
AD-i54 629 COORDINRTED RESERRCH PROGRAM IN PULSED POWER PHYSICS 1/3
(U) TEXAS TECH UNIV LUBBOCK DEPT OF ELECTRICAL
ENGINEERING M KRISTIRNSEN ET RL. 28 DEC 84

UNCLRSSIFIED AFOSR-TR-85-8457 AFOSR-84-8032 F/G 18/2 NL

mmhhhhhhmmlm
EEBhEEBhBhBhEE
E/EEE/mEI/I/EE
EEEElhhEEEElhI



1-,32

1.8

111.5 1111_L14 -1116

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS lNE, A



yosR-TR- ' -ANNUAL REPORT

* on
COORDINATED RESEARCH PROGRAM

in
PULSED POWER PHYSICS

03 December 20, 1984
* N

a) Deeme 20,198(00

ELECTE
JUN 8

Air Force Office of Scientific Research

Grant No. 84-0032 A

PLASMA AND SWITCHING LABORATORY
ILASER LABORATORY

Department of Electrical Engineering
TEXAS TECH UNIVERSIlY

Lubbock, Texas 79409



* -: Unclassified
ECJ&- cAss,.-.C;.7i Ce '-I#S PAGE -

REPORT DOCUMENTATION PAGE
* A&RPOPT SI IT CLASSIFICATION 10. RESTRI'CTIVE MAKINGS

Unclassified
"a. SEC61111TV C..ASSIFiCATION AwjTHO11111V 3. DISTIGTISfONIAVAILABII.ITY Of REPORT

APPROVED FOR PUBLIC RELEASE;

1:0 OC.ASSIriC..T I0N.CWN4RAOiNG SCP.EOL1 Distribution Unlimited
N/A

4. PERFCRMING OAGANiZATiCh REPORT N4JMBEA&S) S. MONITORING ORGANIZATION REPORT NUMBERIS)

VAFOSK -TPR- 4~ 0 5 7
61L NAME Of PERFORMING ORGANIZAT ION It. OFFICE SYMBOL 7a. NAME Of MONITORING ORGANIZATION

Texas Tech University if PI'cb Air Force Office of Scientific
jEE Research

it- ADDRESS (C41~. Stte a ZIP Coaa* 70. ADDRESS (city. State gad ZIP Cometo

Dept. Electrical Engineering Bldg. 410, Bolling, AFB
P.O. Box 4439 Washington, DC 20332
Lubbock, TX 79409

11a. NAMIE OF PJ%0ING. SPONS0ORiNG jab. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT :DENTIPFCATION NUMBER
ORGANIZATION Air Forcefi pablt

office of Scientific Res. NP AFOSR 84-0032

Sc. ACORESS tC:# . Stae and ZIP Code) 10, SOURCE OF FUJNDING NlOS.

Bldg. 410, Bolling AFB PROGRAM 1PROJECT TASK WORK U4.IT

*Washington, DC 20332 ELEMENT NO. NO. NO. NO0.

"IAR 0V 1Wtv M 61102F 2301 A7

. 2. PERSONAL A,.,T-40IORIS3 M. Kristiansen, L. Hatfield, G. Schaefer,
K. Schoenbach, H. Krompholz and F. Williams.

13a. TYr*f OF FEsOoA' 130. 'IME COVERED I Id. DATE OF REPORT ('Yr.. Mo.. Day, 15. PAGE CzwsT
Annual P~t0.JlO/l/83 TlZ'.3Y 8 4 1 1984/12/20 210

16. SUJPP..EM&V%.APRy NC.ATION

CzSA~iCOOSS ...SS.C EM ~ogneo gea ' flectespy and Wo~n if.- by bloca nuombgr)

FIEL2 I cci, ue m Pulsed Power, Diffuse Discharges, Opening Switches,
* 1 : US~ P.~Laser TIriggering, Surface Discharges, Field D iStor-

- - T1 tion, Streak Photography, X-ray Triggering.
III AlSTRA7 'Conwe an. n Yverse friecesanr cmd identify by biotc numb.,.

The work on three program elements, related to pulsed power research,
is described. The program is a multi-investigator program whose main
emphasis is on gaining a better understanding of repetitive opening and

closing switch phenomena. The main effort is on diffuse discharge opening
switches but considerable progress has also been made on understanding and
describing fundamental, transient discharge phenomena. In addition several
smaller studies have considered' various novel ideas and concepts to
determine their potential for further investigations.

* 2 ~,~RI...IC~L AILAILIT Y Ott ABS'AC j21 ABSTRACT SECURITY CL4SSIFICATICN

UNCLSSS~UNIM'O SAE A RP. .~ :Unclassified
22s Nki,.E CF A1SP,SLI INDIVIDWAL I 22b 'ELEP-4ONE1 NUMBER 7 P ESMC

202/767-4906' AFOSR/N;P

00 FO0RF.%' 1473, E3 AP R tDITiON CF I .. 73 IS CSSC%_ETE



TABLE OF CONTENTS

Summary of Research Objectives for 1983-84 ... ..........

Introduction . . . . . . . . . . . . . . . . . . . . . . .

Opening Switches ......... ......................

Transient Processes in the Triggered Electrical
* Breakdown of Gases .........................

Exploratory Concepts ........ .....................

Faculty Publications, 1983-84

Interactions, 1983-84

Advanced Degrees Awarded, 1983-84 .............

Seminars, 1983-84.................... .

Guests, 1983-84.. ...................

Accession For

N 7 IS G7,'. 1

r
6DI all,

PJ Av: i:, t \t Ce e:

" - D
[ '1

,-



GO
1.

SUMMARY OF RESEARCH OBJECTIVES

for

1983-84

OPENING SWITCHES

1. Investigations of repetitive e-beam controlled discharges

with respect to gas properties.

2. Investigation of optogalvanic effects with respect to their

use as discharge control mechanisms.

3. Studies of concepts for optically assisted, e-beam sustained,

diffuse discharge switches.

4. Modeling of diffuse discharges, including control mechanisms.

5. Feasibility studies of novel opening switch concepts.

TRANSIENT PROCESSES IN TRIGGERED ELECTRICAL BREAKDOWN

IN GASES

1. A facility for investigating triggering in trigatron devices

will be constructed as discussed in the proposal text.

2. Triggering in trigatron devices will be investigated making

use of this facility and optical diagnostics.

3. Studies of laser triggering of spark gaps will continue.

4. Numerical models of triggering and breakdown already develop-

ed will be improved and applied to the study of trigatron and

laser-induced triggering.

•~~ .-" " " ""' " " , - -- - - - -. . . . . .' - . . . - . . . . -- "- .-.. . . . :. ,°.- ,
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EXPLORATORY CONCEPTS

1. The most important parameter dependencies in surface dis-

charge switches will be determined.

2. The feasibility of geometrically enhanced field distortion

triggering of spark gaps will be determined.

3. Several novel switch (opening and/or closing) concepts will

be investigated for feasibility.

-S-

S,.
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INTRODUCT ION

The Coordinated Research Program in Pulsed Power Physics is

a multi-investigator Program involving 5 Principal Investigators,

* 2 Associate Investigators and 10 Graduate Students. Other

faculty investigators from Electrical Engineering, Physics and

Chemistry, and also interacted and cooperated at various times.

The program is jointly sponsored by AFOSR and ARO. Some 12

refereed journal articles and 3 conference proceedings papers

were published last year. The three main projects are Opening

G Switches, Transient Processes in Triggered Electrical Breakdown

of Gases, and Exploratory Concepts. The second one of these

projects will not be carried on in its present form beyond this

a contract period since the Principal Investigator is moving to

another university. .. ,' )

*.,,J ,;.I.- ,._..

.ld ' " ""
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Opening Switches

(C. Harjes, G. Hutcheson, L. Thurmond, D. Skaggs, E. Strickland,

G. Schaefer, K.H. Schoenbach, H. Krompholz,

M. Kristiansen, and F. Williams)

I. SUMMARY

The primary objective of this work is to study control pro-

cesses in externally sustained or controlled diffuse discharges,

with respect to their application as opening switches. Concepts

for diffuse discharge opening switches have been developed, exper-

imental facilities have been assembled and experiments have been

performed to investigate the applicability of these concepts.

computer codes have been developed and applied to different

systems to allow optimization and scaling.

The different groups of concedpts discussed herein are:

- the electron-beam sustained diffuse discharge (Section B)

- the optically controlled diffuse discharge where optical

control either means increased conductivity of the dis-

charge by means of laser radiation or optical stimulation

of loss processes in self-sustained discharges (Section

C)

- exploratory opening switch projects

For the investigation of the electron-beam sustained dis-

charge an apparatus was designed which allows investigations of

repetitive opening in the time range of 100 ns at current levels

of up to 10 KA.

. . . -
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The work done in the last year includes:

1. Opening Switch investigations in the following gas mix-

tures:

N2 :N20

N2 :SO 2

N2 :CO 2

2. Modification of the computer code to include ion current.

For investigations of optically controlled discharges the follow-

ing steps were taken to approach a feasible switch system:

1. Design and construction of a new flowing after-glow cell

2. Small scale experiments on optically enhanced attachment

3. Externally sustained discharge experiments with photo-

detachment

4. Change of the computer code to calculate attachment rates

depending on the electron generation mechanism.

Several other exploratory concepts related to diffuse discharge

opening switches have also been examined. Among these are a mag-

netically controlled switch (collaboration with GTE Laboratories,

Inc.) and electrodes for diffuse discharge switches.
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II. E-BEAM CONTROLLED OPENING SWITCH SYSTEM

A. Intcoduction

An electron-beam controlled discharge circuit has been con-

structed to study the behavior of an e-beam sustained, attachment

dominated discharge:

a) at high discharge current densities,

b) in gases which are suitable for low loss, fast opening

operation,

c) for rep-rated operation.

The main objective of the investigation is to determine a set

of criteria concerning electrical and gas parameters of an e-beam

sustained discharge, which will guide the design of the rep-rated

electron-beam controlled opening switch.

The switch concept is as follows: An e-beam is used to ion-

ize the gas between two switch electrodes. An inductor can be

charged through the then conducting gas. The switch voltage

remains below the self breakdown voltage so there is no avalanche

ionization. Thus, when the e-beam is turned off, electron attach-

ment and recombination processes in the gas cause the conductivity

to decrease and the switch opens.

1. Experimental Arrangement

a) E-Beam Gun/Control System

The e-beam was designed to satisfy the following

requirements:

1) high repetition rate,

2) fast turn on and turn off times,
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3) variable beam energy and current density.

The e-beam gun is constructed as a tetrode to achieve

the required fast response control of the e-beam. A simple

trigger circuit allows the generation of a burst of e-beam

pulses with variable pulse duration and pulse separation. The

tetrode has a thermionic cathode which allows variation of

e-beam current and voltage, independent of each other. The

design and performance of the system is described in Ref. 1

(attached as an Appendix).

b) Switch/Diagnostic System

The switch is located in a pressurized stainless steel

chamber just above the e-beam chamber, as shown in Fig. 1.

The e-beam enters the switch chamber through a I mil thick

Titanium foil window which separates the two chambers. After

entering the switch chamber, the e-beam passes through the

lower electrode of the switch which is a 1/2 mil thick alumi-

num foil and is incident on the stainless steel upper elec-

trode. The e-beam ionizes the gas between the two switch

electrodes and generates a diffuse discharge. The two elec-

trodes are connected coaxially to the switch pulser, as

shown. This pulser is a 2 Q2 PFN that is able to deliver a

25 kV, 12.5 kA, 1 is pulse to a matched load. The impedance

of the PFN can easily be increased.

E-beam and switch currents are measured by transmission

line current transformers [2]. The e-beam and switch volt-

ages are monitored by resistive voltage dividers. Since the

switch diagnostics are floating at the switch chamber poten-

tial (i.e. the potential of the top plate of the stripline),
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Fig. 1. Cross-Section of 'E-lBeam Tetrode and Switch Chamber.
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the signals are recorded in a floating screen room with

oscilloscopes which are battery powered.

2. Experimental Results

Diffuse discharge investigations were performed in the gas

mixtures N 2 :N20, N 2 :S0 2 , and N 2 :CO 2 . The experimentally obtained

current-voltage characteristic for N2 :N 2 0 agrees with previously

obtained theoretical results at high S/N [3]. The discrepancy in

theoretical and experimental data at low E/N reflects the uncer-

tainty in basic data for N 20. With respect to the criteria for

optimum switch gases (low losses during conduction (at low E/N),

large losses during and after opening (at high E/N)) N2 0 in N 2 is

superior to the other investigated gases. For opening times of

100 ns, the current gain was in the order of 10. With better

utilization of the e-beam energy in our system a gain of 100 can

be achieved. Shorter opening times, down to - 10 ns, are possible

with higher attacher concentrations, however, at the expense of

reduced current gain. The published results are discussed in more

detail in Ref's. 4, 5, and 6 (attached).

B. Modific:t. of the Computer Code to Include Ion Current

In order to model the behavior of the diffuse discharge

during and after turn-off of tkie e-beam, electron and ion current

densities have to be considered. The computer code was therefore

modified to include the transport of negative and positive ions

and ion-ion recombination. The results showed that the contribu-

tion of ion c irrent to the total current even after turn-off of

the e-oeam, where a strong increase in attachment occurs, does

not exceed 10% (see Fi3. 2).
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The results of our investigations were presented at the GEC

1984 in Boulder, CO [14] (Abstract is attached).

B. Electrodes for Diffuse Discharge Switches

A general problem related to large volume diffuse discharges

is the initiation of instabilities leading to current density

inhomogenuities and finally to arcs. In most cases these instabi-

lities start in regions with increased electric field intensity

close to the electrodes. Cathodes with a lower potential differ-

ence across the sheath and positive I-V characteristics should

tierefore delay or prevent the onset of instabilities. Since

hollow cathode discharges (HCD) are known to have these properties

electrodes with a larger number of small holes acting as a mul-

tiple hollow cathode devices could be used. These holes could in

addition be flashed with a gas (preferably a rare gas) which is

known to be less sensitive to instabilities.

At the beginning of this project no information was available

to determine the time required to initiate such a hollow catnode

disc iarge. Experiments were therefore performed to investigate

tne delay time and rise time of a hollow cathode discharge in tne

nnosecond time scale. A paper presenting the results of these

experiment3 Ls -attached as an Appendix [15].
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CHANGE IN DISCH. IMPEDANCE WITH P

A 20Z SF5 e*6 HQ

m Puro HQ

1.5

0 1.0

S

a

U

N

0.5

C I I I, I

0 1 2 3 4 5 5 7 8 9

PRESSURE [torrt
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function of total pressure.
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Fig. 5. Electron energy distributions with no magnetic field

applied and with B/N = 1.5 10- 1 4 G cm 3 (1 kG at p = 4

Torr)
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low electron energies the attachment losses will thereby be

increased. This effect, together with a reduced ionization rate

can be utilized in an opening switch.

The effect of a magnetic field on tne electron energy distri-

bution in a low pressure gas discharge was studied by means of a

M4onte Carlo code for gas mixtures containing SF 6 in He or N2 as

buffer gases. Figure 5 shows the shift in the electron energy

distribution with increasing magnetic field. At this time we

perform calculations with model gases (artificial attachment

cross-sections) to find the optimum gas mixture for low pressure

discharge switches.

Simultaneously to the modeling of the discharge, experiments

have been performed to demonstrate the feasibility of our opening

switch concept. The experimental apparatus, constructed at the

GTE Laboratories consists of a coaxial discharge system, with a

magnetic field coil, which allows application of longitudinal

magnetic fields up to several kG. Results of experiments in pure

He and a He + SF6 mixture are shown in Fig. 6. The ratio of

discharge resistance with and without magnetic field at various

pressures is plotted . Below 6 Torr discharges with either gas

mixture have the same characteristic: the applied magnetic field

reduces the discharge impedance (closing switch effect). Above 6

Torr there is no change in impedance for pure He. However, in

He + SF 6 tne impedance is increased in discharges with magnetic

Eields compared to that without magnetic field (opening switch

effect). Farther investigations are planned with gas mixtures,

which according to our calculations, show better opening switch

characteristics.
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attachment. (2) Electron beam ionization will mainly produce elec-

trons with energies above the value at which the maximum attach-

ment cross-section occurs and thermalization at low values of E/N

will cause the electron to cross the range of strong attachment.

The existing Monte Carlo code has been modified to allow the

direct calculation of rate constants for all collision processes

considered. Calculations of the attachment rate constant of N20

in N2 as a function of E/N are under way. Variable parameters of

the calculation are the initial energy of the secondary electrons

and the electron density.

IV. Exploratory Opening Switch Projects

Two exploratory concepts have been examined for potential use

as opening switches, or for improvement of the efficiency of high

pressure diffuse discharge opening switches, respectively. One is

a magnetically controlled low pressure switch, the second concept

deals with electrodes for high pressure diffuse discharges.

A. Magnetically Controlled Opening Switch

A joint research program between TTU and GTE Laboratories,

Inc. was initiated to explore the possibility of controlling the

conductivity of low pressure plasmas, containing attachers, by

means of externally applied magnetic fields. The concept is based

on the change in the electron energy distribution towards lower

energies, when external magnetic fields are applied. In a gas

containing attachers with attachment cross-sections which peak at



discharge and circuit parameters we used a code with two indepen-

dent steps. In the first step, all rute constants necessary for

the calculation of all rates of the significant processes are

calculated, 3epending on E/N, for a representative gas mixture.

These calculations are based on the electron energy distribution

functions with E/N as the variable parameter obtained with preced-

ing Monte Carlo calculations. This code has been used to calcu-

* late the characteristic and the transient behavior of an electron

beam sustained discharge in N2 with admixtures of an attacher

(N2 0). Photodetachment of 0 was discussed as an additional opt-

ical control mechanism. The results of these calculations were

presented in a paper at the 4th IEEE Pulsed Power Conference [13]

and in a paper published in "Lasers and Particle Beams" [3]. As

discussed in this paper, discrepancies are observed between

attachment rate constants for N2 0 calculated with our code from

cross-sections and experimentally obtained attachment rate con-

stants. But, rate constants obtained experimentally with differ-

ent methods also show discrepancies, especially at low values of

E/N. Consequently, discrepancies also occur between measurements

[6] and calculations [3] of the discharge characteristics.

A project has, therefore, been started to evaluate the influ-

ence of the electron generation mechanism on the attachment rate

constant depending on E/N. Two main cases are considered: (1)

With photoionization the major fraction of the electrons produced

will have energies below the value at which the maximum attachment

cross-section occurs and thermalization at low values of E/N will

not cause the electrons to cross tihe energy range of strong
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w

Fig. 4. Optogalvanic Signal of Photoenhanced Attachment in

H2 C-CF 2 .
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signal is shown in Fig. 4. For the continuation of these

experiments the following improvement are planned: (1) Optimi-

zation of the primary discharge to avoid attachment of the

initial admixture and (2) an increase of the UV source energy.

D. High Power Discharge System

The design of an optically controlled high power discharge

system was described in previous Annual Reports on AFOSR Contract

No. F49620-79-0191. Although its' design has not been modified

its' mode of operation has been changed to allow operation in the

appropriate E/N range. As discussed in the previous chapters
I

photodetachment was considered as a control mechanism, especially

for the transition from the open state to the closed state to

reduce losses significantly and to allow fast closing (3]. Here

photodetachment is used in an externally sustained discharge in an

E/N range well below self breakdown. The discharge system, which

was originally designed for the operation of pulsed, self sustain-

*ed discharges with UV-preionization is, therefore, now used to

produce externally sustained discharges by using the UV-sources as

an external ionization source. The initial experiments were per-

formed in Helium with admixtures of oxygen.

Computer Calculations

In previous research periods on AFOSR Contract No.

F49620-79-0191 a computer code was developed to evaluate the time-

dependent behavior of an externally controlled discharge in a

given circuit. In order to allow fast calculations for different

0"
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Fig. 3. Flowing Discharge Cell
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The next group of processes considered for optical control of

diffuse discharges includes processes allowing photo enhanced

attachment, as discussed in Section C.2. At this time special

emphasis is given to investigations of photodissociation of

larger molecules generating fragments with a higher attachment

- rate (see Section III B). Since the starting products for these

processes are attachers themselves but with high attachment rates

at high values of E/N the effect of photo enhanced attachment has

to be investigated in discharges at low values of E/N. For these

experiments a new discharge tube had to be developed.

Figure 3 shows the experimental setup. The flowing discharge

tube has similarities with the one use for the flowing afterglow

experiments. The major difference is the use of a hollow cathode

for the primary discharge with a separate flow through it. This

allows operation of the primary discharge between the hollow

cathode and grid 1 as the anode in pure helium. In a mixing

regime between grid I and grid 2 the flowing helium plasma is

mixed with the admixtures and between grid 2 and grid 3 a second-

ary discharge is operated at low E/N and low current. This

secondary discharge is an externally sustained discharge since the

carrier for this discharge are produced in the primary discharge.

Tne time dependent current of this secondary discharge is measured

after applying the optical signal.

With this device experiments have been performed in helium

witn admixtures of H2C=CF 2 and H2 C=CCI 2 using a spark as a UV

source. In preliminary experiments an increase of the resisti-

vity in tne order of 30% was observed. A typical optogalvanic

0

I<' " .;~~------- ------------------- " -." ]--.'--"* -...- .... ".* •... -<.. /'
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tation of lasers with transitions between excited vibrational

states. An example is the reaction [101:

CH2 CHF + UV-photon -> HF (v,J) + fragments,

which is used to operate HF lasers on rotational and vibrational

6transitions. Such processes have in the meanwhile proven to

increase the attachment rate by orders of magnitude using the 195

nm radiation of an ArF laser [11]. At Texas Tech University the

* direct influence of these processes on the conductivity of an

externally sustained discharge is being investigated. Since no

laser with sufficiently high photon energy is available, UV-spark

sources were considered as an appropriate alternative.

C. Small Scale Experiments (in collaboration with Frazer Williams)

l• Although the basic data available for several processes allow

us to estimate the magnitude of certain optogalvanic effects,

small scale experiments are necessary to prove the feasibility of

these concepts. The reasons are that in a discharge the optogal-

vanic effect competes with a large number of processes and that a

full set of rate constants is not available in most cases. Even if

fairly complete sets of cross-sections are available the necessary

calculations are difficult and time consuming. In the first study

in 1982, in corporation with J. Mosely, University of Oregon, we

looked at photodetachment of 0 in the flowing after-glow of a

discharge containing 02. A paper describing the results of these

experiments has been published in IEEE Trans. Plasma Sci. [12].

The investigations on photodetachment are now continued in an

externally sustained discharge.
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It should be pointed out that all these research areas

strongly interact with the work on electron beam controlled

diffuse discharges, described in tne previous section.

B. Concepts for Optical Control of Diffuse discharge Opening

Switches

The aim of this work is to investigate several types of opto-

galvanic processes and to estimate the magnitude of the change of

tne discharge resistivity with regard to their possible applica-

tion as a control mechanism for diffuse discharge switches. Some

of the earlier results are summarized in a paper published in IEEE

Trans. Plasma Sci. [7]. An overview was also given in an invited

paper at the 4th IEEE Pulsed Power Conference [8] , and more

recently as an Air Force Pulsed Power Lecture Note [91.

As a result of all previous investigations it was concluded

that the generation of electrons should be accomplished by cheaper

methods than laser photons such as electron beams while photons

could be used to control the electron depletion mechanism. The

main emphasis is, therefore, on processes related to the necessity

of using attachers to achieve fast opening times. Photodetachment

has already been investigated in previous research periods and is

now used in an externally sustained discharge (see Section C.4).

0 The emphasi:s is now on processes of photo enhanced attachment, and

here mainly on the generation of vibrationally excited molecules

with much higher attachment cross-sections than the same molecule

in it's ground state. In the last annual report photodissociation

oE larger molecules has been suggested which is used for the exci-

0 , ' " . . - ' i ' - -..--- .- . . .." , .' ' " -., i i ' . ---



III. OPTICALLY CONTROLLED DISCHARGES

A. Introduction

Optical discharge control means to make use of an optogalvan-

ic effect. Here the conductivity of a discharge is changed by

irradiation with light. Optogalvanic effects have been mainly

applied to processes where the wavelength-specific response of the

discharge is used, such as in spectroscopy, sensing of impurities,

and frequency stabilization. In these applications a detectable

signal is required but its magnitude is of minor importance. For

switching applications, however, only those processes can be con-

sidered that show a strong influence on the charge carrier balance

of the discharge. In the beginning of this project the following

four research areas were felt necessary for the solution of this

problem:

a. Concepts for optical control of diffuse discharge opening

switches must be developed, based on known effects from

optogalvanic experiments.

b. Small scale optogalvanic experiments must be performed on

promising systems where sufficient data are not yet

available.

c. High power discharge system experiments must be carried

out to check the scaling laws for the optogalvanic pro-

cesses and to investigate promising control systems.

d. Detailed calculations on promising systems must be per-

formed to predict the optimum parameter range for the

experiments with respect to the suggested transient

behaviors of the discharges.
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Electron-beam tetrode for multiple, submicrosecond pulse operationa)

C. H. Harjes, K. H. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz, and
D. Skaggs
Department of Electrical Engineering, Texas Tech University, Lubbock, Texas 79409

(Received 9 April 1984; accepted for publication 4 June 1984)

The design and the operation of a 250-kV, 400-A, e-beam tetrode is described. A simple trigger
circuit allows the generation of a burst of e-beam pulses with variable pulse duration and pulse
separation.

INTRODUCTION The control grid is located 0.4 cm above the filament
There is an increasing interest in fast, repetitive opening array. It is formed by an array of 250-pjm-diam molybdenum

s openng wires stretched across a 17.5-cm-diam circular hole in the
* switches for inductive energy storage systems.' An opening oueshloftechdeaemy.Angivbasotg,

switch concept that shows promise for fast, repetitive opera- outer shell of the cathode assembly. A negative bias voltage,

tions is the electron-beam-controlled diffuse discharge Vv = 4 W, is applied to the grid to hold the e-beam off, even

switch. 2" It contains a gas mixture which becomes conduc-
tive when an ionizing e-beam is injected. When the e-beam is Ti -FOIL
turned off, electron attachment and recombination pro- a)
cesses cause the reduction of the electron density in the gas
and the switch opens. For the investigation of e-beam-con-
trolled conductivity in switch gases, an e-beam tetrode was TUBE -- GRID

designed. The operating characteristics are: (a) burst mode 0
operation in the Mpps (Megapulses/second) range; (b) vari- - .....

able pulse duration and pulse separation; (c) turn-on and
* - turn-off times in the range of 10 ns; (d) variation of e-beamn

energy (E, -250 keV); and (e) variation of e-beam current
density (JB <4 A/cm 2). ATHODE-ASSEL

S I. ELECTRON-BEAM GUN

A cross section of the tetrode is shown in Fig. 1(a). The
cathode is located in an evacuated (p = 2 X 10 -' Torr) Pyrex CURRENT
cylinder, between the two plates of a stripline. The anode SENSOR VACUUM
consists of a grid of 250-pm molybdenum wires at a distance PUMP

of 7 cm to the cathode. The anode grid covers the entrance of
a 12.9-cm-long drift tube which is terminated by a 25-pm b) HIELDING GRID
titanium foil. The foil is supported by an array of titanium
bars. The bottom plate of the stripline is grounded and the e-
beam voltage is applied to the top plate by a two-stage Marx
generator. The generator (Physics International Co. FRP-
250) can deliver a maximum voltage of 250 kV with a 10-ns
rise time and with an exponential decay time constant of __

about 2.5 ps into a 300-. load.
A more detailed cross section of the cathode is shown in _-

Fig. I(b). The electron source is an electrically heated array
of 375-jum-diam thoriated tungsten filaments. A negatively
biased spreader plate (V, = - 500 V) prevents electron cur-
rent flow from the filaments back to the grounded cathode
base when no plate voltage is applied. At a filament tempera- WITH COOUNG
ture of about 2100 K, the e-beam current density is about 4 LOOP
A/cm2 over the 100-cm 2 cross sectional area of the beam. 10 Cm

The current density can be varied independently of the accel- F:G. I. (a) Cross section of e-beam tetrode. (hb Cross section of cathode as-
crating voltage by adjusting the filament temperature. sernbly

1684 Rev. Set. Instrum. 55 (10), October 1984 0034-6748/841101684-03S01.30 -K 1984 American Institute of Physics 1684
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when the accelerating voltage is applied to the plate. The e-
beam is turned on by applying a positive voltage pulse of
typically V2 = + 4 kV to the grid. A second grid, which is
biased to + 4 kV, shields the control system electrostatical-
ly. It is positioned 0.6 cm above the control grid. The grids
and cathode are connected to external power supplies
through high-vacuum electrical feedthroughs located in the
aluminum base of the cathode. The base is water cooled and
serves as a heat sink for the cathode.

11. CONTROL SYSTEM i P s
The pulser driving the grid is depicted in Fig. 2(a). It FIG. 3. Grid pulser signal output into 100-kI] load.

consists of two, 75-D2 cables (lengths d, and d2) separated by a
triggerable spark gap. Cable I is connected to the grid, as
shown, and is charged to the negative bias voltage - V,.
Cable 2 is charged through a 10-Ml2 resistor to the voltage
+ V2. After triggering the spark, the positive voltage from and of the second and third pulses 20 and 30 ns, respectively.

cable 2 propagates towards the grid, is reflected with the The reduction of the pulse amplitude is not important as
same polarity, travels back to the charging resistor, and is long as the pulse voltage is above the threshold voltage for e-

O reflected again. The negative bias voltage from cable 1 is beam turnon.
reflected at the open end, etc. Hence, the cable pulser with
two open ends generates a periodic rectangular grid voltage III. ELECTRON-BEAM CURRENT MEASUREMENT
Pa, with alternating polarity as shown in Fig. 2(b), and the

electron beam is repetitively turned on and off. Measurements of the electron-beam current at the cath-
The primary advantage of this pulser is its simplicity ode and at the anode-after passing the titanium foil-were

and versatility. The pulse magnitudes are variable by chang- performed with transmission line current transformers.5

ing the cable charging voltages, and the pulse width and Figure 4(a) shows current signals, i., (t), recorded at the
pulse separation can be adjusted by changing the lengths of cathode. The e-beam current pulses shown in Fig. 4(b) are
the cables. However, due to the effect of the capacitive termi- evaluated from these signals by using the relation i.. = I/
nation in the tetrode and cable dispersion, subsequent pulses (2N) V (t) - I (t - T)], where I (t) is the current to be mea-
are degraded. This degradation limits the useful length of the sured, T denotes the coil transit time, and Nis the number of
pulse train to three or four pulses. The output of the grid turns.5 The decay in amplitude is caused by the exponential
pulser, when fired into a 100-lcD dummy load, is shown in plate voltage decay. Because of the reduced transmission of
Fig. 3. The rise and fall time of the first pulse is about 10 ns electrons through the foil at lower electron energies, the ef-

fective time of operation is limited to approximately l/us for
the voltage generator used in this experiment.

a)

- TETROGE"",

TRIGGE R

b) v1 " 2d2  
- -  b) ,- -

0 M

2_TIME 10 Ma Id.)

i FsO. 2. Ia) Schematic diagr-am of grid pulser. (bo) Ideal output signal of the FIG. 4. (a) Current signals obtained with transmission line current trans-
g Ild pulser, former at the cathode. (b) Correspondmng a-beam pulses.

1.485e Rev. Sd. Instrum., Vol. 55, No. 10, October 1984 Electron beam tetrode 1685

i ' i " , : : " -.--< . : - - .-- - ' , ' . " ' -" " ' " " .-.r '. " .-.
. .. . .. .. .. w a'-- ,l ,mml~m --t ' -' m, 

T
E

" - T"
RODE- -



29
Supponed~~~ byAOadAORR. J. Commisso. R. F Fensler. V. E. Scherrer. and I M Vitkovitaky,

K, H. Schoenbach. M Knstiansen. and G. Schaefer, Proc. IEEE 72. 1019 IEETa.PamaS.P-O24(98.
19841 'K. H. Schoenbach, G Schaefer, M4. Knistiansen, L. L. Hatfield, and A. H.

'14 R. Hallada. P. Bletzinger. and W. F. Bailey. IEEE Trans. Plasma Sc. Guth.IEETasPsmSc.P-O24(98.
PS- 1O, 2 18 (1l982). SH. IKrompholz. J. Doggett, K. H. Schoenbach, 3. Gahl, C. Harjes. G.

Schaefer, and M4. Kristiansen. Rev Sci. Instrum. 55, 127 (1984).

I I

S66 Rv c.IsruVl 5 o 0 coe 94Eeto emttoe18



30

37th Annual Gaseous Electronics Conference,
Oct. 9-12, 1984, University of Colorado,
Boulder, CO, p. 29.

CB-4 Magnetic Control of Low Pressure Glow Discharges*

R. Cooper, K.H. Schoenbach, G. Schaefer, Texas Tech,
j.M. Proud, W.W. Byszewski, GTE Laboratories--The energy
distribution f(c) of electrons in low pressure gases
=der the influence of an electric field is shifted to-
wards lower energy values if a crossed magnetic field
is applied. This change in f(c) was studied by means of
a Monte Carlo code for gas mixtures containing SF6, He,
and N2 . In gases with a strong increase in the net ion-
ization (ionization minus attachment) coefficient with
field strength this effect should lead to a considerable
reduction of the electron density and thus the conduct-
ivity. The controllability of plasma conductivity by
means of magnetic fields was studied experimentally in
a low pressure glow discharge in SF6 plus He. A decrease
in conductance of a factor of two was obtained with an
applied magnetic field of 1 kGauss.

*Supported by GTE Laboratories and the Center for Energy
Research at Texas Tech University.
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An electron-beam controlled diffuse discharge switCha) "-
K. H. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz, H. C. Harjes, D. Skaggs
Dputr rnenz of Electrical Engineering. Texas Tech Unierstty. Lubbock Texas 79409

,Received IS September 1984; accepted for publication 30 October 1984)

The performance of externally controlled, high-pressure. diffuse discharges as switching elements
in pulse power systems is strongly determined by the recombination and attachment processes in
the fill gas. To obtain high control efficiency and fast response of the diffuse discharge switch the
discharge must be attachment dominated with the attachment rate coefficient increasing with
field strength. An electron-beam controlled diffuse discharge system was constructed to study the
behavior of pulsed discharges in the submicrosecond range in gas mixtures containing N2 as a
buffer gas and small additives of electronegative gases. The results of experiments in N, plus NO

ro were compared with values obtained with a Monte Carlo code and a rate equation calculation.

INTRODUCTION The electron source is an electrically heated array of

Inductive energy storage is attractive in pulsed power 375-/am-diameter thoriated tungsten filaments. At a flia-

applications because of its intrinsic high energy density com- ment temperature of about 2100 K, the e-beam current den-

pared to capacitive storage systems. The key technologica sit is about 4 A/cm 2 over the 100 cm 2 cross-sectional area of
the beam. The current density can be varied independently

problem in developing inductive energy discharge systems, the am.eTerent d y anjbetvarie ideendel
especially for repetitive operation (repetition rates greater
than one kilopulse per second) is the development of opening perature. The control grid, which is located 0.4cm above the
switches. Promising candidates for repetitive opening filament array, is negatively biased to hold the e-beam off,

swatches are e-beam or laser controlled diffuse discharges.' even when the accelerating voltage is applied to the plate.

The schematic diagram of an electron-beam controlled The e-beam is turned on by applying a positive voltage pulse
opening s-itch as part of an inductive storage system is of typically V = + 4 kV to the grid. The control grid is driv-
shown in Fig. . The switch chamber is filled with a gas of en by a pulser which provides a train of pulses with variable

pressures of I atm and above. The gas between th electrodes amplitude, pulse duration and pulse separation. A second

conducts and allows charging of the inductor, when an ioniz- grid, 0.6cm above the control grid, shields the control sys-
in e-beam is irjected into the gas (usually through one of the tern electrostatically.
electrodes which might be a mesh or a foil). The switch vol- Mn
tage remains below the self-breakdown voltage, so that ava- ode and at the anode-after passing through the titanium

lanche iocization is necible. Thus, the discharge is comn- foil-were performed with transmission line current trans-

pletely sustained by the e-beam. When the e-beam is turned formers. Figure 3 shows the e-beam current pulses. evaluat-
^ ed from current transformer signals. The decy in amplitude

off. electron attachment and recombination processes in the
scause the conductivity to decrease and the switch opens. IS caused by the exponential plate voltage decay. Because of

the reduced transmission of electrons through the foil at low-
Consequent!y the current through the inductor is commu-
tated into the load. er electron energies the effective time of operation is limited

EXPERIMENTAL SETUP

For the irvestigation of e-beam controlled conductivity
in a high-pressure diffuse plasma a discharge system was
construc:ed with an e-beam tetrode as the control element.:
A schernai cross -section of the discharge chamber and e- CTOR
beam tetro"e is sho-wn in Fig. 2. The e-beam cathode is locat-
ed in an e a:uated Pyrex cylinder between the two plates of a CURRENT
stnpint Th_= anode consists of a grid of molybdenum wires SOURCE
at a d:s-_-' cL of 7 crn from the cathode. The anode grid cov ers

the en:r;n.ce cia i3-cm-iona drift tube which is terminated LOADSWITC LOAD

bx a 2 -. :trniurn foil. The foil is supported by an array of SWITCH Li
titan.,- L;7n Th!ee-beam %oltae is applied to the anode b , , ..
at%%o-s,:.t z ~:x enera: or The generator (Physics Interna- OI-ANODE

* ticna) Co FRP-ZfO can deh'er a maximum voltage of 250 ELECTRON - BEAM
kV u ath a i 0 ns rise time and %kith an exponential decay time .- --

constant of about .5 ,us into a 300-12 load. CONTROL HEATED CATHODE
GRID 6 HV

'Surnre b Air ForceOffice oScientfc Rewnrch and Army RmeTrch FIG I Schematic of an e-be-_m contro!!ed de.use c:%charje opening
offi.%ce. switch.
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E-BEAM CAlow forward voltage drop and fast opening can only be ob-
PULSER -tained by choosing gases or gas mixtures which satisfy the

following conditions
'1) For low values of the reduced field strength E/.V

(conduction phase) the gas mixture should have a high drift
CURRENT VACUUM Velocity Vd and low attachment rate coefficient k,.
SENSOR PUMP (2) For high E ANvalues (opening phasel the gas mixture

FIG. 2. Cress section of e-beam tetrode and switch chamber. should have lower drift velocities and high attachment rate
coefficients.

(3) To avoid the onset of the attachment instability dur-
to approximately I/s with the voltage generator used in this ing conduction, the switch should be operated at E IN values
experiment, where the attachment rate coefficient has a minimum or a

After passing through the titanium foil and a 12.5,um negative slope.

aluminum foil, which serves as an electrode in the diffuse Along with these considerations, several gas mixtures have
discharge switch, the e-beam generates diffuse plasma been proposed for diffuse discharge opening switches.' For
between the electrodes in the stainless steel discharge our theoretical investigations N, was chosen as a buffer gas
chamber. The current through the plasma is provided by a 2- with N.0 as the added attacher. The N, was used since a
2 pulse-forming network (PFN), which delivers a flat top complete set of cross sections is available6 and the plasma

current pulse of I ps duration and an amplitude of up to 12.5 chemistry in a mixture of N. and NO appears to be relative-
kA. ly simple. Furthermore, N:O in an N.. buffer gas exhibits an

E/IN dependent electron decay rate which increases by more
SWITCH-GAS PROPERTIES than a factor of 20 in the E/.N range from 3 to 15 Td. as

The s1::: , tpentng time, after e-beam turn-off, is deter- shown in Fig. 4. It should be noted that N: has an electron
M:ne! t-. :he electron loss processes in the diffuse discharge: drift velocity which increases with E/N and therefore is not
rccor..a!:c. a.nd attachment. In order to achieve opening the optimum buffer gas in diffuse discharge opening switch-

ti.ne-s of less th.an a microsecond at initial electron densities es. However, for gas mixtures which show a strong attach-
0 "cm- . the dominant loss process must be attachmen, ment rate increase, the drift velocity condition at highE/Ais< 1Cj cr th doinat lss rocss ustbe ttahmet, generally of minor importance.

which means that the switch gas mixture must contain an
electroriatn',e gas. On the other hand. additives of at- DISCHARGE ANALYSIS
tachers ;c:,,e the power losses during conduction. Both

To calculate the current-voltaLe characteristics ofa dif-
fuse plasma sustained by an electron beam. as well as to
evaluate the time dependent impedance of an externally con-

J trolled discharge in a given circui, a computer model has
been developed that enables fast calculations for a variety c-^
conditions.- It does not. however, pro'ide for spatial analv-

1 sis of the discharge. The code uses two independent pro-
.1 grams. In a first computation, all rate constants of the sienif-

I icant processes are calculated as a function of E/. for a
representative gas mixture. These calculations use the E /"TIME (100 ns/dlv) dependent electron energy distribution functions that have

FIG 3 e-bear. current pulses measured at the cathode- been previously compiled using a separate Monte Carlo
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FIG. 6. Time dependence of switch current with N.O concentration as the
variable parameter.
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REDUCED FIELD STRENGTH E/N [Td] (3%) the switch current pulse replicates the e-beam current

FIG 5 Calculated steady-state j vs E /Ncharacteristics for an e-beam sus- pulse. except for the tail. The tail may be caused by the cur-
tained discharge in N. with admixtures of N20. The electron generation rent carried by positive and negative ions. The current gain
rate is E x ] O:' cm - s-'. The parameter is the N.0 fraction in percent (seeRef. r) (switch current/electron beam current) is about 2 for this

high attachment concentration. For concentrations of 0.7%,
the fall time (l/e-time) increases to approximately 100 ns.

code. In a second step, a system of circuit equations and rate For 0. 1% it is on the order of 500 ns. The gain increases to
equations has been solved, where we used the previously cal- values of 9 and 12 for 0.7% and 0. 1% NO, respectively.
culated E /N dependence ofthe rate constants, assuming that Figure 7 shows the j vs E/N characteristics of the e-
they do not change significantly for small variations of the beam sustained discharge under steady-state condition in I
gas mixture. atm N, with 0.7% NO. The curve represents the calculated

The transient behavior of the discharge as part of a dis- values, circles the experimental results. The experimental
charge circuit is discussed in Ref. 5. The calculation of the values at higher EIN correspond well te the theoretical
stead\ -state behavior of the diffuse doesnnot require informa- curve. However, the measured discharge characteristics do
tion about the circuit. Calculations of the steady-state dis- not exhibit the predicted current maximum at E /N values of
charge charactenstucs were performed with the relative at- approximately 4 Td. These results seem to indicate that at-
tacher concentration in the buffer gas as the parameter. tachmentisdominantevenatE/N<4Td, where, according
Fizure 5 shows the current density j versus reduced field to the measured values of the decay rate (see Fig. 41, attach-
strenith E /.V characteristics for different N:O concentra- ment should be negligible. This assumption is confirmed by
t:ons in an N. buffer gas. The total pressure is I atm. At small results of recently performed attachment rate coefficient
E/., below 4 Td. the electron loss is due to recombination measurements' and by Monte Carlo calculations of the at-
onl. A: about 4 Td the attachment rate coefficient rises tachment rate coefficient' based on experimentally obtained
s:eply. This means that, for reasonably high attacher con-
centrations in the buffer gas, the losses increase drastically,
causine a ne -ative slope in the current-voltage characteris-
t;Cs At 30 Td. where the attachment rate coefficient is as-
sumed to level off. recombination becomes more important - 0.r% N2O
azain, as demonstrated by the change in the slope vs EIN, E- - S 

=
SKl0"cm'36')

, this %aiue. i "

EXPERIMENTAL RESULTS -/
D:suse d:scharve experiments were performed in N.O, -

SO.. and CO. , ith N. as the buffer gas The e-beam tetrode o 0
"Z 2 0

%as for 'here e'penments mcstly used in the single pulse oo"

mode The ,ource term. the number of electrons produced = 0 0 0
pt-r cm and per second, was in the range of 10:0 crr-3 s' to u

:0:' cm"2 s" The voltage applied at the PFN was varied 0
he'ueen 2 and 20 kV. The switch electrode gap was kept 0 4 a 12 is 20

constant at ^ ' cm. REDUCED FIELD STRENGTH E/N [Td)

Ficure 6 shows the influence of attacher concentration FIG 7. Current den-ivy j vs reduced strength E.% fot a discharge in

NO on the switch current. For high N.O concentrations N:.N:O icalculaied curve and expenmental data poin ll

-AL ATHCR'S tJ.A.ME r
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FIG. 9. Discharge resistivity po as a function of reduced field strength L/N
for a discharge in N::SO: (250 Torr .

attachment cross-sections. " The loss of initially high energy
secondary electrons by attachment as they lose energy by
inelastic collisions could also, at least partially, account for charge impedance at low E /Nand the relatively high overall
the absence of the current density maximum in the experi- resistivity make the SO-:N. mixture not a good gas mixture
mental values at low E/AV Monte Carlo calculations are un-. for switching. The NO:N2 mixture, under the same condi-
der way to gain a quantitative understanding of this effect. tions (gas pressure, e-beam source term, and opening timei,

Even with the attachment onset rE/N<4 Td, that has a much lower resistivity at low El/N, which means that
means with an attachment dominated discharge during con- the Joule losses during conduction can be kept lower for this
duction. the N:O:N, mixture seems to work fairly well as an gas mixture.
opening switch gas. It satisfies the requirement of having low
resistance a: low E/.V and high resistance at large E/N, as N2:CO 2

seen cn Fig. F. where the results of current-voltage measure- Like N:O and SO,, GO, has an increasing attachment
ments tFig. 7) are plotted in a resistivity versus reduced field LIke The d vt of GO, for se

strenguh diagram. It shows an increase in resistivity of al- rt ofiin ihE/ h iavnaeo O o s
mstntho oraeraofmanituosa e in resistvitye of a-o20Td. as an opening switch gas is its relatively low ionization ener-
most two orders of magnitude in an £ IN range of 3 to 20 Td. Thfelstnghrgewreheaacm tcofigy. The field strength range where the attachment coeffi-

.cient 77 exceeds the ionization coefficient a reaches only up
to approximately 60 Td. " This value determines the hold-off

Another gas u hich hastherequiredE/N dependenceof field strength in this gas. For E/N> 60 Td the current rises
the attachment rate coefficient is SO, (Ref. 11). The SO, has again, which means that the switch closes further instead of
a lower a::a:hment rate and an onset of attachment at higher opens after e-beam turn-off.
values cf E/., compared to N:O. In order to get opening This effect was demonstrated by operating the diffuse
times similar "o those in the 0.7% N.O:N, mixture, the con- discharge at different values ofE / about the crossing poin:
cenrr.jcn cfSO. in N, as the buffer gas had to be increased of the attachment and ionization curves (Fig. 10). The dis-
to 20O,. The total gas pressure was reduced to 250 Torr, to continuities in the switch current curves represent the ste-
cover a vider range of E/N with the given switch voltage, wise increase in electron concentration in the switch gas due

Fize 9shows the resistivity versus E/,Vofan SO::N:, to three successive, ionizing, e-beam pulses. The applied
e-beam s-s:i':ned discharge with S = 3 x 10:0 cm -' s - 1. field E/,Vis given by the upper values at each picture. E/A'
The resis:'vit rises above an E/N of 50 Td, indicating an drops to the lower value at the maximum of the switch cur-
increase :n :'achment at this value. This rise is in agreement rent after approximately lps. In the range ofE/.V belo\\ W
with measu.td attachment characteristics in pure SO."' An Td the net ionization coefficient a - 77) is negative; thus
incresecd .:chZr=e impedance is also observed at low re- electron attachment losses outweigh the ionization gain. The
duced field strength, as indicated by two high resistivity val- switch current decreases after e-beam turn-off (Fig. 10, topl:
ues shown in Fiz. 9, below an EIA of 10 Td. This increase i.e., this means the switch opens. However. because of the
might be caused by strong three-body attachment processes small attachment coefficient of Co. compared to So. and
at near thermal electron energies:-" and SO- formation via N:O, the switch opening time (eve' for the high conEentra-
the radiati'.e stabilization process." Both the increased dis- tion of 20% in N, as buffer gas) is much longer than for the
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SWITCH CURRENT VS TIME E/N RANGE beam, the current stays constant because the ionization and

attachment processes balance each other.

SUMMARY

Diffuse discharge investigations were performed in the
gas mixtures N::NO, N2 :S0, and N::C02 . The experimen-

. 32- 39 Td tally obtained current-voltage characteristic for N.:N.O
agrees with previously obtained theoretical results at high
E /N The discrepancy in theoretical and experimental data
at low E/N reflects the uncertainty in basic data for N-O.
With respect to the criteria for optimum switch gases [low
losses during conduction (at low E/N), large losses during

,-, and after opening (at high INI)], N.O in N, is superior to the
... other investigated gases. For opening times of - 100 ns, the

- 54 Td i current gain was in the order of 10. With better utilization of
the e-beam energy in our system, a gain of 100 can be
achieved. Shorter opening times, down to - 10 ns, are possi-
ble with higher attacher concentrations, however, at the ex-

I."pense of reduced current gain.
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A Review of Opening Switch
Technology for Inductive Energy Storage

KARL H. SCHOENBACH, SENIOR MEMBER, IEEE, N1. KRISTIANSEN, FELLOW, IEEE, AND

GERHARD SCHAEFER, SENIOR MEMBER, IEEE

A review of the state of the art in opening switches is presented.
The general operating principles and present and potential future
operating parameters for several switch c,7tegories are discussed.
Among the switch categories described are: mechanical, solid state,
iacuum arc. crossed field, fuse, explosive, plasma gun, supercon-
ducting, thermal, 10HD Instability; diffuse discharge, plasma erosion
sitches, and reflex triodes.

I. INTRODUCTION

Energy storage for pulsed power devices commonly im-
plies capacitive storage for which the state of the art is
relatively well developed. The components of capacitor PULSE DISCHARGE CAPACITORSCAPACITANCE :C = 2,8 &F
banks, including capacitors and switches, are commercially VOLTAGE V = 50 kV
available and relatively inexpensive. However, in terms of ENERGY W = 3.5 kJ
energy density, capacitor banks are inefficient compared to VOLUME V - 6.3 x 104cm 3

nduct.e storage systems. In Fig. 1 the energy density in ENERGY DENSITY W'= 5.5 x 10- 2Jcm3

commercially available capacitors is compared with that in *Maxwell Laboratories, Inc.

an inducti-,e storage system, a coil [1]. The ratio of capaci-
tive to inductive energy density is 25 for an assumed coil
current of I - 5 kA. In other words, it takes approximately
300 capacitors of the type shown in Fig. I to replace the coil
with respect to its energy content. By stressing the technol-
ogy of coil design, the difference in energy storage density
becomes even larger (by a factor of - 10). One should
note that these comparisons do not account for power
supplies, cooling systems, etc., but the differences are still
intriguing, although great strides are currently being made
:n improving the energy storage density of capacitors.

The interest in inductive energy storage systems and the
appreciation of the difficult opening switch problems are INDUCTIVE STORAGE COIL [1]
e\.denced by two recent Army Research Office sponsored INDUCTANCE :L = 80 mH

CURRENT I =5 IkAVorkshops on Repetitive Opening Switches [21 and Diffuse ENERGY W = 1 MJ
Discharge Opening Switches [3] in Tamarron, CO, USA, in VOLUME V 74 X 104cm 3

1%1 and 1%82 respectively. There has also been several ENERGY DENSITY W' 1.35 Jlcm 3

other recent national and international workshops devoted
to the same general problem, as well as special discussion Fig. 1. Capacitve and inductive energy storage systems.
sessions at international conferences. The basic considera-

tions and the fundamental factors involved in inductive
energy storag,- are discussed in several places, including [4].

\lanusurpt ro(ei,,ed December 6, °83, revised May I. 1984. There are two maior obstacles to the practical use of
Thi, rpearch was sponsored jointly by the Air Force Office of

,efhhi( Research and the Army Research Office under Contract inductive storage in pulsed-power devices. They become
-NF0SR 34-,'0}3 the U S Government is authorized to reproduce obvious when the basic capacitive and inductive energy
and distributp reprints for Governmental purposes notwithstanding discharge circuits are compared. In the capacitive energy
an,, (pright notation thereon The submission of this paper was discharge circuiti (Fig. 2(a)) the capacitor C is charged
,,ni ouraged after review of an advance proposal

The authors ar with Plasma and Switching Laboratory Depart-
ment of Electrical Engineering, Texas Tech University. Lubbock. TX 'Other charging networks are also possible but this does not

q4Cy USA change the basic argument

0018-9219/84/OP0-1to 01Q00 "- I,84 IEEEL
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(a)(b) io0

Fig. 2. ia) Capaoti, v energy discharge circuit (b) Inductte
PnergN discharge Circuit.

Vt t, t2  1

through a resistor R k to the voltage ,. The time constant ,
tor selt-discharge of the capacitor is T, = RpC where RP Is
the leakage resistance For low inductance, high-voltage I
capacitors r may be in the order of tens of minutes [5] For -

such capacitors, the charging currents can be kept at fairly
o, aiues V.

The capacitor is discharged into the load Z, by means of
the closing switch , which is often a spark gap. The Fig. 3. Basic counterpulse circuit with current and soltage~diagrams
discharge current is usually large compared to the charging
current and a capacitive discharge circuit can, therefore, be
considered as a current amplifier the capacitor which was charged up to V, is discharged

In an inductive energy storage circuit (Fig. 2(b)), the through the inductor L, and switches 5, and S0 The

inductor L is "charged" to a current I The time constant direction of the current is chosen so that the current through

for self-discharge is 1% = L/R, where R, is the series resis- 5 is reduced. The frequency of the discharge current,

tance of the current source switch 5, and inductor For which determines the speed of counterpulsing, is given as

inductive energy storage systems, 7, can be in the order of 1
setonds [!) This means that inductors have to be charged T (1)
in relatively short times - Therefore. high-power, primary
power sources are needed. At t., when the current is zero in svitch 5 and /, in 5,

The energy stored in the inductor is transferred to the switch -5 is opened. After opening of S,> C, is charged
load by means of an opening switch 5,. an element which again but now with opposite polarity. The voltage rise
breaks the current / in the charging circuit By means of a across C, is
(losing switch S., the current path is then connected to the dV =Ici
load Simultaneously due to the decrease of current, a high - = constant (2)

dt C,
,i)ltag' ot magnitude t(dl/dt) is induced across the open-
ing switrh and load Inductive discharge circuits can. there- if L >> L, which means constant current I0 . At t3 switch 5,
fore. he considered as voltage amplifiers The two major is closed and the stored energy is transferred to the load,
techni(al problems in inductie energy storage systems are which in this example is a resistor R
the charging circuit and-even more severe- the opening Another way to characterize opening switches is by a
- ,it(n d-igri generalized impedance Z(t), which increases in time [61

The opening mechanism mav be resist ve, inductive, or

II f ),'Alc ,,ITCH CHARAcTFRIZAFION AND REQUIRP'OENTs capacitise It is resistive i the impedance rise is caused
primarilv by increasnd dissipation in the switch. Fuses are

The variou, tpe p s of opening svit( hc, can be divided examples of this type of ooening switch The switch has an
,it i,%() genral (lasses depending upon their operation: inductive characteristic if ZI n) is increasing due to the rise

dirct ,rt,rruption or counterpulse interruptien In the di- of self-inductance. Exampies are flux compressors. Examples
-,t ,ntcrrjprirn (las; the impedance of th ' opening switch for switches where the opening is based on a decreasing

-apidrl !ncraerd to caus e the current to transfer to a capacitance f the ,wtt(-h arc rare The principal exception
ri),,, ,rDJim r c load In the counterpulse class, the switch is the space-(harge-dominated sheath of a glow discharge.

, rrrit .,; ( ounteruil'-Pd that mean, an artificial current where the spacings are very small and relative motions ma'
zo ) ,. (reatid h, ,nlecting an equal but oppo'ite current be at high speed [6[ Whereas capacitive and inductive
''ro(iggh siif h This allows the svitch to return to its opening is in principle reversible, resistive opening always
,, -r.jr, Ai',,) i haing, at ieast temonorarilv, to hold off changes the sivtch medium ireversi-bls
ti--, u '', .Olt,.,:g The (ounterpulse ter heque (an be Independent )f their (haarctensti(s opening s,,witches

.\ith i t n i nv tvpe of \witch ho P\,r. it ,ork" bes t should satitv the tollh)wing qualitative condition,

" .1 i,, . orti'rpu uit vith ( urr,n and long conduction times
. - t1 , 1 rns toi ihc time t the total indu(ti,.'e lai g' Lirr-nts (hew losse.I) during ronduction

S 'i i ti ., through the (losod st, h tast risi, of mD (Jan - during i pening

, t i r ir ir op At f -itch Y is I s o d and high irnpe:iani: - after opening
high 'tand-off \oltage
fast re( ou'r% thigh ropetition frequent\)

i,'., -I','' tiii ' , ~u ', 2 PrsntlN it i- not possilh to satistv all these" onditions

. , . -.- - - _- -.. .
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submicrosecond, multiple pulse operation The 250-kv 100- -k second possibility, for using lasers to control a diffuse

melectron-beam gur) is designed as a tretrode with a dJis, harge as an opening switch is to reduce the eled ron
therm-ionic cathode. Current densities up to -4 A/c m can be density bx stimulating loss processes in the plasma during
obtained and varied indecaendentl of the beam energy, the opening phase of the switch [1031. It is for instance,
The tirst switch experiments have been performed in possible to get higher attachment cross sections hy vibra-
N N 0 gas mixtures. Disc~harge current fall times of ap- tinnallv ex. iting certain electronegative gases. The mecha-
tiroximatelv 10 ns were measured in an N -N 0 mixture, nism for dissociative attachment can be understood by

intai ni ng :percent N .0 tconsidering the potential energv diagram of attaching di-
atomic molecules (Fig. 30). The potential energy curve of a

B COptical (Laser) Controlled Ditotu'e Di,( harge nleu~tral diatomic molecule, .AB. is crossed at an energ\, E!

Th. use or a laser to sustain or control a ditfu'-e high A+9
pressure fis ihrge has not been con'idered prey iousls tot
opening \m tches The main reason is that direc-t ionization
,is in the case of electron-beam sustained discharges is AV
po~ssible only in some alkali-metal vapors using U\ lasers '

Ho%%e\ oi. it is possible to use a combination ot i.oll:sional

and photo proc-sses to ionize conimonlv used gases, even
A ith ,isible laser radiation Laser i ontrol has the advar tage
that re,,ondfl( e processes can be usedi to ionize the gas r his
myo be important for high-orepoetition-rate opening switc:hes.
sxneie extesivoe heating of the filling gas has to be avoided (E- ,IL-oncepts for using lasers for generating electrons in ...- , .,.

discharges are shown in Fig 29 The opening process. after -

turning onf the laser, in each case is determined bv attach- I

(i 2) (3) 14) i5) (61' it A4 8 -

4i M 4 +11

INTERNUCLEAR DISTANCE

Fig. 30. R'socnance dissociative electron attachment 11011

W. Iabove the ground state hv a repulsive potential energv
tzurve of the negative ion AB . The cross section for dis-
sflciative attachment is larger and its maximum is shifted
towards smaller electron energies the nearer the energ\ of
the vibrationallv excited state of the molecules is to the
e~nergv of curve crossing. A way to increase the generation

~fl~L'uum~rate for negative ions is. therefore, the selective excitation
OTE __MM1 of v'ibrational states (in most cases v > 1) of the molecule

Fig _N (',W, ifs u'wri ,ii-1, Iitron g-rr..ratiintiOi A6 near the curve crossing point Using this ortethod, en
increase in attachment rate of several orders of magnitude
can be obtained For HCI molecules calculations have been

ng orit sses of an added attac her A more detailed iscus- performed [106[, based on measurements ot attachment
,ion or these processe (an te found in [t021. [1031 The rates as a function of temperature [107], which show an
woosses shown ini F .g _' are I) direct photoionization 2) increase of the maximum value of the cross section from
-esoiiiint two-step pnotnionizaton 3) phototexcitation and t0 cm for the i . vibrational level, to 10 m tr- or
,tnertue'jLnt r ollisionat ionization as in laser resonan( i, = 2 (Fig 31)
iionitiing -1t phoiroionization tromn in intermediate stato in Using attachment processes to enhance the resistance of

im - r t) a rolson30t txx i)-teU prcesad (--) photo' J i ttuse clisi. barge swI)( during opening iopening times
* It fi'irymerit F or the prioi 1). it1 ) arid ,) no narrow- ion the order or !00 os should be possible. On the othr

i th light souri f- itre requiirod spark LAV our( PCs for hand opening svitches where thi' operting effect t basedl

iii t iihi iii nZatlim for 10j1 i lol ha\ve Ll( i 'sstul lx been ion attac hment are, liossv because a continuous energy
isil 4f 'ii ~f- it, )o'ihi( ijk 'ustainifA Jis hargfs tior TF lasers suppl\ -,s net essars to keep the ee trit) dJeosit at a Certain

Ti) [i'roii'e( itrne, \^iib lers \.ill io gor-.(ral he an level Improvements !n their eificien( v an he attained if

''it ber due tii i hc oi lase#r photons An gaIs muixtures are, ijised with .atta hers Tor which the attijoh-
i-p *il ~I x K pi ~iii~(hme nt "t) Thor photon energ\ mint rate onrleases arid the, ele tron) mobility dec(reases

ow J,'tai hri'nt ii the negativ ion is in most (ases vwh i rasiri! red(ur idJ field stre~ngth 1, N [1021 [1031,
tl (T! ellr than the -nrr required for ionization of the 11581 Thi. effect is indepenident ot The generation Me( ha-

'iiuttral ooe e-. )ii~f iuetla( hers have to he use-d to ac hiieve nisni or the eie( triors It (an he used in elet tron -beamy-
iiw(pfning, laser ph)it0d''dr hm,oit mav be i suitatole i introlled asel as in laser-f ontrolled switches A i Oil< ept

pri( ,s t l ix reoni ttichimnent in a spoi.ifi( S\itwh phase To c. na-rrails r han( P losses- which can inlv he refli zea b\'
n el-i tri i-tefam susitained .fisc harges [104]. 1:031]o ra ris ot lasers, how eve\.r is, that of enhaincemnt ot the

- iii iiie~N?,~ lt ifi %( It Ni i (i I -Sn.'
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the externally sustained discharge in pure argon are sho%%n
in Fig. 2b(a) for various electron-beam currents. After turn- MOBILUTY ATTACHWNT

off of the electron beam, the current decreases due to the RATE

recombination processes in the diffuse plasma. Time con-
stants, or "opening times," are 10 to 20 As. Fig. 2(b) again

shows current traces of the externally sustained discharge
for two different electron-beam currents, but now the gas
composition is slightly different: 0.02 torr SF,, an electro- -7

negative gas, has been added to the argon. Due to attach- (E/N)

mint processes, the opening time is reduced by approxi- tC/NTONcroc
matelv one order of magnitude. However, this desirable fig. 27. Ideal E/N characteristic of electron mobilitv, A_
etfect-important for opening switches-has a side effect and attachment rate coefficient, k., in a diffuse discharge
,,hiLch limits the application of attachers in diffuse dis- opening 5sitch.
charge switches The faster the reduction of electron den-
sitv due to attachment processes, the shorter the opening A. Electron-Beam Sustained Diffuse Discharge
time. but the higher is the electron-beam or laser power
necessar, to keep the electron density and hence the con- The feasibility of using an electron beam to control the
ducti'l,tt of the plasma constant. In Bletzinger's experiment conductivitv of the gas volume between two charged elec-
[03, s,.ith the electron-beam power kept constant, the switch trodes (see Fig. 28) was first demonstrated by Hunter [94]
current dropped from 14 to 7.5 A after adding 002 percent and Kovaltchuk and Mesyats [98]. In these experiments,
SF, to the argon large electron-beam current densities of up to 5 A/cm

Using a simple balance equation, the power necessary to were used. The current gain (switch current/electron-beam
sustain a discharge in a diffuse switch, is determined by

P n- v,-1.Eo, (9)

T3P INOMJTR

where , is the volume of the discharge, n,, the electron Cumt.NT I
densit% E._, the mean ionization energy, and T,,, is the S IURCE

tinm' ne(e,sarv to replace all electrons lost due to recombi-
nation and attachment processes. The time TP can be SWITCH LOAD

considered as the opening time for diffuse discharge
s\,itches For an attachment dominated discharge , = ELECTRON -8 EA FOI-ANODE

(kN,) , where N, is the concentration of the attacher ...... H CID
CONTROL. HEATED CATHOE

and k , is he attachment rate coefficient. GRIO

To o\Pr(ome the conflict between short opening time
and large energy consumption, the attachment rate coeffi- Fig. 28. Schematic of an ,lectron-beam-controlled diffuse
cent should be kept small during charging, to avoid large disharge switch in an inductive energy storage circuit.
e'nergv consumption. It should. howeser, have large values
sshen th, vwtsh is to be opened to provide for short current) was small. Also their electron-beam guns, derived

opening times Due to the fact that the reduced field from laser experiments, were cold-cathode types requiring

strength E/N in the diffuse discharge is small during charg- the full electron-beam voltage to be switched and therefore

ing and starts growing after the ionization source is turned resulting in even lower power gain. On the other hand,

otf, the required time dependence can be converted into a they achieved very fast rise times and could afford to work
field strength dependence for the attachment rate coeffi- with added attaching gases which resulted in fast opening

(ient. k s should he small for low %,alues of E/N and have a times of less than I A.s. Hunter recognized the importance

maximum at higher E/N The electron mobility should of having a gas with a high electron drift velocity and

behave in ust the opposite way. It should be high for loss therefore chose methane, which has a drift velocity peaking

value, of E> N and lo, tor high values of E/N Whereas, at more than v, = 10 cm/s at about E/N = 3 Td (1 Td =

the (onsiderations about electron drift velocity or mohilitv '0 "V .cm-)

r,speti,.Pev. vNre presented already in Q76 bv Hunter [4}. Sytvemati( measurements of current-soltage, khara(teris-

the inportan( of attachment rate dependen( on /N ti(s of ele(Iron sustained discharges in methane and argon

,,as ,rmphasized it first b, the plasma research group at ( - attacherl have been performed by Bletzinger [03], [00a].

fsxas Tech Uni\erstv in 1Ql [05j-[q7[. It \%as confirmed b, He concentrated on th, high curre'nt gain regime (at low

((,mputer calculations [%j performed for a diffuse di's- ,alues of the electron-beam (urrent densit,,) and found in

(harg, ipfning ss,,itch containing attachers with (ifterinl !his regime a strong influence of ( athode sh4ath etfet, Is on

E'N harart,,ristii of k., The desired boha, ior )f li,( ron the (ondu( tivitv of the di,(harge plasma

mobili, and attachment rate \,rsus /N is shown in The temporal beha\,ior of gas resslts as a fun lion o)t

Fig 2- I. tr(on-beam current wis wrivisligat,,d at NRL [I0] )[ a

The, uwi' of thi, inherent attachment tleedbark 'tf.(t r'- high ele(Iron-beam turrent densit desire Masur'm.nt,

quirrs iii ,'ernallv sustained diffuse di(harge Th- , re, were pertormed for N and Ar mixed ',tlh attaching gase,

tIi) (on(F'pts for the rxternallv (introllh,J gpe'rit o) ()t ( 10 CO , CH . and 1F, ) Dis(hargo (urrent tall tin' s o)

elr'( trons in I diffuse discharge .ipproximatelv 100 ns %* ,wrri obtaintd limited b, the hi,
iron-beam fall time

a) the ,,lotron-beam sustained dis, harg, For the invesptgation of ,I( tron-b,'.m (ontrillhd fitllue
h) the opti( ally (laser) sustain d di,( hargv' dis( harg s a s s em s,\.is i (instru( ted [10] %, lii h allows
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\\th one of their sw.Nitches !he,, transterred a peak power ally driven opening switches have the proper characteristics
ot '5 %M' ( 5 kA. 10 k\ ) from a 50-KI inductive storage for stability ildv/di > 0).
s',stems The maximum current 1s 6 kA/unit and AR - 20-50 The pulse repetition rate is determined by how tast the
2 at T = L) K A particularly important teature or these wire can be cooled. After an initial cooling period ot 15
,,itches is their potential modularity and at least two of min, before the first shot, repeated cooldowns are possible
the yitchcs have been successtull,, operated in parallel, at the rate of about I shot per minute [891 [9401 when the
Successful parallel operation 1851 of s c switches was also initial temperature is - 193'C. 1ke best reported rise time
demonstrated at Los Alamos National Laboratory (LANL). is 6-8 tis, although this figure depends on the current
Two ,wtches which reached o and 7 kA individually were density in the wire. No quantitative data are available on
operated in parailei at 13 kA the lifetime of such a switch.

At LANL the s c switch work was pursued for several The main attractive feature of thermally driven opening
sears in connection with the Magnetic Fusion Confinement switches is the promise of repetitive operation At present,
Program The work was discontinued in favor of counter- a major unknown is how well the wires will hold up under
pulsed vacuum interrupters Some of their experimental recycling.
results with a switch using a 70-30 Cu-Ni matrix with a
1 3 1 matrix to s.c. ratio were (8b1 Xll. DIFFUSE DISCHARGE OPENING SVVITCHES

I,, 10 8 kA A concept which seems to be particularly attractive for

m, = 25 0 kV repetitive opening switches is the diffuse discharge opening
switch. A diffuse discharge is defined as an extended
volume, nonequilibrium discharge If self-sustained, the

current-voltage characteristics may be negative, constant,
XI THERMALL0 DRIVEN OPENING SWITCHES or positive, depending on the reduced field, E/N and the

Thermally driven opening switches are the result of at- gas. If externally sustained, e.g., by an electron beam the
tempts to achieve the speed and economy of fuse opening ideal diffuse glow discharge has a positive current-voltage

swvitches but with the added advantage of repetitive opera- characteristic After sufficient voltage has been applied to
lon [8J-[90[ The strategy is simple let the wire heat establish the electrode sheath conditions the slope or this
almost to, but not beyond, its melting point so that its characteristic depends on the external ionization source.
resistance increases several-fold and hence decreases the The discharge is in a nonequilibrium state in that the

current The wire can thus partially interrupt (decrease electron temperature > vibrational temperature > gas

considerably) the current without melting or exploding and temperature [921.
hence can be reused For some applications, partial inter- There are two ways to use a diffuse discharge a- an
ruption is sufficient. Basic design information for thermally opening switch
drven opening switches is given in [871 Reports on applica-
tions are given in [87]-[90] At this point, both low carbon a) by turning off the ionization source in an externally
steel [891-[911 and tungsten [87], [901, (91] have been sustained discharge,
investigated For low carbon steel, cooled initially to b) by controlled reduction of the conductityr in a
- 0 °0 C and allowed to heat to +800 0 C. the resistance self-sustained or externalh sustained discharge

ochange., b% a tactor of 70 [89], [90]
The maximum reported voltage standoff is 20 kV [891, Whereas a controlled conductivity reduction seems to be

h- J £Ie(lrc riolds of about I 7 kV/cm were held off in the possible only by using a laser, concept a) can be realized
'.l.rk desribed in [871 Neither of these figures is likely to with either a laser or an electron beam as the ionization
,epresent a real limit Hovever, the voltage standoff should source In such a switch reduction of current carriers or
ror for thermally driven opening switches than for carrier mobility after turn-off of the external source is de-
tus , because thermally driven opening switches do not termined by recombination and attachment proc.'sses, re-
,aporize The maximum peak current reported so far is 200 spectiely
k -\ h[. [0.1 Higher currents can be realized successfully by Fig 26 shows experimental results [3] with a low-power
,mir.3li'hng elements since the V-I characteristics for therm- electron beam as the ionization source Current traces of

Soo MV200 mYl

Fig 26 1' ,row I, fi ga' mixtur- ,thout (,a) .i,J ,ith ,i ,ti. r, I
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perpendicular to 1, where J is the current densitv These spikes are observed as a result of the high L(dl/dt) (even
differences are related to the shielding effect of the con- though L is made as small as possible). Also, when acciden-
ductor. For foil conductors it has been found [74] that the tal quenches occur, high-voltage spikes occur along the
best (fastest) quench occurs with 8 perpendicular to J and switch where the quench occurs [79]. These spikes can be
tangential to the foil surface, as shown by B. in Fig. 24 The 0 times higher than the voltage which is seen with a
thermal quench can be induced by heating all or part of the normal (triggered) quench. The insulation must. therefore.
switch with an external heating filament, be designed accordingly.

Some considerations of switch losses and energ) transfer
times, which are also functions of the external circuit

Cu P1. esparameters, are discussed in [83]. For fast switching, one

NbTi(nomarmx must also keep the conductor dimensions small so as to
limit magnetic and thermal diffusion times The switching
times of superconducting wires of various dimensions versus

ti the switching di/dt have been measured [84].

At the Kernforschungszentrum Karlsruhe in Germany,
several s.c. switches and inductive energy storage s,stems
have been investigated [81], [83]. The largest storage system
was 220 kJ but the switch in this case was designed to
handle - Ml. Some of the experimental results included
switching times (At) of 20 As, peak voltages of 47 kV, and

Fig. 24. Superconducting opening switch [801. dR/dt o! 22 x 10" £/s. The switch recovery time wvas
about 3 min, set by the epoxy encapsulation. The switch
jitter, using current triggering, was - 5 As.

The thermal quench is the slowest [75] one with a Atmm At the D. V. Efremov Scientific Research Institute of

of approximately I ms. The B-field quench has about 200 Electrophysical Apparatus in Leningrad, USSR (ESRIEA) the
times faster dR/dt but involves generally bulkier and more research has been concentrated on building small, compact,
complicated equipment. The simplest quench method for modular s.c. switches [80] using NbTi foils with no matrix

At _< t0 As appears to be the current induced one. The material. The s.c. switch is constructed as a bifilar pack of a

quench proceeds from several points along the wire which 20-m-thick strip of the s.c. foil, as shown in Fig. 25.

then goes normal. Opening times as short as 200 ns can be
obtained with 200-m-diameter wires [76]. One should note 99

that the switching condition must be maintained long r I
enough to deliver enough energy (or extract it from the
storage circuit) to raise the temperature of the switch and
all associated material above the critical temperature [77].

When the switch is triggered, it is important that the 0,10 outside the plaasma

entire switch goes normal so that a sufficient AR will stabiliitycriterion: 92,-:1/2

reduce the current enough to avoid switch burnout. If the
superconductor is stabilized sufficiently (Cu matrix), then gmh rastr y- a/r

this is difficult. The switch is therefore either partly stabi- a - 'kT;Im ionic speed
lized [78], [79] (e.g., with 70 percent Cu, 30 percent Ni
matrix) or not stabilized [80] at all. The power density in the - _ .............

switch (MW/cm3 ) is generally limited by the allowable m--

temperature rise of the enclosing epoxy [81] (-100 K). 2r.
Tvpical values are 1-2 MW/cm.

The repetition rate of the switch depends on how fast it R
recovers its superconducting stage, which again depends
upon the design details, total mass (matrix s.c. -epoxy), kr ,(ro)
cooling channels, et( It is difficult to see how this kind of a stability criterion: q(rO) 0

s\witch can be operated at high repetition rates and the

losses (refrigeration power) would then probably be exces- max. growth rate: Y .

sive References [77] and [82] describe various design con- 2r R

iderations and tradeoffs. From these studies, and maybe 1 i s

also intuitivelv, it is clear that one wvants to maximize the VA W Al4eed

switch current density and the resistivities of the matrix and
the superconductor in the normal state One also wants the Fig. 25. Pinch intabiiis with axiat magnihr (mid "harp[)mpi( h (intnte (ofidu(ti.itN)] l

smallest possible ratio of matrix to superconductor volume.
The switch must be designed with a low-inductance

,inding fbifilar) arrangement to allow fast switching (low Insulating fiberglass gaskets impregnated with epoxv rein

At and with sufficient conductor length to give ,ufficientlv (at 40-atm pressure) are placed between the laver, The
large R Too large a loop length in the switch coil (an switch dimensions are typically 4 cm x 5 cm x 1IS cm
cause voltage brakdown problems between adjacent con- Several switches have been constructed and tested for (ur-
due tors However, when the switch quenches, high-voltage rents in the 2.5-8-kA range.

VC H()P -I"AH ,J/ l ,PN G% ' SWITCH TIU HN t( :03 )(1 "
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.' Fig. 23. Possible 8-fieldorientationsfor scswitchquench-

2 3 ing

focus devices [7]. Higher reproducibility and a controllable
'/ repetition rate may poss'bly be achieved by means of cylin-

due to MHD instabilities (Fig. 23) [69] also leads to an
increase in inductance and hence in plasma impedance.
Whereas the opening effect of the m = 0 (sausage) instabil-

ity is rather weak [69], the m - 1 instability seems to be
I: /ipromising for an opening switch [67]. An increase of plasma

resistance (that means an opening effect), at least for a
.. short time, is expected. Theoretical and experimental ob-

- ~ servations of plasma-wall interactions in fusion devices and

Fig. 21 Repe',rie operation of a dense plasma focus [721. in conventional circuit breakers may help to understand the

i-Frrimiton of plasma laver along insulator 2-Plasma cooling processes in this type of opening switches
1.1p.r ea(hs'5 end of coaxial gun. 3-Radial collapse of Other MHD-type opening switches have also been in-
pla mdla ir 4-Focus eent and formation of second plasma vestigated A particularly promising approach [73] uses a
a'. 'r .t 'he nd of the gun 5-Radial collapse ot second coaxial plasma gun, where a coaxial discharge is initiated by

;a13fmd iaper n-Focus event and formation of third plasma the explosion of a foil or wire array The plasma is accel-
!a%# rit rhe -nd of the gun. erated down the gun, storing energy from a slow store (e.g.,

a homopolar generator or capacitor bank) in the gun induc-
indr',dual events The voltage and power pulses, respec- tance This energy is then delivered rapidly to a load as the
ielV occur randomly, as shown in Fig. 22 [72]. The maxi- plasma blows off the end of the coaxial gun and completes

mum \.oltage peak of 25 kV was obtained at a current of 90 the current path to the load The basic idea is similar to the
kA whi~ch resulted in a characteristic ohmic resistance of inductive pulse sharpening circuits, employ:ng exploding

- £2 a value close to the one measured on several other wire fuses, used on some large capacitor banks (e.g., the
SHIVA experiment at the Air Force Weapons Laboratory).

A ,X SUPERCONDUCTING OPENING SWITCHES3

Superconducting (s.c.) opening switches are generally
used in connection with superconductive inductive energy

0- storage They represent an attempt to exploit the low-tem-

perature environment already present in the superconduc-
0tive energy storage system in providing a conceptually sim-

L ple means of repetitive switching. The switch is caused to
0 .change from the s c. to the normal stage in some character-

F _,istic switching time At The main problem with s.c. switches
0 =  is the additional refrigeration required to remove the heat

dissipated into the low-temperature fluid when the switch

2., goes normal
GW This transition can be induced by three distinctly differ-

t.25 -ent trigger (quench) methods. current, B-field, and thermal
quench The current from the source through the switch

0 can be increased to cause self-quench or the current can be
induced by one of several means from a separate, external

30,' trigger source An external magnetic field can be applied to
KJ icause 8-field quenching The magnetic field can be applied.
1 with different results, parallel or transverse to the current.

With foil conductors, there is also a difference with B

0 0 15 30 45 k$so perpendicular or parallel to the foil surface while B is

Fig, 22 ( .rrnt i .ol jgt u, pof,.,er P and Pnnrg% W Most of the material in this section and in Section XI i. irom a
, t,rmr , durir g .i rrCpent,,-. iopration of a pla'ma focus chapter written by one of the authors (K) in a Naval Surface
(,t, .vulot iur"l, (i I m)ar 1-] Weapons Center Report NP 30/78, Sept 1978

0M0 P )FCEfOINCS Of THF Ifit \OI '2 'O S -.UGiST 1q64
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EXPLOSIVE- ROl/ ," 1 . /

DETONATOR LOAD SWITCM

Fig. 19. Schematic diagram of c'lindrical plasma switch used for high-current tests (661.

the order of I u s but at somewhat lower currents and where I is the sheet current, r0 is the radius of the inner
voltage gradients than rcported by Pavlovskii et al. conductor, and p. the density of the filler gas [681. Related

to the motion of the current-carrying plasma laver is an
IX PLASMA GUNS, DENSE PLASMA FOCUS. AND MHD increase in impedance up to the value
SWITCHES dt

Plasma guns, and especially the dense plasma focus (DPF), - 1 L'vO (7)

have been suggested as opening switches because of their where L' is the inductance per unit length and v the
rapid change in inductance due to linear plasma accelera- velocity of the plasma layer. That means a plasma gun, or in
tion and, in the case of a DPF, due to additional fast radial general any electric rail gun, can be considered as an
compression of the current-carrying plasma. A plasma gun opening switch. In case of the coaxial plasma gun for values
is shown as part of an inductive discharge circuit in Fig. 20 of L' = 1-5 nH/cm and v0 = 5-10 X 10' cm/s impedances

of up to 10- 2 S can be obtained.
In case of the DPF, which can be considered as a mod-

ified plasma gun, the more important opening effect occurs
after the plasma layer passes the end of the coaxial line. The

cp self-magnetic field of the plasma current drives the plasma
- - -- layer towards the axis (plasma focus) which causes a rapid

increase in inductance. The impedance in this phase is
approximately that of a collapsing cylinder with radius r and
length e(

L, SdL i, o'dr

__..rS 
dt = 2r dt (8)

C FUSE The speed dr/dt and consequently the impedance dLdt

.~c  can be optimized by proper choice of the electrode shape
[69]. The maximum possible impedance however seems to
be determined by resistive changes due to microinstabili-

Fig. 20. Dense plasma focus switch arrangement [671 ties, such as the two-stream instability [70], rather than bh
inductive changes Values of 0.35 2 were measured for

[67] The inductor L, is charged by a capacitor bank C. The different plasma focus devices, independent of current [711.
currant is interrupted by means of a fuse Simultaneously. Upon opening, part of the magnetic energy stored in the
the -\vit(h 5 is closed and the current ! fed into a plasma plasma gun is released into the load R, through a coupling

gun. ,hich ;erves as intermediat- inductive storage and an capacitor C,
opening switch as well The gun is a toaxial deice with a In inductvelv driven devices, this opening effect o(curs
length several times its diameter and a coaxial separation ot repetitively (Fig. 21) [72]. After the ignition of the pro(ess at
several (crntimeters The eectrodes are separated at the roar the bottom of the gun and the first collapse of the pla,;ma
end by a cilindrical insulating sleeve re \'tern is nper- laver on the axis. a reignition in the close vicinitv of the
ated at gas pressures i)r a few torrs discharge occurs and the current is transferred back to a

'Vvhen a voltage is applied across the electrodes a dis- region apart from the axis. In this sequence, a new radial

charge is formed along the insuiator surface Due to niag- ollapse of the plasma occurs, resulting in a second fo(us

neti( for(ce, this current shoot i, lifted and dri\,-n down the eent. The complete process is repeated seseral time s
line ,ith a speed approa(hing th- salue If these events can be made reproducible and repealable

the inductivey driven plasma focus could be used as a
S(b) repetitip opening switch, operating in the burst mode.

2p I 2-r- However. thus far it has not been pos,,ible to control the

' ( H( F'48:A( F-,t r ! , PFNII , W"T1([ j T[I fj-,("111(," 02a
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bridge,.%ire detonators [591 to realize jitter times of about 10 "00-Am "pellets" The mixture is pressed (sintered) at 5000
As Such precise triggering permits series and parallel opera- kg/cm- and annealed in hydrogen. The product can be
non of single-switch modules to achieve operation at higher heated up to 300'C for short times and is "safe against
voltages and currents. The major disadvantage of explosive impacts," Preliminary results exceeded best results with the
opening switches is that repetitive operation, in the usual "conventional" explosive switch arrangement. The arrange-
sense. is not possible They otter [60] the possibility of ment is shown schematically in fig 18. The resistivity of the
prec.,se timing and permit the delay before explosion to be
controlled independently of the current flowing through
the switch (with a minimum delay of - 40 ,1s).

The basic operation of the exploding switch shown in
Fig 17 and described in [591 consists of the following steps. CUTTING--. -

RING
CURR EN T INSULATOR

FLOWP OLY.ETHYLENE

*~VA 1 DEODrREPLOSIVE
SENDNG RNG ETONTORCONDUCTOR

Fig. 18. "New" explosive switch [63]. explosive conductor
Om made of 90 percent Cu and ii percent explosive (50-50 vol

" XX I. in a metallurgical process, p = 20 A.P. . cm, preliminary27cm results 25 kA. 25 kV in At 6-810 A.

L0 explosive conductor was initially about 100 A -cm. The
LITS cm explosive must, of course, be set off by a detonator.

I- -I Further developments [62] of this material using a "wet-

fig. 17. $( hmatic (ross section of the explo,iv-v ictuated ting agent" to "reduce pellet friction" (molybdenum
. h dichloride ?) resulted in a higher packing factor and reduced

the resistivity to - 20 /A2 cm. With a 2-cm-diameter.
2-cm-long conductor-explosive element, it was possible to

tniMiall, Current is conducted by an Al cylinder for any interrupt 25 kA in 8-10 As, holding off 25 kV Some of the
wr'riod hmited only by the thermal capacity of the switch main operational problems are with the end contacts where

parts The (vlinder is loaded with paraffin and exploded by "waffled" copper disc surfaces are used in compression to
ono or mor, detonators, leading to a radially outward achieve good electric contacts The dielectric strength ot
p-rsurt, on the cylinder Confining cutting rings, alternated the switch recovers at a rate of 3 X 10 V/s and the
w.ith nonconducting rings, allow the cylinder to rupture in detonation velocity is - 5 km/s with a mass flow velocity
(i)ntrollf.d areas The rupturing decreases the current as a of 2-3 km/s. The investigations are in their infancy and it is
r sult o t arc lormation in each gap The arc voltage, tvpi- difficult to predict what the ultimate results may be, but the
(allN " 5 to I 0 k% ,/gap. can be used to commutate the concept is of sufficient novelty and merit to warrant further
urrort into the succeeding switch stage Removal of the studies

turrent from the exploding switch leads to rapid cooiing of A somewhat different type of a chemically exploding
the arc ola,rna with a cons'quent increase in the ability of switch has been described by Kassel [64 in a review of
the ,u.t( h to withstand high oltage without conduction or Soviet Pulsed-Power R & D. In these cases, the explosive
retrike Perlormanc- %alues [561 of 600 kV and 400 kA have cartridge is placed at a right angle to the arc discharge. The
br.n a( hie,d in the United States explosively generated shock wave and the explosion debris

In the tiSR a similar arrangement has been used [621 to then extinguish the arr isomewhat similar operation to an
ifrrrupt 00 kA in DO-0 ps arid holding off 50 k\, A airblast breaker). The interrupted currents were tairv low
',., -,tw, ,'rii. switch was tested to -0 k 5 (limitd by the 10.5-2.5 kA) but the interruption times At were quite 'hurt

po,.er ',uppl\ but should test out at > W00- kV) and opened (2 1-3) ps).
fii -- I0 ul The switch losses were - 100 ki in the first Pavlovskii et al [65] reported an oxperiment where - \A
-tage, and .- 30 ki in the second stage It is felt [63] that a of current was directed to a 30-ni load vith a current rise

i'. erging ,xplosiv, sho( k t,,pe , reaker may improve these time of 0 5 As and a voltage gradient of 25 k5 ,/cot xpori-
, ts thr,, \,%ill then be problems %,ith increased explo- ments have neen carried out in the United Statr, bt l to

., mass hut the posibilht, i, being studied duplicate these results. The basic ,witch arrangement is
A ,io)ei ,xploding switch concept ,het' th, explosive shown in Fig t9 The plasma s,,,tthing olemrnt is located

mid the (onJuct or i,, the same, element ha, boon roportf, d (oaxiallv around a cylinder of high ,xplosi, e, materi l. The
I)V II Thi, i,, a(hieved bv mixing 10 percent explosive .nd 'NJ plasma is initiated with a thin aluminum toil and then
p,r( 'nt ,)pper powder (30-50 per Cnt by ojimet in a compre,,sed by the tvhndr'cal shock wva\,e trom the 'xoio-
l)ipidf'r metallurgical process The topper i,, :n thr, form )f sive. Results, so far, have demonstrated opening times on

•f TM I .. ,
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conduction time of 0.1 ms the cross section of the fuse has Th~e resistance of the gas channel in vacuum is also reduced
to be - 0.25 mm-. through thermionic emission of electrons and ions and

The current density, on the other hand, also determines subsequent ionization of the gas [41].
the maximum obtainable electric field strength across the The realization of fast opening times under conditions of
fuse. This relation is demonstrated in Fig. 15 [52], where the long charging times for the inductor has been demon-
electric field strength is plotted versus delay time, which in strated using a three-stage opening switch with parallel

fuses with different conductor cross sections [55]. In this
application, the fuse recovery of all but the last stage is

10Yf crucial for successful operation [56], [57]. In a different
approach, the combination of commerciallv available circuit

pI At A7A breakers for long charging times and a fuse for fast opening
has been operated successfully [52], [58].

A t I MaO Experiments which demonstrate the feasibility of fuse
IN U opening switches in high-power inductive discharge svs-

* L tems were recently performed by Reinovsky et al. [32]. A
1.9-MJ capacitor bank was discharged into an inductor. An

71 electrically exploding foil was used to open the circuit and
W R w U to transfer the energy to the load, which was an imploding

foil. The fuse package is shown in Fig. 16. It is integrated
N, into the transmission line which connects bank and load.

N The fuse, a 0.001 -inch Al foil, is 70 cm long and 44 cm wide.
N, The volume of the fuse package also serves as an inductive

store with an inductance of - 10 nH. This system demon-
strates clearly the simplicity and compactness of inductive
discharge systems. It has been operated with an electrolytic
load of 12-m12 resistance and 5.8-nH inductance. With the

0.1 , 0, , , system operating at 1.9 MI stored energy, approximately 1b
0- MA were interrupted, generating a 300-k voltage across

the load. About 7.5 MA were transferred to the load with a
Fig. 13. Peak %oltage per length or Cu wires versus time to 10-90-percent rise time of 190 ns (opening time).
-xplonion -it Parameter. surrounding medium [521.

turn depends on the current density. The parameter is the VIII. EXPLOSIVE OPENING SWITCHES

surrounding dielectric. Using the above example, where It Explosive opening switches have been developed as a
,as 0.1 m. the value of vo'tage/length for a 0.25-mm2  more rapidly opening alternative to mechanical breakers
cross-section copper wire in atmospheric pressure air is 0.6 [59]. Opening times of less than 20 /s have been achieved
k\/cm. To generate a voltage of V = 6 kV or to get a in comparison to about 1000 A.s or more for typical me-
resistance of V// = 0.6 .2, the length of the fuse has to be chanical breakers. The short opening time, of course, re-
t(= 10cm duces the effects of switch dissipation. In typical explosive

For reasons discussed here, it is obvious that for a fuse opening switches, the current is interrupted by using an
operated in vacuum the inductively, generated field is much explosive to sever a conductor by blowing it apart or by
lower than for a fuse in atmospheric air, since the confining forcing it against "cutting rings."
function of the surrounding medium is missing [53], [541. The explosion can be initiated with standard expioding
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the ,.,ire is bridged by an arc the voltage drops, which 00o

means that the resistance of the fuse is decreasing Pi

Embedding the wire in a liquid dielectric ,vith low corn- t
pressibilitv [401 delavs the expansion of evaporated material
and suppresses inhomogeneities, \,hich lead to early arcing 0 0 2
in the \.apor and the onset of peripheral discharges can
hence be delayed, or even prevented The effect of a liquid
dielectric on the development of the fuse explosion is 2 TUEFLD
shown in Fig. 12 [1]. The dielectric was water in a corn- 3 WITH WATER

pletel, closed. approx r3tely 1-cm-diameter tube. The de-

15*~~ lllIIAWTER
"'" 0.5 -

I lAiR -2

kV kA3 0,0- . 2,

10,2 I I /-U _ Fig. 13. Peak voltage per length, V*, and current of sloIi
U 0,r .. - exploding wires in different surrounding media [421

0 50 100 200 250 300 AS 4
I the wire can be reduced with increasing conductivity, and

I, Fig. 12. Time development of the electricallv induced the energy loss is proportional to the product of wire
ixplosion of a Cu wire in a water-filled tube with current volume and specific heat required .-1 reach vaporization
and .oltage traces alter I-ms current flow duration (Cu wire: (approximately the specific sublimation heat), a good switch
6 = 0 25 mm,"= 6 cm [1] efficiency requires materials with high conductivity and low

sublimation heat, such as gold, silver, copper, and aluminum
velopment of the wire explosion in this system is similar to [30], [481-[50].
that of a fuse in air (Fig. 11), except for the fact that the The maximum generated voltage is not only dependent
formation of constrictions is much more regular and the on the length of the wire, the wire material, and the
voltage generated is higher by a factor of 5 to 6. A quite surrounding dielectric but also on the current density I in
different behavior occurs after this. The voltage does not the fuse [46]. .nother important parameter, the delay time
drop as in the case of air as the dielectric, but increases by At, or the time until the fuse explodes, is also related to the
another factor of two. This effect is due to the suppressed current density [30], [51]. According to the experimental
expansion of the completely vaporized metal [41], domon- results, as shown in Fig. 14, the conduction time At is
strafed by streak camera pictures which show a smaller
in(rease in the diameter of the vapor column [40].

The results are summarized in Fig 13 [42]. In the upper 0

diagram the current flow through wires is plotted versus to"
time The lower diagram shows the voltage drop across t

exploding wires in different surrounding media. There are 101-
large differences in peak voltage/length and in maximum
resisti\,tv of the wire. depending on whether the fuse is 1o-2 _
surrounded by air or water in an open or closed system In 3,(t)?f
order to generate high voltages along a fuse, it is important to"3

to use dielectrics with low compressibility in systems which -4

preent the expansion of the evaporated metal 50A A' -054

Beside atmospheric pressure air and liquids, high-pres- 5 .- o510, - _2
sure gases [43] and solid dielectrics, cast or as compressed

dust, have also been used [441-[46] to slow down the radial 2 5

faXparision and to stabilize the explosion, but the experi- i0o to Id' ,o,  06 A/m. 2

mental results predicting the most suitable material are
(ontrad.torv In other experiments it was demonstrated
that a strong oxidizer (HO, in water), especially in combi- deist [
nation vith wvires of Al. which has a relatively high chemi-
(al activitv, increased the maximum voltage [47].

the effi(ency of a fuse as a switching element for trans- inersel, proportional to I' and the ioefi(tient ,)nlv de-
ferring energy from the storage to the load is strongly pends on the fuse material For example., for a (urrent
influenced by the wire material. Since the cross section of I = 10 kA flowing through a Cu fuse and for a df.irod

PR(f fff)INC, 4 HO [ l " ", AU(,s 1 '9,4
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Fig. 10. Aluminum fuse resistivity as a function of specific energy [32].

energy. Also shown are other measured values [33] which For a wire in air the different stages in the development of
were shown to be in excellent agreement with calculated the explosion and the current and voltage traces are shown
values. in Fig. 11. The time zero corresponds to a state where the

* - There are several mechanisms reversing the increase of fuse is already molten (T - 1000 /Ls). Constrictions have
resistivity. When the vapor channel expands, the gas density
decreases and an arc may occur. This effect strongly de-
pends on the wire material, the material embedding the
wire, and the current density and duration. Another mecha-

*. nism which prevents the generation of high voltages is

breakdown along the fuse surface which is initiated by
thermal emission before evaporation occurs. Tungsten and
other metals with high boiling point, therefore, do not
explode if operated in atmospheric pressure gases. The
voltage at which surface arcs occur can also be influenced ,t t t2 to t4 t

*0 by the embedding material and the current distribution in ,o 0 '-I---;.or----J/ .- I -

these arcs is determined by the self-magnetic field [34]. If kv r  . I . "--L."L.... .,,
foils are used, edge effects, such as the initiation of corona 'G. O,3

. ~ ~discharges and subsequent microscopic explosions, can ini- o14021 a I o l,

tiate the surface discharge [35]. Investigations of explosion U0  0 L ID----

phenomena which cause early ignitions of gas discharges inoL 01 _.I .
electrically exploded wires were performed by jiger [3b]. 0  5 10o i5 200 Ms 3
MHD instabilities (m - 0 and m - 1 instabilities) and early
breaking of the wire cause an inhomogeneous density of Fig. 11. Time development of the electricall, induced
evaporated metal and therefore irregular arcing [371. The explosion of a Cu wire in 1-atm air with current and voltage
SMHD instabilities of the m - 0 type were suppressed by traces after I-ms current flow duration (Cu wire 0 = 0 25

i b o0 e em, ,= b cm) [1].
means of a longitudinal magnetic field (36], [37].

To explain the fast opening of exploding wires it has
• been suggested that the decrease of conductivity occurs developed at the wire connections, leading to formation of

throughout the wire volume 1381, (391. The time develop- arcs at t = 30 js + T. During the following 100 ps. the wire
ment of -lctricallv exploded Cu wires were investigated by is breaking along the entire length and successive arcs are
means of optical and electrical diagnostic techniques [I. formed at the breaking positions. After the entire length of

( Fi uNSA(i H I7 , T' _ N! ,,rH t( HNOLO(,CV 1025
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current considerably Hall currents in such an axial system 2W
are flowing in the azimuthal direction along closed paths
and hence do not influence the radial current extinction
mechanism Vacuum arcs are sustained through the ejec- Do-
tion of electrode material from hot cathode spots. As the-
current drops due to magnetic interaction the number of 3
spots diminishes and finally, at a certain current level, the 50-

• remaining spot vanshes. Hence by magnetic reduction of OPER TIn e

the current below the "chopping current" for a time longer PW
than the time for the spot to vanish, the arc will be
extinguished completely

Metal plasma arc switches can be used in series to inter-
rupt high voltages and, because of the positive current- KT
voltage characteristics, used in parallel for high currents o. 10
The status (1976-1981) of metal plasma arc switches is, INTEBEb SPA.a .
according to Gilmour 122], [231: Fig. 9. Crossed-field tube operation parameters [27].

current interrupted: 10 kA
load voltage interrupted: 25 kV the electrodes, electrons that normally would be captured
T,n 0.1 As by the electrodes without causing ionization now spiral in

* To,. 2 ;s the magnetic field and may create a self-sustained dis-
Tconducton 10 fgs-dc charge. The magnetic field necessary to cause ionization is
repetition rate: 10 kpps 1 2mV
life: 107_10 8 C. B 1 F V

It should, however, be noted that these values are not - where m and e are the electronic mass and charge, d is the
achieved all at the same time or in the same device and it
has proven most difficult to get any of the researchers in interelectroe spacing, and V is the applied voltage. This

this field to commit themselves to a self-consistent set of condition expresses that the height of the cycloidal path of

values (i.e., one device performance, stressing all parame- the electrons emitted from the cathode is smaller than the

ters). electrode gap d. At V - 600 kV and d- 1 cm the field

A second approach to the extinction of a vacuum arc by a required for ignition is 0.083 T.magnetic field is described by Kimblin and Voshall [241. During the conduction phase, the discharge voltage isrelatively independent of current density and is in the range
Whereas in axial systems, which were considered so far, the of 300 to 500 V Current densities of up to 10 A/cm2 can be
azimuthal Hall field is shorted out, in case of a transverse conducted. When the magnetic field is removed, ionization

ceases and the current is interrupted. The plasma decay
EH - B (4) time or switch opening time, depends on parameters such

n(e as pressure, ionic species, current density prior to interrup-

tion, and the external circuit and is generally on the order
can reach values of 102 V/cm (251. The Hall force acting on of several microseconds.
the ions leads to a separation of the plasma from the anode Investigations were performed at Hughes Research Lab-

IS and hence to an arc extinction. A recent paper [26] reviews oratories with a coaxial tube [28] The cathode surface

and compares different versions of the metal plasma arc ares with a itere2e.Toe ap suface
switcharea was 500 cm2 with an interelectrode gap spacing of 1.15switch cm The discharge gas was He at pressures around 100

mtorr. The tubes, operated as high-power, on-off switches,
VI. CRossEo-FiEro Tuefs (XFT) achieved single-pulse operation at 40 kV and 3.2 kA. Pulse

trains of 25-/s-wide pulses, about 10 in number, wereCrossed-field tubes [17], [18] (XFT) operate in low-pres- generated by pulsing the controlling magnetic field at 120
sure regimes, to the left of the Paschen curve minimum but pps The interruption voltage was 50 kV and the current was

below the vacuum breakdown curve (Fig. 9) In this pd 1.3 kA.

(pressure X spacing) range magnetic fields applied per-

pendicular to the electric field between the electrodes VII. Fusts
enhance the conductivity, contrary to the effect in metal
plasma arc switches The reason for this phenomenon is The most familiar opening switches are fuses [29], 1301.
that in this pd range, without magnetic fields, electrons are They are relatively cheap and easily fabricated. The inter-
crossing the gap without causing ionization in the gas With ruption process can be very fast (t - 50 ns) [311 and the
an applied transverse-magnetic field, electrons, due to their conduction time can be determined by fuse material, di-
spiral motion, experience an increased path length and mension and the surrounding media. Wires and toils em-
create a self-sustained discharge bedded in gaseous, liquid, and solid media or in vacuum

rhe operating principle of XFT's as closing and opening have been used The opening mechanism of fuses is mplt-
switches is based on these considerations. The pd product ing. boiling, and vaporization of a metallic conductor caused
is maintained at such a low value that in the absence of a by loule heating and the subsequent creation of a highly
magnetic field, a gas discharge cannot form By applying a ipsistive channel of dense vapor [301. In Fig. 10 [321 the

.magnetic field perpendicular to the electric field be'tween rsistivity of an Al foil is plotted versus specific internal

1 ' .4 PRO(EIDINGS OF THI Ifff \O[ '.' NO A AUGUST 1%4
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3°ATM'CFrAift resistivity changes over fairly narrow temperature ranges

,L0.. and at moderate temperatures (- 125*C) include BaTiO 3
BROZEand carbon filled polymers [19]. The search for candidate
CUR-.~r -. O-TAC~r materials for this type of opening switch is in its infancy
-' oand it is difficult to predict how successful such a switch
-H. "WAJLEDc0RRT may be.

(a) V. METAL PLASMA ARC SWITCHES

1-5~ ..I =breaker, a switch which operates in the arc mode. However,
END VIEW OF ELLIS opening is not based on counterpulsing but on magnetic
LIN E field interruption. The cathode is a relatively small elec-

trode placed on the axis and the anode is an annulus
(b) surrounding the cathode. A coaxial magnetic field can be

applied to the device in such a way that the field lines are
CURIEAIr essentially perpendicular to the paths of the electrons from

-" __-the cathode to the anode.
.ELLAo The metal plasma arc is a discharge burning in electrode

AM SML SHM PRI71ECTW material which is vaporized and ionized in the arc spots of
Ssl PI.ATED the cathode. It can be ignited by bringing the igniter elec-----C T AMA trode into contact with the cathode and then withdrawing

'ANl WNW COMit. It can also be ignited by applying a high-voltage pulse to
A a trigger electrode (9]. Another technique is laser-triggering

of the vacuum arc [20]. The electrode material is vaporized
(c) and ejected into the gap causing breakdown of the switch.

A technique reported to be very successful employs aFig. 7. -Bellows" opening switch. (a) Basic arrangement of titanium hydride igniter [21]. A small current pulse is passed
bellows switch. (b) Electronic diagram of bellows control throum h e igniter [21]. A releas e pul amounssed
circuit. (c) Details of switch arrangement. through the igniter causing the release of a small amount of

hydrogen. The hydrogen is then ionized and forms an arc. A
similar technique was developed at the State University of

A system of three bellows in series has been tested and New York at Buffalo [22]. Here a current pulse is used to
found to interrupt more than 50 kA to 40 kV in approxi- vaporize a portion of a conductive film on the surface of an
mately 50 ± 5 /&s. The switch appears to be scalable in insulator (Fig. 8) [23]. The film is regenerated by deposition
current and voltage by changing the bellows diameter and of material from the metal plasma.
the number of bellows (N). The design effort was for a
switch with more than 1000 operations before major repair.

IV. SOLID-STATE SWITCHES

The counterpulsing (artificial commutation) technique
can obviously be also used with solid-state switches, such
as thyristors, in much the same way as described for me-
chanical vacuum interrupters in the previous section [14]. CAT1.0M
Although this can result in higher repetition rates, the . SULTR" FMC.O¢

voltages and currents per switch unit are, in general, less , '.j R

than for the mechanical switches. It is beyond the scope of
this paper to discuss the various aspects of series-paralleling " 4 E VXV OF
semiconductor switches for high-power operation but some CT_ -- W ASSIMILY

of the tradeoffs are summarized in [15]. Fig. 8. Metal plasma arc switch triggered by the surface
Different types of candidate solid-state switches are dis- flashover mechanism [231.

cussed :n [16]. These switches include photoconductive
switches where the conduction process is initiated and For current interruption to occur in such an axial system.
turned off by a photon source (e g.. laser) as well as various a magnetic field is applied with field lines perpendicular to
gate-controlled devices. The Hall-effect switch [171 is also the electron paths. Due to Larmor motion the effective
discu' ,ed. The operation of Hall-active elements as resistive mobility of the electrons is red"- 4 causing a reduction of
circuit interrupters depends upon applying a strong mag- conductivity from a, to cr. Tlhu .,c.,ductivity ratio is
netic field perpendicular to the current flow in the element. 1 - 1
Interruption capabilities, for a single element device of 1 8 ( )(/v)' 1 + kB(
kV at 28.6 kA is suggested for a radial flow geometr in a
Corbino disc arrangement. Opening switches based on con- where w, is the Larmor frequency, ,, is the collision
ductivity changes during phase transitions have also been frequency, B the magnetic induction, and k is a constant
studied [18]. Particularb, successful examples of this tpe of which depends on electron energy and electron density.
s\&itch are the fuses and the superconducting switches The current through the arc is proportional to the conduc-
which ill be described in separate sections of this paper tivity if the electric field in the gap is kept constant %Aod-
Materials which experience several orders of magnitude crate magnetic fields of some 0.01 to 0.1 T can reduce the

S(H( iNBA(H 0j1 l)PIE9t.G SVNIrCH TtcHNL)[O(,Y 1023
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Fig. 5. Current, I0, versus rise of resistance. RPo for high power opening switches.

mechanical opening, however, it is closed again electrically
STAlTl~I, - instead of mechanically by triggering the arc rather than
.LECrRO -- closing the contacts. The arc drop is 25-40 V, large compared

to the voltage drop in closed metal-metal contacts but still
ENVELP less than the conduction drop in most other opening

SH.IELD switches With this method currents of 8.6 kA have been
interrupted at peak voltages of 8.6 kV in a burst mode at 5
kpps, using the counterpulse technique [8].

Several fast (10's /is) mechanical switches have been
described in the literature Circuit breakers for the utility
industry work in the millisecond range and take advantage

* of the natural zero crossing of the alternating current to
extinguish the arc (a similar effect as in counterpulsing). For
dc transmission lines, the technology is less developed but
there have been several studies and concepts proposed and
some of these are described in (10] Much of the very fast
(10's As) mechanical opening switch work has been carried
out in the Soviet Union f11]. A particularly interesting 'witch
is the "bellows type" [121, (13] shown in Fig 7

M-. . The basic idea is that the current in the external coil will
ICIMM try to compress the thin-walled (0.6-mm) corrugated liner.

Because of the oil inside the liner, it will only move about I
Fig. 6. Standard vacuum interrupter [91 mm and compress all the bellows which form the electric

switch (current flows from one bellow to the next through
The switch is closed when the electrodes are in contact, the contact circles). Each of the bellows contact circles will
The contact resistance of 10-35 g gives vere low conduc- compress approximately 1 mm and oil will be torced be-
tion losses To interrupt the current the contacts are opened. tween the contacts at high veiocity This provides for very
However, in most circuit breakers, the mechanical motion rapid switching action since no mechanical motion is more
does not cause opening of the circuit by itself During the than I mm and the arc is subdivided into 2N gaps where N
separation of the contacts an arc is formed which has to be is the number of bellows. At the same time, oil is being

, extinguished by the assistance of an externally produced forced between the contact gaps at very high velocity.
current zero using a "counterpulse" technique The Flec- The "stay-open" time of the bellows, which are filled by
trode gap recovers only if the current zero is held long 3-5 atm of air to provide good contact pressure, is limited
(,nough to allow plasma deionization For vacuum arcs- by the diffusion time of the magnetic field through the liner
arcs which operate in partially ionized electrode metal to 711W 1 1 Ins To keep the switch open longer, some
vapor .- this is on the order of 3 to 15 .s latching mechanism must be provided The switch was,

For repetitive operation, the standard vacuum interrupter however, also tested by using gas (probabls SF,) instead of
is limited to about 50 pps repetition rate because the oil and providing a sudden high overpressure on the out-
electrode, must be moved mechanically for each opening side of the bellows. In this case, the opening time was
and closing operation To achieve higher repetition rates. .1 approximately I ms but the switch remained open as long
triggered vacuum interrupter is used [9] The triggered as the overpressure was. maintained In principle, the same
vacuum interrupter is operated like a standard one during effect can be provided by mechanically induced pressure in
the coil (harging period and the first output pulse. After the oil

1022 PR((UDIN,S ('1 THE liii, VOL '0 NO ' AiU (IST '%4

'. - - - ". " . . . • . - % " .- o * . • " . • - • " '.



V. V - ..

38

*2 ,0 0 r 1 a capacitive load, Pm,, and T were calculated numerically.
.=:L 4 uThey are plotted in Fig. 4 versus RooC. Assume, for instance,

z ,° a circuit with L ,- 10-" H "charged" to /0 _ 104 A and a

A' l 1 load resistance of R, - 10 U. If the maximum power is
. o ,, m. needed to be Pmm - 100 MW, then R1 must exceed 107

-2 2/s, the switch has to stand a voltage of Vmx - 700 kV,
and the necessary opening switch resistance is R,,p - 100 2

4 ~at T -1I 4s. Although these calculations cannot replace a
iO-3 thorough circuit analysis, they help to identify the demands

0 X made on the opening switch.
100 =According to these calculations, two parameters seem to

1o-I to be of particular importance, the current through the open-
RISE OF RESISTANCE X CAPACITANCE RPC ing switch I (the ability of the opening switch to carry

Fig. 4. Normalized maximum power. P,,,, and normalized large currents), and the rise of opening switch resistance

time to reach the power maximum, T, versus rise of resis- kR13. The greater these values, the more efficient is the

tance, Rp, times capacitance, C, for a capacitive load. transfer of energy to the load in a high-power inductive
discharge circuit. During an Army Research Office Work-

simultaneously with one opening switch, Hence, the selec- shop on "Repetitive Opening Switches" [2] efforts were
timulanously withnone opening switch .reqnie the e- made to compare and summarize capabilities of various
tion of an opening switch requires the matching of the opening switches. From these data, values for the rise of
opening switch characteristics to the application of the resistance R0o were derived for the various switch concepts
system under consideration. Modeling of an inductive dis- ane potted i vers us swich c ept s

charge system in order to find the best opening switch and are plotted in Fig. 5 versus maximum current through

requires a thorough knowledge of the switch characteristics the switch. The larger the product of 1 and c the higher

and, because of the coupling of switch and system parame- That means, high-power switches are located in the right

ters, generally an elaborate numerical calculation. However, upper part of the diagram. However, the most powerful

it is possible to establish rules of thumb for the selection of switches-fuses and explosives-are typical single-shot de-

* an opening switch for a certain inductive discharge system vices. For many applications, repetitive switches with repe-

by using some crude assumptions about the switch char- tition rates in the kilopulses per second (kpps) range are

acteristics. The inductive discharge circuit considered earlier required [7]. So far only switches in the power range of

(Fig. 2(b)) consists of a primary current source which charges < 75 MW meet this requirement in a short burst mode [8].

the inductor L. After establishing a current /0, the switch 50 5M etti eurmnti hr us oe[]
isoendctor and stch eSish close, tre , teih O Experiments are under way to test the feasibility of novel
is opened and switch Sc is closed, thereby transferring opening switch concepts like the Dense Plasma Focus and
energy stored in /. to the load Zrithe opening switch Diffuse Discharge Opening Switches (discussed later in this
impedance is assumed to be purely resistive and to increase paper), which may be applicable in high-power, repetitive
linearly in time during opening systems.

Rop = Rpt, with k,. = constant. Hence, this paper describes two different fields of open-

The series resistances of the current source and inductor are ing switch technology. In the first part "conventional"

assumed to be zero. opening switches (filled dots in Fig. 5) are discussed. The

0 Circuit calculations were performed for resistive, induc- second part deals with novel opening switch concepts

tive, and capacitive loads. Results are shown in Table I and (open dots in Fig. 5).

Fig. 4. The maximum power transferred from the inductor
to the load Pm, and the time of maximum power transfer Ill. MECHANICAL CIRCUIT BREAKERS-COUNTERPULSING

T, are expressed in terms of the inductance L; the load
parameters RL, Lk and C,; the current I; and the rise of the A mechanical opening switch consists of two separate
opening switch resistance op. Analytic expressions for P,, contacts in an insulating medium which may be liquid, gas,
and Tare given in case of resistive and inductive loads. For or vacuum. A standard svitch design is shown in Fig. 6 [9].

Table 1 M4aximum Power P,,, and Time to Reach the Power Maximum T for Resistive and
Inducti.e Load in an Inductive Energy Discharge Circuit For Capacitive Load the Anaktic
Expression for the Power in the Load P is Given. Solutions for P.a and Tare
Evaluated Numerically (Fig. 3)

* Resistive Load. RL""~C' 2 2 Rn(, ) a

,- "R, exp In (I- a). -,.
(I-a ' I-(t a-, R

Indu(tive Load L,

P ., , 0 3 3 ( -£, ) I" L t ' . T = 1t6 L L

* O Capacitoe Load, C,

c,! (2s - 1

-.'.-...... w- ((R. , ) LC,) '' / Beel furn(tion ot order

•,( i~-'NB-( H ,4 / , PfNIN C S,%iI t( H IF mi'() (I CY 1C21
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Q ia- ,. prepulses and steepening of the pulse rise time in high-
power generators [1101-fl 12]. Recently, pulse compression

HCI v-2) experiments in a vacuum inductive storage system were

also performed with plasma erosion switches used as open-
S" " /* HCi(v-t ing switches [1131.

10 HC(v0)

10-10 PLASMA

io*1  .

"Cf. (W:- )
/ ~

-as _-__ _ _ _ _ _ _ _ _ _ _ _2 dl'/d9 L O O P

Electron dIMrgy (*V) LOOP
Fig. 31. Dissociative attachment cross sections for vibra- PLATE AT ISULAT
tionally excited HCI molecules [1061. STll

Fig. 32. Schematic of the plasma erosion switch (apparatus
attachment rate by vibrational excitation of attachers used in the Proto I experiment) (1101.
Processes considered for producing highly excited vibra-
tional states are IR photoexcitation, transitions from elec-
tronically excited state, collisional or radiative, and photo- Fig. 32 shows the schematic of a plasma erosion switch
dissociation of larger molecules producing vibrationally [1101. Plasma is injected into the switch region between
excited fragme; s [109]. The efficiency of opening switches anode A and cathode K. Holes in the cathode allow plasma
based on these mechanisms should be high, because the from a plasma-gun array to flow in columns through the
laser energy is used only during the opening phase, and not switch plate C to the anode plate. In this experiment, the
to sustain the discharge. plasma-guns were conical theta pinch devices. The injected

plasma has densities in the range of 5 x 1012 cm - 3 to

XIII. THE PLASMA EROSION SWITCH 5 X 103 cm -3 [105], [106] and moves with velocities of
typically 7.5 X 106 cm/s [114]. Switch areas are in the order

The plasma erosion switch operates on a very short time of 100 cm 2 [113] to 1000 cm 2 [112].
scale of 10 to 100 ns, both with regard to conduction and The present understanding of the switch dynamics is
opening times. It is successfully used for suppression of illustrated in Fig. 33(b) which shows the time history of the

TUBE CURRENT
MONITOR (10)

* EROSION SWITCH PLASMA
GUNS (6 PLACES)£ i; iANODE CURRENT
MONITOR (,A)
SEGMENTED CURRENT SHUNT
( H) (3 PLACES) ANODE
SHORTING BAR, WIRE LOAD, C

A T H O
D
E

OR GAS PUFF PLASMACATHODE PLASMA

DOWNSTREAM CURRENT SHEATHA
MONITOR (11P0) SHEATH-PLASMA

/ UPSTREAM CURRENT BOthUctve anode)/ I.- MONITOR (IPU)
CATHODE CURRENT UPSTREAM (to generator)

MONITOR (IC) DOWNSTREAM (to load) - (a) (b) (c) (d)

ba))

Fig. 33. (a) Diagram of the vacuum feed region of PITHON, identif\,ing the current
monitors used in the experiment and the location of the erosion switch [1121. (bI
Illustration of the phases of switch opening [1121 (a) Denotes the early time shorted phase
in which the sheath thicknf s is insignificant and the impedance of the switch is esentiallk
zero (b) Denotes the behavior of the silch as a parapotential diode tons are accelerated

• essentiall, straight to the cathode, extracted from the plasma bv sheath expansion. The
Plectron tralectories are bent by the magnetic field of the generator current Ic) Denotes
the onset of magnetic cutoif of the electron flow between the electrodes Ion current and
sheath expansion continue (d) Denotes the continued expansion of the sheath leading to

- " full erosion of the plasma
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erosion switch in the PITHON experiment (Fig. 33(a)) [11], 30
and is as follows- As a finite voltage appears across the 2$L
injected plasma, a sheath forms near the cathode. In this
sheath, the electrons are swept out, and a planar diode-like C 20- STAGE III
gap with the cathode as a surface on one side and the edge U 1
of the plasma on the other side is formed. The cathode 0 15

becomes a space-charge-limited electron emitter with <
plasma-induced field emission [115]. Ions supplied by the wSTAGEU

injected plasma reduce the negative space charge and pro- 3 STAGE I

vide for a current enhancement of 1.86 over the Child- .
Langmuir current for stationary sheaths. The ion current 0

density I, for one-dimensional current flow [1 Ib] is -,
150 220 290 360 430 S044; 1.8 -1/ V-( TIME, ns

, 9= 186- 9 , d Fig. 34. impedance hitor, for a short-circuit shot. ,hwing
three stages I I 121

and the electron current density i, is

= ( (11) compression experiments in a vacuum inductive storage
system with an electron-beam diode load, performed at

where me and m, are the electron and ion masses, respec- NRL [1131. After a conduction time of - 50 ns the switch
tively, co the permittivity of free space, e the electron opened in an interval of - 10 ns. The switch current was in
charge. V the voltage across the sheath, and d the sheath the excess of 200 kA and a voltage in excess of I MV was
thickness. generated The power compression ratio was 4, compared

As the current increases, the ion flux from the plasma-gun to measurements without the switch.
into the gap is not sufficient to maintain bipolar flux across
the plasma interface An additional flux of ions is provided XIV REFLEx TRIODE SWITCH
by "eroding" the plasma, thereby increasing the sheath.
This effect caUses the effective resistance of the switch to Another novel opening switch for short pulse vacuum

inductive energy storage systems is the Reflex Triode [118].
increase and, with a series inductance in the switch circuit, The basic experimental arrangement is shown in Fig. 35.
generates an increased voltage across the sheath.geneate aninceasd vltag acossthesheth.The operation of this arrangement as a switch is explained

With further increase in current, the trajectories of the
lectrons in the switch region are bent by the self-magnetic [1181 as follows:

field The switch opens when the electron flow across the
gap exceeds the critical current value 1, [1171 for the onset
of magnetic insulation

I, =I ,l~y(12)C~mENT MAGNET COIL
= ,,gfly (12)

with MONORS FLOATiy'¢lt h m J /REFLECTOR

e2irc.8500 A (13)e CAE 22--- W'

-=(1 - 2)I 2-. 1 + eV (15) IYmoc" H2 0

with v being the electron velocity, c the speed of light, m COAXIAL STORAGE
the rest mass of an electron, and g a geometry factor. After IINDUCSrIL
magnetic cutoff of the electron flow, the ion current still
(ontinueq, since cutoff of ion flux requires a magnetic field Fig. 35. Retlkx s,,tch experimental setup [1t81.

larger than that for electrons by, a factor (m./m,,)' ''. How-
e,er the ion current density is so low that the expansion ot "The switch is based on reflex triode physics It consists
th,-, sheath continues, leading to full erosion of the plasma of a primary cathode. K,, a thin anode. A, and a secondary,
(Fig 32(h)). cathode. K , which is electrically floating and serves to

These three stages of the switch, a) conduction b) bi- reflect electrons back through the anode toward K., which
polar diode with increasing ;heath thickness, and C) mag- in turn repels them back through the anode toward K. etc.
nf-ti( insulation are demonstrated in the impedance historv The reflexing electron scatter in the anode and deposit
(Fig -1) of a short (,ircuit shot in the PITHON system [ 1121, some of their energy in it on each pass An axial magnetic
,hi(h operates with an imploding plasma load The figure field is used to minimize radial loss of electrons Poitive
.hows that the impedance rises to values of several 10's Ions are accelerated from the anode to the cathode. K
ohms in less than 50 ns. The maximum switch current was The combination of multiply reflected electrons and
- %1A and the maximum ,oltage across the switch 1 8 counterstreaming positive ions flowing between cathode,
M\ Even lower open!ng times were achieved in pulse K and anode. A, results in several unique properties One

'R( I itOIN(,s (-f Itit Ifl I ' 1 . '01 ' k Lk ST
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of the most important of these is that the total current in switches- Scenarios for their use." in Proc. Army Research

*the reflex mode can be orders of magnitude greater than Office Workshop on Diffuse Discharge Opening Switcho-s
th Lngui-Cil (-C crrntapora t fo aTamarron, CO, 1982). DTIC AD-A115883, p 18.the anguirChil (LC) urret aproriat fo an 181 E M. Honig, "Generation of a 75-MiW 5 kHz pulse train from

ordinary vacuum diode of the same dimensions, Thus, the an inductive energy store," IEEE Trans. Plasma Soi, vol.
'impedance" of the reflex mode can be far lower than the PS-12, p, 24, 1984.
impedance of the A-K, gap in the absence of reflexing. [91 E. M. Honig, "Vacuum interrupters and thyratrons as open'
The reflex triode can function as a "closed" switch if we ing sw~itches." in Proc. Army Research Office Workshop on

firs esablsh he eflx mde nd henas n "penng"Repetitive Opening Switches (Tamarron, CO. 19)81). OTICfirs esablih te rflexmod andthe asan "penng"AD-A110770, p. 233,
switch if we bring about an abrupt termination of electron 1101 1. P Bowles. A. B. Turner. and R. L. Vaughan. "System studies
reflexing. This forces a fast transition from the low-imped- for HVDC circuit breakers," Electric Power Research Institute
ance reflex mode ("closed" switch) to the much higher Rep. EPRI EL-1260, Project 326-1, Dec 1979.
impedance Langmuir bipolar mode ("open" switch). Reflex- [ll] Proc. 2nd A/I- Union Cont. on Engineering Problemns of Ther-

monuclear Reactors (Leningrad. USSR, lone 23-25, 1981).
ing is terminated, in our technique, by allowing the floating [12] B. A. Larionov and N. A. Mikhavlov. "High speed breaker of
electrode. K.', to undergo a short-circuit to the anode at the repeated action with electrodynamic drive." in Proc. .2nd
desired time. When the negative potential of K collapses All-Union Cont. on Engineering Problems of Thermoniuclear
to anode potential, electrons no longer reflect from K, and Reactors (Leningrad, USSR. June 23-25. 1981). vol. 111, pp.

%-102.instead deposit in it after one pass through A-K 1 . Once [131 B. Larionoy. personal communication to M. Krit-tiansen. June
%reflexing is terminated, the transition of A-K, to the 1981

Latlgmuir bipolar mode is governed by ion and neutral [141 Mi. M. Parsons. "A comparison between an SCR and a
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ABSTRACT

Externally controlled diffuse discharges have attracted considerable interest as

submicrosecond opening switches for inductive energy storage systems. Their

performance is strongly determined by the basic fill gas parameters and their
dependence on the reduced field strength E/N. An electron-beam controlled
diffuse discharge system was constructed to study the behavior of pulsed
discharges in various gas mixtures under repetitive operation. Experiments were
performed with 1 atm N2 and small additives of N20 as fill gas in the switch.
The experimental results are compared with numerical values, obtained from a

code which allows modeling of the discharge voltage-current characteristics and

Its transient behavior in a discharge circuit.

*Work supported by AFOSR and ARO.
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INTRODUCTION

Inductive energy storage is attractive in pulsed power applications because of
its intrinsic high energy density. The key technological problem in developing
inductive energ discharge systems, especially for repetitive operation (repeti-
tion rate > 10 /s) is the opening switch [Kristiansen and Schoenbach 1981]. For
repetitive, fast operation, when opening times of microseconds and less are
required, high pressure diffuse discharges seem to be prime candidates for
opening switches. Their moderate energy density offers the possibility of

external control of the conductivity by means of e-beams and/or lasers

(Schoenbach and others, 1982a,b].

The schematic diagram of an e-beam controlled opening switch as part of an

inductive storage system is shown in Fig. 1. The switch chamber is filled with

a gas at pressures of I stm and above. The gas between the electrodes conducts
and allows charging of the inductor, when an ionizing e-beam is injected
(usually through one of the electrodes which might be a mesh or a foil). The

switch voltage remains below the self breakdown voltage, so that there is no

246
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Fig. 1. Schematic of an e-beam controlled diffuse discharge switch in an
inductive energy storage circuit.

avalanche ionization. Thus, the discharge is completely sustained by the
e-beam. When the e-beam is turned off, electron attachment and recombination
processes in the gas cause the conductivity to decrease and the switch opens.
Consequently the current through the inductor is commutated into the load.

GAS PROPERTIES

The switch performance is strongly determined by the type of gas fill. In order
to achieve fast opening of the switch attachers are to be used at a partial
pressure which makes the switch attachment dominant during the opening phase. On
the other hand additives of attachers increase the power losses during conduc-
tion. Both low forward voltage drop and fast opening can only be obtained by
choosing gases or gas mixtures which satisfy the following conditions (Schoen-
bach and others, 1982a,b] [Christophorou and others, 1982] [Schaefer and others,
1984]:

a) for low values of the reduced field strength E/N in the switch (conduction
phase) the gas mixture should have a high drift velocity vd and a low attach-
ment rate coefficient kA,

b) for high E/N values (opening phase) the gas mixture should have lower drift
velocities and high attachment rate coefficients, and

c) to avoid the onset of the attachment instability [Douglaa-eamilton and
Mani, 1974] during conduction, the switch should be operated at E/N
values where the attachment rate coefficient is a weak function of E/N or
has a minimum

Along these considerations, several gas mixtures have been proposed for the use
in diffuse discharge opening switches Christophocou and others, 1982]. For the
theoretical and experimental investigations described in this paper, N2 was
chosen as abuffer gas with N20 as added attacher. N2 was used since a complete
ser of cross sections was available [Phelps, 1983], and the plasma chemistry in a
mixture of N2 and N20 appears to be relatively simple. Futherwore N20 in an N2
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buffer gas exhibits an E/N dependent electron decay rate, which increases by more
than a factor of 20 in the E/N range from 3 Td to 15 Td [Lee and others, 1981) as

shown in Fig. 2. It should be noted, however, that N2 has an electron drift
velocity which increases with E/N and therefore is not the optimum buffer gas in

diffuse discharge switches.

6

E

N20 0

-4
0

u3
z
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o 0
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JA-330533-5

Fig. 2. The decay rate constants of the electron conduction current bv

adding N20 in 350 torr of N2 at various E/N [Lee and others, 1981]

DISCHARGE ANALYSIS

To evaluate the time dependent impedance of an externally controlled discharge

in a given circuit, as well as to optimize the properties of the gas mixture
together with circuit parameters, a computer model has been developed that

enables fast calculations for a variety of conditions. It does not, however,
provide for spatial analysis of the discharge. The code uses two independent
prograns. In a first computation all rate constants of significant processes

are calculated as a function of E/N for a representative gas mixture. These
calculations use the E/N-dependent electron energy distribution functions that
have been previously compiled usin K a separate Monte Carlo code. In a second
step a system of circuit equations and rate equations tiing the E/N dependent

rate constants are solved. It is assumed that the E/N dependence of the rate
constants does not change significantly for small variations of the gas mixture.
Additionally the electron energy relaxation is considered to be faster than any

significant change in E/N, thus allowing time dependent solutions.

Steady State Characteristics of the Discharge

The calculation of the steady state characteristics of the diffuse discharge

does not require information on the circuit. Calculations were performed with
the relative attacher concentration in the buffer gas as parameter. Figure 3
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Fig. 3. Calculated steady state E/N-J characteristics for an e-beam
sustained discharge in % with admixttirpq of N2 0. The electron
generation rate is 8 xl1 cm- 3 s- 1 . Parameter is the N2 0
fraction in ;.

shows the steady state characteristics for different ;20 concentrations in a N2
buffer gas. The total pressure is I atm and the e-beam electron generation rate
is 8 X 10iZI cm- 3 a-. As expected, the steady state characteristics are not
affected by the attacher in an E/N-range of 0 - 4 Td, while in the range of
approximately 5 - 30 Td high attacher concentrations cause the current density
to decrease if the field strength increases, a property which is desirable for
opening switch operation. The threshold value of E/N at which the slope of the
current density charges is determined by when attachment becomes the major loss
mechanism. Thus the maximu-n of the current density shifts to higher E/N values
when the attacher concentration decreases. It should be noted that attachers
with a constant attachment rate coefficient result in steady state characteris-
tics where the current density increases monotonically with E/N.
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Transient Discharge Behaviour

As discussed before, it should be possible to operate an e-beam sustained, low

loss discharge which is not strongly affected by an attacher, provided the
attachment rate constant has a clear threshold at a certain value of E/K, below
which the attachment is not efficient. How fast such a steady state operation

is approached when the e-beam is turned on and how fast the discharge opens if
the e-beam is turned off, will depend strongly on the circuit as well. For fast
operation (timescale - 10-6s), the inductive energy storage system has to be

considered as a transmission line with a high value of L' and a low value of C',
i.e., a line with high impedance.

An experimental set-up as shown in Fig. 4 was assumed for the calculation of the
transient behavior of the discharge. Parameters were switch area A - 100 cm

2
,

gap distance d - 1 cm, pressure p (N ) 1 atm, applied voltage Vo - 50 kV,
electron generation rate S - 810 2F cm s1 for the time 0 < t < 100 ns. The
values of the pressure p, voltage V., and discharge length d correspond to a
maximum value of E/N - 185 Td. In an initial set of calculations, the total
system impedance was kept constant at Zt - 20 92, where Zt - Z + RE.

EXTERNAL RESISTOR RE

L[I EXTERNAL
-- IMPEDANCE Z CONTROL

VOLTAGE V SOURCE

DISCHARGE AREA A, SPACING d
DISCHARGE RESISTANCE R o

Fig. 4. Schematic setup for an e-beam sustained discharge switch,

Figure 5 shows the time dependent reduced field strength E/N, current density
J, and power loss per volume in the discharge. The curves for 0.1%, 0.5%, and
0.75% of N 20 approach the same steady state value for S/N and j in the
conducting phase, demonstrating that under these conditions the discharge is
not strongly influenced by attachment. Futhermore, after termination of the

e-beam, the discharge properties change very slowly until an E/N-value is
approached where attachment becomes effective. qy contrast, for the case of I%
N20, the attachment is strong enough to prevent the discharge from ever reaching
a low E/N-state and the steady state is therefore always attachment dominated.
Thus, when the e-beam is turned off, the values for E/N and j change quite
abruptly.

Experimental Resiltq

Diffuse discharge experiments were performed in N2 at atmospheric pressure with
a small amount of N20 admixed. An e-beam tetrode which serves as ionization
source for the switch gas provides a burst of electron pulses. The pulse
duration and pulse separation can be varied from a hundred nanoseconds to one
microsecond. The fall time of the single electron pulse is approximately 20 ns.
By using a thermionic cathode which provides for an electron current density of
uo to 4 A/cm

2 
over an area of 100 cmJ it is possible to vary e-beam current and

e-beam energy independent of each other [Harjes and others, 1983].

• . . . .
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r iure 4 shows the normalized switch current for different concentrations of the

attacher N20. The source term was S = 5x10
20 

cm
-3 

s
-
1, the applied voltage

o "0 kV and Zt - 20 Q. For high concentrations of N 20 (32) the switch
current pulse represents in shape the e-beam current pulse except for the tail.
This tail may be caused by the current carried by positive and negative ions.
The current gain (switch current/electron heam current) is about 2 for this high
attachnert concentration. For lower concentrations, (0.7%) the fall time
(J/e-:le) increases to approximately 100 nas. For 0.1% it is in the order of
500 ms. The gain is increasing to values of 9 and 12 at 0.7: and 0.1% N2 0,
resoective-y. A comparison of these pulse shapes p.ith the calculated ones in
Fig. 5 shows that there is no delay between the end of the e-beam pulse and the
onset of the decay "r current density. This indicateq that attachment is
dominant even at low E/N, where according to the measured values of the decay
rate (see Fig. 2) attachment should be negligible.

. . . -
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Fig. 6. Time dependence Of switch current wit N2 concentration as
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Measurements of the steady State~ current density - field strength characteristic
of the e-beam sustain, 4 diffuse discharge with N2 as buffer gas and 0.7% N20
confirm this conclusion. Figure 7 shows the calculated I-E/N curve and
measured values. The measured discharge characteristic loes not show the
predicted maxiim at EIN values of approximately 4 Td. The saturation of the
measured current at higher values of E/N however indicates that the attachment
rate in the entire E/N range increases with increasing reduced field strength.
To achieve the desired switch charakcteristicq as discussed in the section "Gas
Properties", attachers with attachment cross ia-ctions peaking at higher energies
should be considered.

I -- I I

z
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0z2

0

E
7 Td)

Fig. . Current density versus reduced fiell strength (Calculated curve
and experimental data Points).
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Use of attachers in electron beam sustained discharge switches

With this as a background, this paper presents calculations to analyze the specific
properties of an e-beam controlled discharge switch if an attacher with the suggested
properties is present in the dielectric gas. The consequences of attacher properties on
the steady state characteristics and the transient behavior in a specific circuit will be
discussed. Photodetachment ,ll also be considered as an additional opening switch
control mechanism (Schaefer et al. 1983).

2. Circuit implications in an inductive energy storage system
Fast. repetitive transfer ot power from an inductive energy storage device to a load

(e.g. a switch opening time of less than 100 ns) requires detailed consideration of the
circuit elements (inductors, connectors) as transmission lines, i.e. effects due to finite
transit times and reflections are not negligible. At high frequencies, the distributed
capacitance, C', of the energy storage device in concert with the high distributed
inductance. L'. implies a high characteristic impedance {L'/C')l of the order of several
kfl and transit times, (LC)-, of several 100 ns for a typical system (Kristiansen 1981).
Matching of this impedance to the opening switch i. parallel with the load is generally
not possible, since for most applications the impedance of the load will be quite small
compared to the generator impedance. Hence. power transfer from the generator to a
low impedance load will be limited due to this mismatch in impedances.

By comparison with a lumped parameter description of the circuit, the reflections
arising in the transmission line introduce an additional modulation of the power
transfer with a time constant of twice the transit time of the inductive energy storage
device, influencing both the load and switch behavior. Additionally, inductive storage
devices can be considered as helical slow wave structures at high frequencies. The
dispersion inherent in slow wave structures (Watkins 1958) presents further limitations
on the efficiency of power transfer to the load for frequencies above 1 MHz.

A detailed consideration of transmission line effects in fast repetitive power transfer
from inductive energy storage devices will be published in a separate paper (Krompholz
et al. 1984). For this paper. the crucial aspect is that for short switching times an inductive
energy storage system has to be treated as a line with a relatively high impedance.

3. Discharge analysis
To evaluate the time dependent impedance of an externally controlled discharge in a

given circuit. as well as to optimize the properties of the gas mixture together with
circuit parameters. a computer model has been developed that enables fast calculations
for a variety of conditions. The code does not, however, provide for spatial analysis. but
it does allow one to evaluate the influence of general gas properties and of the circuit
on the discharge. although not affording information about the sheaths and discharge
instabilities

The code uses two independent programs. In a first computation all rate constants of
sienificant processes are calculated as a function of E/N for a representative gas
mixture. These calculations use the E/N-dependent electron energy distribution func-
tions that have been compiled previously using a separate Monte Carlo code. In a
second step a system of circuit equations and rate equations using the EIN dependent
rate constants are solsed. It is assumed that the E/N dependence of the rate constants
does not change significantly for small variations of the gas mixture. Additionally the
electron energs relaxation is considered to be faster than any significant change in E/N.
thus allowxing time dependent solutions.
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Recently several papers (Fernsler et al. 1980; Commisso et al. 1982; Commisso et al.
1983; Bletzinger 1981: Hallada et al. 1982: Bletzinger 1983; Kline 1982: Dzimianski
& Kline 1980; Lowry et al. 1983; Schoenbach et al. 1982; Haries et al. 1983; Schaefer
et al. 1983) have appeared concerning e-beam controlled discharges. They specifically
relate to switching applications, emphasizing different aspects of modes of operation,
such as the influence of the gas mixture (Fernsler et al. 1980; Commisso et al. 1982), the
cathode sheath (Hallada et al. 1982; Bletzinger 1983), the low e-beam current density
and high current gain regime (Kline 1982; Dzimianski & Kline 1980; Lowry et al.
1983), as well as related optical control mechanisms (Schoenbach et al. 1982; Schaefer
et al. 1983).

The use of admixtures of attachers can be employed to achieve fast opening of the
switch but attachment will also increase the losses (Fernsler et al. 1980; Commisso er al.
1982; Bletzinger 1981). It has been proposed that these switch losses can still be kept
low, if the gas mixture has the following properties, allowing both low forward voltage
drop and fast opening (Kristiansen & Schoenbach 1981; 1982):

a) at low values of EIN, i.e. during the conduction phase, the gas mixture should
have a high drift velocity and a low attachment rate.

b) at high values of E/N, i.e. during the opening phase, the gas mixture should have
a low drift velocity and a high attachment rate.

Since attachers with a rate constant, kattah, which increases with increasing EIN in a
given EIN range are known to cause attachment instabilities if the discharge is
operated in that EIN range (Douglas-Hamilton & Mani 1974; Long 1979), a third
property is also desirable:

c) the attachment rate should have a minimum at, or above the value of EIN at
which the discharge is operated in the conduction phase, or the attacher should
have an onset threshold above this value of EIN, below which attachment is not
effective.

With these considerations, several gas mixtures have been proposed for the use in
diffuse discharge opening switches (Christophorou et al. 1982). It seems that these gas
properties will allow a low-loss, stable, steady state operation at low values of EIN and
a sufficiently high hold off voltage, to assure the attainment of a zero current density if
an external controlling e-beam is turned off. Any complete switching cycle, opening
and closing, will, however, go through a lossy state and only the analysis of the time
dependent behavior, including the losses during the switch transition period will allow
one to determine the feasibility of this concept (Schaefer et al. 1983) and the optimum
operating conditions.

There are two principal reasons to strive for a high dildt in the opening switch
transition. (1) the efficient power extraction from the inductive energy storage system
and (2) low energy loss in the switch (the later reason also applies to the closing
transition).

The main concern in achieving fast transitions in the discharge is the electron balance
and hence the desirable properties of the attacher as described above in the gas
properties a) and b), and the EIN dependence of the electron drift velocity. This paper
concentrates on the consequences of the aforementioned attachment properties.

The current density range will also affect the properties of the discharge to some
degree. It was shown (Kovalchuk et al. 1976a: Hallada et al. 1982: Kline 1982), that
high current gains can only be achieved if the current density is kept low. On the o:her
hand. device requirements may force one to operate at a high current density, if
extremely high total currents are required.
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Electron-beam sustained discharges can be used in opening and closing switch applica-
tions for producing bursts of energy in pulsed power systems. The incorporation of

admixtures of attachers with low attachment rate at low values of EIN and high
attachment rate at high values of EIN in the gaseous switch dielectric has been
proposed to achieve low forward voltage drop in the conduction phase as well as rapid
opening when the sustaining e-beam is terminated. This paper presents model calcula-
tions on the characteristics and transient behavior of an electron-beam sustained
discharge in the high current density regime in N. The influence of an attacher (N 20),
with the property described above, and of the circuit parameters on the discharge is
investigated as an illustrative example. The advantage of using such an attacher is
demonstrated for the steady state conduction phases and for the opening phase, while
the closing process is obstructed by the attacher. Additional possible control mechan-
isms, such as photodetachment to aid the closing process are discussed.

1. Introduction

Inductive energy storage is attractive in pulsed power applications because of its
intrinsic high energy density. The effective use of inductive storage, however, requires a
rapid opening switch. Externally controlled diffuse discharges seem to offer the oppor-
tunitv for fast as well as repetitive opening switching (Kristiansen & Schoenbach 1981,
1982). Diffuse discharges are advantageous for switching because of their low in-
ductance (Kovalchuk er al. 1970), small electrode erosion and heating rates and
moderate energy density which offer the possibility of external control of the opening
and closing processes bv means of e-beams and/or lasers of reasonable powers.

The general feasibility of this concept has been demonstrated in earlier papers
'Kovalchuk et al. 1970: 19 7 6a: 1976b: Hunter 1976), and can be anticipated from
numerous papers related to laser discharges. The practical knowledge of diffuse
discharges has been greatlv improved through the develepment of gas discharge lasers.
Howc~er. the operating conditions, which the discharge must fulfill, are different for
switching applications. Other discharge properties and mechanisms of importance in
the discharge have to be considered and their collective influence on the coupling
between discharge and circuit must be optimized in a different wav.

., ."-' -'.?/ - 2 03" ? ' - -. ' ' -"0- -,- . .. - . . . ."..t. . .
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I will allow side-on and end-on observations (see Fig. 1). A stieak

camera analysis is planned.

IV. SUMMARY

In conclusion, we report the successful operation of a pulsed
high.power density hollow cathode discharge. The delay time
between applied voltage and initiation of the discharge strongly

1~ 0
,4 / depends on a preionization source (dc discharge). Delay times

0 of 3 ns and discharge risetimes of 2 ns were obtained at a jitter
of 1 ns or less. The short initiation time combined with low

sI.SS E TOR. jitter will allow synchronized operation of parallel hollow cath-
EONIZATION:-.R ode discharges. In the given device, the maximum power den-

00 sity was in the range of 200 kW - cm-S. With an impedance
0matched line (approximately 10 L for the given HCD), power

OISCHAaGE CURRENT/A densities up to I03 kW - cm- 3 should be expected. These fea-
Fig. 10. Discharge power versus discharge current for the pulsed hol- tures indicate that such a device may be useful for the fast pro-

low cathode discharge. duction of high energy levels with short decay times as required

in discharges for pulsed UV gas lasers. The feasibility of using

for applications in large area diffuse discharges, was not inves- multiple hollow cathodes for the production of diffuse dis-

tigated in detail, charges will depend on the scaling behavior when smaller diam-

2) At charging voltages above 13 kV, frequent arcing occurred eter hollow cathodes are used.

across the gap between the electrodes. In this case the oscillo- REFERENCES
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was used, resulting in a total reflection of the pulse (open end). (31 W. H. Long, Jr., "Discharge stability in e-beam-sustained rare-gas

Considering a maximum allowed charging voltage for operation halide lasers," J. Appl. Phys., vol. 50, pp. 168-172, Jan. 1979.
without arcing, the maximum current is only limited by t 141 J. W. Gewartowski and H. A. Watson,Principles ofElectron Tubes.
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line impedance Ze. For a 10-Q line which, according to our [5) L. Csillag, M. Janossy, K. Rozsa, and T. Salamon, "Near infrared
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Fig. 7. Impedance of the pulsed hollow cathode discharge versus He-

pressure. o
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DISCHARGE CURRENT/A
lay time for a pressure of 6 tof and a preionization current of

Fig. 9. Discharge voltage versus discharge current and current density,
6 mA. At low charging voltages the delay time strongly de- respectively, for the pulsed hollow cathode discharge.

creases with increasing charging voltage but approaches a con-
stant value of approximately 3 ns. From Figs. 4-6 it can be seems not to be significant, while there is a strong dependance
concluded that the minimum delay time which can be ob- of the impedance on the charging voltage for values below 5 kV.
tained with this device is approximately 3 ns. For large values (8 kV and above) the impedance tends to ap-

Figs. 4-6 also show the dependance of the risetime on the proach a nearly constant value. The dependance of the imped-
same operation parameters. The general behavior of the rise- ance on the operation parameters is of special importance in
time is similar to that of the delay time although much less designing matched systems for high efficiency.
pronounced. The minimum risetime was TR = 2 ns. This The data used in Fig. 8 also allow the evaluation of the dis-
makes the total initiation time for the pulsed HCD (delay charge characteristic (Fig. 9) and the power dissipated in the
time plus risetime) TD + TR = 5 ns nearly independent of the discharge (Fig. 10). The characteristic presented in Fig. 9 in-
operation parameters, if the pulsed HCD is operated in the dicates a nearly constant dynamic impedance with voltages in
following range: the range of 300-800 V and with currents in the range of 10-

TD 3-ns delay 1p, > 6 mA (preionization current) 65 A. This results in a maximum current density at the en-

and if p > 5 toff (He pressure) trance of the hollow cathode of 560 A- cm - 2. The maximum

TR 2-ns risetime VC >' 6 kV (charging voltage), power dissipated in the discharge was 52 kW. From the side-on
observation of the light emitted from the discharge it can be

In this operation range the jitter of the total initiation time was concluded that the penetration depth of the pulsed discharge
in the order of 1 ns. It should be noted that the uncertainty into the cathode is approximately 20 mm. Thus with the inner

of the time measurement is in the order of 0.5 ns. cathode radius of 3.86 min, the maximum power density be.
For the evaluation of the impedance of the discharge only the comes approximately 220 kW. cm-'.

flat part of the measured voltage pulse was used (see Fig. 3). The limitations of the current regime in the experiments
The voltage peak directly after the initiation of the pulsed HCD presented are determined by two properties of the experimen-
is due to the capacitance between cathode and anode and, there- tal setup limiting the charging voltage.
fore, not taken into consideration. Once the discharge is initi. 1) The spark gap design did not allow triggering below 2 kV;
ated, its impedance does not depend on the preionization cur- therefore the characteristic of the discharge in the low current
rent. The influence of the pressure on the pulsed HCD (Fig. 7) density range of 10-100 A - cm -2 , which may be of interest
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Fig. 2. Experimental setup. , v

A-

RISE TIME SHORTED END 2 0

HCD v LPREIONIZATION CURRENTtmA
O Fig. 4. Delay time (o, 0, 6) and risetime (A) for the initiation of the

pulsed hollow cathode discharge in helium versus dc-preionization
current with the charging voltage as variable parameter.

IDELAY TIME _ 20 rdiv I* -I ._ ._"

*I I CHARGING
VOLTAGE. PREiONIZATION: 6 ,A

Fig. 3. Three typical ostillograms measured with the voltage probe, for a I
an open end, for a shorted end, and for a hollow cathode discharge. -.

"V 000
line is terminated by the HCD. An additional power supply in 5 "IF
series with a large resistor is connected to the transmission line U
and allows the HCD to operate at a low dc level providing for
preionization of the pulsed discharge. A capacitive voltage I- ,-&-.- A---x-

divider is located in the center of the transmission line. Since
the length of the transmission cable 1, is more than twice the 01
length of the charging cable (It < 2 • 1,), the voltage probe will PRESSURENORR

record the incoming pulse and the reflected pulse from the Fig. 5. Delay time (o, o, 6) and risetime (a) for the initiation of the
HCD without overlapping. This setup allows measurement of pulsed hollow cathode discharge versus He.pressure with the charging

the time dependence of voltage, current, and impedance. voltage as variable parameter. -

Typical oscillograms of the voltage measured with the voltage charging voltage: 2 kV < Vo < 13 kV
probe are shown in Fig. 3. For clarification of the evaluation cring votae: 2 kV < Vp < 13 kV
method three voltage traces are superimposed: one for a typical preionization current: 0 mA /, 10 mA.
hollow cathode discharge, one for an open end (infinite imped- With the stainless steel anode, operation at pressures above
ance) and one for a shorted end (zero impedance). The system approximately 8 tort and charging voltages above approximately
with the hollow cathode acts for a time as an high-impedance 13 kV caused small arcs to bridge the gap between cathode and
system. Then the impedance drops to some value which is anode, but without damaging the system. With the aluminum
considered to be the impedance of the pulsed hollow cathode anode the stable operation regime was further reduced. In ad-
discharge ZHCD: dition, arcing caused permanent damage requiring repolishing

1 + Vout/Vin of the electrodes.
ZHCD = Z e  The first important result was that without preionization the

1 - VotlVin system acted like an open end, indicating that the delay time

The time interval between the voltage increase of the reflected was at least longer than the pulse length of 50 ns. The depend.
pulse and the onset of the decay of the reflected voltage is con- ance of the delay time on the preionization current with the
sidered the delay time for the initiation of the pulsed hollow charging voltage as a variable parameter is plotted in Fig. 4.
cathode discharge. The time interval in which the reflected The pressure is constant at 6 tor. At low preionization cur-
voltage changes from its maximum to its minimum (90 percent- rents (below 3 mA) the delay time strongly decreases with in.
10 percent) is considered the risetime of the hollow cathode creasing preionization current but approaches a nearly constant
discharge (see Fig. 3). value above approximately 6 mA. The dependance of the delay

111. RESULTS time on the pressure with the charging voltage as the variable
parameter at a preionization current of 6 mA is plotted in Fig.

The operation parameters of the pulsed hollow cathode sys- 5, indicating that the pressure does not significantly effect the
tem were varied in the following ranges allowing for stable arc- delay time, especially for the higher values of the charging
free operation: voltage. At pressures ;r5 tor the delay time seems to be con-

gas: He with pressures: I ton < p < 6 toff stant. Fig. 6 shows the charging voltage dependance of the de-

" -•- . . - " . ." . " - .' '..-o
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Pulsed Hollow Cathode Discharge with
Nanosecond Risetime

GERHARD SCHAEFER, SENIOR MEMBER, IEEE, PER 0. HUSOY, KARL H. SCHOENBACH, SENIOR MEMBER, IEEE,
AND HERMANN KROMPHOLE, SENIOR MEMBER, IEEE

l4 ct-This paper reports the operation of a cylindrical hollow INSULATOR SPACER

cathode discharge with current risetimes of a few nanoseconds at current
densities at the entrance of the cathode in the range of50-560A • cm 2  END WINDOW
and at voltages of 280-850 V. Time-dependent measurements of the ANODE . .--------

impedance of the discharge are presented. They allow for the evalua- CLEAR EPOXY
tion of discharge quantities such as tisetime, delay time, discharge volt-
age, and current, depending on the operation parameters as applied
voltage, pressure, and preionization. The power density in the active --- - -i--"

region of the hollow cathode exceeded 200 kW cm 3 .  CABLE

I. INTRODUCTION
T HE ENERGY LOADING of discharges for TEA lasers and GAS SUPPLY _CATHOE

I. Diffuse Discharge Switches is mainly limit 'd due to insta- Fig. 1. Design of hollow cathode.

bilities caused by the use of admixtures of attachers [1]-[3].
In most cases, streamer development and subsequent arcing high-lying levels to produce a population inversion for a laser
starts at the electrodes, preferably at the cathode [1]. Reduc- is, in general, supported by a fast risetime of the excitation
tion of the electric field intensity in the cathode region could
delay or even prevent the onset of instabilities. Hollow cathode process.The feasibility of these HCD applications strongly depends
discharges (HCD) are known to operate at lower potential dif- on the risetime that can be achieved with hollow cathode dis-
ferences then plane electrodes [41. Therefore TEA laser elec- charges.. It is known that in the steady-state operation the hol-
trodes with a large number of small holes may allow operation low cathode makes more efficient use of the UV light emitted
of discharges with a lower cathode fall voltage. Hollow cathode from the negative glow and collisions of ions and excited parti-
discharge operation, however, is restricted to a certain range of cles (in rare gases preferably mestables) with the cathode sur-
pD (1 tort cm < pD < 10 tort cm, for rare gases), where p is face. The build-up mechanism of the HCD and the dynamic
the gas pressure and D the diameter of the hollow cathode [4]. of the densities of these species in the hollow cathode, how-
This range is shifted to smaller vdues of pD if molecular gases ever, has not yet been investigated. The aim of this work,
are used. For atmospheric pressure the holes should have di- therefore, was to investigate the initiation charactertics of
ameters of the order of a few microns depending on the filling the hollow cathode discharge and to operate a hollow cathode
gas. In addition, such an electrode structure may allow one to with fast risetime and at high current densities.
flush the hollow cathodes from the back side with a very slight
flow of an atomic gas (preferably a rare gas) and, subsequently I1. EXPERIMENTAL PROCEDURE

further reduce the potential difference across the cathode fall.
At this time an important application of dc hollow cathode The design of the hollow cathode discharge device is shown

discharges is its use as the active medium of a gas laser [5]. In in Fig. 1. Similar designs have been used for dc discharges [7].
a recent paper it was also demonstrated that pulsed hollow The cathode is a 3.86-mm inner diameter stainless steel tube.
cathode discharges allow one to produce high densities of ex- Anodes were made of aluminum and stainless steel. The spacer
cited states with energies of several tens of electronvolts above between cathode and anode is a 10-ann thick mylar foil. End-
the ground state [6]. The efficient use of the excitation of on and side-on windows allow optical diagnostics of the hol-

low cathode discharge. Except for the discharge itself the
Manuscript received April 18, 1984. This work was supported by the HCD device is totally matched to the impedance of the cable

Center for Energy Research, Texas Tech University, Lubbock, TX, and ZO = 75 12 (Belden 8870). The dielectric in the cathode re-
by AFOSR.
G. Schaefer, K. H. Schoenbach, and H. Kromphole are with the De- gime is a clear epoxy.

partment of Electrical Engineering, Texas Tech University, Lubbock, The experimental setup is shown in Fig. 2. A charging cable
TX 79409.

P. 0. Husoy was with the Department of Electrical Engineering. Texas with the length Ic is charged by a power supply and discharged
Tech University, Lubbock, TX 79409. He is now with the Technical by a spark gap into a transmission cable. The voltage is adjusted
University of Norway, Trondheim, Norway. through pressure controlled self breakdown. The transmission

0093-3813184/1200-0271 $01.00 0 1984 IEEE
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ns , the current gain was in the order of 10. With [51 G. Schaefer, K. H. Schoenbach, H. Krompholz,

better utilization of the e-beam energy in our system M. Kristiansen, and A. H. Guenther, "The Use of

a gain of 100, can be achieved. Shorter opening Attachers in Electron Beam Sustained Discharge

times, down to -10 ns, are possible with higher Switches -Theoretical Considerations", to

attacher concentrations, however, at the expense of appear in Lasers and Particle Beams.
reduced current gain.

r61 A. V. Phelps, private communication.
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Fig. 11 Discharge Resistivity P. as a Function
of Reduced Field Strength E/N for a
Discharge in !;2:SO2 (250 Torr). I

S1: CO,

Like N20 and SO2 , CO2 has an increasing
attachmen: rate coefficient with E/N. The disadva-
ntage of CO2 for use as an opening switch gas is its Fig. 12 Time Dependence of Switch Current in a
relatively low ionization energy. The field Discharge in N2 :C0 2 with Reduced Field
strength range where the attachment coefficient, , Strength E/N as a Variable Parameter.
exceeds the ionization coefficient,, reaches only up
to a poroximately 60 Td [11]. This value determines
the hold off field strength in this gas. For E/N > 60 Summary
Td the current rises again, which means that the
switch closes instead of opens after e-beam turn off. An e-beam tetrode was designed for the

This effect was demonstrated by operating the investigations of e-beam controlled conductivities in
diffuse discharge at different values of E/N about switch gases. The operating characteristics are:
:he crossing point of the attachment and ionization
curves (Fig. 12). Depending on the values of n(E/N) a. burst mode operation in the Mpps (Mega pulses/per
and a(E/N), the development of the discharge after second) range,
e-bea turn off is going either towards a closing b. variable pulse duration and pulse separation,
switch (Fig. 12c) or toward an opening switch (Fig. c. turn on and turn off times in the range of 10 ns,
12at behavior. Because of the small attachment coef- d. varia "Jn of e-beam energy (EB i 250 keV),
ficient of CO 2 compared to SO2 and N20 the switch e. varia.ion of e-beam current density (JB i 4
opening time, even for the high concentration of 20Z A/cm 2 ).
in ': as buffer gas, is much longer than for the
.,:her gases. Diffuse discharge Investigations were performed

in the gas mixtures N2iN20, N2 :S0 2 , and N2 : CO2 . The
experimentally obtained current-voltage characteristic
for N1:N 20 agrees with previously obtained theoretical
results at high E/N. The discrepancy in theoretical
and experimental data at low E/N reflects the
uncertainty in basic data for N20. With respect to the
criterion for optimum switch gases - low losses during
conduction (at low E/N), large losses during and after
opening (at high E/N)- N20 in N2 is sunerior to the
other investigated gases. For opening times of 100

•...., 4 • : "5 ; . :
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0.7%, the fall time (l/e-time) increases to approx- Even with the attachment onset of 7/N < 4 Td,
imately 100 ns. For 0.1 Z it is in the order of 500 that means with an attachment dominated discharge dur-

- ns. The gain increases to values of 9 and 12 for ing conduction, the N20:Ni mixture seem to work fairly
" 0.7% and 0.1% N20, respectively. well as opening switch gas. It satisfies the require-

ment of having low resistance at low E/N and high re-
sistance ac large E/N, as seen on Fig. 10, wnere the
results of current-voltage measurements (Fig. 9) are

I iplotted iii a resistivity versus reduced fieLd streng:h
diagram. It shows an increase in resistivity of

'I. almost two order of magnitude in an E/N-range of 4 to
0.1 0% N20 20 Td.

.j 0.70/%

'. 0
I

;: -.. 0 7% N20

S 5 1020 cm 3s1

L..1 , I .i" ' ______ _ I 2000

0
TIME ,200 ns/div)

0. 0

Fig. 8" Time Dependence of Switch Current with . I>M20 Concentration as Variable Param- 10
eter - 1000

ILI

Figure 9 shows the j vs E/N characteristics of
the e-beam sustained discharge in I atm ; with 0.7% o
N20. The curve represents the calculated values, dots
are experimental results. The experimental values at
higher E/4 correspond well to the theoretical curve. 0 I
However, the measured discharge characteristics do 0 5 i0 i5 20
not exhibit the predicted current maximum at
S,'4-values of approximately 4 Td. These results in- REDUCED FIELD STRENGTH EIN [Td/

* dicate that attachment is dominant even at E/N < 4
d, where, according to the measured values of the

" decay rate (see Fig. 6), attachment should be negli-
gible. This assumption is confirmed by results of Fig. 10 Discharge lesistivity o. as a Function
recently performed attachment rate coefficient meas- of Reduced Field Strength E/N for 4
urements [8) and by Monte-Carlo calculations of the Discharge in 42:420 (1 Atm).
attachment rate coefficient (9! based on experiment- 4-:SO-
aily obtained attachment cross-sections [101.

Another gas which has the required E/N
dependence of the attachment rate coefficient is SO,
(III. SO 2 has a lower attachment rate and a onset of
attachment at higher values of E/4, compared to XiO.
In order to get opening-times similar to those in the

-6 07% N20  0.7% No:Ni mixture, the concentration of SOi in N. as
I020 -3-1 buffer gas had to be increased to 20%. The total gas

S:x 10CMS pressure was reduced to 250 Torr, to cover a wider
range of E/Ni with the given switch voltage. Fig il

10 - shows the resistivity versus E/N of an S0,:N', e-beam
~sustained discharge with S - 3 -102 c- 3 -- I. The

3 - resistivity rises above an EI'N of 50 Td, 'ndicacing
an increase in attachment at this value. This rise is

2 in agreement with measured attachment characteristics
in pure SO- I1II. Taking into account the different
gas pressures and different e-beam currents in the
N2 0:N 2 and 302:Si experiments, the ;20 mixture see-s
to be preferable to the mixture with 30 as the0 4 3 " 16 20 arcacher. 'O:N, has lover resistivity at low EN fir

c :he same opening time, that means the Joule iosseq
-- during conduction can be kept lower for this gas

N mixture.

Fig. 9 Current Densi:v j versus Reduced F!sH
Strength 1/N (Calculated Curve and
Experimental Data Points)

0 - - -: ' - - . .' - : . . - -: i
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Along these considerations, several gas mixtures have small E/N, below 4 Td, the electron loss is due to

been proposed for diffuse discharge opening switches recombination only. At about 4 Td the attachment rate

[4]• For our theoretical investigations N was coefficient rises steeply. This means that for

chosen as a buffer gas with Ni0 as added attacher. N2  reasonably high attacher concentrations in the buffer

was used since a complete set of cross section is' gas the losses increase drastically, causing a negat-

available [6 and the plasma chemistry in a mixture ive slope in the current-voltage characteristics. At

of N- and N-,0 appears to be relatively simple. 30 Td where the attachment rate coefficient is assumed

Furthermore, N,)O in an Ni buffer gas exhibits an E/N to level off, recombination becomes more important

dependent electron decay rate, which increases by again, as demonstrated by the change in the slope j vs

more than a factor of 20 in the EIN range from 3 Td (EIN) - at this value.

to 15 Td, (Fig 6) [7] . It should be noted that N-
has an electron drift velocity, which increases with

E/N and therefore is not the optimum buffer gas in

diffuse discharge opening switches. For gas mixtures,
however, which show a strong attachment rate increase

the drift velocity condition at high E/N is generally

of minor importance. S-e.iccm's
"' •

1 aim N,
no N70

0.2S%

* . o10 * . .. . 0.. ....

p.- ,'.---------.. .... ... .. ... o,- ..... -k
N2 0 ---- -. . . .-- ...

0.0%

0 -i 101
0w

I 0,

I,,
0

U 0.7 m10 10 20 30 40 so 60 70
E/N
Td

Fig. 6 Decay Rate Constants of the Electron

Conduction Current by Adding N20 in 350
Torr of N2 at various E/N [7]. Fig. 7 Calculated Steady State j - E/N Charac-

teristics for an e-Beam Sustained Dis-

charge in N2 with Admixtures of N20. The
Discharge Analysis Electron Generation Rate is 8 • 1021

cm
- 3 

s
- 1 . 

Parameter is the N20 Fraction

To calculate the current-voltage characteristics in s P5].

of a diffuse plasma sustained by an electron beam, as

well as to evaluate the time dependen, impedance of
an externally controlled discharge in a given Experimental Results

circuit, a computer model has been developed that

enables fast calculations for a variety of conditions Diffuse discharge experiments were performed in

f5j. It does not, however, provide for spatial N'O, SO2 and CO2 with N 2 as buffer gas. The e-beam
analysis of the discharge. The code uses two tetrode was for these experiments mostly used in the

nideoendent programs. In a first computation, all single pulse mode. The source term, the number of

rate constants of significant processes are electrons produced per cm
3 
and s, was in the range of

calculated as a function of E/N for a representative 1020 cm
- 3 

s
-
I to 10

2 1 
cm

- 3 
s
- . 

The voltage applied

gas mixture. These calculations use the E/N at the PFN was varied between 2 kV and 20 kV. The

dependent electron energy distribution functions that switch electrode gap was kept constant at 3.5 cm.

have been previously compiled using a separate Monte

Zarlo code. In a second step a system of circuit N")N O 7"
equations and rare equations has been solved, where
we used the previously calculated E!N dependence of Figure 8 shows the influence of attacher concen-

the rate constants, assuming that they do not change tration (N2 0) on the switch current. For high NiO

signifficantIv for small variations of the gas concentrations (3%) the switch current pulse repre-

'nixture. sents the e-beam current pulse except for the tail.

The calculation of the current-voltage charac- The tail may be caused by the current carried by
teristlcs of the diffuse discharge does not require positive and negative ions. The current gain (switch

information about the circuit. Calculations were current/electron beam current) is about 2 for this

performed with the relative attacher concentration in high attachment concentration. For concentrations of

the buffer gas as parameter*. Figure 7 shows the

current density (j) - reduced field strength (E/N) *The transient behavior of the discharge as part of a

characteristics for different N-20 concentrations in discharge circuit is discussed in Reference [5].

an N2 buffer gas. The total pressure is I atm. At

-7I
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cross-sectional area of the beam. The current density versatility. The pulse magnitudes are variable by
can be varied independently of the accelerating volt- changing the cable charging voltages and the pulse
age by adjusting the filament temperature. The width and pulse separation can be adjusted by changing
control grid which is located 0.4 cm above the the lengths of the cables. However, due to the effect
filament array is negatively biased (VB - -4 kV), to of the capacitive termination in the tetrode and due
hold the c-beam 3ff, even w hen the accelerating to caole dispersion, subsequent pulses are degraded.
voltage is applied to the plate. The e-beam is This degradation limits the useful length of :he pulse
turned on by applying a positive voltage pulse of train to 3 or 4 pulses.
typically V1 - +4 kV to the grid. A second grid, 0.6 Measurements of the electron beam current at :-e
zm above the control grid, shields the control system cathode and at the anode -after pasing the titantum
electrostatically. foil - were performed with transmission Line current

transformers (31. Fig. 5 shows the e-beam current

pulses, evaluated from current transtor-,er signa.s.
The decay in amplitude is caused by the exponential
plate voltage decay. Because of the reduced transmis-

.9/SiE L:% O sion of electrons through the foil at Lower electro2
" O ~5iC energies the effective time of operation is lImited to

/ O .' L-'ME4*S approximately I us with the voltage generator used In
SPQ5EACiE NfArE this experiment.

_ k

* i -,

j.r ',I .NI

The pulser driving the grid is depicted in Fig. Fig. 5 e-Beam Current Pulses Measured at the
. It consists of two, 75 ;1 cables (lengths dl and Cathode

di) separated by a trlggerable spark gap. Cable I is
connected to the grid, as shown, and is charged to After passing the titanium foil and a 1.2.5 m
the negative bias voltage VB. Cable 2 is charged aluminum foil which serves as electrode in the diffuse
through a 10 M 2. resistor to the voltage V3 . After discharge switch the e-beam generates a diffuse plasna
triggering the spark, the positive voltage from cable between the electrodes in the stainless steel
2 propagates towards the grid, is reflected with the discharge chamber. The current through the plasma is
same polarity, travels back to the charging resistor, provided by a 2 : pulse forming network, which

* and is reflected again. The negative bias voltage delivers a flat top current pulse of I 4s duration and
from cable I is reflected at the open end, etc. an amplitude of up to 12.3 kA

* Hence, the cable pulser with two open ends generates
a periodic rectangular grid voltage, and the electron Switch-Gas Properties
beam is repetitively turned on and off. The primary
advantage of this pulser is its simplicity and The switch opening time, after e-beam turn off,

is determined by the electron loss processes in the
diffuse discharge: recombination and attachment. In
order to achieve opening times of less than a micro-
second, the dominant loss process -ust be attachment,
that means the switch gas mixture must contain an
electronegative gas. On the other hand additives of
attachers increase the power losses during conduction.

Both low forward voltage drop and fast opening can
* -9 d1  - ~only be obtained by choosing gases or gas mixtures

1O _ ___..........___ which satisfy the following conditions [1,.,5J:
-- - - for low values of the reduced field strength

'12 1 E/N (conduction phase) the gas mixture should
- - have a high drift velocity, vy, and low

• o -- attachment rate coefficient, ksa

for high 7/N values (opening phase) the gas
mixture should have Lower drift velocities and

:=TROCE nigh attachment rate coefficients.
R! G _R :o avoid the onset of the attachment instab-

lity luring conduction the switzh should be
operated at -1N values where the attachment

g Srate zoefficient has a minimum or a negativeFiYg. 4 Schematic Diagram of 3rid Pulser. slope.

-. ;. > , i ,. _:.- ,- '' - , : ' ., .. , , , , _ . . .. ,. . , .,.,- .. , .-
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Introduction an evacuated (p = 2 • 10- 7 Torr) Pyrex cylinder,
between the two plates of a stripline. The anode con-

Inductive energy storage is attractive in pulsed sists of a grid of 250 um molybdenum wires at a dis-
power applications because of its intrinsic high tance of 7 cm from the cathode. The anode grid covers

o energy density compared to capacitive storage the entrance of a 13 cm long drift tube which is term-
systems. The key technological problem in developing inated by a 25 tim titanium foil. The foil is
inductive energy discharge systems, especially for supported by an array of titanium bars. The e-beam
repetitive operation (rep rates larger than kpps) is voltage is applied to the anode by a two-stage Marx
the development of opening switches. Promising cand- generator. The generator (Physics International Co.
idates for repetitive opening switches are e-beam or FRP-250) can deliver a maximum voltage of 250 kV with
laser controlled diffuse discharges [1]. The a 10 ns rise time and with an exponential decay time
schematic diagram of an electron-beam controlled constant of about 2.5 *s into a 300 :' load.

* opening switch as part of an inductive storage system
is shown in Fig. I. The switch chamber is filled
with a gas of pressures of I atmosphere and above.
The gas between the electrodes conducts and allows CURRENT PEN
charging of the inductor, when an ionizing e-beam is
injected (usually through one of the electrodes which SENSOR -CONNECTION
=.ight be a mesh or a foil). The switch voltage
remains below the self breakdown voltage, so that 'l

111 avalanche ionization is negligible. Thus, the dis-
charge is completely sustained by the e-beam. When
the e-beam is turned off, electron attachment and
recombination processes in the gas cause the conduct-

vi'iv to decrease and the switch opens. Consequently DISCHARGE
-ne current through the conductor is commutated into VOLUME
the load.

INDUCTOR

CURREN II

-E ANODE I GRID

CON.TROL , A HEATED CATHODE

GRID 0 HV

Fig. i Schematic of an E-Beam Controlled CURRENT VACUUM
Diffuse Discharge Opening Switch. SENSOR PUMP

Experimental Set-Up
Fig. 2 Cross-Section of e-Beam Tetrode and

For tte investigation of e-beam controlled con- Switch Chamber.
ductivity in a high pressure diffuse plasma a
discharge qystem was constructed with an e-beam tet-
rode as the control element [2]. A schematic cross- A cross-section of the cathode is shown in Fig.
section of the discharge chamber and e-beam tetrode 3. The electron source is an electrically heated array
Is shown in Fig. 2. The e-beam cathode is located in of 375 urm diameter thoriated tungsten filaments. At a

filament temperature of about 2100 K, the e-beau cur-
rent density is about 4 A/cm2 over the 100 cm2

ck;7$-:Lc hv AFCSR and ARO
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DISCUSSION

R. J. COMMISSO: How was E/N varied for N20?

K. SCHOENBACH: We varied the voltage across the switch down to 1 MV No boundary
effects were included.

E. E. KUNHARDT: You said you wanted the drift velocity to be low at high E/N and
vice versa, while attachment should be low at low E/N and high at high E/N. Is
this requirement on drift velocity necessary?

K. SCHOENBACH: it is desirable to have high mobility (not exactly drift velocity)
and high electron density during conduction because conductivity is proportional
to their product.

R. J. COMMISSO: You want the drift velocity to decrease at high E/N, but if
attachment rate increases at high E/N the electron density will go down and
resistivity can still go up.

* L. G. CHRISTOPHOROU: SO2 and N20 both show pressure-dependent electron attachment
processes at very low E/N, especially S02. Is that a problem?

K. SCHOENBACH: Our measurements showed increasing attachment rate with increasing
E/N. We would like to see your data for SO2 at very low E/N.

0

.|. ..



0J

G. Schaefer et al.

It should be pointed out, that the set of processes considered in the Monte Carlo
calculations and in the rate equation program are different. In the rate equation system,
only those processes are considered which, according to the specific switching applica-
tion. contribute to the electron density. Since the gas discharge is considered to stay
relatively "'cold" during one switch period, any V, R. T-E collisions (transfer of energy
from vibrational, rotational, translational energy to electronic excitation) are neglected
and transitions into rotational and vibrational states are considered only as loss
mechanisms. On the other hand, in the Monte Carlo code a set of cross sections. as
complete as possible, is employed. Such cioss section sets, however, are only available
for a few pure gases or rudimentary gas mixtures.

The calculations presented herein were performed for an e-beam sustained discharge
in N, with admixtures of NO as the attacher. N, was used since a complete set of cross
sections for inclusion in the Monte Carlo code was available (Phelps 1982), and the plasma
chemistry in a mixture of N2 and N20 appears to be relatively simple. N2 0 in an N2
buffer gas exhibits an E/N-dependent electron decay rate, which increases more than a
factor of 20 in the E/N-range from 3Td to 15Td (Lee et al. 1981: Gallagher et al.
1982). It should be noted, however, that N, has an electron mobility which increases with
E/N and therefore is not an optimum candidate for a buffer gas in diffuse discharge
opening switch applications.

6 In calculations by Morgan & Pitchford 1982, on the electron energy distribution
function in weakly ionized plasmas, created by an electron beam in N2 , it was demonstrated
that the distribution function is different from just a superposition of the distribution
function in a swarm and the distribution function of the electrons created in ionizing
collisions of the fast electrons of the electron beam. Especially at low values of EIN,
electrons produced at energies above the cross-sections for vibrational excitation create
a side maximum in the distribution functions at E/N values where otherwise no
electrons would be found. If admixtures of attachers are used with significant cross
sections in this high energy range. a certain fraction of the created electrons will also be
attached at low values of E/N. As a first approximation this effect could be considered
when calculating the electron generation rate for a given electron beam, but according
to the data available this effect will not change the electron density by more than a few
percent.

Another objective was to investigate the feasibility of using photodetachment as an
additional control mechanism. The N20 undergoes dissociative attachment producing
0-. Photodetachment of O- has already been proposed as a possible control mechan-
ism for diffuse discharges (Schoenbach et al. 1982: Schaefer et al. 1983).

For switching, an e-beam sustained discharge has to work well below the self-
*breakdown limit. Electron generation should, therefore, during the closed phase (at low

values of EIN), only depend on the direct ionization by the control e-beam electrons.
The overall dynamic behavior, e-peciaW in the opening phase, however. may also
depend on excitation and ionization processes through the discharge electrons. Thus.

.- the EIN dependence of these processes must also be considered (Lowke & Davis
1977).

0 The following p,,ocesses are considered in the set of rate equations. The required
cross sections or rate constants were obtained from the literature.

(1) Direct ionization (Rapp & Erlander-Golden: Lakshminarasihma et al. 1975).
m2) Excitation of the metastable A-state of N,. direct or via other triplet states with

subsequent optical transitions (Cartwright et al. 1977).
* 3) Ionization of N, from the metastable A-state (Kukulin et al. 1979).
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14) N, metastable deactivation (Dreye & Perner 1973).
W (5) Electron-ion recombination (Douglas-Hamilton 1973).

(6) Dissociative attachment of NO (Lee et al. 1981: Gallagher et al. 1982).
(7j Collisional detachment of 0- (Tisone & Branscomb 1968).
(8) Ion-ion recombination (Lorents 1981).
(9) Photodetachment of 0- (Lee & Smith 1979).

(1)) Electron drift velocity (Christophorou 1971).

Experimentally derived rates as a function of E/N were used in the calculations, when
available. If EIN dependent rates were not available, such as for processes (2). (3), and
(7), or not known over the necessary E/N range. such as for (1). then the rate constants
were calculated using the electron energy distribution function, evaluated through
Monte Carlo calculations.

The electron energy distribution function, and subsequently the rate constants,
change for a fixed value of EIN if the partial pressure of an attacher in a buffer gas is
varied. This effect becomes very strong if a molecular attacher is added to an atomic
buffer gas. since here the cross section of rotational and vibrational excitation and
attachment are added in an energy range where the buffer gas does not have any
appreciable inelastic cross section. Using N2 as a buffer gas with an admixture of an
attacher, only the attachment cross section of the attacher may cause a significant
change of the electron energy distribution function (Pitchford & Phelps 1982). We.
therefore, performed the Monte Carlo calculations with the cross sections of N, solely
and for the cross sections of N2 plus the attachment cross section of N20 considering a
1% admixture of NO. As expected, the electron energy distribution function was
lowered in the energy range above the attachment threshold and raised below this
threshold energy. In the high energy range (E > 6 eV). at high values of EIN, this effect
was not significant. Al potential ionization processes (single and multi step) require a
higher electron energy. The only process with a significant cross section in this range
below 6 eV is collisional detachment of O-. As will be seen later, the negative ion
density will not reach values high enough to make collisional detachment a significant
process if the discharge operation is optimized with respect to low losses.

For process (6). dissociative attachment of NnO. two reported experimental data (Lee
B et al. 1981; Gallagher et al. 1982) and the calculated values differ only slightly. The

calculated values, using the cross sections for T = 300 K (Chantry 1969). show a lower
threshold at approximately 1-5 Td, while the experimental data (Lee et al. 1981) have a
threshold at approximately 2-5 Td. For the calculations we used the experimental data
(Lee et al. 1981) extended to high values of E/N according to our calculations
(maximum rate constant of 1.1 X 10-

1 cm3 s- ' at 30Td and nearly constant above this
value). Note that this attachment rate constant is only an example of a specific
attachment characteristic that can be found among several attachers. Its important
teaturcs are:

ia, a low attachment rate for low values of E/N.
,b) a threshold ,'alue of EiN with a strong increase of the attachment rate above this

0 •value
(c) an attachment rate that saturates at some higher value of E/N.

4. Discharge characteristics
The stead% state characteristics were computed assuming a constant voltage, calculat-

., i r the current for which djidt = 0. These calculations were performed for various sets

.
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FGuRE 1. Calculated steady state EIN-j characteristics for an e-beam sustained discharge in N2with admixtures of N20. The electron generation rate is 8 x 102" cm- ' s-'. The variable parame-
ter is the N20 fraction in %.

of parameters. Figure 1 shows the steady state characteristics for different N20
concentrations in an N2 buffer gas. The total pressure is 1 atm and the e-beam electron

.*, -' generation rate is 8 x 102 s cm- s - . As expected, the steady state characteristics are not
affected by the attacher in an E/N-range of 0 to 4 Td; while in the range of
approximately 5 to 30 Td high attacher concentrations cause the current density to
decrease if the field strength increases and, therefore, produces a current density
maximum. The threshold value of EIN at which the current density no longer rises
strongly with EIN is determined when attachment becomes the major loss mechanism.
Thus the maximum of the current density shifts to higher EIN values when the attacher
concentration decreases. It should be noted that attachers with a constant attachment

. •rate coefficient result in steady state characteristics where the current density increases
monotonically with EIN.

Figure 2 depicts the discharge characteristics for different values of the electron
generation rate, (The attacher concentration is constant at 1%.) With increasing

0 electron generation rates the electron density for a given value of E/N also increases.
Since recombination depends quadratically on the electron density and only linearly
on attachment, a higher value of E/N is required to cause attachment to become the
major electron depletion mechanism. Therefore, the current density maximum shifts
to higher values of E/N if the electron generation rate is increased. Figure 2 also
demonstrates that the decrease of the current density with increasing EIN, caused by
attachment, is more significant for lower electron generation rates.

",0 ' '. " . . . . , _ ' ' , ,/ , , " . ' ' - ' ' ' . . . "' ', - , -- " "
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Fiou& 2. Calculated steady state EIN-j characteristics for an c-beam sustained discharge in N2
with an N-,O fraction of 1%. The variable parameter is the electron generation rate.
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FiGuRE 3. Calculated steady state El N-j characteristics for an e-beam sustained discharge in 4
with an N20 fraction of 1%. including photodetachment of 0 . The electron generation rate IS
8 x 10"' cm-'s-1. The variable parameter is the laser power density.
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These steady state characteristics give a strong hint as to which operating point or

loss region, which is not attachment dominated, the operating point should be on the
left side of the current density maximum. In order to achieve fast opening, with no long
delay, the operating point should be close to the maximum.

As mentioned before, the system N. + N._O has also been chosen to demonstrate the
possibility of influencing the discharge properties by using photodetachment. If it is
assumed that the dominant negative ion is 0-, then the dominant depletion mechan-
isms are 0--ion recombination and/or photodetachment. Figure 3 shows the steady
state characteristic for an NO fraction of 1% and an electron generation rate of

.. 8 x 102' cm - 3 s'. The variable parameter is the power density of the illuminating laser
operating in the photon energy range around 2 eV where the photodetachment cross
section has a plateau. For comparison the steady state characteristics of a pure N2
discharge are also shown. The calculation shows that photodetachment can compensate
attachment in a significant EIN range, especially if a power density of 10 7 W/cm 2 or
above is used.

5. Transient discharge behavior
*- As discussed in § 4, it should be possible to operate an e-beam sustained, low loss

discjbarge which is not strongly affected by an attacher, provided the attachment rate
constant has a clear threshold at a certain value of E/N, below which the attachment is
not efficient. How fast such a steady state operation is approached when the e-beam is
turned on and how fast the discharge opens if the e-beam is turned off, will depend
strongly on the circuit as well. To examine the circuit influence, let us discuss two
different applications. In both cases we will discuss an inductive energy storage system
which has two separate loops, the charging loop and the discharge loop, having only the
inductor in common (figure 4). In order to simplify our assessment let us assume that
the load connected to the storage system is infinite during the inductor energizing
phase, which can be achieved by an additional isolation spark gap in series with the
load or if the load is a self-sustained gas discharge.

SLOW CLOSING
OPENING SWITCH SWITCH

HARGING DVERED LOAD I

CURRENT CURRENT I CURRENT

POWER DIFFUSE INDUCTOR LOAD

SUPPLY DISCHARGE

SWITCH

FI(.L'RE - Schematic circuit for an e-beam sustained discharge switch in an inductive energy
* storage system.
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5.1. Single pulse operation

In single pulse operation the switch has to close and open only once and it is thus
possible to consider these two switching events in two different circuits. Let us assume
that the discharge has to carrv the total current after the inductor is already energized
(figure 4). At this time the voltage drop across the inductor may be very small (i.e.
diidt - 0). If the electron beam is turned on at the same time the slow switch tegins to

l open then the e-beam sustained discharge may reach the steady state starting from = 0
and low E/N. without going through a range of high E/N values which would be in the
attachment dominated range, i.e. high losses in the discharge. In addition, the slow
switch does not experience a high voltage drop when it is opened. In this case, with
appropriate circuit and discharge parameters, it can be shown, that the discharge
approaches a steady state operation close to the maximum of the characteristics

* displayed in figure 2. It should be pointed out that in using a fuse as the slow opening
switch the e-beam sustained discharge can not take over the current until the fuse has
started to open, therefore the time dependent characteristics of the fuse have to be
considered as well.

For the next phase (opening) let us consider the open circuit, i.e. infinite load, case.
As discussed in § 2 the inductive energy storage system has to be considered as a
transmission line with a high value of L' and a low value of C', causing a very high
impedance. The open circuit will produce the maximum value of EIN possible. Such a
high impedance load line will definitely move the discharge into the range of high E/N
values causing attachment to become most effective and affording fast opening times.
At high values of EIN (>100Td), however, ionization in the discharge becomes
relevant. During switching operations, of course, the voltage drop across the discharge

* must stay well below that of a self-sustained discharge or self breakdown.

5.2. Burst operation
In a burst operation the inductor is charged once and the energy is then deposited

into a load, in a burst of pulses, using an e-beam sustained discharge as a repetitive
opening switch. In this case the final voltage drop across the load at the end of the pulse

*(which is the same as across the discharge cell), will define the initial EIN value for the
closing process of the switch, i.e. when the e-beam is reintroduced. The closing process
will thus go through a lossy state, slowing down the closing process. This effect will be
greater the higher the E/N starting value is. As a result, we performed calculations on
this transient b, havior. The experimental arrangement shown in figure 5, will be used
for validation of the general conclusions drawn from the model analysis.

It is obvious that a decreasing system impedance at a given impressed voltage will
increase the current: the current density, however, can be kept constant if the discharge

EXTERNAL RESISTOR RE

LINE EXTERNAL
-- IMPEDANCE Z CONTROL

VOLAG V. SOURCE

DISCHARGE AREA A, SPACING d

DISCHARGE RESISTANCE R,

FIA;t RF 5. Schematic setup for an e-beam sustained discharge switch.

i:'. . -,- -. . . ,. - .i , . ." , . ,:-i . .. , . • .
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area is increased by a corresponding factor. Thus the quantity ZA acts as a similarity
quantity. where Z, = Z + RE is the total system impedance and A is the discharge area.

For all calculation in this section the following parameters were kept constant:
(A = 100 cm 2, d = 1 cm, p(N 2) = 1 atm, V. = 50 kV, electron generation rate R, = 8 x
1021 cm- 3 s-I for 0 -- t -- 100 ns). The values of the pressure p, voltage V0, and discharge
length d correspond to a maximum value of E/N = 185 Td. In an initial set of
calculations, the total system impedance was kept constant at Z, = 20 fl, giving a
similarity quantity ZA = 2 x 10'fl cm 2. Figure 6 depicts the discharge characteristics
for these parameters (see also figure 1) on a linear scale and, in addition, the load line
for three system impedances, Z,. The variable parameter is the percentage of N20. This
graph indicates that, for Z, = 20 fl, the system will approach the low range of E/N for
N2 0 concentrations of 0-75% and below, but not for an N20 concentration as high as
1%. For 0.75% NO, the loadline (Z = 20 fl) comes very close to the steady state
characteristics in an E/N range of -40 Td and below. It can be seen that EIN and the
current density would change very slowly for EIN -- 40 Td.

Figure 7 shows the time dependent EIN, current density j, and power loss per volume

no N2 0 0-1% N20

I / ,,10-25% N20
I / S=8X10

2 1 cm-
3 s- ' /

'100

z /

/u 0.5%

60- 1 0 3 0 5 0 7

E/N

10d

FIGtRIE 6. Calculated steady state E/N-j characteristics for an e-beam sustained discharge in
atmospheric pressure N2 with admixtures of N20. The electron generation rate is 8×x
1021 cm - s -. The parameters are the N2O fraction in %. Also shown are three system load lines

P with the total system impedance. Z,. as the variable parameter.

-.•'. " i-" • .. .. , .. .. - , -.'. ..- - .- , ,. ... .. .' .., .. . . . . " .'- ' . .' ., ( .0..75-%.

, ..... .- , - ' " - . . . • . .. " , ' ., - . ." . . " ' . " .' -. , '. .., ' . .. ' " .' .. . .. .4 0. , - ,



27

Use of attachers in electron beam sustained discharge switches
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FIGURE 7 Time dependence of E/N (top), current density (middle), and power density loss
(bottom of an e-beam sustained discharge in I atm N2 with admixtures of N20. The system
impedance is Z, = 20 fl. The e-beam is on for 0 5 t < 100 ns. The variable parameter is the N20
fraction in %.

behavior of the discharge. The curves for 0-1%, 0.5%, and 0.75% of N.O approach
the same steady state value for EIN and ' in the conducting phase. demonstrating that
under these conditions the discharge is not strongly iniluenced by attachment. Further-
more. after termination of the e-bearn. the discharg,! properties change very slowly
until an E/N-value is approached where attachment becomes effective. Such a time
dependence has also been found by Chantry (1982). By contrast, for the case of 1%
N,O. the attachment is strong enough to prevent the discharge from ever reaching a
low E/N-state and the steady state is therefore always attachment dominated. Thus.

when the e-beam is turned off, the values for F/N and i change quite abruptly.

The power loss curve (figure 7, bottom) shows that, if the discharge is operating in a
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NO-Concentration
System impedance 01% 05% 075% 1.0%

10 -( 92.9* 57-5 581 614
20 n 37.1* 15.8* 13.0* 220
40 il 12-4* 6.8* 4.4* 3-6*

TABLE 1. Energy density loss per switch cycle (300 ns) in
mJ/cm -

For 01% N20 and 05% N2 the discharge was still on after
300 ns. At this time the power loss was still 7 0% of its
maximum value for 0-/1% NO and 3% for 0.5% N20. respec-
tively.

* In these calculations the discharge reaches the low values of
E/N.
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FIGuRE 8. Time dependence of E/N (top), current density (middle). and power density loss
hbottomi of an c-beam sustained discharge in 1 atm N_, with an NO fraction of 1%. The e-beamis on for 0 t <0 100 ns. The variable p1rameter is the system impedance. Z,.
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low EIN steady state, strong losses occur only in the transition region. The half width
of the first loss peak (i.e. closing phase) increases as one increases the attacher
concentration, while the half width of the second loss peak decreases. The values given
in table I show the energy input per unit volume for one switching cycle, or for 300 ns
if the discharge is still on at that time.

Another set of calculations was performed for a constant admixture of N20 (1%)
with the total impedance Z, as the parameter. Figure 6 shows the steady state
characteristics for a 1% NO admixture and three loadlines, allowing prediction of the
steady state characteristics of such a diffuse discharge.

The time dependent behavior of the discharge for these parameters is shown in figure
8. At a value of 40 0 for the total impedance, the discharge reaches the low E/N region
where attachment does not dominate. In this state the system impedance only, and not
the switch discharge, limits the current. For lower impedances the discharge does not
approach low E/N values and, therefore, remains essentially attachment dominated
during the closing phase. The loss curves also make it evident that only for high system
impedance can the losses be kept small.

Thus both the system impedance, Z,, and the NO-concentration can determine
whether or not the discharge reaches the low EIN region where attachment is not
dominant, i.e. where the switch operates in the conduction phase at low losses. On the
other hand, the opening phase (t>100ns) is controlled primarily by the attacher
concentration. The specific dependence of the attachment rate will have an immediate
effect if the E/N value is still high when the e-beam is turned off, and will become
effective after some delay, if E/N is below 3 Td.

From figure 6 it would seem that the steady state operating point in the EIN-j
diagram for some of the lower NO concentrations (<I%) can also offer possible
operating points for NO levels as much as 1%. However, the circuit characteristics
with a loadline which already crosses the steady state characteristics at a higher value of
EIN, would prevent the transition of the system to the low EIN, steady-state operation.
Lower EIN operation would have the advantage of low losses in the closed 'phase and
fast opening time due to the higher attacher concentration.

There are several possibilities for combining these two features. One possibility for
speeding up or enforcing this transition would be to use an e-beam current density with
an additional peak at the beginning of the controlling pulse. i.e. tailor the shape of the
external control input. Such an e-beam shaping was already discussed for electron
beam sustained excimei iaser discharges. in that case, however, to enhance stability
(Brown & Nigham 1979). In figure 2 it was seen how the steady state current density
moves to higher values if the electron generation rate is increased. Another possibility
would be to use laser induced photodetachment to compensate for attachment during
the transition from the open phase to the conduction phase. Figure 3 depicted how
different laser power densities influence the steady state characteristics. Figure 9
exhibits the time dependent behavior of such a laser augmented discharge. The total
impedance is 20 fl. the NO concentration is 1%, and the parameter is the laser power
density. (The laser is on for the same duration as the e-beam.) With 1 laser power
density of 10' W cm- 2 the discharge can be switched into the low E/N re ion, however.
it takes approximately 10 ns. With 1(' W cm 2 the value of EIN drops 'cry fast, and
the total energy loss for one cycle is the lowest of all operating condition for the same
impedance (compare table I and table 2).

After a discharge has reached the low value of EIN, detachment will not strongly
affect the electron balance and further laser irradiation to provide photodetachment is
not warranted. Figure 10 depicts the time dependence of E/N for laser pulses of
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FIGURE 9. Time dependence of EIN (top), current density (middle), and power density loss
(bottom) of an e-beam sustained, laser photodetachment assisted discharge in I atm N2 with an
N2O fraction of I%. The system impedance is Z = 20 fl. The e-beam and laser are on for
0 - t Z 100 ns. The variable parameter is the laser power density.

different length. tL. starting simultaneously with the e-beam at t = 0 ns. The laser power
density here is 10" W cm- 2 . For short laser pulses (tL < 12"5 ns) the discharge does not
reach the region of low EIN values, while a laser pulse of tL = 20 ns has nearly the
same effect as a laser pulse covering the full e-beam period (tL = 100 ns). The energy
density loss for these calculations is listed in table 2.

The efficiency of using photodetachment depends on the density of negative ions. At
t = 0 ns no negative ions have been produced, here laser irradiation in the first few ns is
probably of little value. Figure II shows calculations of the time dependence of EIN
for laser pulses of tL = 10 ns length, but starting at different times. The power density
again is 107 W m -2. so the beam fluence is 100 mJ cm--. For comparison, the curves
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FIGURE 1I0 Time dependence of EIN for an e-beam sustained, photodetachment assisted
discharge in I atm N, with an N2O fraction of 1%. The system impedance is Z = 20 t The laser
power density is 107 W cm - 2 . The e-beam is on for 0 < t 100 ns. The variable parameter is the
laser pulse length (table 2).

without laser irradiation and for laser irradiation during the full e-beam period 0 to
100 ns) are also shown. The energy density loss for one switch cycle is listed in table 2.
For the early pulses, is expected, the discharge does not proceed into the low EIN
region. The lowest losses in the examples shown are achieved for a laser pulse starting
after 7.5 ns. These calculations show that, on a high impedance load line, the transition
from the high EIN, steady state operation to the low EIN, steady state operation can be
induced with quite reasonable laser fluences.

6. Switch optimization
The calculations presented herein den )nstrate the advantages of using e-beam

controlled discharge switches with a gas mixture containing a buffer gas and admixtures
of attachers with an attachment rate having a threshold at a given EIN value and then

# In figure 10 1 2 3 4 5 6 7 8
laser on

from-to (in ns) no laser 0-5 0-7'5 0-10 (-12'5 0-15 0-20 0-100
Energy density

loss
in mJ/cm' 22.0 28.9 21-65 20-7 13.2 10-5 9-4 9-0

In figure 11 1 2 3 4 5 6 7
l aser on

from-to (in ns) no laser 0-10 2,5-12-5 5-15 7.5-17.5 10-20 0-100
Energy density

loss
in mJ'cm' 22.0 20.7 13 2 10.8 10-0 10.1 9.0

T,A LE 2. Energy densitv loss per switch cycle for the curves shown in figure 10 and figure 11.
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FIGURE 11. Time dependence of EIN for an e-beam sustained, photodetachment assisted
discharge in I atm N, with an NO fraction of 1%. The system impedance is Z, = 20 fl. The laser
power density is 107 Wcm-2 and the pulse length is 1Ons. The e-beam is on for 0-t 100ns.
The variable parameter is the delay of the laser pulse with respect to the e-beam (table 2).

increasing with EIN. Such a gas mixture enables the optimization of the discharge
conditions in the steady state conduction phase and the opening phase, but adds
difficulties in achieving fast closing. For an attacher in a molecular, or at least partly
molecular buffer gas, an attachment rate having a threshold at a desired value of E/N
can be realized if the attachment cross section has a threshoid at some reasonable
electron energy value, i.e. well above that of the dominating cross sections for
vibrational excitation. Such properties will allow optimization of the discharge proper-
ties nearly independently in two E/N ranges.

In the E/N range below the threshold value for attachment, the discharge character
is determined mainly by the buffer gas. The optimum operating point for the conduc-
tion phase can therefore be selected, considering the steady state characteristics for the
pure buffer gas. For the selection of this steady state operating point, however,
requirements which depend on the specific applications must be also considered, such
as:

(1 A practical consideration may be a limit on the size of the switch. If high total
currents are required. one may be forced to operate at undesirably high current
densities.

(2) A high current density will limit the current gain. Kline (1982) shows that the
current gain increases faster with decreasing e-beam current than the total
current decreases, showing that zhe e-beam is used more efficiently at low current
densities.

(3) Stability requirements limit the total energy density dissipated in the discharge.
and thus. for a given conduction time t,. there are limits on the current density j.

141 Another consideration may be the necessity to optimize the ratio between the
energy stored in the inductor, and the power dissipated in the switch. This is
equivalent to a time constant T for the decrease of stored energy in the
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conduction phase, with a disconnected power supply (figure 4). For a given
system one obtains,

T=--x- or Tx-.
IV V E/N

This means that straight lines in the E/N-I diagram: i = aT x(E/IN) where a is a
system constant, are lines for the different constants, T. Considering a given
conduction time t, then the efficiency of the system would increase with increas-
ing T This would be achieved for an increasing e-beam current or electron

generation rate (figure 2). A given electron generation rate will limit the current
range as seen in figure 6. This approximation does not include the fractional
power input of the electron beam. which of course increases with increasing
beam current

As can be appreciated. optimizing a steady state switch operation is difficult since the
choice of the optimum steady state operating point is not obvious unless the application
and its operating characteristics are clearly specified. The application affects the
decision whether a system with low current density and high current gain or vice versa
should be employed.

Once the steady state operating point has been determined the attacher and its

concentration can be selected. For short delay switch opening the attachment threshold
should be as close as possible to the steady state operating value of EIN. The maximum
attachment rate, determined also by the attacher concentration. will then be responsi-
ble for the maximum value of (djldt). It, of course, is also responsible for the time the
switch needs to close again. Here a compromise has to be made, unless additional
control means such as lasers are used.

For most applications, the switching times, both closing and opening, will be short,
compared to the conduction phase. In these cases an additional control mechanism
would only be required for a short time. compared to the steady state e-beam control.
Additional control mechanisms to overcome attachment during closing, while still
having an attachment dominated discharge during opening, would be to use a tailored
e-beam with a stiffer beam current peak at the front of the pulse

An additional control could be to use optical means, which were discussed in an
earlier paper by Schoenbach et al. 1982. Relevant to an attachment dominated
discharge is optically induced attachment, initiated in the opening phase when the

e-beam is turned off, or. as discussed herein, photodetachment in the closing phase,
during the beginning of the e-beam pulse.

It should be pointed out again that the gas mixtures used for these calculations are
not optimum for all switching applications. For example. CH, as a buffer gas lChrist-
ophoru Q71 L has a much higher drift %elocit-, at low values of E/N, and N,O as an
attacher ma\ not have the right threshold value ot E/.V for a desired steady state
operatine point. The calculations, however, show that the use of an attacher with a
threshold F/N-value for attachment otfers a unique combination of steady state and
transient discharge properties, especiall. if additional control mechanisms are used
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Transient Processes in the

Triggered Electrical Breakdown of Gases

(Final Report)

* (S.K. Dhali, M.R. Wages, P.F. Williams, and G. Schaefer)

I. SUMMARY

Work during the contract period centered around two tasks:

studying systematically streamer propagation and development and

investigating experimentally the basic physical process occurring

in trigatron-triggered electrical breakdown of gases. In collab-

oration with K. Schoenbach, work was also carried out investigat-

- ing field distortion triggering, and photodetachment of electro-

negative gases such as SF 6 . The latter work is described

elsewhere in this report. The work described here is the Final

' Report on this work element.

II. ACCOMPLISHMENTS

Work during the 1983-84 contract period involved primarily

systematic studies of streamer propagation and development, and

experimental investigations of trigatron-triggered breakdown. The

streamer work is a continuation of work initiated the previous

year and has been extremely fruitful. The trigatron work is a

new area of study, and was just starting to yield results at the

0
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end of the contract period. Work in this latter area is continu-

* ing at Texas Tech on a no-cost basis to the Air Force. The two

areas of study are described separately in the following.

l A. Streamer Calculations

Work in this area during the 1983-84 contract period

centered around studying, in a systematic way, streamer propa-

* gation and development using numerical techniques developed pre-

viously. A large number of numerical calculations were performed

to study the dependence of streamer properties on external para-

meters. In most calculations, the streamer was initiated by a

small plasma hemispheroid placea as an initial condition on one

electrode, and a tenuous, uniform preionization density through-

S out the gap was also assumed. Calculations were carried out to

study the dependence of streamer properties on applied voltage

(both magnitude and polarity), preionization density, and the

density and size of the initial plasma spheroid. Calculations

were also carried out to determine the effects of photoioniza-

tion, and of the interaction between the laser and the propaga-

ting streamer tip as relevant to laser triggering of spark gaps.

A technique for dynamic propagation analysis was developed which

lends insight into the dynamics of streamer propagation, and

which provides a stringent check on the accuracy with which the

numerical algorithm solves the relevant transport and electric

field equations. Each of these topics are described separately

in the following sections.
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The model and the numerical techniques used are discussed in

detail in a previous annual report [1], and are therefore

described only briefly here. The motion of the streamer is

* described by the coupled continuity e for the electrons and posi-

tive ions, and Poisson's equation for the electric field.

Tne + 7 . (Vene) =caneve + S (la)
• at

2np + V.(vpnp) = aneve + S (lb)
at

2
= -qe(np - ne)/Eo (2)

where ne and ve, and np and vp are the particle density and

velocity for the electrons and positive ions, respectively, a is

the Townsend ionization coefficient, 0 the electric potential,

and qe is the (unsigned) electronic charge. The term S may

describe effects of diffusion, or of any of several particle

source or sink mechanisms, such as photoionization, attachment,

or recombination. The transport equations are solved numerically

using a flux-corrected transport technique, and the electric

field is calculated using a novel algorithm based on Fourier

transforming in the z-direction, and fitting the radial portion

of the solution to a cubic spline.

For the results presented here we took the electron and ion

drift velocities to be unique, empirically determined functions

of E/P, and we included effects of diffusion, identifying botn

longitudinal and transverse components. We chose values appro-
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priate for n2 at 760 Torr. Specifically, for the pressure, P, in

Torr and the electric field field, E, in kV/cm we used [2]

= 5.7 P e-2 6 0P/E (cm-1 ).

For the fields of interest the electric field dependences of the

electron and positive ion drift velocities are well approximated

by a simple mobility model. We used [3]

adPe = 2.9x10 5/p (cm2 vot-lsec-1 )

and

Ip = 2.0x10 3/p (cm2 volt-lsec-1 )

The longitudinal and transverse diffusion coefficients, DL and

DT, were (3)

DL = 1800 (cm2sec -1 )

DT = 2190 (cm2 sec-1 )

We neglected positive ion diffusion.

Unless otherwise stated, the streamer was initiated with a

plasma hemispheroia of density 1014 cm - 3 and a minor axis

diameter of .65 mm and a major axis diameter of .27 mm. The

streamer propagated into a uniform, neutral preionization placed

in the gap as an initial condition. For most calculations the

initial density of the preionization was set as 108 cm-3. T-e

* electrode spacing of the spark gap was 0.5 cm, and it was charged

4ith a voltage source of 50 Q output impedance.

* 1. Voltage Dependence

Calculations were carried out for applied fields of 36, 44,

52, and 60 kV/cm, corresponding to over-voltages of 103, 125, 148
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and 170%, respectively, for both cathode and anode-directed

streamers. Figures 1 through 3 show the results of these calcu-

lations for the on-axis z-dependence of the electron density and

axial electric field component. The results shown for the

cathode-directed streamer at 36 kV/cm extend only about half the

distance across the gap because the density gradient became too

large for the algorithm to handle, and numerical errors became

large after this point. Also shown for selected fields are two

dimensional contour plots of the electron density at fixed times.

Several observations can be made from these results.

A quasi-steady state of streamer propagation is reached.

After an initial period during which the shielding charges are

building up on the plasma surface due to drift, the streamer

starts to move across the gap, with its characteristics varying

slowly. Much of the variation appears to be due to the build up

of the preionization density due to avalanching in the applied

field ahead of the streamer. Consistent with most experimental

observations, the streamer velocity is in the range of 108 cm/s,

increasing with increased applied field or preionization density

ahead of the streamer. The velocity of a cathode-directed

streamer is somewhat less than that of a corresponding anode-

directed streamer.

For streamers of both polarities, we find that the electron

density gradient at tne streamer head increases with decreasing

applied field, and that catnode-directed streamers have a steeper

gradient tnan do anode-directed streamers. This effect is proba-

bly Jue to the need for increasing field enhancements as the

I
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applied field is reduced. The maximum field enhancement ahead of

the streamer is determined by the geometry of the streamer head.

A planar head could give a maximum field enhancement of a factor

of 2, a spherical head a factor of 3, and much higher enhance-

ments are possible with sharper shapes. Thus at lower fields, a

sharper head shape, coupled with a narrower plasma sheath region

is required to produce the needed field enhancement.

As the streamer propagates across the gap, the velocity

increases. This increase is caused by increases in the preioni-

zation density and in the range of the electric field enhancement

ahead of the streamer. Partly offsetting this effect is a small

decrease in the maximum field enhancement in most cases. Some

increase with time of the radius of the streamer tip is observed.

The voltage dependences of the properties of cathode and

anode-directed streamers are in some ways opposite. Streamers of

both polarities propagate faster under high applied fields than

under low fields, but the electron density in the body of the

cathode-directed streamer increases with increasing applied

field, whereas the density in the anode-directed streamer

decreases. This behavior is expected, based on consideration of

the relative direction of motion of the drifting electrons and

the propagating streamer. In the anode-directed streamer case,

the two directions are the same. In the limit of low field and

therefore no impact ionization ahead of the streamer, the

streamer reduces to a space-charge dominated swarm spreading out

towards the anode, and the electron density inside the streamer

body is reduced. For the cathode-d&,cted streamer, the electron
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drift direction is into the streamer body, and these drifting

electrons must produce substantial ionization ahead of the1
strea.nec if it is to propagate toward the cathode. Thus, as the

applied field is reduced, increased field enhancements are

required to maintain the necessary level of impact ionization.

These increased field enhancements are inconsistent with a

decreasing free charge density inside the streamer and, in the

light of the discussion below concerning the importance of the

dielectric relaxation time to streamer propagation, may even

require increased density.

These effects are seen directly in the electric field plots,

especially in the results for lower fields. These plots show

clearly that for anode-directed streamers the maximum field

enhancement decreases with decreasing applied field, wh.ereas the

enhancement increases considerably for cathode-directed

streamers. As discussed above, the maximum field enhancement and

the range of this enhancement are related and are determined by

the geometry of the streamer. This effect is clearly seen in the

field plots for cathode-directed streamers at low appliea field,

where substantial field enhancements are observed, but with very

limited range.

Also evident in the field is the fact that the field inside

the propagating streamer is by no means reduced to zero oy

shielding. This observation implies that the dielectric relaxa-

tion time for the streamer plasma is not negligible, and, in

tact, plays an important role in determining characteristics such

as the propagation velocity and ionization density inside the
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body of a streamer. This point does not seem to have been appre-

ciated in the past. Assuming the ionization density in the

streamer plasma to be 1014 cm - 3, we estimate the dielectric

relaxation time to be TD = 14 ps, comparable to the time required

for the streamer to travel a distance equal to the width of the

front plasma sheath. The observation also calls into question

theories, such as those of Lozanskii [4] , in which a fully

relaxed metallic model of the streamer interior is assumed.

2. Preionization Density Dependence

If we assume that the streamer at any moment after the

initial formative period is propagating in a steady state config-

uration determined by, among other things, the preionization in

front of it, then from the results shown here it is easy to

obtain the dependence of streamer properties, such as propaga-

tion velocity on the preionization density ahead of the streamer.

Plots of the propagation velocity as a function of electron den-

sity ahead of the streamer, obtained in this manner, are shown in

Fig. 9. These plots imply that the velocity depends approximate-

ly logarithmically on this preionization density.

Unfortunately, more recent calculations have shown that a

sibstantial portion of this velocity variation is due to changes

in time of the shape of the streamer head. For example, Fig. 10

shows the propagation velocity as a function of electron density

Tlhead of the streamer determined as above, for two cases, for

ooth cathode and anode-directed streamers. The initial preioni-

zation densities in the two cases were 1 0
6 and 103 cm - 3,

'I
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respectively. It is evident that the two calculations give sig-

nificantly different results for the propagation velocity,

implying that this quantity is not a simple function of the elec-

tron density ahead of the streamer, but depends on other quanti-

ties as well.

Figure 11 shows the z-dependence of the electron density and

axial electric field for the 106 cm- 3 calculation. Comparison

with Fig. 1, which shows equivalent information for the 10 cm - 3

calculation, shows that the shape of the streamer head, and par-

ticularly the range of the electric field enhancement is differ-

ent in the two calculations for times which give the same preion-

ization density ahead of the streamer. Thus it appears that the

streamer propagation at each time has not reached an equilibrium

configuration determined by the value of the preionization den-

sity ahead of it at that time.

3. Dependence on Initial Conditions

We have carried out a number of calculations designed to

determine the dependence of the propagating streamer properties

on the initiating plasma hemispheroid. We have made calculations

with varying ionization densities inside the initial plasma, and

with initial hemispheroids of differing radii. Briefly, we find

that tne properties of tne streamer, once launched, do not depend

on tne initial plasma density, but that the radius of the initial

iemispheroid determines the radius of the propagating streamer.

Figures 12 and 13 show results of calculations for condi-

tions identical to those of Fig. 1, except that the density of
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the initial plasma was 1013 and 1015 cm - 3, respectively. For

comparison, Fig. 14 shows these results for streamers with three

different initial densities on one plot. The primary difference

we see between the streamers launched from initial plasma hemi-

spneroids of differing density is that those launched from lower

density plasmas take longer to develop. Otherwise, the proper-

ties of all three streamers are very similar. We conclude,

therefore, that the ionization density inside a streamer is very

much a natural property of the streamer, and that strong forces

exist to drive this density back to the correct value in the

event of some deviation.

Figures 15 through 18 show corresponding results'for initial

plasmas of density 1014 cm- 3 , but differing radii of the plasma

hemispheroid. Figures 15 and 17 show plots of the on-axis elec-

tron density and axial electric field, and Figs. 16 and 18 show

contour plots of tne electron density. Quasi steady-state propa-

gation is observed in all cases, but the radius of the streamer

depends on the radius of the initial hemispheroid. This observa-

tion d- onstrates that the radius of the propagating streamer is

only wear etermined by the environmental parameters, and that

only .eak foL s exist to determine the natural streamer radius.

Calculations such as the quasi-two-dimensional calculations of

Davies et.al. [21, in which a streamer shiape is arbitrarily

imposed on the streamer, may, therefore, have more validity than

mnLjnt otherwise be supposed, but it must be recognized that the

properties ol thne stre-mer will still be a strong function of the

- i JJedJ shape.
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,)n. The length of the coaxial line corresponded to a pulse

lengtn of 1 10 ns, and the line was charged through a large

resistor connected to a D.C. power supply. The line was typical-

ly charged to a voltage around 8 KV, and the trigger system would

produce a voltage pulse of amplitude 2-3 kV and 2-4 ns risetime

at the trigger pin.

3aAs was chosen to allow D.C. charging of the coaxial line

without suffering thermal run-away problems in the semiconductor.

Tne material is a direct gap semiconductor, with short carrier

lifetimes, and the gap is at about 830 nm, significantly bluer

tnat the 1060 nm output of our laser. These two characteristics

combined to make a rather inefficient switch. Even applying

pulses with energy of the order of 100 mJ, the resistance of the

switch in the on state appears to have been about 100 2. The

delay in breakdown of the trigger gap was of the order of 10 ns,

with a jitter of 1-2 ns.

Events occurring during the breakdown were investigated with

streak photography, using a Hamamatsu C979 Temporal Disperser,

and associated control circuitry. Even through the streax camera

was equipped with an electrical gate to turn the streak tube off

at a set time, the emission from the spark phase was generally

too intense to allow observation of the very weakly emitting

events occurring during the initial breakdown phase. This pro-

olem was partly solved by using a very short, ~ 5 ns, charging

cable tor the main spark gap.
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forming a region of enhanced field just outside the plasma bound-

ary. With sufficient enhancement, suostantial impact ionization

occurs in this region, extending the boundary of the plasma, and

forming a streamer. The streamer then propagates across the gap,

forming a resistive connection between the main gap electrodes

which is then rapidly heated ohmically to form the arc.

1. Experimental Apparatus

For experiments on trigatron breakdown, we modified the

spar.< gap enclosure used for the laser-triggered breakdown work,

and described in a previous annual report [1]. The upper elec-

trode in the gap originally had a small hole drilled through the

center and a lens and window to allow access for the laser beam.

We replaced this electrode witn another which contained a trigger

pin electrically insulated from the electrode by a Macor ceramic

sleeve. The tip of the trigger pin was filed to an asymmetric,

knife edge sihape in order to promote the occurrence of breakdown

at only one position to simplify interpretation of streak photo-

g-rapirs. The electrode assembly is shown schematically in Fig. 30.

An electrical schematic diagram of the trigatron system is

snown in Fig. 31. Voltage pulses were applied to the trigger pin

irouq the use of an optically controlled photoconductive

31i_:cn. The switch consisted of a small wafer of high resistivi-

ty GaAs of dimensions - 20xSxl mm, and was controlled oy the

tinda;nental output of our No:YAG laser at a wavelength of

106u mm. 'Jectrical contact was made at each end of the wafer oy

isin conducting epoxy to attaci fine copper wires. The switcn

c)nnected a D.C. charged 50 RG 56/U coaxial line to tihe trizger
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Several process for trigatron triggering have been proposed.

The first, which we term the photoionization model, suggests that

the spark from the breakdown of the trigger gap photoionizes the

gas in the main spark gap, causing current flow. Ohmic neating

of the fill gas molecules will occur, and if the initial current

is large enough, this heating will result in additional free

ionization and more heating, etc. Eventually, an arc channel will

form, completing closure of the switch.

The second process we term the field distortion model, and

was proposed by Shkuropat [10]. In this model, breakdown of the

trigger gap is secondary to the triggering process. Applying a

voltage pulse to the trigger pin causes field enhancement in the

region around it. With sufficient field distortion, a streamer

is initiated propagating towards the opposite electrode. After

tihe streamer bridges the gap, a thin column of weak ionization

connects the trigger pin to the opposite electrode, highly over-

volting the gap between the trigger pin and the adjacent elec-

trode. This gap then breaks down rapidly, completing the connec-

tion between tne main gap electrodes. Finally, ohmic heating due

to the current flowing in the resistive streamer channel occurs

and rapidly forms the arc, completing switch closure.

The third process we call the streamer model. It is most

similar to the process we found primarily responsible for laser

triggering of spark gaps. In this case, the trigger gap breaks

down first, forming a spark and a small volume of plasma. If the

plasma is formed in a region where it is exposed to an applied

field, the electrons drift to shield the plasma interior, thereby
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B. Trigatron Triggering Experiments

Work in this area was suggested by the successful completion

of a detailed experimental study of laser-triggering of spark

gaps, carried out under AFOSR support [7]. In both types of

triggering, the appearance of a small volume of plasma, due to

either optical or electrical breakdown near one electrode, seems

to be responsible for triggering breakdown. It seemed natural to

make use of the experimental and analytical techniques developed

for studying laser-triggered breakdown for study of breakdown in

crigatrons. Work progressed more slowly than expected in this

area, due primarily to the move of the Principal Investigator

from Texas Tech University to the University of Nebraska, and

work has been continuing at Texas Tech after the close of the

contract period on a no-cost basis to the Air Force.

Briefly, a trigatron consists of a main spark gap with a

trijger pin usually placed inside and on the axis of one elec-

trode. The tip of the trigger pin is generally flush with or

slightly recessed in the plane of the electrode. The main spark

gap is D.C. charged to some fairly large fraction of the self-

breakdown voltage (50-99%), and triggering is accomplished by

applying a high voltage pulse to tihe trigger pin, overvolting the

gap between the pin and the adjacent electrode. In most cases

oreakdown of the main gap follows breakdown of the trigger gap,

aitnough Shkuropat [101 reports breakdown of the main gap witnout

or-akdown of the trigger gap.
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anode-directed streamer calculations depicted in Figs. 1 and 5.

At all points ahead of the streamer the agreement is generally

excellent, indicating that the numerical algorithm we used is

performing well. Similar plots were obtained for the other cal-

culations shown in Figs. 1-8, and with one exception, discussed

below, the results were similar. In many cases, agreement was

not yood inside the streamer body, but this is to be expected

since the slope of the electron density was very small here, and

was in some cases negative. A negative slope leads to a sign

ambiguity in the definition of phase velocity.

Figure 29 shows the "experimental" and "theoretical" phase

velocities for the 18 kV, cathode-directed streamer calculation

which became unstaole. These phase velocities were determined at

t = 2.0 ns, before the appearance of any obvious features in the

numerical results which might indicate numerical aifficulties.

Two points are eviaent from the results in Fig. 29. First, there

is substantial disagreement between the "experimental" and "theo-

retical" results, implying serious numerical errors, as. became

evident several nanoseconds later. Secona, the figure shows

"theoretical" phase velocities calculated with and without tne

diffusion term, and a significant difference is seen. Thus, it

appears that in this case, the density gradient became suffi-

ciently steep that diffusion was starting to become important.

These are the only results we have obtained in which diffusion

played a significant role.
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Further insight into the evolution of the shape of the

streamer head can be obtained by considering the positional

dependence of the total phase velocity. As seen in Fig. 26, the

phase velocity is slowly increasing ahead of the streamer, imply-

ing that the slope of the electron density curve ahead of the

streamer is decreasing with time. As shown in Fig. 2, this

effect is actually observed.

We can also obtain the phase velocity at each point at a

given time directly from the numerical results, by simply noting

how far a point of constant density moved during some short time

interval. Comparison of the velocities obtained in this way,

which we will 'term "experimental," with those obtained from Eq.

(7), termed "theoretical," provides a sensitive check on the

accuracy with which the FCT algorithm solves the transport equa-

tions. Since the flux-correction algorithm is highly non-linear,

and therefore not easily amenable to error analysis, such a check

is very useful in these calculations. We can also check on the

Poisson solver at the same time by noting that if the Poisson

solver is functioning properly,

S - (8)

0

where p is the net charge density. If we make this substitution

in Eq. (7), the accuracy of the Poisson solver will be checked at

tne same time as the FCT algorithm.

Figures 27 and 22 snow the "theoretical" and "experimental"

phase velocities calculated in this way for the cathode and
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In this expression, the first term on the rignt hand side corre-

sponds to impact ionization, the second to dielectric relaxation,

and the third to diffusion. Similar, but less general results

have been obtained by several authors.It is difficult to obtain

the auantities on the right hand side of Eq. (7) analytically,

but they are known from our numerical calculations at any given

time. The calculation of Vp from our numerical results is of

interest because it provides insight into the reasons for changes

in both the density gradient at the streamer head and the propa-

gation velocity. Additionally, comparison of the phase velocity,

as calculated from Eq. (7), with that determined directly from

the numerical results provides a stringent test of the accuracy

with which the numerical algorithm is solving the transport

equations.

Figure 26 shows the on-axis phase velocity (3) as well as

the separate contributions from the impact ionization (1) and

dielectric relaxation (2) terms calculated using Eq. (7) for the

cathode-directed streamer depicted in Fig. 2. For this case the

diffusion term in Eq. (7) is negligible. Comparison of the

curves allows the determination of the relative importance of the

different sources of ionization. It is evident that the dielec-

tric relaxation term dominates in the plasma sheath region just

at the streamer tip, whereas the impact ionization term dominates

elsewhere ahead of the streamer. This observation suggests a

regional approximation approach to an analytic analysis of

streamer propagation which has been used very recently with good

success.
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streamers with laser interaction than for those without. These

observations are consistent with experimental comparisons in

laser-triggered breakdown experiments between regions of laser-

assisted and unassisted streamer propagation.

6. Dynamic Propagation Analysis

We can gain insight into the formation and propagation of

streamers by using the electron continuity equation given in Eq.

(la) to determine the velocity of a point of constant density. In

a true steady state propagation condition, this quantity is the

velocity of propagation of the streamer. In a quasi-steady state

condition, the variation of the quantity across the streamer head

determines the change in shape of the streamer head. We will

refer to this quantity as the phase velocity.

To define the phase velocity at tne point r at time to, we

seek a path V(t), such that '(t0 ) = r, and

d ne (9(t), t) = 0 (5)
dt

ne(P, t)+ d-.n (1, t) = 0 (6)

The quantity d!: is the desired phase velocity, v-0p. On axis we
dt

obtain from Eq. (1) and (6), including effects of diffusion but

assuming S = 0 otherwise,

2d n edPV V + Ile z
SdPn + Vez (7)

* dt e
z



Since we were primarily interested in effects of interaction

of the laser beam with the streamer head, we circumvented the

problem by artificially increasing the power absorbed per elec-

tron by a factor of 106 over the value given by Eq. (4). The

main effect of this approximation is to reduce the ionization

density substantially in the body of the streamer. It should not

have much direct effect on the streamer tip because the electron

* density is very tenuous ahead of the streamer, and very little

optical power is absorbed until after the optical beam has

entered the streamer body. There is probably an indirect effect

on propagation, however, due to the more complete shielding

expected with higher ionization density inside the streamer. As

discussed in the previous section, more complete shielding inside

* generally leads to higher field enhancements outside the

streamer. In any case, the results we show here are expected to

underestimate the effects of laser interaction on streamer propa-

gation.

The electron densities for several times are shown in Figs.

24 and 25 for cathode and anode-directed streamers, respectively.

These results should be compared with Figs. 4 and 8 for corre-

sponding streamers with slightly higher applied field, but with-

out laser interaction. (The results of Figs. 4 and 8 also differ

in that preionization but no photoionization was assumed, and the

radius of the initial plasma hemispheroid was smaller.) The

effects of laser interaction are very evident in these results.

The speed of propagation is substantially faster, yet the ioniza-

tion densitj in the body of the streamer is larger for tne I
4"
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keeping with conditions commonly encountered in laser-triggered

breakdown experiments, we assumed an applied field of 34 kV/cm,

and a nitrogen fill gas at 800 Torr. Photoionization was includ-

ed in the calculation, and no initial preionization was assumed.

We encountered a numerical problem in these calculations. We

accounted for absorption of the laser energy according to the

formula given oy Morgan [8],

e 2 I 1 m (4)

Pab m c o  2 +
m

where Pab is the power absorbed by a single electron, e and m are
o

the electron charge and mass, c is the speed of liyht, co is the

dielectric constant, and I is the intensity of the optical field.

However, in passing through the head of the streamer, the absorp-

tion of optical power was negligible, so that the laser continu-

ally acted on the free electron density inside the streamer body,

causing it to increase drastically, and eventually resulting in

numerical difficulties. This interaction with ionization in the

body of the streamer is actually observed in laser-triggered

breakdown experiments as the formation of intensely radiating hot

spots in the streamer channel [7]. As these hot spots form, the

power absorbed from the laser is used with increasing efficiency

to heat the fill yas molecules, instead of being used to create

ionization. Our model does not take this heating into account,

and this mechanism is therefore not available to dispose of the

ausorbed laser enecyy, causing steadily increasing ionization

rates, and nonphysical results.

[
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initial calculations of streamer propagation under conditions for

which the streamer tip interacts with an intense optical electric

field, sucn as a laser provides. The model of laser-streamer

interaction we used was that described by Morgan [81 , in which

tne interaction is treated by approximating the effects of the

optical field to be the same as those of an effective, D.C. field

given by

E m2

E Eo  m (3)
2 2',V +2

4, where E o is the RMS field of the laser beam, vm is the electron

collision frequency for momentum transfer, and w is the optical

field frequency. As in most laser triggering experiments, the

optical field was assumed to be perpendicular to the applied

field, so the two were added in quadrature to obtain magnitude of

the total effective field. This quantity at each point was then

used to determiae the local value of the Townsend ionization

coefficient, a.

In our simulations, we assumed an initial plasma hemisphe-

roid of peak density 1014 cm - 3 , with axial and radial radii of

0.003 and 0.27 mm, respectively. The laser beam was assumed to

oe Gaussian and to be focussed on the starting electrode to a

100 -m spot size by a 10 cm focal length lens. The laser power

was assumed to be 10 AW, giving a maximum RMS optical field of

6x10 6  V/cm, the momentum transfer frequency was taken from Kroll

and Watson [91 as 4x10 1 2 sec - 1 , and the laser frequency was

2x10 1 5 sec - , all yielding a peak effective field of 120 kV. In

f'O
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on the other hand, neither of these effects is present, and the

density of "seed" electrons ahead of the streamer is determined

primarily by the range of the photoionizing radiation. Figure 22

shows the relative strength of the two ionization source terms,

impact ionization and photoionization, as a function of distance

ahead of the streamer for a fixed time of 1 .5 ns. The quantity

plotted is the increase in ionization density during a 2 ps time

period.

Similarly, when the initiating plasma hemispheroid was

placed on the cathode a well defined anode-directed streamer was

formed. The time evolution of the on-axis electron density and

the axial field component for this case are shown in Fig. 23. The

behavior of the anode-directed streamer with photoionization is

similar to that of the cathode-directed streamer under corre-

sponding conditions. Differences between the two are similar to

differences observed for streamers without photoionization, but

with preionization. Primarily, the anode-directed streamer pro-

pagates faster, has a lower field enhancement, and leaves behind

a lower electron density that does a cathode-directed streamer.

Additionally, the shielding inside the anode-directed streamer is

not as complete.

5. Laser-Streamer Interaction

Bettis and Guentner [61, and Dougal and Williams [7] have

shown that the laser-streamer interaction plays an important role

in laser-triggered breakdown in the conventional, striking-the-

electrode geometry. Accordingly, we have carried out several
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resulting in better shielding inside the streamer body and in J
higher field enhancement just ahead of the streamer. Third,

after the initial setup time, the sh'pe of the streamer front

stays nearly constant with time, although the propagation velo-

city increases. Similarly, the range of the field enhancement

increases, but more slowly than in the case with preionization

(see Fig. 1).

Insight into the reasons for this behavior can be obtained

from Fig. 21 which shows the radial dependence of the electron

density and axial field component at a fixed time, 1.5 ns, at a

fixed distance from the anode, 1.95 mm, for the two cases. The

increased field enhancement observed ahead of the streamer with

photoionization can not be explained by simple shape effects at

P the streamer tip, since the widths of the streamers with and

without photoionization are nearly the same. Instead, it appears

that the increased field enhancement is due to the better shield-

* ing inside the streamer body. For a fixed potential drop across

the spark gap, the lower the average field inside the streamer,

the higher must be the field ahead of it. I
The relatively constant shape of the streamer front is due

primarily to the importance of photoionization well ahead of the

streamer in determining streamer properties. With preionization,

the shape of the front is constantly changing due to avalanching

in the applied field of the preionization density far ahead of

the streamer, and due to a steadily increasing range of the j
streamer foot due to enhanced avalanching in the weakly enhanced

field in advance of the streamer head. With only photoionization,

'I
I'%

-*i
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4. Photoionization Effects

We have carried out initial calculations in which photoioni-

zation of the gas ahead of the propagating streamer by emission

from the streamer head was explicitly included. In these calcu-

lations no initial preionization density was assumed. The model

for the preionization process was based on the experimental

results of Penny and Hummert [5] for technical grade nitrogen.

Basically, these results provide a prescription for determininy

the photoionization rate at a point in the gas based on the

current density at and distance to other points in the gas. In

all calculations the streamer was initiated by a plasma hemi-

spheroid of radius 0.27 mm in the z-direction and 0.065 mm in the

radial direction. The applied field was 60 kV/cm, the fill gas

was nitrogen at 760 Torr, and both anode and cathode-directed

streamers were simulated.

When the initiating plasma hemispheroid was placed on tne

anode, a well defined cathode-directed streamer was formed.

Figure 19 shows the on-axis electron density and axial field

component, respectively, for this case and several different

times. For comparison, Fig. 20 shows the electron density and

axial field component for the two cases (photoionization without

)reionization, and preionization of 108 cm- 3 without Dhotoioni-

zation) at a fixed time of 1.5 ns. Several points are evident

frorm tnese results. First, the drop in electron density ahead of

the streamer is truly precipitous in the photoionization case in

coparison to the case with preionization. Second, the electron

dens ity inside the boay of the streamer is somewhat higher,
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2. Experimental Results

Taking the potential of the electrode with the trigger pin

in it to be zero, there are four possible polarity configurations

for a trigatron gap; trigger pin positive or negative, and main

gap polarity positive or negative. The voltage pulse on the

trigger pin tends to decrease the field in the main gap in two

cases, and to increase it in the other two. Voltage oscillograms

showing the voltage on the trigger pin for the four cases are

shown in Fig. 32. In these experiments a relatively long

(800 ns) charging cable was used to supply current to the main

gap. We found that the trigger gap always broke down before the

main gap in all the experiments we conducted. This finding is

opposite to that of Shkuropat, but is not necessarily contradic-

tory because the voltages and dimensions involved in the twoU
cases differed substantially.

A streak photograph of the early stages of trigatron break-

down is shown in Fig. 33. For streak photography, a very short

charging cable (5 ns) was used to supply voltage to the main gap.

In the case shown, the trigger pin was driven positive relative

to the adjacent electrode, and the opposite main gap electrode
S

was charged negative. Tie bright feature at the bottom of the

photo is tne trigger spark. A weak liminous front is clearly

seen in this pnoto propagating from the trigger spark towards the

cathode at a speed of 5 x 107 cm/s. We attribute this front to

the passage of a cathode-directed streamer. Upon arrival of this

front at the cathode, the neating phase sets in, and is charac-

terized first zy the very rapid propagation of a second luminous

. . ...-0 . .

". . .'. . , .° o . j "
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front in the opposite direction from cathode to anode, followed

by further heating and eventually intense optical emission. There

is a weak, nearly vertical band in the upper left corner of the

photo which is an artifact produced by scattering of electrons

originating from the intense, but out-of-time-frame emission from

the spark.

To the eye, the breakdown unaer these conditions seemed to

40 consist of a narrow, constricted spark channel, perhaps surround-

ed by a weak, blue, diffuse glow. Under other conditions, not

well established, no luminous front attributable to a streamer

was seen in the streak photographs, and breakdown appeared to the

eye to consist of the formation of a weak, blue or violet, dif-

fuse glow of perhaps 1.0 cm diameter, extending across the gap.

Although more work is needed, we believe these two conditions

correspond to the streamer and photoionization mechanisms of

. trigatron breakdown discussed above. In the first case, condi-

tions were appropriate to launch a streamer, either from the4.
trigger spark plasma, or perhaps from the field distortion around

the trigger pin. Photoionization may also have contributed to gap

current, and may have acted to speed the propagation of the

* streamer, but the current due to photoionization was not suffi-

* cient to collapse the gap voltage before the streamer had tra-

versed the gap. In the second case, either conditions were not

appropriate for launching a streamer, or the streamer has not

traveled a significant distance across the gap before the gap

voltage started to collapse due to the current flow causea by the

photoionization.
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FIGURE CAPTIONS

1. Results for 60 kV/cm, cathode-directed streamer
a. On-axis electron density at 0.0, 0.5, 1.0, 1.5, 2.0, and

2.5 ns, respectively;
b. On-axis axial electric field component at same times;
c. Contour plot showing axial and radial dependence of

electron density at t = 1.5 ns.

E 2. Results for 52 kV/cm, cathode-directed streamer

a. On-axis electron density at 0.0, 1.0, 2.0, 2.5, 3.0, and
3.5 ns, respectively;

b. On-axis axial electric field component at same times;
c. Contour plot showing axial and radial dependence of

electron density at 2.5 ns.

3. Results for 44 kV/cm, cathode-directed streamer
a. On-axis electron density at 0.0, 1.0, 2.0, 3.0, 4.0, and

5.0 ns, respectively;
b. On-axis axial electric field component at same times;
c. Contour plot showing axial and radial dependence of

electron density at 4.0 ns.

4. Results for 36 kV/cm, cathode-directed streamer. There is
substantial numerical error in these results.
a. On-axis electron density at 0.0, 2.0, 4.0, and 6.0 ns,

respectively;
b. On-axis axial electric field component at same times.

5. Results for 60 kV/cm, anode-directed streamer
a. On-axis electron density at 0.0, 0.5, 1.0, 1.5, and 2.0

ns, respectively;
b. On-axis axial electric field component at same times;
c. Contour plot showing axial and radial dependence of

electron density at 1.5 ns.

6. Results for 52 kV/cm, anode-directed streamer
a. On-axis electron density at 0.0, 1.0, 2.0, 2.5, and

3.0 ns, respectively;
b. On-axis axial electric field component at same times;
c. Contour plot showing axial and radial dependence of

electron density at 2.5 ns.

7. Results for 44 kV/cm, anode-directed streamer.
a. On-axis electron density at 0.0, 1.0, 2.0, 3.0, 4.0, and

5.0 ns, respectively;
b. On-axis axial electric field component at same times;
c. Contour plot showing axial and radial dependence of

electron density at 4.0 ns.

8. Results for 36 kV/cm, anode-directed streamer.
a. On-axis electron density at 0.0, 2.0, 4.0, 6.0, and

8.0 ns, respectively;
b. On-axis axial electric field component at same times.
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9. Phase velocity vs. preionization electron density ahead of
the streamer for

* a. cathode-directed streamers
b. anode-directed streamers.

10. Phase velocity vs preionization electron density ahead of
the streamer for two different starting preionization den-
sities.
a. cathode-directed streamer;
b. anode-directed streamer.

11. Results for 60 kV/cm, cathode directed streamer with initial
preionization density 1 0 6 cm

- 3 .
a. On-axis electron density for 0.0, 0.5, 1.0, 1.5, 2.0,

and 2.5 ns, respectively;
b. On-axis electron density for 0.0, 0.5, 1.0, 1.5, 2.0,

and 2.5 ns, respectively

12. Results for 60 kV/cm, cathode-directed streamer initiated by
plasma hemispheroid of density 1013 cm - 3 .
a. On-axis electron density at 0.1, 1.0, 1.5, 2.0, 2.5, and

* 2.8 ns, respectively;
b. On-axis axial electric field component at same times.

13. Results for 60 kV/cm, cathode-directed streamer initiated by
plasma hemispheroid of density 1015 cm - 3 .
a. On-axis electron density at 0.05, 0.5, 1.0, 1.25, and

1.7 ns, respectively;
b. On-axis axial electric field component at same times.

* 14. Plots showing results for 60 kV/cm, cathode-directed
streamers initiated by 1015, 1014, and 1013 cm - 3 ,
respectively. Times were 1.0, 1.5, and 2.3 ns.
a. On-axis electron density;
b. On-axis axial electric field component.

15. Results for 52 kV/cm, cathode-directed streamer initiated by
plasma hemispheroid with radial diameter of 0.068 mm.
a. On-axis electron density at 0.0, 1.0, 2.0, 2.5, 3.0, and

*0 3.5 ns, respectively;
b. On-axis axial electric field component at same times.

16. Conto-r plots for streamer shown in Fig. 15 at
a. 1.5 ns
b. 2.0 ns
c. 2.5 ns
d. 3.0 ns

17. Results for 52 kV/cm, cathode-directed streamer initiated by
plasma hemispheroid with radial oiameter of 0.147 mm.
a. On-axis electron density at 0.0, 1.0, 2.0, 2.5, 3.0, and

* 3.3 ns, respectively;
b. On-axis axial electric field component at same times.
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18. Contour plots for streamer shown in Fig. 17 at
a. 1.5 ns

IF b. 2.0 ns
c. 2.5 ns
d. 3.0 ns

19. Results for 60 kV/cm, cathode-directed streamer with photo-
ionization, but with no preionization.
a. On-axis electron density at 0.0, 0.5, 1.0, 1.5, 2.0, and

2.5 ns, respectively;
b. On-axis axial electric field component at same times.

20. Comparison of results
1. with photoionization but without preionization, and
2. without photoionization but with 108 cm- 3 preionization

at fixed time of 1.5 ns
a. On-axis electron density;
b. On-axis axial electric field component.

21. Comparison similar to that in Fig. 20, except showing radial
dependence at point 1.95 mm from cathode.
a. electron density;
b. axial electric field component.

22. Comparison of relative magnitudes of source terms due to
1. electron impact ionization, and
2. photoionization for same streamer depicted in Fig. 20.

* 23. Results for 60 KV/cm, anode-directed streamer with photo-
ionization, but without preionization.
a. On-axis electron density at 0.0, 0.5, 1.0, 1.5, and 2.2

ns, respectively;
b. On-axis axial electric field component at same times.

24. Results for 34 kV/cm, cathode-directed streamer with laser
interaction at 0.5, 1.0, 2.0, 3.0, and 3.5 ns, respectively.
Photoionization was included, but there was no preioniza-
-ion.

25. Results for 34 kV/cm, anode-directed streamer with laser
interaction at 0.5, 1.0, 2.0, 3.0, and 3.75 ns, respective-
ly. Photoionization was included, but there was no preioni-
zation.

26. Phase velocities for 60 kV/cm, cathode-directed streamer.
1. contribution due the 7. V term,
2. contribution due to impact ionization term, and
3. total "theoretical" phase velocity. The x's are "exper-

imental" points.

27. Comparison of "theoretical" and "experimental" phase velo-
cities for streamer in Fig. 1.
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28. Comparison of "theoretical" and "experimental" phase velo-
cities for streamer in Fig. 5.

29. Phase velocities for 36 kV/cm, cathode-directed streamer
showing onset of numerical difficulties.
1. "theoretical" without diffusion term,
2. "theoretical" with diffusion term. Circles are "experi-

mental"values.

30. Diagram showing electrode assembly used in trigatron studies
described here. The protrusion of the trigger pin past the
surface of the main electrode can be adjusted.

31. Electrical schematic of the trigatron system. The photo-
conductive switch is controlled by the output pulse at 1.06
pm of a Nd:YAG laser.

32. Oscillograms showing trigger pin voltage. Voltage scale is
2 kV/cm; horizonatal scale is 50 ns/cm, except d) 200 ns/cm.
Polarities are (trigger pin opposite main gap electrode):
a. -,-

* b. +,-

C. -,+
d. +,+

33. Streak photograph of trigatron breakdown showing a streamer
traversing the gap. The trigger pin is in the lower elec-
trode and it was pulsed positive.

a

I .. .
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i. INTRODUCTION AND TRIGGER CONCEPT

Spark gaps using field distortion triggering are initially

designed to provide hold-off voltage without trigger, and a trig-

ger electrode shaped and located on an equipotential surface in

the gaD is then added. Triggering is accomplished by abruptly

cnanging the potential of this electrode, thereby increasing the

field oetween the trigger electrode and one of the gap elec-

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

blade as a mid-plane trigger electrode located approximately half

way between the main electrodes [1]. In the hold-off state the

blade is in the plane of an equipotential and no field enhance-

ment is generatei at the edge of the blade. By changing the

potential of the trigger electrode a very strong field enhance-

ment at the edge can be produced. Since the maximum field

enhancement occurs at the trigger electrode, however, the switch

operates usually in a cascade mode in which the gap between one

electrode and the trigger electrode is first closed initiated by

the trigger pulse and then the second half of the gap is closed

by t:e voltage across the switch.

To allow for geometrically enhanced field distortion and

still to avoid cascade breakdown field enhancement at an edge of

one of the nain electrodes can oe used. This edge, however, must

also be shielded in the hold-off state of the gap [2] . A

5cne-]tic diagram of a spark gap based on this concept is shown

in 7 i, re 1. :n this device the tfigger electrode is used to

shane the electric field intensity in the gap in ooth the hold-

off s:ate and te triggeiing state. In the hold-off state the

------------------------------.t~~......*.... ~ ~ --
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APPENDIX I

A. Z;EW DESIGN CONCEPT FOR FIELD D:STORTION TRIGGER SPARK GAPS

G. Schaefer, B. Pashaie, P.F. Williams*,

K.H. Schoenbach, and H. Krompholz,

Department of Electrical Engineering/Computer Science

Texas Tech University

Lubbock, Texas 179409

A common field distortion triggered spark gap utilizing

geometric field enhancement at sharp edges usually operates in a

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

proposed allowing strong field ennancement and direct breakdown

oetwen the two main electrodes. A test setup was designed to

prove the feasibility of this concept. Experimental results on

delay and jitter depending on percent breakdown voltage are pre-

sented. Best results achieved are a delay of 9 ns and a jitter

of 2 ns at a selfbreakdown voltage of 15 kV.

* .F. Williams is now with the University of Nebraska, Depart-

ment of Electrical Engineering, Lincoln, Nebraska 6o508
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report. This included the Magnetically Controlled Switch and the

Diffuse Discharge Electrode investigations.

A small effort was initiated to check some Soviet reports on

an unusual discharge phenomenon. It was reported that if a

modest voltage was applied, in air, to a carbon "fiber", then a

"surface flashover" phenomenon would occur at very low electric

filds (E 20 kV/m). It is believed that the carbon fiber heats

up, starts to emit thermionically, and that the flashover then

occurs along the generated surface "sheath".

The basic phenomenon was verified. We achieved 1 m long

discharges in Air, N2 , and Ar at V 20 kV. The energy source

was 14 F capacitor. The fiber was actually fiber bundles with

up to 12,000 fibers ( 7 m each) in a bundle. The best results

were obtained with 3000-fiber bundles where the bundles lasted

for 10's of shots (up to 100 shots) before breaking. If a more

sophisticated electrode arrangement can be devised to make the

discharge spread to the surrounding gas volume and not just De

confined to the bundle surface region then this may have impor-

tant applications for various intense light sources (flash-

lamps). Even in the present arrangement, a multibundle (parallel)

arrangement may be of interest if the bundles can be made to

"fire" all at the same time. This work will be continued, using

senior EE students, at no cost to the project, except for some

consumable items (mainly fibers and gases).
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To verify the proposed concept experimentally, a system has

been constructed with the following parameters:

Zo  (characteristic impedance) 50

1 (length) I m

N (number of turns) 73

a (inner radius) 2.85 cm

b/a (ratio of radii, optimized) 1.65

Er (rel. dielectr. const., water) 81

T (Transit time, 1/2 pulse duration) 350 ns

In order to approximate the model calculations as close as

possible, the inner conductor is formed using copper tape, 1/2"

wide, and the outer conductor is slit in axial direction. The

device performance is presently being measured.

VI. OTHER INVESTIGATIONS

(M. Kristiansen)

Funds from this program element have also been used to

assist in various other investigations in our laboratory, such as

the arc voltage measurements described in the Final Report on

AFOSR Contract 84-0032, Spark Gap Electrode Erosion. The results

are described in more detail in that report since the results are

needed for the erosion mechanism investigations.

Assistance was also given to some of the small scale

experiments described under the Opening Switch part of this
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the hold-off state and direct breakdown between the main elec-

trodes is initiated. An experimental set-up to prove this trig-

ger concept has been designed and constructed. First experiments

showed the feasibility of this concept. A paper describing these

results has been accepted for publication in J. Appl. Phys [1]. A

copy of this paper is attached as Appendix I. il

1. G. Schaefer, B. Pashaie, P.F. Williams, K.H. Schoenbach, and

H. Krompholz, "A New Design Concept for Field Distortion

Triggered Spark Gaps", J. Appl. Phys., accepted for publica-

tion.

V. HELICAL WAVEGUIDE PULSE GENERATOR

(H. Krompholz)

The advantages of using a coaxial line with helical inner

conductor as a pulse generator, compared to usual pulse forming

networks (LC chains) or cable discharges, are

- rectangular output pulse without oscillations inherent to

LC-chains

- small physical length as compared to ordinary coaxial lines

designed to produce the same pulse duration.

Theoretical aspects with emphasis on the limiting factor for

helical slow wave structures (dispersion) are summarized in

Appendix II, where it was applied to a transmission line current

sensor and unit step response, which is equivalent to a initially

charged waveguide pulse generator.
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introduced into a pressure chamber via a plexiglas window. The

chamber contains the gas under study, and will be used atI
pressures up to 5 atm. Inside the chamber is a large rectangular

electrode (12 cm long), separated by the gas from a series of

twelve small collection electrodes. Each collection electrode is

8 mm long and 2 mm apart. When a potential is applied between

the large electrode and the smaller ones, the electrons ionized

by the x-rays will drift toward the collection electrodes. By

monitoring the current extracted from these electrodes, the

ionization density as a function of the distance travelled in the

gas by x-rays can be obtained. This will be measured up to 12 cm

from the source at increments of 1 cm, for various gases,

mixtures, and pressures, and at different photon energies. If

the results are favorable, a spark gap will be built with theI
tube mounted in one of the electrodes.

IV. FIELD DISTORTION TRIGGERING

(G. Schaefer, K.H. Schoenbach, and P.F. Williams)

A common gap using field distortion triggering is initially

designed to provide optimum performance. A trigger electrode is

tnen added, shaped and located on an equipotential surface. When

a trigger pulse is applied, field enhancement occurs at an edge of

this trigger electrode and in most cases cascade breakdown is

initiated. Field enhancement at one of the main electrodes can

oe utilized if the trigger electrode shields this electrode in
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(shattered), evidently from the shock forces. It appears that

the best materials now are high temperature, relatively "soft"

dielectrics, such as teflon or delrin. The voltage recovery of

the switch also drops drastically after a few shots at a slow

repetition rate (a few pulses per second) but blowing gas (air)

onto the surface and the arc to help remove the heat improves the

recovery rate significantly. It is expected that this investiga-

tion will be completed by June 1985.

III. X-RAY PREIONIZATION OF SPARK GAPS

(Mike Ingram, G. Schaefer, and M. Kristiansen)

X-rays have been successfully used to preionize various gas

discharge lasers, providing a known preionized electron density

and volume. This same method may also be used to preionize spark

gaps, again providing known preionized electron densities and

volumes. Before testing such a spark gap, however, a study has

been undertaken to determine the effectiveness of x-ray preioni-

zation in typical spark gap gases and pressures (Air, N2 , SF 6 ,

and mixtures).

We are currently investigating x-ray ionization of Air, N2 ,

* and SF 6 . The x-ray source is a cold cathode, flush, x-ray tube

manufactured by ITT. It is driven by a fast (2 ns risetime) Marx

bank at voltages up to 150 kV. Because of the large divergence

I*- of the tube, the x-rays are passed through a 2.5 mm diameter hole

in a lead sheet to produce a narrow, conical beam, which is then
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II. SURFACE DISCHARGE SWITCHING

(R. Curry, P. Ranon*, L. Hatfield, and M. Kristiansen)

The studies of triggered electric surface discharge switches

described in earlier reports on AFOSR Contract #F49620-79-C-0191

has been completed and the results are being written up for

publication. The optimum polarity and location of the trigger

electrode was determined and a comparison was made of the trigger

jitter and multichanneling for various electrode materials and

ambient gases (all at 1 atm). Of the many combinations tried

the best performance was obtained with G-10 (fiber-expoxy

laminate) substrate material and air as the ambient gas.

A new effort involves checking the maximum possible, single

channel, current in a surface discharge switch to see if it

results in a significant arc lift-off, and hence increased switch

inductance, and to see how the dielectric substrate damage

"mechanism changes from that at lower current levels. This

project is only in its infancy but it is already clear from

measurements done with a 140 kA peak current, ringing discharge

that the damage mechanism is drastically changed and that the

current lift-off is not as severe as expected. The dielectric

surface damage can sometimes be quite dramatic. The G-10 surface

which was among thie best performers for multichanneling and low

jitter triggering at lower current levels literally exploded

U
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Exploratory Concepts

(R. Curry, B. Maas, M. Ingram, P. Ranon, G. Schaefer,

L. Hatfield K. Schoenbach, H. Krompholz, and M. Kristiansen)

EI. SUMMARY

Several small scale investigations were carried out and some

* of them show promise for further development and separate

funding. In the past, several of these "mini-projects" have led

to major, separately funded, efforts.

During the past year we have completed the studies of

triggered surface discharge switches and started a new investiga-

tion of high current surface discharges. The investigations of

* arc resistance measurements were also completed. Significant

results were obtained in investigations of geometrically enhanced

field distortion triggering and an investigation of x-ray

* triggering of spark gaps was initiated. Surface discharges along

current carrying, thermionically emitting, carbon fibers was

investigated as a potential high efficiency, low voltage, pulsed

light source.

• . •.S i - .< .'.- -.- ,. . ' . .' . . " . • ,-i . ' .:'" . '-' i< -'. :
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trijger eleccro:le is kept at the same potential as eiectrodie (1)

an i %s surface towards the ga: is s .aped to -.inimize the geo-

hetric field enhancement effects a the na n gap electrode,

tnereby maximizing the hold-off voltage. In t-e triggering state

the potential of the trigger electrode is moved towards the

potential of electrode (2). The trigger electrode subsequently

serves to enhance the field, providing improved triggering, in

*a two ways: moving the equipotential toward one gap electrode, and

simultaneously turning on the geometric field ennancement. Such a

trigger concept combines several advantages:

Geometrically enhanced field distortion can be utilized.

0 2. The strongest field enhancement occurs at one of the main

electrodes and breakdown, without cascading via the

trigger electrode, is possible.

3. Since the electrode can be shaped without changing the

*hold-off performance, the field enhancement at a main

electrode can be much larger than in common field dis-

tortion triggering.

4. Shape and surface conditions of this main electrode do

not determine the hold-off perf-.rmance :,f the gap, making

the gap more independent of erosion.

concept would have to oe apoie to both main electrodes for

-0-otection of both.

II. TEST SET-UP

The exoerimental set-up used to test this trigger concept is

snow- in Figure 2. A parallel plane line was used as charging

S "'
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and transmission line (-otal iipecance ~ 12.5 ). The switch

consisted of 8 individual gaps. The upper conductor of the lines

was divided into eight individual stripes to provide for transit

tihne insulation of the individual gaps (impedance/stripe - 1000).

The time constant for the transit time insulation could be varied

in the range of 0-5 ns by moving metal bars connecting the indi-

vidual transmission and charging lines.

Two different electrode configurations were used as shown in

Figure 3. The configuration (A) uses one triangular shaped main

electrode (1) with a pair of two rods as trigger electrodes and

one rounded main electrode (2), while the configuration (a) uses

a symmetric configuration with two triangular main electrodes.

The trigger electrodes in any case were pairs of rods triggering

all eight individual gaps at the same time as demonstrated for

the configuration (B) in Figure 4. Bare stainless steel bars as

well as bars covered with a dielectric material (Glass tubes or

epoxy) or with a resistive material (graphite-filled epoxy) have

been used.

The trigger circuits are shown in Figure 5. The trigger

pulse was provided by a secondary gap which was operated in the

self breakdown mode and the breakdown voltage was adjusted

th'ough changing the seconJary gap electrode separation. In the

nold-of. state the trigger electrodes are at the ;otential of the

aujacent main electrode. Wnen the secondary gap fires the

?otential of the trigger electrode is driven towards the

potential of the opposite electrode.
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For tne circuits (A), (B), and (C) the f-l-' charging voltage

of t;e line can be applied to the trigger electrode while for the

ci r t (D) both trigger electrodes potentials move towards tne

L.iJplane potential of the gap.

III. EXPERIMENTAL RESULTS

The experiments performed concentrated on the spark gap

performance with respect to delay and jitter depending on the

applied voltage in percent of the breakdown voltage. The first

experimen:s to determine the optimum type of trigger electrode

and polarity were performed with an electrode geometry as shown

* in Figure 3(A) and a circuit as shown in Figure 5(A). Although

h:e system could be triggered with either polarity, clearly

Sbetter trigger results were obtained with the electrode ()) being

[I at positive potential and the trigger electrode being driven

towards a negative potential. Triggering was possible with all

types of trigger electrodes used. Bare metal rods as trigger

e lectrodes had the disadvantage that a very precise symmetric

alignment was necessary to avoid arcs between the trigger elec-

trode and the main electrode. The best results were obtained

with electrodes covered with a dielectric layer (glass or

epoxy). Since the system performance did not depend on repeti-

tion rate (10-2 -1 Hz) surface charges on the surface of the

.ielectric seemed not to affect the performance of the trigger

me~nod at t;iese low repetition rates. Surface charges could be

~ e~l inated witn resistive layers instead of a dielectric, but
9

arcing to tne trigger electrode again required precise alignments

0A
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unless Layers with high resistivity were used (tnickness

~ 0.5 mm, resistivity - 10 6 cm).

The circuits in Figure 5 (3) and (C) are equivalent to

circuit (A) since only one pair of trigger electrodes changes its

potential. No significant differences in tne performance of the

spark gaps was realized for these circuits as long as the right

polarity was used. The performance of the gap with the circuit

shown in Figure 5 (D) was significantly worse with respect to

delay and jitter.

The optimum position of the trigger electrodes was deter-

mined through measurements of the selfbreakdown voltage shown in

Fig. 6 (A). In these experiments the pair of trigger electrodes

was moved in the direction of the interelectrode spacing as shown

in Fig. 6 (B). The results clearly show the shielding of the
V

edged main electrode resulting in an increase of the selfbreak-

down voltage of more than a factor of 2 compared to the gap with-

out trigger electrodes. For optimum shielding no significant

difference was observed for the two different types of trigger

electrodes. The maximum selfbreakdown voltage observed is nearly

the uniform field breakdown value.

The following measurements on the trigger performance were

ootaine, with the circuit in Fig. 5 (A) and (D) and a positive

charging voltage. All experiments are performed in atmospheric

air. The rise time of the trigger pulse was of the order of 12

ns. Delay and jitter were determined by measuring the time

between tne voltage rise at the trigger electrode and at the

nain electrode. Figure 7 shows the delay depending on % self-
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breardown voltage (%VSB) for tne two circuits. It should be

pointed out that the maximu.n .oltaje of the trigger pulse always

eaals the charging voltage in the circuit used. So with a

decreasing value of % VSB the maximum voltage of the trigger

pulse automatically decreased.

As demonstrated in Fig. 7, a minimum delay time of 9 ns was

achieved with circuit Fig. 5 (A) for a selfbreakdown voltage

of 15 kV. Above 90% VSB selfbreakdown the delay does not

U significantly change with % VSB as required for multichanneling

or parallel triggering of several gaps.

Figure 8 shows the jitter depending on % VSB for the same

* operation conditions as in Fig. 7. The jitter shown here is the

maxi-num jitter in a series of 20 shots. Close to 100% VSB a

* jitter of - 2 ns could be achieved.

These results were also proven through parallel operation of

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

as shown in Fig. 4. With a transit time insulation of 5 ns

, parallel triggering of all gaps was achieved if the charging

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

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

liely that some gaps were operated at significant lower values

of % VS.
0

IV. DISCUSSION

The exploratory experiments demonstrate the feasioility of

t:ie proposed field distortion trigger concept. Results on delay
0

* t-imie and jitter indicate that this methods may be suitable for
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multicnannelingj and the parallel operation of spark g aps. Field

cole calculations are required to optimize the geometry for a

,axi.m hold-off voltage in the off-state and maximum field

ennance:nent in the on-state. Further experiments are required

with a test gap allowing operation in different gases with vari-

able pressure and a trigger circuit allowing the independent

variation of % VSB and trigger pulse parameters.

The physical mechanisms responsible for triggering are of

interest. Referring to Fig. 1, in the triggered state with the

trigger electrode connected electrically to electrode (2), a very

nigh electric field exists in the vicinity of electrode (1),

while a much reduced field is produced in the main gap region

between the trigger electrode and electrode (2). Two mechanisms

for triggered breakdown seem possible. In the first, a streamer

is launched inside the high field region, and propagates past the

trigger electrode into the low applied field region. Propagation

continues because the streamer body forms a weakly conducting

needle connected to electrode 1, thereby producing high electric

fields in the vicinity of its tip. After the streamer has

traversed the gap, ohmic heating occurs and converts the weakly
Up

conducting channel left by the streamer into an arc channel.

in the second case, initial breakdown occurs through a pure-

ly. Townsend mechanism. In this case, the criterion for breakdown

is triat sufficient electron avalanche multiplication occur so

tiat one electron leaving the cathode may reproduce itself at the

cathode through the avalanching and other appropriate secondary

processes. here, the relevant quantity is the electron amplifi-

2
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cation due to impact ionization, A = (E) dx, wnere E = E(x)

is the aoi-d field, assuming no space-charge distDrtion. E is

subject to tne constraint f E(x) dx = V, where V is the gap
0

voltage. Since the impact ionization coefficient, a, is a

strongly increasing function of field for fields around the

breakdown field, the amplification factor, A, will be much larger

for the highly non-uniform field produced in the triggering state

tnan for the uniform field produced when the triggering electrode

is connected to electrode (1). Thus, according to the Townsend

criterion, the gap may be strongly overvolted in the triggered

configuration, while remaining undervolted in the normal configu-

-- ration.

The experimental data on delay suggest that both mechanisms

occur. For applied voltages near the static breakdown voltage,

the delay is found to be approximately 10 ns. Considering the

substantially reduced field in the region between the triggering

electrode and electrode 2, electrons emitted from the cathode

(electrode 2) would require - 50 ns to traverse the gap. Thus,

i seems difficult to explain delay times less tnan about 100 ns

with the Townsend mechanism. At the opposite extreme, delays

approaching 1 ps are observed for low applied voltages. Even

considering the dielectric relaxation time required for a

- •streamer to produce the high field enhancements needed in this

regime, a streamer transit time exceeding 100 ns seems unlikely.

Additional time is required, of course, to convert tnis streamer

channel into an arc channel but this time should not be a strong

function of the applied voltage, and considering the 10 ns delay
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observed at 95% VSB , should not exceed several tens of ns at 50%

VS;3 . Thus the low voltage data suggest that a Townsend mechanism

is at work. The two mechanisms, streamer and Townsend, are not

incomparable, and it is likely that there is continuous

transition from one to the other as the gap voltage is reduced.

V. PERSPECTIVES

The proposed trigger concept is well suited to combine field

distortion with other trigger concepts to improve the switch

performance. The important feature of this concept here again is

that the field enhancement occurs close to the surface of one

main electrodes and that this main electrode is partially

shielded from the field in the hold-off state.

For trigatrons, it is well known that delay and jitter are

drastically improved by overvolting the gap. Subsequently the

combination of a trigatron trigger in the main electrode and a

field enhancement generated by a field distortion in volume close

to this trigatron electrode could provide for the same condition

without tne need to overvolt the total gap. The same considera-

tions also hold for those laser triggered gaps where the laser

spark is produced at or close to the surface of one main elec-

zroaes. The combination of the proposed field distortion concept

with one of these trigger methods would therefore provide

significantly improved performance in an undervolted main gap.
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Figure Captions

1. Schematic diagram of a spark gap with geometrically enhanced

field distortion at the main electrode

2. Experimental setup

3. Electrode geometrics

4. Trigger electrode arrangement

5. T.rigger circuits

6. Selfbreakdown voltage as a function of trigger electrode

position (A) and electrode geometry (B)

7. Del.ay versus % selfbreakdown voltage for two trigger circuits

(VSB m 15 kV)

6. Jitter versus % selfbreakdoin voltage for two trigger cir-

cuits (VS3 15 kV)
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APPENDIX II

Transmission Line Current Sensor

H. Krompholz, K. Schoenbach, and G. Schaefer

Department of Electrical Engineering
Texas Tech University
Lubbock, Texas 79409

Abstract

A matched slow wave transmission line circuit of the transformer can be describ-
is used as a current prooe. It provides a ed as a transmission line (Fig. 1) wit,
linear response, fast risetime (4 2 ns, distributed induced voltage sources
and high sens;tivitv ( =1 V/A) for current N U0 dl
palses up to microsecond duration. The- o - - - z (2)duration of a disortionfree monitored (2s) dt
current pulse is lizited by dispersion in
tne slow wave transmission line. where : is the major diameter, S is the

cross-sectional area of the coil. The
probe current i is then described by the

1. Inductive Current Sensors inhomogeneous wave equation

Rogowsk: coils are commonly used as 21 
2
1 1 d2 1

current sensors in pulsed power experi- t
2  

LC ' C T (3)
ments. Tney consist of a heiical coil t L'C'
placed around the current to be measured
with an induced voltage related to this and the boundary conditions: shorted at
primary current. In the usual mode of one end, terminated with the resistor R at
operation, the coil is terminated with a the other end.
small resistance R. The output signal,
i.e. the voltage measured across this VV)
resistor is

fR di RI), 0 0
n

W f ( z- ( )) U R

where N - numzer of turns C'dz -

L - coil inductance
dI/dt - time derivative of the T

current to be measured.

The rtsetime of these devices is
usually in the order of 1 ns witn a
sens:tivity [1] R/N in the order of 10- Fig. 1 Equivalent Circuit
V/A. For nigh current experiments this
senst:~v: is sufficient, for currents
less that 100 A, however, characteristic In order to illustrate the response of
and ut signals are in the mill vo-t range such a transmission line current sensor,
and therefore susceptible to noise. an input current I(t) as a unit step

function is assumed producing output
2. Transmission line current sensur signals as sketched :n Fig. 2 Us:ng the

lumped para.eter description for <<',
A more detailed consideratrcn of tnis an. exponentially decaying output signal is

current transformer - especially for produced, wrereas the transmission line
temporal varlations of tne primary currert properties generate a stepwise decreas:nc
:n tne nanosecond regime - nas to tae function due to reflections at tpotr. ends
transit time effects into account 21>. :n of the line. If the terminating resis-
this approximation the distr.z ted tance is larce compared to t.e line
capacitance between co-il. and surrounc :ncs impedance, trne output is oscillatory with
'e.g. an electrostatic cnield) enters as a periodic:: of four tinec the transit
additional parameter. The equivalent time.
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For the matching terminating resistor duration of the primary current pilse, the
*R.V-r/7) the output voltage is exactly probe acts as an ideal current transformer

proportional to the primary current for (output voltage exactly proportional to
times smaller than twice the transit time input current). High sensitivities in the

order of 1 V/A are possible, and the
transit time T can be increased by either

T 'LC (4) high values of the distributed inductance
or the distributed capacitance.

resulting in the response on the general
input I(t) 3. Experimental device

() - 1 (t) - V(t-2M)J (5) In order to utilize the concept of a
waveguide current probe with hign transit

Prom equations (4) and (5) it is time, a matched device has been construct-
obvious, that for a transmission line ed which consists of a helix in a slotted
transformer the sensitivity an character- metallic torus with high capacitance
.stic time of the system can be adjusted between helix and torus [3j (Fig. 3, Data
independently from each other, whereas in are given in Table 1).
common Rogovski coils there is always a
trade-off between sensitivity and decay
t ime.

vII

I!urpeed porR(L/RNT1N 7)

~0 2 6

27i

Z ~ R. 10

Fig. 3 Experimental Current Probe

Table 1

1 RZ I (mut*ir of turns) :400

[ o (manor radius) :8.7 0c
d1 -d 2 (sides of coss section) :1.06 cm
L' (inductance per unit lenoth) :1.518 Wcn
C. (capacitance per unit length) :19.2 pF/cr.

_ z (cnaracter ist c impedance) :260
-2 4 a 6. v (propagation velocity) :1.9x0

8
,oevS

k ZT T (transit time) :290 n-
k , wire resistance) :1.8

Fig. 2 Un, t Step Response for ::fferent 4.--- (sensitivity) :1.35 V/A
Load Resistances

.ne proze has been tested in a coaxial
For tne transmission line prooe, two 5O-Onm cavity with rectangular input

modes of operation and evaliation oepend- current pulses of variazle duration.
.ng on the ratio of pulse d rraton an txa.'.ples for I nput current pulses and
twice the transit t:ime are possible. if responses are depicted ,n Fig. 4. Figure
tne duration of tne primary current is 4a .ows the r:setime in tne order of 2 ns.
laraer that 2T, a simple discrete tife For input current duraticr. < 2C0 ns tne
shi f, deconvolution (invession of equat-Ion "utPut is Froportional to tre input, for
'5)) allows reconstruction of the prirary riconer -%zut current durations :ncreasing
current fror tne measured volta~e. :f, cn cscilla:ions are observed indicating
the otner raro , the transit time is dev'at:cns from the si-ple tranr.l ssion

increase4 to values larver ".an the line mode- 'Fiq. 40, 4c).

• -I.

". ,. . ."".b "' ' ' " " ' m, m ' m a , I& m
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Jirecticns. Trne slit in trne outer C-nduc-~ ~, ~Lor wr~cn allows trne penetratior Ot tne
primary c.rrent magnetic f~elc :notre

~ _______________probe prevents azinmutnal current flIc w.~1jU Zl ni~astructure allows froceeling of tne
r-" ~ outer conductor witi) currents - I rt.

axial oCrec-ioi.
Maxella EqLuat ions for tn i s E ysten

nave oeen scived resulting in tne c~ier-~-a. ~sion rel at ion for waves trave~.-n In
axial direction ,41~-,. ,.rn.., -. - -.

La..______-,-Mai-,I
cc - tC

(%&)F. vb *l~~('

CC

a z. st.a'dIrec io

-w-

C 2 a

P---~. 4 Measired Probe Responses
a) risetimeFg ipe5o -aior
z! in~put pulse duration lb2 -a
Cstep functior inpFut

.ec~ zse e -. *'K 45 a nc'n
4 .u~tatcns d.;e to dispersor. off t'c '.' "10:: z

Zn order to dea~rite the osc,. ation transrnss.or1n -'aVIr *2t7 rez:ectec
effect: a ti&at%'C. an -.a2.'t: cf :ne ~SC:e 5 .. . :.1e ) t -a i..) C.

S.'tqr 'Jsiri fie, tn5r 7d .e' '-

.. s 'o.Kdas "sreet-.-'e;.x" ie. nf ecla.- C .b :. , -:irent:.- oev.ce
3- .SO~ric concuctor - - :o n~.~ .v.:tan.or nste

*:- iit, in trie circC::c~n sf :%eC :e-- -0 cl.2l -S jn t '! P - s ~
- - zet0 conC'cctIV Ity in a-; Ct-er .. - tn 1r, F :C F '-E a-
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V

second range and a sensitivity in tne
" order of 1 V/A. This sensitivity is hign

enougn to measure current amplitides in
* the order of milliamperes with standard

oscilloscopes.

1V Furtier applications of the discussed
o LJI helical slow wave structures are in the

field of compact pulse generators for
j rectangular pulses with a duration of

several microseconds and rise and fall
I 4 times :n the nanosecond regime [5).

J I Limitatons are imposed by dispersive1 effects, however, through careful design
_it is possible to minimize these effects

for applications in electrical d~aonostics-- - - - - - as well as for pulse forming networs.

Fig. 6 Calculated unit step response References
1. M. DiCapua in 'Measurements of

Electrical Quantities in Pulse Power
additional damping factor proportional to Systems:, edited by R.M. McKnigtt and
the frequency has Deen assumed. This R.E. Hebner (NBS, Colorado 1962) p.
factor describes dielectric losses in the 175.
system. The agreement between measured
and calculated behavior is good consider- 2. W. Stygar and G. Gerdin, IEEE Trans.
ing the simplifying model assumptions. Plasma Science, PS-ID, p. 40 (196:).

To minimize dispersion, the concept
of increasing the transit time by increas- 3. H. Krompholz, J. Doggett, K. Schoen-
ing the capacitance has to be abandoned, bach, J. Gani, C. Har~es, G. Scraefer,
since the ratio of radii is fixed to the and M. Kristiansen, Rev. Sci.
value of VT. Only the inductance (number Instrum., 55, 127 (1984).
of turns per unit length) remains as a
variable determining the transit time. 4. D.A. Watkins, 'Topics in Electro-
Results of pulse response calculations for magnetic Theory', Wiley, p. 62
an optimized coil are plotted in Fig. 7. (1958).

5. H. Krompholz, K. Schoenbach, G.
Schaefer, 'Pulse Forming Network Using

. Ja Helical Delay Line", to be pub-
I .1 lished.
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F:g. 7. Zalruated unit step response of
opti7ized probe (:np: ;;Ise
risetime 1 ns)

c. Ciscassion

Consideration of current sensors as
transnission lines ncluding dispersion
snow the feasibility for construction of
d:stortion!ree current sensors with a
:arge transit time of up to the mi:rc-
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of Opening Switch Technology for Inductive Energy Storage",

Proc. IEEE, 72, 1019 (1984).

4. G. Schaefer, P. Husoy, K.H. Schoenbach, H. Krompholz,

"Pulsed Hollow-Cathode Discharge with Nanosecond Risetime",

IEEE Trans. Plasma Sci., PS-12, 271 (1984).

5. C.H. Harjes, K.H. Schoenbach, G. Schaefer, M. Kristiansen,

H. Krompholz, and D. Skaggs, "An Electron Beam Tetrode for

Multiple, Submicrosecond Pulse Operation", Rev. Sci. Instr.,

55, 1684 (1984).

6. K.H. Schoenbach, G. Scnaefer, M. Kristiansen, H. Krompholz,

H. Harjes, and D. Skaggs, "Investigations of E-Beam Control-

led Diffuse Discharges", Gaseous Dielectrics IV, ed., L.

Christophorou, Pergamon Press, p. 246 (1984).
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7. G. Schaefer, B. Pashaie, P.F. Williams, K.H. Schoenbach, and

H. Krompholz, "A New Design Concept for Field Distortion
-J

Trigger Spark Gaps", J. Appl. Pnys., accepted for publica- -:

tion in J. Appl. Phys.

8. K.H. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz,

H.C. Harjes, and D. Skaggs, "An Electron-Beam Controlled

Diffuse Discharge Switch", J. Appl. Phys, accepted for

publication.

9. K. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz,

H.C. Harjes, and D. Skaggs, "A Rep-Rated E-Beam Controlled

Diffuse Discharge Switch", 16th Modulator Symposium,

Arlington, VA, June 1984.

10. M. Kristiansen, K. Schoenbach, and G. Schaefer, "Opening

Switches", Proc. 3rd All-Union Conf. on Engineering Problems

of Fusion Research, Leningrad, USSR, June 1984. (Invited)

11. S.K. Dahli and P.F. Williams, "Numerical Simulation of

Streamer Propagation in Nitrogen at Atmospheric Pressure",

Submitted to Phys. Rev. A.

12. G. Jackson, L. Hatfield, M. Kristiansen, M. Hagler, J. Marx,

A. Donaldson, G. Leiker, R. Curry, R. Ness, L. Gordon, and

D. Johnson, "Surface Studies of Dielectric Materials Used in

Spark Gaps", J. Appl. Phys., 55, 262 (1984). j
13. R.A. Dougal and P.F. Williams, "Fundamental Processes in

Laser-Triggered Electrical Breakdown of Gases", J. Phys. D,

17, 903 (1984).
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14. E. Kunharat and P.F. Williams, "Fast Algorithm for Numeri-

cally Integrating Poisson' s Equation in Cylindrically

Symmetric Geometries", to appear in J. Comp. Phys. 1985).

15. S.K. Dhali and P.F. Williams, "Numerical Simulation of

Streamer Propagation in Nitrogen at Atmospheric Pressure",

to appear in Phys. Rev. A, Feb (1985).
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Interactions

1983-84

a) Papers Presented

During the last contract period (October 1, 1983 -

October 31, 1984), the following papers were presented:

1. K. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz,

H.C. Harjes, and D. Skaggs, "Investigations of E-Beam Con-

trolled Diffuse Discharges", IEEE International Conference

on Plasma Science, St.Louis, MO, 1984.

2. J.R. Cooper, K.H. Schoenbach, G. Schaefer, J.M. Proud, and

W.W. Byszewski, "Magnetic Control of Low Pressure Glow Dis-

charges", 37th Gaseous Electronics Conference, Boulder, CO,

Oct 1984.

3. M.R. Wages, P.F. Williams, G. Schaefer, and K.H. Schoenbach,

"Streak Photographic Studies of Trigatron Triggered Break-

down", 37th Gaseous Electronics Conference, Boulder, CO,

Oct. 1984.

S.K. Dhali and P.F. Williams, "Two Dimensional Numerical

Simulation of Space-Charge-Controlled Transport at High

Charge Densities", 36tn Annual Gaseous Electronics Confer-

ence, Albany, NY, Oct. 1983.

5. R.A. Dougal and P.F. Williams, "Fundamental Processes in

Laser-Triggered Electrical Breakdown", 36th Annual Gaseous

Electronics Conference, Albany, NY, Oct. 1983.
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6. G.Z. Hutcheson, L.E. Thurmond, G. Schaefer, K.H. Schoenbach,

and P.F. Williams, "Optical Control of the Breakdown of a

Diffuse Discharge Using Photodetachment", 37th Annual Gas-

eous Electronics Conference, Boulder, CO, Oct. 1984.

7. S.K. Dhali and P.F. Williams, "2-D Numerical Simulations of

Streamers in Atmosphere N2 ", 37tn Annual Gaseous Electronics

Conference, Boulder, CO, Oct. 1984.

8. M. Kristiansen, K. Schoenbach, and G. Schaefer, "Opening

Switches", (Invited Paper), 3rd All Union Conference on

Engineering Aspects of Fusion Research, Leningrad, USSR,

June 1984.

S 9. R. Curry, M. Kristiansen, L. Hatfield, V. Agarwal and G.

Jackson, "Surface Charging of Insulators in Surface Dis-

charge Switches", Conf. on Electrical Insulation and Dielec-

tric Phenomena, Buckhill Falls, PA, Oct 1983.

b. Consultative and Advisory Functions

During the 1983-84 contract period, the following functions

were undertaken:

1. Dr. M. Kristiansen served on the USAF Scientific Advisory

Board (SAB).

2. Dr. Kristiansen served on the Air Force SAB committee to

study Basic Research in the Air Force.

3. Dr. M. Kristiansen served on tne Air Force SAB Ad Hoc com-

mittee on Effects of High Altitude EMP on Military C3 .

0
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* 4. Dr. Kristiansen served as the Co-organizer (with Dr. A.

* Hyder of Auburn Un",'ersity) of the DoD workshop on "Foreign

Switch Technology".

5. Dr. Kristiansen served as a Visiting Staff Member (Collab-

orator) at Los Alamos National Laboratory and supervised a

completed Ph.D research project by one of their Staff

Members.

6. Dr. Kristiansen directed the Foreign Applied Science Assess-

ment Centers Study of Soviet Macroelectronics (Pulsed

Power).

7. Prof. G. Schaefer taught a graduate course on Gaseous Elec-

tronics at ERADCOM, Ft. Monmouth, NJ in August 1984.

6. Prof. P.F. Williams visited Alan Garscadden's group at

*g AFWAL, gave a talk entitled "Streamers and Space-Charge

Dominated Transport in Discharges", Nov. 17, 1983.

9. Prof. P.F. Williams visited the Pulsed Power Group at NSWC

*• in Dahlgren, VA, August 22, 1984.

10. M. Kristiansen gave a series of invited lectures on pulsed

power techniques and high power switching and inertial con-

finement fusion at the Nuclear Research Center in Taiwan,

and at Keio University, Kyoto University, City of Hakodate,

and Hakone Conference Center during the period July 3-23,

1984.

11. M. Kristiansen gave a seminar entitled "Pulsed Power

Research at Texas Tech University" at the University of

Oslo, Norway, September 17, 1984.



204

Interactions- c) Other interactions

Numerous interactions with other universities, industry and
government laboratories were carried out during the contract

period. Our group effectively served as a coordination point for

much of the ongoing work in high power gas discharges for switch-

ing applications in the U.S.

1. Prof. G. Schaefer and F. Williams attended the 36th Gaseous

Electronics Conference in Albany, NY, in October 1983.

2. Prof's. G. Schaefer and K.H. Schoenbach, L. Hatfield, and M.

Kristiansen attended the ARO Workshop on Foreign Switch

Technology in Santa Fe, NM in March 1984.

3. Prof. G. Schaefer attended the Conference on Laser and

Electrooptics in Anaheim, CA in June 1984.

* 4. Prof. G. Schaefer visited the Department of Electrical

Engineering at USC (Prof's. M. Gundersen and C. Wittig) in

Los Angeles, CA in June 1984.

5. Prof. G. Schaefer visited Jet Propulsion Laboratory (Dr.'s

A. Chutjian and S. Srivastava) in Pasadena, CA in June

1984.

6. Prof's. G. Schaefer and K.H. Schoenbach attended the 4th

Int. Symposium on Gaseous Dielectrics in Knoxville, TN in

April 1984.

7. Prof's. K.H. Schoenbach and H. Krompholz attended the 16th

Power Modulator Symposium, Arlington, VA, June 1984.

0

0,



I -

205

8. Prof. Schoenbach visited GTE Laboratories in Waltham, MA

je (Dr's. J. Proud, L. Pitchford, W. Byszewski) in June 1984

and gave a seminar on Low Pressure Diffuse Discharge

Switches.

O 9. Prof's. H. Krompholz and M. Kristiansen attended the IEEE

International Conference on Plasma Science, St. Louis, MO,

May 1984.

4p 10. Prof. F. Williams attended the 37th Gaseous Electronics

Conference in Denver, CO in Oct. 1984.

11. Prof. M. Kristiansen visited SNL (Mr. T. Martin) and AFWL

.(Dr. A.H. Guenther) in Albuquerque, NM in August, 1984.

12. Prof. M. Kristiansen visited LLNL (Dr. diCapua) in September

1984.

* 13. Prof. M. Kristiansen visited AFWL (Dr. A.H. Guenther), SNL

(Mr. T. Martin), and Tetra Corp (Mr. W. Moeny) in Albuquer-

que, NM in September 1984.

*9 14. Prof. M. Kristiansen visited AFOSR (Maj. H. Pugh) in Novem-

ber 1984.

4
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ADVANCED DEGREES AWARDED

(1983-84)

1. Shirshak Komer Dhali, Ph.D.,"Breakdown Processes in Laser

Triggered Switching ", May, 1984.

- . 2. Emanuei M. Honig, Ph.D., "Repetitive Energy Transfers from an

Inductive Energy Store", August 1984.

3. Gary R. Leiker, M.S., "Design and Construction of a High

Power Electron Gun", May 1984.

0.

0~..
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SEMINARS
1983-84

Si

Charles R. Kost "A History of Solid State Airborne
Radar"
November 17, 1983
Texas Instruments

* Lewisville, TX

William Moeny "Computational Solutions of Electric
Fields in Discharges"
November 21, 1983

* Tetra Corporation
Albuquerque, NM

John Barber "A Perspective on Pulsed Power and
Electromagnetic Guns"
February 1, 1984
IAP Research, Inc.
Dayton, Ohio

Lloyd B. Gordon "Pulsed Power at LLNL
* February 10, 1984

Lawrence Livermore National Laboratory
Livermore, CA

John Owens "Status of Magnetostatic Wave Devices"
February 28, 1984
University of Texas at Arlington
Austin, TX

Allen R. Stubberud "Quality Engineering Education -

Does Anyone 'Out There' Really Care"
March 1, 1984
Chief Scientist, U.S. Air Force
Washington, DC

Ronald B. Standler "Protection of Electronics from
Lightning and EMP"
March 19, 1984
Rochester Institute of Technology
Rochester, NY

Kenneth A. Buckle "A Numerical Stability Analysis Method
for Confined Plasmas"

March 25, 1984
University of Wisconsin
Madison, WI

r.]
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,"

Don W. Reid "High Power Microwaves; A Resurging
Technology"
March 28, 1984
Los Alamos National Laboratory
Los Alamos, NM

Rogal A. Dougal "The Recovery of a Vacuum Switch"
June 28, 1984
University of South Carolina
Columbia, NC

G.R. Govinda Raju "Electron Energy Distributions in Gases
in Crossed Electric and Magnetic
Fields"
August 24, 1984
University, of Windsor
Windsor, Canada

Wayne W. Hofer "High Power Microwave Research"
October 3, 1984
Lawrence Livermore National
Laboratories
Livermore, CA

II

"0 . . : _ : - . :. . - . . . . i : : . ., . ' " , '% . , ". ' . -_ ' ; . , . . . . . -. : , .. . ,' , - ' . . ; _ : . .
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Guests of Plasma and Switching Laboratory
October 1, 1983 - October 31, 1984

p

October 15, 1984

William Streifer Xerox PARC, Palo Alto, CA
Paul K. Predecki Univer. of Denver, Denver, CO
Rex E. Phillips Westinghouse Electrical Corp., Dallas, TX
Billy C. Brock Sandia National Laboratory
John W. Welch IBM Corp, Austin, TX
W.C. Nunnally Los Alamos National Laboratory
Merle Whatley Texas Instruments, Dallas, TX
H. Ray Kerby IBM, Corp., San Jose, CA
John Ragland Hicks & Ragland, Lubbock, TX
Dick Brooks Central Power & Light, Corpus Christi, TX

November 29, 1983

William M. Moeny Tetra Cdrp, Albuquerque, NM
John D. Jukes Culham Laboratory, United Kingdom
Trevor James Culham Laboratory, United Kingdom

December 16, 1983

Anthony K. Hyder Auburn University, Auburn, AL
Tomoo Fujioka Keio University, Yokohama, Japan

January 18, 1984

A.H. Guenther AFWL, Albuquerque, NM

January 19, 1984 George Jackson
BDM Corporation, Huntsville, AL

February 1, 1984

Don Johnson IAP Research, Inc, Dayton, OH
Reuben Hackam University of Windsor, Windsor Canada

February 27, 1984

A.H. Guenther AFWL, Albuquerque, NM
Johm Dimmock ONR, Washington, DC
Bob Gregory SNL, Albuquerque, NM

Sd

. - . .- ".

. . . .. . .
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February 28, 1984

J.M. Owens University of Texas, Arlington, TX

March 1, 1984

James 1. Walton AFWL, Kirtland AFB, NM
Tony Sobol AFWL, Kirtland AFB, NM
Mike Mottern AF Chief Scientist's Office, Washington, DC
Allen Stubberud Hdq USAF, Washington, DC

March 28, 1984

Don W. Reid LANL, Los Alamos, NM

April 10-11, 1984

Henry Pugh AFOSR, Bolling AFB, Wasnington, DC
Randy Jones ARO, Research Triangle Park, NC
Clifford E. Rhoades AFOSR, Bolling AFB, Washington, DC
Peter Bletzinger AFWAL, Wright-Patterson AFB, OH
Richard Gullickson DARPA, Arlington, VA
Tom Martin SNL, Albuquerque, NM
Bobby Junker ONR, Arlington, VA
Douglas J. Klein ONR, Arlington, VA
James C. Aller NSF, Washington, DC
Frank Rose NSWC, Dahlgren, VA
A.H. Guenther AFWL, Kirtland AFB, NM

May 21, 1884

Manny Honig LANL, Los Alamos, NM
Long Chi Lee San Diego State Univ., San Diego, CA

June 28, 1984

Rodney Cross University of Sydney, Sydney, Australia

July 11, 1984

Rolf Girnus German Ministry of Defense, Bohnn, Germany

August 23, 1984

G.R. Govinda Rafi University of Windsor, Windsor, Canada



Annual Report
on

COORDINATED RESEARCH PROGRAM
IN

PULSED POWER PHYSICS

AFOSR Grant #84-0032

December 20, 1984

Program Director: M. Kristiansen

Principal Investigators: M. Kristiansen

H. Krompholz
G. Schaefer
K. Schoenbach

F. Williams

Associate Investigator: L. Hatfield
L. Michel

Technician III: K. Zinsmeyer

Secretary III: M. Byrd

J. Davis

Graduate Students: G. Hutcheson R. Cooper
H. Harjes S. Dahli
R. Curry E. Strickland
R. Ness D. Skaggs
L. Thurmond C. Yeh*

* Paid by the Republic of China (Taiwan)



FILMED

7-85

DTIC


