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ABSTRACT 

A definition and characterization of diffuse discharees 

is presented, and the conditions necessary for the production 

of diffuse discharges are discussed. The design and construc-

tion of an experimental device that produces diffuse dischar-

ges for the study of optically controlled diffuse discharge 

opening switches is described. It is shown that these con-

trol processes require diffuse discharges as a switch medium. 

Diagnostic voltage and current probes were built into the 

system and were found to have rise-times of less than 5 ns. 

The device constructed produces discharges in Helium at gas 

pressures up to 200 torr. 
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CHAPTER I 

INTRODUCTION 

For more than a decade now, the laser community has used 

self-sustained, cold, volume discharges--diffuse discharges--

as laser excitation sources. Powerful ultraviolet, visible, 

and infrared lasers have utilized such discharge sources in 

transversely excited atmospheric-pressure (TEA) lasers and in 

rare-gas halide and metal halide excimers [1]. Recently, 

however, diffuse discharges have become of interest also to 

investigators in high-powered switching technology [2]. 

Impedance changes sufficiently high enough for switching pur-

poses may be externally induced in diffuse discharges. The 

kinetically cold temperature of the ions and neutrals of such 

discharges allows for collisional and radiative manipulation 

of the molecular processes that govern the discharge conduc-

tivity. As an example, the optogalvanic effect--the changing 

of a plasma's conductivity by optical irradiation--has been 

shown to induce impedance changes great enough to ignite and 

extinguish gas discharges [3]. Closing switches that use 

externally optically ignited plasmas have been built and de-

monstrated. However, interest has developed in the use of 

radiative and collisional processes for fast opening switch 

technology. Such processes appear to be, at present, the 

key for the design of fast, high-powered, long-life, repeti-

tive opening switches. The construction of an optically 
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controlled opening switch has been sufficiently challenging 

that, to date, no such switch has been built. As the final 

report of the VJorkshop on Repetitive Opening Switches states, 

the area of opening switch research "...is one of high risk 

and of potentially extremely high pay-off" [4]. 

A fundamental step towards the construction of an opti-

cally controlled opening switch is the development of a de-

vice that produces a self-sustained diffuse discharge at 

high gas pressures (around 1 atm). The production of such 

a discharge requires strict attention to the discharge en-

vironment before, during and after the initiation of the 

diffuse discharge. Instabilities during the initiation and 

steady-state phases of the discharge encourage the formation 

of arcs and the extinguishing of the diffuse discharge. 

Electrode geometry, gap preionization, and external circuitry 

characteristics are among the most important environmental 

factors to be considered [5, 6]. 

It is the intent of this paper to describe the design, 

construction, and operation of an experimental apparatus 

that produces a self-sustained diffuse discharge for the 

study of an optically controlled opening switch. The the-

oretical considerations necessary for the design of the 

experiment are presented in the second chapter. Chapter 

two also includes a discussion of why diffuse discharges 

are well-suited for opening switches. The third chapter 



presents the experimental design and the equipment used 

in this investigation. Results of the actual discharges 

produced by the device are given in the fourth chaDter. 



CHAPTER II 

THEORY 

In order to understand this experiment, it is necessary 

to examine the kinetic and molecular processes that can and 

do occur and the impact these processes have upon the design 

of the experiment. Since the apparatus will ultimately be 

tested as an optically controlled opening switch, an under-

standing of the mechanisms involved in such a switch and the 

restrictions placed upon the diffuse discharge by these me-

chanisms is appropriate. A physical description of a diffuse 

discharge will show that such a discharge will meet the open-

ing switch restrictions and requirements. The actual produc-

tion and maintenance of a diffuse discharge involves, as will 

be shown, the consideration of the pre-breakdown environment, 

the discharge initiation, and the formation of instabilities. 

Once these processes and conditions are understood, the design 

of the experiment becomes clear in its concept. 

Inductive Energy Storage 

Interest in opening switches has concentrated upon their 

use in inductive energy storage circuits. Inductive elements 

have intrinsically higher energy storage densities than capa-

citive elements (100 to 1000 times higher) [7]. An inductive 

energy storage circuit is shown in Figure 1. Upon closure of 
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Fig. 1. An inductive energy storage circuit 



the opening switch (S^), energy is slowly transferred from 

the source to the inductor. During this energy transfer, 

the closing switch (S^) is kept open. At an appropriate 

time, switch S is closed and switch S is opened, and the 

energy stored in the inductor is rapidly transferred to 

the load (Z^). 

For a real system, the opening switch is not ideal 

and opens with some finite time. The opening switch may 

be thought of as an element whose impedance increases with 

time. The changing impedance of the switch forces the cur-

rent through the inductor to change with time. This chan-

ging current induces a voltage across the inductor (V, ) 

as is given by the expression: 

V^ = L(di/dt) 

where i is the current through the inductor, L is the in-

ductance of the inductor, and t is the time. This induced 

voltage is applied across the load (Z^). Thus the voltage 

applied to the load with the inductor in the circuit is 

greater than the voltage that would have been applied by 

the source alone. The voltage that is gained also increases 

the instantaneous power delivered to the load. The ampli-

tude of the voltage increase induced by the inductor and 

the magnitude of the power delivered by the inductor are 



dependent upon how rapidly the opening switch opens. The 

faster the opening switch interrupts the current through 

it, the greater is the voltage gain, and the higher is the 

power applied to the load. 

The development of an opening switch that has very 

fast opening times and that may be repetitively operated 

is a major obstacle in the construction of such an induc-

tive energy storage system. The type of discharge and the 

gases used in the discharge of the opening switch are pri-

marily determined by these inductive effects on the opening 

switch. 

Electron Attachment 

In an opening switch, it is necessary to increase the 

impedance of the conductive switch medium to large values 

(values larger than the impedance of the load) in order to 

interrupt the current through the switch and subsequently 

to erect the voltage across the switch. In a self-sustained 

diffuse discharge, the current is carried by the free elec-

trons generated by collisional ionization within the gas. 

By either reducing the electron density of the diffuse 

discharge or by lowering the mobility of the charge carriers 

to sufficient degrees, the current of the discharge may be 

interrupted. In either case, the diffuse discharge acts as 
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an opening switch. Of the various processes that influence 

the decrease in the electron conductivity, the most control-

able mechanism appears to be the formation of negative ions 

by resonant dissociative attachment [2]. Dissociative at-

tachment occurs when an electron, whose energy is within a 

certain range, collides with a diatomic or polyatomic mole-

cule in an electronegative gas. Upon colliding with the 

molecule the electron will excite the molecule and attach 

to the molecule. The excess excitation energy forces the 

newly formed negative molecule to quickly dissociate into 

two molecular fragments or atoms. One of the fragments 

will be negatively charged while the other will be neutrally 

charged. Dissociative attachment may be expressed as: 

e + AB -»- AB"'̂  -̂  A + B' 

where e is an electron, A and B are fragments or atoms, AB 

is the molecule formed by the fragments A and B, and AB is 

often called the attacher, the negative sign (-) indicates 

a negative charge, and the asterisk (*) indicates an ex-

cited molecule [8]. 

Since the mass of the molecule that the electron 

attaches to is several thousand times greater than the mass 

of the electron, the velocity of the negative molecule formed 

is significantly less than the velocity of the electron 
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Fig. 2. Potential energy diagram 
illustrating resonant dissociative at-
tachment. 
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before attachment. By attaching to a heavier moiecule, the 

current carrying electrons of the gas discharge has lowered 

its mobility. If a large number cf electrons in the ciffuse 

discharge undergo attachment, then the current of the dis-

charge will decrease and the impedance, therefore, will in-

crease [8]. If dissociative attachment can be controlled, 

it is possible to use this effect in an opening switch. 

To avoid energy losses during the conducting phase of 

the switch, the attachment process should only dominate 

during the current interruption or opening phase of opera-

tion. During the on-state, the attachment rate coefficient 

of the ionized gas should have lov7 values. By insuring 

low attachment rates, the switch experiences low energy 

losses and good conductivity [7]. However, during the 

opening phase the rate coefficient should be quite high in 

order to insure low conductivity and current interruption. 

In fact, this change in attachment can be obtained quite 

easily. For resonant dissociative attachment, the attach-

ment cross-section depends upon the electron energy [7]. 

In a gas discharge, the mean electron energy is dependent 

upon E/N (the electric field intensity to gas number density 

ration) [8]. During the opening phase of the opening switch 

of the inductive circuit, the switch voltage rises with time. 

Therefore, E/N also increases with time, and the mean elec-

tron energy rises with time. If an attacher whose attachment 
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cross-section increases with electron energy is used in the 

switch, then a feedback effect will open the switch very 

rapidly. As the attachment process lowers the electron 

density in the switch discharge it also increases the dis-

charge resistance. As the discharge resistance increases, 

the switch voltage also increases. This voltage increase 

results in an increase of E/N which, in tum, raises the 

mean electron energy. Of course, the attachment rate coef-

ficient is increased (due to the increase of the attachment 

cross-section) by the higher energy of the electrons. Now, 

as the attachment rate coefficient is increased the electron 

density is further reduced and the voltage is increased even 

faster. A nonlinear feedback process develops within the 

discharge, and the switch impedance grows very rapidly. 

This feedback effect results in very fast current interrup-

tion and very short opening times for the switch [7]. 

Optogalvanic Effects 

Laser Induced lonization 

Optogalvanic effects, using laser radiation, can alter 

the impedance of an opening switch discharge in several 

favorable ways that can assist the operation of the switch. 

In conditions where the attachment process inhibits the on-

state of the switch, laser light can be used to either 
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enhance the discharge conductivity or to extemally sustain 

the discharge. The conductivity is changed by increasing 

the degree of ionization by some optical mechanisti. Figure 

3 shows several possible optical transitions that can ionize 

a gas. Processes 1, 2 and 6 involve purely optical ioniza-

tion (single photon ionization, two photon ionization, and 

photo-detachment, respectively), while processes 3, 4, and 

5 involve both optical and collisional ionization (colli-

sional ionization of an optically excited molecule, single 

photon ionization of a collisionally excited molecule, and 

two-step photoionization of a collisionally excited molecule, 

respectively). 

In order to sustain any of the ionization processes, 

the power fed into the gas by the laser used can be quite 

high. An expression for this power can be derived by equa-

ting the energy required to ionize the gas by the laser to 

the energy given-off by the electron loss processes. The 

total number of electrons generated by the photoionization 

process in a gas will be equal to the density of electrons 

generated (n ) times the volume of the gas (V). The energy 

required to generate the electrons will be equal to the 

total number of electrons times the energy required to 

generate one electron (E-^^)• It is assumed that the only 

electron loss process involved is attachment which is a 

reasonable assumption if the electron density is not too 
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high (less than lO^' cm"^). The attachment process will 

remove an electron after a mean time (T ) from the gen-
O D 

eration of the electron. Thus the total power (P) required 

by the laser to replace electrons lost to attachment in a 

diffuse discharge is given by: 

The variable T^ may be considered the opening time of the 

switch. This time necessary to replace the electrons lost 

to attachment (T^^) is the inverse of the attachment colli-

sion frequency and is given by: 

where n^ is the density of attacher molecules and k is the a a 

attachment rate coefficient. From these equations it is 

evident that fast opening times require high power deposi-

tion into the discharge and high attachment rate coefficients 

of the attacher [7]. 

The process that will be attempted first with this dif-

fuse discharge device will be the collisionally-assisted, 

two-step photoionization process (Process 5). Laser light 

will be used to increase or enhance the conductivity of the 

self-sustained diffuse discharges produced by the apparatus. 
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In this process, a molecule (A) will be initially excited 

by collisions with energetic electrons: 

e + A -̂  e + A . 

The molecule is then ionized by means of this two-step 

photoionization process according to the formula: 

2hv + A* ^ A"'" 4- e 

where h is Planck's constant, v is the photon frequency, 

A is the ion of the A molecule. In this process, two 

photons of the same energy ionize the already excited 

molecule (A ). The first of the two photons further ex-

cites the molecule to a state that is energetically a 

little greater than half-way between the collisionally 

excited state and the ionization state of the molecule. 

The second photon completes the process by ionizing the 

doubly excited molecule. 

The electrons generated in this way are continuously 

removed by the attachment process. Once the laser radia-

tion is discontinued, the feedback effect sets in and the 

discharge retums to its self-sustained state. According 

to this method, the switching of the laser can change the 

conductivity of the discharge considerably, and, in effect, 

the discharge responds as an opening switch despite the 

relatively continuous self-sustained discharge [7]. 
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Laser Induced Attachment 

Laser radiaticn can also induce another tvDe of 

optogalvanic process. Instead of assisting the conducting 

phase by enhancing the discharge conductivity, it is also 

possible to enhance the opening affect. Dissociative at-

tachment can be stimulated by optical means. By vibration-

ally exciting an attacher molecule, the attachment cross-

section of the molecule can be increased, and the probability 

of electron attachment and immediate molecular dissociation 

are correspondingly increased. This vibrationally excited 

attachment process can extemally control, from a laser, the 

opening phase of a switch. It should be possible to change 

the magnitude of the attachment cross-section by several 

orders for such moleculés as HCl [7]. 

Definition and Anatomy of a Diffuse Discharge 

The processes that are of interest in opening switches 

require special discharge conditions. Primarily, the heavy 

particles, the ions and the neutrals, must have low kinetic 

temperatures (about room temperature). These low tempera-

tures insure that the heavy particles have a low degree of 

ionization and that the polyatomic molecules have a low 

degree of dissociation. Thermal energy of kinetically very 

hot plasmas will multiply ionize and heavily dissociate gas 
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molecules. If the neutral and ion temperatures are high 

and the gas molecules are heavily ionized, optogalvanic 

and attachment processes would be impossible. The ioni-

zation of already multiplied ionized particles would re-

quire very large energies and would, therefore, be ex-

tremely difficult. To further ionize such particles by 

optical means would require very large photon energies 

and would essentially be impossible. Within hot plasmas, 

polyatomic molecules tend to dissociate. Electron attach-

ment by dissociative attachment would be difficult to induce 

if most of the attacher molecules were already fragmented. 

Thus, the discharge of interest must have a sufficiently 

high enough degree of ionization to provide a conductive 

current, but have a low enough degree of ionization to allow 

optogalvanic and attachment mechanisms to proceed [9]. 

Therefore, a discharge where the ion and neutral parti-

cle temperatures are low is a necessary condition for an 

opening switch. A diffuse discharge is defined as such a 

cold discharge [10]. Although the ion and neutral particle 

temperatures are low the electron temperature is quite high 

(several thousands of degrees Kelvin); in general, a diffuse 

discharge will not be in thermal equilibrium [11]. This 

high electron temperature causes the electrons to have high 

random velocities which ionize the heavy neutral particles 

and, in tum, causes the plasma to have a good conductivity. 
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The low temperatures of the heavy particles are insured by 

avoiding excessive ohmic heating of the diffuse discharge. 

A diffuse discharge generally has a large cross-sectional 

area (the area perpendicular to the direction of the dis-

charge electric field). The current density of the dis-

charge is kept low by this large cross-section (generally 

the current density is less than 100 amperes per square 

centimeter) . By maintaining a lov; current density, resis-

tive heating of the plasma is kept low. The power dissi-

pated and converted into heat in a current carrying plasma 

may be expressed as: 

P = nJ^ 

where P is the power density dissipated in the plasma, n 

is the resistivity of the plasma, and J is the current 

density of the plasma [12]. Thus, a low current density 

insures low discharge heating which insures low heavy 

particle temperatures. Often a diffuse discharge is re-

ferred to as a volume discharge since the large cross-

sectional area causes the discharge to fill a relatively 

large volume [7]. 

A diffuse discharge is a form of a glow discharge. 

However, a diffuse discharge generally has a larger dis-

charge cross-section and is operated at a higher gas 

pressure than a classical glow discharge. Additionally, 
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a diffuse discharge is not stabilized by the discharge 

chamber walls as a glow discharge usually is. Both types 

of discharges have essentially the same spatial character-

istics along their electric field lines. Figure 4 illus-

trates the anatomy of a diffuse or glow discharge. Basi-

cally, there are three regions: the cathode layer, the 

positive column, and the anode layer. In general, the 

extemal voltage applied to the discharge electrodes does 

not vary linearly with the distance between the electrodes. 

The potential drop across the cathode layer comprises most 

of the applied voltage. Therefore, there is a strong field 

gradient along the discharge axis within the cathode layer. 

In the positive coltimn, the axial component of the electric 

field is constant and the potential varies linearly with 

distance. The anode layer is very similar to the cathode 

layer except that the variations of the electric field and 

potential are much less pronounced [11]. However, at high 

gas pressures, the cathode and anode layers are compressed 

to very thin sheaths and most of the potential drop of the 

discharge is across the positive column. 

Presently, the most common form of extremely high 

powered switching utilizes the arc discharge or spark gap. 

The arc is a very hot, highly conductive, filamentary dis-

charge. The high degrees of ionization and dissociation 

found in arcs prevent their use as optically controlled 
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opening switch mediums. However, the diffuse discharge has 

two advantages over the arch that are independent of the 

conditions necessary for optically controlled opening swit-

ches. First, since a diffuse discharge has a low current 

density and the arc has a high current density, erosion of 

the discharge electrodes is smaller in a diffuse discharge 

device than in a spark gap. Consequently, lower electrode 

erosion increases the life-time of the discharge switch. 

This property is very important for a long-life, repetitive 

switch. Second, a broad discharge, like a diffuse discharge, 

has a lower inductance than a filamentary discharge, like an 

arc [2]. Suppose that a discharge is placed in a coaxial 

geometry where the discharge serves as the inner conductor 

and the discharge chamber walls serve as the outer conductor. 

Also, suppose that the diameter of the outer conductor does 

not change. The inductance per unit length of a coaxial 

cable is given by: 

L = (y/27T)ln(b/a) 

where L is the inductance per unit- length in henries/meter, 

;: is the permeability of the medium between the inner con-

ductor and the outer conductor in henries/meter, b is the 

diameter of the outer conductor in any units, a is the dia-

meter of the inner conductor in the same units as b [13]. 

This equation shows that as a increases the inductance 
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decreases. Therefore, a broad discharge where a is large 

would have a lower inductance than a filamentary discharge 

where a is small. 

The time evolution of the voltage of a diffuse dis-

charge is shown in Figure 5. Basically, the voltage pulse 

and the life of a diffuse discharge may be separated into 

three parts: the initiation phase where the voltage rises 

and settled to the steady-state voltage; the steady-state 

phase where the voltage is constant for a short time; and 

the termination phase where the voltage decreases from the 

steady-state value to zero. 

Production of a Diffuse Discharge 

Although glow discharges operated at low gas pressures 

(less than 100 torr) have been studied for more than a 

century [11], diffuse discharges initiated at high gas pres-

sures (about 1 atm) have only been studied for the past de-

cade. Due to various factors, filamentary or arc discharges 

will form before, during, or after a diffuse discharge has 

reached its steady-state phase. These factors generally 

initiate the formation of streamers, which, in tum, develop 

into arcs. In order to understand these problems, it is 

necessary to review gaseous breakdown phenomena. 
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Mechanisms of Gaseous Breakdown 

Consider a gas discharge experiment. During the experi-

ment, a voltage is applied across a gap between two parallel 

plate electrodes. A certain gas at a specific pressure fills 

the volume between the electrodes. Suppose that a free elec-

tron is created in the interelectrode gap by some statisti-

cally governed event (cosmic ray ionization, field emission, 

photoionization, or some other mechanism). The electron 

will gain energy by accelerating toward the anode through 

the electric field of the gap. After the electron reaches 

a certain energy it collisionally ionizes gas molecules in 

its path. The new electrons, generated by the initial free 

electron, are also accelerated and reach an energy where 

they too begin to ionize gas molecules. The process of free 

electrons generating more free electrons continues at an 

exponential rate. Thus an "avalance" process is said to 

have occurred, and the group of electrons generated by the 

initial electron are referred to as the avalanche. 

In order that the discharge current is maintained once 

the avalanche reaches the anode, new electrons must be 

created. Such electrons are generated by "secondary" ioniza-

tion of the cathode or gas molecules. Secondary effects in-

clude positive ion bombardment of the cathode, photoioniza-

tion of gas molecules by photons of ion-electron recombination. 
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photoionization of the cathode, and many other mechanisms. 

The electrons generated by secondary ionization are accel-

erated in the electric field and form new avalanches. The 

new avalanches, however, have more electrons than the pre-

vious avalanche and generate more particles and photons 

for secondary ionization. This avalanche-secondary ioni-

zation process continues with the exponentiation of the 

number of free electrons and the formation of a growing 

discharge current. At some point in time, determined by 

the electric circuit extemal to the discharge and the 

electron lose processes of plasmas (recombination, diffu-

sion, attachment, and other processes), the electron density 

and current of the discharge settle to steady-state values. 

This avalanche-secondary ionization breakdown mechanism is 

called Townsend breakdown and is the process whereby a 

diffuse discharge is produced [6, 8, 11]. 

Only under conditions of low E/N (electric field 

intensity to gas number density ratio) will a diffuse dis-

charge proceed by means of Townsend breakdown. High voltage 

switching, however, requires high E/N. In discharges where 

E/N is large, "streamer" breakdown in addition to Townsend 

breakdown occurs. Suppose that the initial electron of the 

previously described experiment is in an environment of high 

E/N. As already described, the electron will generate an 

avalanche. This avalanche may be thought of as a roughly 
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spherical clump of electrons that grows in size as it 

travels to the anode. The clump of electrons that grows 

is called the avalanche head. The avalanche head leaves 

behind itself a roughly conical column of stationary 

positive ions. 

At a certain position along the path of the avalanche, 

the avalanche head reaches the "critical point" or "criti-

cal distance." At this point, the electric field due to 

the space-charge of the avalanche head becomes comparable 

in magnitude to the applied electric field and the electron 

particle density of the avalanche head reaches a certain 

value. Streamer formation begins when the avalanche head 

reaches this critical point. Beyond the critical point 

the space-charges of the avalanche head and the positive 

ion cone concentrate the electric fields within their 

vicinity. Additionally, at this point, secondary avalan-

ches are initiated ahead of and behind the initial or 

primary avalanche head. Photons released by processes in 

and around the primary avalanche generate the secondary 

avalanches. These secondary avalanches expand and create 

further avalanches due to the electric field enhancement 

of the primary avalanche head and cone. The avalanches in 

front of the primary avalanche head are accelerated by the 

field gradient between the primary avalanche head (nega-

tively charged) and the anode (positively charged). The 
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avalanches behind the primary avalanche head are accelera-

ted by the field gradient between the cathode (negatively 

charged) and the primary positive cone. The avalanches 

lengthen the space-charge regions and further increase 

the magnitude of the electric fields between the space-

charge regions and the electrodes. Thus, on both sides 

of the primary avalanche a runaway process evolves. 

A rapidly elongating column of ionization exponen-

tially grow from both sides of the primary avalanche head 

to the two electrodes. These elongating columns--called 

streamers--expand at velocities of several orders of mag-

nitude higher than the velocity of the primary avalanche 

head. The streamers grow until they bridge the interelec-

trode gap with an arc [8, 9]. Therefore, under high E/N 

conditions, streamer breakdown dominates over Townsend 

breakdown, and even the initiation of a diffuse discharge 

is very difficult, if not impossible. 

Homogeneous Avalanche Breakdown 

However, a diffuse discharge can be obtained in a 

high E/N environment if certain conditions exist just be-

fore and during the initiation of the discharge. These 

conditions are: preionization of the discharge gas before 

any voltage is applied to the gap; application of a very 
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fast-rising voltage to the discharge electrodes; and appli-

cation of a voltage to the discharge electrodes that is much 

greater than the self-breakdown voltage of the gap. 

Suppose that a single initial electron of the streamer 

breakdown model is replaced by many homogeneously distribu-

ted electrons. If all of the initial electrons form ava-

lanche heads that overlap when they reach the critical point, 

streamer formation will be inhibited. The space-charge of 

the combined overlapping avalanches is spread over a larger 

area than the space-charge of a single primary avalanche. 

This larger space-charge has a lower field concentration 

than a single avalanche. Without the high field stresses, 

streamers are unable to form. Therefore, the discharge may 

proceed through a Townsend breakdown (often called homogen-

eous Townsend or homogeneous avalanche breakdown) despite 

the high E/N. There is a minimum number of initial elec-

trons necessary to prevent streamer formation. Thus, the 

pre-breakdown electron density must be greater than some 

minimum electron density: 

^eo "^ ̂ ^o^min 

where n is the electron density immediately before break-
eo 

down. and (n ) . is the minimum electron density required 
* eo m m 

to insure diffuse discharge production [6, 14]. Empirical 

results have indicated that (n^o^^in ^̂  between 10^ and 10® 

electrons/cm^ [15]. 
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Preionization 

The pre-breakdown electrons necessary for a diffuse 

discharge can be generated in several different ways. One 

method of electron production is volume preionization of 

the discharge gas. This preionization can be accomplished 

by using ultraviolet radiation. lonization of a gas mole-

cule by a single photon generally requires a wavelength of 

light well into the ultraviolet spectrum [8]. At this wave-

length a photon has sufficient energy to ionize the molecule. 

The most common method of producing ultraviolet light for 

preionization purposes is the-spark source. A spark source 

is a form of spark gap usually operated with overvoltage 

breakdown. In order to obtain the high number of pre-

breakdown electrons, it is generally necessary to use sev-

eral spark sources with high power densities. Since it is 

essential that the preionization of the gas be homogeneous, 

the spark sources must be symmetrically arranged around the 

perimeter of the discharge region or sjrmmetrically arranged 

behind á transparent electrode [6, 15]. (A transparent 

electrode can be made for a very transparent metal mesh or 

from screen.) It is also essential that the spark sources 

all operate simultaneously. 

Electrons can also be generated on metal surfaces by 

the photoelectric effect. By irradiating a metal elec-

trode with ultraviolet light, electrons can be ionized from 
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a conduction band of the metal. The photon energy (h-;) 

required to remove an electron from the surface of a metal 

is determined by a property of the metal called the work 

function (W^). A photon incident upon a metal must have 

an energy greater than the work function of the metal if 

an electron is to be given off by the metal. This is 

expressed as: 

Wc < hv. 

As in volume preionization, spark sources can be used to 

generate the ultraviolet light [7]. 

Discharge Initiation 

In this preionization model, the assumption is made 

that the voltage of the diffuse discharge gap is applied 

instantly after the electrons are created and that the 

voltage has an infinite rise-time. Of course in a real 

device the voltage has some finite rise-time. This voltage 

that rises to its peak in some time will modify the spatial 

concentration of the electrons. 

Consider the situation where, after some gap preioni-

zation, the electron density in the gap is homogeneously 

distributed in space. During the time before the initial 

electrons begin forming avalanches, the preionization 
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generated electrons will drift toward the anode. As they 

move, the electrons will leave behind a region (x ) near 

the cathode that is depleted of electrons producec by the 

preionization. In front of this depleted region (d-x ) 

the electron concentration will be quite high due to the 

residual effects of the preionization. New electrons will 

be generated in the depletion region by statistical mechan-

isms (cosmic rays, field emission, background radiation, 

and others). The distance between each of these statisti-

cal electrons can be assumed to be greated than the thick-

ness of the depletion region (x ). 

Since the electrons of both regions will have uniform 

drift velocities, the avalanche heads formed by the statis-

tical electrons will be separated from the avalanche heads 

of the residual electrons by a distance on the order of 

the depletion region thickness (x ) in the direction of the 

electric field. If, at the critical point of streamer for-

mation, the primary avalanche head of the statistical and 

residual electron generated avalanches overlap: 

o c 

where r is the radius of the avalanche heads at the criti-
c 

cal point, streamer initiation and formation are prevented. 

However, if the avalanche heads of the initial electrons of 
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the two regions do not overlap: 

X > r 
o — í 

then field enhancement will occur at the avalanche heads 

formed by the statistical electrons of the depletion re-

gion; streamers will form, and an arc will be produced 

[6]. 

In order to insure that a diffuse discharge is pro-

duced, it is necessary to insure that all of the avalanche 

heads overlap at the critical point. Since the degree of 

overlap is dependent upon the thickness of the depletion 

region, it is important that the depletion region is as 

small as possible. The thickness of the depletion region 

is dependent upon the speed with which the voltage across 

the gap rises. By having a very fast-rising voltage, 

streamers are prevented from forming [6]. Experimental 

studies have found that this voltage should reach its 

maximum or peak value within 10 to 50 nanoseconds after 

it begins [15]. 

The initiation of a diffuse discharge also requires 

that this maximum voltage applied across the discharge gap 

reach a value that is greater than one and one-half times 

the steady-state discharge voltage [15]: 

V > 1.5V^ 
g 
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where V is the voltage applied across the discharge elec-

trodes, and V is the steady-state discharge voltage of 

the diffuse discharge. This overvolting of the discharge 

causes the electron density to grow from the preionization 

density of lO^ to lO^ electrons/cm^ to the steady-state 

electron density of 10^^ to 10^^ electrons/cm^ . If the 

discharge is further overvolted (2 to 3 times V ), the 
o 

spatial homogeneity of the diffuse discharge during the 

steady-state phase is generally greater than at lower 

values of overvolting [15]. 

The time from the preionization termination to the 

onset of the voltage must be small. Since deionization by 

recombination, diffusion, and attachment will occur after 

preionization, it is essential that the voltage begins 

rising before the electron density falls below the minimum 

required for a diffuse discharge [6]. This time is between 

10 and 1000 ns depending upon the loss processes involved 
[14]. 

Experimenters [15] have also found that the shape of 

the voltage applied to the discharge electrodes is impor-

tant. Voltage pulses similar to those shown in Figure 12 

generally result in diffuse discharges with poor spatial 

homogeneity in the steady-state phases of operation. 

Short, high voltage pre-pulses where the voltage drops to 

zero before the main discharge pulse particularly limit 

the quality of the discharge. 
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Instabilities 

Once the diffuse discharge has been initiated, certair. 

instabilities may set in that will destroy the spatial homo-

geneity of the discharge. In general, these instabilities 

will lead to the formation of an arc and are referred to in 

the literature as "glow-to-arc transitions." As a result, 

certain precautions are necessary to prevent these instabi-

lities. 

These discharge instabilities are set-off by different 

mechanisms. But, these instabilities generally lead to the 

formation of a type of pre-arc streamer. This streamer, 

which is different from the breakdown streamer described, is 

modeled as a kinetically very hot, highly conductive fila-

ment leading from one of the electrodes (generally the cath-

ode) and extending into the diffuse discharge. (This fila-

ment may be considered analogous to a metal wire.) The tip 

of the streamer causes a strong electric field region which 

increases the gas ionization at the tip. The increased ioni-

zation leads to increased current flow into the tip, which, 

in tum, heats the plasma surrounding the tip. Thermal ioni-

ization, as a result of this heating, further increases the 

ionization process. The hot gas at the tip forms a luminous 

"halo" or head which is roughly spherical in shape. The 

current heating and field gradient ionization processes cause 
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a runaway effect where the conductive filament grows ex-

ponentially fast across the interelectrode gap. In the 

end, the streamer either reaches the opposite electrode 

or joins with a streamer propagating from the opposite 

electrode to form an arc. This arc, due to its low impe-

dance, will interrupt the diffuse discharge [16]. 

The formation of one of these steady-state phase 

streamers may be initiated by any of a myriad of instabi-

lities or mechanisms. Perhaps the three most potentially 

harmful causes of instabilities are: electrode roughness, 

thermal inhomogeneities, and electron density inhomogenei-

ties. 

One crucially harmful mechanism involves the roughness 

of an electrode of a diffuse discharge. Suppose that some-

where on an electrode an aberration, such as a sharp point, 

exists. This aberration may be of microscopic proportions. 

A point of field enhancement would exist at the surface 

roughness. lonization would be induced by the field con-

centration of the enhancement point. The ionization would 

expand from the electrode and, as previously explained, a 

streamer would begin to propagate. 

If somewhere within a diffuse discharge the tempera-

ture is much higher than in the immediately surrounding 

space, there is said to be a thermal inhomogeneity, and a 

thermal instability is likely to occur. Thermal ionization 
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within the higher temperature region will increase the 

conductivity of that region. The increased conductivity 

leads to higher current density and further ionization. 

Due to its higher conductivity, the kinetically hot region 

distorts and enhances the electric field. As before, the 

current heating and field enhancement ionization processes 

cause a nonlinear growth of a streamer. 

In a similar way, electron inhomogeneities can lead 

to a steady-state phase streamer. If the density of elec-

trons is significantly higher in some regions than in the 

surrounding space, an electron density inhomogeneity or 

perturbation is said to exist, Within this density pertur-

bation region the conductivity is higher than in the sur-

rounding space due to the greater number of electrons. As 

a result of the higher conductivity, the current density 

of the region will increase, the ohmic heating will increase, 

the electric field of the region will be enhanced, and the 

ionization of the gas of the region will increase. Again, 

the increased ionization leads to a streamer, and an arc 

will interrupt the diffuse discharge. 

Often, streamers initiated by steady-state phase insta-

bilities originate from the cathode layer. Within the cath-

ode layer the electric field and potential change rapidly 

along the axis of the discharge. Also, the resistivity of 

the cathode layer is lower than the positive column. 
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Instabilities and streamer formation are encouraged bv the 

field and potential gradients and the high conductivity of 

the cathode layer. Streamers, therefore, are generated more 

quickly and profusely in the cathode layer than in the rest 

of the discharge. For this reason, steady-state streamers 

are said to originate from the cathode, Streamers are also 

generated from the anode layer with greater frequency than 

from the positive column. However, the field and potential 

have lower gradients in the anode layer than in the cathode 

layer. Therefore, the frequency of streamer generation from 

the anode layer is less than that from the cathode layer [16] 

Arc formation in the steady-state phase of a diffuse 

discharge is inevitable. At present, the maximum time that 

a diffuse discharge can be maintained is between 0.1 and 2 

microseconds [15]. However, arcs can be suppressed and the 

lifetime of a discharge increased by several means. Since 

streamers often form due to regions of field enhancement, 

the discharge electrodes must insure a uniform electric 

field. Extremely flat, smooth, parallel electrodes are 

necessary for this uniform field. Additionally, the edges 

of the electrodes must be designed so that no field enhance-

ment or concentration occurs there. The edges of the elec-

trodes should be such that the equi-potential lines between 

the electrodes increase their spacing as one moves radially 

away from the center of the electrodes [7]. Fine surface 
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roughness on the electrodes can also lower the useful life-

time of a discharge. As previously described, streamers 

can be initiated by minute perturbations in the surface of 

an electrode. Therefore, the electrodes of a diffuse dis-

charge must be very smooth [15]. In order to avoid damage 

to the discharge device, the diffuse discharge must be ter-

minated before it transforms into an arc. This termination 

generally requires some system within the discharge device 

that will drop the voltage across the gap to a value below 

the steady-state discharge voltage after a set time. This 

time is estimated to be less than that time necessary for 

the glow-to-arc transition (0.1 to 2ys) [7, 15]. 

Summary of Diffuse Discharge 
Production Reauirements 

Thus, the production of a diffuse discharge is a com-

plex process requiring attention to the initiation of the 

discharge and to the prevention of arc formation in the 

steady-state phase. In essence, all of the details of 

diffuse discharge production center upon the avoidance of 

inhomogeneities in the electron density, current density, 

or electric field of the discharge. Invariably, such in-

homogeneities lead to streamers which, in turn, lead to 

arcs. To insure the production of a broad or diffuse dis 

charge, it is necessary to follow several steps. Before 



the discharge is initiated, a uniform distribution of 

electrons, with a density greater than a certain value 

(lO^ to lO^ electrons/cm'), must be generated by ioni-

zing the dielectric gas or the surface of one of the 

electrodes. The discharge can then be initiated by 

overvolting the discharge gap with a very fast-rising 

pulse (rises in 10 to 50 ns) that occurs immediately 

after preionization (10 to 1000 ns after preionization). 

To inhibit the glow-to-arc transition in the steady-

state phase of operation, the discharge electrodes must 

be flat with properly shaped edges and must be extremely 

smooth. Since this transition is inevitable, it is im-

portant that the discharge is terminated before an arc 

can begin (0.1 to 2ys from discharge initiation to ter-

mination), 
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EXPERIMENTAL ARRANGEMENT 

The experimental apparatus presented in this report 

incorporates the necessary discharge requirements described 

in the previous chapter. The basic design of the experiment 

is shown in Figure 14. The voltage pulse necessary for the 

diffuse discharge is supplied by a coaxial line charged to 

the desired overvoltage value. The voltage is applied to 

the diffuse discharge gap through a laser-triggered spark 

gap acting as a closing switch. Preionization electrons 

are generated by radiation from a flash lamp striking the 

cathode of the diffuse discharge chamber after passing 

through a metal mesh which serves as the anode. The energy 

of the coaxial line is dissipated in water resistors. Diacy-

nostics 'include a shunt resistive current probe and a coaxial 

capacitive voltage probe. To avoid inductive problems, the 

components of the experiment are connected in such a way 

that they form a coaxial transmission line. 

Pulse Forming System 

The energy of the system is provided by a coaxial line 

filled with transformer oil and is negatively charged to a 

high voltage. The maximum that the line can be charged is 

115 kV. However, actual experiments were conducted with 

45 
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Fig. 14. Schematic of the exper imental arrangement 
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charging voltages of 60 kV or 80 kV and the energy stored 

by the line was 115 mJ or 200 mJ at the two charging vol-

tages, respectively. Charging voltage is provided by a 

DC power supply that can reach a maximum voltage of 160 kV 

with a maximum current of 5 mA and a maximtmi power of 800 

W. The line, which is 9.3 m long, has a 66 î  impedance 

and an 84 ns pulse length as measured by a time division 

reflectometer. With this pulse length, a diffuse discharge 

will terminate before the glow-to-arc transition begins. 

At the end of the line, a transition section is used to 

allow a change in the dimensions of the system. from the 

inner and outer conductor diameters of the oil line to the 

larger diameters of the closing switch and the diffuse 

discharge chambers. This transition piece includes an 

inner and an outer cone for the changes in the diameters 

of the inner and outer conductors of the system. 

Since the initiation of the diffuse discharge of the 

experiment requires a fast-rising voltage pulse that occurs 

soon after preionization, a method of controlling the rising 

portion or initiation phase of the applied voltage is 

necessary. A laser-triggered spark gap has the needed 

characteristics for shaping the initial phase of the voltage 

A high powered (> 1 MW) pulse of optical light incident upon 

a metal electrode of a spark gap will create a plasma from 

the metal of the electrode. This plasma will form a region 
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F i e . 16 . The exper iment 
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of electric field enhancement that extends from the elec-

trode. A streamer will be directly generated from the 

plasma and the field enhanced region in a way similar to a 

streamer forming from an avalanche at the critical point or 

distance. The gap will be bridged by an arc created by the 

streamer. Consequently, a laser-triggered spark gap will 

circumvent the statistical delay necessary for the genera-

tion of an initial electron by creation of the plasma and 

the time necessary for that initial electron to form an 

avalanche to the critical point [17]. The initiation of a 

voltage step by a laser-triggered spark gap will have a 

very low jitter (< 1 ns) [18] by avoiding the statistical 

delay and will have a very fast rise-time (about 10 kV/ns) 

by avoiding the time necessary for avalanche growth. By 

transmitting the laser radiation to the spark gap with an 

optical fiber, the light can be fed into the spark gap with 

ease. However, the power transmitted through an optical 

fiber limits the amount of power that can be delivered to 

the spark gap (1 to 6 MW) [18]. 

Figure 17 shows the spark gap assembly used in the 

experiment. The spark gap is contained in a cylindrical 

pressure vessel mated to the coaxial line by the conical 

transition section. The pressure vessel is separated from 

the transition piece by a nylon plate, and the cathode of 

the spark gap is electrically connected to the inner 
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Fig. 17. The laser-triggered spark gap cross 
section (half-scale). 
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conductor of the transition section by three bolts that 

run through the nylon insulator. The spacing of the spark 

gap is 1 cm and can be adjusted by adding or deleting spacer 

plates behind the cathode. The cathode is made of steel. 

The anode is composed of brass with a tungsten insert in 

the middle of the electrode surface. The anode is mounted 

on a nylon insulator and is electrically connected to the 

outside of the pressure vessel by six bolts that run through 

the insulator. Both electrodes were originally used on pre-

vious experiments and had not been specifically designed for 

this experiment. 

The light of a high-powered ruby laser is transmitted 

to the gap by a 600 micron diameter quartz fiber. This 

laser is Q-switched (Pockels cell) and is capable of pro-

ducing 130 MW light pulses. The laser beam is focused onto 

the end of the fiber by a single lens. The majority of the 

light at the other end of the fiber (the output end) diver-

ges from the end of the fiber by an angle of about 18 deg. 

[18]. A single lens (19 mm focal length) at the output end 

of the fiber focuses the light onto the cathode of the spark 

gap. The assembly that holds the output end of the fiber 

and the associated lens is housed in the anode of the spark 

gap. The light is focused through a hole in the anode and 

along the axis of the gap. The spark gap is designed to 

operate at a gas pressure of up to 5 atm of N̂ -
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Fig. 18. The cathode of the spark gap 
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Fig . 19. The spark gap anode. 
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Fig. 20. The output lens assembly of the 
spark gap: (a) assembled; (b) unassembled. 
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Fig. 21. The lens assembly mounted into spark gap 
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F i e . 22. The ruby l a s e r . 
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Fig. 23. The pulse forming system 
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The coaxial line and the laser triggered spark gap, 

operating together, produce the desired voltage and current 

pulses. Figure 24 shows the electrical pulses generatec 

the two components when a termination resistor is connected 

on the anode side of the spark gap. The voltage and cur-

rent rise to their full values within 10 ns. 

Since the optical fiber has a minimum bending radius 

(5 cm), a coaxial intermediate section between the spark 

gap and the diffuse discharge chambers is necessary. The 

spacing also allows room for placement of the voltage 

probe and for easy removal of the diffuse discharge chamber. 

Diffuse Discharge Chamber and Preionizer 

The diffuse discharges are produced inside of a cylin-

drical metal vacuum chamber. The cathode of the chamber is 

connected to the inner conductor of the intermediate section 

by six bolts that pass through a nylon insulator plate. 

The cathode is made of aluminum and was designed by a com-

puter code. This code considered the electric fields not 

only between the electrodes but also between the cathode and 

the chamber walls. In order to avoid instabilities, a Rogow-

ski tjrpe of shape is used for the cathode. This electrode 

is flat over most of its area (25 square centimeters) and 

is rounded at the edges in such a way that the electric 
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Fig. 24. The electrical pulses generated by 
the pulse forming system (the oil line and the 
spark gap). The voltage scale (lower curve) is 
25 kV/div.; the current scale (upper curve) is 
100 A/div.; and the time scale is 50 ns/div. 
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Fig. 25. A cross-section of the diffuse discharge 
chamber (one-half scale). 
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field intensity decreases as the radial distance away from 

the gap axis increases. This shape insures that the region 

of highest field intensity is the gap between the flat por-

tions of the cathode and the anode. The shape also prevents 

instabilities or streamers from forming from the edges of 

the cathode. 

The anode is a transparent nickel mesh (actually about 

75 percent transparent) stretched flat in front of a quartz 

window. This transparency through the anode and into the 

vacuum chamber provides an access into the chamber for 

optical preionization of the gap and for future laser modi-

fication of the discharges produced by the device. The 

anode mesh is manufactured from a single thin sheet of 

nickel and the holes are made by an electroforming process; 

the mesh is not weaved. 

A gas system connected to the chamber is capable of 

evacuating the chamber to 5 millitorr or pressurize the 

chamber to 1 atm. The gas system also allows the mixing 

of up to three kinds of gases. Thus, the diffuse discharges 

can be produced at different pressures with any combination 

of three gases which are not chemically aggressive. 

The transition line formed by the apparatus is termin-

ated by three load resistors connected in parallel. These 

resistors are composed of Cupric Sulfate (CuSO^) dissolved 

in distilled water at a concentration of 0.0173 g/1 and each 
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V2=2VE/5 

V.v = 0 

Fig. 26. An example of the equi-potential lines 
calculated by the computer code for the diffuse discharge 
chamber. 
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& ^ 

Fig. 27. The cathode of the diffuse discharge chamber 
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has a resistance of 150 Q. To minimize inductive losses, 

the resistors are connected s^mmetrically around the out-

side of the quartz window and to the metal plate that holds 

the anode mesh. The other sides of the resistors are con-

nected to the outer diffuse chamber wall (ground) through 

the current probe. 

The preionization electrons are generated by the 

photoelectric effect. A commercially-obtained flash lamp 

or nanolamp is used in this experiment. This flash lamp 

produces pulses of visible and ultraviolet light with high 

power (50 kW) and with small pulse widths (20 ns). The 

light created by the flash lamp enters the diffuse dis-

charge chamber through the mesh and strikes the cathode. 

Photoelectrons are then produced by the light. The nano-

lamp is powered and controlled by a high-powered thyratron 

pulser. This pulser can produce high voltage pulses (2.5 

to 11.5 kV) necessary for the nanolamp and can be triggered 

by a small voltage pulse (lOV). 

Timing System and Diagnostics 

Since the time from the creation of the preionization 

electrons to the onset of the voltage, pulse has to be timed 

to the fine range of 10 ns to 1000 ns; a timing system to 

control the delay between these two events is incorporated 
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Fig. 28. The ultraviolet flash lamp or 
nanolamp: (a) not operating, (b) operating. 
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into the experiment. The delay is manipulated by controlling 

the time between the triggering of the flash lamp pulser and 

the triggering of the electronics that opens the Q-switch of 

the ruby laser. Figure 29 shows a block diagram of the delay 

system, and Figure 30 is a timing diagram of the events. 

Appendix A describes the details of this system. 

The electrical characteristics of the diffuse discharges 

are measured with two devices or probes. Of interest were 

the voltage across and the current through the diffuse dis-

charges generated. Since all of the components of the ex-

periment are electrically in series, the current through the 

discharges are measured by a small resistance placed in the 

current path of the experiment, but external to the discharge, 

The probe generates a voltage that is directly proportional 

to the current through the experiment. Since it is desirable 

to have a small voltage signal from the probe and to dissi-

pate very little energy in the probe, the resistance of the 

current measuring device is very small (1/2 n) £19J. The 

signal of the probe is monitored by an oscilloscope. The 

probe is placed between the end of the water resistors and 

the outer wall of the diffuse discharge chamber. Basically, 

the device consists of thirty-six, 18 Í2 , 2 W, carbon compo-

sition resistors soldered in parallel between two copper 

rings. The resistors are arranged in an evenly-spaced, 

spoked geometry. By having the resistors symmetrically 



68 

Ruby Laser NanolamD 

Pockel 
Cell 

9kV 
y 

rlash-
lamp 

TT 

Shutter 
Electronics 
(Th^rratron) 

TT 

Laser Delay 
Unit 

\/ 

350V 

'TK 

5kV 
Supply 

5kV 

Laser 
Control 

\ / 

/ \ 

ITanolamp 

¥ 
lOkV 

Nanolamp 
Pulser 

7K 

^ 
15kV 
Supply 

Clip 

lOV 

1 

4 
200V 

1 

A /\400V 

200V 
1 L 

6 Channel 
-^ Delay 

Generator 

: J k rTT^TL:^ Krytron 
HiiLr^ Pulser 

-4 

Screen Room 

Fig. 29. Block diagram of the timing syst em, 



69 

o 
ro 

cn 

cn 
O 
C/) 

Laser Flosh Lamps 
Fire 

Trigger Nanolamp 
Pulser 

Nanolamp Light 
Pulse (Prelonization) 

FI • 

Trigger Pockels 
Cell Thyratrôn 

Laser Light Pulse 
(Spark Gap Switch Closure) 

Fig. 30. Timing diagram. 



70 

Fig. 31. Timing between the nanolamp 
pulse (left most peak) and the laser pulse 
(right most peak). Time scale is 100 ns/div 
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arranged, inductive losses are minimized and the rise-time 

of the current probe is also minimized. 

The voltages of the discharges are measured indirectly. 

The voltage probe, due to its position between the spark 

gap and the diffuse discharge chamber, measures the voltage 

across the diffuse discharge gap, the water resistors, and 

the current probe. However, the voltage across the current 

probe is sufficiently smaller than the voltage across the 

water resistors and the gap that the current probe voltage 

is assumed negligible. Since the resistance of the water 

resistors and the current through the experiment are known 

for each discharge produced, it is possible to calculate 

the discharge voltages by subtracting the voltage across 

the water resistors from the voltage measured by the probe. 

A 400 MHz oscilloscope is used to monitor the signal of the 

voltage probe. 

A schematic diagram of the probe is sho\>7n in Figure 

33. Basically, the device consists of a capacitive voltage 

divider followed by a resistive voltage divider. This probe 

has the advantage that it is nearly independent of the ap-

plied voltage frequency and has little loading effect on 

the apparatus. 
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Fig . 32. The cur ren t probe 
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Fig 33 The voltage probe: (a) schematic of circuit, 
(b) sketch of coaxial probe along the axis of the apparatus. 



CHAPTER IV 

RESULTS 

Attempts were made to produce diffuse discharges in 

Helium at gas pressures up to 1 atm and in mixtures of 

Helium and Nitrogen with partial pressures of Nitrogen up 

to 250 torr. The electrical waveforms generated by the 

voltage and current probes of these discharges were recorded 

and the discharges were visually observed through the window 

behind the anode mesh. These measurements were made, in 

some cases, without the ruby laser and nanolamp operating. 

In general, the discharges were judged to be di.ffuse if the 

illumination generated by the discharges were homogeneously 

distributed in the discharge gap. 

Some initial experimentation was performed in which 

the apparatus was operated without the nanolamp preionizing 

the gap and without the laser triggering the spark gap; the 

spark gap operated by self-breakdown. The photographs in 

Figure 34 are open shutter, time-integrated photographs of 

various discharges produced during these initial tests as 

viewed through the window behind the anode. These photo-

graphs show discharges having luminous or glowing backgrounds 

with bright striated filaments running through the luminous 

backgrounds. These pattems are indicative of diffuse dis-

charges with instabilities present. The glowing backgrounds 
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(a) 

(b) 
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(c) 

(d) 

Fig. 34. Open shutter photographs of 
the diffuse discharges produced in early 
tests. Conditions: 100 torr of He, 60-65 
kV applied voltage, spark gap operated by 
self breakdown (spark gap was not laser 
triggered), and no preionization imple-
mented. 
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were caused by diffuse discharges produced in each test. 

The bright striations were due to instabilities or inhomo-

geneities in the diffuse discharges. Higher kinetic tem.-

peratures and higher current densities in the bright fila-

ments than in the surrounding discharges accotmted for the 

brightness of the striations. Discharges that were not 

completely diffuse but that did not deteriorate into arcs 

generally had these striations. 

Figures 35-40 show the voltage and current pulses 

produced in a series of tests separate from those above. 

In these tests, the discharges in He at gas pressures up 

to 1 atm were investigated. The system was fully opera-

tional for these tests; the laser and the nanolamp were 

used. Visual observations of the discharges indicated 

that completely diffuse discharges could not be obtained 

at gas pressures above 200 torr. Above this pressure, the 

striated discharges formed. 

It is believed that the quartz window behind the anode 

mesh attenuated the ultraviolet light of the nanolamp to 

such a degree that the electron densities induced by preion-

ization were not sufficient for the formation of completely 

diffuse discharges above 200 torr. As a result of the low 

electron densities striated discharges were produced. 

The current and voltage waveforms had several distinc-

tive characteristics. Basically, the pulses began with slow 
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Fig. 35. Voltage and current pulses 
Conditions: 50 torr of Ke and 50 kV applied 
voltage. The upper curve is the voltage 
pulse (12.5 kV/div.). and the lower curv 
the current pulse (100 A/div.) 
scale is 50 ns/div. 

curve 
The time 

is 

Fig. 36. Voltage and current pulses. 
Conditions: 60 torr of He and 80 kV applied 
voltage. The upper curve is the voltage 
pulse (12.5 kV/div.), and the lower curve is 
the current pulse (100 A/div.). The time 
scale is 50 ns/div. 
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Fig. 37. Voltage and current pulses. 
Conditions: 120 torr of He and 59 kV applied 
voltage. The upper curve is the voltage 
pulse (12.5 kV/div.), and the lower curve is 
the current pulse (100 A/div.). The time 
scale is 50 ns/div. 

Fig. 38. Voltage and current pulses. 
Conditions: 350 torr of He and 80 kV applied 
voltage. The upper curve is the voltage 
pulse (25 kV/div.), and the lower curve is 
the current pulse (250 A.div.). The time 
scale is 50 ns/div. 
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Fig. 39. Voltage and current pulses. 

Conditions: 350 torr of He and 80 kV applied 
voltage. The upper curve is the voltage 
pulse (12.5 kV/div.), and the lower curve is 
the current pulse (100 A/div.). The time 
scale is 50 ns/div. 

Fig. 40. Voltage and current pulses. 
Conditions: 680 torr of He and 80 kV applied 
voltage. The upper curve is the voltage 
pulse (12.5 kV/div.), and the lower curve is 
the current pulse (100 A/div.). The time 
scale is 50 ns/div. 
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Fig. 41. Voltage and current pulses. 
Conditions: 200 torr partial pressure of He 
and 50 torr partial pressure of N., and 80 kV 
applied voltage. The upper curve'is the vol-
tage pulse (12.5 kV/div.), and the lower curve 
is the current pulse (100 A/div.). The time 
scale is 50 ns/div. 

Fig. 42. Voltage and current pulses. 
Conditions: 620 torr partial pressure of Ke 
and 60 torr partial pressure of N^, and 80 kV 
applied voltage. The upper curve is the vol-
tage pulse (12.5 kV/div.), and the lower curve 
is the current pulse (100 A.div.). The time 
scale is 50 ns/div. 
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Fig. 43. Voltage and current pulses. 
Conditions: 250 torr partial pressure of 
He and 250 torr partial pressure N^, and 
80 kV applied voltage. The upper "curve 
is the voltage pulse (12.5 kV/div.), and 
the lower curve is the current pulse (100 
A/div.). The time scale is 50 ns/div. 
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rise-times (> 30 ns), and, after reaching maximum values, 

the pulses collapsed to small values of currents and vol-

tages. The pulses rarely had lengths greater than 50 ns 

and were never rectangularly shaped. Some of the voltage 

waveforms developed high frequency oscillation after 

reaching their peak amplitudes. These high frequency os-

cillations are similar to those observed by Denes et al. 

[15](see Figure 12). The pulse lengths of all of the 

waveforms were less than the 84 ns of the oil line pulse. 

Later examination of the insulators that surround the 

anode showed some tracking. Apparently, the currents of 

the discharges were being diverted away from the path 

through the water resistors. 

Investigations were performed in mixtures of He and 

N . Figures 41 through 43 shows the electrical character-

istics of these dischatges. None of the discharges ap-

peared diffuse. Striated discharges and arcs were observed 

in the diffuse discharge gap. Again the current and voltage 

waveforms only exist for the initial portions of their dis-

charges' lives. The current and voltage pulses of an arc 

are shown in Figure 43. 



CHAPTER V 

CONCLUSIONS AIÍD FUTURE PLANS 

The design and construction of the diffuse discharge 

experiment of this investigation involved the careful con-

sideration of the requirements for homogeneous avalanche 

breakdown. These requirememts are: 

''«" Preionization of the gas in order to produce an 

initial electron density great enough to insure 

avalanche head overlap at the critical distance 

'̂  Application of the voltage across the discharge 

gap soon after preionization. This is to pre-

vent excessive loss of electrons before break-

down 

* Fast-rising voltage pulse to the discharge 

electrodes in order to minimize the number of 

electrons statistically generated in the deple-

tion region 

* Overvolting the gap by at least one and one-half 

times the steady-state voltage of the diffuse 

discharge 

* Termination of the diffuse discharge before arc 

development begins in order to prevent damage to 

the discharge apparatus 
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'' Utilization of extremely smooth flat electrodes 

to prevent discharge instabilities. 

The experimental device constructed does produce self-

sustained diffuse discharges at low pressures (below 200 

torr) and poor quality (striated) diffuse discharges at high 

pressures (up to 1 atm) in He. The experimental arrangement 

included: 

* A pulse forming system that 

produces an 84 ns rectangular pulse 

has a rise-time in excess of 10 kV/ns 

has a maximum voltage of 115 kV 

can initiate a pulse with nanosecond timing 

* Current and voltage probes that 

have rise-times less than 5 ns, 

do not influence the experiment 

* A timing and control system that will produce 

a laser pulse for voltage pulse initiation 

within 400 ns after a powerful ultraviolet 

flash lamp pulse. 

The performance of the device is limited by the preion-

ization method now employed by the experiment. The electron 

densities generated in the diffuse discharge gap by the 

nanolamp are not high enough to insure homogeneous avalanche 
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breakdwon at gas pressures over 200 torr. The intensity of 

the ultraviolet radiation generated by the nanolamp is at-

tenuated or filtered-out by the quartz window of the ciffuse 

discharge chamber. 

The performance is also limited by the present place-

ment of the load resistors. These water resistors do not 

fully experience the voltage applied by the oil line. 

Within the diffuse discharge chamber two channels of ionized 

gases develop in the form of diffuse discharges. One channel 

is across the cathode-anode gap. The other channel is across 

the gap from the cathode to the chamber wall. When the vol-

tage is first applied to the diffuse discharge chamber, the 

resistances of both gaps is very high and the voltage appears 

across both gaps. However, the conditions are highly favor-

able for gaseous breakdown across the cathode-anode gap and 

not the cathode-wall gap due to the small gap distance. The 

cathode-anode gap breaks down and quickly drops to a low re-

sistance (a resistance that is comparable to the load resis-

tance of the system). At this point in time, the cathode-

anode gap may be thought of as a short-circuit and the 

voltage now appears across the load resistors, but is still 

fully applied across the cathode-wall gap. Conditions are 

then favorable for breakdown across the cathode-wall gap 

and a second conductive channel develops across the gap. 
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Since the resistance of the cathode-wall gap is smaller 

than the load resistors, most of the current is diverted 

through the cathode-wall channel. With little current 

through the current probe and the load resistors, the cur-

rent and voltage pulses do not reach their full values. 

Several modifications are planned to improve the sys-

tem. In order to prevent the current from diverting, the 

load resistors will be placed in the inner conductor be-

tween the spark gap and the diffuse discharge chamber. 

Once a discharge is established along the cathode-anode 

gap of the diffuse discharge chamber, there will be no 

voltage between the cathode and the chamber wall as before. 

This will prevent the formation of the cathode-wall channel. 

The water resistors will be replaced by 2 W carbon composi-

tion resistors cast in epoxy and connected in series and 

parallel to form a 66 íî termination. The carbon resistors 

will be used to improve the reliability of the resistance 

of the load. 

A volume preionization system will be used to increase 

the pre-breakdown electron density in the diffuse discharge 

gap. The gas in the gap is to be ionized by eight ultra-

violet sources that will be located inside of the chamber 

and around the periphery of the gap. Each ultraviolet 

source will have several spark sources each. By allowing 

the ultraviolet sources to operate within the chamber, the 
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problem of the ultraviolet light being attenuated by a 

window will be eliminated. Also, multiple sparks are 

more efficient than single sources in converting elec-

trical energy into light. These ultraviolet sources 

will be triggered by a single spark gap which itself is 

to be triggered by the ruby laser. The light from the 

laser will be split into two beams and each beam will be 

fed into its own optical fiber. One fiber will transmit 

light to the spark gap of the pulse forming line while 

the other will transmit light to the spark gap of the 

new preionizer. A difference in transit times in the 

fibers will delay the voltage pulse of the oil line from 

the preionization. 

These modifications are to also include changes in 

the electrical measurement devices. There will be two 

voltage probes and a single current probe. Two coaxial 

voltage probes similar to the probe on the present device 

will be built into the intermediate section and placed on 

both sides of the load resistors. The voltage probe that 

will be closest to the spark gap will measure the voltage 

across the discharge and across the load resistors. The 

second voltage probe will be placed between the diffuse 

discharge chamber and the load resistors. This second 

probe will directly measure the voltage across the diffuse 

discharge gap in order to collect more useful information 
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about the processes within the diffuse discharges produced. 

The current probe will utilize a shunt resistance construc-

ted from many carbon composition resistcrs connectec in 

parallel like the current probe presently used. The current 

probe will be mounted in the outer conductor of the inter-

mediate section. 

With these modifications the device should produce 

diffuse discharges in Nitrogen with gas pressures up to 1 

atm. Optically induced processes in diffuse discharges at 

these pressures can then be studied. Eventually, an opti-

cally controlled opening switch will be tested with this 

system. 
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APPENDIX A 

TIMING SYSTEM 

Two events complicate the timing scheme presented in 

Chapter III. First, the flash lamp pulser has a delay from 

the time the pulser is triggered to the time the flash lamp 

actually generates a light pulse. This delay is about 2.45 

ys with a jitter of about 10 ns. Second, the ruby laser 

requires a time delay between the initiation of its flash 

lamps and the opening of the Q-switch in order to obtain 

the high powers necessary for this experiment. This is 

about a 750 to 1700 ys delay. 

In order to time all of the events properly, a six 

channel delay generator is used to trigger the ruby Q-

switch and the nanolamp pulser.' The timing sequence is 

initiated by a voltage pulse from the laser electronics 

that indicates the triggering of the laser flash lamps. 

This signal is transmitted to a delay unit within the laser. 

After a delay sufficiently long enough for the energy of 

the laser to build-up (750 to 1700 ys), a voltage pulse (350 

V peak) is sent from the delay unit to the six channel delay 

generator. The six channel delay generator immediately 

transmits a signal to the nanolamp pulser which activates 

the nanolamp 2.45 ys later. The six channel delay generator 

sends a second signal (200 V peak) to a thyratron in the 
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laser electronics 2.7 ys after the six channel delay generator 

receives the pulse from the laser delay unit. This thyratron 

then opens the Q-switch. However, the signal to the thyratron 

is first boosted to a voltage that is large enough to trigger 

the thyratron (400 V peak) by a krytron pulser. The signal 

is then fed to the thyratron. The Q-switch of the laser is 

then opened by a high voltage pulse from the thyratron. With 

the Q-switch open the laser operates and the spark gap is 

closed. Closure of the spark gap initiates a diffuse dis-

charge. 

Before the experiment is operated, the delay system is 

tested and adjusted for good timing. For this test, the light 

pulses of the nanolamp and the ruby laser are fed into a fast 

vacuum phototube. The light pulse of the laser is transmitted 

to the phototube by a plastic optical fiber while the nanolamp 

is simply placed in front of the phototube. The power of the 

laser beam is reduced by placing the end of the plastic fiber 

into the beam without focusing the beam. Only that portion 

of the laser light that is incident upon the end of the fiber 

is transmitted to the phototube; the end of the fiber acts as 

a small aperature. The electrical signals generated by the 

phototube are recorded on an oscilloscope. Figure 30 shows 

the timing of the two light pulses. The delay between the 

nanolamp and the laser light is within 400 ns. 



APPENDIX B 

DETAILS OF VOLTAGE PROBE 
AND CURRENT PROBE 

The voltage probe can be understood by analyzing the 

electrical network of the probe (see Fig. 33). The voltage 

division of the capacitive portion of the circuit is given 

by: 

(l/ja3C2)V. 
V = ^ 
c l/ja)Ci + I/JU3C2 

where V. is the voltage applied to the network, V is the 

voltage across C2, Ci and C2 are capacitors of the divider, 

03 is the radial frequency of the applied voltage. Some 

manipulation of this equation results in: 

V^ = (Ci/Ci+C2)V^. 

The voltage division of the resistive portion of the network 

is: 

V^ = (R,/Ri+R2)V 
c 

where V is the voltage output of the network, Rj and R̂  are 

the resistors of the circuit. If the impedance due to Ĉ  can 

be assumed to be much smaller than the impedance of the sum 
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of the resistors Ri and R^, then the total voltage division 

can be given by: 

V^ = (Ci/Ci+C2)(R2/Ri+R2)V^^. 

From this equation it can be seen that the overall attenua-

tion of the network is not frequency dependent and that the 

output is not described by an exponential voltage with a 

time constant. Therefore, the voltage measuring device fol-

lows the applied voltage very closely with time. In order 

for the voltage probe to have a high attenuation, the capa-

citor, Cj, must have a small capacitance. This small capa-

citance also prevents excessive current flowing into the 

probe; the capacitive probe does not load the apparatus. 

The capacitors of the actual probe are constructed in 

coaxial geometries. A sheet of copper is mounted on the 

inside of the outer conductor of the intermediate section 

with a layer of polyethylene insulator (3.2 mm thick) be-

tween the copper sheet and the outer conductor. The copper 

sheet and the polyethylene layer are cut into stripes that, 

when mounted, filled the inner periphery of the outer con-

ductor. This copper sheet creates two coaxial capacitors, 

in series, between the inner and outer conductors of the 

intermediate section. 
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The capacitor C^ is between the inner conductor and the 

copper sheet, and the capacitor C^ is between the copper 

sheet and the outer conductor. The resistor R̂  is a 2 W 

carbon composition resistor of 1 kí̂  and is mounted inside of 

a metal tube to preserve a coaxial geometry. One lead of 

the resistor is connected to the copper sheet while the tube 

that the resistor is mounted within is connected to the outer 

conductor of the intermediate section. The other side of the 

resistor and the metal tube are connected to a coaxial cable 

that leads to the oscilloscope. The impedance of the coaxial 

cable (50 Q.) is used for the resistor R̂ . The metal tube of 

the resistor R̂  and the coaxial cable introduce stray capa-

citances into the voltage probe that are in parallel with 

the resistors. These stray capacitances limit the fastest 

rise-times that the probe can measure. However, the probe 

has a minimum rise-time of less than 5 ns which is sufficient 

for this experiment. 

Before actual experimentation, the probes were cali-

brated. The diffuse discharge gap was shorted with a copper 

strap. The spark gap was operated by allowing the gap to 

self-breakdown; the ruby laser was not used to trigger the 

spark gap. The current probe measurements were compared 

against the measurements made by a current transformer 

(Pearson coil) placed around the copper strap. Figure 43 

shows the results of this test. The current probe has a 
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conversion factor of 2.5 A/V. The voltage probe was cali-

brated against the known charging voltage and the known 

resistance of the load and the impedance of the cil line. 

According to transmission line theory, this voltage can be 

found by the voltage divider rule: 

V, = (R,/R,+Z^)Vg 

where V^ is the voltage across the load resistors, V is 

the charging voltage of the oil line, R̂  is the load resis-

tance and Z is the impedance of the oil line. The system 

was calibrated with R̂  = 50 í̂. Therefore, the voltage divi-

sion was 0.432. The voltage probe has a conversion factor 

of 12.5 kV/V. 
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Fig. 44. Calibration of the current 
probe. The Pearson coil scale (lower 
curve) is 100 A/div.; the current probe 
scale (upper curve) is 80 A/div.; and the 
time scale is 50 ns/div. 

Fig. 45. Calibration of the voltage 
probe. The voltage probe scale (lower 
curve) is 25 kV/div.; the current probe 
scale (upper curve) is 100 A/div.; and the 
time scale is 50 ns/div. 


