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ABSTRACT 

Common field-distortion triggered spark gaps utilizing geomet

ric field enhancement at sharp edges usually operate in a cascade 

mode via the trigger electrode. A new trigger concept is proposed 

allowing strong field enhancement and direct breakdown between the 

two main electrodes. A test device was designed to prove the feasi

bility of this concept. Experimental results on hold-off voltage 

and on delay and jitter dependent on percent breakdown voltage are 

presented. Best results achieved are a delay of 9 nanoseconds (ns) 

and a jitter of 2 ns at a self-breakdown voltage of 15 KV. The 

fields code ELF (Tetra Corporation, Albuquerque, NM) was used to 

verify the experimental results. An optimum location of the trigger 

electrode was calculated, and it matched the experimental data 

within a 5% accuracy. A full-scale field distribution graph was 

generated in both the triggered and the non-triggered cases, which 

are believed to represent the triggering action. 
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CHAPTER I 

INTRODUCTION 

Spark gaps as high power closing switches have been used for 

some time now. These gaps are useful switches only if triggered at 

a desired time. Several methods currently available for triggering 

spark gaps, such as trigatrons, field-enhancement triggering, laser 

and electron beam triggering, are optimized to reduce the switching 

jitter (the maximum change of the delay time). For parallel 

operation it is also important to make the delay time (the time from 

the application of the trigger pulse until 10% of the current has 

been achieved) as much as possible independent of the operating 

parameters. The trigger method determines which stage in the 

breakdown mechanism (described in Chapter 3) dominates the delay and 

jitter of the switch. 

Field-enhanced triggered spark gaps are widely used because of 

their simple construction. Here all or a portion of the gap is 

overvolted. The breakdown process starts with background electrons, 

field emission, and/or preionization. The three-electrode gap 

operated in the cascade mode is quite popular. A trigger pulse is 

applied to the trigger electrode at some location within the gap 

space. One half of the gap is overvolted and closes first. The 

second half is then overvolted because the first portion has closed, 

effectively reducing the gap separation. However, even though these 

gaps have become off-the-shelf items, they have several weaknesses. 
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The trigger electrode is sharp in order to provide the field en

hancement, and the gap works via the cascade action. Erosion at the 

edges will therefore change the geometry of the trigger electrode, 

resulting in a less reproducable gap operation and a shorter spark 

gap lifetime. The cascade action, due to its nature, will cause 

longer delay times and may also increase the jitter since two break

down processes are included. A new trigger concept with a low 

jitter and short delay time achieved by field enhancement without 

cascading is, therefore, introduced in this thesis. 

Chapter 2 shows the breakdown mechanism as applied in the 

field-distortion triggered case. It includes processes associated 

with both the electrodes and the gas in the spark gap cavity. 

Chapter 3 outlines the proposed concept of field-distortion 

triggered gaps and compares it with the common field-distortion 

gaps. Chapters 4 and 5 explain the experimental device and the 

results obtained, such as hold-off voltage, jitter, delay time, and 

the use of the proposed method for the parallel operation of such 

gaps. In order to verify these experimental results. Chapter 6 

describes an electric field code used to calculate the electric 

field distribution. This chapter also includes a comparison between 

calculated and experimentally achieved results on optimum trigger 

electrode position. 



CHAPTER II 

THE THEORY OF BREAKDOWN IN FIELD-DISTORTION 

TRIGGERED SPARK GAPS 

An Overview 

Several processes take place before an overvolted gap actually 

breaks down. The initially generated electrons start avalanches 

which form streamers that finally bridge the gap. Ohmic heating of 

the narrow conducting channel created by the streamer then will 

create an arc. Field enhancement can occur both at the electrode 

surfaces and at space charges in the gap itself. Therefore, it is 

worthwhile to briefly describe the processes occurring both at the 

electrodes and in the initially insulating medium between the elec

trodes. 

Processes Associated with Electrodes 

Field Emission 

As will be discussed in one of the oncoming,sections, there are 

several steps which must take place before a gap will conduct [13]. 

The first step is always that primary electrons must be generated. 

This is possible, for example, via field emission. The field emis

sion current density for a given electric field intensity strongly 

depends on the work function of the electrode material. The work 

function, w, is the work required for an electron to escape from the 

surface of a metal. The potential energy of an electron leaving the 

metal surface changes under the effect of an externally applied 
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field. The escaping electron creates an additional field which can 

be shown by using the image charge model. The potential of elec

trons at a surface without an applied field and without the image 

charge field is a step function, and the energy required for the 

electron to escape is the work function (Fig. 1, curve [A]). The 

potential energy of an electron at any distance, x, from a metal 

surface with no external field is given by 

This potential which results from the escaping electron and its 

image charge has to be added to the step function. The result is 

shown in Fig. 1, curve (B). Although the shape of the two curves 

has changed, it is still the full work function which is required 

for the emission of an electron. However, with the applied voltage 

the potential generates a barrier of finite width determined by the 

field at the surface. Electrons can tunnel through this barrier 

without changing energy. 

Figure 1, curve (C) shows the barrier without considering the 

image charge, and curve (D) shows the barrier considering the image 

charge. It is possible to find the total potential energy, Ej, by 

adding the potential due to the external field and the image charge, 

In the following expression E will stand for energy, and E will 
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represent the electric field. The total is expressed by the 

following equation: 

ET = 15 TTX 
- eEx. (2) 

Differentiating and setting the result to zero will give the dis

tance, XfTiax' ^̂  which the barrier has i ts maximum: 

1/2 
"̂lax -1 i^TET (3) 

The potential energy at x^g^^ is then 

E(xmax) = -«(:^V^^ (eV) (4) 

This is the change in the work function due to the applied field. 

The transmission coefficient, T, for electrons tunneling through a 

potential barrier is given as 

T = exp Vn-E (5) 

E is the energy of the electron, and VQ is the barrier height. 

Since the barrier thickness, a, is reduced proportionally to the 

applied field, E, and the barrier height is also reduced by the 

applied field, a very strong increase of T with E is expected. This 

effect can be seen by looking at the field emission current density 

plotted as a function of the applied field as exemplified in Fig. 2. 

For a sphere of radius r, the field intensity is E = V/r, where V is 

the applied voltage [3]. This equation indicates that in order to 
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achieve a field of 107 v/cm and to obtain a sufficient current 

density at V = 25 kV, a radius of 2.5 x 10-2 mm is required [2]. 

Field Enhancement 

Field enhancement occurs at sharp edges. The electric field 

enhancement is often represented by the ratio of the electric field 

at the location of interest at the surface of one of the spark gap 

electrodes compared to the electric field within the space between 

two plane electrodes of the same separation [14]. Figure 3 

express the above relationship pictorially. Field enhancement here 

is generated by the overall geometry of the gap, as just discussed. 

However, micro-protrusions are also capable of producing large field 

enhancements. Microprotrusions are microscopic heterogeneities on 

the metal surface. The field enhancement factor due to microprotru

sions is again represented by the ratio of the field due to micro

protrusions and the field without the protrusions. This effect is 

discussed in more detail in Chapter V [3]. 

Photon Emission 

Electrons will be emitted from an irradiated surface if the 

incident photons have enough energy to free them. If W is the work 

required to emit one electron by an incident photon of energy hv, 

then the maximum kinetic energy of the emitted electron will be 

given by 

T • iTiv2 1 ^ = hv - W, (6) 
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and the frequency at which photon emission starts is defined by 

hv = w. (7) 

The photon emission current in general increases linearly with the 

intensity of the incoming light [1]. 

Processes in the Gas 

Basic Processes 

Collisional Ionization. If an electron has an energy above the 

ionization energy, Wj, of an atom or molecule, ionization may take 

place in an inelastic electron-atom collision. If a high electric 

field is applied to the gas, electrons can gain sufficient energy 

between collisions. The average number of electrons produced by one 

electron per unit length in the field direction, a, is known as the 

ionization coefficient by electron collision or Townsend's first 

ionization coefficient. 

Photoionization. Photoionization takes place when the atom 

absorbs a photon with an energy hv > Wi (the ionization energy): 

hv + A ^ A+ + e. (8) 

Mechanisms Responsible for Breakdown 

The most important goal in triggering a spark gap is to achieve 

a very fast arc formation. Usually the delay time (the time from 

the application of the electric field until breakdown) is divided 
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into two periods which are called the statistical and formative time 

lags. The statistical time lag is the time it takes from the 

application of the electric field to the appearance of the initial 

electrons. The formative time lag is the second half of the 

process, which indicates the time elapsed from the appearance of the 

first few electrons until breakdown. The statistical time lag will 

significantly contribute to the jitter and is, if possible, elimi

nated. Jitter is defined as the standard deviation of the distribu

tion function of the total breakdown time in a large number of 

experiments. In order to achieve a short statistical time lag, 

primary electrons have to be produced adjacent to the electrode of 

interest before the voltage pulse is applied. This can be done by 

providing initial electrons through field emission or ultraviolet 

preionization. To achieve a fast switch closure, the formative time 

lag must be made as small as possible. How this is done will depend 

upon the particular gap construction and triggering method. Since 

we are interested in a fast breakdown in periods of only a few 

nanoseconds, any secondary action which will take too long is not of 

interest at this time. The processes of interest to us are the 

Townsend breakdown and the streamer breakdown or a combination of 

both. 

Initial electrons which are assumed to have been produced by 

one of the previously mentioned methods are accelerated by the 

externally applied field. If the field is strong enough, the elec

trons will gain sufficient energy between collisions to ionize the 



12 

gas and an electron avalanche is created. The electron multiplica

tion is described by the Townsend ionization coefficient a which is 

defined by Equation (9 ) : 

^ = a ( E / N ) . n e . (9) 

The term ng represents the number of electrons. E is the applied 

field, and N is the background gas density. The ionization coeffi

cient always has some threshold value for a specific value of E/N 

and is a strongly increasing function of E/N. This behavior of 

charge multiplication is known as the avalanche formation. Such 

avalanches will only continue to grow according to Equation (9) for 

a limited distance until the avalanche generates a space charge 

large enough to change significantly the field distribution in the 

gap. It is in general agreed [3] that approximately 108 electrons 

in an avalanche are needed to create such a space charge dependent 

field. Assuming that the avalanche had started with one electron, 

one can solve Equation (9) for xcritical where xcritical ^̂  ^^^ 

average position of the avalanche when it becomes critical. 

By taking the natural log of both sides of Equation (9), 

Equation (10) results: 

In [ng] = a- • x. (10) 
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The relationship between the ionization coefficient, a > and 

^critical ^o^ "e = 10^ is given by Equation (11): 

^ • ̂ critical « 20. (11) 

At this position, Xj-̂ -ĵ ical > the charge in the avalanche head 

becomes large enough to partially shield the interior of the ava

lanche head and generate a field enhancement on the cathode and 

anode sides of the streamer head. Figure 4 describes this situa

tion. At the critical position, the space charge field is of the 

order of the externally applied field [11]. 

The field at locations A and B in the figure is locally en

hanced. Electrons here are being accelerated at a higher rate, and 

ionization increases significantly. This ionization causes an 

expansion of the space charge which will continue in both the anode 

and cathode directions. Two types of "streamer" are initiated at 

the high field regions of the avalanche head: anode directed and 

cathode directed. In the former, electrons from the streamer speed 

up and move away from the field-enhanced region, causing enhanced 

ionization and an extension of the streamer. However, in the case 

of cathode-directed streamers, electrons from outside the streamer 

in the field-enhanced region are accelerated into the streamer and 

must therefore be produced by some other mechanism, such as photo

ionization. 

One should use the opportunity here to compare the streamer 

velocity with the velocities which avalanches can obtain. The 
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avalanche velocity is the average electron velocity component in the 

field direction between, coll ision, which is the drift velocity. 

However, the streamer velocity is much higher. For the cathode-

directed streamer, the limit for growth at the head of the streamer 

via photoionization is the speed of light. The velocity of the 

anode-directed streamer is determined by runaway electrons in the 

high field region, which is also much faster than for the electrons 

in an avalanche. Finally, a thin, high-resistance channel will 

connect the two electrodes. If this channel is ohmically heated, an 

arc is formed, and switch closure results. 

As discussed, the critical position where the avalanche turns 

into a streamer should be reached as soon as possible. From this 

point on, because streamer propagation will dominate the breakdown 

of the gap, the ionization process will continue at a much faster 

rate. An optimum trigger method will, therefore, generate boundary 

conditions which will enforce the avalanche streamer transition in 

as short a time as possible [13,12,11,15]. 



CHAPTER III 

THE CONCEPT OF FIELD-DISTORTION TRIGGERED 

SPARK GAPS 

Common Field-Distortion Triggering 

One of the important issues in Pulse Power is the operation of 

high voltage and high current (which means low impedance) systems 

with fast risetimes. This requires that the system (including the 

switch) has to have a low inductance. An individual arc, such as in 

a spark gap, can, depending on its length, have a significant induc

tance [16,17,18]. Therefore, the inductance limits the risetime of 

the system. 

Gaps in parallel or multichannelling in one gap will, there

fore, significantly reduce the inductance of the switch and conse

quently reduce its risetime. Since the total current is divided 

among the individual gaps, parallel gaps will also reduce erosion. 

However, simultaneous operation requires a jitter of the individual 

gap which is shorter than the transit time between two adjacent 

gaps. Otherwise, the voltage across the second gap will collapse 

before breakdown and multichannelling will not occur. One trigger 

method which has already proven to allow both parallel and multi

channel operation is field-distortion triggering. 

Common spark gaps using field-distortion triggering are ini

tially designed to provide for a high hold-off voltage without the 

trigger. The trigger electrode located on an equipotential surface 

16 



17 

in the gap is then added. Triggering is accomplished by abruptly 

changing the potential of this electrode, thereby increasing the 

field between the trigger electrode and one of the main gap elec

trodes. A typical example is the three-electrode gap with a blade 

as a midplane trigger electrode located approximately halfway be

tween the main electrodes. In the hold-off state, the blade is in 

the plane of an equipotential and no field enhancement is generated. 

When the trigger potential is changed, a very strong field enhance

ment is produced at the edge of the blade. A typical circuit is 

shown in Fig. 5. In order to define a location for the trigger 

electrode, it is customary to use the constant C as the distance 

between the trigger and the cathode divided by the total main gap 

separation. This constant C, given by 

is usually in the range 0.4 £ C _< 0.7. To study the operation of 

such a device it is useful to look at the time-dependent voltage of 

the trigger electrode as shown in Fig. 6 [3]. Assuming C = 0.5, the 

voltage of the trigger electrode is initially held at Vo/2 where VQ 

is the total voltage across the gap. In order to close the gap, the 

trigger electrode potential is changed by a trigger pulse V^. If 

the trigger pulse is negative and has the same magnitude as the 

applied voltage, then the potential of the trigger electrode becomes 

-Vo/2 (Fig. 6). The gap between the anode and the trigger electrode 
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is then highly overvolted and will close first, driving the trigger 

electrode potential to the anode potential VQ. AS a result, the 

second part of the main gap is overvolted, and it will also close. 

The minimum potential of the trigger electrode when the trigger 

pulse is applied is assumed to be the trigger potential in the hold-

off stage in addition to the negative trigger pulse, i.e., [20] 

Vmin = CVw - tVw, (13) 

where t is defined by 

t = -Vt/Vw (14) 

and Vŷ  is the working voltage. Not considering enhancement at the 

edge of the trigger electrode, the field enhancement factors for the 

anode-trigger gap and the gap between the trigger and cathode are 

respectively, 

Bi = ] ^ (15) 

and 

^2 = ^ . (16) 

If we assume that the best performance is achieved if both sections 

of the main gap are equally overvolted, then 

ei = 32 (17) 
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and 

t =11:^)1 =-vt/Vw . (18) 

Since the maximum field enhancement occurs at the trigger 

electrode, the switch operates in a cascade mode: the gap between 

one electrode and the trigger electrode is first closed by the 

trigger pulse, and the gap between the second electrode and the 

electrode trigger is then closed by voltage across the total switch. 

In addition to the described cascade breakdown, a simultaneous 

breakdown mode exists. However, this mode requires a trigger volt

age significantly larger than the voltage across the switch and is 

therefore not considered practical [20]. 

A New Field-Distortion Concept 

To allow for geometrically-enhanced field distortion and still 

avoid cascade breakdown, field enhancement at an edge of one of the 

main electrodes can be used. This edge, however, must also be 

shielded in the hold-off state of the gap. A schematic diagram of a 

spark gap based on this concept is shown in Fig. 7 [24]. In this 

device, the trigger electrode is used to shape the electric field 

intensity in the gap during both the hold-off state and the trigger

ing state. In the hold-off state, the trigger electrode is kept at 

the same potential as electrode (1) and its surface towards the gap 

is shaped to minimize the geometric field-enhancement effects at the 

main gap electrode. The hold-off voltage is then maximized. In the 

triggering state, the potential of the trigger electrode is moved 
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TRIGGER 
ELECTRODE 

ELECTRODE (2) 

Fig. 7. Schematic Diagram of a Spark 
Gap with Geometrically Enhanced 
Field Distortion at the Main 
Electrode. 
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towards the potential of electrode (2). The trigger electrode 

subsequently serves to enhance the field, providing improved trig

gering in two ways: moving the equipotential toward one gap elec

trode, and simultaneously turning on the geometric field enhance

ment. Such a trigger concept combines several advantages: 

(1) Geometrically-enhanced field distortion can be utilized. 

(2) The strongest field enhancement occurs at one of the main 

electrodes, and direct breakdown, without cascading via 

the trigger electrode, is possible. 

(3) Since the electrode can be shaped without changing the 

hold-off performance, the field enhancement at the main 

electrode can be much larger than in common field-

distortion triggered gaps. 

(4) Shape and surface conditions of this main electrode do not 

determine the hold-off performance of the gap, making the 

gap more independent of erosion. Here this concept would 

have to be applied to both main electrodes if both are to 

be protected [21]. 



CHAPTER IV 

THE EXPERIMENTAL DEVICE 

The experimental device used to test the new trigger concept is 

shown in Fig. 8. In both the charging line and the transmission 

line a parallel plane line was used. Eight lines were operated in 

parallel with the total impedance of about 12.5 ohms, and the switch 

consisted of eight individual gaps. The upper conductor of the 

lines was divided into eight individual strips to provide for 

transit-time isolation of the individual gaps, each having an 

impedance of about 100 ohms. 

The time constant for the transit-time isolation could be 

varied from zero to five nanoseconds by moving metal bars connecting 

the individual transmission .and charging lines. Two different 

electrode configurations were used, as shown in Fig. 9. 

The configuration (A) uses one triangular-shaped main electrode 

(1) with a pair of rods as trigger electrodes and one rounded main 

electrode (2), while the configuration (B) uses a symmetric config

uration with two triangular main electrodes. The trigger electrodes 

in both cases were pairs of rods triggering all eight individual 

gaps at the same time, as demonstrated for the configuration (B) in 

Fig. 10. 

Bare stainless steel bars as well as bars covered with a di

electric material (glass tubes or epoxy) or with a resistive mate

rial (graphite-filled epoxy) have been used. The trigger circuits 

used are shown in Fig. 11. 

24 
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The trigger pulse was provided by a secondary gap operated in 

the self-breakdown mode, and the breakdown voltage was adjusted by 

changing the secondary gap electrode separation. In the hold-off 

state, the trigger electrodes are at the potential of the adjacent 

main electrode. When the secondary gap fires, the potential of the 

trigger electrode is driven towards the potential of the opposite 

electrode. For circuits (A), (B), and (C) in Fig. 11, the full 

charging voltage of the line can be applied to the trigger elec

trode, while for circuit (D) both trigger electrode potentials move 

towards the potential of the midpoint of the gap. 

In addition to the trigger method already mentioned, the gap 

has also been externally triggered using a high voltage pulser, as 

indicated in Fig. 12. The influence of photoionization was inves

tigated by incorporating an external UV source; the light emitted 

from one gap could either illuminate the next gap or be blocked, 

respectively [21]. 

A Capacitive Model 

Parallel operation of spark gaps is possible only if a suffi

cient amount of voltage remains across all the gaps not yet closed 

when others have already shorted. Therefore, it is sufficient to 

consider two adjacent gaps where one is shorted and the second is 

not. This can be done via a capacitive model. In this case, three 

types of capacitances need to be considered: the line capacitance 

(C]^), the gap capacitance (C3), and the capacitance between two 

adjacent gaps (C2). Figure 13a demonstrates the model. If one of 
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Fig. 13. A Capacitive Model, (a) Capacitive Model for Two 
Parallel Gaps, (b) Reduced Equivalent Circuit in 
the Case where One is Shorted. 
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the gaps is already shorted, as in Fig. 13b, the voltage across the 

remaining C3 must be maximized in order to have optimum.parallel 

operation. Figure 13c indicates the remaining effective components 

where VQ is the externally applied voltage, and the voltage across 

^3* Vc3» is VQ - Vci. Therefore, Vci needs to be minimized: 

- VC2 (19) 

and in general 

^Ci = 
"0 

2 

i-r ' Vc = vo + 't' J i(t')dt'. (20) 
0 

Consequently, C2 and C3 should be much smaller than Ci to optimize 

the performance of parallel spark gaps. 



CHAPTER V 

THE EXPERIMENTAL RESULTS 

The Jitter and Delay 

The experiments performed concentrated on the spark gap perfor

mance with respect to delay and jitter depending on the applied 

voltage in percent of the breakdown voltage and on the breakdown 

voltage in the hold-off state. The first experiments to determine 

the optimum type of trigger electrode and polarity were performed 

with an electrode geometry as shown in Fig. 9a and a circuit as 

shown in Fig. 11a. Although the system could be triggered with 

either polarity, clearly better trigger results were obtained with 

the electrode (1) being at positive potential and the trigger elec

trode being driven towards a negative potential. Triggering was 

possible with all types of trigger electrodes used. The disadvan

tage of bare metal rods as trigger electrodes was that a very pre

cise symmetric alignment was necessary to avoid arcs between the 

trigger electrode and the main electrode. The best results were 

obtained with electrodes covered with a dielectric layer (glass or 

epoxy). Since the system performance did not depend on repetition 

rate (10-2 -1 Hz), charges on the surface of the dielectric layer 

did not seem to affect the performance of the trigger method at 

these low repetition rates. Surface charges could be eliminated 

with resistive layers instead of dielectric ones, but arcing to the 

trigger electrode again forced precise alignment unless layers with 

33 
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high resistivity were used (thickness ^ 0.5 mm, resisitivity - 106 

^ cm). 

The circuits in Figs, lib and H e were equivalent to circuit 

11a since only one pair of trigger electrodes changed its potential. 

No significant differences in the performance of the spark gaps were 

realized for these circuits as long as the right polarity was used. 

The performance of the gap with the circuit shown in Fig. lid was 

significantly worse with respect to delay and jitter. The optimum 

position of the trigger electrode was determined through measure

ments of the self-breakdown voltage shown in Fig. 14. In these 

experiments the pair of trigger electrodes was moved in the direc

tion of the inter-electrode spacing as shown at the bottom of Fig. 

14. The results clearly showed the shielding of the edged main 

electrode, resulting in an increase of the self-breakdown voltage of 

more than a factor of 2 compared to the gap without trigger elec

trodes. For optimum shielding, no significant difference was ob

served for the two different types of trigger electrodes. The 

maximum self-breakdown voltage observed is nearly the uniform field 

breakdown value. 

The following measurements on the trigger performance were 

obtained with the circuit in Figs. U a and U d and a positive 

charging voltage. All experiments were performed in atmospheric 

air. The risetime of the trigger pulse was of the order of 12 ns. 

Delay and jitter were determined by measuring the time between the 

voltage rise at the trigger electrode and at the main electrode. 
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Figure 14 shows the delay depending on the percentage of self-

breakdown voltage (% Vjb) for the two circuits. It should be 

pointed out that the maximum voltage of the trigger pulse always 

equals the charging voltage in the circuit used. So with a de

creasing value of % Vsb , the maximum voltage of the trigger pulse 

is automatically decreased. As demonstrated in Fig. 15, a minimum 

delay time of 9 ns was achieved with the circuit in Fig. 11a for 

self-breakdown voltage of 15kV. Above 90% Vsb the delay does not 

significantly change with % Vjb, which is the required condition for 

multichannelling or parallel triggering several gaps. 

Figure 16 shows the jitter depending on % Vg^ for the same 

operating conditions as in Fig. 15. The jitter shown here is the 

maximum jitter in a series of 20 shots. Close to 100% Vgb, a jitter 

of ---2 ns was achieved. 

Parallel Operation 

The results mentioned were demonstrated through parallel opera

tion of the eight gaps with one pair of trigger electrodes for all 

gaps, as shown in Fig. 10. With a transit-time insulation of 5 ns, 

parallel triggering of all 8 gaps was achieved if the charging 

voltage was kept above 95% Vs^. Fine adjustment of the self-

breakdown voltage of each gap was difficult, however, and it is 

likely that some gaps were operated at signficantly lower values of 

% Vsb- ^5 shown in Fig. 17, it was observed that in the case of 

non-triggered overvolted gaps, the number of simultaneously closing 

gaps was reduced by about 35 to 40 percent if ultraviolet radiation 
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(a) 

Fig. 17. Performance of the Multichannel Gap. (a) The 
Multichannel Overvolted Case, (b) The Comparison 
where the UV Emission Among the Gaps was Blocked. 
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was prevented from breaking between electrodes. Figure 17 also 

indicates the comparison with the blocking elements removed. 

External ultraviolet preionization was applied, and it was seen that 

the UV is capable of providing a stabilizing effect [21]. 

Localized Field Emission Sites 

It is known that pre-breakdown currents exist between two 

electrodes when a high voltage is applied across the electrodes 

[13]. These currents exist at electric field magnitudes less than 

the amount necessary for field emission. According to the metal 

whisker model, small microprotrusions on the surface of an electrode 

may stand up parallel to the applied field. Once this field is 

applied, it creates local high field regions. Figure 18a indicates 

an ideal microprotrusion with a symmetrical geometry. The field 

enhancement factor,3*, is defined as the ratio of the microscopic 

electric field due to whiskers to the uniform macroscopic externally 

applied field: 

3*= -H~ . (21) 
•^uniform 

As indicated in Fig. 18b, there are several studied versions of 

microprotrusions. In all cases the enhancement factor which depends 

upon "r", the tip radius, and "h", the whisker height, can be ap

proximated by Equation (22) if h/r >̂  5: 

3* = 2 +(h/r). (22) 



41 

Field Enhance
ment Due to 
Microprotrusions. 
(a) An Illus
tration of How a 
Uniform Macro
scopic Gap Field 
E is Geometrically 
Enhanced to a 
Higher Micro
scopic Value Em at 
the Tip of a Micro-
protrusion Pro
jecting from a Planar 
Electrode Surface. 



42 

0 0 n/b'Jk 
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Figure 18b also indicates the magnitude of the enhancement factor, 

which can be as high as 100 or 1000 [21]. 

Microprotrusions can develop in different ways. Polishing may 

leave certain protrusions on the metal surface, and erosion con

stantly deforms an electrode surface to create different types of 

protrusions. The change of electrical geometry due to erosion of 

electrodes was observed after more than 1000 shots. Figure 19 re

presents the worst case damage among all electrodes, showing damage 

to the polished edge of the sharp edge viewed from the top. The 

radius of this edge is about 0.2 mm. However, it should be men

tioned that this damage did not prohibit the triggering process. 

The hold-off voltage during the off state is not changed signifi

cantly, since the trigger electrodes shield the main electrode. 

Isolation Transit-Time Delay 

For the purpose of investigating the effect of transit-time 

isolation, the length of the individual lines was changed. In this 

case the gaps were overvolted rather than triggered. Figure 20 

shows the overvoltage necessary for good multichannel operation 

versus the length of the isolation between electrodes in cm. It is 

seen that as the delay is reduced, the overvoltage necessary in

creases [15]. 

To illustrate the concept, every two gaps were shorted together 

as indicated in Fig. 21. Notice that within each pair, one of the 

two shorted gaps did not break down. 
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(a) 

(b) 

Fig. 19. Electrode Damage, (a) Photograph 
of the Electrode Edge after 
Polishing, (b) Photograph of the 
Electrode Edge after 1000 Shots. 
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Fig. 21. Overvolted Gaps with Every Two Gaps Shorted Together, 



CHAPTER VI 

THE FIELD CODE 

In order to theoretically verify the trigger concept, a field 

code was used to give some insight into the field distribution and 

equal potential lines in the two-dimensional case (cylindrical 

symmetry). This chapter presents a brief discussion of the under

lying coordinate transformation and the numerical technique used. 

The code used was the "Electric Field Calculations in 2d boundary-

fitted coordinates for lasers, switches, etc., code Version 1.2 

dated July 4, 1984," which was developed by the Tetra Corporation, 

Albuquerque, New Mexico. In order to use the code in the case of 

high electric fields, its sensitivity had to be decreased and its 

conversion error reduced; consequently, the time necessary for 

conversion increased. 

The Boundary-Fitted Coordinate System 

To solve partial differential equations, an accurate represen

tation of boundary conditions is needed. It is advantageous if the 

boundary is coincident with some coordinate line so that the bound

ary can pass through points of a finite difference grid which is 

part of the coordinate system. In many differential systems the 

boundary conditions are the dominant influence on the character of 

the solution, and the use of grid points not coincident with the 

boundaries thus places an inaccurate difference representation in 

precisely the region of greatest sensitivity. The generation of a 
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natural coordinate system, that is, a coordinate system with coordi

nate lines coincident with all boundaries for identification, is 

thus an essential part of a numerical solution. To generate natural 

coordinate systems is to let the natural coordinates be solutions of 

an elliptic partial differential system in the physical plane with 

Dirichlet boundary conditions on all boundaries. In this case the 

elliptic Laplace equation is the basic equation in use. Mathemati

cally, the physical coordinates (x,y) are transformed into the 

coordinate system (n,C) where c = C(x,y) and n = n(x,y). Deriva

tives are transformed as given below: 

f 'S(f,y) y 5 ( x , y ) _ (Ynf^ - Ŷ  fn) , „ . 

^^-w:^ / w:^ ~ ^ '̂^̂  
f 6(x,f) / (S(x,y) = (-xnfC + xC fn) ,«-v 
^̂  " 'WU^ / W::^ 3 (24) 

J = x c y n - X ny . (25) 

(^,n) is the so-called natural coordinate system which is assumed to 

be, for example, a solution of the Laplace equations: 

Cxx ''lyy = 0 and Hxx + nyy = 0. (26) 

By changing dependent and independent variables, we obtain 

ax^^ - 23x̂ ri + ^̂x̂^̂  = 0 (27) 
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In the above equations, 

Q' = x2 + y 2 , 3 = x^ x^ + y^ y^. 6 = x | + x2 . (29) 

At this point one is capable of converting a problem of simple 

equations and complicated boundary conditions into a problem with 

complex equations but simple boundary conditions. Figure 22 repre

sents the transformation pictorial ly [7,8,9,10]. . 

The Successive Over Relaxation Method (SOR) 

The SOR method is the basis for the numerical iterative method 

used in this f ie ld code. The iterations are as follows: 

sMt j - l -A^^Sij - 2(l+62Mj-

For convergence it is required that l_<aj<2. i^ is the important 

relaxation factor employed here. Attempts to optimize it obtained 

the following results. 

'̂o = 2 (̂  " c ̂  " 0 ^̂^̂  

(l^) ̂  B2 COS (^) cos 
C = ( '-^-^ — 2 '-^^^^^^ I (32) 

k+1 k The statement of convergence is H'̂ j = H'ij where 3 is the mesh 

aspect ratio Ax/Ay. H' is the variable. Figures 23a and b show an 
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estimate of the performance of the SOR method for a simple rectangu

lar geometry where eij is the error whose total value is 

Z-rf e^j ^ 0 as (k ->- °° ) and which decreases for 'h - DQ. The 
i j k ' 
error eij is ¥i°j - ^ij [7,8,9,10]. 

Using the Code 

The code, originally written for TEA laser electrode design at 

Tetra Corporation, Albuquerque, NM, is capable of supporting two 

electrodes only. As seen in Fig. 24, the trigger electrode has to 

be taken into account as a third electrode. It is, however, of 

interest to analyze both the triggered and non-triggered cases as 

"two" electrode configurations. In the hold-off case the trigger 

electrode is at the same potential as electrode (1) and is designed 

to shield this electrode from the applied field. In the triggered 

case, the potential of the trigger electrode is driven towards the 

potential of electrode (2). In either case therefore, it is, 

possible to consider as one electrode the two which are at the same 

potential. Figure 25 shows the electrode configuration analyzed by 

the calculations. The goal of this analysis was to discover the 

most appropriate positions for the trigger electrode between the two 

main electrodes in both the triggered and non-triggered cases. 

Results 

The code was used to calculate the equal potential lines and 

the electric field distribution for a configuration as shown in 

Figs. 26 and 27 for the hold-off case as well as for the trigger 
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ELECTRODE (1) 

TRIGGER 
ELECTRODE 

ELECTRODE (2) 

Fig. 24. Schematic Diagram of a Spark 
Gap with Geometrically Enhanced 
Field Distortion at the Main 
Electrode. 
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case. In both cases the trigger electrode was physically connected 

with one of the main electrodes in the field-free region close to 

the boundary. A 17 x 17 element matrix was chosen to demonstrate 

the concept. Figures 26 and 27 demonstrate the equal potential 

lines and their distribution for the triggered and non-triggered 

cases respectively. In the non-triggered case, the uniformity of 

equal potential lines, indicating an almost constant electric field 

distribution, is clearly apparent. One can see that electrode (1) 

is shielded, and no field enhancement occurs at its sharp tip. On 

the other hand, if the trigger electrode potential is driven to the 

potential of electrode (2), which constitutes the triggered case, 

equal potential lines are quite close in the neighborhood of the 

sharp electrode. It can be seen that only three equipotential lines 

penetrate beyond the trigger. 

It is necessary to have the field as uniform as possible during 

the hold-off case. However, during triggering, the field should be 

as non-uniform, as possible. Non-uniformity of the electric field in 

a gap significantly decreases the breakdown voltage [20]. Figures 

26 and 27 indicate that the electric field magnitudes are 

geometrically enhanced at two points: the tip of the main electrode 

(1) and the opening of the trigger electrode. To optimize the gap 

geometry, the maximum field strength compared to the mean field 

strength En,/<E> at the tip of main electrode (1) and at the trigger 

electrode have, therefore, been calculated depending on the position 

of the trigger electrode. <E> is also the electric field of a 
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homogeneous f ie ld gap with the same main electrode separation. The 

value 3g = Em/<E> can be considered a field-enhancement factor 

caused by the gap geometry. The results for the hold-off case and 

for the triggered case are presented in Figs. 28 and 29. For the 

triggered case, the field-enhancement factor at the trigger 

electrode is never less than 10 and exceeds 200 for the optimum 

position of the trigger electrode. On the other hand, the trigger 

electrode i tse l f does not achieve particularly high f ie ld 

magnitudes. For the non-triggered case. Fig. 28 demonstrates that 

the trigger electrode f ie ld will increase as i t gets closer to the 

opposite main electrode. At this farthest position, the trigger is 

effectively shielding the sharp t ip whose f ield stress will drop to 

values below the homogeneous f ie ld value ( 3g < 1) . However, the 

gap spacing decreases, and the f ield at the trigger electrode 

increases. I f the trigger electrode is driven closer to main 

electrode (1 ) , i t is no longer able to shield, and the f i e l d -

enhancement factor increases to approximately 10. 

The presented results also allow a comparison of the maximum 

f ie ld enhancement in the gap and the self-breakdown voltage as a 

function of trigger position. Self-breakdown corresponds to the 

non-triggered case. In order to increase the self-breakdown volt

age, the f ie ld should be as homogeneous as possible, or the f ield 

enhancement, 3g, should be as small as possible. I t was, therefore 

decided to plot the calculated value of 1/3 g (Fig. 30, curve [B]) 

and compare i t with the normalized experimentally-achieved breakdown 
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voltage Vg/VB-max (Fig- 30, curve [A]). The field-enhancement 

factor used was always the highest value in the gap. For trigger 

electrode positions close to main electrode (1) it was the value for 

the main electrode, and for trigger electrode positions far away 

from electrode (1) it was the value for the trigger electrode 

(compare Fig. 28). 

The two curves show basically the same dependence on trigger 

electrode position, although the maximum breakdown voltage and the 

minimium field-enhancement factor seem to occur at slightly differ

ent trigger electrode positions. It should, therefore, be pointed 

out that the boundary conditions for experiments and calculations 

were not quite the same. The major difference is that experiments 

were performed in a linear configuration (see Fig. 13) while the 

calculations were performed for rotational symmetry. 

It should also be mentioned that the optimum trigger-electrode 

position for the hold-off case, which means minimum field enhance

ment anywhere in the gap (maximum of curve [B] in Fig. 30), and the 

optimum position for the triggered case, which means maximum field 

enhancement at electrode (1) (Fig. 29), depend on several para

meters: radius of curvature of electrode (1), including the 

influence of microprotrusions; radius of curvature of the trigger 

electrode; and aperture of the trigger electrode. It is important 

to note that in the case of the geometry chosen for our calculations 

(Fig. 25), the optimum conditions for hold-off and trigger case 

occur at nearly the same trigger-electrode position. This condition 
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has to be considered one of the primary results of optimizing the 

spark gap geometry. 



CHAPTER VII 

CONCLUSION 

A new type of three-electrode, field-enhancement triggered 

spark gap was developed, constructed, and tested. Just like other 

field-distortion gaps, it provided for a high hold-off voltage 

during the non-triggered period and for a high field enhancement 

during triggering; however, it does not have the disadvantages of 

the cascade operation because it operates via direct breakdown. 

This result was achieved by using field enhancement at the surface 

of one of the main electrodes and a trigger electrode which shielded 

this main electrode in the hold-off state. The edge of one of the 

two main electrodes was sharpened and used as the location of the 

highest electric field. The trigger electrode was positioned close 

to the tip of the sharp electrode in order to shield the sharp 

electrode during the hold-off state. During this period the trigger 

electrode and the adjacent main electrode were kept at the same 

potential. During triggering, the trigger electrode potential was 

driven towards the potential of the opposite main electrode. This 

caused a high electric field at the tip of the sharp edge of the 

adjacent main electrode. 

An experimental device was designed and constructed to demon

strate the suggested trigger concept. Eight parallel lines were 

used both for charging lines and transmission lines which led to a 

matched set of loads. Eight triggered spark gaps built according to 
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the new concept were used'as switches. The length of the individual 

line could be adjusted to provide for a variable transit-time iso

lation of the individual switches. This device allowed an investi

gation of delay and switch jitter, depending on operation para

meters, as well as optimum conditions for parallel operation. Best 

results achieved with an individual switch were a jitter of 2 ns and 

a delay of 9 ns. Parallel operation of all eight switches was 

achieved with a transit-time isolation of one ns. 

A field code was used to determine the field configuration in 

the gap. The equal-potential lines were calculated and plotted for 

both the triggered and hold-off cases. The plot for the hold-off 

case demonstrates that the trigger electrode is capable of shielding 

the sharp edge of the main electrode from the applied field. The 

plot for the triggered case showed an electric field magnitude of 

200 times the field of a uniform gap of the same gap generation. 

The variations of the field intensity at the main electrode and at 

the trigger electrode as a function of the trigger electrode posi

tion were calculated, and the optimum trigger electrode position was 

determined. The optimum condition is found by maximizing the break

down voltage during the hold-off state and by maximizing the field 

strength at the tip of the main electrode during the triggered 

state. The best position for both cases for the configuration used 

is only 5% of the total gap length apart. For the purpose of com

parison with the experiment, the location of the trigger electrode 

for the lowest field strength in the hold-off case was calculated 
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and compared with the location of the trigger electrode for the 

highest experimentally achieved hold-off voltage of the gap. 

Additionally, the proposed trigger concept may be well suited 

to combine with other trigger concepts to improve switch perfor

mance. Again, the important feature of the concept used here is 

that the field enhancement occurs close to the surface of one of the 

main electrodes so that this main electrode is partially shielded 

from the field in the hold-off state. For trigatrons, it is known 

that delay and jitter are drastically improved by overvolting the 

gap. The combination of a trigatron trigger in the main electrode 

and a field enhancement generated by field distortion in the volume 

close to this trigatron electrode could provide for the same condi

tion without the need to overvolt the total gap. 
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