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ABSTRACT 

The influence of dc magnetic fields on dielectric surface 

breakdown in vacuum using pulsed test voltages is investigated. 

Predictions from the "saturated surface avalanche" breakdown model and 

the experimental results showmagnetic insulation effects, i.e., an 

increase in flashover voltage, at magnetic field amplitudes as low as 

0.1 T. The magnetic field is oriented parallel to the insulator 

surface and perpendicular to the electric field. An increase in 

flashover voltage is seen for the magnetic field direction where the 

ExB drift is away from the surface, while a decrease followed by an 

increase in flashover voltage is seen for ExB drift into surface. The 

magnitude of the insulation effect depends on the dielectric material, 

ambient pressure, surface roughness, and presence of background 

plasma. In order to achieve magnetic insulation with and without a 

background plasma, it is sufficient to apply the magnetic field in the 

cathode region only. Magnetic insulation has also been observed using 

small low weight permanent magnets which can be used to increase the 

flashover voltage in a low density plasma environment where ihe 

electron density is on the order of W cm-3. The dependence of the 

flashover voltage on the square root of the gap distance is retained 

with the application of an insulating magnetic field. Also, 

prebreakdown luminance measurements support the "saturated surface 

avalanche" model. 
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CHAPTER I 

INTRODUCTION 

Flashover across a dielectric surface in vacuum has been studied. 

both experimentally and theoretically, for many years. Several models 

have been proposed based on different physical phenomena to explain 

the breakdown processes. Methods to increase the flashover voltage of 

dielectrics have also been proposed. Among these methods are surface 

treatments, insulator angle design, and the use of a magetic field to 

increase the flashover voltage. Therefore the motivation behind this 

research is the possibility of increasing the flashover voltage of 

insulators exposed to the space environment by using applied magnetic 

fields. 

The need to deliver power though vacuum interfaces, such as 

vacuum transmission lines and devices exposed to a low earth orbit 

environment, is of current interest since insulator surface flashover 

limits the power that can be transmitted through such an interface. 

An additional problem for vacuum interfaces exposed to a low earth 

orbit space environment is that at the present time only a few hundred 

volts dc can be applied under these conditions without flashover [1]. 

At a low earth orbit, the presence of a low density plasma (mostly 

oxygen-ions) along with ultra violet irradiation are two of the 

factors that cause this low flashover voltage limit [2]. 

The increase in flashover voltage across a vacuum dielectric 

surface by a magnetic field, i.e., magnetic insulation, is a promising 



candidate for reducing these problems. Magnetic insulation has been 

used successfully in the past in self-magnetically insulated 

transmission lines (MITL) and diodes, [3]. There have also been 

previous investigations of externally applied magnetic fields on 

coaxial vacuum dielectric interfaces under limited conditions [4]. In 

this work the application of dc magnetic fields to dielectric surface 

flashover in vacuum is investigated. 

Since the most important limiting factor for the application of 

high voltage in space is electrical breakdown across a dielectric 

surface, it is necessary to consider the theoretical models that have 

been proposed for vacuum insulator flashover. The saturated secondary 

electron emission avalanche (SSEEA) model has been applied to magnetic 

flashover inhibition previously [5]. The SSEEA model is the only one 

among various models (to be discussed in the following chapter) that 

adequately takes account of magnetic field effects on insulator 

flashover. The main reason for this is that the processes leading to 

breakdown occur above the insulator surface where the electrons 

initiating breakdown are greatly affected by the applied magnetic 

field. Therefore, this model was used to estimate the magnitude of 

the magnetic field necessary to effect the voltage holdoff of a vacuum 

dielectric interface. Also with this model the best orientation of 

the magnetic field with respect to both the dielectric surface and the 

impressed electric field can be determined. 

To determine whether magnetic insulation is useful in the space 

environment, experiments were performed to investigate the operating 

limits of magnetic insulation and the dependence on various parameters 



(such as insulator material, ambient gas pressure range, e t c ) . 

Although it is the goal of this research to find ways to increase the 

flashover voltage by applying a magnetic field it is equally important 

to know when the magnetic field induces breakdown. In addition it was 

deemed desirable also to determine whether magnetic insulation is 

still effective under certain plasma conditions, thus experiments were 

performed using a low density plasma environment, as well. 

Recently very strong, low weight, permanent magnets have become 

available that are capable of producing up to 0.3 T at the surface of 

the magnet. Therefore, experiments where performed using these 

magnets, to try to solve the problem of weight size and power 

restrictions on satellites. The permanent magnet insulation effects 

were also tested using a source producing a plasma similar to that 

present in the low earth orbit environment. 

Finally measurements to gain insight into prebreakdown conditions 

were made that should provide information useful in determining which 

theoretical model is most applicable. The prebreakdown luminance and 

current were measured using different magnetic fields values and 

directions and the results were applied to the saturated secondary 

electron avalanche model. 

Chapter II provides a description of the theory of insulator 

surface flashover in vacuum. The various models are discussed and the 

SSEEA model is used to describe surface flashover with an applied 

magnetic field. The experimental arrangement is presented and 

discussed in Chapter III. Included in this chapter is a description 



of the vacuum system, the electromagnet, the high voltage generator, 

and the diagnostics used for data aquisistion. Chapter IV contains 

the experimental results including basic magnetic insulation results, 

as well as investigations into plasma conditions, the use of permanent 

magnets, and prebreakdown measurements. A summary of the work is 

presented in Chapter V with comments about the results and suggestions 

for future work. 



CHAPTER II 

THEORY 

At the present time there are several theories concerning the 

mechanism for surface flashover of dielectrics in vacuum. A brief 

description of the three most widely recognized models will be 

presented, followed by the reasons for choosing the SSEEA model which 

is employed to explain the experimental results [6,7]. It should be 

noted that this dissertation is not an attempt to resolve completely 

the question of which model is correct, however, it does present new 

information that tends to support the SSEEA model. 

Saturated Secondary Electron Emission 
Avalanche Model 

In this model, as in all of the models, it is assumed that the 

electrons initiating the flashover process are emitted at the cathode 

triple junction (the region joining the vacuum, insulator, and metal 

electrode), because of the large field enhancement at this junction. 

In all models except the sub-surface avalanche model, these electrons 

are field emitted and then accelerated in the applied field. 

Eventually some electrons strike the insulator surface, producing 

secondary electrons. 

The yield of secondaries is determined by the secondary electron 

cmission (SEE) coefficient, ô, for the impact energy characteristics 

of ihe particular insulator material. A generic SEE characteristic 
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curve for an insulator is shown in Fig. 1. It can be seen from this 

curve that there are two energies (w^ and w^) where the secondary 

electron emission coefficient equals one. The point Ô(wi)=1 is a 

stable point for the impacting electron energies to converge toward 

whereas the Ô(w2)=l point is not. To show this, assume that an 

impacting electron initiated from the triple point has an energy less 

than wi so that it produces a net negative charge on the surface. The 

next electron will be repelled by this charge and remain in ihe 

accelerating field longer than it would have otherwise and finally 

strike the surface at a higher energy than it would have initially. 

Repeating this process forces the electron energies of the impacting 

electrons towards the w^ point. Now assume that the electron strikes 

the insulator with an energy greater than w^ . This produces a 

positive net charge on the surface so the electrons that follow are 

attracted to the surface earlier than if there were no surface charge, 

i.e., gain less energy in the electric field. These lower energy 

electrons tend to also converge to the w^ point. Therefore after a 

short time, on the order of nanoseconds, all electrons striking the 

surface will have the energy wj. This is called the saturated 

electron avalanche condition. Following the same line of reasoning it 

can be shown that the Ô(w2)=l point is unstable. 

Gas desorption also occurs due to the electrons impacting the 

surface. The amount of gas desorption depends on the number of 

electrons hitting the insulator surface (perpendicular electron 

current density) after the saturation condition (5(wi) = 1) has been 

reached. It is assumed that there is an unrestricted supply of 
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Fig. 1. The secondary electron emission yield versus impact energy 
for a generic insulator in vacuum, including a typical 
distribution of secondary electrons versus emitted energy. 
Typical values of the energies are on the order of 1 eV for 
WQ, on the order of 30 to 50 eV for wj, and on the order of 
1000 to 2000 eV for w^. 
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electrons from the cathode triple junction. Eventually a critical 

amount of gas is released and the accelerating electrons produce 

ionization in this desorbed gas layer and flashover occurs (Paschen 

breakdown). 

To sustain the avalanche process there must be a sufficient 

supply of electrons emitted from the triple point. The current 

density emitted from the triple point can, in principle, be estimated 

from the electric field in the electrode gap, including any field 

enhancement due to geometry and cathode surface conditions, described 

by the Fowler-Nordheim equation [8]. 

The applied electric field at the cathode triple point can be 

approximately calculated, given the geometry in Fig. 2, by the 

following equation [9]: 

En, ax 
V 

= 0.9^ a 
1 + 

1 
2(lF7iy (1) 

where V is the voltage applied to the gap, a is the gap separation, 

and r is the radius of curvature of the electrode surface. This is a 

simplified approximation of the effect of a radius of curvature due to 

two spheres, which will give a better estimate of the field at the 

electrodes than the average electric field (applied voltage divided by 

electrode separation). Using this equation, the estimated electric 

field at the cathode is 240 kV/cm for V = 80 kV, a = 1 cra, and 

r = 0.2 cm. 



electrode electrode 

Fig 2. The geometry for the electrode curvature and insulator 
surface used to estimate the electric field at the 
electrode-vacuum-insulator triple junction. 
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The Fowler-Nordheim equation [ 8 ] , 

j . (1 .5 X 10-2)[[3Ep ^ , , ^ r ^ . 8 X 109ø2-v(y) 

is then used to calculate the emitted current density, J, where E is 

the applied electric field in volts per meter, t-(y) and v(y) are 

tabulated slowly varying functions, ^ is the work function of the 

metal in electron volts, and (3 is a field enhancement factor due to 

micro-protrusions and dielectric coatings on the surface of the metal. 

The definition of y, a dimensionless parameter, is 

^ _ 3.795 X l O - n m ^ p,N 
y " (l) • ^' ^ 

The work function for clean copper is approximately 4.5 eV, (3 has been 

taken to be 300 for a typical situation [10], and (using the value of 

E estimated previously) y = 0.65, from Eq. (3). From tabulated data 

[8], t2(y) = 1.12 and v(y) = 0.5 which in turn gives, using Eq. (2), 

J = 2.7 X 1013 A/m2. Assuming a typical emission area of 100 um-, the 

current, I, is approximately 2700 A. Therefore, the numbcr of 

electrons available per nanosecond is approximately 1.6 x 10''3. With 

these large current levels capable of being produced at each emission 

site there is a sufficient flux of electrons available for breakdown. 

Since the possible emitted current is so large, the actual current is 

ihen limited by circuit parameters. Using this prediction from the 
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Fowler-Nordheim equation the source of electrons is seen to be 

sufficient to sustain the avalanche process. 

Formative and statistical time lags, as observed in gas breakdown 

[11], are not considered in this dissertation. The risetime of the 

voltage pulse used in the experiments is correlated to the 

Fowler-Nordheim equation (Eq. (2)) as plotted in Fig. 3. The 

transition time from "no electron emission" to "sufficient electron 

emission" is less than 50 ns (see Fig. 3), which is small compared to 

the voltage risetime of 500 ns. No attempts have been made to measure 

possible delay times on a time scale of less than 50 ns. 

The time necessary for the avalanche process to take place is 

estimated as follows. Using the electron kinematics of the electrons 

hitting the surface, the "hopping distance" (yc) is 

ŷ  = '**°(qE F '"̂̂  

and the amount of time the electron is above the surface is 

tc = 8j% 2- , (5) 

where q is the electron charge, m is the electron mass, and Ê ^ is the 

applied electric field parallel to the surface of the insulator. 

Using Ê ^ = 80 kV/cm, E^ = 40 kV/cm ([7] and Appendix A ) , and WQ = 1 eV 

(the emitted energy of the secondary electrons) the application of 

Eqs. (4) and (5), result in yc = 2 |ÍJ I and tc = 1.7 ps which defines 
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Fig. 3. The electric field versus emitted current from an emission 
site using the Fowler-Nordheim equation. The corresponding 
time scale plotted along the electric field axis from the 
pulse shape of the actual applied voltage pulse. The shaded 
area represents the time necessary to cover three orders of 
magnitude in emission current 
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for a 1 cm gap t̂  = 9 ns, where t̂  is the time necessary for the 

avalanche to propagate across the gap. The voltage risetime of 

500 ns, associated with the Fowler-Nordheim transition time of 50 ns, 

is large compared to t^. No attempts have been made to measure the 

breakdown current with this temporal resolution (ns). 

Surface Gas Breakdown Model 

Although there are two variations to this model the outcome of 

each is similar. Both suggest that the breakdown processes occur in a 

gas above the surface of the insulator, either in an adsorbcd gas 

layer or the desorbed gas layer, and does not rely on secondary 

electron emission or solid state processes. 

In one version [12], using the results of measurements of the 

time delay between the applied voltage and beginning of lun.inance at 

the cathode and measurements of the rate of propagation of luminosity, 

it is proposed that breakdown occurs in the adsorbed gas on the 

surface of the insulator. The electrons emitted from the triple 

junction are thought to be capable of sustaining an avalanche in the 

few monolayers of adsorbed gas, leading to breakdown. This model 

assumes that no gas desorption processes are necessary. 

In the other version [13], the breakdown mechanism depends on the 

resistivity of the insulator. For lower resistivity materials 

(p < 1012 ûcm), heating of the insulator through electrical 

conductivity of the material at these high electric field levels 

(10 MV/m) can cause breakdown to occur in the insulator at the 

surface. For higher resistivity materials another breakdown mechanism 



14 

dominates. The electrons emitted from the triple junction strike the 

surface and desorb gas molecules and when enough gas is desorbed 

breakdown occurs. This mechanism is different, however, from the 

SSEEA model in that no saturation conditions, i.e., secondary electron 

dependent processes are necessary to produce flashover and the only 

consequence of the electrons striking the surface is gas desorption. 

Sub-Surface Avalanche Model 

In this model it is assumed that the prebreakdown processes are 

dominated by solid state effects in a thin sub-surface layer of the 

insulator [14,15]. The initial electrons again are produced at the 

cathode, however, instead of field emission electrons the electrons 

tunnel into the conduction band of the insulator at the 

vacuum-insulator interface. T̂ien enough electrons are injected into 

the conduction band of the insulator, either an avalanche of 

conduction electrons takes place or the electrons produce a plasma 

which in turn induces flashover. This model precludes any secondary 

electron emission and gas desorption processes. 

Reasons for Using the SEEA Model 

Among the reasons for using the SEEA model rather than other 

models is that it best explains the experimental results. In this 

model the motion of the electrons above the surface, which is the 

basis for the model, is greatly affected by the magnetic field as will 

be seen later in this chapter and in Appendix A. There are some 

aspects of the other models that do not appear to be correct, such as 
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breakdown processes occurring directly in the adsorbed gas layer. 

Also, since the application of a magnetic field affects the flashover 

voltage, the solid state processes of the sub-surface avalanche model 

occurring in the insulator material also must be affected, which is 

unlikely at room temperatures. 

In one version of the surface gas breakdown model [12] it is 

assumed that there is enough gas adsorbed on the surface to initiate 

an avalanche process directly from the electron emission from the 

cathode, without the need for gas desorption. However, it seems more 

reasonable that the breakdown takes place in the desorbed gas layer as 

it expands into a larger volume. To show this a brief analysis of 

electron propagation in the adsorbed gas layer follow. The number of 

molecules per square centimeter, on the order of 10^6 cm-- [12], with 

a thickness of 10 monolayers [16], gives a number density of 

N = 1023 cm-3 which is typical of adsorbed gas layers on vacuum 

surfaces. The diffusion length, A, of an electron in the adsorbed gas 

layer is, 

A = [DfT]^ , (6) 

where Df is the thermal diffusion coefficient and x is the time 

necessary for the electrons to diffuse the length A. The diffusion 

coefficient is defined as 

Df = S N ^ ' (7) 
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where <v) is the average electron velocity and Oc is the collisional 

cross section. Substituting Eq. (7) into Eq. (6) gives. 

t = A 2 | ^ . (8) 

The thickness of 10 monolayers of gas is approximately 3 x 10-"̂  cm 

[16], and a typical value for 0^ is lO-i^ cm2 for gases like N^, CO^, 

and O2 [17]. Using these values and the energy associated with (v) of 

0.5 eV (a typical thermal energy) then t = 2 ps, i.e., the electrons 

quickly diffuse out of this layer. Since the density is so high, the 

reduced electric field strength, E/N, is very low (0.1 Td). Even when 

the E/N = 100 Td in N^, the electron loss due to ionization is 

estimated to be about 3% of the total electron loss [18]. Therefore, 

at this much lower value of E/N no significant ionization is possible. 

Hence, the electrons will quickly diffuse out of the monolayers of 

adsorbed gas without causing any significant ionization. From this it 

is clear that the electron avalanche process is not probable in an 

adsorbed gas layer. 

The effect of a magnetic field in solid materials is dependent on 

the carrier mobility in the material and the temperature. The 

magnetoresistive effects in a material are dependent on the parameter 

1/(1 + B2^2) [19] where B is the magnetic field in Tesla and \i is the 

carrier mobility in square meters per volt second. From this 

parameter, the conclusion is that B2)i2 must be close to one before any 

magnetoresistive effects are seen so, that for B = 0.7 T, \L is 
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approximately 1 m2/Vs when B2^2 = i. Typical values for insulator 

mobilities are approximately 10-8 m2/Vs [20]. Comparing this to the 

previous value it is concluded that there must be close to eight 

orders of magnitude increase in carrier mobility before any magnetic 

field effects are predominant in insulators. Since, in general, the 

carrier mobility in insulators is very low, the conclusion is that it 

is unlikely that this type of solid state effect, i.e., with an 

applied magnetic field, is significant in vacuum insulator flashover 

processes at room temperature. 

Formulation of the SEEA Model 

Using the SSEEA model, Pillai and Hackam [7] formulated the 

breakdown criteria of insulators in vacuum without a magnetic field. 

The effect of the saturated secondary electron emission condition, 

followed by the gas desorption process (assuming that a critical mass 

of desorbed gas produces flashover) results in a relationship for the 

breakdown electric field as a function of gap length and insulator 

characteristics as follows: 

E = 
II 

McrWlVoe 
2eoLyvetan6 2" , (9) 

where Mcr is the critical desorbed gas density, VQ is the emission 

velocity of the field emitted electrons, e is the charge on an 

electron, EQ is the permittivity of free space, L is the electrode 

separation distance, y is the gas desorption probability (defined as 
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the number of gas molecules desorbed per electron impact), Vg is the 

average velocity of electrons in the avalanche, and 0 is the critical 

angle of electric field with respect to the insulator surface under 

saturated secondary electron emission conditions so that, from Ref. 

[7], 

tane = E^/E,,= [2wo/(wi - w j ] ^ / ^ , (10) 

A spatial cosine distribution of emitted electrons was used in the 

analysis where VQ is the peak value normal to the surface. 

Equation (9) indicates the dependence of the surface flashover 

voltage, Vbr = Ê L̂, on the square root of the insulator gap, L. 

Magnetic Field Effects on the SEEA Model 

From previous work by Bergeron [5], it was shown that, for a 

magnetic field parallel to the insulator surface and perpendicular to 

the electric field, a criterion relating the increase of the breakdown 

voltage due to the applied magnetic field can be determined using the 

SEEA model. The model determines a critical magnetic field necessary 

for "liftoff" of the electrons impacting the insulator surface and 

uses this condition to derive a magnetic insulation condition. The 

critical magnetic field is related to the applied electric field by 

Bc = 1.6(Vo/vi2)E , (11) 

where E is the electric field necessary for breakdown, VQ is the 

feill^^ 
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velocity of the emitted electrons, and v^ is the impact velocity of 

the electrons hitting the surface under saturation conditions (i.e., 

where vj corresponds to the energy w^ in Fig. 1). In this analysis, a 

gradient of the electron density in the perpendicular electric field 

above the insulator surface was included, along with a spatial cosine 

distribution for the emitted secondary electrons. 

Using a similar approach, but assuming a constant electron 

surface charge above the insulator surface, as opposed to a gradient 

of the electron density above the insulator surface used in Bergerons 

analysis, and including gas desorption processes (see Krompholz et al. 

[21] and Appendix B ) , a critical magnetic field for the field oriented 

perpendicular to the surface is obtained with respect to the electric 

field, 

Bc = 2(E/vi) . (12) 

Using estimated values of the necessary applied breakdown 

electric field, emitted energies of the electrons ( W Q ) , and the energy 

associated with the SEE characteristics (w^), [where WQ = (l/2)mVo2 

and wi = (l/2)mvi2], the magnetic fields necessary to affect the 

avalanche conditions can be estimated. For the magnetic field 

parallel to the surface, several tenths of a Tesla are necessary to 

affect the flashover voltage for values of WQ from 0.5 to 1 eV, values 

of wi from 30 to 50 eV, and an electric field on the order of 

50 kV/cm. For the magnetic field perpendicular to the surface several 

Tesla are necessary to affect the breakdown for the same parameter 
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values. It is expected that the orientation of magnetic field 

parallel to the surface is a more practical configuration for the 

investigation of magnetic insulation since dc magnetic fields of 

tenths of a Tesla are obtainable for many applications. 

Dependence of the Breakdown Voltage on the Gap 
Length with an Applied Magnetic Field 

The square root dependence of the breakdown voltage on the gap 

length should also be observed for the case of a magnetic field 

applied parallel to the surface of the insulator. Using the 

formulation by Bergeron [5] of the effect of magnetic fields on 

breakdown, where the ExB drift is away from the surface, a formulation 

for the influence of gap length on the breakdown voltage with a 

constant magnetic field can be derived. This derivation also uses the 

assumption that a critical desorbed gas density determines the final 

breakdown condition, see Pillai and Hackam [7]. The gas desorption 

rate, D, is described using the previously defined parameters as 

Employing the results from Bergeron's analysis (also see 

Appendix A) the saturated avalanche conditions give 

w2 = ?& , (14) 
(^- 1) 
V 
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where w is defined as Ê /̂Ê ,̂ and p is the energy enhancement factor 

equals to ̂  [14]. Then the expression for the time, TQ » between 

emission and impact of an electron for a particular electric and 

magnetic field combination is 

Xo - 2 w 1 - 1 -
8v 

(15) 

where v is defined as VQB/E , and the magnetic field equals the 

critical liftoff magnetic field. Substituting Eqs. (13) and (14) into 

Eq. (15) results in 

Xn = 
3 
2 

Æ 
(^- 1) 

(16) 

which is a constant for a particular insulator material. 

The application of the magnetic field to the gas desorption 

criteria (see Appendix A) gives. 

^ 2eoywv £ 2 
Vomû)Xo " ' 

(17) 

which after substitution of the previously defined parameters becomes 

D = lûÆ 
eVoB (^ - 1) 

E 2 
II 

(18) 

Setting this equal to Eq. (13) and solving for Ê^ gives. 



? 1 

E = 
II 

eBMcrViVo 
eoYliL (19) 

assuming vi » v^. With Vbj. = E L, Eq. (19) in turn becomes. 

Vbr = 
eBMcrViVoL 
. eoYP 

11 
(if B > Bc, see below) (20) 

Therefore the dependence of the breakdown voltage on the square root 

of the gap distance is preserved under the influence of an insulating 

magnetic field. These results are only valid for a constant magnetic 

field greater than or equal to the critical magnetic field necessary 

for liftoff conditions so that for B = 0 the flashover voltage is not 

equal to zero and Eq. (9) should be used to obtain the dependence of 

the voltage on the gap length. 



CH.\PTER III 

EXPERIMENTAL ARRANGE.\ENT 

The experimental apparatus was designed to be capable of applying 

a high voltage pulse, >100 kV, to a vacuum dielectric surface while 

applying an appreciable dc magnetic field, >0.1 T. The system was 

also designed to accommodate the various orientations of the electric 

field, magnetic field, and insulator surface. The system contains 

four principal parts, the vacuum system, the electromagnet, the high 

voltage generator including the electrode insulator arrangement, and 

the diagnostics package. 

The vacuum system was constructed using a Sargent Welch roughing 

pump (model number 8851) and a Sargent Welch turbo-molecular high 

vacuum pump (model number 3106-01). A four inch gate valve was 

installed between the vacuum chamber, constructed entirely of three 

inch diameter Pyrex tubing, and the turbo-molecular pump. Aluminum 

flanges were used to seal the ends of the chamber and to accommodate 

the high voltage feed-through, pressure gauges, valves, and windows. 

Figure 4 depicts the arrangement of the vacuum system. The system was 

capable of attaining a vacuum of 3x10-^ Torr. All of the components 

to be placed in the magnetic field were non-magnetic (i.e., aluminum, 

Pyrex, brass, or stainless steel). 

The high voltage system used to obtain flashover is shown in 

Figs. 4 and 5. An eight stage mini-Marx generator capable of 

producing up to a 180 kV peak overdamped pulse (0.5 |is with a 10 to 

2^ 
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90% risetime and a 50 |is decay time) was connected to the electrodes 

on the test insulator. A cylindrical high voltage feed-through, 

consisting of a 0.25 inch diameter copper rod surrounded by Epotech 

301 epoxy, was constructed to slide through a 1 inch Cajon vacuum 

fitting, delivering the high voltage pulse to the insulator flashover 

configuration. The flashover geometry is shown in Fig. 6, and 

consists of two cylindrical electrodes pressed on top of a test 

insulator which was supported by another insulator block. Flashover 

occurs between the two electrodes at the vacuum insulator interface. 

This geometry was chosen so that the applied electric field would be 

approximately parallel to insulator surface. With this geometry it is 

easy to change the orientation of electric field, magnetic field, and 

the plane of the insulator surface with respect to each other. AIso 

this geometry is similar to the configuration of a typical parallel 

rod dielectric vacuum feed through. One of the most commonly used 

electrode-insulator configurations for surface flashover experiments 

is a cylindrical insulator placed between two parallel plane 

electrodes, however, this is not practical for use in the externally 

applied magnetic field of an electromagnet since the electric field 

can not be kept perpendicular to the magnetic field (see Fig. 4 ) . 

An electromagnet capable of producing up to a 0.7 T dc magnetic 

field was used, and the electrode-insulator geometry was oriented in 

the desired direction with respect to the electromagnet. The 

electromagnet is a Varian .Model V3603, with 30 cm diameier pole pieces 

and a 15 cm gap spacing between the poles containing the P\rex chamber 

and the electrode insulator arrangement. 
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ELECTRæES 

INSULATOR 
SAMPLE 

Fig. 6. The electrode insulator geometry with the magnetic f ie ld 
orientation for ExB drift into the surface. 
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The high voltage diagnostics consisted of a resistive voltage 

divider, which had a bandwidth that was large enough to measure the 

0.5 |is risetime of the applied voltage pulse. The step response of 

the voltage divider probe and corresponding input pulse is shown in 

Fig. 7-a and Fig. 7-b. The voltage divider had a 1:3000 output to 

input voltage ratio. AIso shown in Fig. 7-c is a typical output 

voltage waveform of the experimental flashover voltage where the 

initial ringing is a characteristic of the probe. The signal from the 

probe was recorded, after further attenuation, by either a 7834 

Tektronix storage scope or a 7912AD Tektronix digitizer. Thc series 

of flashover pulses necessary for each data point was analyzed by 

computer programs to find the average voltage breakdown versus 

magnetic field and then plotted with an Hewlett Packard plotter. 

The prebreakdown current and luminance were measured using a 

resistive current probe and a photomultiplier tube with quartz fiber 

optics, respectively. In Fig. 8-a, the resistive probe is in series 

with the ground side of the electrode insulator arrangement. Between 

the probe and the oscilloscope there is a series of back to back 

voltage suppressors (fast reverse avalanche diodes with special high 

power metallurgically bonded junctions) which limit the voltage, both 

positive and negative, sent to the oscilloscope. This is necessary 

since the probe must be capable of measuring the small voltage signals 

during the prebreakdown stage while limiting the high voltages 

produced after flashover. Figure 8-b shows the orientation of the 

optical fiber with the breakdown geometry, where the optical fiber was 

placed next to the vacuum chamber without additional optics. The 
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Fig. 7 The output of the resistive voltage divider probe used to 
monitor the flashover voltage where a) is the step response 
of the probe, b) is a test step voltage, and c) is a typical 
flashover voltage measurement. 



30 

a) 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
kl 

Voltage 
Suppressors 

Scope 
50 ohms 

Resistive 
Probe 

b) 

POWER 
SUPPLY 

PMT 

DiGITIZING 
OSClLLOSæPE 

Optical Fiber 

Electrodes 

nsulator 

Pyrex Chamber 

Fig. 8. The experimental arrangement used to measure the 
prebreakdown current and luminance in the electrode gap 
using a resistive current probe and a photomultiplier tube 
and with an optical fiber, where a) shows the resistivc 
probe arrangement with voltage suppressors, and b)shows the 
optical arrangement. 
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light output is the average over the total gap length measured through 

the pyrex chamber wall, see Fig. 8-b. The photomultiplier tube used 

was a Hamamatsu R763 with a spectral sensitivity covering the range 

160-850 nm. The effect of the magnetic field on the tube was 

minimized by keeping the tube approximately 2 m away from the magnetic 

field and by placing a magnetic shield around the tube. 

A cold cathode plasma source, shown schematically in Fig. 9, was 

used to test the insulators in an argon plasma where Ug = IxlO^ cm-3. 

The cold cathode plasma source could only be oriented in one direction 

in the electromagnets to prevent demagnetization of the permanent 

magnets in the source. The plasma source was capable of operating in 

the 1x10-2 Torr to IxlO-'^ Torr vacuum range. This is possible because 

of the effective shift of the Paschen breakdown curves under the 

application of a magnetic field. Figure 10 shows the arrangement of 

the plasma source, the insulator geometry, and the electromagnetic 

field used during the experiment. 

The configuration used to measure the plasma number density of 

the cold cathode source is shown in Fig. 11. It employs a simple 

collector plate, with a surface area of 12 cm, to which a voltage is 

applied where the resulting current is measured using an electrometer. 

The number density, n^, can be calculated from the measured parameters 

using. 

ne = j ^ . (21) 

where J is the collected current density, e is the elementary charge 
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Fig. 9. The electrode-niagnetic field orientation of the cold-cathode 
plasma source used to introduce a low density plasma 
(ne = lO^ cm-3) in the flashover ---'- — region. 
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10. The experimental arrangement for the measurements utilizing 
a cold cathode discharge as a plasma source, where Bgn, is 
the magnetic field used for magnetic insulation, Bf is the 
fringe field of Bem that affects the plasma source ( 0.15 
T), and Bps is the magnetic field produced by the permanent 
magnet in the plasma source. 
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Fi^T. 11. The experimental arrangement used to measure the plasma 
density of the cold-cathode plasma source. 
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value of J is 1 xlO-8 Acm-2 and, from [22], v^ is 6 x lO^ cm/s at 

reduced electric field strength in the probe volume, E/N, of 90 Td. 

Substituting these values into Eq. 21, gives n^ = 1 x 10* cm-3. The 

errors associated with this measurement are 1) the difference between 

the measured current and the actual current due to emission of 

secondary electrons from the collector electrode, and 2) the errors 

due to the inhomogeneous electric field in the probe volume. These 

errors are, however, not anticipated to be serious for this order of 

magnitude calculation. 



CHAPTER IV 

EXPERI\ENTAL RESIT.TS 

In Chapter II it was shown that magnetic field amplitudes of 

several tenths of a Tesla are necessary to affect the breakdown 

voltage for a magnetic field parallel to the insulator surface, while 

amplitudes of several Tesla are necessary for a magnetic field 

perpendicular to the surface. Initial experiments were performed 

using a smaller electromagnet with three inch diameter poles and a 

maximum magnetic field of 0.3 T. For the magnetic field orientation 

perpendicular to the electric field and the surface, no change in 

flashover voltage was observed. Because of this, all experiments 

except the low magnetic field experiments were performed with the 

magnetic field parallel to the insulator surface and perpendicular to 

the electric field. 

Preliminary experiments were performed to determine if low 

magnetic fields (0-100 G) would affect a high voltage transformer 

exposed to the space environment on the Space Power Experiments Aboard 

Rockets (SPEAR II) [23] experiment. For volume discharges, low 

magnetic fields are known to decrease the breakdown voltage in a 

residual gas (Paschen breakdown). Therefore, Teflon samples obtained 

from Westinghouse were tested with the magnetic field perpendicular to 

the surface, with the magnetic field parallel to the surface, and with 

the magnetic field both parallel to and perpendicular to the electric 

field. At these low magnetic field values for all orientations in a 

36 
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background gas pressure range of 10-3 to 10-6 Torr of nitrogen, no 

effect on the breakdown voltage was observed. The conclusion is that 

since the breakdown process is dominated by surface flashover (SSEEA 

process), the influence of low magnetic fields on volume discharges by 

increasing the path length and causing more ionization in the gas is 

not important in this experimental investigation. 

Surface Preparation and Measurement Technique 

Every insulator used throughout these experiments was prepared 

using a standard method. After the sample was cut to the appropriate 

size, the edges were smoothed to avoid added field enhancement at the 

edges. Then the sample was treated with 600 grain alumina sandpaper 

and distilled water. As a final step each insulator was cleaned in 

distilled water in an ultra sonic cleaner before installation in the 

vacuum system. 

The method of acquiring the data was based on a procedure where 

an acceptable standard deviation in the series of data shots was 

required. Also, if any surface damage was observed that affected the 

flashover voltage, the experiment was terminated. Each sample was 

initially conditioned with 10 discharges before further measurements 

were taken. For all experiments each data point represents 10 

discharges. 

Magnetic Field Perpendicular to Surface 

As mentioned before, a measurement of the breakdown voltage \uth 

the magnetic field perpendicular to the insulator surface was 



38 

performed. Figure 12 shows the results of the experiment with a G-10 

insulator and it can be seen there is no change in breakdown voltage 

up to 0.3 T. This supports the expectation that it will take more 

than a Tesla to affect the flashover voltase usin? this confisuration. 

Magnetic Field Parallel to the Surface 

Since the most promising method of increasing the flashover 

voltage across a vacuum insulator is to orient the magnet field 

parallel to the surface and perpendicular to the electric field, the 

remaining experiments were performed with this configuration. 

Figure 13 shows the results of the flashover voltage versus magnetic 

field for G-10 where the closed circle data point represents flashover 

to the edge of the insulator (sample size limitation). The flashover 

voltage increases for the negative direction of magnetic field (ExB 

drift away from the surface) and decreases before increasing again for 

the positive direction of magnetic field (ExB drift into the surface). 

As can be seen from Fig. 14, for the data point where the flashover 

was at the insulator edge, the flashover path follows the longer path 

to the edge where the electric field is mostly parallel to the 

magnetic field. The ultimate sample size was limited by the small 

size of the vacuum chamber. 

The experimental data can be compared with the theory proposed by 

Bergeron using Eq. (11) in Chapter II. Figure 15 shows the region for 

magnetic insulation bounded by two slopes which where calculated by 

using values of WQ and w^ in Eq. (11), and the E / E Q = 1 line. 

Practical limits for WQ and w^ are 1) WQ = 1 eV and w^ = 30 eV for the 
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Fig. 14. The electrode-insulator geometry illustrating the long 
flashover path to the edge of the insulator initiated at the 
cathode where the electric field is parallel to the magnetic 
field. 
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lower slope, and 2) w^ = 0.5 eV and w^ = 50 eV for the upper slope. 

As seen in Fig. 15 most of the experimental data fall within these 

boundaries and are therefore in good agreement with theory. 

Further experiments investigating various factors such as 

background pressure, surface roughness, and different insulator 

materials are tabulated in Table 1. The diagram accompanying Table 1 

defines what is meant by the values Binc and Bmin- The value of B,nc 

is taken before the Vbr versus B curve begins to saturate due to the 

sample size limitation, which occurred in almost every case. 

The effect of different ambient pressures, with Pyrex as the test 

insulator, is shown in Table 1 where it is seen that a higher pressure 

reduces the magnetic field effects. This can be explained by using 

the diagram of Fig 16. At higher pressures (10-"̂  Torr) the critical 

amount of desorbed gas is reached more quickly than at the lower 

pressures (10-^ Torr). In Fig. 16 it is seen that it takes less time 

to achieve the breakdown pressure, in this example 1 Torr, beginning 

from 10-"̂  Torr (t^ - t^) than it takes beginning from a 10-6 Torr 

(̂ 3 - ti). Therefore a higher initial pressure leads to a lower 

breakdown voltage. 

Another observation from Table 1 is the effect of surface 

rou^hness on magnetic insulation for G-10, an epoxy insulaior. The 

surface roughness characterized by an average spatial surface 

variation, ^ , was measured with a profilometer. The smoother surface 

(polished with a fine abrasive so that the average surface variation 

was ?lp=0.4 \m) exhibited more of a magnetic field effect than the 

rougher surface (prepared with #600 alumina sandpaper to give 



44 

Table 1. A comparison of the increase and decrease in flashover 
voltage depending on difference in material, surface 
roughness, and ambient pressure, where Bjnc and B̂ jin are 
illustrated in the V^r versus B graph. 

Insulator 

* G-10, smooth (0.4 |Im) 

G-10, rough (3.5 |J.m) 

* Teflon 

-6 
* Pyrex, 10 Torr 

- 4 
Pyrex, 10 Torr N 

* PMMA 

Bmin [T] 

0.35 

0.35 

0.35 

0 

0.35 

0.35 

% Reductlon 
ofVe 

5 

20 

35 

0 

5 

40 

B|nc ["^] 

-0 .7 

-0 .7 

-0.35 

-0.7 

-0.35 

-0 .7 

% Increase 
OfVg 

120 

40 

25 

40 

8 

50 

6 
* same surface preperation and vacuum conditions (lO' Torr) 
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Fig, 16 The desorbed gas pressure versus time plot where the slope 
of the line represents the gas desorption rate and the upper 
limit represents the Paschen minimum necessary for flashover 
for a gap distance on the order of 1 cm. 
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Xp=3.5 fxm). One reason the surface roughness can affect the flashover 

voltage is that the avalanche process can be greatly affected by how 

the electrons impact the surface. For instance the electrons will 

impact the surface of a smooth insulator with approximately the same 

energy and angle while the electron impact energy and angle could vary 

greatly if the surface contains many large peaks and valleys. 

It has been observed in other experiments [24] that the effect of 

surface roughness can be related to two causes, susceptibility to 

surface damage and field enhancement at the electrodes. It was found 

that the smoother surfaces were more susceptible to surface damage 

since on the smoother surface the development of surface tracking is 

more detrimental than on the rougher surfaces. Also the different 

surface roughnesses produce different field enhancement at the cathode 

since the voids at the triple junctions are of different sizes, so 

that there is more field enhancement for the smaller voids which can 

modify the breakdown characteristics. The susceptibility to surface 

damage of the smoother insulators should also be a factor with an 

applied magnetic field. In fact, the damage to the insulator is 

lar«^er with magnetic insulation since the energy stored in the gap is 

larger at the higher breakdown voltages. The added field emission at 

the triple junction of the smoother insulator surface should be less 

significant with an applied magnetic field for ExB drift away from the 

surface since the addition electrons will be driven from the surface. 

Again referring to Table 1, it is seen that there is a difference 

in the effect of the magnetic field effects for different insulator 

materials. The order of the insulator materials from the largest to 
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the smallest increase of breakdown voltage is Teflon, Pyrex, 

Polymethyl methacrylate (PNLVU), and G-10. Also the order of the 

insulators materials from the largest to the smallest decrease in 

flashover voltage is Pyrex, G-10, Teflon, and P\L\IA. From the SSEEA 

model the effects of a magnetic field on vacuum insulator flashover is 

greatly dependent on the wj energy of the SEE characteristics of each 

insulator. This can be seen for the two cases with and without a 

magnetic field in Eqs. (20) and (9), respectively, where the breakdown 

voltage is known to depend on v^ (or w^), which is a material 

parameter. Therefore, the change in effect with material is expected 

from theory. However, to date, measurements of the wj point for 

insulators have not given consistent results so that a more 

quantitative comparison of experimental results with theory is not 

possible. 

Breakdown in Plasma 

The effect of magnetic fields on surface flashover in the 

presence of a plasma is of great interest for the applications of high 

voltage in the space environment. Typical lou earth orbit conditions 

include ambient pressures of 10-^-10-9 Torr (with typical pressures at 

the surface of the satellite of 10-2-10-"^ Torr), oxygen plasmas with 

number densities around 2 x lO^ cm-3, and UV irradiation (hv = 4 eV 

with a typical flux of 3 x lOi^ cm-^s-i) of the surfaces [2]. The 

cold cathode source described in the experimental setup chapter was 

used to measure the effect of a low density plasma on the \^j versus B 

characteristics of PNLMA. 
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Figure 17 shows the results for P\L\L\ in a plasma with a magnetic 

field in the insulating direction. The background pressure was 

1x10-^ Torr of argon, with and without the plasma source in operation. 

With the plasma source on, the breakdown voltage without a magnetic 

field is reduced and the width of the statistical voltage distribution 

is also reduced. With the plasma present, the number of electrons 

available for the SEE process is increased and one would, therefore, 

predict a lower breakdown voltage. When the magnetic field is applied 

in the insulating direction, the breakdown voltage is the same with 

and without a plasma. The ExB drift is away from the surface which 

sweeps the plasma away from the breakdown region, i.e., the region is 

being shielded from the plasma source. The drift velocity at the 

values of the applied electric and magnetic fields (E = 80 kV/cm, 

B = 0.35T) is approximately 1 x lO^ cm/s. This magnitude of drift 

velocity is more than large enough to drive the plasma away and shield 

the flashover region from the plasma. 

Position of Magnetic Field at Anode or Cathode 

In another experiment, the investigation of self-magnetic 

insulation using a large current source [25], it was found that it is 

sufficient to place the magnetic field at the cathode to affect the 

flashover voltage. This led to an experiment using dc applied 

magnetic fields to verify this "cathode effect." 

An experimental geometry capable of applying a magnetic field at 

either the anode or the cathode was devised to study this effect, as 

shown in Fig. 18. Pole pieces were placed inside the vacuum chamber 
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plasma source (n^ = 1x10* cm-3) using PNLMA as the test 
insulator where B is parallel to the surface and 
perpendicular to E. The distance between the electrodes was 
1 cm and the error bars represent the standard deviation for 
10 discharges. 
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iNSULATOR 

HIGH VOLTAGE PULSE 

MAGNETIC POLES 

Fig. 18. The electrode-insulator arrangement used to investigate dc 
magnetic insulation in the cathode region with the electric 
and magnetic fields oriented for ExB drift into the surface. 
The electric field changes by less than 25% along the 
breakdown path and an inhomogeneous magnetic field in the 
gap, with the peak value of 0.08 T at the anode which 
decreases to 0.02 T at the cathode. 
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to concentrate the magnetic field at one electrode and the electric 

field polarity was reversed during the experiment. The results are 

shown in Fig. 19. The V^j- versus B characteristics indicate that it 

is necessary to apply the magnetic field to the cathode only to affect 

the flashover voltage. Again the solid data point represents 

flashover to the edge of the insulator. 

To gain a better qualitative explanation of this effect, a plot 

of the magnetic field versus the gap distance is shown in Fig. 20. 

Also plotted is the flashover electric field (upper scale) versus 

magnetic flux density, where the electric field is the measured 

flashover field for the corresponding homogeneous magnetic field along 

the gap. The electric field was taken from measurements where the 

magnetic field was constant in the gap. With this plot it is possible 

to indicate a region near the cathode where the magnetic field is 

large enough to increase the breakdown voltage by a stated percentage. 

For example, the distance from the cathode where the magnetic field is 

large enough to increase the breakdown voltage by 50% (or the distance 

away from the cathode where the magnetic field is greater than 0.65 T) 

is 0.25 cm, as shown in Fig. 20. 

This process can be explained physically for the iwo different 

configurations employed. In Fig. 21 the large insulating magnetic 

field is concentrated at the cathode so that liftoff of the electrons 

from the insulator surface immediately inhibits the saturated 

avalanche leading to breakdown. However, for the case where the 

masnetic field is concentrated at the anode, see Fig. 21, the masnetic 

field at the cathode is too low to inhibit the the saturated avalanche 
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Fi ô  20. The electrode gap distance versus magnetic flux density for 
the inhomogeneous magnetic field experiment with the 
corresponding flashover electric field for the value of 
raagnetic field along thc gap. The shaded region indicates 
where the magnetic field is large enough for a 5 0 % increase 
in flashover voltage. 
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21. The illustration of how the magnetic field is concentratcd 
at either the anode or the cathode with the corresponding 
electron motion, where a) shows the maximum magnetic field 
at the cathode and b) shows the maximum magnetic field at 
the anode and illustrates the breakdown process. 
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magnets 

magnet 

a) b) 

magnet 

C) 

"icT 22. 1 _,. — Various permanent magnet orientations with respect to the 
electrode-insulator geometry where a) and b) illustrate 
incorrect placement of the magnets resulting in flashover to 
the highly conductive magnets and c) depicts a correct 
placement of the magnets for magnetic insulation. 
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error bars represent the standard deviation for 10 
discharges. 
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observe an effect at these low magnetic field values, the gap length 

was extended to 2.0 cm to reduce the electric field and thus lower the 

critical magnetic field necessary for magnetic insulation, as expected 

from theory, Ebr =̂  Bcr (see Eq. 11). As seen in Fig. 23, the 

flashover voltage was increased for the E x B drift away from the 

surface and was decreased for the E x B drift into the surface. 

The cold cathode plasma source described previously was utilized 

with the permanent magnet configuration and the results are plotted in 

Fig. 24. It is seen that permanent magnets also can shield the 

breakdown region from an external plasma since the ExB drift of the 

plasma is directed away from the surface of the insulator at the 

cathode. This is very significant for the operation of high voltage 

equipment in the space environment since, with the presence of an 

ambient plasma at the surfaces of the satellite, breakdown voltages 

under pulsed conditions can be reduced significantly. Also important 

is the decrease in flashover voltage with a background plasma. It is 

seen that if the magnetic field is in the wrong direction (ExB drift 

into the surface) then the breakdown voltage is decreased even further 

with than without a plasma. These results show that the voltage may 

be increased by the application of a magnetic field using permanent 

magnets in the presence of a low density argon plasma. 

Variation with Gap Length 

A set of experiments were performed to investigate the effect of 

the variation of gap length, L, on the flashover voltage with and 

without a magnetic field. The results are shown in Fig. 25, and it is 
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Fig. 25 The flashover voltage versus gap distance with and without 
an applied magnetic field for ExB drift away from the 
surface. The curves are the calculated dependence of the 
square root of the gap distance. 
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scen that both with and without the magnetic field a square root 

dcpendence on the gap length is observed. With the magnetic field the 

dependence is close to the theoretical dependence from Chapter II, 

B.\. (20). However, the dependence of L on the breakdown voltage with 

a rr̂ agnetic field is slightly lower than the calculated values. Since 

the system voltage limit was 180 kV, the high end of the statistical 

voltage distribution was clipped, resulting in a lower measured 

avcrage breakdown voltage than would otherwise have been measured. 

Measurement of the Prebreakdown Current 

The prebreakdown current was measured using the arrangement 

discussed in Chapter III. Reverse avalanche diodes where incorporated 

inio the circuit to protect the oscilloscope from damage, since the 

occurrence of flashover sends a large signal to the oscilloscope. The 

r.easured prebreakdown current, however, was dominated by the RC 

charging current of the electrode gap. A typical waveform is shown in 

Fig. 26 where the magnitude of the prebreakdown current is 

approximately that of the expected RC charging level. 

Measurement of the Prebreakdown Luminance 

The light emission from the insulator between the electrodes was 

r^rasured to obtain information about the prebreakdown processes. The 

cxperimental setup was described in Chapter III. It is important to 

rccall that the measured light emission was the average over the total 

gap area. The pulse shape of the luminance emitted during the 

prcbreakdown phase depends on the amplitude and polarity of the 
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r.agnetic field, as seen in Fig. 27. The results from this experiment 

can be explained using the SSEEA model. A voltage scale corresponding 

lo the linear voltage rise of the applied voltage (upper scale) is 

plotted for each photomultiplier tube (PMT) waveform, i.e., output 

voltage versus time plot as in Fig. 27. 

Without an applied magnetic field, there is a time delay before 

light emission is observed, see Fig. 27-a. The beginning of the 

luminance is associated with the initiation of gas desorption into the 

region above the surface where the electrons emitted from the triple 

point are advancing along the surface. For the case where there is 

not a magnetic field this occurs at 25 kV. From the SSEEA model, the 

clectrons are contained within approximately a 1 |ÍJII distance above the 

surface. Since the electrons are kept within a constant distance 

above the surface, as the gas is desorbed from the surface it passes 

through this region producing a constant light output. This continues 

until a critical amount of gas is desorbed allowing saturated electron 

avalanche breakdown. 

With an applied magnetic field oriented for ExB drift away from 

ihe surface, see Fig. 27-b, there is again a time delay before 

significant light output is observed (gas desorption is initiated). 

Since the electrons are driven away from the surface, a higher voltage 

is necessary to initiate gas desorption, 40 kV. There is a steady 

increase in light output as the desorbed gas moves furthcr into the 

rcgion where the electrons are being driven away from the surface, 

until breakdown occurs when a critical desorbed gas density is 

rcached. 
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For ExB drift into the surface, Fig. 27-c, the prebreakdown light 

output is low since the avalanching electrons are kept very close to 

ihe surface causing the gas-electron interaction region to be small. 

There is no indication when the gas desorption begins, however, it 

probably occurs at a voltage equal to or lower than the initiating 

voltage for B = 0, and again breakdown occurs when a critical amount 

of gas is desorbed. 

The added ionization of the desorbed gas due to the applied 

magnetic field can be estimated by comparing the collision frequency, 

Vg, of the electrons in the desorbed gas with the electron cyclotron 

frequency. It is estimated that the desorbed gas pressure at the time 

of breakdown is approximately 1 - 1 0 Torr [16]. Before the density 

reaches this level, the pressure is much less than that, assuming 

approximately 0.1 Torr. The mean free path length of electrons, X{, 

in 0.1 Torr is approximately 0.3 cm, using 

If = 
ngGc' 

(22) 

*here ng = 3.5 x lO^^ cni-3 is the neutral gas density and 

Oc = 1 X 10-^5 cm2 is a typical collision cross section value for 

gases such as N^, CO^, and O^. The collision frequency is calculated 

by 

^̂  =17 ' 
(23) 

»here v is the velocity of the electrons. This velocity can be assumed 
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to be the velocity corresponding to the energy 30 eV for saturated 

clectron avalanche conditions. Then Vc is approximately 1 x 10"̂  

Lollisions per second. The electron cyclotron frequency, f̂  = .^, is 

10 GHz for B = 0.35 T, while the Larmour radius is 2 JÍJTI for an 

clectron energy of 30 eV. Since fo is two orders of magnitude larger 

ihan Vc and the Larmour radius is much smaller than Xf, the magnetic 

field does not increase the ionization in the gas at this pressure. 

The conclusion is that the magnetic field does not affect the 

ionization in the desorbed gas due to the change in path length until 

a critical desorbed gas pressure is reached. 



CHAPTER V 

CONCLUSIONS 

The results presented on the application of DC magnetic fields to 

vacuum surface flashover illustrate the general effects due to a 

magnetic field under many conditions. These results also introduce 

new information pertaining to prebreakdown processes that aids in the 

determination of which theoretical model fits best. The luminance 

measurements in the prebreakdown phase support the assumption that gas 

desorption is an important process in achieving breakdown. In 

addition the fact that the magnetic field affects the flashover 

voltage suggests that the important processes take place above the 

surface of the insulator as opposed to solid state processes in the 

insulator. All of these factors support the SSEEA model which is the 

only one to reasonably explain these experimental observations. 

The uses of magnetic insulation in general can be determined from 

the experiments involving the effect of the magnetic field direction, 

insulator material, surface roughness, and background pressure on the 

flashover voltage. For instance, the magnetic field direction is 

important since the insulating direction corresponds to ExB drift away 

from the surface while a decrease in breakdown voltage is seen for ExB 

drift into the surface. These factors must be taken into account for 

any appHcation. Similarly the other parameters that affect magnetic 

insulation are important for any design application. 
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For space applications, magnetic insulation had to be tested 

using a plasma. Using a low density (n^ = 10* cm-3) argon plasma 

source, the breakdown voltage was increased to the same level as 

without a plasma when a magnetic field was applied in the insulating 

direction (i.e., the shielding of the breakdown region from the plasma 

due to the ExB drift). This effect is also observed with low weight 

permanent magnets. Therefore, combined with the knowledge that the 

magnetic field needs to be placed only at the cathode, magnetic 

insulation shows promise for use in low earth orbit space 

applications. 

When compared with the theory of the SSEEA model proposed by 

Bergeron (which includes magnetic fields), most of the experimental 

data were within the practical limits set by pertinent material 

parameters (i.e., WQ and w^). The predictions of the SSEEA theory are 

very close to the experimental results. This is another factor in 

favor of the SSEEA model as opposed to the other models, such as the 

sub-surface avalanche model which does not adequately explain the 

magnetic field effects on insulator flashover. 

The flashover voltage has been shown to be dependent on the 

square root of the gap length. Both theory and experimental results, 

using a magnetic field, show that the dependence of the square root of 

the gap length on the breakdown voltage is retained. Therefore, this 

scaling law must be considered if magnetic insulation is to be used in 

various applications. 

The results from the prebreakdown measurements show that there is 

an influence of the magnetic field on the luminance under prebrcakdo\^n 
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conditions. These measurements are adequately explained by the SSEEA 

model, since the light output can be linked to the gas desorption 

processes which are highly dependent on the application of a magnetic 

field. 

The need to deliver power at higher voltages at vacuum dielectric 

interfaces is a continuing problem (especially in the space 

environment). There is a definite need for further inves t iíîat ion. 

such as a more realistic space plasma test environment and the 

measurements of magnetic insulation under UV irradiation. 

Additional ly, investigation into how to use permanent magnets better 

for specific applications is warranted. Finally, with the preliminary 

results linking the prebreakdown luminance to the gas desorption 

processes occurring above the insulator surface, a more thorough 

investigation of the prebreakdown phenomena is needed. This may 

resolve some of the unanswered questions about the discrepancies in 

the vacuum insulator breakdown models and may also help to verify the 

valid operating regimes of these models. 
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APPENDIX A 

MAGNETIC INSULATION MODEL FOR A MAGNETIC FIELD PAR.MTF . 

TO THE SURFACE 

There are two parts to the derivation of breakdown criteria for 

the configuration where the magnetic field is parallel to the surface 

of the insulator and perpendicular to the electric field. The first 

part of the derivation [21], includes the orientation of magnetic 

field where the ExB drift is into the surface and where the ExB drift 

is away from the surface, but only for magnetic fields lower than the 

critical value (value at which "electron liftoff" occurs). In this 

case the breakdown criteria are related to the gas desorption process 

which in turn is dependent on the impact velocity determined from the 

electron kinematics. The second formulation, Bergeron [5], includes 

the ExB drift away from the surface but for magnetic fields equal to 

the critical magnetic field. With the determination of the critical 

magnetic field, the saturated electron avalanche condition is used to 

derive the breakdown criteria. 

Electron Kinematic Equations 

In order to derive the equations of motion for an electron in 

both electric and magnetic fields, various simplifying assumptions 

must be made. It is assumed that the electrons are emitted at a 

constant velocity, VQ, perpendicular to the insulator surface and that 

Vo « vi . In Fig. 28, the orientation of the surface, electric 
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FiiZ. 28 The illustration of the spatial coordinates and the 
orientation of the surface, electric field and magnetic 
field used to formulate the motion of the field cmittcd 
electrons. 
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field, and magnetic field are defined, where the clectric field has a 

component perpendicular to the surface due to surface charging. Thc 

components of the electric and magnetic fields are, 

E = E^ax - E^^a^, (24) 

and, 

B = ByEy , (25) 

where Ej^ is the electric field due to surface charging, E is the 

applied electric field, and By is the applied magnetic field. 

Using the Lorentz force cquation the starting equations become. 

arí = - i(E^ - py^ <-̂ ' 

dîi = _ £(_£ + díg ) (27) 
dt^ m^ " dt y 

where e and m are the clementary charge and the mass of the electron, 

respectively. The velocities are obtained by integrating Eqs. (26) 

and (27) to give, 

d^ = (vo - ^)cosû)t - l^sinæt + ^ (28) 

dz ^ (̂ ^ _ iz.)sinû)t - |^(cosû)t -1) , (29) 

j . - dX| „ ^^\ - n x\ - n 
where the initial conditions are ^l^ = VQ , jylo - "» ^lo - ^' 
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eB„ ^^± ^E 
z|o = 0, and where o, = -^, a, = -j^^, a, = -^. Also intcgrating Eqs. 

(28) and (29) in turn gives, 

^ = ^^^o - |^)sinû)t + ^(coscût - 1) + l^t (30) 

^ = íû̂ ô - íf )(coso)t - 1) - Ijsinæt + ^t. (31) 

These equations can be put into a simpler and more compact form 

by using the dimensionless units, u = cût, ^ = — , ^ = — , w = p-, 
a 7 a Y Cé í ,\ „ 

V B 
V = g ^ and substituting them into Eqs. (30) and (31) they become. 

^ = (v - l)sinu + w(cosu - 1) + u (32) 

(̂  = (v - l)(cosu - 1) + w(u - sinu) . (33) 

The equations of motion derived above are cycloids so that under 

certain conditions thc electrons will not impact the surface. The 

dx requirement for this "lift-off" condition is when x = 0 and gr = 0 (or 

when ^ = 0 and ^ = 0) so that upon application of this condition, 

Eqs. (32) and (33) produce. 

1 . 1 - COSUQ - Uo(sinuo) .^. 
^ ~ ^ 1 - COSUo 

(V - Dcosu, + 1 (35) 
^ sinuo 
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where UQ = cûtob» and tob is the time increment from electron emission 

to surface impact with a magnetic field. These equations define a 

curve in v-w space outlining the regions of impact and liftoff of the 

electrons. 

Application of Gas Desorption Criteria 

The breakdown process is initiated in the desorbed gas layer 

above the surface of the insulator after a critical mass density has 

been produced [7]. Therefore, the gas desorption process must be 

related to the equations derived above so that a prediction of the 

flashover voltage versus magnetic field can be made. In this part of 

the analysis the restrictions included are that the electrons must 

impact the surface (no liftoff conditions), and that the saturated 

electron condition must be used to predict breakdown. 

A review of the breakdown criteria without a magnetic field is 

necessary so that it can be related to the breakdown criteria with a 

magnetic field. The equations of motion are listed below using the 

same orientation as in Fig. 28 but with B=0, 

Í ^ = - -E. (̂ >̂ 
ap^ m -L 

^ = ^E (37) 
dt^ m " 

^ = vo - ^E,t (38) 

^ = ^E t (39) 
dt m " 



77 

^ = vot -^E^f (40) 

z = -E — m "2 ' (41) 

where the initial conditions are -T-|Q = v^, -rr|o ~ ^^ l̂o ^ ^^ 

Z|Q = 0. Solving for the time when the electron impacts with the 

surface, t̂ , by setting x = 0 in Eq. (40) gives. 

_ 2mVo 
cE^ • 

(42) 

AIso the impact energy is 

Wi = 
m Hx 2 d7 2 m 

2^0^ = ̂ v 2 1 + 4(^)^ (43) 

and E^ can be represented as 

Ei = E„ w ^ - 1 
w. 

1_ 
2 ' 

(44) 

where wi is the impact energy that corrcsponds to thc point whcrc 

secondary electron emission yield equals one, and WQ is the craission 

energy [7]. 

Using the breakdown criteria from Pillai and Hackam, thc gas 

breakdown rate, D, is proportional to the pcrpcndicular clcctron 
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current density, Jĵ , striking the surface so that 

where y is the gas desorption probability, and EQ is the permittivity 

of free space. Using Eq. (42), the gas desorption rate becomes 

D = - ^ ^ E | 2 . (46) 
mvo ^ 

Now, in order to establish the breakdown criteria, the saturated 

secondary electron avalanche condition (wi = wj) represented by 

E,2 = E 2 ? . (47) 

Wo 

must be incorporated into Eq. (46). Substituting Eq. (47) into 

Eq. (46) gives, 

D = ^^ E 2 . (48) 

The gas desorption rate, D^, for an applied magnetic field can 

now be formulated by substituting the expressions for w,v,and © 

(defined earlier) into Eq. (45), producing 

^o Wo Uo " 
(49) 
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where u^ = cotob- To find the breakdown criteria with a magnetic 

field, the gas desorption rates must be set equal, D^ = D ,to give 

E 2 

Z 7 ~ wv wi ' (50) 
E 2 ^^ rJÎLl 1 ] 

An iterative method was used to solve these cyclic equations, 

since there is not an analytic method, and an outline of the process 

is presented. This method can be divided into two parts. In the 

first part, the function F(v) = — is defined and using Eqs. (34) and 
^o 

(35) the value of UQ is found iteratively, given incremental values of 

V and w. Also for each value of v the value of w is found in which 

Wi = wi in order to satisfy the saturated secondary electron emission 

avalanche conditions. This generates a listing of v and F(v). Since 

V - E Eo E ' ^̂ ^̂  
II ° II 

where EQ is the breakdown elcctric ficld for B = 0, then the 

substitution of Eq. (51) into F(v) gives the equation, 

¥ = r F"' r̂  (52) 
'-'O ^o 2 wi 

[E /Eo] [^ - 1] 
L „/ OJ L^^ J 

which can be solved iteratively using the values of v and F(v) to 

V B ^H 
obtain the required output of -g- versus p- as seen in Fig. 29. 
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V Q B / E O 

Fic. 29 The normalized calculated E-B characteristics for B parallel 
to the surface and perpendicular to E. The parameter w^/WQ 
is the ratio of impact energy to emission energy for 
saturated avalanche conditions. 
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into the surface of the insulator) that pass through B = 0 and 

E/Eo = 1 and extend partially into the left hand side of the plot (ExB 

drift away from the surface). 

Breakdown Under Liftoff Conditions 

This analysis was presented originally by Bergeron [5], and is 

outlined here since it is used to complete the predicted flashover 

voltage versus magnetic field characteristics and to facilitate a 

better understanding of the processes involved in this model. 

This analysis uses the same equations of motion [Eqs. (26) 

through (33)] with the addition that there is an angle between the 

electrode edge and insulator surface which in our case is always 90 

degrees and does not affect the outcome for our purposes. In the 

model presented by Bergeron, the inclusion of a space charge above the 

surface of the insulator leading to the space charge limited avalanche 

process was not used in the analysis by Krompholz et al. [21]. 

However, the end result of this added effect is the addition of an 

energy enhancement factor, (3, to the saturation equation (47) which 

becomes. 

Wo 

Using the cquations of motion along with the saturation 

condition, the critical magnetic field, B^, can be determine wherc Bg 

is the field necessary to produce liftoff of the impacting elcctrons 



82 

from the surface. The resulting equation is 

8. 
bc(g) = 5g (54) 

v.B 
where bc(g) = ^%—, and g = ^ . Therefore Eq. (54) can be written as 

^ i i * i 

^ ^ = 1.6 
^o 

noE 

Vl 

2̂ 11 
(55) 

or 

5 2v B 
(56) 

which is plotted on the far left hand side of the plot (beginning at 

the point of intersection with the gas desorption analysis curves) in 

Fig. 29 to complete the analysis. 



APPENDIX B 

BREAKDOWN CRITERIA FOR A MAGNETIC FIELD 

PERPENDICULAR TO SURFACE 

The orientation of magnetic field perpendicular to both the 

surface of the insulator and the electric field can also affect the 

gas desorption process. Therefore the breakdown criteria can be 

formulated for this geometry and compared to the breakdown criteria 

for the magnetic field parallel to the surface in Appendix A. As in 

Appendix A, the equations of motion will be derived and from them a 

critical magnetic field will be determined. 

Equations of Motion 

The orientation of the surface, electric field, and magnetic 

field to be used in this formulation are illustrated in Fig. 30. The 

equations of motion are listed below. 

^ = - x (57) 

^ = > ^ (58) 

^ = - a , . . ^ L (60) 
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E !x 
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Fig 30 The illustration of the spatial coordinates and the 
orientation of the surfacc, electric field, and magnctic 
field used to formulate the motion of the field emitted 
^ 1 í»/> f- •ri-»n C electrons. 
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å^=(å^lo V ) c o s ( b t ) . | f L . s i n ( b t ) - ^ (61) 

dz ^dy I , "\ • /u.\ . dz 
31 = -(a lo + r>^^"(^^) ^ ai Lcos(bt) (62) 

^^.o . dx 
"" = - I " ^ ^ "̂  dt lô  ' (63) 

where aĵ  = -Ej_, â^ = Ê̂ ^ ^ ~ i^ ^"^ ^̂ ^ initial conditions at t = 0 

^'^aT = dTlo'aí = a^lo'af = aflo'^lo = ylo = z|o = o. using 
Eq. (63), 

dx 1_ 
tc = 2 ^ i- , (64) 

where tc is the time between emission and surface impact of the 

electron. The impact velocity is defined by, 

V2(tc) = (^)2 + (^)2 + (^)2 (65) 

and using Eqs. (60), (61), (62) this becomes 

v2(tc) = (37 lo)2 + 2 ( ^ ) ^ (1 - cos(btc)) . (65) 

Now the minimum magnetic field necessary to influence breakdown 

can be determined by the restriction that 
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v2(tc) > vi2 , (67) 

since the avalanche process can not be sustained otherwise. 

Equation (66) then becomes 

2 dx p 

2vd(l - c o s ( - ^ ^) > vi2 (68) 

where v^ = n-. Analysis of this inequality gives. 

^ > ^ (69) 
^O ^^O 

or 

2E 
Bc ~ . (70) 

which is the critical magnetic field ncccssary to influence the 

breakdown voltage for the magnetic field perpendicular to the surface 

of the insulator. 






