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ABSTRACT 

The transmission of high power microwaves through dielectric windows is of 

essential importance in their use. When an interface window fails due to surface 

flashover and breakdown, the power can no longer be transmitted and may reflect back 

into the source, possibly damaging it. In the work reported here, the physical 

mechanisms of surface flashover and breakdown are investigated for power levels of 10 

MW/cm . A 3 MW magnetron and an S-band traveling wave resonator are coupled to 

produce 100 MW at 2.85 GHz in a high vacuum environment. A window geometry is 

established to provide a purely tangential electric field along the window surface. High 

speed diagnostics include forward, reverse, and local field power levels, x-ray emission, 

and discharge luminosity and imaging. Investigations into other window geometries as 

well as surface coatings and vacuum-gas interfaces are possible. 
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CHAPTER I 

INTRODUCTION 

The transmission of high power microwaves through dielectric windows is of 

essential importance in their use. When an interface window fails due to surface 

flashover and breakdown, the power can no longer be transmitted and may reflect back 

into the source, possibly damaging it. In the work reported here, the physical 

mechanisms of surface flashover and breakdown are investigated for power levels of 10 

MW/cm . A 3 MW magnetron and an S-band traveling wave resonator are coupled to 

produce 1(X) MW at 2.85 GHz in a high vacuum environment. A window geometry is 

established to provide a purely tangential electric field along the window surface. High 

speed diagnostics include forward, reverse, and local field power levels, x-ray emission, 

and discharge luminosity and imaging. Investigations into other window geometries as 

well as surface coatings and vacuum-gas interfaces are possible. 

Research on dielectric window breakdown utilizing traveling wave resonators 

(TWR's)^ is currently being conducted at several locations internationally. At the 

National Laboratory for High Energy Physics in Tsukuba, Japan, research involves both 

S-band and X-band TWR's. These investigations have found that ceramic windows in a 

pillbox geometry experience normal and tangential field multipactoring. ' Experiments 

conducted at 200 MW and between 10 Hz and 50 Hz resulted in heating of F-center 

defects, fracturing, and window puncmres. Investigations of different materials in the 

pillbox window concluded that materials with low loss tangents hold off the highest 

fields before breakdown."̂ "̂  Alumina was found to be the best overall material for HPM 



windows.^ Surface coatings with a secondary electron emission coefficient below unity 

were also investigated. TiN, 0.5 to 1.5 nm thick, was found to be the best coating 

material. Flashover was found to be dependent on the coating thickness, with thin coats 

not being efficient at reducing the overall SEE coefficient to below unity, and thick coats 

producing high resistivity and heating.^ Investigations have now begun to focus on 

different geometries to reduce the electric field on the window surface, circumventing the 

surface flashover problem.^ 

The Stanford Linear Accelerator Center has initiated investigations in HPM 

windows for X-band. A TWR has been built and research begun into different 

geometries. '̂̂ ^ Previously, in the 1960's and 1970's, SLAC used an S-band TWR to aid 

in the testing of components for the linear accelerator at the center. ̂ ^ SLAC conducted 

investigations into window materials and surface coatings. ' This is the same ring 

presently being used at Texas Tech. 

At the Daresbury Laboratory in Daresbury, UK, investigations into window 

breakdown were conducted after a series of window failures in their SRS storage ring. 

Failure of the windows was proposed to be caused by anti-multipactor coating 

deterioration or local joule heating of the conductive film. Investigations found that 

copper-black coating provided the highest voltage holdoff. The window location in the 

storage ring was also adjusted to reduce the fields impinging on the window surface. ̂ "̂ '̂ ^ 

A group at Deutsches Elektronen-Synchrotron, DESY, in Hamburg, Germany, 

recendy built an S-band TWR with a peak power capability of 200 MW. It will be used 

to test RF components prior to installation in the S-band Linear Collider at DESY.^^ 



At Texas Tech, previous investigations into window breakdown utilizing an S-

band TWR involved a pillbox geometry and several window materials. The pillbox 

geometry was found to exhibit a complicated multipactoring process as the electric fields 

on the surface of the window changed from being tangent to the surface to normal into 

the surface with the phase of the microwave. Puncturing of the window surface from 

multipactoring and flashover across the surface were both observed. The group at 

Texas Tech has also conducted extensive research into DC flashover, surface coatings, 

and effects of magnetic fields on flashover.^^'^^ 



CHAPTER n 

BACKGROUND 

Surface Flashover Models 

Emission Mechanisms 

A fundamental process in flashover is the production of free electrons. The 

source of the electrons is taken to be a metal with a large supply of electrons in its 

conduction band. In order for an electron to become free of the conduction band, it must 

receive sufficient energy to overcome the work function. Several mechanisms may lead 

to the emission of electrons from a surface. All involve an electron on the surface being 

excited sufficiently to overcome the bonding forces of the material. The emission 

20 processes are secondary, thermionic, photoelectric and field emission. 

In an isolated atom, electrons exist in discrete energy levels as shown in Figure 

2.1. As atoms are brought together into molecules and a solid strucmre, electron 

E 

E=0 

Discrete 
^ 2ŝ  energy levels 

Figure 2.1 Discrete energy levels 

Discrete electron energy levels of an isolated atom 



wave functions begin to overlap. This overlap leads to level splitting. Figure 2.2 shows 

bands formed by the level splitting of many atoms brought together in a solid strucmre."' 

Gaps between the bands are known as energy band gaps. These gaps are forbidden 

regions for electrons. 

Discrete 
energy levels 

Energy 
bands 

Energy 
band 
gaps 

Isolated atom Solid strucmre 

Figure 2.2 Energy level sphtting 

Energy levels split into bands when isolated atoms are 
brought together in a structure 

Figure 2.3 shows the bands and band gaps in a lattice of atoms. The last fiUed 

band of the solid structure is known as the valence band. The electrons in this band are 

considered immobile due to the filled state of the band. The next higher band is known 

as the conduction band. Electrons move freely in the conduction band. The energy gap 

between the conduction band and the valence band is known as the characteristic band 

gap. 
21 

An electron is considered a free electron when the electron overcomes the binding 

energy of the solid at the surface. The work function, O, is the amount of energy 

required to free an electron from a material in the ground state. Any energy that the 

electron receives beyond O is converted into kinetic energy. 20 

K = 1/2 mev = E-eO 
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Figure 2.3 Electron energy band structure of a solid 

Secondary Emission 

If a particle strikes the surface of a solid, an exchange of momentum will take 

place such that 

11 II 

i=0 f=0 

and from the conservation of energy 

I>,vf=XT%v?-W 
i=0 f=0 

For a particle striking a stationary solid, the solid can be considered immobile, Vs equals 

zero where Vs is the velocity of the solid. If sufficient energy is transferred to an electron 

in the solid strucmre, then it can become free with some kinetic energy, 

h^.^,A^<^ = Tm,Hf)Veuf) +im,2V,^ - e O . 

Figure 2.4 shows secondary emission caused by an electron striking the surface of a solid. 



surface 

Figure 2.4 Secondary emission 

An electron impacts the surface of a material producing 
two secondary electrons 

An important quantity in surface flashover is the secondary electron emission 

coefficient, 6. This is a measure of the secondary electron yield due to an incident 

electron. As a primary electron impacts a surface, it may be elastically scattered, 

inelastically scattered, or absorbed. The inelastically scattered and absorbed electrons 

release energy to secondary electrons within the structure of the material. If these 

secondaries receive sufficient energy and are close to the surface of the solid, there is a 

probability that they may be emitted from the solid. The slower the primary electron's 

velocity, the longer it can interact with neighboring particles and the more energy it will 

release to such particles as it decelerates. Therefore, the majority of the secondaries 

energized by the primary are at the primary electron's penetration depth. The penetration 

depth is defined as the average depth a beam of electrons at a given energy will penetrate 

a material before stopping. The probability of a secondary being emitted from this depth 

is a function of the distance to the surface of the material. The secondary electron yield 

is, therefore, a function of the primary electron energy, primary electron scattering, the 

number of secondaries produced by the primary electron, and the probability of the 



22 secondaries being emitted at their depth from the surface. It is usually modeled to have 

the form: '̂̂ '̂̂  

S = 
^BYAH T{adiyn-^\i-e-^) 

^1"" ) 
B = secondary escape probability 

f = secondary - electron excitation energy 

a = secondary - electron absorption constant 

A = primary electron absorption constant 

d = maximum penetration depth 

n = power - law exponent. 

As the kinetic energy of the incident particle increases, so does the yield, initially. 

At a certain point, however, the yield decreases as the particle becomes too energetic to 

interact with the surface. This is due to the relation between the primary electron energy 

and the penetration depth, 

d = E;/An. 23 

A typical curve is given in Figure 2.5 23,24 

'max 

1 

Figure 2.5 Typical secondary electron emission yield curve 
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The critical value for 5 is when it reaches unity. When 5 is greater than unity a 

multiplication of the number of free electrons in a given area occurs. There are two such 

values called the first and second crossover points, Ei and E2. Another critical value is 

the maximum yield, 5max and the corresponding incident electron energy, Emax • 

Thermionic Emission 

As a solid is heated, the electrons become excited, and if excited sufficiently, they 

can become free electrons.^^ This is an internal process. The emission of electrons is a 

20 function of the work function and the temperature. 

2 T-eO"! 
j = AT exp 

kT 

A = ^ m K ' e = 1.6x10' [Amp/(m'deg')] 

Photoelectric Emission 

Photons incident onto the surface of a solid can also induce emission of electrons 

from the surface of a solid. This is known as photoelectric emission. Figure 2.6 shows a 

hv = | m V - e O 
hv 

Figure 2.6 Photoelectric emission 

A photon deposits energy, hv, in a solid, causing emission 
of an electron 



photon depositing energy, hv, into the solid, dependent upon quanmm mechanical laws. 

If the energy of the photon is greater than the work function, an electton can become 

free.20 

Field Emission 

When a solid is placed in the vicinity of an electric field, the field can alter the 

work function of the solid because of the electric force. In a simple analysis, an electric 

field is normal to the surface of a solid material. An electron experiences a force 

opposite the direction of the electric field. 

F ,=-eE 

The potential energy of the electron is 

W, = -eEx. 

Outside the structure of the solid, the electron experiences a coulombic force with the 

surface of the solid. 

47r£,{2xJ 

The coulombic force has an equivalent potential of 

w.= ^' 
'c .^ „2 16;cPoX' 

The total potential of the electron then becomes 

W = W + W = ^—r-eEx 
16;r£oX 

10 



This is shown graphically in Figure 2.7. This potential modifies the work function 

required to free an electron. We can find the maximum of the effective work function by 

finding the value of x as the derivative of the potential energy equals zero. 

dW ^ e' 
-L = o = ^ - e E dx 16;z^oX; 

The solution for the maximum potential energy is 

( 
W = - e 
^^ t(max) ^ 

eE V̂  

V ^ ^ o , 

E=0 

tunneling 

Figure 2.7 Change in the surface potential of a solid due to 
the presence of an electric field 

The potential at the surface due to a coulombic force is 
shown as curve Wc. The electric field potential curve is 
We. Wt is the sum of the coulombic and field potentials. 

The new value for the work function is the difference between Wt (max) and O 20 

eÔ ff = e a ) - e 
^ e E ^ ^ 

V^^o , 
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Electrons excited by energy higher than this wUl become free electrons and accelerate 

away from the surface of the solid. 

Actual emission of electrons in an electric field is higher than expected from the 

analysis above. This is because of a quanmm mechanical process known as tunneling. In 

tunneling there is a finite probability that an electron will pass through the potential 

barrier and become a free electron.̂ " '̂̂  Fowler and Nordheim conducted a rigorous 

treatment of this process, leading to the expression; 20.26 

J = 
-gO^ (1-1.4* 10"^^)^^ 

m' 

f=1.54xl0'^ 
g=6.83xlO^ 

E = [V/m] 

RF Field in a Rectangular Waveguide, TEjn Mode 

Figure 2.8 shows a rectangular waveguide. As a microwave propagates inside a 

rectangular waveguide, its electric and magnetic fields must meet required boundary 

conditions at the walls of the waveguide. This leads to the propagation of set modes 

within the waveguide. For a rectangular waveguide only transverse electric and 

transverse magnetic modes may exist. A TEM wave is not possible because there is no 

longitudinal current inside the waveguide. T 



Figure 2.8 Rectangular waveguide 

This leads to the existence of only TE and TM modes in the waveguide. Each 

TEnin and TMmn mode has a cutoff frequency below which it will not propagate. The 

mode with the lowest cutoff frequency is known as the dominant mode in the waveguide. 

In a rectangular waveguide this is the TEio mode. The electric and magnetic fields for 

the TEio mode in a rectangular waveguide are: 

E =0 

Ey =EoySm—exp(-ipgz) 
D 

E , = 0 

H^=-2Ls in^exp( - iBz) Z, b 

Hy=0 

H, =Ho,cos^exp(-i(Opgz) 
D 

where 

Z = 

Pg = V^Voeo-O^)" 

13 



Other properties of the dominant mode are: 29 

^> 

1-
/ 

^ . 

U 
/Ig = guide wavelength 

/^ = wavelength in free space 

Â  = cutoff wavelength (X^ =la) 

The phase and group velocities are: 29 

v^ = —2-c and t>„ = — ĉ _ ^ 

\ h 

The fields in the waveguide are graphically displayed in Figure 2.9. 

Figure 2.9 Electric and magnetic field in a rectangular 
waveguide 

The power in the waveguide can be calculated from 29 

P = Re 
b a 

ij'jCExH') 
0 o 

dxdy • k 

= iE3.^^ab 
CO|I 0 

14 



The peak electric field, Eox, in the waveguide can now be determined through power 

measurements within the waveguide. 

Particle Movement in an Rectangular Waveguide 

Once an electron (or any charged particle) becomes free of the surface through 

emission, it is subject to the external forces due to electric and magnetic fields. In a 

waveguide this would be the Lorentz force imparted by the microwave electric and 

magnetic fields. "̂̂ '̂ ^ 

F ™ = m — = q[E + vxB] 
em dt 

If we consider a TEio mode wave, the field vectors would be: 

B = ^,H 

H'o 

and. 

oy s in^exp(- tp^zj + H„^ cos—-exp(- ip^zf 
Z, b 

E = E„y s i n ^ e x p ( - tp^z)] 

Allowing the electi-on to have a classical trajectory upon leaving the surface, 

v = v J - H v j + v^k 

we can derive the acceleration on the electron to be: 

m„ 

0 

0 
+ 1̂ 0 

J 

V V 
* X y 

H. 

k 

0 H, 

e 

m 

Vv̂ ôHzi 

(Ey - v.^i.H, + v,^,H J 
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We can now map the trajectory of an electron inside a waveguide, if we know its initial 

position and energy. The electron will experience acceleration in all three cardinal 

directions, x,y,z. 

Multipactoring 

Multipactoring is a periodic process in a RF field. An electron, or other charged 

particle, exhibits multipactoring when its trajectory is periodic, in phase with the RF 

field. This condition results in the same electron impacting a number of times against a 

surface. In a waveguide, this would consist of an electron trajectory matching the 

distance between the waveguide walls, or a wall and a window. It may also be possible 

to have single-surface multipactor in which an electron repeatedly strikes the same 

surface. 

Famsworth made the initial discovery of the multipactoring phenomena in 1934. 

Gill and von Engle developed the classical theory for determining the breakdown voltage 

due to multipactor. This relates the phase of a sinusoidal electric field between two 

electrodes to the transit time for an electron as it travels between the electrodes. Kishek 

and Lau have presented a novel theory on single-surface multipactor. This is more 

relevant to the research being conducted. 

In a single-surface multipactor, the RF field is parallel to the surface. A constant 

electric field also exists normal to the surface of the dielectric. This field is due to the 

charging of the dielectric surface by secondary electron emission. Additionally, a 

magnetic field may be present. The majority of the kinetic energy is due to the RF field, 

which is significantly larger than all other fields. An electron in the fields will be 

16 



accelerated in accordance with the Lorentz force. Assuming that we have a TEio wave 

propagating normal to, and into the surface, the electron would accelerate into the 

surface. Additionally, any charging of the surface of a dielectric will create a localized 

electric field, attracting or repelling electrons. Figure 2.10 shows an electron striking the 

surface of a dielectric at an angle, ^, to the normal to the surface. An rf electric field. 

0® 
B 

Erf 

Figure 2.10 Secondary electron emission 

An electron impacts the surface of a material at an angle, ^, 
to the normal to the surface. An rf electric field exists 
tangential to the surface of the material. A magnetic field 
also exits tangential to the material surface and perpendicular 
to the electric field. 

ERF, is tangential to the surface. A magnetic field, B, is also tangential to the surface and 

perpendicular to ERF . Secondary electron emission coefficients for different materials 

are usually computed for primary electron impacts normal to the surface of the material. 

However, electrons in a single-surface multipactor strike the surface at some angle, ^, to 

17 



the normal. A new yield must be calculated. Kishek and Lau use an effective yield 

value.̂ "̂  

1-h K^' 
S.n-S^ 2;r 

kj = surface roughness 
J 

A surface roughness factor is used ranging from 0 for a rough surface, to 2 for a polished 

surface. Also, in Kishek and Lau's model, the electrons gain the majority of their kinetic 

energy from the tangential electric field, ^ is almost a grazing angle to the surface 

(^=7t/2). A similar adjustment may be made to the kinetic energy of the primary electron 

in terms of the first and second crossover points and the maximum yield energy. 

^ e f f ~ "'1.2,max 1-1 -^^ 

V " J 

Kishek and Lau, considering only a parallel RF electric field and a normal DC electric 

field due to surface charging, calculated the minimum and maximum RF field values for 

a multipactor avalanche: 

E 
rf mm, max \-COS,{A^EZIEJ,C 

E^^ = most probable energy of the 

emission energy distribution 

EDC = surface charge of the dielectric 

Kj^ = energy at first and second secondary 

electron emission crossover points. 

18 



Additionally, the total yield of a primary electron traveling a distance, x, can be 

calculated.^^ 

11 

t̂otal = X ^ e 
n 

eff 
i=l 

where n is the number of impacts between 0 and x. 

Secondary Electron Emission Avalanche 

There are numerous models describing the surface flashover process on 

dielectrics. Hegeler covers a good synopsis of these various models.^' One theory that 

has significant experimental support is the secondary electron emission avalanche. This 

theory was originally proposed by Boersch et al. in 1963. It involves a charging process 

on the insulator surface sufficient enough to draw emitted secondaries back to the surface 

of the insulator. Anderson and Brainard later expanded upon Boersch's theory, including 

electron induced desorption of molecules from the surface.̂ '̂̂ ^ Bergeron added the effect 

of a magnetic field to Anderson's results. This model and the model for single-surface 

multipactor are chosen to explain the present experimental results. 

The triple junction is the intersection point of the waveguide wall, the dielectric 

material, and the vacuum An electron emitted from the triple junction accelerates in the 

field and strikes the surface of the dielectric. In doing so, it may produce secondaries 

depending upon its impact energy and angle. In the structure of a dielectric, electrons are 

relatively immobile, so secondary emission can result in a net positive charge on the 

surface. This produces a local electric field perpendicular to the surface of the 

dielectric. 

19 
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Figure 2.11 Energy band structure of a dielectric 

Electrons fill the valence band and the conduction band is empty 

The relative immobility of the electrons is illustrated in Figure 2.11. Electrons are 

generally in the valence band of the strucmre. There is a forbidden region for electrons 

energy levels between the conduction band and valence band called the band gap. 

Secondary electrons, excited by the impact of primaries, can overcome this band gap. If 

secondaries receive energy greater than the work function, then the secondary electrons 

can become free electrons.^^ This leaves a net positive charge in the location of the 

impact because adjacent electrons have to mnnel through a high potential region to fill 

the void. Initially, the yield can be expected to be driven by the RF field strength. 

Evenmally, sufficient charge will build up on the surface and the yield will approach 

unity.^^ At unity, the secondary emission is samrated, producing what is known as the 

samrated electron emission avalanche. As the electrons impact the surface of the 

dielectric, there is a probability that they may strike an adsorbed gas molecule causing 

electron induced outgassing. This gas forms a thin layer along the surface of the 

20 



19 dielectric. The gas and free electrons interact producing a region of ionized gas 

Conditions for a Paschen breakdown within the layer now exist. When a breakdown does 

occur, a surface flashover is observed.^ 

Figures 2.12 shows the secondary electron emission avalanche theory pictorially. 

Figure 2.13 shows DC breakdown observations as measured as a function of time. Figure 

2.12A corresponds to line a in Figure 2.13; Figure 2.12B corresponds to line b; Figure 

2.12C to line c; and Figure 2.12D to line d. In Figure 2.12A, an electtic field is apphed 

across the surface of a dielectric. An electron is emitted from the triple point at the 

cathode and impacts the surface of the dielectric. This is shown as a small rise in the 

current in Figure 2.13A. The electron-surface collision may also create x-rays and cause 

outgassingas shown in Figures 2.13B and 2.13C. 

Figure 2.12B shows a saturated electron emission avalanche. The secondary 

electron emission coefficient, 6, is unity at this point. The current is steady-state as 

shown in Figure 2.13A. Desorbtion of gas continues and the surface of the dielectric 

becomes positively charged. Figure 2.12C shows electron induced outgassing. Electrons 

impacting on the dielectric surface cause adsorbed gas molecules to desorb. The 

desorbed gas accumulates on the surface of the dielectric. This is shown in Figure 2.13C 

as an increase in the gas density above the surface. Figure 2.12D shows a Paschen 

breakdown occurring in the desorbed gas. The electrons emitted from the triple point 

ionize the desorbed gas and a breakdown occurs. This is shown graphically in Figure 

2.13A and 2.13D as a rapid rise in the current and plasma. Additionally, x-ray emissions 

drop to zero. 

21 



Emission from triple junction 

B. 

Saturated electron emission avalanche 

Electron induced outgassing 

D. 

Paschen breakdown in desorbed gases 

Figure 2.12 Secondary electron emission avalanche theory 

A. An electron is emitted from the triple junction. 
B. A saturated electron emission avalanche occurs when 

the secondary electron yield equals unity. 
C. Adsorbed gases outgas from electron impacts. 
D. A Paschen breakdown occurs in the desorbed gases. ' ' ' 

22 
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Figure 2.13 DC Flashover 

A. There is a small current rise until breakdown at 
which time the current rises rapidly. 

B. X-ray emission rises continuously until breakdown 
when it drops rapidly. 

C. The gas density rises continuously until breakdown. 
D. The plasma appears at breakdown when it rises 

rapidly. ̂ ^ 
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CHAPTER m 

EXPERIMENTAL SETUP 

Traveling-wave Resonant Ring 

Figure 3.1 shows the setup for the traveling-wave resonant ring. The ring is 

powered by a US Air Force AW/PFS-6 radar set modified for single pulse operation. A 3 

MW, 2 îs Varian VMS 1143B Coaxial Magnetron with a mnable frequency range 

between 2.7 GHz and 2.9 GHz is the main component of the radar set. The magnetron is 

set at 2.85 GHz. The modulator for the magnetron delivers a high voltage pulse that can 

be varied between 5 kV and 25 kV. 

directional coupler 

magnetron • > 

high power 
matched load 

input 
coupler 

alumina 
window 

reverse 
power [o | ]F -HT | 
coupler ^ ^ ^ ^ n i ^ 
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Figure 3.1 Traveling-wave resonant ring setup 
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The magnetron EM wave travels in a copper S-band waveguide in the TEio mode. 

It is coupled to the resonant ring through a -14.6 dB directional coupler with a directivity 

of -16.9 dB. A 3 MW, 2 îs pulse fi-om the magnetron can produce 50 MW of power 

within the ring cavity as shown in Figure 3.2. The ring consists of WR284 copper 

waveguide with a 360 cm ± 20 cm circuit path. A dual piston phase shifter provides 

ttining for the ring with a >180° phase shift capability. A sttib ttmer also allows for 

impedance matching. 
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Figure 3.2 Magnetron and ring power 
Magnetron and Ring Forward Power when the ring is tuned to 

couple with the magnetron at 2.85 GHz 
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A Hewlett-Packard HP 8719C Network Analyzer (50 MHz - 13.5 GHz) was used 

to mne the ring. The ring was mned with the sample in the holder for optimal phase 

matching between the ring and the input sidewall coupler at 2.8492 GHz. The network 

analyzer was also used to determine the coupUng factors and directivity of all couplers. 

A Perkin-Elmer ion pump is attached to the ring and can reduce the pressure 

within the ring to a few x 10"̂  torr. Pressure is measured utilizing a Varian 0564-K2500-

303 Ionization Gauge with a Varian 842 Vacuum Ionization Gauge Controller. Table 3.1 

lists critical data for the resonant ring with a 2.8492 GHz microwave propagating in it. 

Table 3.1 Ring Data 

Frequency 

Mode 

Phase velocity, Vp 

Group velocity, Vgr 

Transit time 

Wavelength, ^g 

Q factor 

Propagation constant, Pg 

Characteristic wave 

impedance, Zg 

Cutoff frequency, fc 

2.8492 GHz 

TEio 

4.38x10^ m/s 

2.05x10^ m/s 

18ns ±Ins 

15.39 cm 

20 
! 

40.79 radians/m 

551.77 a 

1 
2.081 GHz 

Sample Holder 

The sample holder is in a 20 cm straight section of WR284 waveguide. A 1 cm 

radius section of the waveguide was removed from the broad sides of the waveguide and 
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replaced with the brass sample holder. A 16 mm x 61 mm x 1.5 mm sample slab is then 

inserted through the two slits in the holder so that the 16 mm face is normal to the 

direction of propagation. Two triangular brass field enhancement points protrude 1.5 mm 

into the ring cavity from the holder, centered on the sample forward face. Figure 3.3 

shows the sample holder setup. Two set screws hold the sample in place. The holder is 

then capped on both ends, sealed with 0-rings. 

sample holder cap 

waveguide 
wall 

sample 

wave 
propagation 

field 
enhancement 

point 
SIDE VIEW 

sample 

FRONT VIEW 

Figure 3.3 Sample holder 
Side and front view of the sample holder setup 

Diagnostics 

Forward and Reverse Power 

Forward and reverse power in die ring are measured tiirough the use of directional 

couplers attached to the ring. The forward power coupler is rated at -56 dB and the 

reverse coupler is rated at -A6 dB. Two 20 dB attenuators are attached to the coupler 

outputs. A Hewlett-Packard HP8474B diode converts the microwave power into a 

measurable voltage. 
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Field Probes 

Figure 3.4 shows the semp for measuring the local fields near the sample. Two 

field probes, used to measure the EM field power in the vicinity of the sample, are placed 

4 cm in front of, and behind the sample. They are centered on the broad face of the 

waveguide and protrude 3 mm into the ring cavity. Both are coupled to the waveguide at 

^ 0 dB. Two 20 dB attenuators and an HP8474B diode are attached to each field probe. 

waveguide 

sample hermetically sealed SMA field probe 

microwave propagation 

Figure 3.4 Field probe setup 

X-Rav Emission 

The production of x-rays and location of x-ray emission is measured utilizing a 

photodetector and a pinhole camera, respectively. Figure 3.5 shows the semp for 

detecting x-rays. A 2.5 mm radius hole was cut in the waveguide centered on the narrow 

face, 2 cm in front of the sample. A 10 fim aluminum foil covers the hole to prevent 

visible light transmission to the photodetector, see Figure 3.7 for its transmission curve. 

An NE102 scintillator then converts tiie x-ray energy into light. 

Figure 3.6 shows the response of the NE102 scintillator to photons of different 

energies. A brass port keeps the scintillator and foil in place as well as to ensure a 
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Figure 3.5 X-ray emission detection setup 
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Figure 3.6 NE102 response to x-rays 
Response of NE102 plastic scintillator mounted on ITT FW-

114 photodiode to various energy photons 
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vacuum tight seal. The photodetector is an Amperex 2020 PMT with S20 spectral 

characteristics, a 1.3 ns risetime, and 3x10 A/W amplification factor. 

Spatial and time integrated x-ray imaging is done through the use of a pinhole 

camera. The pinhole is cut through the waveguide directly across from the x-ray 

detection port. A 25 |im beryllium foil prevents light transmission while allowing x-rays 

as low as 1.5 keV to pass through it. Different pinhole sizes from 1 mm to 3 mm in 

diameter are used for the imaging. The pinholes are made out of tungsten discs 3 mm in 

1.0 

0.8 

0.6 

Transmission 

0.4 

0.2 

0 
0 4 6 

KeV 

8 10 

Figure 3.7 Transmission curves for x-rays 
Pinhole camera (Be 25 îm. He 4.5 cm. Air 4.5 cm) 

X-ray emission detector (Al 10 ̂ im) "̂̂  

radius and 1.5 mm thick. A brass cap seals the port, ensuring a vacuum tight fit. A 

Graphlex Graphic box camera with a modified film mount is used to hold the film. 

Kodak P3200 speed TMAX B/W 35 mm film or Kodak BioMax MS x-ray film is 

mounted inside the camera 4.5 cm from the pinhole. The film is developed using the 
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manufacturer's recommendations. The camera interior is filled with helium to allow 

maximum transmission of x-rays from the pinhole to the camera. This allowed 

transmission of x-rays as low as 1.5 keV at 50% transmission, as shown in Figure 3.7. 

Imaging has been possible for as few as 20 surface discharges using this setup. Figure 

3.8 shows the setup for the pinhole camera. 

sample 

beryllium 
foil 

tungsten 
pinhole 

camera 
aperature 

waveguide 

Graphlex 
box camera film 

wave 
propagation 

modified 
film mount 

Figure 3.8 X-ray pinhole camera setup 
The dotted lines show die padi of x-rays from the sample edges 
to the film creating a spatial image on the film 

Luminosity 

Luminosity measurements are made utilizing a Hamamatsu R4703 PMT 

connected to one of the quartz viewports on tiie ring as shown in Figure 3.9A. The PMT 
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has S-20 spectral characteristics with a 0.8ns rise time and 2x10"̂  A/W sensitivity. The 

detector can be set up to view either the front or back of the sample. 

Hamamatsu R4703 PMT 
Luminosity Diagnostic 

A. 

-Portion-of-Ring Resonator 
^ Test Sample 

Viewport 

B. 
Portion of Ring Resonator 

OD 

Test Sample Viewport 

r\ 

H- = i = E r Video/CCD 
Camera 

Ambient Light Shield 

Figure 3.9 Luminosity diagnostics semps 
A. Luminosity detection setup using a photodetector 
B. Spatial image setup using a video or CCD camera 

Spatial Imaging 

Several devices were used to capture spatial images of the breakdown process. 

Figure 3.9B shows die settip for diese devices. Initially an RCA ProEdit VHS camcorder 

was used to capture a time integrated image of die complete breakdown. It was 

connected to die frontal view viewport. SNAPPY Video Snapshot software^^ was used to 

store die image digitally. A CCD camera widi a Hamamatsu multichannel plate (MCP) 

(15 ns) replaced die video camera. The MCP had a variable gate time, as short as 15 ns, 

widi one picttire per shot. Finally an Oriel InstaSpec V ICCD camera was used with a 10 
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ns gated picture per shot capability. Andor Technology InstaSpec software controlled 

the camera and allowed for manipulation of the spatial image produced. 

Screen Room 

A lO'xlO'xlO' screen room was used to shield the oscilloscopes used to capture 

the signals from all detectors and process the information. Andrews Hexial© LDF 2-50 

coaxial cables carried the signals into the screen room. The signals measured in the 

screen room were luminosity, x-ray intensity, forward power, reverse power, right 

(frontside) field probe, left (backside) field probe, ICCD gate, magnett-on power, and 

trigger. Four Hewlett-Packard HP54616B 500 MHz oscilloscopes (risetime 600ps) 

collected die signals for display. Hewlett-Packard Benchlink/scope software was dien 

used to collect the digitized displays and transform the information into ASCH files. 

Synchronization 

Figure 3.10 is a block diagram of the setup used to synchronize all diagnostics 

with the build up of the power in the ring and die breakdown across the sample. The 

Instaspec software is manually triggered to capttire an image. Then die system is 

ttiggered by firing a Cordin 437-B Nanosecond Delay Generator. This triggers a Systt"on 

Donner 114A Pulse Generator, which provides die required 25V pulse to trigger the 

modulator as well as triggering anodier Cordin 437-B Nanosecond Delay Generator. 

This delay generator synchronizes the oscilloscopes with the pulse in the ring. It also 
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Figure 3.10 Synchronization diagram for data collection 

The InstaSpec software and primary trigger are triggered 
manually. All other triggers are initiated automatically. 
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triggers a Stanford Research Systems DG535 Digital Delay/ Pulse Generator. This pulse 

generator initiates the ICCD camera shutter, and it transmits the gate signal to one of the 

oscilloscopes in the screen room to provide camera image versus pulse signal 

information. 

Sample Preparation 

The samples were cut into 61 mm x 16 mm x 1.5 mm slabs utihzing a Buehler 

Isomet low speed saw with a low concentration diamond wafering blade. Mineral oil 

was used for lubrication during the cutting process. The edges were rounded utilizing 

1200 grit sandpaper to minimize edge effects. The samples were then cleaned with, in 

order, deionized water, soapy water, deionized water, 5% acetic water, deionized water, 

and cyclohexane, utilizing cotton Q-tips. When replacing a sample, the ring was 

backfilled with nitrogen, and the field enhancement points were polished with steel wool 

and cleaned in an acetone bath. 
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CHAPTER TV 

EXPERIMENTAL RESULTS 

Field Simulations 

Most experimental research into microwave flashover in a waveguide has been 

conducted on the pillbox window. This includes research at Texas Tech University. In 

order to understand die fields in the pillbox geometty, a simulation was made using 

Ansoft Corporation Maxwell Eminence Field Simulation software.̂ ^ The results are 

shown in Figure 4.1. The electric field switches between being normal and tangential to 

the surface of the pillbox periodically with the phase of the wave. A field intensity plot 

shows the electric field intensity contours dependent upon the period of the wave. 

A new setup was desired which would produce only an electric field tangential to 

the window surface. This geometry has been smdied by groups at Texas Tech University 

allowing a basis of comparison with DC flashover results.̂ '̂̂ ^ A planar geometry with a 

partial window was used. Because this window is within the normal rectangular 

waveguide configuration, interaction with a stricdy TEio wave is possible. This leads to a 

stricdy tangential field on the surface as shown in Figure 4.1. Field enhancement points 

were added to increase field emission at the center of the short side of the sample. The 

sample material was alumina, a widely used microwave window material, for the 

simulation. The best size was determined to be 1 mm thick and 16 mm wide. The width 

was a compromise between increased reflected power and edge flashover probability. 

This led to a reflected power of less than 1%. A plot of the field intensities shows a 
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homogenous field across most of the sample, with the region of highest intensity at the 

field enhancement points. 

Pillbox 
geometry 

D. 
Field enhancement 
points 

T f . f. ' » ' f J ' 

propagation;!'^',' 

» I » r — I — 1 -

Pillbox 
window 
sample 

Planar 
sample 

Figure 4.1 Electric Field Plots using Eminence Field Simulation 

A. Field plot showing normal electric field to pillbox window 
surface 

B. Field plot showing tangential electric field to pillbox 
window surface 

C. Electric field intensity contour plot for tangential electric 
field to the window surface in a pillbox geometry 

D. Field plot for the planar geometry setup. The electric field 
is only tangential to the window surface 

E. Field contour plot for the planar geometry. The fields are 
highest at the field enhancement points 
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Twelve samples were examined in the ring using this geometry. All were made 

of Lexan, 1.5 mm thick. Simulation with Lexan revealed a much lower reflected power 

compared to alumina, making it ideal to test in this configuration. The first 3 samples 

were jammed between the waveguide walls with field enhancement points attached. This 

was an extremely difficult method of placing the sample in the waveguide. The surface 

could easily be contaminated while putting the sample in place. Also, the final position 

was not always the same, making some diagnostic measurements difficult. A sample 

holder was designed, as described in chapter III, and was used for the remainder of the 

samples (No_Pill to No_Pill.03 were "jammed"; Planar.Ol to Planar.09 were in the 

sample holder). This greatly reduced the probability of surface contamination or 

scratching, while guaranteeing the sample would always be in the same location. It 

worked successfully during the conduct of the research. 

Raw Data Collection 

Tables 4.1 and 4.2 list the different types of data measurements made on the 

samples. Examples of the data images collected on the oscilloscopes and by the CCD 

camera are shown in Figure 4.2. The data collected were converted into usable 

databases for calculation of measured powers and the electric field. 
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Table 4.1 Measurements Using Oscilloscopes 

Sample 

No Pill 
No_Pill.02 
No_Pill.03 
Planar.Ol 
Planar.02 
Planar.03 
Planar.04 
Planar.05 
Planar.06 
Planar.07 
Planar.08 
Planar.09 

Luminosity 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X-ray 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

Fwd 
Power 

X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 

Rev 
Power 

X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 

Right Field 
Probe 

X 
X 
X 
X 
X 
X 
X 
X 
X 

Left Field 
Probe 

X 
X 
X 
X 
X 
X 
X 
X 
X 

X-ray 
2 

X 

Table 4.2 Imaging Techniques 

Sample 
No.Pill 

No_Pill.02 
No_Pill.03 
Planar.Ol 
Planar.02 
Planar.03 
Planar.04 
Planar.05 
Planar.06 
Planar.07 
Planar.08 
Planar.09 

Visible Imaging 

Video camera 
Lens coupled ICCD camera 
Lens coupled ICCD camera 
Lens coupled ICCD camera 
Lens coupled ICCD camera 

ICCD Camera 
ICCD Camera 
ICCD Camera 
ICCD Camera 

X-ray Imaging 

X 
X 
X 
X 

Spectroscopv 

CCD Camera 
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A. Luminosity and X-ray Intensities 
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C. Forward Power Detector and Camera Gate D. Reverse Power Detector 

E. Visible Image 

Figure 4.2 Raw Data For Planar.07, Shot 7 

2A, B, C, and D are reproduced pictures of data collected on the oscilloscopes for the 
four probes and two photodetectors attached to the ring. The camera gate signal is also 
captured to use as a time reference for visible images. 
2E shows the 10 ns visible image captured using the Oriel CCD camera and displayed in 
InstaSpec software format. 
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Results 

Power Measurements 

The raw data was converted into power and electric field values. Figure 4.3 

shows a graph of die results or data for different samples. Additional examples are in 

Appendix A. The graphs display waveforms measured widi four probes and the electric 

field, which was calculated using the forward power measurement. The graphs also 

display the luminosity and x-ray intensity readings in arbitrary units. The graphs show 

the camera gate signal for timing reference for visible imaging. 

One can note that after breakdown, the signals oscillate as the power drops in the 

ring. This can be accounted for by the propagation of the traveling wave in the ring. 

Prior to breakdown, the pulse follows an 18 ns circuitous route, gaining approximately 

200 kW of power as it passes the input sidewall coupler, as shown in Figure 4.4. If one 

considers a single wave packet within the ring, 1 ns long, the following is observed. The 

Reverse 
coupler ^ I 

f 

' 

Input sidewall coupler 

4 ns \ 

sample 
Wave packet 

Left field probe 

\ 

Forward 
coupler 

4 ns 

Right field probe 

Figure 4.4 Microwave path before breakdown 
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Sample Planar.07, Shot 23 

(Mwri 

1.2^ 
Arbit-^ 

Time \ H) sec: 

Figure 4.3 Diagnostic Measurement Plots 
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forward power coupler detects the packet first. Four nanoseconds later the packet reaches 

the right field probe. The left field probe detects it 0.4 ns after this. The packet then 

passes the reverse power coupler 4 ns later, but is not detected by this directional coupler. 

The packet then receives additional energy as it passes the input sidewall coupler. 

At breakdown, the ring becomes a partial resonant cavity because die flashover 

short-circuits a portion of the ring. The pulse will travel a periodic reverse/forward route 

as shown in Figure 4.5. Now die right field probe will detect the wave packet twice 

within 0.4 ns. The packet is longer than 0.4 ns, so die power appears to double. Once the 

packet is completely passed, the right field probe does not detect die packet again until 35 

ns later. A similar result occurs at the left field probe except with an 18ns initial delay as 

Input sidewall coupler 

Reverse 
coupler 

Wave packet 

4 ns • 

sample 

Left field probe 

Forward 
coupler 

./ 4 ns 

Right field probe 

Figure 4.5 Route of the ring pulse after breakdown 

After breakdown the wave pulse in the ring reverses 
direction when reflected at the front side of the sample. 
The pulse then follows the ring in the opposite direction 
until it is reflected again by the reverse side of the sample. 
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the packet begins its first reflection. The forward and reverse probes detect the signal 

only once every 36 ns. There is a 32 ns initial delay before the forward power probe 

detects the wave packet and a 14 ns delay before the reverse power probe detects it. This 

leads to the oscillating power curves after breakdown. The power drops rapidly as the 

power is absorbed by the breakdown plasma and normal wa\ eguide losses. The packet is 

no longer in phase with the magnetron input so no additional power is added when it 

passes the input sidewall coupler. 

In the graphs shown in Figure 4.3 this translates to a drop in the power at the left 

field probe at breakdown simultaneously as the power rises rapidly at the right field 

probe. The forward coupler does not show the drop until 14 ns later. Simultaneously, the 

reverse power rises rapidly 14 ns after breakdown. 

Electric Field 

The electric field was calculated utilizing the forward power measurements. The 

electric field at the moment of breakdown is the sample's electric field breakdown 

strength. A plot of the electric field strength at breakdown for various samples is shown 

in Figure 4.6. The samples showed a rise in the electric field strength as they were 

conditioned by successive shots. The breakdown field strength of the conditioned 

samples, after numerous shots was approximately 30 kV/cm. The graph only includes 

shots in which breakdown occurred and a reverse pulse was generated. Diffuse 

discharges, in which the power in the ring dropped and the ring Q destroyed but no 

significant reflected power was detected, were not included. 
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E-Field Breakdown Strength 
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Figure 4.6 Electric Field Breakdown Strength for Different Samples 

The graph shows the electric field strength at breakdown 
for each shot in which a true breakdown occurred for 

different samples. 

Luminosity 

Luminosity measurements indicate visible light production from a variety of 

processes. Figure 4.7A shows a series of images during die development of breakdown 

and post breakdown arcing. Initially, die images show two glowing regions developing 

at die field enhancement points. As die electric field increases, an arc begins to form 

across die surface. Breakdown occurs at diis time and die power in die ring begins to 

reflect at die sample. The arc continues to grow as more power is absorbed by die 

plasma. Each image is associated with a corresponding point on the graph shown in 
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Figure 4.7B, indicated by the vertical dashed lines. Figure 4.7B displays the luminosit) 

and power near the sample. At breakdown, as the arc forms, the power at the right field 

probe increases rapidly due to the reflected wave. Similarly, the left field probe power, a 

measurement of the power transmitted through the window, drops rapidly at breakdown. 

The arc has short-circuited the waveguide, causing the microwave to reflect. The 

luminosity increases rapidly at this point, then levels off. It increases again when the left 

field probe detects an increase in power, which is due to the reflected wa\'e incident upon 

the sample from the backside. AU samples showed similar image sequencing in 

breakdown. 

The initial glowing of the surface of the sample is attributed to 

cathodoluminescence. As electrons strike the surface, they can excite electrons within the 

material structure, producing luminescence when the excited electrons remm to a lower 

state.'*^ It is interesting to note that there are several regions that do not glow. This is in 

the triple junction regions and near the center of the sample. 

Figure 4.8 shows a plot of primary electron impacts using an electron trajectory 

program (Appendix B). The electrons have initial kinetic energies at field emission from 

10 eV to 1010 eV. This range of kinetic energies was chosen to include a Maxwellian 

velocity distribution for field emission widi 400 eV as the average emission kinetic 

energy.̂ "* The electron initial positions are at the tip of the field enhancement points, and 

at 2 mm intervals along the sample-waveguide junction. All electrons are assumed to 

have a 45 degree starting angle from tangent to the sample, and parallel to die electric 

field. The electric field intensities are: 1, 5, and 10 kV/cm. The phase of the electric 

field covers one full period at 18 degree intervals. From the plot, distinct regions appear 
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1 (Shot 11) 2 (Shot 9) 3 (Shot 19) 4 (Shot 21) 5 (Shot 18) 

breakdown 

6(Shot 20) 

7 (Shot 23) 8 (Shot 25) 

1 Time (ns) 
Sample edge 

reference 

Field enhancement 
points 

Figure 4.7 Breakdown Sequence for Planar.06 

A. Breakdown series of eight 10 ns shots shows growing cathodo
luminescence leading into arc formation and breakdown. 

B. Pictures in A. are referenced to breakdown signals for luminosity 
and the right and left field probes. 

C. Reference image shows the field enhancement points and the 
sample edge. 
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where the density of impacts is greatest. The plot is similar in appearance to actual 

images at similar field levels shown in a diffuse discharge in Figure 4.9. The program is 

still just a simple trajectory trace and its limitations must be considered. It does not 

account for the higher fields at the triple junction and field enhancement points. In reality 

the local fields in these areas would be much higher. Field emission densities in Figure 

4.8 are the same for aU the electric fields. In reahty, higher fields produce a higher 

current density. 

X(cm) 

Y(cm) 

Figure 4.8 Computer simulation of electron impact points 

The impact points of electrons emitted from the triple 
junction onto the planar sample are plotted for electric field 

strengths of 1, 5 and 10 kV/cm. Electron energies vary 
from 10 to 1010 eV. 
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Figure 4.9 Diffuse Discharge 

An image of a diffuse discharge is shown. The waveguide 
walls are outlined in dashed lines. The field enhancement 
points and sample edges are outUned in dotted lines. The 
discharge is characterized by two glowing regions near the 
field enhancement points. 

X-Ray Emission 

X-ray imaging and detection measure the production of Bremsstrahlung x-rays 

and x-ray emission from excited electrons falling to a lower state. Bremsstrahlung x-rays 

are produced when an electron decelerates rapidly. The interaction with the fields and 

the "braking" or change of momenmm of the electron produces these photons. Figure 

4.10 shows that the x-ray intensity is effectively zero until shortly before breakdown. 

Then it rises rapidly until just before breakdown at which time it drops rapidly. The 
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saturated secondary electron avalanche charges the insulator surface. The fields at the 

field enhancement points increase, field emission increases, and the high energy electrons 

hit the field enhancement points producing x-rays. When the gas density rises, the 

electrons are limited to low energy by collision, and x-ray production turns off 

breakdown 
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Time 
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Figure 4.10 X-Ray Intensity Graph for Planar.07. Shot 23 

The graph shows the x-ray intensity curve in relation to the 
local field probes (left and right), and luminosity 
measurements. X-ray productions rises quickly just prior 
to breakdown, then drops rapidly. 

X-ray imaging indicates where the x-rays are coming from. Many shots were 

required to deposit enough energy on the film for a detectable image, therefore, the 
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images are time integrated over a number of shots (>30). Figure 4.11 displays such an 

image. The x-rays are being generated between die field enhancement points. This is as 

expected and indicates die regions of greatest outgassing and secondary electt-on 

production. This is also die region where most arcing on the sample occurs. 

A. Visible reference B. X-ray image 

Figure 4.11 X-ray image, Planar.08, 100 shots 

A. A pinhole visible hght reference image is shown. The 
sample edge is outlined by the dotted lines. 

B. An x-ray pinhole image of 100 shots with a 3mm pinhole 
showing x-ray production on the sample face and at one of 
the field enhancement points. The sample edges are 
outlined in dotted lines. 
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Comparison with DC Flashover 

Although the current across the sample is not directly measured, a simple analysis 

of the reflected and forward power ratio can show comparable results to the rise in 

current in DC flashover at breakdown. As breakdown occurs, it causes microwave power 

to be absorbed and reflected, essentially going from an open circuit (high transmission) to 

a short circuit (low transmission). Figure 4.12 shows a comparison of the 

reflected/forward power ratio to the current rise expected in DC flashover. 
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Figure 4.12 Comparison between curtent in DC flashover 
and reflected/forward power ratio in microwave breakdown 

A. The r/f power ratio versus time curve shows an almost 
constant ratio until breakdown when it rises rapidly. 

B. The DC curtent versus time curve shows a small rise in 
current, then a low constant curtent until break down 
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when it rises rapidly. 

Earlier it was shown in Figure 4.10 diat die x-rays rise rapidly, dien drop just at 

breakdown. This compares favorably widi die x-ray curve for DC flashover shown in 

Chapter II, Figure 2.19. No comparison was made to the gas density curve in Figure 
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2.19. However, a significant rise in the gas pressure in the ring was observed during 

shots with breakdown. The DC flashover plasma curve. Figure 2.19, compares favorably 

to the microwave flashover luminosity intensity curve shown in Figure 4.7. Figure 4.13 

shows the conditioning of a Lexan sample in the ring and the conditioning of a Lexan 

sample in a DC flashover research project at Texas Tech. By comparing Figures 4.13A 

and 4.13B, it can be seen that the conditioning of Lexan in microwave flashover is 

similar to Lexan conditioning in DC flashover. 
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Figure 4.13 Comparison of DC flashover and microwave flashover conditioning 

A. DC flashover electtic field breakdown sttength 
conditioning curve for Lexan. 

B. Microwave flashover electric field breakdown sttengdi 
curve for Lexan. 
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Sample Damage 

All samples showed some type of damage to the surface due to the surface 

discharges. The amount of damage depended upon the number of shots and breakdowns. 

Examples of the different types of damage are shown in Figure 4.14. This sample, 

Planar.08, had over 200 shots total. Damage can be seen in the vicinity of the field 

enhancement points, with ttacking and brass debris present extending out from the brass 

tips. This may indicate explosive emission from the tip, most likely at the moment of arc 

formation. There is also damage to the backside of the sample. Because of the design of 

the sample holder, there is a small gap between the waveguide wall and the sample (less 

than 0.5 mm). Significant damage can be seen along this gap. Along the surface of the 

sample, on the backside, there was significant tracking. In fact it is more visible than on 

the front side in the middle region. This indicates arcing on the backside. Due to 

Lexan's transparency, it is difficult to distinguish this backside arcing from the front side 

arcing in the visible images obtained with the CCD camera. 

Discussion of the Data 

Sometimes, undesirable results were generated during die conduct of die 

experiment. Some of die pictures and data collected when undesired effects occurted are 

shown in Figures 4.15 and 4.16. In a difftise discharge, die power in the ring does not 

reach a high enough level for flashover, but it is high enough for some surface 

luminescence and it desttoys die Q of die ring. The problem was found to come from 

two possible factors. Either the magnetton produced an insufficient pulse (short time 
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B. Backside tracking 

D. Backside waveguide/sample 
field damage 

E. Backside damage opposite the 
field enhancement point 

Figure 4.14 Visible Damage to Samples, Planar.08 

A. Breakdown damage appearing in the vicinity of the bottom field enhancement point 
and along the center of the sample. 

B. Tracks in the sample backside parallel to the electric field. 
C. Damage at the field enhancement point triple junction. 
D. Damage caused by high fields between the sample and the waveguide wall. 
E. Damage caused by high fields from the field enhancement point on the backside of 

the sample. An out-of-focus image of the field enhancement point can be seen in the 
background. 
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and/or low power) or the ring was not mned properly. The magnetton needs sufficient 

heating for proper functioning. This sometimes took a couple of shots before a full 

power pulse was achieved. Also, the modulator needed to be charged to at least 10 kV to 

ensure a good pulse. Most shots were conducted at 12 kV, which would produce a 1.6 

MW pulse from the magnetton. 
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B. Edge flashover 

A. Diffuse discharge 

Figure 4.15 Diffuse discharge and edge flashover 

A. Data measurements for a diffuse discharge showing a loss 
of power in the ring but no reflected power or x-rays. 

B. Image of an edge flashover occuring across a sample. 
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The ring was initially mned by putting a sample in the ring and running the ring 

continuously at a lower power until the power peaked when tuned. Then a new sample 

was placed in the ring. This resulted in some problems trying to maintain mning. A 

better way was found by coupling the ring with a Hewlett-Packard HP8719C 50 MHz -

13.5 GHz Network Analyzer. This allowed a broadband analysis at very low power with 

the test sample in the holder. The power in the ring was peaked at die magnetton's 

frequency (2.8492 GHz). The magnetton was reattached to the input sidewall coupler 

and testing begun. This greatly increased the success rate in achieving breakdown. 

Flashover sometimes occmred along the sample edges. This effect did not 

necessarily change the data collected drastically, but was an undesired effect because the 

electric field for breakdown cannot be calculated properly. The edges of the samples 

were sharp, which enhances the fields. The best way to reduce the fields at the edges was 

to sand the comers down to a rounded edge using 1200 grit sandpaper. This reduced the 

number of edge flashovers. 

Sometimes the attenuators were damaged by the high power ttansmitted dirough 

them. The attenuators were rated to handle the power ttansmitted through them (10 W to 

50 W), but still faded. New attenuators were purchased from a different company. 

Weinschel Associates, rated at 25 W, and have worked successfully since. Also, 

incortect timing resulted in some data being unusable. The fu^t couple of shots were 

sometimes lost because of this. The problem stemmed from the magnetton pulse timing 

changing considerably until it warmed up. Letting the magnetton heat up longer helped 

improve the timing for the fu-st few shots. 
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Figure 4.16 Attenuator damage and improper scope settings 

Data measurements when using damaged attenuators. The 
forward, reverse, and electric field curves show incortect 
measurements due to attenuator failure. The oscilloscope 
voltage setting for the x-rays was too low. shown by the x-
ray curve flattening out at peak voltage. The luminosity 
curve shows a normal signal. No data was taken for the 
right and left field probes. Imaging was done using a video 
camera so there was no gate signal. 
Data measurements when the oscilloscope input was set for 
IMQ. The electtic field, right field probe, left field probe, 
forward, reverse, and gate curves show ringing caused b) 
the oscilloscope input set at IMQ. The luminosit>' and x-
rays were measured with proper oscilloscope settings and 
show normal curves. 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

In summary, the experiment successfully established the conditions to analyze 

surface flashover generated by high power microwaves. The ring produced a pulse of 

sufficient power to create a flashover. The sample setup created a flashover in the 

desired area for analysis. The high speed diagnostics allowed measurement of many of 

the breakdown mechanisms involved in the flashover. These measurements, combined 

with the knowledge of the fields on the sample and converted into power and field 

measurements, allowed a detailed picmre of the breakdown process. 

From observations of the different phases of the breakdown, one can conclude 

that the samrated electton emission avalanche theory appUes to microwave breakdown of 

Lexan. As the electric field increases in the vicinity of the sample, field emission 

increases. This leads to an increase in the secondary electton yield until it reaches unity. 

Secondary electtons, which absorb energy from the primary electton but are not emitted, 

produce cathodoluminescence when they return a lower energy band. This is visible as 

two glowing regions near the field enhancement points as shown in Figure 4.7A.1. 

The surface of the dielectric becomes charged, accelerating free electtons in the 

avalanche. Electric fields near the field enhancement points increase, inducing more field 

emission of electtons. The increase in free electtons and electric fields leads to a larger 

region of primary electton impact points on the surface of the dielectric as plotted in 

simulation in Figure 4.8. More of the sample glows due to cathodoluminescence until the 
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entire sample is glowing. At this point the samrated secondary electton avalanche has 

spread to the entire face of the sample. 

The samrated secondary electron avalanche induces outgassing of absorbed gas in 

the dielectric. A thin layer of gas begins to form on the surface of the dielectric. 

Secondary electtons begin to colhde with the gas molecules, ionizing the gas on the 

surface and producing additional secondaries. High energy free electtons impact the field 

enhancement points producing x-rays, shown in Figure 4.11. As the gas density 

increases, the mean free path of the electtons decreases. This decreases the mean energy 

of free electtons and production of x-rays. With a decrease in the electton mean free path 

and an increase in ionization occurring, the desorbed gas approaches its Paschen 

breakdown threshhold. Figure 4.7A.4 shows an arc forming within the desorbed gas in a 

region that reaches the breakdown threshhold. 

The arc in the desorbed gases grows rapidly, forming a plasma. Luminosity 

increases rapidly as die plasma radiates heat and light. Simultaneously, die ring pulse 

begins to reflect, with die amount of reflection growing widi the plasma. This is shown 

graphically in Figure 4.7B. Once die arc reaches both field enhancement points, the 

reflected power reaches a maximum. Explosive emission may occur at diis point from 

die field enhancement point, induced by die high plasma temperamre and high local 

fields, damaging die region around die field enhancement point. Figure 4.14C shows die 

resulting damage in the vicinity of die field enhancement point. 

The arc is maintained until the reflected pulse propagates into the sample from die 

backside, shown in Figure 4.5. It again reflects die power whde absorbing additional 

energy from the pulse, increasing luminosity, as in the graph in Figure 4.7B. The 
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reflected pulse simultaneously causes a samrated secondary electton a\alanche on the 

backside of the sample, leading to plasma formation and arcing on the backside. Figure 

4.14B shows evidence of the backside arc. 

With the Q of the ring desttoyed, any additional energy added to the ring does not 

couple with the existing ring pulse. The power in the ring drops rapidly as the energy in 

the ring is dissipated by the plasmas on the sample face and by normal ring losses. 

Luminosity drops as the sample surfaces begin to recover and the plasma dissipates. 

From the comparison between the experimental results and DC flashover, one can 

conclude that the breakdown processes on polymers are similar to those in DC flashover. 

Techniques to reduce DC surface flashover are expected to be successful at reducing 

microwave breakdown and further research should be conducted to show this. Further 

research is also needed to see if the DC flashover is comparable for other materials such 

as ceramics and composites. Also research into the effects of surface coatings and the 

inttoduction of certain gases could provide further insight into the breakdown process. 
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APPENDDC A 

SAMPLE DATA GRAPHS 

A selection of diagnostic plots is shown for several samples. This shows the 

typical measurements for breakdown. 
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Figure A.l Diagnostic Measurements Graph for Planar.06, Shot 08 
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APPENDIX B 

ELECTRON TRAJECTORY PROGRAM 

A program was written to ttack the movement of an electton in a rectangular 

waveguide and indicate its impact point and kinetic energy. It uses classical kinematics 

as described in Chapter n. Essentially, the program uses the electton's curtent position, 

velocity, and acceleration to predict its new ttajectory. Then a new position is calculated 

for a very short time interval. The program repeats this process until the electton impacts 

the wall or the sample. It includes the capability to analyze different initial positions, 

phases of the electric field, and normalized emission trajectory angles. 

* 

* 

PROGRAM ESLAB 
VARIABLES 

10 

20 

30 

REALPOS,EN,PH,OUT(25,25,25,2),X,Y,YO,ZO 
INTEGER I J,K,L 

1=1 
DO30EN=10,1010,50 

J=l 
DO 20 POS=2.8,4.3,0.2 

K=l 
DO10PH=0,2,0.1 

CALL ETRAJ2 (EN,POS,PH,X,Y,YO,ZO) 
OUTa,J,K,l)=X 
OUTa,J,K,2)=Y 
K=K-Hl 

CONTINUE 
J=J+1 

CONTINUE 
1=1+1 

CONTINUE 
OPEN (UNrr=ll, FILE='ETRAJ.DAT', STATUS='NEW) 

1=1 
DO60EN=10,1010,50 

J=l 
DO 50 POS=2.8,4.3,0.2 
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K=l 
WRTTE (11,35) EN,POS,YO,ZO 

35 FORMAT (IXENERGY ='F7.2,2X,'START POINT =',F7.2,1X,F7.2,1X,F7.2) 
DO40PH=0,2,0.1 
WRITE (11,37) OUT(I,J,K,l), OUT(I,J,K,2) 

37 FORMAT (1X,F9.4,1X,F9.4) 
K=K+1 

40 CONTINUE 
J=J+1 

50 CONTINUE 
1=1+1 

60 CONTINUE 
END 

SUBROUTINE ETRAJ2 (EN.POS.PH.X.Y.YO.ZO) 
C C 
C C THIS PROGRAM CALCULATES 
ELECTRON IN A 

THE TRAJECTORY OF AN 

C 
C 
C 
* 

C RECTANGULAR WAVEGUIDE 
C 
C VARL\BLES 
REALEF,RK,DX,DY,DZ,FREQ,A,X,Y,Z,RM,EC,B 
REAL BETA,WF,EY,BX,BZ,RK1,VX,VY,VZ,PI 
REAL T, AX,DELT,W 
IMPLICrr REAL (A-H,0-Z) 
INTEGER I 
CHARACTER* 10 OUT 

1=1 
RM=0.511E+06 
EC=9.0E+20 

PI=3.141592654 
C INPUTS 

EF=15E+03 
RK=EN 
X=POS 
Y=3.3 
Z=0.0 
YO=Y 
ZO=Z 
DX=0 
DY=-1 
DZ=-1 
FREQ=2.85E+09 
TH=PH*PI 
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A=7.0 
T=0.0 

C CALCULATE FIELD MAGNTTUDES 
BETA=SQRT((2*PI*FREQ/(3E+10))**2-(PI/A)**2) 

WF=2*PI*FREQ 
EY=EF 

BX=-(BETA/WF)*EF 
BZ=(PI/(WF*A))*EF 
CALCULATE INTTIAL VELOCITIES 
DT=ABS(DX)+ABS(DY)+ABS(DZ) 
IF (DT.GT.O) THEN 

VT=SQRT(3.494E+15*RK) 
VX=DX*SQRT(VT**2/DT) 
VY=DY*SQRT(VT**2/DT) 
VZ=DZ*SQRT(VT**2/DT) 

ELSE 
VX=0 
VY=0 
VZ=0 

ENDIF 
C CALCULATE THE TRAJECTORY 

DO 10T=7.0E-13,7.0E-10,7.0E-13 
C CALCULATE THE ACCELERATION 

AX=-(EC/RM)*(VY*BZ*COS(PI*X/A+TH)*COS(WF*T-BETA*Z+TH)) 
AY=-(EC/RM)*((EY+VZ*BX)*(SIN(PI*X/A+TH)*SIN(WF*T-BETA*Z+TH))-

VX*BZ*COS(PI*X/A+TH)*COS(WF*T-BETA*Z+TH)) 
AZ=-(EC/RM)*(-VY*BX*SIN(PI*X/A+TH)*SIN(WF*T-BETA*Z+TH)) 
C CALCULATE NEW POSIHON 

DELT=7.0E-13 
X=X+(VX*DELT)+AX*(DELT**2)/2 
Y=Y+(VY*DELT)+AY*(DELT**2)/2 
Z=Z+(VZ*DELT)+AZ*(DELT**2)/2 

C CALCULATE THE NEW VELOCITY 
VX=VX+AX*DELT 
VY=VY+AY*DELT 
VZ=VZ+AZ*DELT 

C CALCULATE THE KINETIC ENERGY 
W=2.862E-16*(VX**2+VY**2+VZ**2) 
B=A/2 
IF (X.LT.0.0) THEN 

GO TO 200 
ELSEIF (X.GT.A) THEN 
GO TO 200 

ELSEIF (Y.LT.0.0) THEN 
GO TO 200 
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10 
200 

ELSEIF (Y.GT.B) THEN 
GO TO 200 

ELSEIF (Z.GT.O) THEN 
GO TO 200 

1=0 
ENDIF 

1=1+1 
CONTINUE 
RETURN 

END 
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