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ABSTRACT 

Developments of high power systems have lead to an increased use of cryogenic 

components. Since virtually all high-voltage electrical systems use solid dielectrics as 

insulators it is important to understand the basic characteristics of how these insulators 

will perform at cryogenic temperatures. A fast coaxial setup is used to test dielectric 

samples in vacuum, at cryogenic temperatures of less than 100 K. Combined with fast, 

nanosecond region, electrical and optical diagnostics the very early flashover 

development processes can be observed. 

There are three stages in the development process of self-breakdown. Phase I 

represents a current rise to mA amplitudes within a few nanoseconds. This rise is 

probably associated with field emission. Phase n is a slower current rise to ampere 

amplitudes over a period of up to a few hundred nanoseconds. Phase II is most likely 

associated with saturated secondary electton emission avalanche. Finally, Phase III 

represents the fin2d breakdown process, where the current rises to amplitudes of several 

hundred amperes. This is associated with a rapid gaseous ionization just above the 

surface of the sample caused by electton induced outgasing. The temperamre 

dependence of these three stages is examined, in detail, experimentally for Lexan, a 

polymer, and Alumina, AI2O3, a ceramic. 

Phase I shows a current amplitude for the lower temperature that is 4 to 5 times as 

high as that of room temperature for both Lexan and Alumina. Also there is a tendency 

for the cooler samples to have higher initial breakdown voltages for the first few shots. 

Specttoscopic measurements of the flashover event were taken to try and determine the 



species of gases released from the surface of the sample and electtodes. Visible images of 

the early phase of breakdown were taken to examine the discharge in the early phase of 

flashover. 
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CHAPTER I 

INTRODUCTION 

The demand for high power systems has led to developments in the industry such 

as miniaturization and cryogenic operation. Surface flashover in a miniaturized device is 

a serious concem for high power systems. Cryogenic systems are expected to have many 

applications in the semiconductor industry since losses in semiconductors are reduced at 

low temperatures. Specific design criteria and behavior of insulators at cryogenic 

temperatures are unknown. 

Previous work on dielectric breakdown has been conducted, primarily, at room 

temperamre in a vacuum environment. Surface flashover can generally be divided into 

three stages. They are initiation, development, and final breakdown or Phase I, II, and 

ni, respectively. Most experts will agree that emission of electtons from the triple point 

is the process that starts Phase I, and that Phase EI takes place in a desorbed gas layer 

above the surface of the insulator in the form of a Paschen breakdown. Phase II has been 

described by many different models that have been presented over the last 40 years. 

Avdienko & Malev' and Anderson & Brainard^ both developed models that involved 

electton stimulated gas desorption. Anderson and Brainard's model is used as the 

general basis for the research presented in this thesis. 

Cryogenic surface flashover is a relatively new and undeveloped area. Many new 

discoveries have been made about the temperature dependence of surface flashover. 

Increases in breakdown voltages for temperatures less than 200 K have been observed in 

previous work. ' It has been shown that temperature reduction leads to an increase in the 
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amount of gas absorbed on the sample surface, while also changing the pre-breakdown 

current so that it occurs at a higher voltage with a higher value then at room temperature.^ 

Previous work at Texas Tech has primarily been done at room temperature. 

Masten et al's results supported the SSEEA model with electron induced outgasing of 

adsorbed gas molecules by smdying the plasma formed above the surface of the insulator. 

Hegeler et al ' developed the fast diagnostic systems used to collect current, x-rays, and 

optical data. Finally, Neuber et al̂  developed a system for testing surface flasho\er at 

cryogenic temperatures and demonsttated distinct changes in the time development of 

surface flashover. Results of experiments corresponded well with the saturated secondary 

electton emission avalanche model combined with electton induced outgassing.^ 

The present experiment enables us to check the effects of cryogenic temperatures 

on the breakdown mechanisms described above with a higher current resolution than in 

previous work here at Texas Tech University. The initial development of the breakdown 

can now be studied in greater detail, for low temperatures as well as room temperature, 

than in previous work. Specttographic images were taken in an attempt to identify the 

types of gas molecules that are involved in the breakdown process. Also, digital picmres 

of the initial breakdown process were taken to observe the form and location of the 

discharge. 

In general, the results have shown that the initial breakdown current has a faster 

rise time, to a higher value for temperatures less than 100 K, compared to room 

temperature tests. X-ray emission appears to start when SSEEA in Phase H begins. 

Also, there was an increase in the initial breakdown voltage for the cooled sample of 

about 20% compared to the value for room temperamre, during the fu-st few shots. 
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Improved diagnostic methods with rise times in the nanosecond region have been used to 

measure the current, voltage, and x-ray emission at cryogenic temperatures and have 

provided greater insight into the elementary processes of dielectric surface flashover. 



CHAPTER n 

SURFACE FLASHOVER THEORY 

Until recently there was not a large interest in cryogenic surface flashover. 

Recent developments in high power systems and cryogenic systems have led to an 

increased interest in this area. When a dielectric surface is exposed to a high voltage, then 

breakdown across the surface is possible. This form of electrical breakdown is known as 

surface flashover. There have been many studies, over the last 40 years, of surface 

breakdown in vacuum at room temperature. This chapter will outline the three phases 

before final breakdown occurs and the mechanisms involved in this process. Also, it 

discusses the differences between these processes at room temperamre and cryogenic 

temperamre. The rest of this chapter is devoted to the Saturated Secondary Electton 

Emission Avalanche model (SSEEA) with electton induced outgassing. which the 

experimental data tends to support. 

Emission Mechanisms 

Phase I is where the surface flashover is initiated. It is well established that 

surface flashover begins with the emission of free electtons from the triple point. The 

triple point is where the vacuum, electtode, and dielecttic meet. Release of primary 

electtons is necessary for all the secondary processes involved. The source for the 

primary electtons is the metal electtode, which has an ample supply of electtons in its 

conduction band. In order to generate free electtons sufficient energy must be supplied 

to overcome the binding energy of the electtons. The amount of energy necessary to 
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release the electton from the surface is known as the work function of the metal. There 

are several ways that the electton can receive the energy necessary to be emitted from the 

metal. Three ways of interest for the typical conditions of surface flashover are 

thermionic emission, photoelectric emission, and field emission. Field emission is the 

dominant form of producing free electtons for the typical conditions of surface flashover, 

but all three forms will be discussed in general. 

Photoelectric Emission 

Photoelectric emission is a process that depends upon the frequency of the 

incoming radiation and the work function of the material. Electtons are released when a 

photon impacts with the surface of the material with a high enough energy to overcome 

the work function. An incident photon deposits energy, equal to hv, into the solid. If the 

energy of the photon is greater than the work function, then an electton can be released 

with a velocity determined by the kinetic energy of the emitted electron. The total energy 

ttansferred from the photon is equal to the kinetic energy of the emitted electton plus the 

work function times the unit of charge. Photoelectric emission is not a very efficient 

mechanism, it is not uncommon to have a photoelectric process that has an efficiency of 

about 1%, 1 electton is emitted for every 100 photons. Photoelectric emission is not 

believed to be a major factor in this experiment for the initiation of primary electtons. 

Table 2.1 lists the variables used in photoelecttic emission equation. 



hv = l/2meV + eO 

Table 2.1 List of Variables for Photoelectric Emission. 

H (kgm'/s) 
V (s-^) 

E(C) 
a)(V) 
V (m/s) 

me (kg) 

Planck's constant 
Frequency of radiation 
Charge of electton 
Work function 
Velocity of electton 

Mass of electton 

Thermionic Emission 

Thermionic emission is related to the amount of heat in the solid and therefore its 

temperature. As the solid is heated, electtons become excited, if enough thermal energy 

is applied to over come the work function then electtons will be emitted from the surface. 

Thermionic and Field emission processes need to be described using quanmm mechanical 

models. Thermionic emission of an electton is described by the Richardson/Schottky 10 

equation. This equation describes the emitted current density as a function of 

temperature and the work function. At cryogenic temperamres the amount of free 

electtons emitted due to thermionic emission should be less than that for room 

temperamre. The typical current density for temperatures less than 1000 K is essentialh 

non-existent. Table 2.2 lists the variables used in the Richardson/Schottky equation. 



J = AT^ exp (-eO / kb T) 

Table 2.2 List of variables used in the Richardson/Schottky equation. 

J (A/m^) Current density 
e(C) Electron charge 
T(K) Temperature of metal 
0 (V) 

A (A/ (m^K^)) 
Work function of metal 
Empirical constant for metal 

kb Boltzmann's constant 

Field Emission 

Anytime that a solid is placed in an electric field, the field will alter the work 

function for the material due to the electtic force. The force acting on the electton is due 

to the Lorentz force where E is the electtic field, v is the velocity of the electton, B is the 

magnetic flux density, and q is the charge of the electton. 

F = q[E + (v x B)l 

In this experiment we are assuming that there are no extemal magnetic fields, only 

electric fields. So the Lorentz force can be written in a simplified version. The potential 

can be determined by integrating die force with respect to x, the direction of propagation 

perpendicular to the surface. 



Ve = -eEx 

When the electton is emitted there is a positive "hole" where the electton was located 

subsequent to being emitted. The electton now experiences a Coulomb force due to the 

positive image charge generated within the solid. This is a retarding force that tries to 

keep the electron from escaping the metal. This force has the form: 

Fc = -e^/(167C£ox^); 

therefore, the potential will be of the form 

Vc = -e^/(167teox). 

The total effective potential outside of the metal is equal to 

V =Vc + Ve = -e^/(167C£ox) -eEx. 

The maximum value of die potential is easily found by differentiating the total potential 

with respect to x and setting it equal to zero. 

dV/dx =e^/(167ieox^) - eE = 0 

Then solving for x and plugging it into the original equation gives the maximum value of 

the potential. 

Xnm = [ e / (167ceoE) f^ V(x„^) = -e(eE / 47C£o)̂ '̂ 

There is an overall change in the effective work function of the metal due to the applied 

electtic field and the field due to the Coulomb force of the image charge. This reduction 

in the work function means that more free electtons can be generated, therefore a higher 

current density is possible. 
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The number of electtons emitted in an electric field is even higher than described 

above due to quanmm mechanical mnneling. Quanmm mechanics explains that there is a 

finite probability that an electron, with energy less than the required amount to clear the 

potential barrier or work function, will be found on the other side of the barrier. Fowler 

and Nordheim fu-st developed the equation below that describes the emitted current 

density, after considering the quanmm mechanical effects of tunneling. Table 2.3 lists 

the variables and values of the constants used in the Fowler-Nordheim equation. 

3/2. 
J = f E70 exp[ -gO '̂̂ u / E ] A/m 

Table 2.3 List of variables used in the Fowler-Nordheim equation. 

J (A/m^) 
E (V/m) 
a>(V) 

f 

g 
u 

Current density 
Electric field 
4.3 
1.54x10-^ 
6.83 x 10̂  
[1 - 1.4xl0"^E/O^] 

If the local field near the cathode is of the order of 50 MV/m, then a field emission 

current density of about 4400 A/m^ can be expected. Also, field enhancement due to 

microprotmsions and contamination of the surface can greatiy affect the local field and 

therefore the amount of free electrons being emitted from the cathode. 



Samrated Secondary Electron Emission Avalanche 

There have been many models to describe surface flashover across dielectric 

surfaces. Hegeler'' and Miller'^ present a good review of several models in detail. The 

Saturated Secondary Electron Emission Avalanche model (SSEEA) was first proposed by 

Boersch et al. in 1963. Saturation is when the number of secondary electrons emitted by 

a primary is equal to unity or each primary releases one secondary. This early model was 

based primarily on surface charging of the insulator that allowed the electrons to move 

along the surface being accelerated by the applied field and the space charge field until 

they collided with the surface, releasing a secondary electron. Also, they assumed that 

saturation occurred at the first crossover point of the SEE yield curve. Avdienko and 

Malev' published the first model that included electron induced desorption of surface 

adsorbed gas with the SSEEA. The electtons emitted travel parallel to the insulator 

surface and are pulled into the surface of the insulator by the space charge field. They 

also assumed that the saturation occurred at the second crossover point for the SEE yield 

curve. Avdienko and Malev estimated that each electton desorbed between 100 and 200 

molecules of adsorbed gas on the surface. Anderson and Brainard^ also expanded upon 

Boersch's theory to include electron-induced gas desorption; however they calculated a 

much smaller desorption coefficient of 0.03 molecules per electton. This model is 

chosen to describe the experimental results. 

Phase II begins with saturation of the secondary electton emission followed by a 

slower increase in current than in Phase I. Typically the current in Phase n will rise 

about 2 orders of magnitude over about 200 ns. The slow current rise in Phase II can also 

be attributed to a growing Townsend current. 
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i = ioexp(ad) 

a = First Townsend Coefficient 
d = Gap Distance 
i = Total current (Phase II-III) 
io = Initial current (Phase I-E). 

Some simple assumptions allow us to estimate the value of a for this experiment. The 

type of gas can be assumed to be mostly H' ' ' at a pressure of I torr. These assumptions 

combined with an E field of 10 V/m gives an E/p of greater than 1000 V/(cm*torr). 

Since o/p vs. E/p curve for H approaches a constant value at 1000 V/(cm*torr) it is 

possible to determine the value of a from the curve.'^ The value of ot/p is approximately 

4 so a is about 4 cm'' at the Phase II-IE ttansition point. A rough value of a can be 

estimated from the data, using the current values at Phase I-E (io) and Phase II-BI (i) 

ttansition points and the gap distance (d). If i is equal to 3.5 A, io is 0.04 A, and d is 0.5 

cm, then the value of a is approximately 8.9 cm'. 

Secondary electton emission occurs when a primary electton, emitted from the 

triple point, strikes the surface of a solid and releases another electron. When the 

electrons strike the surface there is a finite probability that the impact will cause another 

electron to be emitted as a secondary from the material. Figure 2.1 is a generic drawing 

that illustrates the secondary electton emission process. 
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Figure 2.1 Drawing illusttating secondary electton emission from a surface. 

Some of die electtons will be elastically reflected from the surface, or inelastically 

reflected from inside the material by Rutherford Scattering. So, electrons can come from 

three possible sources. Only electrons emitted from ionization will be "tme" secondary 

electtons, according to the theory proposed by Dekker, 16 

The yield of secondary electtons, 6, is defined as the number of secondaries 

emitted per primary electton. One of the most important parts of the theory of secondary 

emission is the dependence of the secondary electton yield on the incident energy of the 

primary electrons, which determines how many electtons will be emitted. A model 

1 •y 

proposed by Gerald Dionne described the yield with the following equation 

5 = 

B = 
^ -

a = 

A = 

d = 

n = 

^t(adP'Kl-e-'^) 

secondary escape probability 

secondary - electron excitation energy 

secondary - electron absorption constant 

primary electron absorption constant 

maximum penetration depth 

power-law exponent. 
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The yield depends upon many factors including primary electton energy, penettation 

depth, adsorbtion coefficients, and probability of escape. The curve has a maximum 

primarily because at higher energies the primary penetrates so deep into the sample that 

even though it is producing more secondary electrons they have a much lower probability 

of reaching the surface of the material and being emitted. The physical density, 

conductivity, and work fiinction (sum of band gap and electron affinity for an insulator) 

have a direct impact on the maximum yield of the emitter.'^ 

In general, the curve for secondary electron yield has the same shape as shown in 

Figure 2.2. The curve has two intersection points where the secondary emission is equal 

to unity, a low (Al) and a high-energy (A2) point. The Boersch model described 

saturation at the low energy point and Avdienko and Malev model used the high-energy 

point to describe saturation. It is important to note that as mle insulators have a broader 

yield curve then metals, so there is a larger difference in the energy values of the two 

transition points. The curve in Figure 2.2 is a generic curve and includes all electtons 

emitted from the material for all three of the above processes. 
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0 Al 1 2 

ENERGY [keV] 

Figure 2.2 General curve of the yield of secondary electton emission. 

An electton emitted from the triple point, of the cathode, dielectric, and vacuum, 

will be accelerated by the applied field and strike the surface of the insulator. If there is 

sufficient energy released in the impact to overcome the band gap of the insulator, then 

this will produce a secondary electton as well, which will also be accelerated by the field. 

When the secondary is emitted from the insulator there will be a positive surface charge 

due to the vacancy. The net surface charge will produce an electtic field perpendicular to 

the surface of the insulator. So die next electton is accelerated, by the applied field, and 

pulled into the surface by the surface charge field reducing the free path of the electton. 

If the electton spends less time being accelerated by the field then it will have a smaller 

impact energy. The production of secondary electtons produces a build up of positive 

image charges near the cathode, which increases field emission from the cathode 
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therefore increasing the secondary emission. This process will continue until saturation 

of the secondary electron avalanche occurs, at a yield equal to unity, and Phase E can 

begin. 

Final Breakdown 

Phase EI is the final high current discharge phase. This phase begins with the 

SSEEA and the Townsend current amplification process, and takes place in the desorbed 

gas layer in the form of a Paschen breakdown. The gas layer ionized by electton impacts 

forms a plasma and final breakdown across the surface occurs when more electrons are 

added to the system by photoemission from the cathode. The extemal impedance of the 

setup limits the final current amplimde, of the order of 10^ amps. 

The risetime of Phase IE is fast, nanosecond regime, so some possible ttigger 

mechanisms can be neglected due to the fast risetime. Ions impacting the cathode are not 

likely to cause the emission of more free electtons from the cathode due to the low drift 

velocity of the ions. The low velocity means that they will have a ttansit time that will be 

too long to account for the rapid final breakdown. It is probable that the final breakdown 

is initiated by photoemission from the cathode. Photon stimulated emission from the 

cathode can satisfy the fast risetime. Photons can ttavel the distance to the cathode at the 

speed of light, however, not all photons will have the properties necessary to accomplish 

photoemission from the cathode. The rate of photon emission is controlled by Einstein's 

coefficient for spontaneous emission'^ A. This means that after an atom is ionized it 

requires a finite amount of time for the atom to decay and release a photon. 
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T = 1/A 

T = time per transition 
A = transitions per unit time 

So the time per transition must be on the same order as the risetime of Phase IE for the 

photon to be able to initiate electron emission from the cathode. Final breakdown will 

require an A value of the order of 10̂  s"' and a photon with sufficient energy to overcome 

the work function of the electrode. 

Miller and Ney'"^ who discovered that the surface gas was not adsorbed 

background gas studied the composition of the gases desorbed from the insulator 

previously. They concluded that more than 90% of the gases had been adsorbed during 

the handling process rather than from the background or gases trapped in the bulk 

material. They noted that the primary gases were H2, CO, and CO2. 

So all the above can be summarized using Figure 2.3. Primary electtons are 

emitted from the triple point by field emission, (Fig. 2.3.a). The positive induced surface 

charge near the cathode enhances the field and increases the amount of electrons emitted. 

These electrons impact with the surface of the dielectric as they move towards the anode. 

Each impact has a discrete probability of ionizing a gas or lattice molecule on the surface 

releasing a secondary electron, (Fig. 2.3.b). As this process continues the total amount of 

electrons emitted increases until SSEEA occurs. Samration means that each primary 

electton will emit only one secondary electton. Each impact from the electtons has a 

probability of desorbing a gas molecule from the surface, producing a gas layer above the 

surface, (Fig. 2.3.c). This gas layer will remain very close to the surface, less than a 1 

mm^. Electron collisions ionize the gas as they go tiirough and a slow amplification of 
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the current takes place in the form of a Townsend mechanism. Finally, at a critical point, 

electron emission from the cathode, possibly caused by photoemission initiates a Paschen 

breakdown in the desorbed gas layer, (Fig. 2.3.d). The final high current flash across the 

surface of the insulator ttanspires in a few nanoseconds. 

(a) 

Emission from triple junction 

(b) 
^V^^i^^^kp^^xrxv^^^ 

+ + + + + + + 

(c) 

Saturated electron emission avalanche 

+ + + + + + 

(d) 

Electron induced outgassing 

Paschen breakdown in desorbed gases 

Figure 2.3 Diagram of mechanisms of surface flashover. (a) Emission 
from triple junction, (b) Saturated electron emission 
avalanche, (c) Electton induced outgassing, (d) Paschen 
breakdown in the desorbed gas. 

17 



CHAPTER IB 

EXPERIMENTAL SETUP 

The purpose of this experiment was to investigate the effects of cryogenic 

temperatures on the early phase of dielectric breakdown. This was accomplished using a 

system that utilizes a coaxial design. The geometry of the system combined with the fast 

diagnostics allows for an examination of the very early phase of dielectric breakdown. 

This chapter outlines the design of the system and the methods used to obtain the 

experimental data. 

Bell Jar System 

The chamber consists of a stainless steel bell jar with a height of 75 cm and a base 

of 50 cm. The base has twelve 1.338" ports, which are used for electrical feedthroughs, a 

gas backfill valve, roughing pump valve, and vacuum gauges. Also, there are six 4" ports 

and two 6" ports. These are used for windows, electtical feedthroughs, cooling tube 

feedthroughs and other diagnostic sensors, including x-rays, ICCD camera, and 

specttoscopy. A schematic drawing of the basic experimental setup is shown in Figure 

3.1. It shows the charging and load lines and how they enter the system. The RG-19 

transmission line mns from the power supply to the bell jar where they meet at a matched 

impedance connection. The coaxial design of the connection allows for the close 

matching of the impedance, approximately 52 Q, with that of the transmission line, 

which allows the measurement of fast signals. 
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•Pressure: 1x10 Torr 

• Circuit Response Time: 
1 ns 

• Operating Temperature: 
77K - BOOK 

OPTICAL 
DIAGNOSTICS 

R 
Yo^.-^mi^E^ID'-i 

CURRENT 
MONITOR, OUTER 

t I CONDUCTOR 

nm—i 

INNER 
CONDUCTOR 

f JWM 
CHARGING VOLTAGE 

LINE MONITOR LOAD LINE 

HSC 
PICK-OFF 

Figure 3.1 Basic Experimental Apparatus 

The risetime of the coaxial cables was determined using a pulse generator. A 2 ns 

pulse was sent into the system, then the risetime was determined using the 10% and 90% 

points from the rising side of the voltage pulse. The input wave had a risetime of I ns 

and the output or reflected waveform had a risetime of 1.16 ns. So the system has a very 

fast response time of about 1 ns. 

Vacuum System 

The vacuum system consists of a Sergent Welch Model 1397 mechanical 

roughing pump and a Varian Turbo-V550 turbo molecular pump. Together these pumps 

bring the pressure in the bell jar chamber down to about 3 x 10' torr in about 18 hours. 

Pressure is monitored by two standard hot filament ion gauge sensors and three 
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thermocouple gauges. One ion gauge and two thermocouple gauges are connected to the 

Varian Turbo V-550 system, while the remaining gauges monitor the pressure in the bell 

jar. The ion gauge, for the bell jar, is connected to an Inficon CC3 vacuum gauge display 

unit. 

Power Supply 

A 100 kV high voltage dc power supply, charges the transmission line, RG-19 

A/U cable, through a 500 MQ resistor until breakdown across the gap occurs. The cable 

is approximately 27 meters long and has a two way ttansit time of 270 ns with a rise time 

of 1.16 ns. The system is terminated on the other side of the gap with another section of 

RG-19 transmission line, a load line, that is approximately 27 meters long and shorted at 

the end. The system is charged by slowly increasing the voltage until breakdown occurs, 

immediately following breakdown the power is mmed off Slow charging of the system 

guarantees that the applied voltage is the same or a little more than the breakdown 

voltage of the discharge. 

Test Gap 

The sample holder was designed for testing samples at cryogenic temperamres, 

specifically, liquid nitrogen at 77 K. A diagram of the sample holder is shown in Figure 

3.2. The ends of the holder are connected to the ttansmission line by sliding into dove 

tail grooves connected to the electrical feedthroughs into the bell jar, designed to 

maintain an impedance match of 52 Q.. The electtodes represent the inner conductor, 
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while the oulcr conductor is a copper mesh that is easily opened to alU^w access lu liie 

sample holder. The electrodes are cut at angle of 3°, this insures that only the tips o\' the 

electrodes are in contact with the surface of the sample. All the data was collected using 

a gap distance of 0.5 cm. The combination of the electrodes, sample, liu! the Alumina 

support represents one piece which can be easily slipped in an out of the electrical 

leedthrough. This allows for ease in changing samples and for modifying the electrode 

tips or gap distances. 

Nylon Clamps 
Copper Foil \ 

/I rv' 1 FJectrodes n ^ 

^ TeHon 
Ttibing 

Bracket /V" 

Thermal Insulator 

Alumina 
Liquid Nitrogen In Liquid Nitrogen Out 

Figure 3.2 Sample Holder and Cryogenic Cooling Apparatus 1̂ ) 

Heat loss through the electrodes is diminished by thermally insulating the sample 

holder from the electrical feedthroughs. This was accomplished by inserting a disk of 

lexan between the feedthroughs and the sample holder. Electrical continuity is 

maintained by wrapping the edge of the lexan disk with a thin copper foil. The foil is 

held in contact with the rest of the conductor by a set of nylon straps. Thin copper foil 
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provides an excellent conductor while allowing a minimal amount of heat to be 

transferred to the sample holder. The sample is supported by an Alumina, AI2O3, bridge 

that combines good thermal conductivity with the properties of an electrical insulator. In 

order to maximize the heat ttansfer and cool the sample as quickly as possible, thermal 

heat sink compound is applied between the Alumina support bridge and the test sample. 

Teflon tubing is used to transport liquid nittogen into the system and cool the sample 

holder to a temperature near 77 K. A continuous flow of liquid nitrogen through the 

system cools the sample to a temperamre of approximately 100 K in about 20 minutes, 

while the electrodes are at 77 K. Figure 3.3 shows the cooling curves for each 

component of the sample holder, the sample, electtodes, alumina support, and the cooling 

cavity. The cooling cavity is where the liquid nitrogen enters the cooling system (Fig. 

3.2). Since the cooling cavity is made of brass and contains the liquid nittogen it is 

expected to be the coolest part of the system. These curves in Fig. 3.3 represent the 

measured temperature of each component; however, they do not represent the effect the 

heat flux through the thermocouple wire has on the temperamre measurement of the 

sample. 
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Figure 3.3 Cooling curve without adjustment for heal transport through 
the thermocouple.''^ 

Type N thermocouples composed ofnicrosil (Ni-Cr-Si) and nisil (Ni-Si-Mg) were 

used since (hey have a tcinpeiaturc range of-270 to I300*^C. Temperature measurement 

was a difficult process. Attaching the thermocouple (TC) probes to the surfaces to he 

monitored was not easy. The sample was the most dilTicull to measure accurately 

because of the large tlilTcrence in the thermal conductivity between the .sample and (he 

TC probe. The diameter of the thermocouple wire used was 0.01 inches, 30-gauge wire. 

The smallest diameter available was used to minimize the amount ol heat transported 

from outside the chamber to the sample. 

A simple model of the heat transport through the TC probe to the sample was 

used to determine the temperature at the surface. The calculated temperature of the 

sample, which is in thermal contact with Alumina support and the electrode tips was 
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about 100 K in the center of the gap^. The thermocouple measured the final temperature 

to be about 120 K. The difference between the calculated and measured value is about 20 

K, which is the error estimated by the heat ttansport through the TC wire to the surface of 

the sample. Therefore it reasonable to state that the temperature of the sample between 

the gap is about 100 K which is adequate for the experiment. 

Current Sensor 

Current measurements are made utilizing a transmission line current sensor , as 

shown in Figure 3.4. There are three current sensors used in this experiment. On either 

side of the gap at a distance of 0.8 m there is a low sensitivity current (LSC) sensor with 

a sensitivity of 0.1 V/A. On the load side of the gap there is a high sensitivity current 

(HSC) sensor located a distance of 1.1 m with a sensitivity of 0.2 V/A. 

Primary A 
Current 

Shield 

Polyettiylene 
Core 

N Turn Coil 

Figure 3.4 Transmission Line Current Sensor 

These sensors have minimal distortion of the incoming current waveform, which 

means that there is a good match between the input and output waveforms. The LSC 
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probe has a two way ttansit time of 310 ns and a risetime of 0.5 ns. Table 3.1 has more 

detailed information on the two types of current sensors used in this experiment 21 

Table 3.1 Detailed information on the two types of ttansmission line 
current sensors used in this experimental apparatus. 

Description 

Number of mms 
Radius of conductor shield 
Radius of coil 
Capacitance 
Inductance 
Characteristic Impedance 
Wire Resistance 
Risetime 
Two-way ttansit time 
Sensitivity (into 50 Q.) 

LSC 
Sensor 
495 

1.65 cm 
1 cm 

65 pF 
515 iiH 
2810 Q 
8.4 Q 
0.5 ns 
310 ns 

0.1 V/A 

HSC 
Sensor 

246 
1.65 cm 

1 cm 
69 pF 

129 fiH 
1370 Q 
2.6 Q 
0.4 ns 
160 ns 

0.2 V/A 

The LSC sensor on the load side is used to trigger the oscilloscopes and other 

measurement devices. Amplifying the signal before it enters the oscilloscope increases 

the sensitivity of the HSC sensor. The signal passes through an amplifier that has a gain 

of 19.6. This increases the range of the system to the O.l mA region. The amplified 

signal is ideal for measuring the current in Phase I, zero to five nanoseconds. Output 

from the current sensors goes through a chpping diode circuit, before the oscilloscopes 

receive it. Since the HSC is amplified it is very important that this signal is clipped to 

prevent damage to the oscilloscopes. A circuit, composed of 1N4151 switching diodes, 

is used to limit the amplitude of the signal.^' 
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Voltage Sensor 

A capacitive voltage divider monitors the voltage on the charging line. It is 

located on the charging side 0.95 m away from the gap. This voltage probe has a 

capacitance ratio of approximately 800:1 and an overall sensitivity of 28.7 kV/V. The 

diode circuit includes a 900 Q resistor that increases the overall RC time constant of the 

probe. It is connected to the 50 Q load of the oscilloscope. Also, a HV probe is 

connected to the system to monitor the voltage at the end of the 500 MQ. resistor. The 

sensitivity of the probe is 38 (mV)/kV). The HV probe is used to confirm the voltage 

from the voltage sensor. The values are usually in agreement with differences in the 

measured values of less than 5%. 

X-ray Sensor 

X-ray emission from the event is measured using an Amperex XP 2020 

photomultiplier tube (PMT), operated at 2500 V, and a NE 102 plastic scintillator. The 

x-rays pass through a 10)Lim aluminum foil that blocks visible light emitted during the 

event before passing through the scintillator that is located 0.43 m above the sample. The 

PMT has a transit time of 33 ns, which accounts for the electron propagation through the 

12 stage dynode arrangement. The x-rays are emitted by electtons that have been 

accelerated by the breakdown field and hit the anode. The transmission characteristics of 

the foil are given in Figure 3.5. The ten micron foil has a low ttansmission probability 

for photons with energy less than 5000 eV. X-rays are not usually detected until the 
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breakdown voltage is greater than 5 kV because they do not have sufficient energy to 

travel through the foil. 

X-ray Transmission for Al 10 microns 

1 , 

0.8-

Tr
an

sm
ls

sl
on

 
o

 
o

 

0 2 -

0 -

J 

1 

f 
J 

0 5000 10000 15000 20000 

Photon Energy [eV] 

25000 

Figure 3.5 X-ray Transmission Curve for Aluminum Foil 10 |j.m 22 

ICCD Camera 

Pictures of the discharge event were taken using an Oriel Instaspec V ICCD 

camera. The Instaspec V is an intensified CCD camera, which allows fast optical gate 

times of ~ 2.5 ns and high sensitivity in the wavelength range of 190 to 850 nm. Imaging 

of the sample was done using a Nikon UV lens with a focal length of 105 mm and high 

ttansmission for the specttal range of the camera. The LSC sensor, on the load side, 

activates a ttigger circuit, which is shown in Figure 3.6 21 
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Output 

Figure 3.6 Trigger circuit with sub-nanosecond risetime. The comparator 
operates at ±5V and Vc = 450 V. 

When triggered, this circuit produces a pulse with sub-nanosecond risetime and 

duration equal to the two-way ttansit time of the charging line. The exposure time of the 

camera is conttolled by the duration of the pulse. The shutter opens when the pulse rises 

and closes when the pulse drops below the trigger voltage of the shutter. Changing the 

width of the pulse allows conttol of how much of the event will be captured in the 

picture. Typical pulse widths were between 15 and 80 ns for the camera picmres. Pulse 

lengths for the spectrograph ranged from 50 to 450 ns. Since the risetime is very short, it 

is possible to get pictures of Phase I and E. However, Phase I is usually of low intensity 

so it is more difficult to get a good picture. The delay time between the event and when 

the gate opens the shutter of the camera is 28.7 ns. This time includes the cable transit 

time, intemal camera delay, and ttansit time for light to travel from the event to the 

camera. Before any experimental data are collected a reference picture is taken using a 

pulse generator to trigger the camera. With a reference picture, it is possible to identify 

the exact electtode geometry. Visible images with the camera are taken from two 
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different angles. The first set was a profile shot taken parallel to the plane of the sample. 

For the second set, the sample holder was rotated so that the camera view was 

perpendicular to the plane of the sample. Picmres perpendicular to the sample made it 

easier to ttack the path of the discharge for each shot. Figure 3.7 shows the reference 

pictures for both camera semps. 

^ ^ ^ ^ ^ ^ ^ K . ..4 'nL,~ _ - » . . « . _ . _ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 1 
» i 4 » - * * - J « - - i . • • • * ' » — 

(a) View from the side. 

(b) View from the top. 
Figure 3.7 Camera reference picmres (a) View from the side and (b) 

View from the top. 

Spectroscopy 

Specttoscopic measurements were made using an Oriel MS257 specttograph 

with a quadmple grating mrret. The specttograph was combined witii the ICCD camera 
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to get visual images of the spectta and compare them to a reference picture taken before 

the experiment begins. Then it is possible to determine which end has the brightest 

spectral lines, cathode or anode. Also the relative amount of gas and type of gas could be 

compared for the anode and cathode. Using the specttograph required setting up a 

system of optics to focus the image of the sample. 

The optical system included two lenses, an optical bench, and optical mounting 

brackets. The lenses focused light, from the sample, that passed through a glass view 

port, to the slit of the specttograph. The optical bench was located outside of the bell jar 

approximately 30 cm from the sample. Each of the two lenses were mounted to the 

optical bench using an adjustable mounting bracket. The bracket allows for vertical or 

horizontal adjustments. Both lens 1 and lens 2 are planar convex type lenses that are 2.0 

inches in diameter. Lens 1 has a focal length of 35.0 cm and lens 2 has a focal length of 

20.0 cm. The system is set up so that the sample is located at the focal point of lens 1 and 

the entrance slit is at the focal point of lens 2. Lens 1 was placed 0.350 m from the 

sample and lens 2 was located 0.200m from the slit. The total distance from the sample to 

the slit on the specttograph was 1.20m. A general diagram is shown in Figure 3.8. 

The final goal of the lens system was to match the F number of the specttograph. 

The F number is the ratio of focal length to the diameter of the lens. If the F number is 

matched tiien the amount of light that is coming from the lens will be captured by the 

specttograph. If the F number is smaller for the lens then not all the light will contact the 

diffraction grating. The MS257 has an F number of -3.9 while lens 2 has an F number 

of-3.94. 
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Figure 3.8 General diagram of the optical semp for focusing light from 
the sample to the specttograph. 

The specttograph was set up using a variety of diffraction gratings and slit widths. 

A slit width of 100 |xm and diffraction grating of 300 lines/mm were the primary settings 

used for data collection. However, gratings of 600, 1200, and 2400 lines/mm were also 

used to gather higher resolution in selected areas. The combination of slit widths and 

diffraction gratings make it possible to measure almost the entire visible light range or a 

very specific range, e.g., molecular band stmcmre, in one flashover event. 

Alignment of the specttograph is the most critical of the initial procedures. A 

HeNe laser was used for the alignment process. It was located on a bench across from 

the bell jar chamber. The beam was aligned so that it would pass through the front view 

port over the sample and out the rear view port. After passing through the rear port, the 

beam would ttavel through the optical system semp the bell jar and the spectrograph. A 

special cap, with a pinhole in the center, was used as the target for the laser. To insure 

proper alignment the beam must be centered on both view ports and also hit the pinhole 
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of the specttograph. The laser must pass directiy above the center of the sample, the 

bottom of the beam should visibly, clip the surface of the sample. When all four points 

are in alignment then the intemal mirrors of the specttograph must be aligned as well. 

The laser beam needs to sttike the center of the intemal mirrors. If the beam strikes the 

center of the mirrors and meets all the above criteria then spectroscopic images can be 

taken. An overall view of the system is shown in Figure 3.9. 
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Figure 3.9 Diagram of the spectrograph, optical system, and the general 
path of data. 
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Data Collection 

The data collection system is composed of two main components: the 

oscilloscopes and the PC that converts the oscilloscope data into ASCE format. A 10" x 

10' X 10' screen room was used to shield the data collection equipment from ambient 

signal noise. Signals arrive at the screen room ttaveling along Andrew LDF4-50A 

Heliax coaxial cables. Inside the screen room there are four Hewlett-Packard 54616B 

oscilloscopes with a bandwidth of 500 MHz and a risetime of about 600 ps. The scopes 

are connected to a 486/33 MHz PC. The computer stores and converts the digitized 

signals using the Hewlett-Packard Benchlink software. These four scopes collect signals 

from the current sensors, voltage probe, x-ray sensor and the ICCD gate pulse. The 

Benchlink software was also used to ttansform the digitized signals into standard ASCE 

format. 

Sample Preparation 

Several different types of samples were tested using this setup including Alumina, 

Lexan, coated Lexan, and two Asttoquartz compounds. The first step in sample 

preparation was to cut the samples into approximately 1" x 1" x 0.25" sections using a 

Buehler Isomet low speed saw. Then the surface was sanded with wet 1200 grit 

sandpaper to provide a random roughness to the surface, so that all samples have the 

same clean, roughened surface. 

The Lexan samples were cleaned with deionized (DI) water, mild soap and water 

solution, and rinsed with deionized water. Next they were rinsed with about 1% acetic 

acid to remove any soap residue. Then they were rinsed once more with DI water before 
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being placed in an ultrasonic bath of DI water for 15 minutes. The samples were 

removed and the surface wiped clean with a sheet of Kodak lens paper. 

Alumina samples were treated differently in that acetone was used instead of 

deionized water in the ultrasonic bath. Coated samples were made of Lexan so they 

received the above tteatments before they were coated. An outside group led by Dr. 

Shubra Gangopadhya, at the Department of Physics at Texas Tech University did the 

coating of the materials. WTien the coated samples were returned they were ready to be 

tested immediately without any further preparation. Neither the coated samples nor the 

Asttoquartz samples were measured at cryogenic temperatures. 

34 



CHAPTER rV 

EXPEREvlENTAL RESULTS 

Dielectric Surface Flashover 

The results for this experiment show that the overall current waveform is similar 

for both cooled and room temperature samples. Earlier tests^''° at room temperature had 

the same generic shape as those examined in this thesis. However, the earlier setup had a 

lower range of about 7 mA. The minimum was improved upon in this experiment by 

amplifying the signal from the HSC sensor. The measured current threshold in this 

experiment had a minimum of about 200 ~ 300 p,A, an improvement of more than 1.5 

orders of magnimde. 

With this improved capability we noticed a minor change in the current 

waveform. Near the I-E transition point, a plateau (constant current) in the waveform 

occurred in the lO's of mA range, near the end of Phase I, and had duration up to several 

nanoseconds. The plateau does not occur on every shot but it is persistent on several 

different samples and at different breakdown voltages for both the cooled and room 

temperature samples. At this point it is not obvious what mechanism is responsible for 

maintaining the field emission process at a constant rate. It is probable that there is an 

interaction occurring that was not seen previously due to the limits of the earlier setup. 

After a few nanoseconds the current begins to rise again and continues through the rest of 

Phase I and starts Phase E. Figure 4.1 shows the plateau for a cooled and room 

temperature sample. 
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General Current Waveform 
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(a) Alumina at 100 K 
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(b) Alumina at room temperamre. 

Figure 4.1 Graph of the current waveform for: (a) Alumina at 100 K, (b) 
Alumina at room temperature. 

The initial pre-breakdown current flow is below the lower limit of our detection 

9 A 5 
capabilities; however, it is believed to initiate at about 10' A . When die current reaches 
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a level that is detectable with our system it is already rising very rapidly. Within 2 - 3 ns 

the current will rise almost two orders of magnimde to the 10'̂  A range. The rapid rise is 

associated with field emission and the onset of SEEA. These characteristics remain the 

same for both room and cryogenic temperamres as shown in Figure 4.1. 

Wlien the samples are cooled the peak current for Phase I is obviously higher than 

at room temperamre for earlier shots. Cooled samples have a peak current, at the end of 

Phase I, 4 to 5 times higher than the current at room temperature. Figure 4.2 compares 

the current amplitude at the Phase I-E ttansition point for Lexan and Alumina at room 

temperature and 100 K, a total of four different sample tests. Alumina samples at 100 K 

had typical amplimdes of 0.08 - 0.1 A, while the room temperamre samples had peak 

currents of about 0.02 A for Phase I. The temperature dependence is a direct result of 

the adsorbed gas layer. Multiple layers of gas molecules can be adsorbed onto the 

surface, so lower temperatures means "thicker" or denser gas layers. It will require a 

more energetic electton to desorb a chilled gas layer molecule then a room temperature 

molecule. Previous work has shown that the bulk material has a negligible influence on 

the surface properties of the dielecttic, instead die gas layers determine the physical 

properties."^ So the dielectric will a have a temperature dependence of the physical 

properties. Since both Lexan and Alumina have proportional increases in current at low 

temperamres, the results support temperamre dependence of the adsorbed gas layer and 

the electron induced outgassing model. ' 
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Figure 4.2 Graph of measured current amplitude for the Phase I to Phase 
II transition point. Closed symbols are samples at room 
temperature. Open symbols are samples at lOOK. circles: 
Lexan, squares: Alumina. 

Phase II 

Phase E begins after SSEEA has been established and is assumed to be 

approximately constant, with an 6 equal to unity, for rest of the phase. This phase is 

characterized by a slowly rising current. The current rises about two orders of magnitude 

in about 100 - 900 ns. Figure 4.3 shows the duration of Phase II as a falling function of 

the breakdown voltage. Assuming that the rate of outgassing is related to the electron 

current density incident on the surface of the dielectric, then the results support the 

SSEEA model with electron induced outgassing, since the current density is dependent 
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on the applied voltage." Figure 4.4 shows the current waveform for one an early shot 

and a later shot. 
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Figure 4.3 Measured duration of Phase II as a function of breakdown 
voltage. Closed symbols: sample at room temperature, open 
symbols: sample at 100 K. 
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Electron impacts with the surface have released the adsorbed gas layer. These gas 

layers are localized above the surface of the dielectric and their density will vary with 

time. The current rise is almost a perfect exponential, which matches very well with the 

proposed Townsend amplification process. Local pressure increases in the desorbed gas 

layer allow for the Townsend process to begin. 

A model of the current waveform was generated using a first order differential 

equation. Combining the data with some estimated values for the Townsend coefficients 

yields a curve that is very similar to the current waveform. Table 4.1 lists the variables 

used in the equation. 

Table 4.1 List of variables used in the differential equation 

Io (A) 
Ii(t) (A) 
I(t) (A) 
T (ns) 

a (cm"') 

Y 
Â 

d(cm) 

0.04 
-

-

3.0 
4 

0.006 
-

0.5 

Initial current from field emission 
Electtonic current 
Total current 
Transit time for ions in the gap to travel to the cathode 
First Townsend coefficient 
Second Townsend coefficient 

} •[exp(oz/)-l] 
Gap distance 

The total current is described using the Townsend equation, where the current is a 

function of time. The electtonic current contains the initial current and the amphfication 

and feedback mechanisms that generate the total current. The electronic current is 

represented by the differential equation below 

I,(t) = Io+ t̂*[ Ii(t)-X *(dli/dt)]. 

This equation can be solved numerically using the information in Table 4.1 

I(t) = Ii*exp(ad) 
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This represents the final current equation after solving the differential equation. A graph 

of the total current verse time, generates a curve with similar time dependence as 

demonsttated in the experiment. The Townsend coefficients control the amplitude at the 

Phase E-IE transition point, y, and the duration of Phase II, is controlled by a. So the 

current waveform can be modeled using a Townsend process, which supports our 

proposed model. 

It is during Phase E that x-rays are detected. X-ray emission starts almost 

simultaneously with the ttansition from Phase I to Phase E. X-rays are first detected with 

breakdown voltages of about 5 kV. X-ray emission increases constantly during Phase E 

and then abruptly ends with the onset of final breakdown. Figure 4.5 is a graph of both 

current and x-rays and it demonsttates the beginning and ending of x-ray emission in 

relation to the current. The x-ray emission stops with the initiation of final breakdown 

because the gas density has increased to a point where electtons arrive at the anode with 

insufficient energy, because of multiple collisions, to produce x-rays. 
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Phase IB 

Phase IE is the final process that completes the surface flashover event in the 

form of a plasma discharge in the ionized gas layer. Phase EI is a much faster process 

than the previous phase, usually 10's of nanoseconds. The Phase E - EI transition point 

is usually located in the 1.0 - 10.0 A region and then it rises to a maximum current 

limited by tiie extemal impedance of the system. Maximum currents of 200 A have been 

measured in this experiment. Once the current reaches a value of several amperes then 

photoemission from the cathode initiates the final breakdown and flashover occurs across 

the sample. 

The mechanism that activates the electton emission from the cathode, initiating 

final breakdown is not completely understood. Since the risetime is very fast, drifting 

ions can be excluded as a possible cause due to their slow velocities in gases that have a 

pressure of several torr.^ Ion drift times are longer than the risetime of the final 

breakdown. Therefore photons emitted from excited or ionized atoms in the gap are 

believed to cause the emission. However, not all the ionized atoms emit photons fast 

enough to cause the electton emission from the cathode. Atoms or molecules ionized by 

electton collisions do not emit instantaneously, they have a delay associated with 

emission according to their value of the Einstein coefficient for spontaneous emission'^ 

A. Only atoms/ions with A coefficients of the order of 10̂  s ' and transitions with 

photon energies high enough to over come the work function of the electrode will have a 

chance to cause SEE at the cathode. 

Specttoscopic measurements of the event have shown, that doubly, ionized 

Carbon atoms satisfies both of these requirements and was present during the final 

44 



breakdown. Doubly ionized Carbon was detected using temporally and spatially resolved 

specttoscopy and it was one of the sttongest specttal lines next to Hydrogen in the region 

of final breakdown. 

Visible Images 

Visible images of the flashover event were taken to gather more information 

about the surface flashover process. Images of the event were taken from either a side or 

a top view (Fig. 3.7). Images from the side were not as informative as die top view. Top 

view images were very helpful in determining the width of the channel and conditioning 

of the sample. The width was determined to be approximately 7 mm by comparing the 

image with the reference picmres. The images taken of Phase E demonsttate conditioning 

of the sample with each consecutive shot. The images seem to indicate that the gas layer 

has been depleted and has not been replenished or the configuration of the molecules 

have altered the surface of the sample. The initial shot will be centered in the gap. The 

next shot will be off to one side of the previous shot and so forth until either the shot will 

go off the top surface of the sample or back across the gap. Figure 4.6 shows images of 

the progress of each consecutive shot across the sample. The region between the 

electrodes, which should be the favored region for the discharge, is not always the path 

chosen by the event. After several shots, the sample has been conditioned. The top 

surface layer of gas has been removed so the desorbed molecules are now coming from 

deeper in the material. 

It is during the first few shots that there is a noticeable difference in the 

breakdown voltage between chilled and room temperature samples. Figure 4.7 shows the 
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effect of breakdown voltage verses shot number for both chilled and room temperature 

samples of Lexan and Alumina. In general there is about a 20 % increase in the 

breakdown voltage for the chilled samples. 

(a) Shot #2 1.6 kV 

(b) Shot #3 1.7 kV 

(c) Shot #4 3.6 kV 

(d) Shot #5 3.4 kV 

Figure 4.6 Images of Alumina sample: (a) Shot #2 1.6 kV, (b) Shot #3 
1.7 kV, (c) Shot #4 3.6 kV, (d) Shot #5 3.4 kV. Dashed box 
represents the sample and gap. 
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Lexan & Alumina 
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Figure 4.7 Breakdown voltage for Lexan and Alumina: open symbols, 
sample at room temperature, closed symbols, samples at 100 
K. circles: Lexan, squaies: Alumina. 

Spectroscopy 

Spectroscopic images of the flashover event were taken in an attempt to identify 

the species of atoms/ions that aie present in the event. The overall intensity of the image 

lines were added together to produce a spectrum of the entire event. We expect to see H, 

CO, and CO2 since they arc considered to be among the dominant gases present in the 

14 surface of the sample. Figure 4.8 is an example of the spectral images taken with 

spectrograph and ICCD camera. Figure 4.9 shows some of the identified spectral lines. 

Results from the spectroscopic measurements show some support for photoemission from 

the cathode with presence of ionized carbon spectral lines. 
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Figure 4.8 Image of spectral lines for an Alumina sample at room temperature. 

Doubly ionized carbon was found in the spectta of the final breakdown along with 

hydrogen. 
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Figure 4.9 Examples of identified specttal lines. 
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CHAPTER V 

SUBMERGED TESTING APPARATUS 

All the data collected so far has been measured in a high vacuum environment at 

both chilled and room temperatures, as discussed in the previous chapters. These results 

have been informative about the temperamre dependence of surface flashover across a 

dielectric surface. However, more information is needed about cryogenic flashover. This 

Chapter will briefly describe the system and show some of the preliminary results. 

A new system was designed to test samples that are immersed in liquid nitrogen 

(LN2). This investigation is important because some systems have electtical components 

that are immersed in LN2 and it is an unknown area. The new system was designed with 

the same coaxial geometry as the previous system. Therefore the system can maintain its 

close impedance match and fast risetime. The voltage and current sensors are the exact 

same as those described in Chapter IE. The design does not use the x-ray sensor, 

specttograph, or the ICCD camera at this time, however, they are planned to be 

implemented over the next few months. 

The new system is made of a cylindrical stainless steel nipple that is 8" in 

diameter and 16" in height. Figure 5.1 shows the experimental apparams used for the 

LN2 tests. The chamber is heavily insulated with approximately 4" of spray insulation 

and 2" Styrofoam walls on every side and 2" of Styrofoam on the top and bottom of the 

chamber. The liquid nittogen is added to the chamber and then a mechanical pump is 

activated. Evacuating the chamber filled with LN2 brings the nitrogen to a rapid boil 

thereby cooling the LN2 to a temperamre less than the atmospheric boiling point at 77 K. 
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Figure 5.1 Basic Experimental Apparatus for LNi 

After about 15 minutes the pressure in the chamber is about 120 Torr, then the pump is 

turned off and dry nitrogen is added to bring the pressure back to atmosphere. The 

temperature of the liquid is approximately 64 K. The nitrogen has stopped boiling and 

the sample can be clearly seen through the liquid. Now the system is ready to test the 

sample. The temperature in the chamber will continue to rise and boiling will begin 

again. The time for the LN2 to start boiling is about 15 minutes. 

The primary difficulty with the constmction of the new chamber was the 

electrical feedthrough. The feedthrough needed to maintain the impedance match of 52 

Q and be able to function in the extreme environment of the LN2. Als(\ the feedthrough 

must have a similar coefficient of expansion as the stainless steel or the seal would not be 
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maintained. Finally the insulator must have a low thermal conductivity so that the 

amount of heat loss in minimized. The insulator chosen to construct the feedthrough was 

Lexan with 20% glass fiber because it closely matched the above criteria. A diagram of 

the feedthrough is shown in Figure 5.2. Several models were tested before the final 

design was implemented. 

Outer Conductor 

Dielectric 

Comieotion 
to 

Tapered Coax Cable 

Electrodes 

Inner Conductor 

Sample 

Outer Conductor 

Steel Container 

Figure 5.2 Diagram of the electtical feedthrough. 

A Lexan sample was the fu-st to be tested with a gap of 3 mm. Data was taken 

with sample and without. A preUminary graph of die current waveform for both the 

Lexan sample and the LN2 gap is displayed in Figure 5.3. 
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Figure 5.3 Graph of waveform for: (a) Lexan sample with Vb = 31.6 kV, 
(b) LN2 gap with Vb = 45.2 kV. 
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The waveforms are similar to the vacuum tests (Fig. 4.5) but there is a significant 

change in the transition points. Phase I begins with a fast risetime to a peak current less 

than the vacuum tests. Phase E appears to be a current amplification process, however it 

changes by only one order of magnitude in less than 150 ns. Finally, Phase EI is a very 

rapid change in the current, it jumps over 4 - 6 orders of magnitude in a few nanoseconds. 

Further data must be collect before any conclusions can be made about the mechanisms 

involved with the LN2 submersed tests. 
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CHAPTER VI 

CONCLUSIONS 

The main goal of this experiment was to expand the knowledge of surface 

flashover at cryogenic temperatures. An experimental apparatus capable of smdying 

surface flashover at cryogenic temperamres has been utilized to measure current and x-

rays. Also, images of the early phase of dielecttic breakdown and spatially resolved 

spectta have been taken. The early phase of surface flashover has been observed with 

higher resolution of surface current then in previous work at Texas Tech. 

Results of the experiment indicate three distinct phases in the surface flashover 

process. Phase I begins with field emission, leading to a samrated secondary electton 

emission avalanche. Phase E is a slower process that occurs in the desorbed gas layers 

and has a Townsend like current amplification that takes place over a few hundred 

nanoseconds. Phase IE, the final breakdown, is probably initiated by photons emitted 

from the ionized gas layer that trigger a secondary electton avalanche at the cathode. 

Overall the results support the model of secondary electton emission with electton 

induced outgasing.^ 

The effects of changing the temperamre were most pronounced in Phase I. The 

amplimde of the saturated secondary electton emission current was 4 to 5 times higher at 

low temperature than at room temperature. The higher current appeared regardless of 

the dielectric material, since both the Alumina and Lexan samples showed very similar 

results. The Phase E-IE ttansition point does not show the same temperature 

dependence as Phase I-E. This supports the idea that the temperature dependence 
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originates with the adsorbed surface gases. Changing the temperature did not have a 

noticeable effect on the amount of x-rays that were emitted during the flashover process. 

X-rays emission began with Phase E with the Townsend like process of current 

amplification and then ended with the onset of Phase EI. 

Visible images seem to indicate that the first few shots are involved with 

conditioning the sample and removing the top layer of adsorbed gas. Since the 

immediate surface layer has been deplete the discharge appears to follow a path where 

the gases are most easily desorbed. Also, the early shots have the greatest temperature 

dependence as indicated by the data. The breakdown voltage is approximately 20 % 

higher for Alumina samples at 100 K compared to room temperamre. Spectroscopic 

analysis has identified doubly ionized C as a possible initiator of the SEE at the cathode 

that causes final breakdown. 

It has been established that there is a temperature dependence on the dynamics of 

surface flashover. Cooling of the insulator increases the initial breakdown voltage, which 

is a desirable characteristic of an insulator. Also cooling has an effect on the electton 

induced outgasing. Further work should be done on testing other materials and coatings. 

Also, using more specttoscopic measurements to try and verify that the mechanisms in 

Phase IE involve photon initiated secondary emission avalanche will be an important step 

in understanding the final breakdown. 

A new system has been designed to increase the knowledge about cryogenic 

flashover. The new system was built so that the same impedance matching and fast 

electtical and optical diagnostics can be utilized to test samples that are immersed in 
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liquid nitrogen. This new semp allows for the sample to be at a temperature less than 77 

K for testing. 
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APPENDDC A 

A selection of current plots is shown for Alumina. These show the typical results 

of the experiment. 
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