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CONVERSION TABLE

Conversion factors for U.S. customary to metric (SI) units of measurement

To Convert From To Multiply

angstrom meters (ml 1.000 000 X E-10

atmosphere (normal) kilo pascal (kPa) 1.013 25 X E+2
bar kilo pascal (kPa) 1.000 000 X E+2
barn meter 2 (m2) 1.000 000 X E-28
British Thermal unit (thermochemical) joule (W) 1.054 350 X E+3

calorie (thermoch-W-a) joule (W) 4.184 000

cal ( }c I mhj/C' megp joule/ m WJ/m=2 ) 4.184 000 X E-2
curie gWga becquerel (GBq}" 3.700 000 X E;+I

degree (anle) radian (rad) 1.745 329 X E-2

degree Fahrenheit degree kelvtn (K) tK=(tof + 459.67)/1.8

electron volt joule (J) 1.602 19 X E-19

erg joule (J) 1.000 000 X E-7

erg/second watt M 1.000 000 X E-7

foot meter (mW 3.048 000 X E-I
foot-pound-force joule (J) 1.355 818

gallon (U.S. liquid) meter3 (M3) 3.785 412 X .- 3
inch meter (mW 2.540 000 X E.-2

jerk joule (J) 1.000 000 X E+9
joule/kilogram (J/Kg) (radiation dome
absorbed) Gray (Gy) 1.000 000

kilotons terajoules 4.183

kip (1000 1bf) newton (N) 4.448 222 X E+3
kip/Inch 2 (ksl) kilo pascal (kPa) 6.894 757 X E+3

ktap newton-second/mr2 (N--s/m 2
) 1.000 000 X E+2

micron meter (m) 1.000 000 X E-6

mil meter (m) 2.540 000 X E-5

mile (International) meter (ml 1.609 344 X E+3

ounce kilogram (kg) 2.834 952 X E-2

pound-orce (lbf avoirdupois) newton (N) 4.448 222
pound-force Inch newton-meter (N-m) 1. 129 848 X E-1

pound-force/tnch newton/meter (N/m) 1.751 268 X E+2

pound-force/foot2  kilo pascal (kPal 4.788 026 X E-2
pound-force/Inch 2 (psi) kilo pascal (kPa) 6.894 757

pound-mms (Ibm avoirdupois) kilogram (kg) 4.535 924 X E-1

pound-mass-foot (moment of Inerta) kilogram-meter2 (kg-m2 ) 4.214 011 X E-2

pound-masslfooO kilogram/meter 3 (kg/m 3 ) 1.601 846 X E+I

rad (radiation dose absorbed) Gray (Gyro 1.000 000 X E-2

roentgen coulomb/kilogram (C/kg) 2.579 760 X E-4

shake second (a) 1.000 000 X F.-8

slug kilogram flg) 1.459 390 X E+I

torr (mm Hg. 0C) kilo pascal (kPa) 1.333 22 X E-1

"TMe becquerel (Bq) In the S1 unit of radloactivity; Bp = I event/s.

"The Gray (Gy) is the SI unit of absorbed radiation.
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SECTION 1

INTRODUCTION

Vacuum has been an attractive choice as insulation for high voltages due to the
absence of free charge carriers. However, once a solid insulator is introduced to
support the high voltage conductors the insulation ability is decreased compared to

that of pure vacuum. Improvement of the insulation strength of insulators is
required to increase the capabilities of pulsed power systems. It is also essential

to keep the insulator dimensions small in order to minimize the system inductance

(and the weight that must be carried into space.) Pulsed voltages over 1

megavolt (MV) are expected in many operations.

Electrically stressed insulators in vacuum often fail due to dielectric breakdown in
the form of surface flashover which usually occurs at a lower field than bulk
breakdown. Surface flashover also appears to be a time independent phenomenon
in the range from dc to microsecond (psec) pulse widths. From microsecond to
nanosecond (nsec) pulse widths, the mechanism and surface damage change

(Ref. 1). The microsecond pulse width regime appears to straddle both regimes.

For slower (dc to microsecond) pulses, insulator flashover in vacuum is considered
by some authors, including Tetra's team to occur in the expanding cloud of gas

desorbed from insulator surfaces (Ref. 2) when the applied potential is much less
than the flashover voltage. The mechanism for desorption of these atoms and

molecules is not fully understood (Ref. 3).

In the fast pulse regime (20 to 50 nsec) triple point enhancements and insulator
relaxation time will play the dominant role in producing and controlling flashover

voltages. To bring the value of the vacuum surface flashover electric field to
levels comparable to the dielectric bulk strength of the insulator will be a major

breakthrough in insulation technology. The achievement of this milestone is based

on the understanding of the physics responsible for surface flashover. The physical
mechanisms include (triple point enhancement, surface charging, ultraviolet initiated

electron avalanche, insulator surface defects, etc.). Tetra's microstack approach
resolves two of the basic physical mechanisms responsible for surface flashover.
These are: surface charging and suppression of electron avalanching at

intermediate points of the insulator.



The program plan for the microstack insulator consisted of a combination of

theoretical analysis, to determine the physics involved in the microstack insulator's
excellent performance in surface flashover, and an experimental testing program

focused on providing empirical data. The experimental program provided the basis

for understanding the microstack insulator behavior as a function of pulse voltage,
insulator material characteristics and microstack dielectric wafer thicknesses and

composition.

The theoretical analysis led to a good understanding of the physics involved in

surface flashover, especially in those aspects that relate to the microstack

technology. The program was initiated with a thorough analysis of the literature
to identify the pre-existing established theories and hypothesis. From there the

analysis looked at some of the issues related to the microstack technology, such as

the formation of concentrated "pockets" of charge that eventually result in surface

flashover. For single polarity pulses, the emission of secondary electrons and their

hopping at the surface, provided a criterion for the initial design of the microstack

dielectric wafer thickness. For bipolar stresses the oscillating displacement of ions

and electrons forced by the field, is used to design the separation distance between
metallic interlayers. An additional design criterion is given by the dimensions of

the electrode or the electron emitting surfaces.

The experimental program provided the empirical data base, against which the

analysis is compared. Measurements of pre-breakdown current and charge

distribution before flashover were obtained using the microstack as a research tool.

Low voltage measurements with different microstack insulator configurations are
being performed to learn the characteristics of the electron cloud propagation

properties. For the high voltage testing we fabricated the 1 Megavolt Marx pulser

with the property of fast rise time (30-50 nsec) and controllable pulse width (100

to 3000 nsec). A technique was developed to produce samples in a very

economical way so that an expanded test matrix produced more data. At the

same time we developed a very sophisticated technique to fabricate samples with a

very well controlled thickness and shape.

The program achieved results that represent a breakthrough in vacuum surface

flashover insulation. The samples designed as the optimum configuration failed

through the dielectric before surface flashover was observed. In fact the ultimate

2



limitation is the vacuum breakdown of the anode-cathode electrode system. As

shown later we determined that for 100 nsec long pulses the vacuum breakdown

voltage of the electrode system was above 350 kV/cm, with some pulses as high

as 450 kV/cm. Typical microstacks will sustain voltages above 280 kV/cm, with

optimized samples failing typically at average fields above 400 kV/cm and not

because of surface flashover but through the bulk of the sample.

The technology was developed to the point that practical uses such as dielectric

walled linacs and microwave waveguides and windows are feasible. Linacs with

gradients of 30 to 40 MV/m, which is about 20 to 30 times the gradient

presently achieved, are now possible. Microwave windows and microwave cavities

that can handle at least twice the present power level can be designed. Once the

technology is fully disclosed it will become the vacuum insulator of choice.

Future development must concentrate in its application for accelerator and

microwave related technologies. As shown in Table 1 the microstack technology

allows the practical development of dielectric walled accelerators and an improved

power handling for microwave windows.

3
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SECTION 2

THEORETICAL ANALYSIS

2.1 SURFACE CHARGE DISTRIBUTION.

The relationship between surface physics and the sample geometry was initially

analyzed following the experiments by Anderson (1978) (Ref. 4). In his
experiments Anderson placed a needle as an enhancement point at both electrodes,
with a 45" sample placed in between. Figure 1, from Reference 4, shows the
results obtained for the needle on both the cathode and the anode for a 45"
negative angled sample. The plot shown in the figure indicates the surface
flashover voltage follows an inverse cosine law. By analyzing the characteristic

solid angle of an electron cloud hitting the sample surface we find that the surface

charge follows exactly an inverse cosine law.

The surface charge follows: (see Appendix A, page A3)

q

with:

r - surface charge

q - total charge

A - surface area.

Assuming that the area where the surface charge deposits itself corresponds to the

electron cloud solid angle:

A = ffr2dosinfdf
A = 2rrT2 cos

it follows that

Sa cos-to

In the case of negative angle samples the dielectric surface shows a bound surface

charge which is positive in nature. All the electrons emitted before surface
flashover are attracted to the insulator surface. It is this pre-existing positive
charge characteristic of the surface that dominates to make the cos-18 behavior
possible. Positive angle samples initially follow the cos-10 function but in general

5



the distribution looks more like a parabolic function. The data is more

statistically dispersed, a fact that can be tied to the negative bound surface charge

prior to the initial electron ejection. Figure 2 illustrates the conditions at the
dielectric surface when the field is applied. The behavior is explained by two

different mechanisms or a combination of both. First there is the anode initiated

flashover in which it is assumed that ions are accelerated towards the cathode

bombarding the dielectric surface and initiating the avalanche process that leads to

failure. The second process still is electron initiated but now only electrons with
the "right" energy will hit the surface, and once they do they generate secondaries

which are deflected toward the anode with little or no hopping given the negative

nature of the bound charge (Ref. 5).

All these patterns in the behavior of surface flashover with polarity and geometry

are broken up by the microstack insulator. By assuming the same initiating

behavior, the prediction of the theory is that a drastic reduction of net surface

charge deposited in the dielectric surface will in turn enhance the maximum
voltage prior to surface flashover.

Calculations done to analyze the surface charge deposited on the surface indicate

that an inverse cosine law is followed. By following the Figure 3 geometry the
plot in Figure 4 follows the inverse cosine law but in this case the vertical axis

is surface charge on the dielectric and the horizontal axis is electron cloud solid

angle. The electron cloud shell and the sample geometry interact in a 3
dimensional fashion. Preliminary results from this simple geometric interaction

shows the correct behavior. It shows that if the integration is carried to the

total height of the sample the surface receives the total charge or maximum

charge possible. As the metal layers are introduced the electron cloud is now

partitioned and so is the dielectric surface by the metal wafers. As can be

observed in Figure 3, the introduction of metal layers changes the place where the

electrons hit the sample. Since most of the electrons now hit the metal, instead
of the dielectric, secondary emission is totally suppressed. The effect can be
observed by comparing the total surface charge deposited in the dielectric, by

integrating 0 from 0 to 90", shown in Figure 4a. Figure 4b is the equivalent

charge deposited in the dielectric when microstack is used; this is integrating 0

from 0 to about 20", which corresponds to having the metal shields protruding the

same distance as the dielectric thickness, and the electron ejection point being 3

6



times the dielectric thickness. The microstack insulator under a cloud of electrons

following the same distribution as before, shields the surface charge on the
dielectric surface by as much as 80%.

We assume that in each stack all the dielectrics (insulators) are of equal thickness

and all the stainless steel (S.S.) strips are of equal thickness to each other. For
the analysis we refer to Figure 3. As diagrammatically illustrated, the stack is in
the Y-Z plane. The thickness of each dielectric layer, heretofore symbolized as e,
is identified by t. The bottom layer is tagged tj and subsequent layers are
labelled t2, t 3, etc. The SS strips, which are identified in the figure by the

symbol d are of different thickness from the dielectric. For clarity, the SS strips
are labeled d1 , d2, d3, etc. Thus the first strip, d, lies immediately above tj

(or t).

Problem: Our analysis seeks to determine; the effect of moving the electron

emission point away from the dielectric surface, at distances comparable to the
metal protrusion length t

1. The variation of the surface area S with e. For the definition and

derivation of S see Appendix A.

i.
S =-2 Z2 cos E (Eq 1)

2. The behavior of the total charge on S, QT on e( where for simplicity we

have neglected the thickness d of the metal, this is possible because we are

interested in the charge deposited in the dielectric. The following treatment

differs from the one in Appendix A, only that now we allow the origin to

be at a variable distance (y) from the dielectric surface, and carried the
analysis for a single dielectric stack. As more stacks are present, the

shielding is found to greatly affect the charge deposited in the subsequent

dielectric layers.

y
QT= c0E0 [1 - (K-1)l t 2 +y 2 T y (t2 + y2)½ (Eq 2)

Again see Appendix A for derivation of QT"
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3. The behavior of the capacitance C with e; see Appendix A for derivation

of

C= - v1--K-fl) [ t 2+y 2 T ] (t2+y2) (Eq 3)

Analysis: From Appendix A, we have shown that

S - 2 02 coso .

From the microstack sketch in the Appendix A, we have

y
r2 = (t 2+y 2) and cos e [t 2+y2]½

7 7 r y 1
* S =-2 r2Cos 8 =- 2[t2+y 2] f t 2+y 2•) - y[t2+y2] (Eq 4)

therefore S = -2 y(t2+y2)4 (Eq 5)

Also from the Appendix we have

I

QT =TS = eoEo[1-(K-1)cos G] -- t2CSc 2Ecose

r c csce
= eoEo[1.-(K-1)cosO]-----t! t a n e

Therefore QTff CoEo 1-{K-1) ( t 2 +y V ] 2

or t 0 Ky )½]y[t2+y2]i (Eq 6)

orQT 2 oEo1 1 J( t 2+y2



Again for the capacitance of the stack C we have

C = ( cE2 r [1-(K-1)[t+y 2)] y[t2+y2]4-V = 1 2V (t 2+Y 2

S Eo 0 y
CE2 [--(K-1)( t 2 +y 2 )] y[t2+y2]1 (Eq 7)

At this point we note that after the single dielectric layer t in Equations 5, 6
and 7 changes to h = t, = tj+dj, that is, the sum of the subsequent dielectric

thickness tj and the S.S. strip d1 . Thus with the known values of t' the only
variable we have that controls S, QT' and C in the above boxed expressions is y.
This means that our graphical plots of S, QT and C are 2-d plots - one variable

case.

For our first set of plots for S, QT and C we note that in the case of the first
dielectric layer with t1 , the angle cosine, cos 9, is found with 0<y_<1 = 0.040"
[given]. In the second set of plots we incorporate the effect of stacking, that is,
we increase t = tj to t = tj+dj. We also increase y such that I<y.

The graphical illustrations of the expressions for S and QT are shown in Figures
5, 6, 7, and 8. The illustration for C is essentially the same as that for QT' so

C-graphs are not actually shown. Note that in all the figures, Figure 5 to
Figure 8, the plots are in the Cartesian coordinate system with the independent
variable y plotted along the horizontal and the observables, which in these cases
are S and Q, plotted along the vertical. Figure 5 and Figure 6 refer to S = the
interaction surface area. We notice the almost linear increase with increasing Y
values (or x value in the graph). Figure 5 refers to the case when y_5t - the
distance of the S.S. stripe protruding from the stack. Figure 6 is the case for

y>L

In Figure 7 we have graphed the QV' total charge and we note the increase in
magnitude with y increase. This Figure refers to y _. I case and Figure 8 refers
to y < 1 case. For all figures, the dielectric was taken as 0.003" in thickness.
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2.2 MICROSTACK INSULATOR DESIGN.

The analysis shows the drop in the effective charge deposited at the dielectric

surface. If one assumes that all charge hitting the metal surfaces is accumulated

in the capacitor formed by the wafers, a criteria can be established by the

conditions at the layer surface. We analyzed three different criteria based on the

previous analysis allowing us to consider each section of the shielded insulator as

independent from the previous one.

At this point three criteria have been used to design microstack samples

a) Electron hopping distance which defines maximum dielectric thickness

and metal wafer separation.

b) Electrode dimensions and maximum electron emission point distance
which defines dielectric recess from the metal wafer edge and effective

shielding distance. It uses the streamer propagation characteristics at

the dielectric surface.

c) Maximum ion displacement distance which relates to item a) but

accounts for polarity changes and bipolar stresses.

The first criterion used to design a microstack insulator sample consisted of the

electron hopping distance. Figure 9 shows a plot of electron hopping distance vs.

electron ejection angle. This follows from a simple ballistic model and assumes

that the field normal to the insulator surface can be as high as 10% of the

nominal (external) field. As can be observed, distances for 5" to 45" ejection

angles are in the millimeter and submillimeter range. The criteria used is that

the metal wafer separation should be equal or smaller than the given hopping

distance. The first criterion assumes no collisions in between electron hopping

distances, and low ion or molecular desorption from the dielectric surface; it yields

an upper limit value, and it is based on a simple ballistic model. Assuming a

parabolic electron (Ref. 6) path so that the time required to reach the maximum

height, h, is the same time to return to the dielectric surface (see appendix B).

Electron Range = 4V E. cose (8)
qEn 2
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where W1: Electrons initial impact energy

E.: External electric field

E.: Field normal to the semiconductor surface
q: Electron charge

As can be observed the range of interest determines an upper limit of about 500

lim for the thickness. This is the maximum expected electron range. Through

these calculations an upper limit in thickness was set.

The second criterion follows from the dimensions of the electrode and looks for the

maximum distance from where electrons may hit the dielectric surface. At this

point it is estimated that only electrons ejected from distances equal or smaller

than the electrode gap will have an opportunity to hit the dielectric surface;

points at or close to the triple point are considered more critical.

The second criterion uses the surface flashover theory based on a high pressure

layer of desorbed material facilitating the electron avalanche through the surface.

The two main competing flashover models are described well by A. A. Avdienko

and M. D. Malev (Ref. 7): thermal flashover vs discharge in desorbed gas layer.

Thermal flashover is limited primarily to the thermal conductivity of the material.

Gas desorbed by electron bombardment creates a high-pressure environment for a

gas streamer type of breakdown. The latter hypothesis, first introduced by S. P.

Bugaev et. al. (Ref. 8) is supported by the similarity between observed luminescent

spot speeds (107-108 cm/s) and atmospheric streamers (_108 cm/s) (Ref. 9). The
observed velocity aw-iy from the surface, about 106 cm/s, taken as a measure of

the gas motion, is slow enough to insure high densities. In essence the desorbed

gas is inertially confined for the 10's of ns it takes for breakdown to occur.

Assuming the gas is mostly H2 (other likely constituents are N2 , C02 and H20),

Avdienko and Malev get an electron mean free path of 30(--500 jam at 1 torn
(which scales to about 1 pm at 1 atm).

One of the controversies in the literature is which energy to use as the correct

avalanche stability criterion. The secondary electron yield typically shows above

1 atm a low energy threshold W, (energy of primary electrons) of about 100 eV;

it peaks, and then decays again with a second threshold W2 at about 3000 eV.
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Contrary to Avdienko and Malev, R. A. Anderson and J. P. Brainard (Ref. 10)

use W1, leading to a computational model which succeeds well in matching many

observables. J. P. Brainard and D. Jensen (Ref. 11) describe that model in

detail. It appears to explain the dependencies on angle, surface charging, and the

insensitivity to ambient gas.

Direct measurements of surface charges by C. H. de Tourreil et. al. (Ref. 6) show

10 to 60 pC/cm2 for 20 to 80 kV/cm on cylindrical insulators. The high end

implies about 44021/cm3 electron and neutrals density, which is equivalent to over
100 atm. The electron mean free path would become truly microscopic. If we
merely consider the distance required for a collisionless electron to gain an energy

comparable to typical ionization potentials, we get a very pessimistic bound.

Using 20 eV, a 100 kV/cmn goal would require one stack layer per 2 Am, which

may be beyond feasible manufacturing techniques.

An empirical argument for the high-pressure flashover model is given by E. W.

Gray (Ref. 12). He observed a "clear" zone from cathode to first damaged area
in surface flashover measuring 62 pm for 99 kV/cm. That implies the electrons

had no more than about 600 eV before causing an avalanche, which supports

Anderson and Brainard's use of W1. If we require the micro-stack to interrupt

electrons as they reach W1, we get a criterion of about 100 V / 100 kV/cm =

10 pm; not great, but better than the first estimate of 2 Am. For an optimistic

criterion, we could use the observed damage range of about 60 pm.

Our models (Ref. 13) in air and SF 6 indicate the fast streamer (210s cm/s)

merely creates a medium-ionization path (=1014 e/cMn), which then draws enough

current for ohmic heating to bring it to a temperature >10,000 K where thermal

ionization takes over nonlinearly, causing voltage collapse due to arcing.

The importance of this is that the correct scale size to interrupt the surface

breakdown is driven by subtle considerations of what it takes to disrupt the

precursor streamer, not the heating phase. Once a streamer has created a

moderately conducting path, it will be very difficult to prevent breakdown (except

by somehow shunting the voltage-e.g. with a very high external circuit

inductance).
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Only the streamer mechanism, based on E-field enhancement at the tip of the

streamer leading to fast but localized electron avalanching, can explain the

filamentary nature of flashover tracks. Perhaps that also holds the key to our

quest. The streamer propagation requires enhanced fields of about 100 kV/cm/atm

(scales as P) over a thickness of about 0.1 cm-atm (scales as p-1). If we assume

that the microstack acts as a capacitive voltage divider, then the voltage between

layers is a constant on the time scale of streamer propagation. Thus, the above

criterion for streamer propagation requires at least 10 kV/atm per stage. If we

believe the 100 atm estimate above, the theoretical limit for the micro--tack

technique is about 10 MV/cm, but it would require stacks every 1 im. However,

100 pm stacks may hold off 100 kV/cm.

The third criterion includes ionic produced effects such as oscillations and surface

bombardment. This is done mostly to account for changes in field polarity,

microwave environments and bipolar stresses. Resonance frequency (in this

example) is established at the plasma frequency for a single C02+ ion/cc:

n iq 2

P - e omi -200 kHz

where: ni = 1 (ion concentration)

qi = ionic charge

mi= ion mass

o= 8.85 x 10-12 F/rn.

It is very important to observe that under this criteria the microstack insulator

can be designed for a specific pulse period and most importantly for a known

residue gas in the system.
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Figure 4a. Effective surface charge deposited on a cylindrical dielectric sample
with the geometry as shown in Figure 2.
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Figure 4b. Effective surface charge deposited on a cylindrical sample using the
microstack. (Same positions as in Figure 2.) The cut-off is the
effect of shielding by the metallic wafers.
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Figure 5. Plot of the interaction surface area S with respect to the
parameter y.
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Figure 6. The plot of S as in Figure 5. But this plot differs for the plot of
Figure 5 because it describes the case when y>L The parameter I is
defined for the case of Figure 5.

20



Axis Scale Factors: x Y I. E÷8 X 1,E+99

-9.393
-9,786

-1.1?9

-1,571

-1.964

-2.357

-2,758

-3.143

-3.536

"U92 49 8,136 9,232 0,328 M,424 0,520 98616 9,712 0,898 9,994 1,980

QT= I coEo[1-(K-.1)(t, +-wzT]Y[t, + y1]4

Figure 7. Plot of QT versus y for Y>I4 QT is the total charge contained by the

microstack.
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Figure 8. Plot of QT defined in Equation (6) above but now with yt
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Figure 9. Electron hopping distance vs electron ejection angle, assuming
Wo -= 100 ev, En = 0.1 Eo for two external field (Eo) values.
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SECTION 3

EXPERIMENTAL SETUP

The experimental facility was built to accomplish two major program goals:

a) High voltage vacuum testing to develop the technology and

accumulate data with a megavolt, variable length pulser.

b) Low voltage vacuum testing to carefully take measurements of the

microstack surface charge properties.

The one megavolt Marx pulser was built using a design that provides a fast

(20-30 nsec) risetime. The Marx layout as shown in Figure 10 consists of 22

capacitors and 11 switches. The unique features of this Marx (fast risetime; flat

top) are accomplished by the capacitor arrangement and the gas switch

construction.

The capacitors are distributed in a zig-zag configuration which reduces considerably

the stray capacitance from capacitor pairs. At the same time current flows in

opposite paths throughout the Marx thus reducing the effective stray inductance of

the Marx. The gas switches are placed in two symmetrically placed pipes with

the switch closure sequence as indicated in Figure 10 where it can be observed

that once the first two switches close, UV radiation from the initial arc,
"conditions" the rest of the switches. This UV conditioning reduces the switch

closure jitter and so far has produced less than 1 % no-trigger situations.

The switches are loaded with dry air and the operating pressure is from 10 to

100 psig. The first three switches are triggered with a 40" kV fast risetime

pulse, provided by a voltage inverter pulser. The Marx triggers are controlled

through a PT-55 (Pacific-Atlantic pulse generator) and they are timed through a

Maxwell 1605 delay generator. The Marx characteristics are shown in Table 2.

The delay generators are required to activate the (trigatron) crow-bar that

controls the pulse length. The crow-bar is an SF 6 externally controlled trigatron.

It is operated with two gap settings, up to 500 kV and up to 1000 kv. Figure

11 shows a series of traces showing different pulse lengths.
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The Marx generator is capable of producing pulses from 100 nsec long to 3 Psec

long. Most besting was done at 100 nsec long pulses with the last series of

samples tested at about 50 to 80 nsec long pulses. The system in this

configuration will trigger at charging voltages as low at 7.5 kV. For the program

it was subjected to an excess of 2000 pulses before refurbiihing of the switch

electrodes was necessary.

The integrated system is shown in Figure 12 where the vacuum system is placed

on top of the Marx output. Figure 13 shows the physical layout where the pipe

switches can be observed together with the special capacitor layout. Figure 14

shows a side view of the SF 6 trigatron crowbar switch, with the control trigger on

the top section and the input resistors at the bottom of it. Figure 15 shows the

high voltage feedthrough inside the vacuum chamber with one electrode in place.

The current return is measured using a current transformer T&M (CT series).

The voltage is measured with a calibrated CuS04 voltage divider matched to 50f)

output.

The vacuum is monitored using an ion gauge (Huntington IK-100) with a

controller (Varian #843). All testing was done with a diffusion pump system as

shown in Figure 12. Samples were tested at an average pressure of 7 x 10-6 Tort

with a minimum of 1.1 x 10-7 Torr and a maximum of 4 x 10-6 Tort.
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Table 2. Mega-Marx specifications.

Maximum Voltage Output: 1.1 MV
Pulse Width: 100 t <3000ns

Rise Time: 30. t R 100 ns

Maximum Current: 3.5 I m 8 k]A
Series Load: 50 < RL 30 0 0

Total Capacitance (erected) 10 nF

Total Inductance: 2 ph

# Capacitors: 22

# Switches: 11

Crowbar SFg trigatron
Instrumentation: CuSO 4 voltage divider

CVR current monitor

The Marx is configured so that it could be split into two 550 kV independent
generators. The timing between Marx triggering and crowbar is controlled by

using Maxwell's 40150's delay generator. The Marx and crowbar are triggered by

a PT70/PT55 system with total jtter under 5 ns.
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Figure 13 Megavolt Marx layout for fast risetime.
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Figure 14. Side view of the trigatron with the trigger pulse on top and the

input resistors at the bottom.
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Figure 15. Vacuum chamber high voltage feed-through from Marx.
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SECTION 4

SAMPLE CONFIGURATION

The basic program was experimental in nature with a large number of samples
tested. Fabricating the samples without using sophisticated methods was part of

the challenge. Several materials were eliminated from the original test Matrix as

a result of fabrication difficulties. Materials such as copper and tungsten were

either too soft or too hard to be machined and handled. Dielectrics such as

nylon, teflon, and even polycarbonate were too unstable or melted during the

fabrication process (Ref. 14).

The fabrication process was as follows. The method of construction was generally

to machine the discs to size (either 1.42" diameter or 1.50" diameter in the case

of the straight stacks) and to machine (drill) the appropriate hole in the center of

the discs. A cylindrical heater constructed of aluminum silicate and Nichrome V

resistance wire was used to heat the preassembled stack while being pressed in a

hydraulic press.

In the case of the conical insulator with straight conductor stacks, the insulators

and adhesive were machined conical with simulated conductor thickness. The

machined conical stacks were then disassembled, disc-by-disc and reassembled with

the appropriate number of insulator pieces, with a 1.50" diameter conductor being

inserted in place of the simulated conductor. Then the stack was placed into the

heater and pressed.

Most samples were fabricated following this procedure. After 24 hours curing

time, the sample is polished to avoid flaws in parallelism.

A total of 100 samples were fabricated with 81 tested. Some of them were tested

at 0", 15', 30', and 45". Figure 16 shows a typical group of samples made with

Mylar (0.010"1) and stainless steel (0.010"). Figure 17 shows some of the samples

after being cut to a 45" inclination. Figure 18 shows a typical group of samples

made with Kapton (0.005") and stainless steel (0.01011). Figure 19 shows samples

with the metal recessed from the dielectric.
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The first series of samples were built using mylar and stainless steel. The mylar
thickness is 0.010" and the SS thickness is 0.005". The epoxy holding the layers
together is about 0.001" thick. Table 3 describes a typical Matrix of different

thicknesses and ratios:

Table 3. Mylar typical sample matrix.

SAMPLE # MYLAR #SS LAYERS THICKNESS

ID LAYERS LAYERS RATIO RATIO
MSI 101A (40)* 3 10:1 20:1
MSI 81A (40)* 4 8:1 16:1
MSI 61A (36)* 5 6:1 12:1
MSI 41A (36)* 8 4:1 8:1
MSI 21A (34)* 16 2:1 4:1

MSI OA (ALL) 0 - -

*To initiate and terminate the stack with dielectric material one extra layer of

mylar is always added.

In all the samples the metal is shielding the dielectric surface and protrudes
0.040" from the dielectric surface. Most samples are about 1 cm in thickness
with the exact dimensions included in the field value reported in the results.

The second sample series was identical to the one reported before to improve on
the statistics and to measure the performance of a 45" modification to the
microstack. The third sample series involved samples built the same way as the
ones presented previously but using kapton instead of mylar. As shown in
Figure 17, once the samples are tested at 0", a cut to 15%, 30" and 45" was
made to evaluate the angular dependence of the different samples. The samples
were divided in two groups: Mylar based and Kapton based. The Mylar samples

were fabricated just as described before. Basically a number of 0.010" thick
Mylar wafers was layered and then a metal wafer, typically 0.005" thick stainless
steel, was placed in between. Samples with Kapton were fabricated the same
way, but the Kapton film was 0.005" thick. The following table describes the
matrix of different thicknesses and ratios:
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8:1 6:1 4:1 2:1

2:1 4:1 6:1 8:1 10:1 All Mylar

Figure 16 Microstack sample batch to test scaling with respect to dielectric to
metal thickness ratio.
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Figure~ 17 TIwo samples after bein~g Machined out to 45' mylar 10:1 and my~lar

st.ac k
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SECTION 5
EXPERIMENTAL RESULTS

The experiments produced excellent results and large quantities of data. The data

was compressed as much as possible for publication purposes, but some individual

sample data is shown in its entirety. As will be observed in the results, the
lowest values obtained show average fields of 200 kV/cm. This is a remarkable

trait of the technology to show a minimum failure field of such magnitude. The

average field value for most samples is about 300 kV/cm. Chapter 6 will show
the results of the final samples where we obtained average fields of 400 kV/cm.

Table 4 shows the condensed peak voltage values for the Mylar test mat.ix. The
category averages and the one sigma deviation are shown. The best values were

obtained with the 45" configurations.

Figure 20 shows the data for the all mylar stack. The stack is fabricated by

stacking 0.010" mylar on top of each other until 0.400" thick (1 cm) total
thickness is obtained. The plot shows the average of 5 pulses vs total field
across the sample. Figure 21 shows the behavior per pulse. It can be observed

that when the first flashover occurs in the sequence (shot #12). the voltage dips.

This is an indication that the sample flashes before the voltage reaches full value.

Figure 22 shows the average field (kV/cm) for 5 shots versus shot numbers for

the sample with a 2:1 layer ratio (4:1 thickness ratio), very similar behavior as

the one shown by the previous sample. A difference is that a more consistent

climb is observed in the voltage. With this sample, we can reach 15 shots
without a failure. Figure 23 shows the individual shot statistics. All pulses after

#16 produced a flash with a shorter time delay.

Figure 24 is the data for the sample with the 4:1 layer ratio (8:1 thickness ratio).

A much better statistical behavior is observed with a probable reglon of
conditioning between 20 and 35 pulses. A dramatic improvement with respect to

the last 2 samples in the total number of pulses and in total voltage hold off.
Figure 25 shows the individual shot behavior. The changes in the voltage pulse

are due to variations in the marx output, which in this case shows a 1 10% (not

bad for 100 nsec pulses).
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Table 4. Layers ratio for Mylar and Kapton samples.

MYLAR (QTY) KAPTON (QTY)

10:1 4 20:1 2

8:1 4 16:1 2

6:1 4 12:1 2
4:1 4 8:1 2

2:1 4 4:1 2

In all the samples, the metal is shielding the dielectric surface and protrudes

0.040" from the dielectric surface.
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Figure 26 shows average field values for 5 shots vs shot number for the sample

with a 6:1 layer ratio (12:1 thickness ratio). The symbol towards the end of the

plot (x) marks when flashing was observed. A very similar curve compared with

the 4:1 sample. These two samples begin to show the best field value

(- 200 kV/cm) before flashover. The next batch of samples, with variations to

the way we arrange the dielectric, will be done starting at this ratio level.

Figure 27 shows the individual shot statistics.

Figures 28 to 31 show the data for samples with 6:1, 8:1, and 10:1. Figure 32

shows a summary of the data. By following Figure 32 we fabricated a sample

with a thickness ratio of 10:1, but with a 1 to 1 layer ratio. This is dielectric

(Lexan) 0.005" (100 pjm) with metal (ss) 0.0005" (12.5 pm). Given the metal

thickness (half rail) the surfaces are leveled to each other (no metal shielding) the

purpose is to see if the thickness ratio of 10:1 as indicated in Figure 32 yields a

good flashover value. Figure 33 and 34 show the results, and to this author's
knowledge this is the highest value ever achieved in a cylindrical sample with

100 nsec long pulses. Figure 33 shows a 250 kV/cm field before flashover,

Figure 34 shows the individual shot behavior.

The second sample matrix consisted of Mylar samples similar to the ones

previously tested. The previous results were confirmed as to the performance of

the 4:1 and 6:1 layer ratio showing the best results. Figure 35 shows the resume

of the four samples tested in its original configuration. Figure 36 shows the

behavior of the 4:1 sample.

This 4:1 sample was then modified to 3 different inclinations, O, 15", 30'.

Figure 37 shows the configurations as tested, the angle of inclination is measured

against the vertical axis and the samples are positioned with the cathode at the

base of the truncated cone. Figure 38 shows the 4:1 sample results after being

tested at the O" configuration. At this configuration, the sample shows a very

poor behavior with severe flashing after 10 pulses. The last 10 shots showed

consecutive flashing even though it seems to recover.
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Figure 39 shows the results of testing the 4:1 sample at 15" inclination ,ith the

metal and dielectric wafers leveled to the edge. The sample shows a series of ups

and downs after 15 shots. This indicates random flashing after the voltage is

increased beyond 220 kV. The operational voltage for such samples is limited at

220 kV as a reliable operating point. Figure 40 shows the results of testing the
4:1 sample at 30' inclination. In all this testing the base of the truncated cone

is at the cathode. The inclination begins to show an effect on the maximum

voltage sustained by the sample. The results, as compared with those in Figure

36, show a maximum voltage of just under 260 kV. Figure 41 shows the

behavior when compared to the original microstack configuration. Testing at 45"
was not done with the 4:1 sample, because the sample was destroyed during the

last pulses at 30' inclination.

The best values have been at 15" and 45" for different configurations:

a) All Mylar stack 45", E = 306 * 12 kV/cm.

Figure 42

b) Mylar 6:1 Ratio 15', E = 315 * 6 kV/cm.

Figure 43

c) Mylar 10:1 Ratio 45", E = 351 * 16 kV/cm.

Figure 44

d) Mylar 8:1 Ratio 15', E = 376 * 1 kV/cm.

Figure 45

The Kapton sample series was tested in its original configuration with the results

being within the Mylar statistics. In general, Kapton made no significant

difference even though it is a higher temperature material. The high temperature

capacity of Kapton was expected to lower the secondary electron emission and

thus enhance the flashover voltage. The results are a good indication that the

material is not a significant issue since the metal breaks the insulator continuity.

Table 6 show the results from the Kapton counterparts.
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The best values from the Kapton series were at different configurations:

e) Kapton 6:1 Ratio Original Stack.
E = 320 kV/cm

f) Kapton 9:1 Ratio Original Stack.
E = 306 kV/cm

g) Kapton 9:1 Ratio 0 15".
E = 292 kV/cm

h) Kapton 6:1 Ratio 0 45".
E = 281 kv/cm

i) Kapton 12:1 Ratio 0 45".
E = 382 kV/cm
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Table 5. Mylar samples (all values kV/cm).

1:1 2:1 4:1 6:1 8:1 10.1

MYIlar Origiri 214 205 247 261 190 260 1 - 244

248 272 275 260 233 r - 27

272

Mylar a 225 202 247 1 - 227

239 245 242 207 247 0" - 19

197

Mylar 15 225 250 323 382 1 = 227

147 171 146 191 if - 80

Mylar 30 220 298 335 , 242

225 135 0 = 70

Mylar 45 400 193 260 260 383 374 -= 301

304 260 260 =f- 63

324

1- 306 1-- =12 1 - 243 1 = 258 1 - 253 - 270

if 76 f = 30 f = 37 f = 55 ,- 75 = 56
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AVG. EFIELD vs SHOT #

220
I $

t I,

200 ___

> 180

d 140

120

100 .. I ... . I . . , .
0 2 4 6 8 10 12 14 16 18 20

SHOT # (pp72)

Figure 20. All Mylar sample plot of averaged field (kV/cm) before flashover for
5 consecutive pulses vs pulse count.
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MEASURED VOLT.ACROSS SAMPLE vs SHOT #.

280

260 t-t
I I I

240 -N-MSI0

220

18 0

160 "

140

120

100
0 2 4 6 8 10 12 14 16 18 20 22

SHOT #

Figure 21. All Mylar sample plot of voltage vs shot count behavior.
Deterioration on the voltage hold off ability of the sample can be
observed.
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AVG.E FIELD vs SHOT #

220

200
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LUI

(j 140 -....>12

120

100 - ' ' ± - - - -

0 3 6 9 12 15 18 21 24 27

SHOT # (pp74_75)

Figure 22. Plot of averaged field (kV/cm) before flashover for 5 consecutive
flashes vs pulse count, for the 2:1 layer ratio sample.
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MEASURED VOLT.ACROSS SAMPLE vs SHOT #.

280

255 i
I I I l

~230 - _ _~~~

S IT[

180 /4
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1 3 0 1 1 1.....

0 3 6 9 12 15 18 21 24 27

SHOT #

Figure 23. Plot of voltage vs shot count for the 2:1 layer ratio sample.
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AVG.EFIELD vs SHOT #
220

200-- -- I•-• •./ MS141 A__

S-180>

0
160

U-

Lj 140

120

100 - -

0 5 10 15 20 25 30 35 40 45 50

SHOT #(pp72_74)

Figure 24. Plot of averaged field (kV/cm) before flashover for 5 consecutive
flashes vs pulse count, for the 4:1 layer ratio sample.
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PLOT OF V vs SHOT #

260 - -
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S220

S200 :
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180 I,

r-- MS1i411
160 . [-...... j

140 
.... -- .-

0 5 10 15 20 25 30 35 40 45 50

SHOT # (pp72_74)

Figure 25. Plot of voltage vs shot count for the 4:1 layer ratio sample.
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AVG.E FIELD vs SHOT #

220

200 -00-

180 -. .....

160- - -- -

dj 140
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MS 1660

120--__ - ~~1

100 -. 
.. .- _ _ _ _ _ _

0 5 10 15 20 25 30 35 40

SHOT # (pp70_71)

Figure 26. Plot of averaged field (kV/cm) before flashover for 5 consecutive
flashes vs pulse count, for the 6:1 layer ratio sample.
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MEASURED VOLT.ACROSS SAMPLE vs SHOT #
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* I
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Figure 27. Plot of voltage vs shot count for the 6:1 layer ratio sample.
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0 2 4 6 8 10 12 14 16 18 20 22

SHOT # (pp75_76)

Figure 28. Plot of averaged field (kV/cm) before flashover for 5 consecutive

flashes vs pulse count, for the 8:1 layer ratio sample.
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MEASURED VOLT.ACROSS SAMPLE vs SHOT #.

280

255----M- -8

230

0 205

180 -
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Figure 29. Plot of voltage vs shot count for the 8:1 layer ratio sample.
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AVG.E FIELD vs SHOT#.
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Figure 30. Plot of averaged field (kV/cm) before flashover for 5 consecutive
flashes vs pulse count, for the 10:1 layer ratio sample.
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MEASURED VOLT.ACROSS SAMPLE vs SHOT #.
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Figure 31. Plot of voltage vs shot count for the 10:1 layer ratio sample.
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AVG.E FIELD BEFORE FLASHOVER vs SAMPLE ID.

240

220

M0 _ _ _ I___ _ __

1 180

~160
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1 2 0 . . . . . . . . . . .A.. . . . . . A.A.A... 61 6 ". .. . . .. . .. .... .. L. . Z. .... . L a y e r
0 2:1 4:1 6:1 8:1 10:1 Ratio

0 4:1 8:1 12:1 16:1 20:1 ' -. Thickness

Ratio

SAMPLE THICKNESS AND LAYER RATIOS

Figure 32. Averaged field (kV/cm) before surface flashover vs sample layer
ratio.
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AVG.EFIELD vs SHOT #.

280 -

260
#ot 24O 0

> 220 " __ _ _

0
J 2 0 0W

u. 180

<160
_ _BLEX01SSA

140

120 .
10 20 30 40 50 60 70 80 90

SHOT #

Figure 33. Cylindrical sample made with 0.005" (100 pm) lexan and 0.0005"
(12.5 prm), total thickness 1.27 cm. The metal and dielectric
surfaces are of the same diameter (no metal shielding effect) the
sample is a 10:1 thickness ratio and shows the highest values ever
reported for 100 nsec pulse length, before flashover, in non-coated
electrodes and no inclination. The figure shows the averaged field
and one sigma values for every ten shots.
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MEASURED VOLT.ACROSS SAMPLE vs SHOT #.
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5250-
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> 150"
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100
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SHOT # (pp63_65)

Figure 34. Lexan sample with 10:1 thickness ratio showing the pulse to pulse
statistics.
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Figure 35. Mylar second set average field before surface flashover vs sample
layer ratio.
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MS12 SnR LE 4:1
MYLFR - SET•2

ORIGINAL COIFIGURATION
AVERFGE kV (x 100)

3.4 " .. .. .. . . .. .. ... ............... .......... ............................... .....................................

2 .2 ....... M -... . .. . ....... ...........-..... .......................-.... ..............................................2 ........ ............... . . ........................... ; .........................

2.8 ... .............................

2.4 -0!!!!!!!!

1 .6 ..................... ....................................................................................................................... V 4-A
-~~ . . .I I . I I .., I I .I L I I , I Y4 1

0 10 20 30 40 50 60 70

TOTAL NUMBER OF SHOTS

Figure 36.. Mylar 4:1 sample from the second matrix tested in its original form.

After 40 shots of no observed flashes some flashes are observed within

the next ten shots, (Voltage Dips). The sample then recovers for a
maximum voltage of -260 kV after that flash occurred on ten

consecutive shots.
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Original

150

3 0

0°

Figure 37. dni-tear dependence of the microstack with surfaces machined to
angles.
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MSI2 SFWLE 4:1
MYLAR - SET 2

CWIFIGUATION: 0 - DEGREES
RVERAGE kV (- 100)

2.1

1.95 ,

1.5

2.0 4 .. ............. ........... I.... ... ........... ..............................................................................................

2.2- .......... ............ ...................
1 .0 5 ..... ..................... ........ ........

0 5 10 15 20 25

TOTAL NUMBER OF SHOTS

Figure 38. 4:1 sample tested at 0" with the metal and dielectric wafers leveled
to the surface. The low value after 15 shots is probably due to
surface damage, the last 5 shots showed consecutive flashing.
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MS12 SFIPLE 4:1
MYLAR - SET 2

COIFI(GLJRTION: 15 - DEGREES

3 FAVERAGE kV (O 1S)

2.165

2 ,85 ....................................................................... .. .............................. -,..............................

2 ,2 5 . ..........° . .....° ............° ..................................................°°° .......................

21,6 ............ / .... .. .............................. ............................................................... .................

1 , 5, .. .... ..... . ... . .... ........ .......................................... ,.... ,.... I .... , ..........

0 5 10 15 20 25 30 35 40 45

TOTAL NUBE OF. SHOTS

Figure 39. 4:1 sample tested at 15", the low points are consecutive
flash-events.
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MSI2 SFWPLE 4:1
MYLFR - SET 2

COIFIGURTION: 30 - DEGREES
3VEIE kV (x 100)

28

1.6 -

2 ,8. ................ ........................... ....................., .... .............................................................

1,6. • ValSI)

2 , .......... ... . ....... . .. ... .. ........ I4 ... . ................... I .... ... . .................

0 5 10 15 20 25 30 35 40 45

TOTAL NUMBER OF SHOTS

Figure 40. 4:1 sample tested at 30" inclination. The sample showed heavy
damage through the bulk after the last 5 shots.
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MSI2/ Set 2/4:1
Angular Dependence

300

250 30- Deres

200

150

100

50

0

Sample Configuration

Figure 41. Behavior of the sample averaged voltage as the inclination is
changed.
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MSI12 SRIPLE ( 100 % ) MYLAR
MYLAR - SET 2

CONflG'JRRTION: 45 - DEGREES
AVERAGE WV (- 100)

1 . .6 .................................. I ........................................................ ol

1.86 .........................................../-I.....................................

0........... 10....... 15...... 20....... 2........ 30............... 40....... 45.......... 0.

2.4 ~TO A NUMBER...... OF..................... SHOTS.....................................

F2gur 42........................ All..Mylar...stack..ma ..h.ned ..to..456,.. th... sample..failed...through...the
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MSI2 SAMPLE 6:1
MYLAR - SET 2

CONFIGJRRTION: 15 - DEGREES
4 VERAGE kV (K 100)

3 .7 5 ............................................. ................................................................................................
3.75

3..

2.75
2 ,2 5 .................. ...... .................. ............ ................................................................ .............

2.25 .............................................. ........... . .

2 .. * .. I * ~ 5D
0 10 20 30 40 50 60 70 80 90 100

TOTAL NUMBER OF SHOTS

Figure 43. Mylar sample at a 6:1 ratio machined to a 15" inclination.
Performance beyond 300 kV/cm is observed with no flashing.
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MSI2 SAMPLE 10:1
MYLAR - SET 1

COM IGLRUTION: 45 - DEGREES
4 VERRCE kV (x 10)

3.75.

3.5

2.75
2.5........... , ,.,,...............

2.....................................................
1.75....................................x.................. k.............

1,5 L..'. .I--,I,1 -1 1- Va45D
0 10 20 30 40 50 GO 70 80 90 100

TOTAL NUMBER OF SHOTS

Figure 44. Mylar sample with a 10:1 ratio cut to 45" inclination. After

tolerating an excess of 350 kV/cm the sample failed through

the bulk.
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MSI2/ Set 2/8:1
Mylar/ 15-Deg/ 1.14cm/PgIO8

500

450

400

S350

~300

250

200

15 0 _ ' I I I ' ' I I
5 15 25 35 45 55 65 75 85 9510 20 30 40 50 60 70 80 90 100

Total Number of Shots

Figure 45. Mylar sample with an 8:1 ratio cut at 15". The sample started
flashing after the 450 kV voltage. Observed that the sample
thickness is 1.14 cm which results in an effective field of
376 kV/cm.
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SECTION 6

ANALYSIS OF RESULTS AND FINAL DESIGN

To investigate the apparent 350-400 kV/cm limitation, we performed a series of

tests to measure the electron emission from the surface of the electrodes. This

value has been indicated before as the point where anode dominated processes start
(Ref. 15). The mechanism for flashover that uses surface initiated avalanches due

to electron bombardment, is assumed to require considerable electron emission from

the electrode surfaces. The test was done by removing the sample and testing a

1 cm vacuum gap between the electrodes. Stable discharges were observed up to

300-350 kV/cm, after that value, flashes, partial and full arcs were observed.

Figure 46 shows the current density measured through the 1 cm vacuum gap

formed by the two electrodes. As shown in the figure, the emission from the

surface grows in a parabolic function shape. To a first approximation this

behavior is predicted by the field electron emission from metal surfaces. The
current then is due to a combination of effects: Explosive emission and tunneling,

both effects included in the Fowler-Nordheim equation (Ref. 16):

[TA 6.2x106 eXp _6.8X,07 3

where:

J: Current Density [A/cm2]

Material Work Function [eV]

EF: Material Fermi Energy [eV]

E: Field Intensity [V/cm]

As can be seen to first order this can be approximated to a constant times the

square of the field.

As can be observed in Figure 46, the measured current density after a field of

300 kV/cm is in excess of 10 [A/cm2]. At that level of emission the insulator
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best performance is given by its property of not affecting the current distribution.

If the current is constricted or perturbed by any means, a flashover will occur.

To avoid the effect of all this current emitted from the electrode surface we

attempted to test the samples in the configuration shown in Figure 47. Using

this configuration we experience problems with the electrodes contact to the sample

surface. The first flash event destroyed the two immediate layers of the sample

adjacent to the electrode.

A special set of samples was fabricated based on the previous results. The

configuration is shown in Figure 48, the dielectric is cut at 45" and the metal

wafer diameter is kept constant. Two sets of samples were fabricated using Mylar

and Kapton as base materials.

The Mylar set consisted of three samples with a thickness ratio of 4:1, 5:1, and

6:1. The results are very impressive:

Mylar 4:1 354 kV

Mylar 5:1 495 kV

These are peak values obtained with 50 ps long pulses, but they reflect the

behavior established before with shielded 45" samples. Figure 49 shows the per

shot statistics of the 5:1 sample with Figure 50 showing the comparisons between

the two samples.

The Kapton samples averaged values at the gap's breakdown voltage. The Kapton

sample matrix consisted of 3 samples with the same thickness ratio as the mylar

samples: 4:1, 5:1, and 6:1. The results are as follows:

Kapton 4:1 358 kV ( 8:1) 4

Kapton 5:1 361 kV (10:1) 5

Kapton 6:1 450 kV ( 6:1) 3

These are also peak values obtained with 50 nsec long pulses. The 5:1 Mylar and

the 6:1 ratio samples show the best results as Figure 51 indicates the averaged

values are all better than 300 kV/cm. Figure 52 shows the statistics for the last
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15 pulses on the 6:1 sample. It can be observed that the mean expected value is

at 360 kV/cm.

The behavior with respect to pulse length can be inferred by comparing Figure 53,
which shows the two sigma pulse length for the three samples. As can be
observed, the highest fields are obtained with the average shortest pulse width, but

in general the pulses were changed from 30 to 50 nsec FWHM. When the
voltage is correlated with the pulse width the plots in Figure 54 show again the
improved behavior as the pulse width gets shorter. The power equations are:

Fs = 10.85 * t".-26

Fl0 o 7.67 * t0.2194

normalized to MV/cm yields:

Fo = 0.9765 * t-0.2589

Fl0 = 0.69 * t -0.2194

The time dependence shown above, is very close in value to that predicted by

Martin's equation. The difference between the two constants may include the
effect introduced by the ratio of thickness. Figure 55 shows the combined power

regression equation for all the data from the three data sets. The

equation:(normalized to MV/cm)

F6,,,10 = 1.007 * t-.3155

yields a time dependence closer to ti/3 which is the trend on the two individual

previous sets. The difference in the constants can be accounted for by the

following:

Fe

F 1.41
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assuming the same time dependence. The ratio between the layers is:

F6
•-o = 1.66

Now, the ratio between the individual power fit and the overall:

F overall

F= 1.45

The area dependence yields a factor of:

At/l0 = 1.24

Very close, so the best fit using the combined power fit yields (in the

conservative side):

F ti/3 A1/10 = 1

where F: Field in MV/cm
t: In Nanoseconds

A: Lateral Area cm 2

This is valid for metal wafers in the 100 pm range in thickness and insulator
dimensions between 500 and 1500 pm in stacks formed with dielectric wafer with
the same thickness as the metal or smaller.

As an example, consider the need for 2 MV total voltage in 10 nsec pulses, with
a bushing 10 cm long and 40 cm in diameter, first the field required per cm is:

2MV
F = 10 cm - 0.2 MV/cm

Then the surface area per cm length

A = 7 (a+b) 1
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with a = 19 cm and b = 20 cm:

A =122 cm 2

The sample tolerates:

1

F fi (= 0.310 MV/cm(122)1/10 (10)1/3

The insulator fabricated as described will tolerate 310 kV/cm at 10 usec.

These numbers are excellent considering that the fitted data corresponds to 1

failure out of 15 pulses. The scaling equation from J. C. Martin is used for a

50% probability of failure. The scaling equation produced by the microstack

insulator comes from better than 10% (6.6%) probability of failure, or 94%

reliability at the calculated voltage.
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J/E CHARACTERISTIC FOR BARE ELECTRODES.
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100 150 200 250 300 350 400 450 500

E_FIELD (KV/CM)

Figure 46. Current density through the 1 an vacuum gap formed by the
two electrodes used to test the samples. Data is taken with
no sample in between and pulse lengths of 100 nsec.
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Figure 47. Expeimental setup for testing surface fIlashover without

emission from the electrode surface.
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Figure 48. Special samples with 45' dielectric stacked within the metal wafers.
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HISTOGRAM OF SAMPLE 5:1 SPECIAL TEST

MYLAR - FINAL SAMPLE

2.5 FREQUENC i ES 12
2-5 10

2, o0 10

6
1.5 -•, i
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0.5-E
0 . NORMAL

0 7 La 0'- = ` F• - . -" • ' ° , ' , 0v5
2 7

FIELD VALUES kV/cm
CALIBRATION FACTOR: VALUE X 90

Figure 49. Mylar 5:1 sample. Histogram showing the normal distribution
around the mean value. AJ shown before, this sample achieved
495 kV/cm. Peak voltage with the mean value at 400 kV/cm.

The bottom figure shows the sample configuration.
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CONFIDENCE INTERVALS ABOUT THE MEAN
AVERFCE FIELD kV/cm

CAL. FACTOR = VALUES X 90

& INTERVALS

5-

4

3

2
T 99% C.i,

1 [--95% C.I.

0 x MEAN
v4 v5

AVERAGE PULSE LENGTH
nano- SECONDS

MEANS & INTERVALS

50

40

20
T _9:. C. _1

10o 95% C.I.

O x MEAN
t4 15

PULSE LENGTH
MYLAR - FINAL SAMPLES

Figure 50. Mylar Samples 4:1 and 5:1. Top figure shows the averaged

field values with the two sigma error bars. Bottom figure

shows the averaged pulse length with the two sigma error bars.

The trend of better averaged value with shorter averaged pulse

length is evident.
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CONFIIDENE INTERVALS ABOUT THE IERq
RVERRGE FIELD kV/cm
CL. FRCTOR= VALUES X 90

3 m
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1 T 91.' C. I.
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0 N MERI
16 t8 tlO

KFPTON FINAL SFWLES
PULSE LENGTH

Figure 51. Averaged field values for the Kapton final samples 6:1, 8:1 and 10:1.
Bottom figure shows averaged pulse length.
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HISTOGRAM OF SAMPLE 6:1 SPECIAL TEST
KAPTON FINAL SAMPLES
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2 3 4 5 6 7

FIELD VALUES kV/cm
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Figure 52. Kapton 6:1 sample histogram showing the normal distribution around
the mean value. As shown before, this sample achieved 450 kV
peak values with a mean value at 360 kV/cm.

The bottom figure shows the sample configuration.
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Y = 10.8555, Xr-.2689
RVERAGE FIELD kV/CII
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16 24 32 40 48 56
20 28 36 44 52 60
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Figure 53. Power fit of data from Kapton sample 6:1. The predicted trend of
higher fields at shorter pulse lengths is evident.
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Y = 7.6746 • X^-.2194
AVERACED FIELD kV/cm
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Figure 54. Power fit of data from Kapton sample 10:1. The predicted trend of
higher fields at shorter pulse length is evident.
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Y = 11.1908 ý X^-.3155
KI:TON SAMPLES

RATIO: 6-8-10 COMBINED
AVERAGED VALUES

RVERRFE FIELD VRLUES
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AVERAGED VALUES

AVERRGED FIELD VALUES
CAL. FACTOR = VALUE X 90 kV/cm

4 .

3

2

I ° PLOT

o F ... . . , .... , ... , .... .. . ... . - REGRE SS
2:5 35 45 55 65 7530 40 50 60 70 80

AVERAGE PULSE LENGTH
nSEC

Figure 55. Power fit for the three Kapton sample series combined (top), and
power fit for the 6 and 10 samples only (bottom).
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SECTION 7

CONCLUSIONS AND RECOMMENDATIONS

The program achieved results that represent a breakthrough in vacuum surface
flashover insulation. The samples designed as the optimum configuration failed

through the dielectric bulk before surface flashover was observed. In fact the
ultimate limitation is the vacuum breakdown of the anode-cathode electrode
system. We determined that for 100 nsec long pulses the vacuum breakdown
voltage of the electrode system was above 350 kV/cm, with some pulses as high
as 450 kV/cm. Typical microstacks will sustain voltages above 280 kV/cm, with
optimized samples failing typically at average fields above 400 kV/cm and not
because of surface flashover but by a failure through the bulk of the sample.

The empirical fit formula for each section of the insulator does not differ much
from Martin's equation. Martin's empirical formula may not apply for pulses
below 100 nsec or even under 500 nsec long. The time correction found during
this program seems to fit very consistently. Particular attention was paid to keep
the surface area as constant as possible to allow for a power fit. Weibull
statistics were carried out, but since the area is kept constant, the power fit was

considered more reliable.

It should also be noted that the power fit equation was arrived at using averaged
data which resulted in a conservative estimate on the calculated field. This
introduces a safety factor in the probability of failure. The probability of failure
is 1 in 15 which is 40% better than using Martin's approach.

The microstack opens the possibility of a new kind of compact linear accelerator.

Linear accelerator cavities with dielectric walls have the disadvantage of low
gradients, due to surface flashovers. Gradients of 20 MV/M can be obtained with
the microstack, with a 50% safety margin as shown at the end of Chapter 6.
Such a change in scale size can be compared to the replacement of vacuum tubes
by integrated circuits. Typical accelerating gradients of existing induction
accelerators range from 0.2 to 0.8 MV/M. This new induction technology promises
accelerating gradients of a least 20 times the present levels which open a large

array of applications. These gradients are competitive with those of the best RF
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accelerators. However, the usable beam currents available with induction

technology greatly surpass those of RF accelerators.

High voltage multi-megampere beam simulation machines could benefit from lower

inductance in the implosion chamber. The present penalty of 20 KJ of X-ray

extraction per Nano Henry is an example of how critical an efficient bushing is.

The microstack may double the voltage capacity of the bushing with an added

economy of being able to sustain multiple flashovers before effecting the

performance of the bushing.

The use of this technology in microwave windows promises to at least double the

power output. Figure 56 shows conceptually a Klystron cavity fed by two (maybe

8) dielectric wall accelerator injectors. Power extraction in the 109 Watts or 103

Joule energies are possible in such compact arrangement. Research in these areas

will fully develop the technology and open the applications to accelerators and

microwave hardware.
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APPENDIX A
MICROSTACK PARAMETERS

Derivations of the dielectric susceptibility X, polarization field Ep, net electric field
F,,, total surface charge 'T' interaction surface area S and the capacitance C for
the microstack.

General Case

+A
E1•0 -

1. blm: We want to derive the sum of the EF-field due to the externally
produced Eo as shown above, and the field due to the dielectric polarization, Ep.

X
Given: K = 1+ = dielectric constant

0o

X dielectric susceptibility

fo free space permittivity.

Step 1. Express X and X(eo):
X

K=1+ i

£o+X

e0(k-1) = X
or X = eo(K-1)

Step 2. Derivation of Ep:
The dielectric permittivity of medium = p Ko
The flux density = Dp = KcoEp
But charge/unit area = Dp = Op

4• KeoEp -" O'p
O'p

Also 0"p = XEo cos E = co(K-1)Eo cos e
fVp XEo cose

and Ep Ko - =

A-1



Co(K--)Eo cose
Kco

K-1
: EP- K ] Eo cose

-# 4 K--I

Therefore Eo + Ep = Eo- K ]eo cose = iEnet

K-
* Enet= Eo[l0-[ cose]

2. Problem: Derivation of T =- total charge density

Derivation:
t = OP'p+tE

"p - polarization charge density or bound charge density
7 E=-= charge density due to Eo or free charge density,

Qe
But•a E A ; A - area; Q. S charge on A

eoEofda
- A-- EoEo

and irp = XEo cose = to(K-1)Eo cose
qT ----"P+. = -eoEo(K-1)Eo cose

or oT = eoEo[1-(K-1) cose]

Note that o'p is conventionally negative because the induced polarization i act in
opposition to the inducing E-field Eo, which is assumed to be in the positive
direction.

3. Problem: Derivation of interaction area S. The electron cloud interacting
surface used in the derivation is an approximation of the total surface. The
approximation consists of assuming a spherically shaped electron cloud evolving and
being deposited entirely on the dielectric. The true interacting geometry is one
spherical surface overlapping a cylindrical surface. The boundary conditions are
determined by the location of the spherical surface origin and the cylinder's
diameter. The boundary conditions for 0 in the approximation are set in
symmetric *45', the elevation angle 0 boundary is determined by the thickness of
the dielectric and is carried as a variable throughout the derivation.
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Derivation:

S = r2ffdo sine d9.

Boundary conditions: Assume-

e
S =r2f sinedeS_ dO

0

- r2 cose_ dO

irr 2
Therefore S - 2 cose
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4. Problem: In the microstack below we are required to find S, the
interaction area (see Problem 3) as a function of e and h. With the derived
expression of S, we then derive the total charge QT on S = charge on dielectric
surface. Finally, with S, QT' we derive the capacitance C, of the stack or any of

its constituent number.

Derivation: The section of microstack taken as a unit, for analysis, consists
of one dielectric layer of thickness t and one metal layer of thickness d. This
assures that only one pair is counted and added to the next one.

Given: h, Oj; h = t+d, 8i; i = 1, 2, 3, ... , n.

h
But sine r

h
* r= = hcsce * r2=h2csc2e

rr 2
But from problem #3, p. A-3, we have S 2 cose

I"

SS = 2 h2csc2 ecose

Also from problem #2, p. A-2, we have shown that

oT = coEo[1-(K-1) cose]

QT = aTS = oEo[0 1-(K-1)cose] -2 h 2csc2ecose

Therefore: Capacitance

0= = ° 0 E° [1-(K-l)cose] [_4..h2csc2e] cose
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Metal .. _ ,.

IDielectric (f) T1 Ii l

IDielectric (e) TaJ C1j

Dielectric ()k = 1.+ ci

5. Problem: In the derivations of S = S(() and C = C(O) that is, the
interaction surface and capacitance respectivoly, the relevant angle e was referenced
from the horizontal as shown in the diagram above. Now we intend to derive S
= S(O) and C = C(8) with 0 referenced from the vertical.

Derivation:

e

- X- 0  Cose

A--5



C1.
Metal

I Dielectric (E)e T C
* ~Dielectric (E)

Given h= t+d, j; i =1, 2, 3, ... ,n.

* nh =h, 2h, 3h, ... , nh; n # of stacks with each stack= h in

height.

*4 ri , r 2 , r 3, ... , rn.

nh
r = COS6n

Let n = 1 and i = 1 for the purpose of clarity or illustration

h
Sr I = = hsece1 .

Therefore as a general case then we have

nh
rn cose = nhsecen

rr 2

But from Problem #3, p. A-3, we have S 2 cose
r

S S = -2 n2h2sec2e~ncsen

Also from problem #2, p. A-2, we derived that

fT = eoEo[1-(K-1)cosen]

QT = OTS = eoEo[1-(K-l)cosen [-2n 2h2sec2On] cosen
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The previous results are used to correlate test results and test the preliminary

criteria used for sample fabrication.

Also from problem #2, p. A-2, we derived that

=eT = oEo[1-K--)coseO

SQT = TS = eoEo[1+(K-1)cosO] + h2csc~ecse

Therefore: Capacitance

C - = E [1-(K-l)cose] [, h2csc2O]cosg
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APPENDIX B

BALLISTIC ELECTRON TRAJECTORIES

The most effective thickness of the layers can be estimated by calculating the
typical distance an electron will travel before striking the surface. By using the

notation as indicated in Figure 57, if emission takes place at an angle 0,

measured from the normal to the insulator surface, and at energies Wo the

distance h is given by:

h = W COSO (B.1)qF-n

The normal acceleration, an is given by:

an = iqE? or F = qE3 = ma. (B.2)me

and the acceleration parallel to the surface ap, is given by:

ap m qEo (B.3)

me

The range of the trajectory r, which measures the distance traveled by the

electron parallel to the insulator surface is given by:

r = • ap(2t)2 - 4WoE2 cos (B.4)qj~n 3

where t is the electron time of flight (assuming no collisions) given by:

t -- 2meWocos0½ (B.5)q En

The electron gains some kinetic energy by means of the potential energy before

restricking the surface. The final kinetic energy Wo can be expressed as:

W1= Wo + rqW0 = Wo [1 + 2 (Mnl2] (B.6)
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Typical values of r for energies between 25 KeV and 1.4 KeV, corresponding to
angles of 16" to 40, range from 1 pnm to about 1 mm. The normal field E. is
reduced drastically once the metal plates are inserted. This is because the surface
charge is now distributed by the capacitor formed between the metal plates and
the resulting parallel potential surfaces. The change in the normal field value will
effectively increase the electron hopping distance.

The field produced by the positive charge in the plane geometry is:

E E (B.7)

where Eo: Permittivity of free space
o*: Charge density in C/cm2

When the electrons drift towards the anode, the value of 0'. diminishes, but at the
same time, the positive surface charge at the insulator-cathode junction enhances
the field at the cathode triple point. This increased emission maintains 0.- equal
to o, 4. The surface current carried by secondary emission avalanche per cm can

be written as:

Iii = 0-e (B.8)

where III: Current per unit length (A/cm)
Ve: Average drift velocity

with W, as the final energy and the averaged drift velocity:

W -= 4mve 2  (B.9)

The velocity:

<Ve> = [2W1]½ (B.10)
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The surface current is then:

[2W11lj (B.11)
It1 q-Lmea J

From this equation surface charge calculations can be made from pre-breakdown

current data. The electrons are returned to the surface after traveling a distance

given by equation Bi, the normal field is estimated from estimating o.- from

equation Bll and assuming that at equilibrium -. = r* then:

h - ocoS2Eo) P2Wq III InmeJ

this yields:

h =2Wo [2WI]4 IEOcosO (B.12)
q(me)i I1I

W, and Wo are given by the material coso is inferred as a maximum from the

electrode size and I1 is the pre-breakdown current.
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Cathode

r/

Vacuum

Anode

Figure 57. Trajectory of an electron emitted from an insulator. E. is the field
due to surface charging.
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APPENDIX C
GRAPHIC REPRESENTATION OF THE FLASHOVER PHENOMENA

The program plan for the microstack did not call for a computer modeling of the
surface flashover phenomena. After testing the hypothesis that the microstack

improves the surface flashover value of the system, the physics relevant to the
process is basically as follows:

a) Charge deposition in the dielectric surface is fragmented and reduced
as much as 80% depending on the electron emission point. As shown
in Chapter 2 this is a strong function of the angle and in

consequence to the electrode dimensions.

b) Electron avalanche processes are controlled. The initiation of

electronic flow on the dielectric surface from the triple point is
controlled by the interruption that the metallic shield imposes on the

surface space charge. The shield also acts as a storage capacitor,
typical values range from a few picofarads to a few nanofarads.

c) Desorbed material from the surface in one section makes no
contribution to an adjacent surface section.

d) Emission from one shielded section may not start until it completely

saturates, if the pulse length is short (few nsec) no opportunity is
present for flashover.

To understand the significance of the breakthrough that the microstack technology
represents, a review of surface flashover phenomena is in order. The
representation that follows is not from equation-driven computer modeling but
more of computer animation using first principles. It is intended for a better

understanding on the technology and to stress the need for a computer based
model now that the concept and the technology has been experimentally proven.
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S Insulator i

5: Iu al electrrn with energy W , hits the surface 0 of
Di)electric The red spot on the cathode surface represents W,

point of enhancement or triple point. It is assumed that a

number of electrons with a given angular distributiion wilA

acquire enough energy that when they hit the surface seconidarv

electron errission is induced. The angular distribution in the

electron emission can usually be approximated by a cosine law

w::h respect to an axis perpendicular to the emitting surf;a••

(Ref. 17).
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Primary Electron.

Wo q E
U

Figure 59. For sake of simplicity a secondary electron emission 6 = 2 is assumed with
two electrons ejected out from the dielectric surface. At this point a
positive surface charge is left behind at the dielectric surface. The field
generated by the positive charge affects the exterior field, bending some of

the electric line towards the dielectric surface.
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or+ L~ v> r nt tir



s100--500~mn

C=KCoA/s ..

Figure 62. With the microstack and the metal shielding the anode-cathode structure

is not disturbed. The metal wafers help the equipotential lines to cross the

insulator structure thus causing a minimum field perturbation.
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0"- No effect
on external field

Figure 63. As electrons start hitting the surface, they may generate secondary electron

emission but the metal wafer now will stop them. All the charge trapped

by the wafer shield is then distributed in the capacitor formed by the wafer

and dielectric with the cathode of subsequent wafers.
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No Secondaries 1

from Previous Layers

Figure 64. As charge accumulates in the first layers, the subsequent layers may start
participating on emitting electrons The failure process for microsta('k may

be one of sequential saturation of the layers.

C-8





Secondary El s

6>

Figure 66. A typical conventional insulator cut at 450, shows in a very simple way, the
primary electrons with a very shallow emission angle, or right from the
triple point, are the ones affecting the surface.
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Primary Electrons

W o q E"o"

Figure 67. If primary electron hits the surface, any secondaries emitted will follow a

path that is away from the surface, and driven by the external field. This

way the best results were obtained by combining the microstack shielding

and the 45' inclination.
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APPENDIX D

lMV TRIGATRON DESIGN

The crowbar for the MSI2 pulse power system was designed to have the following

capabilities:

Operating Voltage Range 200kV - 1.2MV

Pressure Range lAtm - 100psig

Gas SF 6 - SF6, Air Mix

Size Limitations ~14" cube

Switching Jitter ý long

The design of this switch is based on the experience gained on a separate program

crowbar but with added improvements. Critical parameters in optimum operation
are the Gap vs Voltage ratios between the main electrode and the trigger

electrode.

Vtrig S

Vsw - Vtrig d

For the LWT2 crowbar a successful s/d ratio has been N 0.12 (others have

reported s/d = 0.15). In this case we want a trigger voltage range of:

Vtrig 1 s/d VSW 200kV < Vow _5 1.2MV
1 1+ s/d -

20kV < Vtrig _ 130kV

The MSI trigger voltage Vtrig was set between 50 to 100 kV. To set the gap
spacing we conducted ELF calculations for the field enhancement factor (FEF)

using an available electrode contour (see Figure 68) at gaps between 2.5 to 6 cm.

The results are shown in Figure 69. A gap spacing of 3.5 cm seems to be the

optimum. The FEF calculated at 1.24 should keep in the 5 100 psig range for
SFG at 3.5 cm gap. To confirm this, we used Charlie Martin's uniform field

equation for breakdown in Air, and modified it for SF 6 using a conversion

D-1



relationship given by I. M. Bortnic and B. A. Gorjunov (Ref. D1). Then folding

in the FEF for the electrode contour at 315 cm, we get the following equation for

breakdown:

VBD = [(2 4 .5p + 6.7 (p/d)l/J [2.93 - 0.05p/d] /FEF in Atm., in cm

The results are plotted in Figure 70 along with the curves for + second trigatron
design breakdown and operational levels at 3cm gap and 1.57 PEF. The optimum

polarity for a trigatron should be negative on the main electrode and positive on
the trigger electrode relative to the ground or base electrode. If the vacuum

insulator in the test cell can be fabricated for this configuration, then the
switching jitter will be minimized and we should be able to meet the 10 ns jitter
spec. Figures 71 through 82 show the final design and the overall piece parts,

for a 500 kV AND A 1MV trigatron system.
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1/2-20 X 0.75 DEEP

MATCH FIXTUE PLATE

.375 RAD

0.000 1

4.00CM -
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Figure 68. Electrode 6061-T6 aluminum.
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1.7

L.6

Ls4

2L3

L22

11
2 3 4 S 6 7

GAP SPACING (cm)

SANDIA EZLCTRODE CONTOUR

GAP (CM) lF"
2.5 1.18

3 1.26
3.25 1.2713.5 .2
3.75 1.27

4 1.4
4.5 1.46

5 1.5
5.5 1.54

6 1.57

Figure 69. Sandia electrode contour.
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(M512 FEF-LZ4, LWT2 FEF=LS7

200

0 so 100 iso 200
PRESSURE SF6 (psig)

U M5 (33 CM) -., LWr2 (3 c) LWI2 (OPS)

Figure 70. Trigatrou breakdown curve.
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