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ABSTRACT 

Cesium vapor tacitrons, which are gas-discharge triode 

devices operating as low-voltage, high-current switches with 

complete current control, fulfill the very taxing power 

conditioning requirements of thermionic space power systems. 

The objective of this thesis is to provide the initial 

theoretical study of Cs vapor tacitrons needed for the 

eventual design and development of switches capable of 

conditioning thermionic power systems operating in a space 

environment. A system of equations is formulated in order to 

determine the functional relationship of the electrical 

parameters to the structural, discharge, and plasma parameters 

of the device. This is done by starting from the basic 

physics of low-voltage cesium arcs and extending the system of 

equations, developed for a Knudsen arc in cesium diodes, to a 

triode system operating under the same conditions. The time 

dependence of these parameters is also accounted for in order 

to determine the effect of plasma dynamics on the switching 

characteristics of the device. The development of the theory 

is guided by a review of the experimental research on cesium 

vapor tacitrons in the Soviet Union. Results of this thesis 

can be used to optimize the electrical parameters of the 

cesium vapor triodes by varying the other parameters based on 

their functional relationship as given by the system of 

equations. 
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CHAPTER 1 

INTRODUCTION 

Substantial progress has been achieved in the development 

of nuclear power facilities that use thermionic emission to 

convert thermal energy directly into electrical energy. such 

a system provides high current output at low voltages. The 

capacity of thermionic converters to operate efficiently at 

high emitter and collector temperatures inside the core of a 

nuclear reactor makes it very suitable for space power 

applications. Production of future space nuclear power plants 

warrant thermionic systems because of the number of advantages 

they offer as compared to other power generation 

systems--compactness in design, inherent characteristic of 

using virtually no moving parts, and high survivability with 

little or no maintenance. 

In such a system, the conversion of a de voltage into an 

ac voltage requires the use of high current, low voltage 

switches capable of operating at high ambient temperatures of 

the order of 1000 K in a strong radiation environment. These 

requirements severely tax the capabilities of current power 

conditioning technology, which is dependent on solid state 

electronics and therefore restricted to low operating 

temperatures and low radiation environments. An effort is 

1 
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accordingly being carried out to find new switching devices 

capable of operating in these kinds of environments. 

An extremely successful solution to the problem is the 

cesium thermionic element, which is a low voltage gas-

discharge device with a film cathode. Devices of this kind, 

called cesium vapor tacitrons, which have complete grid 

control of current, are the most promising. These devices can 

provide voltage modulation of 60 volts at frequencies of 1-100 

kHz at currents of 1-30 ampsjcm2 and voltage drops ranging 

from as low as 0.8 to 2.5 volts (1]. Switching efficiencies 

of greater than 95 per cent for power of 1.8 kWjcm2 have been 

reported in the Soviet literature (1], a figure higher than 

current solid state equivalents. 

The cesium vapor tacitron is basically a thermionic 

converter (cesium diode) to which a grid electrode has been 

added so that the current passing through it can be switched 

on and off by suitably biasing the grid voltage (Figure 1.1). 

The grid exerts control on the device by imposing a negative 

bias so as not to allow current conduction to take place. 

switching to the on-state is achieved by either reducing the 

grid bias, conducive to current conduction or by applying a 

positive voltage pulse to the grid. Current flow . 
l.S 

terminated by either applying a steady negative grid bias or 

by applying a negative voltage pulse to the grid. 

The operating temperature of these units is very high--

between 800 and 1800 K [ 1-7]. Because of their rugged 



3 

main val tage so•Jrce 

I I I I 
Ea _..._ 

R, v1 load 

Tacltron 
Va, ja ~.....-..-

cathode grid anode 

Vg 

Ill 
grid bias 

Figure 1.1 
Schematic of Cesium vapor tacitron switching circuit. 
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features and mode of operation, cesium vapor tacitrons are 

capable of operating in harsh environments especially in high 

temperature and high ionizing radiation environments [ 6]. 

Such attributes make the device suitable for remote power 

generation in which little or no maintenance is required. 

1.1 Rationale 

This research was started with the goal of developing 

cesium vapor tacitrons in line with the power conditioning 

requirements of the u.s. space power program. So far, there 

has been no significant effort to investigate and develop 

cesium vapor tacitrons elsewhere except in the USSR, where 

efforts have been directed primarily toward thermionic reactor 

development [1-8]. 

The development of tacitron switches with hydrogen as a 

filler gas has been investigated in the Soviet Union as of the 

early '60s and became commercially available in the Soviet 

Union at the start of the '70s [9-17]. The hydrogen tacitron 

is similar to a thyratron in its operation, but differs in 

that it has a complete control of current (i.e., it can be 

directly turned on and off). Hence, switching devices with 

this particular characteristic has been appropriately termed 

as tacitrons [18]. 1 Cesium vapor tacitron switches, however, 

were still very much in the experimental stage as of the early 

'80s. An experimental prototype is shown in Figure 1.2 [6]. 



Figure 1.2 

J!:%=~, .• 
I 

s 

5 

I 

Three-electrode laboratory device. 1) Cathode; 2) heater; 
3) sapphire shield; 4) metal guard and heat shields; 5) 
cathode thermocouple; 6) ceramic mounting plate for cathode 
assembly; 7) supports; 8) current leads for heater and 
cathode; 9) anode; 10) insulating coating; 11) grid assembly; 
12) ceramic alignment device; 13) bellows; 14)micrometer screw 
adjustment [6]. 
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It was originally intended for this research to be an 

experimental study of Soviet-made, cesium vapor tacitrons for 

development of a U.S. prototype compatible with the power 

conditioning needs of thermionic space power systems. 

Purchase of the said devices, however, never materialized due 

to problems encountered in the commercial negotiations with 

the Soviets and parties involved in this research. 

only recourse was to develop our own prototype 

Hence, the 

based on 

available Soviet literature. Pertinent information, however, 

concerning the present state-of-the-art in cesium vapor 

tacitrons is not available from the published literature, 

because of their main thrust being on the phenomenological 

relationships. 

Most of the work on cesium vapor triode systems in the 

Soviet Union has taken the form of experiments on the 

mechanism by which the grid controls the current of a low

voltage cesium arc [1-7, 19-24]. There are, however, few 

significant efforts to investigate and describe the plasma 

state in cesium vapor triodes as well as a theory to explain 

the physical processes [25-27]. However, it is important to 

have a working theory if development of a cesium vapor 

prototype is to be undertaken. 

The basic problem encountered with gas-discharge triode 

devices is the interruption of current due to the shielding of 

the grid potential by the Langmuir space-charge sheath in the 

grid wires. In these circumstances, positive ions covering 
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the grid wires during negative grid bias prevent quenching of 

the discharge (Figure 1.3). For this reason it is usually 

assumed that only partial control can be achieved in grid-

controlled gas-discharge devices. This is typical of most 

commercially available gas-discharge switches in which direct 

current cut-off by grid mechanism is not attained (e.g. , 

thyratrons, etc.). 

Results of experiments concerning the way the grid 

controls the arc current in cesium vapor triodes have shown 

that direct control of current is feasible depending on the 

particular state of the plasma during the stage of current 

interruption (6]. In some cases, however, the current is not 

quenched even with a reasonable amount of grid bias 

("anomalous non-extinction") [7,24]. Results also have 

indicated that the discharge is at times extinguished on its 

own ("spontaneous extinction") [1,20-21]. 2 

Results also have shown that the efficiency by which the 

grid controls the discharge, whether the discharge . 
1S 

extinguished or not, depends not only on the plasma parameters 

but also on other parameters as well (1-7]. These include the 

discharge parameters, such as the cesium pressure, anode and 

grid voltages, cathode saturation currents, electrode 

temperatures, and the structural parameters such as 

interelectrode gap, position of the grid in the gap, grid 

geometry (the cell size, wire radius, the transparency, the 

surface area), and overall electrode geometry. 
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Figure 1.3 
Langmuir screening of the grid wires when a negative 

voltage bias is applied to the grid. 
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Changes in any of these parameters directly affect the 

performance of the device. Although relationships of these 

parameters with device performance have been obtained 

experimentally, it is important to provide a theoretical model 

to explain the physics behind the cesium vapor tacitrons and 

relate the structural parameters, discharge parameters, and 

plasma parameters to the effect they have on switching 

performance. 

1.2 Objective 

The specific objective of this thesis is to provide a 

theoretical description of the plasma state occurr1ng in 

cesium vapor thermionic elements where a control grid is used. 

Starting from basic physics, a system of equations is 

formulated to describe the discharge plasma in cesium triode 

systems. These equations attempt to relate all the plasma 

parameters, as well as electrical performance, as a function 

of the discharge and structural parameters of the switch. The 

time dependence of the plasma parameters is also considered in 

order to determine the effect of plasma dynamics on the 

switching characteristics of cesium vapor tacitrons. A review 

of experimental results done in the Soviet Union will also be 

presented in order to provide the framework for the 

development of the theory. All this is intended to provide 

the theoretical groundwork for future design and development 

of cesium vapor tacitrons. 



CHAPTER 2 

DISCUSSION OF BASIC PHYSICS 

OF CESIUM ARCS 

In this chapter, we lay down the basic theory needed in 

understanding the operation of cesium vapor tacitrons. Since 

it is basically a switchable thermionic converter (cesium 

diode) with a control grid added, we start with the discussion 

of the theory attributed to thermionic converters, in 

particular low-voltage cesium arcs. In Chapter 4, an 

extension of the theory of the cesium diode will be applied to 

cesium triode systems. 

2.1 Basic Features of a 
Low-Voltage Cesium Arc 

A low-voltage arc in Cs vapor has several distinctive 

features which result primarily from the low ionization 

potential of Cs. The most important of these features is that 

the cesium is ionized comparatively readily when it comes in 

contact with a hot cathode. Cesium has the lowest arc 

voltage, since it has the lowest ionization potential (Ei=3.89 

eV). Thus far, all thermionic converters have used cesium 

vapor because of three major phenomena. First, cesium atoms 

are adsorbed on the cathode and anode surfaces to reduce the 

work functions of these electrodes to values favorable for 

energy conversion. No other electrodes have been found that 

10 
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provide long life at converter temperatures with work 

functions suitable for energy conversion. cesiated electrodes 

are quite stable since the adsorbed coverage is due to the 

equilibrium between the evaporating and impinging atoms. 

Second, some of the adsorbed cesium atoms are evaporated as 

positive ions, which contribute to reducing the electron space 

charge between the cathode and the anode. Third, electron 

collisions with cesium atoms in the interelectrode space 

provide cesium ions to neutralize the space charge. Indeed, 

in most thermionic converters, this is the primary ion source 

for space charge neutralization. 

The neutralization of the electron space charge by the 

ions produced at the cathode leads to the formation of a 

plasma in the gap, which is not an arc-produced plasma. The 

properties of this plasma are governed by the ratio of the 

electron and ion mean free paths, le and li, and by the 

interelectrode distance d, i.e. , the parameters Pcsd, where Pes 

is the Cs pressure. 

2.1.1 Surface Phenomena 

To a first approximation, the so-called Sommerfeld gas 

approximation, the long-range forces between the electrons in 

the metal are neutralized by the positive ion cores of the 

atoms. This implies that the metal lattice can be thought of 

as a box in which electrons are free to move. The number of 

free electrons is ·taken as the number of atoms times the 
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valence of each atom. These valence electrons are responsible 

for electrical conduction by the metal; hence, they are termed 

conduction electrons as distinguished from the electrons of 

the filled shells of the ion cores. 

In the condensed state, the valence electrons are 

associated with the quantum states of the entire crystals 

rather than the states of individual atoms. By applying the 

rules of statistical thermodynamics for spin 1/2 particles 

(i.e., Fermi-Dirac statistics) the electron distribution f(E) 

in a metal at a temperature T is given by the expression for 

the Fermi factor, 

f(E) 1 
= 

1 +exp [ (E-Ep) I kT] ' 
( 2. 1) 

where Ep is an energy characteristic of the metal called the 

Fermi energy. It is numerically equal to the energy for which 

the Fermi factor is 0.5. 

A diagram of the energy levels in a conductor and the 

potential energy of an electron near the surface is shown in 

Figure 2.1. In order to remove an electron from the metal, it 

must have an energy above the Fermi level by an amount x eV: 

this parameter is defined as the work function. The work 

function can be thought of as the heat of vaporization for 

electrons. If an electron is introduced into the metal from 

the surface, a quantity of heat, X ev, will be given up. 

Thus, the work function is also the electron heat of 
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Figure 2.1 
Energy levels near a metal surface. 
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condensation. It is convenient to think of the work function 

as a potential barrier between the inside of the metal and a 

point outside (say, 500 A) that must be surmounted by an 

electron to escape from the metal. 

Thermionic emission from a metal can be explained in 

terms of Figure 2.1 and Equation (2.1). At room temperature, 

few of the quantum states above the Fermi level will be 

filled. However, as can be seen from the Fermi factor 

expression, there will always be some electrons occupying the 

high-energy states as long as T>O. Due to their random motion 

inside the metal, many electrons will impinge on the surface. 

Those electrons with kinetic energies greater than the work 

function barrier may escape the metal. Those that cross the 

boundary at the surface will transform part of their kinetic 

energy (i.e., x eV) into potential energy. 

It can be shown, either from thermodynamic considerations 

or from the application of statistical mechanics in connection 

with the quantum mechanics of electrons in metals, that the 

current density J
8 

of electrons emitted from a uniform surface 

of a pure metal of absolute temperature T can be expressed by 

the Richardson equation, 

j
5 

= (1-r)AT2exp(-x/kT), (2.2) 

where A is a constant and r the reflection coefficient of the 

surface. The coefficient 
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(2.3) 

is a universal constant for all metals. In Equation (2.2) 1 

only the value of r 1 which must be calculated from the 

properties of the metal band structure and surface properties 1 

is dependent on the specific properties of the emitter. 

The value j 8 is called the saturation current density and 

corresponds to a zero electric field (horizontal potential 

distribution in Figure 2.1). Equation (2.2) shows that the 

saturation current density of a surface increases rapidly with 

increasing temperature and decreasing work function. 

A strong electric field changes the electron emission 

because its effects alter the shape of the potential 

distribution outside the electrode. The dotted lines in 

Figure 2.1 correspond to electron-accelerating and electron-

decelerating fields. As a result, Equation (2.2) is modified 

in the presence of an accelerating electric field E by 

y(e3E) 

j = j se kT 
(2.4) 

This increase in current is called the Schottky effect. 

with very strong electric fields, the potential barrier 

becomes narrow and permeable to electrons, because of the 

tunnel effect. This type of emission is referred to as field 

emission. At high temperatures, fast electrons may tunnel 
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through the peak of the potential barrier, increasing the 

emission current even more. This enhancement in current is 

called thermal-field emission and occurs at electric fields 

around the order of 107 Vfcm. However, there . 
1s no 

appreciable field emission from the cathode in thermionic 

converter operating modes, because the field at the cathode is 

of the order< 106 V/cm (28]. 

2.1.2 Electrode-Plasma Interaction 

The potential drop near the cathode ¢k is equal 

to the difference between the chemical potential J.L of the 

plasma and the cathode work function xk: 

<l>k = (2. 5) 

This is illustrated by Figure 2.2, which shows the case of 

both Xk<~ (cathode potential drop decelerates electrons) and 

Xk>~ (potential drop accelerates electrons) . If the cathode 

work function Xk is greater than the chemical potential J.L of 

the plasma, then a space charge layer forms near the cathode 

which accelerates the emitted electrons and retards part of 

the emitted ions. In the opposite case Xk<Jl., a part of the 

emitted electrons returns to the cathode. 

situation is termed as overcompensated (ion rich); for Xk<J.L, 

the situation is said to be undercompensated (electron rich). 



17 

l 

8 .... 

u 

METAL PLASMA METAL 
(a) (b) 

PLASMA 

Figure 2.2 
Motive Diagram for Electrons with Thermodynamic 

Equilibrium of the Plasma and Electrode: a) accelerates 
electrons (Xk >~);b) retards electrons (Xk < ~). 
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At high cesium pressures Pes and low cathode temperatures 

Tk, the degree of cathode coverage by the cesium is high 

(i.e. , the cesium vapor reduces the work function of the 

cathode) , so that Xk is comparatively small. Then the 

Langmuir sheath at the cathode retards the electrons emitted 

from the cathode, restricting their entrance into the plasma. 

As Tk is raised and as Pes is reduced, the cathode surface 

becomes depleted of cesium, and the value of Xk increases. In 

this case the voltage drop in the cathode sheath restricts the 

entrance of ions into the plasma and accelerates electrons. 

This circumstance tends to enhance the volume ionization of Cs 

atoms in the plasma and facilitates a conversion to a low

voltage arc. 

2.1.3 Plasma Modes 

Depending on the ratio of dfle, different plasma modes 

are experienced in cesium discharges [28]. We take the case 

wherein the mean free path of the electrons, le, is greater 

than interelectrode distance, d. Such cases are regarded as 

the Knudsen plasma mode. In this mode the electrons and ions 

move in the electric field created by their own presence, 

essentially without collision. Usually, most of the potential 

variation occurs near the electrodes and there is at most a 

weak field in the interelectrode space. The electron and ion 
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concentration in this space are essentially equal. If the 

potential distribution is non-monotonic, i.e. , if the 

potential well for ions and electrons forms in the space, then 

the carriers of the corresponding sign will fall into the well 

as a result of infrequent collisions and remain there for a 

long time, until they obtain, by further collisions, the 

energy to escape from the well. This effect is appreciable 

even when dfle<<l, because the extent of filling the well is 

not dependent on the ratio dfle [28]. 

For the case with le<<d and li<<d, the plasma is dense 

enough in electrons and ions so that their drift velocities 

are low compared to their thermal velocities. Under these 

conditions, the plasma properties are determined by 

macroscopic parameters, e.g., heat conductivity, electron and 

ion mobility, and diffusion coefficients. 

The dense plasma mode and the Knudsen mode are further 

classified by the method for ionization, surface ionization 

(unignited mode) or volume ionization (ignited mode). With 

surface ionization, a fraction of atoms incident to the 

cathode surface returns as 
. 1ons. In the case of a dense 

plasma, this mode is called the diffusion mode, because the 

electrons and the ions move away from the cathode by a 

diffusion process. In this case the cathode work function 

must be sufficiently high to obtain the required number of 

ions. However, an increase of the cathode work function also 

reduces the cathode electron emission. 
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In the diffusion mode, the voltage drop in the volume 

cannot be large, otherwise the ion would not be able to reach 

the anode to neutralize the negative electron charge in the 

entire electrode space. Therefore in the diffusion mode (as 

in the Knudsen mode with surface ionization), the current 

reaches saturation at a very low applied voltage, and as the 

applied voltage increases, the voltage increase appears 

primarily in the anode sheath. These effects limit the output 

current in the diffusion mode. 

When there is an electric field at the emitter, which 

accelerates the electrons into the interelectrode space and 

increases their energy, ion generation in the volume begins to 

play the dominant role. This mode, when the main ion source 

is within the interelectrode space, is called the low-voltage 

arc or arc mode. The potential and the plasma density 

distribution in the arc mode develop in such a way as to 

provide sufficient ion generation and to move the ions to the 

electrodes. A region of sharp potential variation, the 

cathode drop, ¢k, forms near the cathode and the main . 1on 

generation occurs in the space near this region. At low 

cathode temperature, the arc must be ignited to go from the 

diffusion mode to the arc mode. To bring this about, it is 

necessary to apply an external voltage to the diode. After 

ignition, the arc operates at a lower voltage and the 

extinction voltage Vex in this case may be considerably less 

than the ignition voltage. 
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At high cathode temperatures, the transition from the 

diffusion mode to the arc mode occurs without ignition (Sec. 

2.1.2); volume ionization increases gradually as the voltage 

in the gap increases. In the arc mode, the cathode is not the 

main ion source; therefore, its work function can be reduced 

appreciably, to allow emission of large currents. The cesium 

pressure must be increased to several torr to reduce the work 

function by cesium adsorption. The current in the arc mode 

does not saturate but continues to increase with applied 

voltage because of Schottky effect at the cathode. As the 

current in the arc mode increases, a state of ionization 

equilibrium is quickly established in the interelectrode 

space, during which the rate of ionization (at a given point) 

becomes equal to the rate of recombination. 

2.2 Classification of the Levels 
in the Atoms of Cesium Metals 

There is one electron outside the filled electron shells 

in Cesium (55cs) and in the other alkali metals. The 

effective field in which this electron moves is spherically 

symmetric. The state of the electron in this field . 
1S 

characterized by the set of quantum numbers n, 1, j, and m. 

The number n is called the principal quantum number, the 

number 1 is called the azimuthal quantum number, and m is 

called the magnetic quantum number. The number 1 determines 

the value of the orbital angular momentum, which is equal to 



22 

the value h.jl (1+1) • The number j determines the total angular 

momentum, which is the vector sum of the orbital and spin 

moments of the electron. The total electron angular momentum 

is equal to h.jj (j+l) • The magnetic quantum number m 

determines the projection of the total angular momentum to 

some axis. The value of this projection is mh. 

The quantum numbers may assume the following values: n 

= 1, 2, 3, ... ; 1 = o, 1, 2, .. n-1; j - 1 ± 1/2 (at 1 = o, j 

assumes a single value equal to 1/2); m- -j, -(j-1), ... , (j-

1), j. The electron energy for such relatively heavy atoms as 

Cs is mainly determined by the quantum numbers n and 1. The 

quantum number j determines the minor corrections in the 

energy level due to the interaction of the spin and the 

orbital angular momentum of the electron. With regard to 

these corrections, each (n, 1)-level, besides levels at 1 = 0 

and j =1/2, is split into two levels distinguished by the 

values of j(j 1 = 1- 1/2, j2 = 1 + 1/2). This splitting is 

called the fine structure of the levels. The energy 

difference of the doublet splitting of the levels decreases as 

the quantum numbers 1 and n increase. 

The electron energy is not dependent on the value of the 

magnetic quantum number m. The independence of energy from m 

em-degeneracy) has a simple meaning: all directions in space 

are equivalent in a field which has central symmetry, and 
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therefore, energy may not be dependent on the spatial 

orientation of the angular momentum vector. 

The multiplicity of degeneracy (the statistical weight} 

of level i is 

( 2. 6} 

We note that when an external electric or magnetic field is 

applied, symmetry is disrupted and degeneracy, i.e. , the 

splitting of the level (Zeeman effect or Stark effect} is 

removed. 

designation of the states In spectroscopy, the 

corresponding to the values .1 o, 1, 2, ... are the letters 

S, P, D, ••• The number which indicates the value of the 

principal quantum number n is placed before this letter. The 

quantum number j is indicated as a subscript. For example, a 

level at n = 3, 1 = 2 and j = 3/2 is denoted as 3D3n. A 

diagram for the Cs levels is shown in Figure 2.3. 

The ground state in Cs is the state 6s 112 • It is 

interesting to compare the cs spectrum with that of the 

simplest atom--the hydrogen atom. The main difference of the 

H spectrum from that of the Cs is in the fact that the !

degeneracy, typical for the Coulomb field, occurs in the H 

spectrum: levels with different values of 1, but identical 

values of n, have the same energy. 
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The effective field in atoms of alkali metals at great 

distances from the nucleus is essentially the Coulomb field of 

the charge e, because the electrons of closed shells shield 

the field of the nucleus. There is no shielding at small 

distances from the nucleus. Therefore, the potential well for 

electrons in an atom of an alkali metal is deeper than that in 

the hydrogen atom, and accordingly, the levels of the atom of 

an alkali metal are shifted downward with respect to their 

corresponding levels in a hydrogen atom. As n and 1 increase, 

the distance of the valence electron from the closed shells 

increases, and the system of the levels approaches that of the 

hydrogen system. This is illustrated by Figure 2. 4 ( 28), 

where the Cs and H spectra are compared. It is obvious that 

the s-, P- and D- levels of Cs are shifted downward with 

respect to the H levels; whereas, the F-, G-, etc., levels of 

Cs essentially coincide with the hydrogen levels. 

By analogy with hydrogen, the electron levels of alkali 

metals are usually described by the formula, 

(2.7) 

where By is the Rydberg unit of energy, Eion is the ionization 

energy of the atom and n1 is the so-called effective principal 

quantum number. It is obvious that n1 ~ n. Therefore, n1 may 

be represented in the form of a difference 
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Comparison of the spectra of cesium and hydrogen atoms 
[ 28]. 
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(2.8) 

The value of ~~ is called the quantum defect. The quantum 

defect is determined mainly by the orbital quantum number 1 

and is weakly dependent on n, the quantum defect decreasing as 

1 increases. 

2.3 Ionization and Recombination 
in Cesium Plasma 

The concentration of the components of a plasma . 
1n an 

equilibrium state are determined by the pressure and 

temperature and are not dependent on the ionization and 

recombination mechanism. On the other hand, . 
1n a 

non-equilibrium plasma, one must know the rate of the 

ionization and recombination processes to find the 

concentration of neutral atoms and charged particles. 

Depending on how the electron transfers from the ground 

state of the atom to the continuum and back, the ionization 

and also the recombination process may be direct or 

multi-stepped. In a multi-stepped process, an ionization 

event is preceded by excitation of the atom to one of the 

upper levels adjacent to the continuum. Therefore, the 

determination of the rate of multi:-stepped ionization involves 

the calculation of the population of excited states. 



2.3.~ Determination of the Population of Excited 
Atom1c States and the Ionization Rate 

28 

A system of particle balance equations for the atomic 

levels must first be compiled in order to calculate the 

populations of excited states. To do this, we number, 
. 1n 

order of increasing energy, all the levels beginning with the 

ground level, using the numbers 0,1,2, .. , qm (Figure 2.5). 

The last excited level qm is determined from the Inglis-Teller 

formula (29] 

n = 1:. (a 3 n ) -2/15 
--max 2 0 e ' (2.9) 

where nmax is the number of the last level of the hydrogen 

spectrum, and a 0 =e 2 /2Ry='h2 /me 2 is the Bohr radius. The 

existence of a last level, nmax is explained as follows. For 

an isolated atom, we expect the n levels to be infinite. This 

follows from the fact that at higher levels all atoms are 

hydrogen-like. Larger values of n correspond to very weak 

binding and to classical electron motion in orbit around the 

atom core at a very large radius. Therefore, even a slight 

interaction with other particles of the plasma leads to 

electron ionization, and in reality, there are no states in 

the plasma with large values of n. As a result of this, there 

is a value nmax at which the n levels are terminated. 

The disappearance of high excitation levels is related 

primarily to the effect on the atom of electric fields created 
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Figure 2.5 
Diagram of atomic electron transitions due to the effect 

of electron impact and emission: I, continuum; II, levels 
which fuse into the continuum; III, hydrogen-like upper energy 
levels; IV, lower energy levels; 1 and 2, transitions to the 
continuum and between levels due to the effects of electron 
impact; 3 and 4, transitions to the continuum and between the 
levels during absorption and emission of photons; Ek, energy 
of level k; gk statistical weight of level k; and E=O, the 
ground state. 
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by the electrons and ions of the plasma. Since the electric 

field intensity at the atom is determined by the density ne of 

the charged particles, the number of levels associated with 

the discrete spectrum is also dependent on density. 

Calculation of the number of these levels, carried out with 

these assumptions leads to Equation (2.9). 

Having limited the number of levels, we can calculate the 

level population of excited atomic states, N1, from the 

particle balance equations. For some k-th level, the 

population density rate has the following form [28]: 

( 2. 10) 

population of a given level due to collisional and optical 

recombination processes, where ak and ~k are the coefficients 

for collisional and optical recombination to level k. Here 

the plasma is assumed to be quasi-neutral, i.e., ne~ni. The 

terms N [n w<e> +W(ph)] are the rates for the reverse process: 
k e k1on k1on 

ionization of a given level by electron impact and photo-

ionization, where wk is the probability of ionization from 
1on 
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change of the population of a given level due to collisions of 

the first and second kind. Collisions of the first kind 

involve conversion of the kinetic energy of one species into 

the potential energy of another species. In collisions of the 

second kind, potential energy is converted into some other 

form of energy (other than radiation) such as kinetic energy, 

or is transferred as potential energy (in the form of 

electronic, vibrational or rotational energy) to another like 

or unlike species. Collisions of the second kind therefore 

include not only the reverse of collisions of the first kind 

but also, for instance, the conversion of excitation energy 

into chemical energy. For a gas consisting of only one 

species, which is the case here, the excitation is by electron 

impact, i.e., for collision of the first kind, 

e + Cs - cs• + e, (2.11) 

* where Cs and Cs represent the cesium atom in the ground and 

excited state, respectively; and for a type of collision of 

the second kind, we have, 

e + cs• ~ e + Cs. (2.12) 

The remaining terms in the left-hand side of the equation 

describe the change of the level population as a result of 

optical processes of spontaneous emission 
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the Einstein coefficients for spontaneous emission and for 

stimulated emission. p(w~) is the density of electromagnetic 

radiation energy of frequency w~=Ek-El/h. Atomic transitions 

between levels and between a level and the continuum 

corresponding to electron collisions and photon emission are 

depicted schematically in Figure 2.5. In this case, processes 

of induced emission are not taken into account, which may be 

significant only in the upper region of the spectrum where the 

distance between the levels is close to kTe. However, 

transitions occur in the upper regions of the spectrum more 

frequently by electron impact, since optical processes usually 

do not affect the populations of upper excited states (28]. 

The rate of ionization-recombination is determined from 

the populations of the discrete levels of the atom and from 

the ionization and recombination cross sections by the 

formula, 

q. 

r = E [Nk(new~,8lon+W~~f~n> -a~;-~~~] . ( 2. 13) 
k=O 

Therefore, to calculate the rate r for ionization-

recombination, it is necessary to calculate the free electron 

distribution function fe(v) and the electromagnetic radiation 

density p(w). Since inelastic electron collisions with atoms 



33 

during ionization and recombination processes affect the free 

electron distribution, and since photoemission and absorption 

processes affect the populations of excited states, the 

populations of excited states must be taken into account 

together with the electron distribution fe(v) and the 

electromagnetic radiation density p(w} (28]. 

In some cases, there is no need to solve the problem in 

its more general form because the rates of different processes 

differ strongly from each other. In particular, if the 

density of free electrons is great enough, the development of 

a Maxwellian distribution of the free electrons due to mutual 

interaction occurs much more rapidly than the deviation of the 

distribution function fe(v) due to different inelastic 

processes. In this case, the free electron distribution is 

the Maxwellian distribution, and the probabilities Wkl and 

w00 for inelastic processes and also the recombination k,ion 

coefficient ak are determined by the concentration ne and the 

temperature Te of the free electrons. 

2.3.2 Ionization Rate for a Maxwellian 
Distribution of Free Electrons 

The ionization rate for a Maxwellian distribution of free 

electrons has been calculated in Ref. {28}, where the 

equations for particle balance for excited levels in a cesium 
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plasma were considered. The rate of ionization and 

recombination is given by 

(2.14) 

where ve is the mean velocity of electrons in the Maxwellian 

distribution, a 0 (Te) is the effective cross section for 

ionization from the ground state, and N
0 

is the density of 

atoms in the ground state. 

equilibrium densities of electrons and ground state atoms 

given by the Saba equation at the free electron temperature 

Te. The right hand side of the equation is nothing more than 

the difference of the ionization and recombination rate, 

r r From the above equation we have ion - rec • 

as well as the recombination rate r~ 

rrec = cr.n3 = e 

- 3 veao ( Te) n 8 N 0 ( Te) 

n; ( T
8

) 

( 2. 15) 

( 2. 16) 

Equation ( 2. 14) was derived under the assumption that the 

density of plasma electrons, ne, is high so that radiative 
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transitions and optical processes do not affect the 

populations of excited states. 

We note that at thermodynamic equilibrium, i.e. , 

ne = ne ( Te) and N 0 = N
0 

( Te) , we have r. = r . 1on xec It is obvious 

from Equations (2.14)-(2.16) that the relative role of 

recombination is determined by the parameter n;N
0 

( T
8

) / n; ( T
8

) N
0

• 

If this parameter is greater than unity, i.e., if the electron 

density is higher than its equilibrium value, and if the 

ground-state population N
0 

is lower than its equilibrium value 

N0 (Te), then r<o and recombination is faster than ionization. 

In the opposite case where the parameter is greater than 1 

then r>O, i.e., ionization is predominant. 

2.4 Ignition and Quenching of Arcs 

The nature of the ignition is influenced strongly by what 

occurs before ignition. If the cathode is hot (T~1300°K), 

there is a diffusion plasma before ignition occurs, and the 

ignition process reduces to a transition from the diffusion 

regime to the arc regime (Sec. 2.1.2). 

The ignition of an arc at a low cathode temperature 

occurs in a different manner. In this case, there is no 

plasma present before ignition and the potential profile is 

similar to that for a vacuum regime; leveled off because of 

the small number of positive ions formed at the cathode. The 

electron density in the gap is low, so that no randomization 
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of electrons occurs in the volume. It is necessary to apply 

an external voltage in order to ignite an arc {Sec. 2.1.3). 

When the conversion to the discharge regime 
. 
1S 

accompanied by a current surge, there are differences between 

the quenching voltage V
0 

and the quenching current j
0 

on one 

hand, and the ignition voltage and current on the other. 

Specifically, the discharge is quenched at a higher current 

and a lower voltage than it is ignited. The qualitative 

explanation for quenching is that the ionization rate (the 

first term in Equation (2.14)) falls off extremely rapidly 

with decreasing electron temperature, while the loss of ions 

to the electrodes is nearly independent of Te. As a result, 

as the voltage and the electron temperature decrease, a point 

is eventually reached at which the production of ions in the 

volume no longer balances the loss of ions to the wall, and 

the arc is quenched [30]. 



CHAPTER 3 

LOW VOLTAGE-LOW PRESSURE 

CESIUM ARCS--KNUDSEN ARC 

Research on cesium vapor arcs has opened up an 

independent branch of physics of gas discharges, in particular 

low-voltage, low-pressure arcs. A low-voltage arc at low-

pressure, referred to as a Knudsen arc in which collisions are 

rare and the mean free path of the charge particles, lei' 

exceeds the interelectrode distance, can in principle lead to 

the reduction of voltage loss in the plasma of cesium diodes 

and hence to an improvement of the output characteristics of 

thermionic converters. 

The experimental findings conducted in the Soviet Union 

have placed an optimum limit on the plasma parameters, 

particularly on the density of the plasma and on the cesium 

pressure. It was found that a cesium pressure of - 10-3-10~ 

torr and a plasma density of - 10 13 cm-3 are of greatest 

interest in practical applications. Under these conditions 

the following occurrences are reported [31]: 

1. stability of controlling the discharge over a wide 

range of parameters. 

2. The plasma parameters may be assumed to be 

approximately uniform in the interelectrode gap. 

3. Electrons show a Maxwellian distribution in the 

37 
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energy range of importance to stepwise ionization of 

cesium atoms. 

In a Knudsen arc, the electrons emitted by the cathode 

and accelerated by the cathode potential drop ¢k form a beam 

which can traverse the entire interelectrode space with little 

scattering. Rare inelastic collisions of the beam electrons 

with cesium atoms, however, lead to the appearance of ions. 

Since it is difficult to remove the ions, owing to their large 

mass, a potential well filled with slow electrons is formed in 

the interelectrode gap. The time spent by electrons in the 

potential well is usually sufficient so that they become 

randomized by Coulomb collisions, i.e. , electron-electron 

collisions. Generally speaking, the distribution function at 

high energy is not Maxwellian [31]. The deviation from a 

Maxwellian distribution results from the beam of electrons 

which are accelerated by the cathode potential drop. 

3.1 Mechanism for Current Transport 

It is important to determine the role of different groups 

of electrons in the total current. There are various 

mechanisms of current transport in Cs at low pressure: from 

purely beam current at low plasma densities and 

correspondingly low emission current, to diffusion transport 

at high current densities. At low current densities (j-10-2 

Afcm2) and at a low plasma density (n-1o 11 cm-3), the beam 
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traverses the interelectrode gap without being deformed; 

indicating a beam mechanism for current transport [31]. 

At high current densities (j>1 A/cm2) and high plasma 

densities (n>1o 13 cm-3), the beam is randomized near the 

cathode. Over most of the gap, the electron distribution 

turns out to be Maxwellian over essentially the entire 

electrode range studied [31]. The current is transported by 

slow electrons, whose motion can be described by diffusion and 

mobility, since the electrons undergo many collisions because 

of large Coulomb cross sections [32]. strictly speaking, such 

an arc cannot be called a "Knudsen arc." At pressures Pes~ 

10~-10~ torr, the plasma is a Knudsen plasma only at a low 

degree of ionization, since the mean free path of the ions and 

electrons in a medium of atoms are larger than the gap. As 

the degree of ionization becomes very high, such plasma 

frequently turns out to be collisional especially for slow 

electrons. A more appropriate term here would be an "arc with 

low cesium pressure [30]." 

The fact that the current is transported by slow 

electrons is indicated, in particular, by the circumstance 

that the current density crossing the anode potential barrier 

~a' as calculated from the equation 

( 3. 1) 
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agrees with the arc current (30]. At low current densities, 

at which there is a beam mechanism for the current transport, 

the current calculated in this manner, is much smaller than 

the arc current. 

At intermediate currents and densities (j-lo-1 A/cm2 , 

n-10 12 cm-3), the two mechanism operate simultaneously. Also, 

the beam does not undergo a complete relaxation during the 

transit time across the electrode gap. It simply spreads in 

energy space. 

The relaxation of the distribution function of the beam 

electrons at a plasma density n~lo 13 cm-3 can be explained 

quite well in general on the basis of binary Coulomb 

collisions. At a lower plasma density, however, plasma waves 

in the plasma-beam system play an important role in the 

relaxation of the distribution function [30]. 

3.2 Distribution of the Plasma Parameters 

Results of experiments obtained by using Langmuir probes 

have shown that the plasma parameters--density, temperature of 

the randomized electrons, and the potential in the well do not 

vary greatly over the interelectrode gap [31]. Figure 3.1 

shows the distribution of density n, electron potential energy 

~, and the electron temperature Te [31]. It is obvious that 

the density distribution across the gap has a small maximum in 

the gap. The absolute values of n are dependent mainly on the 

cathode emission current density js and on the voltage output 
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Figure 3.1 
Distribution of Knudsen arc plasma parameters. Pes - 10~ 

torr, Tk = 830 k, d = 1 mrn (31]. 
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Vd. With an increase in j
8 

and the voltage Vd the density 

increases and levels off when the plasma becomes fully 

ionized. The absolute values of n depend explicitly on the 

electron temperature (which depends on Vd) and on the pressure 

Pes· When j 8 is reduced, the voltage at which the plasma 

becomes highly ionized is increased significantly (33). 

The main potential changes occur in a narrow sheath close 

to the cathode. At the anode, there is a small potential 

barrier which impedes the electron flux from the plasma to the 

anode. With an increase in the voltage on the device, the 

additional potential fall is taken up by an increase in the 

cathode barrier ~k' the value of which usually exceeds the 

first excitation potential of the cesium atom (~k > E1/q) . At 

high Vd, and as the current density increases, the plasma 

reaches a state of full ionization, in which n is constant 

over the gap. An appreciable electric field, E=d4>/dx, 

appears and ensures the passage of electron current through 

the gap. 

The temperature of the randomized electrons Te is 

constant over the gap. At high voltages, Te increases. With 

vd constant, Te increases as the emission current density j 8 is 

reduced and the Cs pressure is reduced. In all cases, Te lies 

in the range 4x103-ax103 K. For the Knudsen arc, the values 

of ~k and Te are found to be typically higher than for a low

voltage high-pressure arc [28]. The electron density, 
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potential, and temperature vary much less over the gap than in 

a dense plasma. 

3.3 Basic Equations Describing the Plasma 
Characteristics in Knudsen Arcs 

Results of experiments discussed above clearly show that 

the density and the temperature of the Maxwellian electrons 

and the potential in the well hardly vary across the gap. 

Thus, it is possible to find the main plasma characteristics 

from the conservation laws for the number of particles and the 

energy, with the change in the plasma volume being neglected 

[34]. It follows from the potential and density distributions 

that the ion currents to the anode and to the cathode are 

almost equal. Therefore the total ion current density from 

the well is 

( 3. 2) 

where M is the ion mass, 1i is the dimensionless coefficient 

for ion currents in the plasma, and j ia and j ik are the ion 

current densities to the anode and to the cathode, 

respectively. 

Experimental data show that ion generation should be more 

or less uniform across the gap (31]; thus, 
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jia+jik = q Jrdx = q r(N0 ,n, T 8 , d) d, 
0 
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( 3. 3) 

where r is the ionization rate and d is the length of the 

interelectrode gap. Equation 3.3 is valid if Li >> d (where 

Li is the ionization length) , which is the case for the 

Knudsen arc. 

The electron current density of Maxwellian electrons from 

the well through the anode barrier should be equal to the 

total ion current density. The electron current density to 

the anode is given by the equation, 

(3.4) 

where ¢a is the potential drop in the Langmuir sheaths near 

the anode, jp= (1/4) qnv6 is the random current density of 

plasma electrons, and V 6 =J8kTe/nm is the average velocity of 

the Maxwellian electrons. 

There is also the obvious condition that the total 

voltage applied to the plasma is 

{3.5) 
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The electron temperature in the well is calculated from the 

law of energy conservation for the electrons. The slow 

electrons gain energy because of the deceleration of the beam 

traveling above the well and expend the energy for ionization 

and for overcoming the anode barrier. The energy balance 

equation gives the power density, say for electrons moving 

towards the anode, 

( 3. 6) 

We now apply these equations for the case of a . ces1um 

vapor diode with the condition that the diode operates at the 

Knudsen arc regime [34]: 

1) The ion balance equation, 

(3.7) 

2) The current balance equation, 

(3.8) 

The arc current is given by the left or right side of the 

Equation (3.8). In this equation we take the convention of 

electron current moving towards the anode as positive current 

and ions moving toward the anode as negative current. The 

first term in Equation (3.8) is the saturation current emitted 
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by the thermionic cathode. The second term is the return 

electron current from the plasma to the cathode. The first 

term in the right hand side of the equation is the electron 

current moving towards the anode. 

3) The energy balance equation, 

. { -q•h} J; (2kTk+qthl - ! nv e e kT. (2kT
0
+qth) _ jik E. 

q ~on 

1 { ~~·} J. 
= -nv e 8 (2kT +~ ) + ~E. + Rr + R 4 e e Y't' a q ~on ex · 

(3.9) 

Here, Tk is the cathode temperature, E~n is the ionization 

energy of Cs, ~ is the power density carried out of the 

plasma by radiation [34], 3 

( 3. 10) 

where Ekl=Et-El and Ek and E1 are the excitation energies 

measured from the ground state of the Cs atom. The term 

A~;tt> is the effective probability for the rate of optical 

transitions, with reabsorption of radiation taken into 

account. Rex is the energy carried out by excited atoms, 

given by (34], 

R = l:_~kT ~ N ,:;o 
ex 4 1tM LJ ~k' 

k=l 

(3.11) 
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where T is the average temperature of the neutral atoms in the 

gap. 

4) The voltage balance equation, 

( 3. 12) 

To these equations we add the following equations. 

5) The balance equation for the excited atomic states, 4 

u~3 + nE NlWlk + 
l~k 

+ L A~;ff) ] = 0 
l<k 

~ N1A1Ckeff) N [ W ~ W LJ - k n k + n LJ kl 
l>k l~k , ( 3. 13) 

with the terms in the equation already discussed in Section 

(2.3.1). In Equation 3. 13, the radiation terms are not 

included because radiation does not play a significant role in 

determining the population of excited states in a sufficiently 

optically dense plasma. However, radiation may affect the 

energy balance of the plasma and even the value of the 

electron temperature Te, since the ionization rate r 1' s ion 

strongly dependent on electron temperature. Then in a number 

of cases, consideration of radiation may be required for 

correct calculation of the ionization rate. 

6) The pressure balance equation, 
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where Pe=nkTe, Pi=nkT, pk=NIJcT, and p is the total pressure. 

The summation k includes the ground state (k=O) and the 

excited states (k=1,2,3 .. ) of the atom. 

In Ref. (34) an analysis of the various models for the 

electrode sheath leads to the conclusion that the directed 

velocity of the ions at the boundary of the quasineutral 

plasma with the Langmuir sheath is ~JkT8/M. Near the boundary 

of the quasineutral plasma, there is a strong electric field 

which accelerates ions and which leads to a plasma density 

substantially lower than the density n far from the boundary. 

This circumstance is taken into account in the correction 

factor~ in Equation (3.2), which is found to be ~=0.61 (35]. 

Equations (3.7-3.14) form a complete system of equations 

for the determination of the plasma parameters n, Te, ji, ¢a, 

¢k with respect to the applied voltage Vd. Comparison with 

experiment shows that low-voltage arcs at low pressure can be 

described well by these equations which describe the particle 

and energy balance for the case of plasma properties that are 

constant over the gap. The plasma homogeneity assumed in 

Equations (3.7-3.14) is characteristic of a low-pressure arc 

in a narrow gap, where the gradients of the density, electron 

temperature, and the potential--which are responsible for the 

current flow in the volume--are small. Since this "average" 

approach leads to correct description of the state of the 

plasma, it can be used to design several devices which operate 
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at low pressures of alkali vapor pressures (34). Note, this 

average approach need not be used for an arc in a dense 

plasma, since the exact system of equations of transport 

theory can be used in this case. But the use of this approach 

even in this case can be advantageous since the calculations 

are less tedious. 



CHAPTER 4 

GENERAL PHYSICAL PICTURE OF THE DISCHARGE 

IN A CESIUM VAPOR TRIODE SYSTEM 

In this chapter, we will discuss the basic operation of 

the cesium vapor triode system as well as the general physical 

picture of the discharge. The discussion starts with a review 

of experimental findings obtained in research in the Soviet 

Union [6-7, 23-26], on the relationships of the structural 

parameters with the performance of the device. Concentration 

of the discussion, in relation to the previous chapters, will 

center more on the effect of the grid on the plasma state of 

the discharge. 

4.1 Effect of the Grid on the Stationary 
Conducting State of a Low-Voltage Cesium Arc 

4.1.1 Dielectric Strength of the 
Grid in Cesium Vapor 

The results of experiments with cold grids having an 

emission -10-S-10-6 A/cm2, show that the dielectric strength is 

adequately high over the entire range of cesium vapor pressure 

studied, from 10-3 to 1 torr [ 6]. Figure 4.1 shows the 

discharge ignition voltage Vi as a function of the negative 

grid bias voltage -vg. Even with a small negative bias 

voltage of --1-2 V, the grid withstands a high anode 

voltage. We see from this figure that the dielectric strength 

is a strong function of the cesium pressure. 
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Discharge ignition voltage as a function of the gr~d 
potential for various cesium pressures. Pes (torr): 1) 4. 5· 10- , 
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K. Tungsten grid with spacing h=250 ~m, and co~ducto5 
radius=25~m, dcg=1.5 mm, dga=l mm. Grid emission < 10- A/em 
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The behavior of the anode current ja and of the grid 

current jg give definite information about the role of the 

grid in the ignition of the arc by the anode voltage. 

Figure 4.2 shows typical curves of the currents as functions 

of anode voltage for various grid bias voltages for pressures 

~ lo-2 torr (6]. 

At a low bias potential of ug-0.3-1.0 v, the anode and 

the grid draw large electron currents; the current is limited 

primarily by the negative electron space charge near the 

cathode. At an anode voltage Va ~ 4 V, the electrons which 

traverse the grid and arrive at the anode begin to cause 

ionization. The excitation of the atoms begins at an even 

lower energy as can be seen from the appearance of a glowing 

region in the grid-anode region (6]. The resulting ions move 

toward the cathode and partially neutralize the electron 

charge. The result is a further increase in the electron 

current drawn by the grid and by the anode (curves 1-3). The 

avalanche increase in the ionization and in the anode current 

ultimately leads to breakdown of the grid-anode gap and to a 

transition to a low-voltage arc. At low grid voltages the 

breakdown of the grid-anode gap is frequently not accompanied 

by ionization in the cathode-grid region. These conditions 

correspond to the tacitron discharge (18] (the vertical 

sections of the curves 1-3 in Figure 4.2). 
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Figure 4.2 
a) Preignition anode current; b) grid current, both as a 

function of the anode voltage for various grid potentials. ug 
(V) : 1) -o. 1; t) -o. 3; 3) -o. 4; 4) -o. 5; 5) -o. 6 ~ 6) -o. 1, 1 > -o. a. 
Pes = 1. 33· 10- torr. Tk = 950 K, j s = 6· 10- A/ cm2, dcg=2. 5 
mm, dga =1 mm. The arrow show the iimes at which there is a 
trans1tion to an arc (6]. 
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As the negative grid bias is increased, the initial 

electron currents decrease. This decrease becomes 

particularly rapid after the grid potential exceeds the 

potential maximum near the cathode and the grid becomes the 

dominant factor in the limitation of the anode current. 

At this point, there is an end to the rapid increase in 

the anode and grid currents after the ion generation begins in 

the anode (curves 5-7). Under these conditions, the decisive 

role in the anode current is played by the sag of the 

potential between the grid wires. The ions which are produced 

near the node and which traverse the grid partially neutralize 

the electron charge near the wires and thus contribute to the 

sag (6]. 

4.1.2 Effect of the Grid Potential on the 
Voltage-Current Characteristics of the Arc 

The change caused in the discharge conditions by the 

introduction of the grid shifts the voltage-current 

characteristics by 0.5-1.5 V toward higher voltages and 

correspondingly increases the maintenance voltage 

(Figure 4.3) [23]. This effect increases with decreasing grid 

transparency and with increasing surface area of the grid at 

a constant transparency due to the 
. 1ncrease in the ion 

current. Moving the grid away from the anode toward the 

cathode also increases V0 (curves 2 and 3 in Figure 4.3 ) . On 

the other hand, increases in the pressure and the current, 
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i · e · , an increase in the density of the plasma in the 

discharge reduce the magnitude of the shift. 

4.1.3 Effect of the Grid on the 
Plasma Parameters 

When a grid is introduced in the gap, the discharge 

plasma is divided into two regions with significantly 

different properties--cathode-grid region (region 1) and 

anode-grid region (region 2). In each region, the electron 

temperature Te, density ne and the plasma potential ~ vary 

slightly [25]. But very sharp variations of these parameters 

take place in the grid plane (Figure 4.4). 

According to probe measurements and spectroscopic 

measurements, the plasma density n and the electron 

temperature Te are very different in the cathode and anode 

regions and change in different ways when the anode voltage is 

altered (25]. The density change in either of these regions 

is comparatively small, as expected for a Knudsen arc in a 

diode (Sec. 3.2). The situation is illustrated in Figure 4.5, 

which shows the result of spectroscopic measurements. Near 

the anode, the density remains nearly constant, especially at 

small values of Va. Near the cathode, the density change is 

larger, but does not exceed a factor of two to three. The 

basic changes in the plasma parameters occur near the grid. 

This is true because a current (primarily an ion current) is 

drawn by the grid and the potential drop appears in the plane 
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a) Voltage-curr~nt characteristics of cesium vapor 
triode: 1) Pc8=1.3·1o- torr, Tk=950 K; 2) Pcs=7.2·1o-3 torr, 
Tk=1120 K. b) Potential distributions in the gap corresponding 
to various anode voltage Va (volts). The curves are labeled 
with the anode voltage. Vg=-1 V, d 1=1.8 mrn, d2=2.6 mm (25]. 
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Plasma density distributions in the gap according to 
spectroscopic measurements. Pes = 2. 3 · 10-2 torr, d 1=1. 5 nun, 
d2=1.5 nun, Vg =-1.5 V. Dashed curves: Tk=875 K; solid curves: 
1020 K. The numbers beside the curves correspond to the points 
on the voltage-current characteristics (25]. 
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of the grid, which shows the typical variation as Va is 

changed (Figure 4.4). The plasma potential~ is measured by 

probes at two fixed points in the cathode and anode regions 

[ 25]. Since the potential drop in the Knudsen plasma is 

small, it is generally assumed that the condition ~=constant 

holds in the cathode and anode regions, in accordance with the 

results in the figures. 

4.1.4 Discussion of the 
Conducting State 

On the basis of the degree of ionization and the 

dependence of the plasma parameters on Va, the voltage-current 

characteristics can be broken up into three regions (see 

Figure 4.4): a region near the point at which the discharge 

is quenched, where the degree of ionization . 
1S low; a 

transition region, in which the degree of ionization increases 

rapidly and the arc current j increases; and the arc current, 

where we find current saturation and the transition to a 

highly ionized state. 

We first consider the plasma near the point at which the 

arc is quenched. At the quenching point, the electron density 

and temperature in the grid-cathode region are at their lowest 

values, being slightly higher than the corresponding values 

near the anode. For the range of working pressures of Pes -

o. 5-2· 10-2 torr, the values of n are 10 12 cm-3 , Te-4000-5000 K 

[23]. As the pressure is reduced, the temperature increases 
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slightly, canceling the decrease in the rate of ion formation. 

The potential distribution in the gap is such that a positive 

potential jump ~ 12-kTe occurs near the grid; this jump acts to 

oppose the electron current from the anode toward the cathode. 

This potential jump ensures that the discharge current flows 

in the plane of the grid at the minimum value of the plasma 

density near the cathode. This jump, ~12 , also heats the 

electrons in the plane of the grid and offsets the cooling of 

the electrons at the retarding potential barrier, ~2 . 

The cathode emission current has its greatest effect on 

the plasma state at the quenching point. Increasing js (at Pes 

= const.) causes substantial increases i_n ~ 12 , Te2' and n2, 

although it has little effect on the plasma parameters near 

the cathode. As a result, the plasma parameters near the 

cathode and the anode become more nearly equal as the emission 

current increases [23]. At high currents, Tel and n 1 actually 

become lower than Te2 and n2. In this case, most of the 

potential drop occurs at the grid barrier: ~~<~ 12 

(Figure 4. 6). This situation is reminiscent of classical 

tacitron operation (18] of the discharge and occurs at lower 

values of je as Pes is reduced. Most of the ionization then 

occurs near the anode and the ions move out of this region 

into the grid-cathode region, carrying the current in this 

region. 
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Voltage-current characteristics and behavior of the 

plasma parameters as functions of the anode voltage. d 1 =1.88 
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We next consider the state of the plasma on the part of 

the voltage-current characteristics between jq and j
0 

(Figure 

4. 6) • As the anode voltage is increased away from the 

quenching point, the energy carried into the cathode-grid 

region by the electrons increases because of the higher 

cathode potential barrier. The electron temperature and the 

plasma density in this region increase while the potential 

barrier in the plane of the grid decreases near the anode. 

The temperature Te2 and the plasma density n2 change slightly, 

so that the reduction of electron heating at the accelerating 

barrier ~l2 is offset by an increase in the energy flux from 

the cathode region. The values of Te2 and n2 either remain 

constant or decrease insignificantly as 0 

J increases; the 

decrease in Te2 and n2 is slight at higher values of js and 

lower values of Pes· With n 1 greater than n2, there is a rapid 

change in the sign of the grid potential barrier, which 

retards the electron current moving away from the cathode 

region toward the anode. This reversal of the barrier usually 

occurs near the change of the slope on the voltage-current 

characteristic (near j 0 ). 

At higher voltages and currents (j>j 0 ), Tel and n 1 

continue to increase; at the same time the density and 

temperature near the anode begin to increase but more slowly 

than near the cathode (Figure 4.6). The grid barrier thus 

increases in magnitude after it changes sign; it can reach 
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The density continues to increase near the cathode 

until a limiting degree of ionization is reached; the density 

reaches saturation more rapidly at higher values of js. A 

characteristic feature of this range of pressure and current 

is that the degree of ionization remains comparatively low in 

the anode-grid region as the plasma near the cathode becomes 

highly ionized. 

After the plasma near the cathode becomes fully ionized 

as Va is raised, the plasma density n 1 begins to decrease 

because of an increase in the electron temperature. A 

reduction in the ion density n 1 reduces the coverage of the 

cathode surface by the· cesium vapor. As a result, the 

transition of the cathode plasma to a highly ionized state 

corresponds approximately to current saturation on the 

voltage-current characteristic (Figure 4.6). The electron 

temperature Tel increases until the cathode beam has undergone 

complete relaxation in the cathode-grid volume. 

reaches saturation. 

Then, Tel 

In the anode region, the increase in the electron 

temperature and the density continues over a substantial part 

of the voltage-current characteristic after the cathode plasma 

becomes highly ionized. Initially, the increase in Te2 and n2 

is due to the transport of heat and ions from the cathode 

region; at high values Va ~ 3-4 V and at low pressures, 

another contributing factor is the plasma heating by electrons 
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of the cathode beam. The density n2 reaches saturation at Va 

> 5-6 V more rapidly, the lower the pressure Pes and the 

higher j 8 • In this case, Te2 < Tel and the maximum density of 

the highly ionized plasma near the anode is slightly higher 

than near the cathode. The density increase near the anode 

(with n1 ~ const. and j ~canst.) is accompanied by a decrease 

in the grid potential barrier, so that when n2 ~ n 1, the 

condition q, 12 << kTel holds. 

3.1 Influence of Grid on the Plasma 
Dynamics of the Discharge 

In this section, we discuss the effect of the grid on the 

discharge in which a negative voltage pulse is used instead of 

a constant grid potential. Typical plasma parameter response 

on the negative grid pulse is shown at Figure 4.7 [7]. 

In the conducting state of the cesium vapor triode, an 

ion space-charge sheath exists near the grid because of a 

constant bias -vg. When a negative voltage pulse is applied 

to the grid, a non-equilibrium Langmuir sheath forms near the 

grid wires. The relatively small increase of the sheath 

occurs at the time of the order of the electron transit time 

( 10-9 s) [ 24], the ion concentration in the sheath being 

constant. Further, the surplus ions are driven from non-

equilibrium layer to the grid. The ion current causes the 

negative grid current peak (Figure 4.7). A quasi-equilibrium 
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Time evolution of the discharge characteristics after a 
negative pulse is applied to the grid. Shown from top to 
bottom are the anode voltage, grid voltage, the anode current, 
the ion current drawn by the grid, electron temperature and 
the plasma density in the cathode and anode region. dcg = 2 
mm, dga = o. 7 mm, Pes =1. 5-lo-2 torr [ 7]. 
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layer is created near the wire during the ion transit time 

(10~ s) across the sheath [24]. 

If the decrease of electrical grid transparency (in 

consequence of Langmuir sheath increasing) is not large, the 

change of the potential drop ~ 12 in the grid plane compensates 

this variation. The initial current suppression occurs during 

the time of quasi-equilibrium layer creation. It is 

accompanied by a corresponding increase in the anode voltage 

(Figure 4.7), the main potential drop being localized in the 

grid plane. On the other hand, the increase of the Langmuir 

grid sheath causes the increase of grid ion current, which 

diminishes ion concentration near the grid and in the cathode 

region. This in turn leads to a gradual decrease of 

transmittance and discharge current. Electrons that penetrate 

into the anode region, however, are accelerated by ~ 12 so that 

electrons entering the anode region are accelerated. It 

causes T and n to increase (Figure 4.7). The increase in the 

ion generation and concentration in the anode region 

compensates their departure to the grid and causes the 

increase of grid transmittance. Hence we have here 

simultaneous occurrences which compete with one another. 

Whether quenching ultimately occurs, i.e., whether the 

current is actually cut off by the expanding electrode sheaths 

near the grid wires or whether the device remains "on," 

depends on whether the ionization rate is sufficient for an 

expansion of the current channel [7]. A very important 
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feature here is that the ions produced far from the grid (in 

the anode region) approach the grid after a finite time as 

given by the ambipolar diffusion time, 5 

'td = 
d 

fkT.' 
~"M; 

( 4. 1) 

so that the bulk of the ionization should be delayed with 

respect to the evolution of the processes in the triode. 

If ion generation is insufficient for current recovery, 

plasma concentration in the anode region decreases. After it 

reaches a certain maximum, the anode concentration begins to 

diminish, resulting in discharge quenching (curve 1 . 
1n 

Figure 4.7). In the opposite case, current recovery occurs 

after 1-2 ~s; ion generation shifts from the anode region to 

the cathode region {curves 2 in Figure 4.7). The plasma 

passes into the state that corresponds to a static grid 

voltage Vg {stationary conducting state in Sec. 4.1.4). 

Investigations show that the time of cumulative 

ionization and the duration of ion transit time from the anode 

region to the grid promote current suppression [24]. Both 

these times are significantly longer than the ion transit time 

from the sheath to the grid. Therefore the rise time of the 

grid pulse influences significantly the discharge quenching 

efficiency. Figure 4. 8 illustrates the difference between the 

plasma processes due to various pulse rise time at constant 
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pulse amplitude (24]. If the rise time Tr increases, the ions 

generated in the anode region are able to transit to the grid, 

the decrease of the anode current being slowed down (curves 

2 at Figure 4.8). It Tr is sufficiently large, these ions are 

able to restore the current, though the grid potential 

continues to diminish (curves 3 at Figure 4.8). 

Accordingly, depending on the external conditions, the 

quenching of the discharge by a negative voltage pulse can 

occur in different ways. Under the conditions most favorable 

for quenching, i.e., at low currents and low pressures, the 

discharge can be quenched by a constant grid voltage as a 

result of an internal instability of the discharge at a 

negative grid potential (Sec. 4.1.4). As j, Pes' and the rate 

of stepwise ionization increase, this type of quenching 

becomes ineffective; it requires voltages which are too high 

for practical purposes. To suppress stepwise ionization, it 

is necessary to apply a voltage pulse to the grid; the rise 

time of the pulse must be shorter than the scale time for 

stepwise ionization. At even higher current and, especially, 

at even higher pressure, at which the scale length for direct 

ionization (Lion> becomes comparable to the grid-anode 

distance, most of the ionization during the quenching results 

from the direct process. Under these conditions, quenching 

can be achieved only with pulses having a rise time shorter 

than the ion transit time across the grid-anode gap, and the 
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pulse height must be sufficient for a substantial initial 

cut-off of the current. 

In the limit of complete initial cut-off of current, at 

a rise time of the order of the scale time for the formation 

of the sheath near the grid, we have the case of potential 

quenching. This quenching is characterized by a complete 

current cut-off (curve 3 in Figure 4.7) immediately after the 

negative voltage pulse is applied to the grid because of the 

creation of a solid potential barrier for electrons in the 

plane of the grid (hence the name "potential quenching"). 6 

At this point, a further increase in the pressure leads to a 

situation in which quenching can be achieved only with pulses 

whose rise times are shorter than the ion tiansit times across 

the sheath and with an even greater height. This leads to a 

connection of the Langmuir sheaths while the ions are at rest. 

However, increasing the pulse height is not always possible 

since it generates a complementary ionization in the anode 

region. In the case where the ionization length Lion is very 

much less than the grid wire radius r, even pulses with a very 

short rise times are apparently incapable of causing quenching 

in the region between the grid and the electrode sheath. 



CHAPTER 5 

SYSTEM OF EQUATIONS DESCRIBING THE DISCHARGE 

PLASMA IN CESIUM VAPOR TRIODES 

In this chapter, we now formulate a system of equations 

to describe the time-dependent processes which occur when a 

negative pulse is applied to the grid of a controlled ces1um 

plasma triode. It was shown in the previous chapter that the 

ionization kinetics of the atoms near the anode and the 

drifting of ions toward the grid are the principal factors 

determining whether the discharge is extinguished or not (Sec. 

4.2). Also it was shown in Sec. 4.1 that the initial state of 

the plasma determines the nature of the process by which the 

grid quenches the discharge as well as the technical 

characteristics of switching elements: 

the conducting state. 

the voltage drop in 

Cesium pressure Pes of :::::= 1o-3 - 10-2 torr and anode to 

cathode distances of a few mm provide conditions for the 

plasma parameters to be approximately uniform in the cathode 

and anode regions (Sec 4. 1. 3) • Under this condition the 

Knudsen plasma is homogeneous and the electrons show a 

Maxwellian distribution in the energy range of importance for 

stepwise ionization of cesium atoms. Hence, the system of 

equations presented in Chapter 3 for Knudsen arc diodes is 

valid for the case of cesium arc triodes at low pressure. In 

this chapter, we extend the model presented in Chapter 3 to a 

71 
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triode system and further generalize it to a time-dependent 

case to account for the effects of plasma dynamics on the 

device's switching characteristics. 

3.2 Grid Parameters 

From the previous chapter, it was shown that the 

introduction of the grid breaks the discharge plasma into two 

regions with the plasma parameters having different properties 

in each region (Sec. 4.1.3). We now illustrate these regions 

with the schematic diagram presented in Figure 5 .1. The 

plasma parameters in each region are labeled with subscripts 

1 and 2 for the corresponding cathode-grid and anode-grid 

regions, respectively. 

The differences of the plasma properties in each region 

depend on the potential distribution in the corresponding 

region. The potential distribution changes non-monotonically 

for different points in the voltage-current curves (see 

Figures 4. 4, 4. 6-4.7) . In Figure 5. 2, we illustrate the 

potential distribution when a voltage pulse is applied to the 

grid (cf., Figure 4. 7) with the plasma potentials labeled 

accordingly for each region of the interelectrode gap. 

we next represent the grid as a set of conductors 

surrounded by Langmuir sheaths (Figure 1.3). The parameter 6A 

is introduced as the "transparency" of the grid for charged 

particles. 6 A for a lattice grid can be approximately 

represented in terms of geometrical considerations by (25], 
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Schematic of cesium vapor triode, with d 1 as the length 
of the cathode-grid plasma and d2 as the length of the grid
anode plasma. D is the diameter of the electrodes and s is the 
cross-sectional area. 
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( 5. 1) 

where rL is the radius of the Langmuir sheaths and h is the 

spacing of the grid wires. The value of oA goes from 1 to 0 

as rL goes from 0 to half the value of h. 6A=1 corresponds to 

unhampered transmission of charge particles between the grid 

wires by the Langmuir sheaths, while oA=O corresponds to total 

coverage of the grid by the Langmuir sheaths. 

The area of the Langmuir shell around the grid wires is 

given by [25], 

(5.2) 

SA gives the fraction of the area to which the ion currents 

are drawn by the grid from the plasma. From the equation, we 

see that the ion current drawn by the grid from the plasma 

increases as r 1 increases and starts to decrease when r 1 

reaches h/2. It eventually becomes negative as r 1 approaches 

h. The reason is that as the collection of ions in the grid 

increases, the ion current drawn by the grid decreases due to 

electrostatic repulsion and screening by the collected ions. 

With the grid parameters defined, we now extend the 

system of equations for cesium diodes presented in Chapter 3 
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to a triode system. We apply these system of equations for 

both the two regions defined--regions 1 and 2, with the grid 

defining the boundary of the two reg ions. The system of 

equations for the switch plasma triodes are presented below. 

5.2 Continuity Equation for Current 

We present here the current densities in each region. 

At the cathode-grid region: 

The convention for the sign of the current is the same as the 

convention used in Sec. 3. 3. The direction of the currents is 

further illustrated in Figure 5. 3. The potential distribution 

along the interelectrode gap is included in the diagram to 

show the potential barriers encountered by the electron 

current during the onset of the grid voltage pulse. The 

simplified expression for the current in region 1 [27] becomes 

~A + 

~1 ~v 
1 V - kT.1 1 - - kT~ ~ 1 V 

- nl e e - qnl V e e u A + -4 qn2 e e 4 1 4 1 2 

~ ~ 0.61qn1~~(l+SA)- 0.61qn2~~~A = 0. 

. 
J s -

(5.4) 
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Diagram of the currents in cathode-grid region of the 
plasma. The potential distribution along the interelectrode 
gap is also illustrated. 



At the grid-anode region: 

The electron and ion currents are shown in Figure 5.4. 

equation is further simplified to 

kT•:z 1 -
~A- -qn2Ve e 4 2 

- ~2 
kTe:z 
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(5.5) 

The 

(5.6) 

From the equations for currents above, we see that the current 

flowing through one region into the other· is terminated if 

oA=O. 

The current reaching the anode is given by either side of 

Equation 5.5. We see from the functional dependence of the 

parameters given by the Equation 5.5 that the recovery of the 

arc current occurs if there is an increase in n2 or a decrease 

in cp2 . This is just the case as seen from the experimental 

results shown in Figure 4.7 in Sec. 4.2. Current extinction, 

however, occurs for the opposite case. Also shown in Figure 

4.7 is that at current extinction, there is a decrease in both 

cp 1 and n 1. At current recovery, however, cp 1 and n 1 increase. 

Examination of the left hand side of Equation 5.3 shows that 

increases in C/J1 and n 1 decrease the second term and increase 
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Currents flowing in the grid-anode region of the plasma. 
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the last term, respectively--causing an increase in the arc 

current. However, decreases in ¢ 1 and n2 increase the second 

term and decrease the third term, respectively--causing a 

decrease of the saturation current js and hence the arc 

current. 

It should be noted that the electron currents expressed 

here are the randomized electrons (slow electrons) which are 

removed from the beam and trapped in the potential well 

because of inelastic collisions with atoms and electron-

electron scattering (Sec. 3 .1). However, the presence of beam 

electrons (fast electrons) are prevalent for plasma densities 

n~1o 13 cm3, wherein the electrons are not completely randomized 

and are not totally Maxwellian. Hence, the beam mechanism for 

the electron current should also be considered, for cases 

wherein the plasma density is too low for complete 

Maxwellization of the beam electrons. 

5.3 Energy Balance Equation 

At the cathode-grid region: 

-Q'I»l 

l:nlVe e kT,l (~1 +2kTe) 
4 1 1 

~v 

- l:n
1
V

6 
e- kT.,1 ( ~ +2kT ) 

4 1 v ~ 

q<+v++l2> 
1 -

()A + -qn2 Vee 4 2 
kT412 ()A [q(<l>v+<l>12) +2kTe) r d E - R (1) - R (1) 

- 1 1 ion r ex 

3 d 
= - dl -d ( nl kT e ) . 

2 t 1 

(5.7) 
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At the grid-anode region: 

q+v 
1 - -"kT 1 -

- n 1 Ve e 81 
[ rwk + 2 kT ] a A - n V e 4 1 Y't'v et 4 2 e2 a A [2kT9 +q(cl>12 2 

+cl>v) ] 

- R (2) 
ex 

R (2) 
I 

(5.8) 

where }\ is the power density carried out of the plasma by 

radiation, which is, 

R (1,2) - d ~ N(1,2) A <eff> (E -E ) . 
I - 1, 2 LJ 1 1k1 2 1 k 

1>k • 
(5.9) 

The power density Rex carried out of the plasma by excited 

atoms is given by [36] 

(5.10) 

r 1 2 are the rates at which the ions are formed near the , 

cathode and near the anode, respectively. 

5.4 Ion Balance Equation 

At the cathode-grid region: 

(5.11) 
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At the grid-anode region: 

(5.12) 

These equations provide the relationship between the 

ionization rates for each of the two regions to that of the 

ion currents and the rate of change of the plasma densities at 

each region. If we consider electron distribution to be 

Maxwellian, then Equation 2.4 for the ionization rate can be 

utilized for r. 

Results of experiments discussed in the previous chapter 

show that current recovery or current extinction depends on 

whether the ionization rate in the grid-anode region 
. 
1S 

sufficient for current recovery. Hence, we expect r 2 to be 

greater for current recovery than at current extinction. 

5.5 Balance Equation for Excited 
Atomic States 

At the cathode-grid region: 

(1) 3 ~ N(l) w<l) + ~ N(l) A <eff) 
a.k n1 + n 1 LJ 1 1k LJ 1 llk 

l~k l>k 

N
(l) ~A (eff) 

- k LJ k1 
1<k 

At the grid-anode region: 

dN~l) 

dt 

(2) n3 + n ~ N(2) w<2) + ~ N(2) A <eff> 
a.k 2 2LJ 1 lk LJ 1 21k 

l~k l>k 

N (2) ~A (eff) 
k LJ 2kl 

l<k 

dN~2) 

dt 

(5.13) 

(5.14) 
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These equations determine the relative population of the 

excited state of the cesium atoms. It also gives the degree 

of ionization of the plasma. The parameters in Equations 

(5.13-5.14} were discussed in Sec. 2.3.1, in which all 

physical phenomena that determine the population of a certain 

level k have been included in the general equation. For the 

case here, however, we follow the discussion presented in-Sec. 

3. 3, wherein we neglected the radiation terms in Equation 

2.10. 

To these equations we add the balance equation for heavy 

particles [27] 

L N ~ 1 I 2 > ( t) + n1 I 2 ( t) = L N ~ 1 I 2 > ( o ) + n1 I 2 ( o ) ' (5.15) 
k=O k=O 

which provides the normalization condition for Equations 

(5.13-5.14}. 

5.6 Voltage Balance Equation 

(5.16) 

(5.17} 

where ~ 1 , ~ 12 , ~2 , are the voltage drops in the plasma layers 

near the electrodes and ~g is the grid potential drop with 

respect to the cathode plasma (Figure 5.2). Va and Vg are the 

anode voltage and grid voltage, respectively. Ea is the 
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voltage of the anode source, R is the load resistance 

(Figure 1.1) and S is the area of the electrodes. ja is the 

current density reaching the anode. From Equation (5.5) and 

Figure 5.4, the expression for ja is 

1 - -::
2 ~Te j a = - n2 V e e ~ - 0 . 61 qn2 

2 
• 

4 2 M 
(5.18) 

Finally, we take note of the formation of the virtual 

cathode in between the grid wires (Figure 5.2). During the 

application of a negative voltage pulse in the grid, there is 

a bipolar current flow between the grid and the plasma layer. 

The region between the grid wires, across which the electron 

current passes into the anode, becomes depleted of ions which 

are swept toward the grid by the electric field. Hence a 

space charge sheath dominates between the grid . w1res. 

Concentration of electrons in this region distorts the 

electric field causing a potential drop (virtual cathode) 

between the grid wires [27]. This effect is greatly enhanced 

if the plasma density in the cathode grid region n 1 is greater 

than the plasma density in the grid-anode region n2, which is 

the case after the application of a negative grid voltage 

pulse. 

The potential (/Jv can be calculated by the familiar 

Langmuir criterion [37], given by 
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. 
Je (5.19} 

which must be satisfied by the electron and ion currents at 

the boundary of the space charge sheath. Hence we have, 

(5.20} 

Equation 5.20 shows that ~v increases as n 1 and Tel increase. 

Hence, from the previous discussion, we expect ~v to exist 

during current recovery in which n 1 and Tel are found to 

increase. 

The system of equations presented here provides a 

complete determination of the plasma parameters n 1, n2 , Tel' 

Te2' ~ 1 , ~l2' ~g and of the voltage current characteristics ja, 

V3 of the cesium vapor triode, as a function of the device 

parameters Tk, T, js, Vg as well as of the design parameters 

h, s, d 1, d2 . For the solution of the system of equations, it 

is important to add an expression for the change of the radius 

of the Langmuir sheath r 1 with the change in ~g· In so doing, 

an explicit expression for the transparency of the grid oA and 

the area of the Langmuir shell around the grid wires SA as a 

function of the change in the grid bias can be obtained. 
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Also we need to know the correct expression for the 

ionization rate r which incorporates radiative transitions. 

According to the discussion presented . 
1n Sec. J • 8 1 

consideration of radiation may be required for the correct 

calculation of the ionization rate. Hence, the approximate 

expression for r given by Equation ( 2. 14) may have to be 

modified especially if the electron beam is not completely 

Maxwellized. Determination of r 1 and r constitute a separate 

problem and is not presented here. 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The study undertaken so far has provided a thorough 

physical understanding of the electrical characteristics of 

the cesium vapor tacitron. It is shown that the conduction 

and switching characteristics are mainly dependent on the 

plasma parameters and that its quenching properties are 

predominantly influenced by the initial state of the plasma 

prior to quenching. Effective control of the current by the 

grid is greatly enhanced if dynamical effects in the plasma 

are utilized. 

The device geometry and dimensions as well as initial 

parameters Pes' Tk, j 8 are used to ensure conditions favorable 

for Knudsen arc operations thus making full use of the arc 

properties. Under such conditions, the plasma may be assumed 

to be approximately uniform in the cathode and anode regions. 

The system of equations presented in the preceding chapter 

expresses the condition for plasma quasineutrality and 

conservation of electron energy and particle number in the 

cathode and anode regions. The equations relate the plasma 

parameters and structural parameters to the electrical 

characteristics of the device. Hence, this system of 

equations can be used for design and optimization of cesium 

vapor tacitron devices. 

87 
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Further study is needed, however, in which correct 

calculations for the ionization rate r and for the explicit 

relation for r 1 as a function of the grid potential are 

carried out in order to solve this system of equations. Also, 

proper modeling of these equations is needed to account for 

beam electrons that are not completely Maxwellized in the 

interelectrode gap. This is specifically true in the-grid-

anode region in which plasma-beam interactions predominate for 

Solution of this system of equations 

would entail iteration algorithms that numerically solve non-

linear equations. The cases mentioned here constitute 

separate problems and would call for further research into the 

field. 

In passing, we mention that related studies have been 

conducted incorporating barium vapors in . ces1um vapor 

tacitrons (4-5]. The upper limit for effective grid control 

in cesium vapor tacitrons (Pes <lo-2 torr} is faced with a 

comparatively low electron emission level for existing cathode 

materials. Barium, with its high heat of adsorption on 

. . 
refractory metals, provides high em1ss1on at low vapor 

pressures. This provides a strong possibility for lowering 

cesium pressure in the presence of barium vapor and hence 

should make it easier to modulat~ high current densities in 

cesium vapor tacitrons. Improved switching efficiencies have 

been reported (4] in these devices and with higher current 
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densities than previously attained in cesium vapor tacitrons. 

Again, this would constitute further research. 



ENDNOTES 

1. The development of industrial gas-discharge devices with 
complete grid control (tacitrons) began only in 1950 after 
~oh~son et al. discovered (in the course of low-voltage arcs 
1n 1nert gases) a special type of discharge in which the grid 
retains its properties [18]. In the discharge of this type, 
most of the ion~zat~on occur~ i~ the grid-anode fegion, and 
the plasma dens1ty 1n the gr1d 1s low, about 101 cm-j. The 
investigators called this type of discharge, "tacitrons," 
because of its noiseless (electro-magnetic) operation, from 
the word, tacit, meaning quiet. 

2. This circumstance has been reported to occur in triodes 
with cesium and barium vapors operating under Knudsen arc 
conditions. Barium is introduced primarily to increase the 
current density emission from the cathode. This case, 
however, will not be treated in this study. 

3. The parameter d, which is the length of the interelectrode 
gap, is introduced in the equation presented in Ref. (34). 
This is done to confine the escape of radiation in the 
interelectrode space as well as to provide consistency of 
units. 

4. In Ref. ( 34) , the term for ionization due to electron 
impact Wk is not included in the balance equation for excited 
states since it concerns only the part of the voltage-current 
characteristics far from ionization. Wk, however, is included 
here to account for the effect of electron impact ionization 
in the determination of the population of excited states. 

5. The equation is applicable for collisionless cases. For 
the case here, we have the ion and electron mean free paths as 
very much longer than dga· 

6. This mode of current interruption is typical of Soviet
made hydrogen tacitrons with their high grid quenching voltage 
(10]. 
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