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ABSTRACT

The fir at part of thi» theaia prsaenta a new appro&oh to the 

understanding of the oolliaion procesaea ibich occur in the vioiaity of 

the oathoda of the "oold cathode" axe of which H 3 and Cu are taken as 

 xasylea* The temperature at the cathode spots of aueh area ia too low 

for electron* to be emitted thermionioally.

Hone of the theories hitherto suggested, auch aa the field 

emission and tformal ioniaation theories, oan account aatisfactorily for 

the well-established features of the arc: the oathoda fall in potential 

which ia often lover than th« ioniaation potential of the cathode vapour; 

the concentration of current at the cathode into a small spot where the 

current density ia very large; tho short re-ignition tins; the force on 

the cathode; the evaporation of the cathode substance; the light emitted 

from the spot; the temperature of the oathoda under the apot and the hemt 

loaaea from the arc, and alao the tranaition to the aro from the glow
'&4*.t •* *

discharge.

Because of the abundance of experimental information which 

exists, particularly about the mercury arc, thia atudy ia essentially a 

theoretical one.

The starting point in the study ia to consider the density 

distribution in the apace above the cathode of the aetal vapour originating 

from the apot, Ahereas it waa previously thought that atoov evaporating 

from the apot nould cross the evacuated vessel without collisions before 

condensing on the walla, it ia suggested here for the first tiaa that the
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evaporation is controlled by back-scattering of atoms and hence is a 

diffusion problem. In setting up the equation of diffusion for the steady 

state, allowance is nade for tht variation of the diffusion coefficient 

with the density of the vapour. the solution shows that a large density, 

corresponding perhaps to 10 atmospheres or more can exist close to the 

evaporating surface although the density elsewhere in the vessel is very 

low. Both the magnitude of the force on the cathode and of the net 

evaporation from the spot are consistent with this picture*

The excitation and ionia&tion processes in the cathode region 

are consequently regarded as taking place In a dense vapour. On account 

of the low cathode fall, collisions between electrons and neutral atoms 

can only lead to excitation: ioniaation can therefore occur only by step- 

wise processes. Electrons froa the cathode gain sufficient energy in 

the cathode fall to excite neutral atoms within a few mean free paths* 

Elastic losses are shown to be negligible. A large density of excited 

atoms is produced close to the cathode and these diffuse back to the oath- 

ode surf see. Since the transit tines of the excited atoms are shorter 

than their free life, they reach the cathode without losing their energy 

by radiation and there release electrons. This leads to a eelf-sustaining 

arc discharge.

Prom a simultaneous consideration of energy balance and number

fealanoe, the yield for the emission of electrons by excited atoms is ea- 
4 . »  
tisttted. It oonpares fevourably with existing experimental and theoret­ 

ical evidence.
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.^^^ Since the cathode fall of a nvroury aro is larger than the 

resonance potential, electrons which have lost energy in an exciting 

collision can gain further energy in the reraaiutier of the cathode fall* 

It is shown that because of strong interaction between the electrons an 

energy distribution is established, so that each electron from the cathode 

produces, on the avera&e, more than one excited atom in the vapour*

Since the density of excited atom* Is high, collisions between 

then are shown to produce electrons and molecular positive ions* The 

reverse process, that is recombination of ions and electrons to fern ex* 

cited atoms approximately balances the former process* A small differ­ 

ence is sufficient to account for the current of positive ions to the 

cathode* This current is associated with a positive space charge which 

predominates close to the cathode, and the ensuing eloetrie field causes 

the cathode fall in potential*

*** wft&ife From the Known values of current density and cathode fall and 

the calculated density distribution of neutral vapour it has been possible 

to derive how the concentration of electrons, positive ions and excited 

atom, and also the axial electric field vary as a function of the distance 

from the cathode*

The transition of the glow discharge into the are is discussed* 

It is shorn that the final siae of the cathode spot can be found from eta* 

bility considerations associated with the flow of excited atoms to the 

cathode*

The short reignition tion is explained in terns of the rapid 

neutralisation of the positive spaoe charge near the cathode and the



subsequent inability of the  pace-charge region to form when the external 

potential ia re-applied. The light from the cathode region is attributed 

to the radiation from excited atoms which have diffused up into regions of 

lower Tapour density. The observed spectrum of the spot is re-interpreted 

on the basis of the new picture.

The above treatment can be applied to ares other than the 

 eroury arc with certain adnor modification* Tha copper arc is taten 

as an exenple.

the second part of the thesis presents a new theory of the 

motion of a cathode spot in a transverse magnetic field. It is known 

that vBder certain conditions the spot will move in a direction contrary 

to Ampere*s rule. This reverse motion usually occurs when the a&fcient 

gas or Tapour pressure is low. If the pressure is increased, the direc­ 

tion of notion changes to the correct t or Ampere direction, The pressure 

at which the change of direction occurs is the greater the stronger the 

Magnetic field and the lower the current. the effect is found only ia 

cold-cathode arcs.

Experiments are described in which the behaviour of the laeroury 

arc spot in a transverse magnetic field was observed. Measurements were 

made of the spot velocity and the arc voltage as a function of the applied 

magnetic field, the arc current and the pressure of the toeroury vapour or 

of the added argon. The shape of the rotating mercury arc was observed 

with a strobosoope.

From these observations it is proposed that the apparent
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violation of Anpere's rule i» due to a local reversal of the magnetic 

field in th» cathode region. The magnetic field acting at the cathode 

 pot it thought to consist of two components. The flrat is the exter­ 

nally applied field, and the second i» an opposing field due to the 

current loop in the deflected poaitive column. It is shown that the 

aagrxituOe of the latter my exceed the applied field and thus the spot 

will be driven in the reverse direction, The behaviour of the arc at 

low pressure and with argon admitted is explained qualitatively.

It is shorn hare that the reverse driving effect is not confined 

to low-pressure arcs, but occur a in open air between oloaoly spaced copper 

electrodes. The separation of the electrodes is shorn to be an imports** 

parsneter of the effect, which supports the view that it is due to a 

distortion of the arc coluan rather than to sos» process occurring in the 

cathode fall region.
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OHAPT^B I

(1*1) Thermionio and Cold-ottthode arcs

The arc discharge is characterised by ita high current, of 

a fsw ampere a or more, together with a relatively low potential

difference between the electrodes, «hioh is of the order of the
(1 2) 

ionisation potential of the gas in which the arc runs. f III this

thesis ve are concerned with oontinuous, self -sustained, airect -current 

arcs between nstal electrodes in a gas or vapour. ie are not concerned 

with transient arcs lasting a ftew n&Groseconds, with alternating- 

current arcs or with arcs whose cathodes are heated by some external 

means,

Self -sustained arcs can be divided into two groups according 

to the thermal properties of the cathode ante rial. if as the 

temperature of the cathode is raised electrons arc emitted thermion!- 

cally before appreciable evaporation of cathode material takes place, 

the arc belongs to the first group and is known as a thermionic arc* 

If however the cathode vaporises at temperatures far b low the tem­ 

perature necessary for thermionic eodssion the arc is know* aa a cold** 

cathode arc. Table 1. compares the latent heat of evaporation, ®x- 

pressed in eV per atom, the work function in eV and the boiling point 

of various cathode material a. Where the work required to remove an 

atom is much larger than ths work required to rairove an electron the 

arc will b« a thetmionic arc and vice versa, $her« these



Material

Al

Gs

C

Cu

Fe

i Hg
Mo

Pti
ii Ki
i Na
j

Ta

i wt _

1 i
Boiling :-t! Latent

Vapor 1
°K i Cal/£m.

— - - — . - — . . - i — — — — -j
I

2073 ! 2SOC i
j

<*«.* ! 120 |

4100 t 120(0 1

2570 1110

! 3270 .^20
1 1

i 630 ' 72 '! I
i 3630 j 1700
; '
j 4000 ; 600i .
I 1060'

1220
i
! 3900

• 5000

49C

1000

450*

1150
_ <

Heat of
sation
eVA;tom
fc.- _ _ — — 1

(

7.4

,« C • <kU T.C

eV/c.cct

3.0
i

0.7 ,
i

6.2

1.1

3.7

0.6
7.2

5.2
0.8

1.0

1 ,1.3.4
Q ?. 9.2

:.fl

4.4

4.1

4.6

4.5
i i 4.M-

5.3

2.24
! o o 
i 2 ' 2

1 4.12

i 4.54t H-.^Ht

Latemt heats from P. Henning* Ytermetech.nlache 
Richtwerte. (Berlin 1938).
Boiling points and work functions from D.A. Wright 
Semi-conductors. (Metkuen 1950).

•calculated from boiling point by Trouton's Rule.

TABLE I. BOILirG POIMT. LATENT HEAT 0? VAPORISATION

AND WORK FUNCTION OP SOME ELELIENTS.



are comparable m should expect the aro to show some of the charaoterie- 

tics of both typea.

la the thermionic aro the vapour density of cathode material 

near the cathode surface i» very low compared with the gas density, but 

in the cold aro there ia a very high oenalty of evaporated material near 

to the surface. fhia ia evidenced by the appearance of lines of the 

cathode material in the apectnua of the arc, whoae intercity ie greateat 

close to the oathoue. For tnia reaaon tht cold arc i» sometimes re­ 

ferred to aa tue vapour arc* there are however certain circumati

under which an arc having the characteristic features of a cold aro can 

form on a cathode which would normally support a thermionic arc* *

(1.2) Tranaition from the, Glow uiaoharge.

Both typea of aro can be produced aa a result of transition
,_3 

from an abnormal glow discharge by increasing the current or the gaa
(68) pressure. ' If, for example, the current ia increaaed until an aro

ia fora»d one observes a reduction in discharge potential by at leaat 

an order of magnitude, accompanied by an increase in cathode current 

density of several orders, a deoreaae in cathode fall apaoa, and an 

increase in the temperature of the emitting area of the cathode. The 

tranaition to a cold aro appears to be always abrupt and discontinuous- 

the thermionic arc however, under certain conditions of oathode geometry 

can be obtained by a continuous tranaition.^* ""

If the currant ia kept constant and the tranaition from glow 

to arc ia effected by a email &oreaae in pressure, one observes that



the oontraotion take a plaoe only in the cathode regions of the discharge. 

The positive colunn and anode regions arc unaffected. An experiment in 

which the oontraction at constant current was observed will be described 

later.

After oontraction the current is emitted from a very small 

spot instead of the whole cathode surface. This applies to either of 

the two types of arc, the difference being that the cathode current 

densities in thermionic arcs are several orders of magnitude lower than 

in cold arcs. Also in thermionic arcs the cathode spot is practically 

at a standstill, whereas with the majority of cold arcs rapid random 

motion of the spot over the surface of the &&tal is observed. In Table 

2 representative data of teiiper&tures and current densities are given 

for sons thermionic and cold arc cathodes and anoues, observed for 

currents of the order 1 to 10 aups.

The transfer of current at the cathode of a thermionic arc 

be explained in terms of thermionic emission of electrons from a

area of the cathode heated to a high temperature by the arc itself, 

the fflschanism of such an arc is quite well understood, '*' In the 

case of the cold arc however it is hard to believe that tenperatures 

necessary for thermionic emission could be maintained on the low- 

boiling-point material, and so a number of other theories of current 

transfer have been advanced. These theories will be discussed In 

Chapter 2.
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(1.3) Features of the oold-cathoda arc

The subject of this work is the cathode of the oold arc in 

general and in particular the are with a liquid mercury cathode in a 

vessel which contains oaly mercury vapour at low pressure (of the ordar 

1(f2 aa Hg). The mercury arc was chosen because the low boiling point 

of mercury would seem to eliminate any possibility of thermionic emis­ 

sion from the oat hods. Also the laercury arc appears to have one of the 

lowest cathode falls and the highest cathode current density. As the 

only substance in the arc vessel (apart from the anode) is mercury it 

was thought that this would simplify the theoretical study of the arc, 

However, in order not to confine the discussion to one particular case, 

the arc with a ooppor cathode running in air will also be considered. 

Some features of the cold arc will now be outlined*

the electric parameters of the mercury and copper arcs, that 

is to say the cathode ani anode foils of potential and the current dan- 

si tie a at the electrodes have been the subject of many investigations 

during the last half-century. uoh attention has been paid to measur­ 

ing the current density in the cathode 'spot', and as techniques have 

lap roved, eatimatea of the current density have become larger. The 

principal fflsasureineiita are listed in Table 3« la all the experiments 

the size of t hs spot has been measured either optically or by marks loft 

on cathodes and the lower values previously obtained were probably du» 

to the inability of the earlier techniques to resolve the rapid random 

motion of the cathode spot. f he very low values obtained by



TABLE 3 CURREITT DEIT3ITY
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Hg

Hg

Hg

Hg

H*
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Cu

Cu

Cu

Al

Al

Al

Za

Gas

Hg

Hg

Hg

H2

*2

Air

Air

Air
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A

A

A

A

. .- .-} 

Duratloa '
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—lO-^aeo
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6
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i
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1 3 
marks oa i < 10
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marks oa
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marks on
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marks oa
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k.Uk

26
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Ref.

k 

5

6,7

1
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8

8

10

5

8

8

• i~i:
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aad others from cathode markings are almost certainly due to the motion 

of the spot during the arcing period. ifest investigators tacitly assume 

that the current-carrying area of the cathode is identical with 1he lumi­ 

nous area or with the area which leaves marks on the cathode, and this

assumption may not be entirely Justified. 'i'he latest and highest esti-
6 2 mates of 10 A/om for mercury have been obtained by high-speed photo*

graphy of the arc end the apparent boundary of the arc spot might well 

depend on the exposure end >roce»sing of the film, %rthextnore ths 

photographs were of transient arcs lasting not more than 100 micro­ 

seconds and although <'rooms claiasr^' that only 10 microseconds after 

initiation an arc can be considered as 'normal1 (i.e. having the char­ 

acteristics of a more prolonged arc)* this claim has been disputed by

Bertel^ 2^2 ' who considers that the high current densities of 10
2 A/cm occur only in the initial stages of arc formation, and that the

current density decreases with tins to a value of the order 10* Vo» 

for a prolonged are*

Having examined the photographs ta*en by Froooe it would 

appear that although tfce current density is undoubtedly high it is 

probably not as high as is claimed, especially in the case of a pro­ 

longed, continuous arc. We therefore will take * figure of about
c o

10 V*B •* representing most likely value of current ojensity at the 

mercury and copper arc cathodes. this is the value obtained by Cobine 

and

There seeme to be agreeaont that the current density is 

isdspenuant of current, but there is no evidence to show that it



remains oonatant over a wide raivje of pressure, As the eurrent density 

in tfte glow dlsohar®e shows a strong variation with pressure, a »iiailar 

dependence mif^it be expected in the arc.

The cathode fall in potential ia difficult to Bieasure aiao® it 

is iiopoeaible to put probea into the cathode region on account of its 

email alae. However by taking probe measurements at acme distance from 

the cathode ana extrapolating or seaauring the total discharge potential 

while varying the electrode separation and then extrapolating to aero 

separation it is possible at least to set an upper limit to the oathoote 

fall, fable V give* sow cathode falls measured in ttta my, and for 

conparison the work functions of the surface, the first excitation 

potential and the ioaisation potential of the oathoae vapour are giwn*

»asuremants of the cathode fall in potential of a mercury aro 

vary from 8v to itv.^^"*2'' In this thesis the lower value of about 

will be used In calculations on the cathode fall, and conditions under 

*hioh a slightly larger cathoua fall may exist will be discussed*

the oathocte apot is mafty ttemn brighter than any other part 

of the arc both a line spectrum and a continuous spectrum originate 

from it.^*28 ' 29 ^ It appears that the light is emitted from a layer

of dense vapour immediately above the cathode rather than from the
6 » 

cathode itself arid an intrinsic brightness of 10 camilem/ooi has been

estimated from photographic measurements. '

the spot la constantly in random notion over the oathod® sur-
3 { y*i\ 

face at speeds of the order 10^ oVseo* v ' ' This notion can Vtoiever

be suppressed by * anchoring* the spot at the Junction of the mercury
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and another »U1, such as molybdenum. (WM9.32.$1-#) the pheno­

menon of anchoring does not appear to have a great effect on the elec­ 

trical characteristics of the arc, except to cause a small decrease in 

arc voltage and a reduction of the fluctuations of this voltage.

if the current in a free spot is reduced below about 5 A the 

spot will extinguish spontaneously after a certain •statistical life-

o<m however be maintained at our* 

rents as low »» 50 ma/ J/ If the arc current is raised above about 

10 A the current will be carried by several spots each carrying about

Cathode material is evaporated from the cathode at a rate 

which is approximately proportional to the current. fable 5 shows 

various osasureiaents of the evaporation from laercury and copper cathodes. 

The larger values for mercury are found when the spot is free and in 

this condition the loss of cathode material is principally due to drop- 

lets ejected from the 'spot*. If the spot is anchored the ejection of 

droplets ceases and the total mass transfer falls by en order of magni­ 

tude. The loss of material from an anchored spot is considered to be 

due to tr\» evaporation.

The cathode surface beneath the spot experiences a downward 

force which results in a depression of the mercury surface, or in the 

case of a solid copper cathode f a measurable force on the cathode,
WAIIS

ffhea the gas or vapour pressure in the arc vessel is raised it is ob­ 

served in the case of msrcury that the •spot 1 digs in to a lesser ox- 

tent, and in the case of copper that there is a smaller foroe on tte



TABLE 5 EVAPORATION PBOM ARC
._. - —— — ""

Cathode

He

Cu

Condition 
of spot

free

free

anchored

anchored

air
pressure

Current
A

35

0.5-5

70-150 

11-32

15

Lvu^oration 1 Reference 
gny/coulomb { ——— -

2.2X10"3

< 1.3x10-3

1.7X10-5

2.5x10"^

7x10 "6

6.7X10-5

r
Grunt lie r s c hu 1 ze U

v. Issemdorf 1^

Kobel ^

Toaks 1"

Easton et al 15 

Tanberg 16

Robertsoa 17

FORCE ON ARC CATHOjJKS

j 
Cathode

Cu

Cu

Cu

Cu

Hg

Hg

Qaa

air

air

N2

^ 
Hg

Hg

Pressure 
MM Hg

760
<io-2

< 1

low

low

Current 
amp

10

10-30

2-15

2-15 

35

0-10

Force 
dynes/A

1

17

15

3

ko
35-66

Reference ]

Dili-field 18

Tanberg 16

Robertson 17

Robertson 17 

Kobel 13

Tonlce 19

See also refe. 158»



cathode. fable 6 gives Kant measurements of the foioe on copper and

mercury cathodes.
«»8 

, „ If the current is interrupted for as little a* 10 sec the
j iT'iJMjjfef! ^

arc will go out and not re-i^nite.^ 21 *22' The arc will never start 

spontaneously but must either result from a transition from a spark or 

glow discharge or be initiated by son* external mean* such as bringing 

the electrodes together and separating them. Although a mercury aro 

will start on a perfectly Glean surface, it is found that the presence 

of a thin layer of oxide appears to be necessary before an arc can be 

run on a copper surface* *f ^** '

Finally* under certain conditions the arc spot in a magnetic 

field will move ia a direction contrary to Jtopere's rule.

proteins of the oold^athoae arc,.

..^ The principal problem of the cold arc is to account for the 

transfer of current at the cathode surface and through the region imme­ 

diately above the cathode. A number of theories have been proposed but 

for reasons which will be discussed in ths next chapter, none has proved 

entirely acceptable* Any new proposal oust not only account for the 

high current density, but oust be consistent with trie low value of 

cathode fall as well as explaining suoh features as the extremely snort 

re-ignition time, tbs spectrum of the are spot, the splitting of spots 

and their motion in a magnetic field*

It is generally realised that sine® the cathode fall is only of 

the order of the ionisation potential of the gas or vapour in which the
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aro is run, ionisation of a neutral atom by a single collision with an 

electron is a raost unlikely process* The sost likely singla-KJolli«ioa 

will be excitation, *td ionisation will occur by cumulative jxro- 

What is not always realised is that in the vicinity of the 

eathod* these prooesses tains place in the vapour which has been evapora­ 

ted from the cathode rather than in ths gas which fills the discharge 

tube, ftartheroore this is probably at a considerably greater density 

than ths gas f and so virtually excludes any gas from the cathode ragion. 

Also as the excitation and ionisation potentials of metal vapours are 

generally lower than the corresponding potentials of gases, electrical 

processes will occur preferentially in the vapour*

Calculations of other workers based on the assu^tion that 

gas oonditiona extend dona to the cathode surface iaust necessarily be 

invalid, as we shall endeavour to show in the following chapters. In 

the case of the thermionic arc, where there is little or no cathode 

evaporation , there is probably only gas above the cathode t and this is 

at a lower density than elsewtftrs in the aro vessel owing to the high 

temperature of the aro*

the unusual behaviour of an aro spot in a transverse magnetic 

field is treated in some detail in toe second part of this thesis. It 

originally hoped that investigation of this behaviour would throw 

light on t hi mechanism of current transfer at the cathous, but this 

explanation we propose does not involve any specific electron emission 

process. It does however give certain information as to the probable
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(1.5) The »i*e of the cathode region.

If we consider a typical arc spot carrying 5 A at a current 

density of 10* V«2 ***** radius of the spot, assumed circular, will be 

about fc*10~^ cm, The extent of the cathode region in the axial direc­ 

tion will now be discussed. ie define the cathode region of the <*ro 

as that part of the discharge in which the processes responsible for 

maintaining the current transfer at the cathode taJos place. The poten­ 

tial difference across this region is the cathode fall in potential, and 

is due to the space~char$9 of the positive ion current flowing to the 

cathode.

The proportion of the current at the cathode which is carried 

by positive ions is an iioportant quantity when considering the cathode 

fall and also the energy balance at the o&thode. In the positive column, 

wfcsre the concentrations of ions and electrons are approximately equal, 

the ratio of the ion current to the electron current is the ratio of the 

ion drift velocity to the electron drift velocity in a given electric 

field* jfoae a mercury positive oolu&xi this ratio is about Is 400 (see
repn x

Appendix-!}. Since the cathode is negative with respect to the posi­ 

tive colum, plasma electrons will be reflected and positive ion apace 

charge will predominate near t he cathode. ie can therefore estimate 

that the positive-ion current at the cathode will certainly be greater 

than 1/v of the total current.

In order to estimate an upper limit, we assume that §jl\ the 

energy that an electron gains in the cathode fall is used, through 

cumulative processes, to produce ions. Then if the cathode fall ie
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8 v and the ionlsatlon potential is 10 v, eaoh electron will produce on 

the average 0.8 ions. Under these circumstances the ion cirrent would 

be Q.O/1.S » 45 of the total current. fhls is the e*treB» upper llssit. 

Such complete conversion of cathode fall energy into ionisation is most 

unlikely, and such a large ion current would represent a heat input to 

the cathocb which, as we shall show, mould be inconsistent witn the 

energy balance. At this stage therefore we shall assume that the ion 

current is between 5 and 20,, of the total current, and. calculate a more 

exact figure later.

If we assume that positive ions fall freely through the cathode 

fall, the relation between the potential V, the positive ion current 

cienaity j* and the distance x is given by the GhildHUanpauir space* 

charge equation^75 *

which we nay write

d.2)

where e is the electronic charge and W, the ionic mass.

If on the other hand we assutae that the vapour density in tba 

cathode fall region la large enough to cause the ions to amice collisions 

with gas atoms during their transit, (and we shall show later that this 

is almost oertainly tte case) a different relation will hold which Is 

derived in Appendix 2, vis
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. • . <«>.
wt»re p la the vapour pressure in am Hg reduced to 0 C, and k is the 

constant in tte equation for the drift velocity of ions

The value of k for mercury is given in Appendix 1.

In Table 7 are given values of x calculated from equation 

(1.1) f or V « 5v and Sv and f « 50-, 20,. and 5 of the total current 

density (1Q5 A/cm2).

In table 3 are given values of x calculated from eoiuation 

(1*3) for the same values of V and f as in Table £, but with p « 3 to 

3000 nn Jig. Also in this table are given the values of the concen­ 

tration of atoms ft, and the mean free path A corresponding to each 

value of p.

Since equation (1*3) i* only applicable if the ions collido 

with gas atoca as they fall through the potential V, the values in table 

8 are only valid if x > \ . This is the oase only when p > 1000 am Hg. 

For lover vapour densities e<yiatioa (1*1) idll hold. It can be seen 

from the tables that the value of x is very little different when de­ 

rived from (1*1) or (1.3) *t high p.

Although the msasured cathode fall is about oV, we have in- 

eluded in the tables calculations with V » jjfr. #• shall show later



•/alues of tlie distance x over

whick a potential difference 7 exists j^mJbo_the space 

ckarre of a positive ion current density j

Table 7 High. vacuum Case (equation

Values of x

1+
^x • ^^ ^^ f

£_ • JL>^^ ^VT T.<-in
f~.

for V = 5v.

9.2xlO~7cra
-61 . 5x10 orn

2.9xlO"°cm_ _. — j

for V = «3v.

1.3X10"6 cm
0-6v i vi P • P*TIt • J- -A. -Lw v>*ll

ii.lxlO-6 cn |

Table 8 Vapour Case

ValueH of x in en for V = 5v.

J

I ^\ 
r~\ i f i y\ x ^^ ri^

2 . 10 A/ cm

r>. 1C A/cm^

X =

N =

•o=3mm En 30nm Hg 300 mnHg ~ i
U.TxlO-6 3,OxlO-6 i 1.9X10"6 i.

6 ! 6 S 6.8xlO-b i U.3xlO -b i 2.7x10-° -. 1.
* t

1.2xlO-5 ; 7.5X1C"6 | U.8xlO -b
• • ' .••!... 1 j 1 ———— • - - ———— —— 4 —————— ———— ————— ————————————————————— • ———

b.lO^cm | 6.10"5cfVN 1 6.10-6cm

3.

o.
J j

10 17/cn3 i 10 lcJ/cm3 ! l0 1Vcn5 ! T
i I i

2xlC"6

7xlO-6

OxlO-6

ic-"^
2C/ cra3

2.

Values of x i;: cm for 7 = Cv.
•» /-^ /-.^'..'0 .n

8.9xlO"6

| 1.5x10'

,-6

-b

l.CxlO-5

2. 5xlC -

2.3x10-^

6.2x10-''
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that the distanoe over which the first 5r of the cathode fall occurs i* 

an important parameter in the theory of the arc cathode, From Tables 

7 and 8 m see that taking / 5.103 - 2.1Q4 V«w2 * th** *• 5"*l» of 

the total current density, the first $v will fall off within 1*7 *

10* * 3.0 x 10* cm from the cathode surface*

fi*st excitation potential of mercury vapour is 4»9 volts. 

Hsnce electrons froa the cathode which have fallen through 5v will bo 

able to excite vapour atoms andf aa we shall describe later, ionioation 

will occur by cwnulative processes* E^a&tions (1*1) and (1*3) are not 

applicable to a region in which ions are being produced and so are 

strictly valid only for the first 5v of the cathode fall. the total 

cathode fall of 3v will fall off over a distance which is certainly 

greater than 10*^ cm, but probably no greater than 10 cm,

* Smith has published photographs of a mercury arc moving

in a smgnetio field in which there would appear to be a dark space ex-
-3 

tending to a distanoe 10 am from the cathode. Smith infers that this

is a cathode ciark space similar to the cathode dark space of a glow dia- 

charge, and that the cathode fall in potential takes place ovar this 

distance* However there is no evidence to support this inference ex­ 

cept the analogy to the glow discharge, and it will be shown later that 

a dark space m*y in fact occur some distance from the cathode fall region, 

Also the conditions of the experiment (arc being driven by a magnatio 

field) nay have given rise to an apparent dark space, as will be dis­ 

cussed in Fart II* This rasasurem&nt should not therefore be regarded a» 

being at variance with the calculations given in Tables 7 and 6«
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(2.1) ^hermionio ff^as ion theories.

Ttw early theory of J. Stsrk^7^ exposed that electrons i»r« 

esdtted thermionic ally from the cathodes of all area. It can be seen 

from Table 1 that the temperature of the oathodto of a carbon are is

about 3,500\ and that this is sufficient to release a current density
2 of about 500 VG» * £<* order to account for the higher currant a/en*

sities observed in mercury and copper arcs, termeraturen greater than 

i»000°h would be necessary, and it is hard to fcaagine how sueh taapera- 

tures oould be maintained at the surface of a low boiling point metal y 

particularly in the case of mercury whose nonaal boiling point is about

Recently C.G. Sndthv **' put forward an ingenious suggestion 

that the electrons in ttoe cathode ndght be raised to enormous tetapera* 

tures while the cathode lattice remained cool and hence 'thermionic* 

emission might occur from a comparatively oold metal. His theory of 

how such a difference in electron and lattice temperature could be 

maintained suffered from serious fundanwntal errors which were later 

acknowledged.

Some recent experiments^^ have indicated that a t,/pe of 

thermionic emission takes place from the surface of a thin wire through 

which a large current pulse of very short duration is passed. -Emission



ourrente oorrea^ondiiig to tewperaturea above toe boiliag point of ta* 

wire have been «»aaured, yet the wire r««alne cool. fhi* aug^sate that 

the teii|>erature of the wit.uiron* haa been raised and that they Jmv* been 

eaitted beftwe they had time to ahare their heat energy with the lattloe* 

This ia however eaeentially a transient 3h*no«*mon and is unlikoly to 

apply to a eteaty arc.

Loeb^^ kMUi aug^eatea that on account of the lar^» influx of 

energy to the very email *epot* region oonditione may exiat there which 

eannot be deeoribed in aaoroaoopio tome of * temperature * 9 'work fune- 

tion* eto. He appeare to favour the idea that a laicrovolume sight be 

fceatea to euoh an extent that a type of tham&anio emiaeion oouid take 

plaoe,

A aiailar picture hae been put forward by Hothetein^'***" 

who has euggeated that if the denai^ of vapour iocaediateiy above the 

cathode were attffie&antiy high (10 /aer) oietaUic oonduotion would 

tele* plaoe from cathode to vapour, and then "themdonio emUaion" could 

oeottr from the hot vapour,

Suoh arguflaenta in f avoir of theraiionie emission can be die* 

aiaaed % refereaoe to *able 1* Hera the oiwrgioe requiroa to 

en electron and to evaporate a neutral atom from a Metal are 

If tht wcork function ia rauoh greater than the latent heat of evaporation 

of an atom, th» lattiee will surely disintegrate rather than release 

eleetroae* A large heat input ^ght then pro^ioe electrone by thermal 

ionioation of the evaporated xastad, but themtionio eadiMjioa from the



notsl itself seen* to be impossible.

There are at present two main theories of the oold aro 

eaoh of ifcioh has its supporters. These are the fleld<-«mission theory 

and the thermal ionisation theory respectively*

(2.2) F^eM -'M salon Theory.

It was first proposed by lAngtawir^ §^' that electrons tsight 

be drawn from the cathode by the high electric field produced at the

cathode surface by the space charge of the positive ion current to the

( $7l cathode. v *' this suggestion was made before the theory of field

emission had been ftilly developed and at the tiune nay have seensd 

feasible, but with tba adveat of thi Fbwler-^ordheim tbeer 

serious quantitative difficulties were encountered.

the Fowler-1? ordheim equation fbr field einissioa is

j_ • electron current density in

M « Fend energy limit of electrons in the metal.

* work function in eV. 

X » electric field in volts/era* 

For mercury # « |^5 eV and u ^ 10 eV so the e<|aation becomes:

_ 0'* MO

X (2.2)
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in tfiS.1 j" i» plotted a* a funotlon of X in the 

4* • 1 V««2 to 4* « *08 V«»2. It eaa be mm* that th* elactrlo field 

need vary only by a factor 3 to produce a change of eight order* of mag­ 

nitude in J~, but that in order to extract an appreciable current ann­ 

uity an electric field of the order 10'V/an ie required. fo extract 

10* A/W2, the field oast be about 4.5 * 1Q7 V/cm.

By differentiating «c|u&tion (1.1) with ra«peot to aiatunoe 

obtain the field at the cathode <ki* to the ion qpaoe charge ie

(2.3)

slsdlwly, ttfflnvatiatlng (1.3)

Both the high-vaotium and the vapour treatment* of the cathode fall 

therefore leaa to approximately tt* aone relation,

Vfettb T»td« 3 we aee that f ca- V * 5v and j* « 5,10^ * 2,10^ J/«A

* 1.7 * 10*^ - 3-^0**6 OB, iith theme yaluee in (2.4) m

It em be eeen from 91ft, 1 that auch a field vould extr&ot a quite aegli* 

gible current deneity of eleotrona. In order to prociuoe a currant den- 

•ity of 105 V«»2 an electric field of 4.5 x 107 V/om at the

would be required, «e eee from equation (2,3) or (2.0 that x would 

haw to be about 10*' era. 3inoe thie ie probably aaaller than tne
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nean free path in the vapour we can apply equation (1*2) to find the 
positive ion current denaity. Putting V « %r and x » 10*' we obtain

4,10 A/***. *f the total current density ia 105 Vom2t such a
positive ion current density ia impossible*

auankr The simple field emission theory therefore fails K<***litatiml
to account for the high current densities of the cold arc cathode. In 
order to jotke the theory agree with observations two suggestion* have 
been put forward. The firav' ' is that the work function might tow 
lowered by the conditions existing at the surface and so, from (2*1), a 
higher J_ would be obtained from a given field* She second is that
surface irregularities either in the liquid surface itself or due to

(77) fidnute insulating particles on it" ' would cause local enhancement of
the field and hence Increased emission of electrons*

In order that an electric field of 3*10 V/cm should extract
e o

10 A/vm of electrons, we calculate from equation (2*1) that 0 moat be 
less than one volt. It is surely incorrect however to consider that 
the work function would be lowered if, on account of the high vapour 
density above the surface, the liquid-vapour interface became indefinite, 
The work necessary to extract an electron would in this case lie be­ 
tween the work function of ihe natal and the ionisation potential of 
the netal vapour, and so the * effective work function* would only be 
increased*

In order that surface irregularities should produce appre­ 
ciably enhanced fields they oust be very small and also well separated 
from each other, This means that although the current densities



th* points may be greatly increased the contribution of the points to

the total current will be small and so the average current density
(35) only show a small increase. '*"

Experiments on field-emission have shown that iha omission 

varies greatly with surface conditions, but that for olsan, smooth sur­ 

faces to* Fbwler-tfordheijii eolation is applicable, ̂ *71«^ Since the 

cathode-surface beneath the *spot* is likely to be kept very clean by 

the continuous evaporation, there is no reason to suppose that the 

eojBStion cannot be applied* If this is so, field emission cannot be 

accepted as the mechanism of the eold arc cathode*

(2*4) thermal Zoniaation

In the thermal ionia&tioa theory, first proposed by ^ '

and currently favoured by mny Oexnan workers* ^; the difficulty of 

accounting for a large electron emission from the cathode is avoided by 

assuming that the entire arc current is carried to the cathode by 

positive ions,

Sleplan considered that ion-pairs would be produced in the gas 

above the cathode by thermal ionisation and that the electric Held would 

then nova the electrons towards the anode and the positive ions to tin 

cathode (Fig, 2). Re assumed that the degree of ionisation in the gas 

could be calculated by assigning a tenperature T to the gas and applying 

the Lindemann-Gaha
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The cathode was considered to act aa a negative probe, drawing 

off the positive ions from the ionised gaa. The current density waa 

given by «r * i N L - (2.6)
where <r is the aean random velocity of the ions and K* the positive ion 

oenaity given by

_ A 4SV &. *

(2.7)

la Slepian's original trieory tiie current deriaity waa taken aa 

only 100 VGB ^^ 8** tesperutures of about 50UO°K were eatimatoo. If

the theory ia considered in the light of more recent measurements of 

current density it oan be shown that t!& ai0|>le ooacept of ioniaation in 

tne gaa cannot aooomt for the obaerved current density by orders of 

magnitude, especially if the gaa pressure ia low,

If p . 1 atmoaptere and T » 5000° we have H » 2.1018/om3 

o*« 8.10 oa/aao and a « 2«10~* (these figures are calculated for 

vapour, Y^ « 10,l*eV}* From equations (2.6) and (2.7) we find

For a low pressure arc with p « 1 m Hg and T * 5000°& we have 

» • 3.1015, 6" » 8.10^ and a * 4.10*3, hence

a -2 / 2 j. « 4.10 //cm .

It would appear then that to account for current densities
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approaohing the observed values would require temper at urea in excess of 

10,000°k and furthermore such temperatures would have to exlat at a dis- 

tanoe of the order 10~ cm (see Table 6) from the relatively oool cathode 

surface*

Also, although 3 aha'a equation may be used to calculate the 

degree of ionisation in a thermal positive column, where there are 

approximately condition a of thermal equilibrium, in the region oloes to 

the cathode the enormous losses to the catnote render thermal equilibrium 

impossible. The conditions are rather those of a steady state and so 

Ssha's equation is not strictly valid there* Further, as there are no 

cathode electrons to be accelerated in the cathode fall, it is hard to 

see how energy is supplied to keop the gas or vapour in a state of ther­ 

mal ionisation in the face of the large lasses which would occur from 

ths hot region to the cathode surface*
dttCfr Finally, to produce one ampere of positive ion current to the 

cathode, V^ watts oust be supplied to the gas, where V. ia its ionisa­ 

tion potential. Thus if we assume non other losses at all, the dis­ 

charge potential oould not be less than V. volts. Other losses, such 

as heat conduction to the cathode, radiation etc. would increase the dis­ 

charge potential still further, md as it is well known that arcs will 

run at potentials below ionisation potential the thermal ionisation 

theory is rendered untenable*
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(2»5) ffhotoelectrio Theories*

In the course of the present work the author considered the 

possibility that electrons might be released from the cathode by the 

impact of photons from the vapour above the cathode, as was originally 

svggssted by Stolt^ 100 ^

The intense luminosity of tiie 'spot* suggssts that there is a 

layer of dense vapour iovaediately above the active cathode aroa, and that 

a considerable proportion of the vapour atoms are in excited states, €fe 

account of the low cathoda fall, ionisation by single collision between 

elections and atoas must be ruled out, and the primary collision pro* 

oess will be excitation, Ionisation in the vapour will occur either by 

further excitation of an excited, atom or by a collision of the second 

kind between two excited atoms* A large number of photons will be pro** 

duoed toy excited ato^s returning to the ground state , and the majority 

of these will probably be resonance photons, whose quantum energy is, 

for Hg, 4,9 volts. 3ince this is only 0,4 volts above the work func­ 

tion of mercury the probability that a quantum will release a photo- 

electron fxom the saetal at a single incidence is very samli, probably

It has been shown by wood that moroury vapour at a pressure 

greater than about 100 sm Hg has the property of reflecting moroury 

resonance radiation like a mirror (specular reflection). ^' i* 

there Ibre considered that a photon which had failed to release a photo- 

electroa upon its first arrival at the oathocte might be repeatedly



between the cathode surface and the dense vapour above it 

until it eventually did release an electron, (Fig, 5). In this way the 

effective photo-electric yield would approach unity and this aould be a 

highly efficient emission prooess. Unfortunately for this theory the 

reflection coefficient for \2537 light on a oeroury surface is only 

^(101,102) ^ the ohanoe that a pnoton will be absorbed at each inci­ 

dence is 0*4. Its energy would be lost to the cathode as heat*

Since about 1Cr reflections would be required to produce a 

pfcetoelectron, far too ouch energy would be lost by absorption to malce 

the efficiency of ea&ssion as high as ws need. Furthermore f the pheno- 

Sttnon of specular reflection applies only to resonance radiation, and 

mercury is the only metal whose resonance photons have energy greater 

than the work function, the photoelectric theory would not therefore 

apply to cold arcs other than mercury.

Another possibility which we considered was that if the flux 

density of photons on the cathode were sufficiently high, cumulative 

effects might occur in the zoetal, analogous to step-wise processes in a 

gas, A natal electron would receive the energy of one photon and be­ 

fore it could share ita energy with other electrons another photon would 

release it from the metal. If this could happen, Kinstein** law of 

proportionality between the photoelectric current and the photon flux 

might be expected to break down at very large flux densities f and photo­ 

electric yields up to a possible maximum of 0*3 be obtained* Also 

electrons might be released by photons with energy less than the work 

function, if the flux density were high enough to cause such cumulative
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prooesses to occur (Fig* 4). However After a discussion with H, Frohlich 

we decided that the time interval in which a metal electron would share 

its energy with other metal electrons was short compared with the time 

interval in which two photons might act on the electron, for such photon 

flux densities which we might expect to fall on the cathode of an aro« 

Vi should therefore not expect cumulative effects in the metal*

It would appear that no theory has yet been proposed which can 

account for both the hi^h current density and the low cathode fall* In 

the next chapter all possible cathode processes will be considered with 

these two requirements in mind.



CHAPfEE 3 

A Hit aOQOKSglQN flDii THE QCU) C&THDflE AhC

(3.1) The cathode fell and ppaaible aaufraaipa processes.

The outatanding difficulty to be overcome by a satisfactory 

are theory ia the lew value of the cathode fall. If me consider a 

typical aoroury arc currying 1A with a potential of 10 v between cathode 

and anode, 10 watts are diaaipated in the discharge* we assume for 

reasons already discussed that the current at the cathode ia predomin­ 

antly electronic, so as the work function of Hg la 4*5 volts, 4.5 out 

of the available 10 matte must be used in extracting electrons from the 

cathode. i« oan therefore define a total eraiaaion efficiency O of 

the ares

0 * energy uaed in extractioi; electrona
energy available in are

* nor it function
diacharge potential (3*1)

Consider now any process by vhioh electrons can be released 

from a a»tal. Energy ia supplied to the metal by particles, photon* 

etc and a certain proportion of tiiia energy is uaed to extract electron*. 

We oan therefore define an emiaction efficiency for any procoss,

energy used in extracting eleotrona 
0 m energy eupolied to the natal (3*2}

-25-
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It should be noted that if a proportion of the incident par­ 

ticles are reflected with their full energy, this energy is returned to 

the discharge and may be used again to produce electron omission. 

oust deduct this reflected energy from the denominator of equation

If E is the energy (K,B + P.E) of the incident parti ale, y the 

yield of electrons per particle, 0 the work function and H the fraction 

reflected with full energy, we have

(3.3)
It is clear that for whatever process we consider may be 

operative at the arc cathode, the energy supplied to the cathode cannot 

be greater than the energy available in the arc. Hence the emission 

efficiency of the cathode process moat be greater than the total emission 

efficiency of the are*

From (3.1) m find that for a mercury arc with V « 8*10 v
' '

Let us now consider what values of <^ can be obtained for 

various emission processes,

1* Field emisaiont since no energy is supplied by the Held except 

when an electron is extracted, «^ should be 100^* this is strictly the 

tftse only when the field is maintained by SORB external , static moans, 

•«g. a potential difference between electrodes. When the field is 

created by positive-Ion space charge we should tai&e into account tho 

energy retired to maintain the positive-ion current, and n then
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»» a fuaotiou of the current density,

Tfe* energy required to produce and audntaia a positive ion 

current density j across the cathode fall V is J (V + V, } whore V4
4> Q T O JL

i§ the ionisatlon potential. Hence from (3.2)

*• » A ITe have shown in section (2,2) that if j * 1CT &/m , then j a 4*10

* Hence with V0 » 8r and V^ « 10 v we have 0 a 0,

This is another way of snowing that field emission cannot 

account for the mechanism of the cold cathode arc*

2* Thermionic ends si on: heat energy is aupplieu to the metal to 

maintain it at a temperature T, If heat losses Ijy evaporation and con­ 

duction are minimised (e, g, by using a spherical cathode of a refractory 

metal on the end of a thin rod) the principal heat losses will be by the 

'evaporation' of electrons and by radiation. At about 3000°K the losses 

by these two processes are approxiuiately equal, the radiation loss pre­ 

dominating at lower temperatures and the electron cooling predominating 

at higher temperatures. Hence at 3000°K, n* 5G/«

Thus it appears that tlwrmionic emission would be energeti­ 

cally consistent with the low cathode fall if cathode temperatures 

greater than 3000*K could be attained* ie have already discussed why 

this is not possible in the case of a low boiling point cathode.
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3. Photoelectric •mission: yields of the order 0,1 electrons/photon
(97) are considered hi$iwf/ and are only obtained with high energy photons

« 20 eV). A fraction of these (say 50 ) may be reflected and. used 
again, so putting y « 0.1, ft • 0.5, I a 20 in equation (3*3) we

4* Secondary emisBion by positive ignfj yields as great as 1 
electron/ion can be obtained, but only with ions vftose kinetic energy
of the order 1000 v, whereas fye slow ions the yield* fall to 0.1 or

(97) less, Wf/ Henoe < #0.5,4 For mercury in particular the yieM for
(98) slow ions is very low. y Electron emission by photons or positive

ions cannot therefore be the operative process at the cold arc oathoda.

5« Secondary efflission^ Jt>y excited neutral atoms; there is am® 
controversy as to the yield obtained by this process, but it aeeme cer­ 
tain that it is greater than 0.1 and may in fact be nearly 1.0. $fer 
a •troury atom in its resonance state I » 4.9 oV« Henoe in equation 
(3.3) putting y • 0.5 «"&* K • 0 we obtain < • kSfc* It y 9 0.75f

However a propcrtion of the excited atot&s *iich do not release 
electrons nay be reflected with their excitation energy. thus if 
R > 0 a value of y 4 0.5 might still lead to <| > 50$. In the limit, 
if all the incident excited atoms either released electrons or wars 
reflected ne should have A « 1 - y, and henoe from (3*3) 
independent of the value of y.



It would appear from the above analysis of emission processes 

that, if we discount any entirely new and hitherto undiscovered mechanism 

of electron omission from a awtal, out of the known processes only 

electron emission by excited atoms can be energetically consistent with 

the low cathode fall* The possibility that this process is in fact 

responsible for the electron e.-niasion at the cold arc cathode will 

now be discussed*

(>*2) Electron Km a aloft |y :n%?ited neutral atoms.

It has been known for some time that excited atoms in raeta- 

atable states can release electrona from a metal, provided that their 

excitation energy exceeds the work function*

Early experimanta showed that the effectiveness of this 

process was orders of magnitude greater than photoelectric emission by 

quanta of canparablo energy* * * ^ A miriber of investigations have 

since been smds,^^"* • " ' but on account of experimental difficul­ 

ties there has been no attest to measure the yield by a direct method* 

there is general agreement however that the j-ield is large*

felike zaaasuratmonts on the secondary emission of electrons by 

positive ions, where the flux of Impacting particles can be determined 

by measuring a current, the absence of charge on a metaatable atom ren­ 

der* it difficult to estimate with any accuracy how many met as tables fall 

on a given metal surface* Consequently moat of the experiments have 

been confined to measuring the energy distribution of the ejected elec­ 

trons, and estimates of the yield have been of a tentative nature*
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Both GliphanV*1 ' using He oats*tables on a Mi surface, and S

using Hg mstastables on a W surface have estimated yields of the order 

unity on clean, out gassed surfaces. Dorrestein^ has estimated a 

yield of about 0,4 far He me taa tables. None of these experiments 

however were of sufficient accuracy to establish an exact value of the 

yield.

Several theories of the emission of electrons by positive ions
\

and mot as table atoms have been put forward, based on a wave-oBChanloal 

treatment of the interaction of the incident particle with the electrons 

in the metal. Following the earlier work of tliphanV 1* * " and ^ass«yt 

v«io»W Cobas and Lex&ar™' developed a theory in which the rate of decay 

of a netastable atora was calculated as a function of its distance from 

the metal surface. A velocity was then attributed to the atom and the 

probability P(S) of its decaying at a distance s from the metal w&a 

calculated. For He KB taa tables approaching a Bb surface a function of 

the form snown in Pig*5 wan obtained, having a maximum at a distance 

equal to a few Bohr radii. the integral

ft(t) As.
o 

(are the probability that one atom would release an electron: for the

particular case considered the yield was approximately unity.

Hagstruar ^ developed a theory of the ejection of electrons by 

positive ions. He assumed that an ion, on approachiag the on&l, first 

neutralised itself by capturing an electron into an excited level and then 

acted on the metal in the same way as an excited at an (fig, 6). The 

probability that it would eject another electron from the metal nas tten
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the probability that an excited atom would oject an electron, and so be

assumed that tha yields for alow ions and uncharged raetastatole atom 

about the same* His theory was more oooplioated than that of Cobas and 

lAmb in that it involved a greater number of mathematical operations. 

However instead of a rigorous calculation of son* of the laatrtx elements 

involved in the interaction of the ion with the m^tal he deduced their 

value from experimental results* He then calculated tho energy distri­ 

bution of the ejeotoa electrons and integrated the distribution curve to 

obtain the yield* He estimated a yield of about 0.15-0,20 flat He* on

W and concluded that the yield for ffe *a@tast&ble& would be about the 

In a private oofflcounio&tion he expressed the opinion that for Hg roeta- 

s table 3 on Hg, the yield would not exceed 0.1*

We do not however agree with Hagstrum that the ejection of an 

electron by an excited ators whioti has been foraed on the metal surface by 

neutralisation of an ion is an identical process with the ejection of an 

electron by an excited atom which has diffused to trie surface, since in 

the fozzoer case the electrons in the m&tml will have been disturbed by 

the charge on the ion before neutralisation* It would seem that although 

Eagstrum's theory is successful in accounting for the energy distribution 

and yield of electrons ejected by ions, so far as a calculation of the 

yield by met as tables is concerned the treatment of Cob as and l.amb la ; ;re- 

ferable on account of its relative simplicity and because it cbes not 

rely on experimental data for its evaluation of matrix elements,
( r A\

Gurevloh and Yavorski^ ; have used a method almost identical 

to that of Cobas and Laid) to calculate tr* yield of Hg met as table a (energy
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4* 66 eV) on a Ta surface (worfc fVinotion 4 ®V% They estimte that th» 

yield ie certainly greater than 0.5 and probably 0.75, l*o calculations 

have been made for Hg atoms on a % surface, but we should cocpeot a

yield not greatly different from the one obtained for fa.
**~~ 

It might be argued that an electron in the metal which recei\»s

the energy of the mttaatable atom has aa equal probability of either 

going into the acted, or of coining out, and so the yield could never be 

expected to exceed 0*3* However, if the oetastable atom arrives with 

only thermal velocity, the interaction takes place in the sui-fao layer 

of the metal and there is a possibility that an electron whioh starts 

going into the octal will be reflected out, which will explain how the 

yield could be greater than G**»«

fhe discussion has so far been confined to metastable atosis, 

since in the majority of discharges and experiments the long lifetime 

of these states enables them to travel considerable distances to deliver

their energy to a»tel aur faces, whereas normally excited atoms radiate
•7 «»S within 10 * 10 seo. However there is no reason to doubt that

ordinary excited ato&e are equally effective in releasing electrons from 

a metal if they arrive at the aurfaoe without having radiated their en»rgy*

In the experiments of Greens w" there appears to be SGKJS eviaeiice of the 
tk w

effect of normal excited, atoms*

• fits interaction between A metal and a normally excited atom 

whioh is capable of spontaneous radiation to its ground state aj&y be 

slightly different to the interaction involving a met aa table atom* 

Since in the latter ease a direct transition to the ground state is
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forbidden by the selection nil* A S « 0, the metastable must flrat oa|>~ 

ture a s»tal electron into its ground state and then eject the excited 

valence electron, la the normally excited atom the valence electron 

could return to the ground state and the rootal electron would be ejected* 

These two processes are illustrated on an energy-level diagram in 

Figs. 7 and 6.

ishether or not there is a difference in yield between these 

processes could only be discovered by laborious calculation, and vie 

consider that any difference is probably insignificant. It atould be 

noted that the mercury resonance line ^2537 is the result of a "for­ 

bidden** transition (%>, -* 3 ) and that the interaction of mercury 

resonance atoms with a metal may be identical with the interaction of 

••testable*,

Since excited atoms can only aiove towards a surface by virtue 

of their random velocity, which for normal temperatures is of the order 

10 * 1Cr en/' sec, the only atoms which &re likely to reach a a»tal

without having radiated their excitation energy rnuat have been excited
«»5 »A within 10 - 10 cm from the surface. fhis would be considered a

very short distance for the majority of experiments, but as we have 

seen 9 the extension of the cathode region of a odd are is considerably 

smaller and so we must consider the effect of both raetaa table &®d nor­ 

mally excited atom* arriving at the arc cathods.

:rr L«£r«r jt OAn ^ aeea fpo^ the dimensions given in ^.5 that a Isywr 

of gas atoms on a ostal surface might prevent an incident excited atom 

from approaching as far as the maximum of the probability^-of-deoay cxirve.



This asans that gas lasers or other surface contamination would drastio
(*>7i ally reduce the yield, as was shown experiment ally by Sonkin* In

the ease of a cold arc where continuous evaporation of cathode material 

takes place, it is likely that tt» surface beneath the 'spot* is tept 

very clean, and so the yield is likely to have its highest value*

AH the theoretical treatments of the interaction of excited 

at oats with a metal have considered a single excited atom approaching a 

surface at which there is no electric field* In the case of the cold 

are* large numbers of excited atoms would arrive on a small area of the 

cathode and any cumulative effects which ndght occur in the metal vould 

tend to increase the effective yield, Also there is a strong electric 

field at the cathode surface which, although not sufficient to cause 

appreciable field emission, might assist the excited atoms in ejecting 

electrons, The electric field has the effect of reducing the work 

function by an amount &$ given by

(3.5)
this equation is derived from the theory of the SehottlQr efffeot;12^* 121^ 

In Section (2.2) we calculated X » 3.10 v/cm * $.10 v/cm. Hence 

from (3.5)

&# « 0.65 - 0,8i» volts.

The effect of the electric field is therefore to reduce the work function 

of mercury (normally » 4*5 v) to about that of Ta (A»0 v}« Hence tho 

yield calculated by Gurevich and tavorski for Kg on Ta probably applies 

in our case* In the following discussion therefore we shall consdcter
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teat the yield lies Wlwaea 8,5 and 0.75.

(3t3) Tty current aenaity: simple guaaUtative cx^naiderationa.

We have s -ovn that electron emission by excited neutral atom 

is a cathode process which would be energetically cons is tan t with the low 

cathode fall* 9e oust now see whether it ean account for tn* observed 

high current density*

A current density of 1<T $/m is equivalent to 6 x
9

electrons/em and seo* If this current density is released, by excited
25 / 2 a ton with a yield of 0.75, about 8*10 excited atome/am and seo nxaat

fell on the eathode. Since the atoms are neutral and therefore tm- 

affeoted by the electric field, the only way they oan xemch the cathode 

is by virtue of their random velocity, which for a raercury atom at a 

temperature of 1000°R has a value S" « 4 x 10 ear/sec. Applying the 

familiar equations
a* « i-n*er

a 2 where 3 is the number of excited atorue strildng the cathode per om and
* and H is the number density of excited atom immediately above the

cathode ourfaoe, we find that for 3* * oMO^/cm2 and sec, N* « S.

At first sight this appears to be an ixapoasibly largi density 

since the vapour presaure in a low pressure arc vessel is usually of the 

order 10* tsm Hg corresponding to a number density of the order 10 /oar , 

However the intense brightness of the cathode f spot* suggests that the 

density of atoms in this region has been augmented by evaporation from
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the cathode and a rough estimate of a lower limit can be taade as follows*
(11) the brightness of the spot has been measured by Hayneax and

(i *) L 
has been estimated as 10 candle a/cm , fhis is equivalent to 2 * 10

watts/em of visible light/ ^ and taking the average photon energy
22 2 as 2.5 eV§ represents very roughly 5 x 10 visible photons/cm and aeo*

The nuriber of resonance photons is likely to be at least of the 

order of aagnitude. These photons originate from a region which, we 

believe extends no ware than about 10 om from the cathode. Assuming 

a lifetis* of 10 seo for the exoited states we calculate that a number 

density of at least 1019 excited atoms/a*3 exists in tho 'spot 1 . Thie 

is an average value, and the density iasaediately above the cathode may 

be still higher.

The light emission from the spot will be discussed in greater 

detail later, but this simple calculation, based on the brightness

; t oan be taken as evidence that a high density of excited
2fi 1exists above the cathode. A density of 10 /cm , nhioh would be 

sufficient to release tlie observed current density of electrons, appears 

to be quite feasible. llow this density oan be maintained will nov be 

discussed.

(3.4) Cathode evaporation and cathode temperature.

Attempts have been aaoe to a»aaure the temperature of the
/argcA

cathode surface by pyroaatri® methods; ' At the tine of these 

nsasuresftnts it was not realised that th« active cathode area is covered 

by a thin but dense layer of vapour which is emitting not only a strong
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line spectrum but a faint continuous spectrum as well, and henoe ineasure- 

a*mts taken through this layer isust be in error* f he values of cathode 

temperature given in fable 2 were iraaaured in this way and probably 10- 

present underestimates of the true cathode tefnperaturo of cold-oathode 

ares*

Jk number of workers have nxiaeured the rate of loss of cathod®

•aterial from the cathode of raeroury and copper ares* A aunraary of those

•easurenents is given in fable % Observations on a mercury arc are 

esjsplicated by the random motion of the 'spot* over the cathode and by 

the sptmy of droplets which is ejected from the 'spot*. These droplets 

may account for over 90 of the total aaass transfer from the cathode, 

but if the ranaom motion is suppressed, b/ 'anchoring* the spot the drop­ 

lets are eliminated and under these circumstances the mass transfer is 

assuned to be due to evaporation only* An anchored mercury arc *spot*

evaporates about 3 * 10 gn/coul, while a vacuum copper arc evaporates
»*» is about 2 z 10 J grr/ooul. these rates of evaporation correspond to 10

sad 2 « 10 atoma/coul respectively,

Some investigators have attempted to estimate the tempera tui« 

of the cathode under the 'spot* from the measured rate of evaporation* 

The i%te of evaporation par unit area W was calculated from the total 

evaporation and the neaaured area of the spot and* assuming evaporation 

into vacuum, the value of If was determined from the equation.

(3.7)
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«hare M is the atomic nass and p the vapour pressure corresponding to 

lsi|iin in turn T. Using &obel*s values of evaporation (2 x. 10~
«» ^i

and current density (1900 VG®* ) Coapton calculated T~200 0 fbr a 

nwrcury arc. However if we use Tonics' value of the evaporation (3 

10** ga/ooul) and oociern values of the current density (iCr A/m }

get f <* 350°s*

Another method of estimating cathode tesaporature is from the

force exerted by tte arc on the cathode, assuming that this is due to 

the noaontum of evaporating atoms. The fbroe has been measured for 

•aroury and copper arcs and fable 6 gives some of the results. the 

B»asureu«nt3 on mercury mast be accepted with caution, since the spot 

was anchored and therefore it is hard to say how much of the moaeatum 

vas transferred to the anchor and how @uch to the mercury* fanberg

however measured simultaneously a force of 20 djaes/ajqpere on a ooppar
*»ft cathode and a loss of mass of 2 * 10 y 0Vooul» from tiiis he calculated

€ that the average velocity of the evaporating atosm was 1.6 x 10 en/aec,

corresponding to a cathode tec^>er«ture of about 5*10^. Siinilar

Beafiurecients by other workers '»™ ' were interpreted in tbe same way.

This valus of the temperature was criticised as absurdly high, 

since the energy of each atom would be about 60 eV. Atteapta mrt* ^ade
/On QO

to interpret faaberg's observations in terms of reflected ions, 7 * 7 * 

94,95/ j^figo^Q,! plasma electrons^ etc. However, the fundamental 

error Inboth the above methods of estimating oathode temperature lies 

in the assumption that atoms evaporate into free gpaofc. An atom which 

leaves ths cathode is not only likely to collide with an atom of the



residual gas in the are vessel, (although the chance of this at low 

pressure is very small) but also with other atoms which have been 

evaporated from the oat bode. The greater the rate of evaporation, the 

greater will oe the density of atoms above the cathode and henoe the 

greater the likelihood of an evaporated atom suffer lag collisions. As 

a result of such collisions many atoms will be scattered back to the 

cathode. The net evaporation will be the difference between the gross 

evaporation and the back-scattering, and if the difference is wjaall 

compared with the gross evaporation the ley&r of vapour immediately above 

the cathode can be considered in equilibrium with the liquid. The 

transfer of atoms from the cathode to the condensing surface of the arc 

vessel is due to density gradients in the vapour and must be treated as 

a diffusion problem*

Atoms which pass from the liquid to the vapour, and also atom 

returning to the li<$iid after being baok~»oatt«re& in toe vapour will 

ooasMnicate momentum to the cathode and so exert a pressure on it. If 

the vapour immediately above the cathode is in equilibrium with the liquid 

(and we shall show later that this is approximately the case) this 

pressure will be the vapour pressure corresponding to the cathode 

temperature,

(3»5) The floroe on the Cathode.

The pressure an the cathode can be estimated ftrom a»aaureioent» 

of the cathode reaction force ami the current density. If F is the 

force in dynea/amp and 4 tlie current density in amps/on , the pressure



on the cathode is given by

IP'-

For copper we aoe from Table 6 that F ~ 20 dyneo/acop and so
ft O 62taking .) «= 1(r A/on we find p * 2.10 dynes/cm s 2 atmospheres. For 

mercury P * 50 dynes/amp giving p % 5 ataaoapheres*

This preaaure on the cathode ia the resultant of the pressures 

due to various prooeaaea which occur at the cathode*

1. The vapour pressure p , This ia due to the evaporation and back- 

aoattering of neutral atoms, aa diacuaaed in the previous section*

2. The electron preaaure Pa« This ia due to the transfer of momen­ 

tum to the cathode by the electrons aa they leave the surface. ^ * ' 

Each electron of laass m emitted with velocity v~ will communicate nxxaan- 

tum mv" to the cathode. If the electron current density ia f we derive

• (3,9) 

The ion preaaure pH . If the ion current density ia J* and each

ion of mass M arrives at the cathode with velocity v the press ire on 

the cathode due to the arriving ions ia, by analogy with equation (3*9)

(3.10)
4* the electric field- The electric field at the oatbode eserta a 

force on the cathode in the opposite direction to the preaaure due to 

the prooeaaea described above. If the field ia & we iaay write tide 

1 upward preaaure'
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i

(3,11) 

The measured resultant pressure p is given by

Putting /* « 10^ V«2 » !: « 1.7 36 10 ooul/g®, V* * 2.10^ cii/sea
ID

( corresponding to an initial K.E. of about 0.1 eV) ws haw from equation 

(3.9)
i 2

p. 3 10 dynes/on * 0.01 atmospheres

Putting j* « £. 10* - 2»10 A/«i , J » 500 oou3/gm (see Appendix 1) and 

assuming that, on account of their making many collisions in the oethode 

fall space, the positive ions arrive at the oathode with themal veloci­ 

ties oorresponding to about 1000 &, so v* » 4*10 o-V&ec, we have from

(3.10)

p. m 0,4 to 1,6 atmospheres

We have estimated in Section 2.2 that the electric field at
6 & the cathode is about 3*10 V/om to 5.10 V/cm. from equation (3.11) «t

have

px a -4 to -11 atmospheres

In equation (3*12) the only unknown quantity is Pv, so by substitution 

ve find

PT ° 5*5 to 11 atmospheres for copper.

Pv • 8.5to1k5 atmospheres ftir awrotiry.

It can be seen that this estimate of p is very sensitive to

the value chosen for X . Since it is not possible to estimate Xo " o



accurately, and the measured value of the force is probably not parti­ 

cularly accurate, especially ia the case of mercury, we oaii do no more 

than estimate the vapour pressure at the oathooe as of the order 10 

atooospberea*

In Fig. 9 i» plotted the saturated vapour pressure of caeroury 

as a function of temperature* In %pendi* 3 •** dorive the density of 

vapour corresponding to the vapour pressure, arid this is plotted in 

Fig. 10 as a function of tesaperature. ie see that a pressure of 10 

atmospheres corresponds to a number density of about 10 atosis/OBr ami 

a temperature of 520°C. If the vapour above the cathode is in equili­ 

brium with the li quiet, this represents the tefflp^ratwe of the active 

cathode area.
>

The force on tbs cathode therefore provides additional evidence 

that a high density of vapour exists immediately above the active cathode 

area* It is now apparent how the cathode may be bombarded by excited 

a ton*. Atoms i*iich evaporate from the oat hod© will, for the most pert, 

be in their ground state* fhe majority will be back-scattered to the 

eathode, only a comparatively aaall number being lost by diffusion, 

These back-scattered atoms will have spent some tiiua in the space above 

the cathode, and there they will have exponenoeu collisions ydth elec­ 

trons which have gained sufficient da^rgy in the cathode fall to be able 

to excite them. Since the excitations will have occurred very close to 

the cathode the majority of the excited atoms will reach the oatho&t 

before having tine to radiate their energy, and will be able to rale awe 

electrons, provided that their potential energy exceeds the aork function
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of the cathode.

Table 4 gives a Hat of the work function, lowest excitation 

potentials and ionisation potentials of a number of metals. Mercury is 

•ten to be the only metal having all its excited states of higher energy 

than the work function* For all other o&t&ls, atoms in the lower 

ezoited states oould not release electrons from the cathode* iae shall 

show later that this does riot represent a serious objection to our new 

suggestion for the cold arc cathode. On account of its simplicity the 

mercury arc will be treated fir at, and we shall show that in, for exa&pl 

the copper arc, the majority of excited atoms are probably in states of 

higher energy than the work function*
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diffusion arooleai

consider that the back-scat taring of evaporaftiog atoms 
causes a large density of vapour to exist irarnediately above the ovop- 

orating area of th© cathode. fhla would seam to be borne out by 
observations of ti*e luminosity and the c^thoOe force. The distribu­

tion of v^>our will now be oariwd by considering t^ae transfer of 
cathode material in the space a®ov® the evaporating area aa a problem 
In diffusion.

At any point in the region abov« the oathoo© there will he 

a flow of vc-pour aetc^mdned by th@ density graolient &aui the diffusion 
ooeffioient at that point

- B grad K

where £ is tho How vector, M th@ coacentration and l> the diffusion 

ooeffioient, 

Now on the single kinetic theory

B.

where A is the moan frea path and 5" the mean random velocity of a 

wipour molecule. cf ia a function of the temperature only and "\ is 

inversely proportional to the concentration N. Henoo for constant 

tMperature

-44-
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D « jr where A is a constant (4*3) 

Constant temperature la a simplification as the temperature will vary 

throughout the apace, but the assumption is made in order to obtain an 

easily soluble differential equation*

The problem is therefore one of a sawdl circular area evaporat­ 

ing into a semi -infinite region in which the diffusion coefficient at any 

point is inversely proportional to the concentration at that point* A 

concentration if Is maintained at the evaporating surface; the concen­ 

tre t ion of neutral atoms of vapour is to be found as a function of posi­ 

tion in space.

Take cylindrical polar co-ordinates such that the surface of 

the mercury is the plane a » 0 and the a-axis passes through the centre 

of the circular evaporating area 0 r a in the plane 2 « 0, (Fig, 11)

The general flow equation in the steady state for the region 

where £ is positive is

aiv f « 0 

Expressed in cylindrical polar coordinates equation (4*0 becomes

<«.!.*, 4-4 -O
r "Da,

U.S) 

where f and f are the flows per unit area in the r and % directions

respectively, and are given by

(
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Froro (4.3)* (4*5) *»& (4.6) *» obtain

/--,,- „,,.—,_. { )

The boxindary oonditiona of this equation

1* N » K at infinity, where K ia the vapour density
8 9

to tile residual pressure in tho &ro veaael. In the case of the ojercury 

are the residual pressure is deterained by the tocperature of the con­ 

densing surface.

2. n 9 M for 0 ^ r < a in the plane « « 0.

(4*2) Solution ol|: .

If me make the substitution

equation (4,7)

T - O
(4.9)

The botoidary conditions becoaae

(1) X * 0 (corresponding to £i • M ) »t infinity*
(2) Y • X0 » In g2- (corresponding to K a M ) for r <at s a o.

Equation (4*9) and its boundary conditions are analogous to a 

familiar problem in heat conduction: to find the temperature distribu­ 

tion in an infinite solid due to a circular diac maintained at
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feiiiperature I , the teuparature at infinity being aero (aee Appendix 4), 

The solution is *acnm " and. is

. i.Jl. I.IV

The integral has been <mduate<r ^ aact the solution is then

utters

Substituting back from (4*8) me n&vo the solution

•••

2

If m put

^ _ x1

r2 * .2 - ,2 . (r * » - ,) » W a (4.12)

(4.13)

(4*14) 
us have from (4.11), (4.12) and (4*U)

(4*15)

Thia ec|Uutioa represonts a family of ellipses in the co­ 

ordinate* (r, z) for different values of R. from (4.14) and (i».8) us



see ti*t eaoh value of £ corresponds to a value of :«', hence tie surfaces 

of constant concentration in the space above the oathoue will be el lip- 

soids.

Values of K and N are given in Table 9 *br HQ « 10 and 

a 10 i? (corresponding to a residual pressure of 3 * 10* tm Sg) and
? 9 
i

for N « 10 and H • 10 ' (corresponding to a residue pressure of 3 

am Hg) ? no, from ti-teae values the ellipsoids of constant concent rat ion 

have been plotted in Figs, 12 and 13* The reason, for taking N a 10 

has already been discussed*

I Consider now the distribution of vapour on the axis of z only* 

i .putting r » o in equation 14*12} we find 'L * zt so fran

In Fig* 14 toe oonoe at ration r-i on the axis is plotted from 

equation (4*1Q as a function of */ for ff « 10 and for the ti»o values 

of N f H « 1015 and W « 1017.
WP " '^

It can be seen from Fig.H that the initial high density at 

s m 0 falls off rapidly as 2 increases until for a > ?a the density is

essentially the residual density IT, The effect of increasing H is tos s

extend the regions of high density further from the cat note. Bbr ex­ 

ample, when H « 1015 the density falls from K « 1020 at » « 0 to 

» « 1018 at s «= 0.75a, but %hen Hg » 1017 n« find N « 1018 at a « 2a*

In the foregoing treatment wo have obtained the density dis­ 

tribution of vapour if a density N is maintained over a circular area
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of radius a on tht surface of a liquid and a density H exists at In­ 

finity. In order to maintain the density N at the cathode surface a 

net transfer of molecules oust take place from trie liquid to the vapour 

to replace thoae lost by dift'uaiori to infinity* The nat transfer will 

now be derived.

( k* 3) fhe net evaporation.

the normal flow per unit area from th@ piano g = 0 is, from 

and

From (4*3) this b«con»«

i4fferentiating (4.10) with r©«^ct to a and putting a » 0 wn havw

CD evaluating the integral we have

,..
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The total normal flow is therefore given by

'**<?
(4*21)

that it

(4*22) 

Cfe evaluating the integral me have

f « 4 AY,*

(4,2) and (4.3)

t >»*? (4.24)

therefore we can finally writs the equation for the net evaporation as

3
13 —2 Por »rcury vspour C\W) * §,10 on (see Appendix 1) and if

the tenperature it of the order 1000°K, c" = 4.10^ on/ see. If J *
5,2 -3 1Cr Vo°» the radius a • 4.10 om for a 5A arc apot,

Taking NO » 1020 ve have, from (4*2$) 

F * 3.0 x 101 * atcaw/coulonto for H^ * 1015
4 r F . 1.8 x 1016 atOMi/oouloaab for » « 1017

Comparing the values of F faloulated from equation (4*23) with



18 the measured rate of evaporation of 10 atoea/coulomb for a»roury (see

9* 37) *• »•• that the theory predicts an evaporation rate about 30-30 

tints smaller than is observed. The reason for this discrepancy is 

almost certainly due to the initial assumption that evaporation takes 

place only from a stationary oiroular area of radius a, where a is the 

s*asured radius of the cathode spot, kVen if the spot is anchored 

there is always sou* random notion along the junction of the n&rcury and 

the anchor, and as the hot spot moves over the mercury it leaves behind 

it a warn area which will continue to evaporate after the spot has 

passed* The value of a which must be used in equation (4*25) is there­ 

fore an 'effective radius* of the evaporating area and may be many tines 

larger than the current carrying area of the cathode.

the effect of convection currents in the liquid mercury must 

also be consider*^ In conjunction with the flow of mercury repre- 

eeatiag the net evaporation, tire convection currents will cause a cir­ 

culation of the aercury in the vicinity of the spot as illustrated in 

Pig. 15, Although the discharge heats the mercury only over an area of 

radius a, representing the radius of the cathode spot, the figure shows 

how hot mercury may extend over a considerably larger radius as a re­ 

sult of convection. This increased radius roust 'o* used in equation

In deriving the value of c", a temperature of 1GGG°£ was 

This is probably the order of the temperature of the evapor­ 

ating mercury surface, but in the vapour above the cathode the tempera­ 

ture is certainly higher due to the elaatic collisions made by the aton»
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with electron* and iona whioh have gained energy in the cathode fall. 

However it would aeem unlikely that the temperature would exceed 1000% fey 

as much aa an order of magnitude, since Hie heat loss to the close cathode 

surface would then be very large. Since 8" is proportional to the a$*are 

root of the absolute tenpernture it seems therefore that it ad$bt vary by 

a faotor two or three over the region under consideration.

If we now take a value of a whioh is ten tioss the radius of 

the arc spot and a value of c" oor responding to T * 4000% sad substitute 

these values in (4*2$) vie obtain

? » &1017 atosaj/couloffib for »t « 1015 

This is very much closer to the aeasureu rate of evaporation*

For the arc with a copper cathode the cathode spot ooes not 

exhibit such rapid random motion as in. the case of mercury » and since 

the cathode is solid except probably for Hie area immediately under the 

spot we should not expect convection currents to be Important, itor a 

copper cathode therefore we should not expect the evaporating area to be 

much greater than the current carrying area. Ho figures exist for the 

value of (^N) for Cu vapour, but as the copper atom is somewhat

than the mercury atom we should expect C?UO to be rather larger for Ou 

than for %» so we shall take ("XH) « 101 ^ cm" . If « * 10^ oa/aec

(corresponding to a temperature of 30OO°K in Ou vapour) and if the effec­ 

tive radius of the evaporating area is taken as twice the radius of the 

arc spot we derive from (2»«2$) that for the copper arc

F « 2.4 * 1017 ato»s/ooulowto for S «

This is in good agreement with the measured evaporation of 2.10 ' atoms/
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From eolation (J»*2$) w* should expect that as H is increased

the net evaporation would decrease. As H appears in the lo0
term the effect is probably small, but it has however been observed for

(17) a copper arc. " Since F la proportional to the radius a, and a is

proportional to the square root of the current we should expect the 

evaporation rate in atoms/coulomb to decrease with increasing current. 

It appears however from observations on mercury that the evaporation rate 

increases slightly with Increasing current^ ' but this is probably due 

to the general heating of the mercury by the higher currents.

(4*4) i^cdt&tions of the ai^ple

In the foregoing siQi>le diffusion treatosut the &ss\iog>tioa 

nade that the diffusion coefficient could be written

(4*3)

where A is a constant glwm by

In order that A should be constant in the space above the cathode „ uniform 

temperature was assumed and in the calculation & value T « 1000°!. was 

taken. He have explained that T may be larger in the vicinity of the 

cathode and smaller at the condensing surface, but o" would vary only 

a factor two or three in the region under consideration* Since in A 

first treatment we are primarily interested in an order? of magnitude



oaloulation the aaewqption of constant teoperature ia a .Justifiable 

aiaplifioation, but th« value 1QOQ°& ia probably an under-^atiraate of 

the teaperature in the vapour.

Another consideration ie tine mlioity of equation (4*3) at 

ftiHVe values of N, assuming coast ant temperature. For Ruroury vapour, 

the conntont H ia equal to £10 om , ao if R a 10 /oar, 51 « &1G 

OB, The mean free path is thua not large oos»«red with trie size of the
w ' <fc~' Jfc

atom and at theae high densities trie use of tfci expressions (4.3; and 

(4*24)* vhioh are derived from 6lr»'iplo kinetic theory, becon^a truest ion- 

able.

there ia aa yet r%» coirorehenajivo kinetic theory of dena© 

^ and no roeasuresneats appear to have been $a&s on dil'fuaion co­ 

efficient a at large gaa densities. However, «e may ooo& to socie oonclu- 

eiona about the behaviour of the diffusion coefficient by examining the 

coefficient of viscosity, which haa been meaaured at large gaa preaaurea* '

The coefficient of viaooaity n ie, in tm aiiaple kinetic 

theory given by

<l :

where m ia the mass of the atom* From (4*24) '*e

On the single theory we should expect both A and ^ to be independent of 

density. However it la found that for nitrogen at 100 atiaoapherea <} 

ia about 50, greater than at one atmoophere. A should therofoie aaow
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a corresponding increase, but only by a msall factor 1.5. fhe single 

theory would therefore seem to be applicable even up to densities of the 

order 102

The fundamental limitation of the foregoing treatnsent is how­ 

ever the boundary condition of equation (4.7): 

K * tf for o 4 r < a in the plane a » 0.

From (4.11) and 0*12), putting z a 0, we have the distribution 

of vapour in the cathode plane 

R . K0 for r < a

(4.28)

In Figure 1J, N is plotted as a Amction of £ for N « 1020 and H -a o s
In order that a uniform density N should exist over the area 

of radius a and be approximately in equilibrium with the liquid surface 

below it, the temperature of the oathode over this area zsuat be uniform, 

The value of the teo^arature for a given II can be found by reference to 

Fig* 10. The temperature distribution on the cathode surface will there* 

fore be a flat-topped curve similar in shape to the density distribution 

curve giveu in Fig. 16, 4 sketch of the temperature distribution is given

in Pig, 17.

»e see from equation (4*20) that the rate of evaporation per

unit area which is required to give the density distribution of Fig. 14 is
2 2 «• 

proportional to (a - r ) * for r 4 a* Similarly it is shown in

10
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4 that to maintain the area of radius a at a uniform temperature in the 

face of losses by conduction through the cathode, heat must be supplied 

at a rate per unit area which also varies as (a - r ) , Therefore if

the density distribution 14 » H for o ^ r ^ a is to be maintained, the
2 cathode ;nust be supplied with heat at a rate v</cm where ^ is given by

Q ct (a2 - r2)^ for r< a

j Q « 0 ffcr r> a
!i 
»

In Fig* 18 Q is shown as a function of r. Clearly more energy 

per unit area has to be supplied at r a a than at r « 0 and it is un­ 

likely that the discharge would supply energy to the cathode in this 

manner. It would rather supply ;aore energy per unit area at the centre 

than at the circumference, thus leading to a rounded teirperature and 

density distribution curve (Fig.1?). This will be discussed in greater 

detail in the chapter on the contraction of the arc spot, 

( However by siiaplifying the problem so that it can to treated
i;
s

by reasonably simple mathematics we have demonstrated that strong evap­ 

oration from a small area on a cathode gives rise to a largo density of 

atoms at the cathode surface. Transfer of material from the cathode to 

the condensing surface, assumed to be at infinity, takes place by dif­ 

fusion, under the action of density gradients in the vapour. Calculation 

shows that a density of 10 /oar (corresponding to a cathode temperature 

of 520°C) could be maintained over an area of radius 4*10*^ cm at the 

cathode surface (corresponding to the area of a i>A arc spot) at the

! £.. **(**«. 1.1. T;
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expense of a net loss of about 3*10 atoms/sec. Since the measured
13 evaporation from a > aro spot is about 5,10 atoiiia/seo we conclude that

the effective evaporating area has a radius of about 4*10* oav

It is instructive to oauapare the evaporation loss from this 

area if we would assume evaporation into high vacuum, that is if the 

atoms move to infinity without colliding with each other and every atom 

which leaves the cathode surface reaches toe condensing surface, Since

jseroury at a temperature of 520°C is in equilibrium with a density of
20 / 3 10 /on of vapour, the evaporation would be given by

£» oT * lo^/oat2
•2 The total evaporation from a circular area of radius 4*10 cm into

2"!
vacuum would therefore be 5,10 atoss/seo, that is 1000 times greater

than the evaporation derived by the diffusion treatment, The assumption 
that the vapour immediately above the cathode is in equilibrium with the 

liquid mercury is therefore Justified,

In the foregoing discussion we have neglected the presence of 

positive ions which, as they move towards the cathode represent a trans­ 

fer of atoms in the opposite direction to the evaporation. If the 

positive -ion current la 5-3&> of the total current the flow is 3*10 -
4Q

1*2 x 10 iona/oouloofc. If these condense on the cathode* they repre­ 

sent a back flow of the same order of magnitude as the measured evapora­ 

tion, In order to account for the measured evaporation, the true eva­ 

poration as calculated in this chapter swat be larger by a factor 2* If 

however the ions do not condense but are reflected as neutral atoics they
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will not represent a net transfer of material. Probably a proportion 

are reflected and the rest are condensed. If trie ions arrive at the 

cathode with approximately tformal velocities, the number density of 

iona at the cathode is about 10 /oar, which is negligible compared with 

the neutral density, and so for the purports of this single diffusion 

theory we have neglected the influence of the iona.

In this chapter we have explained How a large density of 

vapour can exist in the iraraediata vicinity of the cathode spot althou^i 

the density elsewhere in the arc vessel is very low. In the next 

chapter we shall consider the excitation and ionisation processes which 

occur in the dense vapour.



E.R.

EXCITATION AND 3ENBATIO>r

The current density in the mercury .

A typical mercury arc discharge tube is sketched in Fig. 20. 

The cathode is a pool of aercury at the bottom of a glass tube about 

8 on in diameter. The anode is en iron disc and ita distance from the 

cathode ia large compared with the diataster of the tube* The tube is 

evacuated and contains only laercury vapour at a pressure detersained. by

the temperature of the condensing surface of the tube. We shall take
o -2 this to be about 60 C, corresponding to a pressure of about 2.5 x 10

am Hg and a number density of 10 ^ atoms/cm.

Consider an arc discharge in this tube carrying a current of
P 3. The current density at the cathode spot will be WJ A/o» , while

at large distances from the cathode the positive colurm will nil the
2 ttfce and the current density will have fallen to about 0. t A/OT* .

oathoda spot is assumed to be at the centre of the mercury pool arid in 

Fi&.2l the current density 4 is plotted as a function of the distance a 

from the cathode oa the axis of the arc. ^his cuxve is derived from

purely ^eometriool considerations, as follows: when z is small ooopared
5 with the spot diaoBter j will be e^proKiaiijtel^ constant and equ&l to 10^

A/om2 (lint 1). *h»n e is large compared with ^e tube diameter, 4 mil
o

again be constant and equal to 0.1 A/cm (line 2). In between these 

extreme values we should expect j to vary as the inverse square of a.

-59-
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Here us have

(5.1)

whs re the current i is takcm to be 5&. The solid curve joining these 

three lines represents the probable variation of J with 2,

In discussing processes which occur up to distances of about
«JL e

5.10 * cm from the cathods we see from Fig. 21 that we oan take j * 10^ 

A/o* And neglect its variation with «. Furthermore we see from the 

results of the previous chapter (Fig. 14) that over this region wo aaey 

consider the density of neutral atoms to be conn t ant and equal to 10 /cm . 

Also the radius of a $A arc spot is about 4»1Q cm, so for distances up
-L 

to 5*10 cm from the cathoUe we shall, for the purposes of this chapter

consider the problem as being in one co-ordinate only (the axial, or z 

co-ordinate) since the extension in the 2 direction is small compared 

with the spot dianeter.

5»2, jccitation in the vapour.

For the purpose of the following discussion we shall divide 

the discharge into a nunfcer of regions by drawing planes parallel to the 

cathode surface. Xhese regions will be numbered in order from the 

outhoue, as shown in Fig* 22*

Region 1 extends from the cathode to a plane where the poten­

tial is 5v positive with rsspoct to the cathode. Se have seen from
-6 -6 

fable 6 that this region will extend to aaout 2.10 to 3*10 om from

the cathode surface. In this region electrons from the cathode will
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gain energy in the electric field of the positive ion space charge

will suffer only elastic collisions wdth neutral atoms. As the taass of

a mercury atom is >. 6 x 1CT that of the electron (w»e Appendix 1) at

each collision an electron mill lose on the average , a fraction ~~ a 
-6*

of its energy. Since the electron mean free path in mercury
OQ X „,£

vapour of density 10 /am is about 10* cm (see Appendix 1) the elec­ 

trons will make very few collisions as they traverse Begion 1. the 

energy they lose by elastic impacts is therefore negligible.

Electrons which are released from the cathode (work function 

4.5v) by excited atoms of energy 4,9eV will have an energy distribution 

with a maxl mm of 0«4^V. The average initial kinetic energy of an 

electron will the*«fore be about 0«2eV. The approxiiaate initial energy 

distribution is sketched in Fig. 23* ^he electrons will then acquire 

approximately 50 V each as they cross Begion 1, They will be scattered 

by elastic impacts with vapour atoms, but as the electric field is high
* **'will be scattered preferentially in the forward direction, 

They will therefore enter Region 2 practically as a beam, with a narrow 

energy distribution which is sketched in Fig. 24*

Electrons which enter region 2 will have gained sufficient 

energy in Region 1 to be able to excite mercury atoms into the ?,

resonance state (4.9eV> or the metastable Q state 

probability of their exciting the me tas table state is very small, and so 

for simplicity of the discussion we shall consider that aeroury has one 

excltea state only, the resonance state of 4«9®V. The other resonance
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state ( P. , energy & 7«V) cannot be excited by electrons of only f?v energy 

and so will be neglected in the first discussion.

. The cross-section •-, for excitation of the e. state of mercury 

varies with the electron onergy, rising froa» aero at 4«9eV to & maximim
T -16 2 -*of A 10 on at &6eV and then decreasing* This is sketched in Fig.

25. For simplicity ne shall approximate this curve to a simple step 

function of height '* • 3.10"" cm .

Since the electrons frets the cathode enter Keg ion 2 as a beam, 

we can calculate that the fraction f of cathode electrons which have ex­

cited within a distance 2* after entering Region 2 is given by

pf s ' ' e (5.2)

where N ia the nuraber (tensity of neutral atoms. With li * 10 

Q « 3.16"16 cm2 we find that f • 8Q^ whon a* a 5"

Since the electrons are probably not truly a beam but have a 

certain amount of randan motion, this sirapl^ treatment leads for a given 

s* to a value of f which is too snail* We nay therefore conclude that

practically every cathode electron makes one exciting collision within
•5 5,10 on after entering ifegion 2. We now define Region 2 as the region

in which all the electrons from the cathode amka their first exciting 

collision, and take its extent as 5«10~* cm (Pig. 22)*

Having Bade inelastic collisions in rogion 2, the electrons 

will move on into Region 3 with reduced energy* IS define Region 3 

as extending from Region 2 to a plane where the potential is 8 volts 

positive with respect to the cathode; that is to say, the Treasured



cathode fall occura over kogiona 1-3, *• shall show later that Begica 

3 for & 5A arc probably extends to a distance of about $,10** cm from 

the cathode, and as wo have already stated, we may consider the current 

density aa constant up to this distance. In itegion 4 the current ctea~ 

aity decreases with increasing 2 and we define this region aa joining 

Begion 3 to the positive column (Pigs. i>1 and 22)*

5.5» Ioni sat ion in tha Vapour*

Electrons entering Region 2 haw ©nergien of only about 5®V 

and ao are not capable of ionising a vapour atom (ioniaation potential 

10«4ftY) at a aingle collision. lonisaticn may occur however by two 

por.sible prooessea*

1. An electron with energy > 5.$®V may tuake an inelastic
3 colliaion with an atom in the F, atate (l^^e?) f forndng mi atomic ion

Hg4 (ioniaation energy 10.4eV), (Fig.26).
3 3,2. Two atoms in tbe *&* state, or one in the "T, state and

another in toe ^P state, may collide and a aolocular positive ion fl^ 

(ioniaation energy « 9.6£eV) may be formed (Fig.27).

; The fir at process requires alightly more energy than the
!

excitation of an atom from the ground atate to the resonance atate. Cn 

the other hand the oroaa-aectlon is likely to be much largerf on account 

of the increased 'aia*' of the excited atom* Ho measurements are avail-

able on this process in mercury vapour, but it appears that in hydrogen
i

the oroaa-seotion for ionisittion of an excited atom riaes steeply from
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aero at the oritioal energy to a maximum which occurs for an electron 

energy on few eV above the critical energy. fhia mxirHum cross-section 

in hydrogen la about ten tine* the naaxiinua cross section ibr ex citation 

from the ground state.* ^' HO uiay therefore make an estimate of the

probable cross-section for ionisation of an excited nercury atoms this 

haa been done in Pig. 28, where the orosa-section for excitation of the 

•T. at ate from the ground state is also shown. It can be seen from the 

figure that in the energy range 5~&V the cross-section for excitation 

from the ground state is larger than the cross-section for ionisatioa of 

an excited state, but above 6sV the cross-section for ionioation is the 

greater.

f tit second process, ionisation by collisions between excited 

at oc», has been investigated by a number of workers; * " ^ It is 

found that if resonance light ( *\ 2537) from a aercury lamp is shone into 

mercury vapour, ions and electrons are produced in the vapour. Since 

the light con only produce excited atoms of quantum energy 4.9eV, some 

step wise process oust operate to produce ions in the vapour. The ioni­ 

sation potential of the atom is 10.4V, so two excited atoms would not 

have quite sufficient energy to ionise one of the®. However the mercury 

molecular ion Hg* is thought to have an ionisation potential of only 

about 9. &eV, and it has ^een shown experimentally that the process which 

probably occurs at low pressure is a collision between a ^ resonance 

atom (4.9eV) and a *PO met as table atom (4*6eV). The ooaiblned energy of 

these two excited atoms, together with the heat of formation of a msroury 

ffloleoular ion (0.15«V, see ref.134) will be Just sufficient to ionise the



molecule. The reaction is

ilg* (4,9eV) + Hg* (4.&V) «, Heat of formation

At high densities, collisions between ^ (resonance; atoms 

liieely, and tills will result in ionisation of the molecule with a

excess of energy which is carried away by the electron. This 

reaction is shown in Fig. 27*

(4.9*V) + Hg* (4*9*V; * Keat of formation (O.l^eV) 

* (9. %#V, * e (O.JO»V).

Since there i« an altoost exact energy rftconaaoe for this pro­ 

cess there is a hi^jh probability that it will occur when two excited 

•tons collide. there »iave been ao iaeasui^emants of the probability 

but we shall taioa it to b« of the order 0,1 - 1,

It is now apparent that whenever conditions exist where 

aercury atoms are excited into their lowest excited states, ionisation 

is likely to occur by cumulative processes. Such cumulative processes 

are iuoet likely to oo ur at high current densities, since then the 

excited atoms have no tiioe to radiate their energy before they are 

involved in an ionising collision. It ahould be noted however, that in 

the majority of other seta! vapours, auch as copper, the lowst excited 

states have energies less than half the ionisation potential, and so 

only the higher excited states will be able fco produce ionisotion by 

cumulative processes*
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The axial electric field.

We have calculated that the electric field at the cathode sur­ 

face is about 3,10 v/crn, due to the strong space charge of positive ions 

in Region 1,

From equations (1,3) and (2,4) we find that the field in 

Region 1 decreases with increasing s. In Region 2 there will be excita­ 

tion, and hence production of ions by cumulative processes as described 

in the previous section* Since this will tend to equalise the concen­ 

trations of ions and electrons the elactric field in Regions 2 and 3 will 

be considerably lover than in legion 1, and will probably decrease slowly 

with increasing z.

The ©lectric field in Segion 2 sauat fulfill the condition that

the voltage orop across the region ia only 5 volts. There w© have
x

* 5 volts (5.3)

-6 
where x is the extension of H&gion 1, i.e. about 3*10 cm*

Also the field in Regions 1-3 cRuat fulfill the condition that 

the total voltage drop across them is the cathode fall of d volts*

Therefore we have
d

• d volts

where d is the extension of ;, egion 3 fVa.; the cathode i.e. about ^.10 

Th§ variation of the axial electric field X with the distance from the 

cathode z ifl represented rou^ily by Fig, 29 1 in which the boundaries of
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ths various regions ara marked. The integrals in equations (5.3) and

(5«0 represent areas under the curve. Thus we can deduce that the
6 average electric field in kegion 1 is about 10 v/caa while the average

electric field in Regions 2 and 3 is about 10 V/CJB.

In Region 4 the discharge is expanding radially and j decreases 

with increasing z, probably according to an inverse square law (equation 

5»l)t For the purpose of an approximate calculation, let us assume that 

the field X in Kegion 4 also varies as the inverse square of z* Then 

the potential drop across Region 4 is given by

($.5)

where X, is the field at the boundary of legions 3 and 4, d is the 

distance of this boundary from the cathode and g is the extension of 

Kegion I* If we now put d « 5.10 cm, g <v 3om (see Fig. 21) and take X, 

a 5.105 to 10^ V/cm we have

V. m 2.5 to 5 volts 4

It would therefore appear that, the cathode fall of 8v having fallen off 

in regions 1*3, a further potential difference amounting to a few volts 

would probably fall off over Eegion 4. fhisiain agreoment with the 

observation that the total discharge potential of a BBrcury arc of the 

type shown in Fig. 20 is usually about 10 - 15nr. **» *hs positive column 

the electric field is very low (probably 0.1 - 1.0 \f/<m) and so unless 

the oolufin is very long it only aakes a small contribution to the total 

discharge potential.
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5«5« The distribution of ions arid electrons.

An estimate of the density of charged particles will now be 

nade. The distribution of the electron density R" and th© ion density 

#* ia plot tea as a function of z in Fig. 30 which will be explained in 

the following paragraphs. the current density of electrons f is given

where v ia the drift velocity of the electrons in Use direction of the 

electric field.

In iegion 1 the electrons move as a beam and 00 their velocity 

at any point oan be derived from the eaeivy they have acquired by the 

relation (see appendix 1),

r « 4107 V cVsec (5.7)

where V is the potential through which they have fallen.

At the cathode the electrons will be e&ittad with an average

energy of about 0.2eV corx-eaponding to a velocity of about 3.10'cn/seo.
«• S 2 In equ&tion (S»£) putting j a 10 VGTO {since, aa i»e have discus sod in

the previous chapters the current in trie arc is carried mainly by elec­ 

trons) and vT • 3.10 'OO/MO, we derive ft" « 2,10 /cnr at the cathode.

As the electrons enter action 2 they will have velocities of 
a

about 1,4 x 10 oV«*°» corresponding to an energy of 5»V, With thin
«• 4 "* ^velocity ia equation (5.6) we derive that K a 1*10 "year at the boundary 

of Regions 1 and 2*
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la Region 2 the electrons will lose nearly all their energy in 

inelastic collisions, and ao will be slowed down. Since j~ does not vary 

with « in this region, we see from aquation (5.6) that vT aust therefore 

rise sharply. Since the electric field in iiegions 2 and 3 is such lower 

than in Region 1 the electrons will now aaove as a swarm rather than as a 

bea* They will have a mean random velocity v" corresponding to thoir 

average energy, and a drift velocity vT in the field direction which will 

be such lower than v".

Since the probability that an electron will excite the 4*9 volt 

state of awrcury is aero for electrons of exactly 4»9eV energy, but rises 

steeply with increasing electron energy, (aee Fig. 25) it is likely that 

the majority of electrons which excite atooa in Hegion 2 will have a small
»

excess of energy above 4.9eV. this excess energy i&ll be retained by 

the electrons after osJciag inelastic collisions: we shall take it to be 

about 0,5eV, which will give the electrons a roe an random velocity of 

about 4*10 as/sec as they pass on into Begloa 3,

The drift velocity of an electron swarm in the flaid directiou 

is given by

' * V (5.8)

where V is the acan free path for electron-atom collisions. if the
o

/J^l It

density of neutral atoms is 10 /oar we see from iippendix 1 that for

electrons of 0.5eV energy V % 5.10 o». With this value in equatione
•«•• "7

(5*4) and v » 4.10 cn/sec we deilve

« 20X. whore X is in V/offi
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As we have already Oisouaeed, X in Kegion 3 is probably about 10 V/cm. 

Hence vj[ « 2.105os/s«e and from (5.3) it"* 3.10l8/o»5.

In region 3» A probably decreases as & increases (Fig* 29 } so N~ 

will increase with increasing 2, In Hogion 4 however the diacharga Is 

expanding and J and X decrease as a increases* (see Figs. 21 and 29). 

Since however the density of neutral atoms in this region decreases

rapidly with increasing 2 (see F%. 14) *X isill increase rapidly withe
increasing 2, Hence from equations (5.6) and (5*3) we should expect S!~ 

to decrease also until it reaches the low uniform value of the electron 

density in the positive column* M will therefore go through a maxicusi, 

and we shall show later that it occurs at the boundary of Kagions 3 and 

4, where the potential is 6V positive with respect to the cathode.

This approximate account of how N~ varies with z is illustrated 

ia Fig.30. In order that the slectrio field shall not be Inordinately 

large N* must be nearly equal to H~ ia Regions 3 and 4* In Bsgion 1 

however, there is a positive space charge, so It exceeds H*. Since they 

a*ke collisions with vapour atow in Region 1 the ions will arrive at 

the cathode with appreciably less energy than the $ volts through waich 

they have fallen. If we take thoir energy as 1eV9 corresponding to a 

velocity of 10 co/seo we calculate that if the ion current deoaity in 

Region 1 Is about 104 ^cm2 t than K 4" a 6, W^/ats? at the cathode. 3ince 

X. decreases as z increases, 8* will increase across Maglon 1* The 

probable variation of tt* with a is included in Fig. 3D* In Eegion 1 to 

have taten th» ion current to be about 10-20 of the total current. In 

Eegion 3 since N* * ff~ t the ion current will be only about 0.2 of th«
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total (see p. 10) and so in this region we may regard the current an 

carried by electrons only.

The simple expression for the election drift velocity givea 

by equation (5,6*) is strictly applicable only to conditions of low 

current density. For the large densities of charged particles which 

occur near the cathode of an arc the staple treatment muot be modified. 

The SB an free path for the electrons can no longer be tatoen as being

oiaply for elect ron-atom collisions but the a»an free path for electron
i 

ion collisions must be considered. This ia given by G-vosaover's

V n K WT€

If MI take JcTe « 0.5e¥, N* * 3.10/o« «« obtain froa this equation 

that in Region 3, ^ • " 6.1o"7€Mu It appears then that the moan treee 
paths for electron-atom collisions and electron-ion collisions are in

this case approxifnately equal. this is because there is a high density 

of neutral at OBIS as well as a higfr density of charged particles. The 

use of the simple classical treatment given above is therefor© justifi­ 

able to obtain at least the oruera of magnitude of the .quantities in­ 

volved.
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5*^ The electron energy distribution in Kegion $.

«fhen a swarm of electrons movies in an electric field through 

a gas, the electrons reach a steady state energy distribution, gaining 

energy in the electric field end handing it over to the atoms by colli­ 

sions* In discharges where the density of charged particles is low, 

the electrons do not interact with each other and so no electron in the 

energy distribution has an energy greater than eV , where V* is the 

potential difference through which the swarm has rooved. If this were 

the case in Region 3» nt) electron which has excited an atom in Usgioa 2 

could gain further energy greater than jieV, and so no electron from the 

cathode could produce more than one excited atom as it fell through the 

8v of the cathode fall* However , on account of the high density of

electrons in Region 3 we should expect that the electrostatic fields of
/

the electrons would interact with each other and that the electrons 

would exchange energy by means of 'collisions** In this way, although 

the swarm has amoved, through only 3 volts, electrons with energies greater 

than 3 volts will be found in the energy distribution.

A theory of electron interaction in a region where the concen­ 

tration of positive and negative charges is approximately equal has been
{developed by Davydov

In the steady state electrons gain energy from the electric 

field and deliver it to the atoms by elastic end inelastio collisions.

The tijae interval t in which an electron can share its energy withe
another electron, i.e. a 'collision time* for electron-electron collisions,
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is compared with the tins t in which an electron can hand over the aanie 

amount of energy to the atoms. The ratio t/t ia called V .

If Jf ^ 1, *e >^ t &»d «> ths eneriay exchange between electrons 

has little effect on the energy distribution of the electrons, vhloh is 

then obtained simply by consideration of electron-atom collisions. If 

y » 1 however, the electrons exchange energy with each other before 

they can hand it over to the atoms* In this case a axwellian energy 

distribution will be set up and in the steady state the electron tem­ 

perature T^ is determined by the condition that all energy gained by 

the electrons from the Held naist be handed ovar to the atom* in colli­ 

sions.

Sttvydov derives the equation

(5.11)

where K ia the electron concentration 

1 the electric field 

* the electron a»an free path 

£ the wan electron energy 

r the Debyv Radius, given by

(5.12)

If we substitute in equations (5.11) and (5.12) the values X «
f

8" > J.1018/o«3i m 5,1o"7o»j f » 0.5»V = kT «• find
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There is little doubt therefore that under the conditions 

which exist in Region 3 there will be strong electron-electron inter* 

action and the electrons will have a Maxwallisn energy distribution. 

Thus although the electron swarm aovea through a potential difference of 

only 3v v electrons will be found in the distribution which have energies 

greater than 5v and are therefore capable of exciting an atom.

If N~ is the electron density the number of collisions between 

electrons and atoiss per car aad sec is given

where v ia the a»an random velocity of the electrons and \ is the maan 

free path for electron-ato^ collisions*

If f* is the fraction of electrons nith energy > V* and F* is 

the probability that an electron with energy greater than V* will excite 

an atom upon collision, we have the number of exciting collisions per oar 

and sec

n* m nf* P» (3*14)

If the average energy of the electron swarm in Region 3 is 

about 0.5eV, the fraction f* with energy greater than 5eV will, if the

ttstributioa i» Maxwellian, be 2.10*^ (see ref.122) f
iff 

If now in equations (5.13) a«^ (5*U) «e put *\ e « 5.10 '«%

T* . ^lO^OB/oec f* « 2.1CT1* F* * 2.5 x 10* (se@ A^endix 1) and 

If* » 3.l018/ow3 we have

«* « IQ27/©*5 and sec,
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If we asauot) that in the steady state the electrons lose all the energy 

they gain in the electric field by making inelastic collisions with atoms, 

ne may equate the energy per oar and s@c tafcen from the field with the 

energy lost in inelastic collisions per car and sec* We have therefore

X « a* V* 

Putting »• » 1027 V* « 5eV 4" « 105 Vc®2 we find Jt * 1oV/oia.

Our original estimate that the average electric field ia uegion 

3 i» about 10 V/CBI and that the aaan electron eaergy ia about 0,5®^ i» 

therefore consistent with the assumption Hmt the energy gained by the 

electron B in the electric Held is entirely lost by inelastic collisiono 

with a tows. The effect of elastic collisions saaat also be considered,

Se have calculated that the nimiber of inelastic coliiaiona ia 

a* * 10 ̂ /ear and aec. The total number of collisions n ia derived 

fro« equation (5.13) and is 2.1QJ /&? and eec. >Ve have derived in

Section 5.2 that an electron loses on the average a fraction 410** of 

its energy in an elastic collision with a mercury aton;. if the mean

energy of the electrons is G.$eV we see that the energy lost by elastic
26 5 collisions ia about 5, 10 aV/csr and sec. The energy loat by inelastic
27 5collisions ia about 5.10 f eV/e» and see, so to a first approximation «•

may consider th*?t the electrons lose all their energy in inelastic colli­ 

sions.

The rate of production of excited atoms by electron impact n*

ia plotted a* a function of * in Hg.3L X® i^gion 1, n* a 0. In
**5 

Bagion 2 each eieotron raaJtoes one inelastic collision in 3,10 ''cm. As



n* AS
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Kg 28/ 5 the current density is 10 &/om the sverags a* i» 10 /oar and sec.

In Region 3 § the average n* is 10 yea and see and decreases with in­ 

creasing a, since from (5.15) a* is proportional to the field X«

Each electron passing through kegion 3 will therefore expend 

the 3 volts it gains, if there are no other losses, in producing on the 

average 0, 6 excited atoms. If we took losses by elastic collisions 

into account tnis i!0tre would be slightly smaller, T his is of course 

in audition to the one excited atom the electron has produced in Region 

2 with the energy it has gained in Kegion 1, Each elaotron will there­ 

fore, on the average, produoe 1.6 excited atoms as it falls through the 

a volts of the cathode fall*

5.7. The transfer of, ff sited, .fttpgfff

Sxeited atoms will be lost by;

1. Radiation

2. Diffusion

3. Collisions of the second kind in which an ion-nair is fbraaed

(Fig. 27). 

4* lonisation by electron impact (Fig. 2 6).

The loss of excited atoms will be balanced by two production 

prooenaes*

5. Excitation of an atom by electron impact. This has been

discus sed in the previous section*

Production of excited atoms by recombination of en ion and 

an electron. This is the reverse of process (3) &®& will
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• . - be diaoussed later,

.? Tha transfer of excited atoms by radiation and dif fusion will 

be considered first. On account of the high oeaaity of atoms, tfae 

radiation from an excited atom returning to its ground state nil! be 

absorbed by a neighbouring unexoited atom. Since the cross-section for 

the absorption of a resonance photon ia greater than the collision cross- 

section of an atom with another atcta/ ^' the excitation energy will 

simply be transferred by radiation to an adjacent atom. the lifetime 

of the T^ at ate of mercury ia about 10 sec. The collision frequency 

of atoms at a danaity of 10 /car and 1000°K ie about IQ11/***, ao an

excited atom makes about 10 collision a during ito lifetime. It my of 

course hand over its excitation energy at one of these collisions, but 

if the collisions are perfectly random this event Is indistinguishable 

from a collision in which the energy ia not handed over. If the excited, 

atom mates 10 collisions and then hands its energy by radiation to aa 

adjacent atoat» which then oateea 10 collisions and ao on, the excitation 

energy will be transferred, aainly by diffusion of excited atoms and the
'• {. '.-' ; '

effect of radiation fd.il be negligible. This is know* as the iiapriaan- 

a»nt of resonance radiation, and has been investigated by a nusfcer of

At the edges of the cathode region, where the densities are
-.M vi ^

lower, radiation may escape and energy will be lost. However, since 

the extension of the oathodi region ia small compared with its diameter, 

wa shall neglect radial losses and consider only the diffusion of excited
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atoms in the axial direction.

The excited atoios will diffuse under the influence of density 

gradients and the flow F* per unit area will be given by

where D* is the diffusion coefficient for excited at&as, which wa shall 

take as equal to the coefficient of self-diffusion of the vapour. Any 

difference due to the increased siae of the excited atoms, the effect of 

radiation etc. will be neglected*

Differentiating equation (5.1 6) with inspect to » w* obtain

(5.17)

But in the steady state, is etju^a to fte r^t rate of production

of excited atom per cor and seo, which w® shall call 0*. therefore

From this equation it should bo possible to oerivw the distribution of 

as a function of a, if U* is known as a function of z. In the previous 

section the production of excited atoms by electron impact was clisousaedi 

we oust consider also the production of excited atoms by the recombination 

of ions and electrons.
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5.8. Production and Keoombination of lona.

Cn account of the electron interaction in Begicns 2 and 3 there 
will be a few electrons which have sufficient energy to ionise an unexcited 
aton at a single intact. If the average energy is about O.fjeV and the 
ioniaation requires 10«4*V. the fraction of electrons capable of ionis­ 
ing directly will however be very small. A more likely process by which 
ions will be formed is by ionisation of an ejtcited atom by an electron 
(this requires only 10.4 - 4*9 « 5«5 volts> or by a collision of the 
second kind between two excited atoaas in which & molecular ion is fbraad.

The number of collisions an excited atom jaaiass per second with
7 M»other atons is —• and of these a fraction -rr will be with excited atoms, 

The total nuBBbcr of collisions between excited atoms per car and sec is 
therefore

(5.19)
We will assuoB that the probability of an ion-pair being fonned at such a 
collision is about 0.1 (see Section 5.3) so the rate of production of 
molecular ions by this process is

fe have discussed in Section 5.3 the relative probability that an electro* 
of given energy will ionise an excited atom or excite a-i atom from the 
grouna state. The cross-sections are sketched, in Fig. 28. W@ see that 
electrons between 5 - 6eV energy will rather excite atoms from the ground



•tate, and electron* of energy greater than 6cV will rather ionise excited

atoms* For a Maxwellian distribution of average energy Q.fjeV a fraction
«4 

2,10 of the electrons will have energy greater than 5eV and a fraction
~5 

2.10 ' will have energy greater than 6»V (see Ref,122). the rate of

production of ions by ionisation of exalted atoms under the conditions 

which exist in Bagion 3 i» thus about one tenth of the rate of production 

of excited atoms by electrons, time* the fraction of excited atoms present*

•e may wite therefore

N (<*ai)

from which it appears that the majority of inelastic collisions which 

the electrons make result in excitation of un&xcited at CESS* rather than 

ionisation of excited atosa, 2he process represented by equation (5.21) 

will lead to the production of atomic ions tig*. However if the ionisa­ 

tion takes place near a neutral unexcited atom, the ion may associate 

with it and form %* , the excess energy being carried away by the elec­ 

trons or by another adjacent atom (Pi$.32A). Also it is possible for a 

•ercury atom in the resonance state to associate mth an unexcited atom 

to fora an excited laolecule^ ^ which laay then be ionised by electron 

impact (Fig.32B). At high densities these processes seem likely, so for 

simplicity we shall assume that all the ions which are produced are mole­ 

cular ions, Hgi.

A proportion of the ions which are produced in Begions 2 and 3 

will be drawn to the cuthode by the eloctrie field, ions will also be
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lost by recombination with electrons. If a slow electron combines with 

a molecular ion, the molecule will dissociate, since it is unstable when 

neutral* The energy released In the recocatoi nation will be the ioniaation 

energy of the molecule plus the dissociation energy, that ia aboi* 9, $5 <*• 

0.15 * 9*3 eV. This energy will be carried away as kinetic and excita­ 

tion energy of the two atoms* It is moat unlikely that all the energy 

goes into kinetic energy of the atoas, m£ since the ilrst excited state 

of Hg has an energy of 4*9«V» the only two ways in which the energy can 

be shared are either for one atom to be unexcited and the other to carry 

all the energy, or for each atom to be excite a to the 4.9eV state. (Fig* 

33). It would seem that the latter process is the juore likely and so 

we fshall take it to be the only one which occurs* Tha loss of ions by 

recombination is thus a production process for etxoited atoms.

Ths zate of loss of ions by recombination per oar is given by

(5*22) 

Thin results in a rate of production of excited atoms given by

57 \ * ***
(5.33) 

The factor 2 occurring because each raoon&ination produces two excited

atoms.

Ho measurement a have been made of the recombination ooefficient 

of Hgt at high densities but since ti» reooo&ination resulta in the dis­ 

sociation of the awlecule t o/ i« likely to be high, probably of the order 

10"7 to 10"8 (•««
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Ions are taken from Eegions 2 and 3 to form the poaitivcs current 

to the cathode. If we assume, for the purpose of this calculation, that 

this represents a unifoiro volume loss of ions, the ion current represents

* loss given by

>. -
(5.24)

where d is the extension of Regions 2 and 3 in the axial direction.

la the steady state, the rates of production and loss of ions 

must balance* Therefore

Coasicier now the orders of magnitude of the teraa in equation

(5.25).

From equation (5»21), since II * must be less than ii, and n*
27 5 as calculated in Section (5,6) is about 10 /car and sec ?*> have

Prom equation (5.^), putting o^ » 10"7 to 10 sad H*~ 3.1Q18/ 

OBI we hare

equation (5.24), puttina j*/« « 10 /OB and sec and

5.10 os *e hav»

. »0*



Ths only unknown term in equation (5.25) is therefore ( ^ )^ and we

see that in order that the equation should be satisfied this tarm inust be
/D^ \ 2*Q ^D 1 of the same order of magnitude aa (f^ ) t i.e. 10 ' - ICryonr and sec.

/^j-Vv
( — - Jj represent e the production of ions by collisions bettpaen

/SH^\ excited atoms, end IfZJj represents the reverse process, naiaely the

production of excited atoms by recombination of ions. Since the other 

terns in equation (5*25) are small compared with ttese two terms, there is 

approximately a state of equilibrium between the two processes (detailed 

balancing), fe have therefore

A \3f '5 (5.26) 

From equations (5.20), (5.22) and (5.26) we have

(5.27)
m • •—" • — * v f

from which

Under these conditions therefore the ratio of N* to N* is a constant. 

(Xtf) • ^1015 t 0*0 ^lO^cxa 10~7 to 10"° m have from (5.28)

(5*29)

ll should now be able to derive from this relation the density distri­ 

bution of excited atoms from the curve of the density distribution of 

particles given in Fig. 30.
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5.9« The distribution of excited atoia»f

In Fig* 34 the density of excited a tons H* is shorn as a func­ 

tion of a* This has been derived as follows*

At the oathoda. ;aoat of the excited atoms will be de-excited 

»o if* » 0 at z » 0. In Regions 2 and 3 m see from Fig. 30 that N* 

3.1016/o«? and so from equation (5.29) ff* ~ 3,10^ to lO 20/^. In

Kegion 1 there is no production of excited a tans, hence from equation
dN* 

(5»18) ^ is constant. $* thus riaea linearly froia aero at the

cathode to a large value in iiegion 2,

The shape of the curve of ?f* in Kegion 3 must be the same aa 

the ahape of tdie curve of N f , since the ratio !i*/N* is constant* Since

goes througli a oajciimuQ at * a 5»10 cia, U* naiat also go through a 

at the aame distance* the direction *R which excited, atoms

diffuse is determined by the sign of the density gradient (equation 

5.16) and on the cathode si<te of the maximum the flow will be towards 

the cathode while on the other side of the a&xi@um the flow will be away 

from the cathode. ( Fig. 33).

Excited atoms which diffuse away from the cathode in Hegion 4 

will move into regions of lower vapour density and will eventually radi­ 

ate their ener^i this radiation provides the observed Iuffiinooit7 cf 

the cathode spot, .ixeited atcms which aifiuso towards the cathode have 

a high probability of releasing electrons nhen they arrive at the surface* 

It will be shown in the next section that the diffusion How of excited 

atoms to the cathode is sufficient to release the observed current density
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of electrons. The self-sustaining mechanises of the cathode is therefore 
contained on t he cathode aide of the maximum in the curve of Fig. 34, and 
hence this maximum defines the limit of the cathode fall region. The
assumption made earlier in this chapter that the ov cathode fall extends

~4 
over about 5,10 cm ia now justified* It should be reoMdMred that the
Maximum in th» curve of K was derived fro® purely geometrical considera­ 
tions and the maximum in the curve of N* was then derived from the curve 
Of N*.

It should theoretically be poaaible to run an arc consisting
only of Regions 1 to 3, that is to say with the anode brought down to a

-4 distance of about 5*10 cm from the cathode, However it would not be
possible to do this without disturbing the distribution of excited atoms 
and so in all practical cases it is necessary to run an arc which in­ 
cludes part of Kegion 4« Thus although the true cathode fall in poten­ 
tial occurs over Regions 2 to 3» the .measured cathode fall determined by 
the usual methods toay include some of the potential across Region 4» 
which, as we estimated in Section (5,4) is probably a few volta. It is 
fbr this reason that we have taten the lowest measured value of 6V for 
the cathode fall in the foregoing calculations, since the higher values 
of about 10v probably inducted some of tine potential across Kegioti 4.

It is instructive at tKia stafte to take the curve of N* as a 
function of £ and obtain its first and second derivatives wit a respect 
to x. This is done in Fig, 36. Curve A gives K* against z, and is 
copied froa Fig. 34. Curve £ gives ^ against z, derived from Curve





A, and curve 0 gives -p^ derived from Curve B. These curves will be& *
discussed from a qualitative point of view only, and no numerical calcu­ 

lations will be iaade from them.

From Curve B it ia seen that oUI*/dz is large, positive and 

constant in Region 1 § decreases rapidly in Kegion 2, less rapidly in 

ftegion 3» goes through aero as N* gpea through its maximum, is negative

in Region 4 and finally ia aero in the positive column*
JV From Curve C it is seen that 7— t is zero in Begion 1 , be cocoas

large and negative in Eegion 2 and after going through a minimum in­ 

creases steadily in ksgions 3 and 4* It goes through aero somewhere in 

toegion 4 and then becofoes positive and goes through a maximum before

finally becoming aero in the positive column*
(AV Fro* equation (5.18) we see that %-v is proportional to the

net rate of production of excited atoms U** fhis equation is valid flw 

the region close to the oathoue where there is no appreciable radial 

oif fusion of excited atoms. Consider now the production and loss of 

excited atoms per car and see* it have

Of the tern» on the ri^ht hand aide, n* represents the rate of production 

by electron irapact, find the Iracket represents the rate of loss by colli­ 

sions tfiioh involve production of ions* The factor 2 occurs «hen two 

excited atoms are involved in the production or recombination of one ion 

(Pigs* 27 and
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From orations (5«25) and (5.30) we have

(tN1

'1 (5.31)

Henos from (5.21), (5.24) «nd (5..J1) via have

(5.32)

Ac see from the previous sect Ion that the last term is small compared 

with n* and so oan be neglected, and as H* must be less than N we may 

write

That is to say, the net rate of production of excited ato&s is due almost 

entirely to electron iopaet. From equations (i/.lBj and (3. 33) we have

1- (5.34)
j|*j* *

If now we ooepare the curve of — j~ given in Fig* $6 with the curve of 

a* given in Fig* 31 ws see that, talcing the negative sign into account, 

that they are exactly similar over the regions in which a comparison is 

valid, i.e. Regions 1 to 3, 3fce purpose of this co^arison is to show 

that the distribution of excited atoms given in Fig. 3^ is consistent with 

the rate of production of excited a tocos as derived in Section 5*5. The
jn£|ky g|

positive =-7— in part of Hegion 4 indicates that there is a not loss of 
ds

excited atoms in the voluna: tnis is probably due to radial diffusion,
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•ince at these distances from the cathode it is nc longer permissible 

to consider the problem ae being in tbo z co-ordinate only.

5,10. fhe Diffusion of l&c^ted 4toms to the Cathode.

When excited atoms diffuse across legion 1 to the cathode 

surface, three processes may occur there

1. The excited atom may release an electron

2. The excited atom aey give up its energy to the cathode as heat*

3. The excited atom may be reflected sdthout losing its excitation 

energy,

The probability of the first process la the electron yield end 

has been discussed in Chapter 3. ®e take it to be about 0,50 - 0.75.

Very little is known about the relative probability of the second and
{L. 6)third processes, OliphanV ; has conducted experiments on the re­ 

flexion of ffe oetastables from a Jib surface and estimated reflexion co­ 

efficients for fast (K.3, * 200®?) «et as tables which varied fro® 10 - 

for noraal incidence to as great as 9Q& for near-gracing incidence, The 

reflexion coefficient Increased with decreasing atomic velocity. It 

toes not seem unreasonable therefore to expect a mm reflexion coeffi­ 

cient of 25 - 50, lor slow excited atoms of mercury on a mercury surface* 

3hls would mean that practically every excited atom which did not release 

an electron would be reflected with its excitation energy, and therefor® 

that process 2 would be insignificant. We shall take this to be the 

case in the following discussion.

Since there is no production of excited atoms in Kegion 1, the
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gradient of excited atoos will be constant. If W* a N| in 

2 and N* « B* at the cathode the uansity gradient in Region 1 is

v^»I
* (5.35) 

x is the extension of Hegion 1,

brcMu equationa (4.3) and (5.t6) we have th6 flow to the cathode

is given by
_ •«- ^ %
A Kl^ — WA• n "»t, ^^

vhere w is the total density of neutral a tome and A is a constant,

If all the excited atoms which reached the oat bode were ue 

exoited there, we could write N* « 0 and hence equation 5.36 becomes

>• N (5.37) 

This would be the flow only if all the e&citad atosB mere ae- 

excited at the cathode* If a proportion R are reflected, we cannot put 

0 but mist take !f* as given by the equation
o

, ,H (5.38) 

This expresses the fact that if KF* atoms are reflected away from the 

cathode, the conditions are the same as if a density H* excited atoms

exists there,
CcBtoining equations (5.3$ and (5.38) and solving for F* n»

obtain
(\ 10* / ^ - v-»

(5.39)
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This is similar to equation (5.37) except for the factor in brackets 

which represents the effect of reflexion of excited atoms.

In Chapter 4 we first took A » S.1Q17, corresponding to
— L
c a 4*10 oa^seo but we showed that it was more UUwly to be larger by 

about a factor 2, corresponding to c" « 8.1<AoVaea. If therefore w»

substitute in equation (3.39) the values A • 1,6 x 1018f o" « 8.1Q*W»*o»
~6 20 x * 2.10 cm and N * 10 and take It » ^ we find

»Nc (5.40) 

The reflexion of excited atoms therefore has only a smll effect on the 

diffusion. We have calculated in the previous section that K* in Region 

2 is probably about J.IO^-tO^/cm5, Ifaat is, of the mm order as U, 

If therefore we take N| a II, representing 100 , excitation we have from 

(5.9)
25 2 *v 7.10 /cm and see.

the flow of excited atoms to the cathode represents the nuaixsr
o

per em and sec which ara de-excited there f and ne have asaiuiieci that all

these release electrons. Excited atoms which do not release electrons 

are reflected and so are not included in the flow. the flow of excited 

atoms calculated abow would then be more than sufficient to release 

105V«»2 <** electrons (1 A, « &101 electrons per s®o»)

In the next Chapter we shall show that the positive ion current 

is probably about 20/» of the total current, so that if the total current 

density is lO^A/ea2, the electrons need carry only 8.toV«a • $&s flow



-91-

of excited atom» mould therefore reed to be only about 5. 10 /'car aad 

sec. to release this current density of electrons.

The calculation of the flow of excited atom* to the cathode 

which has been given above is not sufficiently accurate to give more than 

the order of magnitude of the flow, since it is not possible to assign 

accurate values to A and R* in equation (5.39). Also the assumption 

that all excited atoms which fail to release electrons are reflected is 

probably an over simplification, since a proportion are likely to give 

up their excitation energy to the cathode as heat*

We have shown however that each electron fro® the cathode will 

produce on the average about 1.6 excited atoms as it falls through the 

8v of the cathode fall (see Section 5,6} and furthermore that the pro* 

duction of excited atoms by electrons is balanced almost entirely by 

the loss due to diffusion to the cathoue, other losses being small in 

cotqparison (see equations 5.33, 5.34). $e should therefore expect

• (5.41)
I S

which, if we put J « a.10^Vom , leads to

F* - a.102^ atoas/offl2 and seo. o
This figure will be reduced slightly if other losses are considered, but 

as it stands it would be more than sufficient to release the observed 

current density of electrons fras the cathode.

£n effect which might; assist the flow of excited atoms to the 

cathode is the action of the highly non-uniform electric field in Region
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1 on the electric dipole moments of the excited atoms. This has been 

worked out in Appendix 5 And the effect is sh*m to be very small.

the Coer

In the foregoing discussion m have described how * self- 

sustaining discharge can be maintained at foe cathocte of an arc by means 

of excitation processes occurring in tha dense vapour close to the cathode 

surface. The calculations show that the proposed mechanism is consis­ 

tent with the observed features of the mercury arc.

The mercury arc is however a special case, aa all the excited 

states of mercury have greater energy than the work function, and hence 

all excited atosv can release electrons from the cathode. We shall now 

consider a more general case, and take as an example the arc with a copper 

cathode.

the ?soxfc function of copper is 4»teV and the first excitation 

potential is 1.4&V (Table 4}« Atona in the lower excited states there­ 

fore cannot ro lease electrons: if they strike the cathode there is a high 

probability that they will be de-excited, in which oaae they ^,11 give up 

their energy to the cathode aa heat. If a large number of such atoms 

reached the cathode they nould represent a large) energy loss Scorn the 

discharge, and the cathode fall would have to be large to balance this 

lass. We see however from Table 4 that the cathode fall of a copper are 

is only 6-9 volts, which is about the aaene as the cathode fall of the 

mercury arc.
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At the beginning of this chapter we defined Begion 1 as the 

region in which electrons from the cathode made only elastic collisions 

with rapour atoms. It so happens that in the oercury arc this corre­ 

sponds with the region in which no ionisation occurs, since as we have 

shown, cumulative ionisation occurs simultaneously with excitation in 

mercury vapour. region 1 would be better tie fined as the region of strong 

positive space charge which extends from the oathoob to where ionisation 

occurs in the vapour. In copper vapour, ionisation potential 7.7 volts, 

ionisation will occur by stepwiae processes when atoms are ox cited to 

energies of about 4«v» aod hence tie potential across Region 1 of a 

copper arc will be about k volts. Since the current density, cathode 

fall and other features of the coppc* arc are very similar to the mer­ 

cury arc we should expect the dimensions of the cathode region and the 

density of vapour there to be about the sano as for mercury, and so elec­ 

trons from the cathode will ssake only a few collisions with atoms in 

Region 1. The probability that they will excite an atom into one of the 

lower states while crossing Region 1 is therefore very sraall. The 

faster the electron, the less likely it is to excite the lower states) 

in Region I therefore the electron tall probably excite atoms into states 

of 3-l»eV energy rather than states of 1.5-2v energy.

la Kegion 3, where the electrons have an energy distribution 

with a mean energy of a fraction of an electron volt aaost of tfce excita­ 

tions of ato»as from the ground state will be to the lower excited states* 

However, the cross section for further excitation of the lowrer states to 

states of higher energy is almost certainly larger than the cross-aectioa



for excitation of the loner states from the ground state: 
in the lower excited states will readily be raised to higher states by 
step wise processes. It seen* likely therefore that in the steady state 
awst of the excited atoms in the vapour will have energies of about /»©V 
or aware: this is supported by the spectrum of the cathode regioa of the 
copper aixr **' which indicated a large population of atoms in the higher 
excited states, '"lien these atom diffuse to the cathode they will have 
sufficient energy to release electrons. It appears therefore that the 
cathode processes described in tMs chapter will a$p2s? to all cold- 
cathode arcs*
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araaa BALAHOS

The eaeray balanoo in the vapour.

For the purpose of the following discussion the cathode region 

of the arc will be divioea into two parts:

1. The vapour region: this consists of it®gio»s t to 3 as defined 

in the previous chapter, but excludes the cathode itself* 

2» The cathode.

the potential difference across the vapour region is the cathode
fall in potential V * The radius of the region is the spot radius a,o
the extension in the axial direction is the cathode fall distance d and 
the current through the region is i. At the cathoci© end of the vapour 
region the current consists of an electron current i~ and a positive ion 

current i* which satisfy the relation

At the other end, as has been explained in the previous chapter the 
current is carried aln»st entiztsly by electrons so the ion current at 
this end will b« neglected. These features of the vapour region are

illustrated in Fig. 37. ? j
Elections which are released from the cathodo, of work f\jno~ 

tion /rf, by excited atoms of energy V* will have an energy distribution 
(see p. 61) up to a awjtimum of (V* -^;. ^or si«^>licity however we shall 
•saura that all th« electrons am ssiitted with kinetic energy (V* - $.
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A current i of electron* from the cathode enter the vapour legion and 
represent an energy input of i"(V* -#). In addition, the current i 
passing thxt>ug*i the potential difference YO di&sipates energy iVo in the 
vapour. The total energy input W to the vapour region is ttoreforo given
by

I . iVq + i>* - 0 (£2)

Energy is lost from the vapour region in the following ways; 
Ap To the cathcxto.

1. The ion current to the oat node* Kach ion produced in the vapour 
takes energy eV^ where V^ is ita lonisatlon potential. If the ioa current 
is i , the energy loss ie therefore i*V..

2. The flow of excited atotns to the cathode. If the total flow to 

the cathode by diffusion is P+ and each atom carries excitation energy eV*, 
the energy loss is eP*V*.

3. Heat loss by conduction. Charged particles gain energy in the 
electric field and give up some of this energy in elastic collisions with 

vapour atoms. Itie temperature of the vapour is therefore certain to be 
higher than the temperature of the cathode and ao a heat flow will occur 

ffepB the vapour region to the cathode. this heat flow will be called H. 

B. Cther losses.

4. Radiation. *e aosuoa that in the high densities of vapour which 
exist near the cathode radiation Is f iprisoned 1 and the energy spends 
most of its time as excitation energy of vapour atoms. The energy is 
therefore transferred mainly by diffusion of excited atoms (see p.77).
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ie have shown la the previous chapter that the oathod® fall region extends 

to where the excited atom density H* is a maximum, «*nd since tore 

is ssero, there will be no transfer of excitation aaergy fxt»a the upper aad 

of the vapour region (soe Fig. 3*j). However, sine® the extension of the 

vigour region in the axial direction, although email is finite, there will 

probably be a small radial diffusion of excited atoms, which wheu they 

reach the lower densities of vapour in the periphery of the arc spot will 

be able to raui&te their energy* A rough estimate of this radiation 

loss can be made from the brightness measurement m follow, the area 

of the curved surface of the vapour xegion la 2 TT ad (Fig* 57) *&

brightness of the spot is B photonty'da ana th<a photon energy is V* the 

total radiation enorgy loss is 2 IT ad&Y*

5* The electron current to the anode* The current from the top 

of the vapour region trill consist of electrons with a uMian energy £ * 

fhs electron current will therefore represent an energy loss of i 6 *

^ floating of trie evaporated cathode arterial. Evaporated atoms 

will leave the cathode with the tenaperature of the surface, which we 

have estimated to be about 500°Q. They will be raised to a higher 

temperature as they pass through the vapour aregioa, and so will represent 

an energy loss from the region. If F is the evaporation in atoms/sec 

and AT tfos rise in temperature, ttie energy loss will be 1,5kF&¥*

#e may now equate energy input to energy loss to obtain the 

energy balance for the steady state in the vapour

iv
Q

H) * (if
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The first bracket on the? right hand aide of this equation re- 

pro seats the energy lost from the vapour region to the catho&. Tt» 

seoond bracelet r«presents the energy lo»t in other i»aya. A rough quan­ 

titative estimate of the second bracket will now be m&a, taking the 

current i a 1 /u

In the previous chapter £ ms estimated ma Q»$«V, Henoe 

«0,$ watts. the evaporation F is I018&tomg/oaul (p. 37). If AI'

3000°K (say), ws have 1.5kf AT * 0.06 watta. If B » 5,10^ photons/
6 2 oorrenponding roughly to a brightness of 10 caadlag/om (see p«3Q

?• s 5eV, a « ^lO^ca d * 2.1o"%m (fbr a 1A arc spot) ws have 2iTad Y*8 

« 0«1 ».att. The total loss of energy from the vapour region other than to 

the oath ode therefore amounts to about 0,7 watts/anpere*

BC shall now oofine a reduced cathode fall In potential /' as 

that pert of the cathode fall which supplies energy to balanoe locates to 

the oathoda only. ?rora the preceding calculation we see that V' is 

about 0.7 volts less than tl-.o true cathoOr fall V . In equation 6.3 

ws now aut V* for Y ana neglect tbo second braoicet on the right hand 

side, and obtain the eequation

IV * i~(V« - </) * (i\ + eV-f * * H) (^4) o *

. ths sner^ar balance at the oathoue.

Energy is supolied to the oathode from the vapour region in

three ways)

1. Positive ions which arrive at the cathode with ionlsation energy
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?^ axe neutralised by extracting an electron from the nistai. The rest 

of their energy is then given up to the cathode, representing an energy 

input i"(Vi^}.

2. r&oited ataat are de-excited at the cathode nurfaoe and give up 

their energy to the cathooe. Sooe of this energy will ba used to emit 

electrons and the teat will be given ip as heat, but at this stage me 

are concerned only with the total energy input, which ia ef *V».

3. Heat energy ia supplied by conduction from the hot vapour, re­ 

presenting an energy input H,

Energy is lost from the cathode in three principal ways:

1. Evaporation of neutral atonaa, if the evaporation is P atoms/ 

see and the latent heat of vaporisation is i/atom, the energy loss is

2« Sndssion of electrons with energy (V 1*-^;, IMs represents an

energy loss j"V + AV *V) * «J*V*»

5. Conduction of heat throu^i the cathode. This loss will be 

called C and will be discussed in greater detail later.

equating energy input to energy loss we obtain for the steady 

state the energy balance at the cathode:

* H °

6. 3. The total energy balance.

By adding equations (6,4) and (^5) «* obtain 

« I*' * IF * C
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This equation expresses that, taking th© cathode region as a whole and

neglecting losses other than to the cathode, the energy input IV1 iso
used to produce a current i of electrons and to dissipate W + C to tii® 

cathode as heat. this ia th® complete energy balance equation, and from 

it we derive that the heat input to the cathode is

c * i(v -•» (47)

We jouat now discuss what proportion of the heat input to the 

cathode is due to heat conduction fro® the vapour, positive ions and 

cited atoms.

If an excited atom arrives at the cathode there is a probabi­ 

lity y that it will release an electron, where y is the yield for the 

process. The probability that it will be d@ -excited and give up its 

energy to the cat boob in the form of heat will be called w, and the 

probability that it will be reflected without losing its energy mil be 

called E. Since it must do one of t'n®w three things we have

y + w + K « 1

As we have already explained, the diffusion flow of excited 

atoms F* consists only of those which are <ie-exoited at the cathode; 

those which are reflected do not contribute to th® flow. In the pre­ 

vious chapter we took for simplicity w « o, which aeant that all which 

did not release electrons were reflected. m shall now cor.sidar the siore 

general case when w>0. If the flow to the cathode ia F*, the electron 

current which is released will be given by
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By eliminating F« between equations (£$} and (fv9) we obtain

+ H « IP + C (^10)
*r —

The three terms on the left hand sid* represent the heat input to the 

cathode by excited atoms, by ions arid by conduction from the vapour 

respectively. An estimate of the conduction term II can be Joa&Oe by 

considering how heat energy is supplied to the vapour. Since the mass 

of the electron is very small compared, with the oiasa of a saercury atom 

the electrons transfer their energy principally by inelastic collisions 

and so have only a siuail heating effect in the vapour* An ion however 

will lose on the average half its energy in an elastic collision with a 

vapour atom* The heating of the vapour will therefore be due al oat 

entirely to the ions* As described in Chapter 5 the ion current is 

smell conjparea with the electron current, except in Hegion 1 whet1® posi­ 

tive space charge predominates* If the potential across region 1 is 

taken to be tba excitation potential V*, the energy gained by the ions 

is i*V*. &»st of this energy will b« given to the vapour atoms in 

collisions, thereby raising the tempers tore of the vapour. As we have 

shown, the heat carried away from the vapour by the evaporating atoms is 

sswdl. In ths steady state therefor* the heat ©rier^y give a to the 

vapour by the ions will be conducted to the cathode* In addition, any 

kinetic energy the ions have on arrive! at the cathode will be given up 

as heat, *t may therefore write
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(411)

From (410), (411) and (47) w have

(6.12)

This elation ^ives the ration w/v as a function of the rationy
If now we put the values V* * 4.9 \ a 9.7 (th© ionlsation potential of 

a mercury molecular ion), j * J^SeV and ¥^ a 8.0 ffiinus 0.7 « 7* 

equation (4 12) becomes

7.3 *r » 2.8 - 4*9 Ji *

la Big. 38 i*/i" i« plotted i'rom equation (4 13) a» ^ funotion of /L It

can be seen from this graph that the greatest value of i would occur 

if w • o, in which case i « 0. >di"*. flue ion cut-rent at the cathode 

cannot therefore exceed 0. 38/1. 38 a '<-l.^. of %he total current* Further-

more we see that ^ OM«rx>t exceed 0. i?6, since for this value i* « o« In

the absence of any evidence as to the probable value of the ratio it«y
is not possible to do ^ore than set an upper limit to i' 1* from the energy

* «'»i 
balance. If however we take i » Mi as we have done in the previous

chapters, it appears that */ * 0,3 which la consistent with

y « 0.5, w a 0.1$ tt « 0.35 

cr y*G.75 w « 0.23 *i » 0.02 

A isare likaly sat of valuos woold seem to be:

y a 0.6 w « 0.2 g «0.2 

but in the absence of further information, no definite estiioate of i*
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oan be made.

A significant result from thia treatment is however that the 

ener&y balance equations are independent of ys they in*iat however that 

w * 0.5 y. The proposed asohanlam of the aro cathode would therefore 

be valid energetically if y was low (say ~ 0.1) provided nearly all the 

excited aton* which did not release electron a were reflected* The 

lower limit to y is however aet by physical consider at ion a. The nusfeer 

of excited atoms arriving at the surface of the cathode cannot be greater 

than the total nunftmr of atoms striking the surface. If the density of
gfl a

neutral atoms KQ ia 10 /cm (thia was estimated from the force on the
«•» It, 

cathode see p«M) and c * if*10 cn/aec, the total number of atoms striking
yt y

the cathode ia 10 /cm and sec. 'f h» number of excited atoais arriving 

at the cathode cannot be greater than tbds, hence we have

<*«*>

m i «%
ao if ^ - fl, 10 A/cm , y isuat be greater than 0,48, 

4 **. The heat loaa from the cioroary cathode.

Prom equation (4?)» putting V^ « 7.3v t ^ » 4»5v, w» deriw 

that the hoat loan from the o. thode by evaporation and conduction is

UP + C « 2.8 watts/amp (^1

To calculate the loas by evaporation we take the evaporation 

P as 101 ® atoms/ coulomb (see p. 37) and L » 0* 6sv/atom (table 1) froa

which

a 0.1 watts/ anp
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Hence from elation (6*15) the conduction loss

C m 2.7

this is in $x>d agreeiant with the generally accepted value of 2, 68 S/A, 

»e*flureG by CJunthersohulse^ for the heat conducted through the cathode 

pool under free spot conditions occurring in laarcury arc rectifiers.

Other measurement 8'' ^ ' ran^e from 1.5 */A to *» */A according to the

conditions under which the aoasuroBents «ere rrade. it is unfortunate 

that Measurements of the cathode fall were not made simultaneously with 

the measurements of heat transfer, since under conditions in which the
(fJL j

surface is strongly cooled, e.g. by atirringx^x or with low heat resis-

tanoe anchors, s the heat loss from the cathode -#ould be greater and 

to maintain the cathode teng>erature a greater heat input from the vapour 

region would be necessary. this could only be accomplished at the ex* 

penae of an increase in the cathode fall in potential (see equation &,£) 

The discrepancies which exist between the rneaaurementa of the cathode 

fall by different workers (see p. 6} may therefore be due to the differ-' 

eat arrangements they used to cool the cathode*

The rate of supply of heat C necessary to maint&in a circular 

area of radius a on the surface of a metal at a temperature TQ is 

derived in Appendix 4 and is given by

C .^Aa (T - Tj ($.16)
V V

*

where A is tne thermal conductivity of the distal and T§ is the tempera­ 

ture at infinity.

Consider a mercury arc spot carrying fMU The temperature T
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i» about 5QG°C (see p.42), the spot radius a » 4.1G~^cm and A « 0.019 

otol/<»0C (see Appendix 1). Hence from (6,16) with T = 50°Q

C « 0.12

This is smaller than the measured value of the heat loss by a 

factor 2u. In dealing with the evaporation from the apot (Chapter 4) 

a similar discrepancy was encountered between the observed and calculated 

values of the net evaporation, and the difficulty ma resolved by regard­ 

ing the evaporation as taking place over an 'effective area 1 having a 

radius about ten tiiaes that of the ore spot. If now in equation (&16) 

we take a to be about 20 tiiaas the radius of the spot, satisfactory agree- 

sent between theory and oxperiraent is obtained.

It would aee:n therefore that both evaporation and heat conduc­ 

tion measuremente are consistent with the assumption that the effective 

area of the cathode which is at a temperature of 5Ou°C can be considered 

as having a radius of 10 - 20 times the radius of tne spot. However the 

concept of such an 'effective area* oust be treated with caution* Since 

it is probably due to the random motion of the spot over the surface, and 

to convection currents in the liquid, it probablj does not represent a 

physically definable area, and for an accurate evaluation of the problem 

the hect loss by evaporation, conduction and convection from a moving spot 

would have to be calculated.
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6» 5» the heat less from & copper.... qg$.hode_.

If we consider that tl» vapour pressure in the cathode apot of 

a oopper arc i» about the same as that in the mezwary arc, that is about 

10 atmospheres, the temperature of the evaporating area of the cathode 

would be about 300Q\. in Chapter 4 we showed that to account for the 

observed evaporation from a copper arc it was not necessary to as SUM 

that the evaporation took place from an area greater than the spot 

itself , so we need not consider an augmented area for the conduction 

problem.

If we take a « Mcf^offi (for a $& apot), TO « 30QQ°& and

A« 0.9 cal/om°C we find fioa equation

C » 32 watts/atop.

This value is absurdly large, since with the values V ft a $v and a' a 4 

volts for copper, equation (47) gives no roore than $ watts/amp for the 

heat input to the cathode. It is necessary to assume the large value 

of X in order to provide the vapour density necessary ibr the processes 

which occur above the cathode: furthermore the effective radius ibr 

conduction can hardly be less than the radius of the spot. Wb zsust 

therefore consider whether the si^le conduction equation (4 7) is 

applicable to the transfer of heat in the cathooe, or whether some other 

process affects the heat flow. A possible process is the Thomson 

effect, which say be described as follows.

When a temperature difference exists between parts of a circuit 

carrying a current, in addition to the heat flow by themal conduction
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and in addition to the Joule heating effect, there is a flow of heat asso­ 

ciated with the current itself. If i is tbs current md t, and f£ <wpe 

the two different tetnpera tares, the heat flow due to the Thomson effect is 

given

where ^ is the Thomson ooeff icient. If f i» positive, heat ie trans­ 

ferred in the direction of the positive current, if & ie negative th@ 

heat transfer is in the opposite direction. Sine® ^ varies with teia- 

perature equation (£.17; should be written

I dt

iesireffieRts exist of the ThomBon coefficient for metals 

at high teaperatures. ^"' It would appear however that for copper 

is positive, at least up to 15DO°K» this means that in the case of the 

copper arc aathoae, the Ihonson effect assists th® heat flow froi% the spot 

the average value of & for copper in the range 300 to 150Q°& is about 

+5»10 watts/s«p0C. Hence with thia value in equation 6,17 and ^-^2 

% 3000°C we have

^p 
Q m 1.5 x 10 watts/an|>.

Even if at higher teiaperatures IK for copper assumed a negative 

value, which ia not entirely i^oaaible, the magnitude of the Thomson

effect ia far too aioall to influence tne conduction of heat from the spot*
(22) 

A theory of the aro cathooe put forward by Q.G.3odtlr y assumed that
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large teroper&ture differences could be maintained toy the Thomson effect 

at the expense of & araall heat flow, but the theory was baaed on a ma­ 

unders tanding of the effect,

A possible roaaon for fee large value of C calculated for 

copper fraii ec^uation (6.17) »*y be the value c osen for A . The value 

0,9 cal/ca G is the generally accepted value fhr solid copper at nonnal 

temperatures. In tbe vicinity of the oathode spot, if teaperatures of 

about 3000 K exist, toe copper will bo liquid and it is likely that the 

thermal conductivity of the liquid id soe&what lower than of tue solid. 

Sinoe the thermal resiatanoe of the cathode is tnainly in the vicinity of 

the spot, this would reduce tae heat flow. In order that C should be 

about 5 vat ta/amp, A would have to be about 0.13 cal/Gtt°Ct but whether the 

conductivity dacreaaeo by aa nuoh as a factor 6 when the copper melts ia 

open to question. It sse&s however that this ia the atoat likely ex­ 

planation of the discrepancy ia the heat flow calculations for the copper 

cutboae.
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7.1. the Glow to Are Transit ioof

A comprehensive account of the experiments in which the evolu­ 

tion of an arc from a glow discharge has been observed and a summary of 

current theories, may be found in Eef . 68.

Star the purpose of this chapter the glow to arc transition wiH 

be described with tb» aid of a voltage-current diagram (Jig. 39), Consider 

a normal glow discharge between metal eleotrooes in a gas at a few BOQ Hg 

pressure. If the pressure is k&pt constant and the current increased, 

the current density at the cathode will be constant, so that the area of 

the cathode covered by the glow increases. The voltage across the cLU- 

ohari^e remains constant and the glow discharge is called normal. On the 

voltage-current curve it is represented by AB. At B the glow has 

covered the cathode completely, and a further increase in the current 

causes an increase in the current density at the cathooe and an increase

in the uolta^s. This is the abnonaal glow discharge and represented
i 1 BC. If the eurrent is increased beyoi^L C an aro oevelops, aa described

on p. 2 and the current is carried by a mil spot on the cathode instead 

of the entire surface. The arc, which he* a negative Y~i characteristic, 

is represented in tnc figure by IX. f**»
ths transition OS) is usually discontinuous if the oathcd* I s m* 

plane surface, and takes place within a tto interval of 10~4seo if the
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*»fl (129 5 resulting arc is thezmionio, or 10 aeo if it is a cold oatiiode arc.

If however the outbade is a, small tungsten sphere on the end of a thin rod
{* (J£ 79)

it ia possible to obtain a continuous glow to arc transition. w> ' 

The discharge rosy be maintained at points on the curve between C and D, 

and in this condition part of the current at the cathode is carried by 

the glow discharge moohunisin and part by trie arc J^ohaiuaa, which in this 

case is thermionic emission* $0 auoh continuous transition has ever 

been observed in the o&se of a cold cathode arc, and the amUest In­ 

crease of current beyond C immediately results in a fully developed arc 

at P.

A typical circuit arrangement for observing glow to aro tran­ 

sitions is showi in ?ig. W). Tha discharge tube is connected to a source 

of potential V throu^i a re»i»tor H. The current through th© txibe is 

deteni4nf9d as follows; ia Fig.40A &> zepreaents the V-i GJUtraoturistic 

of the discharge. The line K» has tbe equation

V *Vo -W (7.1)

and represents the voltage available at tha diachar^ tube when a current; 

i is being dram. 'ihe currents for wnich the ayateu. is in equilibrium 

are given by the points P.J, P^ whsre FG cute C^». The equilibrium ia 

stable if the slope of BS at the point of intersection ia steeper than 

the slope of CP, as at r^ and unstable if the slope of CD is steeper than 

the slope of ^ as *t r^ (see refs, 12!?, 126). 'rhe current in the cir­ 

cuit can be alterea by varying VQ or kt which alters ths position of P. 

on the V-i curve.
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The discharge characteristic for the transition from tne glow 

to the oold arc is very steep (Pig.39) so in order to obtain points of 

stable equilibrium between C and D the line PG mist be made even steeper* 

This oan only be done with the arrangement of Fig. U) by Baking A very

large, and in order to obtain the necessary current V would need to be» o
very large also.

In order to overcome the difficulty we constructed en elec­ 

tronic current stabiliser which had a very high impedance and thereby 

gave effectively a lar^e ~ without the need for a large V. Sith this 

device we atteopted to obtain a. stable discharge intermediate between a 
glow and oold arc.

7.2. The current stabiliser.

The principle of current stabilisation is illustrated in *lg*41 

A triode valve is connected in series with the source of potential and 

the discharge tube. The voltage developed across a resistor r in the 

cathode lead is fed book to the grid of the valve. if the current in 

the circuit rises by a small amount Si the voltage of the grid with 

respect to the cathode becomes more negative by an amount r & i. The 

voltage across the valve therefore increases by ur/i where yU is the 

amplification factor. fhe layewfrnoe « of the circuit is therefore

H - ra * (yU* Or "-* (7.2)
3Of ttf

where r is the anode inpedance of the valve.

The iArea&nae * may be increased by including a d.o. amplifier*
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in the feedback to the #rid (2*13,42). If the simplification of the 0,0* 

amplifier is A, tfce iapedanoe of tne circuit ia then givea by

& • r * (AH. 1)y (7.3)

To obtain toe mayirnin iapedanoe it ia preferable to use a 

pentode valve , since r and y> are larger for a ;.xmtode than a triode. 

In the final circuit arrao^etzent shown in >"ig,43, the stabiliaer vaiw 

oonaiBtea of three 813 pentodes in parallel ana the d«c. amplifier waa 

a 6AC7. The stabilised current cculd i>e varied by altering tire bias 

on 1*ie grid of the d.c« actplifier, and when set at any given curi'ent the 

iqpedanoe of the arrangement W-AS estimated as about 10 oha». The current 

could be adjusted to any value between 50 and 300 ma.

7»3« ^oerx.-aenta with the staoiXieer.

The stabiliser was connected in series with a source of 2kV 

and a discharge tube. Tnia tube ia drawn in Fig«44» and consieted of 

a oercury cuthoUe aod an iron anode in an evacuated pyrex envelope* 

The apace between trie eleotrotiea contained only mercury vapour, the 

preaaure of which was derived by measuring the temperature of the wall 

of the tube with a oopper-oonst&ntan thermo-coijple.

The experimental procedure was as follows* £i*e tite was heated 

in a flame to a temperature of about 200 C, ocr responding to a taorcury 

Vwpour of about 20 am Hg. The voltage was applied with the stabiliser 

set fbr low current, and a nonaal glow discharge foraaecU At this 

pressure the positive colunn wss highly contracted. The current
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increased until the glow covered the entire oathod», and on increasing 

current still further an arc fonaed* At tnia stacge transitioas from 

to arc and back again took place spontaneously. Since the spot was free 

and the current was only about 100 - 200 m& the lifeti&e of tfce are spot 

was short (see later) and as soon &s tUs arc extinguished the glow dis­ 

charge re-struck. It was found that the currant at which glow to arc 

transitions occurred decreased as the vapour pressure decreased. Sons 

results are given in Fig,45 where the critical current is plotted against 

vapour pressure. In the shaded region >low/arc transit!ens took place 

spontaneously* Below this region only a glow discharge existed, and 

above this region there was only an arc*

It was not possible to obtain a continuous transition between a 

glow discharge and an arc. f be failure *say have beau due to the inability

of the stabiliser to follow tha rapid uhange of volta :e in the transition,
••ft 

since as this takes place in 10 sec the amplifier would need to have a

frequency rasp once up to 100 i;c/& to follow it* The stabiliser was prob­ 

ably not sensitive at such a high frequency. However it seems more litosly 

that the very nature of the transition from a glow discharge to a cold arc 

renders a continuous end controlled transition impossible.

Thft ex^rimnts *©r* however of so* value. If the apparatus 

adjusted until glow to arc transitions took place spontaneously it 

possible to observe the difference between a glow discharge and an 

arc for the sane current and vapour pressure. Previous experiments which 

have been a»de with circuits of the type shown in Fig.40 always involved 4 

change in current when the transition took place , end so a direct
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of the two discharges at the saas current has not been rode.

The appearance of the two discharges is snown ia Fig* 44 

difference between thwn lies in t he cathode region only} tte constricted 

positive column and the anode region were identic*! in both oases* This 

establishes that the glow-arc transition is a phenomenon connected only 

with the cathode of the discharge.
0 .-S

7*4* rgscription of the idow-are transition.

Let us now consider the processes involved in the glow-arc 

transition in tne light of the new arc mechanism which has been proposed 

in the previous chapters. _,_ ^^ ^f,

a In the glow discharge the current at the cathode is carried 

almost entirely by positive ions. When the ions reach the cathode ti»y 

are neutralised and a small fraction release electrons: the majority give 

up their potential and kinetic energy to the cathode as heat. In the 

normal glow discharge both cathode fall and current density remain con­ 

stant as the current is increased, and hence the heat input per unit area 

of the cathode remains constant. ftoen the glow boooams abnormal both 

current density and cathode fall increase , aid henue the heat input per 

unit area of the cathode is increased.

Consider first a discharge with a seroury cathode and running 

in inaroury vapour, as oescribed in the previous section. As the current 

in the abnormal glow is increased, two effects will occur at the cathode. 

Owing to the increased heat input the cathode will evaporate and the 

density of mercury vapour near the surface will increase. Also the
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electric field at the cathode will increase. On account of the increased 

field, the dietanoe over which the first ^v of the cathode fall occurs 

will be redueea, and electron* from the cathode will acquire sufficient 

energy to excite vapour atoms closer to tho cathode. On account of the 

increased density of atowe the probability that an electron will excite 

an atom close to the cathode is increased, Sjtaoe the cathode fall of 

the glow diacharge ia large the electron may produce several exoited 

atoms close to the cathode, and if son** of these diffuse back to the 

cathode surface before having time to radiate their energy, they will 

release electrons*

Cooe conditions have been established at one point on the 

cathode surface such that each electron from the cathode produces suffi­ 

cient excited atone in the vapour to return to the cathode and produce 

there acre than one electron, a multiplication will occur and the spot 

wfcsre the process stsrted will emit an increasing electron ourrent.

If the current in the external circuit is kept constant, the a 

glow discharge •eohanisra will be required to supply leas current and 

hence the discharge id 11 contract about the spot, ¥be evaporation at 

the apot will increase t and on account of the higher vapour density 

radiation will be 'trapped* and the diffusion of exoited atoms to the 

cathode will be more likely. Since the emission of electrons by ex­ 

oited atoms is a more efficient process than the glow discharge mecha­ 

nism, the oathoue fall will decrease, until the discharge assumes the 

high current density and low cathode fall of a fully developed arc,

The variation with pressure of the critical ourrent at which
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th* glow goes over into the aro (fi&.45) can now be understood, 

heat input to unit area of the cathode in roughly proportional to JV 

there j is the current annuity and VQ the cathode fall. Since the glow

discharge i» abnormal, the cathode fall V is roughly proportional to
2j/p , where p is the pressure. The heat input per unit area is there­ 

fore proportional to j/p . The lower the pressure, the lower will be 

the current necessary to supply the cathode with sufficient heat to 

vaporise it, and hence the lower the current at wriioh th® glow goes ovor 

into the arc.

Consider now a glow discharge with a copper cathode running in 

air at a pressure of a few ran iig. The transition to an aro is in this 

case slightly different to the oase of the discharge with a mercury 

cathode in mercury woour. the electrical processes of the normal glow 

discharge t*k» place in tha gas which fills the discharge tube, and no 

vapour from ihe cathode is preset (this can be oonfiitaou spectrosoopl- 

oaUy), «rhen the glow is made abnorml, o&thooe sputtering occurs and 

atao» of the cathode loaterial enter the discharge* Uetails and theories 

of cathode sputtering^ ^ will not be dlseussed here, but it is suffl* 

cient to regard the phenomenon as intense localised evaporation of 

cathode metal. Since the excitation and ionisation potentials of copper 

vapour are considerably lower than the corresponding potentials of air, 

the evaporated oopper atoms will have a greater probability of being ex­ 

cited close to the cathode and hence of diffusing to the surface without 

having radiated their energy. once a small spot on the cathode has 

developed where sufficient excited copper atonas &*w diffusing baok to
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oause a multiplication of the electron current, the discharge will con- 

tract about this spot* the increasing heat input at the spot will evap­ 

orate more vapour and so on until the arc is fully developed. the arc 

then runs in cooper vapour which virtually excludes the gas from the

cathode region, OB is evidenced by the spectrum of the arc. x ^' This 

account is consistent with the experiments of Plesse^ °*' who showed that

arc could be formed by directing a stream of metal vapour onto the 

cathode of a glow discharge.

Toe foregoing oescription is a qualitative? account of how an 

arc which is sustained by excited-atom emission can develop from a glow 

discharge. Khen the aro i« fully developed the current density at the
C 9

oathodo is found to be about 10 A/a* > and in *n® previoua chapters we 

bftve shown that the proposed isachaaiasa is valid at this high value. We 

have not however discussed the reason why the arc, when it contracts

froa the glow, assu&es t:,is particular density. It must be that at
c 2 

about 10 h/en the processes tending to contract the arc are balanced

by the processes resisting further contraction. The equilibrium value 

of ths current density will now be discussed.

7. i> adial

The current 1, ths current density J and the radiua of the arc 

spot a are related by the e equation

There are two ways of approaching the problem of the equilibrium 

value of j. £** first way is to oonsidsr the effects which act on ths
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in the radial <iij»«tion tending to constrict it, am find the

radius a at which these effects are balanced by other effects acting ia
i
the radial diraction but in the opposite sense tending to «Kj>aasi tte* dis­ 

charge. The current density at equilibrium can then be calculated from 
a, i and equation (7.0.

The second approach is to con si (tor the processes occurring ia 

the vicinity of the cuthcde, w^ere as we have shown, trie problem is one 

of particles flowing in tiis axial direction only. If it can be ahowa 

that the arc will be self-suatsdnlag only fbr a certain value of j* and 

if i is fixed by the circuit oonstsjats, then the spot imst aaaus» a 

radius a given by equation (7*4) «

3Se shall consider the .x-obloai first ia terras of radial effects* 

A powerful contracting process at high current density is the force on 

the electrons dye to tte aslf-ma^iietio field of the arc current. Xiiis 

is aonBtiuea r&ferred to an the 'pinch effect 4 aad is observed In both 

liquid aad gaseous conductors.^ 127>12 ' This ia illustrated in Pig.47* 

Consl&r a long cylindrical discharge in which the densities of ions &a£ 

electrons are approximately equal* the direction of the current is along 

the ajtia of the cylinder and the current will b« carried a&aost eat ire ty
i

by the electrons* ;

If the current density vsries across the radius of the discharge 

and han the value J at radius r, thea the our:t*ent enclosed by the oylin* 

dor of radius r is given by

(7.5)
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At a radius r from tne axis there will tlierefare be an ajsiaauthal sagnetic

field H/ given by
* _ . «•

7 V (7. 

Electrons carrying the current sieve perpendicular to this njagnetio field, 

and so experience a radial force which is directed towards the axis, the 

force f on an electron is
P Li
S •' 2 C (7.7) 

where v is the electron drift vslocity in the axial direction. The posi­ 

tive ions will experience a similar force towards the axis, but as their 

drift velocity is small compared with the electron drift velocity the 

electromagnetic force on the icis will be siaall. However on account of 

the strong electrostatic attraction which exists between the ions and 

electrons at large charge densities, the force on the electrons will be 

shared by the ions also. the electromagnetic * pinch effect* will there­ 

fore tend to move charges of both signs towards the axis, that is to con­ 

tract the discharge.

Consider the annular region fcrr«wii by the cylinders of radii r 

and r * dr. If K* is the density of electrons (and ions} at radius rf 

the current density is given by

dp « »Vr (7,8)

Hence the pressure difference asroso t*a walls of tfce annular region duo 

to the self-magnetic field is



rff - ~ • ty *• (7.9) 

This represents a pressure gradient «fciohf from equation* (7. 6) (7.8) aa<i 

(7.9) i» given by

(7.10)

This radial pressure gradient will tend to Increase the density of charged 

particles on tbt axis. In equilibrium it will be balanced by the radial 

pressure gradient due to the radial density distribution of charged par­ 

ticles, which will tend to expand the discharge by diffusion. This dif­ 

fusion pressure gradient is given by

S2N , ?(N%T) ,
^ , \ ..It rl-/ V J ~l-f f-j + + \

T is the electron tessjerature, which is takan to be independent of r. 

In equilibrium no net flow of particles takes place in the radial 

direction, hence
J*\ /~Ja\ = o

(7.12)

(7.10) (7.11) and (7. t2) «© haw

T rfW- s _ AjtW- /-^/V H
*< < ^^ J \

which leaas to t to diffor^atisl

' (7.14) 

A is a oonstaat gi-wn by
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Atr

The boundary conditions of equation (7.H) aw» *T » lT and »» « 0 at
o or

r « o. The solution is

(»+ "- (7. 16)
The radial distribution of lT i» therefore dependant on the vatw of »" 

at r » o, ogme ounres «re sw,etched in Fig, 48 for aUffewnt values of o 
The total current in the discharge is

(7.17)

MM,

The total current is thus independent of » that &B to a^

eaah of tno o\uweo of ^i^^Q in %ho ooam .%Lch of the curves represents 

a distribution in whish the sffect of the self magnetic field is balanced 

by the radial density gradient of charged particles. For a given current 

an infinite number of distxlbutions satisfying this condition are possible, 

depending on the valus ohoton for H Q«

The radial baience therefore can decide only the shape of the 

distribution curves if the current density ia high the slope of the sides 

of the curve will be steep, and vioe versa* The equilibrium value of the 

current density however is at ill left unaetern&ned by this treatment.

7.fci The criterion for & self^fugtalJiBd aro.

Since it appears that a radial balance does not lead to an
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equilibriurc value of the current density, lot us now consider the pro­ 

cesses which occur In the axial direction in th© vicinity of the cathode.

We start by assuming that electrons are released fro® the* cathode 

by excited atoms* These electrons produce new excited atoms in the vapour, 

*hioh diffuse back to the cathode and there release more electrons. The 

arc will be in equilibrium when one Cathod© electron produces ^uat sufft~ 

oient excited atoms to release one further electron from the cathode. It 

is not proposed to raako a detailed ^aantitativc evaluation of the ecpili- 

briusi current density, We shall simply surest in qualitative terns how 

a at able equilibrium 'value sight be achieved,

Frofi equation (3*37) on p, ci9 we ae© that the flow of excited 

at CMS to unit area of the cethoda is given approximately by

(7.18)

where x is ths extension of Eegion 1 , Ml is the density of excited atoms 

in Begica 2 and H the density of neutral vapour.

If the current density j is increased, the density of charged 

particles in region 2 will also increase, althcu;:ih not necessarily in 

proportion, since the electron drift velocity mi^ht also be affected (for 

•xasplo, by a change in the electric field;* Since the excited atom 

density W* is proportional to the oensity of ions and electrons (see p.6?) § 

1*2 win also rise when «J increases.

!yrJta£ - ** m aesurae the positive ion current density to increase in 

proportion to the total current density, we see from elation (1.3) that 

X will decrease as j increases. #e may therefore writs
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(7.19)
where b ptfob&bly lie* between 1 and 2.

As j increases therefore* the density gradient of ©Jtcited ataca 

la ttefioa 1 will probably increase more than linearly with jt tending to 

increase the flow of excited atoms to the oathoae.

As j increases however the cathocia tesiperature will rise. 

Since this determines the density of neutral atoms, K will rise also. 

From e elation (7*13) ae see that this will tend to are»du0@ the flow of 

excited atoms to the cathode* Since tft® relation bstwen vapour ueaaity 

and tea|>eratur« is of the form

« (7.20)

where B is a constant, a small increase in I1 roay result in a large in­ 

crease in 14. Xhis should counteract th© increase of the density gradioafc 

with j (aquation 7,19) and from equation (7.18) m should therefore expect

F* to increase less than linearly as J increases. In Fig, 49 F* is plotted o
as a function of j. The curve A represents approximately the flow F* of 

eicited atoa* to unit area of the cathode as a result of the current den­ 

sity j passing through tho vapour. This curv® is concave towards tha 

axis of & the straight line B represents the current density j which 

is released fiwa the cathode by the flow F* of excited atoms. The equi­ 

librium value of the current density i» determined by the point of inter­ 

section of A and B. By considering a amll displacement from e^libriuia 

it can be soen that, as the slope of B is greater H»n the slope of A at
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thi» point, the equilibrium is stable*

It sees* likely therefore that a more rigorous ma thereat iool 

treatment might enable the curve A to be cterived from the constants of 

the vapour,, and hanoe the point of equilibrium adght be accurately cal 

culated. At this stage however we can ao no oiore ttian indicate tbe 

by which the equilibrium can be determined.
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A feature of nearly all cold-cathode arcs is th© random raotioa 

of the cathode apot over the surface of the cathode. This phenomenon is 

most pronounced in the faercury arc and roafcas detailed observation of a 

free spot very difficult. The probable origin of the random laotion caa 

be described qualitatively as follows.

In Chapter 3 it was explained that the pressure of the vapour 

in the spot exert a a downward fore?® on the cathodes in ths case of mer­ 

cury this results in & dsp^e»sio» of ths liquid surface. It has been 

dioitt^ that the »pot does not ctopraas the mercury if it is moving over 

tho surface faster than about ICros/sec* fhis is preaucaably because tl» 

force of the arc does not act at may one plac® for sufficient time to di»~ 

place the nfircury there. If however the spot fora» a dent in thft liquid^ 

it can be seen from Fig* 50 that for the spot to remain central in the 

acnt is a position of unstable equilibrium A araall displacement results 

in a vapour blast which will drive the spot out of the dent. If it 

leaves the oent at over 1Q?on/#sa it will not depress the mercury until 

it has slowed down, «hen it will form another Ooat and th© process will 

be repeated. Since on each occasion it i» driven out in a completely 

random direction, this results in the observed exratio motion over the 

cathoae surface.
-125-
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If it mre possible to hold the spot staticttary on the liquid 

surface it would dig in to a great depth, since the pressure at the air- 

face la probably of the order of 10 atmospheres. €n account of the 

ranooan motion however, it never stays sufficiently long at one place to 

dig in very far. It has been found that under high current conditions 

suoh as ooour in large rectifiers, ths spot may dig into the li<juld up to 

depths of about 12 EOV but for a low curwint arc the depression is 

usually no more than a millimetre or two.

When a spot 'anchors' at the Junction of mercury and another 

metal, it strikes on a thin layer of mercury on the surface of the 

anchor (Fig.51). 3ince the latter is solid, the arc cannot depress the 

surface appreciable. If however, the spot tries to leave the anchor It 

will depress the mercury surface in such a way as to produce vapour blasts 

which tend to drive it back onto the anchor, as is shown in Fig.52. Onoe 

ths spot has struck on the anchor it will therefore stay there; its only 

degree of freedom will be along the 'wetting line 1 of the mercury and ths 

anchor, and it is observed that the spot is constantly in motion along 

this line. It is significant that a spot will only atay on those parts 

of an anchor which aw wstted by ths mercury. A thin layer of mercury 

on a solid base appears to be essential, which is consistent with this 

explanation of the phenomenon.

When the spot is free it is found that mercury droplets are 

ejected from th« surface, and that these aroplats account for most of the 

loss of i&eroury from the cathode. A possible explanation of this droplet 

evaporation i» illustrated in *V, 53. &hen tne spot depresses the
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•ercury, and is then driven out of tba dent by the vapour, the eo$e of 

the dent nay be broken off and driven upwaraa by tie vapour stream Tha 

droplets would aeeia tnerefore to be a consequence of tiie random motion of 

the spot. This is exported by the foot that when the spot is anchored, 

no droplets are ejected. Also on the above picture «e should expect that 

the maximum radius of tfce droplets would be no larger than the radius of 

the spot* It is found experioentalljr 1 ^ that th© radii of the droplets 

vary froni minuta values up to about 10 cm. The upper lisdt represents 

the radius of a typical arc spot carrying 8-1 OA» and ia therefore consis­ 

tent with the proposed explanation.

8,2, The

If the current in the thermionic arc is interrupted ibr as long 

as 0.1 sec the arc will strike again as soon as tne circuit is closed, 

since after tnia tiaie interval the t$3$>®ratur© of the oathct&e hot spot is 

still sufficient to support theraaionio emission. A thermionic arc can 

therefore be run from ordinary A.C. supply mains,

If however to a current in a jaoxmiry arc is interrupted for as
e*

little as 10 sec , the arc will go out anci not redgaite. According to 

the theory described in the previous chapters, this arc depends fbv its 

maintenance on the back diffusion of aatcitod atoms ia the utmse vapour 

of the spot. •« ^ust therefore consider how conditionit in the spot will
A

change within 10* sees of the current being switched off,

It has been shown in Chapter 6 that the loss of heat from the 

hot area on tfte cathode surface takes place mainly by conduction through
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the cathode, the heat loss by evaporation being a^all In comparison, 

Consider now an area of radius a ou ths cathode a u if ace and assume for 

the purpose of this calculation that the hemisphere in the liquid of 

this radius is at a temperature T. (see Fig. $4). In the steady at ate, 

heat is supplied to this hemisphere by the discharge and lost by conduc­ 

tion through the cathode. The rate of flow of heat is C.

If the specif ic hoat of the c&thao® is @ and the density f> ,

the heat capacity of the hemisphere is ~fifl$ . then the heat input 

ceases the initial rate of loss of heat will be 0. The initial rat* 

of fall of temperature ia therefore

(8.D
Consider now an arc spot candying 5A. the radius a will be about 

4.10 cm, the conduction loss ibr & aaercury arc ia about 2.7 watts/ae^ 

»o C « 1>.5 watta » 3.2 oaloriea/'aec. *br a»rcury /9» 13.^ &S/QST and 

S • 3.28 x 10~2ca2/g»°C« 81th the«e valuea in equation (8.1) wo obtain

*
Ihua in 1o"^«ec after tiie heat supply ha» ceased, the teeiierature of the

cathode hot spot will have fallen oy leae than one degree centigrade. 

nirtherraore, ttie velue for a substituted in (8.1) was the actual radius 

of the arc Bpot t and it ha» been shown in the previous chapters that in 

considering the problem of heat transfer it i» necessary to aasvra that 

the hot spot on the cathode has a radius about ten tiraes larger. If now
••!?

ws put a a 4,10 CBJ in equation (d.1) we haw
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JJ * -5.
£b

It appears therefore that within 1C sees of interrupting the heat input, 

the temperature of the hot spot, and hence the density of vapour above 

the cathode will remain unchanigjed. Xhe ahort re ignition time is there­ 

fore not due to the dispersal of the neutr&l vapour cloud.

Consider now how the density of excited atom* will vary after 

the current is interrupted, the density of excited atoms H* i& given 

sa a function of the distance z for the steady state in tiro upper curve 

of Fig. 55« *hen the current ceases, we assurae that the production of 

excited atoms ceases, but the loss by diffusion to the cathode continues. 

Therefore N* in Regions 2 and 3 will decrease, and the distribution after 

a short tirae t will be of the form shown in the lower curve of Fig.55»

If the flow of excited atoms to the cathocte in the steady at ate 

is FVcm2 and seo and the extension of I egions 2 and 3 from the cathode 

is d , the initial rate of fall in the density of excitea atocas is given 

approximately by

cN" _

putting y* ~ 7.1025/cm2 and seo (see p. 90} and d » 5.10*%a we have

O^W 27 3•77- f *»10 /oar and soo

In lO^seos N* will have fallen by about 10 */cffl? t end so if N« . l 

when the current was interrupted, this represents a decrease of about 

in If*. I* seems unlikely therefore that when the circuit is restored
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after 10 sacs that the change in t fas excited atom concentration will 

alone by sufficient to prevent the arc from re-striking,

Finally let us consider the movement of electrons after the 

cuirent is interrupted. ie see from Fig. 30 that in the steady state 

there is a strong positiw apace charge in iia^ion 1 which is maintained 

by the passage of the current. IK hen the current in the external cir­ 

cuit ceases, electrons vd.ll continue to be drawa into region 1 by the 

field of the apace ohargo until sufficient electrons have entered the 

region to neutralise the excess positive charge there, where upon the flow

nill cease*
18 2

The density of positive ioos in itegion 1 is about 10 /cm (see

Pig. 30), the depth of Region 1 is about 3.10* cm and the rate of flow of
* 

electrons from the cathode into Kegion \ is about 5.10 vein and aec.

The tin* taken for the positive space charge to be neutralised is therefore
-11 -12 

of the order 10 - 10 seconds,

When the external circuit is restored after 10~ sees the 

electric Held in the cathode region will be due to tfte electrodes only, 

since tto space charge has been neutralised. It is unlikely under the 

usual experimental conditions that this field vail be greater than a few

hundred volts/cm. The first $ volts will therefor© fall off at a dis-
-2 -6 

tance of about 3*10 cm from the cathode instead of the 3.10 cm of the

established arc. Furthermore the density of neutral atom* is, as i» have
-8 X 

shown, practically unchanged during 10 sec, and so the near the

oathocte will be very low (probably of the order 0,1 v/om.im Kg) and in­ 

capable of separating the positive and negative charges. Tha space-



charge region will therefore not toe re-eatabliaaed aad the arc will not 

re-ignite.

On account of the experimental difficulty of producing oxtrer*jly

abort oulaea, tne ahortatit interruptions of msroury arcs have been about
„*» 

10 sec, and the arc has always been extinguished. It aema likely fro®

the above treatment that pulsea &a a hart aa 10* sec would have the aaiaa 

effect.

B.3. %ean lifetlmg of a cathode

If the current in a free apot ia reduced below about SA the 

arc ia liable to go out after a abort lifetime. It haa bee a ahown 

that the extinction of the apot la a purely random occurrence, that ia 

to say the probability of the arc going out within a amall time interval 

At ia proportional only to At. The probability P(t) of a apot having 

a lifetiBie greater than t ia then given by

P(t) * ««cp(-^) (3*3; 

where L la the icaan lifetime, which ia found to vary with the ourreat 

according to the empirical relation

L « 10~2 exp(2.5 i) (8.4) 

for a free spot, and according to the relation

L - 10~3 exp (20 1) (8,5) 

for an anchored apot*

It can be aeen from theae equations that for a free apot carry­ 

ing more than 5/ or an anchored apot carrying more than 0.5<\ the mean

Ik,
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lifetia* la sufficiently long for the aro to be regarded as permanently 

entablished.

In the light of the new arc theory, two possible explanations 

of the random extinction can be put forward, both associated with the 

random motion of the spot. Trie first is concerned with the droplet 

evaporation.

If ft droplet which is ejected by th® aovtag arc should fall 

bcusit into the apot, in passing through the highly excised vapour it re­ 

presents a large, cold area on wh ich ©*cited atosa may condense. The 

jMUisage of the droplet may depopulate the spot of so a»ny excited at owe 

that the self-sustaining mechanists of the discharge Kill be interrupted, 

the larger the current, the greater the energy stared in the spot, aid 

hence the greater the probability that the toot will survive if a droplet 

falls into it. An anchored spot, which doss not evaporate droplets, 

would be expected to exist at lower currents, as Is observed.

The other possible explanation is connected with the estab­ 

lishment of the donee vapour cloud in which the excitation processes 

occur. *hen the spot moves at random it is liable to be driven onto ft 

cold area of the cathode which it rnust raise to a sufficient teaperature 

to establish tb» vapour cloud above it. For a given tenf>erature the 

heat loss by conduction through the cathode is proportional to the radius 

of the spot (elation £1?): the heat supplied by the are is proportional 

to the current and henoe, if the current density is constant, to the square 

of the spot radius. fctore vatts^ajqpere imist therefore be used to overcooa 

the heat conduction loss from & low current spot then a high current one.



It la likely therefore that if a low current spot ia driven suddenly by 

a vapour blaat onto a cold area of the cathode, that there my not be 

sufficient energy to eatabliah the vapour cloud la the face of the large 

conduction loss and ao the arc will go out* An anchored spot, which 

does not exhibit random motion, ia therefore likely to survive at lower 

currents than the free spot.

8.4. The iaportaaoe of xlOe layers on the cathoue.

It haa been found that whereas an arc can readily be estab- 

liahed on a clean mercury surface, an aro cannot &e a truck on a clean, 

ojdde-free solid cathode such ae Cu, fe, Ag etc. in an oxygen-free gaa* 

( 5» 23 , 5 o, 110,111,116} ^ ^jp 3^ fQrm ajoBsentarily whan th® electrodes

are separated, but it goes out immediately. If there ia sufficient 

voltage available a glow discharge will *bw rather than an arc, even up 

to currenta of 1Qa.^^ Xf however the oati**ie h«a a tiiin layer of oxide, 

or if there ia appreciable oxygen present in the gaa in the discharge 

tube, there ia no difficulty in forming an arc. Thermionic aroa may be 

struck on refractory cathodes whether there is an oxide layer or not, but 

a*ta of tha cold cathode type will form on tungsten only if oxide ia

It appeare therefore that an o*icld l«$rer is essential if a 

stable cold-cathode arc is to be formed on a solid cathode.

It haa been sug eeted that the thia layer of oxide, being an 

insulator, allow* a char<2e of positive tone to build up on it and thua to 

produce a high electric field at the cathode aufficlent to oraw the ure 

current by field eraiasion. (77,106-109) It ^ also ^en au$»«t»4 that
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the oxide layer, by virtue of its low thermal conductivity may allow a 

higji temperature to exist at the active cathode area without excessive 

boat loss by conduction* Xhia te^erature, in conjunction with the 

lowered work function which o»ight be expected at the ooaposite oxide- 

seta! surface, might be sufficient to cause thermionic emission of tie 

are current. (5.23.117)

These suggestions assume that the arc actually strips on the 

oxide, whereas we should expect that on account of tie intense evaporation 

from the hot spot, the oxide layer would be rapidly driven off. This is 

confirmed by the tracks left by arc spots on oxidised cathodes which seem 

to indicate that the oxide has been removed, where the spot has passed, 

exposing toe bare natal underneath* -

then a tssroury are spot aaoves at random over the cathode sur­ 

face , it establishes a not spot on the cathode at each point of its 

travel at a sufficient teifiper&ture to provide the vapour cloud necessary 

for the spot isechanisfe. It was suggested in tt» previous section that 

if there was insufficient energy available to establish the hot spot the 

arc would go out. Consider now the arc on a copper cathode. The energy 

required to establish a hot spot on a cold copper cathode la very ssuch 

greater than in the case of iaeroury. $ot only must the temperature of 

the spot be higher (3000°& instead of aOQ°sQ, but the specific heat and 

thermal conductivity of copper are an order of magnitude greater than of 

•ercury. dice the spot has been established at one point however, it 

appears that the steady state beat loss through the cathode is no greater 

than in the a»rcury arc. 4s discussed in Section 45, this i* probably

4k.
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to a decroaae in the thermal conductivity of copper whan it is in the 

liquid atate. Itotil the arc haa oalted the cathode however* loaaea by 

conduct ion will be very large.

If an arc haa been initiated on an oxide free copper cathode, 

for example by touching and then aeparating the eleotrodea, the apot win, 

on account of its random notion, asove rapidly away fxtKB the point of it* 

formation (even though the cathode ia aolid there will be randcua motion 

on account of directional fluctuations in the evaporation from the cathode). 

The apot will oove too rapidly onto « cold area of the cathode and the 

heat loaaaa will wake a greater demand than the arc can oupply, ao the 

apot will extinguish.

If however there ia a la^er of oxide on the cathode the mobility 

of the arc apot will be greatly reduced, the apot must first burn off 

the oxide before it can move, and thia givaa it time to melt the copper 

underneath* The molten copper provides a larger heat resistance than 

the aolid and enablee the vapour cloud to be produced without oxoesaiv© 

conduction loss. the oxide layer, by restricting the motion of the spot, 

thua enablea a stable arc to be farmed.

It appears therefore that the oxide layer ia not an eaaential 

part of the emission roeohaniam, aa haa been previously euggeated, but 

rather proviciea condition* under which the emiaaioa mechanism can operate* 

Jh confirmation of thia auggeation, it haa been ahown experimentally that 

the preeence of an oxide layer reduoea the speed at which an arc apot move* 

in * given magnetic fleld by two ordera of magnitude. ^ ' In the case of 

the mercury arc, where the cathode temperature ia low and the thermal



oonductivity of the oatbods is also low, no oxide layer a ax* necessary. 

Cold area on refractory oathodes

Sxaa^les have been found of aros having all the characteristics 
of cold-cathode aroa forming on metals which would normally support a
thendonic aroj ths most frequent exasiple of this is fbund on tungsten
( 5 . 69 . 11 6. 1JU5-1 L8)\<>9 '• 9 +j f«/ yim ^ axhibits ^ high current dbnsity, short
re ignition time and random motion typical of the cola arc. Furthermore 
the tenpereture of the cathode ia found to be too low for thermionio 
emission to occur, although after a short time a hot spot may form on 
the cathode and the discharge will then go over into a thermionic ore, 
having a lower current density f longer re ignition time and a steady qpot, 
It appears that the presence of occluded gas is necessary if a cold- 
eathods arc is to forms if the tungsten is thoroughly outgassed t only 
thexnionio arcs can be struck on it.

This phenomenon can be understood in terms of the new are 
theory. If the cathode is too cold to provide thermionic emission, it 
will certainly not evaporate cathode material* If however there is oo* 
eluded gas, this will be driven off where the aro strikes and will re­ 
present, for a short time, a strong local evaporation of gas at eras from 
the oathou*. These will be back-scattered and win build up a layer of 
dense gas close to ths cathode in which excited atoms will be produced. 
Those will diffuse to the cathode and release electrons, so a cold cathode 
tyj* of arc will torn until the supply of oocluded gas is exhausted. By 
this ti»e the cathods temperature has probably risen sufficiently to
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provide thermionic emits sion«

It ia fbund tfcat when a oola~oathode type of arc strikes on 

tonga ten the cathode faH la eomewhat lo*r than ifcen the am ia thewdotiio. 

Thia ia to be expected, ainoe in the oaae of the cold arc the temperature 

of the cathode la awch lower and losses by heat conduction through th* 

cathode will be smaller.

8*& *ghgrr liffh t frota the pPQty

It haa been described in Section 5.7 how on account of the high 

denaity of neutral atoms, resonance radiation will be imprisoned and ex- 

citation energy will be transferred by diffusion of ©xclted atoms ratter 

than by radiation. Beeonanoe radiation only waa conaicierod, but since 

there ia likely to be a large nue&@r of excited acoma in atatea other than 

the resonance state, the phenomenon of successive absorption and re~ 

eMaaion of radiation will apply to spectral lines other than the re­ 

sonance line, although probably to a leaaer extent on account of the 

analler oroas*aectiona for absorption of the other lines. The light 

which is observed, to originate from the spot ia therefore emitted by 

excited a tome *hich have diffused to the periphery of the arc where the 

density of neutral atoma ia lower, and hence tlie likelihood of re-absorp­ 

tion of a Guanttt* ia leas*

rhe diffusion of excited ato^a in legion 4 ia in the direction 

of the anode (aee Fig, 35), and In thia direction the denaity of neutral 

atooj» ia decreaaini^rapidly with increasing distance. Proa Flg. 

putting a » ^.lO^oai for a 5* spot, ne aee that at a diatarwe of
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ths cathode of a low pressure are (Nfi * 10 /ear) the density 

fallen by rare than two orders of magnitude from the density at the cat hod*. 

Host of the visible light, for which the areas-section Ibr aooorption is 

small. Is likely to have escaped within this distance. In Regions 1-3 

however, the axoiteu atoms diiTuiw* isainly to the oat node, since at this 

representf a cp^enslng surface there are large density gradients in this 

direction. The diffusion in the radial direction is therefore likely to 

be small » so Kegiais 1-3 when viewed la a direction perpendicular to the 

axis of the arc, are likely to appear darker In comparison with the lower 

part of Region 4* Xhi» is confirmed by C^Cr. Smith's micro-phot agraphe

of the are spot^ which show an apparent uark space ux tending about
•3

10 cm from the cathode and then a bright luminous zone extending about

4,10 oa from the cathode* Considering the probable experimental error 

and the approximate nature of our calculations, these meaauraneu ts are in 

good agreement «.th the adtia^tea diaenaiona of Hie c&thode region given 

in Chapter 5,

The 3j»otrum of the cathocie region of the mercury are has re-
(29> oently been examined In sorue detail by 3t, John and ^inans. x " In

order to av@poo<ae toe difficulty of ob»«irv^tion inhozwit with the flroe 

spott the spot was driven fala.g an & *»hor by a magnetic field. The spot 

was rr-wVt to travel In a horizontal path past the vertical slit of a speoto- 

scope, and in this my it was possible to see how the spectrum varied with 

the distance from ttie cathode. It was found that close to the cathode the 

speetnin w&s continuous, with intensity maxima ceatred on the ox&rcury 

lines (this was probably Regions 2 and 3 of our definition, but at larger

int.'
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diatanoea froa the cathode there w&a only the mercury line spectruza (tbis 

was probably Begion 4>.

The continuous spectrum ia probably 4ue to the broadening of 

apeotral lines under the conditions of high electric £i«id and ht^h don~ 

sity of storoe and charged partioles which exist in the spot. Unea *hiah 

ere uot too widely spaced may beocrae sufficiently broad to overlap* In 

addition *» might expect some contribution to the spectrum frosi the bonde 

. St. John ana .inane measured th» broadening of & number of lines

in the continuous spectrum and canp^rea their rocults with '>t&rk effect 

imrebti^atioiie in a iaoroury glow dlachnr^c. ^ ' Tlioy as&utasd that tiie 

broadening in the arc apeotrum was due to a second order Stark effect and 

estimated that an axial electric field of the order 5,10 v/caa existed in 

the spot*

The validity of auoh a oompariaon with glow discharge measure- 

swnts is however moat questionable, since the current density in the arc 

was probably at least five orders of magnitude greater than in the glow, 

resulting in entirely different conditions. The broadening is probuDly 

a combination of pressure broadening, du© to the high density of atoms, 

and the Stark effect in the high inter-atomic micro-fields due to ths 

large density of charged particles, rather than to the Stark, effect in a 

high axial eloctric field. ?ne averags raicro-field is «li»n

•here If is the number densi ty of ions aid electrons. If me take 

If % 101d/oa^, which ia the probable efensity in Region 3, m haw



This would be sufficient to account for the observed broadening of the 
lines.

The bands of Hg2 appeared to be absent from St. John and Winans 
spectra, and so they concluded that the pressure of mercury vapour in the 
spot was no greater than about 50 mm Hg, However it may have been that 
the intensity of the bands relative to the lines was so low that they 
escaped detection, especially as they are likely to originate only from 

a very narrow region. On the other hand if temperatures of more than a 
thousand degrees absolute exist in the vapour it is likely that most Hg0

4f»

molecules, whose binding energy is only 0.15eV, will be dissociated, and 
hence their contribution to the spectrum will be very small. The apparent 
absence of Hg bands is not therefore evidence against the existence of 
a vapour cloud of high density.

Another feature of the spectrum from the arc is the presence of 
Hgll lines, which originate from the excited levels of the mercury ion. 
The first excitation potential of %* is about 6eV (see Ret. 190), so if 
an excited ion is to be produced by the impact of an electron with an 
atom in the ground state, the electron would need to have an energy of at 
least 1 6eV, Some workers have therefore taken the spark lines as evi- 
dance that electrons of such energy exist in the discharge and have con­ 
cluded ttot there must be a potential difference of 20 to 30 volts in

the spot .
This is an entirely erroneous conception* We have described 

in chapter 5 how the conditions of high vapour density and high current 
density which exist in the spot favour cumulative effects. The excitation



of the spark lines Is therefore lifculy to be the result of stcpwise pro- 

«•»»*»* Successive impacts on an «tow> by electrons of only &V energy 

may excite the atom In the following atagesj

electron + «g (ground state) -*>l!g (3p state).

election * Hg (3p state) -^Hg* (ground state)

eloctron * Kg* (grcuod state) -^Hg* (^» state)

electron + Hg* (^P state)

,

Thus Hg , of ionisation energy 19eV taay be formed by electrons with no 

Btcre than 6»V energy.

Another likely cumulative prooesa involves collisions of the 

second kind between neutral saeroury atoms in the higher excited states. 

Atotos may be excited to ths H) state of 9eV energy as follows;

electron (5eT) * %(groind state !%(^F state)

electron (4*V) ^ Hg(^> state) Hg(^l> state;

Two D atcsas nay now collide. Their confined energy of I8v will bo suf­ 

ficient to produce an excited ion. On farther collision between an ex­

cited Rg* and a neutral excited atom may then result in the production of
« ++ Hg .

It is »a«n therefore that cumulative processes can account for tfoe 

appearance of Hgll linns in the spectra* of the arc. The spark lines ai* 

found to be anhanoed when the arc is subjected to a strong magnetic field 

and HglH lines then appear* it will be shown in Part 2 that these 

are emitted fro» Kegion 4, and their origin will be discussed.



Conolugionr

In the foregoing chapters a new picture of the conditions in 

the cathode spot of the cold-cathode arc has been described. the trans­ 

fer of current at the cathode is attributed to electron emission by eat- 

oited atoms which are fbraed in a dense vapour cloud ifixwdiately above 

the cathode, and diffuse back to the surface. It would appear that this 

picture is consistent with practically all the observed Matures of the 

arc spot*

At this stage the theory is necessarily rather primitive, as 

the processes have bean simplified in order to understand the essential 

details involved. A fflore refined theory would treat the excitation 

processes and cumulative effects in greater detail, particularly with 

regard to their variation with distance from the cathode. Since condi­ 

tions in the arc vary rapidly with distance, the mathematics are likely 

to be more complicated than have been used here.

In the light of the new theory it would be valuable to have

acre experimental information of the conditions in the spot* It would
-4 

be necessary to resolve distances of the order 10 cm from the cathode

and to examine the spectrum in greater detail as a function of distance. 

Also soras means of oaasuring the density of vapour as a function of dis­ 

tance to ths same degree of resolution od$it be devised* Finally it 

would be of great interest if more accurate determinations «er© ;aaue of 

the yield of electrons when excited atoms stride a metal surface.
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CftrTKB 9

THE RfiflSRSK ttilVJMa

9.1. Introduction

The work to be described in this part of the thesis was under­ 

taken before the theoretical atuay whioh has been the subject of Fart I* 

The apparent violation of /unpero'* rule by a low pressure aro in a tran»- 

versc magnetic field ia one of the more reoarieable features of the oolex- 

oath ode aro* The phenomenon was investigated in the hope that it would 

throw some light on the processes occurring in the cathode apot, but 

although the explanation we propose gives a ace information as to the prob­ 

able dimensions of the cathode region, it does not lead to any oonolu- 

aiona oonoerning the electron emLssion nechaniam. Further eaperiraental 

work on the aro in a magnetic field waft therefore abandoned in favour of 

the theoretical investigation of the cathode processed.

9.2. The phe ocaanon of reverse driving.

If a trana verse amgnetio field act a on a direct current, cold- 

cathode arc, the positive col man of the aro is always deflected in the 

direction given by Aopere'a rule. Under certain conditions however^ the 

cathooe apot is found to move In the opposite direction, dragging tba 

deflected colusn with it. The arc as a whole therefore moves contrary 

to Aajere's rule.
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fhe reverse driving effect was first observed in a low pressure

•sroury arc by J. Starts ^ in 1903. Since them it has been ths subject 

of numerous investigations: 1^' The effect has been studied in low 

current arcs between a variety of electrodes in different gases: In all 

oasee the motion of the cathode spot is in the reverse direction if the 

gas pressure is sufficiently low. A change to th» Anpere direction 

occurs if the pressure is increased above a critical value, other condi­ 

tions being constant. this critioal reversing pressure is the greater 

the lower the current and the stronger the magnetic ftaldt it depends on

the nature of the gas f but appears to be almost independent of the cathode
fl76 17fOmaterial. f ' If the arc length becomes amall, the reversing pres­ 

sure has been found to increase with decreasing electrode separation) * 

The reverse driving effect is found only in cold oat hods arcs* 

In the case of a tungsten cathode where, as has been explained in Chapter 

8, both thermionic end cold-cathode types of arc spot can form, only the 

cold-cathode spot gives reverse driving* then the cathode reaches a 

temperature at which thermionic emission occurs, the arc cannot be uilveu 

in the reverse direction/ 170 ' 177'

9» >. Previous Theories.

stark' ' considered that the neutral vapour vtoich was eva­ 

porated from the spot acted as a conductor moving perpendicular to the

•agnatio field. An e.m.f. would be induced in the vapour which would 

act parallel to the mercury surface in the opposite dixection to the



force, and would thus tend to oriv© the aro in the reverse 

direction (Fig.5^)» However, in the modern view it is not permissible

to regard the neutral vapour aa a conductor.
(1&.) Minors^ ' investigated the effect with a mercury aro in which

the spot waft driven round an annular cathode pool by a radial magnetic 

field. Be proposed that electrons moved right round his annular tube in 

the Ampere direction aa a result of elastic collisions with gas molecules 

in the magnetic Held, ana built up a space charge on the reverse side of 

the arc* This attracted the positive ion apace charge f and hence the 

spot, in the reverse direction (?t«.57). f^ia theory cannot account Ibr

the observed reverse driving of arcs along straight paths*

Tanberg proposed that the vapour blast from the spot carries 

positive ions against the electric field. rh&se are deflected in the re­ 

verse direction and returned to the cathode , forming a new spot* However 

it is hard to believe that a sufficient number of ions take this course to 

counteract the effect of the majority of the positive ions which move to- 

warda the cathode and are deflected in the Ampere direction*

Smith' 1 ' developed a theory of the mercury aro cathode in which 

he assumed that th© conduction electrons in the liquid were heated to 

4000°K while the lattice reaiained at only 400 £* There was therefore a 

large electron tenperature gradient perpendicular to tto applied magnetic 

field* Soiith then invoJcea the I ighi-Leduo effect which would give ft 

thermo-motive force on the current, parallel to the cathode suifaco, 

This would g^vw a reverse motion to the spot if the cathode material had 

a negative ttighi-Leduo coemoient. This theory ossunxss that the reverse
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driving effoot occurs in the cathode itself. It does not therefore con- 

form with the observations of Qobine and Gallagher that conditions of re­ 

versal do not depend greatly on the cathode material, and cannot account 

for the effect of gas pressure on reversal. The theory also suffered 

froa errors of a fundamental nature. * '
/*Qp\

Longini v ' considered the relative displaceaaents of the 

electron and ion apace charges over the cathode spot when a magnetic field 

is applied. Although both space charge zones are moved in the Ampere 

direction, the electrons are assumed to move more than the ions, and so 

leave a greater positive charge on the reverse side. The peak of the 

resultant electric field at the cathode is thus moved in the reverse 

direction (Fig. 58). Assuming that the electron current from the cathode 

is due to field emission, this peak <jetermines the spot position.

This theory aasuwes an independence of the electron and ion 

•pace charges. However at the high charge densities in the spot it is 

not possible to neglect their strong interaction, wttioh will resist 

separation by the magnetic field. Purthermoi* the theory relies for 

support upon the observation by Smith that at a large isagnetic f^M 

(about 5000 g) a reversal of the direction of faction (H to A) tak»s 

place even at low pressure . This observation has not been confirmed by 

any other investigator and we would suspect it was due to some other

Hinler and Oohn^ assumed that the electron emission from 

the spot was ranaota in direction. Electrons emitted with a velocity

in the reverse direction would be aeflected towards the anode
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while those emitted with a component in tlie Ampere direction would be 

returned to the cathode (Fig. 59). Only the former would produce positive 

ions in the vapour which in turn produce th« spot. However there is no 

justification for the initial assumption as on account of the high olec- 

trio field in the vicinity of the spot the electrons would be emitted per­ 

pendicular to the cathode surface.

Tansnura/ proposed a similar theory to that of iiitnler and 

Conn, only applied to the region above the spot. lectrons with a high 

electron temperature are assumed to ionise preferentially when moving la 

the reverse direction, since here the magnetic field deflects them in suott 

a direction that they gain energy from the electric field (Fig. &).

Consideration shows that such anergy differences would be extremely small
J**^J* 

compared with tbs random energy of the electrons and so the effect would

be negligible*

hothstein considers that on account of the high vapour 

density in the a pot, metallic conduction takes place from liquid to
: •-•• f *r-

vspour, and assumes that 'positive holes* carry some of the current. A* 

in the anomalous Hall effect such holes would be deflected by the magnetic 

field in the reverse direction.

However the assumption of nut a Hie conduction is unsupported by 

experimental evidence, and no quantitative theory on the we lines has been

proposed.
fare has suggested that ths Ectinghausen effect, which pro­ 

duces a beat flow parallel to the cathode but in a direction opposite to 

the Ampere force, mi^t act in the plasma immediately above the cathode.



The cathode beneath the apot would then be heated preferentially on the 

reverse aide of the spot and this was assumed to produce reverse motion 

(Fig. 61). This night be the case if the cathode depended for its elect ran 

emission on heat received from the discharge and so would strictly apply 

only to thermionic area, which are known not to exhibit reverse driving* 

In addition, in order that the Ettinghausen effect should be appreciable 

he assumes that the vapour density in a low pressure arc is as low in the 

cathode spot region as elsewhere in the arc. *e have shown in Part Z 

that the opposite is true*

St. John and ^inans propose that cathode electrons are 

accelerated in the cathode fall and deflected in the Aiapere direction, 

where they form ions on the Aop^re aicie of the spot* These are then 

attracted electrostatically back into the spot 9 which they overshoot and 

fall on the cathode on the 'reverse* side of the spot (Fig. Si). Hens 

they are assumed to create a new spot* thus moving the arc in the reverse

direction*

This very crude picture of conditions in the cathode spot assumes 

that electrons produce ions by single collision, that the density of atoms 

in the spot is as low as elsewhere in the arc and that positive ions are 

responsible for electron eadssion front the cathode. As we have seen, 

none of these assumptions is valid*

Thus in spite of these numerous sugjsstions, no really satis­ 

factory theory of the reverse driving effect has been proposed which can 

account even qualitatively for the observed phenomena* In particular 

none of the above theories deal* with the observed variation of reversal
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pressure with eleotrooe separation, since their treatments apply only to 

the immediate vicinity of the oathocte or to the oathodi itself and so 

neglect a parameter nhich ia, as we ehall »howt of oonaideraKLe iaportanoe,
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10.1. The Kot&tinR Mercury

In order to study the motion of ft mercury arc in a transvera* 
fljftgnetio field we followed the example of , inoraky and Smith and construe- 

ted a mercury arc tube with the cathode in the form of an annular pool. 

The lower part of the tube fitted into an electromagnet of the loudspeaker 

type, which produced a radial magnetic field of up to 1»QQQ gauss. Fig* $3 
is a scale drawing of the tube and magnet. As can be aeon, the magnetic 

field is confined to the cathode region of the discharge.

The tube would carry currents of up to 10A and was cooled by 
blowing air onto the condensing surfaces and up the centre polo of the 
l*gB»t. In later experiments, the cathode was cooled by circulating

water instead of air.
The tube was connected to a vacuum system which allowed the 

tube to be puaped continuously, in which case the pressure of residual 

gas could be kept below 10~5 we %, or alternatively the tube could be 

isolated from the puiaps and pure argon could be adadtted up to a pressure

cf 500 am 9g.
The tube was connected to a source of 250 volts d.c. through

a variable resistor. %e circuit is shown in Fig. 6^ For sorae eaperi- 

Meats a radio-f^qwenoy current (2.5 V«) could be super-in^osed on the 

steady d.c. current by means of the oirouit shown in Pig. 6$.
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The aro was started by a high voltage impulse applied to the 

outside of the glass near the cathode surface* When the nagaet was 

switched on, the aro spot rotated at a steady speed round the annular 

•eroury track.

The parameters which oould be varied wore

1. The magnetic field

2. The d. c, aro current

3. The r.f. current 

J*» The pressure of argon in the tube 

5. The degree of cooling applied to the tube 

Observations were made of 

( j 1* The speed of the arc spot

2. The voltage across the tube

3. The appearance of the discharge

The speed of the spot was fasaaured by an apparatus shown 

schematically in Pig. 66, A photocell picked up the light from the spot 

each tine it cams round the circular track. The photocell current was 

amplified and displayed on the Y-plates of a cathode-ray oscilloscope. 

The output of a be at-frequency osoillator was fed into the X-plates, and 

the frequency of the oscillator adjusted to give a stationary closed loop 

on the screen. The frequency of the oscillator was then equal to the 

frequency of rotation of the spot. ^he linear speed of the spot was 

derived by multiplying the frequency of rotation by the oircuiBferenoi of 

the cathode pool.
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The moving aro was observed through a rotating-wheel strobo- 

scope shown in Fig. 67, The wheel could be driven by ooB^resasd air up 

to a speed of 14,000 r.p.o. and the arc was in view for abou. one hun­ 

dredth of each revolution. By adjusting the speed of the wheel until 

the aro appeared stationary, the shape of the discharge could be seen 

very clearly,

10.2. Observations at low pressure.

In the fir at experiments no argon was added to the tube and 

the aro ran in sercury vapour only. f he vapour pressure was determined

by the temperature of the condensing surface of the tube, which was usually
O ~2 about 60 c corresponding to a vapour pressure of about 2.10 mm Hg. The

condensing surfaoe was kept oool by blowing air onto it; the cathode was 

cooled by blowing air up the centre pole of the magnet (see Fig, 65).

The arc current was kept constant and readings were taken of 

the spot velocity and aro voltage as a function of the magnetic field. 

Sorae results are shown in Figs. 68 and 69 for several values of the current. 

There was no r,f. applied in tnie experiment.

As the pressure was low the motion of the spot *as always in 

the reverse direction. The cooling of the tube was kept constant and 

after altering the magnetic field, readings of the velocity and voltag* 

were taken quickly.

The curves of aro voltage against magnetic field at constant 

current, wnioh have not been observed by other investigators, showed a
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asrted similarity to the velocity curves* By plotting voltage against 

velocity for constant current, straight line graphs are obtained (l? ig.70)»

The magnetic field was then kept constant and readings taken 

of the spot velocity and arc voltage as a function of the current, with 

and without superimposed r. f. The results for a magnetic field of 1290 

gauss are shown in Pigs. 71 and 72.

10.3* Iftsouesion of observations at low pressure,

Toe curves of the spot velocity in the reverse direction 

against magnetic field at constant current (Fig. 68} are similar in shape 

to those obtained by Gallagher under conditions of o&re fully controlled 

temperature, Whereas Ga Hasher found that the curve for each value of 

the current lay above the curves of lower current, it can be seen that 

our l»A curve lies slight 1 below the curve for 2. £A. On the other hand, 

it can be seen from Fig. 71 that when the field was kept constant, the 

velocity increased steadily with increasing current. There is therefore 

an inconsistency between the results shown in Fig. 68 and the results shown 

in Fig. 71.

This inconsistency was found to be duo to variations in the 

temperature of the onthode. Since the cooling was by air blasts only, 

variations in the energy dissipated in the tube caused variations in the 

twaperature of both the condensing surface and the cathode. It was 

found that for a constant current and magnetic field, altering the flow 

of air onto the condensing surfaces had little effect on velocity or



voltage. Altering the flow onto the cathode hoover, altered tl» velocity 

a little and produced considerable changes (sometimes as much as 20 ) in the 

arc voltage. Reducing the cathode cooling caused the velocity ana voltage 

to fall, and vice-versa. In order to obtain reproducible results the air 

flow to the cathode had to be carefully matered, but even then the themal 

time-constant of the system was so long that consistent results were hard 

to obtain. The reason why the J»A curve of Fig. tff lies below the 2. 5A 

curve is probebly that the cathode was heated to a higher temperature by 

the greater current.

It appears therefore that the cathode temperature is an import­ 

ant parameter in determining the spot velocity and arc voltage for the 

•ercury arc in a magnetic field. this is probably because the cathode 

ttBperature controls the density of mercury vapour immediately above the 

cathode: the spot has to be driven through this vapour, and for a given 

current and magnetic field it would seem likely that the greater resistance 

to the motion offered by ti.e higher density would reduce the speed of the 

spot. This supported by the observations when an r.f. current was super* 

imposed upon the &.G. arc current (Fig.71). Since the r.f. current re­ 

verses its direction every half-cycle it can have no resultant effect on 

the electromagnetic forces on the arc. It does however increase the heat 

dissipation in the discharge, in particular in the cathode region. This 

raises the cathode temperature and increases the density of vapour through 

which the cathode spot has to move. This results in the observed reduc­ 

tion in the spot velocity when the r.f. is applied.
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Fluctuations at -aa speeds.

It can be seen from Fig. 68 that at constant current the velocity 

increases with increasing a^gnetio field up to a value of 70 - 75 metres/sec 

for a field of 3500 gauss. Above 3500 gauss the velocity levels off and 

appears for some values of the current to decrease as tto field is increased.

For magnetic fields up to 32900 gauss the spot velocity was ex* 

tremsly stable, but at greater fields severe fluctuations set in and it 

was difficult to obtain a steady picture on the oscilloscope screen. 

This decrease in fte velocity and the apparent instability of ths spot 

speed which accompanies it has been observed by Qallgher, using a similar
Mexperimental arrangement. In his case however, the onset of the phono* 

awnon occurred at only 2000 gauss.

At the aarae time aa the fluctuations set in, a hydrod,ynandc 

phenomenon was observed in the eisroury cathode pool. As the spot raced 

in 1he reverse direction, the liquid roeroury circulated slowly in ths 

Ampere direction ( electro-magnetic punning). At low fields the mercury 

surface was quite smooth, and the path of the spot could be seen as a 

bright line pressed against the outer wall of the tube. At high fields 

however, ripples appeared on ths oercury surface perpendicular to ths path 

of the spot. These ripples remained almost stationary and built up to 

he ights of several ran. the track of th« spot was then no longer pressed 

against tte outer wall but showed an irregular path over the corrugated

cathode surface.

A possible explanation of this phenomenon is as follows. As



the apot Riovea over the oercury it &&y occaaionaliy cake a dent in the aur­ 
faoe, although if the apot is being ariven at high apeed the aiaa of the 

dent ia likely to be email. The apot will be rapidly driven out of the 

dent it haa made, and the level of the aurfaoe will be restored in a ahort 

but finite time* If however tne apot, having travelled onoe round the 
circular cathode, arrives at the ck»nt again before the level haa had time 

to be restored, it ia likely to atay momentarily in the dent and depress 
the aurfaoe a till further before passing on. In this way the depression 

increases at each passage of the apot until the observed large, stationary 
ripples are built v$, At the same time, the Boraentary 'sticking 1 of the 

apot in tto dent causes an apparent reduction in tte velocity of the apot. 
It would appear therefore that this phenomenon ia a consequence of the 

ejptrimental arrangement of an arc being driven round a circular track, 

and the onset ia likely to occur at a critical frequency of rotation 

rather than at a critical speed,

Galla^er did not observe tne hydro^ynamio effect sinco .Is 

tube was completely enclosed in an oil-bath* It ia significant that hi a 
curvea a how a levelling-off of the velocity beginning at 2000 gauss and 
decreases of the velocity at fields of less than 3000 gausa, We observed 
neither effect tmtil the field exceeded 3000 gauaa. Mo dimensiona of 

Gellagher'a discharge tube were given, but it would seem likely that our 
tube was larger than hie, which would make the onset of the hydro-dynamic 

phenomenon occur at higher spot speeda.

It ia significant that in the experiments of >t. John and Winana,
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who used an arrangement in which tne cathode apot waa driven 

around a circular anchor, no fluotuationa or decrease of velocity wre 

observed at high fields. In this case the apot waa presumably unable to 

depress the mercury surface. They found however that after tending to a 

constant value for magnetic fields above about 7000 gauss, the velocity 

(in tie reverse direction) appeared suddenly to double at fields above 

10,000 gauss. Thia doubling has been observed by others using an 

anchored cathode spot and will be discussed later.

1Q.5* Ofcaervationa with argpn ajUted to^tha mrwxy vapourP

In the exportn^ents described so farf the discharge tube con*

taiaad only mercury vapour at low pressure, and the motion of the spot 

waa alwaya in the reverse direction. If an inert gas such aa argon la 

admitted to the tube, the velocity in the reverse direction decreases aa 

the gaa preasure ia increased. At a critical pressure, which depends 

on the current, the magnetic field and the nature of the ^aa, the arc 

ia not driven at all. Thia is known as the point of reversal. If the 

gaa preeaure ia increaaed still further, the arc begina to move again, 

but now in the Ampere direction.

Some experiments ware made in which argon was added to the dia- 

oharga tube, and the apot velocity and arc voltage were measured aa a 

function of the argon presaure for different currents arid magnetic fields, 

To ifl^rove the reproducibility of the results and to prevent excessive 

variation of the cathode teiaperature, the air cooling of the cathode waa 

replaced by circulating water. The air cooling of the oondenaing
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surface was retained.

The shape of th« curve of spot velocity as a function of argon 

pressure fbr constant current and magnetic field is sketched in Fig»73, 

sad the corresponding curve for the aro voltage in Fig. 74. Some results 

•re plotted in Figs. 75 and 76 for Magnetic fields of 2000 gauss and #300 

gauss and currents of 2A and 5A. in order to show the details of the 

curves, the seotion for pressures greater than 30 «m 1% has been dram to 

a different scale.

The curves of velocity against argon pressure are similar to 

those obtained by St. John and iinans for an anchored, spot, Unlike the 

results at low pressure, the voltage curves show practically no simila­ 

rity to the velocity curves*

A significant feature is that the curves of velocity against 

pressure for the aa;re aiagnstio field but different currents intersect at 

a certain value of the pressure* At lower pressures Increasing the 

current at constant field will increase the spot velocity in the reverse 

direction, as was found in the low pressure experiments. At greater 

pressures, increasing the current will decrease the velocity in the 

reverse direction and so tend to toove the aro in the Ampere direction.

Another important feature is the effect of admitting a small 

pressure of argon to the aro when rotating at high speed in the reverse 

direction. Adding 1 am Rg of argon caused practically no change in the 

spot speed, but produced a marked reduction of aro voltage, in aane oases

nearly >>/"•
A change in current at constant field altered the spot speed,
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ô
v-
J 
2

H
-^

J
o

O



7
o

I

T 
o

aa.

ĥ
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whioh settled down Immediately to its new value. the &ro voltage took 

longer vup to 30 sees) to stabilise itself. If the current had, been 

decreased the voltage gradually rose to its new value, and vice-versa* 

This is attributed to the change in temperature of the cathode «hon th© 

current is altered. If the current was decreased, the cathode tempera­ 

ture decreased slowly to its new equilibrium value; as was described in 

the section on the low pressure experiments, this causes an increase in 

the arc voltage.

10. 6. The anpearenoe of the rotating arc.

In the absence of the magnetic field and without argon the arc 

carrying about 5& at low pressure had the appearance sketched in Fig, 77* 

Apart from the bright cathode spot only a uniform plasma filled the tube. 

When the magnetic field of about 2000 gauss was applied the arc rotated I 

and became very bright. When observed through the stroboscope it could 

be seen that tbs wring spot trailed a bright column which was pressed down 

onto the cathode surface for some distance behind the spot (Fig* 73}* The 

column was deflected in the Ampere direction, while the n&tion of the spot 

was in the reverse direction.

If the current md magnetic field were icept constant and a 

M*|I pressure of argon (about 10 ram Hg) was &dmittea to the tube the arc 

still moved in the reverse direction, but with reduced velocity. The 

ooluiwi appeared to be more constricted than at low pressure and was not 

pressed onto the cathode for as great a distance behind the spot (Fig.79).

the pressure was increased further to about 100 mm Hg the
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arc oaeno to the point of reversal. The arc column was more cons trio tod 

than at lower pressures but waa still deflected strongly in the Aopeve 

direct ion oloae to the spot, although only a short section appeared to be 

pressed to the cathode (Fig* 80).

With a at 111 larger pressure of argon (about 150 nm %) the arc 

moved in the Anpere direction, ¥he whole arc consisted of a bright filar 

rasnt from cathode to anode » which was only slightly deflected by the 

Baguette field, (Pig. 81).

These observations will be discussed in SOOB detail in the 

next chapter,
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bending of tho Aro.

ft transverse magnetic field acts on a solid conductor 

carrying a current, the conduction electrons experience an electro- 

magnetic force which they transfer to the lattice, The conductor as 

a whole therefore experiences a mechanical force tending to move it 

in the direction of Ampere's rule (Fig. 62).

In ft gaseous conductor, that is to say an ionised conducting 

path through a gas, the current is carried by charges of both sign which 

move under the influence of an applied electric field. If a trans­ 

verse magnetic field H is applied, a particle with charge e moving with 

a drift velocity v in the direction of the electric field will experi­ 

ence an average force F given by

f> * (11.1)

Since in a given electric field the drift velocity of the electrons is 

very much greater than the drift velocity of the ions (for mercury the 

ratio is 400t 1) the electrons experience the greater force, which tends 

to deflect them in the direction of Aapere's rule*

There are now two ways of considering how ths conducting path 

in the gas is deflected* First, if the density of chargaa is lo* «a4 

hence the electrostatic interaction between the® is small, electrons may
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be deflected independently of the ions. they will t ho re fore produce new 

ions in the gas on the Asqpere aide of the discharge, and in this way the 

conducting path will be moved in the Ampere direction at a apeed which 

ia determined by the velocity cotaponent the electrons have in that direc­ 

tion*

the second approach is applicable to a discharge in which the 

density of charged particles ia ao high that there is strong electro­ 

static interaction between the ions and electrons, and hence the elec­ 

trons can no longer be deflected independently of the ions* The 

electromagnetic force on the electrons will in this ease be shared by 

the ions also, and ao the speed at which the conducting path will iaove 

ia determined by the apeed at which the conducting path will move is 

deterffiined by the apeed at which the ions can be dragged through the gas* 

Since, as we have shown, the interaction of the ions and electrons in 

the cathode region of a mercury arc ia strong, the second approach must 

be used when considering the motion of the cathode spot in a magnetic

field.

The fbroe on an electron, given by equation (11»1) where v is 

now the electron drift velocity v~, ia regarded aa acting on the ion, 

which ia rioved with a transverse velocity v^. The foxce on the ion is 

the sani as would be exerted by an equivalent transverse electric field 

X, acting at right angles to H and given by

.2)



Th» transverse velocity of the ion can now b« found from the 

equation

which is valiii for moderate values of ~. Here k* is the mobility of the
P

ions and p the pressure of the gas in which th»y move (reduced to

Prom (11,2) and (11.3), the velocity with which the conducting 

path is driven by the naagnetio field H ie given by

<"•*»
*.•*-*•• e- tt\JU. i- .

The direction of notion will be given by Ampere's rule*

In the low pressure mercury arc t to electron drift velocity V" 

and the vapour pressure p vary greatly with distance from the cathode. 

The electron drift velocity in the positive coluon is likely to be some­ 

what higher than in the dense vapour of the cathode spot: the vapour 

pressure in the column is several orders of magnitude lower than in the 

•pot* Consequently, if a uniform transverse oagnstic field is applied 

to the arc if it can be seen from equation (11*4) that the positive col* 

ura will be deflected faster than the cathode region. The column will 

therefore pivot about the spot until it is arrested by the cathode, and 

will then be pressed down by the aagnetic field onto the cathode surface 

on the A^>«re side of the spot (Fig. 83). This is in fact what i» ob­ 

served (see Fig.78). This bending of the ooluan will set up a local 

Magnetic field due to the arc current wbich will act on the cathode 

region of the discharge in the opposite direction to the applied field.
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the origin of the self-magnetic field can be understood with 

the aid of Fig.84. Consider a current of i e.m.u. flowing in a thin 

rectangular loop ABOD. There will be a s**gnetic field at P, the *dd 

point of BCf due to the current in the arms ASf Cl/ of the rectangle* 

The current in BO itself will not contribute to this field. If the

distance BC » 2K and AB and CD are long coaapared with BC the arms AB
i
5and CD will each contribute r- gauaa to the field at P, so the resultant

field at P win be

H* " f" (11.5) 

Consider now the section PCD replaced by the cathode surface XX and let

PBA now represent the deflected are (Pig.fi£)» If *e as SUBS that the 

current in the cathode makes no contribution to the field, the self 

magnetic field at P will be given by

Ba «| (11.*)

It can be seen from Fig. 86 that H can be regarded as an effective radius 

of curvature of the current where the latter is bent at the cathode spot. 

The self "magnetic field H of the defbraed arc will act on the 

cathode spot in opposition to the applied field HQ which has produced 

the <*Bformation of the column. The resultant Held R on the cathode 

region is therefore given by
*,*• *- *r*#*

H . If -H (11.7)

that iff
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H " Ho • £ (n.a)

It seesa possible that a strong HQ might bend the arc column to 

euoh an extent that the current from the oathooe would emerge from the 

sloe of Region 3 instead of from the top (aee Fig, 22). The* loser limit 

to R seems therefore to be of the order of the extension of itegion 2 fron 

the cathode, that is about 5.10^c«. Froa equation (11.6) if i • 5A we 

derive the maximum self-magnetic field

Hft *> 10,000 gouao

It eeeot probable therefore that under conditions in which the arc is 

strongly deformed that the self-aagoetie field oaa exceed the applied 

field in the cathode region, and that the resultant field there is there* 

fore opposite in direction to the applied field* The are spot will in 

faet obey Aapere's rule with respect to the resultant field, while ap­ 

pearing to violate it with respect to the applied field, this is pro* 

posed as a new explanation of the reverse driving effect, and has been
published. (189)

A calculation can now be taade from equation 11.4 or the speed 

at which the self-magnetic field is 11 Italy to drive the are spot. The 

equation will be applied to Kegion 2 of the arc, since it is here that 

the majority of excited atom are produced which maintain the electron 

eaission from the cathode. Any movesttnt of flegion 2 will therefore 

result in a movement of the cathode region as a whole.

For swroury wtpour k* - 500 cVseo per v/om.ian Hg (see Appendix
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1). The electrons enter Region 2 with axial speeds of about 10 OJ&/seo

and leave with a drift velocity of about 2,1G5cn/sec (see Chapter 5).
/• _ 

The avera^ drift velocity V" will be taken as 10 - 10

If the pressure in the arc vessel is low, the radial density 

gradient of neutral atom in the o*thode region is very steep (Fig.16) 

and so the ions and electrons will be driven by the magnetic field into 

vapour which is probably at least an order of SJfcgnituda less dense than 

on the axis. If we therefore take p * 30 - 300 am Hg corresponding to 

8 * 10 8 - 1019 atosis/ow5 aad take B * HS « 10^ gauss we have from 

equation 11*4

vt 9 1C2 - 104 oa/soo

Velocities up to about 8,1Cr on/sec were observed in the experiments 

described in the previous chapter* Thus in spite of the very approxi- 

oate nature of the calculation made abovef it shows that the proposed 

explanation of the reverse driving effect is consistent with the observed 

high spot speeds in the reverse direction*

11 • 2* The arc at low pressure.

—n

When the pressure in trie arc vessel is low (** 10 SIB Hg) the 

aagnetio field is observed to press the arc column right down onto the 

cathode surface on the Annpere side of the spot (rig* 78). On account of 

the increased losses from the column to the cathode surface it is to be 

expected that the electron teiqperature and axial field in the column 

will ris*. TniB •^ ofi*180 the discharge to become bri^ter and 

the voltage across the arc to increase.
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Uncter these condition a & is assuned to be sufficiently aoiall

to make the self magnetic field H exceed the applied field H ana so the— 0
notion of the spot will be in the reverse direction. On account of the 

complicated geometry of the distorted cathode region no attempt will be 

made here to give ojore than a qualitative account of how the velocity 

of the spot varies with current and magnetic field*

the velocity of the spot in the reverse direction will be

called v. ie assume that if the aa&ient pressure p in the orerev r *a
vessel is low, the pressure p in the spot will be independent of the 

current arid the applied magnetic field and we assume also that the drift 

velocity of the electrons, at least in Kegion 2, will be constant* 

Hence from (11.4) and (11.6) we have

- He

At constant current K will clearly decrease as HQ is increased, since 

the greater magnetic field presses the column closer to the cathode. 

For E < 3000 gauss we find from experiment that v^^ is approximately

proportional to H (Fig, 6B)« For low Magnetic fields it appears there­

fore that

H<*|- (11.10) H0

Since F cannot dscrease indefinitely, at larger HO the decrease in H will 

be less rapid as H increases, and the velocity will level-off, as is 

observed. Another reason for the velocity tending to a constant valw 

nay be ttet at these speeds (I0*b8/seo) the transverse velocity iiqparted
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to the ions beooaws comparable with their thermal velooity so that the 

nobility treatment (equation 11.4) ie no longer applicable, and tho 

velooity is likely to increase lesa than proportionally with H. Further- 

fflore at such speeds the arc may not be able to establish tte vapour oloud 

necessary for the cathode processes, and so the ecdasion mechanism Halts 

the spot speed*

Consider now the variation of velooity with current, the applied 

•Hpetio field being kept constant From (11,9) we should expect, if B

is a function of H only that v_ will be proportional to i. Gbserva-o
tions show however that v_ inoreaseo less than proportionally to i.rev

(Fis.71)

It has been shown (Fig, 14) that the density distribution of 

vapour on the arc axis is a function of ~ where a is the radius of the 

arc spot. If the current density is constant

a. c* i* (11.11)

If tto current is increased therefore, the regions of high vapour density 

will be moved further away from the cathode, and this is likely to online 

an increase in H. if we consider K is approximately proportional to a, 

we have frosi (11.9) ««* (11.11), if H is constant

v^, * i* - const (11.12) rev

This is a better agreeowmt with observations*

Tbe aew theory can thus account qualitatively for the observed 

velocity variation at low pressure. Tte above treat*ent answers the cri­ 

ticisms by St. Joha and iinan*^ 18^ of this theory when it was fir»t pro­ 

posed.



f »3. ?he reversal of mot Ion.

Wh«n the pressure in the arc vessel is raised, either by heat* 

ing the mercury or by admitting araon, two effects occur which tend to 

increase K. The first can be seen by referring to Fig. 12* A» N in­ 

creases, the high densities near the cathode extend further from the 

cathode surface, and 1*3 neve suggested in the previous section that this 

is likely to increase E,

The other affect is & property of the positive colum. Aft 

the pressure increases the ooluim tends to contract, until at pressure* 

of the order 100 8KB fig the are takes the form of a bright fUa&ent from 

cathode to anode. In this condition the arc uehavea like a stretched 

elastic string, tending to resist deformation from the straight line 

between the electrodes. fhe applied asagnetio field produces little 

oe for coat ion of the arc at high pressure (Pig. Si).

¥hi* resilience, or resistance to daforciation of a contracted 

column is probably uue to trie surplus negative charge which exists at 

the boundary of th* coltum (?lg#87). &*/ attest to bend the ooluwi 

will result in a ooiMpression of these charges on the inside of the bead 

and a rarefaction on the outside, which will tend to restore the column 

to its original strai^it path (Fig. 88). The greater the pressure la 

the arc vessel the greater the degree of contraction (i.e. the smaller 

the radius of the column) and hence the greater the resistance to deffcr- 

j&tion. Increasing the current also increases the resistance to oefbr- 

sjatlcn, ?his caii be dewoostrated ^iite simply by blowing a Jet of air
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onto an arc malntainaa in open air between pointed electrodes* The 
higher the currant, the leas the dsflection.

Consider now the curve* of velooitjr against pressure of argon 

given in Fig. 75. Admitting a small pressure of argon (up to 1 «a 4g) 
had no effect on the velocity of the spots this ia to be expected, 
since the vapour condition* in the vicinity of the spot are determined 
mainly by the evaporation from the spot itself and the density there 
correspond* to a pressure much greater than 1 ma %»

As the argon pressure ia increased, the velocity falls for 
two reasons. The fizst is that the radial density gradient of atone 
in the spot will become less steep and ao the magnetic field will drive 
the ions into a region which is denser than was the case at very low 
pressure* Fron equation (11«4) this will cause a decrease in velocity. 
In addition, H ia likely to increase aa the high density regions now 
extend tarther from the o&thode: this will reduce the eelf-sjefsjatic 
field and henoe decrease the reverse velocity,

At higher pressures the contraction of the column will ta*0 
place and this will be the major Factor tending to increase &,

The onset of contraction of the oolutan, and the corresponding 
increase of ft can be seen in the velocity - pressure ourvea of Fig. 75. 
the curves for H « 4000 g and i « 2A and 5* crosa at a pressure of 
about 10 •• Hg. Below this pressure v^^ increases with current fop 
the reasons described in the previoua section, Above it v^ decreases 
with current, since, a* has been explained, the resistance to defoliation 
of a contracted oolusn is greater tfai larger the current, so & will
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inorease rapidly with increasing i,

then the pressure is increased to about 100 an Kg A will be 

so large that |* • HQ and the resultant magnetic field on the cathode 

region will be aero. The arc will therefore move in neither direction. 

This is the point of reversal and the pressure is known as the reversal 

pressure. If the pressure is increased still further H increases and 

HS is now less than HQ, The aro therefore moves in the Aapere direc­ 

tion,

If the aro is at the point of reversal and H is increasedo
the aro will toove again in the reverse direct ions this indicates that 

& asist decrease with increasing H at such a rate that — beoooss greater
v# *l&

than H , o
If the arc is at the point of reversal and the currant is 

increased the aro will fc-ove in the Ampere direction: this indicates 

that R «uat increase faster than linearly with i so that H becomes leee

than HO.

For a given current and magnetic field, the reversal pressure 

depends on the nature of the gaa which is admitted to the arc, Gal- 

aeasured the reversal pressures for a auriber of gases and tried

to correlate then with the resonance potentials of the gases/ ' ' IB 

the light of the new theory, a ooqpsrison should be laade between the 

reversal pressures and the pressures at which constriction of the oolum

becomes pronounced,

ncoaurerasnts of reversal pressures, and Fowler's

nts of the pressure at which a ooluon contracts^ ^ ^ are
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oos(»ared in Table 10* It can be eeen that He and A, whioh exhibit high 
reversal pressures, are alao highest on the list of contraction pressures* 
02, being electronegative, causes contraction in air at low pressure, and 
the corresponding reversal pressure for 0^ is low* Hydrogen appear* to 
be an exception, having a high reversal pressure and a low contraction 
pressure* Since however the contraction measurements were uiad* in * 
long cylindrical column where the current density was low, and the im­ 
portant region of the arc is close to the cathode where the current 
density is high, this comparison raust be accepted with caution. At 
this stage no more can be said except that a correlation between reversal 
pressure and contraction pressure for a given gas sao/re likely.

11.4* the rise in arc voltage in the tnaanetic field*

We have found (Sect. 10.2) that although the voltage across 
the meroury arc tube was of the order 20 v in the absence of a magnetic 
field* it would rise to as high as 130 v* when a field was applied, pro* 
vidcd that the pressure was low. The voltage was founa to be propor­ 
tional to the speed of the spot (Fig,70) and thus it sesrod lifcsly that 
the increase in voltage was due to some loss OBohanism in the nroring spot 
Itself, for example an increased heat conduction loss from the moving 

spot to the cathode surface*
It was shown in Chapter & ttat the heat conduction loss from 

a mercury arc spot to the cathode in the absence of a magnetic field is 
about 2*7 watts/aa^ere. The spot is t tinder these oondietions, moving

•a

with a rsndo» velocity of about 1<roy»««« *»«» driven by the magnetic
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fiela the spot attains speeds of about tJ,1Cr cH/aec. It seeos unllloely 

therefore that the conduction ioas will inoreaae by laore than a factor 81 

thia would make it about 20 watta/*np*re» and would therefore only in- 

crease the arc voltage by about 1? volts. It appears therefore that 

the sotion of the apot cannot produce sufficiently large conduction 

losses to account for the observed increase of 100 v in the arc voltage. 

Furthermore it waa found that changing the cooling conditions at the 

cathode greatly affected the voltage but not the speed of the apot. the 

relatively snail change in vapour pressure near the cathode due to a 

»a*ll change in cathode temperature would be unlikely to affect condi­ 

tions in the apot where the density of vapour ia already high: it 

could only have an effect on the arc column at aooa distance from the 

o&thode apot.

It ia proposed therefore that the magnetic field presses the 

column onto the cathode surface and increases the losses from it* The 

electron temperature and axial electric field both rise to combat this. 

The increased electron temperature ia evidenced by the increased bright­ 

ness of the column and the increased axial electric ft aid accounts for 

the increased voltage. It was observed that at low pressure the oolum 

w*a pressed down onto the cathode round the entire circumference of our 

cathode pool. ?he circumference was about 20 cm, so that an average 

inoreaae in the axial electric field of about SV/cm would account for 

the increase of 100 v, in the arc voltage.

Wanning the cathode either by reducing the cooling or in­ 

creasing the current would tend to lessen the degree with which the
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coluian i» pressed down onto the cathode by increasing the vapour pressure 

near the surface* The aro voltage would therefore tend to fall as was 

observed (Sec* 10,2). Admitting a small pressure (1 ma iig; of argon 

litoswise had no effect on the speed, but reduotd the voltage by J0# 

(Seot.10.3).

In the experiments of St. John and flinans, in whose aro the 

SBgnetio field was for the most part parallel to the discharge, no increase

in voltage was observed as presumably only a short section of the coitus*
(169) near to the spot was pressed to the cathode• Also,G,(».3aitir 7f using

a very short oeroury aro observed a voltage of only 15 v. although his 

spot speed was ?0 a/ssc. The it* was in this case presumably h&r&y any 

oolusn to be deflected.
•

Sadth and others^ 172'173 * 184* 18^ have found that tht H^II 

lines in the spectrum of ttoe are are enhanced and HgHI lines appear when 

the magnetic field is applied. These lines were attributed to the spot 

itself, but in the light of the new proposals it seerns likaly that thay 

ose* from the part of the oolum close to the spot which is pressed down 

onto the cathode. ?he increased electron teoperature in this region 

will assist the cumulative processes by which these lines arc produced 

(see Seotion 8.6).
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THS asy&KSg DHIYIHG OF A <

12.1. The Short Copper Arcy

tt» experiments of Hialer and Cohn' 130^ indicated that the 

reversal pressure oould be increased by decreasing the distance between 

the electrodes, although the pressures at which they observed reversal 

were well below atmospheric. We decided to attempt to drive an arc in 

the reverse direction in open air, and for this purpose the moat favour* 

able conditions for reverse action were chosen, namely low current, 

large magnetic field end small electrode separation.

Two wedge-shaped copper electrodes ware set up in air with 

their sharp edges parallel and transverse to the field of an electro- 

sagnet which could produce a steady magnetic field of up to 5000 gauss 

(Fig. 89). ?be electrodes were connected to a U.C. generator through a 

resistance, and the current could be varied between G.5& and 5&* Aa 

arc was struck by touching the electrodes at one end with a carbon rod. 

The arc WAS driven tte length of the electrodes by the magnetic field 

and blew out at the end of its run.

fesn the separation was about 2mm the arc ran always in the 

aspere direction throughout toe range of currents and fields at our dis­ 

posal, ffcwever, *i*n *h* *®paration was oecreased to 0.5 ma it was 

found that for low current and high field the arc ran in the reverse 

direction. For a separation of 0.5«» the raotion of a >A arc was ia





the eu&pera direction at low fields but changed to the reverse direction 

when the field exoeeuod 3,000 gauss. Mao for a field of 4,000 fame 

the action was reverse at low current but changed to the ampere dlreo- 

tion when the current exceeded $A. The reversal of the arc in these 

oases was not sharply defined ana iiaasobUity occurred over a definite 

region of current and magnetic field*

In another experfcaent (Fig* 90) the wedge-shaped copper elec­ 

trodes were not set parallel but fbnoed a gap which tapered from 2 ran at 

one end to le. & than G,$ mm at the other* The taper was such that an 

arc sieving in the Acpere direction would save towards the narrow end. 

dhen an arc of >* was started at one end in a inagnetlo field of 5,000 

gauss it was observed that the arc asoved quickly away from the end and 

too*. Uj> an equilibrium position at aom point along the electrodes* 

When either current or field were varied the arc took up a new equili­ 

brium poaitiun: the arc woula iaove towards the narrow end of the gap 

if ths field was decreased or if the current was increased, and vice- 

versa.

Xue dependences of reversal on current and field correspond 

exactly to ti* conditions of reversal of long arcs at much lower pres­ 

sures, 'ihe significant feature is triat by oeoreasing the electrode 

M&aratlon, ti'e rsvarsiog pre@sufe for a low-current aro in a strong
»IP i^»»i»»«'«"

•sgn&tio «,eld can be increased above one atmosphere, so that reverft , 

driving, which is normally regarded as a low pressure effect, can occur 

in open air. She importance of the elect roue separation h&s been 

overlooked in previous investigatioi* of the effect.
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of the ?bor *

The import anoe of the electrode separation will now be 

in the light of the new theory.

Consider an arc in air between parallel copper electrodes a 

few mm apart. In the absence of a magnetic field the anode and cathode 

spots win be opposite each other (Fig,9t). Whan a transverse magnetic 

field ia applied, the column ia deflected, in the Anpere direction with 

raapeet to the cathode spot. The anode spot will move with the column 

and ao will be displaced in the Atupere <lireotion with x»spect to the 

cathode apot (Fig, 92}* At atmospheric pressure auch an arc would nor­ 

mally move in the Aapere direction*

If now the electrode separation ia decreased the arc will be

•expressed. (Fig. 93) It is suggested that on account of the relative 

displacement of the anode and cathode regions the anode will now act aa 

a confining wall for the column near the cathode, since now the electrode 

separation ia smaller than the usual diameter of the colunn. The column 

will therefore tend to move away from the anode and 00 the radius of 

curvature of the column near the cathode will decrease* The proximity 

of the anode will assist the applied field to decrease B, and therefore 

may cause the self-*affietic field to predominate. The arc will then

•ore in the reverse direction, aa has been described.

The importance of the short are experiment is that it oonf iim 

that the reverse driving effect is connected with the deformation of the 

arc oolusn a*^ ** no* *" in^^pinsic property of the cathode spot.
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have shown that an aro can be rereraed by decreasing the separation fxoo 

2m to 0,5mm, This can have no dirsct effect on the cathode spot since 

the dimensions of the cathode region are two orders of magnitude smaller: 

it can however act on the cathode region through the deformation of the 

eoluBBU No other thoory has been proposed which tafess the electrode 

separation into account*

12.3. Conclusion.

We conclude that the inverse driving effect is caused by the 

self-magnet ic field of the deflected aro ooluzan acting on the oathode 

region. This opposes the applied field and nay exceed it. Evidence 

that the column is deflected is provided by the appearance of the aro 

and the increase in voltage* -»inoe the reversal pressures correspond 

to densities orders of magnitude less than the vapour densities in the 

cathode region the effect of admitting gas mast be principally on the 

column. Finally the influence of electrode separation emphasises that 

the cause of reverse driving mist lie in the column and not the cathode

•pot.
The only phenomenon not explained by the above theory is tho 

doubling of spot speeds at very large mgnetio fields which has been 

reported. ( 1 71-173,134-18 6) ThJM hafl ^^ been Ob3erved with experi­ 

mental arrangements in which the aro was driven round a circular anchor 

by a mgnotic field which was parallel to the arc current except in the 

immediate cathode region. fts would suggest three possible explanations 

of this effect:-
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1. Spot splitting. If the spot split into 2 spots at a certain 

current and if Urn spots aat theoselves at diametrically opposite points 

on the cylindrical anchor, the photocell method of laeaaureraent (as de­ 

scribed in Sec.10.1) would reoord a doubling of speed. ?he discontinuity 

of the speed change aid the almost exact doubling sug&eet this, although 

recent experiments have shown a continuous change/ 1 *&'

2« SBC* runs into the arc 'tail*. If the column were bent right 

round the anchor by a strong magnetic field the are 3dght well be running 

into a highly ionised region which facilitates the creation of a new arc 

apot.

3. Change of rotational roods of the column. An the arc current 

is for the most part parallel to the magnetic field, yet tie source of 

current (the spot) is rotating, there may be modes of rotation of the 

column which would change disoontinuously.

It would be instructive to see whether the doubling of the 

velocity occurred for an are running in a straight path. This would 

determine whether or not the effect was due to the particular experi­ 

mental conditions under which it has been observed.
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3om» data on iferourv and

jferoury vapour,
*22of mercury atom U » 3.33 x 10* gm. 

J* ftir mercury ion Hg* » 1.44 x 1C12 es*/&& « 480 ccul/gai. 

Velocity v of a mercury ion which has fallen through a potential 

difference V is given by

v * 0.98 x 10* V* (V «^ >»*M

Velocity v of an electron which baa fallen through a potential difference 

V is given by

T . 6*107 V* lM - 

M»ao free path ^ of BBroury atoms at 1 im Hg and 0°C

> • 1.6 x 10*3 cm 

If N ia the number density of atoms

free path ^ a of electrons in mercury vapour at 1 mm Hg and 0 C. 

This varies with the electron energy B (see tie f. 19 6). 

If S » 0.5 «V \m 1.4 x 10*3om (\H - 5.0 x 1013) 

S » 1.0 eV \ - 2.5 « 10*3om (\K « 9.0 x 1013) 

B « 4.0 eV \- £3 x I0"3cm (\N . 2.3 x 1C14) 

S « 25 «V \ - 1.7 x I0"3om aft H « ^1 x 1014) 

Drift velocity v£ of iwrcury ions (probably Hgp in msroury vapour is
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2

of equation 1 tJ

Consider a current of positive ions no*Ug between infinite parallel 
planes. Let the current originate fttam the plane * * 0 where the 
potential is aero. Let the currait density be J*.

In the plane x, let the potential be V, the electric field £, th* 
charge density ^ and the ion drift velocity be v. If k is the mobility 
•ad p the pressure we have the four equations

' rf* 

From (1) and (3)
eix , A^ji*

" ^ (5)
(5) and

Integrating and putting X-0»tx«0»« hava

Prom (7) *** (4) ** nave
v _...! «rrr*7J

(8)
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aa a fxmotion of

the familiar equation

9 * wa
9 v ^

nhere p Is in dynea/ora t H is In atoas/CBr end T is An *•

Slao« 1 an Hg » 1.36 x 9o1 o^nM/OB1 and k = 1oo x 10~1

dusgjnea, we have from (3.1)

8 -9.7x

where p ia in wm Hg and T is in °K.

p as a function of T is found from tfttiies, S w « function of T 

is then derived from equation (3*2),
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conduction in tho cathode 

Consider a send -in finite solid bounded by the plane a • G. Tateft 

cylindrical co-ordinates and let the circular area 0^r<a in the 

plane a » 0 be at a teraperature T f and let the temperature at infinity 

be Ts.

The distribution of tenperature in the solid fbr 1fce steady at ate 

is known*1 ^' and is given by

T- T$ . (VT,) i f «;* I (xO *±

integral has been evaluated^* *" and the solution is then

"r'"5' x- •'•» 2 (4.8)

where

- .2 * (T * , - *) * *»a (4.5)
It oan be shown that the iaothenaal surfaoes in the solid are ellipsoids. 

The flow of heat per unit area in the plane & * Q is given by

where ^ is the thermal conductivity of the solid. 

Differentiating (4»1) with respeot to s and putting * « 0 we have

Cn »y«luatins the

TT (4.5)

^ 5'
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the Airtlpa, .of... fop Sleotrio Field on th? Kaqaitea

excited atom boa a pertfaoant electric dipoU icanmt M

which is given approximately by the equation. ' ™ '

T 3 WV (5,1) 

where ^ ia the lifetime of the excited state and \ the wavelength of

the emitted radiation, Star the ^ state of mercury \t» 2*5 x 10~*W
•7 «»1fi "f* 10 'aeo. Hence M *>.10 e.8.u.oa.

In Region 1 there is an electric field which varies from
. f JjL..**!, I «»£2.10 v/cm at the cathode to about 10 %/om at a distance 5,10 om. The 

average field sradient ^ « kl011 V/o»2 * 10^e. a. 

The force on the d-ipole H ia given by

(5.2)

— 4 Q
and aota towarda the oatbocte* Substituting ti » 5,10 eaVom and

, „ ,„ vvnv ... we obtain f * 3»
OJB

The drift velocity which thla force would give to an atom stay 

be estimated by comparing the motion of the atom with the motion of an 

ion in a uniform electric field. #e have

¥* - k*X (5.3)

where *t i« ths drift velocity of the ion and k* the mobility. Since a
the force p* on ths ion is given by

f* »eX (5.0
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m haw,

(5,5)

mercury it* at 1 uaro Hg and 0°C « 500 os/seo per V/om* 

at h . 1020 and f * 10QO\ fc* * 0,1 oV»*o per V/om

% 30 ciT/a«c per **u/<m. 

Thpa substituting this value in (!?,$), with f « 3*10*' d^nas, i» obtain

~ 100 oa/sno

The flow of excited atoms due to the action of the electric field on 

the oipoles is therefore not greater than If| v«, i.e, 10 /cm and aeo. 

This is therefore a 1% effect and will not make a substantial oontribtv 

tion to tba flow of excited atoa* to the cathode,
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