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In this work a transient model of a Cs-Ba diode is developed, and a series of

experiments is performed using a diode equipped with Langmuir probes. The Langmuir

probe data show that the electron energy distribution is non-Maxwellian at low discharge

currents, indicating the presence of an electron beam from the emitter. Experimental

results also showed that the plasma properties are non-homogeneous across the 1 mm

diode gap; the electron temperature and plasma potential were higher near the emitter

and the plasma density was higher near the collector. Experimental evidence is presented

to show that the discharge contracts to a filament below the maximum thermal emission

current.

The effect of changing Ba pressure on the I-V characteristics is investigated

experimentally. Increasing Ba pressure is found to have the following effects: (a) it

decreases the minimum voltage drop, (b) makes the discharge less prone to oscillations,

and (c) reduces the hysteresis of the I-V curves.

Experimental I-V curves show the presence of two knees at different thermal

emission currents. The presence of adsorbed Cs on the emitter lowers the emitter work

function by a small amount, increasing the emission current. The minimum observed

value of emitter work function at the second knee is the same as the minimum work

function for pure Ba on a molybdenum electrode published in the literature.

Based on the comparison of the model predictions with experimental

measurements, it is found that the electron beam component of the discharge current is

significant. In spite of this electron beam, the good agreement between the calculations



and the experiment suggests that the model assumption of a Maxwell-Boltzman electron

energy distribution is justified for calculation of the rate coefficients.

The transient model calculated I-V curves compare well with the experimental

I-V curves. The model predictions of electron temperature, plasma density, and plasma

potential in the steady state and as a function of time during discharge also compare well

with measured values.

The model calculations show that the Cs pressure in the gap decreases during the

discharge to an equilibrium value lower than the original pressure. The effect of the

desorption rate of Cs on the time for the pressure to reach this equilibrium is calculated.

Increasing the value of the desorption energy is found to increase the hysteresis of the

calculated I-V curves. An empirical value of 1.75 eV for the desorption energy is

determined by comparison of the hysteresis of calculated and measured I-V curves.
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1. Introduction

There are three basic categories of remotely controlled switches in use today:

mechanical switches or relays; semiconductor devices such as transistors and thyristors;

and gas switches such as vacuum tubes, thyratrons, and tacitrons. Each type of switch is

well suited to a particular type of application and range of operating conditions.

Mechanical relays, sometimes called solenoid switches, are simple to build and

can carry high currents. They are rugged, but are limited as to how fast they can turn on

and off, tend to be large and heavy, and suffer from reduced efficiency over time due to

erosion of the contact points caused by arcing between the contacts. In one common

application, solenoid switches are used to turn on the high current in automobile starter

circuits.

Semiconductor switching elements have many desirable performance

characteristics such as fast switching frequency, small size, and low cost. They also have

a low forward voltage drop when conducting, which gives high switching efficiency.

Switching efficiency is related to the forward voltage drop, VCE, across the switch when

conducting, and the voltage applied across the terminals of the switch, VT, as:

V - V
T1 = ̂ V ^ . (1-1)

V T

Despite their many advantages, the application of semiconductor switches is

somewhat limited by their vulnerability to high temperatures ( > 200°C) and both neutron

and ionizing radiation. When operated at high temperatures, the lifetime and

performance of semiconductor devices is degraded (Bromstead et al. 1993), and nuclear

radiation causes displacement defects in the crystal structure (van Lint et al. 1980).

Despite these limitations, semiconductor switching elements are used in power

conditioning units of space nuclear power systems.



Nuclear power systems with static energy conversion devices are desirable for

space applications, because of their inherent reliability and freedom from maintenance

due to the absence of moving parts. Examples of static conversion systems are

thermoelectric generators (TE) and thermionic converters (TI). These systems convert

heat directly into electricity without any intermediate thermodynamic cycle. Each of

these energy conversion systems has been demonstrated in space, on U. S. or Soviet

nuclear reactor powered systems. Because neutron and gamma radiation from the reactor

can cause insulation breakdown, the output voltage of these devices ,is low, < 100 V

(Sawyer et al. 1968). The low output voltage and high power requires the use of a large

diameter, massive electrical bus between the power conversion system and the power

user (the payload) to minimize power loss due to Joule heating. A massive bus is very

costly to place in space. To lower the overall system mass and in turn the launch cost, a

power conditioning sub-system is used to convert the low voltage DC output from the

energy conversion system to high voltage low current power for transmission to the

payload. The power conditioning unit usually consists of semiconductor inverters and a

step-up transformer. The semiconductor inverters must be cooled and shielded from

radiation, which increases the mass and cost of the power conditioning system. The mass

of such a power conditioning unit could be as much as 25% of the total mass of the

power system (Mills and Van Hagan 1994). Therefore there is a need for power

conditioning components that are light weight and capable of operating at high

temperature and in radiation environments. Gas switches have these capabilities.

There are several types of gas and vacuum switches. While each is most suitable

for certain applications, they all have some features in common. They consist of a hot

cathode, or emitter, which is the source of electrons, a colder collector, which gathers the

electrons that have crossed the gap from the emitter, and a control electrode (grid) placed

between the emitter and collector. Thermionic emission occurs when free electrons in a

metal have enough thermal energy to escape from the surface of the metal. The amount



of energy required to remove an electron from the surface is called the work function,

and its value depends on the type of metal, microscopic surface geometry, surface

coatings, crystal orientation, etc. (Herring and Nichols 1949). The lower the work

function, the more electrons can escape from the metal, and the higher the emission

current density.

A vacuum triode has the emitter, grid and collector enclosed in an evacuated

casing. Vacuum triodes are completely grid controlled (turned on and off by the

application of positive and negative potentials to the grid, respectively), but they have

forward voltage drops on the order of 1 kV. This large voltage is required to move

electrons through the space charge between the electrodes. This limits the use of vacuum

tubes to high voltage applications.

The space charge effect in vacuum tubes is alleviated by filling the tube with a

low pressure gas. When the switch is in the conducting state, the gas becomes ionized

and neutralizes the space charge. The thyratron, for example, has a forward voltage drop

much lower than vacuum tubes, the lowest value being close to the first ionization

potential of the fill gas. Hydrogen is often used in thyratrons. The thyratron is kept in

the off state by maintaining a negative potential on the grid, and turned on (put into the

conducting state) by the application of a positive potential to the grid. However, it can

only be turned off by removing the anode potential, which makes it undesirable for

modulation of DC electric power in a power conditioning unit.

The plasmatron is another type of gas switch, which is completely grid controlled

and has a low forward voltage drop. It utilizes an auxiliary discharge from an auxiliary

emitter, which allows the main discharge to be controlled by the grid. Although the

modulation frequency of plasmatrons can be as high as 100 kHz and the forward voltage

drop less than one volt, the auxiliary discharge makes fabrication complex and limits the

hold-off voltage (the maximum voltage that can be applied across the switch in the off



state) to approximately the first ionization potential of the fill gas (helium has the highest

first ionization potential, 25.4 eV).

Another type of gas switch that is completely grid-controlled, has both a low

forward voltage drop and a large hold-off voltage, was developed in 1954 by E. O.

Johnson and co-workers at RCA (Johnson et al. 1954); they called it the "tacitron". This

device incorporates the best features of the plasmatron and the thyratron. The tacitron is

ignited (turned on) by a positive grid potential like the thyratron, but the grid design is

such that it can be turned off when a negative potential is applied to the grid. The early

hydrogen tacitrons had relatively high (> 10 V) forward voltage drops to be of interest

for power conditioning in low voltage space power systems ( < 100 V) because of the

high ionization potential of hydrogen (13.6 eV).

Tacitrons were further developed in the 1970's in the former Soviet Union, using

cesium (Cs) as the fill gas (Kaplan et al. 1977). Cesium not only has the lowest first

ionization potential of any stable element (3.89 eV), but it can also be used to lower the

work function of the electrodes. Alkali metal atoms such as Cs adsorb on the surface of

the refractory metal electrodes, producing an electric field that lowers the work function

and therefore increases the thermionic emission current. The work function of the

electrode depends on the coverage of Cs on the surface, which increases with Cs vapor

pressure and decreases with surface temperature. The grid is much cooler than the

emitter and therefore has more adsorbed Cs and a lower work function. To prevent

premature breakdown of the tacitron due to thermionic emission from the grid, the grid

temperature had to be kept as low as possible, limiting the emitter temperature to < 1000

K. In addition, they tried to keep the grid work function as high as possible by

maintaining a low Cs pressure (~ 10"2 Torr), but this makes the emitter work function

high as well. The combination of high emitter work function and low emitter

temperature limited the maximum current density in Cs tacitrons to ~ 1 A/cm2.



1.1 Cs-Ba Tacitron

To overcome the low current performance of the Cs tacitron, Kaibyshev et al.

(1972) at the Kurchatov Institute in the former Soviet Union added low pressure barium

(Ba) vapor (1CT4 — 10"3 Ton) to the Cs vapor. Since Ba has two valance electrons,

compared to one for Cs, it adsorbs much more strongly to the electrode surfaces than Cs,

and relatively high Ba coverage on the emitter surface is possible with relatively low Ba

pressure. This allows the emitter work function to be lowered without otherwise

affecting the discharge (Baksht et al. 1970). The minimum work function of a grid

coated with adsorbed Ba is greater than the minimum work function of the same grid

coated with Cs (Magera and Davis 1994), which allows the use of higher emitter

temperatures (1400 — 1500 K) without unacceptable levels of emission from the grid.

Using the Cs-Ba tacitron with a thick (0.5 mm) grid, current densities up to

10 A/cm2 have been achieved, with hold-off voltage as high as 200 V, and modulation

frequencies up to 20 kHz (supply limited) at voltage drops as low as 2.5 V (El-Genk et

al. 1993, Wernsman et al. 1992, and Murray et al. 1993). Because of its ability to

operate at high temperature and in the presence of radiation, the Cs-Ba tacitron is ideally

suited for use in the power conditioning sub-system of space nuclear power systems, or

other applications in high-temperature or radiation environments.

1.2 Modeling

Cesium and Cs-Ba tacitrons have been studied in the former Soviet Union for

many years. Since 1990, investigation of the Cs-Ba tacitron has proceeded

simultaneously at the Russian Scientific Center - Kurchatov Institute and the University

of New Mexico's Institute for Space and Nuclear Power Studies (ISNPS). Some of these

studies has focused on the understanding of the physical processes taking place inside the

i - ' '•'•"'•'• ' '••'•':



tacitron during operation, and the use of test results to contribute to the development of

higher performance prototype devices. An important tool in gaining this understanding

is modeling. A model is a system of equations that describe the physical processes in a

system. The equations are solved for some parameter that can be measured, and this

parameter is compared to experimental results. If good comparison is found between the

calculations and experimental data for a range of conditions, then it can be concluded

that the system of equations accurately describes the actual physical processes in the

device.

Modeling is a very important research and design tool for two reasons: a model

can calculate physical quantities that cannot be measured, and it can predict experimental

results for conditions that are beyond the capability of the existing experimental setup.

In most cases, the system of equations used to describe the device includes parameters

that are not or cannot be measured in the experiment. For example, although

experiments can be devised to measure the Cs coverage on a metal surface under certain

conditions, the coverage cannot be measured in the Cs-Ba tacitron during the discharge.

However, the Cs coverage can be calculated in a model of the Cs-Ba tacitron. Models of

Cs diodes and tacitrons have been developed by Baksht et al. (1977, 1978a, and 1984)

and Cs-Ba diode and tacitron models have been developed by Murray et al. (1993) and

Murray (1993), respectively. These models are described in the next section.

1.3 Previous Work

Much investigation, both experimental and theoretical, has been done on low

temperature Cs diodes and tacitrons by F. G. Baksht and co-workers (Baksht et al. 1970,

1977, 1978a, and 1984). Based on experimental measurements, Baksht et al. (1970)

showed that in a Cs diode, when the Cs vapor pressure is ^ 10"2 Torr and the voltage

drop across the diode is low (a few volts), the spatial variations of particle density and



energy are small. This allowed them to use the conservation laws for particle density and

energy to develop a system of equations that describes the behavior of the plasma in a Cs

diode (Baksht et al. 1977). For example, at steady state, the ionization rate must be equal

to the rate of ion loss due to recombination (the only ion loss mechanism they

considered). Other equations are included for electron energy balance, densities of

ground state and the first four excited states of Cs, current balance at the electrodes and a

voltage balance.

In addition to the assumption that all conditions are homogeneous across the

diode gap, they assumed (again based on experimental measurements) that the plasma

electrons have a Maxwell-Boltzman distribution of energies. This is a simplifying

assumption in that the cross sections for ionization and atomic excitation can be averaged

over a known and relatively simple energy distribution. Without this assumption, the

distribution function must be calculated by solving the Boltzman equation (Chen 1984),

which is computationally intensive.

The calculations of this steady-state model were compared to experimental data

obtained from a Cs diode equipped with both Langmuir probes and optical spectroscopy

for plasma diagnostics. Using this set of equations, they were able to show reasonable

agreement between calculations and experimental data for Cs ion density, electron

energy, and voltage drop.

After verifying the assumption that steady-state conditions in a low pressure Cs

diode could be adequately modeled by the set of equations described above, Baksht et al.

(1978a) extended their steady-state theoretical analysis from a diode to a tacitron.

Because a tacitron has two discharge volumes separated by a grid (emitter-grid gap and

grid-collector gap), and their grid was a thin wire mesh, they used a two-region analysis,

where each region was described by equations very much like their earlier work (Baksht

et al. 1977) on the diode, with appropriate coupling between the regions. For example,

the ion density equation in each region has an additional term that represents the net flux



of ions from one region to the other. Although the important processes in a grid-

controlled switching element (ignition and extinguishing) are time-dependent, they

developed this steady-state model to describe the conditions that exist just prior to

applying the extinguishing voltage pulse to the grid. The model calculated the voltage

drop, electron temperature, ion density, and Cs ground state and excited state densities

for various conditions. Again they showed reasonable agreement between the

calculations and experimental results.

In order to investigate the processes causing extinguishing of the tacitron, Baksht

et al. (1984) developed a time-dependent model of a Cs tacitron. They continued to use

the assumptions that particle density and energy were spatially uniform in each region,

and the electrons followed a Maxwell-Boltzman energy distribution. The time-dependent

equations were again based on the conservation laws, but now have the form

—— = source - loss , where \|/ represents the relevant quantity (particle density, energy,
dt

etc.) and the rate of change of \|/ is equal to the difference between the production rate of

\|/ and the loss rate. For example, if \j/ represents plasma density, the rate of change of

plasma density equals the difference between the ionization rate and the ion loss rate.

These differential equations usually cannot be integrated directly because each quantity

depends on the others (ionization rate depends on neutral atom density, electron density,

electron temperature, and so on), so numerical integration techniques are used. Baksht et

al. (1984) calculated the plasma density, plasma potentials in each region, current decay

time after extinguishing, etc. as a function of time, and showed good agreement with

experimental results.

The system of equations and solutions developed by Baksht et al. (1977, 1978a,

and 1984) described the conditions inside a closed volume Cs diode or tacitron. The Cs-

Ba tacitron under test at ISNPS, which is described in Chapter 3, has an open discharge

volume. This means that during discharge, Cs atoms and ions are free to move in and out



of the discharge volume, which can change the particle densities and pressures in the gap

during the discharge. One consequence of this pressure change is that it will change the

amount of Cs vapor adsorbed on the electrode surfaces. It has been shown that

desorption of Cs atoms from the surfaces can greatly extend the time it takes the

discharge to reach equilibrium (Murray et al. 1992). The closed-volume Cs devices also

ran at lower current densities than the Cs-Ba tacitron. These differences between the Cs

and Cs-Ba tacitron required changes to the model.

The steady-state equations of Baksht et al. (1977 and 1978a) were modified by

Murray (Murray et al. 1993 and Murray 1993) to better represent the Cs-Ba tacitron at

ISNPS. The open discharge volume required additional terms in the equations for Cs

atom and ion densities and electron energy, to describe particle transport into and out of

the discharge volume. Unlike the tacitron used by Baksht et al. (1978a and 1984) which

had a thin (~ 50 (j.m) wire mesh grid, the tacitron at ISNPS has a thick grid (0.5 mm, see

Chapter 3). The use of a thick grid required a three-region analysis (emitter-grid gap,

grid holes, and grid-collector gap) instead of the two-region analysis used by Baksht et

al. (1977 and 1978a).

The steady-state models of the Cs-Ba diode and tacitron calculated the voltage

drop as a function of the discharge current. The minimum voltage drop calculated by the

diode model was shown to agree with experimental data (Murray et al. 1993). The Cs-

Ba tacitron model proved useful in predicting the effect of grid transparency on the

voltage drop. Although balance equations for Ba particle density and energy were not

used in the models of the Cs-Ba diode or tacitron, agreement of the calculations with

experimental data showed that the presence of low pressure Ba vapor in the volume does

not significantly affect the discharge.

Although the steady-state calculations of Murray et al. (1993) and Murray (1993)

were useful in predicting the voltage drop under various conditions, the experimental Cs-

Ba tacitron did not have any plasma diagnostic equipment available to measure the

£.£ f?y (:£



plasma parameters such as electron energy or plasma density. Furthermore, steady-state

analysis has limitations. It cannot be used to investigate transient processes such as

current modulation or the hysteresis in the current-voltage (I-V) characteristic of the

tacitron. When the tacitron is operated in I-V mode, the current through the device is

increased, and then decreased, while the voltage drop is measured. A typical I-V curve is

shown in Figure 1.1. The left side of the curve in Figure 1.1 is the voltage drop

measured when the current is increasing, and the right side is when the current is

decreasing. The hysteresis, or difference in the voltage for a given value of current, is

due to changing conditions in the plasma during the test. This phenomenon will be

investigated and explained more fully in Chapter 5.

An important condition which can affect the comparison of the experimental data

to model calculations is the way the experiment is controlled by the test circuitry. The

circuit does not affect the steady-state conditions, but it can have a strong effect on the

transient response of the diode or triode. The shape of the I-V curve in Figure 1.1

depends partly on the behavior of the test circuit and partly on plasma conditions. It is

believed that the difference between the left and right sides of the I-V characteristic is

due to a change in the Cs pressure in the gap, and a change in the amount of Cs vapor

adsorbed on the surfaces. This change in Cs pressure and coverage is another time-

dependent phenomenon, which will be discussed in Chapter 5. In this work a transient

model is developed and used to investigate these time-dependent phenomena.

Because of the complexity of the triode configuration, a simpler diode model is

developed in this work, to verify the governing equations and the solution procedure, as

was done by Baksht, et al. (1977) and Murray et al. (1993). The diode model allows

investigation of surface and volume processes, which are the same in both the diode and

triode, but are simpler to calculate in the diode model. After the equations used to model

these processes are verified in the simpler diode system, they can be used in a complete

model of the Cs-Ba tacitron, which will be presented in a future work.

10
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For verification of the model calculations, experiments are performed using a Cs-

Ba diode equipped with Langmuir probes. Using Langmuir probes, the electron energy,

ion and electron densities, and plasma potential are measured and compared with model

calculations, and some of the assumptions used in the model are tested. The model is

verified by comparison of the model calculations with experimental data, including the

I-V characteristics and plasma properties. The next chapter describes the objectives of

this work in more detail.

12



2. Objectives and Approach

There are two main objectives of this work, namely: (1) to develop a time-

dependent model of the low-pressure discharge that exists in the Cs-Ba diode, and (2) to

perform experimental investigations to verify some of the assumptions in the model and

the calculations of the model.

Development of the transient model consists of two parts: a) a discharge model of

the plasma, and b) characterization of the external test circuit. Each part is tested

separately, and the combined model is tested and compared to experimental data.

The discharge model calculates plasma density, densities of ground state and

excited states of Cs atoms, and electron energy, as well as discharge current, voltage

drop, sheath potentials and Cs coverage on the electrodes, all as a function of time. The

equations used are continuity equations for particle density and energy, similar to the

equations used by Baksht et al. (1977 and 1984) and Murray et al. (1993).

The second part of the model development is analysis and characterization of the

external control circuit. Based on the circuit analysis, a set of equations is formulated to

describe the circuit. These equations are then incorporated into the transient discharge

model and compared to experimental data obtained at ISNPS.

Experimental data is obtained using a Cs-Ba diode equipped with Langmuir

probes, operated over a range of input conditions. Direct experimental measurements

include the voltage drop and discharge current, as a function of time and as I-V

characteristics. The I-V curves are used to verify the transient solution method and the

circuit analysis. Data obtained in the diode are compared to earlier data obtained in a

hollow collector diode made by configuring the tacitron as a diode with the grid acting as

a collector.

In addition to the voltage and current measurements, probe measurements give

electron energy, plasma density, and plasma potential, from which the sheath potentials



can be calculated. Probe data obtained while the diode is operating in a steady-state

mode is used for verification of the basic equations in the Cs-Ba diode model. Time-

dependent probe data is obtained for direct comparison with the transient model. Probe

data is also used to investigate some of the assumptions used in the model, namely the

assumption of a Maxwellian electron energy distribution, spatial homogeneity of the

plasma properties, and the contraction of the discharge to a filament below the thermal

emission current. The transient model is used to calculate the Cs pressure and Cs

coverage on the electrodes, and to explain the hysteresis of the I-V characteristics.

The next chapter describes the experimental device, the test stand and data

acquisition system, and the method of obtaining time-dependent probe data. Chapter 4

explains in detail the model system of equations and solution procedure, and the analysis

of the current source circuit. Model calculations are presented and compared to

experimental results in Chapter 5. In the last chapter, the results are summarized and

conclusions drawn, followed by recommendations for further investigation.
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3. Experimental Setup

Previous Cs-Ba tacitron experiments at ISNPS (Wernsman et al 1992, El-Genk

et al. 1993, Murray et al. 1993) were performed with a cylindrical tacitron. The emitter

was a molybdenum (Mo) tube, and the Mo grid and collectors were arranged around the

emitter. The emitter-grid gap and the grid-collector gap were concentric annuli. Some

disadvantages of this design are that the spacing between emitter and grid, or between

grid and collector, can not be changed easily, and the grids are difficult to construct. To

allow testing of the design and placement of the grid, a planar tacitron was purchased

from Kurchatov Institute in Moscow, Russia, where it was designed and built.

3.1 Planar Cs-Ba Tacitron

The planar tacitron at ISNPS has plane-parallel electrodes and grid. The principal

parts of the experimental device are shown in cross-section in Figure 3.1. The emitter

and collector surfaces are the flat ends of hollow molybdenum cylinders, with surface

area of 2 cm2 each. Inside each electrode is an electric heater wound from tungsten wire,

that heats the electrode mainly by radiation. The collector is typically kept at 700 ~

800°C during tests. To obtain the typical 1100 — 200°C emitter temperature, a potential

of about 250 V is applied between the heater and the emitter to provide additional

heating by electron bombardment. The temperatures of the emitter and collector are

monitored by tungsten-rhenium thermocouples.

The grid is machined from a solid disk of molybdenum 50 mm in diameter. The

working part is 0.5 mm thick and drilled with numerous small holes. Several grids are

available, with holes ranging from 0.4 to 0.8 mm in diameter. The grid temperature is

monitored by chromium-nickel aluminum-nickel (type-K) thermocouples. All of the

electrodes and grids are insulated from each other by boron-aluminum-nitride (B-Al-N)

' " ' : ' • '••'•-, " > f • .
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ceramic rings. The distance between the emitter, grid, and collector can be changed by

altering the thickness of the insulating rings. Symmetry of construction allows either

electrode to be operated as the emitter, by simply reversing the electrical connections

outside the vacuum chamber. In this way, the effect of gap size and grid placement can

be observed to some extent without disassembling the device. The discharge volume in

the tacitron is open to the surrounding area, and coupled to the Cs and Ba reservoirs

through tubes in the basis flange.

The electrode and grid assembly is held together by compression springs (not

shown in Figure 3.1; see Figure 3.5) and rests on a stainless steel basis flange mounted in

the vacuum chamber. The flange is equipped with heaters to prevent condensation of Cs

and Ba on the flange. The Ba vapor comes from a Ba reservoir under the flange. The

reservoir contains solid barium and is surrounded by a thermostatically controlled heater,

by means of which the Ba pressure in the discharge can be selected. Vapor pressure

curves as a function of reservoir temperature for Ba and Cs are given in Appendix A.

The Cs reservoir is external to the vacuum chamber. Its temperature is controlled

by a combination of water cooling and a feedback-controlled heater, which maintains the

set temperature to within 0.1°C. The Cs reservoir and the pipeline connecting it with the

basis flange within the vacuum chamber are surrounded by a heater to prevent Cs

condensation in the pipeline. Since the Cs reservoir is colder than the Ba reservoir, the

Cs vapor enters the discharge volume through a 1.0 mm orifice to prevent Ba

contamination of the Cs reservoir. The temperatures of the Cs and Ba reservoirs, and of

the flange, are measured by type-K thermocouples.

3.2 Tacitron Test Facility

Equipment at the tacitron test facility includes the vacuum chamber, vacuum

pumps, power and control systems for the various heaters, electronic circuits to operate

17



the tacitron itself during experiments, a data interface system, and a computer to control

the device operation and store the test data. A diagram of the test facility is shown in

Figure 3.2.

The vacuum chamber is made of stainless steel and has 12 high current electrical

feedthroughs, two seven-pin low current feedthroughs, and two 32-pin feedthroughs for

thermocouples and voltage probes. The vacuum chamber cover is equipped with a heater

and a water cooling jacket. Rough vacuum in the chamber (down to 10 Torr) is

produced by liquid nitrogen sorption pumps, and high vacuum (down to 10"8Torr) is

produced by an ion pump. Heaters for the emitter, collector, flange, and Ba reservoir are

controlled manually by adjusting the heater current until the desired temperature is

reached. The emitter and Ba reservoir heaters include feedback control to maintain the

set temperature. The Cs reservoir heater is controlled by an automatic temperature

controller which allows the operator to enter the desired temperature. The circuits that

power the actual device during testing include separate systems for the electrodes and

grids, for each of the various operation modes. The operation mode can be selected via

the computer. Some of the experimental data used in this work is obtained with the

tacitron operating in the I-V mode, in which the external source current increases

linearly, and then decreases linearly, while the current through and the voltage drop

across the tacitron are measured and recorded by the computer. The behavior and

construction of the current source used for I-V mode operation are explained in detail in

Chapter 4.

Data acquisition is computerized, using a 386 IBM-compatible PC

communicating through a GPIB interface. The system measures and stores voltage and

current data from each electrode and grid, simultaneously with the temperatures of all the

thermocouples.

Degassing of the device after disassembly and reassembly takes about one week.

Initial outgassing of the device is done by heating the vacuum chamber cover externally
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for 24 hours. Then the external heat is turned off and the water cooling of the chamber

cover is turned on while the tacitron is brought slowly up to temperature. The inner

surface of the vacuum chamber is colder than the device, which allows vapors to

condense, aiding the vacuum pump in maintaining low background pressure. All

components of the device are brought slowly up to working temperature, until a good

vacuum (~ 10~6 Torr) is obtained with all components at or above working temperature.

Then the Ba is melted by heating it to the melting point, which is higher than the running

temperature, and the device is ready for operation.

Data has been obtained from the Cs-Ba tacitron to compare with the calculations

of the diode transient model by configuring the tacitron as a diode (Luke and El-Genk

1994, Murray et al. 1993). This can be done by rearranging the electrical connections

outside the vacuum chamber. The grid power supply is disconnected, and the grid is

electrically connected to the collector, thus making the grid act as a hollow collector.

Although this is a convenient method of obtaining diode data for comparison with the

diode transient model, it is not known whether the grid with its numerous holes behaves

the same as a solid collector. In this work, experiments are performed with an actual

diode. This data is compared with data obtained using the grid as a hollow collector in

Chapter 5.

3.3 A Cs-Ba Diode

For verification of the transient model calculations, and investigation of some of

the assumptions in the model, a set of experiments is performed using the Cs-Ba tacitron

with the grid removed, so that it is an actual diode with a solid collector. Figure 3.3

shows a 1/4 section view of the diode as tested. The left side of the figure shows the

outside of the device, while the right side is a cutaway view.
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A set of two Langmuir probes is installed in the 1.0 mm gap between the emitter

and collector. The probes are tungsten wires, 0.1 mm in diameter, that stretch across the

whole gap parallel to each other and to the electrode faces. The probes are held in

tension by tantalum springs in the probe holders, which are supported by stainless steel

rings. The probe wires pass through grooves between two ceramic insulating rings. The

grooves are cut very precisely to prevent Cs leaks from the device. To investigate the

assumption that the plasma conditions are homogeneous across the discharge gap, the

probes were not centered between the electrodes. Instead they are 0.75 mm from the

bottom electrode and 0.25 mm from the top electrode. When the top electrode is

operated as the emitter, the probe is closer to the emitter, and when the electrodes are

reversed the probe is near the collector. In this way any differences in the plasma

parameters near the emitter and near the collector can be discovered. The location of the

two probes relative to each other is shown in Figure 3.4, in which the circle represents

the end of the electrode face and the lines represent the probe wires. One probe is nearer

the edge of the plasma and has more surface area exposed to the plasma than the other.

A photograph of the assembled Cs-Ba diode is shown in Figure 3.5, in which can

be seen the probe holders, stainless steel rings, ceramic insulators, and basis flange as

described in Figure 3.3. Also shown are the probe electrical leads, the support structure

and the compression springs which hold the device together. The next section describes

the way probe measurements are taken, and an explanation of the interpretation of the

measurements is given in Appendix B.

3.4 Probe Measurements

Using the Langmuir probe theory as explained in Appendix B, the electron

energy, ion and electron densities, and plasma potential can be calculated based on

experimental measurements. The calculations are based on values read from a probe I-V
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curve. At the ISNPS test facility, the varying voltage required for the I-V curve is a half-

sinusoid of 8 V peak, obtained by transforming 60 Hz line voltage. The current and

voltage signals from the probe are measured and recorded by the computer in the same

way as other test data. Probe measurements are made in both the steady-state mode and

time-dependent mode. In the former, the diode is operated in a steady-state mode by

applying a constant source voltage across the diode for 15 ms while the half-sinusoid

voltage is applied to the probe. Time-dependent probe data is taken with the diode

operating in the I-V mode, for direct comparison with the transient model. This requires

the following technique. The regular probe power supply is disconnected, and a DC

voltage is applied to the probe. The probe current is measured as a function of time

during an I-V pulse. Then the DC voltage is changed and the probe current is recorded

during another I-V pulse. After sweeping through a range of probe voltages, the

recorded data are rearranged so that for each point in time along the I-V pulse, there is a

range of probe voltages and currents. This gives a probe characteristic for each point in

time, from which the plasma parameters are calculated as a function of time. Using this

method with existing equipment, it is possible to obtain a separate probe characteristic

every 10 ms for repeatable signals. These probe measurements are presented in Chapter

5, and compared to transient model calculations. In the next chapter the model system of

equations and the solution method are presented.
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4. Transient Model of the Cs-Ba Diode

The transient model of the Cs-Ba diode presented in this work is an extension of

the steady-state model of Murray et al. (1993). The steady-state model was unable to

explain the hysteresis in the measured I-V characteristic and neglected the effect of the

external circuit on the operation of the diode. That model also neglected the change in

Cs coverage on the electrodes during the discharge. The transient model presented

herein accounts for these two phenomena, namely the external circuit and Cs desorption

from the electrodes during the discharge.

In this chapter the transient diode model is presented, including the constituent

equations and the solution procedure. The development of the diode transient model

consists of two parts: (a) a transient discharge model of the Cs plasma and

(b) characterization of the external circuit. The discharge model solution procedure is

verified by comparison of a steady-state diode model similar to that of Murray et al.

(1993), re-written for the planar geometry of the present experimental device. Following

analysis of the external circuit and its incorporation into the transient discharge model,

I-V curves calculated by the complete transient model are compared to experimental I-V

curves. In Chapter 5 the transient diode model calculations are compared with probe

measurements taken in the Cs-Ba diode at the ISNPS facility, and the hysteresis of the

I-V curves is explained.

4.1 Plasma Discharge Model

The equations used in the Cs-Ba diode transient discharge model are similar to

those used by of Baksht et al. (1977, 1978a, and 1984) and Murray et al. (1993). All of

these models assume that the plasma conditions are spatially homogeneous, allowing the

use of balance equations for particle density and energy to describe the plasma discharge



in the device. Unlike the model of Baksht et al. which was for a closed volume

discharge, the present model and that of Murray et al. are modified to account for the

open discharge volume. The planar geometry of the experimental device presently

installed at ISNPS required changes in the equations of Murray et al. (1993), and further

changes are explained in the following sections.

4.1.1 Assumptions

In order to model the complex process of the plasma discharge in the Cs-Ba

diode, several simplifying assumptions are made. The plasma is assumed to consist of

electrons, singly ionized Cs ions in the ground state, and neutral Cs atoms in the ground

state and the first four excited states. The Ba pressure is much lower than the Cs pressure

in the diode volume (PBa « 10"4 Torr and P C s « 10'2 Torr), therefore it is assumed that the

electrons do not interact with Ba atoms. Since the current through the device in all

experiments has been less than 15 A/cm , the magnetic field due to the discharge current

is small, and any magnetic field effects on the plasma are neglected. It is assumed that

the electrons in the bulk plasma are thermalized by many elastic collisions, therefore the

inelastic collision cross sections are averaged over a Maxwell energy distribution; the

validity of this assumption is investigated in Chapter 5. The measurements of Baksht

et al. (1970) showed that particle density and energy vary by about a factor of two across

a 1 mm Cs diode gap under conditions similar to those used in this work. Therefore, in

the present model it is assumed that the plasma is homogeneous throughout the discharge

volume. This assumption is investigated in Chapter 5.

The assumption of a spatially homogeneous plasma implies the absence of any

electric fields in the bulk of the plasma, and that all potential drops occur in the

Langmuir sheaths near the electrodes. Since the charged particles in a plasma are free to

move, they tend to shield out any potential gradients in a short distance (a few Debye
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lengths), leaving the bulk plasma at a uniform potential and therefore without electric

fields (Chen 1984, Chapman 1980).

The mass of the electrons is much smaller than that of the Cs ions; thus they

move much faster and are more easily lost from the plasma. The loss of electrons leaves

the plasma at a positive potential with respect to the surroundings. This difference in

potential tends to confine the electrons to the plasma. The magnitude of the potential

barrier, or sheath, adjusts itself such that the flux of electrons with enough energy to

escape over the sheath exactly equals the ion flux (Chen 1984), maintaining the neutrality

of the plasma. In a neutral plasma the electron density ne equals the ion density nv

Therefore, the density of either electrons or ions is referred to as the plasma density, n.

A diagram of the assumed potential distribution in the diode during discharge is

shown in Figure 4.1. In this figure, called an electron motive diagram (Herring and

Nichols 1949), the emitter is on the left, the collector on the right, and positive potential

is down. The emitter and collector work functions are <j)E and <j)c, respectively, the

plasma potential is Vp, and VCE is the voltage drop across the diode. The emitter and

collector sheath potentials are AVE and AVC, respectively, while AVS is the potential

difference across the sheath between the plasma and the surroundings. These quantities

are used in the balance equations that describe the plasma discharge in the Cs-Ba diode.

4.1.2 System of Equations

The system of equations that describes the plasma discharge in the diode model

includes 11 balance equations: the voltage balance; the current balance at the emitter, the

collector, and the plasma boundary with the surroundings; the electron energy balance;

the ion density balance; and the neutral atom density balance for the ground state and

each of the four excited states of Cs atoms. These equations are supplemented by

additional equations as required in order to solve for all the unknown variables.
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Voltage Balance Equation

The voltage balance equates the sum of the internal voltage drops in the plasma

(Figure 4.1) to the external voltage drop, VCE, across the diode:

VCE = -4>E + AVE ~ AVC + <!>C • (4-1)

Current Balance Equations

A current balance is performed at each electrode, and between the plasma and the

surrounding region. Because of the equality of the ion and electron leakage fluxes to the

surroundings, the electron current drawn from the collector, Ic, is the same as the current

supplied to the emitter by the external circuit, IEI^. The external circuit current is the

sum of the internal currents at either electrode, which include the emission current, JE0,

the ion current, Jj, and the fraction of the random electron current that traverses the

sheath. The current balance equations at the electrodes are:

(a) at the emitter:

%1 = SE

(b) at the collector:

*c = JEM = s

+ Ji - Jr e kT* , (4.2a)

J r e kT< - J i , (4.2b)

where SE is the area of the emitter, S c is the area of the collector, Jr is the random

electron current density, and Te is the electron temperature in Kelvin. Note that in the

planar diode used in these experiments, SE = S c = 2 cm2. During discharge, ions from

the plasma enter the sheath adjacent to the electrodes with at least the Bohm speed, VB

(Bohm 1949), hence the ion current density in equations (4.2a) and (4.2b) can be given

as (Chen 1984):
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Ji = q(0.61)nvB = q ( 0 . 6 l ) n J ^ , (4.3)

where q is the ion charge, n is the plasma density, k is Boltzman's constant, and M is the

Cs ion mass.

The random electron current density, Jr, can be derived from the mean speed of a

Maxwell distribution as:

qn /8kT
(4-4)

qn /8kTe
= Tr 4 v 7tm

where m is the electron mass.

In addition to the sheaths adjacent to each electrode, a sheath forms between the

plasma discharge volume and the surrounding non-plasma region. At this boundary, the

ion current out of the volume equals the fraction of the random electron current with

enough energy to escape the sheath potential, AVS:

qAVs

kT' • (4.5)

The height of the potential barrier, AVS, can be calculated by substituting for Jj and Jr

from equations (4.3) and (4.4) and solving equation (4.5) for AVS:

( 4 . 6 )

Equations (4.2a), (4.2b), and (4.5) are the current balance equations at the emitter,

collector, and surroundings, respectively. The next equation is the electron energy

balance.
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Electron Energy Balance

The electron energy balance equation is somewhat different from that in the

steady-state models of Baksht (1977, and 1978a) and Murray et al. (1993). Both Murray

et al. and Baksht et al. used a formulation for electron-impact excitation and ionization of

Cs atoms which is valid only at steady state. In that formulation, when a plasma electron

loses energy in an inelastic collision with a Cs atom, causing excitation or ionization, that

energy is assumed to return to the plasma unless the ion or excited atom leaves the

discharge volume, or de-excites either on the surface or by emitting a photon. However,

the electron energy equations of Baksht et al. and Murray et al. include loss terms for the

energy of ions, excited atoms, and photons that leave the discharge volume, without

considering when they actually leave the volume. Therefore, unlike the steady-state

models, the transient electron energy balance accounts for the fact that energy is lost

from the plasma as soon as the electrons collide with and excite or ionize a Cs atom, not

after the atom or ion leaves the volume or emits a photon.

The total energy in the plasma is the average energy, \ kTe, times the number of

electrons in the plasma, nV, where V is the plasma volume. The electrons emitted from

the hot cathode, or emitter, are accelerated through the emitter sheath potential AVE (as

shown in Figure 4.1), immediately transferring all of their energy to the bulk plasma

electrons. Electrons leaving the plasma to the electrodes or to the surroundings take

energy from the plasma, because only high energy electrons can succeed in escaping the

potential well created by the sheaths. Thus the electron energy balance equation in the

transient model is written as:

(4.7)
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The first term on the right side of equation (4.7) is the energy input to the plasma from

the emitted electrons, and the next three terms denote the energy lost to the emitter,

collector, and surroundings, respectively. The term R ^ is the energy lost by the plasma

electrons due to collisions with Cs atoms causing excitation or ionization, minus the

energy returned to the plasma by electron induced de-excitation of excited Cs atoms:

Rex = qnV
5 j-1 4 j-1

V VW.RR.P. . . - VZ, ENkRFkjEkj- z_
J=k+lk=O j=k+lk=O

(4.8)

The indices (0,1,2,3,4, & 5) in equation (4.8) represent the ground state, first, second,

third, and fourth excited states, and ions, respectively; Nk is the density of neutral atoms

in the excited state k, and Ekj is the energy difference between states k and j . The rate

coefficient for electron-impact transitions from state k to state j , RFkj, also called (<^v)k-,

is determined by averaging the collision cross sections over a Maxwell distribution of

electron energies (Murray 1993). The second summation on the right hand side of

equation (4.8), which represents superelastic de-excitation of Cs atoms, only goes from 0

to 4 because ion recombination in the discharge volume is neglected.

Radiation Re-absorption

In some cases, the photon emitted when an electron in an excited atom makes a

transition from a higher to a lower energy state is re-absorbed by another atom in the

lower state. When the photon is re-absorbed, there is no net change in the population of

either of the two states, or in the electron energy. Baksht et al. (1977) calculated the

probability that an emitted photon will be re-absorbed by taking into account Doppler

and Stark broadening of the spectral lines. Instead of Einstein's A-coefficient in

equations (4.12) and (4.13), they calculated an effective A-coefficient for the transition

from state j to state k, A]k :
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Aj£ = XjkAjk , (4.21)

where %jk is a dimensionless coefficient. The method used to calculate %jk in the diode

transient model follows exactly the method of Baksht et al. (1977). The effective A-

coefficients, A j k , are used in equation (4.7) and the Cs atom density balance equations.

Ion Density Balance

The ion density in equations (4.3), (4.4), (4.7), and (4.8) is determined from the

ion density balance in the discharge volume. The ion density balance in the present

model is the same as Murray et al. (1993):

^ = 2 [nNkRFki] - A , (Ss + SE + Sc) . (4.9)
k=0 4

The subscript / represents the ionic state, RFki is the rate coefficient for ionization from

state k, and S s is the leakage area from the discharge volume to the surroundings.

Cesium Atom Balance

The neutral Cs atom density balance equations are somewhat different for ground

state and excited atoms, because only ground state atoms enter the discharge volume

from the surroundings, and it is assumed that only ground state atoms are desorbed from

the emitter and collector surfaces. This assumption is reasonable, because of the relative

magnitudes of the desorption energies of the various species, as explained in the

following paragraph.

The ion desorption energy, Hj, or the energy required to remove an adsorbed ion

from the surface, is related to the atom desorption energy, HA, as follows (Levine and

Gyftopoulos 1964a):

H ^ H A + E J - C J ) , (4.10)
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where Ej is the ionization energy of the atom and § is the electron work function of the

electrode surface. The desorption energy for atoms in excited state k is:

Hk = H A + E k , (4.11)

where Ek is the excitation energy of state k. The ionization energy of Cs, Ej, is 3.89 eV;

the electron work function of the Mo collector coated with adsorbed Ba, (j>c, is ~ 2.2 eV

(Magera and Davis 1994); the energy of the first excited state of Cs is 1.4 eV; and a

typical Cs atom desorption energy is 1.85 eV. Thus, from equations (4.10) and (4.11)

respectively, Hi = 3.54eV and H1=2.25eV. Since the desorption rate from the

electrode surface is proportional to the inverse exponential of the desorption energy

(equation (4.16)), the desorption rate of ions from the collector is 9 orders of magnitude

smaller than the desorption rate of ground state atoms, and the desorption rate of Cs

atoms in the first excited state is 7 orders of magnitude smaller than ground state Cs

atoms. At the hot emitter, the desorption rate of ions is 5 orders of magnitude smaller

than the desorption rate of ground state atoms. Therefore, although both ions and excited

Cs atoms impinge upon and adsorb on the electrode surfaces, the desorption rate of ions

and excited states is negligible compared to that of the ground state. Both the emitter and

collector surfaces serve as loss areas for excited atoms and ions.

The balance for atoms in excited state k, for k = (1,2,3, & 4), is written as:

dN t
 4 4 5

dt ~
j=O,j*k j=k+l j=O,j*k j=0

(4.12)

The index 5 represents the ionic state and vA is the mean thermal speed of Cs atoms at

the average vapor temperature in the diode gap. The term Akj is Einstein's A-coefficient,

the inverse of the lifetime of state k, which represents the time rate of spontaneous
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emission of radiation from state k to state j (Eisberg and Resnick 1985). The ground

state Cs atom density balance is written as:

+ NjA j0] - £ nNoRFOj - ^ ( S s + SE + Sc)
J=1 (4.13)

where NA0 is the density of Cs atoms in the vapor above the reservoir. The first

summation on the right side of equation (4.13) is the increase in the ground state

population due to electron-induced and radiation transitions from the excited energy

levels to the ground state. The second sum is the loss of ground state atoms due to

excitation and ionization. The third term is the loss of ground state atoms due to

adsorption onto the electrode surfaces and leakage to the surroundings, while the fourth

term represents the flux of atoms entering the gap from the surroundings. The last two

terms denote the change in ground state density due to atoms desorbed from the collector

and emitter surfaces, respectively. The desorption of Cs atoms from the electrode

surfaces is addressed in the following paragraphs.

Cesium Atom Coverage

The change in Cs atom coverage on the electrode surfaces with respect to time

during discharge is calculated from the difference between the flux of atoms and ions to

the surface, O, and the desorption rate from the surface, DA, as:

(4,4)

where 0 is the Cs atom coverage expressed as a fraction of one monolayer, a monolayer

being a layer one atom deep; a is the number of atoms in a unit area of a monolayer; and

S is the electrode surface area.
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The flux of Cs atoms to the electrode surface is:

(4.15)

All of the atoms that impinge on the surface adsorb there (Levine and Gyftopoulos

1964b). However, results of this model show that the ions that impinge on the surfaces

do not adsorb, but recombine and return from the surface as ground state atoms. This

can be understood as each ion arriving at the surface after being accelerated through the

sheath sputtering off an adsorbed atom. The desorption rate expressed in an Arrhenius

form (Levine and Gyftopoulos 1964b) is:

D A = C 9 a e k T , (4.16)

where H is the desorption energy in eV, T is the temperature of the surface, and C is a

coefficient with units of time; DA has units of flux (m'V1). The coefficient C has a

theoretical value equal to the vibration frequency of the Cs atom on the surface (Fedorus

et al. 1972), C = -4-̂ - , where h is Planck's constant. The total flux of desorbed Cs

atoms from the surface is DA plus a term equal to the ion flux to the surface, representing

the sputtered atoms.

In the transient diode model, equations (4.14) and (4.16) are written for both the

emitter and collector surfaces, although the Cs coverage on the emitter is very small

because of the high temperature required for electron emission. The reason for this is

that even when 9 is constant or zero, DA is not zero.
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Electron Emission

The thermal electron emission current density is given by the Richardson-

Dushman equation (Herring and Nichols 1949):

(4.17)

where TEM is the emitter temperature, k is Boltzman's constant, and A is the Richardson

constant (A = 1.2 x 106 A/m2).

When there is an electric field present at the emitter, due to the emitter sheath or

to an externally applied field, the emission current is greater than the thermal emission

current given by equation (4.17). This is due to the Schottky effect, which is described

in Appendix C. The Schottky emission equation is (Herring and Nichols 1949):

y47ts0

T — T <» ^^EM (A 1R'i
J S E ~ J th e •> V*-16)

where E is the electric field at the emitter due to the emitter sheath and s0 is the

permittivity of free space. In a plasma, the electric field near the emitter surface due to

the emitter sheath is given by Baksht (1970) as:

qAVE . (4.19)

The emitter surface in the Cs-Ba diode at ISNPS is made of polycrystalline Mo. As

explained in Appendix C, the emission current from a polycrystalline emitter is greater

than that calculated by equation (4.18), due to the so-called anomalous Schottky effect

(Herring and Nichols 1949, Baksht et al. 1978b). Because a theoretical treatment of the

anomalous Schottky effect is beyond the scope of this work, the following semi-

empirical equation is proposed in this work:
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(4.20)

where A is a parameter determined from the fit of the experimental data. In the transient

discharge model, the emission current, JE0, is set equal to JASE.

The governing equations of the plasma discharge model are equations (4.1),

(4.2a), (4.2b), (4.7), (4.9), (4.12), (4.13) for k = 1,2,3, & 4, (4.14), (4.16), and (4.20). In

these 13 equations there are 17 unknowns: Te, n, No, Nk for k = 1,2,3, & 4, <f>c, 4>E, A,

AVE, AVC, 0, H, JE0, VCE, and Ic. Since there are more unknowns than there are

equations, four variables must be eliminated by choosing values for them in order to

solve for the rest. In the next section, the method of choosing these values and obtaining

a time-dependent solution for the other variables is explained.

4.1.3 Voltage-Driven Transient Discharge Model Solution Method

In order to solve the system of 13 equations and 17 unknowns, the values of four

variables are chosen; these are A, H, §c, and either I c or VCE. The parameter A and the

value of H are chosen to fit the experimental data. Since the Mo collector is covered

with adsorbed Ba, the collector work function (j)c is approximately constant at 2.2 eV

(Magera and Davis 1994); one other value must be specified or another equation found to

solve for the remaining 14 unknowns. The solution is done in one of three ways:

(a) assume a constant value of VCE, (b) assume a constant value of Ic , or (c) find another

equation relating these two variables. Each of these three methods is described in this

chapter. For comparison of the transient model with the steady-state model to verify the

solution method, it is convenient to choose a constant value of VCE, and allow the

transient model to converge to the steady-state value. The calculated values of Ic, n, Te,

etc. should match those determined by the steady-state model of Murray et al. (1993) at
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the chosen value of VCE. If so, then the transient solution method is consistent with the

steady-state solution method.

Voltage Driven Transient Discharge Model Solution Method

The 13 governing equations are closely coupled, each depending on several

variables. For example, the electron temperature in equation (4.7) depends on n, AVE,

AVC, and implicitly on Te, through the rate coefficients in the R^ term. The general

approach is to estimate the values of quantities required to obtain a solution, solve all the

equations for the unknowns, and then iterate using the new values as the estimates until

the solution converges to within a specified tolerance.

Of the 13 governing equations for the plasma discharge in the Cs-Ba diode, eight

involve time derivatives: equations (4.7), (4.9), (4.12), (4.13) for k = 1,2,3, & 4, and

(4.14). These eight equations are the core of the transient model, and are integrated with

respect to time using Euler's method. This method was chosen after a more sophisticated

numerical integration algorithm, the Adams-Bashforth method, was found to yield only a

small increase in accuracy, at the expense of increased computation time. The Euler

method estimates the change in a variable after a small time interval At as shown in the

following example using the plasma density n (equation 4.9). The new value of n is the

sum of the value of n from the previous time step, n0, plus the change in n during the

time step, An: n = n0 + An. The value of An is obtained from equation (4.9) by

approximating the time derivative ~ as ~ , then An = At {RES), where RHS refers

to the right-hand side of equation (4.9). All of the eight time-dependent equations are

straight forward to integrate in this manner, except the electron energy balance equation,

which requires some manipulation, as described in the next paragraph.

Equation (4.7), for the electron energy balance, includes two time-dependent

quantities in the time derivative, Te and n. An expression for the time rate of change of

electron temperature can be obtained using the chain rule:
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-|(nTe)fkV

(4.22)

dTe _
dt "

where RHS represents the right-hand side of equation (4.7). The right side of equation

(4.9) for - p is substituted into equation (4.22) to obtain an expression for Te.

The first step in the solution of the 13 governing equations using a constant value

of VcE is to choose VCE and estimate Te, n, Nk, and JE0. Equations (4.2a) and (4.2b) are

set equal to each other, eliminating Ic. When the value of (|)E from equation (4.17) is

substituted into equation (4.1), the result is two equations with two unknowns, AVE and

AVC, which can be solved using the estimated values of n, JE0, and Te:

Ln
XEM

'EO

EMJ
(}>C-VCE (4.23a)

and

e~T?f+ | c . e - T E ^ M + J i / i + l ^ . (4.23b)

These two simultaneous equations must be solved numerically for AVE and AVC. After

doing so, these values are used in equation (4.22) to find a new value of Te. The new Te

is used to calculate the rate coefficients which are used in equations (4.12) and (4.13) to

solve for n and Nk. Since the object of the voltage driven discharge model is to compare

with the steady state model, equation (4.14) is not used, and DA is set equal to <£

(equation (4.15)) in equation (4.13). After all unknowns are calculated, the new electron

temperature is compared to the value computed in the previous time step. If the
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difference is larger than a specified tolerance, all the quantities are re-calculated using the

most recent calculation as the estimate. This iteration is repeated in each time step until

the value of Te converges, then I c is calculated from equation (4.2b). The time is then

incremented and the iteration begins again using the values from the last time step as the

estimate. With VCE as the input, the transient model converges to the same values

calculated by a steady-state model, as shown in the next section.

4.1.4 Voltage-Driven Discharge Model Results

The results of the transient discharge model are compared to the calculations of

the steady-state model of Murray et al. (1993) in Figure 4.2. In the figure, the steady-

state model calculations are indicated by the solid lines, and the transient model results

are represented by the symbols. The object of this comparison is to verify the transient

solution procedure. To effect this comparison, the modified equations described earlier

in this chapter were replaced with the equations of Murray et al. (1993) for this

comparison only, and the steady-state model was adjusted for the planar geometry of the

present experimental device. Figures 4.2a, 4.2b, and 4.2c show the calculated steady-

state current, the calculated ion density and the densities of the ground state and the first

excited state of cesium, and the calculated electron temperature, respectively. Figure

4.2d shows the calculated Cs coverage on the collector. As the results in Figure 4.2

show, the transient discharge model with VCE as the input agrees very well with the

steady-state model. This verifies that the transient discharge model solution procedure is

consistent with the steady-state solution procedure.

The assumption of a constant VCE in the transient model is not physically

realistic, since in plasma discharges VCE depends on the discharge current and not vice

versa. For this reason, the transient model is solved by defining the discharge current as

the input instead of the voltage, as shown in the next section.
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4.1.5 Current-Driven Transient Discharge Model Solution Method

With Ic as the input instead of VCE, the solution procedure is very similar to that

of the voltage-driven discharge model shown above. The only difference is that the

sheath potentials are obtained directly from equations (4.2a) and (4.2b) using the input

value of I c . After iterating to converge on Te, the forward voltage drop, VCE, is obtained

from equation (4.1).

The calculated value of VCE for a given value of I c depends on the value of the

parameter A. For comparison of the model calculations with steady state probe data, A is

chosen to match the measured value of VCE for each measured value of I c . A

comparison of the calculated electron temperature, plasma density, and plasma potential

with measured values is presented in Chapter 5.

The voltage driven and current driven discharge models described above are

transient models designed to converge to a steady state. The result of such a calculation

is a point on a steady state I-V curve. However, experimental I-V curves for the Cs-Ba

diode are not measured in a steady state condition. In the I-V mode, the source current is

increased linearly for one ms, then decreased linearly for one ms. The time for the

discharge to reach equilibrium is 2-3 ms (Murray et al. 1992), suggesting that no point on

the I-V curve represents a steady state. Therefore, steady-state model calculations are not

compatible with measured I-V curves. For comparison of the transient model with I-V

data, the need to choose values of either I c or VCE as an input is eliminated by adding

another equation to the system. The other equation is obtained by analysis of the external

circuit, as described in the next section.
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4.2 Current Source Circuit

To compare the transient model with experimental I-V curves, the effect of the

external circuit on the discharge is determined and incorporated into the transient

discharge model. Figure 4.3 shows a schematic of the tacitron control circuit. The

Cs-Ba diode (labeled "D" in the figure) is connected in series with the load resistance

(RL « 1H). The current source consists of a capacitor, C, that provides the source current

to the diode during a test pulse; a transistor, T, which controls the current wave form

during the test pulse; and a shunt resistor, Rs.

4.2.1 Circuit Analysis

During a test pulse in the I-V mode, the base current to the transistor, Ib, increases

linearly for 1 ms, remains constant for 5 ms, then decreases linearly for 1 ms. The source

current, IS0Urce> follows approximately the base current Ib; in the model Isource is assumed

to increase linearly to 50 A in 1 ms, remain constant for 5 ms, and then decrease linearly

to zero in 1 ms. The source current as modeled is shown in Figure 4.4. The voltage that

appears at the terminals of the current source, Vsource, is equal to the sum of the voltage

drop across the load resistor and the voltage drop across the diode, VCE:

VSource = VCE + ICRL • (4-24)

The source voltage, Vsource, can be expressed in terms of the known source current,

which is the sum of the currents through both the shunt resistor and the Cs-Ba diode:

T — T -L T — source , T fAO<\
Source - lS + lC ~ —*> + lC > (4-2->)K S
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where I s is the current through the shunt resistor Rs. Rearranging equation (4.25), an

expression for Vsource is obtained:

ŝource - (isource ~ IcJ^-S • (4-2^)

Equations (4.24) and (4.26) are solved for the values of VCE and Ic , allowing a solution

for all of the 14 unknowns in the governing equations.

Capacitor Voltage Limit

The assumed wave form for Isource shown in Figure 4.4 does not always occur.

As Isource increases, the value of Vsource increases also, but Vsource cannot ever be greater

than the voltage across the capacitor, Vc, minus the voltage drop across the transistor,

VT. The voltage drop across the transistor is approximately constant throughout the

operating current range (Sedra and Smith 1987). In the present transient model, Vsource

is allowed to increase until Vsource > V c - VT, after which equation (4.25) is used to

calculate Isource with Vsource = Vc - VT. During the time the current is limited by the

capacitor, Vsource is approximately constant. Equation (4.24) can be rearranged to give:

JL + % S e e (4.27)

As this equation shows, if Vsource is constant, then I c is a linear function of VCE with a

negative slope of ~fjr~, or in other words, the I-V characteristic of the diode is linear and

follows the load line. The voltage across the capacitor decreases by 1 to 2 V as it

discharges during the 7 ms current pulse, and Vsource also decreases slightly, causing the

I-V characteristic to deviate from the load line.
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The voltage across a discharging capacitor decays exponentially as:

(4.28)

The capacitor time constant, x = RC, is calculated in each time step from the known

source current and the calculated source voltage using R = Rgq, the equivalent resistance

of the whole circuit:

R = R -

and the measured capacitance, C « 100 mF. The capacitor voltage is calculated in each

time step using equation (4.28), with Vo = V c from the last time step and t = dt (see

Appendix F).

The source current as a function of time is determined from Figure 4.4 and

equations (4.25) and (4.28). Equations (4.24) and (4.26) add another unknown, Vsource,

but two equations, leaving 15 equations and 15 unknowns. A solution method depending

only on Isource is described in the next section.

4.2.2 Circuit-Driven Transient Model Solution Method

Instead of choosing a constant value for I c as was done in the current-driven

solution of the discharge model, the circuit equations described earlier are used to solve

for this quantity. The behavior of the calculated I-V curve is determined by Isource- In

each time step, Isource is determined from Figure 4.4 and equations (4.25) and (4.28).

The general method of solution is to estimate values of Vsource, Ic , n, Nk for

k= 0,1,2,3, & 4, Te, and JE0, re-calculate these quantities based on the estimates, and

then iterate until the solution converges to a specified tolerance in each time step. For

47

'-.',4



the solution to converge, the time step must be small. Details of this solution procedure

follow, and are summarized in a flow chart shown in Figure 4.5.

Since the numerical solution will not allow initial values of Te and n to be zero,

non-zero initial values are chosen arbitrarily. A start-up procedure is used to make the

calculated I-V curve independent of the chosen initial values. The source current is held

constant for 300 us at a small non-zero value (~ 5 A) while allowing the solution to

converge, as was done in the current-driven discharge model. Then Isource is allowed to

increase as shown in Figure 4.4. At the end of the I-V pulse, Isource is not allowed to

decrease to zero, but is held constant at a small non-zero value, again to avoid the

problem of n and Te going to zero.

The core of the circuit-driven transient model is the same as the current-driven

discharge model except that I c is calculated as follows. Expressions for AVE and AVC

are found by solving equations (4.2a) and (4.2b) respectively. These expressions for the

sheath potentials are substituted into equation (4.1), repeated here for convenience:

0 = -VC E + (}>c - <J)E + AVE - AVC , (4.1)

The emitter work function (j)E is obtained from equation (4.17) with J^ = JE0, while VCE

is substituted from equation (4.24). The result is a highly non-linear function in Ic:

- V 4-A i k T E MTnl JE0 \ • kTe T J f S E^ *C + J i S

Vsource + <PC + — ^ n ———J + ~ n ~ S~~ T T \
q U20TEM ) q Lv^cy (4.30)

Equation (4.30) is solved for I c such that f(Ic) = 0. This equation has a vertical

asymptote very near the root, with the last term on the right going to oo as

Ic —> SE(JE0 + Jj). Although it would be simple to approximate I c as the asymptotic

value, the difference between I c and the asymptotic value is SEJr e ^ , from which
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Figure 4.5 Flow Chart of the Circuit-Driven Transient Model.
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AVE is calculated (see equation (4.2a)). Clearly, the difference between I c and the

asymptotic value cannot be neglected, particularly at low forward voltage drops when

AVE is small. Equation (4.30) is solved for I c using the secant method root finder with

careful choice of initial guesses. This method is relatively fast and robust if the initial

guesses are chosen properly (Plybon 1992).

When the discharge current is below the maximum thermal emission current, or

knee current, recent results presented in Chapter 5 indicate that the discharge contracts to

a filament. The transient model approximates this effect by letting the emission current

equal the random electron current below the knee.

Using the above method, the I-V curves calculated by the circuit-driven transient

model compare very well with the experiment, which verifies the circuit analysis and the

solution procedure. These results are presented in the next section.

4.2.3 Circuit-Driven Transient Model Results

During the transient I-V test pulse, the source current is increased linearly, held

constant, then decreased linearly to zero, as explained in section 4.2.1. Figure 4.6a

shows typical voltage and current signals measured in the Cs-Ba diode in I-V mode.

Note that the current I c increases almost linearly at the beginning of the pulse, in the

region labeled "1" in the figure. This is the period when Isource is increasing linearly with

time, and Vsource is increasing also. Note that VQE remains approximately constant at

2 V for a while, then increases. It is theorized that the discharge forms as a filament, and

as more current is demanded by the circuit, the filament expands radially across the

electrode surfaces. The voltage drop remains fairly constant until the filament expands to

the full area of the electrode and cannot expand further. In chapter 5, experimental data

is shown to confirm the presence of a discharge filament.
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Further increase in discharge current occurs at the expense of increased voltage

drop. The point where the voltage drop begins to increase is called the knee of the curve,

and it corresponds to the maximum thermal emission current. When the sum of the

voltage drop across the diode plus the voltage across the load resistance equals the

capacitor voltage, it is limited by the capacitor voltage and not by the transistor.

After the discharge current peaks at 25 A, it decreases rapidly, then more slowly

(region 2 in Figure 4.6a), while the forward voltage drop increases to a maximum. This

is the period during which the discharge is approaching equilibrium. During the

discharge, Cs ions are created, and some leak out of the discharge volume, causing the Cs

pressure in the inter-electrode gap to decrease and Cs atoms to desorb from the collector

surface. After the supply of Cs from the surface is exhausted, the ion leakage out of the

volume reaches an equilibrium with the flux of Cs atoms from the reservoir. This

leakage and Cs pressure drop is calculated in the model and observed in the experiment,

as shown in the next chapter.

In regions 2 and 3 of Figure 4.6a, the voltage Vsource is limited by the capacitor in

the circuit of the current source. During this time Vsource is approximately constant, so

the I-V characteristic approximately follows the load line, but deviates from it as the

capacitor discharges. In region 3, both the discharge current and the terminal voltage

decrease slowly along with the capacitor voltage. In region 4, Vsource is again limited by

the transistor instead of the capacitor, and Isource decreases linearly to zero. Both I c and

VCE also decrease to zero.

Figure 4.6b shows the calculated discharge current and forward voltage drop at

the same conditions as in Figure 4.6a. The shape of the current and voltage pulses

calculated by the model is very similar to the experiment. On the left side of Figure 4.6b

is a region (0 to 0.3 ms) in which the calculated I c and VCE are constant. This is the

result of the start-up procedure described earlier, in which Isource is held constant at a

small non-zero value to prevent n and Te from going to zero.
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Figure 4.7 shows the voltage and current pulses from Figures 4.6a and 4.6b,

plotted with the voltage on the abscissa and current on the ordinate. The solid line is

experimental data, and the dashed line is the model calculation. The cross marks on the

model calculation are 50 us intervals, and the four regions from Figures 4.6a and 4.6b

are indicated by the numbers. The experimental I-V curve shows that the voltage drop

across the diode remains approximately constant at about 2.3 V as the current rises,

reaching the knee at 22 A. Beyond this current both the voltage and the current increase.

In region 2 the current stops rising as the capacitor voltage limits Vsource, and the I-V

curve follows the load line, with a negative linear slope. The voltage and current both

decrease as the capacitor discharges in region 3. In region 4, the source current drops

below the capacitor limit, and the voltage drops quickly as less current is drawn by the

circuit. The current drops to zero as the voltage remains nearly constant at 2.7 - 3 V. At

any value of current below the knee, the voltage drop is ~ 1 V higher at the end of the

test pulse than at the beginning. The reason for this hysteresis is explained in Chapter 5.

The model calculations show the same behavior as and are in good agreement with the

experimental data. It is worth noting that the experimental uncertainty in the measured

voltage is ± 0.5 V , as explained in Appendix D.

In some cases, the experimental I-V curves indicate the presence of anomalous

Schottky current. Anomalous Schottky current is any current above the normal Schottky

current given by equation (4.18), which increases exponentially with the eighth root of

emitter sheath potential (equation (4.19)). A plot of the normal Schottky current as a

function of voltage is shown in Figure 4.8. If the measured current is above this current,

then the anomalous Schottky current is predominant (Murray et al. 1993). A physical

description of the anomalous Schottky effect is given in Appendix C.

Figure 4.9 shows experimental I-V curves at different Cs reservoir temperatures.

Results in Figure 4.9 show that as the cesium reservoir temperature, TCs, is increased

from 125°C to 155°C (2.3 mTorrto 10.8 mTorr) in 15°C increments, the minimum
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voltage drop across the diode decreases from - 3 . 4 V to - 1 . 5 V. These results

demonstrate that the minimum voltage drop during discharge depends strongly on Cs

pressure. Note also that the current above the knee increases significantly as the Cs

pressure is increased. This is due to the anomalous Schottky current, which increases

with increasing Cs pressure in these curves (Murray et al. 1993). The I-V curve for

TC s= 125°C (2.3 mTorr) shows normal Schottky current above the knee, while the

curves for TCs=140°C (5.1 mTorr) and 155°C (10.8 mTorr) show increasing

contributions of anomalous Schottky current. Although the voltage drop decreases and

the current increases as the Cs pressure increases, the maximum thermal emission current

at the knee of the curves is almost constant and equal to 8 A.

Chapter Summary

In this chapter the transient model system of equations is developed. Three

different solution procedures are presented. Using the constant voltage solution the

transient discharge model is shown to be consistent with a steady-state model. The

external circuit is analyzed and incorporated into the circuit-driven solution. The results

of the circuit-driven transient model show that the model predictions of the I-V curves

agree quite well with experimental data. This verifies that the external circuit is

accurately modeled and properly coupled to the plasma discharge model of the Cs-Ba

diode. The constant current solution is used in the next chapter for comparison of

transient model calculations to probe data.
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5. Model Calculations Compared to Probe Measurements

In this chapter the calculations of the diode transient model are verified by

comparison with experimental measurements made in a Cs-Ba diode equipped with

Langmuir probes. The probe data are used to investigate some of the assumptions in the

model, namely (a) the electron energy distribution function, (b) homogeneity of plasma

parameters across the gap, and (c) the contraction of the discharge to a filament below

the knee of the I-V characteristic. Transient model results are presented to show the

change of plasma parameters with time during the discharge, supported by time-

dependent probe measurements. The model results are also used to explain the hysteresis

in the I-V curves.

The experimental parameters (TEM, Tc, RL, etc.) are chosen based on the probe

data. It was found that at high emitter temperatures (> 1100°C), the probes become hot

enough to emit electrons, which changes the probe characteristics. For this reason, all

probe measurements are taken with an emitter temperature of 1100°C.

The experimental I-V curves in Chapter 4 are obtained by configuring the Cs-Ba

tacitron as a diode. This is done by connecting the grid to the collector, thus making the

grid act as a hollow collector (Chapter 3). However, in this chapter, the experimental

data are obtained using a solid collector diode with the grid removed. A comparison of

experimental I-V curves for the two types of diodes is made in the following section.

5.1 Comparison of Hollow Collector and Solid Collector Diodes

A comparison of the I-V characteristics of the two types of diodes is shown in

Figure 5.1, where the dashed line is for the hollow collector diode (diode between emitter

and grid) and the solid line represents the solid collector diode (grid removed). As

shown in the figure, at the same conditions (diode gap =1.0 mm, TEM=1100°C,
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T c = 700°C, TBa = 550°C, and TCs=165°C (Figure 5.1a) and TCs=175°C (Figure

5.1b)), the I-V characteristics in the solid collector and hollow collector diodes have

different shapes and different voltage drops. The solid collector diode is more likely to

oscillate than the hollow collector diode. Oscillations are observed in Figure 5.1a during

the portion of the I-V curve where it follows the load line, from 18 - 15 A and 3 - 4 V.

An explanation of the cause of such oscillations will be offered later in this chapter.

Figure 5.1 shows that all of the curves have a thermal emission current knee at

~ 15 A. Above this current the solid collector diode shows evidence of anomalous

Schottky current, while the hollow collector diode does not. The I-V curves from the

hollow collector diode show less hysteresis, meaning that the left and right sides of the

I-V characteristic are closer together. In Figure 5.1a, the difference between the left and

right sides at 12 A is ~ 0.3 V in the hollow collector diode, while in the solid collector

diode the difference is ~ 1 V. In Figure 5.1b, the voltage difference is ~ 0.4 V in the

hollow collector and ~ 1 V in the solid collector diode. The reason for this difference in

hysteresis could be due to the larger area for Cs adsorption in the holes of the hollow

collector (grid), which provides more Cs to maintain the pressure in the gap during the

discharge. The change in Cs pressure during the discharge, and the role of Cs adsorption

and desorption in the discharge, are discussed later in this chapter. In the next section,

probe measurements taken in the solid collector diode are used to investigate three of the

transient model assumptions.

5.2 Investigation of Model Assumptions

Using Langmuir probes for plasma diagnostics, it is possible not only to measure

the plasma parameters, but also to investigate some of the assumptions in the diode

transient model. By inspection of the probe characteristics it is possible to observe

whether the discharge contracts to a filament below the knee, and investigate the electron
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energy distribution. Investigation of the assumption of homogeneity of plasma

conditions across the diode gap width is made possible by varying the placement of the

probes relative to the two electrodes, as explained in section 3.3.

5.2.1 Contraction of the Discharge

Experimental results in a Cs diode showed that, at discharge currents below the

thermal emission current, the discharge contracts to a filament under certain conditions

(Baksht et al. 1970 and 1977). The knee of the I-V characteristic corresponds to the

thermal emission current, given by equation (4.17). Below this current, the discharge

contracts to a smaller area with the same current density. With Langmuir probes placed

in the diode, it is possible to verify the contraction of the discharge in the Cs-Ba diode.

Figures 5.2a and 5.2b show the measured current and voltage at the collector and the

probe, respectively. The thermal emission current for the experimental condition in

Figure 5.2 is ~ 5 A, and the discharge current is held constant below the knee at ~ 2.6 A

(Figure 5.2a). As the probe voltage is increased (dashed line in Figure 5.2b), the probe

current (solid line) begins to oscillate widely, from near zero to 0.5 A at the peak. The

probe voltage changes by more than 3 V during the oscillation. If the observed

oscillation of probe current and voltage were caused by some change in the plasma

conditions instead of a moving filament with constant current density, a change of that

magnitude would be seen easily in the collector current and voltage. This is not the case

in Figure 5.2a however, suggesting the formation of a discharge filament that moves on

the electrode surface.

Oscillations in the probe voltage and current, indicating the presence of a moving

filament, appear in the transient data as well. The transient probe measurements

presented in this chapter are taken with a slightly different type of I-V pulse than was

described in Chapter 4 and shown in Figure 4.4, because the probe measurement software
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required the use of a different current source driver. Only the second half of the current

pulse is used. Figure 5.3 shows the shape of the current source used in these

measurements. The source current is initially constant at 30 A for 1 ms, then decreases

linearly to zero in 3 ms. A probe measurement taken with this current source is shown in

Figure 5.4. The discharge current (solid line in Figure 5.4a) decreases linearly as the

source current decreases. When the discharge current decreases below the thermal

emission current (~ 4 A), the probe voltage and current begin to oscillate while the

collector current continues to decrease smoothly (Figure 5.4b). This confirms that the

discharge filament is moving on the surface of the electrodes. The filament doesn't

always move; a measurement taken a few minutes after the one shown in Figure 5.4

showed no oscillations, although it is believed that the discharge still contracted.

It is shown in this section that when operating below the thermal emission

current, the discharge in the Cs-Ba diode contracts to a filament. The next assumption

investigated is the homogeneity of the plasma across the 1 mm diode gap.

5.2.2 Homogeneity of the plasma

As explained in section 3.3, the probes in the experimental diode are not in the

center of the 1.0 mm diode gap, but rather placed 0.25 mm from the top electrode. By

switching the emitter from the top to the bottom, it is possible to take probe

measurements near the emitter (0.25 mm) and near the collector (0.75 mm from the

emitter), respectively.

Figure 5.5 shows the measured plasma parameters with the probe near the emitter

and near the collector as a function of time during discharge. Figure 5.5a shows the

plasma density, and Figure 5.5b shows the electron temperature, measured using the

method explained in section 3.4. Results in Figure 5.5a show that although the plasma

densities near the collector and near the emitter are initially equal, the density drops
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faster near the emitter. At ~ 2.4 ms, the plasma density near the collector is about three

times higher than near the emitter. As shown in Figure 5.5b, the electron temperature

near the emitter is higher by as much as 1000 ~ 1500 K. Although one of the probes was

closer to the boundary of the discharge volume than the other (Figure 3.4), no significant

differences in n, Te, or Vp are found between the two probes.

Results presented in this section clearly show that the plasma is not homogeneous

across the diode gap, and that the plasma density could vary by at least a factor of three,

and the electron temperature by 10% or more across the gap. The next section addresses

the assumption that the electrons are in thermal equilibrium with each other, or in other

words the electron energy distribution is described by a Maxwell-Boltzman distribution.

5.2.3 Electron Energy Distribution

The easiest model assumption to test is the Maxwell-Boltzman electron energy

distribution, because the probe theory, as explained in Appendix B, is derived based on

this energy distribution. If the electrons follow a Maxwell-Boltzman energy distribution,

the electron current drawn by the probe increases exponentially with decreasing negative

probe voltage relative to the plasma potential. Thus, when plotted on a semi-log scale,

the probe I-V characteristic should be a straight line with positive slope, from which Te is

found. If the characteristic is non-linear, then the actual energy distribution can be

inferred from the nature of the deviations from linearity, as explained in Appendix B. It

is found in this work that the energy distribution is close to Maxwellian at higher

discharge current, but at low current the energy distribution function deviates from

Maxwellian at high electron energies. The same tendencies were observed by Baksht et

al. (1970) in a Cs diode.

Two typical probe characteristics taken at low discharge current are shown in

Figure 5.6, with the probe closer to the emitter (5.6a) and closer to the collector (5.6b).
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The results in Figure 5.6 show that the low energy electrons (probe voltage close to zero

with respect to Vp) follow the straight line indicating a Maxwell distribution, but as the

probe voltage becomes more negative and the low energy electrons are repelled, the high

energy electrons deviate from a Maxwell distribution. Figure 5.6a shows more electron

current than expected at high electron energies (3.5 — 5.5 eV), indicating the presence of

an electron beam, or a high energy tail on the distribution. The electron beam near the

emitter indicates that the electrons accelerated through the emitter sheath are not

thermalized immediately.

Figure 5.6b shows fewer high energy electrons near the collector than expected

based on a Maxwell-Boltzman distribution from ~3.2 — 4.2 eV, and evidence of an

electron beam from -2 .4 — 3.0 eV. The depletion of high energy electrons near the

collector may be due to inelastic collisions between electrons and Cs atoms (Gundel et al.

1991). The depletion of electrons occurs at approximately the ionization energy of Cs

(3.89 eV), suggesting that direct ionization of Cs takes place near the collector. Another

possible explanation for the depletion is diffusion cooling, since the collector sheath

potential is ~3.4eV. The actual cause may be either of these processes, or a

combination of the two.

Figures 5.5 and 5.6 show that the discharge is not homogeneous across the 1 mm

diode gap, and Figure 5.6 shows evidence of an electron beam. Baksht et al. (1977)

showed that the beam electrons do not contribute significantly to the ionization rate, and

found that in a Cs diode at low current density (J < 1 A/cm2) the beam does not add

measurably to the total collector current. However, in this work it is found that the beam

does contribute to the collector current. Evidence for this conclusion and the method of

incorporating it into the model are presented in the next section.
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5.3 Thermalization of the Emitter Beam Electrons

The Cs-Ba diode transient model described in Chapter 4 calculates voltages and

currents which compare well with experimental I-V curves. However, for a given

terminal voltage and current, the model calculated the electron temperature higher than

and the plasma density and plasma potential lower than the measured values. To address

this problem, one of the basic assumptions in the model is reconsidered as follows.

It was assumed in section 4.1 that the electron beam emerging from the emitter

sheath is thermalized immediately, so that a Maxwell-Boltzman distribution of electron

energies prevails throughout the gap. However, the probe data shows that this is not the

case; a part of the emitter beam travels through the gap and arrives at the collector,

adding to the random collector current. This is demonstrated by a simple calculation

using the collector current balance, equation (4.2b), which is repeated here for

convenience:

In = S f J e kTe - J - (4.2b)

The quantities Jv Jr, AVC, and Te in equation (4.2b) are obtained from the probe

measurements. If equation (4.2b) is true, then the calculated value of I c should equal the

measured collector current. Measured and calculated quantities taken from the Cs-Ba

diode at TEM = 1100°C, T c = 700°C, and TCs = 155°C (10.77 mTorr) are summarized in

Table 5.1. As Table 5.1 shows, the calculated collector current of 3.2 A is less than one-

fourth the measured current of 14.4 A. This discrepancy can be accounted for in the

model by assuming that a part of the emitter electron beam traverses the gap and adds to

the random electron current at the collector. A theory that leads to such a revision is

described in the following sub-section.
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Table 5.1 Comparison of Measured and Calculated Collector Current from Probe Data.

Measured Parameters

Ic

VCE

Te

n

AVE

AVC

14.4 A

4.5 V

18000K

2.4 x 1019/m3

10.3 V

5.9 V

Calculated Parameters

Ji equation (4.3)

Jr equation (4.4)

JE0 equation (4.2a)

I c equation (4.2b)

0.25 A/cm2

79.2 A/cm2

7.0 A/cm2

3.2 A

5.3.1 Langmuir Wave Interactions

According to the theory of Baksht et al. (1990), the mechanism by which a beam

of electrons from the emitter adds energy to the bulk plasma electrons is through a wave

interaction with the plasma (Wernsman 1994). The beam electrons excite a standing

Langmuir wave in the diode gap at the electron plasma frequency, which is then damped

out by interactions with the bulk plasma electrons. According to experimental

measurements (Baksht et al. 1990), one half of the energy in the beam can be transferred

to the standing plasma wave. The electron beam arrives at the collector with 1/2 of its

initial energy and adds to the random electron current at the collector. Therefore, the
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electron energy and current balance equations should be revised as explained in the

following subsections.

5.3.2 Electron Temperature

With only half of the emitter beam energy transferred to the bulk plasma

electrons, the electron energy equation must be modified. The amplitude of the standing

plasma wave grows and decays exponentially with distance from the emitter. The

plasma wave is excited with a characteristic length X, and after a distance 5X, the wave is

considered fully excited. After the wave is excited, it begins to lose energy to the

plasma. The wave amplitude decreases exponentially with a characteristic length 5X,

with X given by:

24kTe fe~n~
X = —= J , (5.1)

7i2JE0 V m

where s0 is the permittivity of free space. The energy of the wave as a fraction of the

beam energy, and the energy deposited in the plasma as the wave is damped out, are

shown in Figure 5.7. The maximum wave energy is 1/2 the emitter beam energy. As

shown in the figure, after a distance 5X into the plasma, the wave is fully excited and

begins to deposit energy to the plasma electrons. After a distance 3OX, the wave is fully

damped out and has transferred all of its energy to the bulk plasma electrons. If the gap

width is smaller than 3 OX, only a fraction of the energy of the wave is transferred to the

plasma. For the conditions in Table 5.1, Figure 5.7 shows that in the 1 mm diode gap

approximately 43 % of the beam energy is transferred to the plasma electrons.

The electron energy equation as given in section 4.1 above, equation (4.7), is

written with the assumption that 100% of the emitter beam energy is transferred to the

bulk plasma electrons. If only a fraction of the beam energy is transferred, then the first

term in equation (4.7), the source term of energy from the emitter, should be multiplied
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by that fraction. The fraction has a maximum value of 1/2, and depends on the relative

lengths of X and the gap width, as depicted in Figure 5.7. The fraction, f, is given by:

f = y | l - e ^ | , (5.2)

where x = (d - 5X) and d is the diode gap width. A portion of the emitter beam

traverses the diode gap, adding to the electron current at the collector, requiring the

following modification to the current balance equation.

5.3.3 Collector Current

Since half of the beam energy is lost to the plasma wave, the speed of the beam

electrons is reduced by the square root of two. Recalling that JE0 is the emission current,

the modified current balance equation at the collector is:

In = S f
EOJ r e (5.3)

Substituting the values of Te, AVC, Jp and J{ from Table 5.1, and JE0 from equation

(4.2a), into equation (5.3), the collector current I c is 13.1 A, which is within the

experimental uncertainty of the measured value in Table 5.1. Although the Langmuir

probe data showed evidence of a depletion of high energy electrons in most cases, the

data also indicates the presence of a beam near the collector. Figure 5.6b showed

evidence of an electron beam near the collector, with electron energies in the range 2.4 —

3.0 eV. The emitter sheath potential in that figure is 5.24 eV. Near the collector, the

beam should have half of its original energy, or 2.6 eV, which fits within the range of the

observed beam energies. When the corrections to the current balance and the electron
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energy equations are incorporated into the transient discharge model, the calculated

plasma density, electron temperature, and plasma potential are much closer to measured

values. The results of these calculations are presented in the next section.

5.4 Steady-State Probe Data and Calculations

In this section the current-driven transient discharge model calculations are

presented and compared to probe measurements of electron temperature, plasma density,

and plasma potential. The probe measurements presented in this section are made with

the diode running in a steady-state mode. In this mode, the source current is maintained

constant for 15 ms after discharge ignition. Beginning at 5 ms after ignition, the probe

voltage is swept through a 60 Hz half-sinusoid with peak of 8 V, as explained in

Chapter 3. The measured probe I-V characteristics are used to determine the plasma

parameters. Most of the probe measurements presented in this chapter, and throughout

this section, are made with the probe closer to the collector (0.75 mm from the emitter

and 0.25 mm from the collector, see Chapter 3).

Measurements of Te, n, and Vp are made at 5°C increments in cesium reservoir

temperature, TCs, from 150°C (8.5 mTorr) to 200°C (74.3 mTorr), using a constant load

resistance (RL ~ ID). Since only the load resistance is fixed, as TCs increases, VCE

decreases and the discharge current increases along the load line. To avoid the

oscillation of the probe characteristics due to the discharge filament (section 5.2.1), the

measurements in this section are made above the thermal emission current knee. The

measured voltage and current at each TCs are shown in Figure 5.8. Results in this figure

show that the discharge current and voltage are strong functions of the Cs pressure in the

gap. As TCs is increased from 150°C to 200°C, the forward voltage drop decreases from

6.3 V to 1.1 V, while the discharge current increases from 14.4 A to 23 A. The

experimental voltage and current values in Figure 5.8 are used as inputs to the diode
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discharge model to calculate the steady-state plasma parameters, which are presented in

the next sub-section.

5.4.1 Current Driven Discharge Model Results

The model predictions of the plasma parameters, using voltage and current from

Figure 5.8 as inputs, are compared in Figure 5.9 with probe measurements at the same

conditions. The calculations in Figure 5.9 follow the same trends as the experimental

values, with Te and Vp decreasing and n increasing as TCs increases. As shown in Figure

5.9a, the calculated electron temperature is within 10% of the measured values. The

calculated plasma density in Figure 5.9b is in good agreement with the measurements at

higher TCs, but is low by about a factor of two at low TCs. This is due in part to the

variation in the plasma density across the diode gap and the fact that the diode model

equations do not include any spatial dependence. The measurements in Figure 5.9 were

made with the probe near the collector, and as shown in Figure 5.5 the plasma density

near the collector can be as much as three times higher than near the emitter at low TCs.

Therefore, the average plasma density is expected to be 1.5 times lower than the density

measured near the collector. Reducing the measured plasma density by a factor of 1.5 at

low TCs puts the calculation within the experimental uncertainty of the measured value.

The calculated plasma potentials in Figure 5.9c are generally lower than the

measured values. This is due in part to a systematic error in the determination of the

experimental value which overestimates Vp by about 0.5 V, as explained in Appendix D.

As with the plasma density and electron temperature, the plasma potential also varies

across the gap. At low TCs the plasma potential is higher near the emitter by about one

volt, and the present model is expected to calculate Vp approximately 0.5 V higher than

the measurement near the collector.
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In addition to the spatial variations of the plasma parameters, the discrepancies

between calculations and measurements in Figure 5.9 could be due to experimental

uncertainties not included in the estimation of the error bars shown in the figure. One

such uncertainty is discussed in the next sub-section.

5.4.2 Variation of the Plasma Parameters During Measurement

The experimental error bars shown in Figure 5.9 are estimated based on

quantifiable uncertainties in the data, which arise through the lack of absolute precision

in the measurements, such as the surface area of the probe, the value of the voltage drop

and discharge current, etc. More details on the causes and the calculations of

experimental uncertainty are given in Appendix D. The error bars in Figure 5.9 do not

include uncertainties in the data or the probe technique that are difficult to quantify, such

as the non-Maxwellian energy distribution, the effect of having different potentials along

the length of the probe due to the current flowing through it, or changing discharge

conditions during the measurement. A non-Maxwellian distribution would distort the

probe characteristics as shown in section 5.2.3, possibly making determination of Te

difficult. If the potential varies along the length of the probe, the true probe potential

would differ from the measured potential at either end. The potential would vary along

the length of the probe depending on the current flowing at each point, and the

characteristics would again be distorted since the electron current gathered by the probe

changes exponentially with the probe potential. The change in the plasma conditions

during measurement is discussed below.

The steady-state probe measurements are made by holding Vsource constant for

15 ms while applying a 60 Hz half-sinusoid voltage pulse to the probe (Chapter 3).

However, as discussed in section 4.2, Vsource is determined by Vc, the voltage stored on

the capacitor (Figure 4.3), which is discharging during the 15 ms time period. The rate
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of discharge increases with I c (equations (4.27) and (4.28)) and therefore with TCs

(Figure 5.8). As the capacitor voltage decreases, both I c and VCE tend to decrease.

However, at lower TCs, the capacitor voltage decreases more slowly, and VCE tends to

increase as ions are lost from the plasma (see the next section). Therefore, during the

probe measurement, the discharge is not at a true steady state. The discharge current

decreases during the measurement, while VCE either increases or decreases, depending on

TCs. The first 10 ms of a typical probe measurement is shown in Figure 5.10. Figure

5.10a shows the collector current and voltage, while Figure 5.10b shows the half-

sinusoid voltage sweep applied to the probe starting at ~ 5 ms, and the current drawn by

the probe. Observe from Figure 5.10 that while the probe voltage is increasing between

5 and 9 ms, the collector current decreases from -22.7 A to -21.3 A, a difference of

1.4 A. During the same time, the forward voltage drop changes from 3.48 to 3.18 V, a

difference of 0.3 V. The plasma parameters are strongly dependent on Ic , and since the

discharge current and plasma parameters change during the measurement, the

measurement will be distorted, as explained in the following paragraph.

The probe characteristic from which Te, n, and Vp are determined is produced by

re-plotting the probe current in Figure 5.10b as a function of the probe voltage. As

explained in Appendix B, if the electron distribution is Maxwellian, the probe I-V

characteristic is linear when plotted on a semi-log scale, and the electron temperature is

given by the slope of the line. Lower electron temperature causes the slope to be steeper

(closer to vertical), while higher Te is indicated by a more horizontal slope. If Te

changes during the probe voltage sweep, the slope of the characteristic will not be

constant. Such a slope change is seen in Figure 5.11, which is Figure 5.10b re-plotted as

a probe I-V characteristic, after correcting for ion current. Time points during the pulse

are marked on the characteristic. Figure 5.11 shows that as the discharge current

decreases with time, the slope of the probe characteristic becomes steeper, indicating that

the electron temperature is decreasing. At higher TCs, both I c and VCE decrease during
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the discharge, causing the electron temperature to decrease and making the probe

characteristic concave upward as in Figure 5.11. At low TCs, the voltage drop and Te

increase as the current decreases, and the probe characteristics are typically concave

downward.

In cases such as the one just described, the measured value of Te in Figure 5.9

depends on the judgment of the experimenter when reading the slope of the probe I-V

characteristic. The slope of the line drawn in Figure 5.11 gives the electron temperature

near the beginning of the probe measurement. If the line is drawn through the upper part

of the curve, the electron temperature near the end of the probe measurement is found.

The calculated values of Te at the beginning and end of the measurement in Figure 5.11

are shown in Table 5.2, along with the values of n and Vp, which depend on Te. As the

results in the table indicate, the measured values depend strongly on the interpretation of

the probe characteristics, which introduces additional uncertainty to the experimental

data. It should be pointed out that the problem of plasma parameters changing during

measurement could be virtually eliminated by using a faster voltage sweep on the probe.

Table 5.2 Calculated Plasma Parameters at the Beginning and End of the Probe

I-V Characteristic.

Te (K)

n (m"3)

VD (V)

Beginning

[_ 11339

4.08xl019

5.72

End

8089

4.78xlO19

4.08

A%

33.5 %

16.7%

33.5 %

The results presented in this section show that plasma parameters calculated by

the discharge model are in reasonable agreement with experimental values in the steady
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state. It was shown in Chapter 4 that the circuit-driven transient model properly accounts

for the effect of the discharging capacitor on the terminal characteristics of the Cs-Ba

diode. Therefore, the transient model should compare favorably with time-dependent

probe measurements. Having shown that the model can calculate the internal plasma

parameters with reasonable accuracy in the steady state, the model can now be used to

explain the transient processes in the discharge and the hysteresis of the I-V curves. This

is done in the next two sections.

5.5 Changing Plasma Conditions in Time

In this section the changes in the plasma conditions during the discharge are

explained. Model calculations are verified by experimental measurements, with

emphasis on explaining the hysteresis in the I-V curves. The calculations are performed

using the half I-V source current in Figure 5.3 as input to the circuit-driven transient

diode model.

The terminal voltage and current characteristics indicate that even with a constant

source voltage, it takes some time for the discharge to reach equilibrium. An example is

the first millisecond of the discharge current and voltage in Figure 5.10a, in which VCE

increases and I c decreases rapidly. This rapid changes are due to changing plasma

conditions. After the first ms, I c and VCE both decrease due to the decreasing source

voltage. When the operation conditions are favorable (i.e. Cs pressure sufficiently high),

the discharge reaches an equilibrium after a few ms (except for the decreasing source

voltage). If the initial Cs pressure is too low, however, a steady state is not reached, and

the discharge either oscillates or self-extinguishes. Discharge oscillations and self-

extinguishing are more prevalent at higher discharge currents, and Figure 5.1 shows that

the solid collector diode is more prone to oscillation than the hollow collector diode. An

explanation of the changing plasma conditions during the first few milliseconds before
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equilibrium is reached follows. An explanation of the conditions leading to the observed

oscillations and discharge self-extinguishing is also offered.

When the discharge ignites, ions are created and immediately begin to leave the

open discharge volume due to ambipolar diffusion. Since the ions leave the volume at

the Bohm speed (equation (4.3)), which is faster than the speed of the atoms entering the

volume from the surroundings, the Cs pressure in the gap decreases. The decrease in Cs

pressure in the gap continues until the sum of the ion and atom fluxes out of the gap

equals the flux of atoms into the gap from the reservoir. As the plasma density

decreases, the electron temperature increases in order to maintain the discharge current

density, at the expense of increased voltage drop. The change in plasma density and

electron temperature is illustrated in Figure 5.12, which shows the calculated plasma

density and electron temperature as functions of time compared to experimentally

measured values near the emitter and collector. Results in Figure 5.12 show the plasma

density decreasing with time during the discharge, and the electron temperature

increasing to compensate for the ion loss by increasing the ionization rate. The

calculated values of n and Te are in good agreement with the measured values. The

calculated Te is within 15% of the average measured value between emitter and collector,

and the calculated n generally falls between the measured values. The calculated plasma

density drops sooner than the measured value after 2.5 ms, because the model, as

developed in Chapter 4, does not properly account for the contraction of the discharge to

a filament below the knee, as discussed in section 5.2.1. The shape of the calculation

depends on the form of A(t) in equation (4.20). For these calculations, A is constant for

the first millisecond, then decreases as (1 -t1 '2) to zero at 3.0 ms. With this simple

formula for A, the calculated VCE does not exactly match the measured value with time.

Calculated and measured plasma properties are compared in Figure 5.13 for two

different Cs reservoir temperatures; again the model shows the same trends as the

experiment. The measurements are made near the collector. Figure 5.13 shows that the

84



5x1013

2x1013 4-

CO

CD
Q
CO

i
10 1 3 -

5x1012

A-

1.0 mm diode gap

TCs = 160°C(13.6mTorr)

Model Calculation
o -o Measurement Near Emitter
• •• Measurement Near Collector

—<—i—i——i—i—i—i—i—*—i—

-i—i—i—i—H-

\

\
1—M—

>

*
%
%
%

V \
b \

Vk

2

Time (ms)

(a) Plasma Density

15000 •

*. 12500 •

I
CDa.
I 10000

I
1
LU

7500 •

5000

Model Calculation
o -o Measurement Near Emitter
• •• Measurement Near Collector

1 2 3

Time (ms)

(b) Electron Temperature

Figure 5.12 Measured and Calculated Electron Temperature and Plasma Density.

85



5x1013

o

W

Q

w

2x1013--

1013-

5x101

r, \ \ *A—-A,. yS /
* - \ \ '•••A<--A/-A.-

*V-V.. -V'.,/
\ v /v—v..

\ ^ ^ ^
\ -

/ ^ — -

155°C(10.8mTorr)

Model Calculation
v -v Experiment

• i i 1 1 i 1 1 1—

-J—I—.—,—1—1—I—1—*—I—

"Cs = 160°C(13.6mTorr)

•A.
•A---A..>

W.
^ ^ "*••

W \t

\ \ \, . , , ,\\, , , ,',
Time (ms)

(a) Plasma Density

20000

OJ 15000

2

I|̂)
Ui

5000

= 155°C(10.8mTorr)

— Model Calculation
-V Experiment

—^

160°C(13.6mTorr)

Time (ms)

(b) Electron Temperature

Figure 5.13 Electron Temperature and Plasma Density for Two Cs Pressures.

86



plasma density is higher and the electron temperature is lower for higher Cs reservoir

temperature, TCs. This indicates that the plasma is easier to ionize when the background

Cs pressure is higher, because there are more neutrals available to ionize. The leakage of

ions from the discharge, decreasing the plasma density and increasing the electron

temperature, are thus demonstrated by the experimental measurements and model

calculations. An explanation of self-extinguishing and oscillation of the discharge at low

Cs pressure is offered below.

Kaplan et al. (1979) measured a critical current density as a function of Cs

pressure, above which the discharge self-extinguishes When the initial Cs pressure is

low (or I c is high), Te is high initially, and increases as the plasma density decreases due

to ion leakage. The electron temperature increases at the expense of increasing the

forward voltage drop. The ion leakage rate increases with Te (equation (4.3)), which

increases Te even further until the voltage drop is limited by the source voltage. Beyond

this point Te cannot increase further. The plasma density drops below the critical value,

causing the discharge to self-extinguish. At intermediate Cs pressures or lower currents,

the increase in Te and the corresponding increase in ionization rate can produce enough

ions to lower the electron temperature, reducing the ionization rate, requiring another

increase in Te, causing oscillation of the discharge. When the Cs pressure in the gap is

high enough for a given current, the discharge will reach a steady state, as seen earlier.

This explanation of plasma conditions leading to oscillation and self-extinguishing is

reasonable based on observed and calculated behavior of n and Te in Figures 5.12 and

5.13. When the plasma density decreases as shown in these figures, the total Cs pressure

in the discharge volume decreases also, as discussed below.

The transient model calculation of the change in Cs pressure in the discharge

volume as a function of time is shown in Figure 5.14a. This figure shows the total Cs

pressure (the sum of the partial pressures of ions and atoms in all states) normalized to

the initial Cs pressure in the gap, which equals that of the Cs reservoir. Results in Figure
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5.14a indicate that the Cs pressure in the gap drops rapidly with time after ignition

reaching a minimum at ~ 1 ms; the minimum pressure is about one third the initial

pressure. The time to reach this minimum pressure depends on the desorption rate of Cs

atoms from the surfaces, as explained in section 5.6. Because the source current is

decreasing (Figure 5.3), the discharge does not ever reach an equilibrium. As the source

current is reduced, Te decreases, the ion leakage rate decreases and the pressure rises

again.

As the Cs pressure in the gap decreases during the discharge, Cs atoms desorb

from the collector surface, adding to the Cs pressure in the gap. The calculated Cs

coverage on the collector surface is shown in Figure 5.14b. In the low pressure Cs-Ba

diode, there can be more Cs atoms adsorbed on the collector surface than there are in the

discharge gap. For example, at TCs = 155°C, PCs is 1.08xl0"2 Torr, which corresponds

to a Cs atom density of ~2.3xl020/m3, or 4.6xlO13 atoms in the discharge volume.

When 6 = 0.35, the number of Cs atoms on the 2 cm2 collector surface is ~ 4xlO14, an

order of magnitude greater than the number in the discharge gap.

Before discharge ignition, the Cs coverage on the collector surface is at

equilibrium with the initial Cs pressure in the gap, i.e. the desorption flux equals the Cs

atom flux to the surface from the vapor. Recall from equation (4.16) that the desorption

flux increases with coverage. Following ignition the Cs pressure in the gap decreases

due to ion leakage, reducing the flux of Cs to the surface, resulting in the desorption flux

becoming higher than the flux from the volume. The Cs atom flux from the surface

helps to maintain the pressure in the gap longer than if there were no adsorbed Cs. The

Cs coverage decreases until the desorption flux equals that due to the new lower pressure

in the gap. At this point the Cs pressure reaches an equilibrium, in which the total Cs

atom and ion flux to the electrode surfaces and out of the volume equals the Cs atom flux

into the volume from the surfaces and from the Cs reservoir. The time to reach
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equilibrium depends of the desorption rate from the surface, which is discussed in the

following section.

5.6 Desorption of Cesium From the Electrode Surfaces

The rate of change of Cs pressure in the diode gap and the coverage on the

surfaces during discharge depend on the desorption rate of Cs from the electrode

surfaces. The desorption rate of Cs depends on the surface temperature and the

desorption energy, H (equation (4.16)). If H is small, the desorption rate is high and the

Cs pressure in the diode gap drops quickly after ignition, eventually reaching an

equilibrium value. Larger H slows down the Cs desorption from the surfaces, increasing

the time to reach equilibrium. Figure 5.15 shows the effect of different values of H

(H= 1.5 — 2.0 eV) on the time for the plasma to reach equilibrium following a step

change in Cs pressure. The calculation shown in the figure is done by holding the source

voltage constant in the model, then suddenly reducing the Cs pressure in the gap and the

reservoir by a factor of two. This calculation, although somewhat unrealistic physically,

nevertheless shows the effect of H on the time to reach equilibrium. The Cs pressure in

the gap shows a spike at 100 |is when the Cs pressure is dropped in the model. Then the

Cs pressure and plasma density quickly increase due to the high Cs desorption rate,

reaching a maximum when the desorption rate of Cs atoms from the surface equals the

net loss of Cs atoms and ions due to leakage. As the Cs coverage on the surface

decreases, the desorption rate becomes less than the leakage rate, and the plasma density

and Cs pressure in the gap decrease at a rate depending on H. When the supply of Cs on

the surfaces is exhausted, the Cs pressure and ion density in the gap reach equilibrium

values of ~ 20% and ~ 40% of the initial values, respectively. The total leakage rate of

Cs atoms and ions out of the discharge volume and to the electrode surfaces

corresponding to this equilibrium pressure equals the rate of Cs atoms entering the gap
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from the reservoir plus the desorption rate from the electrode surfaces. The time it takes

for the discharge to reach equilibrium depends on the initial Cs pressure and the value of

H (Figure 5.15). The value of H and the equilibrium time strongly influence the shape of

the I-V characteristics. This effect is discussed in the next subsection.

5.6.1 Effect of H on the I-V Characteristics

The forward voltage drop and discharge current for a given load resistance, and

the plasma parameters strongly depend on not only the initial Cs pressure in the gap

(Figures 4.9, 5.8, and 5.9), but also on the Cs pressure in the gap during the discharge.

Lower Cs pressure corresponds to lower discharge current and higher voltage drop for a

given load resistance (Figure 5.8). It has been shown that for a given initial Cs pressure,

I c and VCE change rapidly as the Cs pressure in the discharge gap approaches

equilibrium (1st ms of Figure 5.10a, and discussion in section 5.5). In the I-V mode, the

rate of change of Cs pressure in the gap, relative to the rate of change of the source

current, would affect the shape of the I-V curve.

The effect of different values of H on the calculated I-V characteristic at

TE M= 1100°C, T c = 700°C, and TC s= 160°C (13.6mTorr) is shown in Figure 5.16a.

The calculation shows that a higher value of H leads to greater difference in the forward

voltage drop between the beginning (left side) and end (right side) of the I-V curves.

From the calculation in Figure 5.16a the following trends are observed: (a) the left sides

of the three I-V curves differ only slightly below the knee, because even with the lowest

value of H the Cs pressure does not change much during the time (~ 500 us) the current

is rising to the knee, (b) Above the knee, the curve with the highest H reaches the

highest peak current, because the Cs pressure is higher at that point in time, ~ 1000 \xs

(refer to Figure 5.15). (c) The three curves coincide below the load line at ~ 18 A,

between 4 V and 5 V, because they all converge to the same equilibrium pressure during

92



25

20

15

I
" 10

'EM'

Tc = 700°C
T r = 160 (13.6 mTorr)

- — A H = 1.65eV
Q H = 1.75 eV

- — K H = 1.85eV

25

Voltage (V)

(a) Effect of H on the Hysteresis of I-V Curves

I
o

20

15

10

Tc = 700°C
7^ = 160 (13.6 mTorr)

•O

-Q H = 1.75eV
Experiment

Voltage (V)

(b) Comparison of Calculated and Experimental I-V Curves

Figure 5.16 Effect of the Desorption Energy on the Hysteresis of I-V Curves.

93



the constant current portion of the I-V pulse, (d) The greatest difference between the

curves is on the right side of the I-V characteristic as the current decreases below 17 A.

As shown in Figure 5.14, when the current begins to decrease at the end of the I-V pulse,

the Cs pressure in the gap increases as the rate of leakage from the gap decreases. A

larger value of H makes the Cs pressure rise more slowly at the end of the I-V pulse,

because the desorption rate is smaller, and the Cs atoms become trapped on the surface

instead of adding to the pressure in the gap.

The value of H used in the model is chosen to fit the experimental I-V curves

such as those shown in Figure 5.16b. Figure 5.16b compares the calculated I-V curve

with an experimental I-V curve at the same conditions. This figure clearly shows that the

calculated I-V curves are in good agreement with experimental data when H « 1.75 eV.

This value of H is within the range of minimum and maximum desorption energy of Cs

on Mo, 1.0 — 2.85 eV (Magera and Davis 1994). A comparison of Figures 5.16b and 4.7

shows that the diode model calculation is in better agreement with I-V curves from the

solid collector diode than the hollow collector diode.

In this section it was shown that the value of H affects the equilibrium time and

the shape of the I-V characteristics, and an empirical value for H of 1.75 eV was

determined from the comparison of model calculations with experimental I-V curves,

which is reasonable based on published data. The next section presents experimental

results related to the foregoing discussion of Cs desorption.

5.7 Experimental Results

In this section experimental results are presented that show interesting

characteristics of the Cs-Ba diode, which have not been reported earlier for either the

hollow collector diode or the tacitron. Results show the effect of barium pressure on the

I-V characteristic, and the change in the emitter work function due to adsorbed cesium.
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5.7.1 Effect of Barium Pressure on I-V Characteristics

Previous experiments with both the tacitron and the hollow collector diode have

shown that barium pressure, PBa, affects the thermal emission current (the knee), but

does not affect the forward voltage drop after ignition (left hand side of the I-V

characteristic) (Wernsman et al. 1994, Murray et al. 1993, El-Genk et al. 1992). The

solid collector diode results, however, clearly show that PBa does indeed affect the

forward voltage drop. Results in Figure 5.17 show that changing the barium reservoir

temperature, TBa, affects not only the forward voltage drop, but also the shape of the I-V

characteristic. The shift of the I-V curve to the right at lower PBa could be due to a

change in the emitter and collector work functions. The greater difference in voltage

drop between the left and right sides of the I-V curve at lower TBa is due in part to the

oscillations that occur at the lower Ba pressure. These oscillations increase the forward

voltage drop and electron temperature and therefore increase ion leakage, which reduces

the Cs pressure in the gap.

As seen in Figure 5.17, increasing PBa in the gap lowers the forward voltage drop,

as well as decreasing the hysteresis of the I-V curves and making the discharge less prone

to oscillations. These effects are the same as those associated with increasing Cs

pressure. These results suggest that despite the relatively low Ba pressure in the diode

(~ 20 times less than PCs), the Ba is somehow indirectly contributing to the plasma. The

nature of this contribution is not known, but it could be argued that it is caused by the

relative Ba coverage on the electrode surfaces. Changes in Ba coverage affect the

desorption of Cs from the electrodes, and therefore affect the discharge.

The greater hysteresis of the I-V curves at lower TBa is due in part to the reduced

Ba coverage on the collector, which increases H for Cs (Magera and Davis 1994). As

explained in the previous section, increasing H widens the I-V characteristic (Figure

5.16a). Another result not previously reported for either the tacitron or the hollow
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collector diode is the presence of a second knee on the right side of the I-V characteristic;

this is addressed in the next subsection.

5.7.2 The Second Knee

As seen in Figure 5.17, the I-V curves for the Cs-Ba diode show the existence of

two knees at different emission currents, one on the left side of the I-V characteristic

(current going up) and the other on the right side (current going down). For example, in

Figure 5.17b, the TB a= 515°C curve has the first knee at ~ 12 A and 2.4 V, while the

second knee is at ~ 3.5 A and 2.8 V. The two knees are indicated by circles on a typical

I-V curve in Figure 5.18a, where the arrows indicate the increase and decrease of the

current with time. The first knee has higher thermal emission current, which corresponds

to a lower emitter work function (equation (4.17)). As stated in Chapter 1, Ba vapor is

added to the gap to reduce the emitter work function below that of bare Mo, to increase

the emission current. The work function is further reduced by the presence of a small

amount of Cs co-adsorbed with the Ba on the emitter surface (Psarouthakis 1969,

Konoplev et al. 1972, Magera and Davis 1994).

Although the change in thermal emission current is significant, the change in the

emitter work function between the first and second knees is very small. The first knee in

Figure 5.18a is at 13 A, or 6.5 A/cm , while the second knee is at 6 A, or 3 A/cm . At an

emitter temperature of 1100°C, these currents correspond to emitter work functions of

2.06 eV and 2.15 eV, respectively, calculated using equation (4.17). The work function

change due to co-adsorbed Cs required to achieve the higher emission current at the first

knee, is 0.09 eV. A work function change of this magnitude is reasonable according to

Magera and Davis (1994), who showed that even with high Ba coverage, the addition of

Cs vapor can cause a work function change of 0.2 eV. A similar result was reported by

Psarouthakis (1969).
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Since the desorption rate of Cs increases with increasing surface temperature

(equation (4.16)), the emitter has little Cs initially, which is quickly desorbed as the Cs

pressure in the gap decreases during discharge. When the Cs is desorbed from the

emitter surface, the work function increases slightly to a value corresponding to the work

function of Mo in pure Ba vapor. This is evidenced by the fact that the emission current

of the second knee does not depend on the Cs pressure in the gap. Figure 5.18b shows

the second knee at two different TCs, which correspond to widely differing PCs in the

gap. Although the voltage drops corresponding to the second knees of the two curves

differ by 1.75 V, they occur at the same emission current of 5 A, which means that the

emitter work function is the same in both cases. The work function of the emitter in pure

Ba is tabulated in Table 5.3 for various conditions. The values of emitter work function

shown in the table are obtained by averaging the emission current at the second knee for

several curves at each value of TEM and TBa, then calculating (j)E using equation (4.17).

Table 5.3 shows that the lowest observed value of fyE is 2.21 eV, for TEM = 1100°C and

TBa = 550°C. This value corresponds to the minimum value of the work function for

pure Ba on Mo reported by Magera and Davis (1994). Increasing either TEM or TBa

increases <j»E above this minimum value. Decreasing either TEM or TBa below 1100°C

and 515°C respectively should also increase <j)E.

Table 5.3 Emitter Work Functions in Pure Ba Vapor.

TEM

1100°C

1200°C

1300°C

Emitter Work Function

TBa=515°C

(2.3xlO"4Torr)

2.21 eV

2.34 eV

2.55 eV

TBa=55O°C

(e^xlO^Torr)

2.25 eV

2.38 eV

~

99

> f,y ^v . .?,%



Chapter Summary

In this chapter, experimental results were presented to verify some of the

assumptions in the diode transient model. It was found that the plasma properties are not

homogeneous across the discharge gap, with electron temperature varying by 10 - 15%,

plasma density varying by a factor of three, and plasma potential by ~ 1 V. Experimental

evidence was shown suggesting that the discharge contracts to a filament below the knee

in the I-V characteristic. Probe measurements showed that the electron energy

distribution is close to a Maxwell distribution function at high discharge currents, but at

lower currents there is evidence of an electron beam.

A modification was made to the transient model to include the additional current

at the collector due to the presence of the electron beam. With this modification, the

model was shown to calculate the steady-state plasma parameters with reasonable

accuracy. Transient model results were presented to explain the changing plasma

conditions with time as the discharge approaches equilibrium; model predictions were

verified with time-dependent probe measurements. The transient model calculations of n

and Te as a function of time were reasonably accurate when compared with

measurements. An explanation of the causes of discharge oscillation and self-

extinguishing was offered, and transient model calculations of the change in Cs pressure

and Cs coverage on the surface during discharge were given. The effect of H on the time

to reach equilibrium and on the I-V characteristics was investigated, and a value of

H = 1.75 eV was found to give the best comparison between calculated I-V curves and

experimental data. Finally, the effect of Ba pressure on the I-V characteristic and the

change of the emitter work function due to adsorbed Cs were discussed. It was shown

that increasing Ba pressure decreased the forward voltage drop and increased the

hysteresis of the I-V curves. The I-V curves showed the existence of two thermal

emission current knees, corresponding to different emitter work functions at the

beginning and end of the I-V pulse. It was found that at an emitter temperature of
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6. Summary and Conclusions

In this work a transient model of a Cs-Ba diode is developed and experiments are

performed using a diode equipped with Langmuir probes. The experiments include

measurement of the current-voltage characteristics of the diode for various conditions,

and Langmuir probe measurements of the plasma properties. The probe measurements

are made with the diode operating in both a steady-state mode and the I-V mode. The

transient model includes equations for electron energy, plasma density, densities of

ground state and the first four excited states of neutral Cs atoms, electron emission, Cs

coverage on the electrode surfaces, a current balance at each electrode, and a potential

balance. Model development is carried out in two steps: (a) a transient discharge model,

in which either the discharge current or forward voltage drop is an input, and (b) a

circuit-driven model, in which the external circuit is coupled to the transient discharge

model and used to obtain a relationship between the discharge current and the forward

voltage drop.

Experimental Results

Comparison is made between the I-V curves generated by two diode types, with

solid and hollow collectors. The hollow collector diode is produced by configuring the

grid of the tacitron (triode) as the collector, while the solid collector diode has the grid of

the tacitron removed. It is found that the solid collector diode exhibits more anomalous

Schottky current and greater hysteresis in the I-V curves than the hollow collector diode.

Experimental investigation of three of the model assumptions is performed.

These assumptions are the validity of the Maxwellian energy distribution, contraction of

the discharge to a filament below the thermal emission current, and the homogeneity of

plasma properties across the diode gap. Evidence is presented showing that the discharge

does contract to a filament at low current. The Langmuir probe data show that the



electron energy distribution in the discharge gap is non-Maxwellian at low discharge

currents, indicating the presence of an electron beam from the emitter. The plasma

properties are found to be non-homogeneous across the 1 mm diode gap, with the

electron temperature being 10 — 15% higher and the plasma potential ~ 1 V higher near

the emitter, and the plasma density a factor of three higher near the collector.

The effect of changing Ba pressure on the I-V characteristics is also investigated

experimentally. Increasing Ba pressure is found to have the following effects on the I-V

curves: (a) it decreases the minimum voltage drop, (b) makes the discharge less prone to

oscillations, and (c) reduces the hysteresis of the I-V curves. The reason for these effects

is not known.

Experimental I-V curves in the solid collector diode show the presence of two

knees at different thermal emission currents, corresponding to different emitter work

functions at the beginning and the end of the I-V pulse. It is concluded that the presence

of adsorbed Cs on the emitter lowers the emitter work function by a small amount, which

corresponds to a large increase in the emission current. This reduced work function does

not last long after the discharge ignites because the Cs desorbs quickly from the emitter.

The higher work function at the end of the I-V pulse, corresponding to the second knee,

is that of pure Ba adsorbed on the molybdenum emitter. The minimum observed value

of emitter work function at the second knee, 2.21 eV, is the same as the minimum work

function for pure Ba on a molybdenum electrode published in the literature.

Transient Model Results

The transient model calculated I-V curves compare well with the experimental

I-V curves. This good comparison verifies that the analysis of the external circuit is

accurate and the transient solution procedure is correct. The I-V curves calculated by the

diode transient model are in better agreement with measured data from the solid collector

diode than the hollow collector diode.
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Based on the comparison of the model predictions with experimental

measurements, it is concluded that the electron beam component of the collector current

is significant. The electron energy equation and the current balance at the collector

account for this beam current. The discharge model, with discharge current and voltage

drop input, compares well with the measured values of electron temperature, plasma

density, and plasma potential as a function of Cs pressure at steady state. The transient

model calculations are also shown to be in good agreement with measured values of

electron temperature and plasma density as functions of time during discharge.

The model is also used to calculate the Cs pressure and Cs coverage on the

collector surface as a function of time. These calculations reveal that the Cs pressure in

the gap decreases during the discharge to an equilibrium value about one third of the

original pressure. The effect of the Cs desorption rate from the collector on the time for

the Cs pressure to reach equilibrium is calculated. The value of the desorption energy is

also found to have an effect on the calculated I-V curves. It is shown that increasing the

desorption energy increases the hysteresis in the calculated I-V curves, by slowing the

rise of Cs pressure at the end of the I-V pulse. An empirical value of 1.75 eV for the

desorption energy is determined by comparison of the hysteresis of calculated and

measured I-V curves. This value is consistent with published data.

The good agreement between the calculations and the experiment, in spite of the

presence of the electron beam from the emitter, shows that the beam electrons do not

undergo collisions with Cs atoms. Therefore the model assumption of a Maxwell-

Boltzman electron energy distribution is justified for the calculation of the rate

coefficients. Although the model includes no spatial dependence, the calculated plasma

properties are usually within the experimental uncertainty of the average of the

measurements near the emitter and collector.
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6.1 Recommendations for Future Work

The addition of spatial dependence to the model that would increase its accuracy.

Because of the large variation of the plasma properties across the gap, a one dimensional

model should improve the accuracy of the calculations. Instead of using the more

computationally intensive Boltzman equation, the present system of equations can still be

used by dividing the diode gap into a series of regions, with appropriate coupling

between regions.

Experimental results show that the discharge contracts to a filament below the

knee corresponding to the thermal emission current. The transient model solution

method must therefore be modified to take this into account by calculating the cross-

sectional area of the filament as the source current is increased and/or decreased.

Changing Ba pressure is found to have a significant effect on the I-V curves in

the diode. Since this effect has not been seen before in either the hollow collector diode

or the tacitron, these results should be verified by repeating the measurements.

Depending on the result of these measurements, the diode transient model may need to be

modified to include these effects.

The change in emitter work function during the discharge and the associated

change in the thermal emission current are not accounted for in the model. The thermal

emission current is an input to the model, but it is not known how this current changes

with time during the discharge. Experimental measurement of the emitter work function

as a function of Cs and Ba vapor pressure and emitter temperature would eliminate this

problem, since the Cs pressure in the diode is calculated by the model. In conjunction

with this experimental work, measurement of the desorption energy of Cs as a function

of Cs and Ba coverage on the electrode surfaces would eliminate the need to fit the

desorption energy to the experimental data.
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The most important future work is to extend the Cs-Ba diode model to be

applicable to the tacitron, including the three regions of the thick-grid discharge (emitter-

grid gap, grid holes, and grid-collector gap). The calculations of such a tacitron model

could be verified by comparison with Langmuir probe measurements taken in a Cs-Ba

tacitron.
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Appendix A: Vapor Pressure of Cesium and Barium

The vapor pressure of a substance in the solid or liquid phase is the partial

pressure of the vapor phase when the substance is in equilibrium with its own vapor.

Since the vapor pressure of a substance is a function of temperature, the pressure of

cesium or barium vapor in the experimental device can be controlled by controlling the

temperature of the bulk liquid or solid in their respective reservoirs. Hatsopoulos and

Gyftopoulos (1973) give an empirical correlation for the vapor pressure of liquid cesium

(melting point 28.4°C):

8 8910

PCs(torr) = - ' 7 Z l ^ i n

1Cs

where TCs is the cesium reservoir temperature in Kelvin. A graph of this equation is

shown in Figure A. 1.

The vapor pressure data for barium are not very reliable, but the most recent

correlation is from Alcock et al. (1984). They give this equation for solid barium

(melting point 725°C):

log l 0(p) = 12.405 - " ^ - 2.289 logl0(TBa) , (A.2)

where P is the pressure in atmospheres, and TBa is the reservoir temperature in Kelvin.

Equation (A.2) is valid for temperatures between 300 K and the melting point of barium.

A graph of this equation is shown in Figure A.2.
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Figure A. 1 Vapor Pressure of Cesium as a Function of Temperature.
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Appendix B: Probe Theory

The theory of plasma diagnostics using electrostatic probes was first proposed by

Irving Langmuir in 1923 (Langmuir 1923). The method involves placing a small

electrode in the plasma and varying its potential relative to the plasma potential. When

the potential of the electrode is different from the plasma potential, the resulting electric

field will accelerate charges of one sign and repel the other. If the potential is large

enough, charges of one sign can be repelled entirely. By measuring the current drawn by

the probe as a function of the potential, the electron temperature, ion density, electron

density, and plasma potential can be determined.

A simple probe circuit often used in this type of measurement is shown in

Figure B.I. In practice the varying potential is applied with respect to one of the

electrodes (usually the emitter) which also provides the current return path. The current

drawn by the probe is measured as a function of the probe voltage, and the resulting I-V

characteristic is used to calculate the electron temperature, ion density, and the other

plasma parameters.

A typical probe I-V characteristic is shown in Figure B.2, with electron current

shown as positive current. The current drawn by the probe is the algebraic sum of the

electron and ion currents. When the probe potential is negative with respect to the

plasma potential, low-energy electrons are repelled, but the ion current arriving at the

probe is approximately constant independent of voltage. When the probe voltage is

sufficiently negative, the electron current becomes negligible and only the ion current

remains (region A-B in Figure B.2). At point C in the figure, the floating potential, the

electron and ion currents are equal. As the probe voltage increases (becomes less

negative with respect to the plasma potential), fewer electrons are repelled and the

electron current increases rapidly. When the probe voltage reaches and exceeds the

plasma potential, the laws governing the rate at which electrons arrive at the probe
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changes and the slope of the characteristic changes (point D). Since the electrons are no

longer repelled, the electron current gathered by the probe is equal to the random electron

current arriving at the edge of the sheath around the probe. Region D-E can be used to

calculate the electron density. The plasma potential is point D, the knee of the curve.

Since the plasma potential is measured with respect to the electrode, the sheath potentials

can be determined.

The plasma parameters are calculated as follows. When the probe voltage is very

negative, all but the most energetic electrons are repelled and the electron current is

negligible compared to the ion current. The saturation ion current arriving at the probe is

the ion current arriving at the sheath edge. The ion current is given by Kagan and Perel

(1964) as:

where Jj is the current density, Sp is the surface area of the sheath around the probe, nj is

the ion density, q is the electron charge, k is Boltzman's constant, Te is the electron

temperature, M is the ion mass, and C is a constant that depends on the geometry of the

probe, C = 0.8 for spherical and C = 0.4 for cylindrical probes. Since in many cases the

thickness of the Langmuir sheath is small compared to the dimension of the probe, in

practice Sp is usually taken to be the physical surface area of the probe. Equation B.I

can be used to calculate the ion density nj when the electron temperature is known.

The electron temperature is calculated from the electron current. Since the ion

current is approximately constant as long as the probe potential is negative with respect

to the plasma, the electron current is simply the total current minus the ion saturation

current. If the electron energy distribution is Maxwellian, the electron current drawn by

the probe at a voltage, V, less than the plasma potential, Vp, is given by Chapman (1980)

as:
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I e = e 5

where ne is the electron density and ve is the electron speed. Taking the natural

logarithm of both sides, we find:

= (constants) + ^ ( v - Vp) . (B.3)

When Ln (Ig) is plotted as a function of the applied probe voltage, the result is a straight

line with slope p ^ - , from which the electron temperature is easily calculated.
Kle

The plasma potential, Vp, is determined by finding the point where the slope of

Ln (Ig) changes (point D in Figure B.2). The upper part of the curve (region D-E in

Figure B.2) gives the electron density, in a manner analogous to equation (B.I), using the

electron saturation current and the electron mass instead of the ion saturation current and

ion mass.

The plasma potential can also be calculated from the floating potential, where the

electron and ion currents are equal (Chapman 1980):

Je = Ji .

Substituting for Je and using equation (B.I) for Jj,

,
_ /2kTe

^ * V M

Now solve for the plasma potential Vo:

(B.4)

where Vf is the floating potential and m is the electron mass. Note that the plasma

potential is a linear function of the electron temperature.
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The above equations for electron temperature were derived assuming a Maxwell-

Boltzman distribution of electron energies. If the distribution is not Maxwellian, the plot

of Ln (Ig) as a function of probe voltage will deviate from linearity as the energy

distribution deviates from Maxwellian. Some examples of probe characteristics that

might be observed in a non-Maxwellian plasma are shown in Figure B.3a. Figure B.3b

shows the energy distribution inferred from the probe characteristic. The dotted line in

Figure B.3a shows the linear probe characteristic expected from a thermal (Maxwellian)

plasma. Curve 1 shows a high-energy tail, or beam of electrons. Such a characteristic

would be expected near the emitter, before the high-energy electrons from the emitter

become thermalized through collisions. Curve 2 shows a depletion of high energy

electrons characteristic of inelastic collisions (Giindel et al. 1991). Such a characteristic

might be expected if, for example, there was a peak in the ionization cross section at a

particular energy, so that electrons with that energy collide and are scattered into a

different energy group.

It is possible to calculate the electron energy distribution function itself from the

second derivative of the electron current with respect to the probe potential. Using the

method of Kagan et al. (1977), we find that the distribution function f(s) is given by

(B.5)

with e in eV, where V is the probe potential relative to the plasma potential.

There are some practical problems associated with plasma diagnostics using

Langmuir probes. The most important concern is to ensure that the probe does not

disturb the plasma it is supposed to be measuring. In a low-current discharge, the probe

must be very small so that it draws only an insignificant fraction of the discharge current.

This is made difficult by the fact that the current drawing surface is not the physical

surface of the probe, but the surface area of the sheath around the probe, which can be
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Figure B.3 Probe Characteristic Showing Deviation From a Maxwell Distribution.
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significantly larger. The sheath thickness is usually unknown, and a complicated

function of the ion density and the probe voltage.

Another possible problem is the probe voltage. The probe can distort the

potential distribution in the plasma, and if the probe voltage exceeds the collector

voltage, a second discharge can form between the emitter and the probe which will

change the plasma parameters.

In the Cs-Ba diode tested at ISNPS, the probes are long thin wires that stretch

across the width of the diode gap. The measured probe characteristic is an integration of

the plasma conditions across the width of the gap. Furthermore, at the upper end of the

probe I-V characteristic, the probe draws nearly 1 A of current. The probe wire has a

small but finite resistance, so there is a potential drop along the length of the probe and

different parts of the probe are at different potentials. The actual potential at each point

is unknown, which makes the probe characteristic difficult to interpret, since the current

drawn by the probe is exponential with probe potential (equation (B.2)).
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Appendix C: Schottky Effect

The vacuum work function, §v, of a material relative to the Fermi level of that

material is defined as the energy required to remove an electron from the surface and

place it an infinite distance away. Very near the conducting surface, there is an attractive

force on the electron, as if there were a positive image charge in the conductor. The

potential due to this image force is inversely proportional to the distance from the surface

(Bakshtetal. 1978b):

YW = T~— (Cl)
0 x

When an external electric field is applied, the resulting potential is the sum of the applied

field and the image field (see Figure C.I). The new work function of the surface, <j)s, is

reduced by an amount A§ from the vacuum work function (Herring and Nichols 1949).

The thermionic emission current increases exponentially with the square root of the

applied field. This is called the Schottky effect, and it applies to monocrystalline

emitters with uniform work function.

When the surface does not have uniform work function everywhere, but instead

has patches with different work functions (when it is polycrystalline or it is coated with

an adsorbed film), then electric fields will form between the patches. Figure C.2 shows

the electric fields that would be present over adjacent patches of high and low work

function (Baksht et al. 1978b). These patch electric fields tend to suppress electron

emission from the low work function patches and enhance emission from the high work

function patches. The electric potential near the surface in this case is the sum of the

image force, the applied field, and the patch fields.

When the external applied electric field is of the same order of magnitude as the

patch field, it reduces the patch field which was suppressing electron emission from the
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Figure C. 1 Schottky Effect.
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Figure C.2 Electric Fields Due to Patches With Different Work Functions.
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low work function patches, and emission is enhanced greatly. This is called the

anomalous Schottky effect. When the applied field is strong enough to completely

overcome the patch electric fields, then the normal Schottky effect again determines the

emission current density of each patch.

Adsorbed films on the electrode surface exacerbate the anomalous Schottky

effect. The desorption energy, or the binding energy of the adsorbed atom to the surface,

depends on the work function of the surface, so the film will adsorb preferentially on

certain patches, increasing the work function difference between patches.

The Cs-Ba diode tested in this work has an emitter made of polycrystalline

molybdenum with adsorbed films of both Cs and Ba, so one would expect the anomalous

Schottky effect to prevail. Furthermore, the surface itself has undergone some

reconstruction of the crystal structure as a result of the high emitter temperatures used in

the device. Macroscopic crystal growth can be observed on the emitter surface with the

naked eye. Electron microscope photographs of the electrode surfaces are shown in

Figure C.3. This figure shows not only the large surface irregularities, but the

boundaries of the various crystal domains. The top electrode shows much larger crystal

dimensions because it was operated most recently as the emitter. With such a non-

uniform electrode surface, an entirely theoretical surface analysis is extremely difficult.
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Figure C.3 Microphotographs of the Electrode Surfaces.
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Appendix D: Experimental Uncertainty

It was observed during experiments that the voltage drop and shape of the I-V

curve are sensitive to the values of the experimental parameters (emitter and collector

temperatures, Cs and Ba reservoir temperatures). The temperatures are set by adjusting

the current to the various heaters, which drifts around the set point, causing the

temperatures to wander as well. The Cs reservoir is fitted with a feedback-controlled

heater, which maintains the set temperature within ± 0.5°C. If the experimenter is

careful, the collector and barium reservoir temperatures do not vary by more than ± 5°C

± 1°C, respectively. Fine adjustment of the emitter temperature is made by adjusting the

electron bombardment voltage, making it possible to maintain a particular temperature to

within ± 5°C.

The I-V characteristic is very sensitive to even small changes in emitter

temperature, shifting by ± 0.5 V with a + 5°C change in emitter temperature. Changes of

± 2°C in Cs reservoir temperature can bring about the same magnitude of shift in the I-V

curve. The I-V characteristic is less sensitive to the collector temperature, changing by

± 0.5 V with ~ 20°C temperature change.

The probe measurements also have some degree of uncertainty associated with

them. Each calculated parameter (Te, n, Vp) is computed from several measured

parameters, each of which is uncertain. If a calculated quantity A is a function of several

variables, A = f(x], x 2 , . . . , x n ) , then the uncertainty in the value of A, wA, is given by

Holman (1984) as:

w A =
9f f { di V f df

Wv. +{•=—W I + + Ndxn
(D.I)

Each term in equation (D.I) is the product of the dependence of A on one of the

variables, times the uncertainty in that variable. Equation (D.I) gives the uncertainty in
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the measurements due to error in reading graphs, imprecise measurements, etc. It does

not take into account possible systematic errors in the probe technique, such as a non-

Maxwellian plasma, the unknown surface area of the sheath around the probe, or

disturbance of the plasma by the probe itself, or other uncertainties which are difficult to

quantify, such as the change of discharge parameters in time during the probe

measurement or non-homogeneity of the plasma conditions across the length of the probe

wire.

Using equation (D.I), it is found that the experimental uncertainty in electron

temperature measurement is + 10%. The measured plasma density is less certain because

it depends on Te. The uncertainty in plasma density ranges from ± 25% at low TCs (high

Te) to ± 11% at high TCs (low Te). The uncertainty in the measured plasma density is

mostly due to the imprecise measurement of the surface area of the probe itself. The area

of the probe exposed to the plasma is not exactly known because the edge of the plasma

is not well defined. As shown in Figure 3.4, the area of the probe depends on the length

of the probe above the emitter face. Any uncertainty in this measurement or in the actual

plasma boundary will lead to a large uncertainty in the area of the probe, especially the

shorter one which is nearer the edge of the plasma. The calculated plasma potential has a

constant uncertainty of + 0.5 V; however, there seems to be a systematic error in its

calculation, as explained in the next section.

Systematic Error in Calculated Plasma Potential

Due to the large surface area of the probes, in all but a few cases the probe power

supply was not capable of drawing enough current to reach the electron saturation

current. Therefore, it was not possible obtain the plasma potential directly from the

probe characteristic in the usual way, at the point where the slope of the characteristic

changes (Appendix B). Instead, the plasma potential was calculated by equating the

electron and ion currents at the floating potential, as explained in Appendix B. In the
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case where it was possible to obtain the plasma potential directly, the calculated Vp is too

high. Figure D.I shows the probe characteristics for the case where direct observation of

Vp is possible (TCs = 200°C, 74.3 mTorr), for each of the two probes. The solid vertical

line in each figure is the directly observed plasma potential, at the point where the slope

of the characteristic changes. The observed plasma potentials are 0.164 V and 0.06 V in

Figures D.I a and D.lb, respectively. Also shown in Figure D.I is Vp calculated from the

floating potential, indicated by the dashed vertical line. The calculated Vp in Figures

D.la and D.lb are 0.512 V and 0.255 V, respectively. The calculated values exceed the

directly observed values by 0.348 V and 0.195 V, respectively. From this result it is

inferred that the plasma potential is overestimated in all cases, but probably not by more

than 0.5 V in any case.
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Figure D. 1 Calculated Plasma Potential.
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Appendix E: Source Codes

The following is the source code for the current-driven transient model.

c 94-4-20
c Transient simulation of the diode
c Includes ground state, lst,2nd,3rd & 4th excited states and ions
c Includes the circuit to couple voltage and current

implicit double precision (A-H,O-Z) ! declare the variables
real*8RF(0:4,0:5),Jeo,Jr>Ji,NaoJn,me,Mi,k,phic,phie,Nc,N0,Nl,N2,N3)N4,Nt
real*8ni,N0i)Nli,N2i,N3i,N4i,Jse,Jknee,Jit,Jie)Ic,IccJfuncJff,Isource,Iss
real*8 klOL,k21L,k3 lL,k40L,k42L,k43L,kl0D,k21D,k3 lD,k40D,k42D
real*8k43D,kol0,ko21,ko315ko40,ko42,ko43
integer z,int(ll),f,flag
character*10fl(ll)
common /four/E10,E20,E21,E30,E3 l,E32,E40,E41,E42,E43,Ei
common /five/G0,Gl,G2,G3,G4
common k,me,q,Mi,pi

open (unit=l,file-inc.inp')
read (1,*) numb
close (unit=l)
open (unit=l,file='inc.inp')
write (1,*) numb+1 ! new file numbers for running a series
close (unit=l)

c This is where I alter the names of the input and output files
fl(l) = 'cO.inp' ! input file
fl(2) = 'thetaO' ! coverage output file
fl(3) = 'nO' ! atom and ion densities
fl(4) = 'fluxO' ! flux and desorption rate
fl(5) = 'icO' ! collector and source currents
fl(6) = 'dvO' ! sheaths and ion energy
fl(7) = 'teO' ! electron temperature
fl(8) ='ivO' !I-V curve
fl(9) = VoltO' ! Vce and source voltage
fl(10) = 'infoO' ! information about parameters

do z = 1,10 ! this block changes '0' to numb
f=index(fl(z),'Ot)
int(z) = ichar(fl(z)(f:f))
int(z) = int(z) + numb
fi(z)(f:f) = char(int(z))
end do

open (unit=l,file=fl(l)) ! read in the parameters
read (1,*) Teml,Tcl,Tcsl,Tbal,Jknee,phic,Iss,ultimate time
read (1,*) dtt,tolerance,Rl,hh
read (1,*) Te,n,dumb,Nl,N2,N3,N4
close (unit=l)



Tem = Teml+273
Tc = Tel +273
Tcs = Tcsl+273
Tba = Tbal+273
open (unit=l,file- A.INP',status=lunknownl)
read (1,*) A10,A21,A31,A40,A42,A43
close (unit=l)
A10o = A10
A21o = A21
A31o = A31
A40o = A40
A42o = A42
A43o = A43
open (unit=l,file='E.INPl,staras=Iunknowri)

! convert to Kelvm

! Einstein's A-coefficients

! energies between states
read (1,*) E10,E20,E21,E30,E31,E32,E40,E41,E42,E43,Ei
close (unit=l)
E15 = Ei-E10
E25=Ei -E20
E35 = Ei-E30
E45 = Ei - E40
open (unit=l,file-G.INP',status='unknown')
read (1,*) GO,G1,G2,G3,G4
close (unit=l)
initialize the constants
me =9.11D-31
q = 1.602D-19
Mi =2.22376D-25
pi =3.14159265358979323
k = 1.38D-23
h = 6.626176D-34
Y10 =h*3.0D8/(q*E10)
Y21 =h*3.0D8/(q*E21)
Y31 =h*3.0D8/(q*E31)
Y40 = h*3.0D8/(q*E40)
Y42 = h*3.0D8/(q*E42)
Y43 = h*3.0D8/(q*E43)
gamma = h/(k*Tc)
H = q*hh
Nc =2.5D14
d = l.OD-1
Se = 2.0DO
Sc =Se
Sa = 1.2*Sc
Ss = 2.0D0*pi*d*sqrt(Se/pi)
V = Se*d
Ta = (Tern + Tc) / 2.0D0
va = 100. * sqrt(8.*k*Ta/(pi*Mi))
Pcs = 2.45D8 * exp(-8910./Tcs)/sqrt(Tcs)
A = 0.61 * 2. * sqrt(pi*me/(2.*Mi))
Nao = 1.013D5*1.0D-6*Pcs/(760*k*Ta)
Pcs = Nao*k*Ta
C = l.OD-1
Vc =2.4D1
Vt = 4.0D0

! degeneracies 2j+l

! electron mass (kg)
! electronic charge (C)
! Cs ion mass (kg)
\n
! Boltzman's constant (J/K)
! Planck's constant
! Y is lambda upside down
! These are the wavelengths
! of the photons emitted in
! each of the optical transitions
\X = hcfE
! meters
! vibration frequency of Cs
! energy of desorption (Joules)
! # atoms in a monolayer (I/cm2)
! gap spacing (cm)
! emitter area (cm2)
! collector area (cm2)
! adsorption area (cm2)
! leakage area (cm2)
! discharge volume (cm3)
! average atom temperature (K)
! atom speed (cm/s)
! Cs pressure from eq (A.1) (torr)
! A= Ji / Jr, but it turns out to be a constant
! initial atom density (l/cmA3)

! capacitance of capacitors
! initial charge on capacitors
! dron across transistor
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Rs = 1.7D0
print *, Tcs =',Tcs
print *, 'which files? ',fl(l)
print *, 'Pcs = ',Pcs*1.0D6,' Pa'
set up the initial conditions
t = 0.0D0
m = 5000
i =2*m
dt =dtt
Tkeep = Te
NO = N a o - n - N l - N 2 - N 3 - N 4
ve = 100.*sqrt(8.*k*Te/(pi*me))
Jeo = 120*Tem*Tem*exp(-q*phic/(k*Tem))
Ji = 100.*(0.61*q*n*sqrt(k*Te/Mi))
Ic = Jeo*Se
if (Jeo .ge. sqrt(2)*(Ic/Sc+Ji)) Jeo = 0.99*sqrt(2)
Isource =Iss
Vsource = (Isource - Ic)*Rs
print *, 'JeoJ^Vsource'Jeo.Ic,Vsource
flag =0
slope = 5.0D1/1.0D-3
flux = Ji/q+va*(N0+Nl+N2+N3+N4)/4.0D0
theta = gamma*flux*exp(H/(k*Tc))/Nc
the = gamma*flux*exp(H/(k*Tem))/Nc

open(unit=10,file=fl(10),status='unknown')
write (10,12) Tem,Tc,Tcs,Rl,hh,Jknee
write (10,13) phic,Sa/Sc,d,theta,the
write (10,*) 'file 1 is ',fl(l),' He = He1

close (unit=10)
d = d/100.0D0

12 format('Tem=l,F6.0,t Tc=',F6.0,' Tcs=',Ff
+ 'Hc=',F6.3,' Jknee=',F7.3)

13 format(' 4>c =',F6.3,' Sa =',F7.4,'*Sc d =',F5.2,2P,
+ ' Qc=',F9A,'%'; Qe^,F9A,'%')

open (unit=2,file=fl(2),status-unknown')
open(unit=3,file=fl(3),status='unknown')
open(unit=4,file=fl(4),status='unknown')
open (unit=5,file=fl(5),status='unknown')
open (unit=6,file=fl(6),status='unknown')
open (unit=7,file=fl(7),status='unknown')
open (unit=8,file=fl(8),status='unknown')
open (unit=9,file=fl(9),status='unknown')

call rate (Te,RF)
do while (t .It. ultimate time)

! shunt resistance

! start time in seconds
! # points to skip before writing

! time step

! ground state density
! electron speed (cm/s)
! initial guess (A/cm2)
! ion current density (A/cm2)
! initial guess

*(Ic/Sc+Ji)

! initial guess, eq. (4.25)

! atom flux, eq. (4.15)
! initial coverage on collector, eq. (4.16)
! initial coverage on emitter

! information file

! convert back to meters
R1=',F6.3,

Tei
ni
NOi
Nli
N2i
N3i
N4i
thetai

= Te
= n
= N0
= N1
= N2
= N3
= N4
= theta
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! discharging capacitor
! eq. (4.28)
! eq. (4.27)

! increasing current part

! constant current part

! decreasing current

! let it steady out at end

! limited by capacitor voltage
! eq. (4.24)

thei = the
if (t.gt. .0001) then

RC= C*Vsource/Isource
Vc = Vc*exp(-dt/RC)
m =3000

end if
if (t .gt. .0001 .and. t .It. .0020) then

Iss = Iss+slope*dt
end if
if (t .gt. .0020 .and. t .It. .0030) then

Iss = 5.0D1
dt =1.5D0*dtt

end if
if (t.gt. .003) then

Iss = Iss - slope*dt
end if
if(Iss.le.3.0)Iss = 3.0D0

dt = dtt
end if
if (flag .eq. 1) then

Isource = Vsource/Rs + Ic
m = 15000
if (t.gt. .001) then

m = 25000
end if

else
Isource = Iss

end if
if (t .gt. .003 .and. Iss .le. Isource) then

Isource = Iss
m = 3000
flag = 0

end if
do z=l,20

if (Jeo .le. 0) print *, 'Jeo = ',Jeo
phie = -k*Tem*log(Jeo/(120.*Tem*Tem))/q
if (Te .It. 0) print *, 'Te =',Te
ve = 100.*sqrt(8.*k*Te/(pi*me))
Jr = q*n*ve/4.
if (Jeo .ge. sqrt(2)*(Ic/Sc+Ji)) Jeo = 0.99*sqrt(2)*(Ic/Sc+Ji)
dVc = -k*Te*log(Ic/(Jr*Sc) + A - Jeo/(sqrt(2.D0)*Jr))/q
if ((Jeo/Jr - Ic/(Jr*Se) + A) .It. 0) then

print *, 'Jeo/Jr,Ic/JrSe\Jeo/Jr,Ic/(Jr*Se)
print *, 'Te,dVe,Ic',Te,dVe,Ic

end if
dVe = -k*Te*log(Jeo/Jr - Ic/(Jr*Se) + A)/q
note that these are deltas, not related in any way to differentials
He = q*dVe/(k*Te)
He = q*dVc/(k*Te)

this is the Rex term that appears in eq. (4.7)
A0 = RF(0,l)*E10 + RF(0,2)*E20 + RF(0,3)*E30 + RF(0,5)*E40 •

RF(0,5)*Ei
B0 =N0*A0

limited by transistor

! internal iteration until Vsource converges

! emitter work function, eq. (4.17)

! electron speed (cm/s)
! random current from eq. (4.4) (A/cm2)

! eq. (5.3)

! emitter sheath potential, eq (4.2a)
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Al = -RF(1,O)*E1O + RF(1,2)*E21 + RF(1,3)*E31 + RF(1,4)*E41 +
RF(1,5)*E15

Bl =N1*A1
A2 = -RF(2,0)*E20 - RF(2,1)*E21 + RF(2,3)*E32 + RF(2,4)*E42 +

RF(2,5)*E25
B2 = N2*A2
A3 = -RF(3,0)*E30 - RF(3,1)*E31 - RF(3,2)*E32 + RF(3,4)*E43 +

RF(3,5)*E35
B3 =N3*A3
A4 = -RF(4,0)*E40 - RF(4,1)*E41 - RF(4,2)*E42 - RF(4,3)*E43 +

RF(4,5)*E45
B4 =N4*A4
Rex = q*(BO+B 1+B2+B3+B4) ! excited state term, eq. (4.8) (Kelvins/s)

actually this is Rex/(n*V)
B l =ve*Se*exp(-He)/(3.D0*V)
B2 = ve*Sc*exp(-Hc)/(3.D0*V)
B3 = N0*RF(0,5) + N1*RF(1,5) + N2*RF(2,5) + N3*RF(3,5) +

N4*RF(4,5) - Ji*(Sa+Ss+Se)/(q*n*V)
B4 = A*ve*Ss*7.7837/(6.D0*V)
B5 =(B1+B2+B3+B4)
Cl = Jeo*Se*(dVe+2.D0*k*Tem/q)/(3.D0*k*n*V)
C2 = q*ve*Se*exp(-He)*dVe/(6.D0*k*V)
C3 = q*ve*Sc*exp(-Hc)*dVc/(6.D0*k*V)
C4 = 2.D0*Rex/(3.D0*k)
C5 =C1-C2-C3-C4
dTe = (C5-Te*B5)*dt ! electron temperature, equation (4.22)
Te = Tei + dTe
if (abs(Tkeep - Te) .gt. 1.0) then ! recalculate rate coefficients if Te has

call rate (Te.RF) ! changed by more than 1 Kelvin
Tkeep = Te

end if
ve = 100.*sqrt(8.*k*Te/(pi*me)) ! electron speed (cm/s)
Ji = 100.*(0.61*q*n*sqrt(k*Te/Mi)) ! ion current density, eq (4.3)
dn = (n*N0*RF(0,5) + n*Nl*RF(l,5) + n*N2*RF(2,5) +

n*N3*RF(3,5) + n*N4*RF(4,5) -
Ji*(Sa+Ss+Se)/(q*V))*dt

n = ni + dn ! plasma density, eq. (4.9) (ions/cm3)
Ji = 100.*(0.61*q*n*sqrt(k*Te/Mi)) ! ion current density, eq. (4.3)

What follows is the calculation of radiation re-absorption
Nt = N0 + N l + N 2 + N3+N4
si = sqrt(Mi/(2.0D0*k*Ta*log(2)))
klOL = Y10**3*gl/(g0*4.0D0*pi*pi)*N0*1.0D6*A10o*sl
k21L = Y21**3*g2/(gl*4.0D0*pi*pi)*Nl*1.0D6*A21o*sl
k31L = Y31**3*g3/(gl*4.0D0*pi*pi)*Nl*1.0D6*A31o*sl
k40L = Y40**3*g4/(g0*4.0D0*pi*pi)*N0*1.0D6*A40o*sl
k42L = Y42**3*g4/(g2*4.0D0*pi*pi)*N2*1.0D6*A42o*sl
k43L = Y43**3*g4/(g3*4.0D0*pi*pi)*N3*1.0D6*A43o*sl
s2 = sqrt(Mi/(2.*pi*k*Ta))
klOD = Y10**3*gl/(g0*8.0D0*pi)*Nt*1.0D6*A10o*s2 ! NO
k21D = Y21**3*g2/(gl*8.0D0*pi)*Nt*1.0D6*A21o*s2 ! Nl
k31D = Y31**3*g3/(gl*8.0D0*pi)*Nt*1.0D6*A31o*s2 ! Nl
k40D = Y40*Nt*Y40*1.0D6*Y40*g4/(g0*8.0D0*pi)*A40o*s2 ! NO
k42D = Y42**3*g4/(g2*8.0D0*pi)*Nt*1.0D6*A42o*s2 ! N2
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k43D = Y43**3*g4/(g3*8.0D0*pi)*Nt*1.0D6*A43o*s2 ! N3
kolO = klOL*klOD/(klOL + klOD)
ko21 = k21L*k21D/(k21L + k21D)
ko31 = k3 lL*k3 lD/(k31L + k3 ID)
ko40 = k40L*k40D/(k40L + k40D)
ko42 = k42L*k42D/(k42L + k42D)
ko43 = k43L*k43D/(k43L + k43D)
xlOL = 4.0D0/(3.0D0*sqrt(pi*kol0*d))
x21L = 4.0D0/(3.0D0*sqrt(pi*ko21*d))
x31L = 4.0D0/(3.0D0*sqrt(pi*ko31*d))
x40L = 4.0D0/(3.0D0*sqrt(pi*ko40*d))
x42L = 4.0D0/(3.0D0*sqrt(pi*ko42*d))
x43L = 4.0D0/(3.0D0*sqrt(pi*ko43*d))
xlOD = O.ODO
x21D = O.ODO
x31D = O.ODO
x40D = O.ODO
x42D = O.ODO
x43D = O.ODO
if ((klOD*d) .ge. 1.0) xlOD = sqrt(log(klOD*d)/pi)/(kolO*d)
if ((k21D*d) .ge. 1.0) x21D = sqrt(log(k21D*d)/pi)/(ko21*d)
if ((k31D*d) .ge. 1.0) x31D = sqrt(log(k31D*d)/pi)/(ko31*d)
if ((k40D*d) .ge. 1.0) x40D = sqrt(log(k40D*d)/pi)/(ko40*d)
if ((k42D*d) .ge. 1.0) x42D = sqrt(log(k42D*d)/pi)/(ko42*d)
if ((k43D*d) .ge. 1.0) x43D = sqrt(log(k43D*d)/pi)/(ko43*d)
xlO = xlOD + xlOL ! correction for reabsorption
x21 =x21D + x21L
x31 =x31D + x31L
x40 =x40D + x40L
x42 = x42D + x42L
x43 =x43D + x43L
if(xlO.ge. 1.0) xlO = l.ODO
if(x21.ge. 1.0) x21 = l.ODO
if(x31.ge. 1.0) x31 = l.ODO
if(x40.ge. 1.0) x40 = l.ODO
if(x42.ge. 1.0) x42 = l.ODO
if(x43.ge. 1.0) x43 = l.ODO
A10 = xlO * AlOo ! effective A-factor, eq. (4.21)
A21 =x21*A21o
A31 = x31* A31o
A40 = x40 * A40o
A42 = x42*A42o
A43 = x43 * A43o

Bla = Nao*va*Ss/(4.D0*V)+n*Nl*RF(l,0)+n*N2*RF(2,0)+Nl*A10
Bib = n*N3*RF(3,0)+n*N4*RF(4,0)+N4*A40
Bl = Bla + Blb
B2 = n*RF(0,l) + n*RF(0,2) + n*RF(0,3) +

n*RF(0,4) + n*RF(0,5) + va*(Sa+Ss+Se)/(4.D0*V)
dNO = (Bl - N0*B2 + (Da+sput)*SaA^ + (Dae+spute)*Se/V)*dt
NO = NOi + dNO ! ground state density, eq. (4.13)

Bl = n*N0*RF(0,l) + n*N2*RF(2,l) + n*N3*RF(3,l) +
n*N4*RF(4,l) + N2*A21 + N3*A31
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B2 = n*RF(l,O) + AlO + n*RF(l,2) + n*RF(l,3) + n*RF(l,4) +
n*RF(l,5) + va*(Sa+Ss+Se)/(4.DO*V)

dNl = (Bl-Nl*B2)*dt
Nl = Nl i + dNl ! 1st excited state density, eq. (4.12)
Bl = n*N0*RF(0,2) + n*Nl*RF(l,2) + n*N3*RF(3,2) +

n*N4*RF(4,2) + N4*A42
B2 = n*RF(2,0) + n*RF(2,l) + A21 + n*RF(2,3) + n*RF(2,4) +

n*RF(2,5)+va*(Sa+Ss+Se)/(4.D0*V)
dN2 = (Bl-N2*B2)*dt
N2 = N2i + dN2 ! 2nd excited state density, eq. (4.12)

Bl = n*N0*RF(0,3) + n*Nl*RF(l,3) + n*N2*RF(2,3) + N4*A43 +
n*N4*RF(4,3)

B2 = n*RF(3,0) + n*RF(3,l) + n*RF(3,2) + A31 + n*RF(3,4) +
n*RF(3,5) + va*(Sa+Ss+Se)/(4.D0*V)

dN3 = (Bl-N3*B2)*dt
N3 = N3i + dN3 ! 3rd excited state density, eq. (4.12)

Bl = n*N0*RF(0,4) + n*Nl*RF(l,4) + n*N2*RF(2,4) +
n*N3*RF(3,4)

B2 = n*RF(4,0) + n*RF(4,l) + n*RF(4,2) + n*RF(4,3) + A40 +
A42 + A43 + n*RF(4,5) + va*(Sa+Ss+Se)/(4.D0*V)

dN4 = (Bl-N4*B2)*dt
N4 = N4i + dN4 ! 4th excited state density, eq. (4.12)

Da = (theta*Nc/gamma)*exp(-H/(k*Tc)) ! desorption rate from collector, eq. (4.16)
flux = va*(N0+Nl+N2+N3+N4)/4.0D0 + Ji/q ! atom flux, eq. (4.15)
sput = Ji/q
dtheta = (flux - (Da+sput))/Nc * dt
theta = thetai + dtheta ! eq. (4.14)

Dae = (the*Nc/gamma)*exp(-H/(k*Tem)) ! from emitter, eq. (4.16)
dthe = (flux - (Dae+sput))/Nc * dt
the = thei + dthe ! eq. (4.14)

Jr = q*n*ve / 4. ! random current, eq. (4.4) (A/cm2)
Ji = 100.*(0.61*q*n*sqrt(k*Te/Mi)) ! ion current density, eq. (4.3)
Jse = Hmee*exp(612.697*(Ji**.125)*(dVe**.125)/Tem) ! eq. (4.18)
if(Jr.le. Jse)then

Jeo = Jr
else

Jeo = Jse
end if
if (Jeo .ge. sqrt(2)*(Ic/Sc+Ji)) Jeo = 0.99*sqrt(2)*(Ic/Sc+Ji) ! eq. (5.3)

this is my Ic solver,
fact = 9.0D-1
do ii=l,9

Ic = fact*(Jeo+Ji)*Se
func = Ic*Rl - Vsource + phic + k*Te*log(Se/Sc)/q - phie + ! eq. (4.29)

k*Te*log(flc+Ji*Sc-Sc*Jeo/sqrt(2.D0))/(Jeo*Se+Ji*Se-Ic))/q
if (func .gt. 0) fact = fact - 1.0D-1

end do
do ii=l,50
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if ((ac+Ji*Sc-Sc*Jeo/sqrt(2))/((Jeo+Ji)*Se-Ic)) .le. 0) then
print *, "log argument 1: ',((Ic+Ji*Sc)/(Jeo*Se+Ji*Se-Ic))
print *, 'Ic,Ji,Jeo,(Jeo+Ji)*Se',icjijeo,(Jeo+Ji)*Se

end if
func = Ic*Rl - Vsource + phic + k*Te*log(Se/Sc)/q - phie + ! eq. (4.29)

+ k*Te*log((Ic+Ji*Sc-Sc*Jeo/sqrt(2.D0))/(Jeo*Se+Ji*Se-Ic))/q
if (func .gt. 0) then

dojj = l,50
temp = Ic - func*(Ic - Icc)/(func - ff)
Ice = Ic
Ic = temp
ff =func
if(((Ic+Sc*(Ji-Jeo/sqrt(2)))/(Jeo*Se+Ji*Se-Ic)).le.0)then

print *,'log arg 2: ',((Ic+Ji*Sc)/(Jeo*Se+Ji*Se-Ic))
prmt*,'Ic,Ji,Jeo,(Jeo+Ji)*Sel,icjijeo,(Jeo+Ji)*Se

end if
func = Ic*Rl - Vsource + phic + k*Te*log(Se/Sc)/q -phie+ ! eq. (4.29)

+ k*Te*log((Ic+Ji*Sc-Sc*Jeo/sqrt(2.D0))/(Jeo*Se+Ji*Se-Ic))/q
if (abs(func - ff) .It. tolerance) then

goto 1 ! escape the Ic solver loop
end if

end do
end if
step = ((Jeo+Ji)*Se - Ic) * 4. / 5.
Ice = Ic
Ic = Ic + step
ff =func

end do
1 Vss = Vsource

Vsource = (Vss + (Isource - Ic)*Rs)/2.0DO
if ((Vsource+Vt) .ge. Vc) then ! capacitor voltage limit

Vsource = Vc - Vt
flag=l

end if
Vce = Vsource - Ic*Rl ! eq. (4.23)

if (abs(Vsource - Vss) .le. tolerance) go to 500 ! escape the loop
end do ! end of internal iteration

500 if (i .ge. m .or. (ultimate time -1) .le. dt) then
Pc = (N0+Nl+N2+N3+N4+n)*k*Ta ! Cs pressure in the gap
time = t * 1000000
Nt = N0+N1+N2+N3+N4 ! total atom density
write (2,11) time,theta,the,Pc/Pcs ! coverage and relative pressure
write (3,10) time,n,N0,Nt
write (4,10) time,flux,Da,Dae,sput,spute
write (5,20) time,Ic,Isource,Jse,Jeo,Jknee
write (6,20) time,dVe,dVc,phie,phic
write (7,20) time.Te
write (8,20) Vce.Ic ! time,dVe,dVc,phie,phic
write (9,20) time, Vce, Vsource
print 30, time,tejeo,n, Vsource
print 31, Ic,theta,Vce,Isource,flag,Vc
i = 0
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end if
t = t + dt
i = i + 1 ! these decide which to print out

end do
10 format (F1O.3,1P,E11.3E3,E11.3E3,E11.3E3,E11.3E3,E11.3E3,E11.3E3)
11 format (F9.3,F11.7,F11.7,F11.7,F11.7,F11.7,F11.7,F11.7,F11.7)
20 format (0P,F10.3,F10.3,F10.3,F10.3,F10.3,F10.3)
30 format (' time'.FlO.S,1 us Te =',F10.3,' Jeo KF7.3.1P,

+ ' n=',E12.5E2,' Vs=',0P,F7.3)
31 format (' Ic =',F7.3,2P,' 9 =',F7.3,'% Vce =',0P,F7.3,

+ ' Isource =',F7.3,' limit = ',11,' Vc=',F6.2)
close (unit=2)
close (unit=3)
close (unit=4)
close (unit=5)
close (unit=6)
close (unit=7)
close (unit=8)
close (unit=9)
print *, 'numb = ',numb
stop 'wake up! its done!1

end
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Appendix F: Capacitor Time Constant

The differential equation for the charge stored on a capacitor as it discharges

through a constant resistance is (Serway 1983):

d t " RC * KX1J

Integrating this equation and dividing both sides by C, we obtain the familiar expression:

V = V o e " , (F.2)

where x is the time constant, x = RC. If the resistance is not a constant with respect to

time, as in the case of the current source circuit described in Chapter 4, then x is not

constant. The exact solution of equation (F. 1) with x a function of time is:

T . (F.3)

Since x is known at each point in time, the integral is easily evaluated using an

approximation such as the trapezoidal rule or Simpson's rule.

In the system of equations described in Chapter 4, the time scale of the plasma

equations is much shorter than the time constant of the capacitor. The time step used in

the model is on the order of nanoseconds to reflect the plasma time scale, whereas the

time constant of the capacitor varies from ~ 50 ~ 100 ms. In the model, — is never

larger than 3xl0"5; therefore equation (F.2) can be used instead of equation (F.3) without

any detectable change in the model results.
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