hg.”!. Using an iron

cathode with a work function of 4.5 eV, similar to a mercury cathode of
work function of about 4.5 eV, Badareu and Bratescu found a general
increase in w/@ down to an E/py of about 150 volts cm.—lmm.Hg.-l, but
were unable to draw the curve for values of E/po belog this value.
gince at low E/p_ the ratio of exciting to ionising collisions is
large. the increase in w/o at low E/py is most likely to be the result
of the contribution of the increascd numbers of photons and metastable
atoms produced. The stetes of greatest importance will be the four P
states of the mercury atom. Badareu and Bratescu and Smith considered
that the two resonance levels, 23P1 and 21P1 stateswere probably the

mos~ active.

If it is assumed that the mean electron energy is given by the

Tormula

s =5 (B/po) + 6
then the peaks in the secondary coefficient curves occur at an energy
of about 11 volts. This is in ;pproximate agreencnt with the encrgy
found by Penney (1) for which the probability of excitation for the
four P states in mercury are a maximum., The exci“ation potentiale are

given in the teble belows

23p0 Mctastable 4,66 volts
23p1 Resonance . 4.86 volts
2392 Metastable 5.43 volts
olp Resonance 6.67 volts

1
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Because of its small probab ility of excitation and because of its low
energy compared to the work function of the mercury surface, the 3P0
metasteble level is not likely to contribute very much to the secondary
coefficient. The most efficient state in this respect is likely to be
first of all the 1P1 resonance state because of its high energy and
high probability of excitation., It should also be of increasing
relative importance ot high values of E/pye The 3P2 metastable state
end the 3P1 resonance state are likely to be the next most efficient
source o secondary electrons.

As explained in Chepter 2 the numbers of excited atoms produced
per ion pair can be calculated from the curve of n=E/a as a function
of E/p, providing that E/p, is known as a function of electron energy
and the excitation functions for the various states ar: available.
Using the present values. of n as a function of E/po and assuming that

the mean electrcn energy in volts is given by

§ =I5 (B/po)+ 6

Penney's curves of the probability of excitation to each of the four
p states have been used to calculate the relative :mbers of atome in
each state per ion pair for values of E/p, between 75 and 1000 volts
cm.'lmm.ﬁg.—l. The curves are shown in fig. (5Y).

The most striking feature of the curves is the dominance of
atoms in the IPI resonance level. Atoms in the 3P2 and 3P1 levels
become inportant below an E/p, of 250 volts cm.-lmm.Hg.-l. Atoms in the

3P0 level are few in number and since the energy differcnce (ev=2¢) is
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is ebout 0.16 (where ¢ is the work function of the cathode) unless they
arc extremely efficient in liberating electrons, they are not likely to
be important to the secondary process. An intercsting feature is the
sherp rise in the number of stoms in the °P, metastable level, and the
3P1 resoanance level and the decline of atoms in the 3P2 resonance level
at an IL/p, of about 150 volts en."lmnHg. "', It seenms reasonsble to
correlate this feature of an incresse in total nmmber of excited states
at low vaiucs of E/po with the maximum observed in the plots of w/a as
a function of E/po. It s importent to note that the number of atoms
in the netasteable 3P2 level increeses sbove that for any cther state

ot low E/pg. The importance of this state will be discussed further in
the section on formative tine lags.

The curves in fig. (54%) indicate thet secondary effects due to
meteostables should cease at an E/pO of sbout 600 volts cm.'lmm.ﬁg.'l.
A pinimum is obierved to occur in the curves of w/a ns a funstion of
E/po at an E/ps of about TOO volts em."lmn.Hg. ™! din the curves
obtained with the 3rd and 4th tubes. The value of w/a at this point is
about 12 X 10”"%, Thereafter the curve shows a gentle rise until at an
E/pg of 1500 volts cm.-lmn.Hg._l, w/a reeches & ve .ae of about 15 x 10 Y,
The ninimum velue of w/o obtained with the first tube and that obtained
by Smith are cbout 12 x 10™* but thié occurs at an E/p0 of about 500
volts cn.-lnm.Hg.-l in the first case, and at about 800 volts ema " pm,
=1 i) snith's Case. Thereafter the curves rise more steeply than is

Hg .

observed with the results from the third and fourth tuhes.

The rise in w/a at wvalues of E/po greater than 800 voits
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em.~lom.Hg.~! was attributed by Smith to the action of the Hg.'' ion at
the cathode by & virtue of its potential energy. The ionisation
potential for this ion is 30 eV and assuming that € = (E/po)% this ion
would be expected to appear at valueg of E/p° above 900 volts ot et min

Ig-—lo Fowever, the work of Kovar (}1) on the mobilities of mercury

jons in a Townsend discharge feiled to reveal the presence of the

Hg-++ ion even up to values of E/pg of 1500 volts cm.-lmm.Hg.-l. The

+ i
only other ion detccted epart from Hg. was Hg, which occurred at low

. e o TR : :
E/pge It seens unlikely, thereforec, that Hg. will be lmportant in

the range of E/pO cons? dered.
It should be remembered that the values of w/a ere calculated

by inserting the eppropriate coefficients in the expression

w/a(ead-l) = 1. w/a is there.ore sensitive to the value of ad which is

given by % ,nde Low values of a/po therefore tend to make w/a larger,

The large increase in w/a at high E/p, as found by Smith can be

expl&ined when it is remembered that the magnitude of a/py at high
E/p. is too low because of the departure from equilibrium conditicns.
o

The present valucs of Ot/po et high E/p, represent less of a departure

prom equilibrium conditions and the values of w/a ¢n high I/py probabiy

approxinate mere closely to the true values of w/a which should be

jower then those obteined., The early rise in w/a as deterrined from

the Paschen curves from the first tube can also be explained in this

panner since the values of “/po used were obtained with the second tube.

Through the necessary use of low pressures these values of a /py have

peen shown to be too low at high E/p,.
-1 =
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It therefore seems highly probable that the slope of the curve of w/a
as a function of E/py at high E/po should be zero. Thig implies that
the 1P: resonance rediation is of negligible importance and that
secondary emission is entirely due to the singly charged ion Hg+, acting
by virtue of its potential energy. Assuning the value of w/a at an E/p
of 800 to represent the contribution of Hg+ to w/a the relative percent
contributions of the four P states and the singly charged ion are
presented in the following table

B/p, 150 175 200 250 3¢t 350 k0o 450 500 550 600 650
¥ ko', 66 67 63 56 (48 . 4o 33 .25 14 10 . 0

Y
D
BOMEial . 33 37 uhlesol SLe0 6T TSTE 861 S.0011 00

Fy »
Yl on

6.5 Férmative Time Lags

Preliminary measurements were attempted with the second experi-

mental tube. Trese were unsatisfactory because of the difficulty of

mainteining the electrode separation at & given value. The results
mercly indicated breekdown times of the order of milliseconds. A more

thorough study was carried out with the aid of tube four over a range

of E/p, from 200 to 500 volts e, "l Hg."!. The exreriment~l cuvves

are given in figs. 55a to 55d.

A few conclusions can be drawn directly from the experimental

curves. In the first plece, the times obtained (of the order of milli-

seconds) suggest that a slow process of a diffusive nature is active.
1f positive ions were active alone, times of the order of 10~ seconds
would be expected. An undelayed photon process would give times of the
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the order of 10~/ to 10~ ® geconds. Furthermore, a plot of the formative
time lag against E/po for a given percent overvoltage indicotes that at
values of E/p, above 170 volts e, Inm.He. ! the breckdovm process is
becoming progressively faster. Fig. (56) shows such a curve for 0.25%
overvoltage. The time legs decrease from 50 milliseconds at an B/,

of 170 volts cm._:xmn.He;.-1 to twelve nilliseconds at an E/p, of 400 volts
em.”'mm.Hg.”!. The speeding up of the breakdown process is most likely
iue to the decrease in population density of slow components, as indi-.
cated in fig. (54) with the corresponding increase in the importance of
positive ions. The most plausible processes are then (a) the action of

delayed rescnance radiation, (b) collision induced radiation from m:%a=

gtables, =ad (c) the desti~otion .of metastables at the cathode, all of
which may take place with the additional nction of positive ions.

The : -prisonment of resonance radiation may result in considerable
delay in the arr.vel of photons at the cathode from their place of pro-
auction near the enode. The magritude of the delay is determined by the
number of successive cmissions and absorptions per unit time and on the
13fe-tine of the resonance state. The greater the number of absorptions
and the longer the photon is trapped in the atcm th: greuver will pe tle
delay. Reference to fig. (54) will show that the photon of most impor-

tance will be that corresponding to the transition 1P1 to ISO. with a

wave-length of 18h9°A, because of its large numbers and high energy.

However, Wolfsohn (46) has determined the life-time of this state to be
-9 -

1.3 x 10 sec., SO that unless very large absorption takes place, the

delay is not likely to be considereble. Unfortunately, absorption
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coctficients for this particular state do not appear to be available,
Absorﬁtion coefficients in general appear to range from 1 en. ! to about
2000 en. ! at atmospheric pressure. Assunming an upper limit of

2000 cn.'l for the abscrption coefficient, the diffusion coefficient as
caleulated from the formula given by Davidson is of the crder of

5 x 107 on. 2sec.” ), yielding time lags of ebout 10”© scconds, at an

E/po of 250 volts e " lm.Eg.”!. Thus the times calculated differ little
from those expected if an undelayed photon process were acting and arc
about three orders of nagritude faster than the observed time lags. Ir
the 3P1 t0 1s0 trensiti~n is considered the calcuited time lags are
still an order of megnitude too fast.

The next nrocess tu be considered is that of collision induced
radiation produced by the destuction of metastables., The metastable
state involved is most likely to be the 3P2 state beceuse of the rela-
tively large nunlLers produced per ion pair at low E/p,. At thLe pressures
used (vl torr) the mean free peth of a mercury metastable aton is about
5 x 1073 cn. For an electrode spearation of 1 em., an atom travelling
normally from anode to cathode ~vill on average make 2 x 10% collisions
with normel gas atoms. Couillette (47) has concludcd that there is o
dissipetive process in which one collision in 1300 with normal mercury
atoms results in the nercury metastable losing its excitation energy.
Under the present experinental conditions it therefore scems that the
metastable mercury atom will have ample opportunity of losing its exci-

tation energy in this manner, resulting in complete volume destruction.

The possibility of nmetestable action at the cathode is therefore minimal
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at these pressures. This conclusion was tested by comparing the experi-
mentol time lags with others computed from Davidson's theory as given

in Chapter 2. The evaluation of A and the calculation of the formative
time lag ore laborious and a computer was used to facilitate the process.
The method of calculation is given in Appendix (3).

The first case assumed was that of the combined action of neta-
stables and positive ions at the cathode. Since a one hundred per cent
positive ion action was not expected, the calculrtions were performed
for 0%, 20%, 50% and 80% pocitive ion contridution to w/a. All the com-
binations proved too slow. At an E/p° of 250 volts cm.'lmm.Hg.-l. neta-
stable action alone yielded time-lags approximately 200 times too great,
wherzos en assunption of 80% positive ion action yielded time lags
approxinately 3 tines too great.

Colc-Jdations were now performed assuning the .cmbination of the
volume destructzon of the metastables and positive ion action at the
cathode. The calculations were performed for four different over-
voltages and for three different assumed life-times of the metastable
state, viz. 5 X 10~ sec., 10™° sec., and' 5 x 10”" sec. Date on the
léfe-tine of the mercury netastable state do not aupear vo be avallable
and it was hoped that the above three values would cover the pos:ible

range. Calculations were performed for three values of E/pyy Vviz.,

-1 1

250, 358 and 391 volts cm.” mm.Hg.” . At an E/p, of 250, the time lag
was celculated for 0%, 20%, 50% and 80% positive ion action for the
three ossumed life-times. In all cases where Y;» the positive ion
contribution, was assumed zero, the colculated time lags were too great.
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For a life time of 5 * 10—3 sec., the time lags were two orders of
magnitude too great. For a life-time of a millisecond the time lags
were an order of magnitude too great, and for a life-tinme of 5 x 10" "4
sec., they were approxinately twice the experimental values. Fairly
close agreenent with the experinental values was obtained when it was
assumed that the life time was one millisecond and y equal to 80% of
w/a, and when the life-time was 5 X 10"" sec. and y was 50% of w/a.
Both sets of time lags were slightly shorter thei the experimental ones.
When the life-time was assumca to be 5 X 10™% sec., and y equal to 80%

of w/a, the calculated tines were epproximetely half those of the

experinental ones., These facts are sumarised in the following teoh’:

Table 6.2
E/p, = 250
AV% ol"6 067 085 1.0 Y% TLCC.
texp N.SECoe 1500 11-0 8.0 7.0
bogro, Bes€cs | 12.0 | 10,0 | 8.0 | 6.5 6o | 1073
tc‘lc h.sec. 12.0 9-5 705 6.0 50 SXlO-“
toglc,BeSECe 6.0 5.0 4.0 3.0 80 leo'“

At an Efp, of 250 volts em. "'mm.Hg.”! a 40% positive ion contribution
would be expected from previous considerations, Table 6.1,

At an E/p, of 358 the calculations were carried out for 20%, Lo%,
55% and 80% positive ion contribution. Very good agreement between
theory and experiment was obtained for a positive ion contribution of

-4 e
55% and & life-time of 5 X 10  sec. A positive ion contribution of



about 55% would be expected from table 6.1. The results are summarised
in the following teble:
Table 6.3

N 49 7 1.13 1.54

a 4. b52 4. L6k L.488 4.512

texp.(n.sec) L L.96 3.40 2.%0

taptc (n.sec) 6.0 L.97 3.84 3.0

A 614.5 T31.6 993.7 1307.9
y=55% w0/a=22x10™" P=0.6torr d=1 hem. E/p =358 1=5x10"" sec.

At an E/p, of 391 volts cen."'on.Hg. ™! similer calculations

were carried out for positive ion contributions of 2C%, 40%, 60% and

80%. Again, good sgreenent between theory and experinent was obtained

when the life time of the netastable state was sssumed to be 5 x 10™%

for e positive ion contribution of 607 to w/a. A contribution of

8CC.

60% is to be expected from table 6.1. The resulte arec presented in
table 6.h:
Table 6,

AV% 053 081 l-ls _L.Sh
a 5.279 5.298 5.320 5.345
texp.(n.sec) 6.0 4,28 3.20 2.40
tcalc.(n.sec) 5.0 3.72 3.01 2.38
A TT76.4 986.5 1260.3 1638.0

=l
yo60% w/a=20x10"  py=0.63torr d=l.2cn, E/p =391
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In conclusion, agreement es to the amount of positive ion con-
tribution to w/a hes been obtained between that calculated from conside
eration of the spatial growth of ionisation in mercury vapour, and that
obtained fron the epplication of Davidson's analysis to the temporal
growth of ionisation, when the assumption is made that the life tine of
the metastable state is 5 x lO'u sec, It is of interest to note that
the life time of thc netastable state claculated from Couillette's
conclusion that the metasteble is destroyed on average after 1300
collisions with nornal gas atoms at the pressures used in this investi-
gation is of the order of 5 x 107 see, Tt would appear that the con-
tribution to w/a attributed to the 'P' states in table 6.1 is entirely
due to the volume destruction of the netastable 3P2 state, and that the
secondary process in mercury vapour with & mercury pool cathode is a
coribination of the volume destruction of the aP2 rovastable aton and
positive ion action at the cathode, the relative percentages of which
arc presented in teble 6.1.

6.6 Sumary of conclusions and suggestions for future work

Deviatione from Paschens law in mercury vapour rave been observed
particularly et the minimum of the curve. Since the rate of change of
breskdown potential V with the product p,d is zero at the nmininmunm value
of the breakdown potential, any influence of electrode geometry on V due
to loss of active particles should e most noticeable at this value. The
results obtained of the ninirun breakdown potential as a function of
electrode separation cen be sunmarised in & linear reletionship given by

Vm = 285 + 54
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This equation is valid to #0.5 v over the range considered (0.h to

2.20 cme)e

Tt would appear that the minimum breakdown potential for a
mercury cathode in mercury vapour under uniform field conditions
(i.e. as d tends to zero) is (285 30.1l) volts for all the tubes used in
this investigation. In order to compare results for tubes of differing
electrode diameter, D, the ratio d:D should be taken into consideration.

The equation most likely to apply in this case is
v, = 285 + 29(a/D) + 0.5v

The close agreement obtained with different tubes for the minimum
breakdown potential gives a strong indication that a properly prepared
mercury pool cathode will provide a surface of constant work function
for low curreat discharges.

The measurements of first ionisation coefficients .gree with
those obtained by Smith up to a velue of E/p  of 1000 volts cm.” 'ram, Hg, !
where the divergence from equilibrium conditions is not appreciable.

It is thought that the present results represent a closer approximation
to equilibrium than those of Snmith who used very low vapour pressures
at high B/pg. Comparison of &/p, at low E/p, with the ionisation

efficiency curves of Bleekney yield a relation between the mean electron

energys €, in volts end E/p, given by
€ = k/U2(E/p,) + 6

where k is & dinensional constant of the order of unity. This equation

has made possible the calculation of the number of atoms in each of the
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Ip! gtates for every ion pair created over a range of E/po from 175 to

800 volts cm. lrm.Hg. l.

The curves of the generalised secondary coefficient obtained
from first ionizetion coefficients and breakdown potentials show the
same trend as those obtained by Smith. Calculations of the relative
populations of atoms in the 'P' states per icn peir and the application
of Davidson's analysis suggest that the secondary process operative in
this investigation is & combination of the action of collision induced

radiation and positive ions, up to an E/py of 600 volts cm."lmm.Hg."l.
Above this value, where caelculations show no metasaable atoms should
be produced, the secondary coefficient is thought to be entirely e
to positive ion action at the cathode, the singly charged ion acting
by virtue of its potential energy.

In view of the very close agreement obtaine” for a/pO a8 o func-
tion of T/p, below an E/py corresponding to the Stoletow point between
the four present tubes and that of Smith, no further effort is required
to eveluate this coefficient in this range of F/py. The technique
developed could be profitaebly extended to the determination of these
coefficients in other metallic vepcurs, notably caesiuz. However, in
order that use can be made of the theory of Emeleus Lunt and Meeck
/oo to E/pys data on electron drift velocities and electron

relating a

energy distributions need to be obtained. McCutchen (48) has obtained

data on electron drift velocities up to an E/p of three volts

-1

Cle mm.Hg.“l. Such ncasurenents need to be extended over a greater

ronge of E/p. Prelininary investigetions into the electron cnergy
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distritution in mercury vapour have been made by the present author
using a retarding probe technique, A schenatic diagran of the apparatus
is shown in fig. (57). The electrodes were of nickel and had bevelled
edges to reduce field distortion. A central region of the anode was
perforsted with 200 holes 0.015" in diemeter. A pleme probe was
situatedinmediately behind the enode at a distance less than an electron
mean free path as calculated from kinetic theory. This distaneo vas
chosen so that the energy distribution prevalent in the Towneend gap
would not be appreciably modifed by collisions taking placc in the
region between anode and probe. The probe consisted of graphite painted

on a glass substrate. To ensure thet no currents flowed between probe

and anodc along the glass supports the probe was completely surrounded
by o graphite guaerd ring painted on the same substrate and maintained at
probe potentiel. The guard ring was extended te shield the tungsten
geal in the tube wall comnnecting the probe to the external circuit.
A naxirun pre-breakdown current was caused to flow in the Townsend “Zap
and tb: currcnt to the probe reesured for different negative biases
applied to the prcbe.

The nurber of electrons in front of the anode with energiec

between eV and ¢(V4aV) nornal to the anode can be represented by

F(V)av per unit erea, The nunber passing in unit tinme through an area
A will be N=F(V)dv.A.c, vhere ¢ is the velocity, given by (2eV/n)3.
The current, ell, is therefore given by

el = F(V)dV.e.A.(20\1/:1)3
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This current is due to electrons with encvgies between eV and
e(V+dav) and will be reduced if a negative bias is applied to the probe.

If a dbias V is applied then the current is given Ly

i f e A (20v/m) B (V)av
Y
Therefore

di/av = e.A.(ae/m)%.F(V);

A grephical differcntiation of the current voltage characteristic to
the probe should yield the energy distribution multipliced by Vi. Such
o curve obtained in mercury vepour is shown in fig., (58). The maximum
necative bias applied was =16 volts for fear of field penetration and
the consequent collection of positive ions. The distribution shows a
large number of clectrons with low energies and few with cnergies
between b4 and 7 volts. Most of the inmportant excitation potentials of
nercury fall in this range. Depopulation of electrons witn enerpgies in
this renge will occur as & result of inelastic collisions and the low
energy population will increase as o consequence. A similar explanation
applies to the distribution above 10 volts, the loss in this case
going to ionisation,

Unfortunately o short occurred between probe end anode probably
due to the distortion of the anode as the tenmperature of the oven
increased, thus preventing the teking of further nmeasurements. In order
to prevent this type of difficulty arising it would be better to perforn
the experiment in the molecular gases which are generally assumed to
have o Maxwellian distribution, and the pressure of which can be changed
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without eltering the temperature. The technique could be imprcved by
using o single hole in the anode and employing a differential pumping
nethod. This would increase the electron mean free peth between anode
and probe enabling the probe to be further removed from ihe anode thus
reducing the danger of field penetration. The probe has = number of
advantages over the nore conventional type of probe. 8olid objeccts are
not inserted into the discharge region and no current is token from this
region. It is aot dependent for its mode of operation on the condition
of charge equality and the production of a sheath. It can therefore be
used in high field low current discharges.

The present iavestigation into the temporal growth of ionisation
into nercury vepour nceds to be extended. To confirm conclusions
reached from the application of Davidson's cnalysis, it is suggested
that this approach be supported by that of Molnar. Using this
technigre the secondery coefficients due to positive ions cnd netastable
atone can be evaluated experimentally. The method also allows the
experinental deternination of such useful data as the nctastable
ciffusion coefficient, the time constant of decay of metastables and the
amount of volune destruction of metastables., Tube 4 could be used for
such an experiment, as it was designed with this possibility in nind.
Most of the necessary data for a satisfactory interpretation of the
Tovmsend discharge in mercury vapour using a mercury pool cathode could
then be obtained under constant experimentel conditions, Finelly, the
techniques developed to obtain data in mercury vapour can be extended to
cther metals with a convenient melting point, notably ceasium.
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APPENDIX 1

PRIMARY IONIZATION COEFFICIENTS

TUBE 1
a/pe et oL Hg. E/py, V/em.nn.Hg.
0.46 100
1.00 125
1.60 150
20T 175
2,99 200
3.388 225
4,70 250
TUBE 2
a/po crtelon.Hg. E/py V/em.rm.Hg.
0.50 100
17550 150
2,90 200
%.30 250
5.80 300
T«25 350
8.70 Loo
10.00 450
11,50 500
12.10 550
13.00 600
13475 650
14,45 TOO
15.00 T50

15.50 800



TUBE 3

(values for E/p, ebove 800 are dependent on pressurc)

a/po cn.—lnm.H&,. E/p, V/cn.om, Hg.
0.21 100
0.73 200
3.0k 300
5.62 400
8.56 500
10.92 600G
13.74 700
1457 800
16,72 900
17.83 1000
18.50 1100
20.08 1200
20.30 1300
22,717 1400
23.05 1500
23.30 1600
23,60 1700
24,60 1800
25.66 1900
26 10 2000
26.00 2100
26,60 2200
26.40 2300
27.0C 2400
TURE 4
a/pg cm."lmm.Hg. E/py V/emomn,lig.

3.04 200
10.90 500
18.55 1000
23.70 1500

25.50 2000



APPENDIX 2

DAVIES=-MILNE ANALYSIS

Three sinultaneous current growth equations of the form

i eg(d-do)

i =
1 zd'dO)-l)

~w/ale®

are taken for three values of the electrode separation d and correspon-

ding values of current; i, ot a given E/po.w/a, i, and d4 can then be

elinineted, producing

Q( ds-dl )

fla) = i (i~i))e

iz(ig-il)e“(da'dz)

+

13(12-11) =0
By using Newton's method of successive epproximation & value of a nmay
pe obtained to eny required accuracy, by estinavi.g o value of a and

qubstit ting this in the expression

i f(a)
4! = o = $77q)

where o' is a closer approximation to the truc value of a, end f'(a)

is the first derivative of f(a).



APPENDIX 3i

METHOD OF CALCULATING THE FORMATIVE TIME LAG FOR THE
CASE OF A COMBINATION OF METASTABLE AND POSITIVE L1ON
EYFECTS AT THE CATHODE

Davidson gives the simplified current growth equation as

i (0,t)/14 = L — 4 2(A\2-a?) (1-exp(~2Ad) JexpDA®t
* 1-w/a(e-1) A(20/a))

(1)

where

20/0) = 2AF-X=-2X(Ad-1)exp(u-))d-exp(-2Xd){2Fd(a%-A2)+2axX(a-))+2)F+X} (2)

is given the recal value satistying 8(1)=0, i.e.

(a_x)((a+x)F+x)exp(-2ld)+2xkexp(a-k)d—(a+l)((a-A)F+x) = 0 (3)

where F = 1=(y+6/a)(expod-1), (unity if v and 6/a not important)

and X is given by
X = (e?d.w/a,(expad-l))/(expad-ad-1)

Values of @ are calcualted for small percent overvoltages and
6(A)=0 is solved for each value of o, for each vaiue of Y assumed, Thig
js most conveniently done by plotting 8(A) against (A). 96/0X can then
be evaluated and substituted in equation (1). t can then be caleulated,
knowing the diffusion coefficient D, This was calcWlated from the
relation (202)%/3nv8%2, vhere C is the mean velocity of the atom, v the
number of atons per c.c. end Sy, the average diameter of the normal and
metastable aton. This was obteined from Couillette's value for the
metastable nercury atom, being 4.5 x 107° ecn, i (o,t) is given by
i(t)/ead, end I, was ncasured as 3 x 105 emps. When t is calculated,

it is plotted as a function of overvoltage.



3ii
The cquation relating the ratio izéilﬁl-to the formative time lag, t,
when the combination of collision induced readiation and positive ion
action at the cathode is essumed, is given by Davidson as
i_(0,t)/I = A - B ot
where

A= 1 B= - . a
TTOT ek TERVON s e e

vd ¢d
-1) (e” =1
F(A) = 1 - Iiixr) L % )

where ¥ = 0=A/w_, ¢ = =A/w, and =%- +%

el o

A is given the value which makes F(A) zero. If X is sanll
(1<1000) the equetion for F(A)=0 can be solved explicitiy for A, eince
p and § reduce to a. Alternatively F()A) can be nlotted ngoinst X, and
the zcro valuc found. This is done for cach value of a corresponding to
o given overvoltege, and for each ccobination of § and a, since § is
given by §/axa. When A is determined for a given set of coefficients
the time lag cen be found, efter differentiating F(A) to find B,

The values of positive ion drift velocity w, were teken fioa
Kovar (L1), and the electron drift velocity, w_, calculated from the
relation € = (%5) E/p, + 6. The values of a and w/a were those

deternined in the present investigation.
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