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ABSTRACT 

Sub-nanosecond gaseous breakdown is of key importance in several areas 

including high-speed switching for pulsed power applications, fast breaking plasma 

limiters for RADAR protection, and the development of Ultra-Wideband (UWB) 

RADAR sources. This paper summarizes research done to expand the traditionally 

accepted range for E/p plots of similarity laws describing breakdown. Experiments were 

carried out using a variety of rounded electrode gap geometries and spacing combinations 

with over-voltages up to a factor of 35. This paper also describes modifications to the 

existing test set-up, which were performed in order to minimize rise time and reduce 

impedance mismatches. 

All experiments performed in this research used a pulse delivery system with 

short coaxial transmission lines feeding an axial or radial spark gap inside a vacuum 

chamber. The gap geometry, whether it was axial or radial, incorporated a conical inner 

and outer conductor designed to maintain a constant impedance as the transition was 

made from transmission line to gap. 

The electric field distribution at the gap in these experiments is more homogenous 

than that created using the tip-plane geometry of previous research. The data in this 

paper encompasses a relatively wide range of voltages and pressures. At each relevant 

combination of voltage and pressure where breakdown occurred, the conduction current 

was calculated. Minimum voltage - current delay times on the order of 200 ps were 

calculated for high E/p and compared to previously published results. 
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CHAPTER I 

INTRODUCTION 

Gas breakdown in the sub-nanosecond regime is of importance in several pulsed 

power switching applications, with increasing focus being given to ultra-wideband 

RADAR applications. In UWB applications, the delivery of fast-rising pulses to antenna 

structures is of critical importance, with the primary emphasis being on the prevention of 

undesirable parasitic breakdown across antenna elements. 

Fast breakdown continues to be of interest for applications including plasma 

limiters and high-speed pulsed power switching. Plasma limiters are protective devices 

designed to isolate sensitive reception equipment from potentially dangerous high power 

signals received at the antenna. The limiter is a fast breaking gap designed to break down 

during the first half-cycle of the received pulse and suppress the input power (Kikel). 

For this experiment, a new transmission system was designed and implemented to 

deliver pulses from a new high voltage pulser to the gap under test. In addition to the 

new pulse generation and transmission systems, tapered electrodes of multiple geometries 

were designed and used to test both radial and axial breakdown conditions with variable 

gap distances. The tapered geometry of the electrodes is designed to maintain impedance 

during the transition to the gap in order to minimize reflections due to mismatches at the 

junctions. These electrodes differ from previous designs used in experiments with a 

lower voltage pulser as they allow a more homogeneous field distribudon in the gap. 

Previous versions relied on a fine tipped needle to provide macroscopic field 

enhancement. 



The primary area of interest for this research is the effect of previously 

uninvestigated levels of over-voltage and the effect these high over-voltages (up to a 

factor of 35 above threshold) have on formative time and other time constants associated 

with gaseous breakdown. The data collected will be compared to previously published 

cases by use of standard similarity law (E/p vs. p*ti) plots and will extend the known 

range of these plots at least an order of magnitude for E/p. 

The operating conditions of interest for this experiment are a low pressure 

environment (0.5 - 600 torr), a gap of one to several millimeters, a generally 

homogeneous applied field, and air as the working gas. In some cases, in order to be able 

to facilitate direct comparison to existing data and theory. Argon was used. The pulses 

applied to the gap had a rise time of 250 ps and a duradon of not more than 1500 ps. The 

applied pulses have an amplitude between 25 kV and 150 kV. 



CHAPTER II 

GASEOUS BREAKDOWN BACKGROUND 

In order for breakdown to occur between two electrodes, at least one electron 

must be emitted by the cathode or be otherwise introduced into the gap. The production 

of electrons from a surface can be due to six primary mechanisms: chemical or nuclear 

processes, field emission, electron impact, positive ion bombardment, radiation 

(photoemission), and thermionic emission (Nasser 56). Although there is constant 

ionization as a result of cosmic radiation, creating a density of about 10 cm" positive 

and negative ions, the lifetime of free electrons and positive ions is rather short (Nasser 

95, 264). Taking into account the short lifetime and relatively low density of these 

"background" electrons, they are not considered as a major contributing factor to the 

development of breakdown in this experiment. Since this experiment uses no form of 

deliberate external ionization to induce breakdown, this discussion will focus on the 

initial electrons being emitted from the cathode surfaces as a result of the applied pulse. 

Initial Electron Emission Mechanisms 

In examining the source of the initial electron emission leading to breakdown, 

several of the possible mechanisms can be eliminated either by the nature of the 

experiment or by the conditions present in the experiment prior to any discharge. The 

possible processes that remain are thermionic emission and field emission, as well as 

electron turmeling. Of these, field emission will be emphasized because this experiment 

deals with the application of a strong electric field (150 kV/cm) to the gap under test. 



However, because electron tunneling is the dominant mechanism at low temperature (< 

300K) and thermionic emission is fundamentally related to field emission, all 

mechanisms will be discussed. 

Thermionic Emission 

Thermionic emission can be defined as the liberation of electrons from a metal 

electrode into its surroundings without the influence of any outside fields. This kind of 

emission can occur at any temperature and takes place when electrons become thermally 

excited and attain sufficient energy to jump the potential barrier. Applying an external 

field can modify the energy necessary to overcome the barrier, but this falls into the 

category of field emission and will be covered in the following section. At typical 

ambient temperatures, ~300K, thermionic emission is considered negligible; however, the 

emission increases exponentially as temperature rises. This is illustrated by Richardson's 

equation for the saturation current density, j , resulting from thermionic emission 

f = A T's '^^ , where (2.1) 

A is a universal thermionic constant given by 

A = -—-mK'e, where 
h' 

h is Planck's constant, k is Boltzmann's constant and m and e represent the mass and 

energy of an electron. Using these values, A can be evaluated to be 

A=1.2xlO^A/m^-degl 



Both the universal thermionic constant and the current density equation, 2.1, have 

been found to be accurate over a wide range of temperatures for pure surfaces (Nasser 

148). 

Field Emission 

Applying a strong external field can modify the energy necessary for an electron 

to leave a metal surface. This applied field serves to effectively reduce the potential 

energy barrier to the point that electrons with energy insufficient for thermionic emission 

at ambient temperature can escape. In essence, field emission is thermionic emission 

occurring at artificially low temperatures. An electron that passes over or tunnels through 

the barrier will experience a certain amount of force that will define how much initial 

energy that electron has. This force can be determined by using Coulomb's law and the 

concept of an "image" charge of equal and opposite potential (+e). Because these 

charges are opposite and equal, in this equation they become a single e" term. 

e~ e' 
F = r = —^ (--2) 

AnsQ{2xy 16;r£-oX" 

Integrating the equation for force for distances from co to x yields the equation for 

the potential energy of an electron at a distance x: 

2 

W^.= ~^' . (2.3) 
1 bne^x 

The following plot shows this potential energy. We, as a funcdon of distance from 

the surface, x with no external field. 
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eV 

Figure 2.1: Potential energy as a function of distance from surface 

If the effect of a perpendicular electric field of magnitude E is considered, the 

curve shovm above will no longer be valid. The potential energy of the applied field, W/. 

can be calculated as 

W^ = -eEx, where 

e is the charge of an electron and x is the distance from the surface. Using this linear 

representation for the applied field, the total energy produced by these forces can be 

found by adding the two together. This would yield 

W=- -e' 
1 GTTSQX 

•eEx. (2.4) 

Observing these energies and their relationship graphically would yield a series of 

curves such as those in Figure 2.2. 



Vacuum 
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eV 

Figure 2.2: The lowering of the potendal barrier by an external field. Curve 1 - Energy 
curve with no external field. We; Curve 2 - Energy due to applied field, Wf; Curve 3 -

Total Energy, W, = We + Wf. (Nasser 150) 

Electron Tunneling 

In discussing thermionic and field emission, the electrons attained sufficient 

energy to jump the potential barrier. Electron tunneling, or the tunnel effect, allows 

electrons with insufficient energy to jump the potential barrier created by the applied 

field, to turmel through it. Electron tunneling is examined statistically, with the 

probability of an electron successfully turmeling through the barrier exponentially 

dependent on the turmeling distance. Because the tunneling distance is inversely 

proportional to the applied field, the function for electron density should be an 

exponential function of the reciprocal of the field (Nasser 152). 



The equation derived by Fowler and Nordheim expresses the number of electrons 

expected on the opposite side of the barrier per unit time, based on the probability that 

electrons of a given energ> can tunnel through. 

-K^ >i 

i = f—e '' A/m'. where (3.5) 

f=\.24x l 0^g = 6.83xl0^andw- = l - 1 . 4 x 10"*̂  E / / . Variables/and g are 

constants involving combinations of other atomic constants, E is the field in V/m, and ^ 

relates the work function of the metal involved. 

As the applied field becomes more intense, the tunneling distance decreases 

causing emission by the tunnel effect to increase. The energy levels seen in tunneling 

electrons and emitted electrons are fundamentally different. Electrons that are emitted by 

thermionic processes experience a Maxwellian energy distribution, while electrons that 

turmel through the barrier escape with almost no energy (Nasser 152). 

Gaseous Breakdown Formation 

As was discussed previously, the first element needed for the development of a 

breakdown is an initial electron with sufficient energy to trigger secondary emission 

phenomena. Although background cosmic radiation is constantly producing a supply of 

free electrons, the density of these naturally occurring electrons is low and therefore the 

likelihood of finding one in the region of interest is also low. If these naturally occurring 

electrons were a major contributing factor to the development of the breakdown this 

would lead to large statistical fluctuations in the data. If these fluctuations are not 



observed, it is believed that field emission would be the dominant means for the 

introduction of electrons leading to breakdown. 

Primary Electron Emission 

For the reasons discussed above, it is assumed in the following sections that all 

breakdowns in this experiment are initiated by electron emission directly from the 

cathode. This emission is triggered by the application of a negative voltage pulse varying 

in magnitude from 25 kV to 150 kV. The application of this pulse is sufflcient to lower 

the potential barrier of the brass cathode and allow electrons to escape into the gap. 

While the pulse is being applied, the energy these electrons will attain is proportional to 

the magnitude of the field; therefore, different effects can be expected by varying both 

the field intensity (the pulse magnitude) and the gap distance. 

Depending on the kinetic energy of the liberated electron, several events can 

occur when it impacts another particle or the anode. If an electron impacts a gas atom as 

it traverses the gap one of three outcomes is possible. In the first case (case a in Figure 

2.3), the electron impacts a stable molecule, transferring sufficient energy to it to liberate 

an additional electron. These two electrons will have energy that is less than or equal to 

the energy of the original incident electron. Since this process has removed an electron 

from a stable atom, that atom is now a positive ion. This process of ionization can be 

repeated by the newly liberated electrons and can result in an electron avalanche that can 

reach sufficient density to trigger a breakdown. This process will be described in detail 

in the "Streamer" section. 



The second possible result of an electron impact is the excitation of the stable 

atom, but the lack of any additional electron emission (case 2.3b). In this case, the 

incident electron transfers energy to the stable atom causing it to enter a more excited 

state, thus making it more likely that subsequent collisions will result in the liberation of 

an additional electron. Obviously, this case does not result in any ionization of the gas 

molecules in the gap; however, when this atom returns to its base state, it emits a photon, 

which can in turn liberate electrons by ionizing surrounding gas atoms. 

The third interaction between an electron and an atom involves the collision 

between an electron and an atom in an excited state (case c). In this case the excited 

atom donates energy to the electron, but retains its stable state. This type of impact 

results in the electron continuing through the gap with increased energy and the atom 

returning to its stable state. 

10 
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Figure 2.3: Electron/Neutral Atom Collision Processes (Nasser 61) 

(a) Ionization 
(b) Atom Excitation 

(c) Electron Excitation 

In the case of ionization, it is possible that the positive ions will impact each 

other; however, due to their comparatively large mass and the short duration of the 

applied field, it is unlikely that this type of collision has any bearing on the development 

of the breakdown (Spears 16). 

Tovmsend's First Ionization Coefficient 

The coefficient of ionization by electron collision, or the first ionization 

coefficient, a, is the number electrons produced per unit length in the field direction by 

collision with neutral unexcited particles by an electron traveling from cathode to anode 

(Nasser 191). The first ionization coefficient is of primary importance when attempting 

to determine how many ionizations an electron will produce in specific circumstances 

and, consequently, how quickly an electron avalanche will develop. 

The number of ionizations caused by electron collisions depends upon the 

product EX , the average energy gained by the electron between successive collisions. 

11 



where X is the mean free path and E is the field magnitude. The mean free path can be 

calculated with the elastic cross section of the gas,cr. and the gas density, N, using the 

following equation. 

Figure 2.4 includes the elastic cross section for Argon. 

(2.5) 

« 8 12 m ZO Z^ Z8 cfeV] 
Figure 2.4: Elastic Cross Section Plots for Argon and Other Gasses (Raizer 10) 

If the case of a uniform accelerating field is considered, the first ionization 

coefficient can be calculated in a per unit pressure form using the constants A and B to 

adjust for the gas under test (Nasser 203). 

-Bp 

^^Ae-
P 

(2.6) 

If the first ionization coefficient is known, the number of electrons freed per unit 

length can be expressed as a ftanction of the initial number of electrons, no. distance, x, 

and the first ionization coefficient, a (Nasser 209). 

« = «(,£ (2.7) 

12 



If considered in terms of an electron avalanche from cathode to anode, separated 

by distance x. for every electron emitted from the cathode e"'' electrons will arrive at the 

anode. 

Secondary Electron Emission 

Although field emission is responsible for the liberation of the initial free 

electrons in the breakdown process, secondary phenomena play an important role in the 

development of the breakdown. In this experiment, it is believed that ionization of the 

gas atoms b\ radiation can stem from two sources. The first, and more accepted, is the 

photoelectric effect. The second, and currently unverified, mechanism is ionization by x-

rays generated from runaway electron impacts at the anode. 

The Photoelectric Effect 

The photoelectric effect describes the ability of a photon to release electrons 

fi-om a metal surface. Central to the idea of the photoelectric effect is the concept of the 

work function. The work function is a statement of how much energy, W, is needed to 

remove electrons from a material. Equation 2.8 is a common definition of the work 

ftanction. 

W = e(/> = hv (2.8) 

This formula relates the work flinction to the threshold frequency of radiation for 

•J A 1 C 

the specific metal quantized by Planck's constant, h = 6.626 x 10" J*s or 4.15 x 10' ' 

eV*s. The energy of the incoming photon can also be described by a quantized 

relationship involving Planck's constant: 

13 



Wp =/7 v, where (2.9) 

V is the fi-equenc} of the incoming light and the result, Wp, is the energy of the photon. It 

can be seen that the energy of the photon is entirely dependent on frequency and not 

intensity. If the radiation source is not of a sufficiently high frequency, the photons have 

no chance of liberating electrons; regardless of how intense the beam is, i.e. how many 

photons impact the surface. 

The source for photons in this case is the ultraviolet radiation emitted by the 

developing breakdown itself This creates the potential for widening the plasma channel 

as the breakdown forms due to additional avalanches creating a larger positive space 

charge that electrons are attracted to and travel through. The limitations of the ability 

these secondary avalanches to expand the channel will be explained in the "Streamer" 

section. 

If the incoming photon has sufficient energy to liberate an electron, that electron 

will have a maximum kinetic energy defined by: 

KE _=W-W. (2.10) 
max.c P 

It can be seen that when photons of a higher frequency are incident on the surface, 

the electrons released are more energetic and therefore more likely to form a secondary 

avalanche. 

14 



Runaway Electrons and x-ray Emission 

It is believed that in this experiment x-rays emitted from the anode play a large 

part in the secondary emission of electrons. These x-rays are emitted when highly 

energetic runaway electrons strike the anode. In order to define a runaway electron it 

must be understood that for an electric field of a given strength, there exists an energy 

le\ el that beyond which, the average energy gained between each collision is greater than 

the energy lost, causing continuous acceleration. If the kinedc energy of the electron is 

above this level, it can be called a runaway. The kinetic energy of a runaway electron 

can be on the order of the applied voltage, up to 150 kV in this experiment. 

The probabilit) that an electron will cause ionization due to an impact with a 

neutral particle is a function of its energy. The distribution is Maxwellian, indicating that 

an electron of low or very high energy is not likely to liberate an additional electron. At 

low electron energies, the likelihood of an ionizing collision is correspondingly low. At 

much higher electron energies, the likelihood of an ionizing collision is also low, due to 

the decreasing collision cross section of the gas present as electron energy increases 

beyond the maximum cross section level. Figure 2.5 illustrates the ionization cross 

secdon for a number of gasses as a function of the electron energy. 

15 
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Figure 2.5: Ionization Cross Sections for Gasses (Raizer 10) 

For incident electrons of a given energy, the distribution of the energy for the 

emitted x-rays is concentrated at the low end of the spectrum. The curve in Figure 2.6 is 

representative of a 150 keV incident electron beam and the resultant numbers of photons 

(normalized to 1 in this case) that are emitted as a function of their energy. The dashed 

line represents the idealized continuous spectrum for photons produced by an electron 

beam of this magnitude. The solid curve decreases almost linearly from a maximum at 

approximately 40 keV. with the exception of a peak seen at 70 keV. The cutoff seen 

before 40 keV is due to limitations in the diagnostic and illustrates its inability to register 

photons with energy much below this level (Lu 21). The continuous spectrum is a result 

of the rapid deceleration of the incident electrons caused by their impact with the anode, 

commonly known as the Bremsstrahlung (braking radiation) process. The line spectrum 

seen at 70 keV is the result of an inner atomic electron being liberated and the subsequent 

16 



photon emission that accompanies the return to the stable state by the atom. The energy 

level at which this peak appears is dependent upon the anode material, which in this case 

is Tungsten (Lu 21). 

Photon Emission 
(Arbitrary) 

0 • - < • 
140 160 

Photon Energy (l̂ eV) 

Figure 2.6: Photon Emission vs. Photon Energy (Lu 21) 

It is theorized that runaway electrons can impact the anode ahead of the main 

avalanche because they travel primarily without collision. When the x-rays are generated 

from the anode, they radiate outward and ionize gas atoms as they travel. A portion of 

these x-ray photons will travel into the gap and liberate additional electrons, which can 

trigger avalanches and aid in the growth of the positive space charge accumulation as it 

nears the cathode. This process is described in detail in the following section, "Spark 

Development". 

17 



Spark Development 

When an electron impacts a gas atom in the gap, there is a possibility that this 

collision will liberate additional electrons. If the electric field is sufficiently strong and 

the distance between collisions is adequately long these newly liberated electrons can 

attain enough energy to continue the ionization process leading to an electron avalanche. 

This initial axalanche can trigger the formation of one or more successors creating a 

progressing series of avalanches that eventually raises the conductivity of the gap has 

reached such a level that effectively infinite current flow is possible. This series of 

cascading avalanches in a gap eventuall}' leading to breakdown is commonly referred to 

as the Townsend mechanism (Nasser 251). 

Although the Townsend mechanism is capable of explaining many of the 

processes seen in breakdown, including the dependence on gas pressure, it is unable to 

explain several aspects of observed phenomenon in breakdown experiments. The most 

obvious problem lies in the lack of an explanation for the time required for the formation 

of a self-sustaining discharge channel. This formadon time is often referred to as the 

formative time lag of breakdown. When applying pulses that are well above the 

breakdown threshold, formadve times on the order of 10"̂  seconds are observed. Times 

this short preclude the participadon of posidve ions and therefore escape explanadon by 

the Townsend mechanism with any secondary action (Nasser 252). 

It is clear that at least one other mechanism must be active at levels of higher 

over-voltage that is responsible for the short formative time. The Townsend mechanism 

disregards the effect of space charge and its ability to create an additional field that can 

18 



influence the development of the breakdown. The presence of this space charge is central 

to a second breakdown mechanism, the streamer. 

Streamers 

The term streamer is given to an avalanche in which the space charge at the head 

is on the same order as the applied field. This typically occurs when the number of 

electrons is on the order of 10̂  and always leads to a breakdown in a uniform field 

(Nasser 264. Lehr 1036). The development of a streamer can be described in several 

stages. 

The initial stage involves the forming of the positive space charge behind the 

negativeh charged electrons of the avalanche. This positive space charge is made up of 

the positive ions and excited atoms that result from the collisions and electrons freed 

during the avalanche. The excited atoms will spontaneously emit a photon as they return 

to their stable state and these photons can liberate additional electrons after impacting 

either the cathode or another atom. Atoms in an excited state can have a lifetime as short 

as 10"'̂  s. Due to this, photons are being emitted by the posidve space charge before the 

avalanche has reached its full size (Nasser 264). These photons have the ability to start 

their own avalanches via photoionization of gas atoms surrounding the developing 

streamer channel (see Figure 2.7b). 

The developing space charge, or charge cloud, is significant because as it grows it 

begins to create an additional electric field in the gap. Electrons that are liberated behind 

the initial avalanche are accelerated not only by the applied electric field, but by the 

attractive force of the space charge as well. These electrons can cause secondary 

19 



avalanches of their own, which, as in the initial case, emit photons that can trigger 

another generation of avalanches. These successive avalanches will continue to spread 

until either the electric field is removed or the avalanches spread to a point where the 

field is not sufficiently strong to impart the necessary energy to liberate additional 

electrons. 

Once the initial avalanche crosses the gap. positive space charge begins to 

accumulate at the anode, closing the distance between the anode and cathode. This 

allows more electrons to escape into the gap due to the growing influence of the charge 

cloud's electric field. These electrons repeat the avalanche triggering process as before 

and the positive space charge continues to grow towards the cathode. 

Once the positive charge cloud bridges the gap from cathode to anode there exists 

the potential for a virtually lossless plasma charmel between the two. In order for this 

channel to be stable, the cathode must be able to supply electrons as quickly as they are 

being absorbed by the anode. This continuous, quasi-stable, lossless transfer of electrons 

from the cathode to the anode is a spark, the actual breakdown, and will continue as long 

as the field is applied. Figure 2.7 illustrates the aforementioned steps. 

20 
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Figure 2.7: Development of an Avalanche to a Spark (Nasser 266-267) 

1. Positive space charge of an avalanche ^^^^221 2. Negative Space Charge O* 

3. Photons emitted from the avalanche \^>^ 4. Photoelectrons O 
5. Auxiliary avalanches produced by photoelectrons. 6. Streamer Tip. 

7. Propagating streamer tip with avalanches feeding into it. 
8. The completed streamer channel with some branches. 
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Formati\'e Time 

In order to speculate on the breakdown mechanisms present in the experiments 

being performed, the time delay seen before breakdown occurs needs to be considered. 

The formative time lag of breakdown is defined as the time required for the formation of 

a channel of self-maintaining discharge after the application of a fast rising pulse (Nasser 

297). The formati\ e time is a function of the magnitude of the over-voltage due to the 

relationship between the product of first coefficient of ionization, a, and the strength of 

the applied field. 

If the Townsend mechanism is active, the generations of avalanches develop with 

varying speed depending on the ability of electrons to ionize atoms in the bulk gas. As 

the ratio of over-voltage increases, formative times are seen to decrease until they fall 

outside of the range that can be explained by the Townsend mechanism and any 

associated secondary emission. If the over-voltage is sufficiently high, the formative 

time is comparable to that of streamer formation and propagation (Nasser 299). 

A commonly accepted formula for formative dme is taken from Mesyats, et al.: 

1 ifd(\ + pCav) t^-^\n(' J" -'), (2.11) 
ccv _ eA'o\'_ 

with the variables defined in the Table 2.1. 
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Table 2.1: Variables for Equadon 2.11 
a 
V 

ir 

d 

P 
C 
No 

ionization per unit length 
electron drift velocity 
current value at which gap voltage begins 
to drop 
gap width 
resistance / impedance of circuit 
inter-electrode capacitance 
number of initiating electrons 

It can be argued that even with the presence of different breakdown mechanisms 

which pertain to high over-\ oltages. i.e. streamers and runaway electrons, that the 

formative time could be primarily related to the development of the first avalanche. The 

processes that come about as a result of this, streamers and runaway electrons, could take 

place on a time scale that is sufficiently short that it may be possible to neglect them 

when compared to the time scale of the initial Townsend mechanism avalanche 

(Valdivia, Crull). 

Once the formative times have been determined, they can be used to plot acquired 

data according to similarity laws. Equation 2.12 will yield plots of the pressure -

formative time product as a fiinction of E/p. 

ptf=F{Elp) (2.12) 

If the statement that formative time is due to the first developing avalanche is 

true, it would be expected that comparing similarity law plots derived from data in this 

experiment to that of previous research at lower levels of over-voltage would resuh in a 

condnuation of the same curve into higher ranges of E/p. 

Currendy, theory largely neglects the effect of space charge on breakdown 

development, particularly at higher pressures where the space charge is more likely to 
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form at significant levels. The impact of space charge on streamer initiated breakdown is 

thought to have a dramatic effect on the transient development of the discharge. Data 

recorded with high over-voltage at a variety of pressures will hopefully aid in the 

determination of the mechanisms at work as breakdown develops in these cases and lead 

to an explanation as to whether or not there is a fundamental change in the mechanics of 

breakdown as xoltage gets further above threshold. 
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CHAPTER III 

EXPERIMENTAL SETUP 

Pulser 

For this experiment, pulses were generated with a RAD AN 303A high voltage 

pulser and associated SN4 pulse slicer, capable of supplying pulses with magnitudes of 

20-150 kV with a rise times of 150 ps and durations varying from 250 - 1500 ps, at an 

impedance of 45Q. The RAD AN 303 A is based on an oil-insulated Blumlein line 

charged b> a Tesla transformer, breaking down an uncontrolled nanosecond switch in a 5 

MPa nitrogen environment. A Blumlein charge line differs from a standard charge line in 

that two lengths of coaxial transmission line of impedance ZQ are charged and then one 

end is shorted by a switch or spark gap. The typical load value is IZQ. The pulse seen at 

the load is equal to the charging voltage and has a duration equal to the two way transit 

time of one of the charge lines. No reflections will be seen if the line and load 

impedances are matched (Pai). Figure 3.1 and 3.2 illustrate a Blumlein charge line 

configuration applied to both a traditional 2 line arrangement and a parallel conductor 

geometry. The parallel conductor geometry in 3.2 is useful in this context because it 

closely resembles the cylindrical geometry used in the pulser, but is clearly laid-out for 

purposes of conceptual illustration. 
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E 
^ 

Figure 3.2: Typical Blumlein Arrangement for 2 Coaxial Conductors 

Charging 
Voltage 

d 

-Q 
I 
k J > 

Figure 3.3: Typical Blumlein Arrangement for Parallel Conductors (Pai) 

If the line impedance and load impedance are not matched, reflections are 

introduced and the output voltage will no longer be equal to the charging voltage. 

Figures 3.3-3.5 illustrate the three possible cases for impedance combinations: Zi = 2Zo, 

Z, > 2Zo, Z, < 2Zo. 
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^ — I — h 
2To 3To 4To 5To 6To 

Figure 3.3: Blumlein Output for Z| = 2Zo 

V, 

•\ \ \ \ \ h 
2To 3To 4To 5To 6To 

Figure 3.4: Blumlein Output for Z\ > 2Zo 
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V, 

Vo 

Figure 3.5: Blumlein Output for Z| < 2Zo 

Figure 3.2 is laid out in such a way as to clearly show the arrangement of the 

charge lines and the location of the load between them. The physical realization of this 

concept within the pulser yields a different geometry, which is illustrated in the following 

figure. 

(^ 

Variable 

Pressure || 
Spark Gap 

V. 
Tesla 

Transformer 

-load 

Figure 3.6: Coaxial Blumlein Arrangement 

When used independendy, the RAD AN 303A produces pulses with a rise time of 

1.5 ns and duration of 5 ns. For this experiment, the pulser output is coupled directly to 

the SN4 pulse slicer. The SN4 pulse slicer uses two adjustable spark gaps to shape the 

outgoing pulse. The first is a peaking gap used to improve rise time. The basis for the 
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operation of the peaking gap is the establishment of a very high electric field in the space 

between the electrodes in order to induce a correspondingly high velocity of propagation 

for the electron avalanche crossing the gap, which translates to a faster rise time that the 

incident pulse (Lehr). The second gap is a chopping gap that is used to adjust falling 

edge characteristics and pulse duration. When these gaps are properly adjusted, the 

incoming pulse first breaks down the axial peaking gap. The breakdown then transitions 

to the radial chopping electrodes at a time determined by their spacing. This adjustable 

configuration allows the delivery of an array of pulse shapes, from square pulses that 

have a duration of up to 1200 ps to extremely sharp pulses as short as 300 ps FWHM. 

Figure 3.7 shows a conceptual two-dimensional cross section of the electrodes in the 

pulse slicer. 

Chopping 
Electrodes 

Nitrogen 
at jS 

5 MPa L r 1 Peaking 
Electrodes 

• : ' ^ ' % . • • : . . • • • " , € * * • ' ' " : : . " . • • 1 ' * ' i t > " / . •> '* ' • 

Figure 3.7: Cross-secdon of Pulse Slicer Electrodes 

The output of the pulse slicer setup is connected to 1 meter of RG-19A/U coaxial 

cable via a custom designed adapter. This low dispersion cable has an impedance of 52Q 

and transmits the pulse to the spark gap through an additional length of feed-through. On 
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the opposite side of the gap, a terminated length of cable serves as the load. This load 

line is several meters in length and provides a time delay long enough that any reflected 

pulse will fall well outside the measurement window. 

Spark Gap 

In order to allow tests to be carried out at a variety of pressures, the spark gap is 

inside a vacuum chamber. Because of this, an additional interface between the RG-

19A/U cable and the gap must exist for both the incoming pulse line and outgoing load 

line. Beginning at the input side, the first stage of the transition from the cable to the gap 

is a feedthrough with an inner conductor size of 6.5 mm and outer diameter of 28.8 mm. 

At this junction the outer conductor makes the transition from the copper jacket of the 

RG-19 to aluminum tubing rurming the length of the feed-through. A second junction 

exists before the chamber to allow the inner conductor and dielectric to expand to their 

final diameters of 5 cm and 5.7 cm, respectively. This final large diameter feedthrough is 

secured to a flange and is able to slide in and out of the chamber, holding the gap in place 

when the flange is secured to the chamber. Figure 3.8, while not to scale, illustrates the 

junctions and the associated changes in geometry for each segment of the feedthrough. 
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RG-19 

Figure 3.8: Feedthrough Geometry 

Once inside the chamber, the outer conductor also incorporates changes in 

geometry to maintain constant impedance along the gap. The outer-most conductor is a 

cylindrical brass mesh cage. Inside of the cage, a shaped brass plate creates a fiannel-type 

geometry at each end of the cage that, when combined with a tapered electrode, yields a 

bi-conical coaxial conductor designed to maintain constant impedance. The assembly is 

identical for both the input and output sides and is hinged in order to allow the electrodes 

to be installed. 
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Figure 3.9: Outer Conductor Geometry 

Two primary electrode geometries were used in this experiment: an axial setup 

with a gap in the inner conductor and a continuous outer conductor; and a radial gap with 

continuous inner and outer conductors and the gap existing between them. In both 

geometries, hemispherical brass electrodes with a diameter of 3mm were used. 
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Axial Gap 

The axial gap used in this experiment can be adjusted for distances varying from 1 

mm to 15 mm. The test gap consists of two different electrode designs; one fixed, one 

variable. Both electrodes have a radius of curvature of 3mm. The fixed length electrode 

has a taper angle of 15 degrees off the horizontal, starting at the point of contact with the 

feedthrough. The variable electrode can be one of two models depending on the gap 

distance under test; one tapers at an angle of 15 degrees, the other at 20 degrees. The 15 

degree tapered electrode is used to implement gap distances of 1 mm to 5 mm. Any gap 

larger than this requires the 20 degree taper. 

Each of the variable tapered electrodes has a %" hole bored down its center line 

and uses a set screw to hold a sliding brass rod in place. The gap distance is set by 

shorting out the two electrodes and noting the depth of the rod within the electrode body. 

The rod depth is then adjusted to the correct gap distance and secured with the set screw. 

Figure 3.6 illustrates the spark gap in place and set for a 1 mm gap. 
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Figure 3.10: Axial Gap 

The axial gap can be represented electrically by an in-line capacitor with a certain 

current, Igap, flowing through during breakdown. Figure 3.11 is the schematic view with 

the parameters of interest labeled. 

V. 
gap 

v., O Vo 

•gap 

Figure 3.11: Schematic Representation of the Axial Gap 

For an axial gap, Vj will be the sum of the incident and reflected pulses. 

Applying Kirchoff s voltage law to the three relevant voltages results in the 

following. 

(3.1) 
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which can be rearranged to give: 

' ; = ' . « . + f : (3.2) 

If Kirchoff s Current Law is applied to the axial gap schematic, the following 

formula can be obtained. 

r_^_r^ = Z ( C ^ + / ^ „ ^ ) = f;, (3.3) 

where C—^-'- defines the instantaneous current through the capacitor due to a time 
dt 

varying field. 

The advantage to the placement of the diagnostics in this experiment is that it is 

possible to generate a set of formulas allowing the accurate calculation of both the gap 

voltage and gap current based on the reflected pulse. In order to formulate an equation 

for the gap voltage, Kirchoff s voltage and current laws are combined with equation 3.1. 

l\=V^ + V^ a. Incident Voltage 

r, = I'̂ p̂ +]\ b. Kirchoff's Voltage Law 

V-, =V^- V^ c. Kirchoff s Current Law 

Combining equations a. and b. yields a relation between the incident and reflected 

pulses. 

r_. + r^ = f;,, + f; (3.4) 

If c. is plugged into 3.4 and solved for Vgap, the following equation results. 

V,.p-2V^ (3.5) 
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In order to obtain an equation for the conduction current in the gap, the same 

basic formulas are used, but the characteristics of the capacitor must also be taken into 

account. 

Solving equation 3.3 for 7 ,̂̂ ^yields the following: 

If equation 3.3 is evaluated for a case without breakdown, i.e. Igap = 0, it becomes: 

r -r" =zc^^^ = 2zc^^. (3.7) 
^ dt dt 

w here a superscript "0" indicates the no breakdown instance. 

Rearranging this equation to solve for V^ yields: 

V_^ = V?+2ZC^ (3.8) 
-^ ^ dt 

If this expression for V^ is substituted into 3.6, 

JT/O 

V^ + 2ZC^^-V^ 
/ = di 2 C ^ ^ (3.9) 

^"P Z dt 

Simplifying equadon 3.9 gives the final, usable, form of the equadon for 

conduction current in the axial gap. 

'"'' Z dt " 
(3.10) 

36 



Radial Gap 

The radial gap used in this experiment is designed to fit in the set-up without 

major modification. The only adjustment needed to perform tests using the radial 

geometry is the addition of a small round-headed brass bolt to the outer conductor plate 

in order to guarantee that the breakdown is occurring at a consistent point for each test. 

Due to space limitations, the adjustability of the gap with the radial electrodes is 

somewhat more limited than in the axial case. This is not of concern for this experiment 

as all tests with the radial geometry were performed with a gap distance of 1mm. Figure 

3.12 is the radial gap in a typical configuration. 

Figure 3.12: Radial Gap 

The schematic view of the radial gap and the parameters of interest can be seen in 

Figure 3.13. As in the axial case, the gap is modeled as a capacitor. 
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Figure 3.13: Schemadc Representation of the Axial Gap 

The most significant difference between the axial and radial gaps is the lack of 

voltage doubling for the radial case. Applying Kirchoff s voltage law to the circuit yields 

the following equality. 

f > f : . + f ^ = f;.. = f2 (3.11) 

Applying Kirchoff s current law to the radial gap schematic yields the following 

equation. 

r^-f' =z(c-
di 

dt ^'«"'"*^'^ 
(3.12) 

In terms of describing the maximum voltage held off at the gap before 

breakdown, Vgap, it can be taken to be equal to the transmitted pulse, V2. 

gap 
(3.13) 

As with the axial case, the formulas found by applying Kirchoff s laws can be 

used to derive an equation for the conduction current in the gap. If equation 3.12. the 

resuh of Kirchoff s current law. is solved for Igap, the following equadon is formed: 

'"P Z dt 
(3.14) 
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As in the axial case, the no breakdown instance of the current law equation must 

be examined. 

r_^-rV = zc^^^+r"2 (3.15) 

dt 

Solving this equation for the incident pulse yields: 
/f'" 

(•_, = rV + zc^^^+r'' (3.16) 
dt -

Substitudng this expression for the incident pulse into equation 3.14 and applying 

equation 3.13 gives: 

(rV + z c ^ + F°2-r^-i;) ... 
/ = ^ '-—C—^ (3 17) 

Z dt ^ ^ 

Grouping the derivative terms and using the substitution, Vl_ = V" - V^, from the 

no breakdown instance of 3.11, 

/ „ ^ ' ^ ^ - ' ^ - ' - - ' ^ ' - c | ( ^ ? - , ; ) (3.,8, 

Applying equation 3.11 yields the usable form of the equation: 

I,ap=j(V2-V,)-cj^iK^-V,) (3.19) 
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Gap Capacitance Calculation 

In order for the gap current equation to be applied, the real capacitance of the gap 

must be calculated. Deriving the equations to do this is again an exercise in applying the 

results of Kirchoff s voltage and current laws for each gap geometry. 

Axial Gap Capacitance 

The first equation needed in order to allow the capacitance to be calculated is the 

no current instance of Kirchoff s current law, equation 3.7. 

.0 ^^dVl .^^dV 
Y _ v^ = ZC—^ = 2ZC-

dt dt 

Rearranging this equation relates the charging constant of the gap to a ratio of the 

reflected pulse and its derivative. 

r -r° 
22C = ̂ ^ (3.20) 

"dT 

Once this ratio has been determined, the capacitance is found by dividing by the 

remaining 2Z factor. Using this approach, it was found that the axial gap capacitance was 

approximately 5 pF. 

Radial Gap Capacitance 

As in the axial case, the no current case of Kirchoff s current law is needed in 

order to calculate radial gap capacitance. 

dV° 
V -VV^ZC-^^+V'j 

dt 
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Using the substitutions performed in the current calculation, V^ + V^ - Vj and 

^'g.ap = ^'2' ̂  relation between the reflected and transmitted pulses is found. 

dV 
-2K =ZC^^-^ (3.21) 

dt 

Integrating both sides and setting up the resuhing signals as a ratio. 

ZC [y^dt 

2 V,_ 

From this equation, the capacitance was calculated to be approximately 8 pF. It 

should also be noted that the charging time constant of the radial gap is a factor of four 

less than that of the axial gap. The implications and consequences of this will be 

discussed and presented in Results and Conclusions. 

Data Collection 

Capacitive voltage dividers were used to collect data, one located at the SN4 

slicer and a second located on the load line. The signals from these dividers are sent to a 

Tektronix 6604 digidzing oscilloscope with a sampling period of 50 ps and a maximum 

bandwidth of 6 GHz. This set-up allows the determination of the voltage and conduction 

current at the gap during breakdown. Figure 3.14, although not to scale, illustrates the 

basic construction of the vacuum chamber and spark gap. 
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Voltage 
Divider 

50 Ohm 

Figure 3.14: Pulser and Gap Configuradon 

Figure 3.15 illustrates a typical 40 kV pulse generated by the Radan 303A and 

pulse slicer. This shot was taken under conditions of high vacuum (< 7.5 x 10'̂  torr) with 

an axial gap (of 1 mm) in order to maximize the reflected signal. Noting the time 

between the incident and reflected pulses, it can be seen that the two-way transit time for 

the input cable is approximately 17.75 ns. The portion of the reflected waveform that 

goes positive after 22 ns is due to the voltage reversal (short-circuit) that occurs when the 

pulse reaches the chopping gap of the pulse slicer. 
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Figure 3.15: Typical Incident and Reflected Pulse 

Because the two parameters of interest, gap voltage and gap current, can be 

obtained from the reflected or transmitted voltage signal, no fiirther diagnostics are 

needed to measure these values. 

Voltage Monitoring 

In order to capture voltage waveforms, this experiment uses two fast rising 

capacitive voltage dividers with temporal resolution better than 100 ps. The first divider 

is integrated into the pulse slicer and has a rado of roughly 760:1. The second is built 

into the load side feed-through and is designed to have a ratio on the order 1000:1. 

The feed-through divider is a custom manufactured part that uses the capacitance 

between a strip of copper tape and the inner conductor and the capacitance between the 
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tape and the outer conductor as the values. The details of the construction can be seen in 

Figure 3.16. 

BNC Output 
Copper Tape 

Kaplon Tape 

Outer Conductor 

Feed-throuyh Insulation 

Irmer Conductor 

Figure 3.16: Capacidve Voltage Divider 

The schematic representation of the capacitive divider can be seen in Figure 3.17. 

V: 
m^ 1 

T "1 Z. 
me 

Vout^J-

I 
Figure 3.17: Capacitive Voltage Divider Schemadc 

As in a resistive voltage divider, the ratio of the two capacitances determines the 

ratio of the transmitted signal to the actual signal. For the divider above, the output 

voltage can be determined by the following equadon. 

C, 
V =V 

out in c+c. 
(3.23) 

The capacitance values for this divider can be varied by altering the size of the 

piece of copper tape used when constructing it, but typical values are in the range of 1 pF 

for C] and 0.5 nF for C2. The value of the impedance attached to the output, which in this 
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case is the 50 Q. characteristic impedance of the cable, determines the fall time of the 

monitor signal. 
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CHAPTER IV 

RESULTS 

Each test was carried out for a specific combination of voltage and gap distance 

and consisted of data being taken as a function of pressure. The pressures of interest are: 

vacuum (<7.5 x 10"̂  torr). 0.5 torr. 5 torr, 25 torr, 100 torr, 300 torr, and 600 torr. Each 

time the pressure was changed, the internal conditions of the chamber were allowed to 

stabilize for several minutes before the next series of shots were taken. After each 

experiment was concluded, the electrodes were checked for any visible damage. At no 

point did the electrodes register any significant damage or changes in shape as had been 

evident in previous experiments involving a tungsten needle. Damage was not expected 

as the mass and area of the electrodes are large when compared to the needle-plane 

arrangement of previous experiments and relatively few shots were taken with long 

pauses in between. Multiple shots were taken for each pressure and typically all shots are 

plotted on a single graph. 

All of the data presented here was taken using brass electrodes with a radius of 

curvature of 3 mm in a tip-tip arrangement. Because the radial geometry came about due 

to issues arising from the axial gap, the axial data will be presented first. 

The Axial Gap 

The first tests carried out with the completed set-up were performed at 40 kV in 

dry air with the axial gap set to a distance of 1mm. Three shots were taken at each 

pressure and data was recorded with both capacitive dividers. In this experiment, as in 
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almost all of the subsequent tests, the data from the voltage monitor in the feedthrough 

was used exclusively in calculations due to its close proximity to the gap. Figure 4.1 

shows the reflected signal for each of the shots taken. 

10 

100 torr 

300 torr 

600 torr 

•30 

0.5 torr 

J , I , I , L 

Vacuum 

- I I L. I . I ^ I I I I I L. 

17.8 18.0 18.2 18.4 18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0 
Time [ns] 

Figure 4.1: Reflected Pulse for 40 kV - 1mm Axial Gap in Dry Air 

If the average values for each pressure are used, the values in table 4.1 are 

generated. Using an average introduces a certain amount of error, especially in the cases 

for 25, 300 and 600 torr. This error is estimated to be a maximum of 20%. The peak 

voltages in the first column represent the absolute maximum of the reflected signal and 

can be used to gauge the gap voltage using the previously defined equations. The 

breakdown times in the second column are given as 10% to 90% rise time of the 
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maximum reflection and also contain a certain amount of error due to the signal 

averaging. It can be seen in Figure 4.1 and Table 4.1 that the minimum breakdown time 

and voltage occur at 100 torr. The third column in the table is the pressure - distance 

product that will be used to plot the gap voltage against the Paschen curve. 

Table 4.1: Peak Voltage and Average Breakdown Time 
Pressure 

Vacuum(10"'') 
0.5 torr 
5 torr 

25 torr 
lOOtorr 
300 torr 
600 ton-

Peak Voltage (kV) 
-20.5 
-19.2 
-18.5 
-10.8 
-8.7 
-8.8 

-10.3 

Breakdown Time (ps) 
N/A 
315 
275 
170 
135 
155 
180 

p*d (cm*torr) 
N/A 
0.050 
0.5 
2.5 
10 
30 
60 

The Paschen curve describes the dielectric strength of a gas plotted against the 

product of gap distance and pressure. Because this data was generated under the 

application of a generally homogeneous field, it is of value to compare the results of this 

data to the accepted Paschen curve. Figure 4.2 is the gap voltage plotted as a function of 

the pressure - distance product. Even though it contains relatively few points, if it is 

compared to the Paschen curve for air (Figure 4.3) it can be seen that the shape matches 

the behavior for the low p*d portion of the curve, but the minimum has been shifted by 

roughly an order of magnitude in the positive direction and the variation as a fianction of 

p*d is less dramadc than in the DC case. 
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Figure 4.2: Axial Gap Voltage as a Funcdon of p*d for 40 kV 
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Figure 4.4 contains plots of the breakdown delay time as a function of pressure 

for this experiment and from previous research done with a lower voltage pulser. This 

plot allows the data taken in this experiment to be compared to the delay times taken 

from earlier research involving a lower voltage sub-nanosecond pulser in a needle-plane 

gap arrangement. 
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Figure 4.4: Breakdown Delay Time as a Function of Pressure for 40 kV (left) and 14 kV 

(right) 

For the portions of the pressure range that overlap in the two figures, the pressure 

dependent behavior is similar although the 40 kV case is in the picosecond time scale 

whereas the 14 kV case reflects the slower breakdown development of the lower voltage 

instance. 

In order to fiirther understand the mechanics of the developing breakdo'wn and the 

pressure dependence of the breakdown, the current flowing through the gap is of 

importance. Using the equations for gap current determined in Chapter 3 and the 

reflected pulses that were recorded, the following current plots were created. The current 

waveforms in these plots have been scaled to the voltage axis by multiplying by a factor 

of Z, the characteristic impedance of the transmission line. 
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Figure 4.5: Voltage and Current Waveforms for 1mm Axial Gap in Dry Air with 40 kV 
Applied Pulse 

It can be seen in the lower pressure cases, 0.5 torr and 5 torr. that the current 

waveform has a comparably low magnitude and varies significantly from shot to shot. 

This suggests that the breakdown in these cases is of an incomplete nature and is 
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occurring at different points on the electrodes with varying intensity as a result. This is 

supported by physical observations during the experiment that the breakdown in these 

cases was a low intensity glow that could span the entire length of the electrodes. 

The 25 torr and 100 torr cases gain consistency, but it is the 100 torr case that is 

of particular interest. It can be seen that the reflected waveform is at a minimum and the 

current is at a maximum when compared to all the pressures shown. When formative 

dmes are discussed, it will become apparent that the 100 torr case yields the lowest 

switching and delay times while also minimizing the current amplification time of - r -^ . 

/dt 

The 300 torr and 600 torr cases yield results which are reladvely consistent and 

comparable to each other. 

Although the definition for delay time is somewhat ambiguous when rising-edge 

breakdo'wns of this type are being discussed, there are several measurable parameters that 

can be used to categorize the formative time of the breakdo'wn. The first that will be 

applied is the switching time, is, which refers to the time difference between the 50% 

point of the voltage rise and 50% point of the voltage fall that occurs when the gap 

becomes conducdve, i.e. the switch closes. Another possible comparison is the time 

delay, Td, observed between the 50% rise of the applied voltage at the gap and the 50% 

rise of the conduction current through the gap. These two parameters, is and la. can be 

easily determined from the previous voltage and current plots. In order to apply the 

recorded data to gas discharge phenomenon, a third parameter, the current amplification 
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^^^^ llT "^'^ ^^ considered. The current amplification time is considered f o r k 
'dt dfi 

with the corresponding current at this maximum rate of change being used in the 

calculation. Each of these time constants was calculated for the three shots taken at each 

pressure and these are plotted in Figure 4.5. The line present between the points serves 

only to indicate the general trend between the middle values at each pressure and does 

not illusfrate any fiirther analysis. 
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Figure 4.6: Switching Times (is) - O, and Delay Times (id) - Q, Current Amplification 
Time (TJ) - A, for 1mm Axial Gap in Dry Air with 40 kV Applied Pulse 

It can be seen that with the exception of the 0.5 torr case of current amplification 

time, the minimum for each parameter occurs at the 100 torr case. The problem with the 

0.5 torr case arises from the relatively small current peak and the large error introduced 
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b\ apphing the derivative operation in the current amplification dme calculadon. 

Because the current levels at 0.5 torr are low and do not represent a complete breakdown 

of the gap. the values for current amplification time at this pressure are not suitable for 

comparison to the higher pressure cases and can largely be ignored. 

The 40 kV data represents the bulk of the useful data obtained from the axial 

geometry. Voltages below 40 kV yielded results that were too closely lumped to derive 

any definitive conclusions and voltages significantly above 40 kV resulted in undesired 

radial breakdown between the irmer conductor electrodes and the outer conductor plate at 

varying locations. An example of the data that resulted from this radial breakdown can 

be seen in Figure 4.6 for an 80 kV applied pulse. Varying the gap distance improved the 

range of useful data; however, no configuration was found that prevented radial 

breakdown at all pressures for applied pulses at or above 80 kV. 
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Figure 4.7: Undesired Radial Breakdown for 1mm Axial Gap in Dry Air with 80 kV 
Applied Pulse 
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The Radial Gap 

Due to the tendency of the axial gap to break down radially at higher voltages, an 

alternate electrode geometry was designed in order to induce a radial breakdown at a 

consistent location. This geometry was tested at voltages up to 150 kV and the same 

methods of anahsis were applied to the data collected. An important difference in the 

data gathered for the radial case is that the transmitted voltage was recorded as opposed 

to the reflected voltage as was done in the axial case. The reflected voltage signal is 

relevant for the radial case and could have been used; however, the reflected pulse for a 

radial gap involves a change in polarity that complicates the calculadon process used to 

generate the current waveforms. 

This change in polarity is due to the capacitor based behavior of the gap combined 

with the radial geometry. The impedance of a capacitor can be expressed by the 

equation Z = . When the incident pulse arrives at the gap, co is effectively infinity 
jcoC 

and the capacitor responds as a short circuit. During the duration of the pulse, co can be 

considered to be 0 and the capacitor is seen as an open. During this time, the capacitor 

discharges at a rate determined by the load. When the pulse ends, co is again high and 

the capacitor once again acts as a short. Each time the capacitor shorts in the radial case, 

the polarity of the pulse is reversed. Figure 4.8 is the result of a mathemadcal simulation 

which illustrates a typical reflecdon for the radial geometry. 
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Recording the transmitted pulse required a change in the placement of the voltage 

monitors since the axial arrangement had both dividers on the pulser side of the gap. The 

first voltage applied to the radial geometry was 40 kV. The data recorded can be seen in 

Figure 4.8. 
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Figure 4.8: Transmitted Pulse for 40 kV - 1mm Radial Gap in Dry Air 

This data contains the same information as the reflected pulse in the axial case, 

but due to the parallel arrangement of the voltages described in Chapter 3, no doubling is 

needed to determine the voltage at the gap, i.e. V^^^ = Vj. 

As can be seen in the figure, the voltage waveforms overlap and in most cases the 

peak values carmot be readily grouped by pressure. The pulse widths of the transmitted 

voltages do not vary to a large degree with pressure and as a result it is expected that the 
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switching times and current flow will be fairly consistent. Table 4.2 contains the 

calculated values for the peak voltage and breakdown time. 

Pressure 
Vacuum (10'*') 

0.5 torr 
5 torr 

25 torr 
100 torr 
300 torr 
600 ton-

Table 4.2: Peak Volta 
Peak Voltage (kV) 

36.7 
39.2 
36.6 
37.4 
35.8 
36.8 
38.3 

ge and Breakdown Rise Time 
Breakdo'wn Time (ps) 

350 
380 
360 
370 
370 
390 
400 

p*d (cm*torr) 
N/A 
0.050 
0.5 
2.5 
10 
30 
60 

10" 10' 10 

p*d [cm*torr] 

Figure 4.9: Radial Gap Voltage as a Function of p*d for 40 kV 

As with the axial geometry, the gap voltage and gap current are plotted as a 

function of pressure. The presentation of the radial current plots is identical to the axial 
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cases with the exception that the scaling factor for the radial gap current is I*Z/2. This is 

due to differences in the equations used to calculate the current. 

Figure 4.10: Voltage and Current Waveforms for 1mm Radial Gap in Dry Air with 40 kV 
Applied Pulse 
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There does not appear to be a significant degree of pressure dependence for the 

magnitude or pulse width of the transmitted voltage. Concordantly, the conduction 

current is relatively consistent at each pressure. 
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Figure 4.11: Switching Times (xs) - O, and Delay Times (id) - D, Current Amplification 
Time (xi) - A, for 1mm Axial Gap in Dry Air with 40 kV Applied Pulse 

It can be seen in the figure above that there is no discemable pressure dependence 

for any of the times constants calculated. When the relatively consistent level of current 

seen across the pressure spectrum is also taken into account, it would appear that the 

same breakdown mechanism is dominant at all measured pressures for this combination 

of gap distance and voltage. 
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For the next test, the voltage was increased to 80 kV in an attempt to induce 

greater pressure dependence for the same gap distance. Figure 4.8 shows the compiled 

voltage waveforms for the 80 kV test. 
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Figure 4.10: Transmitted Pulse for 80 kV - 1mm Radial Gap in Dry Air 

As can be seen in the figure, the voltage waveforms overlap and in most cases the 

peak values cannot be readily grouped by pressure. The pulse width of the transmitted 

voltage can be seen to vary and as a result it is expected that the switching time will 

change as a fimction of pressure in a similar manner as in the axial case. Table 4.3 

contains the calculated values for the peak voltage and breakdown time. 
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Table 4.3: Peak Voltage and Average Breakdown Time 
Pressure 

Vacuum(10"'') 
0.5 torr 
5 torr 

25 torr 
100 torr 
300 torr 
600 ton-

Peak Voltage (kV) 
77.1 
75.0 
76.4 
68.9 
65.4 
52.5 
70.1 

Breakdown Time (ps) 
N/A 
360 
400 
370 
350 
400 
430 

p*d (cm*ton) 
N/A 
0.050 

0.5 
2.5 
10 
30 
60 

It can be seen that the peak voltage is pressure dependent in this case, but the 

minimum has shifted to the 300 torr case. Figure 4.13 is a plot of the gap voltage plotted 

against p*d. for comparison against the Paschen curve. 
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Figure 4.11: Radial Gap Voltage as a Function of p*d for 80 kV 

This voltage curve is generally similar to the shape of the Paschen curve, although 

the minimum is again shifted in the positive direction by over an order of magnitude. It 
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can be seen that the gap voltage varies to a greater degree than the 40 kV case, but the 

changes still occur within a single order of magnitude. 

Figure 4.12: Voltage and Current Waveforms for 1mm Radial Gap in Dry Air with 
Applied Pulse 

80 kV 
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To ftulher compare the axial and radial data the same time constants that were of 

interest for the previous case were calculated. 
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Figure 4.13: Switching Times (Xs) - O, and Delay Times (Xd) - LJ, Current Amplification 
Time (xj) - A, for 1mm Axial Gap in Dry Air with 80 kV Applied Pulse 

Comparing this data with the time constants for the axial gap and 40 kV radial 

gap tests, significant differences can be noted. The minimum for switching tune appears 

at 100 torr, while the delay time minimum occurs at 300 torr. The delay time minimum 

at 300 torr coincides with the lowest breakdown voltage. Current amplification time does 

not vary to a large degree from 0.5 torr to 100 torr, but has a maximum at 300 torr. At 

600 torr, the current amplification time returns to essentially the same level as the 0.5 torr 

to 100 torr cases. The transmitted voltage waveforms indicate that most of the 
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breakdowns are occurring either very near to or after the voltage peak has been reached. 

This could imply that the breakdown mechanism is more closely related to DC 

breakdown than the rising edge breakdowns seen with other voltage - gap distance 

combinations. 

In order to examine a different set of conditions with a higher over-voltage at the 

gap, the pulse magnitude was increased to 150 kV. Increasing the voltage to this level 

yielded a collection of waveforms with high shot-to-shot consistency and breakdowns 

occurring during the rising edge of the pulse. 
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Figure 4.14: Transmitted Pulse for 150 kV - 1mm Axial Gap in Argon 
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It can be seen in Figure 4.12 that for the vacuum and 0.5 torr cases the voltage 

pulse travels through the inner conductor almost losslessly, indicating that no breakdown 

is taking place between the inner and outer conductors. However, the falling edge of the 

0.5 torr case seems to separate slight 1\ from the vacuum data, possibly indicating that if a 

longer pulse were used the two cases might differ more substantially. 

The pressure dependence of relative breakdown levels follows the same trend as 

in the axial case, with the minimum breakdown voltage being seen at 100 torr. The 

following table and graph (Table 4.4 and Figure 4.17) show the values used to compare 

the radial data to the Paschen curve. Averages of the three signals were again used in 

these calculations; however, due to the tighter grouping of these signals when compared 

with the axial case, the error induced is estimated to be no more than 10%. 

Table 4.4: Peak Voltage and Average Breakdown Time 
Pressure 

Vacuum (10"*') 
0.5 ton 
5ton-

25torr 
100 ton-
300 ton-
600 ton-

Peak Voltage (kV) 
148.6 
147.0 
128.9 
105.6 
74.5 
80.1 
85.5 

Breakdown Time (ps) 
N/A 
N/A 
275 
225 
175 
240 
250 

p*d (cm*ton) 
N/A 
N/A 
0.5 
2.5 
10 
30 
60 
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10" 10' 10' 
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Figure 4.15: Radial Gap Voltage as a Function of p*d for 150 kV 

When comparing the voltage vs. p*d curve for the radial gap at 150 kV to the 

curve for the 80 kV case, it can be seen that the minimum breakdown voltage returns to 

100 torr for 150 kV. Without a greater number of intermediate values, it is difficult to 

make any further quantitative statements with the exception of noting the approximate 

similarity between the observed case and the shape of the accepted DC Paschen curve. 

As in the previous cases, the conduction current flowing through the gap was 

calculated. 
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Figure 4.16: Voltage and Current Waveforms for 1mm Radial Gap in Argon with 150 kV 

Applied Pulse 

For direct comparison with the axial geometry data, the 0.5 ton cunent plot was 

included despite the lack of breakdown. There is noticeable variation in the duration of 

the current pulses and obvious changes in the voltage-cunent delay time. As in the 
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previous cases, the time constants for switching time, Xs, delay time, Xd, and cunent 

amplification time Xj were calculated and plotted. 
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Figure 4.17: Switching Times (xs) - O, and Delay Times (xd) - Q, Current Amplification 
Time (Xi) - A, for 1mm Radial Gap in Argon with 150 kV Applied Pulse 

The behavior of the time constants calculated for the 150 kV radial data is similar 

to the 40 kV axial in terms of the degree of change seen as a fimction of pressure. All 

time constants have their minima at the 100 torr point, which is consistent with the axial 

data. Each of the time constants for the radial case is generally faster than the axial data 

for the same pressure. This is most likely due to the shorter charging time for the radial 

gap. Recalling that for the axial gap the charging constant was found to be 2ZC, and 

ZC 
for the radial gap, it can be seen that for equal capacitances the charging time should 
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be shorter for the radial gap by an order of 4. For the calculated capacitances (5 pf for 

axial, 8 pf for radial), the difference in charging time is calculated to be a factor of 2.5. 

Breakdown Delay Time Comparisons 

Using the observed breakdown delay times for the radial geometry, it is possible 

to compare the results of this experiment to the results of previous research using lower 

voltage pulsers and needle based radial set-up. Figure 4.20 plots the delay times as a 

function of pressure for each voltage level used in this experiment. Figure 4.21 displays 

the delay times for two prior experiments using lower voltages. 
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Figure 4.18: Breakdown Delay Time as a Funcdon of Pressure for 40 kV, 80 kV and 150 
kV in Argon 
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Figure 4.19: Breakdown Delay Time as a Funcdon of Pressure for 1.7 kV (left) and 14 
kV (right) in Argon (Krompholz) 

For all cases, except the 40 kV instance, which did not undergo complete 

breakdown at any pressure, a minimum can be seen at intermediate pressures, typically 

100 torr. As in the axial case, the increased over-voltage at the gap resulted in much 

shorter delay times than were seen with the inhomogeneous field distribudon cases using 

lower voltages and a needle cathode anangement. 

Formative Time Calculations 

One of the primary focuses for this research was the measurement of formadve 

time for breakdown in an expanded range of E/p. The standard method for displaying 

this data is by generating a plot for the similarity law which expresses the p-r/product as 

a fimction of E/p. Figure 4.20 shows the similarity law plots for air and Argon taken 

from Felsenthal and Proud's 1965 paper. The range in which they were able to collect 

data was limited by their pulse generation system, which was capable of producing pulses 

with a magnitude of 4 to 30 kV with a rise dme of 300 ps. 
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Using the pulse delivery system designed for this experiment at variable pulse 

magnitudes beginning at 40 kV, enabled the generation of similar plots to the previous 

data with expansion into higher E/p ranges. Figure 4.21 plots the obtained values for 

several voltages. 
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This plot differs somewhat in content when compared to those taken from 

Felsenthal and Proud's published research. As opposed to using the formative time 

calculated by formula 2.11. this plot uses the delay time (xd), which measures the time 

between the 50%) applied voltage and 50%) cunent rise. It should be noted that the E/p 

ratio has been extended into the lO'' range, two orders of magnitude beyond the data 

taken from Felsethal and Proud's work. 

X-Ra\ Data 

It was stated when runaway electrons were being discussed that it is likely 

ionizing x-rays pla\ an important part in secondary electron emission in the gap. The 

anode would emit these x-rays as it was struck with electrons that were sufficiently 

energetic to cause the emission of a photon with energy larger than 1 keV. At energies 

below 1 keV. x-ray photons cannot penetrate the 10 \im foil and therefore a hard cutoff 

exists in terms of the energy levels that are measurable. Because these x-rays will scatter 

in all directions upon emission, they should be present and measurable at a point outside 

the gap. In order to determine the presence of x-rays, a hole was cut in the outer 

conductor plate to prevent their absorption and a PMT was aimed at this point. Because 

the visible light emitted by the arc would negate any potential x-ray data, the PMT was 

isolated using standard 10 \im aluminum foil and a plastic scintillator. This combination 

allows x-ray photons to pass through the foil, where they collide with the photo reactive 

compound of the scintillator and emit photons in the visible spectrum. These photons are 

then measured by the PMT and the data is recorded. 
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The plot in Figure 4.22 shows the x-ray data for an 80 kV radial gap test for 5 ton 

and 25 torr. The large shot to shot variation is likely due to the physical location of the 

point of x-ray emission. The electrodes are sufficiently large that the point of emission 

may be completely obstructed by the rest of the electrode causing a much lower reading 

on the PMT than if that point were in the direct line of sight. 

20 30 
Time [ns] 

Figure 4.22: X-ray Data for 80 kV 1mm Radial Gap 

After the voltage was raised to 150 kV, additional x-ray data was collected. Two 

additional curves are present for this data: one at vacuum and one at 15 torr. 
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Figure 4.23: X-ray Data for 150 kV 1mm Radial Gap 

There was no signal to record at vacuum in the 80 kV case, and the 15 ton case 

was added in an attempt to determine pressure dependence of x-ray intensity. The fact 

that x-ray data was recorded for the vacuum case indicates that vacuum discharge 

mechanisms are present. Because the geometry remained constant for the transition from 

80 kV to 150 kV, the variation in measured levels is again thought to be due to the issue 

of emission point location. 
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CHAPTER V 

DISCUSSION AND CONCLUSIONS 

Axial Gap 

Using the brass hemispherical electrodes in the axial configuration and an applied 

pulse of 40 kV. breakdown voltage, breakdown time, and the various calculated time 

constants associated with breakdown development were all found to be pressure 

dependent. For all these \'alues the minimum was found to exist at 100 ton. The 

breakdown time, calculated as the 10% to 90% rise time of the reflected pulse, was found 

to be 135 ps for 100 ton. The minimum switching time seen with the axial gap was 300 

ps with a minimum voltage-cunent delay time of 150 ps. The breakdown time is a factor 

of two faster than what was recorded in previous experiments using a Tungsten needle 

and a pulser with lower output and longer rise time. The data gathered using the present 

set-up agrees with previously determined values, but extends further into the sub-

nanosecond regime and higher into the E/p range. 

Radial Gap 

The data presented for the radial geometry consists of three sets of experiments at 

40kV. 80 kV. and 150 kV each of which yielded distinctly different sets of data. The 40 

kV and 80 kV data show breakdown occuning after the pulse maximum has been 

reached, while the 150 kV pulses broke down exclusively on the rising edge. The 80 kV 

experiments yielded a minimum breakdown time of 350 ps at 100 ton. but the minimum 

switching time and delay time did not share a common pressure. The fastest switching 
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time of 500 ps was seen at 100 ton while the shortest delay dme of 300 ps was seen at 

300 ton. The nearly constant cunent amplification time points to a consistent breakdown 

mechanism across the pressure spectrum. 

The 150 kV experiments gave a minimum breakdown time of 175 ps at 100 ton 

and all time constants were found to have their minimum at this pressure. Switching dme 

was 350 ps and delay dme was 200 ps. Both of these minimums were quite consistent 

from shot to shot. Cunent amplificadon time varied as a function of pressure and had a 

minimum of 125 ps at 100 torr. 

Conclusions 

For all cases examined, a minimum pressure of 0.5 ton is required for breakdown 

to occur. Because there is no statistical time delay present in the data, which would 

imph the occasional presence of naturally occuning free electrons in the gap as a 

contributing factor to breakdown, field emission from the electrode surface is believed to 

be the mechanism responsible for the initiation of the discharge. Given the applied field 

of 150 kV/mm. the energy gained by electrons during a developing breakdown at 600 ton 

is on the order of 100 eV per free path. The energy gain per free path increases 

progressively as the pressure is reduced. The preliminary data gathered using the PMT 

set-up indicates that soft x-rays with energy levels exceeding 1 keV are present for 

pressures up to 25 ton. 

The standard streamer formation mechanism appears not to apply for the majority 

of the data taken. The over-voltages present in these experiments are as high as a factor 

of 35, leading to the hypothesis that runaway electrons may be primarily responsible. For 
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pressures greater than 100 ton. it is expected that a critical avalanche develops at a 

fraction of the gap distance (< 100 \im) with a streamer discharge resulting. Also, with 

the avalanche streamer transition having this short critical distance, the field emission at 

the cathode is enhanced by the proximity of the accumulation of positive space charge 

present behind the avalanche. 

For pressures below 50 ton. it is not indicated that traditional streamer 

mechanisms apply. Below this pressure, the number of ionizing collisions is estimated at 

less than 20 over the gap distance. It is therefore expected that vacuum discharge 

mechanisms, i.e. explosive field emission, are dominant in this pressure regime (Crull). 

The presence of photons would be the primary indication of this mechanism, but this has 

yet to be verified. 

The results obtained from this data indicate a general agreement between 

extrapolation of previous research and the more highly over-voltaged breakdown 

presented here. This is reinforced by the apparent pressure dependence of the formative 

times. A minimum is present at 100 ton and deviadng in either direction leads to 

increases that are consistent with the pressure dependence of the First Townsend 

Coefficient, a. 
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