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GLOSSARY  0F  SYREOLS

cz            Thermionic constant (eq. 20,  p.  222)
4           Universal thermionic constant = I.2 x  106 A/m2 °K2 (p. 2o2)
4*        Apparent thermionic constant (p. 224)
4t        Richardson value of thermionic constant (eq. 21,  p.  223)
Cc£        Cathode interface capacitance  (p.  237)
c7           Cathode-anode distance in a plane-parallel diode  (p.  208)
D         Transmission coefficient of the surface potential barrier for an

electron  =  1  -  r (p.  204)
Electronic charge  =  1.602  x   10-£9C  (p.198)
Total electron energy (p.184)
Electric field  (p.   199)
Electron affinity  (p.  203)
Donor energy  (p.  191)
Fermi energy  (p.  187)
Frequency  (p.  215)
Fermi-Dirac distribution function  (p.  187)
Electrical force  (p.  197)

Transconductance =
GJfl

aygl (p.  234)

Thermodynamic potential, Gibbs function, Gibbs free
energy  (p.  188)
Planck's constant  =  6.625  x   10-34Ws2  (p.  184)
Cathode current (p.  234)
Anode current  (p.  234)
Current density  (p.   192)
Retarding field current density  (p.  207)
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Jsat        Saturated current density  (p.  202)
Jsp         Space charge current density  (p.  207)
4           Wave vector  (p.184)
k           Boltzmann constant  =  1.380  x  10-23 Ws/°K  (p.  187)
J%           Electron rest mass  =  9.108  x   10-31  kg  (p.190)
7"#        Effective electron mass  (p.186)
rm;         Effective  hole  mass  (p.186)
7c            Number density  to.190)
7!„         Number density ofelectrons  (p.193)
7Ip          Numberdensity ofholes  (p.193)
7!a          Number density of donors  ®.191)
p           Electric dipole moment  (p.194)
p           Electron momentum

-£ "p. 184,

p            Pressure  (p.188)
P           Power  (p.  205)

a          Electric charge  (p.188)
r           Reflection  coefficient  of the  surface  potential  barrier  for  an

electron  (p.  201)
A          Gas constant  =  8.31  J/mole °K
Rc         Cathode resistance  (p.  234)
Rc,.        Cathode interface resistance  (p.  237)
S           Entropy  (p.188)
I          Absolute temperature  (p.187)
wp(r)    Periodic  function  of p,  with  the   same  periodicity  as  the

crystal lattice  (p.  184)
U          Internal energy  (p.188)
u            Velocity  ®.192)
y          Volume  (p.188)
7'a         Anode voltage  (p.  207)
Vm        Voltage of the space charge minimum  (p.  207)
r2        Mean square smoothing factor  (p.  216)
6            Dipole distance  (p.194)
6o          Permittivity of vacuum  =  8.854  x  10-r2  F/in
€            Permittivity  (p.195)

#„         Mobility of electrons  (p.193)
#p          Mobilityofholes  (p.193)
#           Chemical potential  (p.189)
H€          Electrochemical potential  (p.189)
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p            Charge density  (p.195)
a-            Electrical  conductivity  (p.193)
a           Surface charge density (p.194)
q)            Work function  (p.198)
po        Workfunctionatr=  0°K(p.  22|)
xp°         Work function in the absence of an externally applied electric

field  (p.  200)

Pa         Anode work function (p. 207)
q)E         Effective work function (eq. 22,  p. 224)
qJc          Cathode work function (p. 207)
q)A        Richardson value of the work function (eq. 21, p. 223)
¢           Work factor (eq. 20, p. 222)
¢           Electrical potential (p.188)
ly           Wave function (p.184)



A.    THEORY  OF  THERMIONIC  CATHODES

1.   The band theory of solids
The  behaviour of an electron in  an  ideal crystal  of limited  size is

described  quantum-mechanically  by  means   of  its  wave  function
dy (x,  };,  z,   f)*.     In  the  Bloch  scheme,  which  is   based  on   a   one-
electron  approximation,  this  function  is  a  solution  of  the  wave
equation or Schr6dinger equation in which the potential energy is a
periodic  function  of the  coordinates  x, );,  z,  with  a  period  corres-
ponding to that of the crystal lattice.   It appears that  the  solution ly
represents   an   electron   wave   with   wavelength   fe/p,   fe  =  Planck's
constant,  p  =  crystal  momentum,  and  frequency  I/fe,  E =  total
energy,  modulated  by  a  function  #p(r)  which  is  periodic  in  space,
with the same periodicity as the lattice :

ly=„p(r)exp[2HZ.(Z'-"

In principle #p(r) can be expressed as a function of the coordinates
x, );,  z,  of the  momentum p  or  the  wave  vector  k  =  27tp/A  and  of
the energy E.

It can be shown that k can take a fixed number of different values,
related  to  the  interatomic  distances  and  to  the  dimensions  of the
crystal.    It  further  appears  that  physically  significant  solutions  of
c{p(r) exist only in certain ranges of I values, called " allowed energy
bands ".   These bands can be considered as being the result of the
co-operation  of all  atoms  present  in  the  crystal  in their action  on
the electrons.  In isolated atoms the allowed electron energies appear
in discrete levels.  When the atoms are brought together forming the
ideal crystal, the electrons no longer belong to one particular atom,
but  to  the  whole  crystal.    Their  possible  energies,,  which  are  the
same  when  the  atoms  are  isolated,  now  combine 'to  form  energy
bands.    It  may  happen  that  particular  values  of allowed  energies
belong  to  different  bands;    the  bands  are  then  said  to  overlap.
Figure  1  gives  a  schematic  picture  of the  splitting  of the  electron
energy levels of the free atoms into the energy bands of the crystal.

* Literature and references are found on pp. 291  cf sqq.
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So  far  only  the  possible  quantum  states for  electrons  have  been
considered.    Whether  these  states  are  really  occupied  by  electrons
depends  on  various  factors,  e.g.  the  number  of available  electrons
and the temperature.   A particular quantum  state can be  occupied
by  two  electrons  because  of the  electron  spin.    In  the  absence  of
current  flow  through  the  crystal  the  movement  of the  electrons  is
such that the net flow of all electrons together is zero.  If all quantum
states  of an energy band are occupied by electrons,  the application
of a small electric field cannot cause a change in energy and velocity
of the ensemble  of electrons.   Therefore no electrical conduction is

`,------,e-^;=`
Isolated  atom

FIG.1.   The energy levels in the isolated atoms split into bands when
the atoms combine to form a crystal.

observed   under   these   circumstances.       Electrical   conduction   is
observed  however,  if the  possible  energy  levels  in  a  band  are  only
partly occupied by electrons.

Regarding  the  occupation  of the  quantum  states  of the  energy
bands,  one can distinguish between the following possibilities :

(¢)   The highest filled energy band is located at an appreciable
distance  from the next  higher band.    Even  at high  temperatures
the  number  of electrons  which  have  been  raised  into  the  empty
band  is  so  small  that  the  conductivity  remains  negligible.    The
crystal is an insulator.

(a)   The  highest  filled  band  is  close  to  the  next  higher  band.
In this case  semiconducting behaviour is  observed.   At very low
temperatures  the  crystal  behaves  as  an  insulator  but  at  higher
temperatures  electrons  are  raised  from  the  filled  band  into  the
originally   empty   band,   leaving   a   partly   filled   band.      Now
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conduction  can  take place.     How great the  conductivity  will  be
depends among other things on the width of the band gap and the
temperature.

(c)   The highest energy band is not completely filled or several
bands overlap.   In this case the crystal shows metallic behaviour.
In the theory which describes the movement of an electron in an

idea]   crystal  lattice  the  average  velocity  of  the  electron  can  be
expressed in terms of the properties of the wave functions.   Also the
effect of an applied electrical field can be treated in this way and it
can be shown that the electron behaves as a particle with an effective
mass 777# which is generally different fromtherest mass of the electron.
Physically  an  electron  with  a  large  mass  rm#  can  be  interpreted  as
an electron which interacts strongly with the lattice and which hardly
reacts to an applied electric field.

If a  band  is  not  completely  filled,  which  is  equivalent  to  saying
that holes are present in the upper part of the band, electrical con-
ductivity due to these holes will be observed.   Although also in this
case  the  electrons  are  responsible  for  the  conduction,  a  detailed
analysis  shows  that  this  conductivity  can  be  described  as  due  to
the  movement  of the  holes  which  act  as  particles  with  a  positive
charge  e  and  an  effective  mass  774j:.     The  electrical  conductivity
observed under these circumstances is called p-type conductivity, in
contradistinction   to   #-type   conductivity,   found   with   negatively
charged carriers.

So   far   only  pure   ideal   single   crystals   have   been   considered.
Electrical   conductivity  in   semiconducting   crystals   of  this   kind,
called intrinsic conductivity, can only be obtained by lifting electrons
from the highest filled band, the valency band, into the next empty
one,  the conduction band.   This  can be done by a temperature  in-
crease.    However,  conductivity  can  be  strongly  influenced  by  the
presence  of impurities,  e.g.  foreign  atoms  built  into  the  lattice,  an
excess  of one  of the  constituents,  interstitials,  etc.    The  impurities
may give rise to possible electronic states with energy levels situated
in the forbidden gap.   When such a level is occupied by an electron
at absolute zero temperature and is located close to the conduction
band, a temperature increase may raise the electron into this band.
In  this  case  the  impurity  atom  is  said  to  be  a  donor.    It  is  also
possible that the impurity level is unoccupied at absolute zero and is
located close to the filled band. At higher temperatures it may thenbe
occupied  by  an  electron  from  the  filled  band  which  leaves  a  hole
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behind.   This impurity centre is called an acceptor.   Both donor and
acceptor  become  ionized  and  the  ionization  energies  may  be  esti-
mated using a Bohr model.   In order that the impurities should give
rise to a reasonable conductivity at room temperature the ionization
energy must be of the order of krat 300°K, which is 2.6  x  10-2 ev.

2.   Fermi-Dirac statistics
lt has already been noted that a possible quantum state need not

be occupied by an electron.   Whether this is the case depends upon
the number of electrons which are available and on the temperature.
The  law  which  governs  the  distribution  of the  electrons  over  the
available  states  is  the  Fermi-Dirac  distribution  law.    It  is  derived
in books on statistical mechanics and it answers the  question what
must  be  the  most probable  population  of the  energy  levels,  given
the total number  of available  electrons  and their total  energy.

The result is :

/(I, -I/exp[(#F) + 1]                  (I,
where/(jE) = the probability that an electron has the energy E, EF =
Fermi  energy,  k = Boltzmann's  constant,  and  I =  absolute  tem-
perature.

The value of the Fermi energy EF is derived from  the  considera-
tion that

+co

/JV(E)/(E)dE = Jvtot  =  total number of electrons
_CO

in which IV(E) represents the number of possible states with energies
between E and E +  dE.   The value of EF is  completely  determined
by the density distribution of states IV(E) and the temperature.   The
function /(E) is represented in Fig.  2 for various values  of EF/far.
Mathematically EF represents  the  energy level for which the proba-
bility of being occupied is i.   For metals, this  energy EF has  also a
physical   meaning  because   electrons   with   this   energy   are   really
present.   In semiconductors, however, the Fermi energy usually lies
in the forbidden gap, so that there are no electrons with this energy.
In  impure  semiconductors  the  impurity  levels  contribute  to fixing
the Fermi energy.

Another aspect of the Fermi energy, which is of great importance,
is its equivalence to the thermodynamic potential per electron or the
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electrochemical  potential  of the  ensemble  of electrons  under  con-
sideration.   This relation is also derived from statistical mechanics.
The  thermodynamic  potential  of  a  closed
particles is given by the expression:

G - U - TS + pV

system  of  uncharged

FIG.  2.   The Fermi distribution function /(E) as a function  of E/Ef
for various values of a = EF/Kr.

in which
G  =  thermodynamic potential or Gibbs free energy
U =  internal energy
S  - entropy
p   = pressure of the system
y = volume of the system.
The equivalent expression for a system of charged particles reads :

G = U - TS + pV +  Q¢
with a  =  total charge =  -IVc for electrons

¢   =  electrical potential of the system.
If now dIV electrons  are  added,  while keeping the  temperature, the
pressure  and  the potential  constant,  the  change  in thermodynamic
potential can be written as:

dG -- udN ~ e¢dN
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The quantity

is called the e]ectrochemical potential while the quantity #, which is
of importance for  systems  of uncharged  particles,  is  referred to  as
the   chemical  potential.     For  a  system  of  charged  particles   the
important relation holds :

p r e --  E F

In thermodynamics it is shown that the thermodynamic potential
for a closed system always tends to a minimum.   If,  therefore, two
systems  with  electrons  are  brought  into  contact  and  we  transfer,
after equilibrium has been reached, electrons from one system to the
other,  the  change  dG  =  dGi  +  dG2  must be zero.  (dG]  represents
the change in thermodynamical potential of system 1, dG2 the same
for system 2.)   As dIV]  =  -dIV2 it follows immediately that

lJ,el_-ue2

So two systems of electrons are in equilibrium if the Fermi levels
EF are  the  same.   Also, in a single system in which potential differ-
ences  occur,  for  example  in  a  conductor  with  space  charge,  the
equilibrium situation is characterized by the same level of the Fermi
energy throughout the system.   The importance of the Fermi energy
level  for  practical  thermionic  emitters  is  due  to  the  fact  that  the
ability  of these cathodes to  emit electrons  is  directly related to  the
position  of the  Fermi energy  as will be  explained in  section 4.    In
section  3  it  will  be  shown  that  the  electrical  conductivity  of semi-
conductors is also governed by the Fermi energy.

The value of the Fermi energy EF with reference to the bottom of
the  conduction  band  can  be  calculated  fairly  easily  for  metals  in
which the electrons that contribute to electrical conductivity may be
considered  as  free.     In  phase  space  the  volume  occupied  by  a
quantum  state  can  be  shown  to  be  fe3.    Therefore  the  number  of
quantum states is given by the expression:

A13/    /
xyz     Pxpypz

dxdydz dyxdyydyz
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The number of possible  states for free electrons can be written as:

£3xy/4xp2dy=#x4%(2m)3/2|EidE=jIV(E)dE
P

The number of possible states per unit volume in the energy interval
A,  E +  dE  will  be  denoted  by  7t(E)dE  and  the  total  number  of
electrons  per  unit  volume  by  7i.    Then  the  following  relationship
must hold :

#=/#tE;rodE=±x4ftt2",372j
0

At absolute zero temperature/(E) =  1 for E < Ej7

f (E) -- 0 for E > EF
So neglecting the influence of temperature :

(EF)o

„=#(2")3/2/EidE

(EF)o is the Fermi energy at zero temperature from which  it follows
that :

(EF,o-2#(:)2/3

At not too high temperatures, the calculation leads to :

EF=(EF)o[1-"i(#o)2] (2)

The  calculation  of  the  Fermi  level  in  a  semiconductor  usually
starts with the assumption of a certain model.   If an intrinsic semi-
conductor  is  considered,  i.e.  a  semiconductor  in  which  impurities
do  not influence  the electric conductivity,  so  that this conductivity
can  only  be  caused  by  thermal  excitation  of  electrons  from  the
valency  band  into  the  conduction  band,  the  Fermi  energy  can  be
calculated to lie exactly halfway between the bands at zero absolute
temperature.

In general, both acceptor and donor levels will be present between
the valency and the conduction band, some of which will be ionized
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at temperatures above zero.   Again, given the total number of elec-
trons in the valency band and in the impurity levels, the value of the
Fermi energy can be calculated from the Fermi-Dirac distribution
function(1).

The  simple  model,  proposed  by  A.  H.  Wilson(2),  consisting  of
the conduction band and a donor level situated at a depth Ed below
the band,  will be  discussed here in  some detail as it has been used
very extensively to  interpret thermionic data.   It is assumed in this
model that the band gap is wide, so that the contribution of electrons
excited from the valency band into the conduction band is negligible.
The  density  of the  donor  levels  is  taken  72d  per  unit  volume  and
their  energy  as   -Ed.     Strictly  speaking,  the  impurity  levels  will
occupy a small energy band at  -Ed, but the width of this band will
be  neglected  as  this  simplification  does  not  alter  the  result  signifi-
cantly.   At absolute zero temperature  each donor level is  occupied
by one electron which at higher temperatures may be raised into the
conduction  band  and  will  then  be  considered  free.    At  zero  tem-
perature the conduction band is empty.

The  number  of electrons per unit volume,  present  at the  donor
energy level is given by:

72d

-Ed -E
fez

The number  of electrons per unit volume in  the  conduction  band
is given by (see p.190):

:4",2-,3,2j
0

Consequently the following relationship must hold :

73d

-Ed -E
exp kr

+4#(2m)3/2jco
Ei

)  +  1   `   fe3 `-'"     OJ  exp (#F)  +  1

d E -- n d

From  this  equation  the  position  of  the  Fermi   level   EF  can   be
calculated as a function of temperature.
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If it  is  assumed  that  the  Fermi  level  is  located  many  times  k7.
below  the  bottom  of  the  conduction  band,  the  integral  can  be
written explicitly with the result :

•d(1-[exp(
-Ed -EF

A-I )+]]-1)=£(2„"kr)3J2exp(#)
A  further  approximation  is  possible  if it  is  assumed  also  that  the
distance from the Fermi level to the donor level is many times kr.
It follows then that:

-Ed -E
7'd exp

kT )=fo±(2ftmkr)3/2exp(ff)

Ed.   kT`.___                 h3EF -  - _= + = 1n „d
2    \     2  --\`.a2(2mmkT)312 (3)

and

At  zero  temperature  the  Fermi  energy  level  is  situated  exactly
halfway  between  the  conduction  band  and  the   donor  level.     It
decreases continuously with increasing temperature except for a very
small increase at very low temperatures.

3.   The electrical conductivity
Electrical conductivity through  solids can be caused by electrons

in a partly filled energy band.  The sign, which must be attributed to
the charge carriers, may be positive or negative (see p.186). Inanideal
periodic  crystal  the  electrons  move  without  disturbance  and  the
application of an electric field would result in a current which would
increase indefinitely.   As the result of the interaction  of the charge
carriers with certain lattice imperfections, which may be, for example,
chemical  impurities,   dislocations   or   deviations  from  the   perfect
lattice  structure  due  to  the  thermal  movement  of the  atoms,  the
current reaches a certain finite value.

The  current  density J caused  by  charge  carriers  moving  with  a
velocity tJ is given by :

I -- n e v (4)

7?  =  number density.
The problem of determining the current density in a solid, flowing

under the influence of an electric field I, with charge carriers moving
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with  different  velocities  in  different  directions,  consists  in  the  cal-
culation  of  the  average  velocity  or  drift  velocity  O.     A  rigorous
treatment of the  determination of the current density  and the con-
ductivity is beyond the scope of this treatise.

Often  the  conductivity  is  expressed  by  means  of the  mobility  #
of the charge carriers, which is the drift velocity per unit field:

a
FL =  -E

The conductivity can now be written as:

J       ne_va -- -E = I = n e I A (5)

As  both  electrons  and  holes  can  act  as  charge  carriers  the  final
expression becomes for semiconductors :

CJ--nneun+npeup (5a)

with 7?„  =  number density of electrons
#„  =  mobility of electrons
72p  =  number density of holes
#p  =  mobility of holes.

The determination of the mobility of the charge carriers in  single
crystals  of barium  oxide(3)  and  in  alkaline  earth  oxide  cathodes(4)
contributes to a better understanding of the mechanism of operation
of these cathodes.   The values of 7g„ and rep which appear in eq.  (5a)
are  determined  by  the  Fermi-Dirac  distribution  function.    In  the
case of the Wilson model #„ is given by the expression:

+2}(2rmkT)314nr, = na
fe3/2

exp (-2#r)                 ,6,

np-0

4.   Surface phenomena and work function
Under the influence  of an applied potential  gradient an  electron

current  will  flow  through  the lattice  of a conductor,  but  potential
gradients  or jumps can also exist close to  or at the surface without
any  current  flow.    These  may  be  due  to  charges  present  or  to  an
external electric field at the  surface.   In the  same way that  charges
in  the  interior  of  the  crystal  are  described  as  ionized  donors  or
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acceptors  and  electrons  or  holes,  it  is  usual  to  speak  of  surface
donors  and  acceptors,  which  under  appropriate  conditions  may
become ionized.

These donor and acceptor levels related to the surface states may
be purely an end effect of the lattice.  Such states, called Tamm states,
have  been  the  subject  of several  theoretical  studies(5),  which  have
shown that the density would t]e about  10t9 per m2.   From experi-
ments  on  pure  surfaces  it  can  be  unambiguously  concluded  that
surface  energy levels  between the  bands  exist,  but it is  not certain
that the density has the value mentioned above.   Surface states may
also arise from the presence of adsorbed atoms or molecules.   Well-
known  examples  are  the  adsorption  of  caesium  and  barium  on
tungsten, where part of the caesium or barium is present in the form
of positive ions.

Charges at the surface are screened from the interior by a charge
of opposite sign located in the interior close to the surface.   In the
case of a metal the charges of opposite sign constitute a layer which
is extremely thin, due to the great number of charge carriers present
in  the  interior.    The  result  is  a  surface  dipole  layer which  gives  a
potential jump at the surface given by :

A¢-::-8:

in which or   =  surface charge density
6   =  distance between the layers of opposite sign
8o  = permittivity of vacuum
p   =  dipole moment value per unit area.

Also,  in the  case  of adsorbed molecules  or atoms  a  surface  dipole
layer may be formed due to  polarization effects  or to the presence
of a permanent dipole in the adsorbed species.

At the  surface  of a  semiconductor  the  situation is  a little  more
complicated because the density of the carriers is much less than in
a metal(6).   Therefore the space charge layer may have an appreci-
able  thickness.    If the  density  of the  mobile  charge  carriers  in  the
interior  is  equal  to  1021  per  m3  and  the  surface  charge  density  is
1015 per m2, which is only about 0.01  per cent of a monolayer, the
neutralization takes  place  over a distance  of the  order  of  10-6  in.
In  this  region  the  macroscopic  electrical  potential  varies  with  the
distance from the surface.   An electron in the conduction band at a
certain  place  far  inside  the  crystal,  with  a  particular  kinetic  and
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macroscopic potential energy will now be compared with an electron
at  another place  close  to  the  surface  with  the  same  kinetic  energy
but with a different potential energy. In the band scheme the distances
from  the  energy  levels  of  the  electrons  at  the  two  places  to  the
bottom of the conduction band will be the same, because the kinetic
energy  of the  two  electrons  is  the  same.    The  distances  from  the
energy  levels  to  the  Fermi  level  will  be  different,  however,  as  the
Fermi  energy  (equal  to  the  electrochemical  potential)  includes  the
potential  energy,  as  explained  in  section  2, p.189.   Since, in equili-
brium, the  Fermi  energy  is  the  same  throughout  the  crystal  it is,
evident that in  the  band  scheme  the  energy  levels  of the  electrons
at the two places will be located at a different height, the difference
being  the  difference  in  potential  energy.    Also  the  bottom  of the
conduction band at different places in the crystal will be located at
different  heights.    Obviously  a  variation  in  macroscopic  potential
inside the crystal is  reflected in a curvature of the energy bands in
the band  scheme.   This  band bending has  a great influence  on the
ability  of the  crystal to  emit electrons to  the  outside.

The  calculation  of  the  bending  of  the  bands  near  the  surface
Starts from Poisson's equation( 7) :

A¢---I--i(n+-n-)                 (7)
ego                 €8o

in  which  €  =  permittivity,  p  =  charge  density.    It  is  assumed  that
the potential varies only in the direction perpendicular to the surface.
The values  of 7€+  and 73_  are  calculated in exactly the  same way  as
in the  interior  using the  Fermi-Dirac  statistics  and  expressed  as  a
function of ¢  and EF.   The integration of eq.  (7) then leads to  the
desired  relationsbip  between  the  field  E,  the  potential  ¢   and  the
distance from the surface.

Three important cases of band bending will be mentioned;   they
are represented schematically in Fig. 3.   If, on an 7!-type material the
bands bend downwards,  due to ionized donor levels at the surface,
the concentration of electrons in the conduction band at the surface
will be greater than in the interior.  An enrichment region exists near
the surface.  In a p-type material an enrichment region will be found
if ionized acceptor levels exist at the surface (Fig.  3¢).   This region
is of a more pronounced #-type or p-type than is the interior.   With
decreasing  charge  density  at  the   surface  the  enrichment   region
becomes less important and finally vanishes.   If the  surface  charge
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changes its  sign, i.e.  if on an #-type crystal ionized surface acceptor
levels exist causing the bands to bend upwards, the concentration of
electrons in the conduction band at the surface will be smaller than
in the interior, and an exhaustion region exists near the surface.   In

FIG. 3.   Band bending at the surface of a semiconductor.
(a)   Enrichment  layer,  due  to  ionized  donors  at  the  surface  of  an
#-type  material  or  to  ionized  acceptors  at  the  surface  of a p-type

material.
(b)   Exhaustion  layer  near  the  surface,  due  to  ionized  acceptors  at
the surface of an 7!-type material or to ionized donors  at the surface

of a p-type material.
(c)  Inversion layer near the surface.

a p-type crystal an exhaustion region is found if ionized donor levels
exist at the surface (Fig. 3b).  If now the charge density at the surface
is  increased  the  exhaustion  region  may  change  to   an  inversion
region, i.e. in this region the dominant carriers are of opposite sign
to those in the interior.  In an 7€-type crystal the surface layer becomes
p-type and in a p-type crystal it becomes 7e-type (Fig.  3c).   The effect
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of band  bending not only  appears  if surface  charge is present,  but
also  when  a  field  is  applied  externally.    This  field  penetrates  the
crystal  and  causes  an  internal  space  charge.    The  field  effect,  the
influence  of the  applied  field  on  the  conductivity,  is  an  important
tool  in  the  study  of  semiconductor  surfaces.     In  thermionically
emitting semiconductors the field penetration must be considered if
saturated  emission  is  drawn.     Due  to  a  surface  charge  a  p-type
material may show 73-type conduction if the measurement is carried
out  on  finely  powdered  material  where  surface  conduction  pre-
dominates.

An electron, present in a semiconducting crystal  at a distance  of
some tens of interatomic spacings from the surface, is under the in-
fluence  of the  space  charge  region  just  described.     Closer  to  the
surface at a distance of the order of one or two interatomic distances,
the electron meets with the irregularities in the microscopic potential
field  connected  with  the  lattice  boundary.     Around  the  surface
atoms, which have no neighbours at the outside, the potential must
be different in different directions.   The electron distribution at the
outside will be different from that in the interior.   A negative dipole
will be formed when the electrons are pulled out.  At a metal surface
the  surface   dipole  layer   is  of the  same  order  of  thickness  as  the
space charge region.   In this case it is difficult to distinguish between
these layers as has been done for semiconductors.  It is to be expected
that the  short range forces  resulting from this boundary  effect will
vary for different crystal orientations and that they will be influenced
by  the  adsorption  of foreign  molecules,  atoms  or  ions.  The  result
is that a potential barrier exists over a few interatomic distances at
the surface, which may be different for different crystal planes.  This
barrier  prevents  an  electron  from  escaping  from  the  crystal,  if its
kinetic energy is too small.

If an electron with sufficient kinetic energy has passed the barrier
due to the short range forces a long range force is still active.   This
is the image force, the result of the interaction between the electron
and the positive  charge  induced in the crystal(8).    If the  surface is
considered  as perfectly conducting and flat,  the force F is equal to

c2F-
167I€oX2

in which x  =  distance of the electron from the surface.  The electron
behaves as if it moves in an electric field with potential :
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e
¢ = T3irx + constant (8)

The distance xo  at which the force on the electron changes from
the  image  force  into  a  short  range  force  is  not  well  defined.    The
potential (8) has to be added to the pure electrostatic potential.   The
total potential is called the " motive " as suggested by Langmuir(9).
It is defined as the scalar quantity whose gradient at any point and
in any direction is equal to the force per unit charge exerted on an

Eo-- ----- Ua

FIG. 4.  Electron energy as a function of the distance from the surface
in the absence of an extemally applied electric field.

electron at the chosen point in the chosen direction.   To remove the
electron  from  the  distance  xo  to  infinity  the  potential  energy  c¢o
must be provided:

167'€oXo
(9)

In Fig.  4 a  schematic picture is given of the  energy  of the electron
near the surface.

The difference between the electrochemical potential #e inside the
crystal  and  the  potential  energy  of an  electron  outside  the  crystal
at  an  infinite  distance  in  the  absence  of  external  electric  fields,
divided by the electronic charge c, is called the work function p  of
the crystal surface.  If individual crystal planes have different surface
dipole moments, then the work functions of those planes will also be
different.

In  the  older British  and American literature  the  work function,
also usually indicated by p, was defined as the energy difference ep
in our notation.   In Herring and Nichols' paper(]°) either definition
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is   used,   whereas   in   the   more   recent   literature   ap   is   usually   a

potential(11).    In  practice  the  difference  appears  in  expressing  the
work function in volts or in electron volts.  In several other languages
different expressions are used which indicate the concept of potential
or energy.

The work function will generally be a function of the temperature.
As has been discussed in section 2 the electrochemical potential, i.e.
the  Fermi  level,  is  a  function  of the  temperature.   Moreover,  the
surface dipole may be influenced by a temperature change, although
this effect will probably be  small when compared to the first.   For
metals,  the  value  of the  Fermi  energy  generally  decreases  with  in-
creasing  temperature.     The  temperature  coefficient  of  the  work

FIG. 5.  The potential in the neighbourhood of the surface as a function
of the distance in the presence of an externally applied electric field.

function of metals is thus positive, as it is for semiconductors of the
Wilson type.

Not only the temperature, but also any external electric field will
influence  the  potential  barrier  at  the  surface.    The  motive  must
include this field.   If the field E is homogeneous the potential ¢  will
be given by (see Fig.  5):

e
¢ = TEirx + EX + constant

This potential has its minimum at:

xs--iJ±
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The difference between the potential minimum and the potential at
infinity in the absence of the field is given by :

:/ft%
Consequently,  the  work  function  p  in  the  presence  of an  electric
field E can be written as :

ap--Qo-il#o

p  =  apo  -3.79  x  lo-5v;E                            (io)
`3Zssfi.~

wbere ap 0 is the work function in the absence of an externally applied
electric  field.     The  numerical  constant  3.79  x  10-5   holds  for  p
expressed in V and E expressed in V/in.

It has been assumed  so far that the  crystal  surface was perfectly
flat.   The problem of the influence of an external electric field in the
case  of  surface  roughness  on  a  micro  scale  has  been  treated  by
Lewis(12)  and  by  Morant  and  House([3t.   An  important effect  on
the work function,  as calculated by Lewis,  is,  according to the last
authors  however,  greatly  reduced  by  the field existing between  the
areas of different work functions, the so-called patch field.

5.   The emission equation and the velocity distribution
of the emitted electrons

(CZ)   TIIE  EMISSION  EQUATION

The  calculation  of the  number  of electrons  emitted  at  a  certain
temperature  7' from an ideal  crystal plane per second and per unit
area may in principle be carried out in two ways which must yield
the same result:

(o!)   Directly, by considering the electrons inside the crystal and
calculation of the number which go from inside to outside, or

(P)   Indirectly,  assuming an  equilibrium between  the  whole  of
electrons inside and outside the crystal.   The number of electrons
coming  from  the  outside  and  passing  the  surface  may  now  be
calculated and equated with the number of emitted electrons.
The first, direct method is not easy because the movement of the

electrons  in  the  periodic  field  of the  crystal  lattice  must  be  con-
sidered.   The much more simple indirect method will be used here,
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because the electrons outside the crystal may be considered free and
classical  mechanics  with  the  Fermi-Dirac  distribution  law  can  be
applied.

The number of possible quantum states for the electrons is given
by the expression :

fe±   /  / dxdydzdyxdyydyz

xyz   I,xpypz

The  number  of electrons  with  energy  E  occupying  these  states  is
given by :

IV(E,-£J    J
;Jz  pxpJypz exp (EL#F)  +  1

djcdydzdyxdyydyz

Assuming the crystal plane to coincide with the );z plane, the number
of electrons impinging per second on this plane is given by :

Efi     RI"y!  pxpJypz exp (#F)  + 1

Furthermore,

dydzdyxdyydyz

-/-``

vx - Sx

To  obtain  the  number  of electrons  impinging from the  outside  on
the  surface  region,  which is  assumed  to  extend  a short distance  in
the x-direction, to exclude the irregularities in the immediate vicinity
of the actual crystal surface, the integration must be carried out with
respect to py and pz taking into account only the kinetic part of the
total  energy E.   The potential  energy,  which is  constant  along  the
planes parallel to the j;z plane, is given by EF  +  eq).   Consequently,
the number of electrons with energy E. in the interval dEx impinging
from the  outside per second  and per unit area is found to be:

#(Ex)dEx= £3.2*"krln  (1  + exp(-ELi#ap))  dEr        (11)

The  electron  has  a  certain  probability  r  of being  reflected  at  the
energy  barrier,  so  the  (1  -  r)  times  the  number  of electrons  can
pass.   In general r, the reflection coefficient, will be a function of the
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energy E„ and will also  depend upon the structure  of the potential
barrier.   The number of electrons entering the crystal per unit area
and per second is consequently given by :

„e=/co£3.2ITmkr(1_r)|n(1+exp(-ELi#q))dEx
a

Assuming  ap/kr  to  be  large,  the  integration  leads  to  the  ex-
pression:

4Tank2T2

A3
(I  - i) exp

in  which  F is  the  mean  reflection  coefficient.    The  emitted  current
density,  being  equal  to  the  current  density  entering  the  crystal,  is
consequently:

themk2T2
/sat -

fe3
(1  - i) exp i-f,Jra

which   is   the   well-known   Richardson-Laue-Dushman   equation.
For a refinement to  this  equation  see  Ollendorf(14).   The  equation
has been derived without any reference to the nature of the crystal.
It  may  either  be  a  metal  or  a  semiconductor,  and  only  the  free
electron mass in appears in the final eq.  (12).   The constant

inemk2
iiiii =4  =  1.2  x  |06A/m2  °K2                  (|2a)

is the universal thermionic constant.
The work function is  generally  a function  of temperature.    For

metals the temperature  dependence  of the work function has  been
discussed in section 4.  A correction for the temperature dependence
can easily be inserted in eq.  (12).

Dealing with  semiconductors,  the  position  of the  Fermi  level  at
the surface is the determining factor.   As has also been explained in
section 4 the presence of surface states may fix the Fermi energy at
the surface at a value with respect to the bottom of the conduction
band  which is  quite  different from its  position with  respect to  the
same reference level in the interior.  If it is assumed that the position
of the bottom  of the conduction band is the same throughout the
whole  specimen,  and  if a Wilson  model  is  used,  then  the  formula
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(12)  may  be  written  in  another  way  which  has  been  usual  in  the
literature on oxide-coated cathodes.

'According to formula (3) the position of the  Fermi level is given

by the expression :

E - = + I 1n „dEd    `   kT`.___                 h3

2    '     2  ---.- a 2;(2,7rmkT)312 (3)

Denoting the energy of an electron at infinity outside the specimen
in the absence of an external field by E„ see Fig. 6, the work function
is given by:

q)-
-EF +  Ea

---------------- Ea

FIG. 6.   The energy diagram at the surface of a semiconductor in the
absence of band bending.

Insertion of this expression for p  in the emission eq.  (12) leads to:

/22.1/2e.(2|cm»114ks/4Jsa. -- (i - i)nh
fe3/2

r5/4 exp
Ea+(Edlz)

kr (13)

This equation is  known  as  the  Fowler emission  equation(15).   It
takes  into  account,  under certain appropriate conditions,  the tem-
perature  dependence  of the work function.    It must be  remarked,
however, that the validity of (3) and consequently of (13) is limited
to low temperatures, even below the normal operating temperature
of alkaline  earth  oxide cathodes.   Moreover Ea will  generally be  a
function of temperature.
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(b)   THE ENERGY  DISTRIBUTION  OF  THE EMITTED  ELECTRONS

The energy distribution of the electrons passing any plane in  the
immediate vicinity of the crystal plane and parallel to it, is calculated
easily using eq.  (11).   The number density of electrons emitted with
a velocity ox  in the interval t7]„ ux  +  du. is obviously :

%(o*)du*=#r(1_r„*)exp(- eq)  +  i77„;
far

The distribution is given by :

fltr)du*==x#exp(-±m#r£)dox

t,xd„JC

If r  is  independent  of the  normal  velocity this  represents  a  Max-
wellian distribution of the normal velocities.

The  determination  of  the  value  of  the transmission ±ent
D  =  1  -  r  has  been  the  subject  of  both  theoretical  and  experi-
mental studies.   The theoretical studies indicate that the value of D
cannot  be  very  different  from   1(16).     The  interpretation  of  the
results  of the  experiments  is  controversial.    According to  Notting-
ham(17)  and  Hutson(18),  whose  measurements  of the  velocity  dis-
tribution  of  the  emitted  electrons  showed  a  deficiency  of  slow
electrons,  the results can be explained by a transmission coefficient
for these electrons which is strongly energy-dependent.   Their work
has,  however,  been  criticized  by  Herring  and  Nichols(19)  and  by
Smith(20).   It is usually assumed that r can be neglected.

;-h-own  that  the  emitted  electrons  carrylnIt  can  ea`sHr6.e~~s-hi the
normal direction a mean energy equal to kr if F is independent of the
normal  velocity.   The  velocities  in  the  y  and  z  directions  do  not
change so that in these directions an energy of ikr is carried.   The
average   kinetic  energy   of  the   emitted  electrons   is   consequently
given by : -Ek-2kT

In addition to this mean kinetic energy a potential energy eq) has
to  be  supplied to  the emitted electrons,  so that on the  average the
total energy needed per emitted electron is equal to :

-E - ap + 2kT
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The  power loss  of the  emitter  from  which  the  current  density Jsat
is dl;awn is :

p-,sat(p+2+I)

In  this  calculation  a  small  thermoelectric  term  has  been neglected.

6.   The emitting crystal surface in an external electric field
It will still be assumed that the emitter is ideal, which means that

the  emitting  surface  is  atomically  flat,  that  the  work  function  is

0-%
FIG. 7.   The J-V¢ characteristic of a diode (schematic).

constant  along  the  surface  and  that  no  resistance  is  present.    In-
formation   about  the  emitted   current  can   only  be   obtained   by
collecting  the  electrons,  or  a  certain  part  of  the  electrons,  on  a
second  electrode.    The  current-voltage  characteristic  of the  diode
which is so formed can be divided into three regions.   The`currents
flowing in these regions are referred to as :

(a)  the retarding field current
(a)  the space charge-limited current
(c)  the saturated current.
These regions are represented in Fig.  7,  while the distribution of

the field between a flat parallel cathode and anode is given schematic-
ally in Fig. 8a.   Note the direction of positive anode voltage!   If the
C
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temperature of the emitter is chosen very low the saturated emission
current is low and the  space charge in front of the cathode is very
small.      The   space   charge   region   is   practically   absent   and   the

Cathode                 \i   ^^.  Arnde

Fledrding field  current

±EFa                  OMdianeg.

i

Space  charge ourrerit

(Vo)bpas.

_=turaREafucr#-J -------- LIEFd       __.`

FIG.  8(cz).     The  electric  potential  in  a  diode  for  the  three  current
regions   as   a  function   of  the  place  between  cathode  and  anode

(schematic).

FIG.  8(a)   The electric potential in a diode with the  values  I/a| and  ya||  of
the anode voltage, bounding the space charge region (schematic).

saturated  region immediately follows  the  retarding field  region.   It
will be assumed in the following treatment of the J-ya relationship
in  these  regions,  that  the  reflection  coefficient  F in  eq.  (12)  is  zero,
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and  that  the  geometry  is  plane  parallel.    The  reflection  coefficient
of the anode, which is also assumed to be ideal, is taken as zero.

(CZ)   TIIE RETARDING FIELD  REGION
The  potential  barrier  which  must  be  passed  by  the   electrons

flowing from cathode to anode is equal to (J'a)a  +  pa  (see  Fig.  8cZ).
It follows then from eq. (12) that the current density is given by:

/ret - 4icemk2IT2

fe3

c(-I,fl  + pfl)

kT

Jsatexp (i (ya  -P¢  + Pc))                       (14)

y¢  =  anode  voltage  =  potential  difference  between  the   Fermi
energy level of the cathode and the anode

xpc   =  work function of the cathode
q)fl  =  work function of the anode.

The log fret versus J'a curve must be a straight line, the slope of which
is  a measure of the temperature of the cathode.   See Fig. 9 (p.  208).
The work function  of the anode is of immediate importance for the
retarding  field  current  but  that  of  the  cathode  work  function  is
immaterial.   The measurement of fret as  a  function of ya represents
in  fact  a  determination  of the  energy  distribution  of the  emitted
electrons.    If plotting of log fret versus  J'a results in a  straight line
the distribution of the electron velocities is Maxwellian.

(b)   THE  SPACE  CHARGE  REGION
In this region a space charge exists in front of the cathode owing

to  the fact that more electrons are emitted than are transported to
the anode.  Combined with this space charge is a potential minimum.
The current density to the anode is now (see Fig.  8ar) :

4Tcemk2T2
pfe3

e(q,c  -  Jf
A-7`

))-,satexp(%-)

The calculation of Jsp is complicated  because  yin is  a  function of
Jsp.      The   solution   has   been   given   by   Epstein(2r),   Fry(22)   and
Langmuir(23).     The  problem  breaks  up  in  two  parts.     First  the
electron density is calculated as a function of the potential, then this
density is introduced in Poisson's equation, which can be integrated
once  explicitly  and  is  integrated  for  the  second  time  numerically
(compare the similar problem in section 4).  The solution is obtained
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by introducing two dimensionless variables  " and € which measure
the  potential  and  the  distance  with  respect  to  the  space  charge
minimum.   The rather concise table of Langmuir has been extended
by  Kleynen(2€),  whereas  Rittner(25)  has  given  expressions  for  €  in
terms of " and vice versa, over the complete range of these variables.
In  these  calculations  the  potentials  in  the  vacuum  just  outside
cathode and anode are used.  To obtain the external voltage difference

-3      -Z      -1

FIG. 9.  The retarding field current as a function of anode voltage with
rc  =  1000°K and q>a  =  2.5 V.

between  cathode  and  anode  the  work  function  difference  Pa  - apc
must be added.

#//±sFd°e:):eqdu)::dcea:C:iaet)°a:stuh=p:Lho±Ld:°fr:eur]:(2k6f)n:t:cy::eurs;d'o¥h:::
electrons at the cathode surface.   The Child formula is:

/sp  =  4iLO  (%)1/2di(ya  + apc  _ p)3/2                      (16)

d    =  cathode-anode distance.
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If the current is measured in A/m2, the anode voltage  in V and  the
distance in in, the value of the constant

#(:)+
is  equal  to  2.334  x  10-6.     Formula  (16)  gives  reasonable  results
when the anode voltages are not low and when the cathode-anode

1                                                10                                              1cO                                          1000

FIG. 10.  The space charge current density in a plane-parallel diode as a
function of anode voltage for different values  of the cathode-anode
distance  calculated  in  different  ways.     Jrd  =  potential  difference  in

vacuum just outside cathode and anode,  Ira  =  anode voltage
yd   = Fro  + q>c  - q)a
q,a  -q,c  -1.5 V.

distance  is  large  compared  to  the  distance  between  cathode  and
space charge minimum.   See Fig.  10.

Other expressions  and  charts  which  allow  the  calculation  of Jsp,
also  for the cylindrical arrangement,  are given in the literature(27).
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Note  that under  space  charge  conditions  the  work function  of the
cathode is  of very minor importance,  if 7'¢  > Pa  - q>c.

(C)   THE  SATURATED  CURRENT  REGION

Under   the   influence   of  a   sufficiently   high   anode   voltage   all
electrons  emitted  by  the  cathode  are  collected  at  the  anode.    The
saturated current is given by :

/sat=#T2exp(_#)

# = 1.2 x  |06A/m2°K2                      <£¥a)
At  high field  strength  at the  cathode  surface  the  decrease  of the

'         work  function  under  influence  of the  field,  the  Schottky  effect(8),

#;iq:bz:ng+=#d,+        t[7,
/sat=#-T2exp(-k+I(ap-Aap))

If log Jsat is plotted against  y* a  straight  line  with  a  slope,  deter-
mined by the cathode temperature and the cathode-anode distance,
must be obtained.

Accurate measurements of the current emitted by a metal cathode
under saturated conditions as a function of the accelerating voltage
have shown that small periodic deviations exist from the straight Fine
log Jsat  -  J'a±(28).    The explanation of this interesting phenomenon,
although  of negligible  importance  for practical  cathodes, is sought
in  the  reflection  of the  electron  waves  at  the  surface  barriers,  the
first located  at the  surface  proper  of the crystal,  the  second in rfhe
vacuum  outside,  as  explained  on  p.  197(29).    Tbe  net  number  of
reflected  electrons  is influenced  by  the  reflection  at  both  barriers,
which  depends  upon  their  distance.    Consequently  the  number  of
transmitted  electrons  must  also  be  a function  of this distance and
hence  of the value of the field strength.

In  semiconductors  the  applied  field  penetrates  the  crystal  and
influences  the  band  structure  near  the  surface,  as  mentioned  in
section  A4.     This  phenomenon  will   be  discussed   together  with
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problems  related  to  the  measurement  of cathode  properties.    See
p.  228.

The three regions of diode voltages just described are separated by
two values of the voltage which are given in Fig. 8b  as  J'a] and  J'a||.
At  J'a[  the  field  strength is  zero  at  the  collector,  at  J'fl[[  it  is  zero
at  the  emitter.    At  these  values  the  space  charge  minimum  enters
the  mirror  image  force  region  at  the  electrodes.    It  can  be  shown
that  at  J'a[  where  the  retarding  field  current  passes  into  the  space
charge current the value of J is given by :

J --7 .]  x |0-12 T312

id (18)

Here J is measured in A/m2 and d in in.
The  numerical  factor  is  valid  for  sufficiently  high  values  of the

saturated  current  density.    At  lower  values  of Jsat  the  numerical
factor  decreases.    It  can easily  be  calculated  from  the  €,  „  tables.
A't  7'a[[ the current density at the cathode is given by Jsat.

In case of a geometry different from plane parallel the formulae
(14),  (15),  (16),  (17)  and  (18)  change.    For  the  coaxial  cylindrical
arrangement, see ref. (30).

7.   Influence of patches
In  the  theory  so  far  presented  it  has  been  assumed  that  the

emitting surface is uniform, which means that the work function is
constant over the surface.   Only in very few cases have experiments
on thermionically emitting surfaces of this kind been made.   Usually
the  emitters  have  a  quite  inhomogeneously  emitting  surface.    The
question arises how this inhomogeneity is reflected in the results of
the measurements which are made on such a surface.   The influence
of patches has been the subject of various studies;   Becker(3°a)  and
Herring and Nichols(L°)  especially have given it an elaborate treat-
ment.

Before considering the influence of the patch effect in the various
regions of applied external voltage, the case of zero external voltage
will be dealt with.

(CZ)   ZERO  APPLIED  FIELD

Suppose that the surface is composed of a number  of patches of
type  i.  which  have  a  work  function  apt  and  that /i  represents  the
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fraction of the surface occupied by this type of patch.   Immediately
in front of each patch the electrostatic potential is given by:

¢i -  -% -apt

The potential at small distances from the surface varies along the
surface in accordance with the work function.   At a large distance
from the surface the potential becomes constant.   The influences of
all patches combine to a certain mean value.   This value is given by
the expression :

-¢ -- - % - a p

in which S has the value :

i -I/,.q,.
I

It is  evident  that  two  conductors  I  and 11  with  patchy  surfaces,
for example a cathode and an anode, placed at a distance which is
large  compared  with  the  dimensions  of the  patches,  will  show  in
equilibrium a potential difference equal to :

tDI - ill

(a)   THE RETARDING FIELD REGION

The collector will be assumed to be uniform.   The trajectories  of
the  electrons  in  the  neighbourhood  of  the  patches  will  be  very
complicated as the patch field in front of the  surface influences the
tangential velocities.   If it is assumed that the effect of the tangential
velocities  is  averaged  out  so  that  only  the  normal  kinetic  energy
needs to  be considered,  then the calculation of the contribution  of
the various patches is rather simple.   If a sufficiently large retarding
field  is  used  the  emission  from  all  patches  is  governed  by  the
expression (14), and the work function differences have no influence
on the current.   Increasing the anode voltage causes the high work
function  patches  to  pass  from  the  retarding  field  region  into  the
accelerating  field  region.    As  the  saturated  current  of these  high
work function patches is low, the space charge minimum will hardly
exist  and  hence  the  current  will  quickly  become  saturated.    The
log J versus J'a curve will deviate from the straight line.  How marked
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this deviation will be depends evidently on the current contribution
of  the  high  work  function  patches,  on  the  configuration  of  the
patchy  surface  and  on  the  geometry  of  the  diode.    If  the  work
function  differences  of the  various  patches  are  small  the  saturated
emission part of the high work function areas will be preceded by a
space  charge-limited  emission  and  the  log  tJ versus  J'a  curve  will
likewise deviate usually to a smaller extent.

(C)   SPACE  CHARGE  REGION

As the current in this region is almost independent of the cathode
work  function  for  anode  voltages  which  are  not  very   small,   a
patchy surface will show nearly the same J-ya characteristic as does
the  ideal homogeneous cathode.    However,  deviation will  occur as
soon as the high work function patches tend to saturate.    Then the
slope  of the J-7'¢ curve  will  decrease  with increasing contribution
to the number of saturated patches.

(CJ)  HIGH  ACCELERATING  FIELD  REGION

The potential distribution near the cathode for a not unduly high
accelerating field is sketched in Fig. 11 (p. 214).  The cathode behaves
as having a work function ¢ lowered by a small amount due to the
Schottky effect.   Patches,  however, with higher work function than
S  contribute  with  a  current  corresponding  to  their work  function.
For  high  collecting  fields,  such  that  the  fields  between  individual
patches  are  of minor  importance,  all  patches  will  contribute  with
their particular  saturation current.  The  Schottky  correction  to  the
work function applies to each contribution equally.

Summarizing, the following picture may be given :
In the intermediate region of space charge-limited emission for all

patches-a region which may be quite  small in practice~the J-Va
curve  has  almost  the  same  shape  as  the  J-y¢  curve  of  a  homo-
geneous emitter.   Going to higher accelerating fields the regions  of
high  work  functions   become   saturated,   the   slope   of  the   curve
becomes  smaller  and,  depending  on  the  kind  of  inhomogeneity,
the  current  becomes  saturated.    A  more  or  less  broad  transition
region  develops  between  space  charge  and  saturated  region.     A
further   slow   increase   with   increasing   voltage   demonstrates   the
Schottky  effect.     Going  to  lower  accelerating  voltage  and  to  re-
tarding  voltages  the  slope  of the J-y4  curve  will  change  more  or
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less  regularly,  depending  on the  particular combination  of patches
of different work functions.  Here, too, a transition region is  found.
At sufficiently high negative values of the applied voltage the slope
of the  log JsatJ'a  curve  equals  the  theoretical  one  which  is  deter-
mined only by the temperature of the emitter.

FIG.11.    The  potential  distribution in the presence  of a not unduly
high accelerating field in  front  of a patchy cathode.    jrs =  distance

between Schottky minimum and the cathode.
The  potential  distributions  1,  2,  3,  4  belong  to  patches  with  work
functions increasing in value in this sequence.  The value of p depends
on  the  configuration,  on  the  areas  and  on  the  values  of the  work

function of the different patches.

8.   Noise from thermionic cathodes
Noise is the statistical fluctuation in electric current, related to the

special  character  of electricity-the  existence  of electrons-and  to
the  thermal  energy  of  these  electrons.    A  change  in  the  current
density J =  73et; can be expressed by:

N -- ei)ho + neho
of which the first part is due to a change in the number of electrons,
giving rise to the shot noise, and the second part is due to a change
in the velocity of the electrons, resulting in thermal noise.

The random fluctuations of the current are measured in terms of
its mean square deviation from the mean current value :

zfr = in __ fz _ az]2
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Usually one is not only interested in the total noise,  but even  more
in  its  frequency  dependence  given  by  the  contribution  AJ3/ in  the
frequency interval d/.

The thermionic emission from an ideal  cathode is  believed to be
a Poisson process, which means that the probability of emission of
one  electron  in  an  infinitesimal  time  interval  df is  a  constant,  and
that  the  probability  of emission  of two  or  more  electrons  in  this
interval  is  proportional  to  dz  or  to  a  corresponding  higher  power
of d/.   In general,  a large number of electrons are emitted per unit
time,  but  it  may  be  expected  that  this  number  will  not  be  com-
pletely  constant  in  time.    The  small  variations  around  the  mean
number are the  origin  of the  shot noise  and  can be  measured in a
saturated diode.   (Alg|/)„ due to the shot noise, is independent of the
frequency and has the value(31) :

(ctf)s=2Iedf
The  thermal  noise  plays  an  important  part  in  current  flow  in

circuits, composed of resistors, self-inductors and capacitors.  Calcu-
lation shows that (32) :

cmdfith=4#df

in  which  A  is  the  resistance  of the  circuit.    The  thermal  noise  is
related  to  the  random  thermal  movement  of the  electrons  due  to
the  interactions  with  the  crystal  lattice  of the  conductors,  at  the
temperature I.

If the electrons flowing in a diode were emitted from the cathode
in a completely regular manner, so that originally no fluctuations in
number per unit time exist, the anode current would still show varia-
tions,  because  the  different velocities  of the  electrons  would  result
in a different arrival rate.   If the noise of this diode is measured at

a          relatively  low  frequency  (in  the  Mc/s  range),  where  the  time  of

flight of the electrons between cathode and anode is short compared
to  the  period  of  vibration,  it  can  be  treated  completely  as  shot
noise.   If,  however,  the measuring frequency becomes  so  high  that
the transit time becomes comparable with the time of vibration, the
influence of the velocity distribution must be considered separately.
This  influence  is  smaller the  higher the  accelerating  anode  voltage,
the  ratio  of thermal energy to  the  kinetic energy due  to  the  anode
voltage being the determining factor.
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In a diode, with temperature-limited emission, where the number
of electrons  flowing  between  cathode  and  anode  is  determined  by
the almost fixed potential barrier at the cathode,  and in a diode in
the  retarding  field  region,  where  the  current  is  determined  by  the
fixed potential barrier at the anode, the shot noise is given by:

(jifTdf)s = 2Iedf

In the space charge-controlled diode where the space charge barrier
is a function of the current, the situation is different.  If the electrons
were emitted with zero energy and if the work functions of cathode
and  anode  are  assumed  to  be  constant,  the  anode  current  would
only  depend upon the  anode voltage  and would be independent of
the total number of electrons emitted by the cathode.   It is given by
formula (16) :

/sp=¥(2;C)1/2;2(%+xpc_q)a)3/2

In  this  case  no  shot  noise  would  be  expected.    The  noise  found,
however,  in  a  diode  under  space  charge  conditions  is  due  to  the
energy  distribution  of the  emitted electrons  and can be  considered
as a thermal noise.   It is usually expressed as a reduced  shot  noise:

tri,>sp = 2r2Tcdt
where r2 is the mean square smoothing factor.  From what has been
said before, it is not surprising that r2  is a function of the ratio of
the  kinetic  energy,  gained  from  the  potential  difference  between
anode and cathode,  and the thermal energy,  related to the cathode
temperature.    Its  value  may  be  quite  small,  of the  order  of a  few
per cent.   The smoothing of the shot noise under space charge con-
ditions is considerable.

In addition to the sources  of noise which have been discussed so
far,  other  sources  must  be  present  to  explain  the  additional  noise
found  at low frequencies,  below  a few kc/s.   This  additional  noise
increases  with  decreasing  frequency,  usually  being  about  inversely
proportional to it.   Various kinds of low frequency noise have been
established(33).

(cz)   True  flicker  noise,  seen  as  fluctuations  in  emission  found
under   temperature-limited   conditions   and   reduced   by   space
charge.   Its magnitude is proportional to the  square of the mean
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current and inversely proportional to the frequency.   Study of the
flicker noise contributes to an understanding of practical cathodes.

(b)   Anomalous  flicker  noise,  which  is  due  to  the  influence  of
positive  ions  on  the  space  charge  potential  distribution.     It  is
only found under space charge conditions.

(c)   Interface noise, which is caused by the presence of an inter-
face  resistance.    The  resistance  usually  present in the  cathode  is
so small that it does not give rise to extra noise, but the interface
resistance,  sometimes  found  in  oxide-coated  cathodes,  can  have
a considerable value.   The interface resistance is caused by poorly
conducting compounds formed by chemical reactions between the
alkaline  earth  oxides  and  certain  elements  present  in  the  base
material.   The noise due to this resistance is also proportional to
the square of the current and about inversely proportional  to  the
frequency.    It  is  only  found  under  space  charge  conditions  be-
cause the additional voltage fluctuations across the resistance do
not influence the diode current under saturated conditions.

8.    REASURERENTS  ON  THERMIONIC  CATHODES

1.   Introduction
In studying thermionic cathodes the essential measurements are of

the emitting area of the cathode,  of its temperature, and of electric
currents  and  voltages.     The  instruments  for  carrying  out  these
measurements will not be discussed here,  but attention will be paid
to the underlying principles.

A  difference  will  exist  in  the  way  jn  which  measurements  are
carried out on ideal cathodes-to which pure single crystal surfaces
represent  the  closest  approach,  the  theory  of which  has  been  out-
lined above-and on non-ideal cathodes which are used in practice.
In  the  first  case  the  utmost  care  is  taken  to  make  and  keep  the
surface in a clean state and the most refined vacuum techniques are
used.     Scrupulous  attention  must  be  paid  to  influences  of  other
electrodes  in  the  structure,  in  particular  to  the  anode.    Usually,  a
diode  structure  is  used  since  this  is  simple  and  provides  ample
information.   Unfortunately,  products which are  released from the
anode, for example by electron bombardment, have a much greater
chance of reaching the cathode than a suitable gettering device.   A
thorough  outgassing  of all  components  present  in  the  structure  is
needed to prevent contamination of the cathode afterwards.
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For a practical  cathode,  e.g.  the  alkaline  earth  oxide  cathode,  it
is not ¢prz.orz. evident that the structure must be given the same careful
attention.   Under practical conditions, such as exist in a radio valve,
the situation is extremely complex and the cathode is influenced by a
great number of different factors.   A measurement of the properties
of the emitter under these conditions will be of great value as these
properties  determine  the  actual  performance  of  the  device.    `To
obtain knowledge of the properties of the cathode as such, however,
measurements  under  much  better  conditions  will  be  needed.    The
aim is  then to  introduce the various  disturbing factors  one  by  one
and finally together, in order to explain the peculiarities found under
practical conditions.

Modern vacuum techniques,  in particular the ultra high vacuum
technique,   enable   the   experimental   physicist   to   carry   out   his
experiments  at  pressure  levels  so  low  that  no  fears  need  be  enter-`
tained  of disturbances  from  outside  the  cathode.    Pressures  down
to  10-1 ° torr and lower can be maintained over long periods by the
use of getter-ion pumps attached to the system.  In the measurement
of thermionic emission it is fortunate  that the  cathode is  at a high
temperature since the sticking time-the time an adsorbed atom or
molecule stays on the surface before desorption-is usually short so
that a  clean  surface is  much more  easily  achieved and  maintained.
The  application  of small  mass  spectrometers,  such  as  the  omega-
tron(34.), permits the analysis of the gas composition down to partial
pressures of about  lo-11 torr.  The use of these new techniques has
already led to a better comprehension of the gas reactions occurring
in the systems which are under consideration here.   The influence of
the temperature is of especially great importance in connection with
the gas composition.   Another question is whether the residual gas
in practical systems has  an unfavourable  or beneficial effect on the
properties of the cathodes used.   It does not seem always to be the
best policy in systems where  oxide-coated cathodes are used to  try
to keep the pressure of a gas such as hydrogen as low as possible(1 2 2).

In order to reduce unwanted interference from other components
in the structure to the lowest possible level the materials which are
to  be used must be chosen  with great care.   A thorough degassing
treatment  at  high  temperature  must  be  possible.    This  limits  the
choice  of  the  metals  used  for  construction  purposes  usually  to
tungsten,  molybdenum,

These introductory remarks are
the platinum and nickel.
meant to stress the importance of
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taking the utmost care both in the construction of devices used for
measurements  of certain emission properties  and in the  interpreta-
tion of the results of the measurements, especially if they are obtained
under circumstances which are not accurately known.   In section 2
measurements  will  be  treated  which  are  made  with  specially  de-
signed apparatus, whereas section 3  deals with some measurements
carried out in practical tubes.

2.   Measurements in special devices

(CZ)   SINGLE  CRYSTAL  METAL  CATHODES

The   Richardson-Laue-Dushman   equation   (12)   contains   two
quantities  F  and  p  which  deLtermine  at  a  certain  temperature  the
maximum  current  density  to  be  delivered  by  an  ideal  thermionic

col(ector

outer  and   inner   shields
both  have +VA  applied

FIG.  12.   Schematic picture of the experimental tube, used by Shelton.
The  magnetic  field  and  the  single  aperture  collimate  the  electrons,
thereby  defining  the  emitting  area  of  the  sampled  current.    From

Shelton,  H., Pfe)/s'.  jtetj.107,1553  (1957).

cathode.    It  has  been  remarked  already  that  no  unanimity  exists
about  the  value  of  F,  more  specifically  about  its  dependence  on
energy.   The problem may be solved either by measuring the energy
distribution under the most ideal conditions possible or by directly
determining the reflection coefficient of slow electrons impinging on
the crystal from outside.

The  first  experiment  has  been  carried  out  by  Shelton(35)  who
built   a   plane-parallel   diode   with   cathode   and   anode   of  single
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crystals of tantalum.   Great care was taken to prevent any contami-
nation.   Between cathode and anode a diaphragm was placed and a
magnetic  field  in  the  direction  of the  electric  field  was  used.    See
Figs.12  and  13.

The   /-ya   characteristic   was   measured   in   the   retarding   and

- Jdeol plot al 175o ®K.
---As  modified   by  {V/0.'9'  rot(ection

dr+he  emit+er  only
---- As  modified   by  {Vy°.'9'  roflection

dr  bcith  emitt®r   cind    col[ecton
•     .    Experimental   points.

a.5

0.5                 0.4                 0.3                 0. 2                 0.1                  0.0

Negative  voltage    cipplied  to  +he  c:ollector

FIG.  13.     Upper  part  of  the  retarding  potential  plot  measured  by
Shelton.   The left-hand part I`emains straight down to  lo-L2A.   The
experiment confirms the ideal Maxwellian energy distribution.   From

Shelton,  H., Pkyjr.  .Rcc).107,1553  (1957).

accelerating field region.   The results did not show a dependence of
D  =  1  -F  on  the  energy  as  suggested  by  Nottingham(t7).    The
possible interference of the magnetic field has been the subject  of a
study  by   Greenburg(36).      His   measurements   do   not   show   any
influence   of  the   magnetic   field   on   the   saturation   emission   of
molybdenum.

The  second  type  of experiments,  the  direct determination  of the
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reflection of slow electrons, has been carried out by Lange also on a
tantalum crystal and by Hobson(37).   Lange's work does not seem
to have been published so far, but it is mentioned by Nottingham(3 8)
that  at  room  temperature  no  indication   of  reflection  has  been
found.   Hobson also finds a small reflection (F <  0.05) for electron
energies  approaching  zero  and  an  increase  of F  at  higher  energies
which is in contrast with the relation suggested by Nottingham.

The diode structure of Shelton can also be used for the determina-
tion of the work function p.   At sufficiently high accelerating fields
(depending  on  the  temperature  of the  cathode)  saturated  emission
can be drawn.  It might be necessary under these conditions to apply
the  Schottky  correction  and  to  evaluate  the  saturation  current  at
zero field at the emitter.

The  disadvantage  of a  fixed  structure,  which  enables  the  deter-
mination of the reflection coefficient and the work function for one
orieiitation of the crystal only, can be overcome by using a structure
in which the crystal can be rotated. This has been done by Nichols( 3 9)
who  used  a  tungsten  wire  containing  a   sufficiently  large   single
crystal  orientated  with  the  [110]   direction  along  the  axis  of  the
filament.  The crystal was surrounded by a coaxial cylindrical anode
with  a  slit.    Electrons  emitted  from  a  certain  part  of the  crystal
passed  this  slit  to  be  received  by  a  collector.    This  arrangement
permitted  the  exact  measurement  of the  work  function  of various
crystallographic  orientations.    A  similar  construction  was  used  by
Smith(40).     Hutson(18)  perfected  this  type  of  instrument  by  the
addition  of a  magnetic  analyser  which  enabled  him  to  determine
the energy distribution of the emitted electrons.

When  the  saturated  emission  density  is  measured  at  different
temperatures  a  calculation  of  the   temperature   coefficient  of  the
work function  can be  made  if it is  assumed that the  reflection co-
efficient  may  be  omitted.    Writing    p  =  po  +  (ap/Gr)or,    thus
neglecting `higher  terms  in  the  series,  the  Richardson  equation  (12)
becomes :

>at=4#2exp(_`#T)0)(1-f)T2exp(-cr;)=

4r(1  - F) r2 exp

4r=4exp(-£(G5i?)o)
o.--L -`'-.-1`--

EEEii
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Plotting ln (Jsat/r2)  as  a function  of 1/I must yield  a  straight  line
with the  slope  -(capo/kr)  and  an intercept with the ln (Jsat/r2) axis
proportional to

ln4(1-i,-#)o.

From this intercept (Gp/Gr)o may be calculated, if F ± 0.

(a)   POLYCRYSTALLINE METAL  CATHODES

In many cases single crystals of sufficient size for emission measure-
ments  are  not  available,  and  frequently  one  is  interested  in  the
emission  properties  of  a  certain  piece  of wire  or  of  a  plate  of a
certain  metal,  available  in polycrystalline  form.    Under these  con-
ditions an inhomogeneous emission is to be expected and great care
is  needed when  the  experimental  results  have  to  be  interpreted.  If
the field strength at the cathode surface is made sufficiently large all
areas  emit  with  their  saturation  current.    The  total  current  is  the
sum  of the  currents  of the  individual  patches  and  is  consequently
determined by the area and the work function  of the patches:

Jsat  =  ZZ'J.sat                                               (19)
I

For  this  type  of  emitter  the  use  of  the  Richardson  equation  for
describing the emission of the whole specimen is arbitrary.   There-
fore in the case of polycrystalline metal cathodes, and even more in
the  case  of composite  surfaces,  it  might  be  better  to  describe  the
saturated current density of such cathodes as a function of tempera-
ture  by  means  of an empirical  equation,  as  has  been  suggested by
Nottingham(41).   He suggested the form:

sat -a exp (-#)                              ,2o,

which fits well with the experimental results.
Both  constants  cz  and  ¢,  the  latter  called  work  factor,  are  de-

pendent on the material of the cathode, and on its crystallographic
configuration.    No  certainty  exists  that  the  same  material  used  by
two  experimenters  under  different  conditions  will  show  the  same
values of cz and ¢.   The determination of a and ¢ must obviously be
done from the saturated emission current.
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On  the  other hand,  realising the  arbitrariness  of the  Richardson
formula to describe the electron emission as a function of tempera-
ture, no great objections can be made if this formula is maintained
with  the  necessary  indication  that  the  emission  constant  and  the
work  function  are  not  the  universal  emission  constant  multiplied
by  1  -  r-  and  the  true  work  function.    The  emission  density  of a
non-ideal  surface,  calculated  from  the  current  obtained  at  a  suffi-
giently high field at the surface and the geometrical area, is therefore
described by the equation :

Jsat  = 4Rr2 exp (21)

where .4R  is  the apparent value of the  emission constant  which  has
been called  Richardson emission constant to distinguish  it from  the
" apparent "  emission constant 4* which  will  be  defined later.  The

quantity  pR  is  likewise  called  the  Richardson  work  function  (see

FieBk£Fheanrs::::2;.]otT[ie(;s:t7sj?;is]4/i}:nfe?eRrr:::tdoe:ir.T[`;)e:t]fsr:vT.
dent that it is  generally  impossible  to  relate these constants  to  the
physical picture of the cathode surface under investigation.  It is also
impossible  to  draw  any  further  conclusion  about  the  temperature
coefficient  of the  work  function,  as the  4t  value contains  strongly
the  influence  of the  patches.   Assuming  a  certain  configuration  of
patches  a calculation  of the  resulting 4R  and  q)A  values  can  easily
be  made.   The  knowledge  of these values  alone, however, does  not
allow one to draw a conclusion about the configuration of the patchy
surface. Measurements about the homogeneity of practical cathodes,
to  be  discussed  later,  have  shown  that  the  deviation  of
the  theoretical value  1.2  x
that only part
emission.   The use  of the

f4R  from

surface   actually  contributes  to
two  constants PR   and  j4jt   is   therefore

advantageous,  because  it  allows  one  to   distinguish  more   or  less
between  two  factors  which  determine  the  emission  of  a  practical
cathode:   (cz)  the  potential  barrier  at the  cathode  surface  and (b)
the actual emitting area.

The  emission  characteristic  of  a  practical  cathode  can  also  be
described accurately enough by one constant, a kind of average work
function also called effective work function(42). Starting from eq. (19)
one can write:
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sat=T„,sat=4r2Fzexpt_e#j=4r2expt_CTfj

apE =  -=rlnz/ exp(-C#)                    (22)

This constant apf however,bears no  relation  to  the  potential  barrier
at the cathode surface.

Quite  often  a  Richardson  curve  is  constructed  using  saturated
currents which have been corrected for the influence of the acceler-
ating field (the Schottky effect).  The work function and the emission
constant obtained in this way are usually called the
function,  q)*,  and  the  apparent  emission

apparent work
constant,  z4*(+0).   Un for-

tunately tEE5le same constants have also been called Richardson work

ERE
FIG.  14.   (cz)  Schematic drawing of a plane-parallel diode with guard

rings  C'g and ,4g around cathode C and anode A.
(a)  Schematic  drawing  of  a  cylindrical  diode  with  guard  electrode

.4g.  C-cathode, A-anode.

function   and   Richardson   emission   constant(11).   Difficulties   arise
when the slope of the Schottky line-ln Ja  versus V*uleviates from
the theoretical one, a phenomenon which often occurs. The problems
related  to  this  deviation  will  be  discussed  below.

The measurements of the constants ,4R and apR are carried out in a
plane-parallel configuration if the cathode is available in a flat form
and in a coaxial cylindrical one in the case of a cylindrical cathode.
Care must be taken to prevent spurious currents from reaching the
anode.    Suitable  constructions  for  a  plane-parallel  diode  and  the
cylindrical  version  are  given  in  Fig.  14cz  and  b.    At  low  cathode
temperatures the current will be small and the measurement can be
carried  out  by  applying  a  sufficiently  high  d.c.  voltage  between
cathode and anode to assure saturated emission.   The disadvantage
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FIG.  15(¢) The space charge characteristic of a  diode  measured with
pulses  from  a  discharging  capacitor  with  RC =  10-4s.    Repetition
frequency  40  c/s.     The  so-called   10-volt  effect,  due  to   secondary
electrons from the anode,  is clearly visible.  Full horizontalscale 20V,

full vertical scale 4.10-2 A.
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FIG.15(b) The  space charge characteristic  of a  diode  measured  under
the same electrical conditions as given in the subscript:to Fig.15(a).  Full

horizontal scale loo V, full vertical scale 0.625 A.



V  in  Volt-----> x100

FIG.15(c) The transition from space charge limited current to  saturated
current in  a diode.   Conditions as  in  Fig.  15(a).  Full  horizontal  scale
1000 V, full vertical scale 0. I A.   The temperature has been decreased in

order to obtain saturation at  the highest applied  voltage.
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of this method is the high probability of cathode contamination due
to  products  released  from  the  anode.     At  the  normal  operating
cathode temperatures it may happen that the heat generated in the
anode  during  current  flow  is  excessive.    In  this  case  the  applied
voltage   must  be   pulsed   with   a   sufficiently   low   duty   cycle.    It
may  be  advantageous  to  use  pulses  obtained  from  discharging  a
condenser, so that the voltage decreases during the pulse.   A display
of the JJ'a  characteristic on the  oscilloscope screen can then easily
be obtained and it can be  seen  whether  or not  saturation  has  been
reached.   See Fig.15¢, a and c.

The   Schottky   effect   tends   to   increase   the   saturated   current.
Measurements at a few values of the voltage in the  saturated  region
permit the extrapolation to zero field according to the form±|±£jj£2
valid  for  the  plane-parallel  configuration.    It  is  not  always  easy,
however,  to  ascertain  when  saturated  emission  has  been  reached.
At a patchy surface the transition from the space charge region may
be  very  indistinct.    The  transition  region  is  not  only  due  to  the
difference in field  strength necessary  to  saturate  the  emission  from
different patches but also to the cancellation of the field,  caused by
the mutual interaction of the individual patches.  The exact Schottky
line  may  only  be  expected  when  this  patch  field  has  become  suffi-
ciently small compared to the applied field.   The dimensions of the
patches and their work function differences determine the extent of
tbe  transition region.    If the  theoretical  slope  of the  Schottky line
has  not  been  reached  it  is  properly  speaking  not  permissible  to
extrapolate the ln Jsat versus  yf curve to zero voltage and to use the
(Jsat)o   so   obtained.    Even   the   statement   of  the   proportionality
factor   between   the   experimentally   determined   slope   and   the
theoretical   slope,   calculated  from  the   macroscopic  geometry,   is
insufficient, as this factor is not a constant over the range of applied
voltages.  It is better then to state the field strength at the cathode as
calculated from the macroscopic geometry and the applied voltage.

The  other important  property  of the  electrons,  their energy  dis-
tribution, will usually be determined in the same structure, Fig.  14o
and b.   In the cylindrical case the applied voltage is only indirectly a
measure of the energy.   In this case the tangential component of the
velocity  contributes  to  the  measured  current.    A  suitable  displace-
ment of the lnJ versus  ya curve is necessary(43).

It  has  been  mentioned  already  that  only  at  sufficiently  high
negative  anode  voltage  is  the  lnJ-7'a  relationship  represented  by
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a straight line, the slope of which can be used for the calculation of
the  cathode  temperature.    There  is  no  reason  to  believe  that  this
behaviour will not be found.   However, if the anode voltage is not
low  enough,  so  that  the  emission from  the  highest  work  function
patches becomes saturated, the electrons coming from these patches
gain energy in the existing field.   The energy  distribution will  start
to   deviate   from   the   Maxwellian  distribution   and   the   lnJJ'a
relationship is no longer represented by a straight line.  The character
of this curve will be determined completely by the configuration of
the patchy surface.  It may be that a certain part of the curve will be
almost straight, but the slope will in general not correspond with the
cathode  temperature.      Under  practical  conditions  the  electrons
emitted  by  the  cathode  are  accelerated  towards  another  electrode.
If the energy distribution under these conditions must be determined
another technique must be used.   This technique, which is  of great
importance  for  porous  composite  surfaces,   will  be  described  in
section 2d.

Knowledge of the inhomogeneity of the emission of polycrystalline
surfaces is necessary to explain the observed currents in a more quan-
titative way. Experiments with the electron emission microscope have
given information about the distribution of the current over the sur-
face. This information is, however, mainly of a qualitative nature. The
observed picture is not always easy to interpret.   In the usual design
no measurement can be made of the current coming from any given
small area.   See, however, the design of Schenk(43a).   It is of course
of fundamental importance to be able to study the cathode in almost
the  same  environment  as  in  actual  practice,  but  the  vacuum  con-
ditions in the usual emission microscopes are certainly not the same
as they are in radio valves.   The instrument must be constructed in
such a way that the field at the cathode  surface is sufficiently high,
so that at the normal operating temperature the electron trajectories
are  practically  unhindered  by  space  charge.    The  microscope  de-
scribed by Popov and Druzhinin(44) seems to fulfil the requirements
better  than  the  older  designs.    Instruments  of this  kind  will  be  of
great value in the further study of the patchy surfaces characteristic
Of Practical cathodes(4.4a).

Some  approximate  information  can  be  obtained  from  the  tran-
sition  of  space  charge  current  into  saturated  current  about  the
work  function  differences  and  the  dimensions  of the  patches(45).
From the transition of the retarding field current into  space charge
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current it is  also  possible  to  obtain  some  knowledge  of the patchy
structure(46).    Recently  another  method  has  been  used  by  Jansen,
Venema  and  Weekers(4.7)  which  supplies  the  required  information
in   a   more   quantitative   way,   but   still   with   certain   limitations.
Although the instrument used in these studies has so far mainly been
applied  to  oxide-coated  cathodes  and  dispenser-type  cathodes,  the
principle  is  of general interest  and  will  be discussed here.  See  Figs.
16  and  17.    The  measuring  device  consists  of a  flat  cathode  and
parallel anode with a small hole (diameter  10 #m) which is scanned
by the cathode.   Rectangular pulses are applied to the cathode.   A
part  of the  electrons  drawn  to  the  anode  passes  through  the  hole

Anode            Col lector  screen

FIG.  17.    Electrode  system used for the  measurement  of the  current
distribution.   The hole in the anode had a diameter of 10 Hm.

and  reaches   the  collector  behind   the   anode.      By   changing  the
position  of the  cathode  with  respect to  the  anode  hole  a  measure-
ment  of the  current  distribution  along  the  cathode  surface  can  be
made.    In  the  first  experiments,  the  resolution  in  surface  area  was
about 25 #m.  The advantage  of this method,  as compared to,  e.g.,
the electron emission microscope,  is the rather simple  set-up which
allows the study of cathodes during life.   Although the resolution is
not  too  high  with  this  type  of instrument  interesting  results  have
already been obtained (see p. 253).   It is to be expected that a resolu-
tion of a few microns may be reached by the use  of a smaller hole
and a longitudinal magnetic field.   A  scanning  technique,  involving
the magnetic collimation of the electron flux  from  the  cathode  has
recently been used by Stanier and Mee(47a).
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(C)  SINGLE  CRYSTAL  SEMICONDUCTING  CATHODES
Emitters of this type, although of the greatest importance for the

understanding of practical cathodes, have hardly been investigated.
The work started by Sproull(1 3 8) seems to have been finished without
providing a final explanation of the mechanism of operation of the
alkaline  earth  oxide-coated cathode.   It must be  admitted  that the
technique of making and handling single crystals  of barium,  stron-
tium  and  calcium  oxide  and  of  mixed   crystals  is   not  easy.     In
addition it may be said that a practical cathode constitutes a structure
far removed from the ideal crystal, which has an important bearing
on the way it functions.

The fact that the number of charge carriers in a semiconductor is
many  times  less  than  in  a  metal  results  in  the  phenomenon  of
internal  space  charge  near  the  surface  under  the  influence  of  an
external  field  (see  p.   193)(48).     This  field,  penetrating  the  crystal,
causes the charge carriers to move to or from the surface depending
upon  their  sign  and  the  direction  of the  applied field.    A  positive
field needed when determining ap, attracts the electrons to the surface,
causes   the  bands  to  bend  downwards   and   decreases   the   work
function;    an   increased   electron   emission   must  result.      It   can,
however,  be  shown  that  the  influence  of surface  states  may  com-
pletely  dominate the field effect.   If the contribution of the surface
states  is  important  the  external  field  does  not  penetrate  into  the
semiconductor.   The problem of the mirror image force can then be
treated in the same way as has been done for a metal.

Another  effect  appears  if  electrons  move  in  a  field  in  a  semi-
conductor.  They will gain energy and their temperature may well be
higher  than  that  of the  lattice.    It  is  not  impossible  that  such  an
effect  contributes  to  an  increase  in  the  emission  current(49).  This
current is  indeed very  sensitive to  the  electron  temperature.

Apart  from  the  emission  properties,  the  conduction  properties
are also of importance.   The phenomenon of bulk conductivity has
beenconsideredon p.192, that of surface conductivity on p.197.  The
shape  of the  crystal  and  the geometry  of the  structure  used  in the
measurement  determine  which type  of conduction is  predominant.
The  type  of  charge  carriers  which  dominate  in  the  conduction
mechanism  can  be  determined  from  the  Hall  coefficient  or  from
thermoelectric measurements.

Measurements  of  the  emission  and  the   bulk   conductivity  of
barium  oxide  single  crystals  have  been  carried  out  by  Kane(50).
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The crystals were activated by a heat treatment up to a temperature
of  1400°K  (activation,  see  p.  238).   The J-yflt characteristic gave a
strong indication  of the  presence  of a  patch  field.    At  the  various
states  of  activation,  the  emission  and  conductivity  readings  were
taken at a temperature of 1000°K, with the surprising result that no
correlation could be found between these quantities.   A proportion-
ality was to be expected for a Wilson type of semiconductor.   Kane
concludes  from these  results  that  surface  states  are  responsible for
the  great  difference  in  electron  density  at  the  surface  and  in  the
interior.

(d)   POLYCRYSTALLINE  COMPOSITE  SURFACES

As  far  as  the  patchiness  of the  surface  is  concerned  the  picture
developed  for  the  inhomogeneously  emitting  metal  cathodes  also
holds  for  composite  surfaces.    The  measurement  of the  emission
constant .4R and the work function  pR follows the  same lines with
structures as given in Fig. 14cz and b.  As the resistance will in general
not  be  too  great,  the  anode  voltage  required  to  reach  saturated
emission  will  only  be   slightly  higher  than  that  required  in  the
absence of a resistance.   However, the resistance usually has such a
value that the saturated current, if drawn continuously, would cause
an excessive heat production.   In this case, therefore, pulse measure-
ments with low duty cycle are necessary.  As soon as the space charge
potential  minimum reaches  the  cathode  at the  high  work function
areas,  saturation  starts  at  these  places.    The  patch  field  helps  in
establishing this condition.   With increasing field strength the whole
cathode gradually becomes  saturated and the Schottky influence  of
the field on the work function starts to play a part.   This influence
will not be very different from the effect observed with metal cathodes.
The field inside the semiconductor may also  show its influence,  but
it  will  be  disturbed  by  the  patch  field  which  also  penetrates  the
crystals.    A  very  complicated  situation  exists  which  is  difficult  to
Survey.

The so-called intersection method, in which the graph representing
the retarding field current  as  a function  of the  anode voltage  on a
semi-logarithmic  scale  is  extrapolated  towards  high  values  until  it
intersects the graph representing the saturated current as a function
of the anode voltage, results in the determination of a p value which
is about equal to pE (see p.  224).   Consequently a conclusion about



230                            HANDBOOK   OF   VACUUM   PHYSICS

the  actual  ,4jz and pj{  values  cannot  be  obtained  by  applying  this
method(51).

The  measurement  of  conductivity  is  usually  done  in  a  plane-
parallel   structure,   the   layer   under   investigation   being   slightly
pressed between parallel metal  plates(52).   It is  also  possible to  use
a  rod  of non-conductive  material  provided  with  electrodes  in  the
form of two spirals(53'54).   The material which is being investigated
is  applied  to  the  rod  by  a  spraying  or  dipping  technique.    Other
designs for measuring the conductivity directly used a  probe  in  the
coating, or applied wires coated with alkaline earth oxide and twisted
afterwards. It is important for the interpretation of the experimental
results to  keep the geometry in mind(5 5).   Eisenstein also  applied a
different method(56).   His diode  structure contained an anode  with
a hole.   The electrons passing the hole are decelerated by a potential
difference  between  the  anode  and  a  collector  until  their  energy  is
almost zero.   The retarding potential required to reach this point is
the  energy  gained  between  cathode  surface  and  anode.    By  using
two different anode voltages, causing different cathode currents and
consequently  different  surface  potentials  and  by  determining  the
shift  of the  retarding  field  characteristic,  caused  by  the  change  in
surface potential,  the  resistance  in the cathode can easily be  deter-
mined.   As  will  be shown later,  various cathode  properties  can  be
determined   by  this   method.   The  determination   of  the   surface
potential  can  also  be  done  by  means  of  a  measurement  with  a
movable  anode  and extrapolation to zero distance(57).

The energy distribution of the electrons can be determined in the
various  ways  described  under (cz).    It is,  however,  obvious  that  the
situation is more complicated now,  especially in the case of porous
emitters.   A  current  emitted  by  the  cathode  will  cause  a  potential
drop in  the  coating.  In a porous  structure,  electrons  emitted from
places at different potential may reach the anode.  In this case it is to
be   expected  that  the   energy  distribution  will  deviate  from  the
Maxwellian.   As already explained in (b) on p. 226, the inhomogene-
ously emitting surface promotes this effect.   The coating resistance,
like the emission, is not homogeneously distributed.   Another cause
for a difference between cathode temperature and electron tempera-
ture  may  be  found  in  the  " heating "  effect.    The  electrons,  when
passing a potential difference,  present in the interior  of the grains,
may  be  accelerated  to  higher  velocities  than  correspond  to  the
temperature   of  the   grains(49).      Under   appropriate   conditions,
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however, the method may be used for cathode temperature measure-
ments(58).     As  has  been  indicated  already,  it  is  advantageous  to
accelerate  the  electrons  first,  simulating  in  this  way  practical  con-
ditions.      Resistance   effects   will   then   be   more   pronounced.    A
structure  similar to  that proposed  by  Eisenstein(56)  can  be  used  to
carry out the analysis.   In this way Bulyginskii and Sibir(59) studied
L-cathodes  and  Bulyginskii  and  Dobretsov(6°)  investigated  oxide
cathodes.   The  structure used by Jansen,  Venema and Weekers(61)
is shown in Fig.18.  The diameter of the anode hole in this structure
is usually  100 #m.   Pfetscher and Veith(62)  used  a  design based  on
the same principle for a study of cylindrical cathodes.

Arnde         Co/ lector  screen

FIG.   18.     Schematic  picture  of  the  electrode  system  used  for  the
determination  of  the  energy  distribution  of  the  emitted  electrons.
The d.c. amplifier is practically at earth potential, the cathode potential
can be varied by means of a potentiometer while the anode voltage

and screen voltage are fixed at different values.

The  distribution  of the  emitted  current  over  the  surface  can  be
•          investigated  with  the   same   type   of  apparatus  used  by  Jansen,

Venema and Weekers as described under (b).

3.   Measurements in practical tubes
In section 2 a description was given of measurements carried out

with specially designed apparatus.   In this way a particular quantity
can be determined under carefully controlled conditions which will
generally not be found in actual practice.   For a fundamental study
any difference between the practical conditions and those used in the
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study  is  probably  unimportant  for  it  may  be  expected  that  any
theory developed with the results obtained in the special apparatus
will also largely hold for a cathode used in a practical tube.   How-
ever, it is certainly necessary to be careful in this respect.  When two
types of cathodes have to be compared, it is to be expected that the
results  of measurements  carried  out  in  special  structures  may  be
applied  to   practical  tubes,   particularly  if  large   differences   exist
between  the  two  types.    But  reliable  measurements  of thermionic
cathode  properties  under  practical  conditions  must  always  be  the
ultimate aim.

Unfortunately,  however,  a practical tube does not generally pro-
vide  a  structure  suitable  for  the  desired  measurements  for  there  is
often doubt about the actual surface area of the emitting part of the
cathode  and  about  the  cathode  temperature  which  may  vary  con-
siderably along the cathode surface.   Thus in general it is impossible
to  use  a  practical  tube  for  accurate  measurement  of the  emission
capability of the cathode.  What is possible, however, is the compara-
tive  measurement  of various  properties  in  different  samples  of  a
particular type of tube, a matter of great importance for tube pro-
duction.

An intermediate approach has been described by  Nottingham(6 3)
who  has  carefully  considered  the  problem  of cathode  evaluation,
particularly  with  the  aim  of applying  conditions  which  approach
those  used  in  practice.    The  basis  of his  approach  is  a  thorough
treatment  of the  theoretical  J-7'a  characteristic  of a  diode  in  the
retarding-  and  space  charge-current  region.     The  voltage  values
which  separate  the  space  charge-current region  from the  retarding
field region and from the saturated current region are given special
attention.      In   order   to   interpret   thoroughly   an   experimentally
determined characteristic a comparison is made with the theoretical
curves, which hold for various values of the saturated current.   The
calculation  of these  so-called  master  curves,  which  are  valid  for  a
homogeneously emitting cathode, is made quite easy by the use of a
number of tables given by Nottingham.   The voltage range which is
applied in the evaluation is small and in accordance with the values
used  in  practice.    However,  to  obtain  information  regarding  the
saturated emission and hence of the values of the work function and
the emission constant, the temperature of the cathode must be kept
sufficiently low, far below the normal operating temperature.   Apart
from  the  assumption  of  a  uniformly  emitting  cathode,  which  is
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certainly not true in practice, the use of the low temperatures seems
to  be  rather  dangerous.    There  is  no  guarantee  that  the  cathode
properties  at  normal  temperatures  will  be  deducible  from  those
obtained at low operating temperatures, even if a particular tempera-
ture  coefficient,  based  on  experimental  and  theoretical  considera-
tions, is taken into account.   Furthermore, the gas composition may
be different at different temperatures and may influence  the  cathode
properties.       Hung's   results   on   oxide   cathodes(64.),   quoted   by
Nottingham,  seem  to  confirm  this.    It  must  be  noted further  that
the temperature measurements have to be made by means of thermo-
couples, which generally excludes the use of practical tubes for the
required measurements.

The comparative merits of various radio tube materials as regards
their effect upon the electrical characteristics can best be determined
in a standard diode.  Such a diode is described in A.S.T.M. Designa-
tion  F270-56(65).    It  has  the  advantage  that  it  is  less  complicated
than a practical tube but provides a structure comparable to it.

The  measurements  which  will  be  described  here  can  be  carried
out not only with standard diodes but with almost any kind of tube.

(a)   EMISSION MEASUREMENTS

Several   methods   for   checking  the   emission   properties   of  the
cathode  in  a  practical  tube  have  been  used.     Pulse  methods  in
which  multi-electrode  valves  are  operated  as  diodes,  all  electrodes
except the cathode being connected together, may yield information
about the  saturated  emission.   These  methods  suffer from  the  risk
of  damaging  the  cathode  because  much  greater  current  densities
are drawn than in normal operation.   Furthermore the voltage used
differs  markedly from that  applied normally and experience  shows
that  emission  characteristics  obtained  in  this  way  do  not  always
correlate with the emission behaviour found under normal operating
conditions.   The correlation is much better when the under-heating
characteristic is used(6 6).   With fixed voltages applied to the various
electrodes,  such  as  the  grids  and  the  anode,  the  heater  power  is
varied  by  changing  the  heater  voltage.    The  anode  current  then
measured is a function of heater input which is directly related to the
cathode temperature.   At low temperature the saturated emission is
drawn  and  this  emission  changes  very  rapidly  with  temperature.
Consequently, as the cathode temperature is raised from a very low
level  where  the  current  is  practically  zero,  a  sharp  rise  in  anode
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current  is  observed  at  a  certain  heater  voltage.    With  increasing
heater input the rate of rise of current decreases and finally levels off.
Under  complete  space  charge  conditions  the  current  is  quite  in-
sensitive to temperature.   The point of transition from temperature-
1imited  to  space  charge-limited  emission,  known  as  the  knee  tern-
perature,  serves as a characteristic of the emission properties of the
cathode.   See Fig.  19.   Not only the knee temperature  but also the
shape of the curve may give information about the cathode, e.g. its
homogeneity.   It will be evident that this shape is further determined
by the geometry of the tube and the applied voltages.   The method
is therefore suitable for comparative measurements on one particular
type of tube.

An  alternative  method,  which  is  sometimes  used to  measure  the
underheating characteristic,  is to  start from normal  operating con-
ditions  and  then  to  switch  off  the  heater  voltage  suddenly.    The
change of anode current with time is then observed.

(a)   RESISTANCE  MEASUREMENTS

If the  cathode  resistance  has  a  sufficiently  high  value  it  will  in-
fluence the electrical properties of the tube in which this cathode is
used.    In  practice  only  space  charge-limited  currents  need  be  con-
sidered.   Denoting the cathode  current by  Jc  and  the  resistance  by
Rc  the  potential  of  the  cathode  surface  is  raised  by  the  amount
RCJc and the potential differences in the tube  between  the  cathode
surface  and  other  electrodes  change  correspondingly.    In  a  diode,
the  anode  voltage  which  has  to  be  used for the  calculation  of  the
current becomes  7'a -JCRc.   As  Rc will  generally  be  a  function  of
the   current  and  as  moreover  the   cathode  emission  is   quite  in-
homogeneous,  resulting  in  a  combination  of  more  or  less  space
charge-limited  emitting  areas,  the Jc-7'¢  characteristic  may  deviate
markedly  from  the  theoretically  expected  behaviour.    The  contact
potential difference and the cathode inhomogeneity, being unknown
in  practical  cases  and  sometimes  the   10  V  effect  (see  Fig.   15¢),
prevent the use  of the  Jc-7'a  characteristic  for  a  determination  of
Rc, except for large values of Rc. For triodes, tetrodes, etc., the same
considerations hold if the  Ja-yg  characteristic   or  its  derivative  is
used.     In  particular  the   change  in  the  transconductance   gin  =
(GJa/Gygi)ya Can be used to follow changes in resistance  during  life,
if  it  is  assumed  that   other   factors   which   influence   the   Ja-yg]
characteristic remain constant or can be neglected.  With a resistance
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FIG.  19.    The  underheating  characteristic  of a  cathode  for  different
values of the anode voltage.
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I?c the value of gin becomes :

8in-
gmo

1   +   cxRcgmo

C¥  =  Jc/J¢  and gmo is  the Value of gin for Rc  =  0.
A  different method  of determining changes  in  the  cathode  resis-

tance has  been  suggested  by  Horsfall(67).    In  this  method  the first
grid  of the  tube is  at a  small positive potential with  respect to  the
cathode  via  a  large  resistance  (~ 0.1  MQ).    The  diode  impedance
between grid and cathode surface is therefore almost constant, which
enables the grid to  be used as  a probe for the measurement of the
cathode surface potential.   The application of an alternating voltage
to  the  anode,  in  addition  to  the  normal  d.c.  voltage,  causes  an
alternating current in the tube, and due to the cathode resistance an
alternating potential  of the  cathode  surface.   The  grid is now used
as  a probe  and its  a.c.  potential  measured.   Another measurement
yields  the  alternating  anode  current  and  from  these  results  the
cathode  resistance  can  be  derived.     The  analysis  shows  that  the
ratio  of grid voltage  and  anode  current is not directly the  cathode
resistance,  but  that  a  constant  term,  depending  on  the  tube  para-
meters,  must be  subtracted from the calculated resistance.   As  this
term is constant during life the method is applicable to the determina-
tion of resistance changes in the course of life.   Moreover, this extra
term can  be  determined  fairly  accurately in  the  beginning,  so  that
the method is also useful for absolute measurements, although with
some restrictions.

The resistance is usually not distributed homogeneously through-
out the thickness of the cathode.  The so-called interface resistance in
oxide-coated cathodes is found in a thin layer near the metal base and
is  due  to  badly  conducting compounds,  formed  by  the  reaction  of
the  alkaline  earth  oxides  and  impurities  in  the  base  metal.     To
determine  this  interface  resistance  separately,  use  is  made  of  the
rather  high   capacitance  of  the  interface.     The  principle   of  one
method(68)  for  its  determination  consists  of a  measurement  of gin
at a low (10 kc/s) and  at a high frequency (10  Mc/s).   At the high
frequency  the  resistance  is  short-circuited  by  the  capacity  of  the
interface and from tbe difference in gin values the resistance can easily
be computed.   In another method(69) rectangular current pulses are
fed  through  the  cathode  and the  tube,  and  the  voltage  across  the
tube,  operating  under  space  charge  conditions,  is  observed.    Due
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to  the  resistance  jzc€  and the  capacitance  Ccf  of the interface  layer,
the voltage across the layer builds up according to :

Vi -  ICRci 1  -  exp (- RT±))
I   ¢        :nft¥:icon)t:Cg:Spt:Lesec:::::: tflh°ewdLLno8df,utr±::::t:gpeu:Seet.weFern°cmatthhoed:hsaupr:

face and anode being constant, the value of Rcj  is  easily  determined.
Improvements  to  the  standard  techniques,  in  particular  for  the

i        determination  of  smaller  resistances, are  described  by  Tamaya(70)

and Frost(71).   The first and two other methods are suggested in the
A.S.T.M.    Test   methods    for   interface    impedance,    designation
F300-57T(72).

(C)   NOISE MEASUREMENTS

These measurements may be performed with the object of gaining
knowledge  of the noise phenomenon itself,  and with the particular
object of obtaining a better understanding of the physics of cathodes,
as  in  the  work  of Hannam  and  van  der  Ziel(73).    Another  object
may be the use of the shot noise values to check the emission pro-
perties  of  cathodes,  particularly  in  practical  tubes.    As  has  been
mentioned in section A8, this noise is reduced considerably by space
charge.   A tube with a cathode that is far from homogeneous, may
show  an  Ja - ygf  characteristic  which  is  typical   of  space  charge
conditions.  However, an area with poor emission may still be present
and  may  contribute  to  the  current.    Although  its  influence  in  this
respect is small, its contribution to the noise level may be quite large
because this contribution is not very much decreased by space charge,
contrary to the  noise from the better emitting areas.   So two  com-
parable cathodes  may show a negligible  difference in current but a
large  difference  in  noise  level.     Thus  a  noise  measurement  may
provide  a  better  understanding  of  the  patchiness  of  the  cathode
surface and may serve as a tool for the study of cathodes processed
under different conditions(74).

C.    VARIOUS  TYPHS  OF  THERNIONIC  CATHODES
I.   Alkaline earth oxide-coated cathodes

1.   INTRODUCTION
Of  the  various  types  of thermionic  cathodes  the  alkaline  earth

oxides are by far the most commonly used, the reason being that this
type of cathode shows the lowest work function.  Therefore relatively
E
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low temperatures (900-1200°K) can be used so that a good efficiency
is   obtained.     Practical  cathodes  consist  of  the  double  oxide  of
barium and strontium or of the triple oxide of barium, strontium and
calcium.     As  the  oxides  are  difficult  to  handle-they  are  readily
attacked  by  water  vapour  and  carbon  dioxi`de-the  cathodes  are
prepared from compounds.    In  almost all cases  the  carbonates  are
used  and are decomposed during the pumping process to leave the
oxides.  The cathode, in order to be a good emitter, must be subjected
to an activation process.   During this process the electron emission,
which is usually very small after the decomposition and varies con-
siderably from cathode to cathode, increases strongly and reaches a
final  value  which  shows  generally  a  much  smaller  spread  than  is
observed  in  the  beginning.     In  this   activation  process  the   sur-
roundings  of the  cathode  play  an  important  part  because  the  gas
composition too  must  stabilize.    The  activation is  favoured by  the
presence of reducing elements in the nickel-" activators "-and in
addition current flow through the cathode usually has a pronounced
effect  on  the  activation.    Therefore  elements  present  in  the  nickel
core,  such as  magnesium,  aluminium  and  silicon,  have  a beneficial
effect  on  the  cathode  properties  especially  at the  beginning  of life.
At every stage in the preparation of the cathode, great care must be
taken  to  prevent contamination.   This  holds  not  only  for  the  core
and for the carbonates but also for other components in the tube, and
for the glass of the envelope.   Particularly dangerous are chlorine( 7 5)
and  sulphur(7 6).

A great deal of work has been done to arrive at an understanding
of  the  principle  of  operation  of  the  oxide  cathode.     After  some
sixty years of study, which was quite intensive during certain periods,
it  must  be  said  that  a  completely  satisfactory  picture  has  still  not
been obtained.   This is partly due to the extremely complex circum-
stances  prevailing  during normal  operation  and partly  because  the
oxide cathode was in practical use long before the physical theories
necessary to  explain its  behaviour had  been  developed.    It may  be
that  a  full  understanding  of  the  mechanism  of  operation  will  be
reached  only  after  the  period  during  which  the  oxide  cathode  has
found its widest application.

2.   THE  CORE METAL

The type of cathode application determines the choice of the core
metal.   Nickel is favourable in the case of indirectly heated cathodes.
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Chemically it is sufficiently stable towards the oxides, and evaporates
very slowly at the operating temperature.   It can  be  degassed  quite
well and has a rather low heat conductivity and thermal emissivity
which is of importance for the heat economy of the cathode.  Copper
has  been  suggested  as  a  core  material  because  of its  low  thermal
emissivity  but  the  temperature  range  in  which  this  metal  can  be
used  is  too   small  for  mass  production  purposes.     For  directly
heated  cathodes  the  tensile  strength  of nickel  is  too low  at  operat-
ing  temperatures  and  certain  nickel  alloys  or  tungsten have  to  be
used.

The  reducing  elements  originally  put  into  the  nickel  to  improve
the  workability  have  been  shown  to  be  of vital  importance  to  the
operation of oxide cathodes.   At the high temperatures used during
processing and in actual operation, these impurities diffuse towards

TABLE  1

ASTM
grade no.

Manganese
per cent

Carbon
per cent

Magnesium
Per Cent

Active  alloy  type

Passive  alloy  type

Silicon
Per Cent

Tungsten
per Cent

the surface where they react with the oxide.  The number of elements,
present in commercially available nickel alloys,  which are reducing
and are usually called activators, is rather small.   They are listed as
follows:    carbon,  zirconium,  magnesium,  manganese,  aluminium,
silicon  and  perhaps  tungsten.    The  amounts  present  differ  for  the
different kinds of alloys, as is evident from the figures in Table 1(7 7).
It should be realized that the normal methods of analysis yield the
total  amount  of a  particular  element,  although  it  may  be  present
in the alloy in the active or in an inactive state,  sometimes referred
to  as  " free "  and  " combined ".    Only  the  active  content  of the
reducing element is of importance.  It is commonly assumed that the
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impurity elements ai.e distributed homogeneously through the nickel,
but this is certainly not always  the case.   The process in which the
nickel  tubing  for  indirectly  heated  cathodes  is  made  may  influence
the  active  amount  of reducing  elements  originally  present.    More-
over,  in the process of decomposition of the carbonates part of the
content of reducing elements may become oxidized.   The governing
factor  in  the  operation  of the  cathode  is  of course  the  amount  of
active element left which can reduce the oxides.  The total amount of
reducing  elements  is  directly  proportional  to  the  thickness  of the
nickel  sleeve,  which  is  usually  determined  by  mechanical  require-
ments.      Properties   such   as   temperature   distribution   along   the
cathode and warming up time are also governed by the thickness of
the  nickel  tube.    In  practice  a  value  between  0.05  and  0.1  mm  is
chosen.   The sleeve is either made from tube or from sheet which is
folded.    Folded,  lock-seam  sleeves  are  cheaper  than  tubes  and  are
therefore widely used.

Two aspects of the reducing elements are important:   firstly their
chemical behaviour towards the alkaline earth oxides, secondly their
diffusion through the alloy towards the surface.  The chemical aspects
of  the  combination  of  oxide  and  activator  have  been  treated  by
White(78)  and  by  Rittner(79).     Both  authors  have  made  thermo-
chemical  computations  of the  equilibrium  pressure  of barium  re-
sulting from the reactions between the alkaline earth oxides and the
activators  in  the  alloy;   see  Appendix  I.    The /rcc  elements  mag-
nesium,  zirconium,  aluminium  and  silicon  are  very  active  and  the
equilibrium  pressure  at   1000°K  equals  the  pressure  above   solid
barium,   which   obviously  constitutes   the  highest  limit.     Carbon
yields  an  equilibrium  pressure  at  1000°K  of  4  x  10-6  torr  and
tungsten of 2  x  10-9 torr.   If these reducing elements are present in
the  nickel  the  barium  equilibrium  pressure  will  usually  be  lower
due  to  the  formation  of  solid  solutions.    The  pressure  is  then  a
function  of the  concentration  if  saturation  has  not  been  reached.
In a particular case  the available data usually allow the  " approxi-
mate " calculation of the equilibrium pressure.

The  diffusion  of the  active elements  in the  nickel  core  is  treated
mathematically  by  the  introduction  of  the  diffusion  constant  D,
which is a function of temperature and written as :

D -  Do exp
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Values  of Do  and the  activation energy Ediff are known for  all  the
elements which have been mentioned and are given in Table 2(8 °>8[)

It is not known how great the equilibrium pressure of barium in
a fully activated oxide cathode must be.   This pressure is determined
not only by the rate of evaporation of barium from the coating  but
also   by   the   presence   of   "poisoning"    agents,   which   include
chemically active gases and ions of the residual gas bombarding the
cathode.    Moreover,  activation  may  also  be  caused  by  gases  such
as hydrogen, or methane, found in varying amounts under practical
conditions.     A  calculation  (see  Appendix  11)   of  the  amount  of
activator arriving at the surface of the core per m2 and per sec may,
however,   be  carried   out  for  special  alloys.     Assuming  that  this
amount of activator reacts with barium oxide, the amount of barium
produced  per  m2  and  per  sec  is  also  known.    This  assumption  is
certainly true for magnesium,  silicon,  aluminium and zirconium.

TABLE  2

In  Fig.  20a  and  b  Kern's  results  of the  calculations  for  several
single  additive  nickel  alloys  are  shown,  together with  the  results  of
life  tests  obtained  with  cathodes  made  with  these  nickels(82).    For
sufficient  emission  under  these  particular  circumstances  a  barium
supply  rate  of  1014-1015  barium  atoms/m2  see  corresponding  to  a

•         barium pressure  of 10-[°-10-9  torr is needed.

The  formation  of an  interfacial  layer  of a  chemical  compound
betweeii  the  nickel  core  and  the  alkaline  earth  oxides  may  hinder
the diffusion of the impurities towards the oxides.  Also the diffusion
coefficient for a particular element as measured in nickel, containing
this  element as  the  dominant alloying constituent,  may  differ from
the diffusion coefficient for this element when it is present together
with other impurities in comparable amounts(83).   Furthermore, the
metallurgical  history  of the  nickel  used  in  cathodes,  in  particular
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its surface state, may influence the diffusion of the activators to the
oxides.

So far only the reduction of barium oxide has been discussed, but
for practical cathodes  it is  also  necessary to  consider the  reactions
with   strontium   oxide   and   calcium   oxide,   if  present.      Thermo-
dynamical   calculations   show   that   the   equilibrium   pressure   of

FIG.  20(c!).  The  pulse  emission  of  alkaline  earth oxide  cathodes  on
single additive nickel alloys as a function of life.   From Kern, H.  E.,

Bell Lab.  Rec. 38, 4S1  (1960ly.

strontium,  resulting from the reduction of the oxide, is at least one
order  of magnitude  lower  than  that  of barium,  while  the  calcium
pressure may be considered negligible.   The reduction of strontium
oxide  has  been  followed  by  means  of the  radioactive  tracer  tech-
nique and has been correlated with the diffusion of the activators in
the  nickel  on the  one  side  and with the thermionic emission on the
Other(8o).
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In practical circumstances the situation with respect to the chemical
reactions  of activators  and  oxides  is  extremely  complex.    Without
sufficient  knowledge  of  this  situation  calculations  of  equilibrium
pressures  are  only  of very  limited  value.    Whether  the  nickel  itself
has an influence on the emission properties of the oxide cathode is a
question to which no clear answer has yet been given(84).

FIG. 20(b) The barium pressure, produced by  reduction  of the  oxide
cathode on the various  single additive nickel alloys also as a function
of  life  (from  Kern).    The  bariuln  pressure  must  be  higher  than

about  6  x  10-" torr to obtain a reasonable emission.

3.   THE  COMPOUNDS  USED  FOR  THI=  COATING AND  THEIR

PREPARATION

Nowadays, the only important source of the oxides are the carbon-
ates,  the  reason  being  that  the  carbon  dioxide  which  is  produced
during decomposition does not react too strongly with the materials
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present  in  the  valve.    In  addition  it  helps  in  removing  the  carbon
left  over  from  the  binder  present  in  the  carbonate  paste.     The
carbonate  is  made  by  precipitation  from  an  alkaline  earth  nitrate
solution   by   means   of  ammonium   or   sodium   carbonate.      The
resultant  particles  may  be  in  the  form  of  spherulites  or  needles,
depending  on  the  temperature,  pH  and  concentration  of the  solu-
tions.       The   spherulites   are   agglomerates   of   smaller   particles.
Particles  of colloidal  size  can  be  obtained  under  appropriate  con-
ditions.   The size  of the particles used in actual practice varies from
a  few  to  several  tens  of microns.    The  carbonates  are  mixed  with
solvents  and  usually  with  a  binder, and  then  stirred  or  ball-milled
to  a paste which  is  applied  to  the  nickel  sleeve.    Experiments  have
shown   that   the   mixed   crystals   of  barium   and   strontium   oxide
exhibit   better   electron   emission   properties   than   barium   oxide,
strontium  oxide  or  a  mechanical  mixture  of  these,  the  best  com-
position  having  a  strontium  oxide  content  between  about  50  mol
Per cent and 75 mol per cent (85.lot).  The further addition  of some
calcium  oxide  is  favourable  too,  the  feeling  amongst  valve  makers
being  that  the  triple  oxide  is  more  resistant  to  poisoning.     The
influence of calcium oxide has been attributed to a higher degree of
disorder in  the  oxide crysta||ites(86,87)

4.   APPLICATION  0F  THE  PASTE  T0  THE  BASE

The  most  common  method  of applying  the  paste  to  the  base  is
spraying,   although  painting,   dipping  or  dragging  are  also  used.
Electrophoresis and centrifuging(88)  are  other processes which have
been employed.   After coating, the cathodes are allowed to dry and
are  stored  in  an  appropriate  way.    The  coating  method  adopted
depends upon the specific requirements.   Indirectly heated cathodes
are usually sprayed to a thickness ranging from some tens to about
a hundred microns.   In all cases the layers formed are quite  porous
although  the  porosity  is  not  the  same  for  the  different  coating
methods.    The  pore  volume  is  always  above  50  per  cent;   a  dense
layer may have a pore volume  of 65 per cent,  a very loose layer as
much  as  85  per  cent.    Usually  the  layer  density  is  about  1  g/cm3
corresponding to a pore volume of 75 per cent (density of the solid
carbonate  =  4   g/cm3).      Loose   layers   usually   provide   a   higher
current  density  than  dense  layers,  which  may  be  explained  by  the
smaller  surface  roughness  of  the  latter.     Recently  the  use  of  an
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" emissive tape "-a film of a polymethacrylate binder with alkaline

earth   carbonate   powder~has   been   described(89).      This   tape   is
printed on to the nickel base.

5.   DECOMPOSITION  AND  ACTIVATION

After being mounted in the assembly and, in the case of indirectly
heated constructions, provided with the heater, the cathode is ready
for processing.  In mass production the tube is pumped on a rotating
pumping  machine  by  means  of  a  mechanical  rotary  pump  or  a
diffusion  pump.    When  the  pressure  is  sufficiently  low,  e.g.  below
about 0.1  torr,  the  heater voltage  is  applied  and  the  cathode  tem-
perature  increased  in  an  appropriate  way.     Under  the  prevailing
conditions a quick process is extremely important and the pumping
schedule is therefore as short as possible.   The decomposition of the
carbonates quickly reaches completion, the carbon dioxide is pumped
away and the oxide is left.   The temperature must not be chosen too
high as otherwise the evaporation of the magnesium from the nickel
or  of the nickel itself becomes excessive.   Also  barium may  be lost
and the layer may sinter too much.   A temperature of about 1500°K
must be considered to be quite high and may last for only 5 to 10 see.
Heating is usually done  as  quickly  as possible.    Before and  during
the  decomposition  of the carbonates  the binder is cracked,  leaving
carbon  in  the  coating  which,  however,  is  oxidized  in  the  carbon
dioxide   atmosphere   present   during   decomposition   and   pumped
away as carbon monoxide.    Other components in the  assembly are
heated  by  eddy-current  in  order  to  degas  them  as  far  as  possible.
The whole assembly heats the glass envelope.   After the decomposi-
tion has come to an end, the pressure drops.   At a certain pressure
level, the tube is removed from the pump, a barium getter is flashed
or  a  non-evaporated  getter  is  activated,  after  which  the  pressure
reaches  a  sufficiently  low  value,  of the  order  of  10-5  torr.    Some-
times  the  getter  is  appropriately  treated  before  removing  the  tube
from  the  pump.   Voltages are  then  applied  and  the  activation and
ageing   of  the   cathode   starts.      Usually   some   current   will   flow
immediately,  due  to  the  presence  of  excess  barium  already  pro-
duced by reduction, but this current varies generally from one tube
to the other.  During the ageing process the cathode stabilizes, usually
characterized by  a  decrease  in  work function,  and  reaches its final
condition.    It must  be  realized  that  during  the  ageing  process  the
cathode is under the influence of a great number of factors.   Barium
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is  produced  at  the  metal  base  and  diffuses  through  the  coating  in
which carbon dioxide may still be left.   This gas is also adsorbed on
other components.   From these components various gases may still
be liberated, especially under the influence of electron bombardment.
During  the  ageing  process  a  quasi-dynamic  equilibrium  is  reached
in   the   valve   to   which   all   components,   the   glass   envelope,   the
cathode,  the  getter,  the  mica  spacers,  the  heater,  etc., contribute.
Knowledge of the  gas composition in the tube is evidently  of great
importance for the understanding of cathode behaviour.

The  mechanism  of the  activation  of  oxide  cathodes  by  current
flow  is  still  a  point  of  discussion.     Generally,  the  influence  of  a
current is very pronounced in the first part of the activation period,
the explanation being that the oxides are electrolytically dissociated.
According  to   Kovtunenko   and  Isarev(9°)   a  positive   correlation
exists between the barium concentration and the activating current
density.    In triple  oxide the barium concentration is  usually found
to be much higher than in the double oxide.   A higher temperature
during current activation increases the amount of barium, but above
about  1270°K  a  decrease  is  observed,  the  evaporation  of barium
becoming more pronounced.

The  production  of  oxygen  during  activation  has  been  demon-
strated  by  various  authors,  some  of whom  detected  mass-spectro-
metrically  negative  02-   ions  while  others  found  0-   ions.   From
Shepherd's(9]) and Surplice's(92) work it appears that the liberation
of singly charged negative oxygen ions is not simply an evaporation
but is due to the bombardment by residual gas ions.   However, the
permanent  poisoning  of  an  oxide  cathode   by   oxygen,   which  is
found under certain conditions,  is  difficult to  explain if electrolytic
dissociation makes an important contribution to  the activation(9 3).

In their studies on the conductivity of oxide cathodes Metson cf cr/.
put forward  a new  explanation  of the  current  influence,  in  which
thermal dissociation of the  oxide  is  promoted  by  a temperature  in-
crease due  to the  electron  bombardment of the grains in the porous
oxide layer( 94). Certainlythe lastword on this matter has not yet been
spoken,  but  it  must  be  realized  that  the  situation  in  the  crystal
lattice immediately after decomposition may be quite different from
that in a later phase.   Furthermore, the high temperature applied in
this period,  causing variations  in composition  and lattice  disorder,
may promote a greater ion mobility.   It is common experience that
heating to  a too high temperature results in  a decrease in  emission.
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This is partly due to sintering, partly to loss of barium by evapora-
tion.

The whole processing schedule depends strongly upon the type of
tube.    In  experimental  devices,  generally  much  more  care  can  be
bestowed  on  the  decomposition  and  the  degassing  of the  cathode
and  on  the  processing  of  the   other  components.      MacNair(95)
reported  that  conversion  of the  carbonates  in  hydrogen  at  atmo-
spheric  pressure  results  in  a  higher  emission  level and  less  initial
poisoning  of the  cathode.    It is  believed  that  oxidation  of various
parts  surrounding the  cathode  and  of the  activators present  at the
nickel surface is prevented in this procedure.

After decomposition the layer remains porous ;   some shrinkage is
observed,  but the structure of the layer does not change fundament-
ally.    During life  the  layer shows shrinkage due to sintering and re-
crystallization.  The  influence  of the  temperature on the sintering is
very pronounced,  but it  is  also affected by other factors such as the
crystal size of the carbonates, the presence of impurities, and the den-
sity of the layer. The influence of temperature on recrystallization and
crystal growth has been studied by Eisenstein(96),bothforthecarbon-
ates and the oxides, and by  Rooksby(97).   Particularly  above  about
1270°K  the  barium-strontium  oxide  crystals  grow  rapidly.     This
temperature and even much higher temperatures are usually applied
during  decomposition  with  the  aim  of reducing  the  time  for  con-
version   as   much   as   possible.     Different   temperature   and   time
schedules for decomposition will generally result in different crystal
size of the oxide and may result in different emission behaviour.

The  composition  of  the  oxide  layer,  which  is  initially  homo-

.         geneous,   changes   rapidly.      Barium   oxide  is   more   volatile  than
strontium and calcium oxide and evaporates preferentially from the
surface, leaving a layer which contains only a fraction of the barium
originally present(9 8).   The presence of the strontium oxide layer has

'        been  demonstrated  by  means  of  electron  diffraction.     An  X-ray

analysis does not show this thin layer, as its thickness is only of the
order of several hundreds of atomic layers.   This thickness depends
upon the life of the cathode.   In the case  of the barium-strontium
oxide cathode the real emitting surface consists mainly of strontium
oxide activated by barium, in the case of the triple oxide mainly of
strontium-alcium oxide, also activated by barium.  Furthermore, at
the  core-coating interface,  a change  from  the  original  composition
may occur.  Due to the reactions taking place between the reducing
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elements   and   the   oxides,   compounds   are   formed  which   have a
composition in  which  the  ratio  of the  alkaline  earth  metals  differs
from  that  present  in  the  oxide  layer.    Consequently  one` of these
metals  will  be  bound  preferentially,  resulting  in  a  change  in  the
composition of the oxide(99).   The interracial layer which consists of
compounds   foi.med   during   the   reduction   of  the   alkaline   earth
oxides,  will  be  discussed  later  when  the  problem  of  resistance  is
dealt with.

6.   PROPERTIES  OF OXIDE  CATHODES

(aD   Emission properties
It is not surprising that disparities exist in the results obtained by

different  researchers  regarding  the  apparent  emission  constant  j4*
or the Richardson value £4R and the apparent work function ap* or xpjz
of well-activated cathodes.  These disparities do not mean necessarily
that  the  saturated  emissions  at  a  certain  temperature  were  very
different.   A high value of p* may be combined with a high value of
f4* and conversely. The value of p* is usually between 0.8 and 1.0 V,
the  corresponding  values  of 4*  are  about  10-2  and  10~]  A/cm2
OK2.i

Some  investigators  have  found  a  relation  between  4*  and  q)*
during  activation  of  the  cathode  and  also  during  life(100).     This
might be due to a variation in the emission pattern over the surface
as suggested by Veenemans(101).   Whether such a variation is found
in an emission microscope picture will depend on the resolving power
of the instrument used.   Typical values of the current density drawn
under  direct  current  conditions  range  from  0.01-1 A/cm2, whereas
under pulse  conditions the current density  may rise  to  several tens
A/cm2.

Usually   the   phenomenon   of   "decay"   is   observed   with   the
double   or  triple   oxide(102).     Application   of  rectangular  voltage
pulses of sufficient length to the cathode causes the cathode to emit
with decreasing current density ;  during the pulse the emission drops.

t A general remark must be made here about the units  used in  this  part  of
the survey.   In the theoretical treatment the M.K.S.A. system  has been used and
the values of the fundamental constants, found in the  Glossary of Symbols, are
expressed in the units of this system.   In practical  circumstances, however, it is
often more convenient to use the centimetre instead of the metre  and the gram
instead  of  the  kilogram.    The  author  does  not  consider  the  disadvantage  of
using two  systems to be very serious,  as  one  system is  used  for the theoretical
calculations and the other for  practical considerations.
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The  emission  drop  can  also  be  studied  by  applying  short  pulses
continuously and switching on and off the d.c.  anode voltage.   The
phenomenon  may  show  at  least  three  time  constants,  one  of  the
order  of  10-4  sec,  the  others  in  the  ranges  of  10-2-1  sec  and  of
102-104 see.   The shortest time constant decay is believed to be due
to  changes  in  internal  space  charge  and  surface  charge(103).    The
second  one  may  be  related  to  redistribution  of donors  under  the
influence   of  the   applied   field(]°4'[°5),   while   the   longest   decay
constant  might be  related  to  a  change  in  total  number  of donors,
caused    by    changes    in    their    distribution    in    the    grains([°5).
Ostroukov(106)  has  discussed the decay from  the  point  of view  of
a temperature  decrease  of the  emitting  areas.    Only  at  appreciable
current  densities  (> 102  A/cm2)  might  a  measurable  influence  be
expected.    Considering  the  very  inhomogeneously  emitting  surface
(cf.  p.  253)  the  possibility  that  the  decay  may  be  explained by  a
temperature   change   must   not   be   disregarded.      Campbell   and
Shepherd([°6a)  have  shown  that the  anode  may  play  an  important
role  in  decay  phenomena.    For  oxide  cathodes  the  Schottky  line
(cf. p. 225) never shows the theoretical slope.  This is duetoroughness
of the  surface,  to  the  influence  of the  penetrating field  and  to  the
redistribution of donors.

ub)   Resistance Of the oxide cathode

®  RCFz.a/cz7?cc  77c¢r  ZAe  Swr/czcc.   A  resistance  in  the  cathode  may
be found at different places.   Under high load, with pulsed voltage,
a large potential drop exists in the surface layer of the oxide, which
may  be  interpreted  as  a  high  resistance(107).    It  is  probably  due  to
the exhaustion in the outer porous layer of electrons because of the
high  electric  field.    The  high  potential  drop  present  over  a  small
distance may result in the " sparking " phenomenon.   This potential

•        difference  will  only  exist  at  those  places  at  the  cathode  where  the

field at the surface is accelerating.   Although this may be found at a
patchy  surface  under  practical  conditions,  even   when   an  I-7'a
characteristic  typical  of space  charge  operation  is  observed,  these
saturated   patches   do   not   contribute   markedly   to   the   emission
current and the mean voltage drop in the surface layer will be small.

(4)   Resz.Sfcz7!ce  I.7!  f%c  bc//k.     The  resistance  usually  found  under
normal  operating  conditions  is  situated  in  the  bulk  of the  layer.
It  has  been  the  subject  of numerous  measurements  and  theories.
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Since the work of Loosjes and Vink(t 08) it is generally accepted that
the porous structure exhibits two main types of electrical conduction,
one  at  low  temperature,  the  other  at  high  temperature.    At  a  low
temperature,  when  the  electron  density  in  the  pores  is  extremely
small, the current is conducted by the grains and their contact areas.
At  high  temperature  the  electron  density  in  the  pores  becomes
significant and conduction takes place mainly by the emitted electrons
because the mobility of these electrons is much higher than of those
in the grain.   This is confirmed by measurements of the conductivity
and  the  Hall  coefficient(L°9).    The  electron  density  in  the  pores  is
governed by  the  emission  in  eq.  (12).   It is  to  be  expected  that  the
temperature  dependence  in  the  high temperature  conduction range
will be nearly the same as the temperature dependence of the electron
emission.   This proves indeed to  be the case for not too high tem-
peratures   (800°K  <  7` <  1000°K).      It   was   also   found   that   the
resistance  in  the  oxide  layer  in  this  temperature  range  was  non-
ohmic.   The explanation is that the mean free path of the electrons
in the pores is such that, during their passage, they gain much more
energy  than  they  possess  due  to  their  thermal  movement.     The
mean time interval 7 during which the electron is under the influence
of the  electric  field  is  now  a  function  of this  field.    Denoting  the
mean  free  path,  determined  by  the  pore   size,  by  ; the  following
relationship holds :

j-i=Et2

and J is accordingly derived from (4) and (23) :

I--ne(2#,I

(23)

(24)

So  it  appears  that  J is  proportional  to  E},  a  behaviour  which  is
actually observed.

The low temperature conduction (I <  800°K) is found to be less
sensitive  to  temperature  than the  high temperature  conduction.    If
the high temperature conductivity is derived from the  measurement
at  a  certain  small  voltage,  different  from   zero,   the   experiments
sbow that the two conductivities, acting in parallel, can be described
by a relationship :

a  =  Cro exp

._i-__.-_._.
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The value of the activation energy Ec for the high temperature range
is of the order of 1  V,  about equal to the work function,  the value
of Ec  at  low  temperature  is  0.1-0.3  V,  dependent  on  the  state  of
activation  of  the  cathode,  as  is  always  the  case  with   the   work
function.    The  low  temperature  conductivity  is  usually  explained
as a bulk process in the grains of the oxides but, as has been men-
tioned  already,  surface  conduction  in  this  very  porous  structure
composed  of small  particles  is  certainly  possible.    This  latter  type
of  conduction  has  been  postulated  by  various  authors(110).     If
surface  conduction  were  responsible  for  the  passage  of  electrons
through  the  coating  at  low  temperature  the  activation  energy  Ec
would be determined by the position of the Fermi level with respect
to  the  conduction  band  at  the  surface.    As  has  been  explained  in
section  A4  this  energy  difference   generally  has  a  different  value
at the surface of the crystal from that  in  the interior,  owing to  the
presence of surface states of the electrons.  Therefore no conclusions
can be  drawn  from  this  activation  energy  with respect to the usual

€         band  scheme valid for the bulk of the semiconductor.
Owing to the presence in the coating of various grains of different

composition   and   different   crystal   planes,   the   resistance   of  the
cathode  is  not distributed  homogeneously.    The  resistance  may  be
expected to vary, if measured below a particular point at the cathode
surface, not only along the direction parallel to the surface but also
in  the  perpendicular  direction.    Usually  some  mean  value  will  be
determined,  but  using  the  arrangement  of  Jansen,  Venema  and
Weekers, described in section 82(a), the resistance can be measured
as  a  function  of the  position  at  the  surface.    In  this  way  values
which differ by a factor of 40 have been determined.  A characteristic
mean  value for  a  well-activated  cathode  is  a  few  Qcm2  at  1000°K
for a layer thickness of 50-100 #m.

(y)   J73fer/ace  rcsz.sfcz72cc.    The  so-called  interface  resistance  may
be found in the interfacial layer formed by the reaction of reducing
elements from the  nickel  and the  alkaline  earth  oxides.   The most
dangerous element is silicon because it forms a barium orthosilicate
layer(56).   The resistance value does not correlate with the thickness
of  the  orthosilicate  layer  observed  during  life.     The  thickness  is
usually  seen  to  increase  steadily  during  about  the  first  thousand
hours  after  which  it  becomes  constant(111).     This  can  be  due  to
exhaustion of the silicon in the nickel or to a reduced diffusion rate
through the layer.   The thickness of the interface layer, when it has
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become constant, is of the order of a few #m for a practical cathode
nickel,  containing about 0.1  per cent of silicon.   Whether the layer
will show an interface resistance which increases during life depends
on  various  factors.     If  a  resistance  is  observed,  its  temperature
dependence  is  characteristic  of a  semiconducting material.    It  may
thus be expected that other impurities found in the nickel can have
a  fairly  marked  influence  in  the  conductivity(112).    It  is  therefore
not  surprising that  great variations  in  the  growth  of the  resistance
may occur with different batches of nickel showing small differences
in impurity content.

Current  flow  activates  the  interface  compound  and  leads  to  a
smaller  resistance(112).   Tubes  which have been running for  several
thousands  of  hours  under  cut-off  conditions,  so  that  no  current
flowed,  showed  resistances  of 40-1000  ohms  measured  at  940°K,
whereas  similar  tubes  which  had  run  for  the  same  period  with  a
current of 60 rnA/cm2 did not show a measurable resistance.

The  temperature  is  found  to  have  a  marked  influence  on  the
growth of the resistance, a higher temperature favouring the rate of
resistance  increase.  Typical  maximum  values  of  the  interface   re-
sistance  range  from  several  tens  to  several  hundreds  of ohms  for
an area of 1  cm2.

Besides the phenomenon of resistance, the interfacial layer present
between the well-conducting oxide layer and the nickel also exhibits
the  character  of  a  capacitor.     The  capacitance,  which  is  usually
almost independent of the temperature but changes during life, has
typical values of the order of a few hundredths of a #F for 1  cm2.

The  problems  of interface  resistance,  which  was formerly a very
disturbing factor in tubes operating under pulse conditions, in long
life   tubes(113)   and   in   tubes   run  under  cut-off   conditions,   have
been completely overcome by the use of cathode nickel with  a very
low  silicon  content.   A  silicon  content  of less  than 0.01  per cent is
now being  recommended.  A  96-4 per  cent nickel-tungsten  alloy is
often used for cathodes which  are operated for  long  periods  with
current cut-off. In directly heated cathodes with a tungsten filament a
resistance due to the tungstates presents no difficulties.   Nickel alloy
filaments, however, sometimes  give  trouble  due  to  the presence of
aluminium.

Bad adhesion of the oxide layer can cause a so-called vacuum inter-
face  resistance.    It  is  usually  due  to  a  dirty  nickel  surface,  to  bad
spraying or to an unfortunate choice of a particular kind of nickel.
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It has been indicated that, in particular, too much aluminium in the
nickel  leads  to  difficulties  in  this  respect(114).    Finally,  the  interface
resistance may cause sparking if the cathode is forced to deliver high
current densities.

(c)   The  current distribution
The  distribution  of  current  over  the  surface  has  been  studied

mainly by electron-optical(11 5) means.   A common drawback of this
method  is  the  difficulty  of  obtaining  satisfactory  pictures  at  the
operating  temperature,   owing  to  the  formation  of  space  charge
which  blurs  the  picture  of the  surface  underneath.    Moreover,  no
facilities for the actual measurement of the current distribution exist
in most cases.   The magnification is often rather small, up to about
100 times.  Although this technique has clearly revealed the existence
of patches,  no  detailed  study has  been made  regarding the  current
density distribution.  Qualitative information on this distribution has
been obtained by using the difference between the experimentally de-
termined  slope  of  the  retarding  field  current  and  the  theoretical
one(46).    At  high  negative  values  of the  anode  voltage,  the  whole
area  is  in  the  retarding  field  region,  but  on  increasing  the  anode
voltage  the  high  work function  areas  cease  to  give  the  linear  ln J
versus  ya  relationship.  These  areas  pass  into the  saturation region.

Using the  apparatus  described  on  p.  227,  Jansen,  Venema  and
Weekers(47) obtained a pattern of the current distribution along one
line  drawn  over the surface as given in Fig. 21.   The whole   surface
of a  3-mm  planar  cathode was scanned  in this way and the current
was  recorded.  About 15,000 current measurements, taken  at  equal
distances along  the  zig-zag  scanning  lines,  were  used  to  produce
the  current  distribution curve.   The  result  is shown in Fig. 22.    As
it would have been very complicated to make a Richardson plot for
each chosen  area,  it has  been  assumed  that such an area was emit-
ting homogeneously.  Taking the reflection coefficient as zero and the
theoretical 4 value, the effective work function (see p. 223) could be
calculated   for   these   areas(116).      The   work  function   distribution
determined in this way is also shown in Fig. 22.   The spread in work
function is much greater than has been reported before.   The given
curves  are  typical  for  oxide  cathodes  after  some  hours.    For  the
whole   cathode   the   values   of  4R   and   apjt   were   respectively   3.2
A/cm2  °K2  and  1.26 V.   The resolving power of the apparatus was
about 25 #m.   From the curve giving the current as a function of the
F
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place  it  can  be  concluded  that this resolving  power is  not  sufficient
to  obtalin  emission  just  from  one  single  homogeneously  emitting
spot.   This is in agreement with other observations.   Further experi-
ments(47) with a projection type  of microscope,  similar in design to

FIG. 23.  The retarding field curve of the electrons emitted by a barium
oxide cathode after acceleration to 12.5 V, 20 V and 26 V respectively,
as  measured with the apparatus  given in Fig.  18.   The cathode tern-
perature   was   1047°K   and   the   current   densities   drawn  from  the

cathode were 0.14 A/cm2, 0.32 A/cm2  and  0.48 A/cm2.

the  field emission  microscope  but  with  a  thermionically  emitting
oxide cathode,  revealed that the size of the best emitting areas was
of the  order of 1  #m.   A resolving power considerably in excess of
this value is needed to study the oxide surface thoroughly.

(d)  The energy distribution of the emitted electrons
This  distribution  is  usually  measured  by  means  of the  retarding

field  techn].que,  as  described  in  section  82(d).   A  good  geometry
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is   an   indispensable   condition   and   the   measurement   must   not
change  the  condition  of  the  cathode.   The  results  obtained  with
electron  current  in  a  diode  under  space  charge  conditions  are  of
particular interest and of great technical importance.   The apparatus
given in Figs.15 and  16 is suitable for the investigation.   The results
obtained  by  Bulyginskii  and  Dobretsov(60),   showing  an  electron
temperature  which  is  higher  than  the  cathode  temperature,  were
confirmed by Jansen cf cz/.(61) whose results obtained under different
conditions  are  shown  in  Fig.  23.    It  appears  that  only  with  small
currents  is  there  a  good  agreement  between  the  two  temperatures.
At  current  densities  of the  order  of 0.5  A/cm2  the  difference  may
amount   to   450°C   and   the   interpretation   of  the   retarding   field
characteristic becomes  difficult.  Although  a full  explanation  of the
shape  of the  curves  cannot  as  yet  be  given,  the  curves  suggest  the
existence of a group of electrons emitted from a low work function
area  and  another  group  emitted  from  an  area with  a  considerably
higher mean work function, the ratio of the areas being of the order
of 0.02.   This is in agreement with the results obtained by a different
technique,  as  discussed  before,  which  measured  the  emission  dis-
tribution along the surface  (see  section  6(c)).    The  resistance in the
porous   oxide  layer  reduces   the   slope   of  the   retarding  field,   as
electrons  from  places  at  different  potential  may  reach  the  anode.
Therefore  the  energy  distribution  becomes  broader,  simulating  a
higher cathode temperature.

7.   DISPENSER  OXIDE  CATHODES

Although various  types  of practical  cathodes  may be  considered
to  be  dispenser  cathodes(151)  it  is  customary  to  use  this  expression
only  for  those   cathodes  where   a   deliberate   separation  is   made
between the emitting portion and the part which supplies the alkaline
earth element needed for activation.   By designing an oxide cathode
in  which  this  principle  was  realized,  Lemmens  and  Zalm(11 7)  were
able   to   incorporate   several   new  features   in   the   oxide   cathode,
resulting  in  a  better  performance,  in  particular  at a  high  load.    In
this  cathode,  the  emitting  oxide  layer  of  a  few  tens  of  microns
thickness is deposited on to a gauze of pure nickel wire (see Fig. 24).
This gauze constitutes the cover of a small cavity which is part of a
nickel  sleeve  and  is  filled  with  a  mixture  that  supplies the barium
used  for  activating  the  actual  emitting  oxide  layer.    The  resistance
of this layer is small because of its  small thickness  and the absence
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of an  interface  resistance.    Consequently,  less  heat  is  generated  in
the layer, ensuring stable performance at high current density.

A  strontium  oxide  layer  or  the  double  oxide  of strontium  and
calcium  can  be  used  instead  of the  usual  barium-strontium  oxide.
The emission properties, when activated by barium, are very similar
but the  sintering  is  diminished.    The  mixture  in  the  cavity  can  be
chosen in such a way that it supplies the proper amount of barium,
depending  on  the  particular  application.     Cathodes  of  this  type
show  excellent  behaviour  at  a  load  of  1.5  A/cm2  for  more  than
5000 hr.   Imai(118)  described cathodes based on the  same principle.

FIG.  24.    Schematic  picture  of a  dispenser  oxide  cathode.    ¢  is  the
actual emitting oxide layer, b is a gauze of pure nickel,  c is the com-
pound delivering the appropriate  amount  of barium,  d is the nickel

sleeve.

8.   THE  INFLUENCE 0F  GASES

A thermionic cathode can be treated theoretically without regard
to  the  ambient gas molecules and  ions,  but in  a practical tube the
cathode is subject to the influence of its surroundings.  The influence
of different gases  on the  oxide-coated cathode has been  studied by
various  authors(119),  most  recently  with  the  help  of an  omegatron
for the  analysis  of the gas mixture present in the  system([2°).   The
use of a mass spectrometer is advisable because even if a particular
test gas is introduced into a continuously pumped system by means
of an  adjustable  leak  or  a  capillary,  the  residual  gas  composition
may change due to  reactions of the gas which has been introduced.
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General  agreement  exists  about  the  role  of oxygen  and  carbon
dioxide.   These gases poison the cathode markedly even at pressures
below  10-6  torr.    The  action  of hydrogen  is  also  clear:   on  well-
activated cathodes it has no influence, but it has a favourable effect
on cathodes which are not fully activated.   The role of water vapour

.         is  uncertain.    Various  authors  have  reported  a  poisoning(121),  but
others  have  observed  an  activating  action  (Wagener(119)).    |t  may
be  that  the  presence  of  other  gases,  e.g.  hydrogen,  interfered  in
these investigations.

Similar   controversial   results   have   been   reported   for   carbon
monoxide.    Wagener  found  in  this  case  an  influence  of the  base
material:    with   nickel   cores   poisoning   occurred,   whereas   with
platinum cores activation was found.   Cathodes with a low state of
activation are reported to  activate, whereas well-activated cathodes
show  poisoning(122).     Here  also  the  residual  pressure  of  carbon
dioxide must be taken into account.

Methane   is   reported   to   activate   at  pressures   below   a  value
between  10-4 and  10-5  torr, but to poison at pressures above this
value.      At   the   high   temperature   cathode   surface,   methane   is
chemically unstable and dissociates into hydrogen and carbon, which
may   reduce   the   barium   oxide   to   yield   carbon   monoxide   and
barium(123).   The carbon monoxide pressure in the system, together
with the rates of the various reactions involved, determines whether
carbon  will  remain  at  the  surface.    At  1000°K  the  critical  carbon
monoxide pressure, calculated thermodynamically,  is between  10-6
and  10-5  torr.

Chlorine  is well known  to  have  a detrimental  effect  on  an  oxide
cathode(75),  but  the  situation  here  is  also  probably  more  compli-
cated, as Zykov and Nakhodkin(119) indicate.

9.   THE EVAPORATION  0F OXIDE-COATED  CATHODES

From  what  has  been  said  before  it  will  be  evident  that  various
elements  and compounds may  evaporate from  oxide cathodes.   At
the  operating  temperature  the  evaporation  of  the  alkaline  earth
oxides  and  the  nickel  is  of minor  importance,  although  in  certain
parts   of  the  processing  schedule  the   temperature  may   reach  a
sufficiently  high  value  to  cause  measurable  evaporation  of  these
materials.     Of  the  various  activators  present  in  the  nickel,  mag-
nesium in particular may give trouble, as this element is very volatile.
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Insulation  defects  in  practical  tubes  are  often  due  to  an  excessive
amount of magnesium in the base.

Of the  alkaline  earth  metals,  produced  by  reduction,  barium  is
the  most important.   The  rate  of barium evaporation is  closely  re-
lated to the amount and nature of the activators.  With a pure nickel
base  hardly  any  barium  evaporation  is  detectable.    In  this  respect
the  nature  of the  grid  and anode material  must  also  be  taken  into
account,   because   reducing   elements   present   in   these   parts   and
evaporated during processing of the tube, may activate the cathode
and  increase  the  rate  of barium  evaporation.    In  a  very  thorough
investigation  Wooten,   Ruehle   and   Moore(135)   were  not  able   to
detect  a  correlation  between  the  rate  of barium  evaporation  and
electron  emission,  neither  could  any  influence  on  the  space  charge
current  be  detected.    From  this  it  must  be  concluded  that  during
life an electrolytic dissociation of barium oxide does not contribute
markedly  to  the  production  of  free  barium.     If  the  residual  gas
contributes  to  the  reduction  of the  alkaline  earth  oxides,  as  is  the
case  for  hydrogen  and  hydrocarbons,   it  is  not  certain  that  the
equilibrium   pressures   of  the   various   metals,   calculated   thermo-
dynamically,  are  a  direct  measure  of  the  amount  of  evaporated
alkaline earth metals.   Here the kinetics of the reactions involved are
of great importance, and the probability that a strontium atom will
be  liberated  from  a  barium-strontium  oxide  cathode  may  even be
greater  than  the  probability  that  a  barium  atom  will  be  liberated
especially because the surface is rich in strontium.

Cathode  material  is  usually  not  only  transported  to  the   sur-
roundings by evaporation, but may also disappear from the cathode
by  sputtering,  especially  if high voltages  are  applied.   The  ambient
gas,  generally  hydrogen,  nitrogen,  methane  and  carbon  monoxide,
is ionized during the operation of the tube and the positive ions are
driven to  the cathode.   In the  sputtering process too, the  strontium
contribution may be considerable.   It is therefore not surprising that
in actual valve practice the total amounts of strontium and strontium
oxide,  found  at  electrodes  in  the  neighbourhood  of the  cathodes,
are not very different from the amounts of barium and barium oxide.
A thorough study, by means  of the  radioactive tracer technique, of
the  amounts  of barium  and  strontium,  found  on  various  parts  of
practical  tubes,  more  particularly  of  the  influence  of  the  anode
material  on  these  amounts,  have  been  made  by  Franz(]23a).
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10.   THEORIES  0F  THE  MECHANISM 0F  OPERATION 0F  TIIE

ALKALINE  EARTH  OXIDE  CATHODE

The  theories  proposed  for  the  mechanism  of  operation  of  the
oxide  cathode  kept  pace  to  a  large  extent  with  the  general  insight
gained into  the electrical behaviour of solids,  in particular of semi-

•         conductors.       Around    1930,   before   the   development   of   semi-
conductor theory,  the  mechanism was  thought to  be  similar to  the
thermionic emission of metals which had adsorbed an electropositive
element.    The  excess  barium  was  thought  to  be  present  either  as
small islands of barium(124)  or adsorbed as  a monolayer.   The first
view was soon abandoned but the theory of adsorbed barium, pro-
posed by Koller(1 2 5) and Becker(t 26), stood firm and is still accepted
by  many  specialists.    Also  J.  H.  de  Boer([27),  stressing  the  domi-
nating  influence  of adsorption  on  electron  emission  phenomena  in
general,  attributed a prominent part to the barium atoms adsorbed
on the barium and strontium oxide.   In de Boer's theory the ioniza-
tion energy of the adsorbed atoms constitutes the energy to remove
an  electron  from  the  oxide  to  infinity;   this  equals  therefore  the
product of the work function and the electronic charge.

Although   the   concept   of  a  fundamental  contribution   by  the
adsorbed  barium-a  typical  surface  phenomenon-has  never been
either  proved  or  rejected  completely,  in  particular  to  explain  the
behaviour  at normal  operating temperature,  later work has mainly
been devoted to describing the behaviour of oxide cathodes by means
of  a   semiconductor,   in   which   the   unique   part   played   by   the
surface, in particular for phenomena such as the electron emission,
has not been given much attention.   It is likely that this  simplifica-

.          tion  is  not  permissible  since  several  well-established  experimental
facts  cannot  be  explained  by  considering  bulk  properties  alone,
whereas  the  introduction  of adsorption  as  a  fundamental  concept
might explain them easily.

•             The  oxide  cathode is  activated by  a  reduction process,  by which

the number of free electrons i s increased and the  Fermi level  shifts
towards  the  conduction  band.    The  simplest  model  which  can  be
made  is  the  Wilson model  in  which  a  donor level  is  assumed  at a
sufficiently  small  distance from the  conduction band.   This  model,
which has been used extensively by many authors, was also accepted
by   Nottingham(128)   in   his   interpretation   of  Hung's   results(64.),
obtained  in  a   temperature   range   from   about   400-550°K.     A1-
though the emission can be explained by assuming a donor level at
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a depth of 0.7  ev below  the conduction band and a donor density
of 2.4  x  |02r  per  m3,  an  extrapolation  to  normal  operating  tem-
peratures leads to  difficulties,  the work function attaining too high
a  value.    Nor  is  the  temperature  dependence  of the  conductivity,
which   would   follow   from   this   picture,   in   agreement   with   the
observations.

It  has  often  been  taken  for  granted  that  this  donor  level  is  an
oxygen vacancy (F-centre)  or an excess barium atom.   Plumlee(129)
has  drawn  attention  to  the fact that other donors may exist in the
oxide  and  will  contribute  to  the  concentration  of free  electrons  if
their ionization energy is  sufficiently low.   If this were the case to a
sufficient extent, the quantity of free barium per unit volume, which
plays  an important part in  most of the  theories  on  oxide  cathodes
as  it  is  equated  with  the  donor  concentration,  is  of  minor  im-
portance.    The  problem  of the  amount  of free  barium  is  difficult,
not only from the theoretical but from the practical point of view.
Its determination has been carried out by the reaction of barium with
water  vapour  at  room  temperature  to  give  hydrogen,  which  is
measured  volumetrically.    The  results  obtained  by  various  investi-
gators  show  considerable  variations,  the  amount  of excess  barium
ranging from about  10-4 to 6 mole per cent.   The method has been
studied  very  carefully  by  Wooten,  Moore  and  Guldner(]3°)  who
showed that extreme care must be taken to ensure that the amount
of  excess  barium  is  determined  and  not  of  any   other  reducing
element.    It  is  therefore  not  surprising  that  the  figures  determined
under the most refined circumstances are lower than those measured
previously.  Indeed the surprising result obtained by Moore, Wooten
and   Morrison(131)   was   that   no   correlation   existed   between   the
emission properties of their barium-strontium oxide cathodes, which
varied  considerably,  and  the  amount  of  excess  barium present in
these  cathodes.    Their  conclusion  was  that  if excess  barium  is  of
major   importance   for   the   thermionic   performance   of  practical
cathodes,  any correlation must lie below the  sensitivity,  which  was
about  10-4 per cent by weight  or  1  barium atom in  106  molecules
of oxide.    From  the  observation  that  many  cathodes  showed  low
emission and a relatively high barium content it must be concluded
that  factors   other  than  excess  barium  are   decisive   in   practical
cathodes.

These   results   supported   Plumlee's   view   that   another   donor
species than excess barium is responsible for the electrical behaviour.
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C0nsidering   the   various   possibilities,   P|um|ee   suggested(129.134),
taking  into  account  his  own  results  of  the  interaction  of  water
vapour and oxide cathodes, that this donor is the (OH-,  e) group,
i.e. a double charged hydroxyl group, with one electron very loosely
bound.      The  part   played   by   water   vapour  is   not   very   clear:
Wagener(119)   reports   an   activating   action   below   10-5   torr   and
poisoning above several times  10-5 torr.   Plumlee himself observed
instantaneous  correlation  of water  vapour  pressure  and  emission.
However,  in  a measuring equipment  the  presence  of water  vapour
is  accompanied by  the presence  of hydrogen,  which is  certainly  an
activating  agent.    So  far  there  is  no  experimental  evidence  against
or for Plumlee's donor hypothesis.

The   hydroxyl   group,   suggested   as   the   important   donor,   will
probably  show  a  great  mobility.    The  proton  is  expected  to  move
rather  readily  from  one  oxygen  ion  to  the  other.    This  behaviour
fits  in very  well  with  the  mobile  donor  hypothesis  put  forward  by
Nergaard(]°5)  to  explain  several  peculiarities  observed  with  oxide
cathodes,  in  particular  the  current  decay,  observed  under  pulse
conditions  (cf.  section  6(cz),  p.  248).    If current  flows  through  the
coating,  a  potential  drop  must  exist  across  the  oxide  layer,  and
ionized  donors,   having  a  positive  charge,   may  move  under  the
influence  of the  field.    The  concentration  of these  donors  will  de-
crease  at  the  emitting  surface  and  increase  in  the  region  near  the
metal  base.    In  equilibrium  this  electrolytic  flow  is  balanced  by  a
diffusion  due  to  the  concentration  gradient  built  up  in  the  layer.
The decrease in donor concentration at the surface causes a decrease
in  electron  density  and  consequently  a fall  in  emission.    Although
the mobile donor hypothesis can explain qualitatively the observed
behaviour  under  current  flow,  it  remains  to  be  proved  whether  it
accounts  quantitatively  for  the  results.    So  far  this  proof has  not
been  given.    Nergaard  made  some  rough  estimations,  Frost  and

•        Kane  gave  a  more  elaborate  treatment,  but  the  calculated  figures
do  not agree  with the  experimental results(50.L°2!]32).    More  work
is needed to prove that the mobile donors contribute noticeably to
the    emission   properties    of   oxide    cathodes.        Okumura   and
Hensley(]32a)  ascribe an important role to mobile acceptors,  which
they believe to be barium vacancies.

In  the  Wilson  model  a  proportionality  must  exist  between  the
emission  density  and  the  conductivity,  measured  at  the  same  tern-
perature but for different states of activation.   This follows immedi-
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ately  from the  formulae  (5),  (6)  and (13).   However,  band bending,
due  to  surface  states,  which  causes  the  distance  between the Fermi
level and the bottom of the  conduction  band  at the  surface  to  be
changed,  does  not  alter  this  conclusion  necessarily  as  the  emission
is  determined  by  this  distance  at  the  surface   and  so  may   be   the
conductivity.   The  required  proportionality  has  been  demonstrated
by  various  investigators(54']33).    Moreover,   at   a   sufficiently   high
temperature a proportionality must exist according  to  the  Loosjes-
Vink picture of the conductivity.

The identification of the amount of excess barium per unit volume
with the donor concentration leads to difficulties with regard to the
rate  of barium  evaporation  and  hence  with  the  life  of  the  oxide
cathode(79).    The  vapour  pressure  of barium  above  the  oxide  on
the assumption  of an ideal  solution  of about  10-4 per cent, would
amount   to   about   10-7   torr,   much   in   excess   of  the   observed
quantity(1 34).   This was also considered by Plumlee as an indication
that   excess   barium   could   not   be   responsible   for   the   electrical
behaviour.

Wooten,   Ruehle  and  Moore(135)  measured  the  rate  of  barium
evaporation  of active  oxide  cathodes  and  obtained  a  value  corre-
sponding  to  a  barium  vapour  pressure  of the  order of 10-12 torr.
In  an  ideal  solution,  this  would  correspond  to  a  mole  fraction  of
barium  of  10-11-10~[2.    Using  a  Wilson  model  with  barium  as  a
donor  it  is  evident  that  this  amount  cannot  explain  the  observed
properties(134).    The  suggestion  of  barium  adsorbed  on  the  oxide
surface   seemed   again   attractive   as   a  possible  escape   from   this
dilemma(79).

The idea of surface conductivity is encountered  at various places
in  the  literature  to  explain  certain  experimental  results.     Surface
conductivity must be related with band bending,  the  surface  states,
as  caused  by  adsorbed  species,  being  responsible  for  the  curvature
of the  bands  near the  surface.  The  suggestion  of adsorbed  barium
seems  quite  natural.    Recently,  Zalm(136)  has  tried  to  explain  the
behaviour  of  the  oxide  cathode  on  the  assumption  of  adsorbed
barium,  using  the  calculation  which  Krusemeyer  and  Thomas(1 37)
made  for  zinc  oxide.    The  results  are  promising  but  much  more
work is needed, particularly on  single crystals.

Sproull  cz  a/.(t 38)  studied  various  properties  of single  crystals  of
barium  oxide.    Although  this  work  yielded  important  information,
e.g. on the solubility of barium in the oxide and on the band structure
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of barium  oxide,  it has  not resulted  in a generally  accepted  theory
of the oxide cathode.   No work on single crystals of mixed barium-
strontium oxide or of strontium oxide has been published.   In view
of  the  constitution  of  the  surface  layer  of  the  barium-strontium
oxide cathode, more information on these oxides seems desirable.

So  far  the  inhomogeneity  of the  cathode  surface  has  not  been
taken into account in the theories which have been developed.   The
results  described  in  section  6(c)  indicate  that  only  a  small  part  of
the cathode emits very well,  a large  area  showing moderate to  bad
emission.   It is at present too early to explain this behaviour but it is
most probably related to the various  crystal orientations present at
the  surface.   As  the  small area with low work function  contributes
very markedly to  the total emission,  it is to be expected that the 4
value,  calculated  on  the  assumption  that  the  emitting area  equals
the geometrical area, will be low.  Also, the amount of excess barium
responsible for the emission of the small area is very small and may
not  show  a  correlation  with  the  total  amount,  especially  if  the
barium is not distributed homogeneously.   The high current density
at  these  low  work  function  areas  influences  the  location  of  the
space  charge  minimum*  and  may  also  be  responsible  for  decay
effects.    It  is  evident  that  more  information  on  the  emission  dis-
tribution is highly desirable.

11.   Tungsten and thin film emitters, based on tungsten

1.    PURE  TUNGSTEN

Extensive studies have been made of the thermionic properties of
this  element  which  is  still  in  use  as  an  electron  emitter  in  rather
special  applications,  e.g.  in  X-ray  tubes,  and  in  some  large  trans-
mitting tubes, where high voltages are applied.   Tungsten is mainly
used  in  the  form   of  polycrystalline  wire   or  ribbon   and   heated

•         directly  by  current  flow.   Due  to  its  high  melting  point  it  can  be

thoroughly  outgassed  and  the  spread  in  values  of  the  apparent
emission constant and the apparent work function as determined by
various  investigators  is  not  excessive.    A  value  of  4.54  V  for  q)*
and  an  4*  value  of 60  A/cm2  °K2  are  probably  the  most  reliable
values.   The variation of p* and4* with the crystallographic orienta-
tion  of this  element  have  also  been  carefully  determined.    Table  3

* This argument was pointed out to the author by  H.  Danker and  K.  Hirsch.
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shows  the  values  of  these  quantities  as  determined  by  different
investigators(39J4°).    The  orientation  [110]  emits  very  weakly  and
the  determination  of the work function is difficult.    Field emission
data for this  orientation indicate  a value  of about 6.0 V(1 39).

2.   THORIATED  TUNGSTEN

This material, an early type of practical emitter, is extensively used
in  transmitting  tubes.    It  has  been  studied  in  much  detail  since  it
provides a good example of cathodes which,  owing to the presence
of  a  thin  layer  of  a  foreign  element,  show  a  relatively  low  work
function.   The thorium, which was originally added as thoria (about
1  per  cent)  to  the  tungsten  to  improve  the  life  of the  filaments  by
keeping the  crystals  small  at  the  high  operating  temperatures,  was

TABLE  3

found  to  enhance  the  electron  emission  quite  considerably  if  the
thoriated  wire  were  treated  in  a  special  way(140).    This  treatment
consists in heating the filament to  a temperature above 26cO°K for
a certain period dependent on the applied temperature, followed by
an  activation  period  at  a  temperature  between  about  2000  and
2250°K.   During the first part of the treatment, which might be for
about three minutes at 2800°K, the thoria is believed to be reduced
to  give  thorium  partly  as  small  crystalline  inclusions  and  partly
dissolved in the tungsten.   Traces of carbon seem to play a decisive
role  in  this  part  of  the  process(141).     During  the  activation  the
thorium  atoms  diffuse  from  the  interior  to  the  outside  mainly  by
migration along the grain boundaries.   Having reached the  outside
the  thorium  atoms  migrate  along  the  surface  and  cover  it  with  a
monolayer(t42).    The  use  of temperatures  above  2250°K  causes  a
deactivation  which  can  be  repaired  by  keeping  the  filament  at  a



THERMIONIC   EMISSION 267

lower  temperature  in  the  activating  temperature  range  of  2000-
2250°K.    The  explanation  of the  deactivation  phenomenon  is  the
evaporation  of  thorium  adatoms  from  the  surface.     The  rate  of
evaporation  in  the  operating  temperature  range  of  about   1800-
2000°K, is so small that it is negligible.

For  large  filaments  the  reduction  by  heat  treatment  may  be  in-
sufficient and in this case the wire is carburized by glowing in a low
pressure  of  hydrocarbon  (e.g.  acetylene).     Tungsten  carbide  then
forms  and  the  reduction  of  thorium  oxide  proceeds  more  easily.
An activation procedure similar to the  one described above, results
in  an  emitter  which  has  the  same  thermionic  properties  as  pure
tungsten  activated  by  thorium.    However,  at  the  higher  operating
temperatures  the  easier  replenishment  of thorium  makes  the  car-
burized thoriated  tungsten  emitter more  stable  against residual  gas
and ion bombardment than the thoriated tungsten cathode(14.3.144.)
The evaporation of thorium from either is about the same(145).  The
thermionic  constants  are  given  by  Dushman  and  Ewald(146)  as:
4*  =  3.0 A/cm2  °K2  and  q)*  =  2.63 V.

3.   CAESIUM  ON  TUNGSTEN

In the  presence  of caesium vapour a tungsten filament  shows  an
appreciable  emission  at  a  low  temperature.     This  phenomenon,
described first by  Kingdom and  Langmuir(147),  is  explained  by  the
adsorption  of  caesium  ions  to   the  tungsten  surface,  resulting  in
the   formation   of   a   djpole   layer   which   decreases    the   work
function.    The  amount of adsorbed  caesium  depends  both  on the
caesium pressure and the temperature of the filament. In the presence
of free  caesium  metal,  the  caesium  pressure  is  determined  by  the
lowest temperature  in  the  tube.    If the  emission  of this  cathode  is
determined as a function of its temperature it is found that at low
temperatures  (several  hundred  degrees  absolute,  depending  upon

a         the   caesium   pressure)   the   emission   increases   according   to   the
`    Richardson  type  of equation.    The  apparent  work  function  q)*  is

then about 1.4 V and the apparent 4* about 3.0 A/cm2 °K2. Above a
particular temperature, which depends on the caesium pressure, the
emission starts  to increase more  slowly and finally reaches a maxi-
mum;  then it decreases with increasing temperature.   In this part of
the characteristic the caesium coverage decreases until the tungsten
surface  is  completely  clean.    In  the  final  phase  of this  process  the
emission  starts  to  increase  again  with  increasing  temperature,  but



268                             HANDBOOK   OF   VACUUM   PHysICS

at a much lower level than before.   When a pure surface is obtained
the  Richardson law is  obeyed again,  but with the  q)* and ,4*  values
of tungsten.    See  Fig.  25  and ref.  (148).

At elevated temperature it is  observed that positive caesium ions
evaporate  as  well  as  electrons,  the  number  being  proportional  to
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FIG. 25.   The number of electrons  yfl emitted per cm2 and per second
by a tungsten filament at temperature I in equilibrium with caesium
vapour.     pa  ± arrival  rate  (per  cm2  and  per  second)  of  caesium
atoms.  The caesium pressure is determined by the lowest temperature
in the tube, which is also indicated.   The diagonal straight lines refer
to  the  fraction  of the  surface  covered  with  caesium  atoms.    From

Taylor,  J. 8.  and Langmuir,I., Pfej/s.  Rez;. 44, 432 (1933).

the  caesium  pressure.    This  phenomenon  is  understandable  if it  is
realized  that  the  work  function  of  tungsten  is  greater  than  the
ionization energy of caesium (3.88  ev).   It is therefore energetically
most favourable for an electron to leave the caesium atom when it
is  quite  close  to  the  tungsten  surface  and  to  enter  the  metal.    A
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positive caesium ion is thus formed and is adsorbed for only a very
short time  at this high temperature  after which it evaporates.   The
ratio  of the  number  of ions  and the number  of atoms  evaporated
from  the  tungsten  filament  may  be  calculated  by  means  of  the
Langmuir-Saha equation( 9) :

:-;exptL#,)
in which 7?2   =  number of ions per.unit volume in equilibrium

7ci   =  number of atoms per unit volume in equilibrium
q)    =  work function
Ej   =  ionization energy of the caesium atom.

With  decreasing  temperature  the  number  of  adsorbed  ions  in-
creases,  the work  function is  reduced  accordingly  and  the  electron
emission increases.    However,  the  number  of positive ions  evapor-
ating  becomes  less,  because  as  the  work  function  decreases  it  be-
comes   increasingly  less  favourable  for  an  electron  to   enter  the
metal.   At a constant caesium pressure it is obvious that the number
of  evaporated  atoms  will  now  increase.     In  the  first  part  of  the
adsorption  process,   in  which  the  coverage  is  up  to  about  0.15
monolayers,  the  reduction  in  work function is  proportional  to  the
number  of adsorbed ions  (cf.  p.  194).    The lowest work function is
obtained if the coverage is 0.67 of a monolayer.  At a higher coverage
the  work  function  increases  slightly.     The  work  function  of  an
oxidized  tungsten  surface  covered  with  caesium  is  even  lower  at  a
particular temperature and with a particular caesium pressure than
that  of a  tungsten-caesium  surface(t 47).

The  main  importance  of the  investigations  on caesium-covered
tungsten  has  been   the   better  understanding  they  have  provided
of   the   properties   of   the   combination   of  metal   and   adsorbed
films(127>128).    For  vacuum  tube  applications  the  caesium pressure
must  be  chosen  too  high  in   order  to  obtain  acceptable   current
densities,   and   for   gas-filled   tubes   the    cathode   temperature   is
usually  too  high.    Recently,  however,  the   interest   has   increased
due   to   the   advent   of   thermionic   energy   converters.    For   the
conversion  of  heat-obtained   for   instance  from  nuclear  sources
-to  electricity,  thermionic  emission   is   expected  to   be   of  great
importance.      Calculations   have   already   revealed   a     promising
efficiency  and   a   great   deal   of  work   has   been   started   in   this
direction.   One  of  the  problems  encountered  in  using  thermionic
G
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emission  for  this  purpose  is  the  formation  of space  charge  which
strongly  reduces  the  available  current.    Various  ways  of counter-
acting  the  space  charge  liinitation  have  been  suggested,  but  two
ways of approach have been given special attention.   The first con-
sists  in  the  use  of a  close-spaced  diode(149),  in  which  the  cathode-
anode spacing is made so small that no  space charge minimum can
be   developed;    the   second   consists  in  the   neutralization   of  the
negative charge by positive ions(150).   For this purpose caesium` has
already  been  investigated  in  much  detail.    The  use  of caesium  is
attractive  because  of its  low  ionization  potential  and  its  ability  to
decrease  strongly  the  work  function  of  the  anode  to  which  it  is
adsorbed.

4.   TUNGSTEN-BARIUM DISPENSER  CATHODES

(aD   Introduction
Although  Nergaard's  statement(1 51)  that  every  practical  cathode

is  a dispenser cathode  may be true  to  a certain extent,  it has been
customary   to   use   the   expression   dispenser   cathode   only   for   a
particular  type.    This  type  is  cbaracterized  by  a  metallic`or  semi-
conducting  cathode  body,   the   surface   6f  which  is   activated   by
barium   or  barium   oxide   or  both   which   are   supplied\by   "dis-
pensing "  from  a compound  present in  the  body.    This  dispensing
action was  first applied in cathodes  for gas  discharge  applications.
The L-cathode was the first dispenser cathode to come into use for
vacuum  tube  applications(1 52).    Three  different  types  of tungsten-
barium  dispenser  cathodes  have  been  described:    the  L-cathode,
sometimes   referred   to   as   metal-capillary   cathode(153),   the   im.
pregnated cathode(1 54.)  and  the pressed  and  sintered type(1 55).   The.I-_
feature of these cathodes is the very high current densit

for an L-cathode in actual tube
of any disturbing cathode resistance is responsible for this behaviour.
Other attractive properties are the great mechanical strength of the
emitting  surface,  which  can  withstand  high  electrical  field  strength
and  ion  bombardment,  and  the  well-defined  nature  of this  surface
which  can  be  shaped  to  close  tolerances.    Ion  bombardment  can
spoil  the  emission  but  due  to  a  continuous  supply  of  activating
material the emission is restored after cessation of the bombardment.
The same is true for chemical poisoning.   The life of these cathodes



THERMIONIC   EMISSION 271

is  usually  only  determined  by  the  amount  of  activating  material
present in the cathode and by the rate at which it is consumed.   At
1400°K the life of an L-cathode is now more than 10,000 hr.

Cathodes  which  show  a  great  similarity  to  the  L-cathode,  some
differing  in  bas'e  or  activating  material,  have  been  described  by
Katz(153).

FIG. 26(a).  Schematic picture of a planar L-cathode.
cz  is the porous tungsten plug.
b  is the pellet delivering the barium.
c  is the molybdenum sleeve.

FIG. 26(b).  Schematic  picture  of a cylindrical  L-cathode.
¢  is the porous tungsten.
b  are the pellets delivering barium.
c  is the molybdenum sleeve.

uljn  The Ij-cathode type
The  electron-emitting  part  of  this  cathode  is  the  surface  of  a

porous tungsten body which is welded to a solid molybdenum sleeve.
See  Fig.  26a  and  b.   Behind  this  porous  body  is  a  cavity  which
contains a suitable compound delivering barium and barium oxide
at  an  appropriate  rate.     The  products  pass  through  the  porous

\
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tungsten where they may possibly undergo  reactions  and cover the
outer  surface  by  migration.    The  molybdenum  sleeve  contains  the
heater,  which  must  provide  the  L-cathode  with  a  temperature  in
the range from about 1300°K to about 1500°K.   The
function  of the  tungsten  surface  of
activation to  a value  of 1.67 V(157).

apparent work
4.54  V  is  lowered  by  barium

The  L-cathode  can  be  made  in  a  great  variety  of  shapes  and
dimensions.     Planar  cathodes  with   a   diameter   of  0.6   mm   and
cylindrical  ones  with  a  diameter  of 0.8  mm  have  been  used.    The
density  of the  tungsten  body  is  usually  chosen  to  be  between  16.4
g/cm3  and  13.5  g/cm3  or  between  85  and  70  per  cent  of the  value
for  compact  tungsten.    Within  certain  limits  the  rate  of supply  of
activating material and its rate of evaporation can be controlled by
this density ;  a greater variation is obtained, however, by appropriate
choice of the compound in the cavity.

Originally  the  material  which  was  put  into   the  cavity  during
manufacture of the cathode was barium-strontium carbonate, which
was  converted  to  barium-strontium oxide  during  processing.    The
carbon dioxide escaped through the porous tungsten, which became
oxidized  during this  part  of the process.    This  resulted in  a  rather
long activation period.   An improvement can be obtained by using
a compound containing a much smaller amount of gas.   There was
a  further  reason  why  the  early  L-cathode  was  not  always  satis-
factory.    Rittner(157)  showed  that  the  rate  of supply  of activating
material to the cathode surface was much greater than is needed to
keep the surface in an active state, provided that the poisoning from
the environment was negligible.   This meant that a great deal of this
material  was  lost  by  evaporation  without  any  benefit.    A  control
of the  rate  of evaporation is  an  important factor in  some  applica-
tions, especially in those where an electrode is situated very close to
the  cathode,  so  a  search  was  made  for  a  compound  producing no
oxidizing gas and showing a smaller rate of barium supply.   A very
satisfactory  answer  was  found  in  a  mixture  of barium  aluminate
(5Ba02.A1203)  and  tungsten(158).    Cathodes  with  this  mixture  in
the cavity show a very small gas evolution and fast activation.   The
rate of evaporation is about a factor of twenty less than that of the
original L-cathode and is very reproducible and constant.   This is in
contradiction to the early L-cathode, which showed great variations
in evaporation from one cathode to another.   These variations were
caused by the partial blocking of the pores of the plug at the interior
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due to the reactions between the tungsten and the oxides, enhanced
by  the  oxidation  in  the  first  phase  of cathode  processing.     Even
under practical  conditions  this  smaller  rate  of barium  supply  does
not  lead  to  problems  with  the  ambient  gas.    The  most  important
properties of this L-cathode are summarized in Table 4.

The emission density is not distributed homogeneously along the
surface.   Figure 27  shows the current distribution measured by the
apparatus  used  by  Jansen  cf cz/.(47)  and  described in  section  82(a).
Assuming a constant emission density over the small area from which
emission  is  drawn  through the hole  in the  anode and  assuming  an
emission  constant  4  =  120  A/cm2  °K2  for  each  area, the effective
work function distribution shown in Fig. 28 has been derived.   The
emission distribution has also been studied by means of the electron
microscope(158a).

TABLE  4.     PROPERTIES  0F  TIIE  L-CATHODE  WITH  BARIUM  ALUMINATE  FILLING

In  attempting  to  explain  the  mechanism  of  operation  of  the
L-cathode three main questions have to be answered:

(1)   What is the nature of the emitting surface?
(2)   What is the activating agent transported through the porous

plug?
(3)   What is the mechanism of this transportation?

The experiments carried out to answer these questions were mainly
done with L-cathodes which contained  barium  oxide in the cavity.
These  cathodes  showed  the  same  emission  properties  as  the  early
L-cathodes  with  barium-strontium  oxide.     The  strontium  oxide
served chiefly to prevent melting of the barium oxide-barium carbon-
ate compound during decomposition.

Schaeffer  and  White(1 59)  concluded  from  their  experiments  that
the   cathode   surface   consists   of  tungsten   partially   covered   with
barium.     Rittner,  Ahlert  and  Rutledge(157)  on  the  contrary  con-
cluded  that  the  surface  is completely covered with  a monolayer  of
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barium and also with an oxygen layer which  is  nearly  monoatomic.
The  presence  of  oxygen  leads  to  a  better  emission  and  a  greater
sticking time of the barium.   Morgulis(160)  showed  the  presence  of

4              .\2                       1080.6       0.4 J (A/cm2)

FIG.  28.    The  current  contribution  IV(J).J of an  L-cathode  (dotted
curve)   and   the   effective   work   function   distribution   (solid   line).
Note  that  the  effective  work  function  distribution  is  much  more

narrow than is found for an oxide cathode.

barium tungstate, which itself is  a  good  thermionic  emitter(161),  on
the surface of a cathode which originally contained barium carbonate.
Bulyginskii and Sibir( 5 9) derived from the measurement of the energy
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distribution of the electrons the  temperature coefficient of a resistance
which  they  assumed  on the  surface. Jansen(1 62), in a very thorough
investigation  of the  energy distribution,  was  able  to  detect  a  small
resistance  (0.9 a per cm2 at 1300°K) on a  cathode  which  originally
contained  barium-strontium  carbonate.    Cathodes  containing  the
aluminate showed no resistance,  even after  11000  hr.   The  presence
of the tungstate, found under particular conditions, is not  surprising,
for Rittner ef cz/.(157)  found  it  already  on  the  interior  of  the  plug.

It is probable that the pressures of the various constituents in the
cavity  reach  their  equilibrium  values,  and  can  therefore  be  calcu-
lated thermodynamically.  The reaction between  barium  oxide  and
tungsten taking place at the interior of the tungsten plug is given by :

6Bao  +  W =Ba3W06  +  3Ba                          (25)

A corresponding equation can be written for the reaction between
strontium  oxide  and  tungsten.    In  the  case  of the  aluminate,  the
mixture  equivalent  to  5Bao.2A1203  actually  consists  of a mixture
of 3Bao.A1203  and Bao.A1203.  The first compound reacts readily
with tungsten, yielding barium but with a pressure which is a factor
of about  160  less  than  that  resulting  from  the  reaction  (25).    The
Bao.A1203  compound reacts with tungsten only  slightly,  the  equi-
librium  pressure  of barium  being  several  orders  of magnitude  less
than  of the  tribarium  aluminate.   The calculation  shows  that both
the  barium  and  the  strontium  pressure  exceed  the  pressure  of the
corresponding oxides by several orders of magnitude.  Consequently,
it is mainly metal vapour which flows through the plug.   The reason
for  the  amounts  of  metal  and  oxide  being  about  equal  in  the
evaporant is, according to Rittner, to be found in the relatively large
amount of oxygen present in the tungsten plug.  This would mean in
any  case  that  the  nature  of the  material  which  flows  through  the
plug varies  during its passage from the interior to the  outside.

The barium and strontium  can be  transported through the plug
in two ways:   they may flow as a vapour t'hrough the pores, or they
may migrate along the pore walls during the time they are adsorbed.
Both phenomena will  occur  simultaneously but  one  may  be  domi-
nant.    Schaeffer and White(1 59)  attribute  the  transportation  to  sur-
face migration, while Rittner cf ai/.(1 5 7) and Brodie and ]enkins(1 6 3)
consider vapour flow  or  Knudsen flow to  be the main mechanism.
The   investigations   by   Zingerman   and   Morozovskii(r64)   on   the
transport  of barium,  and  by  Ptushinskii  and  Chuikov(165)  on  the
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transport  of strontium,  showed  that  under  normal  operating  con-
ditions   surface   migration   is   the   dominating   process.      From   a
measurement of the rate of flow of barium through porous tungsten
carried  out  in  a  mass  spectrometer,  the  present  author  arrived  at
the  conclusion,  that migration  is  certainly  not  to  be  neglected.    A
special  cathode,  the  cavity  of which  contained  in this  case  barium
metal, was shaped in such a way that a large temperature difference
could be adjusted between the hottest top part, which included the
porous  tungsten  disc,  and  the  bottom  which  had  the  lowest  tem-
perature.    Both  temperatures  could  be  chosen  within  rather  wide
limits so that the barium pressure in the cavity could be varied over
several  orders  of magnitude  and the  transport could  be  studied  at
different temperatures of the porous tungsten disc. The rate of flow
was  very  clearly  temperature-dependent  with  an  activation  energy
of  1.7  ev.    The  residual  atmosphere  in  the  spectrometer  also  had
a marked effect on the rate  of flow.   After being left at room tem-
perature  for  15  hr,  barium  transport  was  substantially  less  at  the
beginning  of a  new  experiment  but  rose  to  its  previous  value in  a
matter  of  minutes  after  reaching  normal  operating  temperature.
With  Knudsen flow  this  phenomenon would not be  explicable  but
it is easily understood in terms  of surface migration.   The value of
the transmission coefficient, i.e. the ratio of the pressures at both sides
during barium flow through a tungsten disc with a density of 75 per
cent  was   about  2  x  10-3   at   1400°K   (compare   Zingerman   and
Morozovskii(164.) who found for a density  of 70 per cent a value  of
2.3  x   10-3  at  |4oooK).

(c)    The impregnated  cathode
In  this  type  of cathode  developed  by  Levi(154,166), the  pores  of

the  porous  tungsten  body  are  filled  ivith  a  suitable  compound  by
heating it above its melting point in contact with the tungsten.   The
liquid phase  is  readily taken up by the porous metal.   The  density
of the tungsten is usually chosen to be rather high, between 80 and
85  per  cent.    The  compounds  that  have  given  the  best  results  are
barium   aluminate   5Bao.2A120,   a   mixture   of   the   compounds
Bao.A1203   and   3Bao.A1203   of  which  the   second  is  the  most
active   one,   and  barium-calcium  aluminate,  5Bao.2A1203.3Cao.
The tungsten disc or cylinder is usually welded to the molybdenum
cathode part which contains the heater.   The porous tungsten body



278                             HANDBOOK   OF   VACUUM   PHYSICS

can be made in a variety of shapes by using a special technique, also
developed by Levi(t67), which is applicable to the tungsten body of
the  L-cathode,  too.   It  consists  in impregnating the tungsten in  its
final  sintered  state  with  copper  or  gold,   machining  it,   and  then
evaporating the copper or gold.

For  a  number  of applications  the  impregnated  cathode  is  easier
to  fabricate  than  the  L-cathode  as  it  is  less  complicated(168).    The
processing  of this  cathode  is  fast  and  so  is  the  activation,  as  the
activator  is  close  to  the  surface  in  the  beginning  of life.    A  dis-
advantage  may  be  the  rather  rapid  evaporation,  especially  at  the
start,   although   in   applications   where   a   strong  poisoning   exists
during  this  part  of life  the  rapid initial  production  of barium  may
even  be  advantageous.    The  rate  of  evaporation  is  not  constant
because  the  barium,  in  order  to  reach  the  cathode  surface,  has  to

TABLE 5.   PRopERTIEs oF IMPREGNATED  CATlroDEs
IMPREGNANT :   BARluM-CALcluM ALUMINATE 5Bao.3Cao.2A1203

pass a layer depleted of barium the thickness of which continuously
increases.   The barium is produced in the cathode by the reduction
of the  tribarium  aluminate  by  tungsten.    Calculation  shows  that a
rate of evaporation is to be excepted which is inversely proportional
to   the   square   root   of  time,   and   experiments   confirm   this   be-
haviour(169).   Table  5  summarizes the various important properties
of impregnated cathodes.   With such cathodes the emission density
again  varies  along  the  cathode  surface(47Jt69a).     Figure  29  shows
the result of measurements of the effective work function distribution
at full activation.   In this state reached after some hours at 1450°K,
the  distribution  curve  is  sharpest  after  which  it  flattens  off in  the
course of time, although the total current still increases.

The  mechanism  of  operation  of the  impregnated  cathode  is  in
principle  the  same  as  that  of the  L-cathode,  although  the  role  of
calcium  is  not  completely  clear.    Brodie  and  Jenkins(£7°)  attribute
the  better  emission  properties   to   adsorbed  calcium.      Beck  and
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Ahmed(£7°°)  have  studied  the  impregnated  cathode  by  means  of
the secondary electron emission microscope and have obtained very
valuable information about the cathode surface structure.

864 2                     1    0.8    06 04           02 JJAed,

FIG.  29.     The  current  contribution  IV(J).J  (dotted  curve)  and  the
effective  work  function  distribution  (solid  line)  of  an  impregnated

cathode immediately after activation.

(d)  The pressed and sintered cathode
This  type  of cathode  is  made  by pressing together tungsten  or  a

tungsten-molybdenum alloy with a suitable compound  which after-
wards  delivers  the  required  amount  of  barium.     If  necessary  an
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additional reducing agent is incorporated.  Hughes and Coppola(1 5 5)
worked mainly with the tungsten-molybdenum alloy and the barium
aluminate or the barium-calcium aluminate.  Huber and Freytag(1 71)
used,  amongst  many  different versions, in  particular  two  combina-
tions, one being a mixture of tungsten, the basic tungstate  Ba3W06
and  aluminium,  the  other  being  a  mixture  of tungsten,  the  basic
tungstate and tungsten carbide WC.   Melnikov ef a/.(1 72) found that
the barium-calcium tungstate is to be preferred to barium tungstate.
After pressing the mixture into the desired shape, preferably immedi-
ately into the holder (pressure usually 10-20 tons/cm2) the assembly
js  heated  in  vacuum,  or better in hydrogen,  and  sintered.    During
this process gases which were occluded during pressing are removed.

The emission properties of the various types  of pressed cathodes
are similar.   Hughes and Coppola gave a value for ,4* of 2.4 A/cm2
°K2  with  a  q)*  value  of  1.7 V  for  the  barium-calcium  aluminate

compound,  which  corresponds  to  a  saturated  current  density  of
6  A/cm2  at  1400°K.    Similar  values  were  reported  by  Huber  and
Freytag and Melnikov cf cr/.

Information  on  the  rate   of  evaporation   of  these  cathodes  is
limited.     Only  Hughes  and  Coppola  deal  with  it  and  show  the
importance of the addition of molybdenum.   This metal, being less
active than tungsten, can be added to diminish the rate of evapora-
tion  of barium  and  barium  oxide  and  to  increase  the  life  of the
pressed  cathode.     The  evaporation  rate  is  not  likely  to  remain
constant  during  life,  as  has  been  demonstrated  in  the  case  of the
impregnated cathode.

(e)   Influence of gases on tungsten-barium dispenser cathodes
The effects of various gases on impregnated and L-cathodes have

mainly   been   studied   by   Jenkins   and   Trodden(173).      Nitrogen,
hydrogen, the rare gases and also carbon monoxide are harmless up
to pressures of 10-3 torr, whereas oxygen, water vapour and carbon
dioxide have  a poisoning effect.   A critical pressure exists for each
of these  gases,  below  which  no  poisoning  is  found.    This  critical
pressure  increases  with  the  temperature  of  the  cathode,  and  for
impregnated  cathodes  with  a porosity  of 20 per  cent  at  1375°K  is
about  10-7  torr for oxygen, about 3  x  10-7  torr for water vapour
and about  10-6 torr for carbon dioxide.   A formula describing the
poisoning  phenomena  could  be  derived  and  it  showed  agreement
with  the  experimental  facts.    It  contains  the  arrival  rate  and  the
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probability  of adsorption  of the  gas  molecules,  the  barium  supply
rate  and  the  probability  that  a  barium  atom  which  arrives  at  the
surface removes the adsorbed contamination.

IH.   Miscellaneous cathodes

1.   NICKEL-BARIUM  DISPENSER  CATHODES

A  special  type  of cathode,  related  to  the  oxide-coated  cathodes
on  the  one  hand  and  to  the  dispenser  cathodes  on  the  other,  is
formed when  a  combination  of nickel  and  the  alkaline earth  com-
pounds  is  made.     Usually  these  cathodes  are   manufactured  by
pressing  nickel  powder  together  with  the  carbonates,  but  for  rela-
tively small percentages of nickel the nickel powder is simply added
to  the  carbonate paste.    An  activator may  either be present in the
nickel or added separately.   The aim is the production of a metallic
cathode  with the  emission  characteristics  of oxide  cathodes  having
the  advantage  of a  low  resistance  and,  if  a  pressing  technique  is
used,  of  a  well-defined  geometrical  surface,  which  can  withstand
bombardment better than the  oxide  cathode.    In  general  it  can  be
said  that  these  three  objects  can  be  1.ealized  reasonably  and  that,
although the operating temperatures for these cathodes have proved
to be somewhat higher than for an oxide cathode, they are certainly
lower than is needed for the L- or impregnated cathodes.   The rate
of  evaporation   of  nickel   is   no   longer   negligible   at   the   higher
operating temperatures.

The  " molded "  cathode,  described  by  MacNair  ef  cz/.(174)  was
made by pressing 70 per cent by weight of nickel powder and 30 per
cent of barium-strontium carbonate.   A current density of 1  A/cm2
at  1070°K  under  continuous  operation  was  reported.    The  results
were preliminary.   The cathode described by Beck cf ¢/.(175) is also
made  by  pressing  together  about  30  per  cent  by  weight  of  co-
precipitated  barium-strontium  carbonate  and  about  70  per  cent
carbonyl nickel powder, but about 1 per cent of a reducing agent-
preferably zirconium-is  added  in  the form  of zirconium hydride.
Decomposition  is  either  done  in  the  tube  in  which  the  cathode  is
mounted  or  in  advance,  and  is  followed  by  an  activation  pro-
cedure.   Outgassing lasts somewhat longer than for an oxide cathode
and activation and ageing takes  about 24 hr.   In normal operation
the temperature of this cathode is about 100° higher than that of an
oxide cathode giving the same emission.
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The temperature for 1 A/cm2 saturated emission is about 1200°K.
At  1270°K  and  1  A/cm2  lives  of 5000 hr  are  reported,  whereas  at
1340°K  and  3  A/cm2  even  3000  hr  of lives  have  been  obtained.
The  cathodes  are  also  attractive  for  demountable  vacuum  systems
as they are resistant to poisoning and reactivate easily after exposure
to air.

The apparent work function of this cathode is given as  p* =  1.78
V,  and the  apparent emission constant calculated from the figures
is  4*  =  23  A/cm2  °K2.    The  work  function  is  not  homogeneous
along  the  surface,  its  mean  value  averaged  over  the  surface  area
being 2.8 V.

A  different  technique  was  used  by  Balas  ez  cz/.(176)  who  impreg-
mated a porous nickel body ®orosity 30-50 per cent) with a solution
of  barium-strontium  acetate  and  precipitated  the  alkaline  earth
carbonates by the addition of ammonium carbonate solution.  After

\\\;:*yt[¥i:tgh2efac;a:r.b°£t:te:sfcupat:::o;¥;s:±ht:iepa:n::;:a£:a:rd:::;:Ss¥:¥f:g[C:th:On:

i  correction applied for the Schottky effect is  1  A/cm2.
Fame(1 7 7) pressed carbonyl nickel with triple carbonate and boron

as a reducing agent.   The cathodes were sintered in hydrogen.   The
apparent work function  is  given  as  p* =  1.07  V,  but a fairly  wide
spread  is  observed  in this  value.    Continuous  emission  currents  of
1 A/cm2 at 1110°K and 2.5 A/cm2 at 1170°K in life tests are quoted.
The  emission  is  inhomogeneous   and  originates  partly  from  the
oxide  in  the   pores,  and  partly  from  the  nickel   surface,  which,
however,  shows  a  greatly  reduced  work  function.     The  cathodes
can  be  exposed  to  air  without  serious  deterioration,  as  has  been
mentioned  before.    Other  preliminary  results  are  reported  in  the
literature(1 78).   Poisoning  of these cathodes  is  discussed  by  Jenkins
and Trodden(17 8a).

The  general  conclusions  about  this  type  of cathode,  which  con-
tains of the order of 70 per cent by weight of nickel, must be that a
continuous load of 1-3 A/cm2  seems possible and that under pulse
conditions even greater densities can be obtained.   The temperature
must  be  chosen  higher  than  for  normal  oxide  cathodes,  roughly
loo-150°C.    The  emission  must be  expected  to  be  rather  inhomo-
geneous.   The cathodes are more resistant to  sputtering than oxide
cathodes.
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2.   HEXABORIDES

The thermionic properties of the borides of a number of alkaline
earth  and  rare  earth  metals  were  first  studied  by  Lafferty(179).
These M86 compounds seem to be attractive as thermionic emitters
for various reasons:   they show a high electrical conductivity and a
good  thermal  and  chemical  stability.    Their  crystal  structure  con-
sists of a framework of boron atoms with the metal atoms embedded
in the interlattice space.  At high temperature metal atoms evaporate
from  the  structure,  but  the  surface  is  immediately  replenished  by
metal atoms which diffuse from the interior and an active surface is
constantly  maintained,  an attractive feature  for practical cathodes.
According to Lafferty the lanthanum hexaboride proved to be  the
best  thermionic  emitter  of the  various  borides  which  were  investi-
gated.   At a  temperature  of  1700°K  somewhat more than 1 A/cm2
current  density  was  obtained,  making  the  material  in  this  respect
superior  to  thorium  oxide  or  a  thoriated  tungsten  emitter.    Diffi-
culties  were  encountered  with  the  base  metal  due  to  the  inward
diffusion of boron, but a good solution was found by using tantalum
coated with tantalum carbide.   Adhesion is usually rather bad, but
with special mechanical constructions the borides may be locked in
the  surface.    Solid  cathodes  in  the  form  of discs  or  rods  can  be
made by pressing the powder in the desired shape and then sintering.

Activation  of lanthanum  hexaboride  cathodes  is  fast,  especially
when  heated  to  1870°K  for  a  few  minutes.    They  are  resistant  to
poisoning by atmospheric air at room temperature if they are sub-
sequently heated to  1770-1870°K.  The rate of evaporation of these
cathodes is rather high.  In general it may be said that these cathodes
can be useful for special application, a§j2g=j±iionization gauges, if the
high temperature is acceptable.   From the Richardson curve the values

p*   - 2.66 V
4*  =  29 A/cm2 oK2

are reported.
The  hexaborides  of gadolinium  and yttrium,  not investigated by

Lafferty,   are   reported   to   show   even   better   emission   than   the
lanthanum hexaboride(18 0).

3.   THORIUM OXIDE  CATHODES

Thorium oxide cathodes(1 81) are sometimes used

`i%d.at
in rather special

where   conditions   are   too   severe   for   alkaline   earth

•-``G`2Zz
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tungsten,   mo denum,   tantalum   or   a   suitable

platinum  metal,  by  one  of the  usual  coating  techniques  or  it  may
be pressed and sintered in the desired shape, for instance as a cylinder
for use in a magnetron.   When  the pressing technique  is  applied  a
mixture  of tungsten  or molybdenum  and  thoria  is  sometimes  used
in  order  to  increase  the  electrical  conductivity  at low  temperature.
The cathode can  then be heated directly by resistance heating.   To
obtain   sufficient   and   stable   emission,   an   activation   process   is
necessary, as is the case with alkaline earth oxide cathodes.   Usually,
however,  the  cathode  will  be  outgassed  at  a  few  hundred  degrees
above the normal operating temperature, and this process is generally
sufficient  to  reach   a  stable  emission.     A  temperature   of  about
2100°K  is  required  for  this  process.    When  measured  with  pulses
the apparent work function reaches a value of about 2.5 V with an
apparent 4 value of about 2.5 A/cm2  °K2.   This means that under
this  condition  a  current  density  of about  5  A/cm2  is  obtained  at
2000°K.  When  current  is  drawn  continuously,   decay  effects  are
observed  with  time  constants  which  are  rather  long,  one  being  of
the order of 0.1-1  sec, another even of several minutes.   The current
drops  considerably  but  anode  effects  may  be  very  pronounced.    A
recovery  of the emission is  observed after cessation of current flow.
Complete  recovery  can  be  obtained  if the  period  without  current
flow is chosen sufficiently long, but with shorter periods the recovery
is  only partial.

When flashed to about 2800-2900°K, an enhanced state of activa-
tion  is  observed in  which  the  current  densities  may  be  a  factor  of
2  or 3  higher than after normal activation.   This  state  of increased
emission  cannot  be  maintained  at  normal  operating  temperatures.
The emission drops to the value observed after the usual activation
procedure,  in  a period  which  depends  strongly  on  the  ambient  gas .
pressure.

The life of the cathodes is determined by various factors.   Under
the best possible conditions the complete evaporation of the cathode
material may give the end of life, but under practical circumstances
sputtering  by  ions  from  the  ambient  gas  or  electrolysis  may  be
predominant.

Applications  of this  cathode  are  to  be  found in tubes  where  the
current  density  is  fairly  large  and  where  a  high  anode  voltage  is
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applied,  i.e.  in  magnetrons,  and _a,!so  in  ionization  gauges.
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In  this
last  application,  partict!±a_dy. i.f the__ gauge  is  operated  under  rather
r6ffh~€6Tn-diti6ri-s,  wriere  exposure  to  air  of the~-froTTithode  is  not_----_
e¥cTap-ti6iiaTiHe-uTJe~-6fi-h6-i_1:a: ~a-ej;9;it.ed  o_n `to . ap_i.ridium  filapent
may be advinnTage6bs.-

4.   THERMIONIC  CATHODES  FOR  GAS  DISCHARGE APPLICATIONS

The  heated  cathodes  in  a  gas  discharge  emit  electrons  through
various mechanisms :

(¢)    thermionic emission
(b)   electron emission under ion bombardment
(c)    photoelectric  emission,  due  to  photons  generated  in  the  dis-

charge.
The   discussion  in  this   section  will   be  confined  to   thermionic

emission  and  it  will  deal  with  the  demands  made  upon  cathodes
operating  only  under  these  special  conditions.    The  gas  discharge
gives rise to the sources of electrons (a) and (c);   of these (b) may be
accompanied by  sputtering of the cathode  material which becomes
apparent  above  a  particular  ion  energy.    For  the  discharge  to  be
stable,  a particular current must flow in the discharge and through
the cathode.   If the contribution (cz) to this current is predominant,
the sputtering due to (b) will be small. The amount of (cz) is,however,
limited for  it  cannot exceed  the  saturated  value  determined by  the
area,  the  work  function  q>, the  emission  constant  4  and  the  tern-
perature.    If  the  discharge  current  js  increased,  the  contributions
(cz), (a) and probably (c) will increase, resulting in a higher sputtering
rate, which starts to increase very strongly if the thermionic emission
approaches saturation.  Contribution (Z)) is then forced to take over,
with a catastrophic effect on the cathode.   The same will happen if
the cathode temperature is decreased.

For a low pressure  discharge (p  of the  order  of 10-2-10-1  torr)
where sputtering is most dangerous, the best results will be obtained
when  the  current is  a fraction  of the  saturated  thermionic  current.
Therefore  relatively  small  current  densities  are  used  (<0.5  A/cm2)
so  that for large  currents  a  large  emitting  area  is  needed.    This  is
unattractive  for  normal  cathodes  in  view   of  the  heat  economy
requirement.    The  multicellular  cathode  (Hull),  which  contains  a
large area of emitting surface in the form of radial vanes effectively
shielded  against  radiation,  constitutes  a  very  good  solution.    Dis-
penser cathodes derive from this multicellular cathode.
H

/¢7,`f22

/
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At higher pressures (p  ~  1  torr)  where  sputtering is  less,  due  to
the ambient gas, the current density can be increased without leading
to rapid destruction of the cathode.  The current may now approach
the  saturated  thermionic  current,  which  is  economically  desirable.
Current  densities  are  now  several  A/cm2.    The  ion  bombardment
together  with  the  current  flow  in  the  cathode  resistance  causes
additional heating of the cathode, resulting in a higher temperature
which  further  increases  the  thermionic  emission.    Due  to  the  gas
pressure,   however,   the   evaporation   of  the   cathode   material   is
greatly   decreased   and   is   not   detrimental.      Sometimes   the   ion
bombardment  together  with  the  Joule  heating is  sufficient  to  keep
the  temperature  in  the  working  region.     In  the  situation  so  far
described normal  alkaline  earth  oxide  cathodes  on  nickel  base  are
commonly used because of their favourable heat economy.   At still
higher  pressures  (several  torr)  the  discharge  begins  to  concentrate
on a small cathode area, which is consequently strongly heated, and
this makes much higher demands with respect to sputtering.   Nickel
is  therefore  replaced  in  the  cathode  by  tungsten  and  often  a  dis-
penser or storage type is used.  In this type of cathode the compound
delivering barium or thorium is substantially shielded from the ion
bombardment, but supplies these metals to the bare tungsten body.
Other compounds such as silica or thoria are added if higher cathode
temperatures appear.   The cathode for fluorescent lamps consists of
a tungsten spiral coated with a mixture containing the alkaline earth
oxides   and   a   small  percentage   of  zirconium   oxide   or  hafnium
oxide(1 8 2).   The high-pressure lamp and the photo flash lamp usually
contain a storage type or a pressed type of cathode.

It  is  not  easy  to judge  the  thermionic  emission  properties  of  a
cathode  in  a  gas  discharge,  but  sometimes  the  I-J'  characteristic
may yield valuable information(18 3).

5.   HOLLOW  CATHODES

A  particular  type  of thermionic cathode-the  hollow  cathode-
has  been  studied  recently  in  view  of  the  promising  results  with
respect  to  attainable  current  density  and  its  particular  current-
voltage characteristic.   The cathode structure contains a cavity,  the
walls  being  the   electron  emitting  surfaces,  equipped  with  a  hole
through  which  the  electrons  escape  and  are  drawn  to  the  outside.
The problem of the I-7' characteristic has been treated theoretically
by  Brunn(184),  whereas  for  instance  Babcock  cf  cr/.(185),  Poo|e(186)
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and  Fincke(1 87)  gave  experimental  results  and  practical  solutions.
For  a  well-chosen  geometry,  e.g.  a  closed  sphere,  the  voltage  dis-
tribution  and  the  electron  density in the  interior can be  calculated
by  means  of Poisson's  equation  and  the  Maxwell-Boltzmann  dis-
tribution of the electron energies.   The influence of a hole facing an
outside  anode  in  the  presence  of an  electric  field  which  penetrates
the  interior  is  generally  difficult  to  examine,  but  with  simplifying
assumptions,  as  for  instance  the  use  of the  potential  at  the  inner
surface  as deduced in the  absence  of a  space charge,  a satisfactory
conclusion   can   be   derived   about   the   J-7'  characteristic   to   be
expected.   At sufficiently high negative anode voltage the current is
characteristic  of a  retarding  field.    With  increasing voltage,  in  the
neighbourhood  of zero  voltage,  the  current becomes  space  charge-
limited and with a sufficiently high positive  anode voltage the  area
adjacent to the hole starts to deliver an emission which is temperature-
limited.   With increasing voltage this area increases too,  depending
upon the particular geometry.

The   I-ya   characteristic   deviates   considerably   from   the  J =
Cy3/21aw;   in some cases almost a rectilinear relationship between
J and  J'a is  found  and even  a curve which is  concave  towards  the
7r-axis.   With hollow cathodes, internally coated with alkaline earth
oxide,  current  densities  in  pulse  operation  of up  to  100  A/cm2  at
900°C have been reported.   It has been observed that emission may
not  only  originate  from  the  hole  itself but  also  from  the  edge  of
the aperture or from the outside area adjacent to it.   Special versions
of hollow  cathodes  were  given  by  Nakamura  and  Sugata(188)  and
Eichenbaum(189).    The last  author used caesium ions  to  neutralize
the interior space charge.

6.   EMISSION-INHIBITING MATERIALS

Although  one  is  usually  interested  in  obtaining  higher  current
densities  from  thermionic  cathodes,  if possible  without  increasing
the  temperature,  in  some  cases  a  need  exists  for  materials  which
show the least emission at the highest possible temperature.   This is
particularly  the  case  where  materials  are  concerned  on  to  which
barium,  barium  oxide  or  thorium  from  an  external  source   are
evaporated, as in the important case of grids.

Firstly  the  problems  related  to  the  deposition  of  alkaline  earth
metals  and  oxides  will  be  considered.    Depending  upon  the  tern-
perature of the electrode from which the emission must be suppressed,
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which will  usually be  different  for  oxide  cathodes  and  the  various
types  of  dispenser  cathode,  different  solutions  are  possible.    Gold
plating  is  advisible for not too  high temperatures  (500_55o°C)(190).
Difficulties arise at higher grid temperature owing to diffusion of the
gold  to  the  interior  of certain  grid  materials or to evaporation and
subsequent   poisoning   of  the   cathode.      The   explanation   of  the
favourable behaviour of the gold surface when continuously supplied
with barium is  to  be  found  in  the  formation  of  an  intermetallic
compound  with  a  sufficiently  high  work function  (3.3  V)(191).    For
higher  temperatures   (about   1000-1200°K)  pure  titanium  can  be
used(192.193),  but  again  evaporation  and  cathode  poisoning  limit
the  operating temperature.   On the  titanium  surface barium atoms
have  a  short  sticking  time,  whereas  barium  oxide  is  reduced  and
the resultant barium evaporates.   In the case of a dispenser cathode
surface  in  contact  with  molybdenum  or  tungsten  parts,  it  may  be
desirable  to  prevent electron  emission  from  these  parts.    The  tern-
perature  is  high,  about  equal  to  the  cathode  temperature,  and  the
application  of titanium  is  impossible.    A  solution  in  this  case  has
been  found  in  the  carburization  of the  molybdenum  and  tungsten
surfaces(t94).     For  the  thoriated  tungsten  cathodes,  from  which
thorium  evaporates,  grid  emission  has  been  prevented  by  coating
the  grid With platinum  or titanium(192,195)

APPENDIX  I
THERMO CHENICAL  CALCULATIONS

The Gibbs function, also called the Gibbs free energy, or thermo-
dynamic potential is given by the expression:

G - U - TS + pV
The   expression   A =  U + pJ'  is   called   the   heat   function   or

enthalpy.   Consequently :

G = H - TS
A  chemical  reaction  taking  place  at  a  certain  temperature  I is

accompanied by a change in Gibbs function AG, given by:

AIG  --  A.H -TAS

where AZJ is difference in heat content of the reactants and the pro-
ducts and AS is the difference of the entropies of reactants and pro-
ducts.
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The heat content of one mole, i.e. the heat of formation from the
elements,  is  known  for  many  compounds  and  is  tabulated  for  a
certain   standard   temperature   ro,   usually   298°K(196).   Also,   the
heats of transformation, fusion and  evaporation, and  the  entropies
of  the  compounds  and  elements  are  tabulated  at  298°K.     From
these tables the change AG(ro) accompanying a particular reaction
can easily be calculated at 298°K.  For other temperatures a correc-
tion  must  be  made  with  the  help  of the  heat  capacity,  the  molar
specific heat at constant pressure,  Cp.   Often this correction can be
omitted because of uncertainties in the data of the heat content and
the entropy.

It  can  be  shown  that  a  relation  exists  between  the  equilibrium
constant K of a chemical reaction and the change in Gibbs function
AG.    If the  gas  pressures  are  expressed  as  partial  pressures  of one
atmosphere  the  change  in  Gibbs  function  is  written  as  AGO,  the
standard  Gibbs  function  change,  and  the  relation  between  A and
AGO  is:

AGO  =  -RTLnK

The equilibrium constant K is given by :

K  -_  pull   X  pV22  X  pV33   X   .  .  .

where  the  pressures  p], p2,  etc.  are  expressed  in  atmospheres  and
vi,  v2,  etc.   denote   the  number  of  moles   of  the  various   gaseous
components  appearing in the  reaction equation.    For the  reactants
v is negative, for the products it is positive.

If  only  one  gaseous  product  is  involved  in  the  reaction,
and if heat capacity  terms  are  neglected,  the  pressure  of the
given by the equation :

|ogp (torr)  = o.2185  {-ALE)  + AS°(ro))   + 2.88

APPENDIX  H
DIFFUSION  0F  THE  ACTIVATOR  IN  THE  NICKEL

It is assumed that the diffusion takes place in a solid bounded by
a  pair  of parallel  planes  at  x  =  0  and  x  =  1.    Two  cases  can  be
considered which are treated mathematically in practically the same
way.   Either the concentration at the two boundaries is taken to be
zero for all times except  f  =  0,  which applies to  a volatile activator
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such  as  magnesium,  or  the  concentration  is  zero  at  one  boundary
and  no  loss  exists  at  the  other,  which  is  found  for  instance  with
silicon.

The diffusion is described by the equation:

@#--D@#
(A1)

where C represents the concentration and D the diffusion coefficient.
At f  =  0 the concentration is assumed to be constant C(x, 0)  =  Co.

In the first case the boundary conditions are :

C(x,O)--Co          O <`x  <l

C(0,')  -0             '>0

C(I,t)   --0             t>O (A2)

In the second case (GC/ax)*= o  =  0 for f  > 0 instead of C(0, f)  =  0.
This  condition  applies  also  in  the  first  case  at  x  =  i/,  so  that  the
solution for the second case can be obtained from that for the first
case by replacing  1  by 21.

The solution of (A1),  which satisfies (A2),  is(197) :

c(x,,'-#i
0

1            .     (2#+   1)7Lx
Sln

2„+   1____                '

The average concentration is :

cTdr'-8£i
0

and the flux at x =  I

(2JC  +   I)2

exp{  -  (2#  +  I)27,2D!//2 }

exp {  -  (273  +   1)2  7I2D///2 }

-D(g)#=,=¥£exp{_(2„2„2Dm
0

For relatively long times  £  >  /2/27T2D  the  first term  of the  series
gives a satisfactory approximation :

-D(%),=,-4+Dexp(-#)
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For relatively  short  times  j  <  /2/27[2D  a good  approximation  is:

-D(Gvif)x=z=Co(£)i

which is the solution for the flux at the surface of an infinite solid.
This  expression is  usually  applied  in  the  calculation  of the  barium
production at the nickel alkaline earth oxide interface.
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