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Synopsis
'Probe' tubes, 'Retarding Potential' tubcs and a tube

in which thc oxidc was 'sandwiched' betwecn two nickel
electrodes have becen uscd to investigate the conductivity
and thermionic cmission of barium oxidec coatcd cathodes.
The rcsults obtained, for various statcs of cathode ‘activity!
and cathodc tcmperaturcs, indicated that the 'Probe! tubes
were the most satisfactory for this type of investigation.
Values of the apparcnt Richardson work function have been
obtained from thcse measurcmonts, togcthcr with values of
the apparont surfacc and intornal work functions, while
valucs of the apparcnt contact potential difference and the
apparent anodc vork function have boon obtained from the
cmission mcasurcments,

It was found thet large valuecs of Richardson work
function were associated with pogltlve valucs of intcrcept
on the Richardson plot, in accordance with a simple model
involving adsorbed laycrs of an electroacgative sudsitonce
The smaller valucsg of Ricihardson work function were §
associatecd with nesntive values of tiwe intcrcept. It
has been shown that a lincar rclationship sometimes exists
between the slopc and the interecpt of Richardson lincs and it i
this is to Dbc expected when thesc lines intersect in a g
comnon point, %

The apparent internal and surface work functions
were both found to decreoase as activation of the cathode i

occurred, Changes in the apparent surface work function
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were found to xAZEEQSC morec rapidly than the intcrnal
work function when the pressurc in the experimental
tube was altercd,

Conductivity measurcments have indicated a small
rectification effcct which is probably due to the metal/
oxide interface, Mcasurcrients of the Seeboeck c.m.fs have
indicated that thec oxide usually behaves os an n-type
semiconductor, but at higher internal gas prossures, a
transition from n-type to p-type semiconducti*iiy was
observed as the tempecraturc of the cathode was decreascd,
The conductivity mcasuremonts at high temperaturcs were
consistent with the Loosjes~Vink pore~conduction hypothesise
Measurements at higher tomperaturcs indicated a2 saturation
of both thé conductivity and the emission current which
wad attributcd to a spacc charge effect in the pores of
the oxidec, Other cxperimontal rosults indicated that
the emifting surfacces werc within the pores of the oxide
and this was confirmed by an coxperiment in which t he oxide
was removed from the basc metal. Mcasurcments of the
conductivity at lowcr temperatures indicated the possibllity
o alther a surface conduction mechanism or donor dcplotion,

The valucs of the apparent anode work function indicated
the presence of an ccilve £ilm of barium,/or barium oxide,
on the nickel anode, which was furthoer modificd by the
presence of an clectronegative 1ayc;:$hich could be
removed by clectron bombardment and heating, Some results
have indicated that gettcring by means of an evaporated film

bhast
of barium may not bc as effective as might behoped.



iil
CONTENTS.

Synopsis

Contcents

List

Chapter 1.

1.1.
1.2,
1.3,
1.4,
1.5,
1.6,
1.7
1.8.

1.9.

Chaptcr 2,

2.1,
2.2,
2¢3a
2.4,
2.5.
2.6,
2¢7e
2.8

of Figurcs

of Oxidc Coated Cathodcs
Introduction
Description
The Basc Metal
The Alkaline Earth Oxide Layer,
Cathode Proccssing
Activation
The Life of an Oxide Cathode,
The Function of thce Stoichiomotric
Excess of Darium

Sumnary

Oxlde Coated Cathoda.
Barly Thecorics
Modern Thcorics of Imission
The Hall Effcct
The Thermo Elcciric Effect,
The Conductivity of thc Oxide Coating
Thermionic Emission
Emission Dccay Effccts,
The Effect of the Applied Voltage on

the Emission Currcnt,

General Properties and Preparation

The Mcechanism of Emission from the

iii
vii

1.
1.
2e

Lo
Te
I
9e

11,
1k,

16.
16,
19,
23
25
26,
33.
35.

36.



2¢9.

iv

Emission in Rectarding Ficlds

2.10.Spacc Chargc Limited Emission

2. 11.

-

S.1:
3e24
343

3ebts

3¢50

Emission in Accclerating Ficlds

2.12.The Surfacc Work Function

Chapter 3. The Ailms of the Prcscent Investigation
Introduction
The Surface Work Function
The Richardson Equation and Experimental
Results,
Possible Txplanations of the Expcerimental
Results,
The Tcmperaturec Dependencc of the Work
Function,
Determinations of the Temperaturc Dependcnco

3.60

30l

3.8,
3¢9

of the Work FPunction.

linear
The,Relationship Somectimes Found between
Intercept Valucs and the Richardson slope.

The Interfercnce Density Theory.

37
39
40.
L1,
L3,
L3
L3.

L7.

L9,

50.

52,

53
54.

The Influence of Changes in Surface Coveringe57e

Chapter Y4, An Explonation by the Author of the

Lol
L2
Le3e

Lincar Relationship sometimes
Obscrved between the Slope and

Interccpt of the Richardson Plot for

the Oxide Cathode and Mctallic Cathodcs,61,.

Lineay
TheaLogloA/ﬂ Relationship.

A Simple Model Involving Adsorption
The Significancc of thc Relationship for
Mctallic Cathodcs

61.
63,

654



Lintar v
Lolyo The,LogyA/# Relationship for the Oxide
Cathodc, 65.
Lh,5« Valucs of the Intcrcept and Richardson
Work Function, 66,

L,6, Valucs of Work Function Obtained by othor

Mcthods. 70,
Chapter 5., Apparatus and Techniques, 724
5¢1le Introduction 72,
5.2+ The Vacuum Systcm 724
5¢3¢ Prcssurc Mcasurcments The
5.4, The Manifold 77,
5¢5¢ Lecak Detcction 78,
5.6« The Expcrimental Tubes 7%
5¢7s Cocting the Cathode. 82,
5.8, Cathodc Proccssing 8L,
5.9, Mcasurcricnts 85,
5.10.Pcn Rccording Apparatus 87
Chapter 6 Experimental Results. 89
6.1, Introduction 89

6.2 Mcthods uscd in thc Dectermination of

Cathodc Conductivity ol.
6e3e Emigsion Mcasurcments 96.
6elte Tube P1 99.
6e5¢ Tube R1 101,
6.6o Tubc R2 105.
6e7e Tubec P2 107.
6e8s Tube P3 114,

6e9e¢ Tubo HNWL 119.



6104
6411,
6el2,
6e13,
641l
6e15e

vi
Tube PL
Tube HNNL
Tubo PAu NAl
Tubc DAuNAl
Tubc PAL
Tube PA2

Chapter 7 Discussion of thc IExperimental Results

Tels
7.2.

7.3.

Telie
Te5

7.6
Tele
7e8e

7. 9.
710,
7.11,

and Suggcstlions for Further Work.
The Work Punction Dcterminations
The Prcssure of the Gas Prcsent in the
Expcrimental Tubc,.
The Sipnificance of the Values of the
Richardson Work Function,
Linzar
ThoALogloA/ﬁ Rclationship
The Temperature Cocfficient of the Work
Function and the Saturation of the Emission
and Conductivity at High Tempcratures,
The Form of the Anodc¢ Charactcristics,
The Conductivity Mcasurcmonts,
Valucs of thc Scebeck E.M.F. obtained from
tlic Conductivity Mcasurcments
The Sourcc of Emission

The Cathode Colouration

Suggcstions for Furthcr Work,

Refecrences

A»pendix, - Photographs of the Apparatus,.

Acknowlecdgements,

123.
123,
126,
127.
129,
133,

141,
141,

145,

lL‘-6 »
147,

148,
150.
151,

154,
155,
155
156,



l.b.1e
and
l.k4.2,
2¢2¢1e
2e501,
2.542,
3e2e1e
3e501,
3e7e1s
Le5¢1s
5.1.1.
5¢2s16
5¢lele
5¢6.10
54642,
5¢9.1.
5.9.2,
509¢30
59l
642410
60242,
662434
6e3ele
6e5e1e
6e5024
665030

vii
List of ,Jigures.

Crystallographic

structure

and emission

Banl Structures,

Rectification,

Conductivity Determinations (Blewett)e
Correlation between Conductivity & Emission,
Temperature Coefficient of a Patchy Surface,
Relationship between A and ¢,

Richardson Type Plots for Adsorbed Film Cathodes,
Vacuum System Schematic,

Alpert Gauge,Diagramatic.

Experimental Manifold, Diagramatic,

Tube R.l., Photograph.

Tube P.2,, Photograph,

Screened Box Circuit.

Tungsten Nickel Thermocouple Calibration,
Electrometer Circuit,

D,Ce Amplifier Circuit,

Probe Characteristic Tube P,1.

Conductivity Circuit,

Tube R.l.,Diagramatice.

Anode Circuit,

Example of Anode Characteristics Tube R.l.
Collector Characteristics Tube R.l.
Schottky Plots Tube R.ls



6e5eL0
6e545.
6.601e
6e6e3e
o
Ge6u5e
6e7ele

6. 7. 2.
6eTe3e

6o Tolts
6e7e5
6o 7464
CeTeTe
6e 7480

6079
6.841e
64842,
6eB8e30
6+844,
6eB8e50
6e9e1e
6e9¢2,
60930
6.10.1.
6e.11lele

viil
LOEIOAAW relationship Tube R.1,
Richardson Plot Tube Re.l.

Unsatisfactory Gonductivity Plot Tube R.2.

Richardson Plots Tube R.2.

LoglOA/ﬁ relationship Tube R.2,

Conductivity Curves Tube P.2.

Richardson Plot Tube P,2,

Richardson Plot Tube P.,2. Showing
Saturation at High Temperatures,

High Tompcrature Anode Characteristicse.

Low Temperature Anode Charactceristicse

Surface Work Function Determinations Tube P.2,
LogioA/ﬁ relationship Tube P.2,.

Variations of A.C.P.D. with Temperature

Tube P.Z2e

Poisoning Effects Tube P,2,

Richardson and Conductivity Plots, Tube P.3,.
Richardson Plot Tube P, 3.

Conductivity Plots Tube P.3.

Surface Work Function Determinations, Tube P,3.
¢A Plot, Tube P, 3,

Photograph Tube HNW1

Anode Characteristics Tube HNW1

Anode Characteristics Tube HNW1

Variation of Apparent C,P.D. with Temperature.
Photograph Tube HNN1l.



6.11424
6.11e3.
6ellelte
6.12.1,
6.13.1.
6ol 24
61343,
6015410
6415424
6.15,3,
641544,
64154 5.
6015464
6el56 76
6e1548.
6.15.9,

ix
Anode Characteristics Tube HNN1,
Cathode Richardson Plot, Tube HNNI,
Richardson Plots Tube HNN1,
Tube PAUNAl, Diagramatic
Photograph Tube DAUNAL
Typrical Anode Characteristics Tube DAuNAl.
Conductivity Characteristics Tube DAuNAl.
Photograph Tube PAZ2.
Anode Characteristics Tube PA2 I.
Richardson Plot Tube PA2 I
Apparcnt C.P.D, Tube PA2 I
Conductivity Plot PA2 I
LoglOA/ﬁ relationship Tube PA2 I
Richardson Plot Tube PA2 II
Conductivity Plot Tube PA2 II
Seebeck e.n,fs Tube PA2 II

615,10, Conductivity Plot Tube PA2 III

6.15.11, Richardson Plot Tube PA2 VII
6.15,12, LogloA/z Relationship Tube PA2 VII



-l
CTAPTER 1.

-

General Properties and Preparation of Oxide Coated Cathodes

1, Iatroduction

A cathode, as used in vacuum tubes, may be d¢ci'ined as a
device used for the production of electrons, Electron emission
can be obtained by a number of methods but the most used and
most tractable method is that known as thermionic emission.

In this process, electrons are emitted from a hot body. It
is important, from an economic point of view, that the energy
expended to obtain each electiron should be the minimum possible,
that is, the work function (or the cnergy required to remove
an electron from the cathode in vacuo)should have the smallest
possible vilue. The first practicable cathodes consisted

of a metal wire heated by the passage of an electric current,
but in 1903 Wehneltl’z'3 noticed an increase of emission

when the wire was contaminated by metallic oxides., He
consolidated this discovery by investigating the electron
emitting properties of many metallic oxides and concluded that
alkaline earth oxides were the best emitters, He and his
collaborator Jentzch, found that the Richardson equation for
the thermionic emission of electrons from metale was also
obeyed by the oxldes and determined the work function of
various oxides.

Cathodes involving the alkaline earth oxides are now
almost exclusively used in thermionic wvacuum tubes, but while
many of these devices have been produced and used, their mode

of operation presents many basic problems in physics which



D
have not been completely solved.

2. Description

An oxlide cathode oconsists of a guantity of an alkaline
earth oxide, or a mixture of such oxides, supported upon a
metalllc base which 1s capable of being heated elther in vacuo
or in a sultable atmosphere,

3« The Base Metal

The base metal must gatisfy a number of demands which
vary according to the prospective useage,

A number of generally required properties may be listed,
(1) A favourable influence on the electron emission,

(2) Chemical inertness with respect to the cathode material
and any gases or vapours existing in the tube.

(3) General stability during operation and processing, in
particular, a low rate of evaporation, a high melting point,
high tensile strength, and a low rate of recrystallisation,

(4) The ability to be readily 'out-gassed' during manufacture,
(5) Low thermal conductivity and emissivity.

Few metals satisfy these requirements, but the most suitable
onos are listed below:-

(a) Tungsten. This metal is used exclusively for
directly heated cathodes where the oxide is deposited on the
heating filament, It has a disadvantage in that chemical
reactions with the oxides produce tungstates which have a high
resistance, This disadvantage is negated by coating the wire
with a suitable chemically inert metal.,
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(v) Platinum. Platinum is chemically inert and does

not react with the oxides. Barium is said to disolve in the
metal (Metson#) and thus may increase the effective life of
the cathode, The main disadvantages are the high cost and
difficulty in ‘'activation!, The term 'activation' will be
defined in section 6,

(¢) Nickel and Nickel Alloys. These are the most

commonly used base metals, Liebold5 states that, of all the
metals, Wickel has the best influence on the emission. It
is also chemically inert and does not react with the oxides,
Nickel i1s seldom used as the pure metal, Alloys, containing
reducing agents, are used to help reduce the oxide and
liberate free barium, Aluminum, magneslium and titanium are
commonly used, Other additions, for example silicon and
manganese, glve increased tensile strength.
One of the most widely used commeréial alloys is

'0 Nickel' and this alloy has been almost exclusively used
ag the basemetal by workers in this laboratory, The additions
are as followsi~

Co 0.5% 81 0,104 Mn 0,15% Cu 0,10%

Fe 0,208 C 0.,06% Mg 0,104 8 0,005%
The advantages which the additions confer are offset by the
formation of high resistance slilicon and manganese compounds
which reduce emisaion6’7’8. These compounds are situated
between the oxide and the base metal and constitute the

tinterface layer', Additions of copper reduce the radiant
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emissivity, thus cutting radiation losses to the minimum
possible level,

Nickel and nickel alloys are almost exclusively used
for indirectly heated cathodes, Generally speaking there
are two types. The first is in the form of a hollow cylinder
for tubes of cylindrical geometry, while the second type is in
the form of a cup and is used in tubes with plane
parallel geometry. Both types are heated by an electric
current passed through a wire or coll insulated from the base
by a ceramic body. The heater should make good thermal
contact with the base metal so that heating is due to conduction
rather than radlation,

Indirectly heated cathodes are used more frequently than
Girectly heated cathodes, They have the advantage that the
cathode is at a uniform potential, whereas the directly heated
cathode has a potential gradient due to the heating current,
Indirectly heated cathodes have becen used for all the work
carried out in this laboratory.

4o The Alkaline Farth Oxide Layer.

The alkaline earth oxides are not stable in air,
Chemical reactions occur with carbon dioxide, water, and the
sulphur compounds present in industrial atmospheres, to give
the carbonates, hydroxides, sulphides and sulphates,

The cathodes are therefore prepared almost exdusively by
epplying the cathode material as the carbonates, The

carbonates are then converted to the oxides by heating while
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the tube is continuously evaocuated. The carborates can be

deposited onto the bLase metal by the following methods:-

1. Dipping, 2. Painting, 3. Electrophoresis, 4. Spraying.
The mixtures vhich are deposited upon the base are prepared
in the following general manner.

The carbonates are prccipitated by passing carbon dioxide
into a solution of the nitrates or hydroxides, These are then
finely ground in a mill, and suspended in a volatile organic
liquid which acts as a solvent for an organic binder such as

nitrocellulose, After application, the organic solvent
evaporates leaving the carbonates attached to the base metal
by means of the orpganic binder, This binder is eventually
removed durlng the heating process, when the carbonates are
simultaneously converted to oxides.

The first two methods givec a very similar cathods of
fairly low porosity, Electrophoresis gives the minimum voluma
of pore space, while spraying gives the highest proportion of
pore space together with a much rougher surface, All methods
result in a pore volume of greater than 50% and usually as
much as 80%9. These pores have a considerable influence on
the operation of the cathode. The spraying method 1s the one
most generally employed by manufacturers, and this method has
also been employed for the construction of cathodes in this
laboratory.

The behavicur of the oxide coating is also dependent upon
the method of production of the carbonate, which influences
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the particle size and purity. The volatility of the solvent,

together with the humidity and temperature of the air during
spraying, has a considerabls influence on the porosity,. All
these factors must be rigidly controlled if cathodes of
consistent behaviour are to be obtained,

Soon after the introduction of the oxide cathode into
commerical use, it was noted that barium oxide was the best
singlc oxide, whilst a mixture of two or more alkaline earth
oxides gave cathodes which were more successful than those
containing only one oxide. The investigations indicated that
the mixed oxldes gave a better bond to the base metal and,
more important, gave greater elcecctren emlsslon at the optimum
operating temperature, These facts were first recognised

by SPannerlo and Simonll. Later work by Benjamin and

12, 13 i

Rookeby™ <) Burgers 15

s Huber and Wagener™ ", and Eisenstien™,
confirmed these facts and indicated that there was a definite
relationship between emission and crystallographic structure
(Pigse leL4.1 and 1.4.2.) It was found that barium and
strontium oxides formed a continuous series of mixed crystals
and that these resultecd in enhanced emission, The addition
of about 10% calcium oxlde was also found to increase emission
by a method which 1s still not understood, (Violet and
Ruthmulleri®),

Work in this laboratory is performed on cathodes of the

single oxides, which results in a simpler system, more

conducive to thec investigation of cathode behaviour.
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5. Cathode Processing

The cathode coated with the appropriate carbonate mixture,
is mounted with thc other elecctrodes and sealed inside the
c¢avelope of the tube, The tube is next sealed onto a vacuum

Srm.Hg, The

gsystem and the pressure reduced to at least 10~
temperature of the cathode is now slowly increased to convert
the carbonates to the oxides and the carbon dioxide evolved
ie pumped away, When the 'break-down' is canplete all metal
parts are out-gassed by heating with a radio frequency eddy
current heater, The non-metallic parts are out-gassed by
baking in an oven to a temperature just below the softening

point of the glass, In this way the maximum possibdle
gquantity of gas 1s removed from the tube, Broakdown is
generally recognised as being complete when the pressure is
less than 10"6mm.Hg, with the cathode at a temperature of
1200 K.

6. Activation

At this stage, electron emission from the cathode is
cxtremely small and before such a tube can be used 1t is
necessary to carry out the process known as ‘activation's A
number of methods are available, all of which are thought
to producoe the same elfect, It 1s thought that activation
results from the production of a stoichiometric excess of
metal atoms,. A stoichiometric excess of barium is thought
to be mainly responsible for the activation of all oxide
cathodes which contain barium oxide, but 1t 1s likely that
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B8trontium and calcium will also be responsible to & more

limited cxtent. Moore, Wooten and Morrison17 have shown that
the quantity of cxccss barium is not grecter than one atom
in 10% for the casc of a practicable barium oxide cathode.

The methods cvailcble for cetivs tion arei=-

o, Drewing Emission Current &t the Operating Tempercture.

When enission current is drawn (ot eonstant temperature)
it inorcascs slowly to a maximum velue. It 1s thought that
barium and oxygen arc liberated cloctrolyticully. The oxygen
csoripes from the coating but the barium is left ns frec metal.

b, Hocecting or 'Flashing! the Cothodc to High Tomper: turcs.

In this easc, any roducing oomponents of the base metal
arc thought to recct with oxygon present in the oxide, thus
liborating barium,. The organic binder ~lso bchaves es a
reducing egent, (Benjamin, Cosgrove and Warronls).

c. IHExposure of the Hot Cathodc to Reducing Gases,

Methane, ethane and carbon monoxide have all been shown

to activate the cathode (Prescott and Morrison19, Eisensteinzo,

22
and Forman21). This process has also been studied by Huber
who found that cathodes prepared from barium peroxide were

not as active as those prepared from the carbonate,
d. Activation by the Addition of cxcoess Barium,

When barium from an externcl source is evaporated onto
the cathode, an immedintc inororse of cmission 1s noted.
At high cathode tcmporcturcs the emission deerenses and 1t

is thought that barium diffuses into the body of tho cathode.
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The finnl stondy level of amission is found to be highor
than before cveporntion. At low onthodc temperaturcs the

cmission £~lls rapidly and it is thought thnt the barium
S22 aivo
cvaporatcs off tho cathode. (anamuraaa, Nergnnrd24, Wrightzs).
Win Al uu.ﬁl‘ e te
ce Activotion by clectron Bombardment. e ¥ e
{ GO

This method hons been investignted by Backergs. It has

boen found to bec fersible but is not often uscd,

It moy be noted thet Metson®? hes suggestod that noithor

the theory of chemiccl roduction nor the theory of
elcotrolysis cre sufficiont to explain the very considercble
incrconsc in ocmission producod by cctivetion,.

Throughout the lifc of an oxide cathode thero is
continucl cviporation of the ~lknlinc earth oxides, togethor
with & certain quentity of the corrcsponding metcls. Thus,
the fully activatcd oxidc cathode will rench a state of
dynamic oquilibrium which is charnctoristic of the enthode
tompor: ture.

When tho dcesired state of cathode cctivity has been
tttaineéd tho tube may bc scaled off and the getters fircd,
The tube is then ready for usec.

7. The life of an Oxide Cathode

& decrease in enission is normnally observed as an oxide
cathode is operated Oover a period of tine. If maximun life
is required 1t 1is necessary to operate the cathode within the
tenperature range 900°K t01200°%K,  4s the operating

tenperature is reduced there is an inoreasing tendency for the
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enission to decrease due to 'poisoning'. Poisoning is

thought to be the reverse of the activation process in so
rmueh as the stolchlometric excess of barium is thought to
be remcved by reactions with gases and vapours present in
the experlnental tube. The poisoning effects of different
gases and vapours have been studied by Herrmann and Kriegza,
end thelr work indicates that most gases involved in the
ranufacture of the valve produce some sort of poisoning
effect, The only geases 1Involved which do not give a
poisoning effect are hydrogen and the inert gases. It 1s
interesting to note that gases which produce activation at
low pressures give the opposite effect at high pressures,
Oxygen, in particular, produces & marked poisoning effeot

29 and Higginsonso.

which has been investigated by Metson
Higginson has also studied the effects of sulphur poisoning,

Herrmann51 has shown that solids cean also produce
poisoning effects, This is due to0 chemical reactions with
the oxide to produce e¢omplex compounds, Liebold32 has shown
that the core metal can cause poisoning if reactions ooccuring
during menufacture produce similar compounds. Chromium,
iron, and molybdenum are particulerly prone to this kind of
behaviour,

At temperatures above 900°K poisoning effects produced
by geses are reduced to a minimum, Electron emission 1is

quite high at these temperatures, but unfortunately the

increased tempereture of the oathode increases the rete of
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evaporation of the cathode material. Barium oxide is

preferentially evaporated because the vapour pressure of

this oxide is higher than that of strontium oxide, and
calcium oxide but the vapour pressurces of the metals are

lower than those of the oxldes, with barium having the lowest
vapour pressure of the three, Thus, the composition of the
cathode will change with time,. This change has been
detected and measured by Eisensttin}3 who also found that the
changes were not affected by drawing current, It was also
found that the proportion of barlum oxide declined morec
rapidly when the base mctal contalned reducing agents, This
might be attributed to the more rapid production of the metals
from the oxides by chemical reduction. The metals have a
much higher vapour pressure than.the oxides so that the rate
of evaporation will be increased, At 1200°K evaporation
effects 1imlt the 1life of an oxide cathode to about 1000 hours,
8, The Function of the Stoichiometric Excess of Barium,

It has been stated that barium metal is produced in the
oxide cathode and that thls has been held responsible for the
activation of the cathode, Some of the evidence concerning
the amount of free barium produced will now be discussed,

One proof of the presence of excess barium has been
noted above when it was stated that Wooten and Morrison
showed barium to be present in the proportion of one atom in
106. These workers determined this figure by chemical

analysis. Other workers have provided proof of the existence
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of excess barium and some have indicated where it is located,

Qualitative proof was first given by BeckerBu who used
an experimental tube with a Ba0/Sr0 cathode arranged close to
a carefully clocaned tungsten ribbon. The temperature of the
cathode was increased to 1260 K and increascd emission was
obtained from the tungsten ribbon, which corresponded to the
emlssion obtained from a tungsten/barium cathode as barium
wag cvaporated onto the surface, Becker concluded that
barium was evaporated from the cathode onto the ribbon and that
frece barium must exist in, or on, the cathode coating. Further
proof was given by Gehrt835, who obscrved a green glow,
spectroscopically characteristic of barium, when thc grid and
anode of his experimental tuﬁzréombarded.

The first chemical analysis of excess barium in the
cathode was performed by Berdennikowa36 who used a Ba0/Sr0/Ca0
cathode on a platinum/iridium base, The method utilised the

reaction:

Ba 4+ HZO = Bal0 + H2 .

Water vapour was introduced into the experimental tube and the
pressurce of the hydrogen produced was measured by means of a
MacLeod gauge. JXheresults indicated that the coating
contained 5 mlcrograms bf barium, Clausing37 used the same
technique and also a method based on the oxldation of the
barium by oxygen to barium oxide, Both methodes indicated 0.5
mole per cent of barium,

More roccent determinations by Jenkinsem and Newton.s8

using the mecthod first described, indicated 0,01 mole per cent
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barium, Other methods have becon used and the most reliable

of these indicate a similar quantity. These more recent
determinations have distinguished between barium actually
prescnt in the coating and that evaporated onto the electrodes
and the envelopc.

Production of excess barium is accompanied by the
liberotion of an equivalent quantity of oxygen. This should
also provide a method for the estimation of the cxcess barium,
Qualitative proof was first given by Barton39 who found the
02" ion by means of a mass spectrometer, However, this ion

a0

was not found by Shephor who, more recently, has carried out
a similar study. Direcct chemical analysils of the liberated
oxygen has been performed by Isenseeul, who found that 0,2
mole per cont of oxygen was liberatcd from a Ba0/Sr0/Ca0 cathode .
The analyses doscribed so far do not indlcato the
location of thec metal, Thls knowledge is cssential if a
physical picture of the cmission process 1s required, It was
~originally suggcested that the barium was located either at
the surface of the base metal or the surfacc of the oxide,
It was also suggested that it could only be effective at the
cathode surface, The quantities of barium found by analysis
indicated that any surface film must bec about 100 atoms thick,
If however, the metal is also to be found at grain boundaries,
the layer would be scveral atoms thick, It would seem that

this explanation could not explain the behaviour of the
cathode, Layers of this order of magnitudo should behave
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1lixe the bulk metal, and this is certainly not the case for

actual cathodcs. Quite apart from this, thc vapour pressure
of barium is such, (3 x 10 %rm. Hg. at 1006 X.), that layors
of this thickness could not exist on the cathode surface,

In addition, experiments by Becker and Searsuz, in which tho
excess barium was produced at the surface of the cathode,
indicated an increese in emission with time when, it was
gnpposcd, the excess barium diffused into the body of the
cathode,

It sceems likely that most of the barium must be actually
incorporated in the crystals, although this does not, of
course, prohibit thc formation of an adsorbed layer,
Calculations of the ionic radil and the dimenslons of the
crystal lattice indicate that the excess barium is probably
effectively produccd by the formation of oxygen vacancles
rathcr than by theo production of interstitial metal atoms,
(Schottxy™*3, Host and Nehlep™, and shriel*?).

Measurcments of the Hall coefficient by Wrigh.’cl‘L6 have
indicated that the oxide cathode is an excess or n-type
semiconductor. This behaviour 1s consistent with the
hypothesis which invokes the presence of oxygen vacancies.
9+ Summary.

The oxide cathode has been described as a porous structure
of an alkalinoc earth oxide, or a mixture of thcse oxides,
bonded to a metallic core, Excoss barium has been shown to

exist in the cathode and is probably mainly produced by the
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formation of oxygen vacancies. While it 1s likely that
such am system should behave as an n-type semiconductor,
the possible existence of adsorbed layers of barium and
other atoms should not be overlooked, An intermediate
high resistence layer (;nterface layer) is also often
present between the oxide and the base metal and may
considerably modilfy the behaviour of the cathode, The
behaviour of the cathode, in the light of these facts, will

be discussed in the next chapter,



CHAPTER 2
The Mechanism of Emission from the Oxilde Coated Cathode.

(1) Eerly Theories,

The previous chapter has presented evidence which suggests

that emission from the oxide coated cathode is in some way due

to the presence of excess barium in the cathode. Early
theories of emission from the oxide ococated cathode invoked the

presence of thin films of barium on the surfaces of the

crystals, These theories vere probably suggested by the fact
that cathodes involving thin films of metal adsorbed on
tungsten had been used successfully for many years. The
adsorbed layers gave a pronounced reduction of the work
function, The most successful of these cathddes involved
£ilms of thorium or caesium which were thought to be present
as adsorbed layers oxly one or two atomic layers thick,
Langmu1r47 attributed the reduction of the work function to
the adsorption of the metal on the surface es a positive lon,
the ion being bound to the surface by the image force. The
positive charge on the ion and its image force cbnstituted

& dipole, which reduced the work function by an omount Ag

given by

_ A$= LT O6, p 2.1,1,
Where p 3§ HE dapele vemet | & s Hhee Warebiny h- Dhes Grmatodfe pa
bﬂ‘ao;t . el 0w {le iﬂtﬂ(.‘h\ o R 1V] Sevitmeg V;—.\L&A v
A chonge of work function would also be produced by

eny adsorbed atom which possesses a dipole moment and is

orientated in a charocteristioc manner at the surface.
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Negative ions would, of course, prctuce an inoreese in the

work function. Hence, in general, clements more electropositive
than the metal onto which they are adsorbed would give a
reduction in work function, Conversely, elcments more
electronegative than the base mectal would increase the work
funotions For example, the strongly glectronegative element
oxygen adsorbed onto tungsten produces a particularly marked

inorecse in work function, (Johnson and Vick48).

Lowry49

extended these theories to explain the emission
of electrons from the oxide cathode, He proposed that ﬁhe
excess barlum was either occluded or clloyed with the surface
of the base metal, which thus halaved as a thin film emitter,
Loury based this proposition on his experimental wark, which
indicated that barium was produced at the base metcl bothlby
cleotrolysis and the rcduction of the oxide by agents present
in the base meteal. On his theory, olectrons wiere liberated
from the barium layer on the basec metel and then diffused
through the pores of the oxide. Ho regarded the oxide as a
poor conductor,

Risemann and Murgooiso

also regorded the base metal as
the main source of electrons, but suggested that the eléotrons
emittcd from the base were captured end then emitted by the
oxide severcl times, to be finally emitted &t the surfaoce of
the oxide, On the other hand, Becker hold that emission
originated from a barium layer at the surface of the oxide.

This theory was supported by his experiment552 in which a



~18-

crthode was found %0 be activated by the eveopor-tion of barium
onto 1ts surfcce from en external source, aml by experiments

in whieh barium wes found to be evaporated from the cathode.
Additional evidence s provided by experiments in whieh the
oxide layer was perticlly removed from the base metal without
cltering the Clectron cmission, thus indicating that the core
netel wes not the source of electrons, Independent work by

53,54

other investigntors nlso scemed to show that the emission

On the gthir o
came from a metcllic layer ¢t the surface. an cddition to
Becker's experiments, Jones®® has deseribed en experinent in
which the emission weas reduced by three orders of magnitude
whell the outer surface of the coating was rceuoved. In this

cosc the emission was restored by re-activating the cathode,

Elcetron diffraction techniques have bcen employed to
exanmline thce surface of the oxide. Work by D&rbyshire56 was

interproted s indiccting a surfice layer, but more rccent

work by Huber and Wegner provided no conclusive cvidence for
the existence of a monolaeyer.

The influcnce of adsorbed layers on the oxide surfece is
now often neglcctecd by modern writers, The modern theory of
seni-conduc tors has indicated that excess barium in the cathods
ney be losated in the crystals to give an exce;; or n~type
seniconductor. This hes suggested that emission may be
obtained from the surlcces of all the individucl semi-
conduoctor crystals, rather theh a "special surface™ loocated

elther at the base metel or the outside of the cathode,
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It moy be noted, however, th:t some moccrn workers, particularly
Met50n57, consider thot o ‘special semiconductor®™ exists at
the bese of the cathodc cnd that this is rcsponsible for the
craission, The modern thoory docs not rule out the prosonce
of cdsorbed loyers of bariwa end thess may well pley a

signific~nt part in the cnission process,

2. Modsrn Theories of Enission.

In 1931, Wilson°® extended the band thoory of solids to
oxplain the cloctricsl propertics of scuiconductors. This
thoory has buen used to explain the emission of electrons from
the oxide cathode. It nust be stressed that the theory
outlined in this chapter and used by mnost modern workers in
the field, assumes a clean surface free from adsorbed layers,
If these are present the work function of the semiconductor
Will be modified by a mechanism similar to that described in
section ome.

The band theory was originally developed to explain the
8lectrical properties of metals. Isalated atoms of any
element contain a definite number of electrons which exactly
neutrelise the positive charge of the nucleus, These
zlaectrons exist in a configuration of disorets energy levels
characteristic of the clement. If the atoms are brought
together to form a solid, a periodic field is produced in
which quantum mechanical leakage of electrons ococurs betwWween
the potentiel wells associated with each nucleus, The

electrons are therefore no longer bound to a particular nucleus

e e ey T A AT P ettt - e+ o n s o P
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but are shared by all the nuclei which make up the crystal,
In conscquence, the energy levels of the individual etoms can
no longer bes considered und insteed a scrics of discrete
encrgy bands, existing throughout the solid, and madc up of
closely packed cencrgy lovsls.must be considercd. One or
more of the higher cncrgy bands may not contain the maximum
numbcr of electrons so that clcetrons may be readily caused
to move 1o 2 highcor snergy lcovel under the influcnce of an
anplicd field or the cddition of cnergy in & suitable form.
A band of this type is culled the 'conduction band', while
the other bends arc said to be 'fillcd’. So0lids which contain
¢lectrons in an unfilled band behave as metals, but if the
tand is complotely empty thoy beheve as insulators until
cnough encrgy is supplied to promoto cn electron from a filled
band ecross the forbidden band and into the conduction bend.
The bottom of thoe conduction band is usually considerebly
'higher' than ths top of the filled bend ( @ typleal velue
for this ensrgy gcp in an insulator would be 10eV) and thus
conduction is not possible unless either extemely high fields
ers -pplied, the tempersture is suitably inerensed, a the
body is bonmbarded with suffioient&} energetic porticlcs,
Therc is cnother closs of solids known &s intrinsic semi-
conductors, in which tho energy gop or 'forbidden zone!
between the filled band and the conduction band is much smaller
(~1ev). In this case, sufficient electrons can exist in the

conduction band at room temperesture for the solid to exhibit
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low electrical conductivity.

Two other types of semiconduetor exist end are known
respectively as excess Or n-type and deficit or p-type
semiconductors. Bcsically their bend structures are
identically similer to those of insulastors but there are
elso ¢ddéitionel levels in the forbidden zone which are
produced by vacant lettice sites or impurity atoms, The
n-type semiconductor contains energy levels situated below

the conduction band (fig. 2.2.1) and :lectrons may be excited

from these levels into the conduction band. The number of
electrons which may be excited fram thsse levels into the
conduction band is controlled by a Boltzmann factor.

The p-type semiconductor has levels which are
gnergetically situeted just above the fillsd band in the
forbidden zone., These mey be occupied by electrons promoted
from the filled band. This process produces unoccupied
levels in the filled bend and conduction may take place by
the sxcitetion of these 'positive holes!,

The evidence aveilable indicetes that the oxide cathode
may he classified as an n-type semiconductor, The work of
Wright and Formen, already mentioned, geve & value of the
Hell coefficient consistent with en n-type semioonduoctor.
Other work by Wright seemed to indlcete & 'p' to 'n' transition
et 800°K, but this has been shown to be enomalous,

Fowler©o? hes formulected equctions for an impurity

semiconductor, besed on the following assumptions:e-
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(1) The conduction band is completely empty ot 0°K.

(2) The impurity levels are complctsly filled at 0%K.

(3) The density of the impurity levels 1s n, per cc,

(4) The energy &£ap,AE, between the conduction band and
the impurity levels, is larger than kT, (0.025 eV at
room tempor:ture).

(5) The energy gzp betwecn the filled band and the
conduction bend, is so large that the contribution
of cerriers from this band is negligible.

Taking the energy zcro to be at the impurity levels, the value

of thc chemical potentinl (or the dopth of the Fermi lovel) isi~

- AE - KT log no+
M= & Tz 2.2.1

2y %
log(2wm* kT/h*) *

Where m* is the offective mass of the clectron in the conduction
band, and the other symbols have the usuel mcaning,
The vclue of kT at room temper: ture is~1/40 eV so thet,

for normel valucs of n the ratio:-

b’

nb _

(2w kT/ha)%

is approximctely equal to unity. Hence, at low temperaturesi:=
A4E ‘
/L& "é‘ 20202

or in other words, the Fermi level is healf way between the
conduction

impurity level ¢cnd thc JR=wd band.
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The density cf electrons in the conduction band is given

1 2
ne = (6)° (ZWm"k‘I')%nb2 oxp - @ AE

3/2 - 2¢2493
h 2kT

Here g is a weighting feetor 1€ g€ 2 to account for levels
occupied by slectrons of opposite spin, It must agein be
stressed thot the above equctions a»>ply to a very simple
model, (8;1 except when weslopry o ewrgy bands octurs) |

Quite cpart from the possible effect of adsorbed layers,
it is likely thet ch. metel oxide boundery will profoundly
influcnce the propertics of the ccthodes Other frotors whioch
should be considered include diffusion and ionie conduction,
It is el1s0 cxtremely unlikely that the cathode will be of unifarm
composition, so that the cleetrical propertics of the
individual orystaels may vary considercbly.

3¢ The Holl Effect.

It hes clrecdy been stoted that thes determination of the
Hall coefficient provides ¢ method for distinguishing between

n-type and p-type scmiconduotorse 4n outline of the relevant
theory will now be given.

If = megnetic ficld H is applied between opposite fooes
of &« cube of ¢ semiconductor, end a current I 1s flowing in
¢ direction rorpendlicular to the magnetic field, on emf E
is produccd between the two remaining feces of the cube suoh

thati=-
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E = RIH 2.3.1,
E is the Hall emf., and R ies the Hall coefficient for the
ma terial. For a semiconductor:-

R — 3."— Q.S.u. 205'20
8nyrec

Where np is the number of free electrons or positive holes
available for conduction, ¢ is the velocity of light, and ¢
is the unit of charge with the sign indicated so that R will
be negative for eleoctrons and positive for positive holes,
The sign of the Hall coefficient thus provides a method of
distinguishing betwecen n-type and p-type matcrials while Do
cen be readily calculated by the use of equation 2.3.2.

The specific conductivity of the meteriel is given by:-

O = nfev 2¢3¢3,

Where v is the mobility. If R andScre determined, the
mobility cen boe obtained from the equation:=-

V - BG R 24Be4s
B

Which is obteined by combining equations 2.,3.2. and 2.3.3.
From this value the mean free path 1, can be caloulated from
the cquation:-~
V _ 4lge 24345,
~ slevakn)® |
The sbove trectment indlcates thet determinations of tho Hall
cosfficient and conductivity should provide a powerful method

for investigating the propertias of e semiconductor.
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Unfortunately the porous multicrystalline structure of the
oxide cathode makcs the determination of the Ezall cosfficient
extremely difficult. Consequently, very fcw determinations
have been mcde and simultoncous mecsurcments of conductivity

=1 has performed

have rrrely beocen attcmpted. Foreman
experiments of this type over the temperoture rangc 500%K to
1,000%K, which indicatcd that the cathode wes cn n-type
senilconductor and thet the elcctron mobility wos very large
above 700°K,

Ishikewa, Scto, Okumares end S&sckai6o have reported
similar cXperiments, which 2lso indicotcd that the oxides
cathode cxhibited n-type conductivity in vacuo. Thgyconcludeq_
furthermore, that the oxidc exhibited p-type conductivity in

s previously Shown

¢n etmosnhere of oxygen. This le-—setw=souimmed by Wrightéﬁ.

4, The Thermo HElcctric Effcect,.

4n clectron passing from the Fermi lovel to the conduc tion
bend of ¢ semiconductor undergoos & change in energy /k.
The chenge in potenticl M- is known as the Pecltier coofficieny
e

end the thermo olcetric power is given by:-

dE, _ 2e4,1,
ae = Aw

. 6%
where is the Scobeck cmf, Sestz hes doerived an equation

&g
for the Seebeck gmf. in terms of the density of free elsctrons

ne and the density of impurity levels Nyi=

Eg _ AT | AE + k log ne 2.4.2,

-— wemnmms | E——

e T n,
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wherc AT is the tomperaturc ¢ifference snd 4E thoe dspth of
tho impuriﬁflevels below the conduotion bend. Mcasurements
of this e.m.f. provide & ncthod for leterning AR, Blewett62
has mcosured the Seccboeck c.n.f. for two identicsl probes
cinbedded in o barium oxide c:othode,. The observed nsgative
c.r1s s correcsponded t0 an n-type semiconductor. Results

obteined by Nishibori asnd Kewemura®® zlso indicated this, while,

nore rccontly Young64

hes published results which can be
intcrpreted in terms of tho Loosjes-Vink hypothesis,

5. Tho Conductivity of the Oxide Coating.

When considering the conductivity of the cathods os

a whole, 1t is importont to remcmber thct & metal to scemi-
conductor junction con give rise to rcctificction offccts,

If o semiconductor is brought into contact with (or in close
proximity to) & metel, therc is o 'lcvelling' of the Fermi
levels, This ccuscs the formotion of & potentisl berrior,
In the casc of an n-type scmiconductor, this barrier ensurcs
that the transfer of clcctrons from motal to semiconductor is
only possible when ¢ high field is epplied (Schottky65 and
Mott end Gurneyeﬁ). The 'height' of tho barrier is given by:-

4,"- (X + _;_lzg) 2¢5.1,

¢k is the work function of the metal X 1is the surfecs work
function of the semiconductor and%%ﬁ is the dopth of the Fermi
levcl below the conductior bend (fige 2.5.1.).

Sxperimental detecrninations of the conductivitioes of the
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oxide c~thode indiccte smell rectification effects for ctn

67).

clectron currcnt flowing from motel to oxide (Wright As

stotod earlisr in this scoetion, ructificction effects occur
cven when thore is no direct contact of the semiconductor and
metcl,  The thin, high resistence, 'interface layer' sometinmes
present cou.d thercfors be involved in the roctifiection

68 hns considersd the cese of thick intcrface

mechanism, Fen
regions »nd hos concluded that electroms diffuse through the
leyeor,

The conductivity of the oxide itsc¢lf must now be
consider :d. In the ensc of alkali halides, nigrotion of ions

is consiicred to make & major contribution to the conductivity

(Liott and Gurnoyeﬁ).

While this process 1is i.portent when
considering cctivation by clictrolysis, it oy be negleoted
Vihen a well activated cathodc is considsred beccusc it would
Scern that cleetrons care principelly responsible for the
Obscrved conductivity. It will be remembered that tho oxide
c”thods has been described ¢s o very porous body. These
porss hove a considercble cffeect on the conductivity of the
Oxide ~t high toupcroturss cnd this will be discusscd later
in the scotion.

The conduction of the vlcctrons through the crystals will
Now be discussed in terms of the proposcd semiconductor models
The spocific sleetronic conductivity is glven by equation

2,3.,8,, whilc tho mobility of the electrons is given by

-
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squotion 2.3.8. Using thesc cquations together with
ccuntion <£.2.3.,, 2nd simplifying, we write the specific
vlsetronic conductivity ocsi-

L 5 1 e
L1 M o7 (g) 2 (2T kD) E o ~eAE

GKP m 205.20
3 h3/a.

T =

Tho tcemperaturce dependence of the cxponcnticl tornm is very
rnuch grerter thon thot of the other terns, so thet we can
compare oquation 2,5.2. with the empiricol cquation:-

C=C 5g~ W kT 24 5.3,
It con be seen that o graph of 105 agcinst 1 should be
lincar if the materiel behaves ~s an n-type sgiuiconductor,
~nd thet tho value of AE/2 ney reecily be obtoined from the
slope of the graph.

4 nuwiber Of 1wthods havs b?zp crzployed for the necsure-
nont of conductivitics, Wright" used platinum olsctrodes
clibedéod in the oxide which weos deposited on a cerciiic base
and zectiveted with wcthenec. It is unliksly that these
results can bo token os being represcntetive of an cctuel

6nthods beccusc of the unusucl conditions cmployed. Youngvo,

cnd Loosjos ond Vink71

uscd & rethod whereby the oxide
urtericl wos pressed botweon two netnl clectrodes which could
be indcpendently, eloctricelly, hoeoted. The cr thodo ntterial
ves found to be difficult to cctivato. In eddition,
sinulteneous moasurncnts of conductivity and clectron glilssion
“orc not cesily obtainod cné wors not very relieblc because

72 .
the gconctry of the tube wes poor. Tonlinson '™ heas usoed a
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probe method and also displayed the probe characteristics
on a cathode ray oscilloscope.

Sparks and Phillips75 have used a method whereby the
voltagc Crop across the oxicdo was dstermined when ocmission
current wes drewn, The cuthor has 2lso tried this method
but found,however, that the high potunticls which iust be
epplicd to the anode produccd cathodc poisoning. uitae
apart from this, only & very smoll part of thi cmission
current ccn be used in the conductivity noasuﬁments so that
moasuﬁhents €t low tompercturcs orc not cosy 0 perform.

The method which is uscd, =lrost exclusively, in this
lrboratory employs o hcelical probe of pletinum or pure nickel.
This is incorporatcd in the body of the cothode so that the
rcsistance Of tho witirisl botwesn the probe and base can be
Llensurcde. In cowuon with wost of the other nethods, the
Qcasurcient includces the resistonce of any interfece compounds
Vhich arc prcsont, Quitc ﬁpjcrt from this, the systen is nat
Syrietrical, so thct rcctificrntion effcets nre to be expoeted
in cddition to those dus to the metrl to semiconductor contact.
These could be overco:is by using two identiccl probes of a
Linterinl which docs not forn intcrfoce compounds, but in
Drrcticc this type of system is very cifficult to produce.

The probe method hos the cdvontege thet the cathode is very
like ¢ normel ecthode, bsecuso the very fine probe wirc does
ot onprecisbly alter the physiccl structure of the cathode;

©1lso, sinultoneous icnsurcrients of emission and conduoctivity
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eon be mede.

2 rovicw of early conductivity easursents has bean
rode by Blewett’4,  The greph (fige 2.5.2.) illustrotes the
diverse results which can be obtained.

Ionic conduction and bulk semiconduction are not the
only nossible conductivity mechanisms, There is a distinot
nossibility of a conduction process involving the surface
layers of ths crystels, which meny workers believe to be quite

siznificant, At temperatures where electron emission becomes

ueasurable, the emitted electrons canm provide an explanation
Oof the enhanced concuctivity observed at higher temperatures,
Loosjcs and Vink71 were the first to suggest that electron
enission within the pores of the crystals would contribute
towardis the observed conductivity, The possibility has been
investigated by many workers. Hensley75 end Forman76 have
shown that such o process will depend on three factors:=-

(1) The mecn free peth of the emitted electrons which,
under vacuua conditions, will bs eqgucl to the pore
size,

(2) 7The space charge within the pores, which provides
a retording potential,

(3) The applied ficld, which produces & Schottky effect
in the porss.

The theory rolevant to the last two factors will be discussed
in grester detail in the next ssction., On the basis Of the

[hovs consicerstions, pore conduction can be described by an
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equation of the type:-

- -} m5/4 ‘ _ :)
CTP = An, *T / ed expd P' + V JEe /éTZ 5.4

Herc, Zﬁ is the mean retarding potential due to space charge,

E is the epplied field, @' is the work funetion of the cathode

material, & is the mean rodius of the pores and 4 is a constant,
The retarding potentizl will depend on both the porc size

and the work function and will be given by an expression of

the type:-

V., = Constant.cxp. -¢§° 2.5.54
RT

The pore conduction mechanism will also be affccted by the
Riagnoto-rusistive cffect (Forman), which complicstes the
interpretation of the observed results,

The pore conduction predominates et high tempcratures,
but at low tempercturss, when the number of emitted clectrons
is small, thc semiconductor mechenism becomes predominant.

The two processes ect in parcllel, so that tho total specifie
“onductivity can be written esi-

O = w;z‘[c e¢xp -AE , B exp-c.W] 245,64

kT kT

~Where W includes 2ll the exponential torms of equation 2.5.4.
4 groph of logd plotted agecinst 1 should show two lineer
DOrtions which merge into one ano%her in the tenmpercture range
1h which pore conduction becomes the dominant process,

“Ekpcrimental curves indicate that this 'break' gencrally ocours
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in the range 700%K to 800°K, The temperature of the ' break!
point will depcnd on the arcos of contact betwoeen the
individual crystals of oxide and their activation states.

The slope of the 1low tcmpcraturc portion of the graph thus

provides & method for the determination of 4E because at

2
these tenperatures the contribution of pore conduction is

negligibly small.

Much work haes been donc in an effort to substantiate the

Loosjes-Vink hypothesis. They theuselves noted that the

high temperature 'activation' cnergy hed a veluc sinilar to

the Richardson work function. However, these values were

calculated fron neasurcments made when the twd electrodes
were scpercted and an andode was inserted, which nust have

nodificd the oxide coating %o some extent, Nakai, Inuishi

cnd Tsung-Cho'  heve also claimed similer results. It
should be noted that the high temperature slope must be
corrected to eliminate the contribution due to solid

seni-conduction.

78 76

Young '~ and Formen

have also provided evidence of pore
conduction, Fornen has neasured the thermo-electric power and
the conductivity with cn experinental arrcngenent similar to
thet of Loosjes and Vink, and found thet the two activetion
energies were in egrecuent, He clso opplied a meghetic field
of 5,600 oersteds in order to measure the nagnetoercsistive

effect., At low temperctures the conductivity was hardly

cffected, but in the high temperrture rangs it was reduced by
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a fretor of six. Additional work has been carried out by
Formen with highly porous ccothodes. These showed no bend in
the conductivity curve nnd he interpreted this as being due %0
extrenely smnnll areas of contact between ths crystels, so that
the pore conduction proccss was predoninent et all temperatures.
Tomlinsonvg, working with probe tubes has also presented
evidencs which is consistent with the hypothesis.,

Sone workers, including the suthor, have observed a third
region of the conductivity greph which shows a decrease in
slope at high tonperatures. One explanation is that this is
e saturation effect due to the space charge in the pores,

Higginsonso has observed a further change in gredient
at low temperatures (~400°K), with an ectivation energy of
about 0.1 eV. He suggested that this might represent the
noveonent of barium ions over the surfacse of the crystals.
4n clternative explanotion hes been given by Metson&l who
Suggested that it might instecd be due to the migraticn of
negotive ions of the residucl grs,.

6« Thermionic HEmission.

Richnrdson's equation for the olectron cuission fronm

clecn notnl surfacos has been shown to epply to somiconductors:-
- -7 )72 -
JO et Ao(l r)T GXDp Eg Rebale

Jo 1s the seturation currcont donsity at zero fileld, r is the
rcflcetion coefficient for clectrons travelling normal to the

surfrec and AO is o constanti-
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Ly = 4irm;ek2 = 120 amp.cm'zdog.Kfz 2e6ele
h for m*=m
@ is the thernionic work function of the euittor, cnd cen be
described, both for scuiconductors cnd nctals, as the cnergy
‘gap’ betwesn o point in vocuo just outside the metel ond the
top of the Ferni lcvel.
If tho cncrgy zcero is taken as being a2t the impurity
levels this cen be rewritten for the n-type seuiconductor os:=
= X+ AE -p 2,643,
X is the electron rrfinity end is -1lso known as the cxtorncl,
or surfacse, Work function. If we incorporate tho value of,&
from equation 2.2.1., the squrtion Tor the scturation current

8t zero field ¢°n be written as:=-

L 5/4
Tg = B(l-r) W2 T / exp - (X + 4AE) AT 2e6e4e
2
This is the so called Fowler equation, vherc B = gnglTn?k)%.
h3/2
Using this sgunation cnd plotting log Jo against )1, ws find
~57 =
T 4 :
thet tho gr-ph should heve ¢ slopc of -a(X + f%gi) . In

k

proctice it is found that ¢ plot of log 29 ngninst.% hes @
T1

slope which differs very little fron that given by the

Previous nethod. On the other hnnd, the intercept value is

different. Both these methods con be employed to obtain a

value for X 4 AE,
2
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Values of r can be caloulated by substituting for n, in
equation 2.6.4. Values for n, can be calculated from chemical
analysis results such as those obtained by Prescott and
Morrison82 and Wooten83.

Similar substitutions enable J, to ve calculated and it
is found that the calculated values are considerably greater
than those observed durlng D.C. operation. However,
comparable values have been obtained when emission is drawn
with the anode voltage applled as pulses a few micfoseconds

8L

in duration (Sproull~", CoomesBs, Wright86b).

e Enission Decay Effects.

Work with microsecond pulses has thrown some light on
the decay of emission observed under D.C. conditions. Rapid
decay of emission 1s also observed when the pulse lengths
are longer than a few microseconds. The term 'decay' signifies
the reduction of anode current with time at a constant value
of anode voltage and cathode temperature. Sproullau explained
this in terms of the migration of barium ions from the surface
to the core under the influence of the applied field. Wright86a
has shown that a change in interface resistance, suggested
by other workers, could not be responsible and that electrolytic
and poisoning effects were the most likely cause,

This last explanation invokes the bombardment of the
cathode by gas molecules or ions, Metson87 has reported that
critical values of anode potential caused decay of the emission
current. The electron energlies corresponding to these poten-

tials correspond to the heats of formation of oxides, chlorldes,
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rnd sulphntcs known to be pressnt in the tubc.

hMore rocently, Nurg:wrdas hos postulnted ~nothor theory
for the oxids cathode. He rccepts the seniiconductor riodel,
but considers that the donor centres cre mobile. Thus,
vwhile aizission is not being drown from the ¢r thode, the 4onors
ore unifornly distributed. When cniission is drnwn, the

donors ~re tronsported to glve depletion in the laycrs near
the surfeco. This depletion is offset by back diffusion,
2 th~t whilc “n initirl decny Of enissiosn eurrent is
observed en equilibriw: st:te is cventurlly produced end the
ennission currcent ettoins constent/ valuc, On this theory,
the position of the Ferni levcl is depcndent on the current
drown from the cothode. While this theory providesd an
explanntion of Nergrrrd's own cxperiucntcl results, it hes
not s~tisfretorily explained rcsults obtnined by other

workcrs.

8., The cffect of the ippnliecd Voltage on the Euission Current.

The enission from ths ¢rnthode 1s very dcpendent on the
anode voltngo ~nd in fact thrcc nain types of behavious are
Observed, Whon the nnode is ncgntive with rospect to the
cathode the criission current inorceses ropidly as the onodode
voltnge is deorcased, ond clecetron enlssion is seid to bo
occuring in a 'retarding ficld'.  When the onode is positive
with respeet to the cathoue, the cmission current increases
rother slowly with incremsing 2node voltage, sd thet now,

Jiiission is being obtained in 'an eccelereting field's 4
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third type of behsviour is observed when the field existing
betuecn the nnode ond cathode 1s suell. Here, the 'space
chrrge' of cluctrons prescnt between anode and cathode prevents
o repld transition frou nccclersting to roterding field
conditions.

9, Ruiissicn in Rctording Ficlds,

The field cxisting between the ~node and the cathode is
dependent upon the value of the cpplicd voltage, the spacing
end geouetry of the cleetrados, and the contact potential
difference which cxists botwecn the anode and the cathodac.
Wihen the rosultnnt anade potunticl is ncgetive with respact
to the cethode, the ficld provides o potontial barrier, so
that only elcctrons which have cncrgics larger then the valuc
required to pass over the barrier can rocch the cnode. The
current density for a diode with plane parallel geomectry and

mith an applicd ~node voltage V, isi-

Jp = 4(1-r)™.c.oxp e (VA -8.) 2.9,1

kT

Here, ¢A is the work function of the ~node, while ¢ 1is the

———

andde reflcetion coefficicnt. 4 groph of log JR ngainst Vy,

75

should result in two stranight lines, the first should have &
slope of =8, while the second should be o horizontal stralght
line whi;;Tintersects the first at YA:: g - ¢A' Thus, if
@ vere known, qb could be Getcrmined and vica versa. The

slope of the first region of thc graph enables the tcrperature
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of the cnthode to be deteriiined. Early msasurementseg
nrovided velues of teuwpercture which did not coincide with

the neasurcd temperature, but agrecrent hos becn obtained

1ore recently by Heinz :nd Hnssgo, and Fangl.

In prretice o graph of log iL agrinst V, 1is gencr-1ly
plotted, whcere iA is the nodo currente. The retarding
potential re¢gion should then be represented by s stroight line
with ~ slope related to % which interscets a horizontal
stroight line chorccteristic of the cloetrons enittod in tho
necelertting field, The tenperrturc of the cethodo r:ay then
be cclculntsd frua the slops of the line in the retording
potentinl region if 1t is assuned that the distribution of
electron cnirgies 1s Maxwollian. Conversdy, thc cvncrgy
distribution of the clecetrons may be found if the cathode
tcilperature 1s dctermined cxperic.cntally. When this is
ettopted, it hes been found that thce distribution is
Mexwellion, except thet there is an apperent deficicney of
cleéctrons with low cnergics. (Eisensteingz, Nottingham?s).
Fen®l hes suggested that this ray be duc to a large rceflection
coefficiont ~t the oxidec surfrce due to the presence of
patoh finlds, which ~re ccused by smtllescals varinrtions of
the work function over the cathode surfacac,. in altsrnective
e¢xplonetion has beon given in terms of the prosence of a thin
penetreble potentinl barrier, capsble of rsducing the numbor

of low cnergy -~lectrons,

Wihen the transition from a rotording to «n acoclerating
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ficld is obtnined, zero ficld exists between the anode ~nd the
Cfthode,  Thus, the upplicd cnode voltege has o value which
1s °qual nnd opposite to the voltage drop across the cathode
Plus the contnct potontianl difforcnce existing betweacn the

Surf~ces of the cnode cnd the ¢~ thodc. In the case of uetallic

Cathodes, the voltage drop is ncgligibly smnll, but in the

°%8¢ of the oxide cathode this can ba quite significant,

Meny Workers have neglecied this foct and have tnken the valuc

o the fnode voltage for tronsition es being nunericnlly equal

t
3 the Contngt potential diffcerence.

10. Snace Cherge Linitcd Bission.

Trensition betweon tho retnrding ~nd the accelereting
Tlela Tegions of = ciode chnructeristic is never sharp. It
is Hodified by n potential barrier, causcd by the mutual
TOPUlSion of lectrons present in the space between the anode
&nd the cathode, This 'space cherge effect'! inorecses with
1n0rea31n€ current density, and hence with inercesing tenmperature .
The effects op spcce charge persist until the anode potentiel
&ttning , vnlue such that ~ll cnitted electrons reach the nnode.
The Velueg of the current is given by the Langmuir~-Child law:-

1. = ij:’/z 2,101

Sp

Whore B is n constent dependent on the geometry of the tube.
If the Clectrodes are not parallel, the field at the cathode
SUrface is not uniforn and the offects of space charge persist

oV .
VCr A greeter renge of anode voltage,
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11. Sission in Leceleronting Fields.

When on cleetron is enitted, an inage force is created
which tends to ~ttract the clectron towards the parent surface,
Toking this effcet into cunsideorztion, Schottkyg4 has deduced
thet the applied ficvld will effcectively reduce the work
function by Ag = JoE : 80 thet the enission current in an

eccelereting ficld is given by:i-

i -tgexp o/ PEE 2.11.1
» ‘T
'Og 1 {

Hence, a greph of , agninst V; should give & straight line,
This ecquetion 1s not strictly obeyed by the oxide ocathode,
becruse the slopu of the line is found 10 be sevorel tines
greeter then is t0 bce expected fro the equation. This 1s
the case rogardless of whether steady D.C. fields or pulsed
fields arc cuployed. L1 oxplanation of this hes been given

95 (nd Hung®® in torms of pateh fields. 4 Schottky

by Rose
type. equetion has been derived for seniconductors by I~.'Iogu11597 »
On the essunption thet the epplied field distorts tho energy

levels siturted near thc cathodc surfeace, This theory hes

98, who showed that the current

been extended by Wright cnd Woods
flowing through the cathode nust ~lso distort the energy levols.
Both the applied fisld and the current cruse o pcnetration of
the cothole surface by the space chorge zone. Drte oObtained
fron doteriiinations of the Hell cocfficient and the conduoctivity
heve been found to be in agreei.cnt with the theory.

Tho criission -current ot zero field can be obtained by
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gxtrepolating the Schottky plots t0 zero ficld. Froua these
vilues, & Richnardson type plot can be obtained. The

cr.ission current ~t zerd field cen 71s0 be Obtairned from the
brerk point of the log IA/VA charccteristic, 48 stoted
previously, the cont~ct potential differcnce existing between
the anode and the cathode can be ccleculated fron the volue of
VL nt the breck point. Hencc, if the cathode work function is
known o vilue for the anode work function e¢an be obtained and
vice versa, The work function Oof the ~node 1is scldon that of
the pure rctnl, becruse the electroce is gonerally covered with
2 layer of bariw: icial or bariw. oxide which has cvaporated
Tronm the cathode. Geses which #re present in the tube are
2@lso responsible for e chenge in the work function beceuso

99 used

these are adsorbed onto the onodc surfice. Charpleux
& tunsten rilanent, which he clecned by flashing, as an anode.
Tho flashed filrient was then supposed to have the work
Tunction of purc tungsten ond hence, hc wns ebls to celuclate
the cathode work function from the contact potentisl dAiffasronoe

100 used a sinilar

R1lven by the brerk point. Helnz and wagner
“iethod, but found the anode work function by measns of o
RiChardsom plot. Ln rlternctive rethod hes been used by

101 who used @ Kelvin vibrating slsctrode nisthod to

I‘Iovpkins
Ceterniine the cathode work function,

12, The Surfoce Work Function.

The thcrriionie work function of a senii conductor is made-

Wy of two terus. The first, the 'depth' of the Fermi level
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below the conduetion hrnd (AR, 1is known 2s the interntl work
function, whils the sceond term, the 'depth! of the conduction
Y na bolow the surfreo X:), is knomm e£s the surfrcu work
Tunction.

If cectivation is siply cnuscd by the producticon of conor
luVOlS, thoen cny chinge in the werk function is “uc to a
¢h-nee in AB., The suricce work function should then heve a
Cinstrnt v*%us, regiraless of the strte of netivotion.

The surfrcec work function can bo ceteriiined in two unys.
The first cntoils subtreceting the valuc of&%@ obtcined fronm
the conductivity plot fro-. the fichrrdson work function.

The sceond 1::thod involves o combinetion of the uiission ond

cinductivity cguotions to give tho caurtion:i-

1, _ 3(1-z)kT uXp( ) 2.12.1
c 4-308
« 2lot of 1log b ozninst 1l should yield o straight line
T T

of slope :F2£ if 1 is indopendent of taiporaturc, so that

the surfrcy work fuﬂctian can be reacily calucleted. It ust
b6 noted thrt this con only bo obtainced for the tooperaturs
range over whieh sci.i-concuction pre.ocinotos, In th¢ high
tanperoture ro.icn, whero pore conducticn is thought to
prcdozinate, the slopce of the conductivity curve will be rcletoed

t0 the work function of tho enitting surfcoce by cguation 2.8, 4.
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CHAPTER 3.

Lhe sims of the Present Investi.ztion.

1., Introauction.

It hos been the alm Of the present author 1o inv.stigate
several espects of the behaviour of the oxide cathode, which
have received relatively little attention, The first of
these is an investigation into the meaning of the results
Obtained from the Richardson plot which are often quotod as
being values of the thermadmework function, together with an
investigation into the significance of the intercept values
glven by the Richardson plot. As an extension of this, the
second aim has been to Investigate a linear relationship
between the Richardson slopes &and the intercepts of Richerdson
blots, which has sometimes been observed by workers investigating
the properties of both metallic cathodes with adsorbed layers
snd oxide-coated cathodes. The third aim has been to
investigete the cleim, which has been made by severel workers,
that the surface work function of the oxide cathode does not
change with the state of activation.

While these cre the wein eims of the investigation, 1t
has bgen possible to exemine other aspects of cathode behaviour
end these will be discussed in the chapters devoted to
experinentel results and conclusions.

2. The Surfece Work Function.

If the oxide cethode 1s considered simply as a

somiconductor and the possible presence of adsorbed leyers on

the surfcoe Of the crystcls is ignored, it 1s plein that the
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gotivetion proceses would involve only the production of donor
levels below the c¢onduction bande The surface wark funotion
of the oxilde cennot be modified by such a change in thoe bulk
propoertics, but it could chango locclly i1f surface states are
produced. These surfacc states will be orused by the
cdsorption of foreign atoms or ions onto the surface of the
crystclse If a very lcrgo numbor of thcese states cxist,
thore may cven be conductivity over tho surface of thoe orystals
t0 the cotriucnt of bulk concductivity, The conductivity
mechonism would involve the migration of ions or transfor of
clceetrons from one surfscco stote O another. Bven a smcll
nunboer of surfaoce states will inevitobly modify the thermionio
cnd photoclcetric work functions of the crystals and honce the
viluo of thoe contact potcnticl which oxists botween the eathode
ond cnodc.

When the cdsorbed specics 1s electropositive with respect
$0 the scmiconfuctor, clcctrons will be goined by the
scmiconductor -~nd will scet-up ¢ spacc chorge layer noar the
surface. This results in the formation of dipoles which
uodify the work function of the scmiconductor in the same
manner as described in Chepter two. If the -csorbud ctoms are
¢leoctroncgetive, 2 posltive space cherge leyer will be formed
inside thc semiconiuctor duc to the loss of clectrons to the
cdsorbed laycr. This will also rosult in the production of
éipoles whieh, in this cass, increase the work function.

M-ny workers hove neglected t0 toke intd cococount the
offcots protucel by adsorbed 2toms end heve ettoupted to

explecin the propsrties of the oxide cathode on the besis of



2'0 f
_ev i T
degree :
/.5 - —
- L
!
T ]0 - [ e
o5y —ofo—o
|
0 7 ev 2

Fle3.5.0. Temperature Coeflicient dad1™ of
the Emissive Mean Value of Work
Function as a Function of the Maxi-
mum Variation Jy of Work Function,

| ] I T
10"+ 7]
-~
[
N |o.z» ]
«
>
=
v
F 4
w
o
z
: |0-!,. —
@
3
el n
! | !
1073 104 0?3 02 0!

- -
CONDUCTIVITY = OHM ' CM.
.. . 1 Cc-
€G- 3.2.1. -Correlation of electron emission current density and the coating condu
tivity, see text.



U5

the simple semiconductor model described in Chapter two.
Conseguontly, when stulying the beheviour of the cathode,
they hevc attompten tu provide experiwentel evidence to show
thet, while the viluc of f%g clters 2uring activation, X
rcricins constont.

The syuction which can be used to Goterumine the volue of
%X , from cuissiin tn. confuctivity mcrsurcments, has becn
given csi-

15 3(Ll-r)zT exp_ X

= = 4158“‘ = 3e3e1,
Thus for © constant volue Of tempersture, o plot of‘io egainst
o for aifferent scetivation states, should result in « straight
14ne if X 'nd 1, cre both indepuncent of the state of
setivaticon. Such e relcotionship ws first obtainew by

Nishibori -n< K:wrmureloz end w's leter confirmed by Hoenncy,

drcNeir ni Whitelos. Lore recently, Hopkinslol has clained
such a relationshir frow one of his oxperinentel tubes in the
1ou teunersture conductivity region, (e typicel experimentel

1ine is ¢iven in £ig.3.2.1.).

Most of this ciperiiientel work wos performed before the
formulntion of the Locgjes~Vink hypcthesis, which is outlined
in Chapter tuwo, «n? consecuently, these workers did not realize
that the slope of the coniuctivity plots ot high tempe rz2turss
represented the -.ctivotion snersy of the pore-esmission
conductivity process, rather thon the depth of the Fermi level
belew the con ucticn benl of the seniconductor. The values

of th. emission current -ni the conductivity, which were used
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in plotting these lines, were Obtained in the high tenperature
r:nge, probably bec.use values Of the cmlssion current density
at zero field ¢nd the oonductivity cre more ecsily obteined,
by experiment, ¢t high teapsrctures. Conseguently, the conduc=-
tivity velues which the ecrlier cuthors plotted, represent the
pore-cliission contuctivity process ond not solid semiconduction
ns TS TSSuiiel.

The ecnission current <“ensity at zero ficls hos :lready
been given Csi-

J, = 45(1-r) 7%  exp. (-e ¢ /XT) 342420

The exponentinl term is dowinant, so that ¢t constent
tenperc ture, J, can be regeried cs dapendent upon the value of
¢, the Richcrdson work functions The conductivity of the
sxide ccthode has bsen given asi=-

<r=1io'3" [6. exp-(RAE/2KT)+ B exp - W/kTﬂ Be2e 30
At high temperctures the ¢xponential term contcining W is muoh
larger thin the ovher exponenticl term, 8O that the value of &
18 deternined, to ¢ first cpproximation, by the value oE£W,
The vcluc of Whes been given esi-

W= g + Vu- JBe BeBede

Vm, the mean reterding potential duo o space charge, hes a
smnll veluc compored with @ over the temper:ture renge
consi¢ered, while E, the pplied sleotric field, is clso very
smrll, Honce, the v-lue of the conductivity in the high
temper: ture rengé ¢on be st-ted es being mainly cependent on
the velue of the Richerdson work functiom, |

We sece th t both J, cnd 6 are dcpendent on the value of
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§, so th~t - linsar relctionship is to be expected when JO OV'{c
is plotted rgrinst . Thus, the lincear relationship observed
by the workers n-med cbove _L0es ndt show that the surfrce
work function 1s constint for cll st tes of ectivation. On
the other hrnl, their rcsults &5 provide =iditioncl evidence
in sunnort of thcloosice-Vink hypothesis,

The ~bove discussion indicotes thet evidence in support
sf the constint surfacc work function hypothesis could only

be obtéined from cxission ini conductivity results obtcined

[¢)]

et low toeumper-tures, where semiconduction 1s thought to be the
main econductivity mechenisu. The rcsults obteined at low
tcmperc tures aquring this investigetion have been analysed, but
e linear relationship between J, end O hes not been found.

It wes this thot lcd the present -~uthor to investigate, in
dat~il, the results of the workers who had obtcin.d the linear
relotionshipe. The rcsults obtoined will be discussed in
det~il in 1 ter chepters, but it con be sugzested hsre that

the onission process connot simply be exemined in the light of
the simple semiconduction model which wes outlined in Crapter 2.

3., The Richorison squ-tion enc iwxoericental Results.

The ¢eriv-tion oi the enission eguction by the use of

stotisticcl mechenics was first given for metz=ls by Sommerfeldlo4

and Nordhe1m105. Their fori: of the Richardson equation cen be

writtcn esi-

I, = Ao(l-r)Tz ¢xp (~ef/KT) 303620

Where 4, = g(ZTTm*kae) = g(60 amp/cmzdegree). The ternm
hB
'g!, which o8 stcted proviously is the ocoupation number, is
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usuclly nut egucl tO two, Dbeccuse the highest occuplied energy
bend in the :¢tols genorilly used for amission vork is the
s-band, but it is fcosible thet valuss other than twe are
possible in soue ietcls, Cdue o the overlconping Orf the highest

cnergy bands. The generelly acccepted th_ooretic 1 veoluc of

oy}

Ly 1S thircfors t-ken as 120 amp/cmadegreez. The neon vaelue
of r, thc roflection cocfficient, has becn calculeted by nsans
~f wove echinles, ‘nd the vilucs obtained by Nordheim.lo5 and
MccCollloe, sssuning & continuous variation of the potential
ct he motrl surfoce, gove o value of r 2 O, The nmorc recont
+heoreticcl wiork of Herring cand Niehols197? 2182 indicctces a
very sizall vilud. Thus, <evi-tions from the theorctical velue
of the intorccpt will not noraclly be duc t0 the velues of

g and T. The cevictions could perhnps be exploined If the
cloetrons could not bo regrrded ~s completely free, but this
is unlikelye.

48 st ted in Chepter two, &n cqucotion exmctly sinilar to
equstion 3.3.2 con be derived for seniconductors, if the siumple
nadel ossued in that ch pter is used. In this caose the work
function is now the sum of two terms, the first being the
extern-1 work function ¢nd the second the internsl work function,
Tne velues cf g and r ~re usually reg ricd s being the sne

s for uctrls.
Frorn the above discussion, 1t would appear that if

Richardson plots are wmade for the experimental results obtained
from metals and the oxide cathode, the thermionic work
function can be obtained from the value of the slope, while

the antilog of the intercept value should have the theoretical
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value of 120 amp/cmzdegreez. In practice, determinations
nade over iiany years, by .any different workers, have generally
given valucs of the intercopt which arc inconsistent with the
theoretical value. Values both larger and smeller than the
theoretical value have bcen obtained, Determinations carried
out on platinum have given values of Ao(l-r) which have been
as small as 11l.7 amps/cmzclegreea and as large as 1,07 x l()'7
amp/cmgdegreez, with corresponding valuss of the work function,
6.63eV and 4,69 clcctron volts respectively. Intercept values

Oll heve been obtained for oxygen ‘:ﬁ Tuﬁsten

as large as D X 1
(iingdon)e. The oxide cathode has given values as large as
2.8 x 10* amps/crn Gegree® and as small as 1079 amp/cmzdegreez
with work functions of 1,03eV and 1,04eV rcspectively,

4, Possible Explanations of the #xperimental Results

Scoveral possible explanations of the cxperiuental results
outlincG above have been given by various workers and these
will be sumniarised below.

The wethod of weasuring the vslus of Ag(l-r) is, in
jtself, not very accurate; for exemple, consider the error in
A duc to 1% error in teuperature measureument, If the

tcmperature consiisrsd 1s l,OOOOK an¢ the work function of the

cce 1s 5eV, then g 4 —~ &f x T — 0,58, so that the
surf ’ _&L__ E% {T_ ’

enission constant can only be asccrtained to an accurecy of

about & 50%.
inother factor which must be considered, is the actual

arez of the cnitting surface. lany workers do not state how
they determined tho true caitting arca and, assuming it to be

constant, plot 103;12. ins tead of 1og‘£% , 80 that the
72 T
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logarithn of the area is included in the intercept value.
But, quite apart from this, it can be appreciated that the
actual enitting srca mey not be equal to the measured
nacroscopic arca, so that, regcrcless of whether the smission
current censity or the ciidssion current is plotted, the
intercept value will cepend upon the emitting aree, which
cannot readily be “cterained,

In adédition, the work function may itself be temperature
acpenlent and modify the intercept value in sonme way. Another
factor which 1s gencrally completely ignored is the possibility
that the work function may not be constant over the cathode
surface. Veriations ocould result from incividual crystals
or crystel faces having diiferent work functions, or the
presence Of c.sorbel leyers on the surface, or both, These
gifferent work function arcas will have a consiZerable cffect
on the intsrcept value in that the overall work function of
the enitting surfece will be tuiapsreturc dependent. The patch
fields resulting from contact potentials on the surface will
produce electric fields on the cathode surface for zero applied
ficlde Thus, the velue of 1 , obtained experimentally will
not be the vclue for zero field, Surface roughness will also
profuce 8 variatlon in £1sld oyer the cethode surfacc and moldify
the velus of io'

5, The Tempcreturs Dependsnce of the Work Function,
It can be scci froa the above discussion that the

tempers ture depenience of the work function might be an
important factor in producing cxperimentelly observed valucs

of the intercept which <iffer from the theoretical value,
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This hes been discussed by Schottkyloe, Becker and Brattainlog
S 110 , ]
ané Wigner . A linear dependence on tempercture has
commonl}, b.en assumci when:

¢T = ¢o —“ _g% L4 T 305010

Replacing this in the emission squetion, we obtain:-

1o = 4g(l-r) ST® exp -e(f,-B/aT .T)/AT  3.5.2.
Where 1s the emitting area.
This equation can be rearranged to give:-

1 o = 4doll-r) SR exp -(-&g f,}). exp-(%%%) Be5e 30
The slope of the Richerdson plot enables the value of ¢o,
(the Richardson work function at °K), to be calculateds The
intorcept will havs the velue log[:Ao(l-r)é] -%g. e, SO that,
values snmaller than the theorctical value might r;§¥esent the
effect of the tempecrature dependence of the work function.
If the temvercture depsendence is not linsar, a curvature of
the Richcrdson line should be observed. In prectice 1t is
1ikely thet the curvature will gencrelly be masked by
experimental inacouracies,

The siuple treatnent given above essumes an enltter of
uniform work function. If the work function, @, is a

function of the co-oriinates x and y of the surface, the
arithmetic mean value of the work function will be given by:=-

Ba = é—, J. ¢(I,y)dx-dy. 3¢0e4,

which is the work function which would be obtained by a
contact potentiel Jifference msthod. The exponential term
of the emission equation results in & different form of

mean velue when the work function is cetermined by emission



measuﬁienta. The wmeen velue of the viork funotion, es

Jetcrriined fron eulssion niiasursuents, is glven byl-

g, = KT log S 34545
© e I}'exp. - ep(x,y /KT dx. 2y, ‘

In which the low work function arecs are given a greater weight

then the high work functlon arecs.
If e consicer thet only two vork functions @ nin cnd
Proxs cXist et the cethode surfoce and thot the areas of those

are Smin and S recspectively, the'enissive meen' work

nax
function %will be ¢iven by:-

" T 1o [?min €Xp = %Min - Snaxe.e €xXp - © ha%] 3546
¢ e N -.gT—

The meen velue, ¢e, varics with tewmper:ture even iff the
relative ~reas reaain constant, bscause the lerge work function
arces contibute relctively wore to the emission et high
tempcra turcs.

This tcipersture fepsnience has been estimated by Gysae
end Wc enerlll, enl £ig8. 3¢5¢1le, shows the results obtained
for & tempcerature of l,OOOOK, in terms of the I iffcrence in
work function of the two ccthode crecss At this teniperature
it cen bc scen that the temperature coefficlent is of the
order of 10-4eV/degre0. The effect of the tempersture
cepcncence of crec changes will be developed by the author
(for a sinple moiel) in the next chepter.

6. Detorminetions of the Termporeturc Jependonce of the
Work Function.

Determzine tions of the temperzture dependence of the work

112

function were first ccrried out by Gysae , from the
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disploecient of the log IA/VQ ch.recteristics, This nethod
geve & value of the zrithmnetic mean vork function. A
terperoture cosfficisnt of about 1 x lO'SOV/;egree was found
for seuperiturcs cbove 800°K with consifcerable veriation fron
one exnerimentcl tube to another. Below 800°K Gysae found

a negetive tomperaturc cocerficient, vorying between -2 x 10~3
ane =15 x 10" °eV/issroc.

Other ~cterrinitions have been carricd out by Huberlla,
using the interscction ik thod which gives the emissive wucan
work function, when velues between 2 X 10'-5 and 8.8 x 10-4ev/
degrec werc Obteineds Littlc other work has boen done and
1t 1s not possiblc %t0 Ceelde whother these values of the
temperc ture cdefficlent are caused by & tempsreture “spendence
of the mecn work function, either directly duc to erec changes
or by & tomperaturc Zcopendence of the individual work functions
of the various enitting arsas,

7., The Reletionship Soretimes Foun: Between Intorcopt Volues

en? the R:ichcrison Slope.

The results of Jiffcrcnt workers in connection with this

rol tionshin are very contradictory. Datelsll4, Huxfordlls,
and Potzi and Frcnk116 arc among the authors who heve obtained
results iniicating that both the intercept value znd the
Richer’ison work function vaery 2uring the activation of an
oxiée cathode. But on thc¢ other hend, Esp6117 hes olaimed

that § ruaeined constent vwhile the interoept velue altersd,

those who have found e linear raletionship betwaon the
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intoreapt volue znd th. Richerdson work funotion, (see fige.
3.7.1.). If the intcreept velue is represcnted by log 4,
then this relrtionsiiip mey be written asi- log 4 = af + b,
where & and b arc constants, This rclationship has alsd been
sbtained by Jecobs, Mcos and Crossleylao, for different
stages 1n the 1lifc of an oxide cathode,

kany -xplanations have been propossd in an attenpt to
account for this rclatvionship. hccorcing to Hertiann and
WagwncrlZl, it may be due to an incrcase in the density of
impurity levels within the crystals of the oxidc as activetion
proceocds. Other explanations heve involved en increese in
the tempereture coefiicient of the work function as activation
proceeds, but no re theoetvical trcatuents have been given, It
has &also been considered(%zzazgs), that this relationship night
provide proof of the thernal ionisation of barium atoms on the

surface of the cathodc, as described by de Boer. Theories of
the above typc have been worked out in considerazble detail and
two of these will be ¢ iscussed below. An explenation

proposed by the author will be given in the next Chapter,

8, The Interference Jensity Theory.
This theory has been proposcd by Herwana and Wegener and

the theory siven belsw involves terms which are litexal
trenslations from thc original Gernan. Sone of these terms

are not in ¢o.110n use in this country, so that some explanation

of the termindlogy used will now be given.

The term 'Interference Level' represents a level within
a bend of cncrglos caused by the intcrezction of the inpurity
levels of the individual excess atons. Sinilerly, the term
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'Intcerference band' reorcsents the energy difference between
the intcrference lovels of highest and lowest snergics, and
ig 2lso uscd to refoer to ¢ systern of interfersnce lcovels,
tTnterf.rcnce 5trip' is o turm uscd to dencte an encrgy gap,
of width T, within the intsrference band, Thus, 1if wc have
an interfcerence band of width ¢AH, (units of XT), containing
nginterferencu levels, the 'Interfercnce Density' is the
nunber of interferincc levels in an interfercnce strip of
width XT, thet is, |
np) = ngkT/cAH 3e 84l
This theory 1s bascd on the fuct that the relationship
botwcen 1os 4 and @ is voery similar in fora t5 the one which
is somctiies found tO apply t0 conductivity mcesurerients et
different cctivotion stutes of a semiconductor, (Meyarlza),
Thus: - P = KjlogeX + K,, where K, and K2 are constants
with Ky 0, (weyur's rule), and the reletionship is seid to

be velid for P » 0.06 eV. < and f are givon by the eupirical
conductivity squation, which can be written asi=-

o = Xexp - (of /uT)

The authors clcii: that changes in the slope of this line
ray occur at certain tsnporctures, and attribute this t0 a
chanss in the numb.r of cl.ctrons in the conduction bend (thus
ignoring the Loog joe-Vink hyputhesis). ﬁ' is founéd to deorecase
with the inorecsing nuiber of excess atons cénd @ pleusible
explanation of this fzct has been given by Nott and Gurneylzs.

Lot us now essune thet the eoncentration of excess atoms
is such thet -he inpurity levels, due to the ocxcess atoms,

interact to give & bend of levels. This interference band
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will have a widthAH which will depend on the number of excess
atoms and thelr degree of Ilnteraction, The Interference level
of lowest energy wlll be located at a depth H below the bottom
of the conduction band. Thus, the number of electrons in the
conduction band will be given Dbys-
n, = gc}'n(kT)J‘- % exp - [e(H -AH)/2xT].

g 1s, as before, o welghting factory ¢ = 2T m+k; n(k‘l‘) is the

h
number of interference strips in an interference band of

width kT.
An increcse in AH 1ls produced as the number of excess

atoms increases. This causes a decrease in the exponent of the
equation and hence a corresponding decrease in B in the

conductivity equation. The equation involving B and logn is

more difficult to explain., a can be calculated from the

equation for n, and the equations-

where N is the number of electrons/unit volume, .V is their.
average velocity and 10 their mean free path.

B can be expressed in terms of the equation for Ne) wheng-

1
O =K, log + K, (T).
1 1 2n 2
o “(kT)
If this and the equations-
B = K1lo@~ + K2

are to be satisfied, a decrease in 1, or n(k'l‘) with increasing
AH or an increasing number of excess atoms Ny must be

assumed. A decrease in n(kT) is the most likely cause,
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In the above treatment,‘gzéig ic the depth of the Fermi
level below the conduction band, Hence, if we write the
value of the work function in the Richardson equation in terms
of the external and internal work function, the term n(kT) will
be included in the non—exponential part of the equation, while
.ﬂ:ﬁiﬁ is included in the work function, Thus, 1t is possible
thit changes in intercept value and work function will result
in the same sort of linear relationship which has been indjicated
for the intercept and slope of the conductivity plot.

In this treatment, possible changes in the external work
function:Y have been ignored, so that, such a relationship
could only be obtained for experiments in wvhich there was no
change in surface conditions. It has been indicated in an
earlier section, that a constant value of surface work funchbion
cannot Dbe expected Tor all activation states and therefore,
the above argument does not provide a full explanation of the laer
log A/@ rclationsihip.
9, The Influence of Changes in Surface Covering,.

The most recent and the most comprehensive trcatment of
thé:;bg A/@ relationship, in terms of changes in surface
covering, has bcen given for metallic film cathodes by
G. Haaslzu. This treatment was given for cathodes of the
thoriated tungsten type and, if extended to the oxide cathode,
would necessitate changes in surface work function without
changes in the internal work function, 8Simpler treatments

n125 126

have been given by Richardso s de Boer~ ", Veenenan8127 and

Zwickerlzs, all of which involved similar ideass These will

not be considered here,
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If we consider the cmitting surface to be non-hoimogeneous
with resnect to Wwork Iunction, clectric fields will exiset on
the surfacce. These flclds have been rceferred to earlier in
this chanter, as 'natch ficlds', Let the fraction of the
total arec covered by active centres (areas of low work function)
tm;e, and'q-the fraction of a monolaycr of adsorbed atoms on
tho surfacec. We can cxprcess the equation for electron emission
fror o homogencous surface, asi-

J, = A(l-r)TZexp-(erX/kT) 34961

Where Pmax is thc potcntial barrier, measured with respect to
the Fermi level, which electrons nust surmount to be collected
at the anodc. IT we nodify this equation for a cathode having
regions of ¢iffcrent work function, we can write the total
current dcnsity as:- )
J, ;zgémzei(l-rgexp(-e?max/kT) 3¢9¢2,
Neglecting the omicsion from the higher work function patches,

which 1s a smal%dgroportion of the total, we nmay write:-

= i=n i=]
2 ( = -
J, = AT e@(ﬁizl eiﬂi)oxp(_ﬁ ?1 8,07 ,) E:L 8 (1-ry) 3+S430

Where ﬂi is thce work function of the ith patch,
Hence, the value of the work funciion of the Richardson

plot, if J  is measured at zero rield as indicated by the

characteristic, will be:i- .
=N

ﬂ (JO) = El gi ﬂoi 3.9.4.

which is independent of temperature.

The value of thc intercopt is given byi-
(<« T o) B0y (1or)
= Aexp (-¢ §, ® 1~-r 369¢5
%) ¢ 2 %% T, U™
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which includee tho thooretical A value, the temperature
coefficient of the vork function, the roflection cocffioient
and the surfacc coverage, The avove cquations are for a
constant surface coverage.

The effect of migration over the surface will now be
considered. For this a ncwv variable !anst be defined, such
that s=-

= Nurtoer of atouns of active matcrial on the surface
Nunmber of atoms of active material in a monolayer.

An equation for the thermlonlc emission current density can now

be derived for zero ficld conditions:=

Jy = Ang(l-ri)exp{_}-_-{-_‘rg[ﬁozo- n (¢02 = goI)]} exp

SIEPREECE -Nl*)]} 349464
Where the values marked * are for = 1 and the equation 1is
for the simplc case of areas of only two difrerent work
functions,ﬂbl and ﬂoz are respectively, the work functions of
the clean surface and that surface covered by adatoms at
abhsolute zero, od 1 andCKQ are the temperature coefficlients
of ﬂol and ¢o2 respectively.

Similarly for the high field case:-

5o = 46% (om0, - B (0 - #5%1] T
expi ﬁ[dz - %, (%2-0&1*)]} 309e7
which given valuesi-

+ g
’(J;) = P01 = %2 =§(¢oz ~ %o1) 3.9.8

A(Jé) ' = AQ (l-ri)exp{ :iez[o(z - %,("(2 "0(1*)]} 309090
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Both ¢6.& and the exponcntial part of Aéqo)haVO the same
dependence on surface covering, thercforo the slope of a plot
of logloA(J'o) /¢6'0)Will be
~ - 3 (ol = &37)
(8, - 2.5

Though for higher valucs of ﬁ(:‘o) this will not be the casc,

as the non-cxponential part of A(J‘o) becomes dominant.

Haas has claimed that this has been verificd for the case
of thorium on tungsten, but it must be noted that the equation
for zero field did not yield a linear relationship between
the intercept and the work function,

The two thcories outlincd above, seek to explain.th%lﬁux
log A/¢ relationship in two differont ways. The firsg:éy
considering changes in thce internal work function with constant
surface work function, and thc second by considering changes
in the external work function only, It i§ unlikely that
explanations of this type could cxplain th%tibg A/? relationship
for thc oxide cathode, where considerable evidence indicates

that both these quantitics alter with the state of activation,
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CHAPTER Q.
An Explanation, by the Author, of the Linear Relationship

sometimes Observed between the Slope and Intercept of the

Richardson Plot for the Oxide Cathode and Metallic Cathodes.

1. 1&;:1ﬂaioﬁdllﬁgﬁﬁég£§hLF-

The equation for the emission current at zero field, 1

0’
from a surface of work function @ and area S, has been derived

by Richardson and others, and can be written as

10 = Ao(l"r‘)ST2eXP - % ’ th.l.

where A, = thﬁsz y and r is the reflection coefficient,
h
The other symbols have the usual meaning.

If the values of logy, 1 are plotted against values of

0
p?
reciprocal tcmperature %, a straight line should be obtained,

i
0 4343
The slope-is ~UNEEERf/K and intercept log A (1-r)8s In

practise values of %93 are usually plotted, instead of %, to
gimplify the graph.l When such a plot 1s made for an actual
complex cathode, values of slope and intercept are obtained which
are often inconsistent with theoretical values, The slope of
the Richardson plot glves a different value of work function than
that determined for the same surface by other methods, Some
workers (see Chapter 3), including the author, have observed a
relationship between the intercept, (which can be symbolised by
log 1OA), and the Richardson work function, @, of the form

1log 10A = af +b. It was thought that an investigation of

this relationship would throw some light on the reasons for the

abnormal values of log,,A and Ze
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In order to sinplify the mathematical treatment, let
1 3
Q = o :.]‘O.._ - o : 3
ILogJlO =5 y and T X, A plot of y a2gainst x will have
slope m and intercept p. Hence, the equation for emission can

be written as

y = mx + p. L.1.2
The log1OA/¢ relation now becomes
P = nc + be. 3 L‘-o1 .3
lal i = - g . L) = - k O a Ps
In these equations m 10 04343, c e_._&.m and

p = 1og1OA. The symbol b retains the same meaning.
Equations 4.1.2 and L.1.3 con be combined by eliminating

p, to E1VEiI= o - nx + cm + b. betolt
This is the general equstion for all straight lines which obey
equation L4.1.3 for given velues of ¢ and b. Hence we have to

solve the differential equation, y = mx + £(m) where f(m) =

mec + Dbe.
Differentiating this with respect to x:-
- dm 1 dm
m—-m+Xa-J—c+f (m) a‘}-{-' Ll-o1¢5
But il (m) = ¢, so thats-
Y R
0 X ax + c ax* L|-01o6
. SR ¢ | _ dm _
It follows that either I - Oorx=-c, Now 3= = O when m

15 not a function of X and hence the equation y =
mx + mc + b represents a series of straight lines having
slopes m and intercepts mec + b. Consildering the solution

- ¢ and substituting in equation L.1.4 we £ind that

= b, Hence the singular solution of equation U4.1.L is
the point (- ¢, b) and all straight lines represented by

the equation ¥y = mx + nc + b (where m has a different
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must
constant value for cach straight line), pass through this point.,
We also sce that the slope of the logA/P plot has a value of

OBk3e le 8 = _100 .
xF 0.19685 T*

Interpreting this point in terms of the original equation
we sce thet the point has co-ordinates (1 ,log i3 )e 1% is
T 2
the teumperature corrcsponding to the interscecction of 211 the
1incse Hence, at toupercturc T', all the cathodas givo the
sarze emission currcnt et zero field(iz).

X »*
2, A simple mcael invclving adsorption,

Consider now a cathode, unconteminated by adsorbed layers,

which has & work function ¢2. If 2 ges or vapour of particl
pressure P 1is introduccd into the experimentel tube, it will
attsin equilibrium with the production of adsorbed laycrs om
all the surfaces. The arca ocoupicd by the edsorbed loyer
sp the e~ thode will be = function of the teapercture of the

ccthode. Thce nwabor of molocules ndsorbed per unit arca has

129
bcen given by co Boer s & = ___N tcxp. ﬁ% o« Hero
27

N is Avagedro's number, L. the groenm. nolecular weight, end R

the gos constant for one gran noleculer welghtse t, is the

time of oscilletion of on adsorbed idleculc &t absolute zerd.
If we cssume thot the crec occupied by each moleculec is

independent of the number cdsorbed and that the molecules are

A3

ndsorbed cs o r.onolayer, we con write an equction for the

fractionel arec covered by the layser on the cathcde,. The

fractioncl eree is,

81 = Kl exp -H , where Kl is & consteant and H 1s the
K
¥ T 8 maadud - & P F b pukicias  shoy .
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heat of edsorpticn for on¢ ndleculs, The I'rnetion of oathode
area which is uncovercd is, S p (1-oxp~- H).
Using th. theorctical Richerdscn equntlon, thu emission currents
at zorc fisld will be:i-

2
i) = Ao(l-rl)T SeSy cxp-cfy, for the adsorbed layer and,
KT
2
1, = A (1-r,)T 5.5, cxp—e¢2, for the clean surface.
KT
¢2 is the work function of thc clean surfcce,

Rcplacing for S1 end Sz' we can write the equetion for the

total enissicn csi-

1,a 1+ L= A (1- r)ST\/j -(H+e 1) ofy  -(efig +H)
+ eXPTKT-exp KT

Here, Ty has been trken s being equal to v

20
Nich013107 hove shown thot r is eclways small cuupared with

Herring cnd

unitye Hence, the epnroxinction is justified,

This siuplificcd picture of & cathode willl represent
actucl ectho’es to = Tirst approximation, Significent
quentities of goses ond vopours always cxist in the most .
highly evccueted tubcs, Voriztions of work function over

the clecn cathode surfoce are neglected, but zctual variation

will be smell comperec with the effect of the edsorbed layers.
The scluticn of the gifforentifl equation indicctes that,

for all cathodes glving & particula;‘“{oglouﬁ relationship,

& tomper-ture T exists where the emission ourrent at zero

field is o constcnt, Hence, for & perticular adsorbknt end

surfece,
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E -(H+effy) -653 -(cf,+H)
PRXD ——jymr—+oxp ~+—= -8%Lp

=i KT KT 2e2.2,
must bs ¢ constente.

T (cition ccn be s . ) -(H+eff))
his concition ccn be sctisfied if p and exp T +9Xp
-~z "(3¢2+H)
T -oxp _f:Em__ Are both const nts or if the product of

the two toeriis 1s - constont,

3« IThe sisnificiocs 07 the relationship for netillic erthodes.

For 2 met.l cathile "nd ¢ given c@sorbent, H, ¢l and ¢2
nust &ll be constants, so that p rmust <1s5 be = constn t if
the c¢bove conditicn is to be sntisficde This niea ns that for
met:1lic cathodes there ean only be cne Richardson p;ot which
sztisfies the Necessory conditions, In prectics th%?iogloA/ﬁ
relationship has been obscrvel vhen the v.lues of @
caleculctsl rrow the slope and the intercept of tongents to
a single curved Richardson plot, are plotted. This curve

uust Geseribe the ey in whieh the relotive arecs of the two
different work runction rogions of the cathode surfeoce vo.Ty
with the crthcle templir turce and the portial pressure of the
contcninant.  Obvicusly, the tongents to sueh 2 curve camnot
pass through - couron point. Calculated values of loglo ond
@ do, however, oxhibit the rclationship beeruse, for the
fairly limite? tuoaporature rengoe considered, the tangents will,
to a first -pproximcticon, pass through ¢ common point.

Whon the oxide ¢ thode is considered, the scie sort of
relationshiz is to bo - xpccted frowm e single plot, if these
scne condi*i*ns ..r¢ sutisficd,

4, The'Lug A/¢ rclotionship for the oxide cathode,
The mark function of the cle~n eathode surfoce ¢3 ocan

heve any vzlue betvicen foirly wide limits, depending upon tho
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depth of the Fermi level below the ¢onduetion band,
Adsorbed levers will wodify the surfece ork function)( ’
becausc H ~nd ¢1 will also be chinged as the nature of the
surface chinges with ¢2. Hence, the oxide cathode will only

l\Auf

exhibit the,loglo

cetivetion stotes, vwhon the verisblos p, H, 5251 end ¢2 are

A/@ reletionship for a series of ciffernt

such thet the velus of the Tunction ziven above (4.2.2.) is a

constint. If ¢ wore couplicated wmodsl is consicered, the
condition will bc excctly sivller cnd differ only in that
mcre veriables are involved,
The foot thot so nony vericobles erc involved iniicutes
limeac

why the, 13810 A/@ r:l-tizaship 1s so seldom observed. On
the othcer hencd, all valves which have received sinilar
trec tinent during nenufocturc and activetion, will give values

. (sgestin k229
af this function,which er: of the scme order of magnitudel:sz-:;i)‘
Lence 1t is likely thet & plov of logloA/¢ for & large number
5f cothodss, hoving Cifforant stetes of activation, will
infticcte ¢ trend torards o stroight lines

5, The Volucs of the Interecnt and Richerdson Work Function

>

The cquéetion of the seaturetion curront 2t zero fivld from
the ideelized “tuo work function emitter® has been gilven asi=-

1, = ag(1-r)T% E'p (H + o) -2 ~{E + ofa)
1T SXP=—"YT ~ +CXP f7 —€Xp kT

Hence, © norucl Aicheardison plot of loglo ig egainst 32? should
Tz T

exhibit curv- turce This will bs Cue to (e) the temrerature

dependsnce of the swn of the exponential terus, (b) the T-%
term ané (c) the temperzture dependence Of De

The slope of the Richerdson plot at eny tempereturs Tt



con be obitzineéd by substituting Tt in the first derivrtive

with respoet 0 1 of the 1o rithmic form of the equetion,

.3'

Henee the Tirst <erivetive con be obtnined from,

1, 1l
- = = —_—- T kT
1 I
d = C=—= “e 505
L T
exp = offy - exp - (H +e¢2)] %e5al
RN KT

Neglecting T 2, whioch issnall conpared with the sxponential

temas, we obtnin the follcwing value Tfor the first derivetive:-

d luolo
_ EXP—(n + e¢1)+ exp -sz - exp - (H +e¢2)
kodog

T
-(3 +ef H+e¢)~6¢
l( )+ p(—r]i:-) [—-—i———:‘:—i exp - ( 1 —-—éo exp fé—&?
E ) (H e¢ ) (H + )
_(__._,%’.e& o GCXD = —-—-—-—:m. . <~ p ( ) [ - 1£Te¢l +
%A -
of. (H + ef,)
er":?r}é - €Xp - kT 2 ] Lede8s
T 2 L |t ey (B + of))  of,
1 Ll —-—r— oxp - "T—— °
2-305 '——-{_f‘;—- + 50505 FP
P T

[ (E + e¢l) + - ef,
EXD = ——e———— exp -
kT XT

-e¢8+ (H + e¢2 -(H+ e¢2 ]
OEP yw Ty P

——— -

-(H & ef,)
eXp e ’3' 445430
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We note thiat the slope and intercept at any temperature is
very dependent on thc form of y(%).

If p is constant durinz the determination, the slope of
the line corrcsnonds to the rlght-hand term. The Richardson
work function is obtained Irom the slope by multiplying by :%.

The intercept valuc can be readily obtained from the value
of the slope by substituting T, for T in
E(H+e¢l) -(H+e¢]} - of, ~ ef,

X exp kI k exp wr ¥

"(H"‘eﬂl) —e¢2
exp KT 4 6xp KI =-exp

I1
1 P !

(Heef,)  =(H+ef,)

k exp kT x 1 io "
% + log o5elia
-(H+e¢2) t} T 10 EE
Where logwig has the value given by the Richardson equation,
T

Hence, it may be scem that in the presence of an adsorbent, the
intercept and the slope of the Richardson plots do not give the
theoretical valuese. Thcre is every rcason to expect that
positive or ncgative values of intercept (k%,ﬂ) could be
obtained depending upon the values of p(%), H, ﬂi, ¢2 and T,
For example see fig. Le5.1. ‘

Positive valucs of slope are to be expected when the
following are satisficd (a) g, 1s small compared with ﬁz;
(b) B is small; (¢) T is large, Large positive values of
intercept will be obtaincd when the adsorbent 1s electronegative
and the pressure 1s fairly high. The value will, however,

decreasc with increasing temperature and, in fact, would de
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equal to the thcoretical g&;ﬁ when P(%) tends to zero, or at
extremely high tcmperatures. Small positive, or small
negative, valucs of thc intercept 211 small negative valuee of
slope arc to be expected when ﬁl is smaller than ﬂz and the
temperature is low, or H is very large,

It may secm from this trcatment that thce Richardson
method is not suitable for obtaining a value of work function
for a particular surfacec. It certainly does not provide a
method for dctermining the work function of the clcan surface,
except when the tempcraturc is very high or the effects of the
adsorbed laycr arc very smalle The Richardson work function
will, however, givc a measurc of the cnergy required to
thermionically remove an electron from the surfacc, under the
conditions prcsent in thc experimental tube.

The curvature o the Richardson plot will depend on the
value of the heat of adsorption and the quantity of the
adsorbent prescnt, It may well bec that a Richardson plot
approximating to a straight linc will be obtained 1f the
pressurec in the experimental tube riscs exponentially with
temperature and the adsorbent is clectronegative, This may be
the eoser only when the gas or vapour prcesent in the experlimental
tube is in equilibrium with adsorbed layers on all the surfaces,
gince the tempcrature of all surfaces in the tube have a
functional dependencc on the tomperature of the cathode, the
pressure will risc exponentially with the cathode tomperaturo.

Linecar cheractcristices will also be obtained at low

temperaturcs, when the surface coverage is almost complete,



The characteristics will also be linear at very high temperatures

when the surfaces are only slightly contaminated.

In the case of contaminents which are present in large
concentrations, Tor example, caesium in caesium/tungsten cathodes,
the pressure is the vapour pressurc corresponding to the
temperature at the coldest bulk substence., In these cases the
pressurc will rise only slightly with cathode temperature,
pecause of the limited tem.erature increase of the bulk substance

which is situated at the extrcnitics of the glass envelope,

Barium gectters, which are fired to rcducc the pressure
of thc gas in cxperimental tubcs Dy chemical combination, will
providc barium vapour, vhich may be adsorbed onto the cathode
gurface and the cathodes themseclves produce o film of active
metal, The exact amount adecorbed at any temperature will,
of coursc, depend on the vapour pressure of the barium and
the heat of adsorption, This strongly clcctropositive
gsubstance may well produce a large rcduction in the work function
of the oxilde cathodc and may, in fact, bc responsible for the
1ow work function generally observed, If this is the casec,
the bchaviour of the oxide cathiode should be very slmilar to
that of the cacsium/tungsten cathodes and might exhibit a
negative value of the Richardson -rork function at temperatures
when the adsorbed layer is being rcmoved very rapidly. (£1g:4e5.1)
Thesc hyptheses will be discussed later in the light of
results obtained in the prcsent investigation,

6, Thc Valucs of Work Function Obtained by Other Methods.

Two other mcthods of obtaining the work function of

gurfaces are commonly used. The first of these is the contact
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potential differcnce method discusscd in carlier chapters,
The work function obtained by this method is called the
arithmetic mecan work function aand, for the 'two work function

emitter?! considercd above, will be given bys-

+

(1 - €Xp - l{_)o ¢2

klp(l) ‘ - g
: (Om ~k}—T{)‘ : kT Le6ed

T

It is unlikecly that valucs obtained by this method will
corrcspond to values obtaincd by the Richardson mcthod, cxcept
when surfacc contanination is either almost complctc or almost
absent.

Determination of work function by thc photoclectric cecffecet
will give values corrcsponding to the low work function
gurfaccs, subjcct to tihe Frank-Conden clfect. In this case,
the work Tunction will be bigger by é%g than could be
obtained from the same section of the surfacc by the Richardson
mothods The valuc of AE can, of course, bc determined
from conductivity measuregents as dcscribed in an carlier
chaptcre It would scem therefore, that agrccment between
the values obtained from these diffcrent methods will only be

obtained at very lov or very high tempcraturcs,
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Chapter 5.

Apparatus and Tcchnigues,

L A gencral description of the techniques involved in the
manufacturc of an oxide cati.odec has becn given in chapter 1.
The manufacturc of thc necessary proccessing cquipment and
experimental tubes constituted a large part of the research
programme, Thc proccssing e»paratus consisted of a vacuunm
system, an oven, and sultablc powecr su.plics bullt into a steel
fTramec. Apparatus Tor carrying out various mecasurements on
thc experinental cathodes was mounted oin a bench adjacent to
thc processing apparatus.

2. Thc Vacuum Systcme

Reproducible rcsults can only be obtained if a suitavly
low prcssurce 1s maintained in the experimontal tube during its
processinge Henec, a vacuum systea having a high pumping
spccd and producing an ultimatc vacuum of at least lO-Gmm.Hg.
is rcquircd, Thc hizh pumplng specd is needed to rcmove, as
rapidly as possible, the carbon dioxidec liberated during the
péoccssing. If this is not accomplished, the 'lifc! of the
oxporimental tubc is drastically rcduccd,

The vacuuil system was constructcd of Pyrox glass and is
11lustrated in schematic form in fig, 5.1.1. The glass
used inthe system was clecancd by trecatment with concentrated
nitric acid, washed with distillcd water and dried in an
elcctric ovene All mctal parts involved in thc constructlon
of the system were clcancd by hydrogen furnacing, whilc the
mercury usced in the mercury diffusion pump was purified by

vacuum distillation aftoer itrcatment with nitric acid and
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Aiatillad wrbor, ner these wrecautions, posnible contomination
of thc experimental tubcs was minimised. Clear conditions
wore maintained by rcbuilding the system tuico durping the
course of the investigation,

The system consisted of a two stage mercury diffusion
pump with a pumping spced of about one litre per second, This
was 'backed'! by a Mctropolitan~Vickers rotary oil pump, The
taps of the 'backing'system were greased with Apiezon 'N' grcase,
wvhile the main tap was greased with Apiezon 'T' which has a
higher melting point and is not affected by heat from the
OVEI, The main tap was eliminated when the system was
rebuilt for the sccond time,

A drying tube, containing phosphorous pentoxide, in the
tbacking! systcem prevented water from entering the oil pump,
Two 1ignid nitrogen traps were provided so that the carbon
dioxide produced in the breakdown process could be recadily
removed from thc system,. Liquid nitrogen was initially
applied to thc trap nearest to the diffusion pump to prevent
mercury vapour from cntcring the system, Carbon dloxids,
produced in thc brcakdown process, was retained as the solid
in this trap and its vapour limited the pressurc which could
be atiained Dy thc system to about 10 mm.Hg, This carbon
dioxide was removcd by applying ligquid nitrogen to the second
trap and allowing the temperature of the first to increase, so
that the carbon dioxide sublimed and was pumped away without
causing any undesiradle incrcasc in pressure, The ultimate

prossure of thc systcm was reduced to a minimum (lower than
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6mm,Hg.) by oddy current heating the metal parts of both

10~
the experimontal tube and the system and by baking the glass
of the experimcntal tubc and the manifold to a temperature of
about 450°C for about twelve hours.

B. Pressurc leasurcment,

Two types of pressurc gauge have been used during the
present investigation. In all the experimoental work undertaken,
a Ponning gauge bullt into the manifold cnabled pressure
changes during broakdown and proccssing to be monitored. This
gauge consisted of a nickel ring anode mounted half way
between two nickel discs, 2cms. In diamcter and lcm. apart,
which together constituted a cathode, A permanent magnet
provided a field of 600 ocrsteds in a direction perpcndicular
+to t he clcctrodes, A D.C. potential of 2000 volts was
applied to the celectrodes from a high impedence power supply
running from the A.C. mains. The eclectric field caused an
clectric discharge and produced positive ions from tho gas
molecules prcscnt in the system , The magnetic field caused
the ilons and clectrons to move in helical paths between the
electrodes, thus grcatly inecreasing the possibility of
further ionization by collision, The current passing
betwecen the clectrodes was measured by means of a Tinsley multi-
range galvanometeres This current, which was limited by the
high impedence source v to a value below 100 microamps, was
approximately proportional to the pressure in the range
10"5m.Hg to 10~ mn.iig,

A second type of gauge was sometimes employed to enable
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pressure changes inthe oxporimnntal tube to be observed both

before, and after, the tube had been isolated fromthe pumping
train. This second typc of gaugc was attached to the exper-
imental tube by mcons of a side-arm, A diagram of the gauge
is shown in fig. 5¢2.1e Thesce gauges were of the 3Bayard-

130 typc, first spccificed in 1950, and may best be

Alpert
describcd by the namc'inverted ion gauges's A central
collector, consisting of a finc¢ tungsten wire, was mounted
coaxially within o grid anode, while an electrically heatecd
tungston filament cathiode was placed outside the grid, Thus,
the area of the lon collector was very small and clectron
cmission produced ay the incidence of soft X-rays was reduccd
to a minimum, The grid and filament werc mounted on a
stapdard C9 pinch and scaled into a C9 cnvelopce The collector
was mounted on a tungsten scal, scaled into the tope of the
envelopeCe The grid was construced of 0.25mm dlameter
molybdenum wirc which was wound inte a helix 2cme in diameter
and Leme long and wclded onto four nickel wire supports. Two
gseparate tungsten filaments were fitted, one of which was
centre~tapped, so that a spare filament was avallable for usc,
Quite apart from this, the sccond filament had two other
possible functions. Firstly, the electron cmission
charactcristies of the filament could be used as a separate
indication of the pressure, and secondly, the flash filament
_ tochnigue could be uscd to estimate the prcssure, In the
present investigation the pressurecs inside the oxperimental
tube were too high for these facllities to be employed.

The tungsten seal and colloctor wire were protoctod by
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a glass tube of such a Yength that only the wire actually
within the grid was cxposed, This prevented X-rays from
striking the large diamcter tungsten seal, and incrocased the
leakage path, thus preventing the charges, which accumulated
upon the envclopc of the gnuso, from causing a false reading
of 2ollector current, The ion collector was made from O.l9mm
diameter tungsten wire which was clectrolytically tapered in
a caustic soda cell so as to minimise the effects of hombardment
by soft X-rays.

The gauge was out-gassed during the vacuum processing
of the cexpcrimental tube by heating the fllaments to about
2,000°C. The resultant electron cmission simultaneously
out-gasscd the collector, The grid was out-gassed by hoating
with eddy currents, An accurate calibration of the gauge,
built to the above specification, was not attempted, but
previous workers in this laboratory have indicated that the
ratio of the collector current to the grid current (measured
in amps) is approximately a factor of ten greatcr than the
pressure as indicated in mmeHg. by a Pcnning gaugce. This
was verified by the author on numerous occasions while processe
ing several cxperimental tubes,

The invertcd ionisation gauge can also be used as an ion
pump, providing that the prossure in the system is below about
10’6mm,Hg. Two distinct processes are responsible for the
pumping action, the first involves chemical reactions and the
gsecond is physical in origin, Choemical reactions doeur
botween the gas atoms or molecules present in the tube éh&~%ii‘
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hot tungsten cathode, but these are usually rcstricted to
the chemically active gascsa The second proccss involves
the entrapmcent and ncutralisation of positive ions by the glass
of the cnvclope and the thin tungsten film which is cvaporated
onto thc glass. The pumping action of the gauge 1s quite
efficient providing that no small lcaks are prcscnt, either in
the glass or in the tungsten seals, and that there is no
gourcc of gas in the experimental tube, Somc workers have
claimed precssures of the order of lo-lomm.Hg. Small leaks,
which cannot be detected by the usual techniques, can prcvent

7mm.cHg.

the ion pump from reducing the pressure below about 10~
hether used as a pump or a gauge, the fillament was

heated to about 2,000°C by means of a large stcp-down transformer

The colilcctor was held at a potential of 100 volts positive,

and the grid at a potential of 50 volts negative, wilth respeoct

to thc cathodc,by mecans of 1igh tension battcrless Tho

currents to the clcctrodes werc measured by means of tho

galvanometcr or the clcctrometer as appropriates

L. The Manifold.

A number of different systoms have been employed in
order that thc cxperimental tube might be scaled from tho
pumping train and reconnccted as nccessarys. Most of the
experimental tubcs were scaled onto a simplc manifold by means
of the pumping stem built into tho base of the standard C9
pinch usecd for all thec cxpcrimental tubes, When this method
was employed, the cxperimental tube was sealed off and

removed from the srstem by fusing the glass of thc stem,
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drawing off the tube and finally anjealing the fused stem.

In some of the more recent experimental work it was
required that the tube should be capable of being reattached
to the pumping system. These tubes were sealed off by means
of constrictions which oould be sealed by a hand torch. The
tubes were reattached to the vacuum system by mean of glass
pilgsetails which could be broken open by the action of an iron
slug which was sealed in glacs and opferated by an external
magnet. Such a system is 1llustrated in fige 5.4.1ls When
these manifolds were employed, the experimental tubea were
attached to the manifold by msans of a sultably constrictad
gide~-arm which was fused into the envelope of the experimental
tube. The tube could be finally removed from the pumping
train by scaling the constriction. Tubes, containing getters
caepable of being fired by means of eddy curroent heating, were
also used in conjunction with these manifolds. In these
cases, low pressures ucre achieved by gettering end cobling

the gotter £ilm with liquid nitrogen before the Alpert pump

was operated.

5., Leak Detection.

Conventional mcthods have been employed to discover the
position of any leaks in the experimental glassware. Large
1eaks were found at backing pressures (10'3mm.Hg.) by means
of a Tesla coil discharge through the *pinhole' responsible
for the leek. Smaller leaks were discovered by coating
suspcct gless with cerbon tetrachloride and noting the
pressure increase produced when the vapour passed through
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the pinhole. Some leuks, which prevented low pressures
froz being attained; i:re undetectable by any of the methods
which arc available in this laboratory and it was thought
that porosity of the tungsten, which constituted the tungsten
scals, was responsiblc,

6, Thec Bxprerimcntel Tubes.

A number of Qlffcront +types of experimentul tube have
been built, each tyne bein; designed for a spoecific purposae,
Thc basie tochniquos involvoed in the preparation of all types
of oxpcrimental tube wiere very siailar, so that a geonesrsal
gaescrintion will be ziven bclowe.

Ncarly =1l the metal parts involved in the construction
of the tubs ore shapoed from purce nickel sheet, but the base
notsl cmployed Ifor the cathodes was '0' nickel, In cortain
of tho cxperi.ontel tubes othsr metals werc used and thase
will be nentioncd where appropriatc,

A Tramcwork of gzlass rod wee clvays used to support
the clectrodes because it possossed scveral advantages over
ccremic meteriels and uice. Ceramic insulators have
insuleting propcrties which erc inferlor to thosc of glasse
In cddition, the lergc pors speces present in mica and
ceranic mctorials contecin large quentities of gas which may
be relcased cfter thu tube hes been processed and removed
from the vecuui systoml The fraacwork of pyrex gless, the
envelope and the pinech of C9 glass were clcened by treatment
with concecntrcted nitric acid and distilled water alfter

which thoy were dried in an air oven. Strips of thin nickel
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sheet were then shaped around the glass framework in
eppropriatc positions and welded into place by means of an
electric spot welder to serve as supports for the slectrodes,
The eppropriate electrodes were then shaped from nickel shect
and welded as neccssary, These were then carefully oleaned
by kydrogen furnacing end stored in a 'clean' box until
required during asscmbly.

Two noln types of ceathode were used in the construction
of the experimentsl tubes:-

(a) Button Cathodcs.- These wore besicclly & cup of 'O

nickel containing e commereial helical tungston heater
insuleted from the bese by msens of & ceramic body, The depth
of the cup wes Smms and the wall thickness was 0.,2mm. The
cups hed a flect bottom 9mm. in diecmeter, onto whieh the cethode
cocting was sprayed. A tungsten thermocouple wire 0,095mm,

in dianeter w-s welded onto the bottom of the cup, so that

the cathode tempereturc could be measured, The ¢old junction
of thc thermocouple wes made by welding the wire onto a pin of
the C9 basc so thaet the tempeorature of the cold junction was

as near room temperaturc cs possible. This procecdure was
also edopted for the cold junctions of the thermocouples used -
with cylindrical probec cethodcs. The cup, complete with
thermocouple end hoater, wes mounted upon & small gless support,

hydrogen furneccd, end storcd in the clean box'mwntil!reequired
for spraying and mounting in the experimental tube. The
forn of this type of cathode can be seem from the photograph

of tube Rl, fig. S5¢53.1.



(v) Cylindrical Probc Cathodes.- Theso cathodes were

prepared from a hollow 'O' nickel sleeve 7.0 cme. in length

and 2,5mm, in diameter and having a wall thickncss of 0,2mm.

A tungstcn thermocouple wire 0,095mm, in diametcor was threaded
through the slecve together with a tightly fitting copper
mandrel spccially shapced to axommodatce the tungsten wirc, A
weld was then made at the centre of the slecve to form tho hot
junction of the thermocouple. Next, bcefore removing the mandreol,
two thin strlps of nickel shcct were welded at both ends of the
gleeve, at distanccs of 3mm. and 1l7mm. from the cnds, These
strips provided supports for hollow ceramic tubes 2.5cms, long
which each contained a 25s.W.ge nickel wirc, Each wirc was
held firmly in position by a weld to a thin strip of nickel
welded round thc ceramic tube. The coramic tubes were mounted
onto the cathodc by means of the nickel stirps previously
welded onto the slceve, in such a way that 3cme of t he contre
of the sleeve could be used as the cathode basec, 2mm, of the
,wirc in thc ccramic tube was exposed so that welded connections
could be made to the probe which was embedded within the
cathiode matorial. Two 26 s,w.g. nickel wircs werc welded to
the ends of the sleecve to act as supports. The mandrocl wes
then removed and rceplaccd by thc insulated heater, The
thermocouple was then insulated with ccramic sleeves and the
whole asscmbly was hydrogon furnaced to remcve contamination.

\
The cathodc basc was then stored in the clean box until

required for spraying.
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7. Coatinc the Cathode.

(a) Button cathodes were mounted behind a mask and the
flat surface was coated to a2 thickness of 100 microns by
spraying with the suspension of Dbarium carbonate specified
in Chaptcr 1,

(b) Probe cathodes werce mountcd in a rotating jig behind
a mask and the central 2,5cms. of the sleceve was coated, by
gpraying, with the barlum carbonate suspension tgithickness
of 50 microns. The probe supports were shiclded during
gpraying by two lengths of rubboer tubing mounted at the ends
of the slceves When the cathode materlal was dry, the probe
wire was wound and attachcd to thc probe supports as follows,
one end of a 5cme length of pure nickel probe wire, ,0005 inches
in diameter, was attachcd to one probe support by welding,
Beecause the probe wirc was so finc as to be difficult to sce,
a short length of 29 swg nickel wirc was noxt welded to the
other end of thc probc wirc to facillitate handling. The probe
wire was then allowed to hang from the first probe support and
the cathode was slowly and carefully rotatcd to wind on five
or so turns of the wirc over the first coating, Thc probe
wire was then welded to the sccond probe support so that the
turns of wirc were hcld firmly in placo, The exccss wire was
then cut off. This assembly was rcmounted in tho rotating
jig and a final sprayed coating of the carbonate was applicd
to give a total thickness of 100 microns. The constructional
dotails can be scen from the photograph of tube P2, Fige 5.6.2.
The thickness of thc coating was dotormined by projecting an

enlarged imagc of thc finished cathode onto a screeh and
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comparing the coated and uncoated regions,

Next, the cathode and other esleotrodes were assembled
onto the glass framework by welding to the nickel supports.
Tweezers were useG whercver possible to prevent contamination.
One end of the cathode probe was supported telescopically so

that the theruel expansion of the cethode did not alter the
electrode geometry. At this stage, two barium getters were
welded to the gless support and the framework wes then atteched,
by welding, to the pins of a C9 glass pinch, The ncoussary
welded conncetions, from the pins of the pinech to the different
electroies, wcre then made with 26 swge nickel wire. Conneo=-
tions to additionsl tungston seals were also madse at this stage.
The pinch, complete with the electrode assembly,was then
suitably located in a C9 envelope in such a mannar that the
envelope could be 'adrop-sceled' onto the pinch with an ozy-eoal
gas flanc.

The additionel tungsten scels, which were sometimes
necessary, were normzlly fused into the envclope before the
olectrodes were atteched to the gless freamework.

After completion, the tubes wiro sealed onto the manifold
of the veocuun systcn. The backing pump was then switched on
and eny leeks present wore investigated by the methods desoribed
in section 5.5. When the locations of the pinholes were
discovered, the vaouum system was 'let down'to cir end the
1eaks wers sealed by meens Of & smell flame, The leak-free
system \.as thun ¢recuatst by meens of both pumps and the

prooessing of the cathode wes commented,
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8, Cathode Processing.

After the pressure inside the experimental tube had been
reduced by the pumps, to about lo'smm.Hg, the manifold and
experimental tube were baked for several hours at 45000.

The oven was then Twitched off, and removed, and the metal
parts of the tube and u&nifold were heated by eddy currents -
while the glass was still hot (~100°C), This treatment
allowed a large proportion of the gases adsorbed on the
surfaces within the experimental system %o be pumped away.

A slowly increasing potential difference was next applied
across the cathode heater, by means of & motor driven Vsriac,
so that the cathode temperature increased slowly (from room
tempera ture to~900°K 1n 24hrs,) This treatment decomposed
the organic binder and the cerbonate layer on the cathode.
Most of the evolved ges wes pumped away but, as stated above,
gome of the carbon dioxide wes retained by the nitrogen trap.
This carbon dioxide was rcmoved by means of the method
deseribed in section S.1.

When the 'breask-down' was completed, the heat treatment
of the glass and metal was repeated in order tO pump away a
large proportion of the gases adsorbed on the surfaces within
the system. The electrolytic activation process was then
commenced by apslying a small andode voltage while the cathode
was at temperatures within the renge 900K to 1200°K,  When
the desired degree of activation haed been attained, ths tube
or manifold was 'sezled off' end the getters fired as required.

Moasurements could then be commenced on the finished tube,
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9, Mcasurcnocnts.

The principc 1 measurements made on the experimental tubes
were o2f the anode currents, ror & scriss of applied anode
voltages, and tho ernductivitics of the cathode coatings,
These msasurcrnents were carried out at a number of cathode
temperaturcs for a number Of different states Of cathole activ-
itye. Some Oof the currents involved wore very smell in
magnitude and were casily maskcd by the clcetrical disturbances
which aross Irom the use of Other clectrical anparatus in the
l1aboratorye. It was therecfore neccssary that the experinental
tubes should be electrically shielded. This was accompished
by mounting the tubcs 1n a metal sorcening box, Screcenad
cable was uscd for eclectical connections, 4 spcecially dcosigned
secreen box was built for measurements on the probe tube and the
circuit of this is shown in fig. 5.9.1. Similar screccned
boxes were uscd for the tubes of different design,

wulitc apart frou the clcetricel scrCening, 1t was necessary

to ensure that the tubes werc soreened from light. For this

reason thc boXes vicre mede 'light-tight', Radiation incident
on the cathodes produced photoemissive and photoconductive
cffects which, though interesting, confused the measurcuents
of the conductivity end the thermionic emission,  These
photoelectric effocts have been investigated by andthcr worker
in this laboratory@ueelsl}. In the caese of experimental tubes
mounted on the pumping menifold, electrical screening and the
exolusion of light were achieved by the use of aluminium £o1l

shaped around the cxperimental tube.
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Tho cethode temperaturcs were measurcd by means of the
tungsten/nickcl thermocouples alrcady described, Measurensnte
of the thermdo-c.i.fs gcncratecd werc made by means of a Muirhead

potentiometer. The temperature indiceted by thesc thermo~
couples were those of the base metal, 4 temperature gradient
existed in the cathode material but the error was estimated as
being not greater than 1%. A calibration graph of the thermo-
ellefe 8gainst the cathode tcmperature 1s shown in [ige5.9.2.
The cold junction was situated ¢s neer the pinch as possible
so thet its temperaturc was very nearly the same as the tel e
erature of the room, therefore it is unlikely that this

would constitute any appreciable error in the measurement

of teuperaturc. The lerger velues of the anode current and
the currcnt between the probe and.th. bize - orc measured by

8amps.) while

means of & sensitive galvenometer (lem. = 10~
the smeller currents were measured by means of an electrometer.
The electroncter was of the 'out-sf-balance' type and
jneornureted the Ferrcntl B.D.h, 10 electronecter valve and
high stebility resistors. The cirouit of this elsetrometer,
which was built in this leboratory, is shown in fig 5.9.3.

It will be scen thet One section of the valve veas used es a
preference circult, Any potontials developed zcross the grid
rosistence of the other section of the valve caused a change

ijn the anode current which in turn produced en ‘'out-of-
balance' current through the galvanometer oonnected between

the two anoded. Threec sets of grid resistors were provided

- -13
to cover thc currcnt rangs 10 8 anps to 10 1 ampa An input
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of 1mV. gave on out-of-balance current of 4 x IO'Bamps.
Power supplies were provided from dry batteries. The hecter
current was supplied froim an accumulator houscd in & separcte
screened bOX.

The conductivities of the probe tubes were determined
fror the slone of probe durrent/voltege characteristics,
These characteristics were Obtained by epplying small notontials
(0 to * 100mV) between the cathode base and probe, cnd by
mecsuring the resultont currents be mecns of thc gelvencmetar
ar electrometor. The circuit which provided these suell
potentials was incorporeted in the screcned box (fig.5.9.1.).
The conductivities of the rctarding potentiel tubes were
~sbtaincd by messuring the current 0 the collector cleetrode
for particular vel ucs of enode potential, These methods will
be described in grocter deteil in the next chapter,

The cxpcerimentel cethodes vicre hecated by en A4.C, ocurrent
from & Veoriec transformer supplied by & constant voltags

trensformer opereting from the 4.0, mains, Although 4.C,.
was usced, the hecter cathode insuletion was suffiéient to

insure nocgligeble interference with ncosurcnents. The
fluctuations in the heater voltage were not sufficiently large
ag to csuse o macsurable change in cathode temperzture.

10, The Pen Rocording Apparctus.

An sttempt was made to measure the £nuGc currents and
thermo-e.m.fs of an cxperimental tube automatically. The
currents were measured by amplifying the D.C. voltegos

produced by the passcge of the ocurrents through a resistor in
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in the grid circuit of a out-of-balance type DeC. amplifier,
The out-put of the emplifier was fed intc a pen rocorder,
The circuit of this 2mplificr is shown in fige 5.9.4. Other
volteges ~nd currents were rccorded by the same pen recorder
by mecens of & serics of roteting contacts which conncetod
the appropricte circuits for fixed time intervels,

This method provided cn acourate record of the readings
~f enode currents obtained froi: the hatted anodc/heated
ci.thodc tube (HNNy) dcscribed later. The mein dised-antage
wes thot the currcnts had to be limited to e small range of
velues, The method was thus restricted to the vealuss of the

anode currcnt obiteined over = reletively smell temperature
range ana for this recson the method wcs discontinued.
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CHAPTER 6.

Experimental Results

1. JIntroductioi.

The experimental results discussed in this chapter were

obtained from a number of differcnt types of tube, The
construction of the different typcs of cxperimental tube,
togetiicr with the cxperimental results obtained, will gencrally
be described in diffcerent sections, each scection belng
devoted to a particular cxperimental tube, This mothod of
setting out the expcrimental rcsults has a number of distinct
advantagess The dcvelopment of tcchnlquces and the tube design
can be prescntcd chronologically and tho recasons why a parti-
cular new dcsign of cxperimental tube was chosen will, it is
hoped, bccomc clear when the shortcomings or intercsting
results obtaincd from the prcvious tube arc described, This
method of presentation also has an advantage in that
repetition of the dcscriptions and the results is avoided,
It is hoped that thc cxporimental work wlll thus appear as 8
logical devclopment of 1ldcas, though the description of carly
work will naturally bc modifled in the light of experience
obtained as tihe work has progressed, On the¢ other hand, the
more important conclusions which can be drawn from the |
experimental rcsubdts will be discussed in the next chaptor,
from the point of view of differemt aspects of the behaviour
of particular cathodcs, The discussion will be simplificd
by ascribing particular code lotters and numbers to sach tube,
Tubes, in wﬁ?gﬁtﬁgk“bonductivity of tho coating is carried

out by the usec of a probe wire embedded in the cathode
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material will be described as probe diodes and will dbe
designated by thc letter P, A number followling this letter
will indicate which probe diode is being considered, Thus,
for example, Pl will represent the first probe diode
constructed and P4 the fourth. This numbering system will
also be used for all other types of tube, When an Alpert
pump has becn vsed with a probe diode i1t will be indicated

by the lctter A. Tor example, PAl represents the first of
this type of system constructed,. Tubes In which the
conductivity was mcasured by means of 2 retarding potential
method will be represcnted by the lettcr R followed by the
appropriate numbcr. Tubes with a heated anode will be
indicated by the letter H while N will indicate that the anode
was constructed of nickel and W that the anode was constructed
on tungstene A further type of tube, in which the cathode
conslisted of two hcated electrodes scparated by a coating of
barium oxide, will be dcscribed by the letter D, The state
of activation, for a particular geries of measurements, will
pe indicated by Roman numerails. Thus, for example, R2 III
will refer to measurements carried out on the second retarding
potential tube, in the third state of activation.

A largc number of the graphs plotted from experimental
regults are similar in form and therefore only typical
experimental curves will De included. The information
obtained from other similar experimental curves will normally
be collected together in tabular forms  Experimental curves

which illustrate a particular type of behaviour will also be

ineluded where appropriate,
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2, The Methods Used in the Determination of Cathode Conductivity.

It will be noted that attempts have been made to measure
the conductivity of the coating by means of three different
types of experimental tube, The most successful of these
types was the probe diode,

() Prove Diodes.~ The method of construction for this

type of experimental tube has been described in section 5.6, and
a photograph of tube P2 has been given in fig, 5¢64 26

In this type of tube a probe wire was inserted into the
cathode coating and the current between the probe and the base
was measured for a numocr of applled potentials, The current/
voltage characterisiics for potentials in the range 0 to % 100mV
were determined for all the probe tuves, at different
temperatures and for various activation states, These have
been plotted so that the values of apparent conductivity of
the cathode coating could be calculated from the slope of the
charactcristic. Examples of these curves will be given in
latter sectionse Small potentials must be applied in order
that the equilibrium conditions are not upset, Determinations
of the conductivity of the coating were normally made after
the determinations of the cmission current, It
was assumed that the cathode was in the same physical state for
both measurcmentses Most of the probe characteristics
approximated to a straight line, indicating the absence of
rectification effccts, but slight curvature has been found for
geveral of the determinations carried ®iton a number of probe
tubes, The most marked curvature of the probe characteristics

wag obtained for the first activation state of P1 and this is
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{1lustrated in fig. 6.2.1. for a temperature of 680%. In
general it can be stated that at low temperatures the
characteristics were approximately linear and that the
curvature, when present, became more marked as the cathode
temperature increased. The apparent conductivity of the
coating was, in all cases, calculated from the slope of the
characteristic at the origin.

The specific conductance of the coating can be calculated

from the apparent conductivity by use of the equation:-

, -1
& = % Cosgw t/a 62414

where, a i1s the radius and 1 is the length of the probe wire,
t 1s the thickness- of the coating between probe and base,
The equation holds for t>a, a condition which is satisfied
by the probe tubes built in this laboratory, because for these
t ~ 10a, In practice, this correction has seldom been
applied becauce when the plot is made of thelogariihm of the
conductivity against %, it is the value of the slope which is
of interest, not the intercept valuse, The correction term
merely adds a constant (characteristic of the particular probe
tube) to the value of the intercept.

Examination of fig. 6.2.1 indicates that a current is
observed for zero applied voltage. This can be atfributed
to the Seebeck e.m.f., which 1s caused by the fact that the
probe 45 ot & lower tewpembare i the base metal. In this
particular characteristic the Seebeck e.m,f, has a v&lue and
a sign consistent with an n-iype semiconductor model. The
temperature difference between the probe and cathode base
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ocamot be determined for this type of experimental tube, so

that information as to the depth of the Ferml level cannot be
by itus metodt -

obtained, The Seebeck e.m.fs is gencrally consistent with

the n-type semi-conductor model, but results have been obtained

from tube PA2 at low temperatures which are consistent with

a transition from n-type to p-type semiconductlon as the

temperature is decrcased., This will be discussed in greater

detail in a later section,

When mcasurements of probe current are made, ib is
important that the resistance of the galvanometer, or the
electrometer, uscecd to measure the current should be taken
into account, The following treatment indicates the effect
of the measuring instrument on the results obtained, and
indicates the correction which must be applied. The
experimental arrangement of the measuring instruments and the
electrical supplies used are indlcated dlagramatically in
fige 6¢242

The resistance between the probc and the base of the
experimental cathode is symbolised by the series resistance
R, The Seebeck c.m.f. E  produced by the temperature

—;;fference existing betwégh the probe and the base is
represented by the cell E,.  The resistance of the galvano-
meter or clectrometer is indicated by G, while the millivolt—
meter which is uscd to measure the apgzled probe potentilal,

is WW by mVe The applied potential will be symbolised
by Yy The applied potential is supplied by means of
potential divider, fed from dry cells, The resistance of the
millivoltmeter and the potential divider and cells, all of
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which are connected in parallel, can be neglected compared
with the resistance of the ghlvanometc® or electrometer and
the resistance betweenn the probe and cathode hase, The total
current flowing throuzh the probve resistance and the galvanometer

or electrometer is the sum of two currents, The first current

il is8 due to the applied e,mefs V, s0 thati=
i vV
1= (G+R)
The current 12, due to the Seebeck e.m.f.,is glven by:=-
ig = Eg
(G+R)

8o that, the total cgrrcnﬁ 1&'133'
in=1; + i, = 1 Vs+ E
T 1 2 ) Tafﬁy
Now, when the »rouc characteristics are plotted, the total
current in is plotted against the applied e.m.f. V. Thus
the slope of the line (assuming that the probe system is ohmic)
is 1 anft the intercept on the iT axis is Es s While the

zG'-IPR’ TG—;ﬁT

intercept on the applied e.,m.fs axis is -Es, the Seebeck e.m,f.
with the sign changede. Thus the sign and the magnitude of

thé Seebeck e.m.f, can be readily obtained from the graph,

The slope of the characterlstics does not represent the conduct=-
ance between thc prove and the cathode base. The value of

the galvanometer or electrometer resistance must be subbtracted
from the value of (G+R), obtained from the slope of the curve,
before the conductivity of the cathode is calculated, This

correciion has been applied, where necessary, to the results

given in this chapter,
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(n) The Retarding Potentigl Tubes.- 8peclally deslgned

retarding potential tubes can be used to measure the
conductivity of the oxide cathode, Such tubes have been
used by Sparks and Phillips’>, and a detailod account of the
relevant theory can be found in their paper, The tubes
built during the present investigation consisted of a button
cathode, an accelerating anode and a collector electrode.
A photograph of tube Rl has been given in fig, 5.641l., and the
electrode configuration is given diagramatically in fig., 6.2.3.
The anode is made with a hole in its centre, 6mm, in diameter,
go that elcctrons emitted by the cathode will pass through
the anode system to be collectied by the collector electrode.
Electrons reaching the collector have energies which are
dependent on the collector potential with respect to the cathode
surfaces. If the potential of the collector (including the
contact potential difference) is positive with respect to the
cathode surface, all the electrons passing through the centre
of the anode will reach the collector and the collector current
should have a constant value., When the collector potential
i1s negative with respect to the cathode surface, only electrons
with high enough energies to pass over the potential barrier
will be collected, Thus the graph of the logarithm of the
collector current against the collector potential should show
a break when the potentlal is equal to that of the cathode
surfacece

If a potential is now applied to the anode, the surface
parrier of the cathode is reduced by the Schottky effect and

a larger collector current flows. The collector characterw
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istics are thus modified by being dlsplaced by an amount
Bl - Al + (Nigp = Vig), vhere (Afy; - Af))
is the change in the height of the potential barrier and
(VlFQ lel) is the change in the collector voltage at the
'"break'! of the collector characteristics,

If corresponding values of collector potential are
deteriiined for e constant value of collector current and
different values of anode voltage, a plot of V, against I,
should give a straight line and the slope should have a value
R which is the resistance of the cathode coating, If the
thickness of the coatinz i and the area A arc known the specific

conductivity can ve calculated from the equation:-

&G = t 60202.

The most apparant advantage of this method is that the values
of the anode current and the collector current can be
determined simultaneously, Thus the cathode should be in
the samc physical statc both for the emission and the

conductivity measurements,

(c) The Double Cathode Tubee One tube was built in which the

cathode material was sandwiched between two small nickel
boxes which could be independently heated, Both the nickel
boxes were provided with thermocouples. The conductivity of
the oxlde could then be determined in a manner gimilar to
that employed for probe diodes, The results obtained,
togetner with a description of the exporimental tube, will

be given in a later scction,

3, Ermission Measurements,

A circuit diagram of the experimental arrangement used
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during the detemuination of emission currents is glven in

£ig. 6e3e1e Anode characteristics were obtained by plotting
the logarithm of the anission current against the applied
voltage VA‘ From the circuit, it will be seen that the
emission current causes a voltage drop to occur across the
cathode material and also across the current measuring
instrument, so that the actual potential applied between the
surfaces of the anode and cathode is not that indicated by the
voltmeter VA.

Most workers neglect to correct for the 'lost volts!
developed across these resistancece, and consequently, wrongly
take the value of applied voltage for thc break in the anode
characteristlics as being numerically equal to the contact
potential dirference, If the cathode material obeys Ohms
1aw and if IA is the anode current, Ris the resistance of the
cathode and G the resistance of the current measuring instru-
ment. The effective potential difference V*, which exlsts
between the surface of the anode and cathode is given by:=

v! = Vv, - Af - RI, - GI, 6e30 10
Thus the anode characteristic will suffer a displacement
along the voltage axis which is dependent upon the anode
current.

The value of the effective voltage V* becomes
correspondingly smnller than vA as the anode current increases,
This glves a curvature to the anode characteristics in the
retarding potential region, which becomes more pronounced

as IA.increases. Several workers have obtained experimantaln

results vhich they have interpreted as indicating a
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de #+L ciency of low cnergy clectrons (Chapter 2), It will
be noted that thic observed effect could perhaps be explained
in tems of the displaccment of the characteristics produced
by the voltagcs droged across the current measuring
instrument and the cathode material,

The currcnt density in the retarding field portion of
the @mission charactcristics has boeen given in a previous
section as:-

Jp = A(l—r)Tz. C. GXD e(VA~¢A) /kT 6e3e26
This equation docs not take into account the voltage drop
produced across thc neasuring instrument and the cathode
maeterial, If this i1s incorporated inte the equation
together with the value of the saturation current at zcro
field, we can obtain an cquation for the rotarding field
current,

I, = Igexp (eV'/kT) 64303,

or :
I, = I Cxp (_e (vA-Aﬂ - BRI, =~ GIA)/kﬂe.j.u.

Using logs.,

Log IAslog Io+e (VA - Ag - RIA - GIA)A(TG._B.s

It will be seen that a plot of log IA_against VA should only
give a straight line when RIA and GIA are small compared with
v, A Thus if the best straight line is drawn through
experimental points obtained in the retarding potential
reglon of the charactcristic, the value of the slope should
not coincidec with the thecorectical value of e/k¥, This

provides one possibb@ cxplanation of the fact that workers in
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this fi1eld have not always obtained values of temperature from
the slopes of the retarding potential liner which coincidedwith
the measured temperature of the cathode. The voltage d:irop
across the cathode material and the current measuring instrument
will elso modify the value of the slope of the Schottky plot,
if the value of (R+G);A is significent when oompared with the
valuc of the applicd anodce voltage.

At first glance it might appear that determination of the
anode current under retarding field conditions should provide
a mcthod for the dgteritinztion of the conductivity of the
cathode, but this cannot readily be done bscause the value of
the anode currcnt is meinly determined by the height of the
potential barricr and not the resistance of the cathode coating.

It is clcear that the value of the contact potential |
diffcrence, as obteined from the break point of the enode
charecteristic, will include the voltage drop across G and R,
so that these valucs must be treated with reserve, It is
possible that at high cathode tcumperatures the voltage drop
scross the coating will bo of the seme order as the indicated

contact potantial differcnce. For this reason, the valuse
»f the contcet potential aiffserence obtained from the breek
point of the emission characteristics will be celled the
tgpparent contact potential diffcerence's.
4, Tubc Pl.

The first probe tube to bec successfully comploted and
procecssed was rnonufectured in the manner desoribed in
gection S5.6.2. The tube was mounted directly onto the

vecuun systems Breakdown was sccomplished by raising the
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cathode tempercture from room temperature to 900°C over
24 hours by :cens of the motor driven Veriac transfornmer.
After breakdown the carbon dioxide was removed from the traps
and the cathode teiiperature was reduced slowly (over 3 hours),
by hend control of the Varlac, to room temverature. The
experimental tube was then baked and the metal parts were
eddy=current heated. An attenpt was made to measure the
conductivity of the coating while the tube was still on the
vacuun system, but the resistance was too high for a
measurable current to be obtained even with the electrometer
operating on the most sensitive range. 4% this stage, one
of the two bariuu getters, mounted within the experimental
tube, was fired and the tube was then sealed off and the
second getter fired, The experimental tube was then connected
up within the screened box and, after the temperature of the
cathode had been reised to 6809, a measurement of the
conductivity was nade using'the electrometer as the current
measuring instrunent. This probe characterlstic has already
peen given in fig. 6.2.1. and@ the rectification effects
obtained have been discussed in section 6.2, An enission

cheracteristic was then determined at 620°K using the

electroue ter. in attempt wes then made t0 deternmine emission
and conductivity cheractoristios at higher temperatures, but
during the sscond of thesec measureusnts the cathode heater
failed and experiments hed to be discontinued. The tube thus
nrovided only a fow experiazentzl results but the experiocnce

obtained wcs Very valuable,.
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It had already been decided that neasurements of the
conductivity of the oxide cathode should be atter;pted by a
number of dgifferent methods, to see whether or not the rcsults
obtained were comparable and to decide upon the best type of
experimental tube. With this aim in view, the next experimental
tube pc2e Was of the returding potential type.

5, Tube Rl.

The photogruph of this tube, shown in fig. 6.6.1,
illustrates the cathode design quite well, but the design of
the enode end collector cannot be readily seen and thercfore
the tube design has been illustrcted diegremcticelly in
£ige 6¢2430

The techniques involved in the construction of this type
of tube have already becn described in section 5.6.¢ while the
method uscd for the .etermination oOf the conductivity has
been outlined in scction 6.2. The tube was fitted with two
getters and the brezckdown procedure wes ldentical to that used
for P1, with the exception thet the breckdown was accomplished
over twelve hours instced of twenty four hours.

Pertial cctivetion wes achieved by drawing emission with
o ccthode temperature of l,llOoK. The collector electrode
was connected 10 the anode during this process with a gnode
potentiel of 12 volts. During the first hour of the
aoctivation procoss, the smode current inoreesed from a very
small value o 0.9 . Afetivotion for a further 48 hours,
et the srme ccthode temperature and anode voltage, caused the
enode current to increase to 1.58 mé. The cathode was then

cooled to room tuupercture over a period of threc hours.
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When c¢ool, the cethole was found to be & greenish blue eolour,
The velve was then baked overnight after which the metal parts
were hcated with eddy currents, One getter was then fired, the
tubc was socled off (- the second getter fired,

4L detormination of the anode and collector characteristios
was then attempted at & known cathode temperature. The form
of the =2nodc and collector charactcristics were not es exvected
from the thecory. For example, an experiment with the collector
connected to the anode show:.d a marked decrease in cnode current
when the enode voltage wis increcsed beyond about 180 V (fig,
6e5e1e)e The behaviour at smaller values of anode voltage
was os prcdicted by the theory. The observed'slumping’of the
anode current could be attributed to the removal of an
clectronegative substence from the anode and collector by
bomb¥zdment with elcctrons having ensrgles of approximately
180 eV. If some of this subgtance vwas reedsorbed on the

gathode =n increase in the work functlon would be produced,

which in turn would reducc the emission current.

A series of collactor characteristiocs were next determined
at & number of constant temperstures, for ¢ number of
gifferent enode voltages between 100 and 400 volts. The
collector voltags was increased from O to 50volts, when curved
cherao teristics werc obteined. 4 typioal curve is given in
£1g. 6¢5.2. Lt first this behaviour was puzzling, but it
was real ized that it could be attributed to the dynatron
effect. This effect cen clso be observed with the simple

griode velve when the grid is more positive than the anode.,
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Thus, initially, the collector current increases at the
expense of the anode current, but as the proportion of
sceondary electrons, liberated from the collector by electron
bombrrdment incrcasss, the resultant currsnt to the €ollector
decrcascs, while that to the anode increases, Uné¢er such
coniitions, the exnerimental tube acts as a source of power
because the diffcerential resistence of the tube is negetive,

The larpe number of secondery elactrons psroduced rade
measurcment of the concuctivity of the cathode quite impossible
ané 1t wes roealized that the Gesign of the collector electrde
would have to be improved if comductivity mcasurcments were to
be obtaincd. For this reason, no more¢ conductivity
measurcments were attempted with this tube, but determinations
of the emission chercctoristios were continuct, in an attenpt
to investigete the changes of the Richardson wevk funotion and
the intcrcept of the Richerdson plot, The effscts of
secondery cmission viore reduced by connecting the collector
electrode to the anode. T veriation of the anode current
with voltage was then investigotod et e series of different
temperc turss for cifferent states of activation.

The cmission currents at zero field were obtained by
monking Schottky plots, ocn cxample of which is given in fig.
Be5eBe sctivetion betwecen doterminetions wes accomplished
by drewing emission.  No further slumping of tho andde current
nes obtcined et high anote voliages,

Richerdson plots werc drown for eech state of activationm,

when the values of the work function end intercept were:-
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Actlvation State

I II
Z(ev) 1.57 1,29
Logyghe 1.27 2. 37

After the second determination the cathode tenperature was
prepidly changed and this caused the top layer of the cathode
cooting to become detoched. A marked increase in work function
presulted, but this was reduced as emission was drawn and the

penalning film of bariunm oxide became activated (III, IV and

V). Activation State
III Iv v
g(ev> 3025 1077 1066
Log1OA 9,02 0.33 1012

This last value was the result of many hours activation so that
no further deterninations of work function were attempted.

A plot of log,sA agelnst @ was made and a straight line
relationship was observed (fig. 6.5.4). Theory given in Section
liede indicates that all five Richardson plots should intersect
at a common point, The numerical value of 1%2 calculated from
the 1og1OA/¢ plot was 1.2 and exenination of the Richardson
plots (fig. 6.5.5.) shows thet the lines cross at values of

j%?z of this order of magnitude., Similarly the value of 10310;8
given by the intercept cof the log1OA/¢ plot has a value of

the sane order of mcgnitude as that given by the Richardson
plots- No further determinctions were made with this
experimental tube, Wt another similar retarding potential

tube was constructed with an improved collector design.
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6. Tube R2.

The structure of the anode and cathode of this tube were
very similar to those of Rl, but the collector was carefully
designed so as to reduce secondary emission, Because of the
similarity, no photograph or diagram of R2 will bc given,

The collector consisted of & nickel cylinder closed at one end
with a collinator 2t the end neaerest to the cathode, Thus
most of the secondary electrons were reficcted internally and
were not eble to proceed to the anode.

The finished tube was processed in exactly the seme way
as tube Rl, after which the anode and 8::£:ée cheracteristics
were determined for sever:l states of activation., 4ctivation
wes accomplished by drawing emission between the determinations,

When the logarithms of the conductivities, measured at
ecch tempcrcture for e particular activation state, were
plotted ~rgeinst l%f the points appeared to be scattered about
a straight line gnd wers generelly very unsatisfactory,. The
curve with most scatter is given in fig., B.6.le

Three such conductivity plots were obtained for thres
gifferent ectivetion status. Exanples of the collector
cilmqrteristics are shovwn in fig. 6.6.2, The dynatron effect
wes not obtained with the new desizn of collector electrode,

The valucs of the ectivetion cnergies from the slopes of

the conductivity curves for the first three activation states

s~
we Activation State

I II III
Activation energy (eV) 1e9 2.1 1.8
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These velues cannot be classed as being reliable, but 1t may
be noted that the values of the activation energies are of
the order of 2 eV, and can therefore be compared with the
valu:s of the Richardson work functions obtained for the same
threec activi tion statcs (sec below). This is to be expected
as the conductivity plots were obtained in the temperature
range 800°to 1,000°K where, according to the Loosjes«Vink
hypothesis, pore conductivity by emission should predominate,
It was apparent that only order of magnitude values of the
conductivities and the activation cnergles could be obtained
with this particuler type of experimental tube, In addition,
the determine tions nmade viere necessarily in the high
temperature region, because the currents were not measureable
with the electroneter at lower temperatures,

The low temperature region of the conductivity plots are
of much greeter value than those of the high temperature
reglon beceuse valucs of AE , and hence X , can be obtained
from the slope, For thoge reasons, no rurther conductivity
measurcients were mede with this type of experimental tube,
beceuse the dosigr of R2 was such that no great iuprovement
ijn results would have been possible.

Bnission measurements from this tube appeared to be
quite reliable, 80 further determinations of the anode
oharccteristics tierc attenpted for different stetes of
aetivation, 45 with tube Rl, the gedometry of R2 was such
that the Schottky method was the best for determining the

seturation current &t zero field, The examples of these
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plots given for R1(fig. 6.5.3) are exactly similar to those
obtained from R2, The values of Richardson work function
and the corresponding values of intercept are as follows:-

Activation State

I II III Iv
¢(eV) 1,91 1,76 1417 2.44
Log, g4 O.11 0,35 5. 96 3,45

The first three decreesing values of work function were
obtained when the activation of the cathode was increased by
drawing emission, The fourth value was obtained after eddy
current hecting the nickel anode to approximately 1,200°K,
It is likely that such heat troatmént ¢ used the removal of
an clectronegative cdsarbed layer on the anode, part of
which was adsorbed on the cathode to give an inoreesed work
function. In 211 probability the eleoctronogative substance
is OoXygen .

The Richordson plots obtcined are given in figs. 6.6.3,
6.6e4. It will be noted That these Intersect at ;%E -
1,15 end 19g,, Eﬁ.ihtﬁ; ﬁtfbgloa/¢ relationship was

2
T
obtained (£1g. 6.6,5) with intercept I0 and slops  5.3.

From the value of the slope the velue of ;%E for the inter-
section of the plots was caloulated as boing 1.06.  Hence,
these results also conform with the theory of tﬁgfiogloA/ﬂ
roletionship proposed in Chapter 4.
7, Tube P2.

This probg tube was built to the same specificetion as

g¢ube Pl. The same pro-breckdown troatment waes given and
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the cathode was broken down over & period of 24 hours, The
tube was then baked and the metal parts were out-gassed by
ecdy current heating, Actlvation was then ccoumenced with an
anode voltage of 12 volts and a cathode temperature of 1,040°K.
The anode current increased from a very small value to 50 mA
over a period of one hour, The rate of activation then slowed
considerably with a further increase in anode current of only
17 mnicroamps in two hours, The slow increase was thought
to be due to poisoning effects and it was wondered whether
the electrons striking the anode possessed enersles high
enough to cause rsmoval of edsorbed oxygen, The anode voltage
was therefore reduced to 4 volts when the anode current
increased to 0,71 mA in 17 hours.

In an attenpt to test the hypothesis that poisoning was
being produced by the higher values of anode voltage, the
anod @ voltege was agcin inoreased t0 12 volts and readings
of the snode current werc taken at regular intervnls:-

A 0t L wplts
Current in mi 0.71 2.0 0,42 0.9 0.27
Time after application Omins. 2mins., 4mins. 6mins,
of 12 volts to cnode,
Lfter the last rcading, the anode voltage was sltered back to
4 volts, when thc cnode current slowly increased over a period
of & hours to 0,76 mis It can be seen that the initial
jnorease in anode ourrent produced by the inoreaseiin anode
voltage is offset by poisoning of the emission. It is
epparent that for some value of enode voltage in exoess of

4 volts, poisoning of the emission commences.



[ 4 . G

s

10

|

o
ZTd 3ani L9060

ﬁ.||||| NOILVAILDY oSnNIdNg €

ALIAIDNONOD NI S3IONVHD
FI9 513




Richavdson Plot

~ Pam o
q I -
F o °
Q
[
o
10
by Iy
T
I )
Ta
) 2 [ e i |
1o*
T
FiG. 6.7.3.
3 T Y Y
Lo
..-l'n‘ P, RICHARDSON PLOT OETEAMINATION 1
LI YAY
76— 3
’-NQV
. LOG|9A-;-7.V
1 I
T2
T} p—
X
o9 o 1 s "2 3



-109-

The experimental tube was next cooled to room temperature
efter which one gettor was fired. The tube was then secled
from the vecuum systern and thc second getter fired, The
expcerimental tube was thon connected up inside the sereened
bOXe An attenmpt wes then made to measure the conductivity
at room tempcreture, Wwhen it was found that the charecteristic
pesscd through the current end voltage zero, thus indicating,
as expcctyd, zoro Scebeck e.m.f, 4 slight curveture of the
probe char~cteristic wes observed in the scme sense as the
curve obteined for tube Pl. The conductivity wes found to
have & valuc of 1.628 x 10-8zho.  The temperature of the
cathode W-s then increased cnd conductivity and ocmission
meesurenments were carried out using the slectrometer. This
proc @dure ucs cerricd out for other velues of cathode
temperature, Dectecrminations werce also carried out for other
activetion stetes. In all cases the cathode was activated
by drewing cmission,

Three conductivity curves were obtained for different
stetes of cctivetion, but further measurements were prevented
when the probe wire end motal base came into contact, thus
producing a short circuit. The veriation of conductivity with
reciprocal tcupercture is given in fig. 6.7.1l. for the three
activation stctes. One exemple of the Richardson plots
ebtuined 1s given in fige 647.2, ost of the Richardson
plots indiceted thct the amission current wes being limited
in some way et high temoeratures, fige 6.7.3. This effect
38 eamsily noticable if the cnode characteristics obtained
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<t high tezpercturcs :re excmined(fige 6.7.4.) Examples
of the enode characteristics at lower temperatures are given
in £1igs 64745,
Values of the surface work function were determined

by the two methods outlined in Chapter 2. Examples of X

logye
two grephs of IO against 103, for which the values of
& T

were deternined are given in fige 647.6.
The values of AE, and § obtained from the three
2
activation states wWere:-

Activation State

I II III
2
~ (eV) 2.0 1,44  .1.26
A E (eV) 2.58 le97 1,70
“S5
¢ (GV) 2456 1.8 1,63

It oen be seen that both X and g%g, decreased during
activation while the sum of these two quantities egrees
reasonaebly well with the velue of the Richardson work
funoction,

Emission measurements were continued after the probe
had short circuited. The velues of Richardson work funoction
end the intercept values are given below for six states of
activation:-

State of Activation
I I1 III Iv v Vi
g(ev) 2.56 1,8 1,63 1,79 1,33 1,45
Logyghs  2¢7 1.81 0,72 0,3 2,85. " 8.94
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e
A goodAlogHé/¢ rclationship was not observed, but there appears
. bek of ‘MCMB
to be a trend towards a straight line, fig. 6.7.7. This_ wes

Ridaaton
to be expected as the lines did not intersect at a ocommon point,

The ectivetion cenergies from the high temperature region
of the conductivity plots may be compared with the first three
values of Richardson work function:i-

Activetion State

I 11 III
g ev 2,56 1.8 1,63
E(act)eV 2422 1e23 1,20

It will be noted thcat the values' of the activetlion energies are
considerably analler then the corresponding velues of the
Richardson work function.

If the conductivity lines intersect in a common point,
a linear rcletionship should exist between the activation
energy of the conductivity plot and the intercept on the log
gxise As only thrce sets of results were obtained from this
tube end these did not interscct in a common point, this type

of rvlationship was not observeds

velues of thc apparent contact potential differenoce have
peen obteined from the anode charucteristios, A greph of
the results obteined from the third esctivation stete is given
as being typicel of these rosults, fig. 6.7.8. In all the
| geterminations, & riss in the apparent contact potential

aifforonce was obscrvod up to temperetures of about 900°K,

por
.potential difference was observed, The actual values obtained

higher tempcrctures a decrcase in the apparent contaot
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for other activation states were slightly different from
those of determination III, and not all of these results lay
on a smooth curve, If the change in apparent contact
potential difference is taken as being entirely due to a
change in the cathode work function, it is possible to
calculate the temperature coefficient of the cathode work
function. Below 900°K, this was found to be approximately
-3 X 10-3 eV/degree, while above 900°K it was approximately
6 x 10"3 eV/degree. These results, calculated on the basis
of the assumptlon made above, are comparable with those
obtained by Gysae([ge pare 53),

It will be remembered that in section 6.3 the effect of
the voltage drop across the cathode material and the éurrent
measuring instrument was considered. The first of these is
inherent in the contact potential differences as calculated
from the anode characteristics. It may well be that the
peversal of slope of the apparent contact potential difference
curve at 900°K is determined by the reduction in cathode
resistance due to the increasing preponderance of the pore
conduction process at temperatures in excess of about 900°K,

In an attempt to learn something further about the
anode poisoning effect, the highest anode voltage applied
for cathode states I, II and III was U4 volts, while the
maximum anode voltage applied during determination IV was
It was hoped that the L4 volts anode voltage would

cause no poisoning of emission, while the application of
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8 volts would czuse cathode poisoning due to the removaffthe
electronsgetive substance which was thought to be present on
the anode, No activation by drawing emission wes carried out
between determinations III and IV, When the 8 volts anode
voltage was applied, an inmediate chenge in the anode current
wes observed, The initiel Increuse,due to the increase in the
applied voltege, ceesed clmost lmmediately end was followed

by & decrsi..se which wes attributed to the poisoning effect.
The Richardson work function wes found to increase from 1,63eV
to 1. 796V, i-ecsurenents of the apparent contact potential
¢ifference indiccted that the epparent anode work function

2@ decrecsed from cpproximately 25 eV to 1.9 eV, consistent
with the ranovzl of zn clectronsgative substance from the
enddce It will be noted thet the enode work function, as
derived from the copcrent contect potential difference and the
Richardson work function of the eathode,irscn indicrted value
amallsr - » than thc eccepted velue for pure nickel of 4,96 eV,
The velues of anode work function given by this nethod were
generclly concistently lowsr than the a2ccepted vl ue, which
indiortecs thct tho surface 1s probebly modified by berium and
pariurn oxide cvepornted from the cethole, while en
electronege tive subsioncs (probably oxygen) is -dsprbed onto
the rcsultant surface, and cen be removed by clectrons having
energics greatcr then about 4 eV,

The poisoning vffcct was further investigeted at a

constent ccthods temperature of 912%K by application of .

various vcluss of cnode voltagcee The results obtained gre
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given in fig, 6.7.%., Two interesting facts emerge from these
results, Firstly, Tor all the values of anode voltage applled
there 1s a very rapid initial decrease in anode current,
Secondly, for applied anode voltages in excess of 6 volts there
is a long term decrcasz in anode current, the rate of decrease
being hizher for thce higher values of VA’

The short teri1 decrease in anode current could possibly
be attributed to physical changes occuring within the cathode
(possibly donor deplction), but it is likely that the long term
effect 1s due to an increase in cathode work function, caused
by the rcmoval, and redeposition on the cathode, of an
electronegative substance adsorbed on t he anode, An attempt
was made to determine the anode work function by use of the
values of emission current in the retarding potential region,
put marked scatter of the points prevented any accurate value
of gk from being obteineds  The method ysed will be described
ror the next tube, for which a satisfactory atraight line was
obtained for one statc of activation.

8, Tube P3.

This probe tube was built to the same specification as
the previous tubes and the method of processing was similar
to that used for P2 except that an anode voltage of 4 volts
was used durinz activation, which was carried out at a
temperature of 1134°K, This low value of anode voltage was
used in order that poisoning effects could be kept at a
minimun.

After scaling off, thec emigsion and conductivity

characteristics were obtaincd for three activation states,
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but the probe wrte failled after the third activation state
and no more conductivity measurements were possible, Both
the Richardson plots and the graphs of the logarithm of the
conductivity against ;%f exhibited marked curvature at high
temperatures, similar in form to those found for P2, The
probe characteristics were falrly linear, thus indicating that
rectification e¢ffects were very small,

Fige 6e8e%e, showe the Richardson plot and conduectivity
plot obtained during the first activation state. Fige 64842
shows the very marked curvature ooserved inthe Richardson
plot for the third state of activation,while examination of
the conductivity plot Tor the third activation state shown in
f£ig,. 6.8¢39 also indicates a scatter of points at hiigh
temperatures. This behaviour at high temperatures indicates
that the conductivity and emission from the oxide cathode
at high temperatures are probably governed by the same
mechanism as suggested by the LoosJjes=Vink hypothesis, In
all probability, this effect can be attributed to a space
charge effect in the pores of the cathode, vwhich becomes
quite marxed when the current density reaches a critical
value. This critical value of current density will depend
on the mean pore size, If the Richardson plots are examined,
4t will be noted that this effect becomes noticeable at
10830 Io ~ 10 and ;%E o 160, This was also observed fof the

2
Richardson plot for the sccond state of activation,

The saturation of cmission would therefore indicate

that the emission does not come from the outer surface of the
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cathode, but must originate at the surfaces of the crystals
within the pore structure of the cathode. Saturation of
emission could also be attributed to a change in the cathode
work function as the temperature ls increased. 8Such effects
are the case for caesium on tungsten cathodes when the
adsorbed layer of caesium is being rapidly removed at high
temperatures., A similar explanation might be invoked if the
work function of the oxide cathode was strongly dependent
upon an adsorbed layer of barium on the surfaces. The
temperature at which a marked change in surface conditlons
became responsible for a reduction of slope would depend on
the heat of adsorption of barium on barium oxlide. This heat
of adsorption is not given in the literature and hence the
temperature range in which such a change in slope would
pecome noticeable cannot be calculated.

The three Richardson plots gave the following values
of Richardson work function and intercept:-

Activation State

I II III
g(eV) 2.35 2-1 1088
log, A 1,43 0.37 0,53

No log1oA/¢ relationship was observed, but this is to be

expected as only the three experimental results were

avallable.

The results obtalned from the emission measurements

are summarised belowg-



Actlivation State

I II III
ézE oV - 0.95 0.79
Log intcrcept (low temp.) - 3.09 3.81
E (act.) eV 2452 202 22
Log intecrcept (high temp.) 8.32 L84 L, 38

The conductivity glven by the first activation state did
exhibit a brecak at low tcmperatures, which indicated that the
pore conduction mechanism predominated over the temperabure
range investipgoted, This indicated that the activation energy
of the bulk conductivity process was large and probably of
the same ordecr as thc valuc indicated by the slope of the
conductivity plot. The values of the surface work function
were obtaincd for thc sccond and third activation states by
plotting log,, IO/ 6T ageinst 103/T. The experimental lines
obtaincd are showm in Tig. 648.4. The valucs of X wers also
calculated from the corrcsponding valucs of é_zg and &,
Activation State

I I1 III
O&E oV = 0495 079
2
X oV - 1.11 1l.13
X+ AE oV - 2,06 1,92
-z
g oV 2435 2,1 1,88

rhe values of X arc scen to bc comparable (expcrimental error
~ 15%) and indicatc that the activation which caused a
change in Richardson work function from 2,1 to 1,88 was due

to the production of impurlty levels near the conduction
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band and not to a modification of the surface work function,

Values of the apparent contact potential difference,
as given dpy the break of the anode characteristics, showed
1ittle variation with changing toemperature, The average
value for the third state of activation was 1,3 eV, from
which the apparent anode work function can be calculated as
having a valuc of approximately 3.2 cV, The anode work
function was also determined from the valucs of the en ission
current in the retarding potential region,

If thc voltage drop across the cathode material is
ignored, the amission current in the retarding potential
reglon isglym by cquation 6¢3.2. Thus, 1f the values of
Logy g Io/'T2 arc plottcd against 1/T for a constant value of
Vyo smaller than the value of the apparent contact potential
differcence, thc slope o the resulting line should have a
value e(VA - ﬂk) /ke Hence, ¢A can bc calculated from tho
slopc of the cxperimental lines  This method was used for
tube P2, but a marked scatter of the cxperimental points was
obtainecd, A similar scattcor of points was obtained for all
but one of the threc dcterminations on P3, The stralght
1ine obtaincd for P3 III is given in f£ig. 6,8.5. The anode
work function,as calculated from the slope of this line,was
2,97 ¢Ve This may be compared with the value obtained f{ron
the apparcnt contact potential differonce which was 3.2 oV,
Throe valucs of anode work function, as calculated from the

apme ent contact potenivial difference, were:-



Tu.be HNWI .
Flq. 6.9.1.
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Activation State
I II III
Anode work function (cV) 3475 3.5 3418
If the cffeet of thie resistance of the cathode material is
considered, the deercasc in conductivity rith increasing
activation will causc a deocrecasc in the 'lost volts' developed
across the coatingtxhus, VA should approximate more closely
to Pthc value of v* as the cathode activatos, Hence, the
valuc of the anode work function will be relatively constant,
regardleses of thc aciivation state, This could possibly
be attributed to the low valuc of the anode voltage used in
thesc detcrminations, which was low enough to provent rcmoval
of the clcetronegative layer present as an adsorbed layer on
the anodce
In view of the interesting effects produced by the
change in anodc worlk function, it was dccided that a number
of cxperimental tubes should be built in order that the anode
work function, and thc effcets of adsorbed layers, could be

examincd morc casily, The first of these tubcs 1s described

below.
9, Tubc HNWl.
A photograph of this tube is shown in fig., 6,9.1. The

cathodc was of the samc type as used in the retarding
potential tubcse Two anodcs were bullt into the tube., The
first anodc consisted of a small nickel disc which could be
interposed between thc cathode and the second anode, A

magnetic slug vas attached to thc mounting of the first
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anode so that it could be pivoted away when the second
anodec was uscd, Thce nickel anode was kept in position so

as to scrcen the second anode while the valve was frocossed,
In this way, barium and barium oxide(evaporated from the
cathode)varOprovcntod from contaminating thc second anode,
The sccond cnode was a {lat spiral of tungsten wire which
could be heated to high tempcraturcs by means of an
auxiliary hcater supplye. The cathode was shiclded during
this heat trcatment by means of the nickol anode disc, It
was hoped that when the second anode was heated the adsorbed:
laycrs would bc rcmoved, so that the work functlon of the anode
would be that of pure tungston (4e520¢V). Values of the
contact potcential differences obtained by use of both the
tungsten and nickel anodcs during cmission measurements would
then give a value of the arithmectlic mean work function of
both the nickel anode and the cathode, A series of determine
ations of the anode charactcristics were made and examples
are given in figse. €.9.2, and 6,9.3 These are typical
of the resulﬁts obtained, The values of apparent contact
potential diffcrence, obtained by use of the tungsten
anode, wcre of the order of 5e¢V grecater than thosc obtained
by use of the nickel anode. These valuecs indicated that the
work function of the nickel anode wew® greatly roduced by
an o aporated I'{lm Qf barlum or barium oxide and that the
work function of thc tungsten anode was greatly increased
by the prcsence of an adsorbed layer of strongly

electroncgative substance (probably oxygen),
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The nickel anode could not be heated so that a study
of desorption, produced by an increase in temperature, could
not e made. The values of apparent contact potential
difference existing between the cathode and nickel anode for a
particular activation state were found to be relatively
constant at a fixed cathode temperature., A decrease from
41.8eV to 1.2eV was obscerved as the cathode was activated by
drawing emission current. The effects observed when the
tungsten anode was {lashed were very pronounced. It was
found that the apparent contact potential differences existing
petween the tungsten anode and the cathode were strongly
dependent upon the heat treatment of the anode and the delay
4nvolved before emission measurements were made. A series of

values which were determined in rapld succession are given

pelows:~

5.2¢V, L.6ev, 6.2eV, 8.3eV, 6.7eV, L.8evV.
Thus the rate of adsorption of contaminants onto the tungsten
anode was very rapic¢ even though the pressure in the
experimental tube must have been less than 10'7 mm.Hg. This
41llustrates the strong dependence of the work functions of the
gurfaces within the experimental tubc on the presence of very
gmall guantities of contaminants. Only two successive
determinations of apparent contact potential difference gave
a constant value ¢r(;.ue@. A cathode work function of 4.2eV
as calculated from this value, while the work function of

w
the nickel anode was found to be 2,3eV. The Richardson

work function of the cathode, as obtained from emission

lneasurements to each of the two anodes in turn, gave constant
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rcesultse Saturation of cmission was obscrvcd at high tcemper-
aturcs, of thc typc alrcady describede
The value obitaincd during the last sct of detcrminations
was lebeV, and the corrcsponding valuc of the intcrcept
was 0.01,

Attompts were madc to obtain valucs of the apparcnt
contact potential differcncc with the tungstcn anodc hcatcd
to a tcrmperaturc of about 12000K and a cathodc tempcraturc
of 7199&. Undcr thesc conditions it was hopecd that the
cffcet of the adsorbced laycrs off the tungsten surface would
bc rcduccd. The valucs of contact potentlal diffcrence
werc found to be between 6.7¢V and U,20V, with an average
valuc of 5,8cV, The variation in the valuces indicated that
the cffcets of an adsorbed layer on the tungsten surface were
very markcd, cven at this comparatively high temporaturc,

The tungsten anode was also heated to much higher tcemperaturcs
(about 2500°K) but the clectron cmission from the tungsten
prevented satisfactory mcasurcments of the contact potontial
diffcrecncc, The spacc charge cffecect was very pronounced

when the tungsten anode was cmployed and this can bo
dttributod to the bad gecometry of this type of cxperimental
arrangcmcnt,

The rcsults ootaincd from this experimental tube
indicated that adsorbed layers have a considorable cffect on
the worxk function of the surfaces within the experimontal
tubc, The coffcets were very markad in the case of tho

tungsten anode, but it is likely that adsorbed layers

i
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present on the surfaccs of the crystals which constitute
the oxide cathode, will produce o significant change in work
function, It was plain that this method of obtaining
information as to the apparcnt contact potential difference
existing betwoen cnode and cathode, and of the work function
of thc cathode, was of little value, For this reason no
more tubes of this typc were bullt,
10, Tubc PL,

The fourth probc tubec bullt was constructed to the

gamc specificrtion ns the previous three probe tubes, The
caothode was processed in cxactly the same menner as tube P3,
The cmission current was measuroed for various valucs of
applicd anode voltage, at a number of different temporatures,
The Richardson work function had a value of 1,26V, while the
jntercept had avalue of 3.36.  Marked saturation of emission
was noted at high tompcratures. The value of the anode
@ork function, dctcrmincd for values of the aalssion current
under retarding ficld conditions, was 1,9¢V, A graph of

the apparcnt aontact potential differeonces obtained are shown
in fig. 6.10.1. Failurc of the tube prohibited further
measurencnts,

11, Tubc Hilliye

This tubec was built so that more informetion as to the
anode work function could bo obtained, The cathode was
jdentical to those uscd in the retarding potential tubes,
whilc the anodc was identical to the cathode except that
no sprayed coating of barium was applied, A photograph
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of the tube is given in fig, 6.11.1. Processing and
pbreakdown were accomplished by using the same method as for
tube P3., Activation was achlieved by drawing emission with
an applied anode voltage of L volts and activation was
Adiscontinued when the anode current had attained a value
of O.L6mA at 1150°K. Emission measurements were then
carried out, firstly using the oxide coated electrode, and
secondly the nickel electrode, as the source of electrons.
pypical emission characteristies are shown in fig. 6.11.2.
The curvature of the emission characteristics, due to space
charge effect, was shektbr more marked when the emission
was drawn from the oxide. This effect could possibly be

attributed to a space charge existing in the pores of the

oxide. Fig. 6.11.2. indicates that the characteristic of

the nickel electrode at 10L5°K exhibits curvature over a
gmaller voltage ranze than that of the oxide coated electrode
at @ temperature of 960°K, This would not be expected if the
gpace charge only existed between the electrode surfaces,
The first value of the Richardson work function obtained

;fnjf the oxide was 2,0eV, while the intcrcept had a value of
'ﬁ—'86 (fig. 6.11.3.). The values oi the apparent contact

x Cftential differences did not vary markedly with temperature
"azﬂi had an average vzlue of 0.2eV, The corresponding value
of the Richardson work function for the nickel electrode was
I*'()éV with an intercept value of 8,98. The apparent contact
' cfbential difference was rclatively constant with temperature

;g 4 had a value of 1,2e¢V., Thus, the values of apparent contact

ka*
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potential differcnce were not consistent with the values of
Richardson work runction. This could be partially explained
if it was considered that heating the nickel electrode caused
the £ilm of barium, or barium oxide, which is prnobably
evaporated onto it during processing,to be evaporated off
the surface. The effect of the voltage drop across the
coating and the discrepancy to be expected between the contact
potential difference and the Richardson work functions must
also be considered.

A further determination of the work function of the
oxide by the Richardson method, after activation by drawing
emission, indicated that both the electrodes had a work
function of 3eV. In this case, the apparent contact potential
difference during both determinations was approximately zero
and practlcally indecpendent of temperature. The values of
the intercepts of the Richardson plots were 0.8 in the case
of the oxide and 1.55 for the nickel,

The third deterniination of the Richardson work function
is showvn in fig. 6.11.L. The value for the oxide was 2.,02eV
with an intercept value of 1.6. The nickel had a work
function of 3,02€V and intercept value of 5.1. The mean
values of the apparent contact potential differences were

-0,.,2eV for the nickel and 0.5eV for the oxide.

Further determinations were attempted with the

automatic equipment described in Chapter 5, but the results,
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which could only bo obtaincd for a limited temperaturc
rangc, ore of 1littlc value and will not be gquotcd herc,
Further work on this cxperimental tube was discontinued and
anothcr spocial typc of tube was built,

12, Tubc PAuNAl

This tubc consistcd of 2 button cathode with an
embedded probe and two anodces, The first of the two anodes
was nickcl and thc sccond woas a glass clectrode onto which
a filnm of gold was to be deposited, by the evaporation of a
gold becad fused onto a tungsten heater wire, Both the
anodes could bc rotatcd into the corrcct positionsfor
mcasurcments by mcans of & iron slug sealed in glass. An
Alpert gouge was attached to the cnvclope of the oxperimental
tubc by mcans of a side arti, The arrangement of the
electrodcs is shown in the diagram (fig. 6.12,1)., It was
hoped that the vibrating gold clechbrode would provide
measurcments of thc contact potential difference by the
Kolvin mcthod (sce ref 101)e But flcking of the cathode
and a fracturc of the gold cvaporator filament prcvented
any intercsting rcsulEiiafom being obtained, Preliminary
presares—of conductivity,at a tempcraturc of 890°K indicated
an apparent conductivity of L.5 x 10“8mhos. Prcssure
measurements, by the usc of the attached Alpert gauge,
indicated thot the pressurc attained by the vaouuwn system
wag of the order of 140 x 10—6mm.Hg.. which was in
agrement with the prossuc indicated by the Penning gougoe,

It was clear that the Alpcrt gauge was a far more sensitive
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pressure gauge than the Penning gauge and so thils type of
gauge was bullt into all subsequent experimental tubes. It
was decided that a great deal of developgment work was
necessary vefore satisfactory tubes of this type could be
used successfully and hence, further work with this typc of
tube was suspended and more conventionl tubes were built
during the closing stages of the resecrch programmes The
main reason for attempting to use a gold anode was that this
rietal is very inactive and therefore provides a surface which,
unless contaminated by the deposition of evaporated films,
can be asswied to have a constant work function, Two

were moda

further attempts vwese=medc to use a gold anode,and these are

described in the next sections,

13. Tube DAuNA1

A photograpnh of this tube 1s given in fig., 6.13.1.
The cathode consisted of two box electrodes, both of which
were fitted with thermocouples. The carbonate suspenslon
was applied by spraying,so that a layer of the carbonate was
prescnt between twvo faces of the box clectrodes to form a
‘sandwich.. A further loyer of the carbonate was sprayed on
the top surfaces of thc two clectrodes so that emission
measurenents could be made, Two anodes were incorporated,
The Tirst anode wan of nickel and could be introducéd between
the cathode and the second anode, The second anodc vas
of gold wirc coiled in the form of a flat spiral, It was
hoped that emission measurements to the gold spiral would

emable the work functions of the nickel anode and the cathode
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to be determined by thce contact potential difference method,
The cathode was broken down over a period of seven hours by
mecans of the motor driven Variac, The usual baking and eddy
current heatinz treatments wore cairried out and the Alpert
gauge was Tigorously out-gassed, The pressure in the
experirniental tube, before it was sealed off, was measured
by the Alpert gauge and was found to be of the order of
10"6mm. ce One getter was fired bcefore the tube was
gsealed off anc the sccond was fired after the tube was
gsealed from the vacuum systcm, The pressure in the experi-
mental tube after sealing off was measured by the Alpert
gauge as being 2,7 x 10-5mm.Hg.

After activation by drawing emission, measurements of
the conductivity of the cathode werc attempteds The hcater
currents through boti: bDox c¢lectrodes were adjusted so that
both were at the same tempcrature. The two box electrodes
were connected togecther externally when emission mecasurements
were made.

Typical anode characteristics aré shown in fig. 6,132,
A marked space charge cifect was noted, particularly in the
case of the 70ld spiral anode, This can be attributed to
the larze spacing of the electrodes and the fact that the
gold anode was in the form of a spiral of wire, Conductivity
measurements, also at a tcmperature of 9599K, showed marked
curvature (fig. 6413.3), and the mean value of conductance,
as calculated from the slope of the characteristics, was

1.5 X 10-10 mhoses  Further determinations of the emission
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current were carried out, but the results obtained also
showed very marked space charge affccts, For this reason,
the results were of little value and will not be quoted here,
The detcerminations of the cathode conductivity necessitated
the application of quite large potentials between the two
box clcctrodes, while in addition, the cathode material
between the clecirecdcs was not the soukee of the emission
currcnt, Hence, it is unlikely that the conductivity results
arc representative of a normal oxide cathode, It was
decided that conductivity moasurcments obtained by means
of a probe cribedded in a cylindrical cathode, provided the
most rcliable results and the last of the two experimental
tubes built during tiie present investigation were built to
the same spccifications as the earlier probe tubes, The
only conclusion, of any value, which could be drawn from
this experdiniental tube was that the work function of the
nickel anode wos lower that the accepted value of L.96e(the
average for the first set of determinations was lL.64eV),
This, as suggested previously, was thought to be partially

due to a film of barium and barium oxide evaporeted from the

cathode,
14, Tube PAl

The tube consistcd of a normal probe tube attached
to an Alpert gauge by means of a slde-arm. A photograph
of this typc of system will be givon in section 15, The
tube and Alpert gauge werc not sealed directly onto the

vacuum system, but a manifold of the type illustrated in
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fige Seltala, was used, A gold spirai anode was also
puilt into the tube, but was not used because it became
contaminatede No side arm, containing barium getters, was
used in the case of this tube, Breakdown and processing
were carried out in the usual manner, the glass was baked
by 11cans of the oven and the metal parts were heated by eddy
currentse The metal parts of the Alpert gauge were out;
gassed by flashing, electron bombardment, and eddy current

5

heating. The pressure was then found to be 2,5 x 10 “mm.Hg.
Measurements of the cmission current were carried out on the
systen after the breakdown process was complete, The
pressurc indicated by the Alpert gauge was 2,7 x lo-jmm.Hg.
The hizgh pressure was attributed to the presence of carbon
dioxide in the system, No activation of the cathode was
attempted at this stage because the thermal activation
which occured during the breakdown process enabled
measurements of the emission to be made, Several emission
characteristics were made a2t constant temperature, with the
Alpert gauge switched on and acting as a pump. A marked
increase in the emission current was noted, which could be
explained in two wayse Firstly, it could have been due to
activation caused by the passage of emission currente and
secondly, thec pumping action of the Alpert gauge, which
reduced the pressure in the experimental tube, could have
partially removed the adsorbed layers of an electronegative

gubgtance on the cathode to give an increase in work function,

The cathode tcmperature was then recduced by means of a
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motor-driven Variac. The liquid nitrogen trap was then
out=gasned and further emission measurcments were taken,
when a work function of 3.36 eV was obtained together with
an intercecpt valuc of 3,92, The prossure during these

5mm.Hg. The experimental tube

determinations was 6.4 x 10~
was then isolated from the wacuum system ¥y sealing a
constriction with a hand torch. Emission and conductivity
measurernents were then attempted, after activation by

drawing emission, when a work function of 2,11eV was obtained,
together with an interccopt value of 2,67. The logarithm

of the conductivity plottcd against 103/T showed & marked
scatter of the »oints and a satisfactory straight line could
not bhe dravwn,. The aosparent contact potential difference
decreased with inereasing temperature from a value of 3,67 eV
at 860°K, to 2,83 eV at 1034°K. A measurement of the
pressurc 1ln the experimental tube indicated a marked increase
in pressurc to 8.6 x 10-3mm.Hg, though the pressure was
relatively constant during the determinations desceribved
ahoveCe The higl:. value of thc apparent contact potential
difference is indicative of an adsorbed layer of an electro-
negative subvstance on the anode, which is to be expected

from the high pressure present in the experimental tube,

This high pressure was attributed to the porosity of a
tungsten secal present in the experimental tube. The

zmn.Hg., but the

pressure gradually inereased to 1,2 x 10~
emission current from the cathode was stlll quite large
(1.3 x 10~uamps at 920% and an applied anode voltage of

7.3 volts)s Further measurements of the conductivity of
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the cathode gave a waluec almost independent of temperature
and it was assumed that the probe wirc was making contact
with the base metal, The value of the Richardson work
function, under thcse concdltions, was 2,1 eV, while the
intercept value was 2433, Values of thec apparent contact
potzntial diffcrence were approximatcly constant and had
a mean valuc of 2,64 eV, which again indicated that an
adsorbed layer of an elcctroncgative substance was present
on the anode, A further determination of the anode
characteristic was attcupted after operating the Alpcrt pump
for about 10 dayse The pressure in the experimental tube
was reduced to 7 x lonjmm.Hg, but cxposure of the cathode
to the high pressurc of the gas in the experimental tube
seemcd to have produccd deactivation of the cathode, for the
Richardson work function after this treatment was found to
nave a value of 2,6 ¢V and the intercept value was 3,22,
values of the arparent contact potential differencec were
still high and had an average value of 2,8 eV, One further

determination of the emission characteristics was carricd

out after activation at a pressure of 4,2 x 10-3mm.Hg.
The Richardson work function had a wvalue of 2,3eV, while

the value of the intercupt was 0,82,
The valucs of the Richardson vork function and the
jntercept values arc tabulated bolowe=
Activation State
I I1 IIT Iv \')
Z oV. 3.36 2,11 2.1 2.6 263
Logy oA 3092 2,67 2.33 3e22 0.82
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NoﬁlogloA/ﬂ relationship was observed,
It would cppear that large values of the intercept
were produced by the pressurc of gas in the experimental
tubc, In addition, activation of the tube under these
conditions failed to produce a work functionﬁless than
2.1€eV. It was dccided that another probe tube of similar
dcsign should be built so that the effects of gas prcsent
in the experimecntal tube could ve studied further.
15 Tuve PA2,

This provc diode was vuilt to the same specification
as the revious tube PAl, Dbut no gold spiral anode was
provided. The tubc, togebher with an Alpert gauge attached
py a side arm, vé built into the manifold illustrated
diacramatically in fig. 6e15.1le  The breakdown and processing
were carrieC out in the sane manncr as for tube PAl, After
baking and eddy current heating,th&mtubo and Alpert gauge

were isolatca Trom the vacuﬁgkby sealing a constriction,
Three gcetters in the side tube were then fired and the tube
cooled witii liquid nitrogen. One hour after sealing-off,
the pressure, 2s indicoted Dy the Alpert gauge, was 4 x lo-smm.
Hge The ecxporiricntal tube was then shielded and measurements
of probe current cnd culssion current were attempted. These
currcnis worc quitce apprcciable and indicated that thermal
activation had occurraed, The cmission current at this stage
was O.65mA Cor an asnlied anode voltage of 6 volts. The

Sm. Hge The

pressure in the exderinmental tube was 3.5 x 10°
1iguid nitrogen was ticn removed from the getter side arm,

in order to sec what ine sressurc increase would be, when
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the pressure in the system rose to 3,96 x 10~

n

mmeHge
Emission and conductiviity measurements wcre then made
witliout cooling the side arm with liquid nitrogen. The
anode characteristics avpearcd to exhibit a marked space
charge cffecct, but it was latcr rcalized that the marked
curvature at thc 'knce' of the characteristic was probably
due to a2 change in cathode work function and apparent contact
potential diffcrence as emlission current was drawn, This
was attributed to an anodec poisoning e¢ffect, An cxample
of this type of anodc charactcrisiics, obtained with this

al the 15 gven o £19. 6.15.2.
tube duringﬁearlier dotorminations were—etF—ed=—tbiris—tyrpe,
Two Richerdsoir plots werce drewn for the two yalues of IO
obtained from thc charactoristics and these are shown in
fige 0e1543. It would appear that the emission current
removed an olcctroncgativo subatance adsorbed on the anode,
At high tempcratures, edsorption of this substance onto the
cathode gave an incrcasc in work function, but it appears
that the cathods worl: function is reduced at low temperatures.
The corresponding conductivity curve is given in fig, 6,15,5,
Conductivity mcasurciicnts were obtainable at lower temper-
aturcs than emission mcasurements and it will be noted thut
two rcgions werc obtoined, the first giving a value of
activation energy (AE/2) of 0.42eV and the second, an
activation encryy of 0.29¢V, This second slope corresponds
to conductivity recsults cbtained without emission being
taken from the catlode, It would scem from these two
varucs that the act of drawving emission modified the

position of the encrgy lcvels, The results could also be
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explained in terms of a diffcrent mechanism of conductivity
at thc lower temperatures, The activation of the higher
temporaturc slope should correspond to the Richardson plot
marked 'high', because the cmission had time to rccover
from short term poisoning effects before the conductivity
measurencnts werc madc. Thus the surface work function
ﬁf this activation statc had a value of 1.23¢V. The
average valucs of thc arparent anode work function wecre
therefore L.0cV with the adsorbed layer and 2,256V with

the adsorbed layer partly rcemoved,

When tangents wecre drawn to the smooth curves drawvn
through the points on the Richardson plot, gffbgloA/ﬁ
relationship was obtained, fig. 6.15.6. It will be noted
that this conforms with thehypothesis outlined in Chapter L
because all these tangents can be regarded, to a Lirst
approximation, as passing through a common point, The slopo

Rusmaneal
of the logloA/¢ plot indicates that tho,valuc of 103/T Tor
the interscction of thc tangents is approximately 1.4, while
the wvalue of 10glOIO/‘I‘2 is approximately 12,2.

A second Cetermination (II) was made after four getters
were fired in tho side arm in an attempt to reduce the pressure
in the experimgntal tubc, It was found that, instecad of a

L

decrease in pressure, the pressure increascd from 6,6 x 10°
meHge s 1O 244 x 10~3mm.Hg and it was assumed thatthis
increase in pressure was produced by the getters out-
gossinge A Dewar of liquid nitrogen was applied to the

getter arm and the average pressure during the dé¢termination
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was 3.1 x 10 mm. Hge The form of the emission character-
istic was as before, Two Richardson plots were obtained
(fige 6415.7.) Curvature of the *high' plot was obtnined .
.nd the avcrage valuc of the work function was rccorded

as being 2,2¢V, The conductivity plot obtained is shown
in fige 5.15.8. In this casc the uncorrected activation
energy from the high temmcraturc slopc was 1,08eV, Two
low temperature slopes were again noted, a rcduction in value
was observed when emission measurements werc terrmnated, -in
exactly the same manner as for PA2,

The value of the surface work function was calculated
as being 1.45¢V., The valucs of the Seebeck e.m.fs. as
given by the conductivity determinations are shown in fig,
6.15.9. It will Le noted that a change in sign occurs
at low tempcraturcs, which would indicate an n t7$ transition
as the tenverature was rcduccd, This effect was also
observed for other determinations made with this tube. A
marked change in the slove of this curve was noted in the
high tempcrature range.

After a period of a few days, the pressure in the
experimental tube was reduced by cooling the getters with
1iqv:< pitrogen and running the Alpert gauge, A pressure
of 4 x 10-5mm.Hg was indicatced by the Alpert gauge. The
two valucs of the Richardson work function werc determined
ag vbefore, The ‘high' value of the Richardson work
function was 2.8eV with an intcrecpt of 6.4, while the
'jow' valuc of Qiclardson work function was also 2,8eV,

put the intcercept hdd a value of 5.9, The internal work
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function, A B/2, wos found to have the rather high value of
1.56V (fig. 6.15.10), from which the surface work function
was calculated s being 1,30V, It was likely that cxposure
of the cathode to the gases at the higher prcssures ( 107
mme ig.) nad caused an increase in the internal work function
without a markced change in the surface work function. It
is to be expected that any change in the surface work
function would occur rapidly. The values of apparent
contact potential difference were fairly independent of
temperature and indicated little change in the apparent
anode work function from the last determination. Values
of conductivity werc not determined at tempcratures lower
than those at which cmission mcasurcments werc made because
the high value of A I/2 made the detcrmination of the
conductivity difficult.

The next determination was made witihout liguid nitrogen
applied to the gettcr tube, when the Alpert gauge indicatcd
a pressure of 3.5 x lo-umm.Hg. The form of the anode
characteristics wé as before, The 'high' value of the
Richardson work function wes 3,6eV with an intercept value
of 9,11, while the 'low' values were 3,2¢V and 5.3 respect=
ivelys The valuc of AE/2 was 1,76V, which gave the
value of X as 1.8 eV, The values of the apparcnt contact
potential dirference were of the same order as those of the
precvious determination,

It was declided that the tube should be reattached to

the vacuum system and consequently a plgstail was broken
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by means of a magnet, with both pumps working. The
heater of the diffusion pump burnt out over night so that
the pressure in the expcerimental tube was found to have
the high value of 4,8 x 10-3mm.Hg. On cooling, the .

The Adion pusp e tepaved | then
cathode was found to have a green colouration. , the cathode
temp erature was bwenm increcscd and cmis:lon and conductivity
ricasurements werc commenced, Curvaturc of the anode
characteristics at the 'knee'! was very much less noticeable
than that observcd for the prcvious determinctions and it
was thought that the poisoaing cffects, thought to be
rcsponsibic for the curvature, had “cen greatly reduced
by continuously pumping the cxperimental tube, Only one
Richardson plot could be drawn for this determination, The
value of the Richardson work function was 3,3¢V and the
intercept had a value of U0, The emission measurcments
wecre carried out at high tempcraturcs, but the current
density was so small that the slope of the conductivity
plot corrcspondcd to the low temperature conductivity
mechanism (2,0¢V), Tne overage of the values of tho
apparent contact potcential diffcrence was 1,2€V,

The average pressurc during the next determination
was approxinntely 2 x lo-smm.Hg. In this case also, the
curvaturce of the -~node characteristics was much reduced,
indicating the chsence of poisoning erfects, The
Richardson work function had the high value of 4.0eV 2and
the intercept value was 9.73. The low tcmperature slope

of tie conductivity plot gave a value for E/2 of 1.5 oV,
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A change in the sign of the Secbeck e.r.fo. Was also
obascrved, indicating an n to p transition, The a»parent
contact potential difference wos rclatively independent of
temperaturc and had an average value of 2,08¢V,
Th¢ penultimatc set of results obtained with this
tubc also did not exhibit marked curvature of the anode
charactcristics, The cverage pressure was 2 x 10-5mm.Hg.
Both the Riclhiardson plot (fize. 5.15.11) and the conductivity
plot showed marked curvature, The best straight line
gave a Richardson work function of 4.LeV, The slope and
corrcspond:.ng intcrcert values of tangents drawn to this
curve gave ;:EBglOA/ﬂ relationship, (fig., 6.15.12) in
conformity with the cxplanation given in Chapter L. The
average value of AE/2, though not very reli ble, was
approximately 2.0€V,
The final values ontcined from the tube, at an average
pressurc of 2 x 10"5mm.Hg vere -
gev = L. logipA = 8.9; AE/2 = 2,00V;
X = 2.,46V; Average contact potential difference =
1,29V, Thcse high values of cathode work function can
be attridiuted to the removal of donor levels as the gns in
the experimental tube diffused into the body of the cathode,
The volues of the surface work function were also fairly
high and can be attributed tg:adsorbed layers of an
clectronegative subbtomc: on the cathode surfacc, The
getters uscd in this experimental tube appeared to provide

little reduction in the pressure within the experimontal
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tube and instcad out-gassing produced marked incrcase in
pressure,
The rcsults obtalned from the experimental tube core
surmarised as follows:~

Activation State

I II ITI v
'‘High! 'High! 'High! 'High!
g eV 1465 2,2 2.8 : 346
loglo A l.l Lol 6.“ 9.11
AR ev 02 0657 1.5 1.7
2
X eV, 123 Lol45 1,3 1,8

P . Hg.  3.96x107%  3,1x10™°  L.0x10™0  3.5x107°

\'A Vi VII VIII
kj evo 303 LI-.O LI»QLI- LI-.LI-
10g10 A Ll'oo 90 73 - 809
4 E eV 2,0 1.5 2,0 2.0
7 :
- K e"’. . 1.3 2.5 2.1‘- 2.1‘-

P mu. Hg., 2x10~2 2x10” 2%10™7 2%10™2



CiAPTER

Discussion of the Experimcntal Results and sgggcstions for

Further Worke

The exporimental results obtalned from each of the
variqus types of cxperimental tube have becen described and
discussed in the prcvious chaptcer, Hence, only the gencral
conclusions which can e drawn from thcesc results will be
given in this chapter,

l. The work Functiion Detcrminations,

Richardson plots havc becen obtained for both comparatively
high and low gas and vapour prossurcs, The values of the
slopcs of the plots obtained under low pressurcconditions,
werc, in genceral, smnller than those obtainced at higher
DrCSSUTESe The cectual values werc, of coursc, dependcnt
on the state of anctivation and also appcared to De strongly
dependent on the previous history of the cathode (espccially
thce pressure of the gzas in thc cxperimental tube), This
cffeect was particWlarly pronounced in the case of tube PA2
when, although the pressurc woas reduced, thc large valucs
of the apparcent Richardson work functions and the large
values of the interncl work function obtained appeared to
be the reswgt of the previous exposure of the cathode to
gascs at high pressurcs.

Negotive valuces of the intcrcept were normally found
to be associated with the lower values of the Richardson
work function and vica versde. An explanation of this faet,

in terms of an adsorbcd layer of an electronczative substance,
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has becn given for a simplc model in Chapter L, It is
not suggested that this simplc model provides a complete
explanation of the behaviour of the oxide cathodec, The
treatment outlincd in Chapter 4 was given to indicate that
the slope of the Richardson plot was not representative
sol~ly of the cnergy required to remove an electron from the
cathode at absolute zero, The trcatment does, however,
give somc indication of the othcer factors involvod,

Valucs of the surface work function, calculated from
the emission and conductivity results obtained from the
experimcntal tubes P2, P3 and PA2, show that surface work
function cannot be rezarded as constant and independent of
the state of activation of the cathode,

It 2npears that the value of the surface work function
is very dependent on the pressure in the experimental tube
and that the surfacc work function changcs morec rapidly
with preossurc than the internal work function.

The importancc of the prescncce of the gases and tﬁe
effects of the formation of adsorbed layers was demonstatecd
in a particularly marked manner by the changes in the apparent
contoct potential difference, as measured wlth the tungsten
anade in tube ENW1, Values of apparent contact potential
difference obtaincd by a method involving currcnt flow have
been ®hown to include the voltage drop across the cathode
material and the current mcasuring instrument, so the
anode work function cannot be obtained directly. However,

the values of apparent contact potential difference did
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indicate that the work function of the nickel anodcs was
normally lower than that of the pure metal, and this was
confirmed by the ecmission mcasnrciwnicmade on the anode of
tubec HNN1. It appcarcd that the anode work function was
jnodified in two. wayse Firstly the decrease in work
function was attributed to 2 film of barium or barium oxide
evaporated from the cathicde and deposited on the anode,
Sccondly, the anodc surface appeared to be further modified
by andasorbed layer of an electronegative substance.
Experiments, in which thec anodgj%ombarded with clectrons of
¢arious cnergies, indicctced that this electronegative adsorbed
laver could be rcmoved by e¢lectrons of fairly low cnergy
(~ 4 eV)se These experiments also indicated that 'poisoning'
of emission was caused by two mechanisms, At low valucs of
anode voltace the emission current, at constant temperaturs,
decrcased rapidly to give o value independent of time, dbut
the higher values of anode voltagc also produced 2 long term
decay of emission, attributed to an anode polsoning effect
wshich probably rcsults in a change in the surface work
function of the cathode, The short term decay can be
attributed to changes occuring in the body of the cathode
ag omission was drawm (possibly donor depletion),

The effccts obtained when the anode was he:.tcd woere
also intercsting (Tube HNN1l), When the anode was heated,
an anode work function was observed which could be
attributed to thc rcmoval of an adsorbed layer of an electro-

negative suvstance. Prolonged hecating appecarecd to give



-1l -

an increasc in the work function which was thought to be
causcd by the rcmoval of the layer of barium or barium
oxide prcviously cvaporated from the cathode, The decrcase
in the anode work function on heating was reflected 1n an
increase in thc cathode work function and vica versa, In
the first casc, it would 2appear that the electonegative
substance removed from the anodec glves rise to an increase
in the surface work function of the cathode, while in the
casc of prolongecd hecating, the active layers present on the
anode were decpositcd on the cathode, which was therby
activated, probably by the reduction ol the surface work
function,

It was unfortunatc that the experimental tubc containing
thc vibrating gold clectrode did not function satisfactorily,
It would be intcrcsting to comparc values of' the apparcnt
contact potential liffcrcnce obtained from emission
measurcrnents cnd those cbtained by the Kelvin method,

It is likely that the valucs obtained by the two methods
would not bec in agrccmente. Any differcrnice in the values
obtained could, in part, be attributed to thc voltage drop
occurring across thc cathodec and the current measuring
inetrument, but thc possipility of poisoning effects must
also be considcrcd., If the poisoning cffccts werce limited,
these measurcments might well provide a satisfactory method
for the detcrmination of the cathode conductivity. It
would also be intercsting to compare values of thec cathode

work function, obtainced by mcans of the Kelvin method,
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with the values of the work function calculated from the
Richardson plotse. Further work on these lincs secems
Justified,

2¢ The Pressure of the Gas Prescnt in the Expcerimental Tube.

A number of tho cxperimental tubes were attached, by
a side~arm, to an Alpcrt gauge. The pressures, as indicated
by the Alpert gouge, were in general quite high, These high
prcssurcs tere originally attributed to the porosity of the
tungsten seals, used in the construction of the oxperimental
tubqs,bccagse the methods of leak detection, outlined in
Chapter 5, failed to indicate the presence of ‘*pin-holes!
in the glass envelopes. A large quantity of gas was found
to be evolved when tue getters (though previously out-gassed
at the highest possible temperatures) were fired, In fact
the quantity of gos liberated when the getters of tube PA2
were fired was considcrable and this was not removed by
the gettering action of the barium film, The getter film
was not noticecably discoloured and this micht sugrest that
the gettering action of tlie barium getter 1s not o satisfact-
ory as might e hoped,

There is a distinct possibility that the pressures
indicated by the Alpert gouge do not accurately represent
the prcssurc in the cxperimental tube, At low pressures
the pumping action of the gauge is quite marked and thus
the pressurc prescnt in the experimental tube might be
somewhat highcr than that indicated by the gauge. At
the higher pressurcs observed during this investigation

out-gassing of the gauge during operation could result in
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an increase of pressure in the experimental tube, When
investigations were comuenced wlth experimental tubes
incorporating the Alpert pump, it was hoped that determinations
could be carried out at low pressures, but this was not
possible in the time available,
3e The Signitficance of the Valuecs of the Richardson Work

Function.

From the expcrimental rcsults obtained, it appears
tihat the wni.scnce of cven small quaontities of gas and vapour
considerably influence the work functiomns of the experimental
"surf.aces, The valucs of work function, as calculatcd from
the slopc of the Riclhardson plot, camnot be rccarded as
veing rcprcecntative of the work function of a clean surface,
The fact that the spraycd coating of the oxide cathode is
made up of a largec number of crystals, probably differing
in work function (due, in part, to the dcpendence of the
rate of activation on thc cerystal size and the areas of
contact 7ith other crystals), also indicates that the slope
of the Richardson plot cannot represont a simple work
function, If this 1s the case, the values of the intercept
of the Richardson plot c .nnot be regarded aos beinnm
representative of the temperaturc coefficicent of the work
function as assumed by some workers, These factors have
been discussed in gre.ter detail in Chapters 3 and 4.

No information, &s ta the variation of the work
function over the cathode surface, has been obtained during
this investigation,  For this reason, no further comment

as to the sipgnificance of the experimentcl values obtained
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can be mades A further investigation of the values of
the slope of the Richardson plot, the values of the
intercept and the manner in which they are inffuecnced by
variations of the work function over the emitting surface
should provec to be very ravarding, It is hoped that it
may be possible to extend the work to simpler systoms than
the oxide cathodo. An investigation of the electron
emitting propertics of single crystals of mctals and
semi-conductors, under ultra-high vacuum conditions,
together with the cffects produced the admission of
controlled quantities of contaminents, would be of great
interecst, If possible, an investigation of the propcrties
of individual aystul faces will be attempted,
Lo Th:W,L g{lGA/Q' relationship. -

I has been shown (Chapter 4) that the, log, \A/F

relationship should be observed when a number of
Richardsoi plots intersect at particular values of 103 and
1oglOIC . This has been confirmed by the results obtained

72
from a number of the cxperimental tubes, It seoms

unlikely thet such behaviour should bo fortuiltous, The
present investigation has not suggested a rcason for this
behaviour, but the work done does indicate that the theorics
outlined in Chaptor. 3 (the interference density theory
and the theory of G Haas) cannot individually provide
a complete explanation of this relationship,

It is possible that a further Anvestigation,with

the simper system suggested in the previous section, might
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provide information which would enable this relationship

to be explained.

5 The Temperature Coefficlent of the Work Function and the

Saturation of Emigsion and Conductivity at High

Temperatures,

It has been sugsested that intercept values from the
Richardson plot cannot be taken as representing the
temperature coefficlent as suggested by some workers,
Another method used for the determination of this tempere
ature coefficient involves the measurement of contact
potential differences., Most of the measurecments of the
apparent contact potential difference, obtained from the
various experimental tubes, indicated that the temperature
coefficient had a negative value at low temperatures.
Other results from a number of experimental tubes have
indicated a positive value in the higher temperature range,
The values obtained from tube P2, though uncorrected for
the voltage drop across the cathode and current measuring
instrument, indicated a wlue of approximately =3 x 10"3dv/
degree at temperatures below 900°K, and approximately
6 x 10-38V/degree for higher tempcratures. These values
are comparable with the results obtained by Gysae, who
used a similar method.

The decrease in the values of the apparent contact
potential difference with increasing temperature
responsible for the po.sitive value of the temperature

coeffide nt at high temperaturas is found to occur at
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those temperaturcs where the pare~conduction mechanism becomes
dominant, If thesc values are recpresentative of the
changes in anode and cathode work functions, this would
signify either tht the cathode work function increases at
higher temperatures, or that the anode work function
decreasgs, or both, This could be interpreted in two ways,
Firetly, the high temperatures might cause the removal of an
electropositive substance adsorbed on the cathode, or
secondly, thc high cathode temperature might result in an
increase of the tcmperature of the anode, which in turn
might cause clectroncrative adsorbed laycers to be rcmoved,
possibly to be depositod on the cathode, The exact
behaviour would depend on the hceats of adsorption of the
substance for the anode and cathode materials, but it must
be noted that no '"bending" of theRichardson plot was
obgserved in this temperature range, An alternative
explanation could involve the voltage Aropped across the
cathode coating. It is possible that , as the pore
conduction mechanism becomes dominant and the resistance of
the coating decreases more rapidly with increasing
temperature, the voltage dropped across the cathode
material 1s reduced. Under these circumstances the
relative decrowse of the resistance of the cathode material
with increasing tempcrature would be greater than the incre-
ase of anodc current wilth increasing temperature so that
the product RIA decrcases with increasing temporature,

The fact that bothvthe omisslon and the conductivity

saturatc at high temperatures, provides additional evidence
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in favour of the Loosjes=-Vink hypthesis. The saturation
of emlission and éonductivity at high tomperaturcs could be
attributed to a space=ciorge effect in the pores or to the
changes of thc adsorbed layers postulated above, It
cannot be readily dccided whether adsorptlon effects or
space-charge cffects are rexponsidble for the snturation,
because the marked curvature of the anode characteristics
in the space-—charge limited region at high temperatures
prevents an accurate value of the apparent contact potential
difference from belng obtained, but a space~charge limitation
in the pores would be consistent with other evidence,

6e The Form of The Anode Charactcristics.

The form of the anode characteristics obtalned from
the earlier measuremcnts of tube PA2 are of intorest. A
marked curvature wvas ovserved at small values of applied
fizld. This curvature was attributed to a change in the
apparent contact potential differencc and cathode work
function as electrons, emitted from the cathode, removed
an electronegative adsorbed layer from the anode. This
behaviour would cause the anode work function to decrease,
It was assumed that some of tho liberated substance was
rcdeposited on the surface of the cathode, This would
result in an increcase in the cathode work function, a
decerease in emission and a deerease in apparent contact
potential difference, as obscrved,

It is likely that the largc space charge effects

observed for other tubcs, and attributed to bad geometry,
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might, in part, be due to the same type of bechaviour, The
apparent deficiency of low energy electrons, which can be
inferred from the shepe of some of the anode characteristics
at small values of applied ficld, can probably be attributed,
in part, to ancther factor, The applied voltagc, as
plctted on the characteristic, is larger than the actual
potential difference which exists between the anode and
cathode beccause of voltage drop across the cathode coating
and the current measuring instrument, This was mentioned 1in
Section 7.5 and is further explained in Chapter 6, The
apparent deficlency of low energy electrons ovbserved by
some workers has been attributcd to a 'thin penetrable
potential barrier!, but it is likely that the explanation
given above 1s partially responsible for the observed
behaviour, The voltage drop might also be partially
responsible for the fact that the temperature calculz ted
from the slope of the retarding potential region of the
erniission charactcristics does not always correspond to
the mecasured teriperature,

7« The Conductivity Mcasurements,

Result:; obtalned with the three types of expcrimental
tube showed that the probe diode provided the most
satisfactory mcthod for the mcasurement of cathode
conductivity. Some of the probve characteristics indicated
a small rcecctification effect, which can be associated with
the base metal oxide interface, The effect was most
pronounced for tube Pl, but was also observed for other

probe tubes,
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The graphs of 108106' against ;%2 s ODtainecd by the
author, were found to be reprecentative of four main types
of behaviour, Tue four re;lons of the graph were not
obtained for all the experimental determinations becausec
it was not always possiulc to moke measurements over a
wice range of tempecraturcs, At the highest tcmperatures
a saturation effect causcd a 'flatitoning' of the conductivity
Curvec. Thilis bchaviour has alrcady bcen discusscd above,
At slightly lower tempcratures the slope of the lines
(after corrcction for the effects of the low tempcrature
mechanisn) were found to be representative of the pore =
emission conductivity process, Tirst sugcestcd by Loosjes and
Tink. The activation energies, calculated from the
corrccted values of the slope in this region, were generally
slightly smaller than the corresponding valucs of the
Richardson work function, It is 1likely that this effcct
i8 due to thc absence of anode potgoning cffcects, which
occur when the anodc is heated or bombarded with clectrons,

The activation encrgics, calculated from the third
region of thc conductivity curve, werc interpreted as
being mainly representative of the bulk conduction proccss,
so that the calculated activation cnergy wos taken as
giving a value for A E/2,

Values of the surface work function were obtained from
the Richardson work function and those conductivity
measurements representative of the third region of the

curve by the two metiiods outlined in Chapter 2, The values
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were in agreement to within experimental error ( ~ 15%).

A fourth region of the conductivity plot was observed
for the earlier activation states of tube PAZ2, This
recduction of the slope of the conductivity curve was
observed at low temperatures where no attempt was madc to
measure the emission current, Because of this, it was
thousht that the aet of drawing emission current might be
regponsible for the change of slope. This reduction in
slope could be interpreted in terms of a donor depletion
hypothesis, but could also be interprcted in terms of a
conduction process involving the surfaces of the crystals,
The charge carriers involved in a surface conduction
mechanism could be positive or negative ions, but electrons
moving from onc surface state to another could also be
responsible. If the surface conduection hypothesis is
invoked, the dccreasc in the slope after emlission measurements
were finished might be due to a termination of the
depogition of an adsorbed clectroncgative substance on the
cathode, This clectroncgative substance could be
liberated from the anode by bombardiment with electrons,

The effcct could also be interpreted in terms of the
accurmulation of an electropositive layer on the cathode when
emission is not being drawn, or at low temperatures, The
presence of an clcctroncgative adsorbed layer might provide
an additional potential barrier,so that the activation energy
of the conductivity process, during emission measurcments,

is increased. A similar effect could boe caused by the

removal of an electropositive layer ast he cathode
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temperature increased but this is lcss 1likxely bccause the
presencce of adsorbed electronegative layers have becn
indicated by the experimental work, If the hypothesis,
involving the adsorbed layerss is accepted, the activation
cnergy of the third resion of the conductivity plot would
pr~bably represcnt thc activation cnergy of the surface

(The fourte region boing o modfsmbion of Huis d & e cumbion of emkSio roasurerents ) -
conduction mechanism.A The experimental results obtaine
do not indicate whether the bulk mechanism or the surface
mechanism is responsible for the low tempcrature conductivity
process, but cvidence as to the formation of an electronegative
adsorbed laycr or the cathode, during cmlssion mcasurements,

has been obtained,

8. Values of thc Secbeck E M.Fo obtained from the

Conductivity Measurementse

As t hc tempcrature difference existing betwcen the
probe and the basec metal of the probe diode could not be
dctermincd, the value of the internal work function could
not be calculatcd from the obscrved values of the Scebeck
C.ile T

The sign of the Scebeck c.m.fs normally indicated
that the oxide was bchaving as an n-typc semiconductor. A
transition from n-typec to p-type conducti:aty, as the
temperaturc was reducced, was indlicated during a number of
the determinations on tube PA2, The high gas pressurc in
the expcrimental tube may well have bveen res?onsible for
this effocts These results are in agreement with those

obtained by Ishikawa, Sato and Sasakaisgnd Wrightuso
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9¢ The Sourcc of Bmission,

The experiment with tube R1l, in which the topr layers
of the cathode coating were detached and gave a marked
incrcease in Richardson work function, indicated that the
emitting surface is the oxidc rather than a layer of active
material on the basec metal, The experiments in which
saturation of cmission was observed at high temperatures,
can be interpreted as indicating that the major part of
the emission comes from surfaces within the porcs of the
cathode,. This was also indicated for tube HNN1l, by the
greater spacc charge effect observed when emission was

drawn from the oxidce cathode,

10. The Cathode Colouration,

A grecn/blue colouration was observed for a number
of experinental tubes vieon the cathode was at room
temperaturc, This kind of colouration has also been

1ol 31 eor calcium oxide

observed by Hopkins and Mee
cathodcs, The colouration was found to disappcar when
the cathodce was heatced, Hopkins has susgested that the
colouration may bec duve to the formation of F-centrcs such
as those invoked by Pohl to explain the colouration of
alkalil halides trcated with an cxcoss of the alkali metal,
132

Hensley has also suggcsted that colour centres may
cxist in thce alkalinc carth oxidcs and he proposed that
they should be desizmated by the torms Fr-contre and Fo-
centre, The numver refers to the number of clectrons

prescnt in the anlon vacancy, Metsonl33 has suggestcd
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that the colouration might be caused by sodium liberated
from irpurities in tho cerami® insulators, No evidcecncce
as to the cause of this colouration has becn provided by
this investigation,

1ll. Sugrestions for Further Work

If thgj%BgloA/ﬁ relationship is to be cxplained, it
is clear that cxpcrimental work should be carricd out on a
much simpler system than the oxide cathode,. It is hopecd
that the work on single crystals, meldtioned earlier, will
provide .iore informotion as to the significance of this
rclationship, Techniques for the production of single
crystals of barium oxide have been described, but the
production of such crystals'is very difficult, The
information which could bc obtainoed from such crystals
and singlc metal crystals, with, and without adsorbed
layers would bc of considcrable value,

Further work on the oxide cathodc, using a gold
vibrating electrodc, should also providc uscful informatione
The value of thec contnact potential difference obtained
by means of this Xclvin method should be compared with the
values obtained from the 'knce'! of the emission
charactcristics, Comparison of the value of thec cathode
work function obtained by this method and the wvalue
obtained from the Rlchardson work function should give
somc indication of the variation of the work function over
the cathodc surfacce This method might also provide valucs

of cathode conductivity as deseribved carliecr, Such
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mcthods would also provide more information as to the
value of the anode worl: function and the manner in which
it is modified Dby the evaporation of activc materials
from the anode and thce formation of adsorbed layers of

the gases anc vapours prescnt in the cxperimental tube,
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