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CHAPTER 1 
INTRODUCTION 

The scope of this thesis develops a design model and method 
that leads to optimization of a dispenser cathodes geometrical 
configuration for use in hydrogen thyratrons. The hydrogen 
thyratron is the preeminent switching device utilized in high 
energy pulse generation that requires precise inter-pulse timing. 
such as: radars, accelerators and, more recently, military weaponry, 
isotope separation and photochemistry laser systems. With the 
advent of directed energy weapon concepts for the Strategic 
Defense Initiative Organization (SDIO), near term requirements 
exist at numerous national Department of Defense (DoD) research 
laboratories and in the commercial sector for super power 
thyratrons beyond the current state-of-art. Reliable, repetitively 
pulsed electric network discharge is prerequisite for both the 
ground based and spaced based systems of the SDIO multi-layered 
defense scenarios. Although deficient by an order of magnitude in 
some of the new required operating parameters, the thyratron has 
been identified as a prime candidate for the viable SDIO systems 
switch. 

Current thrust in the development of super power thyratrons 
calls for an increase in four switch limited parameters. The four 
switch characteristics on which present attention is focused are: 

1. current rate of rise (di/dt) 
2. peak and average power capabilities 

3. switch lifetime 
4. repetition rate. 

In order to improve thyratron capabilities it is important to 
understand the components that limit the switching parameters 
listed above. The first three parameters listed above are cathode 
limited. The development of thyratrons that are capable of 
operating at high repetition rates is primarily limited by the 
deionization time of the thyratron plasma and other secondarv 



effects that are not cathode dependent. Increases of current rise-
times, peak and average current capabilities, and tube lifetimes are 
dependent on the cathode geometry and emission current density. 

Oxide coated and impregnated mesh cathodes have been used 
in hydrogen thyratrons since the development of the tube in 1918. 
To meet the switching demands of today's circuit designs a 
replacement must be found for these antiquated cathodes. 
Impregnated tungsten cathodes have been used in the microwave 
tube industry with great success. It is a well accepted fact that it 
would not have been possible to achieve the power outputs of pre
sent day traveling wave tubes if oxide coated cathodes were used. 
Impregnated tungsten cathodes are capable of emitting at average 
current densities of up to 150 [A/cnfi] while the oxide coated and 
impregnated mesh cathodes are limited to current densities of 30 
(A/cm^) average at best. The next logical step in the advancement 
of high power thyratrons is the introduction of impregnated 
tungsten cathodes. The impregnated tungsten cathode operates by 
dispensing barium to the emitting surface. The barium acts to 
lower the work function of the tungsten creating a highly emissive 
surface. Thyratrons. as opposed to traveling wave tubes, are gas 
filled devices. WTien electrons are emitted from the cathode of a 
thyratron they collide with the gas molecules. The result is 
ionization. The positive ions are then accelerated by the electric 
field and bombard the cathode surface. The ion bombardment of 
the cathode surface can have a detrimental effect on the operating 
characteristics of the impregnated tungsten cathode. Prior to this 
thesis a hit and miss design approach has been used when impreg
nated tungsten cathodes are placed in thyratrons. By understand
ing the operating characteristics of the impregnated tungsten cath
ode a design approach has been developed that will optimize the 
geometry of these cathodes for use in a hydrogen environment. 
Utilization of emission surfaces that are primarily perpendicular to 
the flow of ions has made it possible to fabricate a tungsten 
dispenser cathode that is virtually free from ion bombardment 
effects without sacrificing tube performance. 



The switching cycle of a thyratron can be divided into four 
parts: the trigger stage, the commutation stage, the conduction 
phase, and the recovery stage. Fig. 1.1 shows the four stages of the 
switching cycle. The first three phases in the switching cycle are 
affected by the cathode geometry and cathode emission 
characteristics. The recovery stage is only remotely dependent 
upon the cathode geometry. 

In the conduction phase of the switch cycle, hydrogen 
thyratrons operate in the glow discharge mode. Initially the gas in 
the thyratron is not ionized. In order for the device to make the 
transition into the glow discharge mode, a critical current must be 
drawn from the cathode during the triggering phase of the 
switching cycle [2]. Without properly designing the cathode for 
operation in the triggering phase, the tube will be unable to make 
the transition to the glow discharge mode. 

The current rise-time of a thyrsition is limited by the effective 
area for electron emission from the cathode during commutation. 
A study by Goldberg and Rothstein [1] concluded that not all areas 
of the cathode are utilized in the commutation stage of the switch
ing cycle. The effective area of the cathode is defmed as the area at 
which a cathode-plasma interface occurs. The effective cathode 
area is dependent upon the tube geometry and the propagation rate 
of the plasma wave along the cathode surface. In order to increase 
the current rise-time of a thyratron the effective area of the 
cathode during commutation must be increased. Fig. 1.2 depicts a 
cathode with an effective area that is 50% of the physical area. 
Results from this research have made it possible to design cathodes 
with an effective area that is approximately equal to the physical 
area. Fig. 1.3 depicts a cross section of a cathode designed by the 
procedures set forth in this thesis. The width and depth of the 
cathode grooves have been chosen so that the propagation of the 
plasma wave into the grooves is sufficient to meet the current rise-
time demands of the circuit. Use of impregnated tungsten 
cathodes makes it possible to achieve current rise-times that are at 
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7 
least 5 times greater than the conventional oxide coated cathode 
for a given cathode geometry. 

The average and peak power capabilities of a thyratron are 
governed by thermal effects. By reducing switch losses the peak 
and average power capabilities of the thyratron can be increased. 
There are two goals that must be met in order to reduce the power 
dissipation of a thyratron. The first way to decrease switch losses is 
to reduce the current rise-time of the device as discussed in the 
previous paragraph. Proper design of the cathode can assist in 
achieving a circuit limited rise-time as opposed to a device limited 
rise-time. Once a circuit limited rise-time is achieved, the switch
ing losses in the commutation stage of the switching cycle will be 
determined solely by the circuit in which it operates. The second 
method by which thyratron losses can be reduced is by decreasing 
the voltage drop across the device during the conduction phase. 
Early use of impregnated tungsten cathodes in hydrogen th\Tatrons 
resulted in failure due to low emission capabilities and high tube 
drops [3]. The failure was the result of ion bombardment of the 
cathode surface. It will be showm that by properly designing the 
impregnated tungsten cathode to utilize emission surfaces that are 
parallel to the flow of ions high current densities can be achieved at 
relatively low tube drops. By decreasing the tube drop and 
increasing the emission density of cathodes, the device losses can 
be decreased, and. therefore, an increase in switching power can 
be realized. Work completed herein has lead to an order of 
magnitude increase in the switching capabilities of a device which 
previously utilized an oxide coated cathode. 

One lifetime limitation of a thyratron is cathode depletion. 
During commutation, a small portion of the cathode surface 
supports initial conduction. When an oxide coated cathode is 
utilized the area of the cathode that supports conduction in the 
commutation stage will be depleted with time. The surface area 
that is closest to the anode is typically the surface that is most 
utilized during initial conduction and is therefore rendered non-
emissive during normal tube operation. Once the top cathode 
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surface is depleted the operating characteristics of the th>Tatron 
are significantly altered. Several schemes have been devised to 
minimize the depletion of the cathode surface. Some design 
techniques have proven effective but often require the use of added 
external tube hook-ups which leads to an increase in tube cost and 
complexity. Dispenser cathodes have the capability of replenishing 
areas of the cathode that are depleted. The mechanism by which 
this occurs will be presented in Chapter 3. The replenishing 
characteristics of the impregnated tungsten cathode will allow 
areas of the cathode to support an increased amount of emission 
without having detrimental effects on tube operation. It has been 
shown that impregnated tungsten cathodes have lifetimes that are 
at least 10 times that of the oxide coated cathode [4]. 

Chapter 2 of this thesis presents the theory of electron 
emission from a surface. This theory will set the foundation needed 
for the remainder of the cathode optimization study. A comparison 
of oxide coated cathodes with impregnated tungsten cathodes is 
presented in Chapter 3. In Chapter 4 the theory of hydrogen 
thyratron operation is used in the development of the cathode 
optimization procedure derived in this research. Experimental set
ups and test results will be presented in Chapter 5, along with 
conclusions and further research areas. 

Although this effort is directed primarily at the study of 
cathodes for hydrogen thyratrons, some of the results are 
applicable to other devices of general interest including e-beam 
sources for lasers, x-ray generation. RF sources and the like. In 
general, results presented in Chapter 5 can be applied to any 
situation which requires use of cathodes in a gaseous en\ironment. 
Use of the cathode design procedure developed will lead to 
improved utilization of the cathode emission surface when 
dispenser cathodes are implemented. 
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CHAPTER 2 

THEORY OF ELECTRON EMISSION 

There are several different mechanisms the engineer can 
employ to facilitate the emission of electrons from the surface of a 
solid. The primary source of electrons in e-beam tubes is 
thermionic emission. Cross-field and spark gap devices rely on 
field emission. Cold cathode devices such as the back-lit-thvratron 
make use of the photoelectric effect to initiate conduction and a 
combination of field and thermionic emission during conduction. 
Secondary emission due to electron and ion bombardment of a 
surface exist in most types of electron devices. All electron tubes 
are designed to either avoid or enhance a combination of the 
emission mechanisms discussed above. 

Quantum Mechanical Theorv of Emission 
• ' I • .— ™ • • • • • • H I . I • ! • ^ ^ ^ _ ^ ^ . M H ^ ^ I 9 1 I I • • _ 

This section presents a quantum mechanical model of 
electron behavior at a cathode-vacuum interface. For an 
understanding of the four modes of emission discussed previously. 
the cathode will be defined as a metal surface. Quantum 
mechanical theory states that electrons in a material occupy a range 
of energy levels. Fig. 2.1 presents a comparison of the energv' band 
structures at absolute zero for an insulator, a semiconductor, and a 
metallic conductor. The insulator has an energy gap of = 6 eV 
between the valence band and the conduction band, which means 
that the insulator must be heated to a temperature of at least 
11,500 K before even a few electrons could be excited into the 
conduction band. In a semiconductor, electrons need only an 

energy gain of .7 eV to be excited into the conduction band. In the 

conductor either one of the bands is partially occupied, or separate 

valence and conduction bands do not exist. The bands of allowed 

states overlap and at least one is only partially filled [5]. Electrons 

in the conduction band are called "free electrons" and are the 

charge carriers in a conductor. 



10 

/\ 
Large 

gap 

-~6eY 

±. 

Conduction 
bandvith ^ 
empty states 

r 
Valence 
band 
occupied 
states 

Small 

Conduction 
band empty 

Valence 
band vith 
some empty 
states 

m. 
::>:;:wy''v."';<i;:: 

Empty 

states 

Bands 

overlap 

Occupied 

states 

NSULATOR SEMICONDUCTOR METALLIC CONDUCTORS 

Fig. 2.1. Energy level diagrams. 



11 
To estimate the number density of electrons that will be 

emitted from a metal under given conditions, two factors must be 
calculated: 

1. the density of energy states available in any particular 
band of energies, designated S(E) 

2. the probability that a given state at energy E will be 
filled denoted f(E). 

It can be shown that: 

S{E) = 47:(2me)3/2h-3(E - Ec) l /2 (2.1) 

per uni t volume where EQ is the energy at the bottom of the 

conduction band. As mentioned earlier; not all energy states in a 

conductor are occupied and in fact only a fraction of the total free 

electrons occupy the higher energy levels in the conduction band. 

Statistically the probability of an electron being found at a given 

energy level E is: 

f(E) = 1/(1 + e(F - ¥]/kT) • (2.2) 

where ¥ is a reference energy known as the Fermi level. The Fermi 
level is adjusted to assure that there are just sufficient energ\- levels 
to accommodate all electrons. Equation 2.2 is known as the Fermi-
Dirac probabilitv' function. The number of available energ\' states in 
a volume Q, in the energv- range E to E + dE are given by: 

S(E) dE = ( n / 4 ' 2 ) ( 2 m / h 2 ) 3 / 2 E l / 2 d E (2.3) 

where h is Planck's constant and m is the electron mass [5]. The 

energy distribution function is obtained by multiplying (2.2) and 

(2.3). The energy distribution function is plotted in Fig. 2.2. 

Integration of F(E) over a given energy range will \ield the number 

of free electrons in the ran^e. 

file:///ield
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The ability to calculate the number of electrons in a given 

energy band allows the engineer to predict emission from a metal 
and the exit velocity of emitted electrons. Fig. 2.3 shows the 
classical energy level diagram for electrons near the surface of a 
metal. Electrons must have energies that exceed the energv-
barrier of the metal-vacuum interface in order to be emitted from a 
metal. The energy barrier of a metal is called the work function 
and is denoted as eo. Electrons with energies greater than eo 
directed toward the surface of the metal will be emitted. The value 
of eo is dependent upon the emitting material. In order to 
estimate the emission density of a material, the energy distribution 
function must be integrated from Ep to E = oo. Table 2.1 presents 
values of eo for various metals. The mechanism by which electrons 
are excited to the energy level necessary for escape is the factor 
that separates the four modes of emission stated earlier. 

Thermionic Emission 
Thermionic emission is defined as electron emission 

resulting from the heating of a solid. Thermionic emission w-as first 
researched in detail by O.W. Richardson in 1901. Richardson 
derived an equation for thermionic emission of electrons as a 
function of temperature of the emitting surface. The equation set 
forth by Richardson is: 

J = aTl/2e(-b/T) (A/cm2) (2.4) 

where: 
j = emission current density (A/cm2) 

T = material temperature (K) 
a = constant of material (A/cm2Kl/2) 

b = constant of material (K). 

Several important assumptions are made in the derivation of the 

Richardson equation [6]. The first assumption is that electrons in 

the emitting surface obey the laws of a perfect gas and share in the 
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Table 2 .1 . Work functions for various metals [2]. 

SUBST.^NCE 

Tungsten 
Platinum 
Tantalum 
Molybdenum 
Carbon 
Silver 
Copper 
Bismuth 
Tin 
Iron 
Zinc 
Thorium 
Aluminum 
Magnesium 
Nickel 
Titanium 
Lithium 
Sodium 
Mercury 
Calcium 
Gold 
Barium 

<t> (VOLTS) 

4.520) (2) 
4.4O) 5.32^=' 
4.3O) 4.19'-' 
4.3"> 4.15-4. 
4.1<i) 4.0^.S 
4.IO) 3.09^. 
4.0O) 3.S5-4. 
3.7O) 
3.S"> 
3.7O' 4.04-4. 
3.4(i> 
3.4(i> 
3.0fi> 
2.7(1) 
2.S^" 4.50-5. 
2.4O) 3.95'= '̂ 
2.35"> 
1.S20) 
4.4O' 
3.4(1) 2.24'/' 
4.0-4.55'='' 
2.11'=' 

,44'=' 
;4'=J 
31'=' 
55'=' 

76'=' 

24'=' 

SUBST.A.XCE 

Beryllium 
Columbium 
Cerium 
Cobalt 
Chromium 
Cesium 
Kafnium 
Iridium 
Lanthanum 
Manganese 
Neodymium 
Palladium 
Praeseodymium 
Rhenium 
Rhodium 
Silicon 
Samarium 
Thorium 
L'ranium 
Vanadium 
Zirconium 

<l> (VOLTS) 

3.10'=' 
4.01'=' 
2.6'=' 
4.40'=' 
4.60'=' 
1.81'=' 
3.53'=' 
5.3'=' 
3.3'=' 
3.83'=' 
3.3'=' 
4.99'=' 
2.7"> 
5.1'=' 
4.80'=' 
3.59-4.02-' 
3.2'=' 
3.35'=' 
3.27'=' 
4.12'=' 
4.21'=' 
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heat energy of the metal. • Richardson also assumes that electrons 
above a certain critical energy level, dependent upon the emitting 
material, will escape. The first assumptions have been widely 
accepted and now form the basis for the theory of the energy 
distribution function presented earlier. Other assumptions made in 
the derivation of the Richardson equation have met with 
controversy and continue to be disputed. Two assumptions made 
by Richardson that cannot be substantiated are that the work 
function of the material is independent of temperature, and that it 
is constant over the entire emitting surface. In order to facilitate 
investigation of the invalid assumptions incorporated into the 
derivation of the Richardson equation a refinement of the equation 
derived by S. Dushman will be presented. 

Dushman used the Richardson equation as a base line to 
derive the following equation: 

j = AoT2e(-bo/T) (A/cm2) (2.5) 

where: 
AQ = 2-emk2 = 1.20 x 10^ (A/m2deg2) 

e = electron charge (C) 
m = electron mass (kg) 
k = Boltzmann's constant (J/K) 
bo = oe/k (K) 

0 = material work function (V) 

h = Planck"s constant (AV) 

T = material temperature (K). 

The equation set forth by Dushman has come to be known as the 

the Richardson-Dushman equation. In the derivation of this 

equation Dushman carried forth all assumptions both valid and 

invalid from the Richardson equation. It should be noted that the 

equation is governed, almost entirely by the exponential term [7]. 

If the temperature of an emitter operating at 1000 OQ is altered by 

1% the change in temperature results in a 70% change in the value 
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of the exponential term of the emission equation but only a 2% 
change in the T 2 term. Dushman's refinement of the Richardson 
equation revealed that the only part of the equation that is 
dependent upon the emitting material is the work function in the 
exponential term. Dushman was able to prove that AQ is 

independent of material and is therefore a universal constant. The 
Richardson-Dushman equation can be used to predict the current 
density if the work function and temperature of a material are 
knowm. The temperature dependence of electron density in the 
tail of the energy distribution function is shown graphically in Fig. 
2.4. 

In order to compare theory with experiment it is helpful to 
wTite the Richardson-Dushman equation in the following form: 

In J / T 2 = In AQ - eo/kT. (2.6) 

This suggest that a plot of J / T 2 versus 1/T should be a straight line. 
Fig. 2.5 shows a Richardson plot where the slope of the line is the 
work function of the material. Extrapolation of the line to an 
infinite temperature (i.e. 1/T = 0) is the intercept of the graph with 
the y-axis where In J / T 2 = In A^. Experimental data finds that the 
value of AQ is 1/2 to 1/4 that of the predicted value. The 
discrepancy between experimental and theoretical Richardson 
plots gives rise to the validity of the assumptions made in the 
derivation of the Richardson-Dushman equation. In order to 
adequately describe thermionic emission the Richardson-Dushm.an 
equation must be re\1sed to produce experimental values of A^ that 

a^ree with the theoretical value. 
As noted previously Richardson assumed that the work 

function of a material was independent of temperature. Present 

theory suggest that the work function of a material is temperature 

dependent [7]. A first order approximation of a temperature 

dependent w^ork function assumes that an incremental change in o 

varies linearly with temperature thereby resulting in: 



18 

r) 
c~ 
o 
L. 

*^ < •» 

<u 
l l I 
T 3 
a> 

. • ^ 

. ^ . w 

E 
LU 
t . 

O 

c 
o 

• ^ • ^ 

ac
t 

>-
£ -
93 

J^ 
\— 
i_ 
a> 

X-. 
c^ 

• ̂— 31 
^^ 
C7* 
1 -
CJ 
£= 

U J 

it
h 

0 

Cathode Temperature = 3000 K 

0 1.0 

Kinetic Energy, V, of Emitted Electrons (eV) 

Fig. 2.4. Punetic energy distribution of thermionically 
emitted electrons. 



InJ /T ' 

10,000 

T 

Fi^. 2.5. Richardson plot. 



20 
0 = 0R + îT (V) (2.7) 

where OR is the Richardson work function and )i is the temperature 

coefficient of change in the work function. Substitution of the 

tempera ture dependent work function into the Richardson-

Dushman equation will result in the following revised Richardson-

Dushman equation: 

J = [AQ e(-e^iT/kT)] T2e(-e0R/T) (2.8) 

where the quantity in brackets corresponds to the experimentally 
determined value of A^. 

A second theory used to explain the variation between 
experimental and calculated values of AQ proposes that the work 

function of the emitter is not constant over the entire surface. The 
work function may be altered over the emission surface due to the 
variation in the crystal structures of the cathode. The validity' of 
this assumption has been well documented in the operation of the 
impregnated tungsten cathode and will be discussed in detail in 
Chapter 3. As a simple example, assume that half the surface of an 
emitter has a work function of eoi, and the remaining half has a 

work function of eo2. If eo2 is much less than eo^ the majority- of 

the electrons emitted will be from the area of the cathode with a 
work function of eo2, due to the exponential dependence of 

emission on the work function. In this example the emission 
surface area is only half of the calculated area, and therefore the 
measured value of A^ would be much less than the theoretical value. 

A complete description of thermionic emission would result 

in an equation that could account for both temperature dependence 

of the work function and variation of the work function from one 

area of the cathode to another. Although such an equation is 

mathematical ly feasible, it is not experimentally possible to 

distinguish between the effects on emission of a temperature 

dependent or surface dependent work function. In order to 
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manufacture cathodes with consistent and predictable work 
function values it is necessary to first experimentally measure eo in 
the lab for a given manufacturing procedure and cathode material, 
and then adhere to the same manufacturing procedure for 
subsequent cathode builds. Cathodes of the same basic make-up 
processed under differing procedures can have markedly different 
operating characteristics due to the effects of the cathode surface. 
Determination of eo is useful when comparisons of various cathodes 
is required. 

Determination of the Work Function 
Earlier, the Richardson plot (Fig. 2.5) was characterized as a 

linear equation. In order to develop a Richardson plot the 
saturation current as a function of temperature must be measured. 
This is done by heating the cathode to a given temperature in a 
vacuum diode and applying a voltage sufficient to saturate the tube. 
Saturation is considered as the point at which an increase in 
voltage does not result in an increase in diode current. A plot of 
emission as a function of temperature and anode voltage for a 
typical cathode is presented in Fig. 2.6. The plots in Fig. 2.6 show 
that emission increases sharply to a point at w^hich a knee occurs. 
Beyond the knee the current density continues to increase with 
volta2;e but at a much slower rate. The increase in emission bevond 
the saturation knee is due to the effects of the electric field at the 
cathode surface during the measurements. In order to obtain a 
linear Richardson plot the field free saturation current density 
must be knowm. It is not, however, possible to obtain a Richardson 
plot at low electric field levels due to the effects of the electrons 
near the surface of the cathode known as the space charge effect. 

When a cathode is heated to it's emitting temperature a cloud 
of electrons surrounds the cathode surface. The effect of the 
electron cloud is to low^er the potential in the tube environment 
immediately adjacent to the cathode surface. The reduction in 
potential due to the electron cloud can be appreciable as shown in 
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Fig. 2.7. If the cathode temperature is increased, the electron 
density of the cloud is also increased, and the potential at the 
cathode surface is depressed further. As shown in Fig. 2.8 there is 
a limit to the potential reduction. This limit occurs when the 
potential at the cathode surface drops below zero. When the 
potential at the cathode drops below zero electrons at the cathode-
vacuum interface are forced back to the cathode surface, and the 
potential is allowed to once again rise above zero. An equilibrium 
condition is reached when the potential at the cathode surface is 
exactly zero. If the cathode potential becomes positive more 
electrons will flow from the cathode surface, and the field will be 
driven back to zero. If the potential at the cathode is negative 
fewer electrons will be emitted from the cathode, and the potential 
will rise. 

When a cathode is operating in the space charge limited 
region conditions such as temperature and surface conditions have 
no effect on emission. Vacuum tubes and traveling wave tubes make 
use of space charge limited operation to avoid the problems 
encountered when a tube is operated outside of the space charge 
limited region. The voltage-current relationship during space 
charge limited operation is obtained by combining the potential 
distribution as a function of charge densirv' (i.e. Poisson's law), 
current density- as the product of charge density and electron 
velocity, and electron velocity as a function of voltage (i.e. energy-
considerations) [7]. This results in the Child-Langmuir law for the 
flow of electrons in a space charge limited diode. The Child-
Langmuir law for a space charge limited diode with planar parallel 
plates is: 

J = ( 4 / 9 ) I o ( 2 n ) l / 2 v 3 / 2 / x 2 (2.9) 

where: 
J = current density (A/m2) 
l o = dielectric constant of free space (F/m) 
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to electron cloud. 
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n = electron charge to mass ratio (C/kg) 

X = distance from the cathode (m) 
V = potential at x (V). 

For a planar diode with a cathode to anode spacing of d = x the 
Child-Langmuir law is reduced to: 

I = PV3/2 (2.10) 

where I = JA, with A being the area of the cathode, and P equal to 
the perveance of the diode. The perveance is defined as a 
normalized measure of the space charge in an electron beam [8]. 
The perveance of a planar diode is: 

P = 4 / 9 Alo /d2(2n) l /2 = 2.33 X 10-6 (A/d2). (2.11) 

It is important to note that perveance is a function of tube 
geometry. For diodes other than planar parallel plate 
configurations the appropriate equation for perveance must be 
used. In vacuum tubes cathodes are often used that are cylindrical 
in shape. For a cylindrical diode configuration the cathode to anode 
spacing from the top of the cathode is different from the cathode 
to anode spacing at the bottom of the cathode. Equation 2.9 shows 
that during space charge limited operation the area of the cathode 
farthest from the anode will provide less current than the top of 
the cathode. This fact is of major importance to the development 
of this research problem. Hydrogen thyratrons. during initial 
conduction operate in the space charge limited region, and 
therefore, the geometry of the cathode will have a major impact on 
the characteristics of the tube during triggering and all other 
phases of operation. The effects of the cathode geometry during 
space charge limited operation of a thyratron are covered in 
Chapter 4. 

In this section it has been shown that it is not possible to 

obtain a field free plot of emission density versus temperature as 
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required for a Richardson plot due to the effects of space charge at 
the cathode surface. In order to obtain a field free emission 
current density, a determination of temperature limited operation 
must be made. Fig. 2.6 shows that space charge effects can be 
eliminated if the anode voltage of a diode is sufficiently high. 
During temperature limited operation the emission current density 
continues to rise with increasing anode voltages due to the 
Schottky effect [4]. 

In the determination of the Richardson-Dushman equation. 
the effect of an electric field at the cathode surface is not 
considered. The Increase in current density with anode voltage in 
the temperature limited region is due to the effective decrease in 
the work function of the metal from the electric field. Fig. 2.9 
shows the decrease in the potential barrier at the cathode vacuum 
interface from an electric field. The induced field acts to reduce 
the potential barrier that the electron must overcome in order to 
escape; therefore, as voltage is increased so is emission. In order 
to account for the effect of electric fields at the cathode surface the 
work function can be modified as follows: 

eo = eoo - eAo (eV) (2.12) 

where: 
Ao = (eE/4- Io)^ /^ 

with E equal to the applied electric field and 1Q equal to the 

permitivity of free space. In order to obtain the field free emission 
current density JQ in practice, it is necessary- to extrapolate from 

values measured at relatively high electric fields. 
The Richardson-Dushman equation can now be w-ritten as: 

J = j^e(eE/47cIo)l /2 (A/cm2) (2.13) 



28 

CAJBT 

potential 

energy of 

electron 

No external field 

J^J^ 

reduced potential 
energy resulting 
from applied field 

External field present 

Fig. 2.9. Decrease in potential barrier due to Schottky 
effect 



29 
where J is the measured current density and JQ is the current 

density from Equation 2.5. The Richardson-Dushman equation 
modified for the Schottky effect is: 

InJ = ln Jo + (eE/47rIo)l/2. (2.14) 

A plot of In J versus E should be a straight line with an intercept, 
when extrapolated to E = 0, of the value of In J Q . Fig. 2.10 shows 

the method by which data can be taken to obtain a Richardson plot 
for the determination of the true work function of a material. Once 
an accurate Richardson plot is obtained the work function of the 
material can be calculated from the slope of the line, and 
comparisons of various cathodes can be made. 

Field Emission 
Fig. 2.6 was used to show the characteristics of thermionic 

emission. In addition to space charge, temperature limited, and 
Schottky effects of thermionic emission, the plot of anode voltage 
versus current density in Fig. 2.6 shows that at a given anode to 
cathode voltage a point is reached at which emission density 
rapidly increases. As the electric field at the cathode is increased 
to 109 - 10^0 v / m (0.1 - 1.0 V/Angstrom), the electron barrier, or 
effective work function of the material, is decreased to a level at 
which electrons can tunnel through the barrier, and therefore. 
emission increases rapidly. In Fig. 2.11 it can be seen that the 
width of the potential barrier is very- narrow when high electric 
fields are present. It has been found that electrons with kinetic 
energies less than the energy barrier value are able to escape from 
the solid. This is know-n as the "tunneling effect" and results from 

the quantum mechanical nature of the electron [7]. 
Electron emission resulting from the application of high 

fields to the area adjacent to the cathode surface is called "field 
emission" and is \irtually independent of the temperature of the 
emitting surface. Field emission limits the maximum anode voltage 

file:///irtually


ira«HBî v9NHm 

3 0 

In J 

In J 

^ 
Current lowered 

by space charge 

-^ 

Fig. 2.10. Illustration of extrapolation to find zero field 
current density for a given temperature. 



31 

Electron 

Energy 

Fig. 2.11. Electron energy profile for field 
emission. 



32 
at which hydrogen thyratrons can operate. Temperature 
independent field emission is effectivelv used in cold cathode 
devices such as spark gaps where in some applications over voltage 
of the gap is used as the triggering mechanism. Due to the large 
emission densities that can be achieved from field emission 
cathodes, many attempts have been made to design this type of 
cathode for microwave tubes. In order to achieve high electric 
fields at relatively low anode to cathode potentials, cathodes have 
been designed that use arrays of needle shaped emitters. These are 
known as dendritic structures, and are illustrated in Fig. 2.12. 
Cathodes designed in this manner are susceptible to the 
detrimental effects of ion bombardment that causes the emission 
surface of the cathode to erode. To date, cathodes utilizing field 
emission have been limited; although, some success has been 
realized in de\ices where the dimensions are such that ions are 
unable to strike the cathode surface. 

Secondarv Emission From Ion Bombardment 
Except for the brief mention of thyratrons where the 

conduction medium is a hydrogen gas, the assumption has been 
made that emission is taking place in free space. In fact, free space 
operation does not exist. In all electron tubes there exists some 
gas residue. WTien electrons are accelerated bv the anode to 
cathode field they collide with the gas molecules and, as a result. 
ionize the gas. The positively charged ions are then accelerated 
and impact the cathode. As mentioned in the pre\ious section en 
field emission ion bombardment of the cathode can result in 
surface dama2;e. Secondarv emission due to ion bombardment of 
the cathode is a topic that is. at most, briefly mentioned in most 
literature. Onlv a small fraction of the emission in vacuum de\ices 
can be attributed to emission by ion bombardment. Hydrogen 
th\Tatrons use ionization of the gas to eliminate some of the effects 

of space charge; therefore, ion bombardment of the cathode is 

unavoidable. 
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In order to achieve electron emission from a cathode by ion 

bombardment, the ion must strike the cathode surface with an 
energy greater than twice the work function of the material thereby 
facilitating the release of two electrons. One of the electrons must 
recombine with the ion, and the other is free to contribute to the 
overall current in the device. The probability of electron emission 
due to ion bombardment is dependent upon the angle at which the 
ion strikes the cathode. If the velocity of the ion is normal to the 
surface it can penetrate deep into the cathode before a collision 
occurs. If this occurs, the ion bombardment may not result in the 
emission of electrons but will rather cause the temperature of the 
emitter to rise, which increases the thermionic emission. 

It is possible to design cathodes for use in hydrogen 
thyratrons that enhance the secondary emission process. By 
designing cathodes with emission surfaces that are not normal to 
the flow of ions the probability of secondary emission will be 
increased. It is not the goal of this thesis to investigate such 
cathode designs. The fact that secondary emission exist in 
thyratrons makes it necessary to include an analysis of its effects in 
this work. This subject is better suited for Chapter 3 on cathodes, 
where the detrimental effects of ion bombardment will be 
presented. 

Secondarv Electron Emission 

In addition to ions, electron bombardment of a surface can 

also result in secondary emission. Secondary- electron emission 

differs from ion bombardment in that energies of twice the work 

function are not required. A full understanding of the process of 

secondary electron emission does not exist at this time, but there 

are several theories that have described various aspects of 

secondary electron emission. For a complete discussion of 

secondary electron emission the reader should refer to the 

literature listed at the end of this thesis [5]. 
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Photomultiplier tubes take advantage of secondary electron 

emission. In a photomultipher tube electron emission is initiated 
by photo emission (to be discussed later). The electrons are then 
accelerated through the tube and collide with electrodes placed at 
angles tha t enhance emission due to electron bombardment. As 
the electrons advance, the density of the electron beam is 
increased, and a large current gain results. If the initial 
photocurrent is IQ and there are n collisions, the final output 
current is IQB^ where d is the secondary emission coefficient. 
Photomultipliers are used with very low input currents so that the 
strongly amplified output current is still quite small, usually below 1 
mA. If attempts were made to achieve higher output currents the 
effects of space charge would alter the emission process. 

Photoelectric Emission 
Hertz found, in 1887, that when a metal surface is exposed to 

electromagnetic radiation at optical frequencies electrons are 
emitted. In 1905, Einstein explained this phenomenon by appKing 
quan tum theory to the problem. Today several commercial 
photoelectric devices exist. One application of photo emission is 
the photomultiplier tube discussed in the previous section. A 
second device that utilizes photoelectric emission is in the early 
development stage at this time. It is called the back lit th\Tatron 
(BLT) [9]. The BLT is triggered by an ultraviolet light source that is 
used to irradiate the back of the cathode. The ultraviolet light 
initiates photo emission at the cathode surface. The electrons 
emitted by photo emission are accelerated by the electric field that 
penetrates the back of the cathode. When the electrons collide 
with the gas molecules that fill the device, an avalanche effect 
occurs, and the voltage across the tube collapses. Triggering the 
BLT with a source that is electrically isolated from the device 

makes this tube an attractive replacement for applications were a 

floating deck is required. 
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Photoelectric emission occurs when a photon of light arrives 

at a cathode surface with an energy E = hf (J) (where h = Planck's 

constant (W) and f = light frequency (Hz.)), that is large enough to 
cause an electron to be emitted. The photon must (a) raise the 
energy level of the electron to the Fermi level, (b) overcome the 
work function barrier 0, at the metal surface, and (c) impart to the 
electron a kinetic energy l/2(mu2) where u is the velocity with 
which the electron leaves the surface [5]. The probability of this 
occurring is very small and is expressed by the quantum efficiency 
of the cathode material. The quantum efficiency is given by the 
yield of electrons per incident photon and ranges from 10"^ to 10' 
1 

By applying quantum theory to the phenomenon observed by 
Hertz, Einstein set forth the following equation: 

hf - 0 = l/2(mu2) = eVco (eV) (2.15) 

where h is Planck's constant, 0 is the photoelectric work function, 
u is the exit velocity of an electron emitted, e is the charge of an 
electron, and V^Q is the critical anode voltage. The critical anode 

voltage is the empirically determined potential that is required to 
keep an electron with energy 1/2(mu2) from reaching the anode of 
a photo emission device. Fig. 2.13 shows there is a critical 
frequency below which no emission is possible. The critical 
frequency is proportional to the work function of the material and 
can be used to determine a materials work function where: 

0 = hfo (eV). (2.16) 

This approach can be used instead of a Richardson plot to 
determine a materials work function. It should be noted that 
measurements made in this fashion are subject to the same 
restrictions and considerations encountered from the Richardson 
plot technique. The high cost of the equipment required to 
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determine the work function by photo emission measurements and 
the difficulties inherent with this method make it impractical in 
most cases. However, w-hen a high degree of accuracy is required 
for mater ia l work function measurements photo emission 
techniques should be considered. 

Summary 
The goal of this thesis is to present a design that results in 

the utilization of the entire cathode surface rather than to increase 
the emission densitv of the cathode. In order to determine if the 
effective surface area of a cathode has been increased, the 
experimenter must have a working knowledge of the emission 
mechanisms acting in the device under test. This chapter has 
presented four modes of emission. In most applications a 
combination of the four types of emission are present. In hydrogen 
thyratrons the main emission mechanism is thermionic, although; 
emission by ion bombardment has adverse effects on tube operation 
and cannot be ignored. Implementation of the cathode designs set 
forth in this thesis make it possible to distinguish betw-een the 
increases in emission density resulting from an increase in the 
effective surface area and all other secondarv* mechanisms. 



CHAPTER 3 

CATHODES 

Cathodes are the electron source in all electron tube devices. 
Each different electron tube requires a somewhat special cathode. 
The type of cathode used is dependent upon the dominant 
emission mode of the device as was discussed in the previous 
chapter. This chapter will discuss thermionic emitters. The 
evolution of thermionic emitters will first be presented after which 
will follow a detailed comparison of oxide coated cathodes with 
impregnated tungsten cathodes. 

In order to determine the important characteristics that 
limit cathode operation, it is important that a model of an ideal 
cathode first be developed. J.R. Pierce [7], one of the pioneers of 
cathode research, offered the following list of operating parameters 
of an ideal cathode: 

1. would emit electrons freely, without any form of 
persuasion such as heating or bombardment 

2. would emit copiously, supplying an unlimited 
current density 

3. would emit electrons forever, its electron emission 
continuing unimpaired as long as needed 

4. should emit electrons uniformly and traveling at 
practically zero velocity. 

Unfortunately, cathodes in electron tube devices are far from 
ideal. Real cathodes require high temperatures to emit electrons. 
Typical operating temperatures for dispenser cathodes are from 
950 to 1100 OCB where ^ C B is the brightness temperature. Actual 
cathodes also have a limited emission densitv-. The current densitv-
of thermionic cathodes is temperature limited and can vary widely 
depending on the type of emitting material. The life of a cathode is 
not unlimited and is dependent on many tube characteristics such 
as loading, manufacturing techniques, and operating temperatures. 
Finally, cathodes do not emit uniformly but rather emit electrons 

39 
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with random velocities and in various directions relative to the 
cathode surface. Research completed in this thesis has proven that 
departure from the fourth characteristic of an ideal cathode can be 
used to enhance the operation of thermionic cathodes in a 
hydrogen environment. With careful cathode design techniques the 
exit velocities of electrons from the cathode surface can be utilized 
to negate effects of ion bombardment inherent in the operation of 
hydrogen thyratrons. This topic is discussed in detail in the section 
of this report on dispenser cathodes. 

Evolution of Thermionic Cathodes 
The first thermionic cathodes were fabricated from tungsten 

for use in earlv radio tubes. Although other metals were known to 
have lower work functions, tungsten was used because it was found 
to be more reliable than other emitters. Tungsten has a work 
function of = 4.6 eV and, therefore, must be heated to high 
temperatures before emission density is appreciable. Tungsten 
heated to 2200 ^C, will yield an emission densitv^ of 0.3 A/cm2. It 
was later found, that by mixing a small amount of thoria with the 
tungsten, the overall work function of the material could be 
lowered allowing a lower operating temperature. Thoriated 
tungsten cathodes are still commonly used in power tubes and 
magnetrons. The cathode in such tubes is usually carburized in 
order to reduce the evaporation rate of the thoria. 

Early thoriated tungsten cathodes were heated to operating 

temperature by inducing a current in the cathode structure. This 

came to be known as a "directiy heated" cathode. As a result, there 

was a voltage variation along the surface of*the cathode. Early 

cathodes were heated by a battery source; therefore, no modulation 

of the emission current was experienced. Along with the 

development of AC power distribution, the need to heat the 

filament with AC current brought about the need for a cathode v\ith 

a unipotential surface [7]. To this end came "indirectly heated" 

ca thodes . Indirect heating of the cathode surface made it 
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necessary to investigate the use of materials with lower work 

functions, so that lower operating temperatures could be feasible. 

Oxide Coated Cathodes 
The oxide coated cathode developed by Wehnelt in 1904, 

provided a surface that could be operated at low temperatures (= 
800 oc) while providing adequate electron emission. The oxide 
coated cathode consist of a formed base metal, usually nickel, 
sprayed with a mixture of barium, strontium, and calcium 
carbonates. The carbonates occur as homogeneous crystallites with 
an isomorphous crystal structure dispersed in a lacquer vehicle. 
The lacquer contains an ethyl cellulose binder which creates a 
highly stable spray coating. 

Once the coating has been applied to the cathode base metal 
the cathode must be "activated." The activation process converts 
the carbonate coating to oxides of Ba, Sr, and Ca. The activation 
process consist of four steps. The first step in the activation 
process is the removal of the ethyl cellulose binder. Removal of the 
binder as a volatile product is accomplished by heating the tube 
environment to a temperature of = 500 ^C under a hard vacuum of 
at least 10"^ mm Hg. thereby ridding the volume adjacent to the 
cathode of any binder compounds. This process is termed "bake-
out," due to the fact that the heating of the tube is accomplished in 
a furnace. The bake-out process also aids in the cleaning of other 
surfaces in the tube thereby helping to reduce the contaminates 
that may later lead to cathode poisoning. 

The second step in the activation of oxide coated cathodes is 
the conversion of the cathode carbonates to oxides. In the 
conversion phase of cathode activation the cathode is heated to a 
temperature of approximately 900 OC by the cathode heater. Use of 
the cathode heater to raise the temperature of the cathode surface 
assures, at least in theory, that any contaminates expelled by tube 
components will not be deposited on such surfaces. The thermal 



42 
degradation of the carbonates to oxides is characterized by the 
following reactions: 

BaCOa - BaO + CO2 
CaCOs - CaO + CO2 
SrC03 - SrO + CO2. 

Assurance that the carbonates are fully converted to oxides is 
indicated by a drop in the tube pressure, thereby confirming that 
all the CO2 has been expelled from the cathode coating. 

The third step in the activation process is the partial 
reduction of oxides by dissociation at the coating-base metal 
interface. In this phase of activation free barium is formed and 
uniformly distributed to the cathode surface. Final activation is 
carried out in this phase by raising the cathode temperature to 
1200 OC. Care must be taken in this step to assure that the 
temperature of the cathode does not exceed 1200 ^C which will 
result in vaporization of the cathode base metal. At 1200 ^c some 
free barium is produced thereby forming active cathode structures. 

Stabilization of the cathode is the final step in the activ-ation 
process. In order to stabilize the cathode, a DC voltage is applied to 
the thyratron and a current of 25-50 ma/cm2 is drawn from the 
cathode. In order to draw current from the cathode in the final 
activation phase, hydrogen is leaked into the tube to neutralize 
space charge effects. The ionized hydrogen acts to further clean 
tube surfaces during final activation. Once activation is complete 
the tube is filled to its desired operating pressure with hydrogen 
and sealed. 

Activation of the oxide coated cathode is essential to proper 
operation. If any of the four steps discussed above is not completed 
the cathode will not emit electrons in the prescribed fashion, and 
the thyratron will be inoperative. There are several mechanisms 
that degrade the emission of an oxide coated cathode. If the 
cathode coating is not uniformly applied the coating may peel from 
the base metal. If the base metal of the cathode is contaminated 
with one of the many emission inhibitors, the cathode can be 
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"poisoned" during activation. Overheating the cathode can cause 
free barium to migrate to the grid or other areas of the thyratron 
which causes spurious emission. Improper exhausting of the tube 
during bake-out or other activation steps can cause out gassed 
substances to deposit on the cathode surface thereby poisoning the 
cathode resulting in a decrease in emission. If the cathode is 
exposed to air after activation the oxides will be converted back to 
carbonates. Although in theory it should be possible to reactivate a 
cathode exposed to air back to an emitting state, in practice the 
yield of such a reconversion process is low. Cathodes that are 
exposed to air after activation have been found to exhibit an 
emission drop of 80% after reactivation. The use of oxide coated 
cathodes requires a process schedule that is conditionally stable. If 
any errors are made in the implementation of oxide coated 
cathodes the thyratron will be inoperative. Since the activation of 
the cathode requires that it be activated in the environment in 
which it will operate (the thyratron), discovery of cathode failure 
will result in the disposal of the completed thyratron. In some 
cases the thyratron envelope can be salvaged and used with a new 
cathode, but this technique is costiy and does not assure proper 
operation of the tube. 

Hull Techniques 
Even if it is assumed that proper cathode activation can be 

assured, the inherent problems of oxide coated cathodes still exist. 
Oxide coated cathodes are able to operate at an emission density of 
up to 30 A/cm2, for pulsed emission applications. In order to 
provide cathodes that are capable of operating at high peak 
currents, large cathode areas are required. Research completed by 
A.W. Hull in 1939 [10], lead to the development of a finned cathode 
as shown in Fig. 3.1. The Hull cathode made it possible to design 
cathodes with large surface areas that could be contained in a 
relatively small volume. Finned cathodes are still widely used in 
hydrogen thyratrons. There are 2 main problems encountered with 
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Fig. 3.1. Hull finned cathode. 
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cathodes designed by Hull techniques. The first deficiency of the 
finned cathode is that it is difficult, if not impossible, to heat all 
areas of the cathode to a uniform temperature. The areas of the 
cathode farthest from the heater, located at the center, operate at a 
much lower temperature than the other surfaces of the cathode. 
The temperature gradients along the cathode surface cause the 
emission density to vary as describe by the Richardson-Dushman 
equation. In absence of extensive thermal calculations the engineer 
cannot accurately predict the emission capabilities of Hull cathodes. 

The second disadvantage of the finned cathode is that areas of 
the cathode that are farthest from the anode will support only a 
fraction of the conduction during the initial phase of the switching 
cycle. The top surface of the cathode will be depleted of barium, 
and the operating characteristics of the tube will be altered. Fig. 
3.2 pictures an oxide coated cylindrical cathode where the top 
surface has been depleted of barium. The problem encountered 
with any oxide coated cathode is that once the barium on a surface 
has been depleted there is no mechanism by which the emission 
capabilities can be restored. It is possible to spray the cathode 
with an excessive amount of coating, but this practice may lead to 
migration of barium to other areas of the tube such as the grid and 
cause failure by grid emission. Tubes employing oxide coated 
cathodes are normally guaranteed to operate at rated circuit 
conditions for a period of 500 hours. Operation beyond 500 hours 
can sometimes be achieved but at a sacrifice of operating 
conditions. 

Advantages of Oxide Coated Cathodes 

The work function of oxide coated cathodes is low. 

approximately 1.8 eV; and therefore, the operating temperature is 

ideally from 700 to 800 ^C. Cathodes that operate at low 

temperatures have the advantage of fast warm-up times which is 

crucial in many applications. Oxide coated cathodes are also 

inexpens ive and require no complicated mach inery for 
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Fig. 3.2. Depleted top surface of 
cylindrical oxide coated 
cathode. 
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manufacturing. Oxide coated cathodes are made from nickel which 
is a low cost material compared to tungsten from which other 
cathodes are made. Oxide coated cathodes are also light weight 
which is advantageous in many applications such as space based 
systems where deployment cost must be considered. 

Mesh Impregnated Cathodes 
In order to preserve the advantages and overcome the 

disadvantages of oxide coated cathodes the mesh impregnated 
cathode was developed. The mesh impregnated cathode is 
comprised of nickel mesh welded to a nickel base metal. The 
nickel mesh is then vacuum impregnated with a combination of 
alkali earth compounds similar to those used in the oxide coated 
cathodes. Processing of the mesh impregnated cathode is identical 
to that of the oxide coated cathode with the exception that a mesh 
impregnated cathode requires additional time to exhaust the CO2 

due to the increased amount of coating that is impregnated into the 
nickel mesh. 

The main advantage of the mesh impregnated cathode is the 
additional barium available for emission. The mesh impregnated 
cathode will allow for operation at high current rise-times without 
experiencing a depletion of coating from the top surface of the 
cathode. There are two main disadvantages to the mesh 
impregnated cathode. The first problem with the mesh cathode is 
difficulty in activation. Improper activation can cause large portions 
of the barium mixture to remain as BaC03. If all the carbon dioxide 

is not expelled from the tube during activation there will be 
portions of the cathode that are not emissive. In addition to 
inactive cathode regions an improperly activated mesh cathode can 
continue to expel CO2 after being sealed. This will result in the 

altering of the tubes internal pressure which can ultimately result 

in tube failure. Mesh impregnated cathodes also suffer from 

excessive barium evaporation. The melting temperature of barium 

is 729 OC, which indicates that the barium exists in a molten state 
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during normal tube operation. The excessive barium used to 
increase life can often have the reverse effect of ending life if 
barium is able to migrate to the grid or insulating structures of the 
thyratron. 

Tungsten Dispenser Cathodes 
The search for improved emission and more reliable cathodes 

lead to the development of the Phillips L cathode shown in Fig. 3.3. 
The L cathode was developed in 1950 and was similar to the mesh 
impregnated cathode discussed above. In this cathode the emissive 
material is sandwiched between the heater and a porous tungsten 
pellet [11]. Operation of the L cathode involves dispensing of 
barium through the porous tungsten pellet. The combination of 
barium and tungsten form a low work function surface of which an 
average current of 150 A/cm2 can be drawn in pulsed emission 
applications. The L cathode was able to provide high emission and 
long life. The problems encountered with the L cathode w-ere; 
however, similar to that of the mesh impregnated cathode. Some 
of the difficulties experienced with the L cathode are: 

1. There is leakage of barium vapor between the 
tungsten and molybdenum. 

2. The temperature uniformity of the cathode surface 
is poor due to the thermal conductivity through the 
cavity containing the emissive mix. 

3. Outgassing and activation are difficult. 
It was soon determined that the L cathode was susceptible to the 
same problems encountered with the mesh impregnated cathode. 
The only difference is that the L cathode cost ten times that of the 
mesh impregnated cathode. The added advantage of the L cathode 
is that it is capable of operating at approximately 5 times the 
current densitv. 
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Fig. 3.3. Phillips L cathode [7], 
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Tvpes of Tungsten Impregnated Cathodes 

Continuing the search for an improved cathode, Phillips 
began work with Levi in 1952 to develop the impregnated tungsten 
cathode. The Phillips B-type cathode is shown in Fig. 3.4. The B-
type cathode is composed of porous tungsten. The emissive 
mixture of BaO, CaO, and AI2O3 is vacuum impregnated into the 

porous tungsten in a molar ratio of 5:3:2. In the late 1950's 
Koppius in conjunction with Spectra-Mat, a major cathode 
manufacturer, developed the Type-S cathode. The Type-S cathode 
is simple a Type-B cathode with a molar ratio of 4:1:1. In addition 
to the Type-B and Type-S cathodes, manufacturers now offer molar 
ratios of 6:1:2 and 3:1:1. Fig. 3.5 presents the emission curves for 
several commercially available dispenser cathodes while Fig. 3.6 
shows the corresponding evaporation rate curves. It should be 
noted that cathodes such as the 4:1:1 mixture have a high rate of 
emission in conjunction with a high evaporation rate. The engineer 
must consider the trade-offs involved when choosing a cathode 
mLxture that is best suited for a given application. In applications 
were barium evaporation is known to have fatal effects on tube 
operation the 5:3:2 mixture should be used at the expense of 
increased emission densities. The data presented in Fig. 3.5 was 
gathered under DC conditions and average emission densities of up 
to 150 A/cm2 can be expected if all conditions are near ideal in 
pulsed emission applications. 

In addition to various molar ratios, the engineer can pick 
from a variety of tungsten densities when selecting a cathode for a 
given application. Dispenser cathodes are available in densities 
from 90% to 75% tungsten. As with the molar ratios, as the 
porosity of the tungsten is increased so is the evaporation rate and 
emission density. Fig. 3.7 presents a plot of evaporation as a 
function of porosity. The majority of the cathodes used today are 
constructed from 20% porous tungsten, but other densities are 
used in some special applications. 
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A major improvement was made in dispenser cathode 

technology in the late 1960's by Zalm and Van Stratum of Phillips 
Laboratories [12]. It was found that by overcoating the impregnated 
cathode with a thin layer (5000 a) of osmium, iridium, ruthenium 
or rhenium a reduction in the work function from 2.1 to 1.8 (ev) 
could be achieved. This allowed for operation of cathodes with 
emission densities equal to those of a uncoated cathode at a 
temperature of 100 ^C less. Operation at lower temperatures 
without loss of emission density meant that the life of the cathode 
could be increased. A plot of cathode life versus temperature is 
given in Fig. 3.8. Cathodes coated with any of the materials 
discussed above are known as Type-M cathodes. The problem with 
the Type-M cathode is that it is not compatible with gaseous 
environments. When the Type-M cathode is subjected to ion 
bombardment the coating on the surface of the tungsten is 
destroyed, and the operating characteristics of the cathode 
deteriorate to the point that the cathode operates as a Type-B 
cathode. 

The cathodes used in this project are 80% dense tungsten 
Type-B cathodes. The porosity of the thesis cathodes was chosen 
to be 80% dense in order to provide adequate migration of the 
impregnate from one area of the cathode to another without having 
the high evaporation rate experienced when a 75% density is 
utilized. The Tv-pe-B cathode was used over the Type-M cathode to 
reduce the number of unknowns in the research. If a Type-M 
cathode had been employed and a loss in emission had been 
experienced it would not have been known if the loss in emission 
was due to the depletion of the osmium coating or some other 
failure mechanism. The Type-B was also used because the 
evaporation rate is low and the emission density is relatively high. 
The Type-B cathode is also inexpensive to manufacture, as 
compared to the Type-M and is a mature technology making it an 
attractive replacement for the oxide coated cathodes presently 
used in hydrogen thwatron applications. 
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Impregnated Dispenser Cathode Operation 
The mechanisms that enhance the emission characteristics of 

the dispenser cathode for operation in vacuum environments, such 
as traveling wave tubes, are the same as those that have inhibited 
the use of this type of cathode in gaseous applications, such as. the 
hydrogen thyratron. The operating temperature of a dispenser 
cathode ranges from 900 to 1100 OQ depending upon the type of 
cathode and mixture used. When heater power is applied to the 
cathode a thin layer of barium mixture is dispensed to the surface. 
A microscopic view of the impregnated tungsten cathode is given in 
Fig. 3.9. Barium is released from the interior of the tungsten 
matrix by reactions of the emissive material with the tungsten. The 
barium then forms a thin monolayer across the surface of the 
cathode. The monolayer of barium acts to reduce the work function 
of the tungsten to a point that the work function has been 
measured to be as low as eo = 1.8 eV. The increased emission of 
the dispenser cathodes over oxide coated cathodes comes directiy 
from a comparison of the predicted emission from the Richardson-
Dushman equation discussed in Chapter 2. The dispenser cathode 
has a work function that is equal to that of the oxide coated cathode 
and has the ability of operating at a higher temperature without 
being destroyed. Therefore, the emission density of the 
impregnated tungsten cathode is nearly five times that of the oxide 
coated cathode due to the temperature dependence of emission 
density in the Richardson-Dushman equation. 

Fig. 3.10 shows a simplified view of the barium coverage of 
the dispenser cathode. The barium coverage of the cathode sunace 
depends on the temperature and the pore size of the cathode. As 
the cathode ages the pores in the cathode surface are depleted, and 
the size of the barium puddles is reduced. In gaseous environments 
ion bombardment of the cathode surface causes the monolayer of 
barium to be wiped from the cathode surface. Areas of the cathode 
that are not covered by a monolayer of barium will operate at the 
work function of the emitter base metal which in this case is 
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tungsten. The work function for tungsten is 4.6 eV. Because of the 
large difference between the work functions of areas covered by 
barium and those not covered by barium, some portions of the 
cathode operate in the space charge limited condition, and others 
operate in the temperature limited region. In hydrogen thyratrons 
where space charge effects are only evident in the initial phase of 
the switching cycle (i.e. during the transition from vacuum to glow 
discharge). Barium depletion from the surface of the cathode is 
evidenced by a transition from a circuit limited current to a tube 
limited current. If a cathode operating in a hydrogen thyratron has 
an area of 1 cm2 and is known to be capable of operating at an 
emission density of 100 A/cm2, then the tube should be able to 
operate at 100 A peak current. If it is found that the tube can only 
support 50 A of conduction, it can be concluded that only half of 
the cathode surface is covered with barium and that the remaining 
half has been depleted of barium by ion bombardment. In practice 
it is more practical to determine the effective cathode area by 
measuring tube drop. If the cathode can not support the circuit 
current requirements, the applied voltage will be dropped across 
the device, and operation will become inefficient as tube losses rise. 
For the purpose of this thesis, effects of ion bombardment on the 
cathode surface have been measured by an increase in tube voltage 
drop across the device. The details of these measurement 
techniques is given in Chapter 5. 

Practical Aspects of Tungsten Impregnated Cathodes 
The implementation and activation of impregnated tungsten 

cathodes is similar to that of oxide coated cathodes. The activation 
schedule used to process cathodes in this thesis is presented in 
Appendix A. The impregnated tungsten cathode is more expensive 
to manufacture and requires expensive equipment to process. The 
cost of dispenser cathodes is at least ten times that of the oxide 
coated cathode; however, the overall cost of dispenser cathodes is 
much less than that of the oxide coated cathode. The dispenser 
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cathode has a lifetime that is ten times the life of an oxide coated 
cathode. If a thyratron fails due to end of cathode life the entire 
tube m u s t be replaced. The cost of the cathode, oxide or 
impregnated tungsten, is only a fraction of the overall tube cost; 
therefore, if the tube life can be increased by ten fold with the use 
of a impregnated tungsten cathode the savings can be substantial. 
In many space based applications, end of cathode life can result in 
the deployment of an entire replacement system which is very 
costiy. 

Processing of the dispenser cathode is identical to that of the 
oxide coated cathode with the exception that a dispenser cathode 
must be brought to temperature slowly during activation. If the 
temperature of the cathode is increased rapidly during initial 
activation, the outgassing of CO2 will cause the surface of the 

cathode to blister. Blistering of the cathode surface will render 
that area of the cathode useless and may alter tube characteristics 
to the point that the device is inoperative. 

As stated earlier the dispenser cathode operates at high 
temperatures of from 900 to 1100 oc which means that increased 
heater power is needed to operate the tube. The massive tungsten 
matrix of dispenser cathodes is difficult to bring to operating 
tempera ture in the required time for some fast warm-up 
applications; therefore, careful heater and cathode designs must be 
implemented. 

Dispenser cathodes are susceptible to poisoning by various 
metals and gasses. A table of metals and gasses and there effects on 
dispenser cathodes is given in Table 3.1. It should be noted that 
nickel can poison impregnated tungsten cathodes. Nickel is a 
commonly used material in hydrogen thyratrons. When utilizing 
dispenser cathodes all nickel parts that are in the vicinity of the 
cathode must be replaced with a metal that is compatible with the 
cathode. Use of metals compatible with dispenser cathodes can 
result in a large increase in tube cost. In addition to increased life 
and emission density the impregnated tungsten cathode has the 



62 

Table 3.1. Poisoning of dispenser cathodes [15], 

ADVERSE 

NOT 

ADVERSE 

NON-METALS 
Carbon Dioxide 

Carbon Monoxide 

Oxv-gen 

Air 

Water Vapor 

Benzene 

Chlorine 

Fluorine 

Sulfur 

Sulfur Hexafluoride 

Argon 

Helium 

Kry-pton 

Nitrogen 

Hvdrogen 
• / * — • 

METALS 
Nickel 

Gold 

Silver 

Steatite 

Iron 

Platinum 

Zinc 

Zirconium 

Hafnium 

Titanium 

Carbon 

Tantalum 

Palladium 

Molybdenum 

Rhenium 

Mo/Re Alloy 

Tungsten 

Ruthenium 

Copper 
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advantage of being able to be reactivated after being exposed to air. 
Cathodes used in this study were exposed to air and reactivated up 
to 3 times with no noticeable emission decay. Overall, the 
advantages of impregnated tungsten cathodes far outweigh the 
disadvantages; and if properly designed so as to minimize the 
effects of ion bombardment, thier use can lead to an order of 
magnitude increase in the switching capabilities of the hydrogen 
thyratron. 
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CHAPTER 4 
CATHODE OPERATION IN A HYDROGEN 

ENVIRONMENT 

By unders tanding the operating characteristics of the 
hydrogen thyratron it has been possible to avoid the problem.s 
encountered in the implementation of dispenser cathodes. This 
chap te r p resen ts a detailed description of the switching 
characteristics of the thyratron with specific emphasis on the 
cathode. The various phases in the switching cycle will be studied 
to develop the optimum cathode geometry. 

The switching cycle of the thyratron has been divided into 4 
distinct phases. Proper operation of a thyratron is dependent upon 
the cathode geometry as it affects each phase of the cycle. The 
operat ional sequence of thyratron switching is triggering. 
commutation, steady conduction, and deionization and recovery. In 
the trigger phase the initial current drawn to the grid is 
determined by the grid/cathode spacing and cathode geometry. 
The cathode design procedure presented allows the engineer to 
determine the optimum grid/cathode spacing for a given cathode 
geometry. The rate of rise of current of a thyratron is dependent 
upon the propagation rate of the plasma front along the cathode 

surface during commutation. Proper design of the cathode 

geometry will maximize the achievable current rate of rise. The 

geometry of the cathode has its greatest effect on tube performance 

during conduction, due to the peak operational current demands cf 
the device in this phase. The operation of the cathode in this 
phase has been used as the starting point for the cathode design 

procedure. Once the baseline dimensions of the cathode have been 

derived in accordance to the conduction phase requirements of 
peak current and duty cycle, checks can be made to insure proper 

operation of the cathode in the remaining phases of tube operation. 

The deionization and recovery time of the de\ice is dependent 

upon the gas pressure and tube geometry and, although not directiy 

64 
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related to the cathode geometry, some of the values needed in the 
cathode design procedure are governed by this event. As 
mentioned in Chapter 1, one objective of this thesis is to provide a 
means by which oxide coated cathodes can be replaced by 
impregnated tungsten cathodes to realize an order of magnitude 
increase in many switch parameters. The final geometry to be used 
is, therefore, dependent upon the available volume for the cathode. 

Thvratron Geometry 
A cross section of a ceramic envelope thyratron is presented 

in Fig. 4 .1 . The three major electrical components of the thyratron 
are the anode, grid, and cathode. The thyratron envelope is filled 
with hydrogen. When the tube conducts the hydrogen gas is 
ionized, and a plasma is created which leads to the elimination of 
space charge effects. Early hydrogen thyratrons suffered from 
reduced lifetimes due to hydrogen "clean-up" caused by the 
influence of electric discharge in the device. In order to overcome 
failure by gas clean-up, thyratrons are now equipped with titanium 
hydride reservoirs which absorb hydrogen. By heating the hydride 
the hydrogen is freed, and the desired gas pressure of the tube can 
be maintained. Tube life has since become cathode limited. 

From a circuits point of view the thyratron is a switch. Tne 
cathode must be heated to operating temperature by application of 
AC or DC voltage to the appropriate terminals. Likewise, reserv-oir 
voltage must be applied in order to raise the tube pressure to the 
desired operating point. After a specified warm-up time, voltage 
may be applied from anode to cathode. The switch will hold-off 
voltage until a trigger is applied to the grid. Once a trigger has 
been applied the tube begins to conduct. Hold-off capabilities are 
retained only after the current through the tube has dropped to 
zero. The tube can only conduct in one direction. Tubes have been 
developed that are able to support reverse conduction but only at a 
fraction of the rated peak anode to cathode current. 
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Determination of the Grid/Anode Space 
Paschen, a pioneer in gas discharge research, developed a 

plot of the breakdown voltage as a function of the product of 
pressure and gap spacing for several gaseous mediums. Paschen 
curves for several gases are presented in Fig. 4.2. In order to 
realize high hold-off voltages of up to 50 (kV) for a single gap 
device, the product of pressure and distance in the anode to grid 
gap is chosen to be far to the left of the Paschen minimum. The 
operating pressure of the thyratron is usually governed by the 
desired rep-rate and cooling requirements of the device. Typical 
operating pressures are from 400 to 600 microns of mercury; 
therefore, the grid/anode spacing is the only variable that can be 
used to adjust hold-off characteristics. By decreasing the gap 
spacing, the hold-off capabilities are increased. The minimum gap 
spacing is limited by field emission. If the gap is to small the 
electric field will be such that field emission will begin, and all 
hold-off capabilities will be lost. 

During all phases of switching the thyratron can be divided 
into 2 parts: the grid/anode space and the grid/cathode space. V-I 
characteristics of a typical switch period are presented in Fig. 4.3 
where it is evident that the grid/cathode space can be thought of as 
a diode without impacting cathode geometry. For this reason 
discussion of the anode to grid space will end here. In the 
determination of the optimum cathode geometry the grid can be 
thought of as the anode of an equivalent diode. Test of cathodes 
designed in this thesis were performed in hydrogen diodes where 
the grid to cathode spacing of a thyratron was simulated as the 
anode to cathode spacing of a hydrogen diode and no grid existed. 

Triggering 

In order to enhance triggering of the thyratron. the product 

of tube pressure and grid/cathode spacing is chosen at the Paschen 

minimum. Due to the irregular cathode shapes utilized in 

thyratrons. the distance to the grid varies from one part of the 
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catiiode to another. The grid of the thyratron is designed such that 
the applied anode field cannot penetrate into the grid/cathode 

space. During the off-state of the device the grid is at cathode 

potential; therefore, electrons from the cathode cannot pass into 

the grid/anode space. In order to turn the device on, a trigger is 
applied to the grid. Once grid voltage is applied electrons are 
accelerated from the cathode to the grid. 

Initially the electrons in the grid/cathode space behave in 
accordance to the Child-Langmuir space charge relations as 
modified by elastic collisions and scattering of electrons by the gas 
molecules [2]. The equations applying during initial application of 
grid voltage and prior to ionization of the grid/cathode space were 
derived by Allis and Goldberg for infinite plane electrodes. The 
equation relating grid potential to current density and spacing, 
where the grid/cathode space has been modeled as a diode to 
which a voltage V^ has been applied is: 

J A = (9/8)Io^i(VA2/xA3) = (24 x 10-^/VC)(VJ^^/XA^) [1] (4.1) 

where; 
^A = ^^^ current density (A/m2) 
}i = e/m\)c = electron mobility 
VQ = collision frequency = 5.9 x 10^ (collisions/s) 
V A = applied grid potential (V) 

XA = grid cathode spacing (meters). 

This relation holds for pressures between 100 to 1000 microns of 

mercury. 

In order to trigger a tube, which involves ionizing the 

grid/cathode space, a critical current is required. The amplitude of 

the current necessary to initiate grid breakdowii is dependent upon 

the gas type and pressure. A plot of the V-I relationships for 

electrodes in a hydrogen atmosphere is given in Fig. 4.4. The plot 

in Fig. 4.4 show-s that for a discharge to be considered as a glow 

discharge, which is the normal operating mode of a hydrogen 
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thyratron, the tube must draw from 0.06 to 20 mA in the triggering 
cycle. The geometry of the cathode must be such that the current 
necessary to enter into a glow discharge can be dravm when the 
trigger voltage is applied. 

For a given cathode and tube geometry a check can be made 
to determine if the conditions are sufficient to initiate commutation 
when the predetermined trigger voltage has been applied. It 
should be mentioned here that commutation is defined as the time 
at which a plasma develops in the grid aperture region thereby 
leading to loss of grid control. A worst case determination of the 
current drawn to the grid during initial application of grid voltage 
can be made by assuming that the entire cathode area is positioned 
at the base of the cathode. For example the cathode pictured in 
Fig. 4.5 utilizes emission from the walls of the groove which have a 
total area of 4.9 cm2. If it is assumed that the entire cathode area 
is operating at the base of the cathode, which is 4.1 cm from the 
grid, as shown in Fig. 4.6, Equation 4.1 can be used to determine 
the current density drawn to the grid when a typical trigger voltage 
of 500 (V) is applied. By multiplying the current density obtained 
from Equation 4.1 as J^. = 0.158 (A/m2), by the area of the cathode, 

a value for the minimum grid current is found to be 7.8 X lO'^ (A). 
From the plot presented in Fig. 4.4, the calculated current is the 
minimum required to initiate a glow discharge. If it were not. the 
area of the cathode could be increased, a higher trigger voltage 
applied, or the grid-cathode spacing decreased. A more accurate 
determination of the grid current can be made by using a computer 
to calculate the actual grid current. By dividing the cathode into a 
large number of small areas at varying distances from the grid and 
using a computer to sum the contributions of current density from 
each area of the cathode, larger values of current will be realized; 
however, use of the simple method described above will assure the 
tube can be triggered at the desired trigger voltage. It is necessary 
to state that it has been assumed that the cathode is capable of 
providing the calculated current density. If the calculated current 
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density from the Richardson-Dushman equation, presented in 
Chapter 2 of this report, is less than the value for J ^ calculated 

from Equation 4.1 above, the grid current will be limited by the 
emission capabilities of the cathode. 

The determination of triggerability for a given grid drive is 
the last step in the design procedure. This is done because, in 
most cases, the cathode area necessary for triggering is a fraction of 
the area needed to provide the desired di/dt and peak current in 
the commutation and conduction phases of the switching cycle. 

Commutation 
Once the grid current necessary to initiate the glow 

discharge has been drawn from the cathode, a plasma begins to 
form in the grid/cathode space. The electrons drawn to the grid 
are accelerated by the anode field which results in ionizing 
collisions in the grid/anode space. Since the grid/anode space is 
not fully ionized, the ions are accelerated into the grid/cathode 
space by the anode potential. This process leads to the 
development of the grid/cathode plasma. The grid/cathode plasma 
develops at the grid, due to the rapidly moving ions and spreads 
toward the cathode at a rate governed by ambipolar diffusion. The 
rate at which the plasma travels toward the cathode can be 
approximated by the drift velocity for ions which is a function of the 
mobility |i and the applied field E and is defined as; 

W = l̂E (m/s). 

In reality it is difficult and somewhat unnecessary- to calculate an 

exact propagation rate. Due to the numerous complex breakdown 

mechanisms of the thyratron the field in the grid/cathode space is 

time dependent during commutation and can only be estimated at 

bes t with the aid of complicated computer plasma physics 

programs. 

Values for the propagation rate of the plasma front from the 

grid to cathode were measured by Goldberg and Rothstein for a 

range of trigger voltages. The empirical determination was 



76 
performed by placing three separate cathodes at varying distances 
from the grid of a thyratron filled with 500 microns of hydrogen, as 
depicted in Fig. 4.7. It was found that the current appears first at 
the uppermost cathode and at progressively later times appears at 
the lower two cathodes, and that the current from the upper 
cathode exceeds that from the lower cathodes [10]. A plot of 
current and voltage as a function of time is presented in Fig. 4.8. 
The time elapsed between current initiation in each cathode was 
found to be a strong function of the applied grid potential and only 
slightly dependent on the anode voltage. A plot of the plasma 
propagation rate as a function of grid voltage is given in Fig. 4.9. 

For a given grid drive the propagation rate of the plasma w âve 
along the cathode surface can be acquired from the plot in Fig. 4.9. 
The maximum rate of rise of current for a given cathode geometry 
and trigger voltage can be calculated if the average current density 
and propagation rate of the plasma wave along the cathode surface 
is known. If the calculated di/dt is less than the desired rise-time 
the engineer has the option of increasing the grid drive or altering 
the original cathode geometry in order to meet required operating 
parameters. 

Based on the cathode geometry in Fig. 4.5 choosing a grid 

drive of 500 (V) a determination of the expected device limited 

rise-time can be calculated assuming that the average current 

density of the cathode is 150 (A/cm2) and the groove depth is 1.27 

(cm). Using the plot of Fig. 4.9 it is found that a propagation rate 

of 31.25 (cm/iis) can be expected; therefore, it will take 40 (ns) for 

the entire cathode to be covered with the plasma front. During 

commutation the cathode operates at an average current density of 

150 (A/cm2) and will reach the desired peak current value of 750 

(A) in a time of 40 (ns); therefore, a rise-time of approximately 19 

(kA/}is) can be expected. 
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Conduction 

Operation of the cathode during the conduction phase is 
primarily dependent upon the peak current demands and the duty 
cycle of the circuit. As previously mentioned, research completed 
by Goldberg [10] was able to prove that not all areas of the cathode 
operate at the same emission density. In order to determine the 
optimum cathode geometry, it is necessary to derive an equation 
for the cathode current density in terms of the cathode dimensions 
or J as a function of geometry. The development of the cathode 
design procedure will begin with a review of the work completed 
by Goldberg in 1962. The derivations of current density as a 
function of distance along the vertical surface of a cathode is in 
error as stated in the Goldberg account. The data taken in the 
study is accurate and has been used herein to develop a cathode 
design procedure. 

During conduction the cathode is covered by a sheath of 
positively charged ions that act to shield the plasma from the 
cathode surface. The edge of the plasma sheath is a unipotential 
surface. Fig. 4.10 depicts glow discharge operation in terms of ion 
density, electron density, tube drop, electric field intensity and 
current density for parallel electrodes. For vertical emission 
surfaces, the characteristics for each area of the cathode vaiy from 
the bottom of the cathode to the top of the cathode. It has been 
shown that the voltage drop at some distance r from the cathode 
surface was less at cathode surfaces that were furthest from the 
o'rid of the test device [16]. In other words, the electric field 
intensity in the radial direction at the base of the cathode was less 
than the electric field intensity at the top of the cathode. In 
addition to confirming a rate of change of field intensity along the 
cathode surface. ( i.e. aE(r)/az) Goldberg was able to prove that the 
rate of chan^^e was constant and was not a function of the current 
from the cathode. It should be noted that the field intensity in the 
plasma sheath is dependent upon the current drawn from the 
cathode; however, the rate of change of field is constant with 
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varying cathode current. Fig. 4.11 depicts the situation described 
above where Ej-2 - E^i = Er2' - Er i - . Due to the nature of the 
plasma sheath the electric field intensity near the cathode surface 
is primarily composed of only a radial component. Since the field 
intensity is greater at the top of the cathode tiian the bottom, and 
knowing that by definition the sheath is defined as a unipotential 
surface, it stands to reason that the width of the plasma sheath is 
maximized at the base of the cathode. The width of the plasma 
sheath at its widest point will be used to determine the minimum 
cathode groove width. One objective in the cathode design 
procedure is to define the optimum groove width, depth, and 
groove diameters, D j and D2, of the cathode illustrated in Fig. 4.5. 

Once these dimensions are known the cathode geometry can be 
altered to more adequately adapt to the tubes geometric 
constraints. 

With the use of the basic laws of electrical engineering, 
experimentally determined values of the Goldberg research, and 
measurements taken herein an equation of current density has 
been developed. The equation for current density is a function of 
the distance along the z-axis of a cathode in terms of the cathode 
area and length. From Ohm's law it is known that the current 
density at a given point TQ+ just outside the cathode surface can be 

described as; 

J(z) = aEi-(z) (A/cm2) (4.2) 

where; 
c = plasma conductivity = Lg/RAg (l /H cm.) 

Ls = plasma sheath thickness (cm.) 
As = area of plasma sheath (cm.2) 

R = resistive drop across the sheath (Q) 
Ej.(z) = radial electric field intensity (V/cm.). 

With the use of a Langmuir probe Goldberg determined the 

voltage drop from the cathode surface to a point jus t outside the 



ANODE 

^ ^ • • • • i 

83 

CATHOD 

'•a 

• b 

A^n t r 

LQ 

A 

^b 

r J< 
^^ 

/ 

r. 

/ 

/ 

/ 

/ 

/ 

/ 

PLASMA 

Fig. 4.11 Constant dE^/dz along cathode surface 
[16]. 



84 
cathode in the plasma sheath, varied linearly as a function of z, the 
distance from the base of the catiiode. This lead to the following 
equation describing the radial electric field intensity Ej- as a 
function z; 

Ei-(z) = Ej.(z=0) + (dEr/dz)z CV/cm.) (4.3) 

where; 
Er(z=0) = the electric field intensity at the cathode 

base 
dEj-/dz = rate of change of field intensity with respect 

to z. 

It was determined that the rate of change of field intensity with 
respect to z did not vary with current or tube geometry and is 
therefore a constant of value dE^/dz = 2.5 (kV/cm2). 

Substitution of Equation 4.3 into Equation 4.2 yields; 

J(z) = sEi-(z=0) + s(dEr/dz)z (A/cm.2) (4.4) 

where sEj-(z=0) is simply the current density at the base of the 
cathode JQ- From Equation 4.4 it is seen that the current density-
varies linearly with respect to z. A plot of current density with 
respect to distance from the base of the cathode is plotted in Fig. 
4.12, where the slope of the line is a(dEi-/dz), and the y-intercept 
represents the current densitv- at the base of the cathode JQ-

The cathode can be viewed as operating at an average current 
density of J(avg) = J(L/2). Using a value of z = L/2, where L is the 
depth of the cathode groove, in Equation 4.4 above yields; 

J(L/2) = J(avg) =Jo + a(dEr/dz)(L/2). (4.5) 

Results presented in Chapter 5 and information provided by 

cathode manufacturers has show-n that the average current density 

that a cathode is capable of operating at is determined by the 
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desired operational duty cycle. The average current densitv-
capability of a cathode is not solely dependent on the pulse width 
or operational frequency but rather a combination of the tvvo. A 
plot of J(avg) versus duty cycle for a Type-B cathode is presented in 
Fig. 4.13. The methods used in the determination of the plot in 
Fig. 4.13 are present in the following chapter where experimental 
results and procedures are discussed. Given the desired duty cycle, 
the engineer can use the plot in Fig. 4.13 to determine the 
maximum average current density of the cathode. 

Once the average current density is known the voltage drop 
across the device can be found. By plotting the test device voltage 
drop with respect to average current density drawn from the 
cathode for several cathode geometries, it was possible to 
determine that; 

Vd = Vg + RAsJ(avg) (4.6) 

where; 
Vd = tube drop [V) 
Vg = sustaining voltage = 100 (V) 

R = resistance drop across plasma sheath [Q] 
Ag = area of plasma sheath (cm.2). 

The product of R and Ag was found to be a constant equal to 0.833 

(f2cm2). The method of determining this constant will be 

presented in Chapter 5. The calculated voltage drop, given a 

desired operating current density in conjunction with the constan: 

value of RAg is used to determine an average value for the plasma 

conductivity c. It has been show-n in several studies that the voltage 

drop across a thyratron exists primarily in the plasma sheath 

[1 2 5,8]. If it is assumed that the calculated voltage drop V ĵ is that 

value necessary- to draw the desired average current density J(avg] 

as c îven in Equation 4.1. then the width of the plasma sheath is; 

X = [24(10-2)Vd2/5.9(109)J(avg)]l/3 (cm.). (4.7) 
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In Equation 4.7, the plasma sheath has been modeled as a diode 
across which a voltage of V ĵ is applied, and tiie Child-Langmuir law-

as modified for electron scattering has been used to calculate the 
width of the plasma sheath. Now that the width of the plasma 
sheath is known, the conductivity of the plasma sheath is defined 
by; 

a = x/RAg (1/n cm.). (4.8) 

The value of a as calculated in Equation 4.8 above is the average 

value of conductivity. The width of the plasma sheath varies from 
one area of the cathode to another while RAg remains constant. An 

exact equation for the conductivity would be dependent upon z, the 
distance from the base of the cathode. For use in the cathode 
design procedure presented herein, the average conductivity- can 
be used without concern for error due to the fact that the 
conductivity varies by less than 5% from the top of the cathode to 
the bottom. 

The value of JQ in Equation 4.5 is obtained by assuming that 

the bottom of the cathode operates at some fraction of the 
calculated average current density. The value of JQ vvill effect the 

calculated cathode groove depth and the operating life of the 
cathode. If JQ is chosen to be less than 75% of the average current 

density, the length of the cathode vvill be unsuitable for most 
thyratron applications. If a value of >95% of J(avg) is used the 
cathode mav be susceptible to ion bombardment, due to the lo'vv 
profile groove, w-hich v\ill render the cathode inoperative and vsill 
decrease the cathode life. An initial value of (O.S5)J(av-g) has been 
determined empirically to result in a reasonable cathode length 

while preserving cathode life. 
Once the values of J(avg), dEi-/dz, a and JQ are know-n. the 

depth of the cathode groove can be calculated by rearranging the 

terms in Equation 4.5 above as; 
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L = 2(J(avg) - Jo)/GdEi./dz (cm.). (4.9) 

The desired peak current defines the inner and outer diameters of 
the cathode shown in Fig. 4.5. The emission area of a grooved 
cathode is simply; 

A T = 7:L(Di + D2) (cm.2) (4 10) 

where ; 

D i = inner groove diameter (cm.) 

D2 = outer groove diameter (cm.) 

L = groove depth (Equation 4.9 above) (cm.). 
The area of the cathode can be related to the peak current and 
average current density as; 

Ip/J(avg) = 7:L(Di ^ D2) (A/cm2) (4.11) 

or 
(Di - D 2 ) = Ip/J(avg)7:L. 

Results from experimental cathodes revealed the width of the 
cathode groove should be at least 20 times the sheath width (i.e. 
[(D2 - Di ) /2 ] > Lg where Lg = sheath width). W^en groove widths 

of less than 20 sheaths are used the gas in the groove will not 
ionize, and the cathode vvill not emit in the prescribed fashion. 
The sheath widti: is at a maximum at the base of the cathode. By 
substituting the v-alues of JQ and V(j, as derived in Equation 4.1. the 
maximum sheath width Lg can be obtained. Defining the groove 

dimensions with respect to the maximum sheath width yields: 

D i = [(Ip/J(avg)-Ls) - 40Lg]/2 (cm.) (4.12) 

and 

D2 = Di + 40Ls (cm.). (4.13) 
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Based on the desired cathode performance during conduction 

in terms of peak and average current, tube drop, and duty cycle the 
physical dimensions of a grooved cathode can be calculated. Once 
the cathode geometry- has been defined by the requirements of the 
device in conduction, checks can be made to assure that the 
cathode is capable of meeting the demands of the triggering and 
commutation stages. A concise step by step design procedure is 
given in Appendix B. 

Advantages of the Grooved Cathode 
When an impregnated tungsten dispenser cathode is to be 

implemented in a hydrogen environment the emission surfaces 
mus t be free from the effects of ion bombardment. Ions 
accelerated by the potential drop across the tube in all phases of 
the switching cycle move parallel to the cathode emitting surfaces 
when the grooved cathode design is implemented. Only a fraction 
of the ions strike the emission surfaces during normal tube 
operation. The grooved vertical emission surfaces also allow- for any 
barium that is stripped from the cathode, due to ion bombardment. 
to be scattered to other surfaces in the groove thereby resulting in 
no loss of emission or migration of barium to unwanted surfaces. 

A second advantage of the grooved vertical surface cathode 
results from thermal properties. Tungsten dispenser cathodes 
require long warm-up times due to their mass. The radiation losses 
from a grooved cathode are much less than that of a simple 
cylindrical cathode. The groove effectively, thermally isolates the 
emission surfaces resulting in decreased warm-up times and a 
corresponding decrease in heater power. The migration of barium 
from the cathode to other areas of the tube is decreased when a 
grooved cathode is implemented. Barium is trapped in the groove 
of the cathode and cannot easily move to the grid of the device. 

In the following chapter the experimental resul ts and 
procedures of test conducted on cathodes used in the development 
of the cathode design procedure will be presented. Results show. 
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that when a cathode Is designed in accordance to the method 
presented, an order of magnitude increase can be realized m tne 
cathode limited operating parameters listed in Chapter 1. 
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CHAPTER 5 

EXPERIMENTAL RESULTS AND CONCLUSION 

The development of the cathode design procedure required 
the completion of five experimental tasks. The first objective was 
to verify depletion of barium from horizontal emission surfaces. 
The second test performed was determination of the minimum 
cathode groove width. Once the minimum groove width had been 
determined, data was taken to facilitate the derivation of the 
plasma conductivity. The fourth goal required measurements of 
average current density as a function of duty cycle. The final 
achievement resulted in the replacement of an oxide coated 
cathode with an impregnated tungsten cathode. 

Experimental Set-up 
The cathodes used in these test were impregnated tungsten 

cathodes. Cathodes where supplied by Spectra-Mat, and were 
Type-B, 80% porous, tungsten. All cathodes were processed 
simultaneously to assure manufacturing consistency and thereby 
eliminate process and material variations. Each cathode was built 
with a potted heater so that variations in cathode performance cue 
to hot spots would be miinimized. The cathodes were operated at a 
temperature of 1050 oCg for all test. Three cathodes were built 

and tested for each of the three individual cathode designs. This 

resulted in a total of nine test diodes. This was done so ti-:at an 

average of the emission characteristics could be obtained for each 

individual design. 
All cathodes v\-ere tested in the ITT-S264 hydrogen dicde. 

which normallv houses an oxide coated catihode. The specification 
sheet for the 8264 diode with an oxide coated catiiode is presented 
in Appendix C. The hydrogen diode was used to simulate the 
grid/cathode spacing of a thyratron. A diode test structure, as 
opposed to a three element thvTatron. eliminates many variables. 
without affecting cathode performance. The use of a glass envelope 
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diode allowed for the measurement of the cathode temperature 
with an optical pyrometer. If a ceramic envelope device had been 
implemented the determination of cathode temperature would 
require the use of a thermocouple placed on the cathode surface. 
Use of a thermocouple could have adverse effects on cathode 
performance and was therefore not desirable. 

Unless otherwise stated the cathodes for this research were 
tested in the circuit shown in Fig. 5.1. The circuit is capable of 
operating at a frequency of 60 (Hz.). The maximum PEN voltage is 
20 (KV). The current pulse width is 3 (}is) and is pictured in Fig. 
5.2. The rise time of the current is 0.840 (jis). 

Horizontal Surface Emitter 
In order to demonstrate an improvement in the design of 

impregnated tungsten cathodes for use in hydrogen, it was 
necessary to set a base-line by which the test cathodes could be 
compared. A cathode with an emission surface perpendicular to 
ion flow was designed. A cross-section and top view of the 
horizontal surface emitter is presented in Fig. 5.3. Three cathodes 
were built and tested to this design. The area of the cathode is 
2.57 (cm2). 

The first objective in the horizontal emitter test was to 
qualitatively demonstra te that such a geometry offered no 
improvements over the conventional oxide coated cathode. In 
order to facihtate the completion of this task, a plot of cathode 
current density versus tube drop, given in Fig. 5.4, was obtained. 
The plot in Fig. 5.4 reveals two deficiencies in the cathode. The 
high tube drop of the device makes use of this cathode geometry-
unacceptable. An oxide coated cathode will have a maximum 
potential drop of 275 (V] when operating at a current density of 20 
(A/cm2). j h e horizontal surface cathodes exhibited a tube drop of 
650 (V) when operated at a current density of < 20 (A/cm2). 

The second deficiency revealed in Fig. 5.4 is the upper limit 
of the current density. At low duty cycles the oxide coated cathode 
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Fig. 5.2. Test circuit current pulse. 
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is capable of operating at an average current density of 30 (A/cm2). 
The horizontal surface cathode was found to operate at a maximum 
current density of 40 (A/cm2) with a corresponding tube drop of 
1.1 (KV). The switch losses in the test units were such that the 
anode of the hydrogen diodes were raised to a temperature of 600 
^C during test. The maximum current density limit was indicated 
by a decrease in the potential drop across the device, thereby 
demonstrating that the tube had entered into the arc discharge 
mode. This was visually confirmed by noting that the discharge w-as 
occurring from the anode to the cathode heat shield indicating that 
the cathode was unable to support the required conduction. 

The high tube drop and low emission density of the 
horizontal cathode confirmed the hypothesis that the monolayer of 
bar ium on the surface of the cathode was depleted by ion 
bombardment. This phenomenon was further exhibited by the 
erratic behavior of the diode. When the device was operated at a 
tube drop of >900 (V), a conduction time of 3 (s) or 180 shots was 
possible before conduction ceased. After a non-operational time of 
2 (min.) with high voltage appHed the tube once again entered into 
conduction for a period of 3 (s). As the voltage across the diode 
was raised it was found that the conduction time decreased while 
the off-time remained constant. Operation of the device at high 
voltages resulted in increased ion velocities. The ions were 
therefore able to impact the cathode surface in such a way that tiie 
surface was wiped clean of barium. In the off-state the catiiode 
replenished the surface with barium and the device would cnce 
again support conduction. As the voltage across the device was 
raised the barium was depleted in a shorter time due to the 
increased ion velocity and numbers. The increase in the number of 
ions for a corresponding increase in conduction drop voltage stems 
from the fact that at higher voltages more ionizing collisions take 
place. It was also found that at a constant voltage and decreased gas 
pressure the on-time of the device would increase. At lower gas 
pressures less ions are available, therefore the barium is depleted at 
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a slower rate. By decreasing the tube pressure from 0.5 (mm Hg.) 
to 0.3 (mm Hg) the on-time of the device, at a voltage drop of 900 
CV), increased from 3 (s) to 10 (s). 

A measurement of the rise-time of the current pulse for the 

horizontal surface emitter is pictured in Fig. 5.5. The measured 

rise-time of 1.872 (̂ is) is well beyond the circuit limited rise-time 

of 0.840 (^is). Due to the depletion of barium from the surface, the 

cathode is unable to support the conduction in the commutation 

stage of the switch cycle. 

The problems encountered when attempting to operate an 

impregnated tungs ten cathode in a gaseous environment are 

confirmed by the data presented above. The need for a method to 

reduce the negative effects of ion bombardment on the cathode 

surface is obvious. By designing a cathode with emission surfaces 

parallel to ion flow it has been possible to eliminate the adverse 

operating characteristics of the horizontal surface emitter. 

Experimental Determination of Groove Width 

To decrease the impingement of ions on the cathode surface, 

several cathode geometries were considered. The most obvious 

geometry is that of a simple cylinder. The cylindrical cathode was 

not investigated since it was determined that the area to volume 

ratio of such a cathode was too low. The grooved cathode was 

focused upon due to the fact that it offered vertical surface areas 

with a high area to volume ratio. The single groove design offers 

geometric simplicity with the added benefit tha t it can be 

expanded to multi-grooved cathodes with relative ease. 

For determination of the minimum cathode groove width, two 

cathodes were designed and tested. The cathodes designed for 

this area of research are presented in Fig. 5.6 and 5.7. The large 

grooved cathode (LGC) was designed with a groove width of 3.17 

(mm) or 20Ls. The small grooved cathode (SGC) was designed with 

a groove width of 0.8 (mm) or 6Ls. Using Equation 4.7, the width 

of the plasma sheath was calculated as Ls = 0.14 (mm) by assuming 
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an average current density of 90 (A/cm2) and a tube drop of 250 
(V). The radius of the inner and outer cathode grooves was chosen 
such that each cathode would have equal emission surface areas. 
The area of each cathode is 4.9 (cm2) and the emission surface is 
limited to the area of the groove. Use of equal emission surface 
areas made it possible to determine if the minimum groove width 
was <6Ls. >22Ls. or somewhere between the tvvo. If the minimum 
groove width were less than 6Ls, or greater than 22Ls, then each 
cathode would operate at the same maximum emission density. If 
the LGC exhibited higher emission capabilities than the SGC then it 
would be known that the minimum groove width lies between 6Ls 
and 22Ls. 

A plot of current density versus tube drop for the SGC and 
LGC are presented in Fig. 5.8 and 5.9 respectively. The current 

density is greater and the voltage drop less for the LGC, therefore; 
the minimum cathode groove width is less than 22Ls and greater 
than 6Ls. It should be mentioned here that the representation of 
the average current density presented in Fig. 5.8 and 5.9 were 
determined by dividing the peak current during conduction by the 
area of the cathode. In reality the SGC may be utilizing only a 
fraction of the total cathode area. The top surface of the groove 
may be operating in excess of 150 (A/cm2), which would lead to 
the high tube drop measured, while the bottom surfaces of the 
groove may not contribute to overall current. As in the pre\ious 
section the maximum emission current density was determined by 
a transition from the glow^ discharge mode to the arc discharge 

mode. 
Further evidence that the gas in the trough of the SGC is 

unable to ionize is found by a comparison of the rise-times of the 

current pulse of the tvvo cathode types. Fig. 5.10 and 5.11 show the 

measured rise-times of the SGC and LGC respectively. The rise-

time of the current pulse with the SGC in the test circuit is 2.3 (us) 

which is approximately 3 times the circuit limited rise-time. The 

rise-time of the LGC is measured to be at the circuit limited value of 
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Fig. 5.10. Current rise-time of SCG. 
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Fig. 5.11. Current rise-time of LGC. 
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0.840 ()is), indicating that the entire cathode surface is being 
utilized. 

The data obtained in this area of research has shown that 
there is a limit to the groove width. As discussed in Chapter 4 of 
this report a minimum groove width of 20Ls should be used to 

assure proper operation of the cathode. Given the desired average 
current density and the maximum allowable tube drop, the sheath 
thickness can be calculated using Equation 4.7. Once Lg is know-n 
the width of the groove can be determined as 20Ls. 

In order to determine the optimum groove depth, as given in 
Equation 4.9, a value for the plasma conductivity must be kno'vv-n. 
The plasma conductivity can be described as; 

c7 = Ls/RA (1/n cm) (5.1) 

where; 
R = ohmic drop in plasma sheath (Q) 
A = area of plasma sheath (cm2) 

The plasma sheath width is dependent upon the average current 
density and tube voltage drop, as stated in Equation 4.7, and can be 
calculated in accordance to the desired operating conditions. It 
can be assumed that the area of the plasma sheath is equal to the 
area of the cathode groove. The plasma sheath covers the catiiode 
emission surface with a sheath thickness of only a fraction of a 
millimeter; therefore, the area of the sheath is only slightiy larger 
than the area of the cathode. 

The value of RA in Equation 5.1 was determined from the 
slope of the curv^e presented in Fig. 5.9 for the LGC. The slope of 
the current-density/voltage-drop plot yields a value of l/R-\ = 1 . 2 
(ncm2). Knowledge of the constant RA given the desired operating 
current density and voltage drop will allow the engineer to 
accurately calculate the plasma conductivitv'. For the LGC operating 
at a peak current density value of 150 (A/cm2) with a 
corresponding tube drop of 250 (V), the plasma sheath width can 
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be calculated from Equation 4.7 as Lg = 0.012 (cm). For this plasma 

shea th width the conductivity of the plasma sheath can be 
determined as o = 0.014 (Qcm). In order for the calculation of the 
sheath conductivity to be valid, the cathode must be operating at or 
below the maximum average current density Hmit. The horizontal 
surface emitter and SGC were operated beyond the maximum 
current density limits; therefore, the conductivity of the plasma 
sheath can not be determined by the method presented here. 

Dependence of Current Densitv on Dutv Cvcle 
~ ' . I I I ^ 1 1»- ^ I I I M 

Experimental tests completed in this study proved that the 
maximum operating current density of a cathode is strongly 
dependent upon the duty cycle. The duty cycle is defined as d = 
^on/Ts. where ton is the conduction time of the cathode measured 
from the 90% points of the current pulse and Tg is the period of 
recurrence. 

In order to determine the correlation between dutv cvcle and 
average current density, the maximum current density was 
measured for various values of ton* Tg and d. The results and test 

conditions for the duty cycle test are presented in Table 5.1. It can 

be seen that for a constant duty cycle there is a corresponding 

constant current density capability. The data presented in Table 

5.1 has been graphically displayed in Fig. 4.13. Given the desired 

operational duty cycle and the graph in Fig. 4.13, the maximum 

allowable operating current density of the cathode can be 

determined. 

Dispenser Cathodes Versus Oxide Coated Cathodes 
The oxide coated cathode used in the 8264 diode is pictured 

in Fig. 5.12. The area of the cathode is 37 (cm2). The area of the 
LGC is 4.9 (cm2). which is approximately 1/8 the area of the oxide 
coated cathode. The goal of this thesis was to realize an order of 
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Table 5.1. Peak current density at various duty cycles. 
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cathode. 



i^^Mizgg 

112 
magni tude increase in the following cathode limited switch 
characteristics: 

1. rate of rise of current, (di/dt) 
2. peak and average power capabilities 
3. cathode lifetime. 

The di/dt of a device is dependent upon the emission current 
density, for a given cathode area and the geometry of the cathode. 
Use of the grooved dispenser cathode reduces the propagation 
distance of the plasma front in the conduction mode of the 
switching cycle with the added advantage of operating at a current 
density of five times that of the oxide coated cathode. The di/dt 
for the test cathodes was determined by measuring the rise-time of 
the current pulse w-hile operating at the cathode limited peak 
current value. The rate of rise of current for the 8264 diode with 
an oxide coated cathode was calculated to be a maximum of 4.3 
(kA/)is) when operated in the test circuit depicted in Fig. 5.1. The 
LGC was capable of operating at a cathode limited di/dt of 18 
(kA/)is). From discussion in Chapter 4 it is known that if the area 
of the LGC was increased so that the total area was equal to that of 
the oxide coated cathode, a di/dt of 234 (kA/^is) could be expected. 
It is therefore possible to realize an increase in di/dt of 55 when an 
oxide coated cathode is replaced by an impregnated tungsten 
cathode of equal areas. 

The peak switching power of a device is defined as; 

Po = ( epyx ib ) /2 [\M (5.1) 

where; 
epy = rated peak anode voltage {V] 

ib = rated peak current (A). 
The rated peak anode voltage for both the 8264 oxide coated 
cathode device and the 8264 dispenser cathode device is 16 (k\T 
The rated peak current of the oxide coated device is 300 (A), 
therefore; the peak switching power is 4.8 (M^V). The maximum 

i f -..^:.M 
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peak operating current of the LGC is 750 (A); therefore, the peak 
switching capability of the device is 12 (MW). If the area of the 
dispenser cathode were made equal to that of the oxide coated 
cathode, a theoretical peak current of 6 (kA) would be possible 
thereby resulting in a cathode limited peak switch power of 960 
(MW). It should be mentioned here that the dispenser cathode 
device is not capable of operating at a peak switch power of 960 
(MW). At this level failure would result from ohmic losses in the 
cathode and anode leads. The point to be made is that the peak 
switch power limitation will no longer be cathode related. 

The lifetime of an oxide coated cathode is approximately 500 
(Hrs.) when operated at an average peak current density of 10 
(A/cm2). In order to compare lifetimes, the oxide coated cathode 
was operated at a peak current value of 300 (A) or a current density 
of 8.1 (A/cm2). The LGC device was operated at a peak current 
value of 400 (A) or a current density of 82 (A/cm2). The oxide 
coated cathode failed after 650 (Hrs.) of operation. A photograph of 
the oxide coated cathode at end of device life is presented in Fig. 
3.2. The top portion of the cathode has been depleted of barium 
thereby resulting in device failure. The LGC device was operated 
for a period of 2500 (Hrs.) during which no degradation in de\ice 
operation was experienced. The time to end of cathode life for the 
dispenser cathode is not known at this time; therefore, further 
research in this area is needed. 

Conclusion 
The problems encountered when implementing dispenser 

ca thodes in a gaseous environment have been verified 
experimentally. Ion bombardment of the cathode surface leads to 
high device power losses and low emission. Utilization of vertical 
emission surfaces wiU lead to a decrease in the adverse effects of 
ion bombardment on the cathode surface. The grooved cathode 
design was found to decrease power losses by reducing the current 
rise-time and on-state voltage drop. Use of impregnated tungsten 



114 
cathodes, as opposed to oxide coated cathodes, has lead to 
improved switch lifetimes. Barium is replenished to the surface of 
an impregnated tungsten cathode through the porous tungsten 
matrix. Further research is needed to determine the impact of the 
cathode geometry on the lifetime of the cathode. Mechanisms 
governing the migration of the barium from one area of the cathode 
to another must be established. Research in this area, will lead to 
the design of cathodes for a desired lifetime. 

The grooved cathode has proven to be an effective emitter for 
use in a hydrogen diode. There is further research needed to 
evaluate the operation of a grooved dispenser cathode in a hydrogen 
thyratron. The impact of the grooved cathode on a grided device 
must be determined. 

Work completed herein has lead to the development of a 
cathode design procedure that will allow the engineer to design a 
grooved cathode given several desired operating characteristics. 
Use of the cathode design procedure has lead to the design, build, 
and test of the LGC. The LGC operated at a peak average current 
density of 150 (A/cm2). Previous documentation on the Tv-pe-B 
impregnated tungsten cathode has reported a maximum operating 
current density of 90 (A/cm2). 

Use of tungsten dispenser cathodes in hydrogen thvTatrons 
has lead to quantum improvements in switching technology-. 
Fur ther research is needed to overcome the deficiencies of 
dispenser cathodes. Dispenser cathodes require long warm-up 
times as a result of the required high operating temperatures and 
massive tungsten s t ruc tures . Cathode geometries must be 
investigated that vvill lead to light weight cathodes and. therefore, 
fast warm-up times. Use of the Type-S cathode allows for operation 
at temperatures of 100 ^C less than the TvT)e-B cathode without 
loss of emission. In order to enhance the warm-up time of 
dispenser cathodes, the operation of the Type-S cathode in a 
gaseous environment must be investigated. The work presented 
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here will provide a base-line to which additional research can be 

compared. 
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APPENDIX A 

EXHAUST SCHEDULE FOR DISPENSER 

CATHODES 
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APPENDIX B 
GROOVED CATHODE DESIGN PROCEDURE 

1. Given the desired duty cycle use the graph presented in Fig. 
4.13 to determine J(avg). 

2. Calculate the tube drop as; 

Vd = 100 4- .833(J(avg)) fV). 

3. Determine the average plasma sheath width from V^ and 

J (avg) as; 

Ls = [24(10-2)Vd2/5.9(109)J(avg)]l/2 (cm). 

4. Calculate the conductivity as; 

s = Ls/0.833 (1/n cm). 

5. Determine JQ as (0.85)J(avg). 

6. Calculate groove depth as; 

L = 2(J(avg) - Jo)s(25 x 10^) (cm). 

7. Determine Di and Do as; 

Di = [Ip/J(avg)- Ls) - 40Ls]/2 

D2 = D i -f 40Ls 
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APPENDIX C 

SPECIFICATION FOR ITT-8264 DIODE 

D E S C R I P T I O N 

The 8264/KU-52 is a glass envelope hydro 
signed for use in rectifier and pulse dioc 
indirectly heated cathode, the internal hyc 
the rugged anode design combine to pre 
long life. 

G E N E R A L C H A R A C T E R I S T I C S 

E lec t r i ca l D a t a 

Heater Voltage 
Heater Current (at 5.0 volts) .. 
Reservoir Vol tage 
Reservoir Current (at 5.0 volts) 
Minimum Heating Time 
M e c h a n i c a l D a t a 
Mounting Position 
Base 
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Cool ing 
Net Weight 

M A X I M U M R A T I N G S 

Pulse Diode, C l i p p e r : 
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. - 5 5 ° to 
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Max . RMS Anode Current (Note 2) 

C h a r g i n g D iode : 
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kAi-'f Ppnt Anodp Current . .. 

^cx. Average Anode Current 

R e c t i f i e r : 
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gen f i l led diode 
e applications, 
rogen reservoir 
duce reliabil ity 
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5.3 Vac 
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Vac 
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Not Requ 
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- f75° C 
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35 Amperes 

0.200 Amperes 
6.3 Amperes 

500 Volts 

10 Kilovolts 
1.35 Amperes 

0.425 Amperes 
0.67 Amperes 
500 Volts 

15 Kilovolts 
0.600 Amperes 

2.0 Amperes 
70 Volts 

100 Volts 

de-
The 
and 
and 

ne 
ne 
ired 
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8264/KU-52 
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