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ABSTRACT 

An investigation into the effect of electron beam 

induced space charge on the insulating property of a gas 

in a spark gap is presented. The characteristics of the 

gas transition from insulator to conductor show strong 

dependence on the amount and location of the space charge 

introduced. Investigations of the delay time and the 

characteristics of the conducting channel have been made. 

The delay time from the injection of the electron beam to 
_Q _3 

the collapse of the gap voltage ranges from 10 ^ to 10 ^ 

second. From open shutter photography, we observe that 

the character of the conducting channel is quite varied. 

Dark, diffuse, filamentary, or diffuse followed by 

filajnentary (single or multi) channels have been observed, 

depending on the space charge conditions. The fundamental 

processes leading to the collapse of insulating property 

of the gas for various experimental conditions are discussed. 
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CHAPTER I 

INTRODUCTION 

The development of high power switches has recently 

received a great deal of attention as a common and crucial 

area of interest for scientists working on high-power laser, 

fusion, high current charged-particle accelerators, and 

weapons-effect simulators. These switches must be capable 

of fast and repetitive transfer or interruption of high 

voltage, high current from an energy storage device to 

various trajisducers. To meet these requirements a number 
2 

of novel switches have been proposed. In many of these 

approaches, switching is accomplished by causing a 

transition between insulating and conducting states of a 

gas. The various devices that operate in this fashion 

differ mainly in the way this transition is initiated and 

in the characteristics of the conducting stage, i.e. 

whether it be a diffuse or filamentary discharge. 

Two types of spark gaps initiated by introducing a 

large space charge into the gap region are: (1) the laser 

triggered spark gap and (2) the electron beam (e-beam) 

9-13 triggered or sustained spark gap.^ ^ In the case of the 

laser triggered spark gap the space charge is usually 

created near the electrodes or in the gap volume by the 

laser beam. In case of electron beam initiated or 

sustained spark gap operation, the space charge consists 

1 



2 
of the electron beam itself with additional space charge 

created by the ionization produced by the electrons in the 

gap volume. 

When the electron beam is used to trigger the switch 

the injected electrons constitute a large supply of initial 

electrons which reduce the statistical delay time (jitter) 

and modify the local electric field, leading to the 

formation of a discharge channel. Once formed, the switch 

cannot be turned off by the electron beam. The purpose 

of this triggering method is to obtain fast risetime, 

low jitter, and a discharge which may be diffuse or 
2 

multichajinel. Early experiments in the USSR indicated 

that 1 ns jitter could easily be obtained for a 0.2-1 MV 

spark gap triggered by a 400 keV, 10 A, 5 ns electron beam. 

The operation of the electron beam sustained switch, also 

11 called an injection thyratron, is very much the same as 

that of the electron beam sustained COp gas laser. The 

electrons injected by the electron beam are needed to 

maintain the discharge between two electrodes. When the 

beam is turned off, the discharge ceases. The electron 

beam sustained spark gap can be used as an opening switch. 

The design of a 0.1 MV, 1 MA switch with an interruption 
2 

time of 100 ns is believed to be str£.ightforward. 

This thesis reports on an investigation into the 

effects of space charge induced by an electron beam on 

spark gap operation. The understajiding of space charge 

8 



effects will reveal the fundamental processes of electron 

beam switches ajid the optimal condition of operation. In 

this experiment, a coaxial transmission line with a two 

way delay time of 10 ns is charged by a Van de Graaff 

generator and discharged through a pressurized spark gap 

into a 50 ohm matched load. The discharge is initiated by 

injecting into the spark gap volume, an electron beam 

through a hole of 1 inch diameter at the center of one 

electrode. The beam is generated from a cold cathode field 

emission electron gun. Photography (open shutter) is 

employed to investigate the spatial character of the 

discharge channel. The transition from the off to the on 

state is investigated by measuring the switch delay, 

i.e. the time elapsed from the injection of the electron 

beam to the 10 percent value of the peak current measured 

at the load; and the current risetime, i.e. the time 

elapsed from the 10 percent to 90 percent peak current. 

A brief discussion of the theoretical amd experimental 

investigation of gas breakdown, and e-beam initiated gas 

discharges is presented in Chapter II. In Chapter III, 

a detailed description of the experimental arrangement 

and approach are given, In Chapter IV, the design of the 

electron gun and the measurements of the electron beam 

characteristics are described. In Chapter V, experimental 

results and analysis are presented. The conclusions 

are given in Chapter VI. 

3 



CHAPTER II 

THEORETICAL AND EXPERIMENTAL BACKGROUND 

A gas in its normal state is almost a perfect 

insulator. However, when an electric field of sufficient 

intensity (i.e. approximately 30 kV/cm in air ), »-̂->»-̂  

or a strong external ionization source (e.g. e-beam)'^~ ^ 

is applied to the gas between two electrodes, the gas can 

become conductive. After removing the electric field and 

external ionization source,'^ the gas can recover to the 

original insulating state. 

The transition from insulator to conductor occurs 

as the result of collisions between electrons or photons 

and gas atoms/molecules. The primary collisions produce 

secondajry ions and electrons (e.g. in Townsend avalanches) 

ajid lead to the establishment of either a self-sustaining 

or non-self-sustaining state. The development of this 

state depends on the relative effectiveness of the 

production and loss mechanism controlling the number 

density of electrons in the discharge. This dependajice 

will be discussed in the following sections. 

The gas breakdown is defined as the transition from 

a non-self-sustaining dischajrge to a self-sustaining 

discharge. The voltage across the gap for this transition 

to occur is called the self-breakdown voltage V , . 



(1) Gaseous Breakdown in a Uniform Electric Field 

Two experimental approaches have been used to study 

15 this breakdown phenomenon. In the first approach ^ DC or 
1 6 

pulsed voltage of magnitude less than V , was applied 

across two electrodes in a gas to study the temporal and 

spatial growth of the space charge initiated by the 

electrons released at the cathode by a flash of UV 

radiation. In the other approach, ^ a voltage pulse of 

magnitude greater than the static breakdown voltage V , is 

applied across the gap to study the evolution of the gap 

voltage and current as a function of time. A schematic 

1 8 
indication of this evolution is shown in Fig. 1. T,, is 

the time, which is not measurable, when a self-sustaining 

Townsend discharge is developed. The region T.^t^T^ is 

called the Townsend discharge stage, Tp^t^T^ the glow 

discharge stage, ajid t<To the arc discharge stage. The 

time elapsed from the application of high voltage across 

the electrodes to the observed time for the collapse of 

the voltage across the gap, i.e. Tpi is called the 

observational time lag and constitutes what is called the 

switch delay. This time period can be as short as 10~" 

17 19 

second ' or as long as a few tenths of a second ^, 

depending on the gap conditions. The region T <ct<T. is 

divided into two time periods: (1) the statistical time lag 

and (2) the formative time lag. The statistical time lag 

is the time required for the appearajice of at least one 

j 
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7 
initiating electron at a suitable place in the gap. The 

formative time lag corresponds to the time required for the 

gas to breakdown after the appearance of the initiating 

electron. 

1 20 
A. The Townsend Theory of Breakdown ' 

Electrons leaving the cathode will move across the gap 

under the action of the external electric field. In the 

way to anode the primary electrons collide with gas atoms 

and/or molecules and generate secondary electron-positive-

ion pairs by collisional ionization. The electrons produced 

from the ionization processes also move toward the anode 

and cause further ionization. This results in avalajiches 

of electrons moving toward the anode. If the secondary 

processes at the cathode and in the gas volume are able to 

regenerate the original number of primary electrons, a 

self-sustaining discharge is established, otherwise, the 

avalanches will stop when no more electrons leave the 

cathode. 

Quantitatively, when n electrons per second move a 

distance dx toward the anode, there will be nadx electrons 

generated, where the Townsend's first ionization coefficient 

is the number of electrons created per electron per unit 

length in the field direction by collisional ionization and 

is denoted by oc in this thesis. The value of c\ is dependent 

on the electric field and the gas pressure in the gap. 

When the space chajrge in the avalanche does not perturb 
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the external electric field, cx can be assumed to be constant 

in the gap. Then: 

dn = nadx. (2-1) 

Solving for n, 

n = n^ exp( ax) , (2-2) 

where n is the number of electrons per second leaving the 

cathode (x = 0). Let w be a generalized Townsend secondary 

ionization coefficient, which is the number of secondajry 

electrons generated at the cathode by one electron-ion pair 

in the gap volume. The secondary electrons generated per 

second at the cathode, n , will then be 

n exp(o(x) dx 
0 

= n^w(exp(cxd)-l)/o( (2-3) 

The number of electrons leaving the cathode then becomes 

where n . is the number of electrons released at the 

cathode due to aji external source. From Eqs. (2-3) and 

(2-4) we get 

= ^ (2-5) 
° l-w(exp(o(d)-l)/cx 

and hence 

n = n exp(cxx) 

n .exp(o(x) 
= - ^ (2-6) 
l-w(exp(ad)-l)/oc 

^s = ^ 



9 
At the anode, x = d, the number of electrons arriving per 

second is 

n .(exp(0(d)) 
n (x=d) = -^^ (2-7) 

l-w(exp(ad)-l)/0( 

Therefore, the current in the circuit is measured to be 

I-^+(exp(ad)) 
I = -^^ , (2-8) 

l-w(exp((Xd)-l)/cx 

where Ig^t ^^ ^^® current leaving cathode due to the 

external source. When the gap conditions are adjusted such 

that 

l-w(exp(o(d)-l)/ = 0, (2-9) 

a self sustaining discharge, the Townsend discharge, may be 

established. Under this condition the discharge current 

will not be stopped by the removal of the external source. 

We thus get the Eq. (2-9) as the criterion for gas breakdown. 

If the discharge current is not limited by the external 

circuit, the current will increase "indefinitely" and 

further transitions to a glow and subsequently to an arc 

discharge will be observed. 

A number of secondary processes have been discussed 

14 by Llewellyn Jones. The most important of these secondary 

processes are ion impact on the cathode and the photoelectric 

effect at the cathode resulting from the incident flux of 

photons generated in the gap volume. 

Paschen concluded, from an extensive study of air, COp 

and Hp over a range of values of pd, that V , is a function 



10 
of the product pd only, where p is the gas pressure and 

d is the gap spacing; this result is known as Paschen's 

Law. Paschen's Law follows analytically from the Townsend's 

criterion for breakdown, because theory and experiment show 

that cx/p and w/p are functions of E/p. Putting a/p = f(E/p) 

= f^Vg^pd), and w/p = F(E/p) = F^V^^pd) in Eq. (2-9) it 

follows that 

F(V /pd) 
1- —, (exp(f(V /pd)pd)-l) = 0 , (2-10) 
fíV^^pd) 

i.e. Vg^ = G(pd) , (2-11) 
21 which is Paschen's Law. 

B. The Streamer Theory 

At high overvoltages ajid high pressures, discrepajicies 

were found between the formative time periods predicted by 

14 an avalanche process and those measured. A new theory was 
22 23 24 

proposed, independently, by Meek , Raether -̂, and Loeb 

The fundamental idea was that at a certain stage in the 

development of a single avalanche, photoionization of the 

gas in the interelectrode space becomes the most important 

mechanism in determining the breaJkdown of the gap. 

According to Raether, on its way to the anode, the 

avalanche reaches a critical dimension (determined by the 

number of electrons in the avalanche or conversely by the 

space charge field produced by the avalanche) such that 

secondary electrons begin to be generated just ahead of the 
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avalanche and close to the avalanche axic. This group is 

in a region of high field due to the enhancement caused by 

the avalanche space charge. In the region of high field, 

the electrons can multiply, efficiently generating a space 

chajTge cloud which rapidly grows to the dimension of the 

parent cloud, but at a position closer to the anode. The 

process is repeated continuously up to the anode boundary. 

This progression, due to photoionization, is called a 

streamer. Since the photons generating the secondary 

electrons propagate at the speed of light, and since the 

subsequent growth of the space charge is very fast, the 

propagation time from the parent avalajiche to the anode is 

very small. Once the anode is reached, Raether argues, a 

similar process begins to occur at the cathode end of the 

parent avalanche. There the photoelectrons generated 

are accelerated toward the avalanche, extending the ion 

sheath of the parent avalanche toward the cathode. 

Breakdown occurs immediately upon the space charge cloud 

reaching the cathode. Raether, defined the critical stage, 

from experimental observations, to be when 

ôx = 18.4 (2-12) 
cr 

where x is the average position of the avalanche when it 
cr 

becomes critical. He argued that since the streamer 

propagation velocity is on the order of the speed of light, 

the formative time is basically the time it takes an 

avalanche to become critical. On the other hand, Loeb and 
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Meek assumed that the parent avalanche becomes critical 

just in front of the anode. Meek arbitrarily chose the 

critical point to be when the field due to the avalanche is 

equal to the external field. 

C. Two Group Model-'-'̂ ^ 

It was found from experiments that the percent 

overvoltage, and not pd, was the principal parameter 

determining the value of the breakdown time lag. The regime 

of validity for Townsend theory is low overvoltage ( < 20%), 

while that for streamer theory is at high overvoltage 
•1 

( ^20fo) , Recently, Kunhardt ajid Byszewski introduced a 
25 

model called the two group model -̂  for the development of 

breakdown above the Townsend regime. It gives a continuous 

picture of the breakdown above the Townsend regime, and 

merges into the Townsend avalanche picture as the voltage 

is reduced. In this model, the energy distribution function 

for electrons in the advancing avalanche is assumed to have 

two components: fast electrons ajid slow (thermal) electrons. 

The fast electrons can "run away" from the avalanche. This 

happens because the effective retarding force on an electron 

moving through a neutral gas decreases with increasing 

velocity, in the case of electrons possessing sufficiently 

high energy. The energy threshold for these run-away 

electrons is determined by the electric field strength and 

the gap parameters. Once these fast electrons leave the 

avalanche, most of them no longer meet the runaway condition 
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and become trapped, because they enter a region of 

decreasing field, where the energy they gain from the field 

is less than the energy loss. These electrons multiply at 

various distances from the parent avalanche, rapidly 

extending the avalanche space charge towajrd the anode. On 

the cathode side, the photoelectric effect is assumed to be 

the primajry mechanism for generating secondary electrons 

which are subsequently accelerated towards the high field 

region of the parent avalanche. 

(2) Electron Beam Initiated Gas Discharge 

Electron beam initiated gas discharges have been used 

7 4 9 

for gas laser,*̂  closing switches, and opening switches,^ 

In Fig. 2. a uniform electron beam of cross section A, 

current density j ^ , and energy W is injected into the gap 

volime from an aperture in one of the electrodes. The 

evolution of the number density of the plasma constituents 

in the gap volume can be determined from the continuity 

equations, Poisson's equation, the external dischajrge 

circuit parameters, and both the boundary and initial 

conditions. 

If the secondary processes at the cathode and the 

far-reaching photoionization effect are neglected, the 

electron and ion continuity equations can be written as: 
an (x,t) ^ an^(x,t) v^(x,t) 

+ oC(x,t) v^(x,t) n^(x,t) 
ôt ^x — ' e' ' ' e 

+ S(x,t) -kg^(x,t) ng(x,t) -k^(x,t)n^(x,t)ng(x,t) 

- k3(x,t) N^ ng(x,t) (2-13) 
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an̂ .(x,t) _ .m̂ .(x,t) v^(x,t) 
it = "^ M •" '^^'''^^ v^(x,t) n^(x,t) 

+ S(x,t) -k^(x,t) n^(x,t) ng(x,t) 

- k^(x,t) n+(x,t) n_(x,t) (2-14) 

Sn (x,t) ^ dn (x,t) V (x,t) 
ãt = - êf ' '• ̂ ^(x.t) n^(x,t) 

+ k^^x^t) N^ ng(x,t) - k^(x,t) n^(x,t) n_(x,t) 

(2-15) 

where n is the number density of electrons 

n^ is the number density of positive ions 

n_ is the number density of negative ions 

V is the drift velocity of electrons 

v^ is the drift velocity of positive ions 

v_ is the drift velocity of negative ions 

S is the e-beam electron-ion pair production rate 

k„ is the dissociative attachment rate a 

k is the electron-ion recombination rate 

ko is the 3-hody attachment rate 

k. is the ion-ion recombination rate 

N is the number density of gas pajrticles 

The direction of the positive x-coordinate is along the beam 

direction (see Fig. 2.). The front of plasma sheath close 

to the e-beam injecting electrode is taken as the origin 

(x=0). The first terms on the right hand side of Eqs. 

(2-13), (2-14), and (2-15) have the upper signs shown 

in front of these terms, when the e-beajn is injected from 

the anode, and lower signs when e-beam is injected from the 



15 
cathode. 

The rate of production of electron-ion pairs is 

S(x,t) = Ôe^(x,t) n^ p O'̂ x̂̂ t) (2-l6) 

where n = 3*5 x 10 cm~-^torr~ o 
2 

Q'. is the average ionization cross section (cm ) 

p is the gas pressure in the gap (torr) 

j , is the e-beam current density. 

S(x,t) is dependent on the e-beam current density, e-beam 

energy spectrum, gas types, gas pressure, gap voltage, 

and gap voltage polajrity. 

The effect of space charge on the local electric 

field is obtained from Poisson's equation: 

^ ^ ^ = (n^(x,t) q^ + n_(x,t) q_ + n^(x,t) q^)/ £^(2-17) 

where E(x,t) is the local electric field 

Q.+ f q_f < are the charges per positive ion, 

negative ion, and electron respectively 

The initial condition is 

n^(x,0) = n_(x,0) = n+(x,0) = 0 (2-18) 

The boundary condition is 

where j , j ^ , and j_ are the ciirrent densities at x = 0 

for electrons, positive ions, and negative ions respectively, 

while A is the cross sectional area of the discharge, and 

I is the current in the external circuit close to the 

e-beam injecting electrode. 
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The gap voltage and space charge determine the local 

electric field, which in turn determines the drift 

velocities and the rates in the continuity equations. The 

gap voltage is determined by the discharge current ajid the 

circuit parajneters. According to these simplified system 

of equations, we can change the number density of electrons 

by changing the gap conditions and e-beajn parameters. 

A, The E-beam Triggered Discharge 

When the gap conditions and e-beam induced space charge 

density are such that secondary processes at the cathode ajid 

in the gas volume are able to supply sufficient new 

initiating electrons, a self-sustaining discharge may be 

established. This is referred to as aji e-beam triggered 

discharge. The discharge chajinel in this regime caji be 

diffuse, filamentary, or both.-̂  The e-beam used to 

trigger the spark gap can be injected into the gap region 

from either anode or cathode. 

When the electron beam is injected from cathode to 

anode, i.e. positive injection, the electron beam can move 

across the gap leaving the gap volume filled with a space 

charge. The inhomogeneous ionization of the gas by the 

electron beam, which is not monoenergetic in our case, and 

the separation of positive and negative charges due to 

drifting and Debye shielding results in local perturbations 

in the électric field. The local electric field may, in 

certain regions, reach levels high enough to cause the 
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Fig. 2. The Injection of an Electron Beam. 
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breakdown of the gap. The process is as follows: In the 

way to anode the number of electrons grows exponentially. 

The rate of growth depends on the local electric field, 

which is initially controlled by the e-beam induced space 

charge, and the characteristics of the gas. If the space 

charge is arranged such that the local electric field 

allows the electron population to reach dimensions so that 

secondary processes, either at the cathode or in the gas 

volume, ajre significant, then the discharge channel can be 

formed. 

Using the positive injection scheme, El'chaninov et al 

demonstrated an e-beam triggered spark gap in a mixture of 

Np and SF^ with a delay time of t, = 15 +0.8 ns ajid a gap 

holdoff voltage of 1.9 MV. In pure N^ Emel'yanov et al 

demonstrated a minimum discharge delay time of t, = 10 ^ sec 

for E/P = 28 V/cm torr with a 10 A, 5 ns, 180 keV, and 5 cm^ 

cross sectional area e-beam. They also showed that the 

delay time increased quickly when E/P decreased. 

Koval'chuck et al"̂  demonstrated a lossy diffuse discharge 

in Np for a switched current density of about 0.5 kA/cm at 

a gap voltage of 50 kV with a 350 keV, 200 A, 20 ns e-beam 

injected through either cathode or anode. 

When the e-beam is injected from the anode towards the 

cathode, i.e. negative injection, the depth that the fast 

electrons can penetrate for a given gap condition depends 

on the electron energy. The injected electron beam ionize 

the gas volume where it has penetrated ajid thus creates a 
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virtual anode. Because of the asymmetry and reduction of 

distance, the electric field between the cathode and virtual 

anode is enhanced. When the electrons in the ionized gas 

volume drift towards the actual anode the separation of 

positive and negative charges enhances the local electric 

field further. The photons generated in the ionized gas 

volume of the virtual anode create photoelectrons at the 

cathode by photoelectric effect. These photoelectrons are 

in the region of high electric field close to the cathode, 

and thus allow fast growth of avalanches from near the 

cathode. These avalanches may result in a bresikdown of 
4 the gap. Emel'yanov showed that in Np at the same E/P the 

delay time is longer for negative injection as opposed to 

positive injection. 

The spatial character of the discharge channels in 

this regime depends on the experimental conditions. 

Koval'chuk et al--̂  observed that when a fast electron beam 
2 

of 100 keV, 20-100 A, 10 ns, and 20 cm cross section is 

passed through a gap ,either positive or negative injection, 

of charged voltage less than the static breakdown voltage 

at pressures p = l-l6 atm and gap lengths d = 2-20 mm, a 

weak reddish glow was seen in the discharge gap, imiformly 

distributed over the interelectrode volume. The discharge 

current was much smaller than that of selfbreakdown. They 

also observed that in the overvolted case the dischajrge 

channels could be either filamentary or broad, depending on 

the percent overtage amd gas pressure. Using a UV flash 
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and a N^ laser respectively as the external source of 

free electrons at the cathode, Kopptiz^^ and Ahrenŝ *̂  showed 

a overvolted homogeneous dischsirge in Np. These results 

will be used as comparisons in Chapter V. 

B. The E-beam Sustained Discharge 

The high pressure electron beam sustained discharge 
1 n 

exists stably in two regimes, distinguished by their modes 

of electron production and loss. First, if secondary 

ionization is much less than electron beam ionization 

(i.e. if S»av^ ^e^ ' ̂ ® have the conventional electron beam 

sustained discharge, in which electron production is 

balanced by electron-neutral attachment, by electron-

positive-ion recombination, or in general by a combination 

of both. Second, if S«ocv^ n^, we have the so called 
e e 

avalanche mode; the electron beam acts as a trigger, and the 

number density of electrons increases imtill the number 

lost by recombination equals the number gained by Townsend 

multiplication. In these two regimes the drift of electrons 

is the predominant component of the discharge current. For 

gases exhibiting strong electron attachment, a third regime 

of operation is possible. In this regime the negative and 

positive ion current is much greater than electron current. 

The e-beam sustained discharge can be used as an 

opening switch. In the conducting mode, we want the 

electron drift velocity to be high at low electric field. 

On the other hand, good dielectric strength is required 
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while the switch is turned off. In addition, fast turn-on 

and turn-off are required. The tiirn-on time is determined 

mainly by the e-beam source. However, the turn-off time 

depends on the recombination and attachment loss rates, 
12 i.e. on the gas properties. 

13 Fernsler et al -̂  from theoretical considerations 

claimed that it is possible to use an e-beam controlled 
10 switch repetitively at high power levels (up to 10 W) , 

with switch opening and closing times as short as several 

nanoseconds and still achieve current and power gains 

exceeding 10. An analysis of the relevant gas chemistry 

indicates that these requirements can best be met by using 

a mixtLire of a nonelectronegative buffer gas, with a high 

electron mobility, and a small percentage of an electro-

negative gas. A tradeoff exists between short response 

times and high current or power gains. 
12 Bletzinger et al showed by numerical studies that 

2 
with an e-beam current density in the mA/cm range an 

opening switch with a ciirrent gain of 1000 and a switch 

efficiency of 95 percent can be obtained. The turn-on time 

is about 10~ second and the turn-off time about 1-100 

microseconds. The current gain varies approximately as 

l/TT\.* where j , is the e-beam current density. 

Hunter et al^ have demonstrated a 25 kA, 50 kV opening 
2 

switch by using a 1000 cm , cold cathode electron beam of 
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2-5 A/cm and a beam energy about 250 keV. The turn-on 

and turn-off time were about 250 ns. 



CHAPTER III 

EXPERIMENTAL ARRANGEMENT AND APPROACH 

The experimental apparatus, as shown in Fig. 3 , 

consists basically of an energy storage element, a gas 

insulated, pressurized spark gap, and a source of energetic 

electrons. The energy storage element and the spark gap 

are both contained within the high pressure vessel of a 

Van de Graaff generator charged, 50 ohm coaxial line. The 

line can be charged up to approximately 1 MV and delivers a 

rectangular pulse of approximately 10 ns, full width at half 

maximum (FWHM) duration. The spark gap is formed by an 

interruption in the center conductor of the line. The 

sequence of events in this experiment are as follows: 

The high pressure vessel is evacuated by a mechanical 

vacuum pump. The kinds of gases to be used are filled into 

the vessel to the desired pressure and mixture ratio. The 

coaxial line is charged to the desired voltage and polarity 

by the Van de Graaf generator. A pulsed beam of electrons 

of known current, average energy, and duration is injected 

into the spark gap region to initiate the gas discharge. 

The discharge current pulse propagates down a 50 ohm oil-

filled line, which is terminated by a 50 ohm AlCl^ water 

resistor. The whole sequence is recorded. Using this 

setup we have studied the effects of the e-beam induced 

space charge on the spark gap operation. These effects 

23 
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include: (l) The characteristics of the resulting current 

pulse (i.e. amplitude, length, risetime, and waveform); 

(2) The switch delay time and jitter; and (3) The spatial 

character of the discharge channel. 

The parameters changed during the course of these 

investigations are: (1) The gap polarity (depending on how 

the Van de Graaff is charged, the target electrode can be 

either positive or negative) ; (2) The gap voltage V ( varied 

between 30 percent and 95 percent of the selfbreakdown 

voltage, which ranges from 40 kV to 500 kV) ; (3) The gas 

pressure (3-7 atm) ; (4) The type of gas (Npi and mixtures 

of Np and SF^); (5) The e-beam current (varied by putting 

a 1 mm thick aluminum mask with the desired area of 

uniformly distributed holes in front of the beam. The 

current can be varied from about 4 A to 1 kA) ; (6) The 

average e-beam energy (35 keV to 180 keV); (7) The e-beam 

pulse length (2-50 ns) . The details of the experiment are 

described in the following sections. The design and 

measurements of the electron beam gun characteristics 

are described in the next chapter. 

(1) The Experimental Setup 

The Van de Graaff charged line pulser (lon Physics Cop. 

FX-15)^^ contains a 5 feet stainless steel column of 21.5 cm 

diameter and a 1 MV Van de Graaff generator. A thick steel 

tank encloses the column, forming a 50 ohm coaxial line. 

The charged column forms one electrode of the spark gap. 
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The other electrode is held in place by a nylon insulator. 

Both electrodes are made of stainless steel and have a Bruce 

profile. The electrode facing the charged line has a hole 

of 2,5 cm diameter in the center. The hole is covered by a 

metal mesh. The electron gim is placed behind this hole. 

The electron beam is injected through this hole into the gap 

volume. A 50 ohm oil-filled transmission line using the 

outer conductor of the electron gun transmission line 

as its inner conductor is used for termination and 

diagnostics. Three viewing ports surround the spark gap 

for photographic diagnostics. The charging rate and 

polarity of the Van de Graaff generator can be remotely 

controlled. The charging voltage is measured with a 

generating voltmeter (Fig. 4.)^-^ located in the side of the 

tank. The output current of this voltmeter is proportional 

to the charging voltage of the FX-I5. The output current 

is converted to voltage and displayed on a digital 

voltmeter. 

Since the case of the Heds pulser is connected to the 

transmission line, it jumps to high potential when the gap 

becomes conductive. Therefore, it is isolated from the 

shielding room through high voltage inductors whenever it 

is connected electrically to the other equipments. All the 

high voltage equipment is enclosed in an aluminiom shielding 

room. The oscilloscopes are put inside another screen room 

and grounded to the aluminum shielding room through the 
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copper tubes enclosing the signal cables. The whole 

system is then grounded to a water pipe at a single 

point. All the power needed for the experimental circuits 

is supplied through isolation transformers (Fig, 5.). 

(2) Diagnostics 

The main diagnostics used in the experiment are shown 

in Fig. 6, It consists of a resistive current divider, a 

B probe, and an open shutter camera. The resistive current 

probe is made of a small piece of aluminum wire stuck a 

small distance radially into the AlClo solution. The center 

conductor of the water resistor, the AlCl^ solution, and the 

wire form a large resistance in parallel with the 50 ohm 

water resistor. Since the probe is surrounded by the 50 ohm 

resistor the stray capacitance between this probe and the 

environment is shielded. The measurement wire is terminated 

in a 50 ohm load through a 50 ohm cable and fed to an 

oscilloscope. 

The water resistor and probe were calibrated by 

sending a known voltage pulse from a 50 ohm pulser to the 

load and adjusting the AlCl^ concentration of the solution. 

When the output of the probe is a square pulse without 

reflection, the water resistor has a resistance of 50 ohm. 

The ratio of the output pulse to the driving pulse tells 

the attenuation ratio of the probe. This probe was used to 

record the discharge current pulse. The B probe was built 



28 
into the Heds pulser and used to record the arrival of 

the driving voltage pulse for the vacuum diode. Taking 

the delay time of the transmission line and the turn-on time 

of the vacuum diode into account, we know the moment when 

the e-beam penetrates through the foil and reaches the gap 

volume. The signals from both the B probe and current 

divider are displayed simultaneously on a Tektronix type 

7104 oscilloscope. From these two signals we can get 

information about the delay time of the discharge, the rise-

time of the discharge current, the relative resistance of 

the gap to the characteristic impedance of the line, and 

so on. Camera was used to record spatial characteristics 

of the discharge chajinels. 
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CHAPTER IV 

THE ELECTRON-BEAM SOURCE AND ITS CHARACTERISTICS 

Electron-beam ionization of gases has been shown to be 

the most efficient type of external ionization source with 
?R 

achievable ionization efficiency of at least 50 percent. 

The electron-beam sources can be thermionic, cold cathode 

field emission, and a special case of field emission 

utilizing a thin-film microstructure cathode that functions 

12 at relatively low voltages. Cold cathode, e-beam have 

2 been operated with up to 1000 cm aperture, with relative 

insensitivity to contamination, with fast turn-on capability 

and relatively good beam uniformity over the gun aperture. 

To have a high e-beam current density, we chose the cold 

cathode field emission vacuum diode as the e-beam source. 

(1) The Vacuum Diode 

The vacuum diode configuration is shown in Fig. 7. 

It consists of a 2.5 cm diameter graphite cathode positioned 

at a distance from a planar anode, The volume between these 

two electrodes is evacuated to about 10 -̂  Torr. Graphite is 

chosen for the cathode material because it has the lowest 

turn-on time compared with other commonly used materials 

in the range of electric fields we apply. The surface of 

cathode has spiral grooves cut into it to enhajice the local 

32 
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electric field. A thin foil is used as both the anode 

and the window for the e-beam. Several kinds of foils were 

tested for their characteristics of current transmission, 

energy loss, and mechanical strength. 

29 A 300 kV pulser (Heds pulser '̂) , is used to drive the 

vacuum diode through a 70 ohm transmission line (Fig. 8.) 

The Heds pulser is a modified 25 stages Marx generator, 

where the capacitors have been replaced by lumped-parameter 

transmission lines with a two way delay time of 50 ns 

(Fig. 9.). The total impedance of this erected Marx 

generator is 70 ohm. The diode chamber is evacuated through 

the hollow inner conductor of the 70 ohm transmission line 

used to connect the pulser to the diode. The connection 

from the transmission line to the vacuum pump is made using 

a spiral nylon tube, as shown in Fig, 8. This spiral tube 

acts like an inductor in series with a long resistor when 

the gas inside the tube is ionized, and thus prevents it 

from surface tracking from inner conductor to outer 

conductor through this tube. To measure the output of the 

Heds pulser, a liquid resistor termination made of a AlClo 

solution was placed in front of the spiral tube. The 

output voltage pulse has been measured to be about 10 

times as large as the charging voltage with a risetime about 

4 ns and a pulse duration of about 50 ns (Fig. 10.) 

The space charge limited e-beam current density is 
29 

given by the Child-Lajigmuir Law ^ as 
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Fig. 10. Heds Pulser Output Voltage Pulse 



(^2) 

J = 2.3 X 10-^3/2 / ^2 (;̂ /̂ 2̂) ^^^^ 38 

where V is the applied anode-cathode voltage and d is the 

electrode spacing. Since the total current is 

I = J A 

and the diode impedance i s 

z = v / i (^3) 

the diode impedance can be calculated by 

Z = V/ I = V/ JA 

= 4.35 X lO^ dV(V^/^A) (ohm) (4-4) 

where A is the cross-sectional area of the cathode (cm^), 

d is in cm, 

V is in volt. 

The impedance can thus be adjusted by changing the 

electrode spacing or the applied voltage. The typical 

electrode spacing is 6 mm in our experiment. 

(2) Measurements of the E-beam Current 

A Faraday cup (Fig. 11.)^ '̂  was built to measure the 

e-beam current. The Faraday cup consists of an aluminum 

plate to collect the e-beajn and 20 parallel resistors, 

1 ohm each, connected from this plate to the case, which 

is grounded to the diode when measuring the current. The 

current is measured by measuring the voltage drop across 

the resulting 0.05 ohm resistor using a fast oscilloscope. 

The current vs applied voltage for different foil 
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materials is shown in Fig. 12. It is seen that 1 mil Al 

and 3 mil Kapton have the highest electron transmission 

capability. The 3 mil Kapton was used at up to 7 atm 

pressure, while 1 mil Al was used at up to 3 atm pressure. 

The current pulse was measured to be about 10 ns long, 

rather than the 50 ns expected. By checking the lucite 

surface inside the vacuum diode, after tens of shots, 

evidence indicated that surface flashover occurred along 

this insulator. The current pulse has a risetime about 

2 ns. After hundreds of shots, the surface tracking had 

actually broken a part of the lucite and reduced the e-beam 

current pulse length to about 2 ns and then to 1 ns with 

accompajiying reduced amplitude. 

The vacuum diode with surface tracking was used to do 

some of the experiments. In order to record the property of 

the e-beam, the e-beajn current was measured every time 

before and after aji experiment. Actually, this surface 

tracking provided one way for us to change the e-beam 

current pulse length, although it was not under our control. 

The signal from a B probe at the output port of the Heds 

pulser was also recorded as a further check on the property 

of the e-beam, every few shots. 

(3) The Modification of the Vacuum Diode 

To create a long pulse width, the surface tracking was 

eliminated by modifying the lucite insulator as shown in 
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Fig. 13. In this scheme, the distance along the surface 

is increased to more than twice as much as it was before, 

thus preventing surface tracking. The e-beam current pulse 

width obtained was measured to be about 50 ns, as we 

expected. 

Since the foil deforms under high pressure, the 

distance from the foil to the cathode is smaller in the 

center of the foil. The nonuniform electric field makes the 

current density in the center of the foil highest. 

Therefore, the foils were easily damaged by the high density 

electron impact and even a visible pinhole could sometimes 

develop in the center of the foil, which ruined the vacuum 

in the diode. 

To hajidle the foil damage problem and make the vacuiim 

diode conditions consistent at different gas pressures, two 

foils are used (Fig. 13.) instead of a single one. One of 

the foils is 1 mil Al with a number of uniformly distributed 

holes. This is used as the anode of the diode and provides 

a uniform electric field between anode and cathode. The 

holes are made to reduce the current loss and energy loss 

due to this foil ajid to let the region between this foil 

and the other be evacuated. The other 3 mil Kapton foil 

is placed about 5 mm in front of the Al foil. The Kapton 

foil is torr sealed in place to seal the vacuum and support 

the foil dTrom the high pressure. This scheme was used for 

the rest of the experiments. The foils performed well 
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after more than one thousand shots in external pressures 

as high as 7 atm. 

The e-beam currents thus obtained are shown in Fig. 14. 

The risetime of the e-beam current pulse is smaller for 

higher driving voltage. 

(̂ ) Measuirements of the Average E-beam Energy 

To measure the average e-beam energy, two calorimeters 

were made • One of them used a thermistor and the other used 

a thermocouple junction as temperature sensor. 

The thermocouple calorimeter (Fig. 15b) consists of an 

aluminum plate with known mass M and specific heat C, a 

thermocouple junction in good contact with the aluminum 

plate, a ferrite core inductor for isolation of high 

frequency noise, an operational amplifier, a second 

reference thermocouple junction, and a digital voltmeter. 

The average energy of the e-beam is measured by measuring 

the temperature rise of the aluminum plate using the 

formula: 

W(average e-beam energy) = ( A T x M C ) / ( I x t ) (4-5) 

where A T is the temperatiire change of the aluminum plate, 

M is the mass of the plate, C is the specific heat of . 

aluminum, I is the e-beam particle current ajnplitude, t is 

the e-beam pulse duration. The chajige of temperature is 

measured by measuring the voltage change in the thermocouple 
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junction using an operational amplifier and a digital 

voltmeter. This device was calibrated by putting the 

aluminum plate in water and measuring the voltage output 

when the temperature of water changed. This calorimeter was 

used to measure the average e-beam energy after penetrating 

the 2 mil Titanium foil. It was measured to be about 150 

keV when a 210 kV voltage pulse was applied across the 

vacuum diode gap. 

The calorimeter using a thermistor as temperature 

sensor is simpler (Fig. 15a). It consists of an aluminum 

plate, a small thermistor and a digital ohmmeter. Several 

ferrite bits are put on the wires from the thermistor to 

the digital ohmmeter in order to minimize noise. The 

temperature change is measured by measuring the change of 

resistance of the thermistor. Since the thermistor used 

is enclosed by a glass ball, the response to the temperature 

chajige is just a fraction of the real change on the plate. 

This calorimeter was calibrated by measuring the average 

e-beam energy through 1 mil Al foil when the applied voltage 

was 210 kV. The average e-beam energy under this condition 

32 was calculated to be 180 keV.-̂  

The average e-beam energy vs applied voltage for 

different foil materials is shown in Fig. 16. The average 

electron energy when a 3 mil Kapton is used is smaller, 

while the electron-beam current is higher than when the 

2 mil Titanium foil is used. The 1 mil Al foil has both 
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high e-beajn current and low energy loss properties. The 

mechanical strength of 1 mil Al is the lowest however. The 

highest gas pressure at which the 1 mil Al foil was used 

was 3 atm. 

(5) Measurements of the Turn-on Time of the Vacuum Diode 

The turn on time of the vacuum diode was measured 

using the arrangement shown in Fig. 8. Both the signal 

from the B probe showing the arrival of the driving voltage 

pulse, and the signal from the Faraday cup, showing the 

turn-on of the diode, were displayed on the oscilloscope. 

By measuring the time delay of these two signals and the 

time delay due to the transmission lines, the turn-on time 

was measured to be 4.5 ns with a jitter much less than 

1 ns. The turn-on time changed very little when the 

applied voltage was varied from 110 kV to 210 kV. This 

turn-on time is very important to the measurement of the 

delay time of the e-beam initiated gas discharge. 

(6) Calculation of the E-beam Penetration Depth 

The energy loss of fast electrons in penetrating 

33 through a gas is given bŷ -" 

i M = A (B-1.4+21n(r/(l-r2)^/2)+ln(l/(l-r2)^/^-l)+l-r^) 
/û dx 2 

(4-6) 

where p is the density of gas (g/cm"̂ ) 

W is the energy of electron including the rest energy 

(MeV) 
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r is equal to the ratio of the electron velocity 

to the speed of light 

A is 0.0765 for Ng 

B is 18.0 for Ng 

Let f(W) be ̂ , the penetration depth of electrons in Np 

with or without external applied electric field is 
34 calculated by-̂  

rW. 1 

^(^^^ = ) ^ f(w) - E ^̂  (̂ -7) 
o 

where E is the external electric field, W is the rest 
0 

energy of an electron, W. is the energy (including rest 

energy) of an electron when it just penetrates the foil. 

The penetratix)n depth of fast electrons in 3 and 7 atm Np 

vs initial electron energy (not including the rest energy) 

for different external applied electric fields are shown in 

Fig. 17. and Fig. 18. 
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CHAPTER V 

EXPERIMENTAL RESULTS AND DISCUSSION 

(1) Static Selfbreakdown of the FX-15 Spark Gap 

The selfbreakdown pulses of the FX-I5 are repeatable 

except when operated at lower pressures, (about 3 atm), 

and charged negatively. The lOfo-^Q/fo risetime for a typical 

selfbreakdown pulse is approximately 2.5 ns. The FWHM 

pulse width is approximately 10 ns. When the FX-15 is 

charged negatively, at pressures of about 3 atm, the 

selfbreakdown pulse is in general of lower amplitude, 

longer risetime, ajid wider than under the other conditions. 

The selfbreakdown voltage when FX-I5 is charged negatively 

is about 15 % higher than when charged positively. This 

is thought to be related to the fact that there is a hole 

on the electrode facing the charged line for the 

transmission of the e-beam. The selfbreakdown voltage is 

observed to satisfy the Paschen Law. 

(2) Experimental Results When the FX-15 s Charged 

Negatively in N^ Gas 

When the e-beam in injected into the gap toward a 

negatively charged electrode, it is retarded by both the gas 

and the electric field. If the e-beam energy is not high 

enough to penetrate through the gas to the cathode, the 

space charge induced by the e-beam is located in the region 
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close to the anode. The spatial distribution and amount 

of space charge, together with the gap conditions, 

determine the properties of the discharge channel and 

current characteristics. 

The delay time measured from the injection of the 

e-beam to the sharp rise of discharge current flowing to 

the anode has been measured to be less than 10"^ second. 

The jitter is lower (subnanosecond) than the resolution 

of our experimental set-up. This is shown in Fig. 19, 

which is the superposition of 5 discharge current pulses. 

Fig. 20 shows an e-beajn initiated discharge current 

pulse together with a selfbreakdown current pulse. Since 

the current source is a charged trajismission line with a 

two-way delay time of 10 ns to a matched load, the 

discharge current is a 10 ns squsire pulse only when the gap 

resistance is very small compared to the characteristic 

impedance of the transmission line. When the gap resistance 

is high the mismatch at the gap will create a reflection 

and thus form a ciirrent pulse longer than 10 ns with smaller 

current amplitude.-^ Therefore, by checking the amplitude 

and waveform of the dischajrge current we can determine the 

gap resistance relative to the line impedance. In our 

experiment this line impedance is 50 ohm. 

The discharge current amplitude and waveform have been 

found to be a strong function of the e-beam current and a 

relatively weak function of the average electron beam 
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energy in the energy range we operate. When either a 

500 A, 35 keV, 10 ns e-beam or a 500 A, 60 keV, 10 ns e-beam 

is applied, the discharge current pulses look similar to the 

curve (b) in Fig. 20. Fig.21 shows the strong effect of the 

e-beam current amplitude on the discharge current pulse. 

With the same average e-beam energy the discharge current 

pulse is of smaller amplitude, longer risetime, and wider 

when the e-beam current is lower. This implies that the 

gap resistance decreases when the e-beam current increases. 

With even lower e-beam current, the discharge properties 

change again. The following example shows the effects of 

a 4 A e-beam on the spark gap operation. When a 4 A, 

150 keV, 10 ns e-beam is applied to the gap in 3 atm N̂ i 

and charged to less than 90^ V^^, the discharge current is 

seen to be very small. The discharge chajinel is either a 

dark ( not detectable by a Polaroid type 47 film) or a 

luminous broad channel. When the FX-15 is charged to 

higher than 90 % V , , the discharge current starts with a 

small current magnitude for about 130-400 ns and then is 

followed by a sharp rise of current to about l/lO as large 

as the selfbreakdown current pulse. Under this condition 

a broad discharge channel superposed by single or multiple 

filamentary channels is observed. It implies that a 

transition from diffuse channel to filamentary channels 

happens irnder this condition. These discharge channels 

and current pulses are shown in Fig. 22. 
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Fig. 19. Delay And Jitter Measurements. 
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Fig. 20. Comparison of E-beam Initiated Cb) 

And Selfbreakdovm Current Pulse (a) . 

Gap Voltage for (a) Is 26î  kVj Gap Voltage 

for (b) Is 240 kV. 
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10 ns 

•24 

(a) E-beam Initiated Discharge 

Current Pulse with E-beam Current 

of 700 A and Average E-beam 

Energy of 60 keV. 

10 ns 

(b) E-beam Initiated Discharge 

Current Pulse with E-beam Current 

of 70 A and Average E-beam 

Energy of 60 keV. 

Fig. 21. Comparison of Discharge Current Pulses Initiated 

by Different E-beam Current Amplitudes.( The Attenuation 

Ratio for (a) Is Larger Than That for (b) by 2.5 Times.) 



58 

Cathode Anode 
i 

beam 

(a) Discharge Channels. 
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(b) Delay and Jitter Measurement . 

Fig. 22. Discharge Channels and Current Pulses Initiated by 

a 4 A, 150 keV E-beam. 
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In order to find out the effects of small amount 

of space charge induced by an electron beaim on the spark 

gap operation, either a low current e-beam or a short e-beam 

pulse can be applied. The effects of e-beam current 

amplitude on discharge current pulses and discharge 

chajinels have been shown in the previous paragraph. The 

following experimental results show the effects of short 

(relative to the discharge current pulse) e-beajn pulse 

on the discharge current and channels. When an 80 A, 

70 keV, 1 ns e-beam is applied to a gap with gap spacing 

of 2.6 cm in 5 atm Np and charged to higher than 85 % V^^, 

the discharge current pulse is a slow triangular pulse with 

delay time of 10~'^-10~ sec and FWHM pulse width of 25 ns. 

The discharge channel is filamentary in this case. When 

the gap voltage is lower, the discharge current amplitude 

is very small and the discharge channel looks like those 

shown in Fig. 23, depending on the gap voltage. 

Fig.24 show the effect of gas pressure on the discharge 

current pulse. When a 700 A, 60 keV e-beam is applied to 

a gap at pressures of 3 or 5 atm, the discharge current 

is a 10 ns long square pulse. When the gas pressure is 

increased to 7 atm the discharge current becomes longer than 

10 ns. This implies that the gap resistance is small 

compared to the line impedance ( 50 ohm) when the gas 

pressure is lower than or equal to 5 atm under this e-beam 
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condition. When the gas pressure is higher than 5 atm, 

the gap resistance increases with pressure. 

Four typical discharge current pulses are shown in 

Fig. 25. These current pulses show the change of gap 

resistance under different gap and e-beam conditions. 

The discharge channels have been found to be diffuse 

except for the 1 ns e-beam case and the 4 A e-beam case 

mentioned before. The open shutter photographs show that 

the luminosity ajid shape of the dischsirge channels are 

dependent on electric field, gas pressure, and discharge 

current pulse length, which is a strong function of e-beam 

current. In general, there is a wide luminous region close 

to the cathode with a sharp front and'a liiminous line at 

the anode leaving a dark region in between. Fig. 26 show 

the difference between discharge channels when the spark 

gap is triggered at different charging voltage. These 

pictures show that the length of the dark region decreases 

when the charging voltage increases. At low charging 

voltage the luminous region at the anode can not be detected 

by the Polaroid type 47 film. At a charging voltage even 

lower than this it is a "dark" discharge channel, i.e., 

the discharge channel luminosity is too low to be detected 

by the film we use. Fig. 26a and Fig. 27 show the 

difference in the discharge channels when the e-beam current 

changes. It is seen that with low e-beam current the 

luminous region close to the cathode moves all the way 
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across the gap. Fig. 28 shows the effect of gas pressure 

on the discharge channel luminosity. At higher pressure 

the front of the cathode luminous region is sharper. 

When the dischajrge current is a 10 ns long square 

pulse, the discharge channel looks like that shown in 

Fig. 29a. There is a dimmer luminous channel bridging the 

cathode luminosity and anode luminosity. When a one mm 

thick aluminum mask with two holes is put in front of the 

vacuum diode aperture, two overlapped broad channels can 

be seen ( Fig. 29b). Fig. 29c shows the luminosity of 

e-beam when the gap is not charged. Fig. 29d shows the 

electrodes seen by the same camera used to take the pictures 

of discharge channels. Since the camera is put at an angle 

to the electrode surface plane ( due to the location of 

the observation ports), we can always see a reflection of 

the vacuum diode aperture in the left hajid side of the 

open shutter pictures. 

To explain the phenomena mentioned above, we can use 

the model as described in the following discussion. The 

time rate of change of electron niimber density is described 

by Eq.(2-13). In N^ the attachment coefficient is 

negligibly small. A calculation of the space charge induced 

by a 1 ns long e-beam is done to get a rough idea of the 

amount of space charge in the gap. When we inject a 500 A, 

60 keV electron beam into a gap, which is charged to 150 kV 

in 3 atm of N^, the electron beam can penetrate 0.6 cm 
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Cathode, Anode 
l i 

E-beam 

(a) V (gap voltage) 
o 

= 120 kV 

(b) V = 180 kV 
ê 

(c) Vg = 185 kV 

Fig. 23. Discharge Channels at Different Gap Voltage. 
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\li 

5 ns 

(a) Gas P r e s s u r e = 5 atm 

10 ns 

(b) Gas Pressure = 7 atm 

Fig. 24. The Effect of Gas Pressure on the Discharge Current 

Pulse. ( E-beam Conditions: 700 A, 60 keV, 30 ns). 



5 ns 

(a) E-beam: 700 A, 60 keV, 35 ns 
Ng P r e s s u r e : 5 a tm. 

10 ns 
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(b) E-beam: 280 A, 35 keV, 45 ns 

Np Pressure: 5 atm. 

10 ns 

(c) E-beam: 480 A, 50 keV, 40 ns 
Np Pressure: 5 atm. 
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d) E-beam: 28 A, 35 keV, 45ns 
Np P r e s s u r e : 5 a tm. 

Fig. 25. Discharge Current Pulses Showing the Change in Gap 
Resistance for Various E-beam Conditions. 
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(a) V = 156 kV 
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(b) V = 126 kV 

(c) Vg = 72 kV 

Fig. 26. The Effect of Gap Voltage on Discharge Channel 

Luminosity. (E-beam Conditions: 440 A, 60 keV, 3 ns; 

3 atm N^). 
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Fig. 27. Discharge Channel. ( E-beam: 192 A, 35 keV, 3 ns; 

3 atm Np,- V = 156 kV). 

(a) 3 atm N^ 

E-beam: 70 keV, 680 A, 3 ns. 

(b) 7 atm N^ 

E-beam: 60 keV, 70O A,.35 ns. 

Fig. 28. The Effect of Gas Pressure on the Discharge Channel. 
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Channel. 
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Channels. 
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Cathode Anode 

E-beam 

Electrode 
Diajneter: 
21.5 cm; 
Gap Spacingi 
2.6 cm; 
Electrode 
Mate r i a l : 
S t a i n l e s s 
S t e e l . 

(c) E-beam Only. (^) E lec t rodes . 

F i g . 29 . Discharge Channels , E-beam, And E l e c t r o d e s . 
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^Fig. 17) mto the gap. The 1 ns e-beam can inject 

12 
about 3 X 10 energetic electrons into an approximately 

3 
3 cm volume. The fast electrons lose 36 keV in penetrating 

0.6 cm into the gap due to the retarding force of the 

negative electric field. Assuming 100 fo ionization 

efficiency and 30 eV effective ionization energy for N^, 

each fast electron can generate about one thousand secondary 

electrons by ionization. Therefore, we have 3 x 10̂ -̂  

electrons in the 4 cm-̂  volime. The average electron number 

density is about 10 ^/cw/. These electrons in this volume 

will drift towards the anode under the force of the local 

electric field, which is the superposition of the external 

and space charge induced fields. Assuming that the electron 

number density is uniform in the plasma volume~and that the 

average electron drift velocity over the plasma volume is 

10' cm/sec, the current detected in the external circuit 

due to the space charge will be: 

I = <v>e n A (0.6 cm)/d 

= 1.5 X 10 electrons/sec 

= 2 X lO^ amp (5-1) 

where <Ve>is the average drift velocity of electrons, 

n is the electron number density, 
e 

A is the cross sectional area of the discharge 
2 

channel (5 cm ), 

d is the gap spacing (2.6 cm). 
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This calculated current amplitude is on the order of 

the maximum available discharge current (I = V /2Z 
max o' o 

= 150 kV/(2 x 50 ohm) = 1.5 kA, where V is the charging 

voltage and Z^ is the characteristic impedance of the 

transmission line.) This rough calculation implies that 

we can detect a current due to the e-beam induced space 

charge immediately after we inject the e-beam. This is 

why we have such a short delay time (less than lO'^second) . 

The electron drift in the plasma volume created 

by e-beam has two effects: First, the positive ions left 

behind by the drifting electrons and the electrons themself 

form an effective electric dipole (Fig. 30a) and enhance the 

local electric field (Fig. 30b); Second, the gap voltage 

drops due to the space charge current and the characteristic 

impedance of the discharge circuit (Fig. 30c) . The enhanced 

local electric field supports the electrons drift although 

the gap voltage decreases. From Fig. 30b we know that the 

electric field in the gap region between the cathode and 

the positive ions layer in the front of the plasma volume 

is higher than the external electric field, i.e., the 

gap voltage divided by the gap distance. Therefore, a 

larger portion of the gap voltage occurs across the gap 

region between the cathode and the positive ions layer than 

when there is no space charge enhanced field. It implies 

that it takes less energy for fast electrons to reach the 

front of the plasma volume than when there is no space 
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charge. If the e-beam pulse is longer, the electrons 

with the same energy caji penetrate farther and gene rate 

more secondary electrons. This shows the importaince of the 

e-beam pulse length to the position of the space charge 

introduced by the e-beam. Because of the energy spectrum of 

the e-beam, some of the electrons with higher energy can 

penetrate farther than the distance we calculated for the 

average electron energy. From the discussion above, the 

current flowing to the anode continues to increase until 

limited by the e-beam induced space charge or the external 

discharge circuit. 

Once we inject the e-beam into the gap, the ionized or 

excited gas molecules will emit photons in a short period 

of time. Those photons having low absorption crosssection 

may reach the cathode and if their energy is higher than the 

work function of the electrode material, they can release 

electrons via the photoelectric effect. This supplies 

plenty of uniformly distributed initial electrons in a 

large area on the cathode. In their way to the anode the 

photoelectrons form a number of avalanches. Since the 

avalanches are overlapping together, the space charge 

enhanced field does not prefer any single avalanche to form 

a streamer. Therefore, we see a broad discharge channel. 

This is similar to the broad discharge channel seen by 

Koppitz.^^ The avalanches keep on propagating until the 

positive ions left behind in the e-beam induced plasma are 
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Fig. 30. Schematic Explanation of E-beam Initiated Discharge 
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neutralized by the electrons in the avalanches and no extra 

electrons are left in the avalanches. When the e-beam 

current is small the number density of the space charge 

is small. In this case the discharge current is small and 

long. The positive ion layer in the e-beam induced plasma 

extends towairds the anode. The avalanches must propagate 

further to neutralize the positive ions. Therefore, we 

see a smaller dark region in the discharge channel. Because 

of the asymmetry between the cathode and the e-beam induced 

space chajTge and the nonuniform distribution of space charge 

due to the scattering of the e-beam, the electric field 

close to the symmetrical axis of the electrodes is higher. 

The sharp front of the luminous dischajrge channel is due to 

the high drift velocity of electrons in the avalanches in 

the region of higher electric field. When the e-beam 

induced space chajrge is so small that the avalanches 

propagate all the way across the gap, the growth of the 

avalajiches can lead to a filamentary channel if the gap 

voltage is close to selfbresikdown voltage. 

Comparing Fig. 26a with Fig, 27, we see that when the 

lower e-beajn current is applied, the luminous region of the 

discharge channel is narrower and longer. Lower e-beam 

current will generate lower photon intensity. The photon 

intensity is approximately inversely proportional to the 

squsire of the distance from the soiirce of the photons. 

Therefore, we expect a smaller area on the cathode to have 



enough photoelectrons to create an electron avalanche th ._ 

is large enough for the photographic film to detect. This 

is why we see a narrower luminous discharge channel. When 

the gap voltage is lower, the e-beam caji penetrate further, 

and the discharge current is smaller. We see a smaller 

luminous region because the positive ions in the plasma 

volume are fewer and closer to the cathode. 

From the discussion above we conclude: (1) the 

discharge is completed by the photoelectric effect, 

ionization by electron impact, and the drifting of space 

charges; (2) because the longer duration e-beam can 

penetrate further due to the shielding of plasma and the 

collapse of gap voltage, the e-beam energy has less effect 

on the performance of the discharge; (3) a large e-beam 

current current amplitude and long duration are required 

to reduce the gap resistance. 

(3) Experimental Results When the FX-15 Is Charged 

Negatively in Mixtures of N^ And SF^ 

Mixtures of N^ with up to 37 % SF^ at pressures from 

3 atm to 7 atm are used in this experiment. When the gap 

voltage is higher than some threshold voltage V^ (Fig. 32a) 

the discharge is filamentary (single or multi) channels 

(Fig. 3la) with a discharge current pulse similar to the 

selfbreakdown pulse (Fig. 3lb). The Threshold voltage, V^, 
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for the onset of a filamentary discharge depends on 

gas pressure, % SF^, e-beam conditions, etc. When the gap 

voltage is lower than this threshold, no filamentsiry arc 

channel is observed. The discharge current amplitude 

(Fig.31d) is then very small compared to that of 

selfbreakdown. After the discharge stops the FX-15 voltage 

drops to only a fraction (about l/2) of its original 

charging voltage. Open shutter picture shows that on the 

cathode there are a number of short, hair-like, bright lines 

perpendiculajT to the cathode surface and distributes over 

a large ajrea (Fig. 31c) . 

The delay time from the injection of e-beam to the 

observation of the current pulse has been measured and is 

shown in Fig. 32. The delay time ranges from tens of 

nanoseconds to hundreds of microseconds under our 

experimental conditions. The jitter is in general smaller 

when the delay time is smaller. 

Fig. 32b shows that when the e-beam current increases 

by ten times, the delay time decreases hy 70 %. Fig. 32c 

shows that the delay time increases by 500 times when the 

average e-beam energy decreases to 60 % and e-beam current 

decreases to 33%. Therefore, from Fig. 32b and Fig. 32c, 

we know that the delay time is a strong function of e-beam 

energy and a relatively weak function of e-beam current. 

Fig. 32d shows that delay time increases with increasing 

gas pressure. Fig. 32e shows that the delay time increases 

when higher % SF^ is mixed with N^ in the range of percent 



of SF^ we use. 

To explain these discharge phenomena in mixture of 

N^ and SF^, we consider the electronegative characteristics 

of SF^. SF^ has a higher attachment crossection for low 

electron energies. In the general case of current growth in 

an attaching gas in which ionization, attachment, 

detachment, and charge transfer occur simaltaneously, the 

net ionization coefficient is a function of the individual 

coefficients for these processes. When electrons are 

injected into SF^, a number of different negative ions are 

generated. The four largest attachment cross sections are, 

in order, those for the product ions, SF7, SF3, F~, and 

SF^. In SF^ gas the (X/N increases with increasing E/N, 

while k̂ /N decreases with increasing E/N (Fig. 33) » where a 

Oc is the ionization coefficient, N is the number density 
f 

of the gas, and k_ is a function of the attachment, 
a 

detachment, and charge transfer coefficients. 

(E/N)* is the "limiting E/N", at which ionization (a) 

is exactly balanced by attachment (k ) such that the net 

ionization coefficient ( OC-k^) is zero. (E/N) for pure 
a 

SF/- was measured and calculated-̂  to be 3»62 x lO" -̂V cm . 

The experimental data and theoretical predictions for the 

(E/N) for different fractional concentration (F) of SF^ 
•u 38 is given by-̂  

(E ^ ) ; = (E/N)* X (F)°-^^ (5-2) 

For example, in our experiment with 16 % SF^ at 3 atm and 
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264 kV gap voltage, the E/N is 1.24 x lO""̂ -̂  V cm , 

and the (E/N)* = 3-62 x 10"^^ x (0.l6)^'^^ 

= 2.6 X lO"-"--̂  V cm^. (5-3) 

The ionization coefficient is less than the attachment 

coefficient in this case. When an electron beam with 

average energy of 70 keV is injected into the gap, the 

electrons can penetrate only a fraction of the gap against 

the electric field and the retarding force of the gas. 

Because of the high attachment coefficient, most of the 

primary (after slowing down) and secondary electrons are 

attached by SF^ to form different kinds of negative ions. 

Since the drift velocity of ions are very small and the 

electron number density is very small, there does not exist 

a high current pulse right after the injection of the 

e-beam. This is the main difference from when pure N^ is 

used. The ionized gas close to the anode virtually extends 

the anode and enhances the electric field due to asymmetry 

and reduction of the anode-cathode distance. If the 

enhanced field is so high that E/N is much greater than 

(E/N)*, the net ionization coefficient will be high enough 

for the photoelectrons generated on the cathode to create 

an electron avalanche. Since the net ionization coefficient 

is a strong function of E/N, the electron number density 

close to the symmetrical axis of the electrodes grows 

faster than those at other places. When the injected 

e-beam has higher energy to penetrate farther the enhanced 

electric field may be so high that the growth of electron 
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avalanches can lead to a filamentary arc discharge channel. 

The higher the e-beam energy, the deeper the e-beam can 

penetrate, the higher the enhanced electric field is, the 

higher the E/N is, and thus the faster for the filamentary 

channels to happen. This is consistent with the data we 

get under this condition, which shows that the e-beam 

energy is a strong factor in determining the delay time. 

Since the delay time is a strong function of e-beam energy, 

part of the jitter we measure should be due to the slightly 

variations in e-beam energy from shot to shot. When two 

electron beams with average energy of 180 keV, separated 

by about 1 cm, are injected into the gap, multiple 

filamentary arc channels starting from the cathode and 

combining to a single channel close to the anode (Fig. 34). 

When the spark gap is triggered at low % V , , the 

enhanced electric field is low. The low net ionization 

coefficient in the low electric field is not able to make 

the spark gap breakdown. This discharge is just an e-beam 

sustained dischajrge. This is consistent with what we 

observe when the spark gap is charged to lower than the 

threshold, V. . The fact that the charging voltage drops 

to only about l/2 its original value after the discharge 

stops corresponds to turn-off of the dischajrge. The large 

luminous area on the cathode corresponds to the aj?ea where 

photoelectrons are emitted. 

According to this model we can explain the delay 
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time as a function of gap conditions and e-beam conditions. 

When triggered at higher % V , , the higher electric field 

msLkes the delay time shorter. When more SF^ is mixed with 

Np, the (E/N) increases and thus the net ionization 

coefficient decreases. This causes longer delay time. 

When the gas pressure is increased, the penetration depth 

of the e-beam decreases. Therefore, we observe longer 

delay time. The higher the e-beam current is, the more 

photoelectrons and more space charge are created. This 

msLkes the delay time shorter. Because of the slow Debye 

shielding and ion drift velocity, the electric dipole 

due to the sepauration of positive and negative charges is 

very small in the first 100 ns. Therefore, when the e-beam 

energy is high, the delay time does not chauige very much 

when the e-beam current changes. When the E/N is low, 

corresponding to low % V^^ gap voltage triggered by low 

energy e-beam, we see delay time of tens of microseconds. 

This may be due to the slowly increasing electric dipole 

intensity and the Townsend process. 

Our conclusion is that if this arrangement is used 

as a rep-rated closing switch the following criteria 

should be followed. (l) A mixture of N^ with about 10 to 

20 fo SFz should be used as gas medium, because adding about 
6 

10 % SFz to No can increase the holdoff voltage almost 
6 ^ 

twice as high as when pure N^ is used and SF^ is much more 

expensive than N^. (2) A number of high energy, low current 
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Fig. 32b. Delay Time vs E-beam Current 
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Fig. 34. Multiple Channels. 



e-beams should be applied to get short delay, low jitter, 

high efficiency, small foil damage, and multichannel 

discharge. 

(4) Experimental Results When the FX-15 Is Charged 

Positively in Np 

When the e-beam is injected into the gap towards a 

positively charged electrode, the e-beam gains energy from 

the electric field but loses energy to the neutral gas. 

For moderate e-beam energy (e.g. greater than 23 keV in 

3 atm Np with 40 kV/cm electric field, as shown in Fig. 17) , 

the electrons are continuously accelerated through the gas 

to the anode. The spatial distribution of the space charge 

induced by the e-beam depends on the e-beam energy spectrum 

and the ionization cross section of the gas as a function of 

e-beam energy. The space charge and gap conditions 

determine the discharge characteristics. 

For high e-beam current, the delay time measured from 

the injection of the e-beam to the sharp rise of discharge 
_ Q 

current has been measured to be less than 10 second. 

The jitter is of the same order of magnitude. This will be 

discussed later in this section. The risetime of the 

discharge current pulse ranges from 2.5 ns to more than 

10 ns. Fig. 35 shows the comparison of a selfbreakdown 

pulse with four different discharge current pulses. These 

pulses show the strong effect of the e-beam current on the 

discharge current. The risetime and length of the discharge 



current pulse increases with decreasing e-beam current. 

The dischaurge current pulse amplitude increases with 

increasing e-beam current. This also means that the gap 

resistance decreases with increasing e-beam current. The 

long dischajTge current pulse shows that the gap resistance 

can be higher than 50 ohm, which is the characteristic 

impedance of the charged transmission line, when a low 

e-beam current is applied. The long discharge current pulse 

may be a e-beam sustained discharge or may be due to 

processes which caui lead to a filamentary discharge if the 

energy storage device caji support longer discharge current. 

The change of e-beam energy from 35 keV to 150 keV with 

the same e-beajn current shows little effect on the discharge. 

When the amount of space charge induced by an e-beam 

is small (e.g. that induced by a 4 A, 10 ns, 150 keV e-beam) 

and the gap voltage is close to V^^ (i.e. more thaui 95 %) i 

the discharge current starts with a small magnitude for 

about 400-700 ns and then is followed by a sharp current 

rise (Fig. 36b).. Open shutter pictures show both diffuse 

and filamentary channels ( Fig. 36a), which imply that a 

transition from diffuse to filamentary channels occurs. 

The discharge current pulses for these filamentary chajinels 

have longer risetime, smaller amplitude and wider than 

selfbreakdown pulses. The amplitude of the discharge 

current pulse in this case decreases with increasing delay 

time. This can be explained by the leakage of charge due 

to the broad discharge channel before the arcs are formed. 
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The discharge channels have been found to be diffuse 

(dark or luminous detected by Polaroid type 47 film) except 

when the induced space charge density is very small and 

gap voltage is close to V , , as just mentioned above. The 

open shutter photographs show that the luminosity and shape 

of the discharge channel is varied. Fig. 37a shows the 

influence of the e-beam cross section on the discharge 

channel luminosity, which is done by putting a 1 mm thick 

aliaminum mask with 8 small holes in front of the electron 

gun. Eight discharge channels can be seen on this picture. 

Fig. 37t> shows the dischaurge channel luminosity when a high 

current amplitude, long e-beam pulse is applied. This 

picture corresponds to a discharge current pulse of 10 ns 

long in this experiment. Fig. 37c shows the discharge 

channel luminosity when a 2.5 ns e-beam is applied. There 

are two luminous regions amd two dark spaces. The first 

luminous region is long, thin, and located on the cathode 

surface. The second luminous region looks like a bowl, 

extending from a point near the anode to somewhere in front 

of the cathode, leaving a dark space between it and the 

cathode luminous region. On the anode the luminosity is 

either low or dark. Fig. 38 shows the discharge channels 

initiated by 2.5 ns e-beams with different average energy, 

current, and gap voltage. Fig. 38a and 38b show that when 

higher e-beam current and energy is applied, the dark space 

near the cathode is larger. When the same e-beam is applied 

to a gap at different gap voltage, the width of the luminous 
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channel decreases with decreasing % "V , . This is shown 

in Fig. 38b, 38c, 38d, and 38e. 

In order to explain the observed phenomena the 

following model is postulated. When the e-beam begins to 

penetrate the foil and enters the gap volume, the fast 

electrons are accelerated toward the anode by the electric 

field. The gap volume is subsequently filled with space 

charge generated by these fast electrons. Right after 

the injection of the e-beam the drift of the electrons 

under the force of the electric field creates a current 

flowing in the circuit. The calculation of the space charge 

current in Chapter V, Section 2 shows that the current 

-9 
amplitude can be large. This is why we observe only 10 

second delay time. This current and the circuit impedance 

make the gap voltage drop. If the e-beam current is large, 

the space charge density is also large. The discharge 

current is limited to that value which makes the gap voltage 

drop close to zero. This is similar to the case of a 

shorted gap, and the current pulse should be a square pulse 

with 10 ns duration. After 10 ns, there is no charge on 

the transmission line. The space charge still remaining in 

the gap disappears under the recombination process in N^. 

Since the photons emitted by recombination is in the UV 

range, the luminosity detected by the film we use is very 

dim. This is the same as the e-beam sustained discharge in 

the first regirae, as mentioned in Chapter II, Sec. 2B. 
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If the e-beam current is small or the e-beam pulse 

is short (less than 10 ns) , the e-beam induced space charge 

density is low. The discharge current is small. The gap 

voltage does not drop close to zero until all the charge 

is discharged. The discharge current pulse is thus longer 

thaui 10 ns. Since the gap voltage is high, am avalanche 

process is se up in the gap volume. Since the gap volume 

has been filled with secondary electrons induced by the 

e -beam, the simultaneously developing avalanches make the 

region close to the anode more luminous. When a lower 

e-beam current is applied, the discharge current pulse 

is longer and thus the gap voltage is higher and lasts 

longer. This will lead to higher luminosity. When the 

spark gap is triggered at lower fo V^^, the electric field 

in the gap is lower and thus leads to lower luminosity. 

Since the electric field close to the symmetrical axis of 

the electrodes is higher due to the nonuniform space 

charge by electron scattering, the luminosity there 

is higher. From the discussion above and the sensitivity 

of the film used we can explain the variation of discharge 

luminosity, as shown in Fig. 39. 

If a very small e-beam current (e.g. 4 A) is applied 

the conductivity formed by the space charge is very low and 

the discharge current is small and long. The luminous 

region of the discharge channel is thus all the way across 

the gap, following the path of the e-beam (Fig. 36a) . 
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(a) Selfbreakdown ( Larger Amplitude, V = I76 kV ) 
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(b) E-beam Initiated ( V = I32 kV, E-beam: 70 A, 60 keV, 
40 ns). ^ 
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Fig. 35. Discharge Current Pulses. 
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10 ns 

(b) 

Fig. 36. Discharge Current And Channels (E-beam: 4 A 
150 keV). I". H- H, 
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(a) Discharge Channels (E-beam: 4 A, 150 keV, 10 ns) 
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(b) Discharge Channel (E-beam: 480 A, 60 keV, 50 ns ) 
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(c) Discharge Channel (4 s h o t s , 2 .5 ns E-beam ) 
F i g . 37 . Discharge Channels 
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o 
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D 
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E-beam: 192 A 

35 keV 

2 . 5 ns 

(d) V = 132 kV 
o 

E-beam: 192 A 
35 keV 
2 .5 ns 

(e) V = 108 kV, E-beam: 192 A, 35 keV, 2 . 5 ns 
D 

F i e 3 8 . Comparison of Discharge Channels i n 3 atm N^ 



93 

Anode Cathode 
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i^Sensitivity of the film 

Intensity 

(b) 

E-beam Current Is Larger 

Than That for (a) 

(c) 

Gap Voltage Is Lower 

Than That for (b) 

Fig. 39. Schematic Explanation of Discharge Channel Shape 
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Under this condition, if the gap voltage is close to 

^sb' ^^® growth of the space charge may lead to an arc 

discharge channel. 

During the discharge process photons are generated 

by the deexcitation of the excited gas and the recombination 

of the ionized gas . The bombarding of the fast electrons 

on the stainless steel anode also generates X-ray. These 

will generate photoelectrons on the cathode which on their 

motion to the anode form the large luminous area on the 

cathode, as shown in Fig. 37c. If the cathode is made of 

a material of high photoelectric yield, a selfsustaining 

discharge is more probable to occur. 

When a 60 keV, 480 A e-beam is used to initiate the 

discharge in a gap filled with 7 atm N^ and charged to 

216 kV, the discharge current pulse is observed to be a 10 

ns long square pulse. The power gain in this case can be 

calculated to be 8.1 by • 

2 
ídischarge current) x Z 

Power Gain = 
(e-beajn energy) x (e-beaun partical current) 
108^50 

60 X 0.48 

= 8.1 (5-^) 

If a lower energy e-beam with the same current (i.e. a 

lower impedance electron source) were used, the power 

gain is expected to increase. 
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From this analysis, we conclude: 

t \ -9 

(1) 10 ns turn-on time can be achieved easily by this 
scheme. 

(2) The discharge current density of a diffuse channel 

with e-beam can be higher than 0.5 kA/cm^. 

(3) Multichannel discharges are possible by this scheme and 

is the optimal operation of this e-beam triggering 

scheme when a low loss discharge is required. 

(5) Experimental Results When the FX-15 Is Charged 

Positively in Mixtures of Np And SF^ 

In this experiment mixtures of Np with up to 37 % SF^ 

are used. There is a threshold gap voltage ( % V , ) , below 

which no filamentary arc discharge chamnel is observed aind 

the discharge current is very small compared to that when 

an arc discharge occurs. The threshold (Fig. 42a, 42b,42c) 

is higher than that observed when the FX-15 is charged 

negative. The threshold is observed to be as high as 90 % 

when a high e-beam current is applied. Fig. 40 shows the 

typical open shutter picture of the diffuse discharge 

channel and the dischairge current pulse. When the diffuse 

discharge channel occurs, the charging voltage of the FX-15 

drops to only a fraction of its original value. With 

higher e-beam current, the charging voltage drops to a 

lower fo of its original value. As shown in Fig. 4la , 

double channels, which start from the cathode amd merge 
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inxo a smgle channel near the anode, can be observed 

above the threshold when two e-beams are injected into 

the gap. This is done by putting a 1 mm thick aluminum 

mask with 2 holes, 1 cm apart, in front of the e-beam diode. 

The discharge current pulse (Fig.42b) is similar to that 

of selfbreakdown. 

The shortest delay time measured under this condition 

is higher than that for negatively charged FX-15 case. 

The dependence of the delay time on the gap and e-beam 

conditions, which is shown in Fig. 42, is different for 

different charging polarities. The delay time measured 
-7 -4 ranges from 10 '-10 second. 

It is seen that higher fo V^^, e-beam current, e-beam 

power, and gas pressure all make the delay time shorter. 

The change of the ratio of SF^ in the range of 9-20 f does 

not affect the delay time very much. The delay time 

increases with increasing % of SF^ when the ratio of SF^ 

to Np is larger than 20 ̂ . The decrease of delay time 

with increasing gas pressure is opposite to that when FX-15 

is charged negative. 

The observed long delay time is different from the 

short delay time, i.e. tens of ns, observed by El'chaninov 

et al. Comparing the experimental conditions, El'chaninov 

used higher e-beam energy, e-beaun current density (with 

smaller cross sectional area), and gas pressure. He used 

a pulse charging technique with E/P about 20 fo higher than 

that used in this experiment. 



Reflection Anoden Cathode 

(a) 

(b) 

^ 

97 

^ E-beam 

Fig. 40.'Discharge Channel And Current Pulse below Threshold 
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< ^ 
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Fig. 41. Discharge Channel And Current Pulse above Threshold 
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Fig. 42d. Delay Time vs % SF^ 
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Fig. 42f. Delay Time vs Gas Pressure. 

Fig. 42. Delay Time vs E-beam amd Gap Conditions. 
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The following discussion is an explanation of the 

phenomena we observe. The injection of an e-beam from the 

cathode towards anode generates copious electron-ion pairs 

in the gas volume. Because of the electronegative gas, SF^, 

the low energy secondary electrons aire attached to form 

negative ions,which have much lower drift velocity than 

that of electrons. The inhomogeneous ionization of the gas 

by the non-monoenergetic e-beam and the higher ionization 

cross section for lower e-beam energy make the space charge 

density nonuniform in the gap. Because of this, the 

electric field is not uniform in the gap, and consequently 

the field is enhanced in some regions in the gap. The 

separation of positive and negative ions due to drifting 

enhances the electric field further. Under the local 

enhanced electric field, the unattached electrons in the 

gap can lead to a breakdown of the spark gap. The higher 

gas pressure and e-beam current density make the space 

charge density higher, which leads to a shorter delay time. 

The higher e-beam energy generates less but more uniform 

space charge. When the gap voltage is too low, the enhanced 

electric field is not strong enough for the spark gap to 

break down before the discharge current is quenched by the 

high attaching SF^. Therefore, we observe only the diffuse 

discharge channel with the FX-15 dropping to only a fraction 

of its original value. 
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From our results, we conclude that the optimal 

operation of this type of triggering for a closing switch 

may be as follows: 

(1) The spark gap should be arranged to hold higher E/P, 

or pulse charging techniques should be used. 

(2) High e-beam current density should be applied. 

(3) High gas pressure should be used. 

(4) A mixture of 10-20 % SF^ with N^ should be used. 

(5) The statistical variation of V^^ should be lowered 

for the operation of the switch at higher ?̂  V^^. 

(6) Multiple e-beams can be applied to make multichannel 

discharge. 

\ \ \ \ 



CHAPTER VI 

CONCLUSIONS 

The fundamental processes leading to the collapse 

of the insulating property of the gas for various 

experimental conditions have been explained based on the 

experimental results. It has been shown that with e-beam 

triggering, diffuse or multichannel discharges cam be 

achieved. For high power switching applications, a diffuse 

discharge channel provides the beneficial characteristics of 

nonmeasurable delay amd jitter, low electrode erosion, 

fast recovery (because it can be operated at low ?í V , ) , 

and low switch inductamce. The high resistivity of this 

discharge mode can be overcome by increasing the cross 

sectional area of the discharge channel. The multichannel 

discharge provides low gap resistance, low switch 

inductance, low delay, low jitter ,and low electrode 

erosion compared to that of a single discharge chamnel. 

Experimental results show that a diffuse (broad) 

discharge channel can be achieved when a large amount of 

space charge is introduced homogeneously in the gap 

filled with a nonelectronegative gas. This space charge 

induces large currents which make the gap voltage collapse. 

When a small amount of space charge is introduced, the gap 

voltage does not collapse fast. the space charge enhances 

103 
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tne local electric field and supplies a large number of 

initial electrons, leading to low delay, low jitter, single 

or multiple discharge channels. The advantage of firing the 

e-beam from either cathode or anode depends on the gap and 

e-beam conditions. This has been discussed in Chapter V. 

When electronegative aas is used as the gas medium, the 

space charge current right after the injection of the e-beam 

is small. The space charge current does not make the gap 

voltage collapse. Nevertheless, the large amount of space 

charge provides highly enhanced local electric fields, 

which lead to filamentary (single or multiple) dischairge 

channels with high probability. 

It would be advantageous to determine the best gas 

mixture, that provides the highest power gain amd hold-off 

voltage for the operation of the diffuse discharge mode, by 

means of experiments and theoretical simulations. It. is 

also necessary to investigate further the limitation of 

multichannel discharges by applying multiple e-beams 

and varying their separation. In order to determine if 

the discharge is self-sustaining or not and how long the 

diffuse discharge can last, a longer line pulser should 

be used to do the experiments. 
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