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ABSTRACT 

Surface flashover at the electricalK stressed interface betsveen a solid dielectnc and the 

ambient medium is often the limiting factor in a high-voltage system. This work describes the 

unique application of an improved refractive index sensor to gather additional information about 

charge-carrier multiplication processes involved in dielectric surface flashover. The sensor detects 

gradients in the refractive index above the dielectric surface, time-correlated with other signals of 

interest (e.g., pre-flashover current, visible luminosity, x-ra} emission, etc.), by measuring the 

deflection of a focused laser beam. It utilizes a 10 mW HeNe laser beam incident on a bi-cell solid 

state photodetector to provide a signal with angular sensitivity of up to 1.5 kV/rad, a risetime of 

10 ns or less (depending upon circuit gain), and a spatial resolution of 20 micron. This technique 

is simple, highly sensitive, inherently quantitative, and has high temporal resolution. Experimental 

results with the refractive index diagnostic, in this experimental apparatus, demonstrate a plasma 

channel which generally forms within 5 to 10 micron of the surface near the cathode, and in the 

range of 75 to 175 micron from the surface near the anode, during the exponential rise of the 

current to full breakdown. The data indicate that the position at which the plasma channel forms is 

altered by the application of a magnetic field. Mean electron drift velocities - derived from 

deflection and current measurements - are used to compute ionization frequencies from published 

data for those gases that typically adsorb onto dielectric surfaces. Ionization frequencies (of order 

1 ns) computed in this manner correspond to those for Townsend gaseous breakdown, which 

implies the existence of a substantial neutral gas densit> in the plasma channel. These resuUs are 

consistent with the saturated secondary electron emission avalanche (SSEEA) model of surface 

flashover, which postulates carrier multiplication as a result of gaseous ionization. Gaseous 

ionization, in the SSEEA model, occurs within a layer of desorbed neutral gas due to interaction 

with energetic electrons associated with the secondary avalanche. No direct measurement is 

presently known to exist for neutral gas desorption during the development phase of surface 

flashover. 
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CHAPTER 1 

INTRODUCTION 

Electrically stressed solid insulators are essential, in high-voltage systems, for structural 

support or as interfaces between different dielectric regions (e.g., liquid, gas. or vacuum). The sur

faces of such insulators (dielectrics) are frequently parallel, or nearly parallel, to the electric fields 

between the high-voltage conductors (see Fig. 1.1), particularly for s\ stems or components 

designed to be light-weight or compact. Flashover between high-voltage conductors, across these 

solid dielectric surfaces, is generally the factor that limits the peak voltage which ma\ be applied to 

the system component. Surface flashover typically occurs at a mean electric field that is just 10% 

to 50% of the mean breakdown field between two conductors which are separated onK by vacuum. 

Since power is proportional to the square of the applied voltage, surface flashover can limit high-

voltage systems to power-handling capacities of only 1% to 25% that of equivalent vacuum-

insulated systems. High-power solid-state devices can suffer similar limitations due to flashover 

across semiconducting surfaces. 

Positive conductor Solid dielectric 

Negative conductor ^y Triple point 

Fig. 1.1 Schematic depiction of vacuum surface flashover. 

One obvious way to increase the breakdown voltage of a dielectric interface is to increase 

the size of the interface. This is a common approach (used very successfully by electric utility 

companies) which requires no detailed understanding of the processes involved in surface 

flashover. The costs associated with this approach are a ftinction of the increased size of the s\ s-

tem. Material quantities are greater, mass is greater, and the inductance of the s\stem is greater. 

These may be reasonable trade-offs for many terrestrial applications, but are severe handicaps for 

airborne or space applications - where weight and power density are important factors - and high 
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bandwidth applications since system response time increases with inductance. ClearK. for whole 

classes of applications, we are in need of a better approach. 

UnfortunateK', after decades of investigation, the processes that lead to surface flasho\ er 

are still poorly understood. The phenomena of surface flashover can be separated into three stages 

(Miller. 1989). There is general agreement, by researchers in the field, that the event which initi

ates surface flashover in vacuum is the emission of electrons from the triple-junction formed b\ the 

cathode, the ambient vacuum, and the insulator. Following the initiation stage is the development 

(or growth) stage, in which there is broad disagreement on the mechanisms involved in charge-

carrier multiplication. Regarding the final stage of the discharge, there is a consensus that the final 

discharge develops in gas which is desorbed from the insulator surface, although some researchers 

have proposed models that do not invoke gaseous ionization (Jaitly and Sudarshan, 1988 (c)). If a 

sufficiently large discharge current persists for a sufficiently long time, then a surface flashover 

breakdown may evolve into a metal-vapor arc in which the charge carriers are provided primarily 

by vaporized electrode material (Lafferty, 1980). No single theoretical model appears to be ade

quate to explain all the experimental observations, and new data are continually reported. 

Flashover models proposed over the last three decades differ primarih' in the mechanism 

responsible for charge-carrier multiplication in the development stage of flashover. The models 

proposed for the development stage of surface flashover may be categorized as "above" surface or 

"below" surface. Above surface models postulate charge-carrier transport and multiplication 

above the surface of the insulator, while below surface models require transport and multiplication 

within a surface layer of the insulator - presuming that conduction mechanisms within this surface 

layer differ in such a manner from those in the bulk that carrier mobility is reasonably high. 

Predominant features of the different above surface models include the direct ionization of 

adsorbed surface gas, a secondary electron emission avalanche leading directly to flashover, or the 

saturated secondary electron emission avalanche (SSEEA) leading indirectly to flashover via 

mechanisms of thermal desorption or electron induced desorption of surface gas molecules. It is 

theorized that thermal desorption processes are driven by the power dissipation in pre-flashover 

current flow - which averages in the range of 10 kW to 100 kW during the 10 to 40 ns prior to 

flashover in our apparatus - and that electron stimulated desorption accompanies the formation of 

an SSEEA. Below surface models are characterized by hot-carrier effects such as thermionic 

emission, collisional ionization, and ejection of neutral or charged particles from surface layers due 

to sub-surface conduction (Miller, 1989, Anderson. 1990). 

Previous experimental results (Korzekwa, Lehr, Krompholz, and Kristiansen, 1991: 

Hegeler, Masten, Krompholz, and Hatfield, 1993 (a)) have shown that pre-flashover current, vis

ible light emission, and x-ray emission are altered b\ the application of an insulating magnetic 



field. Magnetic insulation effects are observed for the case in which the ExB vector (i.e., the 

direction of charged particle guiding-center drift) points away from the dielectric surface. These 

experimentally observed magnetic field effects constitute one of the most compelling indicators for 

the importance of "free" electrons, above the dielectric surface, to pre-flashover development-stage 

processes. Gas desorption is commonly indicated by a transient rise in system pressure following a 

surface flashover event. This pressure perturbation can be observed for a few seconds on the vac

uum gauge following a discharge. Measurements have been made of gas desorption rates for 

insulators exposed to high electric fields below the breakdown threshold (Miller, 1989; Avdienko 

and Malev, 1977). PMMA (polymethyl methacrylate - Plexiglas and Lucite), PTFE (polytetra-

fluoroethylene - Teflon), and steatite insulators desorbed gas at an initial rate in the range of 

3 to 6x10^3 molecule/s. The applied field was approximately lOOkV/cm and the current was 

about 10 nA. The gas desorption rate of the polymeric insulators decayed with a time constant of 

14 min, while the rate for the ceramic insulator decreased with a time constant of 30 mm. 

Avdienko and co-workers concluded that the desorption rate (100 to 200 molecules per electron) 

was relatively insensitive to the type of dielectric substrate. Miller and Ney (1988) investigated the 

composition of gases desorbed by surface flashover (see Table 1.1)..They found that the composi

tion of flashover-desorbed gas differed from that of the background gas in the system, and differed 

according to the "severity" of the breakdown. Severe breakdowns were defined as those which 

released considerably larger quantities of gas than average (i.e., > than 2-3 times the average). 

Table 1.1. Composition of gas desorbed from alumina ceramic during vac
uum surface flashover (Miller and Ney, 1988). This data is from 
an unbaked system using a sample which had not been subjected 
to UV/ozone or plasma cleaning. The mass of each constituent 
gas molecule is given in atomic mass units (1 amu = 
1.6606x10-27 kg). 

Constituent Gas 

H2 (2 amu) 

CH4 (16 amu) 

H20(18amu) 

N2 (28 amu) 

CO (28 amu) 

CO2 (44 amu) 

"other" 

Fraction of Total (%) 

System Background 

19-21 

1 

11-13 

52-54 

4-7 

5-7 

1-2 

No Breakdown 

10 

5 

<2 

<2 

35 

50 

<2 

Breakdown 

10 

2 

<2 

<2 

50 

38 

<2 
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These experiments demonstrate the existence of time-changing distributions of neutral and 

charged species, above the dielectric surface, during the development stage of surface flashover 

Furthermore, the experimental results indicate that the presence of neutral and charged species in 

the development stage are crucial to the charge-carrier multiplication process. Accordingly, this 

work describes the unique application of an improved refractive index sensor to gather additional 

information about the charge-carrier processes involved in dielectric surface flashover. The sensor 

detects gradients in the refractive index above the dielectric surface, time-correlated with other 

signals of interest (e.g., pre-flashover current, visible luminosity, x-ray emission, etc.), by measur

ing the deflection of a focused laser beam. It utilizes a 10 mW He-Ne laser beam incident on a bi-

cell solid state photodetector to provide a signal with angular sensitivity of up to 1.5 mV/|arad and 

a risetime of 10 ns or less (depending upon circuit gain). The spatial resolution of the measure

ment, approximately 20 |a,m, is governed by the beam focal diameter at the sample. This technique 

is simple, highly sensitive, inherently quantitative, and has high temporal resolution (Masten, 

Muller, Hegeler, Krompholz, and Hatfield, 1993). A slow-wave structure current transformer 

(Krompholz, Schoenbach, and Schaefer, 1985) is used to correlate laser deflection signals to pre

flashover current flow with nanosecond temporal resolution and a primary current resolution of 

10 mA. Quantitative detection of density gradients due to neutral or charged species, within the 

development stage of the breakdown, may clarify some of the issues involved in present debates 

over development-stage processes. 

Chapter 2 provides a brief overview of the competing theories regarding the second 

(development) stage of surface flashover. A detailed analysis of the laser deflection sensor, current 

sensor, and measurement theory is given in Chapter 3, followed by a description of the experimen

tal apparatus in Chapter 4. Experimental results are presented in Chapter 5, and concluding 

remarks are given in Chapter 6. 



CHAPTER 2 

FLASHOVER MODELS 

Surface flashover can be cathode-initiated or anode-initiated. Anode-initiated flashov cr is 

generally more damaging, and is thought to involve bulk-breakdown processes in the development 

stage. As a competing process, cathode-initiated flashover generally wins out unless some charge 

injection mechanism - such as a needle point - is provided at the anode and cathode-initiated 

flashover is deliberately inhibited (Anderson, 1979). A detailed account of all models will not be 

given here, and the following discussion will be confined to cathode-initiated surface flashover. 

The interested reader is referred to one of several review articles which have been w ritten on the 

subject of vacuum surface flashover (e.g.. Miller, 1989; Anderson, 1990). This chapter will be 

devoted to a summary of the two predominant above-surface and below-surface models and their 

experimental indications. 

2.1. Common Terminologv and Background Material 

2.1.1. Adsorption of Gas Molecules on the Dielectric Surface 

Solid surfaces exposed to gas become covered with a layer of adsorbed molecules (Grav, 

1985; Zangwill, 1988). The weakest form of adsorption is called physical adsorption, or 

physisorption, characterized by the lack of a true chemical bond between the adsorbate and the 

substrate. The attractive force responsible for physisorption is probably the van der Waals force, 

resulting from the weak electrostatic attraction between permanent and induced molecular dipoles 

(Tipler, 1978; Fessenden and Fessenden, 1990). The stronger form of adsorption is chemical 

adsorption, or chemisorption, in which a chemical bond is formed between the adsorbate and the 

substrate. Solid surfaces differ from the bulk in that the termination of the structure at the surface 

leaves unsaturated (dangling) bonds which tend to be extremely reactive; hence, the first few layers 

of adsorbed atoms or molecules are believed to be chemisorbed, while the outer layers are believed 

to be physisorbed. Physisorption binding energy is of order 0.01-0.1 eV, while chemisorption 

binding energy is of order 0. l - l eV. 

Gray (1985) reports that a monolayer of adsorbed gas typically forms in a time on the 

order of 10"^ sec at atmospheric pressure (760 Torr), and 10"^ sec at a background pressure of 

10"^ Torr. AES (Auger electron spectroscopy) and SIMS (secondary ion mass spectroscopy) data 

indicate that smooth surfaces have about 3-10 monolayers of adsorbed species in a layer approxi

mately 10-30 A deep (Gray, 1985; Zangwill, 1988), resulting in a surface density, M, of 10^^-

10^^ cm-2. However, due to the microscopic topology of typical insulator surfaces. Gray reports 

that the actual surface area may be an order of magnitude larger than macroscopic geometrical 
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measurements would suggest, leading to a surface density in the range A/= 10^^-10^^ cm'^. 

Thus, it may be expected that surfaces in vacuum will maintain adsorbed species even after some 

desorption has taken place due to surface flashover. The type of species adsorbed on a surface will 

depend upon the history of the surface (Gray, 1985). Insulator surfaces exposed to air generallv 

exhibit the adsorption of CO (28 amu), CO2 (44 amu), N2 (28 amu), and H2O (18 amu). Various 

silicones and hydrocarbons - from pump oils - and other contaminants from the manufacture and 

previous handling of the insulator are commonly detected as well. 

2.1.2. The Vacuum. Dielectric. Electrode Triple Point 

The region at which the high-voltage electrode, the insulator, and the ambient vacuum meet 

is called the triple point (see Fig. 1.1). Imperfections in the surface of the electrode, microscopic 

voids between electrode and insulator, and the dielectric constant of the insulator combine to 

enhance the local electric field at the triple point. This enhanced triple-point field is believed to 

lead to field-emission of electrons, which supply the initial charge carriers required for the second 

(development) stage of flashover. 

2.1.3. High-Voltage Conditioning 

Generally, the first flashover of an insulator occurs at a lower applied voltage than the 

subsequent flashover. The increase in breakdown voltage, exhibited bv succeeding flashover 

events, is referred to as conditioning. Some materials do not appear to condition, but exhibit their 

highest breakdown voltage at the first flashover (Miller, 1989). Most materials that have been 

investigated condition up to some maximum value, then exhibit a decreasing breakdown voltage 

with enough succeeding flashover events. Conditioning involves the alteration of the surface state 

of the insulator - which governs charge-carrier multiplication processes - and in some cases may 

involve the reduction of surface defects at the electrode which initiate flashover (Lafferty, 1980, p. 

51). 

Succeeding flashover events can alter the surface state of the insulator by causing gas 

desorption, surface charging, plating of electrode material onto the insulator, and disruption of 

polymeric bonds. All of these conditions have some effect on most proposed charge-carrier ampli

fication mechanisms. Subjecting an insulator to a sufficient number of flashover events generally 

results in visible surface damage or visible deposits of electrode material. This type of damage 

typically accompanies a decrease in the observed flashover voltage. 

The traditional surface flashover test apparatus applies a high-voltage stress, either dc or 

pulsed, to a cylindrical insulator positioned between plane parallel electrodes. Pulsed voltages 

commonlv conform to a standard "lightning impulse" waveform used in the testing of high voltage 
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power distribution equipment. The "lightning impulse" exhibits a short risetime and a long decav 

A commonly used impulse has a risetime on the order of 1.2 fxs and a 50% decay time on the order 

of 50 |xs (Kuffel and Zaengl, 1984, p. 54). The triple junction exists around the entire circumfer

ence of the cylindrical insulator, providing ample opportunity for flashover initiation. Due to the 

large triple junction and the large surface area available for breakdown between the electrodes, 

conditioning an insulator to maximum breakdown voltage in such an apparatus can require dozens 

of flashover events, and dozens more before visible damage occurs. 

In order to localize the breakdown channel for more precise study, recent investigations 

have utilized electrode and sample geometries which confine the triple junction and the breakdown 

channel to a relatively small region on the insulator (Hegeler, Masten, Krompholz, and Hatfield. 

1991 (b); Asokan and Sudarshan, 1992). This results in an insulator which rapidly conditions and 

begins to show signs of damage within 10-20 flashover events. 

2.1.4. Secondary Electron Emission 

An energetic electron incident on a solid surface experiences various scattering and 

collisional events, until it is either captured or backscattered out of the solid (Brown. 1966: Beyst, 

Rezvani, Young, and Friauf, 1991). Secondary electrons are often emitted from the solid due to 

energy transfer from the primary electron. Fig. 2.1 depicts a schematic illustration of a secondary 

electron yield curve for a generic insulator. There are two primary electron energies at which the 

secondary emission yield is unity, A^ and ^2- For insulators, A^ is generally in the range of 10-

50 eV, and A2 is typically greater than 1 keV. Peak secondary emission, Ap, usually occurs for 

primary energies in the range 200-400 eV. The energy distribution of secondary electrons is 

illustrated in Fig. 2.2. The broad maximum, below 50 eV, is representative of true secondary 

electrons emitted from the surface, and is nearly independent of primary energy, Ep. The narrow 

maximum located at Ep represents elastic back-scatter of incident primarv electrons, and the region 

between 50 eV and the small maximum below Ep is due to a combination of true secondaries and 

inelastically scattered primaries. 

2.2. Sub-Surface Collision-Ionization Model 

Jaitly and Sudarshan (1988 (c)) confirmed that surface flashover characteristics in the 

development and breakdown stages were strongly influenced by surface microstructure and the 

chemical state of the dielectric surface. They felt that a saturated secondary emission electron 

avalanche on the surface of the insulator, involving ionization of desorbed surface gas, w as insuf

ficient to explain their experimental results. Consequentlv. Jaitly and Sudarshan proposed a model 

based on collision-ionization or detrapping at defect sites within a sub-surface layer of the 
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Fig. 2.1. Schematic illustration of secondary electron yield curve versus primary 
electron energy for a generic insulator. Generic curve, not to scale and 
not representative of any specific material (Brown. 1966, p. 112; Beyst et 
al., 1991). 
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Fig. 2.2. Schematic illustration of the energy distribution of secondary electrons 
resulting from incident primaries with energy Ep. Generic curve, not to 
scale and not representative of any specific material (Brown, 1966, p. 
112; Beyst etal., 1991). 
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insulator, with fmal breakdown occurring in a regeneratively produced high-conduction plasma in 

the surface layer. This model could satisfactorily explain their experimental results regarding sur

face charge distribution, x-ray emission, insulator surface luminescence, and the dependence of 

breakdown characteristics on insulator surface states and surface microstructure. The proposed 

model is similar to an earlier solid-state model (Vigouroux, Lee-Deacon, Le Gressus. Juret, and 

Boiziau, 1983; Vigouroux, Le Gressus, and Duraud, 1985) with the major exception that break

down in the Vigouroux model occurs in a layer of desorbed gas. Asokan and Sudarshan (1992) 

have proposed that adsorbed surface gas may be ionized directly by above surface electrons, con

tributing to the development of surface charges which act to accelerate electrons from the outer 

layers of the insulator into the ambient vacuum. Desorption of physisorbed gas during breakdown 

would then contribute to insulator conditioning. The experimental indications - which Jaitly and 

Sudarshan felt could not be explained by above-surface models - are the effect of surface treat

ment, surface luminosity, pre-breakdown currents and x-ray emission, insulator profile, and insula

tor surface charging. 

2.2.1. Effect of Surface Treatment 

Alumina insulators whose surfaces were coated with Cr203 - which is known to have a 

low secondary electron emission yield - exhibited significantly higher breakdown strength, but onlv 

when the coating formed a dense and dielectrically uniform layer. Porous coatings did not signifi

cantly improve the voltage hold-off performance of the insulator. 

In the course of experiments to compare the relative performance of alumina insulators 

doped with different concentrations of metal impurities (i.e., Mn, Ti, and Cr), Jaitly et al. (1987 

(a)) observed that altering the firing process affected the performance of the insulator. Doped 

samples subjected to a final wet H2 treatment at 1350 °C demonstrated a substantial reduction in 

hold-off strength; however, this reduction was foimd to be reversible by subsequent firing in dry H2 

plus vacuum baking. 

Jaitly and Sudarshan (1988 (c)) interpreted these results to imply that the surface states of 

the dielectric sample play a dominant role in the development and breakdown phase of surface 

flashover. This is a safe assumption, as surface states would be expected to affect secondary 

electron emission, surface charging, and gas desorption as well. 

2.2.2. Surface Luminosity 

Solid dielectrics in vacuum can exhibit surface luminosity under high-voltage stresses 

below the breakdown threshold. The intensity and spectral characteristics depend upon the type of 

dielectric and its surface condition (Jaitly and Sudarshan. 1986 and 1988 (c)). Experiments were 
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conducted in which a scanning monochromator was used to chart the spectrum of light emission 

from a dielectric sample subjected to a constant high-voltage stress, below the breakdown thresh

old, for a period of several minutes. The current required to sustain this light emission is reported 

to be of order 10"^ A. For those cases in which light emission was accompanied bv x-rav emis

sion, the sustaining current was > 5x10"^ A. Approximately half of the sample types which 

exhibited a discernible glow also exhibited x-ray emission. Various types of alumina, nylon, 

Plexiglas, Teflon, and polyethylene were tested. Some materials exhibited no detectable glow, and 

only Lucalox alumina (99.9% AI2O3) emitted light of sufficient intensity to resolve with the mono

chromator. A spectrum of this surface luminosity is depicted in Fig. 2.3. 

The spectrum is broad and appears to contain no atomic lines, as might be expected if the 

light emission were solely due to ionization of low-pressure gas by energetic electrons above the 

surface (Jaitly and Sudarshan, 1986 and 1988 (c)). The sample coated with Cr203 exhibits 

reduced luminosity, and the glow intensity was found to be proportional to the surface current. 

Jaitly and Sudarshan attribute the broad-band spectrum in Fig. 2.3 to radiative emissions occurring 

at anion deficient stoichiometric (defect) sites within the insulator (AP"*" or Al"*") excited by injection 

of energetic electrons into the bulk from the vacuum side of the interface. They believe that the 

reduction in luminosity of the Cr203-coated insulator is due to a reduction in the regenerative proc

esses - due to reduced surface resistivity and/or a lower ionization yield - which produce the 

breakdown plasma in the surface layer. 

Interpretation of this experiment within a general framework of surface flashover is hin

dered by the fact that only one material exhibited light emission of sufficient intensity to resolve. 

The threshold of detectable pre-flashover visible luminosity in our apparatus - measured with a 

Hamamatsu R4703 PMT - typically occurs 10-30 ns prior to final breakdown, at a measured 

current of approximately 10"^ A (Hegeler, Masten, Krompholz, and Hatfield, 1993 (a)). This 

current is several orders of magnitude higher than that reported by Jaitly and Sudarshan for sus

tained pre-flashover light emission. It is possible that a stable long-time glow, such as that 

observed by Jaitly and Sudarshan, cannot be due to ionization in a layer of desorbed gas because a 

current of sufficient magnitude to cause visible ionization in a desorbed gas layer would lead 

directly into a flashover. Jaitly and Sudarshan may have adequately explained the experimental 

data in this instance, but it is not clear that the reported phenomena have a direct bearing on the 

charge-carrier amplification process. 

2 2.3. Pre-breakdown Currents and X-rav Emission 

At a given pre-breakdown high-voltage stress, current increases with an increase in the 

length of the insulator-vacuum-electrode triple jimction, and with a decrease in the length of the 
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insulator. X-rays are observed above a certain threshold stress and are accompanied bv a dull 

difftise glow near the anode. Jaitly and Sudarshan (1988 (c)) have recorded a "jump" in pre-break

down current flow from the nA to the p.A range at the onset of x-ray detection. The V-I character

istic of the insulator in this pre-breakdown range exhibited a hysteresis whereby a reduction in 

voltage stress - after the upward "jump" in current caused by increasing stress - produces a 

smooth decrease in current until the applied potential has been reduced by a significant fraction 

(-20-50%) at which point the current "jumps" back down to previous levels. X-ray intensity 

measurements mirrored those of current amplitude measurements, with the exception that x-rav s 

could not be detected at voltages below the threshold of the current "jumps." 
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Fig. 2.3. Spectrum of surface glow of 99.9% AI2O3 Lucalox alumina under high 
voltage stress below the breakdown threshold, with and without a chro
mium oxide coating (Jaitly and Sudarshan, 1986). 

Cr203-coated alumina - which demonstrated very high voltage withstand - exhibited pre-

breakdown currents which were 3 orders of magnitude higher than uncoated alumina. Doped alu

mina which was wet-fired manifested increased pre-breakdown current flow compared to air-fired 

specimens. 

Jaitly and Sudarshan ascribe x-ray generation to bombardment of the anode bv electrons 

emitted at the triple junction, accelerated by the applied field. This explanation differs only slightly 

from that of the SSEEA model in which electrons from the avalanche mav also contribute to x-rav 
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production. Increased current flow due to the higher surface conductivity of coated and doped 

insulators is compatible with both above-surface and below-surface models. 

2.2.4. Effect of Insulator Profiles 

Jaitly and Sudarshan (1987 (b)) studied the effects of conical insulators, and insulators 

with steps at the cathode and anode. They observed increased voltage hold-off for conical insula

tors with the large end of the cone at the anode, and explained this behavior in terms of a reduced 

carrier density in the sub-surface layer due to the drift of electrons into the bulk under the influence 

of the applied field. This phenomenon can also be explained in terms of the SSEEA model. With 

the large end of the cone at the anode, free electrons will be subject to an electrical force into the 

dielectric surface due to the applied £'-field, reducing the range of emitted secondary electrons and 

thereby reducing the energy these electrons gain in the applied field. This will affect the develop

ment of the secondary electron avalanche and hence the desorption of neutral gas molecules. The 

vast majority of researchers who have investigated conical insulators report that the greatest volt

age hold-off occurs for the large end of the cone at the cathode (see for example the dozen refer

ences in Table 2 of Miller, 1989). In fact, Jaitly and Sudarshan were the only researchers in 

Miller's Table 2 who reported the greatest hold-off with the large end of the cone at the anode. 

With the large end of the cone at the cathode, free electrons could be lifted off the surface and 

accelerated directly to the anode in the applied E-field, inhibiting the secondary avalanche and 

reducing gas desorption in the SSEEA model. 

Many researchers have demonstrated increased voltage hold-off with insulator modifica

tions which reduce the electrical field stress at the triple junction (Miller, 1989). Cylindrical insu

lators which have a step at either the anode or cathode - of greater diameter than the body of the 

insulator - demonstrate increased hold-off voltage. A step at the cathode reduces the interaction of 

triple-point electrons with the body of the insulator. This reasoning is identical in either above-sur

face or below-surface models. Jaitly and Sudarshan (1988 (c), p. 3413) explain that a step at the 

anode end of the insulator results in improvement in the voltage hold-off "due to a reduction in x-

ray generation in the gap...," presumably because this reduces electron emission from the insulator 

due to x-ray irradiation. In accordance with the SSEEA model, such a step increases the hold-off 

potential by increasing the path-length of the insulator and preventing the developing avalanche 

from directly reaching the anode - the avalanche must travel the width of the step in a direction 

transverse to the applied electric field before it can reach the anode. The reduced x-ray generation 

of such a step, in the SSEEA model, is primarily a consequence of shielding the anode from triple-

point and secondary emission electrons, rather than a causativ e factor of increased voltage hold-

off. 



2.2.5. Insulator Surface Charging 

Jaitly and Sudarshan (1988 (b)) have measured insulator surface charge in vacuum, after 

removal of the applied dc potential, using an electrostatic probe. Surface charge was measured for 

different types of alumina, PMMA, and Teflon, and was found to always be positive within the 

spatial resolution of the probe tip (0.8 mm). Surface charge was also found to be always higher 

near the cathode than near the anode, as shown in Fig. 2.4. Jaitly and Sudarshan (1988 (c)) 

explain surface charging in terms of collision-ionization and detrapping of carriers at defect sites. 

The SSEEA model explains surface charging in terms of the saturated secondary electron emission 

avalanche. In fact, experimental observation of msulator surface charging influenced the mitial 

development of the SSEEA model (Boersch, Hamisch, and Ehriich, 1963). Both models are in 

qualitative agreement with experimental observations of surface charging. 
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Fig. 2.4. Surface charge measurements from cathode to anode as a function of 
applied dc voltage (Jaitly and Sudarshan, 1988 (b)). 
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Yamamoto et al. (1990) have simulated insulator surface charging due to a saturated sec

ondary electron emission avalanche on an angled insulator. The insulator they chose was PMMA, 

with secondary emission characteristics A^=20 eV, Ap = 240 eV, and.42 = 1 keV. They assumed 

that secondary electrons are emitted with energy AQ = 4 eV. In their simulations, Yamamoto et al. 

found that the insulator surface charged positively for cone angles greater than or equal to - 15 °, 

that the density of the charge is roughly proportional to the applied voltage, and that surface charge 

decreased from cathode to anode, as shown in Fig. 2.5. As with the measurements of Jaitlv and 
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Sudarshan (1988 (b)), these simulation results are in qualitative agreement with the SSEEA model. 

Note that there is a high positive charge near the cathode, which should serve to increase field 

enhancement at the triple-point. 

The biggest problem with surface-charge measurements to date, aside from spatial resolu

tion, is that they are taken after flashover has occurred, rather than during flashover. A real-time 

spatially resolved measurement of surface charge during the charge-carrier multiplication phase 

would fill a large gap in our knowledge of surface flashover. 
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Fig. 2.5. Monte Carlo (random walk) simulation of surface charge density due to a 
secondary electron emission avalanche in equilibrium at lOOkV/cm 
(Yamamoto, et al., 1990). 

2.2.6. Electron Transport in Insulators 

It is known that surface states differ significantly from those in the bulk. Insulators in the 

bulk typically exhibit high energy gaps between the valence band and the conduction band (alumina 

has a band gap of approximately 9 eV - Jaitly and Sudarshan, 1986), a very low concentration of 

available carriers, and virtually zero carrier mobility (-lO"'^ cm^/V-s) for electric fields below the 

bulk breakdown threshold. The critical assumption required of sub-surface models is that the 

transition region from bulk to surface is sufficiently large, and the states are sufficientlv perturbed, 

that charge-carrier transport and amplification is possible at applied electric field stresses much 

lower than those required for bulk breakdown. It is known that "band bending" between the sur

face and the bulk of undoped (i.e., low conductivity) semiconductors occurs on a macroscopic 

scale of tens or hundreds of nanometers, and that the surface bandgap is approximatev 40% that 
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of the bulk for Si(l 11) (Bortolam, March, and Tosi, 1990, p. 175). However, to the knowledge of 

the author, these characteristics are unkown for virtually all insulators, with the possible exception 

of single crystal insulators such as diamond. Carrier transport properties in the surface lav er of an 

insulator are far less clearly understood than surface properties such as secondary electron emis

sion and neutral gas adsorption. 

Experimental data have shown that the presence of externally applied magnetic fields can 

significantly alter the temporal development and amplitudes of observable flashover characteristics, 

such as breakdown voltage, visible light emission, x-ray production, and flashover current 

(Korzekwa, Lehr, Krompholz, and Kristiansen, 1989; Hegeler, Masten, Krompholz, and Hatfield, 

1993 (a)). Substantial effects have been measured for field amplitudes less than 0.1 T. Modeling 

these effects in terms of an ExB charge-carrier drift above the surface yields reasonable agreement 

with experimental results. 

An approximation of the threshold of magnetic field effects upon charge-carrier transport 

within the insulator surface may be made by considering a cyclotron resonance measurement 

(Kittel, 1986, pp. 196-205). The frequency at which resonance occurs is given by ©c = eB/m*, 

where m* is the cyclotron effective mass of the carrier, e is the electronic charge, and B is the 

amplitude of the applied magnetic flux density. Detection of a distinctive resonance requires that 

C0(.T > 1, where T is the charge-carrier collision relaxation time. The relaxation time is given by 

T = [i^ m*/e, where iî  is the charge-carrier mobility. The threshold condition for magnetic field 

effects within the insulator surface is thus 

co,x = 5|a, > 1 . (2.1) 

Assuming, in the absence of available experimental data, that carrier mobilities near the surface of 

the insulator approach those of semiconductors in the bulk (10^-10"^ cm^/V-s), the threshold mag

netic field required for observable effects is in the range of 1-lOOT. The lower end of this 

threshold magnetic field range, corresponding to the high mobilities of the III-V semiconductors 

GaAs and InAs, is 1-2 orders of magnitude greater than the actual threshold of experimentally 

observed magnetic insulation effects. 

2.3. Saturated Secondary Electron Emission 
Avalanche (SSEEA) Model 

The SSEEA model was first introduced by Boersch et al. (1963), and later expanded by 

Anderson and Brainard (1980) to include electron stimulated gas desorption. This model accu

rately accounts for the proportionality between pre-breakdown time delay and the inverse square of 

the electric field for pulsed voltages above a field stress of 50 kV/cm, and qualitatively accounts 

for the nearly time-delay-independent nature of the breakdown field at lower values. In addition, 
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the model accounts for the increasing influence of back-ground gas pressure above 10 mTorr. 

Anderson and Brainard used this model to develop analytical expressions for the positive surface 

charge, the mean electron drift velocity, and current density in the saturated avalanche, as well as 

pre-breakdown time delay. Pillai and Hackam (1982) extended the analysis of the model to 

account for the observed sub-linear dependence of breakdown voltage on insulator length. The 

primary departure taken by Pillai and Hackam is the assumption that the electron-stimulated 

desorption coefficient is 4-8 molecules/electron, rather than the 0.03 molecules/electron assumed 

by Anderson and Brainard. Pillai and Hackam developed expressions for the range and height of 

electron trajectories in the saturated avalanche, as well as the flashover voltage. Using the Boersch 

model, Bergeron (1977) had previously considered the insulating effects of an ExB charge carrier 

drift on surface flashover - due to an applied magnetic field - and calculated the critical magnetic 

field required to produce lift-off of the saturated avalanche from the surface. Bergeron's analv sis 

has been found to be in qualitative agreement with experiment (Lehr, Korzekwa, Krompholz, and 

Kristiansen, 1992). All of the analytical expressions derived by these researchers depend upon the 

relatively unknown material properties >1 ̂  and^O' where ylj is the incident electron energy required 

to emit I secondary electron, ZR^AQ is the mean energy of emitted secondaries (see Figures 2.1 and 

2.2). ^1 is typically assumed to be in the range 20-40 eV, and AQ on the order of 1 eV. The 

SSEEA model can be described as follows. 

Field enhancement at the cathode-insulator-vacuum triple jimction (see Fig. 1.1) causes 

electrons to be emitted with some angular distribution, normally assumed to be a cos 0 distribution 

where 8 is the angle between the emission trajectory and the normal to the surface. Some electrons 

will have a trajectory toward the insulator, while others may be emitted with a trajectory away 

from the insulator such that they are accelerated in the applied field the entire distance to the anode. 

Some electrons which are not emitted directly toward the insulator may be attracted to the insulator 

by positive surface charges or by the dielectric image force (Griffiths, 1989, p. 184) 

f \ 
1 

F 
8 , - 1 

4 71 SQ l̂ Sr + IJ 4 ^ 2 

where s^ is the dielectric permittivity of vacuum, 8, is the relative permittivity of the insulator, q is 

the electronic charge, and d is the distance of the electron above the insulator surface. If the 

impacting electron has the correct kinetic energy to cause the emission of a single secondary 

electron {A^ or A-^), the net change in surface charge is zero. Impacting electrons with energy less 

than A ̂  or greater than A2 result in a net negative surface charge, while those with energies in the 

range Ai -A2 result in a net positive surface charge due to the emission of multiple secondary 

electrons. The researchers involved in the formulation of the SSEEA model (Boersch et al.. 1963; 
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Pillai and Hackam, 1982; Anderson and Brainard, 1980) assume that the point of stable 

equilibrium is ̂ | on the positive slope of the SEE curve. However, Avdienko and Malev (1977) 

assume that the point of stable equilibrium is given by .42 on the negative slope of the SEE curve. 

In either case, the insulator tends to charge positivelv, producing a net electric field. Ej_. 

perpendicular to the surface. Secondary electrons, emitted from the insulator with an average 

energy of a few eV, are accelerated parallel to the insulator by the applied electric field, E//, and 

perpendicular to the insulator by the positively-charged surface (Fig. 2.6a). Boersch et al. (1963) 

have estimated the maximum height of the electron trajectory to be 

and the maximum range along the surface to be 

where q is the electronic charge. Anderson and Brainard (1980) take the mean range to be 

z = Ai I q Ell (approximately half the maximum range calculated by Boersch et al.) under satura

tion conditions. Electrons return and impact the surface of the insulator due to the charge-induced 

field, E^. Impacting electrons of sufficient energy produce additional secondary emission. This 

process continues until the surface is sufficiently charged that the average secondary emission v ield 

is unity, causing a saturation of the secondary electron avalanche (Fig. 2.6b). 

Under avalanche saturation conditions, Boersch et al. (1963) have approximated the per

pendicular field due to surface charging as that of an infinite charged plane 

2A( 
qt. 

where a+ is the positive surface charge and 8̂  is the dielectric permittivity of vacuum. Anderson 

and Brainard (1980) have calculated the mean electron velocity in the saturated avalanche as 

V, = \\TZr • (2.5) 

the saturated avalanche current per unit channel width as 

III = a.v^ = ^%E^v^ = Is^Eii \l ^^(^^_^^) • (2.6) 

file:////TZr
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and the saturated avalanche current density perpendicular to the surface as 

CT V , 

JL - hl^llA^ - {A^lqEii) ~ ^^o^ii^ (2.7) 
m^A^ (^1 -^o) ' 

where m^ is the rest mass of an electron. It has been assumed that the average areal density of 

space charge in the saturated avalanche, a., is equal to the surface charge, a+, so that a. = a+ = 2 

The electron avalanche along the insulator surface releases adsorbed surface gas mole

cules. As the desorbed gas density increases, in the path of higher-energy electrons a few tens of 

microns above the surface, gas molecules become ionized. This leads to a rapid gaseous-ionization 

type breakdown along the surface of the insulator as depicted in Fig. 2.6c. 

(a) 

y 

(b) 

(c) 

Fig. 2.6. Depiction of the saturated secondary electron emission avalanche 
(SSEEA) model of surface flashover. (a) Secondary electron avalanche 
prior to saturation, (b) Secondary electron avalanche after saturation, (c) 
Gaseous ionization in layer of desorbed gas. 

The electron impact gas desorption rate may be estimated from the perpendicular current 

density as (Pillai and Hackam, 1982) 

^̂  = 7̂ 1 = J 1 ' (2.8) 
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where y (molecule per normally incident electron) is the desorption probability, a^ (molecule/cm^) 

is the adsorbed surface particle density, and Q^ (cm^) is the desorption cross section. Present 

estimates for y range from approximately 10"^ to 10. Avdienko and Malev (1977) found that vari

ous insulators released roughly 2-5xlO~7Torr liter/s at a leakage current of 10"^ A. They 

assumed that leakage electrons traveled parallel to the insulator surface, part of the time within the 

desorbed gas layer, resulting in multiple desorption events per electron. They calculated the 

desorption efficiency, F, as the total number of neutral gas atoms desorbed per electron transit 

across the gap (i.e., Y = 110-280). Anderson and Brainard (1980) interpreted the measurements 

of Avdienko and Malev in light of the SSEEA model. They divided the gap length, d bv the 

range, z, of a saturated secondary electron in the avalanche. This yields the approximate number 

of potential interactions between an electron and adsorbed gas molecules dunng its transit across 

the gap. Factoring the number of interactions into the data of Avdienko and Malev vields a 

desorption probability of y = F {d„ / z) = 0.03. This interpretation of the data is consistent with a 

"reasonable" desorption cross section of ~10~^7 ^^ ^nd a surface adsorption density of 

M= 10^^-10^^ cm~2. Pillai and Hackam (1982) have apparently used measurements of pre-

breakdown current in their experiment (in the range 2 -6X10~7A) with the outgassing rates of 

Avdienko and Malev to calculate desorption efficiencies of r = 5-15 molecules/electron. They 

state their conclusions, without fiirther justification, that a desorption probability^ in the range 

y = 4-8 molecules/electron "seems to be reasonable," and is consistent with desorption cross 

sections of-10"^^ cm^ and surface adsorption densities of A/= 10^^-10^7 ^^-2 

The density of desorbed neutrals, A'̂ , can be estimated as the ratio of the desorption rate, 

J^, to the average velocity of a desorbed neutral, v .̂ The quantity of gas desorbed per unit area of 

insulator surface, due to the saturated avalanche electron current, is then (Pillai and Hackam, 

1982) 

y J 

where d„ is the gap distance between anode and cathode. Ionization within the desorbed gas 

"cloud" is estimated to occur with probability (Anderson and Brainard, 1980) 

Q, 
^ = ^7^11' <2 10) 

where 0^ is the effective cross section for ionization. The velocity of a desorbed neutral of mass 

28 amu (e.g., CO or N2) and energy 1 eV is about 3x10^ cm/s. Ionization cross sections in N2. 
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O2, NO, and CO are of order 10~^^ cm^ for electrons of energies 30-1000 eV (Brown. 1967. p. 

141). 

Application of an external dc magnetic (B) field, perpendicular to the applied electric field. 

Ell, and parallel to the insulator surface, causes an ExB drift of both ions and electrons in the 

direction of the cross product (either away from the surface or towards the surface), as depicted in 

Fig. 2.7. Bergeron (1977) has estimated the critical magnetic field, that provides a sufficient 

Lorentz force to lift saturated avalanche electrons off'the surface, to be 

B^ll = 2.1x10-^-^ Ell (Tesla) , (2.11) 

for AQ and y4| in eV, and £// in V/cm. A magnetic field applied perpendicular to both the applied 

electric field and the insulator surface can influence electron kinematics and electron-induced gas 

desorption. Krompholz et al. (1988) have calculated the perpendicular critical magnetic field to be 

B^i = 3.37xl0-4-r= (Tesla) , (2.12) 

for v4 2 in eV and En in V/cm. Given the secondary-electron-emission saturation and gas desorption 

processes of the SSEEA model, it is expected that application of an external i?-field should have a 

measurable effect upon pre-flashover current, visible and x-ray luminosity, and gas desorption. 

Fig. 2.7. Depiction of ExB drift of electrons in the direction of the cross product, 
under the influence of an applied magnetic field. 

Using an applied field £"// = 60 kV/cm, a gap distance <̂g = 0-5 cm, an average secondary 

emission energy AQ = I eV, a lower unity yield secondary emission energy i4i = 30 eV. a mean arc-

channel width x^ = dE^/Ell = 0.13 cm, and a desorption coefficient y=IOO molecules per 

electron, the values in Table 2.1 may be calculated from the SSEEA model. The gas desorption 

delay time is calculated as the time for the gas density to reach one electron mean-free-path 

(X. = 1 / A'̂  ̂ e) above the surface, using a momentum transfer cross-section, CQ= \0~^^ cm^. 
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Table 2.1 Surface flashover parameters calculated from the saturated secondary 

electron emission avalanche (SSEEA) model. 

critical angle: 

surface charge density: 

average electron velocity: 

height of electron trajectory: 

lateral range of electron trajectory: 

current per unit channel width: 

saturated avalanche current: 

electron current density incident on surface: 

flux density of desorbed gas molecules: 

quantity of desorbed gas molecules: 

ionization probability: 

critical field for parallel magnetic insulation: 

critical field for perpendicular magnetic insulation: 

electron transit time: 

gas desorption delay time: 

tan e = £:^/£•// = 0.26 

a_ = a^ = 2.8x10-9 A s/cm^ 

Vg= 1.6x10^ cm/s 

3̂  = 0.64 |im 

z = 9.7 |im 

/// = 0.45 A/cm 

///x^ = 0.060 A 

J^ = 0.91 kA/cm2 

J^ = 0.56x1024 s-lcm-2 

A/= 9.4x1017 cm-2 

P = 9.4x10-4 

B,// = 0.54 T 

5 , ^ = 3.7 T 

T̂  = £/g/Vg = 3.1 ns 

z=Xlv^ = (Jj ae)-l = 18 ns 
^ 1 

2.4. Previous Experimental Results Indicative of Electron-
Stimulated Gas Desorption 

Previous experimental results in our apparatus demonstrate a development phase with cur

rent rising linearly up to an amplitude of several amperes, followed in the breakdown phase bv an 

exponential rise with an e-folding time constant on the order of one nanosecond (Hegeler, Masten, 

Krompholz, and Hatfield, 1992, and 1993 (a)). The waveform of the luminosity closely follows 

that of the current. The development phase is accompanied bv soft x-ray emission which ceases at 

the transition to the breakdown phase. Flashover development is dramatically influenced bv exter

nally applied magnetic fields, while the breakdown phase is not appreciably influenced by flux 

densities up to 0.3 T (our present maximum) in amplitude. 
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The linear rise of current in the development phase is consistent with a saturated surface 

avalanche which experiences lateral diffusion of charge-carriers in the gap. The vacuum surface 

breakdown time constant is comparable to the 1.5 ns e-folding time constant measured for volume 

discharges in the same apparatus at a pressure of 1 atmosphere in air. X-ray emission in the 

development phase indicates the presence of energetic free electrons, while the termination of x-ray 

emission after the transition to full breakdown indicates a change in electron transport to a colli

sion-dominated process. 

The presence of an insulating magnetic field (ExB drift away from the surface) has a 

drastic effect on pre-flashover x-rays, luminosity, and current. Current amplitude at the transition 

from the development phase (linearly rising) to the breakdown phase (exponentially rising) is 

reduced drastically (e.g. to 15% at 5 = 0.1 T for Ef^^. = 16 kV/cm). For example, current ampli

tude at the transition to breakdown for Pyrex is typically 1 A at a breakdown voltage of 4 kV for 

the first flashover (Hegeler, 1991). Figure 2.6 shows a first flashover, with a 0.26 T insulating 

magnetic field, where the current amplitude at the transition to breakdown is 0.5 A and the break

down voltage is 9 kV. Note also the pronoimced plateau formation in both the current and lumi

nosity in the development stage prior to breakdown. Figure 2.7 shows the second flashover on this 

sample with the magnetic field removed. Soft x-ray emission is delayed with respect to the current, 

and both the visible luminosity and the soft x-ray amplitudes decrease with increasing magnetic 

field. These observed effects are qualitatively summarized in Fig. 2.10. For virgin samples of 

Pyrex, the flashover voltage is increased by approximately 50% for a flux density of 0.26 T. 

With the ExB drift into the surface, observed effects are a reduction of the duration of the 

development phase, a reduction of the current amplitude at the transition to the breakdown phase, 

and reduction of the amplitudes of the soft x-ray emission and the luminosity. Flashover voltage of 

virgin samples decreases for small magnetic flux amplitudes (by 30% at 5 = 0.1 T), and increases 

again for higher flux amplitudes (flashover voltage at 5 = 0.3 T is the same as for B = 0 T, within 

the standard deviation of 3-4 kV for first flashovers in this apparatus). Within the framework of 

the SSEEA model, an ExB drift into the surface would be expected to reduce both the range and 

the height of secondary electron trajectories. Reduction of the range reduces the time during which 

the electron can be accelerated in the applied electric field, effectively reducing the impact energy 

when the electron returns to the dielectric surface. With a sufficient reduction in range, at high B, 

it may be difficult to achieve the energy, A^, required to cause avalanche saturation. Lower values 

ofB may not cause a sufficient reduction in electron impact energy to hinder avalanche saturation, 

but may alter the trajectory enough to increase the interaction between neutral gas molecules and 

the avalanche electrons, leading to reduced x-ray intensity and an earlier onset of breakdown. 
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Fig. 2.8. Current and luminosity preflashover signals with an applied magnetic flux 
density of 0.26 T; ExB drift away from the surface (flashover voltage 9 
kV, 1st shot). Current: 200 mA/div. Visible luminosity: 50 îW/div. 
Material: Pyrex (Hegeler, Masten, Krompholz, and Hatfield, 1993 (a)). 
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Fig. 2.9. Current and luminosity preflashover signals in the absence of an applied 
magnetic field (flashover voltage 8 kV, 2nd shot). Current: 200 mA/div. 
Visible luminosity: 50 îW/div. Material: Pyrex (Hegeler. Masten, 
Krompholz, and Hatfield, 1993 (a)). 
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Fig. 2.10. Schematic illustration of general results of electrical, optical, and soft x-
ray diagnostics in the early phase of dielectric surface flashover - with 
and without externally applied magnetic fields (Hegeler, Masten, 
Krompholz, and Hatfield, 1992). 

The results of these high temporal resolution current, luminosity, and x-ray measurements 

indicate the existence of free electrons above the dielectric surface during the pre-flashover devel

opment phase. The linearly rising current implies a saturation mechanism of the carrier amplifica

tion during this phase. Gaseous ionization processes are indicated by the exponentiallv rising cur

rent, the termination of x-ray emission, and the build-up of plasma above the surface in the break

down phase. Additional experimental data regarding these apparent gaseous ionization processes 

should provide greater insight into charge-carrier multiplication during the development stage of 

vacuum surface flashover. 



CHAPTER 3 

DLVGNOSTIC SENSORS 

Critical to the successful measurement of surface-flashover gaseous-ionization processes is 

the instrumentation used to detect and quantify the accessible phenomena. Low-frequencv' currents 

can be measured to resolutions in the nA range, and Rogowski coils can be used to measure high-

frequency current in the ampere range. However, the study of pre-flashover currents in the devel

opment stage demands both high temporal and high amplitude resolution. Likewise, detection of 

refractive index gradients due to pre-flashover gas desorption and plasma formation demands high 

spatial resolution, high sensitivity, and high bandwidth. The design, performance, and measure

ment theory of the sensors used for these purposes are detailed in this chapter. 

3.1. Current Measurement 

Self-integrating Rogowski coils, treated as simple lumped-parameter L-R circuits, are 

commonly used to measure high-amplitude pulsed currents. An A -̂tum helical coil of inductance. 

L, terminated in a small resistance, R^^ is placed around the current to be measured. The exis

tence of a time-changing source current, I(t), causes a time-changing magnetic flux, (j)(t), to link the 

7̂  turns of the Rogowski coil, as schematically illustrated in Fig. 3.1, resulting in an electromotive 

force (emf) across the coil. This emf is related to the source current flux by Faraday's Law, 

V r =N^ (3.1) 

and is in turn related to the response current in the coil by the circuit equation 

Vemf - Rcvr^ + L j ^ , (3.2) 

where i(t) is the current induced in the coil by the time-varying source flux. Combining equations 

(3.1) and (3.2), and rearranging terms, yields the linear first-order differential equation 

di R N del) 
cvr . /-J -jx 

whose solution is given by the integral 

t 
r 

/(O 
Â  

R 
cvr 

- ^ e ^ dr , (3.4) 
dr 

0 
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where the system has been taken to be initially relaxed. 

Â  turns 

vAAAA 

<Kt) 

Fig. 3.1. Schematic of time-changing magnetic flux linking the windings of a sec
tion of a self-integrating Rogowski coil. 

For the case in which the time constant L/R^^ is much greater than the source pulsewidth. 

we have from equation (3.3) that 

di _ N_d± 
dt ^ L dt (3.5) 

and, hence, / = N^/L. Ignoring transients, and assuming I(t) has the form of a square pulse, leads 

to the approximation 

(t) -
v^mA^ 

TZD 
(3.6) 

where A^ is the cross-sectional area of the coil, \x. = î̂ ,̂̂  is the permeability of the medium, and it 

has been assumed that the minor diameter is much less than the major diameter D . This expression 

results in less than 5% error if Z) > 3 A^"^'^ (Pellinen et al.. 1980). With these assumptions the coil 

response current is / ^ /W. Sensitivity, herein defined as the ratio of coil output voltage to source 

current, is given by 

^si ~ 
emf iR R NS liNA R 

cvr cvr ^ '^ c cvr 
LI KD 

(3.7) 

This is called the self-integrating mode since the coil current is proportional to the primary flux, 

rather than to the time-rate-of-change of the flux (Pellinen, Di Capua, Sampayan. Gerbracht. and 

Wang, 1980). 
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The response of the self-integrating coil to primary excitation is approximately linear for 

times short compared to the L'Rcvr tin^^ constant of the coil. Such coils typically exhibit nanosec

ond risetimes and sensitivities on the order of several mV/A (Pellinen et al., 1980: Nassisi and 

Luches, 1979). However, the low sensitivity of typical self-integrating Rogowski coils hinders 

their usefiihiess in resolving currents of less than a few tens of amperes. 

For example, the commercial Rogowski coil tested by Pellinen et al. (1980) had a sub-

nanosecond risetime, an inductance of 0.73 |LIH and 41 turns of winding. The current viewing 

resistor (CVR) used with this coil was 0.2 Q, leading to a decay time of 2.1 \ISQC and a sensitivity 

of only 2.0 mV/A. The 2.1 p.sec decay time means that the 5% droop time, during which the coil 

response could be considered linear, was 110 ns. 

In order to reduce the deleterious effect of coil impedance-mismatch reflections on the out

put signal, the pitch (/? = TI Z) / AO of the coil windings is chosen such that the transit time, T ,̂, in 

the coil is only 20% - 25% of the risetime of the source current (Pellinen et al., 1980). Minimizing 

the transit time suppresses transient "ringing" in a simply-wound self-integrating Rogowski coil. 

Pellinen et al. approximate the transit time as the ratio between the total length of the coil winding 

and the speed of light. This is essentially the same group velocity which results from the classic 

sheath-helix model (Watkins, 1958, p. 45), and gives good agreement with experimental results 

when inter-turn capacitance can be neglected (Pellinen et al., 1980). In this approximation, transit 

time of the self-integrating coil is given as 

n , = ^ \ h^U + ^2 ̂  ^ 0.25 T, , (3.8) SI ^,[l+n^-^j < 0.25 T, , 

where TJ. is the risetime of the source current, and a is the minor diameter of the winding. Note that 

ifp«a transit-time effects will be increased, and ifp»a there will be few tums on the coil, 

resulting in low sensitivity. Equation (3.8) can be used to find a limiting relationship beUveen the 

pitch and the minor diameter: 

r. s\ 
T,C 2 1 

- I . (3.9) 
\ATIDJ \\^^ 

If this design condition is not met, then transient ringing can be expected on the leading edge of the 

coil response signal. Note that the discriminant becomes negative when 0.25 Xj. is less than the 

time required for light to travel the length TTZ) in the coil dielectric. 

Pellinen et al. report that they generally choose the winding pitch to be equal to the minor 

diameter to satisfy condition (3.9). Substituting A^ = a^, and / /= TZD I a into equation (3.7) yields 

the sensitivity of a self-integrating Rogowski coil, for the case where/? = a (cm). 

file:///isqc
file:///AtiDJ
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Ssi = 9 . 4 ^ (Q) , (3.10) 

in terms of physical constants and design parameters, where 2 T = L/ 20 R^^ (s) is the desired 

time length of linear measurement (5% droop time) and c = 376.7 Q/p.^ (cm/s) is the speed of light 

in vacuum. 

Self-integrating Rogowski coils are generally constructed so that the winding is enclosed in 

a conducting outer shield (Pellinen et al., 1980) to exclude stray electric and magnetic fields. The 

shield is fabricated with a slit around the inner circumference to allow penetration of flux from the 

source current. Capacitance between winding and shield is effectively minimized by virtue of the 

relatively large pitch that is chosen to reduce the transit time of the coil. The actual construction of 

a self-integrating Rogowski coil is very similar to that of a transmission-line current sensor. 

3.1.1. Transmission Line Current Sensor 

It has been demonstrated, by treating the helically-wound coil as a slow-wave transmission 

line, that sensitivities on the order of a few V/A are attainable (Nassisi and Luches, 1979), result

ing in a 2-to-3 order of magnitude improvement in sensitivity over the self-integrating Rogowski 

coil. This improvement is achieved by terminating the coil in a resistance equal to its characteristic 

wave impedance and by maximizing, rather than minimizing, the transit time of the coil. Terminat

ing the coil with a relatively large resistance violates the assumptions of equation (3.5) and necessi

tates a new analytical treatment. Transmission line analysis accoimts for the significant transit 

time effects inherent to a slow-wave coil (Cooper, 1963), as well as the winding-to-shield capaci

tance of the coil. 

The total emf induced in the coil, by the source current, is given by (Krompholz, 

Schoenbach, and Schaefer, 1985) 

VM = - ^ f " ^ • (3 11) 

where L' is the inductance per unit length. This induced emf acts as a source voltage for an 

equivalent circuit element of length Az. Coil current, i{z, t), can then be expressed in wave equa

tion form (Krompholz, et al., 1985) as 

dt^ L'C dz^ N dt^ ' ^^-^^^ 

with solution during the two-way transit time of 

T. 

i{z = 7rD,t) = ^ [ / ( O - I{t -2T)] , (3.13) 
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where D (cm) is the major diameter of the coil. T is the one-way transit time, and 

"̂ i ^ 2Z^/ (Z^ + R) is the transmission coefficient of /(z, t) at the terminating resistance, R. The 

sensitivity of a traveling wave Rogowski coil (TWRC) is given bv 

Rx. RZ 
cr ' O 
S,i = = . (3.14) 

2N N (Z^ + R) 

Thus, a coil terminated in its characteristic wave impedance, Z ,̂ has sensitivity Z^/ 2Â . For the 

case in which R is much less than Z^, the sensitivity is R / N, approximately the same expression as 

for the simply-wound self-integrating Rogowski coil. Note, however, that the TWRC is typicallv 

terminated in R = 50Q., which is two orders of magnitude greater than the value of the CVRs 

which are generally used with self-integrating Rogowski coils. 

Krompholz et al. (1984) have shown that frequency-dependent dispersion in a transmis

sion-line current sensor causes the harmonic components of the measured signal to propagate 

through the sensor with different velocities, degrading the fidelity of the measurement. For a coil in 

a homogeneous dielectric, dispersion is minimized when the ratio of the shield minor diameter to 

coil minor diameter is b / a = yje = 1.65. 

Consider a tightly woimd transmission-line current sensor whose winding can be approxi

mated as the irmer conductor of a coaxial transmission line, for the purpose of computing winding-

to-shield capacitance. The characteristic impedance can be approximated as 

[L ^ /|̂ A^2^ \n(b/a) N ^ , . . 

where A^ (cm2) is the cross-sectional area of the coil winding, fXj. and 8j. are the relative permeabil

ity and relative permittivity of the coil dielectric, and b / a=^e. Sensitivity^ of the transmission 

line sensor terminated in its wave impedance, in terms of the physical parameters of the coil, can 

now be expressed as 

For high bandwidth applications, the sensor output must generally be matched to 50 Q. If the sen

sor is terminated in Z^, then matched to a 50 Q oscilloscope input using a voltage divider 

5 0 Q / ( 5 0 Q + ZJ, the resultant sensitivity at the oscilloscope, S = 50 / 2N (Q), is only half the 

sensitivity achieved when the sensor is directly terminated in 50 Q (unmatched). 

In the same manner, the transit time can be approximated in terms of the physical parame

ters of a tightly w ound coil as 
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T-<^- W-^^H^) ^ T^-^-rAc , (3.17) 

where c is the velocity of light in free space. The transit time is seen to be directlv proportional to 

the number of windings. 

The two performance parameters of primary interest are sensitivity and transit time. For a 

TWRC terminated in its wave impedance, the product of sensitivity and transit time is proportional 

toA :̂ 

S^^T = 6 0 ^ ^ ^ ^ (Qs) , (3.18) 

where units are as previously noted. However, the sensitivity of a sensor matched to a 50-Q load 

is inversely proportional to the number of windings, so that for a given coil cross sectional area, 

A^, the product of sensitivity and one-way transit time is constant: 

100 / 
'̂ SOQ • T = ~^V7t h-^r^c (^ sec) = k . (3.19) 

Thus, for high bandwidth applications in which the TWRC is terminated in 50 Q, there exists a 

conservation relationship between sensitivity and transit time which is proportional to the cross 

sectional area of the coil (assuming it has been tightly woimd). For the TWRCs discussed here, the 

product of sensitivity and transit time is approximately 15.5 Q ns. 

The sensitivity of a TWRC may be compared directly to that of a self-integrating 

Rogowski coil. Noting that the maximum number of tums on a single-layer coil is given by the 

ratio of the inner circumference of the coil, TI{D - a), to the wire diameter, d^ (cm), and using the 

relation for transit time (3.17) in equation (3.16) yields 

Ac~ cT VT^Mr^r^c (^)=188 ^ j ^ ^ (O), (3.20) 
r M' 

where A^ = a^, T is in units of seconds, and all other quantities are in units as previouslv noted. 

Rewriting equation (3.19) with A^ = a^ yields a similar relationship for the sensitivity of a TWRC 

terminated directly in a 50-Q resistance: 

'̂ SOQ = 177 I'J (Q). (3.21) 

Now, the sensitivity of a TWRC terminated in its wave impedance is seen to be larger than that of 

a self-integrating Rogowski coil by a factor 



^zo _ g (Z) - a) 
5., = ^^ Dd.. (3.22) 

'SI •w 

and the sensitivity of a TWRC terminated in a 50-Q resistance is larger by a factor 

= 19 
SI 

(3.23) 

These ratios indicate that a TWRC terminated in its characteristic impedance is alvvavs 2-to-3 

orders of magnitude more sensitive than a self-integrating Rogowski coil. However, a self-integrat

ing Rogowski coil wound about a core of high permeability material could be more sensitive than a 

TWRC terminated in a 50-Q resistance, with the disadvantages that the core is subject to satura

tion and high-frequency dispersion, and fabrication is in general more difficult. Figure 3.2 pro

vides a schematic illustration of the construction of a TWRC. 
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Fig. 3.2. Schematic diagram of transmission-line-type current sensor with ampli
tude protection. Flux from the time-changing source current I(t) links the 
winding through the slit in the inner circumference of the conducting 
shield. 

3 12. Amplitude Protection 

In investigating dielectric surface flashover, measurements are routinely taken of sub-

ampere pre-flashover currents during the few tens of nanoseconds before the current rises to its 

discharge amplitude of hundreds of amperes. At a sensitivity of 0.2 V/A into 50 Q, the output 
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signal of the current sensor could be over 100 V, yet the signals of interest (due to pre-flashover 

currents of amperes or less) would only be tens or hundreds of millivolts. The Zener diodes and 

transient suppressers which are commonly used to limit excessive voltages proved to have junction 

capacitances far too high to retain the GHz bandwidth desired in these experiments. Ordinary low-

power switching diodes were therefore considered for this purpose. The level of protection pro

vided by these switching diodes can be estimated based upon thermal limitations for repetitive 

pulses, and based on peak rated forward-surge currents for single-shot applications. 

For a repetitive pulsed application, consider a pulse-train of amplitude, /„, incident on a 

load resistance, R. The average power dissipated in the load resistance is given by 

Pl, = l/RKj, (3.24) 

where K^ is the duty cycle of the pulse train. Now, if a stack of « forward-biased diodes is placed 

in parallel with the load resistance, the average power dissipated in R will be limited by the voltage 

clipping level, V^, of the entire stack to K̂ 2 ^^ / /̂  por the case in which Ip » V^ IR, the average 

power dissipated in the diode stack, per diode, is approximately 

P ^ ^^-^ . (3.25 

¥oT IpR> 50 V, and using a stack of two 1N4151 switching diodes, we have found that the clip

ping level is approximately IpR/9 (i.e., 7^i?/ 18 per diode). Thus, the peak current which can be 

handled by a 1N4151 diode stack can be approximated in terms of the duty cycle and the rated 

average power as 

x\ II^D rated ,~ ^^. 

Consider a stack of two 1N4151 diodes, rated at an average power dissipation of 500 mW, protect

ing a 50-Q oscilloscope input against a pulse-train with a 2% duty cycle. The approximate peak 

pulse amplitude is then 3 A. This would develop over 150 V across an unprotected 50-Q load, but 

results in only (150 V)/9 = 17 V - which is well within the short-time rating of most oscilloscope 

inputs - when the two-diode stack is used. 

For single-shot applications, Ip is the peak forward surge current of the diode. The rated 

peak forward surge current for a 1N4I51 is given as 1.0 A for a pulse duration of 1 s. and 4.0 A 

for a pulse duration of 1 |is. These ratings provide the possibility of protecting a 50-Q oscillo

scope input against a nominal voltage of (4.0 A)(50 Q) = 200 V at a protected level of (200 V)/9 = 

22 V, for a two-diode stack. 
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The clipping level would be F^ = « /y i8 for a stack of n diodes. Since /„ must flow 

through each diode in the stack, using a single diode would result in a lower clipping voltage, V^, 

and avoid potential problems with uneven voltage division between diodes in the stack. The pri

mary advantage to using n multiple diodes is the effective reduction of junction capacitance by a 

factor n~^, thereby reducing the adverse effect of the diodes upon system risetime. 

Forward-biased switching diodes are used in order to retain the sensitivity and bandwidth 

to observe pre-flashover currents while protecting the measuring apparatus from potentiallv dam

aging voltages. Since the primary discharge and subsequent reflections (see High-Voltage Charg

ing System in Chapter 4) lasts no more than several microseconds, IN4151 switching diodes have 

been successfully used to limit the discharge signal. Below the clipping threshold, parallel stacks 

of two diodes each have been found to only slightly degrade a measured 480 ps risetime pulse to 

590 ps (note that the nominal risetime of the oscilloscope used, a TEK 7104/7A19, is 600 ps). 

1N4151 diodes have a typical rated zero-bias junction capacitance of only 2 pF at I MHz. 

3.1.3. Current Sensor Performance 

Several TWRCs have been designed by numerically solving a system of simultaneous 

equations which contain the mathematical description of the sensor and the desired operating char

acteristics. Performance measurements of the constructed current sensors yield reasonable agree

ment with the design equations. Design versus measured parameters for three different sensors are 

tabulated below. Note that the computed values for winding inductance are within 3% of the 

measured values, while winding-to-shield capacitance values differ by up to 30%. The simple 

coaxial approximation for computing capacitance yields a value of 60 pF for the tabulated geome

try. The design values of Table 3.1 were computed using a formula which had been modified in an 

attempt to account for winding spacing and fringe-fields in the shield slit (i.e., the nominal surface 

area of the winding used in the calculation was decreased by the amount of the winding space, and 

the value of the slit width used to calculate surface area was decreased by an amount equal to the 

distance between the winding and the shield). 

Testing and calibration of TWRCs is conducted using a 50 Q coaxial test apparatus. The 

TWRC housing is split radially and constructed to be an integral part of a custom 50 Q coaxial 

line - constructed in-house - consisting of an aluminum outer conductor, a copper inner conductor, 

and Lexan dielectric. In our experiments on dielectric preflashover phenomena, the housing of the 

TWRC forms an integral part of the coaxial discharge geometry. The test apparatus consists of 

the TWRC, a length of this in-house 50-Q line, and specially constructed end fittings to allow 

BNC connection of loads and pulse generators. The end fittings are necessary due to the fact that 

the custom coaxial line has dimensions slightly greater than those of RG-19. 
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Table 3.1. Important parameters for three different transmission line type current 

sensors. Coil L and C were measured using a Sencore model LC53 "Z 
meter." Measured Z^ is computed using measured values for L and C. 
Measured transit time is taken as 1/2 of the half-amplitude sensor step-
response pulse width when terminated in ZQ. 

a [cml 

Dlcm] 

Â  Itumsl 

Ll^iH] 

CIpF] 

ZoIQ] 
rinsi 

S5OQ [V/A] 

TWRCl 
design / measured 

2.0 

7.4 

475 

488 / 486 

66 /83 

2710/2420 

180/150 

0.103/0.10 

TWRC2 
design / measured 

2.0 

7.4 

246 

132/129 

49 /69 

1740 / 1370 

76 /80 

0.196/0.20 

TWRC3 
design / measured 

2.0 

7.4 

495 

530/515 

69 /65 

2770/2810 

192/157 

0.099/0.10 

Termination of these TWRCs in their wave impedance yields high sensitivities and dem

onstrates the transmission line nature of their response (see Fig. 3.3). Unfortunately in the case of 

these high-impedance coils, the matched termination tends to significantly degrade the risetime of 

the measured signal. The observed risetimes could be explained by a stray capacitance of only 

6 pF in parallel with the high-resistance matching resistors. However, it should be noted that the 

field which exists in the TWRC is helical, in accordance with the sheath-helix model (Watkins, 

1958). Thus, termination of the TWRC in a conventional resistor results in a geometrv mismatch 

with the helical field. Figure 3.3 shows the response of TWRC2 to a step-pulse primary current. 

In accordance with transmission-line theory, the output of the matched current sensor falls awav 

after a time equal to twice the transit time of the sensor. When the step-pulse ends, the energy 

stored in the current sensor discharges through the terminating resistor, resulting an output pulse 

from the TWRC of opposite polarity to the initial response. 

Terminating the sensors directly into a 50 Q coaxial cable yields acceptable sensitivities 

and bypasses the problem of risetime degradation. With the 50 Q termination, the sensors exhibit 

step-response risetimes of less than 1 ns, although with significant ringing, and linearlv' follow 

excitation signals with risetimes of several nanoseconds. Fig. 3.4 shows the response of TWRCl. 

terminated in 50 Q, to a step-pulse whose duration is 8 transit times. As expected, given the 

transmission-line properties of the helical winding (Krompholz et al., 1985), the current sensor 

exhibits a stepwise decreasing response typical of a transmission line terminated in a resistance 

much smaller than its characteristic impedance. 
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TIME [200 ns / div] 

Fig. 3.3. Response of TWRC2 terminated in 1480 Q to a step-pulse input (fine 
curve). Risetime of matched TWRC2 is 15 ns. Transit time, measured as 
1/2 the half-amplitude pulse-width, is 80 ns. 
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Fig. 3.4. Response of TWRCl, with 50 Q termination, to a step-pulse input (bold 
curve) longer than the sensor transit time. Risetime of current sensor is 
now sub-nanosecond. Note the step-wise decrease in response typical of a 
transmission line terminated in a resistance much smaller than its charac
teristic impedance. 
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Fig. 3.5 shows the response of TWRC2 to a short sub-nanosecond step input Measured 

risetime is less than 450 ps. The high frequency oscillations excited by the step input decav more 

slowly than can be explained by a simple second-order R-L-C model, implying a source which is 

distributed along the windings. This may be related to the field geometry mismatch discussed ear

lier. A fiirther departure from the sheath-helix model in these TWRCs, which may affect the tran

sient response, is the fact that the cross-section of the winding is square rather than circular. Note 

that terminating the current sensor in a smaller resistance (e.g., 30 Q) reduces the ringing, and 

sensitivity, without adversely affecting the risetime. 

The response of TWRC2 to a slower risetime pulse is shown in Fig. 3.6. High frequency 

oscillations are not excited by this slower risetime pulse, resulting in much better signal fidelity. 

Pre-flashover current signals in our experiment typically rise slowly for several nanoseconds (T ~ 

5 - 10 ns) until breakdown, when the current transitions to an exponential rise with time constant 

T« 1.5 ns. Thus the pre-flashover signals recorded by this system should be true within the 

measurement error of the oscilloscopes used (-5%). 

The response of a stack of switching diodes to incident voltages near and far above the 

clipping threshold are shown in Figures 3.7 and 3.8. Fig. 3.7 demonstrates the slight effect the 

diodes have on risetime below the clipping threshold. 

TIME [2 ns / div] 

Fig. 3.5. Response of TWRC2, terminated in 50 Q, to a sub-nanosecond risetime 
step input (fine trace). Step input excites slovvlv decaying high frequency 
oscillations. 
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Fig. 3.6. Response of TWRC2, terminated in 50 Q, to a 5.8 ns risetime step input 
(bold trace). Sensitivity is 0.2 V/A. 
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Fig. 3.7. Pulse response of clipping diodes (parallel stacks of two diodes each) near 
the clipping threshold. The bold curve is the source waveform. Below the 
clipping threshold, parallel stacks of two diodes each have been foimd to 
slightly degrade a measured 480 ps risetime pulse to 590 ps (note that the 
nominal risetime of the oscilloscope used, a TEK 7104/7A19, is 600 ps). 



38 

o 

ON 

TIME [1 ns / div] 

Fig. 3.8. Pulse response of clippmg diodes far beyond the clipping threshold. The 
bold curve is the source waveform. When the diodes are fully conducting, 
indicated by the arrow, the amplitude is approximately 1/9 that of the 
source pulse. 

Above the clipping threshold, the diode stacks require 2 ns to flilly switch to a conducting 

state. Incident pulses greater than a few volts in amplitude result in a clipping level of approxi

mately 1/9 the amplitude of the incident pulse. This implies that the diodes have entered a near 

linear regime in which current is limited by the bulk resistance of the diode. If so, the clipping level 

can be reduced by paralleling diodes, albeit at the cost of increased risetime due to the paralleled 

junction capacitances. 

3.1.4. General Remarks on Current Sensor 

Transmission line current sensors designed and constructed for this work have sensitivities 

greater than 0.1 V/A, when terminated in 50 Q, and two-way transit times greater than 0.1 |j,s. For 

tightly-wound coils terminated in 50 Q, there exists a conservation relationship between sensitivity 

and transit time which requires that sensitivity and transit time be inversely proportional with a 

proportionality constant approximately given by 

^50Q • ^ = 5.9Vh-Sr^c (^ ^s) = k , 

where [Xj and 8j. are the relative permeability and permittivity of the dielectric surrounding the 

winding, and A^ (cm2) is the cross-sectional area of the winding. Note that it is not necessary for 

the winding to be toroidal - it can be cylindrical (Luches, Nassisi, and Perrone, 1988) or a small 

section of a flill torus (Calico, Crawford, Kristiansen, and Krompholz, 1991). Whether terminated 
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in the characteristic impedance, Z^, or in 50 Q, the sensitivity-transit time product can be increased 

by surrounding the winding in a dielectric with higher relative permeability, m-. When terminated 

in its characteristic impedance, the sensitivity of a transmission line current sensor is a factor 

ZQ I 2R^j. (-10^) larger than the sensitivity of a self-integrating Rogowski coil. The ratio of sensi

tivities drops to 50 Q / R^^ (~102) when the transmission line current sensor is terminated in 50 Q. 

With switching diodes as amplitude protection, it is possible to use a high-sensitivity 

transmission line current sensor to observe fast-rise milliampere currents and simultaneously pro

tect sensitive instrumentation (i.e., GHz oscilloscopes) from damaging voltages due to high final 

currents. Figure 2.6 provides an indication of the resolution attainable with transmission line cur

rent sensors. The TWRC used in Fig. 2.6 has a sensitivity of 100 mV/A into a 50 Q termination. 

The signal was split to provide a trigger signal for the oscilloscopes, and the remaining signal was 

registered by a 7A29 vertical amplifier (0.35 ns risetime) set at 10 mV/div. This yields a measur

ing resolution of 200 mA/div. Using TWRC2 (200 mV/A), a separate trigger source for the oscil

loscopes, and a 7A24 vertical amplifier (0.9 ns risetime) set at 5 mV/div, the measuring resolution 

is 25 mA/div - and yet the amplifier is protected against final discharge signals which may reach 

an equivalent of 50 A/div as the sample conditions to higher breakdown voltages. 

Note that it should also be possible to trade risetime for sensitivity by terminating the 

TWRC in a resistance 

T (desired) 
R = z, , 

T (matched) 

which is larger than 50 Q, then using a 350 MHz (TJ. = I ns) unity-gain buffer to isolate the termi

nating resistance from the 50-Q signal line. In the case of TWRC2 (see Table 3.1), using a desired 

risetime of lns,R = 93 Q, which yields ahnost twice the sensitivity of the 50 Q termination. 

3.2. Refractive Index Gradient Measurement: Sensor 

It has been previously noted that magnetic insulation effects are observed for the case in 

which the ExB vector points away from the dielectric surface, and that preflashover current, lumi

nosity, and x-ray emission are altered by the application of an insulating magnetic field (Hegeler et 

al., 1992, 1993 (a)). This is one of the most compelling indicators for the importance of "free" 

electrons, above the dielectric surface, to pre-flashover processes. The SSEEA model for dielectric 

surface flashover hypothesizes the electron-induced outgassing of adsorbed surface molecules 

during the preflashover phase, eventually leading to a gaseous-like breakdown within the desorbed 

gas laver. Previous research (Gray, 1985) has indicated that the density of desorbed gas near the 
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surface of the dielectric approaches atmospheric pressure (100s of Torr), producing a time-depend

ent density gradient in the ambient vacuum. In keeping with the SSEEA model (Anderson and 

Brainard, 1980), it is expected that there exists a temporally evolving index of refraction due to 

desorbed neutral gas in the pre-flashover phase, and ionized species in the breakdown phase. 

The techniques of pulsed laser schlieren photography, holographic interferometry 

(expensive and complicated), and Mach-Zehnder interferometry are difficult to apply to the prob

lem of surface flashover due primarily to the small size of the arc-channel. Pulsed laser schlieren 

photography is inadequate to record the temporal evolution of a region of changing refractive 

index, since it records at a single instant in time. In addition, pulsed laser schlieren photography 

cannot simultaneously detect neutral and charged species (positive and negative beam refraction) if 

a knife-edge is used as a spatial filter, and cannot distinguish between the two if a pinhole is used 

as a spatial filter. Holographic interferometry is costly and complex, and requires reconstruction 

of the hologram to interpret the results. The sensitivities of these methods are also a problem, due 

to the relatively low number densities expected in the arc-channel and its minute size. In a laser 

interferometer for example, the minimum detectable change in electron density can be computed as 

that change in density required to produce a shift of 1/2 of a fringe in the interference pattem. This 

minimum detectable change in density is given as (Lochte-Holtgreven, 1968, p. 607) 

0.56x10^3 

where L (cm) is the length of the plasma under measurement and X (cm) is the free-space vva\ e-

length of the laser light. For L = 20 |xm and X = 632.8 nm, the minimum detectable density in a 

laser interferometer is 4.4x 10^^ cm-^. As will be seen in section 3.3, this is two orders of magni

tude less sensitive than a laser deflection sensor diagnostic. Enloe et al. (1987) report that the 

sensitivity of pulsed laser schlieren photography is also two orders of magnitude less than that of a 

laser deflection diagnostic. 

The laser deflection sensor (LDS) refractive index diagnostic has been used, in various 

forms, for at least 25 years (Cuneo, Lockner, and Tisone, 1991). Applications have primarilv 

involved the detection of density gradients in neutral gases and plasmas, and concentration gradi

ents in fluids. Greenspan and Reddy reported, in 1982, on an LDS diagnostic used to measure the 

radial density profiles of reduced-density channels in 20-Torr neutral gas. Their LDS diagnostic 

consisted of a He-Ne laser source and a UDT model PIN-LSC-5P detector feeding signal through a 

low-pass filter. Transverse motions well under I ^m were detectable, yielding an angular sensitiv

ity of ~ 10"^ rad in a 30 kHz bandwidth (risetime * 12 )LIS). This provided sufficient sensitivity to 

detect changes in gas density of- 10^7 cm"^. 
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Enloe et al. reported, in 1987, on an LDS diagnostic used to analv ze transient plasmas, 

which has an angular sensitivity of « 0.5 ^rad in a 17 MHz bandwidth (risetime ^ 20 ns). As with 

Greenspan and Reddy, Enloe et al. turned to an LDS diagnostic because of deficiencies with the 

common technique of pulsed laser schlieren photography. Holographic interferometrv would hav e 

provided the ability to chart the temporal evolution of the plasma, but would have been much more 

expensive and complex than an LDS diagnostic. Enloe et al. used a 5-mW He-Ne probe laser and 

a Silicon Detector Corp. SD-380-23-21-051 quadrant detector feeding signal to an amplifier with a 

gain-bandwidth product of 260 MHz. LDS sensitivity to transverse motion was 1.4 mV/^m, 

yielding an angular sensitivity of 4.2 mV/|arad with a 3-m optical moment arm. Output signals of 

~ 150 mV were recorded for peak plasma densities of ~6-10^^cm-^, and ~ 50 mV for peak 

neutral particle densities of ~ 7-10^7 cm"^. 

Cuneo et al. reported, in 1991, on several different configurations of LDS diagnostics, also 

used to analyze transient plasmas, the fastest of which had a deflection sensitivity of 1.7 mV/pm in 

a 32 MHz bandwidth (risetime « 11 ns). With a 2-m optical moment arm, the angular sensitivity-

was 3.3 mV/|arad. Their fastest LDS diagnostic consisted of a 17-mW cw laser source and an SD-

197-23-21-041 photodiode detector feeding signal to an amplifier with a gain-bandwidth product of 

290 MHz. 

The LDS diagnostic described below is based upon the basic configurations used by Enloe 

et al. and Cuneo et al., with the exceptions that the gain-bandwidth product has been substantially 

improved and the optics - required to focus the laser beam down to the estimated scale of the pre

flashover desorbed gas cloud - are considerably more complicated. A discussion of the refractive 

index gradient measurement principles (based upon geometrical optics) will follow the analysis of 

the optical setup (based primarily on Gaussian optics) and a brief description of the electronic cir

cuit. 

3.2.1 • Analysis of Laser Deflection Sensor Optical Setup 

As previously mentioned, the sensitivity of this method is higher than alternate methods, 

such as interferometry (Enloe et al., 1987), with the disadvantage that refractive index gradients 

are measured rather than the refractive index itself Measurement of the refractive index w ould 

directly yield the mean number density, whereas measurement of the refractive index gradient 

provides the gradient of number density transverse to the probe beam, integrated along the path of 

the beam. 

Since the diffraction-limited diameter of the laser beam focus is inversely proportional to 

the beam diameter at the focusing lens, the beam is first expanded to a Me diameter of approxi

mately 8 mm. The expanded He-Ne laser beam is focused with lens I onto the measurement 
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volume, and a second lens is used to match the size of the deflected beam to the bi-cell photodiode 

(see Fig. 3.9). 

Outgassmg or 
Plasma Region 

Beam 
E gander 

fl - X - Zo—>^ Zp- ->K-

(a) 
bi-cell 
photodetector 

deflected laser 
beam 

V 
gauss lan 
intensity 
profile 

Me" beam 
contour 

; ^Sample^ .] 
7/y V. 

(b) (c) 

Fig. 3.9. Schematic illustration of laser deflection sensor geometry, (a) Optical 
arrangement of experiment, (b) Geometry of bi-cell photodiode and inci
dent laser beam, (c) Gaussian beam intensity in region of changing 
refractive index gradient (beam size in relation to sample size is greatlv 
exaggerated). 

Signals from each cell of the bi-cell photodiode are differentially amplified to yield a single 

output signal which is proportional to the difference between the photocurrents of the Uvo cells. 

Output voltage is given by 

yout = ^p • (j Jl{x^)dxdy - j ^I{x,y)dxd^ (3.27) 

\cell 1 cell! 

file:///cell
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where 5^ is the sensitivity of the photodiode and I(x,y) is the laser intensity. Given the spatial 

dependence of beam intensity, the output voltage can be found by straightforward integration. 

Assume that the laser beam has a Gaussian intensity profile given by the equation 

'^'^^^ = 1 ^ 2 e--^^ , (3.28) 

where P^ is the laser power and w(z) is the laser beam radius as a function of z. Integration of 

equation (3.27), using this intensity profile, yields V^^^^ in terms of a sum of error functions. 

Expressing the location of the beam centerline - at the bi-cell photodiode - in terms of the deflec

tion angle at the sample focus yields y^ = z^/ /32, where z is the distance from the second focus to 

the detector and ^2 is the imaging scale of lens 2 (= z^ / z^). Inserting this change-of-variable, and 

differentiating with respect to (|), yields the detector output voltage sensitivity to angular deflection: 

^yput PL^D/X ' XB^ 

d^ A/TIPO^^L ^^^^^^ 

O - ^ _^^ tLL-

z ,\ f z ^^ 
(3.29) 

) 

where w{z) = ~ ~z , 
P2/1 

pQ is the magnification of the beam expander, 

/ ; is the focal length of lens 1, 

w^ is the laser beam radius in front of lens 1, and 

xg, yi, y^j are the limits of the photodiode detector area (cf Fig. 3.9). 

Equation (3.29) shows that sensitivity primarily depends upon the position, z, of the detector with 

respect to the focal point at z = 0. Figure 3.10 shows normalized detector output voltage and sen

sitivity versus displacement of the beam center at the detector. Both quantities are a function of the 

beam diameter at the detector. A 1/̂ 2 diameter of 1 mm was assumed for the calculated curve in 

Fig. 3.10a, while the measured values were taken with an apparent beam diameter of 1-2 mm at 

the detector. The data in Fig. 3.10b were taken with an apparent 1/̂ 2 beam diameter of about 

0.5 mm at the detector, while a value of 0.23 mm was used for the calculated curve. Sensitivity is 

greater for the smaller beam diameter, but the range of "linear" response is less. Maximum sensi-

tivitv is seen to occur for small beam deflections near the center of the detector. 
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Fig. 3.10. Normalized detector output voltage and sensitivity versus beam-center 

displacement at detector. Solid curve is computed V^^j from integration 
of equation (3.28) in equation (3.27) for a 1/̂ 2 beam diameter, at the 
detector, of 1 mm in (a) and 0.23 mm in (b). Dotted curve is the com
puted sensitivity from equation (3.29). Discrete points are measured val
ues using LDSl (see section 3.2.2). Linear response can be assumed for 
beam deflections within the shaded area. 
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In the small-angle approximation, the sum of exponentials in equation (3.29) is seen to be 

a function solely of beam size at the detector. Equation (3.29) is plotted in Fig. 3.11 as a function 

of z. The fiinctional dependence the sensitivity provides a ready means to align the detector at the 

optimum axial position by measuring detector sensitivity as a ftinction of axial displacement. The 

"flat-top" of the curve corresponds to a 1/̂ 2 beam diameter in the range 0.6 to 2 mm. allowing 

some error in the experimental setup without compromising the sensitivity of the detector. Within 

this "flat-top" region, the product of the error function and the sum of exponentials in equation 

(3.29) is approximately 2. The actual physical dependence of sensitivity in Fig. 3.11 is on beam 

diameter w(z) at the detector, however, since w{z) is proportional to z, the only difference is one of 

scale. The z-dependence of the sensitivity is not only influenced by the detector size, but also bv 

the imaging scale ^2- Neither parameter changes the maximum value of the sensitivity if yfj »yi. 

Only the optimum position of the detector depends on these parameters. For small deflection 

angles (^ « P2yL ^^)^ equation (3.29) reduces to 

AVoui 2Pj^Spf^ 
S = 

Act) V ^ Po >̂ L ' 
(3.30) 

/ «v 

•o 
C8 

• ^ * * ^ 
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Fig. 3.11. Dependence of LDS sensitivity on axial displacement z. The bold curve, 
fine curve, and dotted curve are the theoretical predictions for the present 
detection geometry, a detector with 10 times greater width and height, and 
a detector with 10 times less width and height, respectively. Discrete 
points are measured values for the present bi-cell detector. 
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when the position z is set at the peak in Fig. 3.11. In this regime, the response of the detection 

system is linear with ^. Using the minimum detectable voltage, F^,„, and the focus diameter, w^̂ ^ 

"^ (fl ' ̂  ) ^^' PO'^L)-> f̂t̂ ^ passing lens 1, a conservation relation can be derived from equa

tion (3.30) for the product of the minimum detectable angle, ^^,„ = F^,„ IS, and the spatial resolu

tion (minimum beam radius w^,„), given by 

1 nun '^ /T Tix 

l^nSpPi^ 

which is dependent only on the laser parameters (P^ , X) and the characteristics of the detection 

system {Sp, V^^^. Equation (3.31) shows that a finer spatial resolution leads to a reduced angular 

sensitivity if the entire laser beam interacts with the outgassing or plasma cloud. 

For the case in which the dimensions of this interaction region are smaller than the cross 

section of the laser beam, only a portion of the beam energy will be refracted and the resulting 

beam will no longer be Gaussian. Determining the actual exit beam profile, and hence the actual 

sensitivity, requires knowledge of the profile of the interaction region. In the absence of this infor

mation, the simplest correction to equation (3.30) involves replacing the total laser power Pj^ bv the 

fraction of laser power being deflected. Assuming a uniform region at least as wide as the probe 

beam and of height, h, yields a fractional power 

'U = PL erf(\) - erf{\ - - ^ ^ , h < w„,„ , (3.32) 

where h is the height of the outgassing or plasma region (see Fig 3.9c). Equation (3.32) is based 

on the assumption that the center of the laser beam has to be at least w^̂ ^ above the surface to 

avoid losing significant beam power to surface scatter. This relationship for P^ has its maximum 

2ii h- Wfnin- Since angular sensitivity is inversely proportional to the focal radius, w^,„, peak 

detection sensitivity is given for the case in which w^^^ = h. Of course, in this case any physically 

realistic gradient will change within the cross-section of the probe beam, resulting in an averaging 

effect. Accurate measurement within the outgassing or plasma region would therefore require 

^min ^^ ^' reducing the sensitivity of the measurement. 

The form of the sample must be matched to the variation in w{z), at the focus, to avoid a 

cutoff of the beam. Therefore, the planar sample geometry - used in previous experiments 

(Hegeler, Masten, Krompholz, and Hatfield, 1992) - has been replaced bv a cylindrical geometry 

Applying a ray optics calculation to the divergence of the beam at the sample v ields the limiting 

relation between the sample radius, r, and the minimum beam radius, w^^^, 
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n 2 3 

^ ^ 2 , (3.33) 
X 

where X is the laser wavelength. Figure 3.12a illustrates the geometry of the derivation. The three 

constraints used to arrive at this relationship are (1) that the beam center height above the sample 

is equal to the diffraction-limited beam radius (h = w^,„ = 2Xf^l n d{), (2) that in the limit of 

^max f*̂^ ^ given Wfnin , the edge of the beam is tangent to the sample surface as indicated if 

Fig. 3.12a, and (3) that the distance s^ from the lens to the focus is identical to the focal length/j. 

The first and third constraints result in the relationships h = Xf^^l d^, and 

m = d^/2f^=2X/n w ŷ„ , where m is the asymptotic slope of the diverging beam and d^ is the 

initial beam diameter. The second constraint yields equations for the two chords 

Pl = r m {\ + nP-y^'^ and PQ = r -p^l m, and a relation between the beam center height and the 

chords, h+pQ = mpi, where r is the limiting radius of the sample. Solving the last equation for r 

yields r = h[{\+ w2)l/2 - l]-l . For the case where nP- « 1, Taylor series expansion of the 

denominator yields r = 2 w^j„ / rrP-. This is a good approximation for focal diameters down to 

4 }i,m (i.e., for a He-Ne wavelength of 0.6328 |am, this approximation results in a 4% error for 

'^min ~ 2 M̂ )̂- Substitution for m in terms of w ŷ„ yields equation (3.33). 

If the sample radius is made very small, the possibility arises that the arc-channel may 

form around the curvature of the sample, out of line with the probe beam. Therefore, it is desired 

to keep the sample radius to a maximum, consistent with the required spatial resolution (i.e., the 

smaller the focal spot, the greater the beam divergence, and the smaller the sample radius must be). 

If the minimum radius of the cylindrical insulator is chosen to be approximately 1 cm, then the 

lower limit on the beam focal radius is about 6 jxm. Figure 3.12 illustrates the rapid decrease in 

maximum allowed sample radius versus probe beam diameter. At a \/e probe-beam diameter 

(spatial resolution) of 5 |xm, the maximum sample radius is less than 0.8 mm. 

From an optical standpoint, the diffraction-limited beam focal radius is given by 

^wm ^ Vi/^^^L ^ /̂T^^div where G î̂  = w^/fi is the beam divergence. In the present experimental 

setup, the distance from the center of the vacuum chamber - where the sample is located - to the 

nearest port is 17 cm. This is the effective limit on the focal length/j. 

In view of the restrictions described above, and the limitations of available optical compo

nents, reasonable choices have been made for system design parameters. The selected system 

parameters, component values, and computed parameters are tabulated below: 

Pj^= 10 mW, / ; = 17.5 cm, x^ = 1.27 mm, ZQ = 24 cm. 

w^ = 0.16cm, /7 = 21cm, >'̂  = 0.05mm, z„= 159 cm. 

^^ = 0.6 rad, y^^^ 17.3, j^=1.27mm. P2=^^ 
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These parameters yield a minimum beam diameter of 20 ^mi. Previously reported experiments 

(Hegeler, Masten, Krompholz, and Hatfield, 1992) were restricted to spot sizes of 150 ûn due to 

geometrical restrictions imposed by the planar sample that was used. 
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Fig. 3.12. Relationship between maximum sample radius and spatial resolution of 
LDS. (a) Geometry of calculation, (b) Maximum sample radius versus 
probe beam diameter. (c) Plot of geometrical-optics probe beam 
approximation and true Gaussian beam in vicinity of sample of maximal 
radius. 

3.2.2. Laser Deflection Sensor (LDS) Electronic Circuit 

Beam deflection is monitored with a bi-cell detector (Silicon Corporation model 113-24-

21-021) which supplies differential signals to a high frequency amplifier. The measured sensitiv

ity, s of this bi-cell photodiode - in a circuit with 220-Q bias resistors (Rb) and a net amplifier 

gain of 5 - is 0.29 V/mW. The rated radiant sensitivity of the photodiode at 633 nm is 0.35 A/W. 

but measurement indicates that the sensitivity with a 10 mW input is 0.26 A/W. This reduced 

sensitivity may be due to the fact that the He-Ne laser used exceeds the 10 mW/cm2 rated power 

density of the photodiode, resulting in a saturation of optically generated carriers within the photo

diode. With a feedback gain of 10, and 220-Q photodetector bias resistors, the risetime of the 

detection svstem is 6 ns (bandwidth of 58 MHz). The measured angular sensitivity of the detection 
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system is shown in Fig. 3.11 as a function of the position z. With a minimum detectable voltage, 

^miu' ^^2 mV. determined by amplifier and electromagnetic noise of 1-2 mV pk-pk, the minimum 

detectable deflection angle is approximately 8 10-^ rad (equation 3.31). 

The circuit schematic is shown in Fig. 3.13. Two Elantec unity-gain 350 MHz FET buff

ers take the signals from each side of the bi-cell detector and supply them to the Signetics NE5539 

"ultra-high frequency" operational amplifier. Amplifier gain is set by the ratio RfUl, where 

Rf = 1 kQ and Rl = 100 Q. The input offset of the differential amplifier is adjusted using Rt. The 

resistor Ro serves primarily to protect the amplifier in the event of an accidental short to ground. 

Choosing Ro = 50 Q effectively halves the gain when the circuit is cormected to a 50-Q load, as 

was the case for these experiments. The lack of a symmetric output stage in the NE5539 necessi

tates the use of pull-down resistor, Rp, whose value must be balanced between the negative output 

range desired and peak power consumption at maximum positive output. Output saturation occurs 

outside the range - 1 V to + 2 V. In order to achieve a 350 MHz 0 dB bandwidth, the NE5539 

lacks the internal frequency compensation that is normally provided in an op-amp. Cc provides a 

means of external frequency compensation, and Co (0.1 \i¥) is a dc blocking capacitor whose 

purpose is to reduce output offset voltage and noise (Signetics NE5539 application notes). 

0.1 fiF Rt 

oAAAAAAo 
-Vcc 

-Vco O 

Fig. 3.13. LDS circuit diagram. 
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Three different versions of this circuit were used. LDS I and LDS2 differ only in the value 

of the bias resistors, Rb, and the bias supply, Vbb. The bias supply for LDS2 has been modified 

to avoid exceeding the 2.5 V common-mode maximum rating of the NE5539 op-amp. LDS3 con

sists solely of the bi-cell detector, the dc supply Vdd, and an equivalent bias resistance, Rb. of 

41 Q. The signal from each cell in LDS3 is routed to a 50-Q differential oscilloscope amplifier 

(with a risetime of 0.9 ns). Table 3.2 lists the important parameters of each of the three versions of 

the sensor. The jimction capacitance of the photodetector, Cj, is listed in the Silicon Detector data 

sheet as 60 pF at a 0-V bias and 20 pF at a 10-V bias. Since the width of the depletion region in 

the diode junction is proportional to the square root of the applied voltage (Sze, 1981), and the 

junction capacitance is inversely proportional to the depletion region width, Cj can be estimated to 

be 8 pF at the applied bias of Vdd = 60 V. The value of Cj used in Table 3.2 has been computed, 

from the measured risetime of LDS2, to be 2.7 pF. 

Table 3.2. Important parameters for three different laser deflection sensors. The 
risetimes of LDS 1 and LDS3 are amplifier limited, while the risetime of 
LDS2 is limited by the R-C time-constant of the photodiode junction 
capacitance, Cj, and the bias resistor, Rb. 

S [V/rad] 

Risetime [ns] 

Rb[Q] 

Vbb[V] 

2.2 Rb Cj [ns] 

LDSl 

180 

7 

220 

0 

1.3 

LDS2 

1500 

10 

1800 

- 2 . 3 

10 

LDS3 

7.4 

0.9 

41 

0 

0.24 

3.3. Refractive Index Gradient Measurement: Theory 

If above-surface processes play an important role in charge-carrier amplification during 

the development stage of flashover, these processes should be detectable as time-changing 

perturbations in the refractive index. In the event that the refractive index gradient is high enough 

to result in a significant variation of index within the cross-section of the probe beam, the deflected 

beam will no longer be Gaussian and the measured value of deflection angle will represent an aver

aging of the deflection within the beam cross-section. Accurately accoimting for these effects 

requires a detailed knowledge of the index gradient profile and its time-development within the 

cross-section of the probe beam. Since this information is unknown, no attempt will be made to 

account for the effects of an index gradient which varies across the diameter of the probe beam. 
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Development of the measurement theory will be constrained to geometrical optics considerations. 

Discussion of the LDS refractive index sensor measurement theory will be facilitated by the sun-

plified geometry shown in Fig. 3.14. 
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bi-cell 
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Fig. 3.14. Simplified schematic representation of LDS refractive index sensor meas
urement geometry. Size of outgassing region and amount of angular 
deflection have been greatly exaggerated for clarity. 

The following discussion is based upon the treatment given in Cuneo et al. (1991). The 

total index of refraction is a sum over the refractivities of the individual species present (Griffiths, 

1989, p. 384): 

J J 

(3.34) 

where rj is the total index of refraction, rj is the index of refraction of component j , n are the 

densities of the individual components, and K- is the specific refractivity (in units of cmVatom), 

given by 

^d{n,-\) ^drjf 
J drij drij 

(3.35) 

Electron refractivity, K^, can be found - for laser frequencies which exceed the plasma frequency 

(co ) - using the expression for the index of refraction of a plasma (Griffiths, 1989, p. 387) 

ne 2 ~ 2 4 K^ nigSQC 
^ 

(£)' 
\+K^n^ , (3.36) 
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where K^ = - A,-2.83x10-25 (̂ m )̂ for the laser wavelength, X, in units of nm. At the He-Ne 

wavelength of 632.8 nm, A:̂  = - 1.79x10-22 cm^ and the critical density for plasma frequency 

cutoff is «^„^ = 2.8x1021 cm-^. For ground-state neutral gases that are transparent in the visible 

spectrum, the specific refractivity can be found from Cauchy's equation (Griffiths, 1989, p. 384) 

r 
Tl„ = 1 + ^ I + 
'g V 

B\ji^ 
Xy risTp = l ^ ^ g ^ g (3.37) 

where constants A and B are given in Table 3.3 for commonly adsorbed gases. X is in units of îm, 

and n^fp is the gas density at standard temperature (273.15 Kelvin) and pressure (101.35 kPa = 

760.19 Torr). Prior to breakdown, the component species will be limited ahnost exclusively to 

desorbed neutral gas and electrons in the SSEEA. This analysis will be limited to low densities 

(< 1020 cm-^), and optical frequencies, where TJ is close to 1 and is governed primarily by the 

motion of free and boimd electrons. 

Table 3.3. Refractive index at STP and Cauchy coefficients for commonly adsorbed 
gases (Allen, 1973) and electron plasma. Refractivities are calculated 
from Cauchy coefficients using the number density for an ideal gas at 
STP (nsTP = 2.687X lO^^ cm-3), and the He-Ne wavelength of 0.633 [un. 
The refractivity of water vapor was calculated using (r| - \)lngjp, since 
the Cauchy coefficient was not given for optical frequencies. Note that at 
standard pressure and room temperature, «2PJA: = 2.505 xlO^^ cm-^. 

Specie 

Air 

O2 

N2 
H2O 

CO2 
CO 

NO 

e-

r[ (D lines) 

1.0002918 

1.000272 

1.000297 

1.000254 

1.0004498 

1.000334 

1.000297 

y4[xlO-5] 

28.71 

26.63 

29.06 

516 (at radio freq.) 

43.9 

32.7 

28.9 

5 [x 10-3] 

5.67 

5.07 

7.7 

6.4 

8.1 

7.4 

A:g[x 10-23 cm3] 

1.08 

1.00 

1.10 

0.95 

1.66 

1.24 

1.10 

- 17.90 

In the theory of geometrical optics (e.g., the branch of optics in which the wavelength can 

be assumed to be negligibly small), the deviation of a light ray in a refractive medium is given bv a 

differential equation that describes the minimum optical path length of a rav in the medium, where 

the integral J rjds along the curve C is the optical length of the curve. One of the properties of a 

rav is that the electric and magnetic field vectors are orthogonal to the ray at every point. The 

vector form of the differential refraction equation is (Bom and Wolf, 1970) 
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d ( dr\ 

where rj is the total index of refraction, s is the length of the ray measured from a fixed point, r is 

the position vector of a typical point on the ray, and the gradient is perpendicular to the rav path, s. 

Integration of the refraction equation (3.38) yields the relation 

fs^~n^ f^inj(rj)ds (3.39) 
j path 

For small deviations from the original ray direction (small angle approximation), and neglecting 

gradients parallel to the ray path (since the detector is insensitive to them), the integrated refraction 

equation (3.39) may be simplified to: 

dr \ ^ h dn,{x,y,t) 

^ ^ tan(5cD) ̂  ^<^ - 2^ Ĵ ^ ^ / ^ / - ^ ^ ' (3.40) 
j 

where tj~^ has been taken as approximately unity in front of the integral in equation (3.39). Thus, 

the deflection angle, 50, is a function of the transverse gradient of refractive index, dijldy, which is 

proportional to the transverse gradient of the number density, dnidy. 

3.3.1. Estimate of Detection Threshold 

An estimate of the minimum detectable gradient can be made based upon the minimum 

detectable deflection angle. Integrating (3.40) - using the small angle approximation from 

Fig. 3.14 that S = AF „̂̂  / (Acj) L) - and assuming a single species,y, and separable z and>' gradient 

dependence yields: 

^y{Yp,t) V^{Yp,t) dn,{Yp,t) 
50(7^,0 = - ^ ^ := - ^ ^ = ^Z{Yp,t)-f-Kj--^^ . (3.41) 

In this equation, AZ is the laser-gas interaction path length,/is a unitless form factor appropriate 

for the gradient profile along the interaction path in the z-direction (ranging from 0.5 for a linear 

profile to 1.0 for a uniform profile - Cuneo et al., 1991), L is the length of the optical moment arm, 

and Y is the probe laser height above the sample surface. Solving (3.41) for the minimum density 

gradient produces: 

f dn\ SOmin Ĵ m/w 
dy) ^ AZ-fKj S-EAZ-f-Kj (cm-^) . (3 42) 

The minimum detectable density gradient in the existing coaxial test apparatus, for F ,̂̂  = 2 mV. 

S = 1 m\l\xm, /. = 100 cm, AZ = 10 ^m,/= 0.5, and AT = 10-23 ^^2, ^̂  
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^ -̂  ^ nun 

Using equation (2.9) and the data in Table 2.1, the density of neutral gas desorbed by the saturated 

avalanche can be estimated as Ml d = 1.9x10^^ cm-3. With a mean desorption velocity of 

VQ = 3x10^ cm/s (for a gas molecule of mass 28 amu and thermal energy 1 eV), the gas could 

travel a distance of 30 |xm in a span of 10 ns. The expected density gradient can be approximated 

as 

M 1.9x1018 cm-3 
— « — = 6.3x1020 cm-4 , 
Isy 30 |xm 

corresponding to a minimum detectable gas density n^ = 1.9x lO^^ cm-3 (_ 50 Torr). This estimate 

implies that it may be possible to directly detect desorbed neutral gas. 

An approximate relationship for the minimum detectable particle density as a fiinction of 

probe-beam diameter, interaction region dimension, and species can be written using equations 

(3.32) and (3.42): 

^ 5 0 n u n f e r / ( l ) - e r / l - - ^ ] ) . (3.43) An = 
AZ'f-Kj 

Figure 3.15 shows an example for the minimum detectable densities of the plasma electrons, n^, 

and the neutral gas atoms, w v̂' ^^ing K^ = 1.8x 10-22 ^^j /^^ = 1 1 x 10-23. -j^g minimum detect

able beam deflection has been taken from section 3.2.1 as SOmin = 8-10-^ rad, and the beam radius 

at the focus as w^^^ = 10 îm. The interaction region is assumed to be rectangular in shape along 

z, with length AZ, and a density which reduces linearly from n^ or rij^ at the surface to 0 at height h. 

With this profile, the lower limits for the minimal detectable densities are 10^^ cm-3 ^Q IO17 cni-3 

for electrons and 10^7 cm-3 ^Q iol8cm-3 for neutral gas depending on the length, AZ, and the 

height, h, of the outgassing and plasma cloud. Note that the greatest sensitivity (lower curve in 

Fig. 3.15) is achieved for the case in which h is of the same order of magnitude as w^,„ . Thus, for 

identical gradient profiles, the number density of the neutral gas would have to be greater than that 

of the electron cloud by at least a factor A:̂  / AT;̂  = 18, in order to be detectable. 

Equation (3.40) relates the deflection angle to the gradient of the number-density of the 

species in the path of the probe beam. For a single species in the small-angle approximation, the 

deflection angle, 50, is related to the gradient of the refractive index by the expression 

SO = \-^dz . (3 44) 
dy 

In principle, assuming that deflection measurements are reproducible, it is possible to obtain a 

vertical profile of the refractive index gradient by deconvolving a series of measurements at 
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different heights above the surface (Greenspan and Reddy, 1982) Extraction of the refractive 

index or the densities of the particles from the deflection signal requires that a density profile is 

known or assumed. 

10 18 
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; 10 17 
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Fig. 3.15. Minimum detectable number densities as a fimction of the length and 
height of the outgassing or plasma region. Number density gradient has 
been assumed to be linear for the purposes of this graph. 

3.3.2. Extraction of Plasma Parameters Assuming a Stationary 
Gaussian Density Profile in the Developing Discharge 

Determining the rate of increase of charge-carriers in the development stage of breakdown 

requires extraction of plasma parameters from the deflection signal during the stage of exponential 

current rise. The time-constant of the current rise in the breakdown stage is approximately 1-2 ns 

(Hegeler et al., 1993 (a)), resulting in a 10%-90% breakdown current risetime of 2-5 ns. Assume 

that the charge-carrier density is rapidly increasing in this time, that the arc-channel is cy lindricallv' 

symmetric from cathode to anode and is essentially stationary, and that the carrier distribution 

within the arc-channel is Gaussian. Integration of equation (3.40) for a single species under these 

assumptions yields 

5O(y,0 = -n,{t)K,-Y^ e V ^ (345) 



56 

where njj) is the density of charge carriers in the center of the distribution. Note that the assump

tion that the cross section of the arc-channel remains constant constrains nj^t) to be directlv pro

portional to the current. Since it has been assumed that only 5O(y,0 and nj^t) are functions of 

time, equation (3.45) can be solved for nj(t): 

rioit) = - K n .r ^" ^ -^^F{y,R,) . (3.46) 

where F(y,R^) is a constant in time, dependent upon the distance, y=yi,- yco^ between the probe 

beam and the center of the arc-channel, and upon the \le radius, R^, of the arc-channel during final 

breakdown. Figure 3.16 contains a plot of the dimensionless parameter F(y,R^). Due to the statis

tical nature of the arc-channel location at breakdown, it is not possible to know ̂ ^ and R^ precisely. 

For the condition 0.33 <y/R^< 1.2, nj^t) may be estimated as 

n^{t) « - 0 . 8 — ^ . (3.47) 
^e 

Equation (3.46) can be used to estimate the charge-carrier density, as a fiinction of time, from an 

experimental measurement of 5cD(r). The approximation of equation (3.46) onlv holds for meas

urements where J' is of the same order as R^, and only during the charge-carrier amplification stage 

of flashover. 

Once n^(t) has been determined, it can be used with I(t) - from the current sensor - to 

estimate the mean drift velocity of the electrons at the time at which the current transitions from a 

linear rise to an exponential rise. Mean drift velocity is given as 

hh 
w = ^ , (3.48) 

q n^h Tl R^ 

where /̂ /̂  is the value of current at the transition, ŵ /, is the value of electron density at the transi

tion, and R is the Me scale length of the arc-channel. The drift velocity can then be used to deter

mine the background neutral density, N, from a graph of w versus EIN, such as that shown for 

nitrogen in Fig. 3.17. The value of ^ / A'̂  (1 Td = 10-17 y cni2) corresponding to w is read from 

the graph, then divided into the value of the applied electric field, E, to yield the neutral density. 

Graphs of w versus EINSLTQ given in Appendix A for additional gases. 

The graph value ofEINis also used to find Townsend's first ionization coefficient from a 

graph of a / TV (cm2) versus EIN (Td) such as that shown in Fig. 3.18. Figure 3.18 was calcu

lated using 

a f B ^ 
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Fig. 3.16. Plot of dimensionless parameter F(y,R^). 
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Fig. 3.17. Drift velocity and ratio of lateral diffusion coefficient to mobility for elec
trons in nitrogen (Huxley and Crompton, 1974, p. 629). 
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where the coefficients ^ and 5 are given in Table 3.4 for several gases which are typically found m 

vacuum systems. The product of Townsend's first ionization coefficient and the drift velocity 

yields the ionization frequency, and the inverse of the ionization frequency yields the time constant 

of the charge-carrier amplification: 

1 1 
T = 

a w 
(3.50) 

15 
10 

r< 

^ 

^ 

T 1 1 I I I I 

J I I I I I 
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1—r I \\z 
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J I I ' l l 

10 

E/N [Td] 

Fig. 3.18. Townsend's first ionization coefficient, plotted as a/A^ versus EIN, for 
dry air (fine curve), nitrogen (bold curve), carbon dioxide (dash-dot 
curve), and hydrogen (dotted curve). 

Table 3.4. Ionization coefficients A and B for various gases at 293 K (Kuffel and 
Zaengl, 1984, p. 318). 

Gas 

H2 
N2 
air 

CO2 

A ion pairs 
(cm-l Torr-1) 

5 
12 
15 
20 

B 
(Vcm-lTorr-l) 

130 
342 
365 
466 

E1p range 
(Vcm-lTorr-l) 

150-600 
100-600 
100-800 

500-1000 



59 

The degree of ionization at the transition to exponential growth can be estimated as the 

ratio of the charge-carrier number density, n^^, to the neutral density, A'̂ : 

nth 
Pdi == ̂  • (3.51) 

The number of gas molecules desorbed per electron, F, can be estimated by the ratio of the total 

number of desorbed neutrals {N n R^ dg) to the total number of electrons which traverse the gap in 

the linear current (saturated avalanche) phase. Given the duration, At, of the linear current phase 

and the amplitude, I^^, at the transition to exponential rise, the total number of electrons can be 

approximated as I^^ At I 2 q, where q is the electronic charge. The average number of interactions, 

between an electron and the adsorbed gas, during its transit across the gap is given by the ratio of 

gap width, dg, to the range of the electron trajectory, z. Using z = 2(.4i - A<^ I q £"//, the desorption 

efficiency can thus be written as 

d^ _ d^^NuR^d^ _ nNjd^R)^ 
z z \JthAtl2qJ (Aj-Ao)Ith^t 

E// . (3.52) 

3.3.3. Extraction of Plasma Parameters Assuming a Self-Similar 
Arc-Channel Expansion in the Fully Developed Discharge 

Although not directly related to charge-carrier amplification processes in the development 

stage of flashover, arc-channel expansion velocity and number density in the fiilly developed dis

charge can be determined under certain conditions. The amplitude of the fully developed break

down current is limited, by the 50-Q impedance of the experimental apparatus, to a value 

0.5 Vfj^l 50 Q. Assume that the total number of charge-carriers is constant during the discharge, 

that the arc-channel is cylindrically symmetric from cathode to anode and expands in a self-similar 

manner, and that the carrier distribution within the arc-channel is Gaussian. Integration of equa

tion (3.40) for a single species under these conditions yields 

where N^^ ^^ ^^ ^^^^ number of charge carriers and dg is the electrode gap distance. The first 

term on the right-hand side of equation (3.53) corresponds to nj^t), which must be a decreasing 

function of Ho conserve the total number of charge carriers as the arc-charmel expands. 

Let y=yb- yco ^ Ay he the height of the laser beam above the center of the arc-channel, 

and let R(f) = Rf^ + v^t represent the expansion of the arc-channel with constant velocity from a 

small initial extent. Then the time, t^^j^^^^ at which the maximum angular deflection occurs can be 

found from equation (3.53), by differentiation to find the critical point, as 

file:///JthAtl2qJ
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tmax = AJ 3 ^ ' \Ay\»R^. (3.54) 

Using this expression for t^,^ in equation (3.53) yields the peak angular deflection in terms of the 

total number of charge carriers and measurement parameters: 

Ŝ Cŷ ^̂ mo;*) = ^-^^J^ • (3-55) 

Equation (3.55) can be used to determine the total number of charge carriers, iV^̂ , from an experi

mental measurement of 50, for the case where A;; «>'̂  » R^ Re-writing this relation allows the 

number of particles in the arc-channel to be estimated from experimental data as 

^^o ~ 0.46 SK^ ' ^ -̂̂ ^^ 

where Vpj^ is the peak value of the LDS signal in volts, dg is the electrode gap distance. Ay is the 

height of the laser beam above the arc-channel, S is the LDS sensitivity in V/rad, and Kg is the 

specific refractivity of the dominant particles in the distribution (assumed here to be electrons). Let 

tgj be the time between the instant at which the current rises exponentially to full breakdown and 

the instant at which the LDS signal reaches 10% of its peak value. Numerically solving equation 

(3.53) for tg J yields the mean expansion velocity in terms of experimental parameters of the arc-

chaimel: 

to.i ^r(ybMi) = YXTr' (̂ •̂ '̂ ^ 

where ?„j^ ̂ 2 tgj. The height, A_y, can be uncertain by an order of magnitude unless the meas

urement is made high above the surface. Experimental data regarding the position of the arc-chan

nel, discussed in Chapter 5, indicate that for measurements at 175 |im or higher, the uncertainty 

should be less than 50%. 



CHAPTER 4 

EXPERIMENTAL APPARATUS 

In order to accurately observe the pre-flashover phenomena of interest, the experimental 

apparatus must satisfy the somewhat conflicting requirements of low stray reactance and high 

dielectric strength. Consequently, the system was designed to be coaxial from the charging line, 

through the test chamber, to the load line. There is obviously a mismatch in impedance at the 

sample under test, but the test chamber itself is coaxial - with an outer conductor and inner con

ductor - matched as closely as possible to a 50-Q impedance. The electrical length of the mis

match associated with the sample-holder is less than I ns. Custom coaxial fittings were designed 

and constructed with the goal of operating at dc potentials of up to 50 kV and pulsed potentials of 

at least 100 kV. These fittings allow a great deal of flexibility regarding the addition or removal of 

various components, such as current and voltage sensors, triggered spark gaps, and high-voltage 

cable (RG-19). Details of the construction of these fittings are given elsewhere (Hegeler, 1991). 

The coaxial test apparatus is fast and compact, with minimal stray reactance to affect 

measurements of surface discharge phenomena, and the capacity to operate at dc self-breakdown 

potentials of up to 50 kV (Hegeler et al , 1992, 1993 (a)). This chapter provides an overview of 

the high-voltage charging system, the vacuum chamber and pump stand, test electrodes and sample 

holder, diagnostic sensors and data acquisition system, the optical alignment procedure, and 

experimental noise sources. 

4.1. High-Voltage Charging System 

The test apparatus, depicted in Fig. 4.1, has been operated in both a dc-charged mode and 

a pulse-charged mode. In the dc-charged mode, the 50 Q coaxial charge line - 55 ns in length - is 

connected directly to the sample chamber and charged by a 100 kV supply through a 100 MQ 

high-voltage resistor with a slowly (T ~ seconds) increasing voltage until the sample flashes over. 

The dc charging operation eliminates measurement difficulties associated with switching the charge 

line (i.e., finite pulse risetime and displacement current flow when the pulse reaches the sample 

chamber). In the pulse-charged mode, a 100 ns length of 50 Q RG-19 Ime is dc-charged through a 

500 MQ high-voltage resistor to voltages of up to 70 kV and then switched into an initiallv 

uncharged line which is connected directly to the sample chamber. Switching is accomplished via 

a pressure-triggered spark gap. Physics International (PI) Model 670. The PI gap is charged with 

nitrogen to 50 psi, then triggered by venting the nitrogen into a 17 liter chamber evacuated by a 

roughing pump to approximately I Torr. A 200 MQ high-voltage resistor is connected between 

the PI gap and ground to assure reliable triggering and to safely drain residual charge from the 
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intermediate coaxial line. A voltage pulse of 200 ns duration and half the charge voltage m ampli

tude is generated when the PI gap closes. The pulse travels through an RG-19 Ime with a one-wav 

transit time of 140 ns to the test chamber. The voltage pulse reflects at the open test gap, and 

causes a displacement current to flow as the capacitances in the chamber charge. The time 

required for the voltage pulse to double at the open gap is approximately twice the risetime of the 

pulse. For sufficiently high charge voltages, the test gap flashes over before the pulse doubles. 

The system is terminated in a shorted transmission line, with a one-way transit time of 75 ns, which 

serves as a constant 50-Q load for 150 ns. The risetime of the voltage pulse varies with the 

applied charging voltage and is in the range of 6 to 20 ns. Fig 4.2. shows a measurement of the 

pulsed voltage, at the load-side of PI gap, for a charge voltage of 50 kV. The coaxial geometry 

provides for very fast electrical diagnostics and presents minimal reactive loading to affect surface 

flashover phenomena. 
R 

i: 
OPTICAL 

DIAGNOSTICS 

WINDOW 
INNER CONDUCTOR 

CHARGING 
LINE 

SLOW-WAVE 
CURRENT 

SENSOR 

LASER DEFLECTION 
DLVGNOSTIC IS ALIGNED 
ON AN AXIS NORMAL TO 
THE PLANE OF THE nGURE, 
THROUGH THE CENTER OF 
THE SAMPLE GAP 

CAPACITIVE 
VOLTAGE 
DIVIDER 

PI-670 SPARK 
GAP 

r-

CHARGING 
LINE 

R 

[ > - - ^ i 
LOAD 
LINE 

OUTER CONDI CTOR 

n vacuum 

^ insulator 

• test sample (dielectric) 

VACUUM PUMP aluminum flange 

Fig. 4.1. Coaxial experimental apparatus with planar sample. The charging circuit 
is interchangeable between a dc charge-line connected directly to the 
sample chamber, and a dc charge-line which is switched into an initially 
uncharged line that is connected direcfly to the test chamber. 

4.2. Vacuum Chamber and Pimip Stand 

The vacuum chamber is a custom six-port configuration, fabricated from a standard 3" 

Coming Pyrex cross and two additional 3" flanges. The chamber is connected to a Sargent Welch 

model 3106S turbo-molecular high-vacuimi pump, with a rated pumping speed of 400 liters/second 

in nitrogen, and an ultimate pressure below 10-7 jorr. A 4" mechanical gate valve at the inlet of 
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the turbo-molecular pump serves to isolate the chamber from the pumping svstem. Pressure meas

urement in the range 10-^ to 10+3 JQ^ ĝ accomplished via a standard Pirani thermal conductivity 

gauge, and via a standard hot-cathode ionization gauge in the range 10-7 Q̂ IO-3 Torr. 

> 

"o 

> 

Time [5 ns/div] 

Fig. 4.2 Capacitive voltage divider measurement of pulsed charge voltage gener
ated by pressure-triggering the PI-670 spark gap at the charge voltage of 
50 kV (Hegeler, Masten, Krompholz, and Hatfield, 1993 (a)). 

Vibration isolation between the pump stand and the vacuum chamber is a serious consid

eration given the sensitivity of the LDS. A bellows could not be used because it would partially 

collapse when evacuated, destroying the alignment of the laser beam with the sample. Some vibra

tion damping is provided by the 0-ring seals between successive sections of the 3" Pyrex pipe. 

Additional vibration isolation has been provided by removing the roughing-pump from the pump 

stand. 

4.3. Test Electrodes and Sample Holder 

The samples (composed of various types of glass, polymer, and ceramic materials) were 

previously planar, with variable electrode gaps in the range of 3-6 mm, to allow for a relatively 

precise location of the arc channel for ease of diagnostic analysis. A new cylindrical sample 

geometry - shown in Fig. 4.3 - has been developed to accommodate the requirements of the laser 

deflection refractive index sensor, as discussed in the preceding chapter. The cv lindrical samples 
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are 1.9 cm in diameter by 5 mm in thickness with an electrode gap of 4-5 mm. Py rex and alumina 

samples are cleaned with methanol in an ultrasonic cleaner, while Lexan samples are cleaned with 

a mild detergent and then rinsed in an ultrasonic cleaner with distilled water. The samples are then 

placed in the vacuum chamber and pumped down for 2-4 hours, until system pressure is down to 

10-^ Torr. The electrodes have been coated in insulating epoxy save for a l.5-mm wide strip at 

the triple-point, serving to localize the arc channel to a small region on the circumference of the 

sample. A knife-edge protruding 1 mm from the cathode serves to locate the beam focus, as well 

as to further localize the arc channel with respect to the beam focus. The knife-edge was 

fabricated from a razor blade with an estimated radius-of-curvature in the range 5-50 jim when 

new. The mean radius of curvature after several hundred experimental flashovers is probably on 

the high end of this range. Bouwers and Cath (1941) have calculated the field enhancement factors 

(i.e., the ratio of the maximum field on the knife-edge to the mean field in the gap) of several sim

ple electrode configurations. The two which most closely approximate a knife-edge protruding 

~l mm from a flat cathode and spaced 5 mm from the face of a flat anode are (1) a c>linder paral

lel to a plane plate, 

0.9 air 
FEF^ bi(l +alr) 

yielding 20 < FEF^ < 130 for a = 5 mm and r = 5-50 \xm, and (2) a semicylinder on one of two 

parallel plane plates {FEF2 = 2 for « » r). These two configurations are limiting cases of the 

present experimental geometry, and their field enhancement factors should bound the actual value. 

The true field enhancement factor is expected to be in the range 10-50. 

4.4. Diagnostic Sensors and Data Acquisition 

Pre-flashover currents are measured, via the transmission line type current sensor dis

cussed in Chapter 3, with a practical resolution of 10 mA (corresponding to a voltage signal of 

2 mV at the oscilloscope). Since the main discharge current can reach amplitudes of several hun

dred amperes, a clipping technique with fast switching diodes is used to limit current sensor output 

to the amplitude range of a high frequency oscilloscope. Flashover voltage is measured with a 

coaxial capacitive voltage divider (sensitivity = 35 kV/V). Current and voltage measurements have 

a sub-nanosecond temporal resolution (Hegeler. Masten, Krompholz, and Hatfield, 1993 (a)). 

Previous experiments with this system involved the use of an external electromagnet to 

apply magnetic flux densities, to a planar sample in a 4-port chamber, in excess of 300 mT 

(Hegeler et al. 1993 (a); and Hegeler, 1991). Measurement of pre-flashover visible luminosity was 

accomplished using a Hamamatsu R 4703 photomultiplier (PMT), with a resolution of a few 
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100 nW. Soft X-ray emission was measured with an Amperex XP 2020 PMT or a Hamamatsu R 

4124 PMT, using an NE 102 plastic scintillator, with a resolution of approximatelv a few mA 

(Hegeler et al., 1993 (a)). Current and luminosity measurements had a sub-nanosecond temporal 

resolution, and the X-ray measurement had a temporal resolution of a few ns with the Amperex 

PMT (the Hamamatsu PMT is faster, but not as sensitive). Time resolved simultaneous measure

ments could be taken from the current sensor and either of the two optical sensors. 

dielectric material \T\ permanent magnet 

knife-edge 

brass electrodes 

B - field 

View along electrode axis, 
normal to laser beam axis 

View along laser beam axis, 
normal to electrode axis 

Fig. 4.3. Geometry of cylindrical sample holder and test electrodes. The electrodes 
were designed to accommodate rare-earth permanent magnets in order to 
experiment with magnetic field effects. The flux lines depicted represent 
the case in which the North and South poles of the two magnets are in 
opposition. 

Data recording is presently accomplished with four 1 GHz oscilloscopes. A common sig

nal - either from a current sensor or a voltage divider - is used to externally trigger up to four 

Tektronix 7104 scopes recording the current, voltage and deflection signals. Where necessary, 

coaxial lines (Andrew 84147/LDF4-50A) with a bandwidth of several GHz are used to compensate 

for the delays associated with the common trigger signal. The coincidence of current, voltage and 

deflection signals is estimated to be exact within a limit of ±0.5 ns, where cable lengths, light 

paths, sensor transit times, etc., are taken into account. The output of the oscilloscopes is recorded 

by Tektronix CI002 digitizing cameras interfaced to an IBM-compatible PC. 

The digitizing cameras record an image of the oscilloscope face which is subsequentlv 

converted to a wave-trace. The CCD imager in the C1002 has a pixel grid of 512x512 with 8-bit 

depth, and the oscilloscopes have a tvpical usable area of 10 divisions by 10 divisions. The C1002 
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thus provides a maximum resolution equivalent to 2% of an oscilloscope division. The waveform 

acquisition algorithm scans the image a pixel at a time along the time axis. The location of the 

acquired trace on the amplitude axis, at each point in time, is computed based upon a weighted 

average of the light imaged in the 512 vertical pixels located at that point on the time axis. This 

results in an accurate waveform acquisition even if the beam trace is many pixels wide. Signals 

which oscillate very rapidly (i.e., several times in one division), however, are sometimes "averaged" 

by this algorithm. The only signals routinely recorded in this research which oscillate enough to be 

averaged are the voltage breakdown signals. Breakdown voltages above approximatelv 15 kV 

excite a damped oscillation in the capacitive voltage divider for 20-30 ns. Even though the oscil

lations are averaged out, the discharge amplitude of the resulting signal is unaffected and risetime 

information is generally still available. 

In addition to electrical path lengths, insuring the proper timing between the LDS, current 

sensor, and voltage divider requires that the propagation delay in the LDS be measured and taken 

into account. This was accomplished using a small coaxial spark gap in air to generate a 2 ns 

risetime light pulse. The risetime of the pulse was verified using a Hamamatsu R4703 PMT 

(0.8 ns risetime), and used to test the risetime of the LDS. Propagation delay for both the PMT 

and the LDS was measured using a B-dot probe near the spark gap. The LDSl had a propagation 

delay of 8 ns, LDS3 had a propagation delay of 4 ns, and the R4703 PMT had a propagation delay 

of 11 ns (versus the 8 ns listed in the data sheet). 

4.5. Optical Aligimient Procedure 

Each time a sample is placed in the sample-holder, the probe laser beam must be realigned. 

Alignment of the focal point with respect to the sample is accomplished by replacing lens 2 with a 

dark low-reflectance background, so that the image of the beam cross section is clearly visible. 

Lens 1 (see Fig. 3.10) is mounted on a base with micrometer adjustments in they- and x-directions. 

Tick marks are in imits of 10"^ inch (2.5 îm) in the j;-direction and 10-3 ^^^i (25 îm) in the x-

direction. The focal point of the beam is centered above the sample by varying the height of the 

beam until it begins to be cut off by the sample. If the beam is centered, its image will go dark 

virtually simultaneously over the entire cross section with a vertical adjustment of about 25 [im. If 

the focal point significantly deviates from center along the z-axis, the 25 |Lun vertical adjustment 

will result in a clearly visible shadow on the upper or lower edge of the beam image. 

The height of the beam above the sample is estimated based upon the characteristics of the 

beam near cut-off. When the center of the beam is tangential to the sample surface, the beam 

image will exhibit approximately half its full intensity. An example is shown in Fig. 4.4. Once the 

beam has been centered, it is lowered until approximately half its intensity is blocked bv the 
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sample. This is then used as a baseline for beam-height adjustment. In order to apply significant 

laser intensity near the surface of the sample, beam center heights below 25 ^mi must be used. 

Figure 4.4 makes clear the fact that the beam shape at heights less than 25 ^mi is no longer Gauss

ian, and hence that the measurement sensitivity derived in Chapter 3 does not strictly applv How

ever, since the bi-cell detector effectively integrates the incident intensity, the primary effect of the 

beam-shape distortion is probably in reduced optical power, rather than in the distortion itself As 

Fig. 4.4 demonstrates, beam power is not significantly obstructed for beam heights of 5 ^m and 

above. 

4.6. Electrical Noise Sources 

Mitigation of electrical noise is important in these experiments due to the small amplitude 

of some of the signals of interest. There are 4 primary noise sources which have been identified. 

Mechanical vibration and laser intensity ripple are coupled into the LDS circuit by the bi-cell pho

todetector. Amplifier noise exists even if the laser is turned off, and the detector is particularly 

sensitive to rf (radio frequency) noise from the experimental discharge. 

The roughing pump contributes significant vibration even though it has been removed from 

the pump stand. Consequently, the pump is de-energized immediately prior to initiating an expen-

mental flashover event. Background mechanical vibration from the building structure is approxi

mately 25 fim in amplitude (peak-to-peak) with a frequency of approximately 100 Hz. This results 

in low frequency noise signals of approximately 0.1 V, IV, and 5 mV peak-to-peak for LDSl, 

LDS2, and LDS3, respectively. These signals are easily filtered by simply setting the oscilloscope 

vertical amplifier to ac coupling. However, in the case of LDS2 the magnitude of the noise signal 

approaches the saturation limits of the amplifier (+2 V, - I V). 

A significant laser intensity ripple was discovered while testing the detector in the LDS3 

(high-bandwidth) configuration. Illumination of one cell of the bi-cell detector resulted in a 

113 mV signal with a uniform 15 mV peak-to-peak modulation at 660 MHz (13% modulation). 

Illumination of both cells, slightly off-center so as to produce a mean signal of 30 mV, resulted in a 

peak-to-peak modulation of 7.6 mV at 660 MHz (25% modulation). In order to verify that the 

laser was the cause of the signal modulation, the detector was illuminated with a battery powered 

lamp, producing a 20 mV signal and no detectable modulation. This laser intensity modulation is 

not discernible with LDSl or LDS2, due to their limited bandwidths (refer to Table 3 2), but it 

could be a problem with high-bandwidth circuits. The Oriel (model 79274, 10 mW unpolarized) 

He-Ne laser used in this research is rated at a maximum rms amplitude fluctuation of 1% for fre

quencies in the range 30 Hz - 10 MHz. 
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- 5 ^m 0 ^iin 

5 ^im 10 iim 

15 fim 25 îm 

Fig. 4.4. Interference fringes in probe laser beam at various beam-center heights 
above the sample surface. Calculated Me probe beam diameter is 20 p.m. 
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Amplifier noise levels are approximately 1-2 mV peak-to-peak for both the oscilloscope 

vertical amplifier and the LDS amplifier circuit, respectively. These inherent noise levels are rea

sonable, and no mitigation is required. Radio frequency noise from the experimental discharge 

plagued early measurements, which were conducted with the LDS in a screen box outside the 

screen room. Noise levels were in the lO's of mV. A new screen room was constructed, and the 

experiment rearranged so that the LDS detector is positioned inside the screen room. Radio fre

quency noise is now negligibly small. 



CHAPTER 5 

EXPERIMENTAL RESULTS 

5.1. Temporal Evolution of Refractive Index Gradient at Vanous 
Beam Heights Above Different Dielectnc Materials 

The dc-charge system was used to acquire data for Pyxex, alumina, and Lexan samples at 

beam center heights of 5 ^mi, 25 ^m, 75 ^m, and 175 pm. One run was taken on alumma at 

275 [im, and one run each was taken on alumina and Lexan at 0 ^mi. In this series of measure

ments, approximately 10 shots were taken for each material at each of the various beam-center 

heights. These data provides an indication of the spatial domain of charge-carrier processes above 

the dielectric surface. Typical deflection waveforms for alimiina, at various beam-center heights 

above the sample surface, are shown in Fig. 5.1. 

Near the sample surface, LDS signals begin with the second phase exponential current rise 

or earlier. Far away from the surface, deflection signals may begin a few ns after the exponential 

current rise. Deflection signals exhibit two temporally distinct components (see Fig. 5.1). One 

component is fast, with a risetime that is often less than that of the LDS used (LDSl, r̂  = 7 ns), 

and a duration of approximately 30 ns. The other component is much slower, on the order of tens 

of nanoseconds in risetime, with a duration on the order of microseconds. 

• . . » » 
. Voltage (12 kV/div) 275 }im 

Shot 12 

» » 

Alumina 

•vr 

100 ns/div 

Fig. 5.1 Long time-scale measurement demonstrates two distinct temporal compo
nents in deflection signal. 
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The fast component generally consists of a downward deflection when the laser beam is 

close to the dielectric surface and an upward deflection "far" (more than 100 ^m) away from the 

surface. At intermediate heights (between 5 ^m and 75 |im). bipolar signals are sometimes seen. 

Previous measurements with large spot size (150 ^mi) "far" awav from the surface (Hegeler, 

Masten, Krompholz, and Hatfield, 1992) contained solely deflections away from the surface. 

These general trends are demonstrated in Fig. 5.2. Although statistical vacations are apparent in 

the data, most of the deflection signals measured close to the surface are downward, and most of 

the deflection signals measured far away from the surface are upward. Measurements at interme

diate heights show the most statistical variation for Lexan and alumina. Of the three material 

types, Pyrex demonstrated the most statistical variation in deflection waveshape at all heights. It 

should be noted that in these preliminary measurements, the position of the developing flashover 

channel has not been monitored, so that large statistical variations are to be expected. In fiiture 

experiments, a streak camera could be used to obtain information on the location of luminance 

processes with respect to the laser beam focus, to reduce these statistical variations. 

Measured bipolar signals change polarity in times that are less than the risetime of the 

LDS detector. This is interpreted to indicate detection of a change in the refractive index gradient, 

in the path of the beam, of sufficient speed and amplitude that the LDS detector simply integrates 

the deflection signal. 

The magnitude of deflection signals generally scales with breakdown voltage, and signals 

far from the surface are generally smaller - with longer risetime - than those near the surface. 

Signals indicating pre-flashover beam deflection only occur at heights of 25 |iun or less. Assuming 

identical density distributions, it is expected that neutral gas deflection signals are approximately a 

factor of 20 smaller than "plasma" signals, due to the greater specific refractivity of electrons ver

sus neutral gas atoms. 

At heights of a few 100 imi, as can be seen in Fig. 5.2, there tends to be a time dela> 

between the exponential rise of the current and the beginning of beam deflection. It is possible to 

estimate the expansion velocity of the plasma region from this time delay. In this case, the expan

sion velocity is on the order of 10^ cm/s. 

LDS measurements display a great deal of statistical variation, although it is possible to 

detect trends in the data. Table 5.1 shows a series of measurements taken on alumina, Lexan, and 

Pyrex samples, arranged according to probe beam height above the sample and LDS waveform 

type. 
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S h o t n o . 7 

S h o t n o . 1 

S h o t n o . l O 

" V o l t a g e 

VTbi- = 1 2 k " V 

7 5 | j . m 
VTbr = 3 4 k V^ 

S h o t n o . 6 1 7 5 | j . m 
Vnbr = 291€LV^ 

20 ns / div 

Fig. 5.2. Laser beam deflection signals at various heights above an alumina sample 
surface with an electrode gap of 4 mm. The dotted vertical line indicates 
the point at which the current begins an exponential rise to its full dis
charge amplitude. Deflection signals are 5 mV/div. Assuming that the 
entire beam is deflected, this corresponds to a beam deflection of 
28 fxrad/div. 



Table 5.1 Shot statistics for data taken on alumina near the center of the sample gap. 
Data are arranged according to probe beam height and LDS waveform 
type. These data were taken in the dc charge mode, and the predominant 
height for each waveform type is highlighted. 
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r 
Material 

Pyrex 

Alumina 

Lexan 

Number of shots (percentage of the total) exhibiting this waveform type 

at the given beam height 

0 |j,m 

12 (67%) 

7(58%) 

5 fxm 

2 (17%) 

5 (56%) 

6 (67%) 

25 |Lim 

1 (8%) 

4 (36%) 

75 (im 

10 (45%) 

2 (17%) 

1 (10%) 

175 |j.m 

2(15%) 

275 )Lim 

- v ^ 
Material 

Pyrex 

Alumina 

Lexan 

Number of shots (percentage of the total) exhibiting this waveform type 

at the given beam height 

0 fxm 

I (6%) 

5 |i,m 

1 (8%) 

1(11%) 

25 fim 

2(17%) 

75 \im 

1 (8%) 

175 fim 275 Jim 

Jl^ 
Material 

Pyrex 

Alumina 

Lexan 

Number of shots (percentage of the total) exhibiting this waveform type 

at the given beam height 

0 |Lim 5 |j,m 

5 (42%) 

1(11%) 

25 fxm 

2 (17%) 

3 (27%o) 

75 |a,m 

2 (9%) 

175 jiun 275 |xm 

Material 

Pyrex 

Aliunina 

Lexan 

Number of shots (percentage of the total) exhibiting this waveform type 

at the given beam height 

0 |Lim 

2(11%)) 

2(11%) 

5 nm 

2 (22%) 

1(11%) 

25 [wn 

4 (33%) 

10(91%) 

4 (36%) 

75 |im 

1 (5%) 

9 (75%) 

2 

175 |im 

3 (27%) 

4(31%) 

2 (67%) 

275 ^m 

6 (46%) 
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5.1.1. Analysis 

Given the general trend in the data, from a downward deflection near the surface to an 

upward deflection far from the surface, and the nature of the statistical variations in signals at 

intermediate heights, it can be postulated that the flashover channel forms at some distance (a few 

tens of microns) above the surface as shown in Fig. 5.3. Bipolar signals can be interpreted to 

indicate that the position of the flashover channel shifts across the center of the probe beam during 

the first 20-30 ns after breakdown. 

neutral gas 
density profile 

40 |am 

y/} 

plasma density 
profile 

WTAW/^ 
Idielectric surface 

¥:yM^^'m:<M^^-:^::m ^,.r;;:;C 

Fig. 5.3. Conceptualized drawing of possible neutral gas and plasma density pro
files, and beam deflection directions, at the transition from pre-flashover 
processes to full breakdown. 

Equation (3.43) can be used to roughly quantify the density gradients depicted in Fig. 5.2. 

Assuming that the entire probe beam is evenly deflected, the LDS data in Fig. 5.2 correspond to 

deflections of 28 |j.rad/div (= 5 mV / 180 V/rad). If it is further assumed that the length, AZ, and 

the height. Ay, of the interaction region are approximately the same, then the data in Fig. 5.2 corre

spond to An « (28 jirad/div) / ^ , or 2-10^7 cm-3/div assuming plasma refraction {K^ = 1.8-10-̂ 2 

cm3) and 3-10^^ cm-3/div assuming neutral gas refraction (Kg = 1-10-̂ 3 cm3). Note that, with the 

assumption that AZ » Ay, equation (3.43) reduces to a form similar to that of equation (3.47). 

Application of equation (3.56) to shot number 6 in Fig. 5.2 yields a total carrier number of 

Ng^x5-\0^^ and a mean radial expansion velocity, for the first 15 ns after breakdown, of 

v̂  « 710^ cm/s. This total number of carriers corresponds to a carrier density of approximatelv' 

8-10^^ cm-3 at a channel radius of approximately 200 îm. The LDS signal of shot number 6 has 

a peak amplitude of 2 divisions, corresponding to a density of 4-10^7 cm-3 using equation (3.43) as 

an estimate. These two estimates differ by a factor of 20. Additionally, the estimate of equation 

(3.56) may have little bearing on the charge-carrier amplification mechanism since the peak occurs 

approximately 10 ns after the discharge current reaches its fiill amplitude. At this point in the 

breakdown there may be electrode material and insulator material participating in charge transport. 
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Occurrence of a bipolar signal implies that the arc-channel forms near the centerline of the 

LDS probe beam. This suggests that the approximations made in deriving equation (3.47) mav 

apply. Figure 5.4 contains LDS, current, and voltage signals for a bipolar signal at a height of 

25 |j.m above a Lexan sample. The shallow slope of the current waveform prior to breakdown can 

be interpreted as an indication of the formation of a saturated secondary electron avalanche of 

duration At = 65 ns. The amplitude of the current at the transition to exponential growth is 

approximately 7̂ ;, = 1 A. The fine structure in the current waveform is digitizing noise. Substitut

ing the LDS sensitivity of 180 V/rad, and the electron refractivity of-1.8xl0"22 cm3 at 632.8 nm, 

into equation (3.47) yields a value of 2.5x10^7 cn -̂3 / ĵĵ  during the exponential breakdown phase 

in Fig. 5.4. The peak positive deflection of 18 mV corresponds to a plasma density of 

4.5 X 10^7 cm-3, Yvhich is in the range of the previous estimates for Fig. 5.2. 

TIME [20 ns/div] 

Fig. 5.4. Bipolar LDS signal at a height of 25 |am above a Lexan sample. 
F^^ = 25 kV. Sample thickness is 5 mm. This was the 10th flashover for 
this sample. Fine curve is current at 2 A/div, bold curve is LDS at 
10 mV/div, and dotted curve is voltage on the load side of the gap at 
7 kV/div. The sensitivity of the LDS in this measurement is 180 V/rad. 

The small size of the positive deflection peak in Fig. 5.4, versus the negative peak, implies 

that the plasma density estimate is probably low. The nature of the bipolar signal suggests that the 
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arc-channel moves in relation to the probe beam. In order to account for the effects of arc-channel 

drift and expansion, as well as carrier multiplication during the exponential rise of the current, 

equations (3.45) and (3.53) are combined to yield 

R iiir 
o 

5O(y,0 = -«.^^l-exp^ x;; 
f i l l ̂  2 yjt) ̂ /̂  -f(^ 

K. R(t) 
(5.1) 

where n^ is the carrier density in the center of the Gaussian channel at the end of the exponential 

current rise, R^ is the Me radius of the channel at the beginning of exponential current rise, 

yit) =yb~yc~ ^yo ^ ^^ the difference in position between the center of the probe beam and the 

center of the arc-channel, and R{t) = R^ + v^t is the radius of the arc-channel. It has been assumed 

that the charge-carrier density increases exponentially with the same time constant (i = 1-2 ns) as 

the current, that the arc-channel expands in a self-similar maimer with constant velocity (v )̂. that 

the position of the arc-channel changes with constant velocity (v ), and that the arc-channel has a 

Gaussian number density profile. In the absence of the simplifying assumptions made in sections 

3.3.2 and 3.3.3, analytical solutions for equation (5.1) are difficult. However, equation (5.1) can 

be fit to the experimental data by numerical trial and error (see Appendix B). Figure 5.5 shows a 

fit to the experimental data of Fig. 5.4. 

TIME [20 ns/div] 

Fig. 5.5. LDS data of Fig. 5.4 and fitted deflection curve from equation (5.1). 
Amplitude is 10 mV/div, and sensitivity is 180 V/rad. 
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The fitted curve in Fig. 5.5 has been convolved with a first-order {R-Q low-pass transfer 

function (time constant x = 3 ns) to account for the 7 ns risetime of the LDS. The range of 

parameters which provide a reasonable fit are given in Table 5.2. Taking a median value for the 

number density (n^ = 1.4x10^8 cm-3), ĵ̂ e electron density at the threshold between linear current 

rise and exponential rise can be estimated as n^^ = I^^n^ 11^ = (\ A) (1.4x10^^ cm-3) / (250 A) 

= 5.6x1015 cm-3. Evaluating this datum in accordance with the development of section 3.3.2 

yields the parameters in Table 5.3. 

Table 5.2. Parameters for the fitted deflection curve of Fig. 5.5. 

Po [^^] 

12 

20 

30 

40 

40 

50 

50 

n^ [xl0l8 

1.2 

1.4 

1.1 

1.9 

1.1 

1.7 

1.1 

cm" -'] yf -yc 1 

6 

9 

15 

15 

20 

20 

25 

îm] V yo [|im/ns] 

0.85 

1.4 

2.0 

2.6 

2.7 

3.2 

3.4 

v̂  [|im/ns] 

0.17 

0.40 

0.29 

1.2 

0.42 

1.2 

0.53 

Table 5.3. Arc-chaimel parameters derived from deflection measurement of Fig. 5.5. 
The ratios E/N are found from data for nitrogen gas for 
n^= 1.4x10^^ cm-3. Calculations are based upon E =50 kV/cm, At = 
65 ns, A^ = 30 eV, and^o = 1 eV. 

R 
luml 

10 

20 

30 

40 

45.5 

50 

[cm/sl 

4Ixl07 

10x107 

4.6x107 

2.6x10^ 

2.0x107 

1.7xl07 

E/N 
[Tdl 

3900 

980 

430 

240 

180 

150 

a/N 
fcm^l 

280x10-18 

130x10-18 

33x10-18 

4.6x10-18 

1.2x10-18 

0.3x10-18 

N 
[cm-3l 

I.3xl0l8 

5.1x1018 

12x1018 

21x1018 

28x1018 

34xl0l8 

a 
[cm-l] 

350 

640 

380 

98 

33 

11 

[ns] 

0.007 

0.015 

0.057 

0.40 

1.5 

5.3 

Pdi 
1x10-4] 

40 

9.4 

4.1 

2.3 

1.7 

1.4 

y / r 

0.023/9.8 

0.37/160 

1.9/810 

6.0 / 2600 

10/4400 

15/6500 

The row R = 45 5 pm in Table 5.3, corresponding to the observed current-rise time con

stant of 15 ns, contains the "most probable" arc-channel parameters. Note that if the curve for 

DI \i (Fig. 3.18) is extrapolated to 200 Td, a value of roughly 1.5 V is found. Mean electron 

thermal vclocitv can be calculated as (Huxley and Crompton, 1974) 
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(52) 

where q is the electronic charge (1.602x10-19 C) and m^ is the electronic mass (0.911x10-30 kg) 

Equation (5.2) yields a mean electron velocity of 890 jim/ns (= 8.9x 107 cm/s). The mean thermal 

velocity of the gas molecules, or ions, can be estimated based upon Maxwell-Boltzmann statistics 

as (Kuffel and Zaengl, 1984, p. 303) 

where k is Boltzmann's constant (1.381 x 10-23 j/j^)^ j ^^ ^̂ e gas temperature in Kelvin, and nig is 

the mass of the gas molecule (or ion). Using the 28 amu (= 4.650x 10-26 î g) ^^^ ^f ^ nitrogen 

(or CO) molecule, equation (5.3) yields a room temperature (293 K) mean velocity of 0.47 |xm/ns 

(= 4.7x 10^ cm/s). This is in good agreement with the values of v̂  listed in Table 5.2. 

If the gas molecules, or ions, in the arc-charmel were in thermal equilibrium with the elec

trons {kT= 1.5 eV), the mean gas velocity would be 3.6 \x.mJns (= 3.6x10^ cm/s). The mean 

fractional energy loss per elastic (non-ionizing) collision between an electron and a gas molecule is 

approximately A0 = 2m^ I nig, which is 3.9x 10-^ for a gas molecule of mass 28 amu (Kuffel and 

Zaengl, 1984, p. 310). Achieving thermal equilibrium would thus require roughly 10"̂  collisions 

between the electron and gas molecules. Table 5.4 lists the mean free paths of electrons in various 

gases near room temperature at atmospheric pressure. The relationship X{p, T) = X^p^T I p T^is 

an expression that the mean free path is directly proportional to temperature and inverselv propor

tional to pressure, and can be used to adjust the tabulated values for different temperatures and 

pressures (Kuffel and Zaengl, 1984, p. 306). At room temperature, the number density that is 

equivalent to a pressure of 760 Torr is 2.505x101^ cm-3, which is of the order of the densities 

calculated for Table 5.3. The mean free paths in Table 5.4 are an order of magnitude larger than 

the arc-channel radii m Table 5.3, resulting in the conclusion that the gas molecules in the arc-

channel cannot be expected to be in thermal equilibrium with the electrons. 

According to this analysis, at the transition from avalanche saturation to breakdown 

current rise, there are electrons (ŵ  « lOl^ cm-3) interacting with the gas cloud («g « lOl^ cm-3) 

3-5 ns prior to the fully developed discharge («g « 10l8 cm-3). J]^Q carrier density in the fully 

developed arc-channel leads to signals which are typically 20-60 mV in amplitude in the first 

20-30 ns nanoseconds of the discharge. The electron density at the transition pomt is 2 orders of 

magnitude less, and probably results in a signal which is within the noise level of the amplifiers. 

But why is there no detectable neutral gas deflection signal at the transition from avalanche 

saturation to exponential current rise? 
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Table 5.4. Mean free paths in various gases at 288 K and 760 Torr (Kuffel and 
Zaengl, 1984, p. 307). The mean free path for electrons in each gas has 
been calculated using the relationship Ag = 5.66Xg , and the effective 
cross section in the unit volume by Q = Nc5 = X -̂l̂  (Kuffel and Zaengl, 
1984, pp. 305-306). 

\ [nm] 

K [n^] 
Q [xlO^cm-l] 

H2 
[2 amu] 

117.7 

666.2 

8.496 

02 
[32 amu] 

67.9 

384 

14.7 

N2 
[28 amu] 

62.8 

355 

15.9 

CO2 
[44 amu] 

41.9 

237 

23.9 

H2O 
[18 amu] 

41.8 

237 

23.9 

Deflection signals are characterized by a fast unipolar or bipolar component, followed by a 

slow component which generally indicates a downward beam deflection (cf Figures 5.1, 5.2. and 

5.4). In order to determine if the slow downward component could be due to neutral gas, equation 

(5.1) can be modified to simulate neutral gas deflection signals (see Appendix B). In the case of 

neutral gas desorption, assume that the center of the Gaussian number distribution remains 

stationary at the surface of the insulator, that the gas cloud expands with near thermal velocity 

(0.47 |i,m/ns), and that the number density of desorbed gas molecules is proportional to the 

amplitude of the preflashover current - which is linear with time prior to the transition to 

exponential growth. With these modifications, equation (5.1) becomes 

fI^ 1̂  2.yftV^ ^~R(tr 

5cD(y, 0 = < 
~^W)^S R(t) 

-yjc 
2yu\ln ~R(tY 

t<At 

t> At 

(5.4) 

where At is the duration of the linear current phase. Kg = 10-^3 cm3,3;^ is the height of the probe 

beam above the dielectnc surface, and R{t) = v̂  t. Figure 5.6 shows simulated neutral gas signals 

using equation (5.4) with the data of Tables 5.2 and 5.3. Due to the absence of a discemible 

neutral gas signal prior to flashover in the experimental data, the simulations plotted in Fig. 5.6 

imply maximum neutral densities in the range N^ l-5xlOl8cm-3 and thermal velocities of 

v̂  « 0.2 \m\Jns (= 2x 10"* cm/s). 

The experimental data also indicate LDS signals - which are only slightlv larger in 

amplitude than the amplifier noise - prior to surface flashover (i.e., during the phase in which the 

current grows linearly). Figure 5.2 shows a signal of this type at 0 |am. These pre-flashover LDS 

signals, with a deflection toward the surface, have been observed only for measurements at 0 and 

file:///m/Jns
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5 nm height. At the measurement sensitivity of 180 V/rad, it is not possible to determme if these 

data constitute detection of neutral gas desorption (with a gas density gradient pointing toward the 

surface), pre-flashover plasma (with a density gradient pointing away from the surface) as shown 

in Fig. 5.3, or simply larger-than-average noise signals. Regardless of source, these pre-flashover 

signals are seen to be temporally separated from the "main" pulses (cf the 0 [im curve in Fig. 5 2). 

which indicates that there are two different phenomena responsible for these waveforms. Based 

upon these indications, it can be assumed that improving the detection threshold by an order of 

magnitude should provide sufficient resolution to determine the origin of these pre-flashover 

deflection signals. 

\^ 

TIME [20 ns/div] 

Fig. 5.6. LDS signals for neutral gas desorption simulated from data of Table 5.3. 
Scale is 10 mV/div. Bold curves are simulated neutral gas signals using 
N and v̂  from Tables 5.2 and 5.3. Fine curve is the actual deflection 
signal from Fig. 5.4. Dotted curve is a simulated neutral gas signal using 
/ / = 5.1xl0l8 cm-3 and v = 0.17 îm/ns. 

5 12. Discussion 

The present optical arrangement could be improved by a factor of 2 before phv sical limi

tations are met. This is due primarily to the fact that the sample diameter must scale as the cube of 

the probe beam diameter in the interaction region, as discussed in Chapter 3. The present detector 
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amplifier has a gain of 4.5 and a bandwidth of approximately 60 MHz (BW = 0.35 /1^ for a 

critically damped second-order system). It is possible to mcrease the gain of the detection circuit at 

some expense in bandwidth. 

Through this experimental run, the system had been operated in a dc self-breakdown mode, 

resulting in a first shot mean breakdown field of roughly 20 - 30 kV/cm. One of the earliest 

deflection experiments, conducted on a cylindrical sample in this apparatus, resulted in a first shot 

with an extraordinarily high mean breakdown field of 52 kV/cm. This shot exhibited a distinct 

downward pre-flashover deflection. Converting to a pulsed discharge system will enable the 

application of greater fields on the first few shots, perhaps resulting in an increased outgassing 

rate. 

5.2. Effects of a Magnetic Field Normal to the Insulator Surface 

This section describes the effects of a magnetic field normal to the insulator surface on 

flashover voltage and laser deflection. Experiments were conducted using the dc-charged svstem 

and intra-electrode permanent magnets (Fig. 4.3) to determine the effect on measurable aspects of 

dielectric surface flashover. Data were taken with the probe beam in the approximate center of the 

test gap. The magnetic field is radial to the surface of the sample dielectric, and results in a tan

gential ExB charge-carrier drift. The radial field strength at the sample surface in the center of the 

gap was approximately 0.08 T, as measured with a Bell 640 Incremental GaussMeter (F. W. Bell. 

Inc., Columbus, OH). Note that this value of magnetic flux is a factor of 50 smaller than that cal

culated in Table 2.1 for the critical flux for magnetic insulation at an applied stress of 60 kV/cm. 

The application of a permanent radial magnetic field, in the dc-charged sy stem, resulted in 

first-shot breakdown voltages which were 30% lower than breakdown voltages measured in the 

absence of a magnetic field. However, there was no statistical difference in breakdown voltage for 

shots 2 and 3, and by shot number 5 the breakdown voltages in the presence of a magnetic field 

were 25%) higher than breakdown voltages in the absence of a magnetic field. By shot 8, the 

breakdown voltages with a magnetic field were 50%> higher than those without. 

Discoloration of the sample near the cathode, and to a lesser degree near the anode, gen

erally becomes visible between shots 8 and 12. The color, shape, and location of these discolora-

tions suggest that they are due to deposition of electrode material onto the dielectric sample during 

the fiilly developed discharge. Deposition of conducting material onto the insulator surface greatlv 

complicates the problem of understanding the surface phenomena involved in pre-flashover proc

esses, hence, experimental runs are typically terminated after 10 shots. Experimental runs are also 

generallv terminated if the breakdown voltage rapidly conditions to more than 40 kV, in order to 

avoid failure of a high-voltage coaxial cormector due to prolonged exposure to high potentials. In 
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the event that a particular sample exhibits a peak in breakdown voltage, with a steady declme for 3 

or more successive shots - indicating damage to the sample - the run is generallv terminated. 

These operating procedures combine to reduce the quantity of data available for shot numbers 

higher than 8. 

Figure 5.7 provides a comparison between breakdown voltage versus shot number, with 

and without the presence of a permanent radial magnetic field. The fine curve in Fig. 5.7 repre

sents the average of 3 experimental runs in the absence of a magnetic field. These averages hav c 

been compared to earlier data and are consistent with those data. The bold curve represents the 

average of 4 runs in the presence of a permanent radial magnetic field of strength -0.08 T at the 

insulator surface. All data in Fig. 5.7 were taken consecutively within the span of 1.5 weeks to 

minimize any influence on the data due to a change in operating procedure over time. One run with 

magnetic field had to be terminated at shot 8 due to the failure of a high voltage coaxial connector 

at the breakdown voltage of 46 kV. Two other runs demonstrated a decline in breakdown voltage 

after shot number 8, perhaps due to insulator damage resulting from the elevated breakdown volt

ages. Insulator samples with a greater number of discharges, or discharges at higher voltages, 

demonstrate a greater degree of surface discoloration near the electrodes. 
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Fig. 5.7. Breakdown voltage (in kV) versus shot number, averaged over several 
runs, with error bars. The bold curve represents measurements in the 
presence of a dc magnetic field. The fine curve represents measurements 
in the absence of a magnetic field. The span of the error bars represent 
one standard deviation of the data. The sample is alumina, 0.75" in 
diameter, and 5 mm in thickness. 



Figure 5.8 shows a plot of the time delay between the onset of full breakdown current flow 

and the rise of the laser deflection sensor (LDS) signal. In the case of breakdown without magnetic 

field, mean time delays at all arc-channel heights of 75 îm and below are within a 1 ns span. In 

the absence of a magnetic field, the delay between breakdown current flow and LDS signal nse 

scales roughly inversely to breakdown voltage. That is, shorter delays are associated with higher 

breakdown voltages. The experimental data indicate that this is not necessarily true m the presence 

of a magnetic field. A radial magnetic field, which causes a tangential ExB charge-carrier drift, 

can be expected to cause the arc-channel to expand anisotropically, and the arc-center to drift 

tangentially. There is greater experimental variability in delay time in the presence of a radial 

magnetic field, as indicated by the size of the error bars in Fig. 5.8, and it appears that the presence 

of the magnetic field causes a shift in the position of the arc-center at the onset of breakdown. 

Runs with magnetic field demonstrate an apparent minimum delay at 75 t̂m. 
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Fig. 5.8. Plot of delay time between breakdown current signal and laser deflection 
signal (in ns) versus laser beam height (in îm). The fine curve represents 
measurements in the absence of a magnetic field. The span of the error 
bars represent one standard deviation of the data. The sample is alumina, 
0.75" in diameter, and 5 mm in thickness. 

For this value of magnetic flux (5 = 0.08 T), the cyclotron frequency is 

/ =q BI 2K nig = 2.2 GHz, and the gyro-radius (or Larmor radius) is r^^ m^v^l q B = 63 ̂ im. 

where v^ has been taken to be the electron thermal velocity at D / )i = 1.5 eV. The time for an 

electron to travel a distance 2 TI r^ = 400 ^m is given by^^-l = 0.47 ns. It could be that electrons 

much closer to the dielectric surface than a Larmor radius are more likely to impact the surface. 
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and hence gain less energy from the applied electric field. The orbital motion of these electrons, 

due to the applied magnetic field, probably causes the width of the outgassing region to be larger 

than in the case of zero magnetic field. Electrons that are at least a Larmor radius awav from the 

surface are more likely to gain energy from the applied electric field, and their orbital motion 

increases the probability of collision with desorbed gas molecules. 

At this point, with the limited data available, it appears that the permanent radial magnetic 

field, in the dc-charged system, causes the sample to condition to higher voltages more rapidlv than 

a sample in the absence of a radial magnetic field. Previous researchers (Korzekwa et al., 1989) 

have noted that a magnetic field perpendicular to the insulator surface influences electron kinemat

ics and electron-stimulated gas desorption. 

5.3. Refractive Index Gradient Measurements in a Pulsed System 

The experimental results presented in section 5.2 provide an indication that the breakdown 

arc channel forms a few tens of microns above the dielectric surface. There are some data which 

indicate preflashover laser deflection, but the signal strength for these data are near the noise level 

of the measurements. If these are truly neutral gas signals, it should be possible to measure them 

by increasing the sensitivity of the measurement electronics, or by increasing the rate of neutral gas 

desorption. It is possible that the rate of neutral gas desorption increases with pre-breakdown volt

age stress. Therefore, the system was converted from a dc-charged system to a pulse-charged 

system. Whereas the dc-charged system allows limited voltage stress to be applied before the test 

gap flashes over, the charge voltage of the pulsed system could be set at a value several times that 

of the first breakdown potential. 

Charge voltages as high as 70 kV produced no discemible neutral gas desorption. In addi

tion, the arrival of the voltage pulse at the gap produces a large displacement current which fre

quently masks the linear rise of pre-flashover current. Some measurements were taken w ith the 

amplifier stage of the LDS removed to improve the time response (circuit version LDS3). Differ

ential detection was provided by a 0.9 ns risetime oscilloscope vertical amplifier. Most of the sig

nals were too small to be detected in this manner, but one of the signals which was sufficientlv 

large to detect is shown in Fig. 5.9. Note that this deflection signal has been inverted for clarity -

this was a downward deflection corresponding to the formation of an arc-channel above the probe 

beam. The "hump" in the current waveform prior to breakdown is due to displacement current. A 

linear current rise of duration A/ = 50 ns is discemible beneath the displacement current signal. 

The 2-3 mV peak-to-peak noise in the LDS waveform of Fig. 5.9 is typical of the noise level 

present in all LDS measurements. The amplitude of the current at the transition to exponential 

growth is approximately 1 A. Substituting the LDS sensitivity of 7.3 V/rad, and the electron 
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refractivity of-1.8x10-22 cm3, into equation (3.47) yields a value of 1.2x10l8 cm-3 / jiv dunng 

the exponential breakdown phase in Fig. 5.9, for a peak density of 2.8x I0l8 cm-3. xhi^ î  ̂ ^̂ ^̂ in a 

factor 1.6-2.8 of the calculated densities listed in Table 5.2. 

TIME [20 ns/div] 

Fig. 5.9. High bandwidth LDS signal at a height of 5 |im above an alumina sample. 
F^^ = 31 kV. Sample thickness is 5 mm. This was the 6th flashover for 
this sample. Fine curve is current at 2 A/div, bold curve is LDS at 
2 mV/div (inverted for clarity), and dotted curve is voltage on the load 
side of the gap at 14 kV/div. The sensitivity of the LDS in this measure
ment is 7.3 V/rad. 

Analysis of the deflection signal in Fig. 5.9, in accordance with the development of section 

3.3.2, yields the parameters listed in Table 5.5, tabulated according to the estimated arc-channel 

scale length. Ionization frequencies (v^-l) on the order of I ns are consistent with the observed 

time-constant of the current rise at breakdown. 

If equation (5.1) is used to model the deflection signal of Fig. 5.9, the range of parameters 

listed in Table 5.6 results in the fit shown in Fig. 5.10. Note that the velocities, v̂ ,̂ . in both 

Fig. 5.5 and Fig. 5.10 are positive (i.e., the arc-charmel moves upward in both cases). The 

negative deflection shown in Fig. 5.10 is due to the fact that the arc-channel is above the probe 

beam, rather than below it as in the case of Fig. 5.5. Since both the deflection signal and the 

current exhibit risetimes of 2 ns in Fig. 5.9, the time constant used - for modeling the exponential 

rise in charge-carrier density in equation (5.1) - to obtain the values in Table 5.6 is x = 1 ns. 
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versus the 1.5 ns used to obtain the values in Table 5.3. The fact that the risetime of the deflection 

signal is identical to the risetime of the current signal provides confirmation of the model 

assumption that the charge carrier density increases exponentially with the same time-constant as 

the discharge current. As with the deflection signal of Fig. 5.4, the ratio £//V corresponding to 

v,-l = ^^/ 2.2 is on the order of 200 Td, resulting in a ratio D / n « 1.5 V, and v̂  ̂  890 |im/ns 

(=8.9x107 cm/s). 

Table 5.5. Arc-channel parameters derived from deflection measurement of Fig. 5.9. 
The ratios E/N are found from data for nitrogen gas for 
rt^ = 3.0x I0l8 cm-3. Calculations are based upon E// = 60 kV/cm, At = 
50 ns, A^ = 30 eV, andy^o = 1 eV. 

R 
[nm] 

10 

20 

30 

31 

40 

50 

^d 
[cm/s] 

20xI07 

5.0x107 

2.2x107 

2.1x107 

1.2x107 

0.8x107 

E/N 
[Td] 

1900 

470 

200 

190 

110 

66 

a/N 
[cm2] 

210x10-18 

39x10-18 

2.1x10-18 

1.5x10-18 

0.03x10-18 

6.0x10-23 

N 
[cm-3] 

3.2x1018 

13x1018 

30x1018 

32x1018 

55x1018 

90xl0l8 

a 
[cm-l] 

670 

510 

63 

47 

1.5 

0.005 

[ns] 

0.008 

0.04 

0.72 

1.0 

54 

2xl04 

[xlO-4] 

30 

7.8 

3.6 

3.1 

1.8 

1.1 

y / r 

0.062 / 32 

1.0/520 

5.2/2700 

6.0/3100 

17/8900 

44 /23000 

Table 5.6. Parameters for the fitted deflection curve of Fig. 5.10. 

Ro [^] 

10 

10 

20 

30 

40 

50 

50 

n^ [xl0i8 

3.0 

2.7 

2.7 

2.9 

3.0 

3.0 

3.4 

cm' -'] yf -yc [ M 

- 5 

- 5 

- 15 

- 2 5 

- 3 5 

- 4 5 

- 4 5 

V yo [|am/ns] 

3.0 

2.5 

3.5 

5.0 

6.5 

7.5 

9.5 

v^ [)im/ns] 

0.86 

0.71 

0.37 

0.53 

0.68 

0.79 

2.1 

Figure 5.11 shows simulated neutral gas signals using equation (5.4) with the data of 

Tables 5.5 and 5.6. Neutral densities up to A/̂ « 13xl0l8 cm-3, ^t thermal velocities of 

V w 0.4 iim/ns (= 2x10'* cm/s), would be undetected in this case. 
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TIME [20 ns/div] 

Fig. 5.10. LDS data of Fig. 5.9 and fitted deflection curve from equation (5.1). 
Amplitude is 2 mV/div, and sensitivity is 7.3 V/rad. 

TIME [20 ns/div] 

Fig. 5.11. LDS signals for neutral gas desorption simulated from data of Table 5.5. 
Scale is 2 mV/div. Bold curves are simulated neutral gas signals using N 
and v̂  from Tables 5.5 and 5.6. Fine curve is the actual deflection signal 
from Fig. 5.9. 
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Next the LDS electronics were modified to increase the gain bv a factor of 8, to an angular 

sensitivity of approximately 1.5 mV/^rad (circuit version LDS2), in an attempt to resolve the small 

pre-flashover signals noted in section 5.1. This resulted in a slightly longer detector risetime of 

10 ns. Figure 5.12 shows four consecutive LDS waveforms taken at the higher sensitivitv in the 

pulse-charged system. These waveforms were all taken with a charge voltage of 25 kV at the same 

position within the gap. Three of the deflection signals begin with a downward deflection, while 

shot number 1 begins with an upward deflection. The variation in signal size and shape from shot 

to shot illustrates the statistical variation inherent in measurements of this type. 

This detector (LDS2) is close to being as sensitive as is possible, without resorting to 

expensive vibration-damping devices for both the screen room (which houses the detector) and the 

vacuum chamber table (which supports the vacuum chamber, the optics, and the laser). As noted 

in Chapter 4, low frequency noise in the present detector (due to mechanical vibrations of 

approximately 25 |a,m peak-to-peak amplitude and 100 Hz frequency) is I V peak-to peak, and 

approaches the saturation limits of the amplifier (+ 2 V to - 1 V). Even at a sensitivity of 

1.5 mV/|Lirad, no signals were recorded which could definitely be interpreted as neutral gas desorp

tion, implying that the occasional small pre-flashover "signal" is due to electrical noise. 

• I I I 

Shot 3 

I I I I I I I 

Shot 4 

Fig. 5.12. High gain LDS signals at a height of 5 îm above an alumina sample. 
These are flashovers 1-4 for this sample. Bold curves are deflection sig
nals at lOmV/div, and fine curves are current signals at 1 A/div. 
^charge ~ ^^ ^^ Sample thickness is 5 mm. The sensitivity of the LDS 
in this measurement is 1500 V/rad. 
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5.4. Measurement of Arc-Channel Profile 

Converting back to a dc-charged system, systematic measurements at different beam-

heights and lateral positions were taken using the modified high-gain LDS (1.5 mV/^rad). Again, 

no clear pre-flashover neutral gas desorption was observed. However, an interesting picture 

emerged of the arc channel position at the transition to flill breakdown current flow. Figure 5.13 

depicts the nine measurement positions and a rendering of the approximate arc-channel position, at 

the time of transition to full breakdown current flow, as a function of position in the gap. 

Near the cathode, most (80%)-90%) of the LDS beam deflections were positive, indicating 

the presence of a plasma which is denser below the beam than above. This was true at beam 

heights of 5 |xm, 75 pm, and 175 |xm. 

In the center of the gap, beam deflections at a height of 5 ûn were roughly split between 

positive and negative, and deflections at heights of 75 [im and 175 îm were mostly positive. These 

data indicate the presence of a plasma, at the transition to full breakdown, which is densest at a 

height of between 5 |j.m and 75 ^m. 

Near the anode, beam deflections at 5 |am and 75 fom were mostly (75%-100%) negative, 

while 75% of the deflections at 175 |a,m were positive. This indicates the presence of a plasma 

which is densest between 75 |xm and 175 ̂ im. 

c 

Dielectric Sample 

Fig. 5.13. Expanded view of 5 mm test gap showing the positions of the probe laser 
beam near the cathode, in the center of the gap, and near the anode. Data 
at these three lateral positions were taken at beam heights above the sam
ple of 5 îm, 75 ^m, and 175 |am. Beam diameter is 20 ^m. The beam 
positions, and gap width are to scale, while beam diameter is shown x2. 
A rendering of the approximate position of the arc charmel at the onset of 
exponential current rise, derived from these data, is shown as well. 
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These data indicate that the height at which the breakdown arc-channel develops vanes 

across the gap, from 0 to 5 ^m at the cathode to -100 îm near the anode. As noted in Chapter 2, 

it is known experimentally that dielectric surfaces charge when subjected to flashover. The charge 

IS generally positive with the greatest charge density near the cathode. In accordance with the 

SSEEA model, prior to the exponential growth phase, very little ionization is expected. The 

plasma should consist ahnost exclusively of electrons. Reduced surface charging near the anode 

should resuh in an increased height and increased range of electron trajectory (equations 2.2 and 

2.3). If this picture is accurate, electron-stimulated gas desorption near the anode may be less, per 

unit channel width, than near the cathode. However, the channel should be wider near the anode, 

due to lateral difftision of secondary electrons. It is also possible that x-rays, generated bv ener

getic electrons impacting the anode, may stimulate gas desorption near the anode. In either case, 

the gas cloud near the anode is expected to be larger in cross section than the gas cloud near the 

cathode. Near the anode the increased height of electron trajectories may explain the formation 

height of the arc-channel, and the larger cross section of the gas cloud and the presence of x-ray s 

may explain the more diffuse nature of the arc-channel near the anode. 



CHAPTER 6 

CONCLUSIONS 

Employing an improved laser deflection refractive index sensor (LDS) in conjunction with 

a sensitive, short-risetime current sensor, infonnation has been gathered about the charge-camer 

multiplication processes involved in dielectric surface flashover. The LDS detects gradients in the 

refractive index above the dielectric surface, time-correlated with other signals of interest, bv 

measuring the deflection of a focused laser beam. It utilizes a 10 mW He-Ne laser beam incident 

on a bi-cell solid state photodetector to provide a signal with angular sensitivity of up to 

1.5 mV/^rad, a risetime of 10 ns or less (dependent upon circuit gain), and a spatial resolution of 

20 \im. This technique is simple, highly sensitive, inherently quantitative, and has high temporal 

resolution. The conclusions of this research, regarding the charge-carrier multiplication process, 

will be presented followed by recommendations for future work. 

6.1. Conclusions Regarding the Charge-Carrier 
Multiplication Process 

Experimental results with the refractive index diagnostic, in this experimental apparatus, 

demonstrate a plasma channel which forms above the dielectric surface, generallv within 10 îm of 

the surface near the cathode, and in the range of 75 to 175 |am from the surface near the anode. 

The time at which the plasma channel forms is simultaneous (with uncertainty ~l ns) with the 

transition from linear current rise (corresponding to saturated avalanche conditions) to exponential 

current rise (corresponding to Townsend breakdown). Since a significant degree of ionization is 

expected only after the current approaches flill breakdown amplitude, the position at which the arc-

channel initially forms is probably due to electron kinematics rather than neutral plasma 

kinematics. Previous researchers (see Chapter 2) have reported that dielectric surfaces subjected to 

flashover tend to charge positively, with a greater charge density at the cathode than at the anode. 

Note that the surface charge densities calculated from the SSEEA model in Table 2.1 are of the 

same order as the charge densities plotted in Figures 2.4 and 2.5. Within the context of the 

saturated secondary electron emission avalanche (SSEEA) model, this type of charge distribution 

should result in higher and longer electron trajectories near the anode. As discussed at the end of 

section 5.4, it is expected that the desorbed gas cloud is larger at the anode than at the cathode, and 

that the higher electron trajectories near the anode may cause the plasma charmel to form at a 

greater height than near the cathode. 

The data indicate that the position at which the plasma charmel forms is altered bv the 

application of a magnetic field. This is significant in terms of the differences between abovc-
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surface models and below-surface models. An applied magnetic field is expected to affect a 

plasma arc during breakdown, irrespective of how the breakdown was initiated. However, if the 

charge-carrier multiplication mechanism is predominately below-surface. so that the arc is initiated 

in a surface layer of the insulator, an applied magnetic field w ould not be expected to affect the 

position at which the arc-channel forms - it would alway s form at the surface. 

The uncertainty in arc-channel formation height from shot to shot, as indicated bv the 

variation in signal at a constant probe beam height and charge voltage in Fig. 5.12, presents 

difficulties in the interpretation of deflection signals. For this reason, a phenomenological model 

(equation 5.1) has been developed to fit the experimental data to parameters such as charge-carrier 

number density, arc-channel scale length, and mean arc-channel expansion velocity The model 

makes several simplifying assumptions and does not account for the fact that the number density 

gradient probably varies within the cross section of the probe beam. However, the model does 

closely fit the "fast" portion of the deflection signal, and has been checked against a signal taken 

with a high-bandwidth version of the LDS (Figures 5.8 and 5.9). The approximation of 

equation (3.47) yielded a peak electron number density of 3xlOl8 cm-3 from the signal shown in 

Fig. 5.8. Application of the phenomenological model of equation (5.1) to the data of Fig. 5.8 

yielded peak electron number densities ranging from 2.7-3.4x1018 cm-3. 

Mean electron drift velocities of order 107-108 cm/s - derived from deflection and current 

measurements - and assumed arc-charmel Me radii of 10-50 p.m are used to compute ionization 

frequencies from published data for nitrogen. Data for other gases that typically adsorb onto 

dielectric surfaces are sparse for the applicable range of EIN. At lower values of EIN, these 

data are generally within an order of magnitude of the nitrogen data. The phenomenological model 

has been used to evaluate a deflection signal recorded at a height of 25 |im above a Lexan sample 

under dc charge conditions (Fig. 5.5), and a deflection signal recorded at a height of 5 fun above an 

alumina sample under pulse-charge conditions (Fig. 5.9). Ionization frequencies consistent with 

the observed current rise time-constants (vj-l = 1-1.5 ns) are computed for assumed arc-channel 

Me radii of 30-45 |a,m. The ratio EIN corresponding to the appropriate ionization frequency for 

each case is in the range 180-200 Td. A 30-\im to 45-^m arc-charmel scale length is consistent 

with the scale-length which can be inferred from deflection measurements at various beam heights. 

The corresponding neutral density is calculated to be about 3xlOl^cm-3, for a total of 

K R^ d^N= 4-lOxIOl^ desorbed gas molecules. This quantity of neutrals corresponds to 4-10 

monolayers of gas adsorbed over an area 0.5 cm long by 0.02 cm wide, assuming a molecular 

spacing of 0.3 nm (at a surface density M= I0l7 cm-2), and is within the range of what can be 

expected based upon an electron avalanche causing gas desorption from cathode to anode in a stnp 

several tens of microns wide. 
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Simulations of neutral gas desorption using equation (5.4) and the data of Tables 5.2. 5 3. 

5.5, and 5.6 suggest that neutral densities of 3xlOl9 cm-3 ^re high enough to be detectable with 

the laser deflection sensor. The absence of discemible neutral deflections pnor to the transition 

from linear current rise to exponential current rise implies that actual neutral densities are a factor 

of 3-6 smaller than the values calculated using equation (5.1), in the range 5-10xl0l8 cm-3. 

corresponding to an arc-channel Me radius of-20 |im. 

The mean thermal velocity of nitrogen molecules, at room temperature (293 K), is 

0.47 [imlns (4.7x10^ cm/s), and is in good agreement with the arc-channel expansion velocities, v,. 

calculated from the phenomenological model (see Tables 5.2 and 5.6). Extrapolation ofDI[ito 

200 Td in nitrogen yields a value of 1.5 V (see Fig. 3.18), corresponding to an electron thermal 

velocity of 890 fxm/ns (8.9x107 cm/s), which is within a factor of 2 of the mean avalanche electron 

velocity calculated for the SSEEA model in Table 2.1. Since the electron mean free path, X^. is 

approximately 360 nm (Table 5.4) in the densest part of the gas cloud, electrons traveling 

transverse to the axis of the cloud have virtually no chance of collision w ith a neutral particle. 

Ionizing collisions must be due to electrons traveling along the axis of the gas cloud. 

Desorption efficiencies (number of neutral gas molecules desorbed per electron transit 

across the gap) calculated for a neutral gas density of-3x lOl^ cm-3, î  ^g range of 3-4x 103, are 

relatively high. However, desorption efficiencies calculated for the lower estimate of/V= 5-10 

xl0l8 cm-3, iĵ  ̂ Q range 2-5xlO^, are close to the value of F = 1-3x10^ reported bv Avdienko 

and Malev (1977). 

Figure 6.2 summarizes the basic experimental results. Prior to flashover, the current 

exhibits a slow-rising linear character which is consistent with a saturated secondary electron 

emission avalanche (SSEEA) which is experiencing lateral difftision in the gap. Measurements of 

visible luminosity yield signals which are essentially proportional to the current. X-rav emission is 

detected in this phase, presumably due to energetic electrons - accelerated across a large fraction 

of the gap length - impacting the anode . These are all indications of the existence of free electrons 

above the surface prior to the exponential rise of the current to flill breakdown. Laser deflection 

signals recorded during the second phase (exponentially increasing current) provide indirect 

evidence that neutral gas molecules are desorbed from the surface in the linear current phase, 

although it has not yet been possible to directly detect neutral gas desorption prior to flashover. In 

the second phase, when the current rises exponentiallv (with time constant x = 1-2 ns), the x-rav 

signal dies off, indicating a loss of energetic electrons from the gap. A strong plasma refraction 

signal is detected during the second phase, implying the existence of collisional ionization processes 

above the surface of the dielectric at the transition from phase 1 to phase 2 
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Fig. 6.1. Schematic illustration of basic diagnostic results. 

These results are consistent with the SSEEA model of surface flashover, which postulates 

carrier multiplication as a result of ionization in a layer of desorbed gas. Gas desorption, in the 

SSEEA model, occurs via interaction between the secondary electron emission avalanche and the 

dielectric surface. While direct detection of neutral gas desorption in the pre-flashover phase has 

not proved possible, the nature of the breakdown plasma behavior provides indirect evidence that 

desorbed neutrals play an important role in vacuum surface flashover. No direct measurement is 

presently known to exist for neutral gas desorption during the saturated avalanche phase of surface 

flashover. 

6.2. Recommendations for Future Research 

It may be possible to separate a weak neutral gas signature from the LDS measurement if 

a simultaneous measurement is made using two lasers with different wavelengths. Since electron 

refractivity is a fimction of laser wavelength, and neutral gas refractivity is relatively insensitive to 

wavelength, it is possible in principle to take a simultaneous measurement of the same volume w ith 

two lasers of differing wavelength and separate the contribution due to neutral species. 

Measurement error due to uncertainty in the formation position of the arc-channel could be 

reduced bv a simultaneous measurement of refractive index gradient at different positions within 



95 

the gap. This type of measurement would also provide direct information regarding the cross 

sectional size, the variation in density gradient within the cross section, and the cross sectional 

growth rate of the arc-charmel. 

Tabulated information regarding electron transport coefficients in gases is sparse for EIN 

ratios greater than -300 Td. Evaluation of laser deflection data would benefit from a more 

comprehensive database of transport coefficients. 

The analysis presented here is based upon several simplifying assumptions and utilizes a 

simple transfer fimction type of phenomenological model for beam deflection as a function of time 

and assumed arc-channel parameters. The model could benefit from a rigorous numerical 

treatment of beam deflection without the geometrical optics assumption, accounting for the 

possibility that the density gradient varies within the cross section of the probe beam. In addition, 

it may prove possible to derive a neutral gas number density distribution function from a rate 

equation based upon desorption at thermal velocity as a function of measured preflashover cunent. 

This could be substituted for the Gaussian distribution assumed in equation (5.4) and may provide 

further insight into the absence of a detectable neutral gas signal during the saturated avalanche 

phase. It has been assumed that the cross section of the arc-channel, at the transition from linear 

current rise to exponential current rise, is Gaussian, and that the neutral density within the cross 

section is constant. In reality, these distributions are unknown, and are not expected to be so 

simple. In principle, electron distribution prior to arc-channel ignition could be modeled in an 

iterative fashion, accounting for surface charging, the applied electric field, and electron 

trajectories. Interpretation of experimental data should be greatly improved given a reasonable 

numerical model for electron and desorbed gas distributions in the saturated avalanche phase. 

It is possible to improve the detection circuit itself The Signetics NE5539 ($5-$ 10 ea.) 

op-amp used in the detection circuit has a gain of 10 at a frequency of 60 MHz. A marginal 

improvement would result if a Burr-Brown OPA675 ($35 ea.), with a 185 MHz bandwidth at a 

gain of 10, were used. The primary advantage of these op-amps is that they operate from dc, 

providing a means of easily centering the probe beam on the detector by simply adjusting the beam 

position until the output signal is zero. Packaged high-frequency amplifiers, with a bandwidth of 

I-IOOO MHz, are available from Amplifier Research with gains ranging from 30 ($1900 ea.) to 

220 ($30 000 ea.). Using these high-frequency amplifiers incurs the disadvantage that a separate 

op-amp circuit be used to zero the detector with the probe beam. The advantage is that the bias 

resistor, in the anode circuit of the photodetector (see Fig. 3.14), can be reduced to -40 Q, 

resulting in a lower R-C time constant and higher frequency response. The concomitant reduction 

in sensitivity is compensated by the higher gain of the amplifier. 
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APPENDIX A 

DRIFT AND DIFFUSION PARAMETERS OF 

ELECTRONS IN GASES 

Data for the following graphs were taken primarily from Huxley and Crompton (1974). 

and extended where the data of Brown (1967) provided a greater range ofEIN. The ratio DI \i 

provides a measure of the mean kinetic energy of the electrons via the relation (Huxlev and 

Crompton, 1974, p. 20) 

D m . 
3^V , 

where \y is the electron mobility, D is the diffusion coefficient, m is the electronic mass, q is the 

electronic charge, and v̂  is the mean "thermal" velocity of the electron. 
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Transport Coefficients for Electrons in Carbon Dioxide Gas 
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APPENDIX B 

NUMERICAL MODELS 

The numerical models for plasma deflection (equation 5.1) and neutral gas deflection 

(equation 5.4) were fit to experimental data by trial and error using Mathcad 4.0, from MathSoft. 

Incorporated. This appendix contains sample worksheets that demonstrate the implementation of 

the models of equations (5.1) and (5.4). 
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MATHCAD 4.0 Worksheet for Numerical Simulation of Plasma Deflection 

Define Units: 

ns^lO" sec jim^lO' cm 

Plot Data in Tek DCS *.ASC files; 

Data begins with the 10th numerical line in the transferred *.DAT file. First 9 numerical values in 
the file are: 

a - Valid Start: d - Time/Div: g - Min Volts: 
b - Valid Stop: e - Volts/Div: h - Max Volts: 
c - DC Level: f - Time/Point: i - # data points: 

Read in the LDS data file: 

N:=521 1 = 0 . . N - 1 k ^ 0 . . 2 N - 19 

(|): = R E A D P R N ( L E X 1 M 2 4 C j^^^-p) Nd= 10 

d , = 0 0 *''9-t-Nd do=0 

Atd = ^ • sec 

VDIVd = i 

j =1 . .N- 10- Nd 

Atd =0.43 5'ns 

VDIVd=0.01 

Define: arc center at yo moving with velocity vyo and arc channel expands 
with velocity vr. 

vr = kv" Ivyoj vr=0.4*— yo(t) =yc+ vyot 
ns 

R(t) =Ro+vr t vyo = 1.4 •̂ —-
ns 

Number density is then given by (use exp. to model ionization at breakdown): 

d =0.5cm Kg =17.9-110" " c m 
23 _ A 

T̂  2 J 1 l - 5 n s 

Np(t ) =no-7iRo d A l - e i g no(t) 
N e ( 0 

ndgR(t)^ 

N p ( 6 n s ) = 8.635'10 12 

Defiection angle as a function of beam height, yb, and time is given by: 

In ' /yb-yo(t)\^ 
Kyb,t) =-2Keno(t)(yb-yo(t))-^exp^^-^^j 

Define plot vector for (|>(yb,t) versus time (assume S = 180 V/rad): 

N =512 kl :=1 tl = 0 . . N - 1 

(j)̂ j (t.i75Mm,—Atd 
V K 1 / 

Sk =180 

(|>ĵ  180=0.017 



Convolve (|)(yb,t) with a first order time constant of xi*Atd. In a Ist-order system, tr = 2.2*Ti 

tl 
- 0.405 

xl 0.435 
expi 

2 N = 32 

t i k i 

k = 0 . . 2 N - 1 

xl = 7 k r 

d2, =kO f =k0 
k k 

xl-Atd = 3.043-ns 

xl 

d2 , =(h, 
tl ni 

dl =V2N-icffiUcffi(d2)cffi(f)) 

Shift simulated deflection, d2(t), by nks*Atd to line up with measured data, d(t): 

nks ;=222 d2, =kO 
k 

d2, , =dl -Sk 
k-|-nks k 

Adjustable parameters to fit simulated deflection curve, d2(t), to measured data, d(t): 

A6 c m , _ _ . , ^ T ^ . _ - , ^ 1^-4 
vyoEO.1410' 

sec 

Plot d2(t) and d(t) in mV versus ns: 

kv=3.5 

yc = 6610" cm no 

Ro=2010 cm 

= 1.40(l0^^cm"^^ 
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d2. 
J 

O.Oi 
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MATHCAD 4.0 Worksheet for Numerical Simulation of Neutral Gas Deflection 

Define Units: 

ns = 10 sec Hm=10" cm 

Plot Data in Tek DCS *.ASC files: 

Data begins with the 10th numerical line in the transferred *.DAT file. First 9 numerical values in 
the file are: 

a - VaUd Start: d - Time/Div: g - Min Vohs: 
b - Valid Stop: e - Volts/Div: h - Max Volts: 
c - DC Level: f - Time/Point: i - # data points: 

Read in the LDS data file: 

N =521 1 = 0 . . N - 1 k = 0 . . 2 N - 19 

(|) ;= R E A D P R N ( L E X 1 M 2 4 C jy/^j) Nd= 10 

j = 1..N- 10- Nd 

d. 
J 

d, :=0 

"*t'j^9-^Nd~ 0~ MOO 

do '''9-f-Nd do=0 

Atd =(j) sec 

VDIVd =(t). 

^00=0 002 

Atd = 0.435-ns 

VDIVd =0.01 

Assume: center of gas distribution is stationary at yo = 0, and distribution expands with 
velocity vr. 

R(t) =vrt 

d =0.5cm 

Number density is then given by (use linear model for increase in desorbed gas): 

2 
. , / I - ZD-ns 

Ng(t):=ng-7iR(t) dg- (((D(t- 2 5 n s ) ) - 0 ( t - 9 0 n s ) ) ( ^ - ^ ^ l + 1 ^ - 90ns) 
65-ns 

ng(t) _Ng(!L 
^•dgR(t)^ 

Ng(90ns) = 1.875* 10 13 

Deflection angle as a function of beam height, yb, and time is given by: 

r 

n (t)(yb,t):--2K n ( t ) ( y b ) ^ - - e x p 
^ ^ R(t) ^R(t); 

Define plot vector for (t»(yb,t) versus time (assume S = 180 V/rad): 

N =512 kl =1 tl = 0 . . N - 1 

(j) (t)i25-^m,— Atd) 
\ kl / 

Sk = 180 

«f»io-180=0 



Convolve (J)(yb,t) with a first order time cons tan t of xi*Atd. In a I s t -o rde r system, tr = 2.2*xi 

2 N = 3 2 k = 0 . . 2 - N - 1 d2, - k O 
k 

f =k0 
k 

xl = 7 k r xl Atd =3 .043-ns 

0.405 
tl xl 0.435 

d2 , = d), tl ^ti 

•exp 
t i k i i \ 

tl / 

dl =V2NicfflUcffi(d2)cffi(0) 

Shift simulated deflection, d2(t) , by nks*Atd to Ime up with measured data, d(t): 

nks = 0 d2, =kO 
k 

d2, , = d l -Sk 
k-|-nks k 

Adjustable parameters to fit simulated deflection curve, d2(t), to measured data, d(t): 

, _ , _4 cm 
vr^ 1.710 • — 

sec 
ng = 5.10(l0^^cm'^) 
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Plot d2(t) and d(t) in (mV) versus (ns): 
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