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SUMMARY OF RESEARCH OBJECTIVES

for

1984-85

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.

SPARK GAP AND ARC DISCHARGE INVESTIGATIONS

1. Optical diaqnostic methods will be developed to investiqate

propagation phenomena associated with streamers in detail.

The emphasis will be on polarity effects (positive and neqa-

tive streamers) and their influence on gap closing as a

function of parameters. The influence of x-ray preionization

on the propagation velocity will be investigated.

* - - ***~*** -- x.~ .-. ' ':.,.-...
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2. General scaling laws for the breakdown delay will be formula-

ted, defining requirements for multichannel operation. The

requirements will be tested experimentally.

3. Theoretical investigations will be continued with the aim of

formulating general scaling laws describing the properties of

streamer formation and propagation, yielding a quantitative

understanding of the basic phenomena in overvolted spark

gaps.

EXPLORATORY CONCEPTS

Some of the previous year's investigations may be carried

over to the second year. In addition we specifically propose (if

the needed Raman shifter becomes available) to:

Determine the feasibility of using Stark shifts in admixtures

of H 2 to determine the electric fields at localized points in

pulsed power systems*.

In addition, as in previous years, new projects will be added

as new ideas are generated.

Funds for the Raman shifter were not awarded so the emphasis

changed towards injector problems for railquns.

a-

* .- t
•

°-° . °m.°o~ . . . . . ... . . . •, . •. . •.. . . . . . .. |
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INTRODUCTION

The Coordinated Research Program in Pulsed Power Physics is a

multi-investigator Program involving 4 Principal Investigators,

1 Associate Investigator and 9 Graduate Students. Other faculty

investigators from Electrical Enqineering, Physics and Chemistry,

also interacted and cooperated at various times. The program is

jointly sponsored by AFOSR and ARO. Some 4 refereed journal

articles and 11 conference proceedings papers were published last

year. Several other papers were prepared or submitted for

publication. Some of these are reproduced in the Appendices. The

main projects are Openinq Switches, Spark Gap and Arc Discharge

Investigations, and Exploratory Concepts.

.. . .. . .. . .. . .. . . .. . .. . .. . .. . .



4

OPENING SWITCHES

(C. Harjes, G.Z. Hutcheson, R.A. Korzekwa, D. Skaggs,

E. Strickland, G. Schaefer, M. Kristiansen,

K.H. Schoenbach, and H. Krompholz)

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 major research areas of the last year in the field of

diffuse discharge opening switches were:

- concepts for diffuse discharge opening switches (Section II)

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

- the optically controlled diffuse discharge, where optical

control either means increased conductivity of the discharge

by means of laser radiation or optical stimulation of loss

processes (Section IV)

For the investigation of the electron-beam sustained dis-

charge an apparatus was designed, operated, and improved, which

allows investigations of repetitive openinq in the time range of

100 ns at current levels of up to 10 kA.

4'* . . - o I
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Experiments performed with this device during the last year

concentrated on investigations with gases recommended by the a

group of L.G. Christophorou at Oak Ridge National Laboratories,

such as gas mixtures with Argon and CH 4 as buffer gases and admix-

tures of attachers, such as C 2 F6 and C 3F8 .

The investigations on optical control processes concentrated

on two mechanisms:

1) photodetachment

2) photoenhanced attachment

and their influence on the characteristics of externally and self

sustained discharges.

II. Opening Switch Concepts

The development and evaluation of new switch concepts and the

utilization of new processes for external discharge control was a

permanent issue during the entire research period. Individual

p-ocesses considered in the last year are presented in the next

two sections. A qeneral overview of the field of diffuse dis-

charge opening switches is presented in an invited review article

which will be published in IEEE Transactions on Plasma Sciences

(Appendix A). A short review was also presented at the IEEE

Pulsed Power Conference, 1985 (Appendix B).

eM
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III. E-Beam Controlled Diffuse Discharge Switch

The work on electron beam sustained discharges for switching

applications in the last year concentrated on investigations with

gas mixtures with an attachment rate increasing with E/N. All

these gas mixtures show an increase of resistivity with increasing

E/N. If the attachment rate increases strongly with E/N, a nega-

tive differential conductivity is also found.

Although such a characteristic has advantages for the closed

phase and for the opening phase, it can cause several problems.

One is the development of striations in the intermediate E/N

range. This effect is discussed in a 1985 IEEE Pulsed Power

Conference presentation (Appendix C) and in a paper which will be

submitted to the Journal of Applied Physics (Appendix D).

Another effect is the interaction of an element with negative

differential conductivity with a high impedance circuit. Investi-

gations concerning this effect are presented in one of the 1985

IEEE Pulsed Power Conference presentations (Appendix B) and in a

paper which will be submitted to the Journal of Applied Physics

(Appendix E). The most recent results have also been submitted to

two conferences in 1986 (Appendix F and G).

A third effect investigated is the interaction of the elec-

tron source (e-beam) with the attachers used in the qas discharqe.

This effect is discussed in two conference proceedings papers

(Appendix B and H).

Sm

.1 ...,
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IV. Optically Controlled Discharges

The optical control mechanisms, considered to be most

suitable for external discharge control, are photodetachment and

optically enhanced attachment. The influence of these effects on

the discharge characteristic has to be investigated over the full

E/N range of interest, which means mainly for externally sustained

discharges and the transition region to the self sustained dis-

charge. The experimental setup used for these investigations is a

transverse electrode configuration with a UV source incorporated

into one of the electrodes, similar to a TEA laser. Such confiqu-

rations can also be used as optically sustained discharge openin;_

switches. The turn-on and turn-off characteristics of UV sources

have therefore been investigated and are presented in a paper

which will be submitted to the Journal of Applied Physics

(Appendix I).

This setup in combination with a dye laser was used to inves-

tigate the influence of photodetachment on the characteristics of

an externally sustained discharge. These investigations will be

published in the Journal of Applied Physics (Appendix J).

* .1 °



SPARK GAP AND ARC DISCHARGE INVESTIGATIONS

(A.L. Donaldson, M. Ingram, M. Lehr,

H. Krompholz, and M. Kristiansen)

Due to a change in personnel this part of the research pro-

gram was modified considerably, in agreement with the Program

Monitor, Major H. Pugh. Professor F. Williams moved to the Uni-

versity of Nebraska and Prof. H. Krompholz returned to Germany.

Most of the originally proposed work was centered around Prof.

Krompholz. We, therefore, concentrated on our previous erosion

studies alona with a smaller effort along the lines originally

proposed, namely x-ray preionization of switch gases.

The high current facility used in some of the electrode

erosion work was constructed with SDIO/DNA support and all future

high current (1 100 kA) work along these lines will be supported

by that contract. The facilities were used on this (AFOSR) con-

tract to provide some continuity with our previous low current

(10's kA) studies and verify some of our predictions.

0%
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A. ELECTRODE EROSION

(A.L. Donaldson, M. Lehr,

H. Krompholz, and M. Kristiansen)

I. Summary

The work performed during the last contract period has focus-

ed primarily on addressinq the limitations on high current, high

energy switches resulting from electrode erosion. A summary of

the major accomplishments is outlined below with a more complete

discussion given in the succeeding sections.

* Further materials testing in this low-current regime (10-

20 kA) confirmed that crack formation in stainless steel

could be explained by the presence of manganese stringers and

eliminated by realignment of the arcing surface perpendicular

to the stringer orientation. d

* In conjunction with work supported by a SDIO-DNA contract,

two new testing facilities were completed which allowed for

peak currents up to 750 kA (280 kA has been tested to date).

* High current testing was carried out on several new materi-

als, including 3 copper composites (CuC, CuZr, CuCrZr) as

well as molybdenum, copper, and graphite. At least one of

these materials (CuC) promises to offer superior erosion

resistance at hiqh current.

.• ..- *- 5 .
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* The discontinuity effect (a rapid transition in electrode

erosion rate as a function of peak current) was found to be a

function of electrode area, material and the relative initial

charging polarity.

* The significance of vapor jet heating of the opposite elec-

trode as one of the major energy sources leading to electrode

erosion was confirmed.

* An extensive library has been compiled on arc erosion (over

250 papers to date), including numerous translations from the

Soviet literature (provided by the US Army FSTC, Mr. Larry

Turner). Considerable interest for this bibliography has

been expressed by the scientific community and an annotated

bibliography is currently being prepared.

II. Low Current laterial Erosion Comparison

Four more materials were tested on the Mark II system (20 kA,0m
25 ps, unipolar, 50,000 shots); Al, Cu, CuZr, and CuZrCr [1].

Figure 1 shows the relative performance of the materials compared

with those previously tested. All three copper materials had very

low erosion rates and were equal to or better than the previously

best material, copper tungsten. Figures 2 and 3 show the surfaces

of these electrodes and indicates that pure copper might give

better voltage stability performance in that it yields a smoother

surface after testing. As expected, aluminum was a poor perform-

er, though not as bad as graphite. It was tested primarily to

give results for one more pure element in order to allow for a

0. 7
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comparison of theoretical and experimental performances based on

thermophysical properties.

Considerable effort was spent on analyzing the process of

crack formation in stainless steel. The results were presented at

the 5th IEEE Pulsed Power Conference and are given in Appendix K.

Although later tests showed that stainless steel was not suitable

for use in high current, high energy switches, the information

concerning crack formation may be useful in those applications.

III. High Current Erosion Measurements

In order to perform electrode erosion tests at higher cur-:

rents (50-750 kA) the Mark V and Mark VI facilities shown in Fig.

4 were constructed. Both systems consist of a resistively charged

capacitor bank connected in series to a water cooled test gap.

When the capacitor bank is charged to the self-breakdown voltage

of the spark gap it discharges through the test gap, producing a

slightly damped oscillatory current wave form, as shown in Fig. 5.

The current is given by the equation

V0

e -Rt/2L5mw t,i wt 0°L e0i ° .

where Vo is the capacitor voltage, R and L are the circuit resist-

ance and inductance and

R 2

,2

. . . -K-x% . . . .2 .. :! .* *- ...- .* . * .m '.*-. ""*
'

*
"

****
'
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Thus, the inductance and resistance were kept to a minimum to

guarantee maximum current for a given capacitance. The discharge

current was varied by changing the system capacitance. Both Mark

V and Mark VI were modular in design in that they used inter-

changeable spark gaps, header plates, etc. Basically the Mark VI

capacitor bank consisted of up to six Mark V capacitor banks

connected in parallel. The system operating parameters for these

investigations are given below.

Mark V Mark VI

Peak Current (at 35 kV) 240 kA 600 kA

Enerc-y/shot 1.6-8 kJ 1.6- 48 kJ

Effective charge/shot 1-5 Coul 1-30 Coul

Capacitance 2-10 iF 2-60 1iF

The first series of experiments consisted of investigating

the rapid transition in the electrode erosion rate as a function

of peak current which is known to take place for several electrode

materials, including copper. This discontinuity in the erosion

rate has been studied previously [2-10] for a wide range of cur-

rents and gas pressures. The primary explanation for the effect

has been the increase in molten material ejection due to an in-

crease in the current density at the electrodes. The purpose of

the experiments performed at Texas Tech was twofold:

1) to further develop models for both electrode heating and

material removal in the high current regime in order to

make qualitative statements about scalinq the erosion

rate and
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2) to enlarge the material database to include several more

recently developed materials.

The experimental conditions for all the test results given in ,

this report are as follows:

Gas Air

Gap Spacing 1 cm

Total Coulomb Transfer 1155 Coul

Electrode Diamet r 1.27, 2.54 cm

Gas Pressure 1-3 atm (varied to keep the

breakdown voltage approximately

constant at 32 kV)

Number of Shots 300-1500 (varied to keep the

total Coulomb transfer constant

for all experiments)

Capacitance 1.85-9.25 uF (varied to study

the effect of current, - peak

current increases as the square

root of the system capacitance)

The results for the first series of experiments are given in

Figs. 6-8.

The effect of initial electrode polarity on the erosion of

1.27 cm diameter copper electrodes is shown in Fig. 6. A discon-

tinuity in the anode erosion rate is easily observed with over an

order of magnitude increase in the erosion rate occurring as the

current is increased from 150 kA to 200 kA. Sinqle shot and
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cumulative damage patterns for the anode at several test currents

are shown in Figs 9-11. The discontinuity seems to occur at the

point at which the single shot damage pattern just begins to

encompass the entire hemispherical electrode tip. For still

higher current levels the arc is restricted by the electrode

geometry to the same effective electrode area and thus the in-

crease in current density leads to enhanced erosion by one of two

mechanisms to be discussed later.

It is thought that at low currents the electrode erosion is

dominated primarily by vaporization, whereas at higher currents

the bulk of the erosion occurs in the molten phase. Examination

of the electrode surfaces and the eroded debris shown in Figs. 12

and 13 tend to support this conclusion. Also, from Fig. 6, it is

seen that the slope of the total erosion rate vs current increases

as 16, while the cathode erosion rate remains approximately

constant in this transition region. This result seems to suggest

that material is being transferred from the anode to the cathode

in the transition region. Examination of the profiles of the

electrodes shown in Fig. 14 indicates that not only is this true

but that a significantly different mechanism for erosion is

occurring, depending on the initial polarity. Keeping in mind

that the discharqe is oscillatory, with only slight damping, the

question naturally arises - Why is there a polarity effect at all?

After all, any effect which is polarity dependent would occur on

each electrode alternately as the current reverses direction. The "

key to understanding this is realizinq thz- this statement is only

true if the initial conditions "seen" by each subsequent current

. . . . . .. . .. .
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,, reversal are the same. In fact they are not. For example several

important physical factors are fundamentally different during the

* first half cycle. First, during the initial rise of the current

the arc is known to be in its most resistive phase since the gas

is being ionized and electrode vapor is being released and heated

to provide charge carriers for current conduction. Thus, a pulse

"' of energy is delivered to the intergap region resulting from the

product of the voltage (which falls from Vcharge to Varc) and the

*. current (rising from zero to its peak Ip). All other current

* peaks on subsequent cycles occur after the voltage across the gap

has collapsed to its minimum value. Secondly, the peaks in the

current which occur later in the discharge are formed in a lower

density, higher temperature gas, although the effect this has on

the erosion or the energy delivered to the electrode is unknown.

Finally the density of the individual current filaments is also

likely to be a function of particular points in time on the

current waveform as a result of both of the previous

considerations. Thus, both the experimental results and physical

reasoning seem to suggest that what occurs during the arc's

formative stages in the first half cycle of the discharge plays a

significant role in determining the degree of electrode erosion.

It should be noted that under slightly different conditions the

erosion pattern of the initial anode and cathode could be

reversed. This tends to support the role of vapor jet erosion of

the opposite electrode, mentioned in the last annual report ill],

and will be discussed with some other experimental evidence in the

section on vapor jet heating of the electrode.

almldb
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Returning to the original set of experiments, the discontinu-

ity effect was also studied as a function of the electrode diame-

ter, as seen in the initial results shown in Fig. 7. The slope of

the transition region is reduced from an 16 dependency for 1/2"

diameter electrodes to approximately 13.5 for 1" diameter

electrodes. The exact scaling will more than likely be a function

of the geometry of the electrodes as well as several other %

factors, but it is evident that a critical parameter is the

macroscopic current density Ip/electrode area. A similar

conclusion was found by Gremmel [3J for lower currents, lonqer

pulsewidths and by Belkin [6), at high currents.

Finally, Fig. 8 shows the effect of changing the electrode-

material from copper to graphite. It is believed that graphite

does not have a transition reaion because it erodes via vaporiza-

tion throuqhout the range of currents tested. The results are

important for several reasons:

1) no apparent discontinuity in the erosion rate occurs for

graphite in this current ranqe,

2) there is a point, approximately 160 kA under these

conditions, at which graphite performs substantially

better than copper, thus a material which had given

relatively poor erosion characteristics at low current

was clearly the best material at hiqh currents,

3) graphite is a material whose resistivity is almost two

orders of magnitude higher than copper, which tends to

rule out 12R losses in the electrode as the dominant

heatinq mechanism under these conditions.

I
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Finally, a comparison of the erosion rates of all materials

tested in this current regime is shown in Fig. 15. It is clear

that both copper-graphite and graphite offer superior resistance

to erosion. The question remains - Why? To answer this, several

experiments were conducted to look at the two main mechanisms

thought to be responsible for electrode erosion - vapor jet heat-

ing of the opposite electrode and its associated phenomena, and

the interaction of current filaments leading to liquid droplet
.

ejection in copper and molybdenum electrodes.

IV. Vapor Jet Effects

Vapor jets emanating from the electrode surface are thought

to be a primary source for heating the opposite electrode and

under some conditions for electrode erosion as well. A descrip-

tion of the vapor jet phenomena along with a review of the rele-

vant literature was given in the last annual report [11]. Experi-

ments designed to evaluate the role of vapor jets in electrode

erosion were based on the following properties:

1) the smaller the diameter of the electrode the higher

the jet energy (restricting the effective nozzle, which

leads to higher velocities),

2) the larger the area of the opposite electrode the more

energy is received by the electrode from the jet,

3) the lighter the atomic weight of the electrode producing

the jet, the lower the jet energy. (oil

The experiments consisted of changling the electrodes diameter from

2.54 cm to 1.27 cm and mixinq materials (carbon anode copper

cathode etc.). The results are given below.
?1
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Vapor Jet Heating Experiments'

Exp.

No. Anode Type Cathode Type Anode Loss Cathode Loss

(cm3 ) (cm3 )

1" Cu I" Cu 0.023 0.026

2 1/2" Cu 1/2" Cu 0.14 0.043

3 1/2" Cu I" Cu 0.10 0.23

4 1" Cu 1/2" Cu 0.16 0.073

5 1/2" C I" Cu 0.037 0.041

Experiments one and two were run to provide points of refer-

* ence. Comparing the first three experiments we see that the

cathode erosion is a stronq function of the size of the opposite

electrode with a smaller opposite electrode producing greater

erosion. Experiment four indicates that this effect is more a

function of size than of polarity. Finally, experiment five

together with experiment three indicates that the material of the

opposite electrode also affects the erosion with the lighter

atomic weight, carbon producing significantly less erosion. All

of these results would be correct if the vapor jet phenomenon

plays a significant role in electrode erosion. Referring back to

the earlier results of erosion versus electrode material it seems

likely that carbon and carbon composite electrode materials per-

form well at high currents since their lower atomic weight reduces

the energy transferred to the electrodes.

N. -
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5mm I

a) Aluminum anode, 50,000 shots

5mm I

b) Copper anode, 50,000 shots

Fia. 2 Low Current Electrode Surface Damaqe
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.1-71

a) Copper Zirconium anode, 50,000 shots

5mm I

b) Copper Zirconium Chromium anode, 50,000Sht
shots

Fig. 3 Low Current Electrode Surface Damacie
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a) Mark V, VI spark gaps

0j

rI,-

b) Mark VI capacitor bank

Fia. 4 Test Facilities
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MOEN

Fig. 5 Mark V Current Waveform (20 ,,s/div., 120 kA/div)
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5mmI 1i

a) Single shot damage

000

5mm

b) Cumulative damaqe, 1,500 shots

Fig. 9 Copper Anode Erosion at 110 kA

db
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5mm 1

a) Single shot damage

5mm I

b) Cumulative damage, 750 shots

Fig. 10 Copper Anode Erosion at 156 kA
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a) Single shot damage

'144
I oA

Ob

db

t -p

B

5mm Ce n Ea

b) Cumuleashot damaqe 50"-ot

Fig 11 Cpe nd rso 10 kA.
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a) Surface,O.5 mm -

0.5 mm -

b) Debris removed from gap

Fig. 12 Anode Erosion at 110 kA
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a) Surface,O.5 mm

0.5 mm
b) Debris removed from gap

Fig. 13 Copper Anode Erosion at 240 kA
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b) Cathode, 5 mm 1

Fig. 14 Copper Electrode Profiles after 300 shots
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B. X-RAY IONIZATION OF SWITCH GASES

(M. Ingram and M. Kristiansen)

X-rays have been successfully used to preionize various gas

discharge lasers, providing known electron densities and

volumes. This same method may be used to preionize spark gaps for

triggering purposes. However, no data are available on the

obtainable preionization densities in spark gap gases at greater

than atmospheric pressure. Thus, a study was begun to measure the

electron density in typical spark gap gases (Air, N2 , SF 6 ) and

pressures (1, 3, 5 atmospheres) in order to predict the

effectiveness of x-rays as a trigger source and provide known

initial conditions in a spark gap for later studies.

We are currently investigating x-ray ionization of Air,

Nitrogen, SF6 , and Argon. The x-ray source is a cold cathode,

tungsten anode, flash x-ray tube manufactured by ITT. It is

driven by a fast Marx bank at voltages up to 150 kV. Because of

the large divergence of the tube, the x-rays are passed through a

Soller slit (thin parallel stainless steel plates) to form a

collimated rectangular beam. The x-rays are then introduced into

a pressure chamber via a Plexiglas window (Fig. 1). The chamber

contains the gas under study, and is used at pressures up to

5 atm. Inside the chamber is a large, flat, rectangular electrode

(12 cm long) separated by the gas from a series of twelve small

collection electrodes. Each small electrode is 8 mm lona,

separated by 2 mm and terminated in a 10 k resistor. When a

potential is applied to these electrodes, the electrons qenerated

S."

,".'- .* ;.. i [- , L -' - .-...-....-..-.,...,......".................................-...,....-...... . ,.'. -.. .....-..-..-...... ...
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by the x-rays will drift toward the collection electrodes. By

monitoring the current extracted from these electrodes, the

ionization levels in the gas at various positions (from 1 to

12 cm) can be measured.

Results have been obtained for Argon and Nitrogen (Figs. 2 &

3). In Argon, with a 100 kV pulse applied to the tube, 5x10 7 to

2.5xi0 8 ionized particles have been measured at pressures from 1

to 5 atm. At 150 kV tube voltage, the total number of electrons

ranges from lxl0 8 to 5x10 8 , for the same pressures. For Nitrogen,

at 100 kV tube voltage, 1.3x10 6 to 4.22x10 6 electrons were

generated. For 150 kV, 4.13x10 6  to 9.14x10 6 electrons were

generated.

In each of the above measurements, a peak in the ionization

was found at typically 4.5 cm from the Plexiglas window, and then

leveled off at about 6.5 cm. This is because the average photon

energy is considerably lower than the maximum energy (tube volt-

-" age). At these lower energies, the absorption is greater.

* Absorption of higher energy photons remains nearly constant (and

very small) through the length of the chamber, but the lower

. energy photons are absorbed more readily near the front end of the

C chamber.

No measurements have been obtained for air or SF6 , as was

originally intended. This is because the strong attachment in

these gases prevents any electrons from drifting across the gap

and being collected. Rough approximations can be made however, by

considering the atomic weights and densities of these gases.

Since the absorption coefficient in N2 is slightly less than in

. * ** .*. -*]
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air, more electrons should be generated in air than in N2 . How-

ever, since air is 80% N2 and 20% 02, the level should not be too

different. Similarly, SF6 should produce more than Argon, since

it is considerably denser.

This same x-ray tube has been incorporated into a spark gap

to investigate the reliability of this source as a trigger mecha-

nism (see Fig. 4). The tube is mounted on the ground electrode

(top) so that the x-rays are admitted into the pressurized cham-

ber along the axis of the electrodes. A 2" long hollow lead

cylinder (I.D. = 4 mm) in the top electrode is used for collima-

tion. The ground electrode is made of I" diameter graphite with

a hemispherical tip (graphite was chosen for its narrow selfbreak-.

down distribution and low x-ray absorption). Graphite and stain-

less steel were alternated for the high voltage electrode. The

graphite electrode, because of its low x-ray absorption, will not

eject any electrons when bombarded by x-rays; thus, the electrons

generated in the gap can be considered as arisina from the gas

ionization. The stainless steel electrode will absorb x-rays very

readily, and so acts as an additional source of electrons.

Because of this, the gap polarity will also be considered.

Trigger delays ranged from 77 ns to 350 ns. In general, for

graphite/graphite electrodes, delays ranged from 100 to 200 ns for

air, and from 170 to 350 ns in Nitroqen. In every case, the

triggered gap voltage was greater than 95% of VSB. For the graph-

ite/stainless steel combination with positive polarity, delays of

77 ns to 180 ns delays were measured, at voltages greater than 95%

VSB. For the same electrodes with a negative polarity, delays of
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80 ns to 240 ns (> 75% VSB) in air and 86 ns to 220 ns (>95% VSB)

in Nitrogen were obtained. Obviously, this triggering scheme does

not perform well, due to the low ionization of the gas. Since the

gas absorbs lower energy x-ray photons better, a lower energy,

higher intensity source may improve the performance.

i .

I.

a!
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4 X-ray tube
Return

Aluminum conductor
ground plate (8 total)

Lead a.i
collimator
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Electrodes
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L. , High
Voltage

Capacitor e

Fig. 4: Spark gap assembly
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EXPLORATORY CONCEPTS

(M. Ingram, P. Ranon, K. Ikuta*, and M. Kristiansen)

I. Introduction

Since we did not obtain funds for the Raman shifter for our

laser we were not able to carry out the main proposed

investigation. Instead we concentrated on surface discharges

and on the development of a new concept for injecting "bullets" in

a railgun. Work is also underway on the proposed decrease of

losses in microwave structures and should be completed within the

next 1-2 months. The limits to channel currents in surface

discharge switches has not been found. The limit is certainly

much higher than we had expected and beyond our present switch

capacity of about 250 kA. The work on surface discharges

(insulator damage in intense discharge environments) will be -'

continued with DNA/SDIO support.

Visiting Scientist from the Institute of Plasma Physics

Nagoya University, Nagoya, Japan 464

A'



45
do

II. Surface Discharge Switching*

(P. Ranon+, M. Kristiansen, and L. Hatfield) j

During the first 6 months of fiscal year 1985, an existing

surface discharge switch was modified to increase the current

level from less than 10 kA to 130 kA in order to study the dynamic

performances of insulators. Hold-off voltage versus the number of

shots and the cold recovery voltage (hold-off voltage of the

-* degraded insulator material after the surface was allowed to cool)

were reported for: (1) G-10 (fiberglas polylaminate), (2) Delrin,

and (3) Teflon. An experimental setup shown in Figure 1 was used

to discharge a ringing current with a peak of 130 kA across the

* surface of insulator samples under test. The discharge current

was determined by the hold-off voltage (initially set to approxi-

mately 40 kV) of the insulator material which was degraded by

surface erosion. %

The insulator performance results for G-10, Delrin, and

Teflon are reported in the paper entitled "High Current Surface

Discharge Switch", 5th IEEE Pulsed Power Conference (Appendix L)

and are not duplicated here. dab

In the last months of the fiscal year 1985 additional fundinq

was received from SDIO/DNA to study insulators for railquns at

high currents and Coulomb transfer. Two additional surface 4b

Work jointly supported by the AFOSR and SDIO/DNA

+ USAF Officer (AFIT Student)

77.
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discharge switches as shown in Figs. 2 and 3, were designed and

constructed using their funds. We presently have the capability

of accommodating insulator samples up to 5 cm x 10 cm x 30 cm and

peak discharge currents in excess of 200 kA (not all parameters

simultaneously). Parameters of the discharge are (1) Ipeak >200

kA, (2) fo = 435 kHz, and current reversal of > 85% (second

current peak divided by the first current peak).

With the two newly constructed surface discharge switches, we

plan to test the following materials in the first six months of

F.Y. 1986:

(1) Alumina Ceramics,

(2) G-11,

(3) Boron-nitride (possibly silicon-nitride)

(4) Silicon Carbide, and

(5) Kapton.

During the 2nd half of F.Y. 1986, a possible theoretical

model of insulator erosion will be proposed based on experimental

results obtained in the first half of F.Y. 1986. Most of this

work will be supported by SDIO/DNA except as it applies specifi-

cally to high power switch performance.

.0i

- -- -. -, - .- -. .. . . . . . *~~.**~.-* %*'**-* %. .*.. * 2' @



47

TEST CONDITIONS

SCHEMATIC OF EXPERIMENTAL CIRCUIT

RcS

ANODE

Ca
H.V.P.S. +C INSULATOR SAMPLE

- T CATHODE

H.V.P.S. -HIGH VOLTAGE POWER SUPPLY (0-70 KV)

R- CHARGING RESISTOR (100 KIT)

C -ENERGY STORAGE CAPACITOR (1.85/tF)

SAMPLE CURRENT DISCHARGE WAVEFORM

IPEAK = 200 KA

Fo = 435 KHz0

12/11 = 85% + (11 FIRST PEAK, 12 -SECOND PEAK)

Fig. 1
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PHOTORpAPHS OF EXPERIMENTAL SET-LIP

Fig- 2 140 KA MAX, 330 KHz RINGING DISCHARGE

*7~q 
'.; 

-

C

~ P

F ill. 200 KA % 435 KHZ RINGING DISCHARGE
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III. Conical Liner Implosion as a Projectile Injector

for Mass Driver

(K. Ikuta and M. Kristiansen)

Introduction

A novel, high voltage injector concept for railguns has been

developed. The resulting paper has been submitted for publication

in the Japanese Journal of Applied Physics (Appendix M).

An important conclusion by the development is that it is

possible to give a projectile an injection velocity of order

1 km sec -1 by use of the conical liner with its length of 25 cm.

The necessary current for squeezing the cone is of the order 106

amperes for this injection velocity. An interesting case for the

concept is the conical O-pinch injector in which the current along

the liner can be driven by an induced electric field. In this

case, repetitive injections of the projectiles into the railguns

* will become possible.

." %"

.1
- .* *-- .-

* *- .* . .. ** . .
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Journal Papers and Conference Proceeding Papers

Published with AFOSR Support (1984-85) 7

H.C. 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., vol. 55, pp.

1684-1686, Oct. 1984.

G. Schaefer, P. Husoy, K.H. Schoenbach, and H. Krompholz, "Pulsed

Hollow-Cathode Discharge with Nanosecond Risetime," IEEE Trans.

Plasma Sci, Vol. PS-12, pp. 271-274, Dec. 1984.

K.H. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz, H.C.

Harjes, and D. Skaggs, "An Electron-Beam Controlled Diffuse Dis-

charge Switch," J. Appl. Phys., vol. 57, pp. 1618-1622, March

1985.

H. Krompholz, K.H. Schoenbach, and G. Schaefer, "Transmission Line

Current Sensor," Proc. IEEE Conf. Instrumentation/Measurement

Technology, Tampa, FL, March 1985.

G. Schaefer, B. Pashaie, P.F. Williams, K.H. Schoenbach, and q.

Krompholz, "A New Design Concept for Field Distortion Trigger

Spark Gaps," J. Appl. Phys., vol. 57, pp. 2507-2511, April 1985.

G. Schaefer and K.H. Schoenbach, "External Control of Diffuse

Discharge Switches," Proc. 5th IEEE Pulsed Power Conf., Arlington,

VA, June 1985, to be published.
0 .
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K.H. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz, D.

Skaggs, and E. Strickland, "An E-Beam Controlled Diffuse Discharge

Switch," Proc. 5th IEEE Pulsed Power Conf., Arlington, VA, June

1985, to be published.

M.R. Wages, G. Schaefer, K.H. Schoenbach, and P.F. Williams,

"Streak Photographic Studies of Trigatron Triggered Breakdown,"

Proc. 5th IEEE Pulsed Power Conf., Arlington, VA, June 1985, to be

published.

J.R. Cooper, K.H. Schoenbach, G. Schaefer, W.W. Byszewski, and

J.M. Proud, "Magnetic Controlled Discharges for Switching Applica-

* tions," Proc. 5th IEEE Pulsed Power Conf., Arlington, VA, June

1985, to be published.

A.L. Donaldson, M. Kristiansen, H. Krompholz, M.O. Hagler, L.L.

Hatfield, G.R. Leiker, P.K. Predecki and G.L. Jackson, "Analysis

of Electrode Surface Damage in High Energy Spark Gaps", Proc. 5th

IEEE Pulsed Power Conf., Arlington, VA, June 1985, to be pub-

lished.

P.M. Ranon, H. Krompholz, M. Kristiansen, and L.L. Hatfield, "High

Current Surface Discharge Switch", Proc. 5th IEEE Pulsed Power

Conf., Arlington, VA, June 1985, to be published.
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B. Maas, H. Krompholz, M. Kristiansen, and M. Haqler, "Arc

Current, Voltage, and Resistance in a High Energy, Gas-Filled

Spark Gap", Proc. 5th IEEE Pulsed Power Conf., Arlington, VA,

June 1985, to be published. "

G. Schaefer, K.H. Schoenbach, M. Kristiansen, and H. Krompholz,

"An Electron-Beam Controlled Diffuse Discharge Switch," Proc.

XVIIth Int. Conf. on Phenomena in Ionized Gases, pp. 626-628,

Budapest, Hungary, July 1985.

M.R. Wages, G. Schaefer, K.H. Schoenbach, and P.F. Williams,

Physical Triggering Mechanisms of Trigatron Spark Gaps," Proc.

XVIIth Int. Conf. on Phenomena in Ionized Gases, pp. 638-640,

Budapest, Hungary, July 1985.

A.L. Donaldson, E. Kristiansen, M. Kristiansen, A. Watson, and K.

Zinsmeyer, "The Discontinuity in Electrode Erosion at Very High

Currents", submitted to the 3rd Symposium on Electromagnetic

Launch Technology, Austin, TX, April 1986.

P.M. Ranon, M. Kristiansen, M. Lehr, and L.L. Hatfield, "Insulator

Damage in High Current Discharges", submitted to the 3rd Symposium

on Electromagnetic Launch Technology, Austin, TX, April 1986.

Kazunari Ikuta and M. Kristiansen, "Conical Liner Implosion as a

Projectile Injector for Mass Drivers", submitted to the Japanese

Journal of Applied Phys., December 1985.
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Interactions

a) Papers Presented

During the last contract period (October 1, 1983 - October

31, 1984), the following papers were presented, in addition to

those listed as conference proceeding papers:

J.R. Cooper, K.H. Schoenbach. G. Schaefer, J.M. Proud, and W.W.

Byszewski, "Magnetic Control of Low Pressure Glow Discharges,"

37th Gaseous Electronics Conference, Boulder, CO, Oct. 1984.

M.R. Wages, P.F. Williams, G. Schaefer, and K.H. Schoenbach,

"Streak Photographic Studies of Trigatron Triggered Breakdown,"

37th Gaseous Electronics Conference, Boulder, CO, Oct. 1984.

-Invited- K.H. Schoenbach and G. Schaefer, "External Control of

Diffuse Discharge Switches," 12th IEEE Int. Conf. Plasma Sci.,

Pittsburgh, PA, June 1985.

G. Reinking, G. Schaefer, K.H. Schoenbach, and G. Hutcheson,

"Attachment of Initial Secondary Electrons in an Electron Beam

Sustained Discharge", 12th IEEE Int. Conf. Plasma Sci.,

Pittsburgh, PA, June 1985.

J.R. Cooper, K.H. Schoenbach, and G. Schaefer, "Maqnetic Control

of Low Pressure Diffuse Discharges," Joint Symp. Swarm Studies and



54

Inelastic Electron Molecule Collisions, Lake Tahoe, NV, July

1985.

A.L. Donaldson, A. Watson, and M. Kristiansen, "Investigation of

the Discontinuity effect in High Energy Spark Gap Erosion", 27th 4

Annual Meeting APS Division of Plasma Physics, San Diego, CA, Nov.

1985.

G. Schaefer, K.H. Schoenbach, M. Kristiansen, and E. Strickland,

* "Negative Differential Conductivity in E-Beam Sustained

Discharges", 27th Annual Meeting Division of Plasma Physics, San

Diego, CA, Nov. 1985.

b) Consultative and Advisory Functions

During the 1984-85 contract period, the following functions

were undertaken:

Dr. Kristiansen served on the USAF Scientific Advisory

Board.

Dr. Kristiansen served on the USAF Ad Hoc Committee on "High

Power Microwave Systems".

Dr. Kristiansen served on the USAF Ad Hoc Committee on the

"Effects of HEMP on Military C3".

Dr. Kristiansen served on the USAF Ad Hoc Committee on "Basic

Science".

Dr. Kristiansen was a member of the NASA Workshop on "Plasma

Physics and Fusion Scientific Activity for the Space Station".

Dr. Kristiansen served as a consultant to LANL and LLNL.

-O
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Dr. Kristiansen worked with personnel from Maxwell Labs,

WPAFB, and Boeing Co. to resolve a critical problem related to an

Air Force project (see Appendix N).

c) Other Interactions

Numerous interactions with other universities, industry and

government laboratories were carried out durinq 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.

Professor H. Krompholz attended the IEEE Conf. on

Instrumentation and Measurement Technology, Tampa, FL, Marc&

1985.

Prof's. G. Schaefer and K.H. Schoenbach attended the 12th

IEEE Int. Plasma Sci. Conf., Pittsburqh, PA, June 1985.

Prof. G. Schaefer visited the Department of Physics, Univer-

sity of Pittsburqh, PA, (Prof's. F. Biondi and R. Johnsen) June

1985.

Prof. G. Schaefer visited the Westinqhouse Research Labora-

tory, Pittsburgh, PA, (Dr's. P. Chantry and L. Kline) June 1985.

Prof. G. Schaefer visited Oak Ridqe National Laboratory, TN,

(Prof. L. Christophorou) June 1985.

Prof's. M. Kristiansen, L. Hatfield, K.H. Schoenb-ich, and G.

Schaefer attended the 5th IEEE Pulsed Power Conference in Arling-

ton, VA, June 1985.

Prof's M. Kristiansen and G. 3chaefer attended the Int.

Conf on Phenomena in Ionized Gases, Budapest, Hung1ary, July 1985.

S.
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Prof. G. Schaefer visited the Karlsruhe Nuclear Research

Center, West Germany (Prof's W. Schmidt and Citron), July 1985.

Prof. G. Schaefer visited the Department of Electrical

Engineering, Thechnical University Darmstadt, West Germany (Prof.

W. Pfeiffer), July 1985.

Prof. G. schaefer visited the High Voltage Institute, Techni-

cal University Braunschweig, West Germany (Prof. J. Salge), July

1985.

Prof. G. Schaefer visited the Air Force Weapons Laboratory,

Albuquerque, NM (Chief Scientist Dr. A. Guenther) August 1985.

Prof. G. Schaefer participated in the Organizing Committee

meetinq for the Workshop "Research Issues in Power Conditioning",

Los Anales, CA (Prof. M. Gundersen) Sept. 1985.

Prof. M. Kristiansen attended the Technical Program Review

Meeting for the 5th IEEE Pulsed Power Conference, Wash., DC., Jan.

1985.

Prof. M. Kristiansen visited with Dr. B. Kulp, the Air Force &

Systems Command, Wash. DC, Jan 1985.

Prof. Kristiansen attended, by invitation, a NASA Workshop,

and alsc met with Mr. L. Webster of the U.S. Army Ballistic

Missile Defense, May 1985.

Prof. Kristiansen visited with personnel at Eglin AFT3, Oct.

1985.
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ADVANCED DEGREES AWARDED

(1984-85)

I. Henry Charles Harjes, Ph.D., "An Electron Beam Controlled
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SUBMITTED TO IEEE TRANSACTIONS ON PLASMA SCIENCE

A REVIEW OF DIFFUSE DISCHARGE OPENING SWITCHES*

G. SCHAEFER, SENIOR MEMBER IEEE AND
K. H. SCHOENBACH, SENIOR MEMBER IEEE

a

Abstract

The basic operation principles of externally controlled diffuse dis-

charges with respect to their application as opening switches are discussed.

Discharge sustainment by electron and UV ionization and additional control

mechanisms such as photodetachment and optically enhanced attachment are

considered. Special emphasis is given electron beam controlled switches. For

such systems, design criteria are discussed and a summary of experimental

switch results is presented.

*This work was supported by AFOSR and ARO.

, G. Schaefer is with the Department of Electrical Engineering, Texas Tech
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I. INTRODUCTION

Inductive energy storage is attractive in pulsed power applications

because of its intrinsic high energy density compared to capacitive storage

systems. The key technological problem in developing inductive energy storage

systems, especially for repetitive operation, is the development of opening , -

switches. Promising candidates for repetitive opening switches are e-beam or

laser controlled diffuse discharges.

In a "Diffuse Discharge Opening Switch," the switch medium is an exter-

nally sustained discharge. Most of the research on externally sustained, high

pressure (> I atm), diffuse discharges has been performed with respect to its

application for molecular lasers. The most common sustainment method, the

electron-beam (e-beam) controlled discharge technique, was used by Daugherty,

Pugh, and Douglas-Hamilton in 1971 [ii to operate large volume, high energy

CO 2 lasers. The use of diffuse discharges as fast closing and-opening

switches was first proposed in 1976 by Hunter [2J and Koval'chuk and Mesyats

13,4j.

A schematic diagram of an externally controlled opening switch as part of

an inductive energy storage system is shown in Figure 1. When the gas between

the electrodes is ionized by an e-beam or by radiation, it becomes conductive,

the diffuse discharge switch closes, and the inductor is charged. During

conduction, the reduced electric field strength E/N is kept in a range where

ionization through the discharge electrons is negligible. When the external

ionization source 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,

and the voltage across the load increases according to the impedance ratio of

load and storage system.

. .. .. .. .............. ..



62 

L

The -most efficient method at this time to provide for plasma conductivity

is the e-beam controlled discharge technique. Up to 50% of the electron beam

energy can be converted directly into ionization energy 15J. The remaining

energy mainly goes into excitation. The ionization efficiency can be in-

creased further by using Penning gas mixtures, where part of the excitation

energy is converted into ionization through Penning collisions [6j. The only

way to reduce the conductivity in an e-beam sustained discharge is to turn off

the e-beam. Optical control of diffuse discharges, on the other hand, allows

changing of the conductivity in either direction 17). By irradiating a

discharge with radiation in the wavelength range corresponding to an atomic or

molecular transition, the electric properties of the plasma can be modified

through optogalvanic effects [8]. An attractive concept for an externally

controlled diffuse discharge switch is to combine the advantages of both the

e-beam and optical control to create an e-beam sustained, optically assisted

switch 19J.

II. DISCHARGE ANALYSIS

A.. General Considerations

The goal of a discharge analysis of an externally sustained discharge for

switching applications is to evaluate the time dependent impedance of the

discharge for a given time dependent electron source in a given circuit. Such

analysis will allow the optimization of gas mixtures and operation conditions.

A complete discharge model must consider the bulk of the discharge and the

fall regions, especially the cathode sheath. It must provide for steady state

solutions and the transient behavior, and should include a stability analysis

Sol
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of the discharge.

Model calculations aimed toward discharge applications for opening0m
switches have concentrated mainly on the bulk of the discharge (zero-

dimensional), on the influence of the proposed optimum gas properties (E/N-

dependence of attachment coefficient and mobility), and on the transient

behavior (time dependence) of the discharge in an inductive energy storage

circuit [9-13). Bulk discharge models are based on solving a set of rate

equations for the charged particles and those excited particles which contrib-

ute to ionization. The steady state solution of the set of rate equations

gives the (V-I)-characteristics of the discharge. For the evaluation -f 4 ts

transient behavior in a given circuit, the set of time dependent rate equa-

tions and the circuit equation must be solved simultaneously.

A simplified model of a spatially homogeneous discharge considers only

the charged particles [121. All ionization processes by the discharge

electron are neglected and two-body dissociative attachment is considered to

be the dominant attachment process. The rate equations are then given as:

dn
e re -kNn (1)

dt

dn
Sk n n e k rin n (2)

dt

dn
k N n -k nn_ (3)

dt a a e ri +-dt a e

kre and kri are the electron-ion and ion-ion recombination rate coefficients,

respectively, ka is the attachment rate coefficient, Na is the attacher

concentration in the gas mixture, and S is the source function (rate of
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electron-ion pair production by the e-beam). Assuming charge neutrality in

the discharge so that n+ - ne + n-, and with the assumption that kre 0 kri

kr, the rate equation can be solved for the steady state electron density neo:

S

eo k N + /Sk -a a r

and for the steady state positive ion density n+o:

,-VS/k .(5) .,
n+o 

r

For electrons being the dominant current carriers, the conductivity is given

as:

(6)
k N + .,Sk
a a r

where A is the electron mobility. This solution reduces to the attachment ab

dominated solution for kaNa >> krn+:

a ka-a , (7) 5
a a

and the recombination dominated solution for kaNa << krn+:

" ett (8)
r kr

Since the diffuse discharge is considered to be used as a switch, that
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means as an element which controls the energy flow from an energy storage into

a load, the power dissipated in the discharge should ideally be negligible

compared to the power commutated to the load. This requires a high conduc-

tivity at a low reduced field strength E/N. The desirable gas properties for

the conduction phase are therefore, according to equation (6), a large

electron mobility and small attachment and recombination rate coefficients at

low E/N.

In order to minimize losses during the transition from the conductive to

the nonconductive state (opening phase) the switch conductance should decay as

fast as possible. A simplified analysis of the opening phase is given by

considering the rate of change in electron density (equation 1) for either

recombination or attachment dominated discharges. For a non-attaching gas

(ka - 0), the relative change of electron density ne (and the switch conduc-

tivity a) is proportional to the instantaneous value of ne:

dn /dt
-k n (9)
re

ne

i.e., the relative rate of change slows down with reduced electron density.

In an attachment dominated discharge (kaNa )) krn +) on the other hand, the

relative rate of decay is not dependent on the electron density:

dn /dte
- k N (10)

aa
n*e

It can be controlled completely by the type and concentration of the electro-

negative gas added to the buffer gas.

In order to achieve opening times of less than one microsecond at initial

",~~~~~~~~~~~~~~~~~~~~."..'. --- ...... ....-- -.-........ ...-.. .. 5.<.....' "....,,.---.-.-.
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electron densities ne < 10-14 cm- 3 , the dominant loss mechanism must be

attachment. That means that the switch gas mixture must contain an electro-
a

negative gas. On the other hand, additives of attaching gases increase the

power loss during conduction. Both low forward voltage drop and fast opening

can be obtained by considering the E/N dependence of rate coefficients and

transport coefficients, and choosing gases or gas mixtures which satisfy the

following conditions t7,9,14,151.

1. For low values of the reduced field strength E/N, characteristic for

the conduction phase, the electron drift velocity w should be large

and the attachment rate coefficient ka should be small in order to

minimize losses.

2. With increasing E/N, characteristic for the opening phase of a switch

in an inductive energy storage system, the attachment rate coeffi-

cient should increase and the electron drift velocity should decrease

in order to support the switch opening process.

3. Additionally, the gas should have a high dielectric strength to hold

off the expected high voltage across the switch when it opens.

B. Specific Gas Mixtures

Calculations on the discharge behavior of specific gas mixtures have been *

performed by several authors. Fernsler et al. 1llj studied the influence of

an admixture of an attacher (02) to a buffer gas (N2 ) during the opening phase

of the discharge. The attachment rate of the three-body attachment process

(e+0 2+N2 _ O +N 2) was considered to be dominant and independent of E/N.

Shortening of switch opening with increasing attacher concentration was

demonstrated.

Kline 1121 presented calculations on discharges in N2 , Ar, N2 :Ar mix-

. . . . ... . . . .. .
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tures, and CH4 for the operation range of small e-beam current densities (some

mA/cm 2 ). The steady state analysis presents the discharge characteristic,

the switch characteristic, and the current gain. The current gain in an

e-beam sustained discharge is considered a figure of merit for the control

efficiency of the diffuse discharge switch. It is defined as the ratio of

switch current to sustaining e-beam current.

Kline's transient analysis of the diffuse discharge [12J incorporates the

influence of an attacher; however, an attachment rate independent of E/N was

considered. As a result of the calculations, methane was found to be the best

of the switch gases studied since it exhibits a high electron drift velocity

at low values of EIN. Figure 2 shows the measured and predicted e-beam switch

waveforms in methane for the experimental conditions of Hunter (1976). The

three different predictions result from different values for the recombination

and attachment rates used in the calculations.

Schaefer et al. [9,13J presented calculations on discharges in N2 with

N20 as an attacher. These calculations concentrate on the influence of an

attacher with an attachment rate increasing with E/N. It was demonstrated

that such an attacher with sufficient concentration generates a discharge

characteristic with a negative differential conductivity (NDC) in an inter-

mediate E/N-range. This behavior has also been predicted for discharges in N2

with admixtures of CO2 or 02 as attachers 116J. Figure 3 shows the steady

state E/N-j characteristic with the source function S as the variable para-

l meter for an N2/N20 discharge [gJ. Below - 3 Td, the discharge is recombina-

tion dominated. Above - 3 Td, the attachment rate increases, causing the

conductivity to decrease (NDC). At high values of the source functions, the

electron density will be high enough so that recombination is significant also

in the E/N range with a high attachment rate and the negative differential

0.

........................................................
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conductivity disappears.

The transient analysis shows that such a discharge characteristic allows

to operate the discharge with low losses during the conduction phase in the

E/N range below the threshold for attachment and to achieve fast opening

times. Figure 4 shows the calculated time dependence of E/N and the current

density j with the attacher concentration as the variable parameter. For the

three smaller values of the attacher concentration (0.1%-0.75%), the discharge

reaches the same low value of E/N where it is recombination dominated. The

opening time decreases with attacher concentration, however, the closing time

increases. For the higher values of the attacher concentration (> 1%) the

discharge is obstructed to reach the low E/N range and stays attachment

dominated, causing high losses. These results demonstrate that the desired

attachment rate for low losses during conduction and for fast opening ob-

structs switch closing. Photodetachment is therefore discussed as additional

control mechanism to overcome attachment during switch closure (see "Optical

Control Mechanisms").

a

III. BOUNDARY EFFECTS AND INSTABILITIES

The voltage drop across e-beam sustained diffuse discharges reaches from

several hundred volts to several kilovolts, depending on operation conditions.

An appreciable amount of the total voltage may be the cathode fall voltage

17-21J. The cathode fall voltage is a function of e-beam current, discharge

current, gas type and pressure and electrode material 121l. For atmospheric

pressure discharges and small gap distance, it can be considerably larger than

the voltage across the bulk of the discharge. The addition of an attaching

gas does not seem to increase the cathode fall voltage very much.

a'

0
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A theoretical investigation of the cathode fall in high pressure e-beam

controlled discharges included secondary emission from the cathode and

electron-impact ionization of metastable states 1201. The results showed that

the cathode fall of an e-beam ionized discharge is very sensitive to the value

of the cathode secondary emission coefficient, demonstrating the importance of

the electrode properties.

Instabilities which lead to a glow-to-arc transition usually originate

near the electrodes, a region of higher electric field intensity and lower

electron density. Streamer formation is considered to begin with the

formation of a filament of gas, heated to a temperature adequate to provide

sufficient thermal ionization to become significantly conductive. Streamers

can grow from cathode layer hot spots, and have been observed to originate on

cathode protrusions 1231. The streamers subsequently propagate at speeds

close to sonic, generally progressing with increasing velocity across the gap.

An important feature of streamers in discharge gases is therefore that arcing

can occur a considerable time after the e-beam current has been turned off

[241.

The development of plasma instabilities in the bulk of the diffuse

discharge was addressed by Haas (25,26J, Nighan 1271, and Bychkov et al. 1l0J.

Two general models of bulk instabilities have been proposed, thermal and

ionization. The thermal instability is due to local heating and dilution of

the gas with subsequent increase in E/N, which in turn causes increased local

energy deposition, etc. The ionization instabilities occur when in high field

regions of the discharge, preferentially close to the electrodes, the

regenerative ionization becomes comparable to the ionization caused by the

external source. The times for the development for these instabilities range

from hundreds of nanoseconds to milliseconds, depending on discharge para-

.-. .. .-
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meters and filling pressure 1281.

Discharges in mixtures containing electronegative gases can exhibit an

attachment instability, if the attachment rate coefficient ka is a rapidly

increasing function of E/N 116,29]. A small local increase in the electric

field intensity in such a gas mixture causes an increase in attachment which

leads to a decrease of the electron density and therefore to a further

increase in electric field. Ultimately, waves of high electric field in

electron-depleted regions move across the discharge, resulting in current

waves. The relevance of this instability is that the high local fields caused

by the electron loss will greatly increase local heating, and streamers are

initiated, growing toward both electrodes.

A problem related to instabilities in diffuse discharges is power loading

1301. The electrical energy density deposited in the gas is the product of

discharge current density and electric field integrated over time. This

energy is deposited in the form of kinetic energy of the gas molecules (gas

heating) and in the internal degrees of freedom of the gas molecules.

Experimental investigations have lead to the conclusion that an uniform b

discharge can be sustained until the gas temperature has increased to approxi-

mately 500 K 124J. After that point the uniform glow goes over to an arc.

There are attempts to quantify the fraction of the electrical energy

input which results in gas heating as a function of E/N for timescales short

compared to vibrational relaxation 1311. A major fraction of the energy input

to molecular gases is consumed by vibrational excitation. Shirley and Hall

132J determined vibrational temperatures in H2 as a function of energy density

deposited in the gas. They found vibrational temperatures of 1500 K to 1800 K

for power loadings of several kJ/mole, or about 0.1 J/cm 3 atm at 30 Td. The

changes due to enhanced population in the high energy states of the gas

.................................... .
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molecules will affect the behavior of the diffuse discharge switch, especially

if attachers are used where the attachment cross section changes drastically

with vibrational excitation as in HCI or H2 133,34].

IV. OPTICAL CONTROL OF DIFFUSE DISCHARGES

External control of a diffuse gas discharge, in general, means to make

use of some mechanisms to influence the charge carrier balance in the dis-

charge, in addition to those processes solely caused by the applied electric

field. The control mechanism can be used to increase or to decrease the

conductivity by controlling either the electron generation or depletion

mechanism.

For opening switches, mainly externally sustained discharges are consid-

ered. An externally sustained discharge is operated in the E/N range where

the ionization coefficient is negligible so that the electron generation

process is given solely by the external source. Besides electron beams, UV

radiation also has been used as a sustainment method for TEA-laser discharges

135-37J. Similar devices with glow discharges sustained by high power flash

boards have also been investigated for switching applications [38-40]. The

advantage of these devices is that the design and operation of a UV flashboard

is significantly simpler than an electron beam gun. For an efficient

impedance matching, a large number of sparks are operated in series 1381. A

problem at this time is to achieve a fast cutoff of the ionization source.

The propagation time for the exciting electric pulse through the flashboard

1401 and the long afterglow of the flashboard [381 seem to limit the opening

time to values above one microsecond.

An alternative would be to use lasers which allow a very precise timing.

........: - .-- ..-.......... ..%.. .-...............-.-..............................
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Due to the high costs of laser photons, however, it seems to be Inefficient at

this time to use lasers as a sustainment method, especially if high photon

energies are required. Lasers, on the other hand, offer the unique possi-

bility to influence the density of specific states of one of the species

generated in the discharge, and subsequently the generation and depletion

mechanisms of electrons [8J. Laser discharge control for switching applica-

tion is therefore considered only as an additional control for a specific

phase of the switch cycle, where other means do not allow the optimization of

the discharge properties. Laser control of diffuse discharges for opening

switches is a very recent research field. Besides papers on concepts

[7,8,131, model calculations on certain proposed systems 19,14J, and investi-

gations of basic processes suitable for switching applications [42,431, there

are no results on operational switching devices available.

As discussed in the section on "Diffuse Discharge Analysis," the main

effort concentrates on the optimization of the electron depletion through

attachment. Although an optimization of the steady state phase and the

opening phase is possible through tailoring the E/N dependence of the attach-

ment rate coefficients, there are still problems related to the closing phase.

Concepts on additional optical control, therefore, concentrate on attachment

and its control in one of the transition phases. In principle, there are two

different methods for optically controlling attachment: (1) to use photo-

detachment to overcome attachment [13J, or (2) to use optically induced

attachment in gases which otherwise would not have a strong attachment rate

in the E/N range of interest [17.

A. Photodetachment

Just like photoionization, photodetachment is a nonresonant process which

.°
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in general requires much lower photon energies. The cross sections usually

are not very high, requiring a high laser power. Therefore, photodetachment

seems to be an appropriate process only if required for a short switch period

in discharges sustained by other means (Schaefer et al., 1984).

A negative ion considered for photodetachment as a control mechanism is

0- 1131. The photodetachment cross section has a threshold at a photon energy

of 1.47 eV and reaches a plateau of 6.3-10-18 cm2 at approximately 2 eV t47J.

Several molecules, such as 02, NO, CO, N20, NO2 , C02 , and S02, undergo

dissociative attachment producing 0- (example: e- + 02 4 0- + 0).

In fact, in all these gases or gas mixtures with these gases, competitive

attachment processes exist or subsequent reactions of 0- will occur, producing

molecular negative ions which in general have lower cross sections for*

photodetachment. In discharges in 02, for example, the dominant molecular

negative ion is 02 which is produced either through attachment in a three-

body collision (e- + 02 + 02 4 01 + 02), which is the dominant attachment

process at high pressures (Moruzzi and Phelps, 1966), or in a charge transfer

collision with 0- (0- + 02 4 O + 0). The cross section for photodetachment

of Oj is smaller by a factor of approximately 5 at 2 eV. Photodetachment

experiments in low pressure 02 discharges and flowing afterglows showed that a

fraction of 50% of the negative ions could be detached with laser pulses with

an energy flux of 35 mJ/cm 2 and a photon energy of 2.2 eV 1131.

For attachers with a high attachment rate at high values of E/N and low

or zero attachment rate at low values of E/N, photodetachment may be a

suitable process to support a transition from a highly attaching state into a

non-attaching state of an externally sustained discharge. The effect of laser

a photodetachment on the closing phase of an electron-beam sustained discharge

in N2 containing an admixture of N20 was calculated by Schaefer et al. 191.

* 4...............-.-.. ......... •, . .,. ..--. ,...... ......
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Figure 5 shows the transient behavior of the discharge for an operation

condition in which the closing phase is obstructed by attachment so that the

discharge never reaches the low E/N-regime where it is not dominated by

attachment. With a laser power density of 107 W/cm 2, attachment is partially

compensated and the discharge behaves similarly to one with a lower attachment

concentration (compare with Figure 4). Since the laser is required only

during the closing phase for about 10 ns, the power density of 107 W/cm 2

corresponds to an energy flux of 100 mJ/cm 2 . Since only a small fraction of

the power is absorbed, this requirement can easily be fulfilled by a multipass

or intracavity optical design.

B. Optically Enhanced Attachment

Optically enhanced attachment means to use a gas mixture with an additive

of molecules, which in their initial state are very weak attachers, and to

transfer these molecules through optical excitation and maybe some subsequent

spontaneous transitions into species which act as a strong attacher. Optically

enhanced attachment is a control mechanism considered for controlling the

opening phase of diffuse discharge opening switches t7j.

Certain attachers have a drastically increased attachment cross section

in their rotational and/or vibrational excited states. This effect was first

observed for dissociative attachment of SF6 producing SF; [47,48]. An

attachment rate constant ka(T), increasing with temperature T, is the clearest

measure for the change of the cross section with vibrational and rotational

excitation since the density of such excited molecules increases with T.

There are several attachers known to show a strong increase of the attachment

rate with increasing temperature [49,50J.

As yet, there are no known measurements of attachment cross sections for

IU
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individual vibrational states. In experiments by Srivastava and Orient 1511,

however, it was demonstrated that monoenergetic electrons at least allow the

excitation of specific modes of vibration, and subsequently the measurement of

attachment cross sections of a special group of vibrational states. Bardsley

and Wadehra [33J have calculated the cross section for the vibrational states

(v - 0 - 3) of HCI (Figure 6) from cross section measurements at different gas

temperatures by Allan and Wong [50J. The population density of the rotational

states was assumed to be a Boltzmann distribution at T - 300 K. These data

show that the attachment rate can be increased drastically using vibrational

excitation, but this advantage disappears in HCl if the electron energy is

larger than 0.5 eV. For switching application, one should look for molecules

having their maximum attachment cross section in the ground state at a

somewhat higher energy, depending on the E/N-range considered for the conduc-

tion phase of the switch.
0

For application in diffuse discharges, one also must consider that

vibrational excitation also will result from electron collisions. As the dis-

charge is considered to be cold, mainly collisions with molecules in the

ground state occur. This is true for electrons as well as for excited mole-

cules, which makes the excited state with the lowest energy the only excited

species at considerable densities. Thus, an external control mechanism will

work efficiently only if the significant increase of the attachment cross

section in the considered electron energy range occurs for states (v > 1) for

two atomic molecules, or for larger molecules for states with energies well

above that of the lowest lying excited state. Some possible mechanisms to

produce molecules in vibrationally excited states which are not strongly ""I

created in a cold discharge are listed in Table V.

(1) Optical vibrational excitation of higher lying states can be



, 76
A

accomplished through vibration-vibration energy transfer, through overtone

excitation or excitation of combination states, and through multi-photon

excitation. Such mechanisms can be found as excitation mechanisms of numerous

optically pumped IR lasers. Examples are lasers, optically pumped with a CO 2

laser, in molecules such as CF4 , NOCI, CF3 1, and NH3 1521. To date, experi-

ments have failed to demonstrate a significant increase of the attachment rate

in an electron beam sustained discharge after irradiation with a pulsed CO2

laser 1431. However, small increases of the resistivity (- 2%) of an exter-

nally sustained low current DC discharge containing C2H 3F have been found

after irradiation with a chopped low power (- 5 Wcm - 2 ) CW CO2 laser [531.

(2) Single- and multi-photon dissociation of large molecules also has

been shown to produce molecules in vibrationally excited states and also is

used as an excitation mechanism for molecular gas lasers. Sirkin and Pimentel

[541 demonstrated that photoelimination of HF from CH2 CF2 , CH2 CHF, and other

fluorinated hydrocarbons using an UV-flashlamp, would generate a significant

fraction of the HF molecules in states v > 1. With chlorinated hydrocarbons,

equivalent HCl molecules are produced 1551. Some of these processes have

significant cross sections at the wavelength of the ArF-laser at 193 nm.

Rossi, Helm, and Lorents [421 performed drift tube experiments to demonstrate

the feasibility of these processes for controlling the electron balance. a

Figure 7 shows their experimental results. In a 100 torr mixture of helium

with 100 mtorr C2 HF3 at low values of E/N (< 3 Td), they obtained an increase

of the attachment rate of up to 10 3 with an ArF laser at 193 nm. Similar

experiments were performed in C2 H3CI. Schaefer et al. 191 performed measure-

ments in a DC discharge at low values of E/N (1-10 Td), which was externally

sustained by helium plasma injection. In a gas mixture of 60 torr helium and a

3% C 2 H 3Cl, pulsed resistance -hanges of a factor of .5 were measured after

* ,. * * . . . . . . . . . . . . . . *.- -. . . . . .
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irradiating the discharge with a UV spark source through a quartz window.

(3) Electronic excitation can be transferred into vibrational excitation

either through collisions or radiative processes (for a review see Houston,

156]). Collisional transfer subsequent to optical excitation has, for

example, been used to operate a CO 2 laser. Petersen, Wittig, and Leone 157J

used the following processes (Br2 + hv 4 Br + Br* and consequent Br* + CO2 4

Br + CO + AE), where the dominant excited states of CO2 are the (l0u')- and

(020 1)-state.

Electronic excitation and subsequent radiative transitions into highly

vibrationally excited states have been used by Beterov and Fatayev 158) to

show that vibrational excitation of 12 can increase the attachment rate for

dissociative attachment. Figure 8 depicts the excitation mechanism. The

radiation from a frequency doubled Nd:YAG laser (X 532 nm) was used to

excite the (B)-state. Intense Stokes flourescence indicated a subsequent

transition into highly vibrational excited states of the electronic ground

state. Vibrational relaxation had to provide the population of the optimum

* vibrational states, resulting in an increase of the attachment rate by three

or four orders of magnitude. Since the vibrational relaxation required times

in the order of some 10 us, it also was suggested to use a stimulated resonant

* Raman process to excite directly the vibrational state with the highest

attachment cross section.

For all proposed processes of optically enhanced attachment, it is very

• important to consider the attachment properties of the starting compound. A

real advantage of optically enhanced attachment can be achieved only if the

attachment rate is significantly increased over a wide E/N range. Also, the

• stability ot the starting compound with respect to collisional processes in

the -!-beam sustained discharge must be investigated. At this time, UV

• * , -. . . . .,." . -, _ , , _ ,, -. ., ,.[' '" '; . ' ,,: ' ' .' ' ,_ '. . ,, .. " ' ', .
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photodissociation of molecules generating attaching fragments looks most

:' promising.

V. ELECTRON-BEAM CONTROL OF DIFFUSE DISCHARGES

A. Electron Beam Considerations

Electror beams are the most commonly used ionization sources for exter-

nally sustained diffuse discharges. Typically, beam energies are in the

100-300 keV range with current densities up to several'A/cm 2 . In order to

generate the e-beam, it is necessary to have the electrodes in a vacuum of

. < 10- 3 Torr for cold cathode operation and < 10- 7 Torr for thermionic cath-

odes. .

The electron generation mechanism at cold cathodes is usually field

emission. With field-emitting cathodes, current densities of several hundred

A/cm 2 can be obtained 1591 at the expense, however, of limited pulse duration

due to "diode closure" t60J. Diode closure is caused by plasma formation at

the cathode. The plasma moves with velocities of 2-5 106 cm/s toward the

anode and "closes" the diode gap in typically 2-5 us.

Another cold cathode used for electron generation in e-beam controlled

diffuse discharges is the wire-ion-plasma (WIP) electron gun 161-631. The WIP
e0

gun cavity is filled with helium, typically at 10-20 mTorr. A positive pulse

applied to the wire anode ionizes the helium in the plasma chamber. Helium

ions are extracted and accelerated by the DC high voltage applied to the

e-beam cathode. On helium impact, electrons are emitted from the cathode and

accelerated by a high voltage. The e-beam current obtained in this device is

*" typically 10 A over a cross section of 100 cm2 .

Thermionic emitters offer the advantage of decoupling electron generation
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and electron acceleration with (in principle) unlimited pulse length. The

generation of pulse trains is possible by using a triode or tetrode configura- "-d,-

tion. In a tetrode with thoriated tungsten electrodes, current densities of

up to 4 A/cm 2 were obtained 164J. With dispenser type thermionic cathodes,

values of 300 A/cm 2 were reached 165,661.

The interface between electron gun and switch chamber is generally a thin

(20 to 50 um) foil backed by a support structure. The foil material should

have low electron stopping power, and good thermal and mechanical properties.

In Table 1, properties of different foil materials are listed (Eninger, 1981).

A severe constraint for long e-beam pulses and/or repetitive operation is foil

heating. In order to avoid structural fractures, the foil temperature must be

limited. A foil heating analysis has been performed by Daugherty 1671.

B. Design of an e-Beam Controlled Diffuse Discharge Switch

Because of the limited conduction time of an e-beam sustained discharge

due to the development of instabilities and the time constraints of the e-beam

source, it is proposed to use it as the main switch in a two-loop inductive

energy storage circuit 191. Figure 9 shows the schematic circuit with the

charging loop and the discharge loop having only the inductor in common. The

inductor is charged through the initially closed switch A. The e-beam is

turned on when the current through the inductor has reached its maximum steady

state value. Switch A now can open the charging circuit at relatively low

switch voltage and commutate the current into the e-beam controlled discharge.

If switch gases with low losses at low E/N are used, the efficiency of this

commutation can be very high. Once the current is transferred into the

diffuse discharge switch, the circuit can generate either a single pulse by

closing switch B and simultaneously opening the diffuse discharge, or a pulse



80

train by repetitively closing and opening the diffuse discharge with switch B

closed. In order to prevent loss currents in the load when the diffuse

discharge is conducting (if the load impedance is comparable to diffuse

discharge impedance), switch A could be replaced by a second e-beam controlled

switch which opens and closes in a counter mode to the first switch. d

The following design criteria for the e-beam sustained switch in such a

circuit are based on a group report in the workshop proceedings on "Diffuse

Discharge Opening Switches" [68J. For an efficient switch, the major electron

loss in the conduction state will occur through recombination. Attachment is

important only in onset and cutoff, steepening the current pulse. In steady

state the electron density is well described by Equation (4) with ka being

neglected. The conductivity therefore is given by Equation (7) with Equa-

tion (14):

dWdJ VdJo e with d (11)

eWi  E

vd is the electron drift velocity, E. is the electric field intensity in the

diffuse discharge, JB is the e-beam current density, dW/dx is the spatial rate -

of e-beam energy loss in the gas [69,70j, and eWi is the beam ionization

energy of the gas [71J. •

In order to avoid glow-to-arc transition, the temperature in a molecular

gas should not exceed To W 500 K. Assuming that any increase in gas tempera-

ture AT is caused by Joule heating, leads to the relation: 0

2

Pc AT - , (12)

4 1

.............'.."......"a "," "" , '"" < - " ' " "" ;.'. . ; """ £ " ,' :; " , >" " " '
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1 being the gas density, c v the specific heat, and x the conduction time.

This relation allows estimation of an upper limit for the current density:

- (T T (13),
max o i

where Ti is the initial temperature.

For a given total current I, this determines the switch diameter. The

discharge gap length d is determined by the required switch holdoff voltage

V..

V
* - (14)

E.crit,-.,

Critical field strengths Ecrit are in the order of 6-12 kV/cm at a pressure of

1 atm.

Calculations along this line were performed for a switch which carries

10 kA for a time of 50 us to charge a capacitor of 400 nF to a voltage of

250 kV t68]. A switch gas pressure of 10 atm in 90% CH 4 and 10% Ar was

assumed. The standoff capability of this mixture is Ecrit 5 kV/-m at 1 atm.

For a holdoff voltage of 250 kV, the gap length d must be at least 5 cm at a

pressure of 10 atm. With an assumed e-beam current density of Jb - 140 m.A/cm 2

and an e-beam energy of 200 keV after passing the foil which separates e-beam-

gun and diffuse discharge switch, the discharge conductivity is a - 2.1-10-2

(Q cm)- I (equation 11). The maximum current density is according to equation

(13) Jmax = 19 A/cm 2. For a total current of 10 kA, the switch area must be

531 cm2.

Using these data, the efficiency of the switch can be calculated. The

0%'
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mean power transferred into the capacitor is Pcap - 250 MW. The Joule losses

in the diffuse discharge are Pdis - 45 MW. The e-beam power dissipated in the

switch is 15 MW. Allowing, conservatively, structure and foil e-beam losses to

be 30%, the total required e-beam power is Peb ' 22 MW. The efficiency is

then given as

cap
(15)

cap eb dis °w

which is about 80% for this diffuse discharge switch.

C. Experimental Results

A summary of relevant experiments on e-beam controlled switches is given

in Table 3. Listed are e-beam and switch parameters. The values for current

gain and opening time are mostly approximate values which serve to define the

range of operation for the respective experiment.

Early experiments on diffuse discharge switches were performed by Hunter

[2J and Koval'chuk and Mesyats 14j. They used cold cathode e-beam emitters

derived from laser experiments. With large e-beam current density, they

achieved fast rise times and could afford to work with added attachers to get

fast opening, at the expense of power gain. They did not use specially

designed gases, however. Hunter [2) recognized the importance of having a gas

with a high electron drift velocity and therefore chose methane. Methane has

an electron drift velocity peaking at more than 107 cm/s at about 3 Td.

In later publications, several gas mixtures with optimized properties

have been proposed for diffuse discharge opening switches 17,15,72-741.

Figure 10 shows electron attachment rate constants for several attachers in Ar

and CH 4 as buffer gas 174J. These gas mixtures exhibit also a negative

a
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differential drift velocity region over a wide range of fractional concentra-

tions of the attaching gas in the buffer gas as shown in Figure 11 for C2F6 in

Ar and CH 4 , respectively. Consequently, the current density-reduced field

strength (J-E/N) characteristics of e-beam sustained discharges in gas

combinations of this type 3xhibit a pronounced negative differential conduc-

tivity range [75,76j.

Another gas combination which was proposed as switch gas for e-beam

sustained diffuse discharge opening switches is N20 in N 2 as buffer gas 17j. -'

The gas mixture exhibits an E/N dependent electron decay rate which increases

by more than a factor of 20 in the E/N range from 3-15 Td t77J.

Work done at Wright-Patterson 118-211, at Hughes Laboratories 163], and0?
at Westinghouse Laboratories 1781 has concentrated on high gain systems with

opening times in the microsecond range. At Wright-Patterson [18-211, special

consideration was given to the cathode region and its influence on the

discharge characteristic. Work at the Naval Research Lab 179-831 and at Texas

Tech University 168,84-871 deals with repetitive or burst mode opening switch

operation. Both groups concentrate on switches with opening times in the

submicrosecond range, but try to achieve reasonable current gains (> 100) by

using suitable gas mixtures. At Texas Tech University, the interaction of

discharge and circuit has been investigated for discharges with a strong

negative differential conductivity such as in mixtures of Ar and C2 F6.

Figure 12 shows such a characteristic and demonstrates that the maximum

current cannot be utilized in the burst mode in a high impedance system if the

pulse separation is shorter than the discharge time of the inductor 187J.

Opening switch experiments in discharge circuits including inductors have

demonstrated the use of electron beam controlled diffuse discharges for the

generation of high voltage pulses. For an experiment performed at Wright-

:".'. ..,'-'.,-'.o ,," .......... ...,,. ,- .-,.,. . . .,. .. . .. . . .,, .. . ., . .. .
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Patterson t88,891, a capacitor discharge current of up to 135 A was commutated

into an inductive load after opening of the e-beam controlled switch. A short

(ps) voltage pulse was generated, with its peak voltage exceeding the static

breakdown voltage of the e-beam controlled discharge by more than 50% with a

CH 4 /C 2 F6 gas mixture. An experiment performed as NRL 1811 used an e-beam

controlled diffuse discharge as the switch element in an inductive energy

storage circuit. The storage inductor (1.5 pH) was energized by a capacitor

charged to 26 kV. Upon termination of the ionizing e-beam, the 10 kA dis-

charge was interrupted, thereby generating a 280 kV, 60 ns voltage pulse

across an open circuit (Figure 13). The gas mixture in the e-beam controlled

switch was CH4 /C2F6 at 5 atm. The current gain was about 10.

The experimental results demonstrate that diffuse discharge switches are

suitable for the generation of high power pulses. In order to improve the

efficiency of these switches (low losses during conduction at high current

gain) and to minimize the opening time, it is important to utilize electron-

molecule interactions in gas mixtures. Using "gas engineering" as a means to

design switch gases should lead to improved switch performance, with current

gain on the order of one hundred at opening times of less than 100 ns.

*.1
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FIGURE CAPTIONS

Fig. 1. Schematic of an externally controlled opening switch as part of an 0
inductive energy storage system.

Fig. 2. Measured and predicted e-beam switch waveforms in methane 12,12J.

Fig. 3. Calculated steady state EIN-j characteristics for an e-beam sustained
discharge in N2 with an N20 fraction of 1%. The variable parameter
is the electron generation rate 19J.

Fig. 4. Time dependence of E/N (top) and current density (bottom) of an
e-beam sustained discharge in 1 atm N2 with admixtures of N20. The
e-beam is on for 0 5 t 5 100 ns. The variable parameter is the N20
fraction in % 1.9J.

Fig. 5. Time dependence of E/N (top) and current density (bottom) of an
e-beam sustained, laser photodetachment assisted discharge in 1 atm
N2 with an N20 fraction of 1%. The e-beam and laser are on for 0 S t
S 100 ns. The variable parameter is the laser power density [9j.

Fig. 6. Theoretical cross section for e + HCl + H+Cl-, depending on electron
energy for the vibrational states (v-0-3), assuming a Boltzmann
distribution over rotational states at T-300 K 1331.

Fig. 7. Attachment coefficient for trifluoroethylene. The solid dots give
the values for the unexcited sample (200 mTorr of C2F3H in 200 Torr
helium). The open circles represent the data for the excited sample
(100 mTorr of C2F3H in 100 Torr helium). The attachment coefficients
are expressed in terms of the unexcited trifluorethylene pressure
[421.

Fig. 8. Some potential curves for 12 and Ii and the scheme of excitation of
vibrational levels 158J.

Fig. 9. Schematic circuit for an e-beam sustained discharge switch in an
inductive energy storage system 191. r

Fig. 10. Total electron attachment rate constants as a function of the mean
electron energy () for several perfluoroalkanes and perfluoroethers
measured in buffer gases of N2 and Ar 173J.

Fig. 11. Electron drift velocity w versus E/N for several (a) C2F6/Ar and (b)
C2F6/CH4 gas mixtures 173J.

Fig. 12. Load lines and current density j versus reduced electric field
strength E/N obtained with different load lines 1871.

Fig. 13. System current, e-beam current, and switch voltage for an e-beam
controlled switch using 5 atm of CH4 with I% C2F6 1811. 0
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Table 1

Photoenhanced Electron Attachment

(1) VIBRATIONAL EXCITATION
(a) Single-Photon Excitation plus Energy Transfer
(b) Overtone and Combination Band Excitation
(c) Multi-Photon Excitation

(2) PHOTODISSOCIATION
(a) Single-Photon - UV
(b) Multi-Photon - IR

VF..

(3) ELECTRONIC EXCITATION
(a) E 4 V,R Collisions
(b) E 4 V,R Transitions, Radiative

----

0a
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Table 2 *

Properties of Foil Material Candidates t59J

FOIL MATERIAL I ADVANTAGE I DISADVANTAGE
--------------------I------------------- -----------------------
Beryllium IVery Low Z IHighly Toxic

High Conductivity IAvailable only in Small 2
.1 Pieces, Expensive (- $50/in)

------------------ ------------------------ ------------------------
Kapton Low Z IVery Low Conductivity

I I Disintegrates from Electron
I I Radiation

-------------------- ------------------------------------------------------ 0
Aluminum IRelatively Low Z Low Strength at T > 2000 C

IHigh Conductivity I
----------------------------------- ------------------------------
Titanium IHigh Strength ILow Conductivity
(Pure and Alloy) I Relatively High Z
-------------------- ------------------------------------------------------ 0

Steel IHigh Strength Low Conductivity
I I High Z

------------- ------------------------ ------------------------------
Inconel 718 IVery High Strength 1'Low Conductivity

I I High Z
-------------- ------------------------ --------------------------- 4
Composite ICombines High Strength JDifficulty to Fabricate in
E.G. Cu or Al CLAD Ti Iwith High Conductivity IUniform Layers with Good

IBonding
----------------- --- -- -- --- -- --- -- -- --- -- --- -- -- --- -- --

Sf

I-E
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Fig. 1. Schematic of an externally controlled opening switch as part of an

inductive energy storage system.
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Fig.- 3. Calculated steady state E/N;-j characteristics for an e-beam sustaine
* discharge in N2 with an IN20 fraction of I'. The Variable paranptter

is the electron generation rate 191.
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Fig. 9. Schematic circuit for an e-bearn sustained discharge switch in an

inductive energy storage system t9j.
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EXTERNAL CONTRO'L OF DIFFUSE O:SCHARGE SWITCHES

TexasTech G. Schaefer and K. H. Scnoenbach
Tea ehUniversity, Cepartrnent of Electrical Engineering

Lubbock, Texas 79409%

Abstract: Electrcn-.beam sustained diffuse discharoesStaytteodion
have attracted considerable interest as submicrosecond In the closed phase the switch is SuP:0sed to
openin; switches for inductive energy storage systems. have a resistivity as low as possible at a low
Opening is accomplished through turning off the voltage djrop across the switch and consequently at a
ionizing e-beii. In order to increase the switch low value of E/N. This requires a hiah electron

*efficiency (switch current/e-bEanj current) at high mobility and an electron depletion rate as low as
hold-off voltages and to reduce the opening time possible at low values of E/N. Recombination can
attachers are used with a high attachment rate at high not be controlled significantly except by keeping
values of E/N and a low attachment rate at low values the electron density low, but any further losses
of E/. Tnese attachers will decrease the net source such as attachment have to be avoided. In the
term and will obstruct the closing phase. Additional openi ng phase the switch has to withstand a ,igh
control through phozodetachment and optically enhanced voltaae. This means that strong electron losses
attachmient will also allow to optimize the closing must occur at very low electron densities at high

*phase. The results of model calculations and values of E/N. This can be accomplished by an
experimental studies on various control mecnanisms ar~e attacher with a hiah attachment rate at high values
discussed. of E/N. The mobility of the electrons in the high

E/N range is of minor importance since the electronIntroduction density approaches zero. A decreasing motility with
increasing E/N, however, will improve the transition

In recent yea-s there has been an increasing into the high E/N range. The two steady state
interest in tne ceveloccment of fast, repetitive, phases therefore require an E/N dependence of the

*openinq switches %hich would allow the use of mobility and attachment rate as shown in Figure 2a
induct-ve ene~cy Storacie in repetitively operated

pus:po-er sy'se-s. Gpening switch concepts that
snow ;-.-o7ise fcr fast rcoetitive cperat ion are based
on the ex:e-na7 control of the electron ceneration and
deple-ion recnr~aisrs in a diffuse c'scharoe. Such
contrcl me:rarisis can be the sustainment by electron

bvsand' radac.'or, scu~ces, optical control of tne Z
eectror diocticn IieChanvsms, or external -magnetic
ieid to ccntro teitralinzto processes. D(0)
nis ;aper gives an overview of th.e rentionea control

mecha-rSs and: 'sc,;sses the requirements for the
optimi~zation of such systems.

Exterallv Sustained Discnaraes
TIME

An externally suistained discharde switch makes t £
use of the electrons Oroduced by an external source
(electro-.-beamr, A raciation, or x-rays). The voltage I

acrcss tne gas discharge is always kept well below the Z(b)
value required for internal ionizaticn. Figure 1 0 b
shc~wS the qe-ic-al time dependence of some of the
moor- ant. d'scna-oE quantities throuch one full switch
cycle, a;iumino thiat the time dependent source I I

* ~funct'on has a trapezoidal shape with a steep rise and I I
fall ic. la). The electron density (Fig. It), an d M 5EcZ 4^11 TEZAOY IsE
~consecientiv the currEnt density will initially ;e Z LsT_1TE '-ING ST.CTE OPENh NSGJ
zero enc tne Siitch is ooen. A constant sou~ce tr~t cuzsro PH.E C-SD P-sE OPEN
funct'.on S will thE-. increase the ecectron density in 0 I
tne c~osi~c vnasie until it approcc)e a new steaty I
state -cc ni LTf::gi ven by the bal1ance of the el ec tron (E No
generation and depletion mechanisrrs. In this state ( C)
the ecu";ert censity reaches itS fraxim,,rn and the switch II
i5 cilssP-. When te source is turneo off the electron (C/Ni C
de.)~o . echan isr- wil cause a dec-ease of the _C

electron dens~ty and consequently of the current 71YE
densi,.v in Ihe oc.!nina cha~e until the initial state
witn =proxiimatwey zero eiectron density is reacned
aqain. Since tnis device is operated in an inductive
energy Storage Syste-' the voltage and the reduced Fig. 1. Schematic time dependence of the electron

*field strength E!N will droD to a lower value when the source (a), elect.'on density (b), and reduced electric
switch is condicting and will increase when the f ielId strencth (c ) i n an externa lly sista ned df fuse
conduction is reduced (s. Figure c). discharge for &wItching appl,,cationS.

*%
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Although one never intends to operate the switch ( mS

as an externally sustained discharge at high values of (,)ELECTRONTENERGY DISTR;BUTION FUNCTION
E/N one can calculate and measure the steady state AT(E/N)c
resistivity and (J-E/N) characteristic for the full
E/N range as shown in Figure 2b and c. The part of (Z)ATTAcHVET CROSS StCTiN,
the discharge characteristic at high values of E/N has
important consequences on the opening and closing
phases as discussed later. (3) SECON04RY ELECTRON( 1

The required attachment characteristics can cause / ENERGY DISTRE "ON
undesired losses if an electron beam is used as a
discharge sustainment source. An attachment rate as
shown in Figure 2a is given if the attachment cross
section has its maximum above, but close to the energy
range of the electron energy distribution function at
the low value of the reduced field strergth in the
closed phase (E/N)c, as shown in Figure 3. Since ELECTRON ENERGY
there is no overlap of the electron energy
distribution function with the attachment cross
section no attachment will occur. When E/N is Fig. 3. Schematic electron energy dependence of the
increased, the electron energy distribution function steady state electron energy distributions at low E/N,
is shifted towards higher energies and the attachment the attachment cross section, and the distribution
rate increases. function of the initial secondary electrons in an

The initial secondary electrons produced by the electron beam sustained discharge.
high energy electron beam have an energy distribution
over a wide energy range as shown in Figure 3 [3]. and S
only a small fraction is produced in the energy range
of the steady state electron energy distribution. A THERALIZATN in N2
significant fraction (approximately 80% for the _ _ _ _ _ T_ _ _ _ _

attacher N2 0 in a N2 buffer gas) is generated above . . . . . . . .
the energy range of the attachment cross section. r -1 -1
These electrons will during their relaxation move I m

through tne energy range where attachmert can occur.
The probability for attachment of these electrons will - .

1C

atE/N-!
.r.~~~ ~~ ! E='" I "''_i.;.ZO:

i a E/. = I d

// / £ . .. A E,,- [ AV "'

1Z

Cc() Fig -.vrg-eoct frlxngeetosi

at h2  1 /d

REDuCED ELECTRIC FIELD STRENGHT E/N 10 2 2 3C i 0

Fig. 2. Schematic Elo dependence of attachment rate

and electron mobility (a), resistivity (b), and Fig. 5. Measured Current-Voltage characteristic of ancurrent density (c) in an externally sustained diffuse electron beam sustained discharge in a mixture of 2g t 1
discharge for switthing applications. C2F6 in 2 aBm Argon.
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then depend on their velocity in energy space in the papers on concepts [7,8). model calculations on
energy range where attachment is dominant. Figure 4 certain proposed systems [6], and numerous papers on
shows the calculated average velocity of the electrons basic processes suitable for switching applications,
in energy space, dE/dt, during relaxation in N2 for there are no results on operational switching
initial energies of 100 eV [4]. This velocity is very devices available. Especially laser are attractive
high (> 103 eV/ns) in energy ranges with strong ligit sources allowing the generation of high power
inelastic cross section but significantly lower (10 densities, precise illumination of the discnarge

eV/ns) in the 3-7 eV range where N2 has no significant volume, and precise timing. Due to the high costs
inelastic cross sections. Attachment of the initial of laser photons, however, especially if high photon -...
secondary electrons in a N2 buffer gas will therefore energies are required, it seems to be inefficient at
be significant if the attacher has its maximum cross this time to use lasers for sustainment. Optical
section in the 3-7 eV range (example SO2, discharge control for switching application is
approximately 10% are attached with 2% S02 in N2 ) and therefore considered only as an additional control
much less significant if the maximum cross section is for a specific phase of the switch cycle, where
below 3 eV but above the steady state distribution other means do not allow the optimization of the
(example N20) [4]. Attachment of the initial discharge properties.
secondary electrons has therefore to be considered As discussed it is possible to optimize the
using a correction factor in the source function, and operation conditions of an electron beam sustained
these losses can be minimized by using an appropriate diffuse discharge switch with respect to the steady
mixture of an attacher with a buffer gas as discussed state phases and the opening phase through tailoring
above. the E/N dependance of the attachment rate

coefficients, but this optimization causes problems
Openinq and Closing Phases with respect to the closing phase. Concepts on

additional optical control, therefore, concentrate
The opening phase starts when the electron source on attachment and its control in one of the

is turned off. Since the opening phase starts at the transition phases. In principle, there are two
(E/N)c value of the closed state, the electron different methods of optical control of attachment:
depletion rate and consequently the rise of E/N will to use photodetachment to overcome attachment, or to
initially be slow until the system reaches the E/N use optically induced attachment in gases which
regime where attachment dominates the electron losses, otherwise do not have a strong attachment rate in
Since the performance of an inductive energy storage the E/N range of interest.
system strongly depends on the rise of the switch Photodetachment can be used as a method to
resistance dR/dt the attachment rate should have a overcome attacnment in a well defined discharge

steep rise with E/N (dashed line in Figure 2a). Such period. A negative ion considered for
a gas mixture will cause a negative differential photodetachment as a control mechanisms is 0- [7].

conductivity (d(E/N)/dJ) in an intermediate E/N range Several Fn&-ecules, such as 02, NO, N20, NO2 , CO2 ,
as shown in Figure 2c. Such a characteristic, and SO2 ,-undergo dissociative attachment producing

however, can cause problems for the closing phase. O-. In all gases or gas mixtures with these gases,
Figure 5 shows the measured V-I characteristic of an however, competitive attachment processes exist or
electron beam sustained discharge in a mixture of I subsequent reactions of 0- will occur, producing
atm Ar and 2% C2 F6 [5]. The optimum operation molecular negative ions, which in general have lo~er
condition for the switch in the closed phase is at the cross sections for photodetachment.
maximum current in the low resistance regime at low Photodetachment experiments in low pressure 02
values of E/N as indicated in condition (I). The discharges and flowing afterglows showed that, for
suitable open condition (II) is given by a voltage of example, a fraction of 50% of the negative ions
approximately 20 kV (at I atm and 1 cm discharge could be detacned with laser pulses with a energy
length), well below the hold-off voltage. In a good flux of 35 mJ/cm

2 
at 565 nm [7]. For attachers with

approximation an inductive energy storage system can a high attachment rate at high values of E/N and low
be considered as having a transmission line or zero attachment rate at low values of E/N (s.
characteristic. This means that the system will move Figure 2) photodetachment may be a suitable process
on a straight line. When the source is turned on the to support a transition from a highly attaching
system will therefore only approach condition (III) state into a non-attaching state of an externally
in Figure 5 with a lower current density and strong sustained discharge [6).
losses (high value of E/N) [6]. To avoid this Optically enhanced attachment means to use a
problem different approaches can be taken. One gas mixture with an additive of molecules, which in
approach is to compromise with respect to the closing their initial state are very weak attachers, and to
and opening phase using a gas mixture with a less transfer these molecules through optical excitation
steep increase of the attachment rate with E/N and may be some subsequent spontaneous transitions
resulting in a weak negative differential conductivity into species which act as strong attachers.
isolid lines in Figure 2). A second possibility is to Optically enhanced attachment is a control mechanism
tailor the time dependence of the source function [6]. considered for controlling the opening phase of
An electron beam with an increased current density in diffuse discharge opening switches. Some attachers

the beginning of the e-beam pulse will shift the J-E/N show a drastically increased attachment cross
characteristic towards higher J-values for a short section if excited into vibrational states. For H'l
time to allow the system to reach the low E!N value c [9] and 12 [10] for example the attachment
(1), before it approaches its steady state condition, enhancement factor through excitation can be larger
Other solutions are to use additional external control than 10

3
. There are many ways to create attachers

mechanisms which alter the attachment properties of excited into vibrational states. Only two optical
the gas mixture in a specific switch period, method are mentioned here, which have been used

before for the pumping lasers operating between
Optical Control Mechanisms vibrational states:

(1) Optical vibrational excitation of higher
Optical control of diffuse discharges for lying states can be accomplished through overtone

switching applications, especially for opening excitation or excitation of combination states, and
switches, is a very recent research field. Besides

. - -. :.-,. .. v :-:- -.--:.L.:':- 41.-.> ,- .- ..-- . . -, . - .. ... .. . . .
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through multi-photon excitation. Such mechanisms can 2[5 K. H. Schoenbach, G. Schaefer, M. Kristiansen, *
be found in numerous excitation mechanisms of H. Krompholz, D. Skaggs and E. Strickland, "An W
optically pumped IR lasers. Some examples are lasers E-Beam Controlled Diffuse Discharge Switch,"
operating in gases such as CF4, NON, CF31, and NH3, Proc. 5th IEEE Pulsed Power Conf., 1985.
pumped by a CO2 laser [11).

(2) Photodissociation of large molecules has [6] G. Schaefer, K. H. Schoenbach, H. Krompholz,
shown to produce molecules in vibrationally excited M. Kristiansen, and A. H. Guenther, "The Use
states and is also used as excitation mechanism for of Attachers in Electron Beam Sustained
molecular gas lasers. Examples are HF lasers pumped Discharge Switches - Theoretical A

by photoelimination of HF from CH2CF2 and CH2CHF, Considerations," Laser and Particle Beams,
using a UV-flashlamp [12]. Some of these processes vol. 2, pp. 273 - 291, 1984.
have significant cross sections at the wavelength of
the ArF-laser at 193 nm. Rossi et al. [8], [7) G. Schaefer, P. F. Williams, K. H.
performend a drift tube experiment to demonstrate the Schoenbach, and J. T. Mosley, "Photodetachment ?,
feasibility of these processes for controlling the as a Control Mechanism for Diffuse Discharge
electron balance in a discharge. In 100 torr Helium Switches," IEEE Trans. Plasma Sci., vol. PS-
with 100 mtorr C2H F3 at low values of E/N (< 3 Td), 11, pp. 263-265, Dec. 1983. b
they obtained an increase of the attachment rate of up
to 103 with an ArF laser. Similiar experiments were [8] M. J. Rossi, H. Helm, and D. C. Lorents,
performed in C2H3Cl. Schaefer et al. [13), performed "Photoenhanced Electron Attachment of
measurements in a dc glow discharge at low values of Vinylchloride and Trifluoroethylene at 193 nm,"
E/N (0.5-5 Td), which was externally sustained by a Appl. Phys. Lett., submitted 1985.
Helium plasma injection. In a gas mixture of 60 Torr
Helium and 3% C2H3 Cl, pulsed resistance changes of a [9) J. N. Bardsley and J. M. Wadehra, private
factor of 3.5 were measured after irradiating the communication, 1982.
discharge with a UV spark source.

[10] I. M. Beterov and N. V. Fatayev, "Optogalvanic
Summary Demonstration of State-to-State Dissociative

Electron Capture Rate in 12," Opt. Comm., vol.
Externally sustained diffuse discharges are 40, pp. 425-429, Feb. 1982.

promising candidates for fast, repetitive, opening
switches. Low losses in the conductior phase, fast [11] J. J. Tiee and C. Wittig, "Optically Pumped
opening, and high hold-off voltages can be Molecular Lasers in the 11-17 micron Region," *
accomplished by using attachers with a high attachment J. Appl. Phys., vol. 49, pp. 61-64, Jan.
rate at high values of E/N and a low attachment rate 1978.
at low values of E/N. The optimization of the closing
phase requires additional control mechanisms. [12] E. R_,irkin, and G. C. Pimentel, "HF
Possible processes are photodetachment and optically Rotational Laser Emission Through
enhanced attachment. Photoelimination from Vinyl Floride and 1, 1-

Difluoroethene," J. Chem. Phys., vol. 75, pp.
Acknowledoement 604-612, July 1981.

This work was supported jointly by AFOSR and ARO [13) G. Schaefer, K. H. Schoenbach, and P. F.
and in part by NSF. Williams, to be published.
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Appendix C

AN E-BEA'4 CONTROLLED DIFFUSE DISCHARGE SWITCH

K. H. Schoenbach, G. Schaefer, M. Kristiansen,
H. Krompiiolz, 0. Skaggs and E. Strickland

Texas Tech University, Department of Electrical Engineering/Computer Science
Lubbock, Texas 79409

Abstract: The control efficiency and the response electrically heated array of thoriated tuncsten fila-
time or electcni-beam controlled diffuse discharges ments. At a filament temperature of 2100 K, the e-
is to a large extent determined by atomic and mole- beam current density is about 4 A/cm2 over tne 100
cular Proper ies of tne switch gas composition. An cm2 cross-sectional area of the beam. The temporal
c-beam tetrode was used to study switch gas structure of the c-beam is controlled by means of a
oroperties for submicrosecond opening switches. control grid which allows the generation of a pulse
:lectrical measurements were performed with various train with pulse duration and pulse separation in the
swit1c h gas mixtures co-ntaining small amounts of 100 ns time range. For some investigations the e-
eiectronegative gases. Of particular interest were beam was ooerated as a cold cathode system, which
-mixtures oIf -420:4,) and C2F5 :Ar. In both gas mixtures provided e-beam current pulses of 15 A with a pulse
the resistivity increases with electric field duration of-400 ns.
strenctn. This effect is particularly strong in a
mixture of 2% CqF 6 in 1 atm Ar, wnere an "Increase of CURRENT CNETO
25 was ottained in a reduced field strength range of LSF4O

1 7d < EiN < 20 Td. The current decay times or
opening times with this mixture were below 100 ns. Ca ZZZ: .. ZZ:Z
Optical time resolved investigations of discharges in nz"'.
12F6:A- sh)owed the occurence of striations which were DISCHARGE
perpendicular~ to the discharge axis. These luminous VOLUME

la ' ers in the discharge can be exolained as domain L i
for-mations Similar to those observed in direct
seniconcuctcrS as e.g. the Gunn-effect in GaPOs.

introduction ---- Tr"vi

Electron-beam controlled diffuse discharges can.....-----
be -.sed as fast, repete-ively ooe'-3ted closing and AODE IGRID
coen ino switcnes. The concept is as follows: The gasJ
cet~een the electrodes conducts "hen the ionizing e- E-BEAM .Q.
bea:7 is injected and the Switch closes. The switch PULSER

voltace remains below the self-Dreakdown voltace, soII
that -avalancne ionization is negligible. Thu's the l 0
discnarce is cor-oletely sustained by tMe e-beam. When /
trie e-beam is tund off, electron attacnment and u VCU

coi~ainprocesses in the gas cause the conduc- SENSOR Pm

tvity to dec-ease and the Switch coens.
:n order to acnleve coenina times of less than a Fig. 1. Cross Section of E-Beam Tetrode and Switch

nic-osecond at initial electron densities of ne < Chamber.
.O -1i 3, the dominant loss must be atcmn.Ta

ceans that the swvitch cas trixture must contain an
electronegative cas n'icn, ho-ever. lowers the effi- The c-beam voltage is aoclied to the anode by a

cipncy of tne Switch. It causes a reduction of the two-stage klarx generatcr, which delivers a maximum
current gain tswitch current/e-be&mn current) prooor- voltage of 250 kV ith a 5 ns riSetmme and with an
,3nal to the coening ti me. If tne soitch is Part of exocnent'al decay time constant of about 2.5 mco

an inductive enerqy crcuit, both high current gain seconds into a 300 Ohm load. After passing :rirouch a

and 'ass ooenin'c can be ootained by choosing gas 25 .;m titanium foil and a 12.5 ..m alumimnum foil,
mixtires wnici satisfies the conditions [1,2,31: which serves as an electrode in the diffuse oi scharge

a- For ',ow values of the -educed field strength E/N Switch, the c-beam gene-ates a dmffuse plIasmna

(concuction ;nase) tr-e cas nixture snould nave a high between the electrodes in the stainless steel
r;Ift velocity Yd and :ow attachment rate ka. discharge Chamber. The current through the plasma is

b) For nigh E/4 values ',cpening phase) the gas mix- provided by a 2 Ohm, pulse forming networ-K.A

*ure? .juld have lower drift velocitiesan high "easurcnients of the e-bean current and the

attachment rate coefficients. switch current were per'ormced by m~eans of
transmission line current transforme-s 51. Voltages

Tioe'e-ont3l Setio were measured with fast resistive voltaae dividers.
In order to get infor-ration on the soatial structure

For the investigation of e-beam controlled of the discharge an image converter camer~a was built
Or~ucivty~na ign trsueosmxuewt 61 using an ITT image converter diode type I419.

.rsoerties as discussed a!bove, a discharge system was The camera has a high sensitivity of 225 A/1Pm and a
constructed .4th an e-be-11 tetrode is control element h igh spat ial resolution of 45 ;p/mmc. The shutter

4.A schenatic cross-sect-on of the tetrode and the time was about 10 ns.
viscnarce caeris shown in Fil. 1. The e-:Oefl
cathode '5 Iccatel in the ^

0yrex cyl'inder between the

.wo plates of a str iplIi ne and consists of an



114

Experimental Results
1 At~z. N2  7Z NzO S-5X1C'3 cm&3*-

1

Diffuse discharge experiments were performed in E

N20, S02 , and C02 with N2 as buffer gas, and C2F6 in
Ar. The source term, the number of electrons produced a i-
per cm3 second, was in the range of 1020 crn3s4l to
1021 cm 3s- . The voltaae applied at the PFN was
varied between 100 Volts and 20 kV. The switch elec- ' F
trode gap was kept constant at 3.5 cm. Most of the 0
measurements were performed with the N20:N 2 gas mix-
ture. This gas combination was for one expected to
satisfy the conditions for switch gases nicely (see -2

introduction) and secondly it allowed modeling of the -

diffuse discharge r 71, since a complete set of cross 0
sections is available for N2 [8] and the plasma
chemistry in a mixture of N2 and N20 appeared to be U 0 5 10 15 Z 3 2.

relatively simple.
Figure 2 snows the influence of the attacher c RzJ F:=_: SThE ',4 E/N E 7

concentration (N20) on the opening time. For high N20
concentrations (3 ') the switch current replicates the Fig. 3. Current Density j versus Reduced Field
e-beam current, except for the tail. The tail is Strength E/N for a Discharge in N20:N 20
caused by the current carried by positive and negative (Calculated Curve and Experimental Data
ions. The current gain is about 2 for this attacher Points).
concentration. For concentrations of .7 % the fall
time (1/e -time) increases to approximately 100 ns. In Fig. 4 the experimental and theoretical data
For .1 % it is in the order of 500 ns. The gain are plotted in a resistivity P versus E/N diagra.
increases to values of 9 and 12, respectively. The desired opening switch effect, an increase in

resistivity with increasing electric field, is
obtained with the N20:N 2 gas mixture. However. thee
increase is moderate: about 2.5 over a field
strength

I I 1 Atm. NZ 
o 7Z NZO S-.xI 2 0 c.'3s-1

"I"". - -

• . - 0.1%N O .1

3 j

TIME (200 nsidlv) RE-:/ F:E_. s7Rc' CN t Td I

Fig. 4. Discharge Resistivity P0 versus E/N for a
Discharge in N20:N 2 (Calculated Curve and
Experimental Data Points.)

rig. 2. Normalized Switch Current for Different

Attacner Concentrations. Demonstrating the
Strong Efec: of the Attacner on the Current range of 25 Td. The strong deviation of the lowest
Decay (Opening Time). experimental value from the computed curve is

probably due to the fact that the cathode fall was
not included in our model. Gas combinations of SO2

Figure 3 shows the experimentally obtained and CO2 with N2 as buffer gas showed even smaller.
Current density (j) values (dots) versus reduced changes in resistivity at comparable opening times.
field strength E/N for the e-bein sustained discharge A group of very promising gases, what the
urder steady state condticns in I atm N2 with .'% ooening switch conditions concerns (see
N2 0. The curve represents c3Iculated values [9) introductlcn), were proposed by Christoohourou et.
which -ere criticaily dependinc on available attach- al.. [3]. The total attacnment rate constant ka is
....en. rate coefficients or cross sections [0,I,12). plotted versus mean electron energy ( in Fig.5.
The good coincidence between model and experiment was Measurements performed with the gas mixture of 2 %
obtained with attachment cross sections measured by C2F6 in i atm Ar as buffer gas gave as a result a
Chantry [12]. very strong increase in resistivity with field

strength (Fig.6). Decay (opening) times for this
mixture were below 100 ns. The mixture seems to be
relatively stable.

.rn

*, . . .. . .. . . . .. • , . -
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Coefficens with negative charges with increased mass, above a certain
electron energy. A similar effect is known and widely

Rate Coefficient with Electron Energy [13]. applied for high frequency generation and amplifi-

cation in semiconductors, as e.g. GaAs [14]. The
negative differential conductivity in semiconductors

is caused similarly as in diffuse discharges by an
increase in the effective mass of the electrons at

I Atm. Arcon + 2Z C2 F 5  higner electron energies [151. The presence of NDC in

semiconductors causes homogeneous material to become
electrically heterogeneous tnus causing hign field

U dipole domains to form and propagate thrcugh the
E "semiconductor (Gunn-effect).

0" The same effect, formation of high field
domains, can be exoected in externally sustained
discharges with gas mixtures such as 2F6 In Ar. In
order to prove this, the discharge was optically
recorded by means of an image converter ca7,era with a
shutter time of 10 ns. Figure 8a shows side-on
photograohs of the discharoe at different times after

U1 e-bean turn-on, Fig. 8b the corresponding onotometer
S * S curves along the discharge axis. The discharge was

, biased so that the point of operation was in the NDC-

10-2 ,o
"
1 1 o 102 region of the j-E/N characteristic (Fig. 7). The

pictures show clearly the cevelopment of a highly
REOUCED FIELD STRENGTH E/N ( Td I luminous layer in the catnode region of the

discharge. Its profile is dependent on the bias
voltage; for bias points on the left hand side of the

current density maximum the discrarce appears
homogeneous.

'e consider the region of hion luminosity as a
high field doma~n, a region of enhanced energy

Fig. 5. Discharge Resistivity o versus 5/N for a dissipation, similar to the ones observed in senicon-
ductors. The reduction 'n the wiCtn of these

structures can be exDlainec by the more thin linear
increase in the attachment rate coeffic-ent in the

Reproducable results at an e-beam voltage of 150 kV NOC-region. A prooacation of the nigh field comains
were octained for 150 shots without changing the gas. in anode direction could not be observed. The

The current density (j) versus reduced field reasons ire the shot-to-snot variations 'n tre struc-
strength E/N) curve for ths gas mixture is shown in ture which did not allow exact t'.mi and tn .
Fig. 7. it contains a region with very pronounce expected eat;vey slow 'otion of the layer v - 10.
negative dif'e-ential conductivity (NDC). The effect
-nr cn causes 'IC in exterrally sustained diffuse The deveoaent of nih f~ eld domains has'

di scnarces :cnta'n'ng attachers is due to the probably ',:cze e'fect on the :con'ng swin tehiavior
increased generition of negative ions, that means of an e-ei control led dis:narce; however, it may

lead to more drooications for these type of
discharies. The analoqy to tne jnn effect in GaAs
points to the initiation of e-beam Sustained

scnares as "g;n o.er, high freauency Oscillators
'nd i-pl',iers. Pre!-linary ca'culations indicate

power '.evels of 100 kw at frecuencies < 1 GHz.

• . . . . .. , . -. . ..
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Domain Instability in an E-beam Controlled Diffuse

Discharge Switch Exhibiting Negative Differential

Conductivity
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ABSTRACT - In externally sustained diffuse discharges in

gas mixtures containing admixtures of electronegative

gases, the discharge characteristic (current density

versus reduced field strength) exhibits negative

differential conductivity (NDC) depending on the source

function and the concentration of the attacher. In

discharges exhibiting NDC, electron depleted domains of

high field intensity are formed in the discharge.

This paper presents the results of electrical and

optical measurements performed on an e-beam sustained

diffuse discharge in gas mixtures of Argon and C2 F6 at I

atm. The steady state current density versus reduced

field strength exhibits a strong negative differential

conductivity in the E/N range of 2.5 Td < E/N < 5 Td.

Time resolved photogriphs of the discharge taken in

:i< 1
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this E/N range show luminous layers perpendicular to the

discharge axis. These experimental results are compared

with numerical predictions.
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INTRODUCTION

In recent years interest has grown in the use of , l

inductive energy storage devices in pulsed power systems

because inductive devices have intrinsically higher %

energy densities than capacitors. In order to use an

inductive energy storage device in a pulsed power

system, an opening switch is required to transfer the

energy from the inductor to the load. In order to use

it in a repetitive pulsed power system, the opening

switch should have the ability to perform in a

controlled repetitive mode of operation. Furthermore,

it is desirable for the switch to have a high current

carrying ability (kA), a high voltage stand off "

capability (kV), low losses in the conduction phase, and

a long lifetime. Electron-beam controlled diffuse

discharges show promise for use as repetitively operated

switches in inductive energy storage systems.

In order for a diffuse discharge switch to have the

previously mentioned properties, it is necessary to

properly engineer the gas mixture used in the switch.

To obtain low losses in the conduction phase, it is

necessary that the gas has a high electron mobility and

a low electron loss rate at low reduced field strength

(E/N) which corresponds to the conduction phase.

Furthermore, to improve the opening and stand off

capabilities of the switch, it is desirable to have a

gas with a low electron mobility and a high attachment

rate at higher values of E/N which

correspond to the opening and hold off phases. For the

switch to achieve fast opening times, electronegative

gases or attachers must be used in the switch gas

mixture. To satisfy the conditions previously

mentioned, it has been suggested to use attachers that

have a low attachment rate at low E/N and a high

attachment rate at high E/N [1]. The use of such
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attachers in e-beam controlled diffuse discharge

switches and their effect on the current-voltage (I-V) di

characteristics of the switch has been theoretically

investigated by Schaefer, et al. [1]. The results show

that a switch which utilizes attachers with a strongly

increasing attachment rate as a function of E/N will

have an I-V characteristic which exhibits negative

differential conductivity (NDC) depending on the

magnitude and energy of the ionization source and the

concentration of attacher.

Negative differential conductivity is also a

characteristic of semiconductors exhibiting the Gunn

Effect. There, isolated domains with high electric

field intensity propagate across the semiconductor

material [2]. Therefore, it is of interest to determine

if the domains present in a diffuse discharge [3, 4, 5,

6] which exhibits NDC have the same properties as the

domains in semiconductors.

ELECTRICAL INVESTIGATIONS

In order to study electron-beam controlled

conductivity in a high pressure diffuse discharge

containing small amounts of electronegative gases, a

repetitive electron-beam controlled diffuse discharge

switch experiment has been constructed and used to

investigate promising gases for opening switches [7].

The e-beam system consists of an e-beam gun inside

of a Pyrex chamber that is located between the two

parallel plates of the e-beam pulser's transmission

line. The stainless steel switch chamber is located

above the e-beam system as shown in Fig. 1.

The e-beam gun is a tetrode that consists of a

dispenser cathode, a control grid, a screen grid, and

the anode. The electron source or cathode is a Ba0 2

I< o -... . :?b -. "- , . - ? - " >? - ' , ''' "-a
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dispenser cathode capable of emitting 4 A/cm 2 uniformly

over the 100 cm 2 area of the cathode at a temperature of

950 K. The temporal structure of the e-beam is

controlled by a control grid that is driven by a " '

transmission line pulser capable of generating a pulse -.a
.4

train with a variable pulse duration and separation. In

addition, a d.c. biased screen grid shields the control

grid from the effects of induced voltage by the anode or

e-beam pulser.

The e-beam pulser consists of a two-stage Marx

generator that is capable of delivering a maximum output

voltage of 250 kV with a risetime of 5 ns and a decay

time of 2.5 us into a 300 ohm load.

The diffuse discharge is generated in a stainless

steel chamber that has been tested up to 4 atmospheres.

A 25 pm titanium foil serves as the interface between

the high pressure switch chamber and the high vacuum e-

beam chamber. A 12 rm aluminum foil functions as the

lower electrode while the upper electrode is made of

stainless steel. A 2-ohm pulse forming network with a

maximum output voltage of 60 kV supplies the current

through the discharge plasma.

Transmission line current transformers [8,9] and

fast resistive current probes were used to measure the

e-beam current and switch current, respectively. Fast

resistive voltage dividers were utilized as voltage

probes.

While operating the e-beam gun as a cold cathode

diode, which relies only on field emission for electron

production, electrical investigations were performed on
a high pressure diffuse discharge in a gas mixture of 2%

C2 F6 in 1 atm Argon which is a promising switch gas

candidate [101. The impedance of the switch system was

held constant at 4 ohms. In the cold cathode diode

mode, the source function, which is the number of

electrons produced per cm 3 second, was in the range of

0-: ......-.............. I
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2-3 x 101 9 cm- 3s-1 . The electrode gap spacing was

maintained at a constant 3.9 cm while the applied

voltage was varied from 0 to 15 kV.

The steady state current density (J) versus reduced p

field strength (E/N) characteristic for a gas mixture of

2% C2 F6 in 1 atm Ar is shown in Fig. 2. This

characteristic contains a pronounced negative S

differential conductivity (NDC) in the reduced field

strength range of 2.5 Td < E/N < 5 Td where the

attachment rate for this gas mixture increases strongly

with E/N. 0

It has been discussed before that gas mixtures of

Argon and a molecular gas such as Nitrogen exhibit a

drift velocity with maximum at low values of E/N [11,

12, 13]. Such gas mixtures can generate a negative 0

differential conductivity without the use of any

attachers. Therefore, we performed experiments in Argon

with 2% and 5% Nitrogen. A comparison of the J versus

E/N characteristics is shown in Fig. 3. No negative

differential conductivity was observed with Nitrogen

admixtures in the range of 2-5%. Also, in previous

experiments performed under the same conditions using

various mixtures with attachers such as CO 2 , S02, or N20

in 1 atm N2 , the steady state J versus E/N

characteristic did not yield a region of NDC [14, 15].

In order to obtain a high pressure diffuse discharge

whose steady state J versus E/N exhibits a strong NDC

characteristic, it is necessary to use a gas mixture

with an attachment rate that increases strongly with E/N

such as C2F6 :Ar and C 3F8 :Ar mixtures [161.

OPTICAL INVESTIGATIONS

The formation of high field domains can be expected

in e-beam sustained diffuse discharges that exhibit a

NDC characteristic [3, 4, 5, 6, 16, 17, 18, 19]. It can

. . ..- -
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be expected that in regions of high field intensity, the

number of excited atoms or molecules is increased

causing an increased level of emission processes. In

order to investigate the possible formation of such

domains in our discharge, time resolved photographs were

taken at various times during the discharge while using

various bias conditions.

T-*ne resolved photographs of discharges were taken

using a high speed, high resolution image converter

camera that consisted of a proximity focusing diode

manufactured by ITT with a Tektronix roll film back

mounted on the rear of the diode [201. A krytron

switched, Blumlein pulser was used to deliver a 10 kV,

10 ns rectangular pulse to the diode; consequently, the

camera has a shutter speed of 10 ns. The diode has a

resolution of 45 lp/mm. Optical investigations were

performed on discharges containing gas mixtures of 2%

C2F6 :Ar and 5% N2 :Ar.

The diffuse discharge containing 2% C2 F6 :Ar was

investigated in three operation regions: the region of

positive differential conductivity, (PDC), corresponding

to the E/N range of

0 Td<E/N<2.5 Td as shown in Fig. 2; the region of

negative differential conductivity, (NDC), corresponding

to the E/N range of 2.5 Td < E/N < 5Td; and the region

of approximately zero differential conductivity, (ZDC),

corresponding to the E/N range 5 Td < E/N < 12 Td.

A time resolved photograph of the discharge biased

at 2 Td so that it would operate in the PDC region is

shown in Fig. 4a. This photograph at a time of 400 ns

illustrates that the discharge is homogeneous or has no

field domains other than the cathode fall for bias

points to the left of the current density maximum.

Furthermore, the discharge was homogeneous throughout

the duration of the 500 ns discharge current pulse.

B-'
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With the discharge biased at 5 Td so that it would

operate in the region of NDC, time resolved photographs
were taken at 100 ns intervals throughout the duration "!
of the discharge current. Figure 4b illustrates the

discharge at a time of 400 ns. At any point of

operation in this region, the discharge is not

homogeneous. This photograph shows a distinct luminous

layer perpendicular to the discharge axis.

Time resolved pictures of the discharge biased at 9

Td so that it would operate in the ZDC region of the

attachment dominated stage of operation were taken which

illustrated the occurence of striations similar to those

observed in the NDC region.

In order to obtain qualitative information about

the position of these luminous layers or striations as a

function of time, photodensitometer plots were made from

the negative of each photograph. The normalized

photodensitometer plots along the discharge axis

corresponding to the photographs taken at 9 Td are shown

in Fig. 5.

These results show that the domain forms at the

cathode and propagates toward the anode with a constant

shape and velocity VD =l.95X10 6cm/sec. The domain

velocity is approximately equal to the electron drift

velocity as predicted by Douglas-Hamilton [191. Similar

results were obtained for any bias point in the

attachment dominated stage of discharge operation. As

predicted by Barkalov and Gladush [31 the domain

velocity is independent of applied voltage while the

amplitude and width of the domain is proportional to the

applied field.

From the photographs shown, it is evident that the

shape and position of the striations vary with applied

voltage. Therefore, discharges were photographed at a

constant time of 400 ns throughout the E/N range of 2

Td < E/N < 12 Td. The position of the striation with

V.-.S. . . . ..- V. ~- -* ... . .
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respect to the anode as a function of applied voltage is

shown in Fig. 6.

Time resolved photographs were also taken of a

discharge containing a mixture of 5% N2 in 1 atm Ar.

These pictures revealed a homogeneous discharge like

that shown in Fig. 4a for the gas mixture of 2% C2 F6 in

1 atm Ar in the positive differential conductivity

reg ion.

MODEL

The spatial dependence of a diffuse discharge can

be described by the space dependent one dimensional

continuity equations

3 ne a
- + - PeneE = S + kiNanea t ax .

- kaNane einen + )

9n+ a
+n+E= S + kiNane-a t ax:.-

- n iin+n -_ einen+ (2)

3n- a
*-+ - _nE = kaNan eat 3 x

- 8iin+n- (3)

* and Poisson's equation

aE -e (4)
-=- (n+ n- ne) E > 0 (4)x C

00

K -~ .~. ~ ~1i - -
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plwhere nen_, and n. are the densities of electrons, D

negative ions, and positive ions; pe, p-, and p+ are the do~

corresponding mobilities; S, the source function, is the

rate at whifl eleotrons are produced by the external

*source; Bei and Bii are the electron-ion and ion-ion

recombination rate coefficients respectively; and e is 0

the charge of an electron. We must adjoint to the

system of equations (l)-(4) the boundary conditions at

the electrode surfaces and the equations governing the

external circuit. The boundary conditions are b
i "  ~ene(O't):yp+n+(O't)'n ( t :

and p

n+(L,t)=:O

where y is the secondary-emission coefficient at the

cathode. The equations governing the external circuit

are

L
e -'

j(t) = f (Pene + U+n+ + pn)Edx

and

L

f Edx U0 = constant

where U. is the supply voltage and L is the

interelectrode gap length.

ln order to investigate the formation of domains in

a diffuse discharge of interest for pumping C02 lasers,

..............................
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Barkalov and Gladush [3] solved the mathematical model ',

previously discussed for a discharge containing a

mixture of N2+02 which exhibited NDC.

When a voltage Uo was applied to the discharge

which corresponded to the electric field E in the E/N

range of where the discharge is attachment dominated, a

domain formed completely at the cathode and moved with

constant velocity, amplitude, and snape along the

interelectrode gap as shown in Fig. 7. The sloping line

of Fig. 7 (a-c) indicates that the domain moves at a

constant velocity, Vo=6 x 1o5 cm/sec. Upon reaching the

anode, the domain merges with the anode. The voltage

released by the merging process is redistributed between

a new domain growing at the cathode and the discharge

column as shown in Fig. 7d. This merging process causes

the current in the external circuit to increase until

the new domain is completely formed at the cathode. The

new domain picks off voltage from the discharge column

which causes the current to fall to its minimum value.

The current remains constant while the domain is moving

along the interelectrode gap.

These calculations revealed that as the applied

voltage was further increased there was a proportional

increase in the width of the domain as shown in Fig. 7b.

Furthermore, the domain velocity was independent of

applied voltage. Since the domain widtn increases with

increasing voltage, the period of the current

oscillation becomes smaller with increasing voltage [31.

By implementing the implicit finite difference

methods to numerically solve the system of equations

(1)-(4), the results of Barkalov and Gladusn have been

reproduced.

This computer code nas been modified to solve the

system of equations (1)-(4) for a diharge in a gas

mixture of 2% C2 F6 in Ar at a total pressure of 1 atm.

*N -1.
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The basic gas data for this gas mixture were obtainedS.'

from Christophourou et al [10]. 0

CONCLUSIONS

E-beam controlled diffuse discharges used as fast

opening switches are operated in gas mixtures containing

small additives of electronegative gases. Attachers

which have a strongly increasing aLtacnment rate will

cause the discharge to exhibit a NDC characteristic

depending on the magnitude of the source function and

the concentration of attacher gas. Gas mixtures which

cause a NDC characteristic in an intermediate E/N range

are most suitable for diffuse discharge opening switches

which are operated in a single shot mode where the

inductor is recharged after each shot.

lf an e-beam sustained diffuse discharge which

exhibits NDC is operated in a range of E/N where the

aisoharge is attachment dominated, moving uomains of

high field intensity will be formed in the discharge.

The velocity of these domains is independent of applied

voltage while the amplitude and shape are proportional

to the applied field. Current and voltage oscillations

can be expected in applications where the discharge

conducts longer that the transit time of a domain moving

across the discharge. This might make it possible to 0

use such discharges as nigh power oscillators.
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.ap with E/N = 4.8.10-16 Vcm2 (Problem 1, V0  0

* cm/see); current density at times: a) 0; b) 2 lisec; c) 4
(1) (E/N) .1016 3.3 VWcm 2 ; 2) 3.9; 3) 4.81; d) 5; e)
6. These values correspond to the points in Fig. 4c.
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DRAFT

THE INFLUENCE OF THE CIRCUIT IMPEDANCE ON AN ELECTRON-BEAM

CONTROLLED DIFFUSE DISCHARGE WITH A NEGATIVE DIFFERENTIAL
CONDUCTIVITY

G. Schaefer, a) K. H. Schoenbach, b) M. Kristiansen,
B. E. Strickland, c) R. A. Korzekwa, and G. Z. Hutcheson

Department of Electrical Engineering
Texas Tech University

Lubbock, Texas 79409-4439, USA

ABSTRACT - The use of attaching gases in an externally

sustained diffuse discharge opening switch with a low attach-

ment rate at low values of E/N and a high attachment rate at

high values of E/N allows the discharge to operate with low

losses in the closed switch phase and to achieve fast opening 0

after the sustainment source is turned off. Such an attacher

generates a J-E/N characteristic with a negative differential

conductivity in an intermediate E/N range. Such a

characteristic obstructs the closing process of the discharge

if it is operated in a high inpedance system. Experiments

demonstrating these effects are presented for electron beam

sustained discharges in mixtures of Argon and C2F6.

a) Present address: Department of Electrical Engineering
Polytechnic Institute of New York
Farmingdale, NY 11735

b) Present address: Department of Electrical Engineering S
Old Dominion University
Norfolk, VA 23508

c) Present address: Maxwell Laboratories
San Diego, CA 92123

lab

............................................................................................................

.. . . . . .. . . . . . . . . . . . . . . .

!o"-...•.-- . ..- ... .-.. . . .. v-.. ... ... .... . .. . .-.. . ['- .- -" ; ,- - ,' , - ' ..., ,,.-& ", ,,, ., ;a ,,,,n,,,



139

Inductive energy storage is attractive in pulsed power

applications because of its intrinsic high energy density

compared to capacitive storage systems. The key technological

problem in developing inductive energy discharge systems,

especially for repetitive operation, is the development of
opening switches. Promising candidates for repetitive opening

switches are e-beam or laser controlled diffuse discharges.

An e-beam controlled diffuse discharge switch opens when

the e-beam is turned off. The switch opening time is

determined by the electron loss processes: recombination and

attachment. In order to achieve opening times of less than a

microsecond at initial electron densities ne <1014 cm-3, the

dominant loss process must be attachment, which means that the

switch gas mixture must contain an electro-negative gas. On

the other hand, additives of attachers increase the power

losses during conduction. Both low forward voltage drop and

fast opening can only be obtained by choosing gases or gas

mixtures which satisfy the following conditions [1-31:

(1) For low values of the reduced field strength E/N

(conduction phase) the gas mixture should have a high

drift velocity vd and low attachment rate coefficient ka.
(2) For high E/N values (opening phase) the gas mixture

should have low drift velocities and high attachment rate

coefficients.

It has been discussed before that such gas properties cause a

discharge characteristic (current density J versus reduced

electric field strength E/N) with a strong negative

differential conductivity [2,4]. Such a characteristic is

equivalent to a strong increase of the discharge resistivity
with increasing E/N. Gas mixtures, for exanple, which show

the above mentioned properties and were recomended for these

applications are mixtures of Argon or CH4 and C2F6 or C3F8

[2]. Some of these gas mixtures have been used for switching

experiments in electron-beam sustained discharges [5,61. The

experiments presented here were performed with mixtures of

Argon and C2F6
•

eq
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The experimental setup used for our investigations is an

electron-beam controlled diffuse discharge switch with an

electron-beam tetrode for nultiple, submicrosecond pulse

operation [7,81. The discharge itself is driven by a 2 Ohm

pulse forming network, and series resistors are used to

simulate high impedance systems. The discharge

characteristics were investigated with a 2 Ohm system.

Figures 1 and 2 show the discharge characteristics and the

resistivities for different mixing ratios of Argon and C2F6. R

The source function was kept constant at a value of S

1.3*1020 cm 3  s-1. The current density reaches a maximum in

the E/N range of 2-3 Td, depending on the C2F6 concentration

and the source function, S. With further increasing E/N up to

approximately 5 Td the current density decreases. The

discharge resistivity increases in this E/N range by a factor

of approximately 20. The increase of resistivity is more

pronounced with increasing C2F6 concentration. It is mainly e
caused by the attachment properties of C2F6 and not by the E/N

dependence of the drift velocity. Also mixtures of Argon and

Nitrogen have a drift velocity with a maximum at low values of

E/N, however, these mixtures did not show a negative

differential conductivity. The drift velocity, however, seems

to influence the magnitude of the current maximum at low C2F6
concentrations since the characteristic for 0.5% C2F6 shows a

lower maximum current than for 2% C2F6. Since the maximum of

the current density indicates the optimum operation range for

the steady state conducting phase one can conclude that the

optimum Ar-C2F6 mixture contains approximately 2% C2F6.

It should also be mentioned that the self breakdown

voltage increases with increasing C2F6 concentration. The E/N

values at self breakdown were 8 Td, 12 Td, 15 Td, and > 20 Td

for C2F6 concentrations of 0.5%, 2%, 5%, and 10%,

respectively.

It is interesting to notice that a similar discharge

characteristic has been found in optically sustained

discharges using the same gas mixtures. Figure 3 shows the

,-< . -., . . . . . . . - . .-. . .. . . .. . . . . . . . . - b
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characteristics for 10% C2F6 in Argon in an e-beam sustained

discharge with a source function of S=1.3*10 20 Cm-3s- I and for

an optically sustained discharge with a source function of

S = 1.6*1019 cm-3s-l. In the case of the optically sustained

discharge approximately 350 ppm dimethylaniline were used as

an additive with low ionization potential. One would expect

that the onset of the negative differiential conductivity is

more pronounced if the source function decreases since the

influence of recombination is reduced [3]. According to

Figure 3 the opposite is found. A significant difference

between the two ionization sources is that the average energy

of the electrons produce by the UV source is very low (>>leV)

while the electrons produced by the e-beam have an average

energy in the order of several eV. This effect in combination

with attaching gases may have a significant effect on the

electron energy distribution function and consequently on the

onset of attachment with increasing E/N [91. Also the

additive of dimethylaniline may contribute to a change of the

electron energy distribution.

If the specific switch application requires a burst of

short pulses with a high repetition rate then the inductor is

charged only once and the total length of the burst of pulses

is in the order of the discharge time of the inductor. For

this operating mode the inductor can be treated as a high

impedance line and the closing and opening process have to

follow the same high impedance load line [3]. Figure 4 shows

the different load lines used and the experimental discharge

results achieved with these load lines. It becomes obvious

that the current maximum can not be utilized with a high

impedance system in the repetitive mode.

The closing process is obstructed even for operating

conditions for which the discharge can reach a low loss, low

E/N state, since the closing process starts at high values of

E/N where attachment is strong. This behavior is demonstrated

in Figure 5. The characteristics measured with a 2 Ohm system

and a 100 ohm system are shown. For the 2 ohm system the
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steady state values are obtained in less than 100 ns. For the

100 Ohm system the (E/N) values are plotted for 75 ns and for

350 ns after e-beam initiation. The ionizing electron beam

had a risetime of approximately 10 ns and a nearly flat

maximum over a pulse length of 400 ns [7]. The sourceh function for these measurements again was S=1.3*10 20 cm-3s-1 .

Figure 5 demonstrates that those low loss, low E/N operation

conditions which can be achieved with this high impedance

system are reached only after a long closing period. This

behavior was already predicted for N2:N20 mixtures [3].

We therefore have to conclude that gas mixtures which

cause a negative differential conductivity in an intermediate

E/N range are most suitable for diffuse discharge opening

switches only if the system is operated in a single shot mode

(recharging of the inductor after every shot). For a burst

mode (several shots from a single inductor charging), however,

the closing process is obstructed and the maximum possible

current can not be utilized. For such an application a

discharge characteristic is required where the current rises

strongly with E/N up to the operation point of the discharge

in the closed phase. Above this E/N value the current should

stay constant or decrease slowly with E/N over a wide E/N

range to assure a high self breakdown voltage. Ternary gas

mixtures can be used with two attachers with attachment cross

sections at different electron energies to produce such a flat

characterisitic over a wide E/N range and to achieve the same

increase of resistivity. Another approach to solve this

problem is to control the attachment externally [1,3].

This work was jointly supported by AFOSR and ARO under

contract AFOSR 84-0032.
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INTERACTION OF DISCHARGE AND CIRCUIT IN AN ELECTRON-BEAM CONTROLLED
DIFFUSE DISCHARGE OPENING SWITCH*

G. Schaefer,** K. H. Schoenbach,*** M. Kristiansen,
B. E. Strickland, R. A. Korzewkwa, and K. R. Rathbun

Texas Tech University, Department of Electrical Engineering
Lubbock, Texas 79409-4439, USA

Abstract

Inductive energy storage is attractive in pulsed power appli-
cations because of its intrinsic high energy density. The key techn-
ological problem is the development of repetitive opening switches. A
promising candidate is the e-beam controlled diffuse discharge. An e-
beam controlled diffuse discharge switch opens when the e-beam is
turned off. In order to achieve short opening times the switch gas
mixture must contain an attacher. Both low forward voltage drop and
fast opening can only be obtained by choosing gas mixtures which
satisfy the following conditions:
(1) For low values of the reduced field strength E/N (conduction

phase) the gas mixture should have a high drift velocity vd" and
low attachment rate coefficient ka.

(2) For high E/N values (opening phase) the gas mixture should have
low drift velocities and high attachment rate coefficients.

Such gas properties cause a discharge characteristic (current density _.
j versus reduced electric field strength E/N) with a strong negative
differential conductivity. Experiments performed with mixtures of
Argon and C2F6 are presented. For switch applications requiring a
burst of short pulses the inductor is charged only once and the total
length of burst of pulses is in the order of the discharge time of the
inductor. For this operating mode the inductor can be treated as a
high impedance line and the closing and opening process have to follow

( the same high impedance load line. Here the closing process is
obstructed since it starts at high values of E/N where attachment is
strong, and the maximum possible current can rot be utilized, as
demonstrated in experiments performed with varying system impedance.
As a solution, ternary gas mixtures can be used with two attachers
with attachment cross sections at different electron eneroies to
produce a flat characteristic over a wide E/N range. Another approach
discussed is to control the attachment externally.

* Supported by AFOSR/ARO

** Polytechnic Institute of New York, New York, USA
*** Old Dominion University, Norfolk, Virginia, USA
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Appendix G

NEGATIVE DIFFERENTIAL CONDUCTIVITY IN AN ELECTRON-BEAM CONTROLLED
DIFFUSE DISCHARGE FOR SWITCHING APPLICATIONS*

4"

G. Schaefer, K. H. Schoenbach, M. Kristiansen, B. E. Strickland
and R. A. Korzekwa

Department of Electrical Engineering .
Texas Tech University

Lubbock, Texas 79409-4439, USA

Inductive energy storage is attractive in pulsed power applications

because of its intrinsic high energy density compared to capacitive storage

systems. The key technological problem in developing inductive energy

discharge systems, especially for repetitive operation is the development of

opening switches. Promising candidates for repetitive opening switches are e-

(beam or laser controlled diffuse discharges.

An e-beam controlled diffuse discharge switch opens when the e-beam is

turned off. The switch opening time is deterimined by the electron loss

processes in the diffuse discharge: recombination and attachment. In order to

achieve opening times of less than a microsecond at intial electron densities

ne <1014 cm
- 3 , the dominant loss process must be attachment, which means that

the switch gas mixture must contain an electro-negative gas. On the other

hand, additives of attachers increase the power losses during conduction. Both

low forward voltage drop and fast opening can only be obtained by choosing

gases or gas mixtures which satisfy the following conditions:

Q*Supported by AFOSR/ARO
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(1) For low values of the reduced field strength E/N (conduction phase)

Cd
the gas mixture should have a high drift velocity vd and low attachment rate

coefficient ka.

(2) For high E/N values (opening phase) the gas mixture should have low

drift velocities and high attachment rate coefficients.

In recent experiments gas mixtures have been investigated containing Ar or

CH4 as a buffer gas and C 2F6 as an attacher. It was demonstrated that these

gas mixtures exhibit a discharge characteristic (current density j versus

reduced electric field strength E/N) with a strong negative differential

conductivity in an intermediate E/N range. For Ar - C 2F 6 mixtures, for

example, the current density reaches a maximum in the E/N range of 2-3 Td,

depending on the C 2F6 concentration and the source function. With further

increasing E/N up to approximately 10 Td the current density decreases. This

negative differential conductivity is more pronounced with increasing C2F 6

concentration. It is caused by the attachment properties of C 2F6 and-not by

the E/N dependent mobility of mixtures of Ar with molecular gases since Ar-N 2

mixtures did not show this negative differential conductivity. The maximum of

the current density indicates the optimum operation range for the steady state

conducting phase. However, it was demonstrated that this maximum cannot be

reached with gas mixtures with high attacher concentrations and in systems with

high impedance which are typical for inductive energy storage systems.

Additional control mechanisms or three component gas mixtures are discussed as

alternatives.

-?
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Inductive energy storage is attrac- power losses during conduction. Both

tive in pulsed power applications bt- low forward voltage drop and fast

cause of its intrinsic high energy opening can only be obtained by

density compared to capacitive stor- choosing gases or gas mixtures which

age systems. The key technological satisfy the following conditions

problem in developing inductive 
s fte lw cn i
(1,3,4,):

energy discharge systems, especially (1) For low values of the

for repetitive operation is the devel- reduced field strength E/N (conduct-

opment of opening switches. Prom- ion phase) the gas mixture should

ising candidates for repetitive open- have a high drift velocity vd and low

ing switches are e-beam or laser con- attachment rate coefficient ka.

trolled diffuse discharges [1). The (2) For high E/N values (opening

schematic diagram of an electron-beam phase) the gas mixture should have
controlled opening switch as part of lover drift velocities and high at-

an inductive storage system is shown tachment rate coefficients. t

in Fig. I )2J. The switch chamber is Along with these considerations,

filled with a gas of pressures of I several gas mixtures have been pro-

atm and above. The gas between the posed for diffuse discharge opening

electrodes conducts and allows switches. For our theoretical inves-

charging of the inductor only when an tigations N2 was chosen as a buffer

ionizing e-beam is injected into the

gas. When the e-beam is turned off, 0
electron attachment and recombination

processes in the gas cause the con-

ductivity to decrease and the switch CTOR

( opens.

The switch opening time, after CURRENT
SOURCEI

e-beam turn-off, is determined by the

electron loss processes in the dif-

fuse discharge: recombination and at- SWITCH LOAD

tachment. In order to achieve opening 44 '

times of less than a microsecond at FOIL - ANODE
initial electron densities <1014m

- 3
, ELECTRON-EAM

the dominant loss process must be at- CONTROL - ,HEATED CATHODE 0tachment. which means that the switch GRID mV 
.

gas mixture must contain an electro- 1%
Fie. I. Sche-atic of an e- eam con-

negative gas. On the other hand, ad- trolled diffuse discharoe ooenino

ditives of attachers increase the switch.
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gas with N20, SO 2 , and CO2 as the means that, for reasonably high at-

added attachers which satisfy the tacher concentrations In the buffer

above mentioned conditions. Experi- gas, the losses increase drastic-

ments were performed in the same gas ally, causing a negative slope in

mixtures and in mixtures of Argon and the current-voltage characteristics.

C2F6 13]- At 30 Td, where the attachment rate

Calculations of the steady-state coefficient is assued to level off,

discharge characteristics were per- recombination becomes more important

formed with the relative attacher con- again, as demonstrated by the change

centration in the buffer gas as the in the slope of j vs E/N, at this

parameter. Figure 2 shows the current value. In experiments the strongest

density j versus reduced field negative slope in the current-volt-

strength E/N characteristics for dif- age characteristics was found in

ferent N20 concentrations in an N2  Argon with admixtures of C2 F6 , while

buffer gas. The total pressure is 1 in N2 with admixtures of N20 this

atm. At small E/N, below 4 Td, the effect was not well pronounced.

electron loss is due to recombination Figure 3 shows the influence of

only. At about 4 Td the attachment attacher concentration (N20) on the

rate coefficient rises steeply. This switch current. For high N20 concen-

trations (3%) the switch current

10 i m pulse replicates the e-beam current
I,11N, pulse, except for the tail. The tail

S-may be caused by the current carried

E .- - .--- by positive and negative ions. The

~ i0~ current gain (switch current/elec-

- .0.5% tron beam current) is about 2 for

. . . . this high attachment concentration.

U ---------

*10

R E E T T T 0.1% NO
z
w - 0.7%

Fig. 2. Calculated steady-state j vs

E/N characteristics for an e-beajnsus-

fained dischar.e in N2 withadmixtures TIME (200 na/dIv)
of N20. The electron generation rate

is Ox10 21cm
- 3 

s
-
1. The paraneter is Fig. 3. Tine dependence of switch

the N20 fraction in percent (see Ref. current with N20 concentration as the

4). variable parameter.
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For concentrations of 0.7%, the fall
ary electrons can nearly be neglected

time (l/e-time) increases to approx- (' 5), since the attachment cross

imately 100 no. For 0.1% It is on section of N2 0 has its maximum at

the order of 500 ns. The gain in- - 2.3eV in the range where 2 has

creases to values of 9 and 12 for 23VithragweeN2hs
c.7eae to1 valu res pectively. o n 2 r its large inelastic cross sections.
0.7% and 0.1% N2 0, respectively.

Further calculations were per- References
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eration mechanism. For an electron M. Kristiansen, L. L. Hatfield,
beam sustained discharge operated at and A. H. Guenther, IEEE Trans.

low values of E/N the energy of the Plasna Sci. PS-j0, 246 (1982).

K ( initial secondary electrons may be 2. C. H. Harjes, K. H. Schoenbach,
well above the energy range of the C. Schaefer, H H.Kristiansen, H.

steady state electron energy distri- Kronpholz, and D. Skaggs, Rev.

bution, and also above the energy Sci. Instrim. 55, 1684 (1984). O

range in which the attacher used has 3. L. L. Christophourou, S. R.

a significant attachment cross sec- Hunter, J. A. Carter. and R. A.
tion. These initial secondary elec- Mathis, AppI. Phys. Lettr. 41,

trons will subsequently during their 147 (1982).

relaxation move through the energy 4 C. Schaefer, K. H. Schoenbach,

range where attachment may occur even H. Krompholz, M. Kristiansen,
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Monte Carlo calculations for a

gas mixture cf N2 and attachers such

as N20 and S02 showed that at 3 Td

the average time for an 8eV

electron to reduce its energy to 2eV

is - 2.5x10- 1 0
s. This time isalmost

exclusively spent in the energy range

above 4eV where N2 does not have sic-

nificant inelastic cross sections.

This causes a significant difference

of the influence of the two attachers

mentioned. SO2 has its maximum at-

tachment cross section at - 4.5eV.

In a mixture of 90% N2 and 10% S02

more than 20% of the initial second-

ary electrons are attached if they

are generated at energies above 5eV.

In a mixture of 90% N2 with 10% N20

attachment of the initial second-

'.
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DRAFT

TIME DEPENDENT EMISSION FROM A SPARK ARRAY USED AS AN
IONIZATION SOURCE FOR DIFFUSE DISCHARGES

G. Z. Hutcheson, J. R. Cooper, B. E. Strickland,a)
G. Schaefer,b) and K. H. Schoenbachc)

Department of Electrical Engineering
Texas Tech University

Lubbock, TX 79409-4439, USA

ABSTRACT This paper discusses the use of a spark array as

an ionization source for diffuse discharges. A linear array

of twenty bare spark gaps was constructed and tested to

determine the turn-on and turn-off characteristics using

streak photography and high resolution time resolved

photography. The experimental results indicate that the

turn-on time is dominated by the serial breakdown of the

spark gaps in the array, and the turn-off time is dominated

by the decay time of the plasma produced by each spark gap.

The application for UV initiated discharges is discussed.

?-.
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b) Present address: Department of Electrical Engineering
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INTRODUCTION

In recent years diffuse discharges have gained

significant interest as lasing media and as switches (For A

reviews see [1,2]). In general, these discharges can be

self-sustained or externally sustained. For self sustained

discharges a preionization source is usually required to

generate stable arc-free discharges, while in an externally b

sustained discharge ionization totally depends on the

external source. Such an externally sustained discharge can

be used as an opening and/or closing switch. Sustainment

methods used are electron-beams, x-rays, and ultraviolet •

sources. In an externally sustained diffuse discharge

opening switch the controlling mechanism ionizes the gas in

the discharge, forming a conducting medium which continues to

conduct as long as charged particles are present. Once the

ionization source is removed, electron attachment and

recombination processes in the gas cause the electron density

to decrease and consequently the conductivity of the gas

discharge decreases until the discharge ceases, thus forming

an insulating medium.

The requirements for the operation of the external

ionization source strongly depend on the specific

applications. En the case of an externally initiated

discharge it is mainly the turn-on characteristic of the

ionization source which determines the performance of the

discharge while in the case of an opening switch the turn-off

characteristic and the charge carrier loss mechanisms

determine the opening time.

In one of the experiments at Texas Tech University

related to opening switches, additional external discharge

control mechanisms using lasers are investigated. Such

mechanisms are photodetachment and optically enhanced

attachment. These processes have to be investigated over a

wide E/N range from below 1 Td up to the self breakdown

voltage of the discharge. These variations of E/N require

the possibility to operate the discharge in the self"

,, .
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sustained and in the externally sustained mode. The

experiments related to these effects are discussed elsewhere

[3]. The subject of this paper is to discuss the properties

of the used UV ionization source which are important for

these applications.

UV SOURCE DESIGN CONSIDERATIONS

The optically controlled switch experiment used to study

optogalvanic effects is shown schematically in Fig. 1. This

experiment utilizes an ultraviolet radiation source which can

be used as a preionizer for a self-sustained discharge or as

the external ionization source for an externally sustained

discharge. To produce a homogeneous self-sustained

discharges at high pressure such as in TEA lasers it has been

proven that the transverse homogeneity of the ionization

source is one of the keys for arc free operation [1]. The

best way to incorporate an ultraviolet source into a switch

system is, therefore, to illuminate the discharge volume from

behind one electrode [1]. This requires that the electrode

be optically transparent or a mesh. Placing the ultraviolet

source behind the electrode also assures that the maximum

photoionization effect occurs directly between the parallel

surfaces of the switch electrodes.

When operating gas discharges for lasers or switches it

is desirable to maintain a constant gas environment in the

discharge chamber. Arcs are good sources of ultraviolet

radiation and can be created by surface discharges or bare

sparks. Surface discharges are a good source of ultraviolet

radiation; however, these discharges erode some part of the

insulator surface with each discharge. The by-products of

surface discharges can contaminate the discharge environment;

therefore, a bare spark source should be used whenever it is

important to maintain the integrity of the gas in the

discharge chamber over a large number of shots.

In order to optimize the turn-on and turn-off

characteristics and the efficiency of the source, a pulse

m ml

.......................... o, .
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forming network providing a rectangular current pulse should

be used and the impedance of the ultraviolet source after

breakdown should be matched to the impedance of the pulse 4.

forming network which excites the source. To achieve fast

breakdown of a spark gap, high applied voltages are also

required. A stripline design allows optimization of these

conditions. Since the impedance of an individual spark is in

the order of 25 mOhms [41, many spark sources in series have

to be incorporated into the transmission line (Figure 2).

Nearly the full charging voltage will then be applied to each

individual spark source before breakdown and the impedance of

the line can be matched to all spark sources in series after

breakdown. The impedance ZO of the pulse forming network

available for our experiment was 9.4 Ohm; therefore,

approximately 375 individual spark sources would be needed to

match the impedance using only the resistance of the sparks.

Given the physical size limitations of our discharge chamber

only 20 spark gaps in a linear array have been used.

Therefore, an additional resistance was incorporated at the 0

end of the array to match the impedance of the ultraviolet

source to the pulse forming network and to avoid reflections.

A feasible system can operate with a 2.5 Ohm pulse forming

network and approximately 100 sparks in series.

Utilizing the above considerations, an ultraviolet

source has been designed and constructed which consists of 20

individual bare spark gaps with approximately 1 mm gap

spacing arranged in a linear array and terminated with an

additional matching resistance. When the switch spark gap

shown in Fig. 1 is triggered by a ruby laser, a pulse with a

voltage of Vo/2, a current of Io=Vo/2Z o , and pulse length of

iOns is delivered to the transmission line. The magnitude of

the charging voltage Vo is usually kept below the dc

breakdown voltage of the source as a whole (all spark gaps in

series), but well above the dc breakdown voltage of a single

spark gap. Since the individual spark gaps are incorporated 0

into the transmission line, the array will breakdown in a

.................................. ....... mmm...mmmm
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serial manner. The turn-on time of the entire ultraviolet

source is, therefore, determined by the delay between the

light emission from the first and last spark gap. This delay

time will include the transit time of the pulse along the

transmission line from the first to the last spark gap and

the sum of the breakdown time of all spark gaps.

OPTICAL INVESTIGATIONS

In order to obtain knowledge about the turn-on and turn-

off characteristics of the ultraviolet source as a function

of the charging voltage Vo and to determine the time

dependent relative intensity of the emitted light, two

optical investigations were performed. First, streak

photography was used to obtain information about the turn-on

time of the source as a function of the charging voltage Vo .

Second, high-speed, high-resolution time resolved photography

was employed to determine the time dependent relative

intensity characteristics of the source.

- For each of the optical investigations performed,the

experimental set-up was the same with the exception of the

camera. The ultraviolet source was positioned so that it

directly illuminated the lens of the camera. Delay

generators were incorporated into the trigger circuitry of

the experiment to allow for variation in the timing of the

event with respect to the camera shutter. Each of the tests

were performed in open air.

A TRW streak camera was used to investigate the turn-on

characteristics of the source. A streak photograph of the

ultraviolet source with a charging voltage of 33 kV is shown

in Fig. 3. The streak photograph illustrates that the linear

array of spark gaps breakdown serially. The dim area in the

. center region of the streak photograph is due to an

imperfection in the photocathode of the streak camera and not

-. due to the source itself. The turn-on time of the source for

a given charging voltage can be determined by considering the

writing rate or streak rate of the camera and the distance

,° . . ., . . . - * ° . . . - . * . . . - - - . * -
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p. between the beginning of the streaks made by the first and

last spark gaps of the source. The picture shown in Fig. 3,

for example, shows that the turn-on time of the source with a

charging voltage of 33 kV is 15.5 ns. Similar streak

photographs were taken of the source with charging voltages

varying which were varied from 23-35 kV. Figure 4

illustrates the dependence of the turn-on time of the

ultraviolet source on the charging voltage.

The time resolved photographs of the ultraviolet source

were made using a high-speed, high-resolution image converter

camera. The camera consists of a proximity focusing diode

manufactured by ITT with a Tektronix roll film back mounted

on the rear of the diode [5). A krytron switched

transmission line pulser was used to deliver a 10 kV,

trapezoidal pulse with a rise and fall time of approximately

5 ns and a half width of approximately 10 ns to the diode.

Consequently, the camera had a shutter speed of 10 ns. The

diode has a high resolution of 45 lp/mm. Figure 5 contains

two photographs which were taken at different times. Figure

5a was taken during the turn-on phase and illustrates again

that the spark gaps breakdown in succession. Figure 5b,

taken with reduced sensitivity, illustrates the ultraviolet

source with all 20 spark gaps emitting light. Figure 5a and

5b were taken at 10 ns and 290 ns, respectively. Figure 6

depicts the relative intensity verses time for the first

spark gap in the ultraviolet source. The data for this

figure were obtained by making photodensitometer plots and

correcting them for the different aperature settings and film

speeds.

The total light emitted from the UV source is the

superposition of the light emitted from the twenty individual

sparks as shown in Figure 7. The linear section of the turn-

on characteristic corresponds to the serial breakdown of the

individual spark gaps and makes up for the most important

part of the risetime (compare Fig. 3). The minimum risetime

achieved was 14 ns for the array of 20 sparks with a charging

........................... ..............................................................
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voltage of 35 kV. Considering that approximately 100 sparks

in series are needed to match a 2.5 Ohm line, one should

observe a risetime of approximately 70 ns. It should be

mentioned that this is the risetime of the source function

for the discharge as a whole. An individual volume element

will experience a source function with a significantly

shorter risetime since not all sparks contribute to

ionization in a given volume element.

It is also important to note that the ultraviolet source

continues to emit light for many hundreds of nanoseconds (90%

to 10% in 700 ns) after the relatively short current pulse,

which excites the source, has been removed. The breakdown of

a spark gap produces a hot plasma, providing an increased

free electron density which remains in the arc region until

electrons are removed by recombination processes. Through

recombination highly excited atoms or molecules are produced

which decay optically. Thus, until the free electrons are

removed by recombination, light will be emitted from the

plasma remaining in the arc region.

DISCHARGE INVESTIGATIONS USING THE UV SOURCE

The ultraviolet source has been installed in our

discharge chamber and has demonstrated its usefulness in .-

three different modes. One experiment demonstrated that

using the ultraviolet source as a preionizer allowed the

system to operate in a self-sustained discharge mode.

Another experiment illustrated that the ultraviolet source

could be used as a sustainment mechanism in the presence of

attaching gases which enabled our system to be operated as an

ultraviolet sustained diffuse discharge switch. It should be

noted here again that a switch which utilizes a spark gap as

a sustainment mechanism may have limitations with respect to

short turn-off times, because the ultraviolet source

continues to emit ultraviolet radiation after the excitation6m
current pulse has been removed [5].

6 7
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The third mode discussed here more in detail is the UV

initiated self-sustained discharge for laser applications.

In this mode a DC voltage below self breakdown is applied to

the discharge gap and the externally initiated discharge acts

as the switch as well as the active medium for the laser.

Several methods have already been used to initiate discharges

such as overvolting with a high voltage trigger pulse [6,71,

or UV or

X-ray photoionization [8,91.

Using the optically controlled diffuse discharge 0
experiment we have demonstrated externally initiated, matched

discharges in gas mixtures containing different attachers.

Here the experimental setup shown in Figure 1 is directly

connected to a transmission line. This line is dc charged to

a value V o which is below the self-breakdown voltge, and

above the operation voltage, Vd, of the self sustained

discharge. For impedance matched operation the condition Vo

= 2Vd must be fulfilled.

Figure 8 shows the typical time dependence of current

and voltage for matched operation. The current risetime is

approximately 20 ns. With preionized discharges, triggered

by a laser triggered spark gap, and utilizing the same

experimental setup, risetimes down to approximately 10 ns

were achieved. We therefore conclude that the risetime of

the UV source, caused by the sequential breakdown of the

spark array, imposes a limitation for the lowest possible

risetime of UV initiated discharges using spark arrays.

CONCLUSIONS

Spark arrays can be used as efficient ionization sources

7for externally initiated and externally sustained discharges.

Efficient (impedance matched) devices require the operation

of a large number of spark gaps in series (> 100). The turn-

on time of such a device is limited by the sequential 0

breakdown of the individual gaps to values above

approximately 70 ns. The turn-off time is limited by the

o o- "o.

....................................................
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decay time of the plasma produced by the sparks. The

designed device was successfully operated as a preionized

self sustained, as an externally sustained, and as an

externally initiated discharge.
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FIGURE CAPTIONS

Figure 1 Schematic representation of the optically
controlled diffuse discharge switch experiment.

Figure 2 Schematic representation of the spark array
ultraviolet radiation source.

Figure 3 Streak photography of the ultraviolet source with a
charging voltage of 33kV (in air).

Figure 4 Turn-on time (i.e. propogation time of the arc
development) of the ultraviolet source as a
function of charging voltage.

Figure 5 Time resolved photographs of the ultraviolet source
(a) prior to complete turn-on and (b) after turn-
on.

Figure 6 Relative intensity versus time relationship for the
first spark gap of the ultraviolet source with a
charging voltage of 33 kV.

Figure 7 Relative intensity versus time relationship for the
whole UV source with a charging voltage of 33 kV
(visible spectral range).

Figure 8 Time dependence of current and voltage for a UV
initiated discharge in a CO 2 laser mixture (Ar: N2 :
C02=125: 26: 1).
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Figure 2 Schematic representation of the spark array
ultraviolet radiation source.
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Figure 3 Streak photography of the ultraviolet source with a
charging voltage of 33kV (in air).
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(a)

(b)

Figure 5 Time Resolved Photographs of the Ultraviolet Source a)
Prior to Complete Turn-on b) After Turn-on.
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DRAFT

THE INFLUENCE OF PHOTODETACHMENT ON THE VI-

CHARACTERISTICS OF AN EXTERNALLY SUSTAINED DISCHARGE

CONTAINING OXYGEN

G. Schaefer,a) G. Z. Hutcheson, K. H. Schoenbach,b)

and P. F. Williamsc)

Department of Electrical Engineering

Texas Tech University, Lubbock, TX 79409-4439

Abstract - Externally sustained discharges can be used

in opening and closing switch applications for producing

bursts of energy in pulsed power systems. Admixtures of

attachers with a low attachment rate at low values of

E/N and a high attachment rate at high values of E/N

will allow a low loss operation in the conduction phase

* as will as rapid opening when the external sustaining

source is terminated, however, losses will increase in

the closing transition when the external sustaining

source is turned-on. Photodetachment has been proposed

* as an additional control mechanism to overcome these

losses in the closing transition. This paper presents

measurements on photoionization sustained discharges in

argon and nitrogen containing admixtures of 02 under the

influence of laser radiation in the visible where the

photodetachment cross section of 0- has a plateau.

Strong changes of VI-characteristics and of the current

risetime have been observed. The influence of

* parameters such as percentage of (2 and N 2 , and laser

power is presented.
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I. INTRODUCTION

Inductive energy storage is attractive in pulsed

power applications because of its intrinsic high energy

density compared to capacitive storage systems. The key

technological problem in developing inductive energy

storage systems especially for repetitive operation is

the development of a fast opening and closing switch.

Diffuse discharges have advantages for switching because

of their low inductance, small electrode erosion and

heating rates and moderate energy density which offer

the possibility of external control of the opening and

closing process by means of electron beams and/or

lasers. To achieve short opening times in an externally

sustained discharge with electron densities in the range

ne < 1015 cm- 3 attachers have to be used. Attachers

with a high attachment rate at high values of E/N and a

low attachment rate at low values of E/N will allow fast

opening when the electron beam is turned off and low

losses in the conduction phase (I, 21. Such an

attacher, however, increases the closing time and

increases the losses during closure if switch closure

has to be performed in a high impedance system. This

effect has been demonstrated in calculations on

discharges in N2 containing N20 (31 and in experiments

on discharges in Argon containing C2F6 [4]. It has been

proposed that photodetachment can be used to overcome

these losses during closure [3, 51. The influence of

photodetachment will mainly influence the discharge

characteristics in an intermediate E/N range. At low

values of E/N attachment will not dominate the discharge

if the attacher used has the properties as mentioned

above. At high values of E/N - above self breakdown -

ionization through the discharge electrons will dominate

[6]. For applications as a repetitive closing and

*-3- ,
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opening switch the discharge therefore has to be

operated at low values of E/N, not influenced by

attachment, in the conduction phase and at intermediate •

values of E/N, well below self-breakdown and

subsequently dominated by attachment in the non-

conducting phase and the transitions between these two

phases. The influence of photodetachment can

subsequently be demonstrated by measuring the VI-

characteristics and the current risetime under the

influence of photodetachment.

II. EXPERIMENTAL SETUP

The experimental setup used for our experiments is

shown in Figure 1 [7]. The major component is the

discharge chamber with a TEA-laser electrode

configuration (variable gap distance, d = 3.5-10 mm,

active electrode width, w = 20 mm, electrode length, 1 =

200 mm). The electrodes of this chamber are connected 0

to a 93 Ohm line which is charged to a voltage below

self-breakdown of the discharge gap. A resistor in

series is used to vary the system impedance. A spark

array UV source is located behind a screen in one of the

main electrodes. The UV source is fired by

synchronously discharging eight charging cables into

eight transmission cables which are terminated by the UV

source. This UV source can produce light pulses with 5 •

ns risetime and nearly constant emission over several

100 ns if sufficient long charging cables are used.

When the UV source is fired an externally sustained

discharge will be initiated in the discharge chambers.

Current and voltage probes in the main line allow the

evaluation of the time dependence of current, voltage,

and impedance of the discharge. Side on windows at the

discharge chamber allow the illimination of the

discharge volume with a flashlamp pumped dye laser.

dd

-4- -
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This laser produces pulses of approximately 1000 ns

length and nearly constant power of 1 MW over the

central 400 ns. With a cavity dumping resonator also

short pulses of 20 ns length and 10 MW power can be

obtained. The time dependent measurements of current

and voltage across the discharge, with and without

laser, allow the evaluation of the influence of

photodetachment on the VI-characteristics and on the

transient behavior of the discharge.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The measurements reported here were performed in

mixtures of argon and nitrogen with admixture of oxygen

as the attacher. Attachers producing 0- as the dominant

negative ion have been proposed to be suitable, since 0-

has a relatively high photodetachment cross section for

photons of approximately 2 eV [81 which can be produced

efficiently with flashlamp pumped dye lasers.

The mixture of argon and nitrogen optimizes the

ionization efficiency of the UV source. Nitrogen is

known to increase the UV yield of the spark source [9]

while the admixture of argon allows increased the

penetration depth of the ionizing radiation. The

ionization efficiency was further enhanced by using N,N

dimethylaniline as an additive with low ionization

potential.

The first set of experiments was performed to -

evaluate the influence of attachment on the steady state

VI - characteristic of the discharge. For these *

experiments the system impedance was kept small compared

to the impedance of the discharge. One set of data was

taken without the laser. For the second set of data

with the laser the UV source was fired when the laser -_-

power had reached its constant value. The gap spacing

-5-

.............................. .. .......... . ..



178
B

was 3.5 mm and the laser power density was approximately

8x10 5 W/cm 2 over the cross section of the discharge.

Figure 2 shows an example of such a measurement.

The gas mixture used generates a negative differential

conductivity in an intermediate E/N range which is

believed to be the consequence of an attachment

coefficient strongly increasing with E/N. At higher

values of E/N the current increases drastically. In

this E/N range ionization through discharge electrons is

already significant and, therefore, represents the

transition to the self-sustained discharge. 4&

No influence of the laser on the discharge

characteristic is observed in the low E/N range where no

dissociative attachment occurs. This is especially true

for the gas mixture not containing any oxygen. The

influence of the laser starts in the range where the

current density is at a minimum, and with the laser this

minimum of the current density is less pronounced. The

strongest changes of the current density at constant

values of E/N are observed in the transition regime to

the self-sustained discharge. Such measurements allow

the evaluation of the laser influence (AJ = JL(with

laser) - Jo (without laser)) depending on E/N. a

Figures 3-6 show the experimental results for

different gas mixtures. In Figures 3 and 4 the 02

concentration is the variable parameter. Higher oxygen -

concentrations produce a more pronounced negative

differential conductivity (Fig. 3) and also the

influence of the laser on the current density increases

(Fig. 4). In Figures 5 and 6 the admixture of N2 is the

variable parameter. The current density of the

externally sustained discharge increases significantly

with increasing N2 concentration (Fig. 5). This effect .1

is the consequence of the higher UV yield of spark .."

sources. The strongest negative differential

conductivity is found for an N2 admixture of 2.6%. This

-6-
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mixture also showed the strongest influence of the

laser. This may be due to the fact that the attachment

cross section for dissociative attachment of 02 has its

maximum above the N2 cross sections for vibrational

excitation of N2 and therefore admixtures of nitrogen

will reduce the attachment rate.

Figure 7 shows the influence of the laser power on

the current density. These measurements were performed

at an E/N = 53 Td in 13.2% 02, 2.6% N2 , 84.2% Ar at 1

Atm where the laser had its strongest influence.

IV. CONCLUSION

The experiments presented demonstrate that

externally sustained discharges in mixtures of argon and

nitrogen, containing admixtures of oxygen exhibit a

negative differential conductivity in an intermediate

E/N range. This effect is believed to be the

consequence of the attachment coefficient for the

dissociative process ( e+O2- O-+O), increasing strongly

with E/N in this range.

Photodetachment with a visible laser can be used to

significantly change the discharge characteristic. This

behavior was predicted with calculations on discharges

containing N20 [3]. According to these calculations an

especially significant influence of photodetachment on

the closing characteristics of an externally sustained

discharge in a high impedance system is expected.

Experiments on the transient behavior of the discharge

are presently being performed.
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FIGURE CAPTIONS

Figure 1. Experimental setup for UV sustained,
photodetachment controlled discharge.

Figure 2. VI - characteristics of UV sustained
discharges in 7.9% 02, 2.6% N2 , and 89.5% Ar
at 1 Atm without and with laser -

photodetachment.

Figure 3. VI - characteristics of UV sustained and UV
initiated discharges for several
concentrations of 02 with 2.6% N2 and
balance of Ar to make 1 Atm.

* Figure 4. The influence of the laser on the current
density (AJ/J, where AJ=JL (with laser) - Jo
(without laser)) versus charging voltage of
the transmission line for various
concentrations of 02 with 2.6% N2 and
balance of Ar to make 1 Atm.

Figure 5. VI - characteristics of UV sustained and UV
initiated discharges for varying
concentrations of N2 , with 5.3% 02 and
balance of Ar to make 1 Atm.

Figure 6. The influence of the laser on the current
density (Aj/J, where AJ=JL (with laser) - Jo
(without laser )) versus charging voltage on
the transmission line for various
concentrations of N2 with 5.3% 02 and balance
of Ar to make 1 Atm.

Figure 7. Current densities for varying laser
intensities in 13.2% 02, 2.6% N2 , and 84.2%
Ar at 1 Atm and an E/N = 53 Td.
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The sirtices -if stiinless iteel electrodes -ised
i htgh energy, ;:as-fiiled ipark 4aP have been .... ...*......

ina'te-i osi!1, Auger Electron Spectroscoov (AES) and Effect ISignificatice
Scanning Electron Micro-scooMv (SEM). The analysis of - I -------
eleotrode cross-sections revealed areas of enhanced Material Removal Increase in Breakdown
eroion 3nd crack formation as a result of temperature (Erosion)"' Voltage
zvcling of the arc and enhanced chemical attack along
-anganese -strinwers -which were present in the stain- Micro Cracks (Hexagonal Poesible -racturirng of
1lzss iteeis. The depth of the cracks was considerably R~ebd*I Electrode, Bulk M1aterial

S loss i-i nitrogen (20 '.m) than in air (30 .1m) and I Removal; Subsenuett
except ait the cracks the damage was generally less I ailure to Joerate
than 1V . i. 7he ie of loai sulphur steels and cuttingI
the electrode-; io that the stringer,; ran parallel to Material Transfer %;irface Sailt

ties iric boh rovd t beefectve ean ~ Electrode to Electrode* Er-osiri R~ate; A Function.
*1Iiinating4 zric.. fornatilmn, rhus reducing the chance o f Onposite Electrode
If Ilect-ode failiire.
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The cross sections of these electrodes, shown in
Figure 3a,b reveal cracks with depths of approximately
80 Um for electrodes run in air And 20 u- for elec-
trodes run in nitrogen. At first it was thought chat o
the cracks were due solely to temperature cycling in -C

the material with the "hexagonal" pattern resulting '

from the biaxial tensile forces present during
resolidification of the molten surface. (A simple a %

calculation showed that a temperature change of 200C -

could lead to crack formation.) ,'1 ' *

t t

"-(a "5-0 m' I"* 2:fK .' . -.. ,.

- - ~ -. 7

, -. 'G.,.- • :. . .:.. ,- .

Ia.
•~~~~~a 50tod m ai ()o h otre£:"

"

("e(b) 5 eim "

* > . cathode i air: a on tie Duter e..e;

'(5 ik- '., S 2
4

hotogEraph at rgl -' examinied 'i,

* .~ ~ I 'ger Analysis.

'* L.A i.anatcare-i avid is a cetter * fr 'ie u,.-hur n sl
in the 4teel Wlich it h1th temoerlt.,r' o l. i

chemical reacc~in ePaningt e t Coe-a" ti tie
Ci) ~ ian.'pnreqe ;ie.Howeer, siire mnv more Mi~nfese

gites *xti~t than t'.;se )cc-,rring*as it thecctAckq,
It djq :minv l.!P,1 ma h r-siu t tat Sor. ace 1-in o-1

e,.,r 3 q .' a eclt ,,rs inf a tjtal s' at..1 q.' .of4 it -imbi' t a-e 41 4nit t1 -ea 'ti tf ir1 .'tlr. an.'

!t . a ' , e m"port , .f ie , -t r, e" in at

"rther oxns.," it t" e 'he -- ri-K . i)Wa :i 1 4., ' 451 it , -trtna ,!!et ram -.e. ;

r n,-1"-1 1 r CI, itlr ,:!. extqu l-rt , iaerg : t, e i n;1- - :ei 'i,' 4ie. ".
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(a 2 un (a) 100 11M

::C b) -gar= 0m

7...'

-.ure 5. Surfaces of stainless steel (304) in a.r:

(a) cathode--cut so taht itringers ran (b) 200 L;m I -1

parallel to the sur ace; (b) anode--the
• sa~e is orevious runs.

e is Figure 6. Comparison of cathode surfaces of two

In addition. -it the suggestion of che steel different stainless steels: (a) 316;

-n c ret a second steel was tried (316) which (b) 304.

m11 h hi-e lower ulphur content. The results, shown

in ,i4ure 6a h also indicate an absence of cracks,

Ui .oah 1,) ;itgni'cant redction in bulk erosion References
"., ¢curred .

[1] G. L. Jackson, L. Hatfield, M. Kristiansen,

1- ".e ah-)uld not conclude fr)rn theqe experi'menti M. Hagler, A. L. Donaldson, G. Leiker, R. Curry,

:. satrn~ce ,ric ing, reoutre.a :he preence ) R. Ness, L. Gordon and D. Johnson, "Surface

na-n.inee tringers or even cheniiat attack--3nv Studies of Dielectric Materials Used in Spark

" nechanlti,-hich leads _o i awekenine )f th later al Gaps," J. Appl. Phys. 55 (1) (1984).

iurface Ioriin tenperature cvcl4n g cin prove suffi-

,:eit to produce the observed structure. :ndeed, (21 A. L. Donaldson, "Electrode Erosion in a ' ili

S:rac fornat ton nas been observed bv the authors and Energy Spark Gap," Master's Thests. Texas Tecn

)cner; ti electrodes made of copper in a tuntsten University (August 1982).

natrrx '3-5i and tantalum 161, although the ,rocesioes

. in ) .tie surf ice :racking are ,nclear. [31 A. L. Donaldson, M. (. 4arler, M. Kriitiansen,

L. L. Hatfleld and G. L. Jackon, "Electrode

-xsvninati,) of olectrideq run for 2. o, ,3)0 Erosion Phenomena in a High Znerzy Oulsed Dis-

nd 5 , ') rni,)t indicated that the depth of the charge," IEEE :rans. on Plasma Science, PS-12 (1),

crc: < itcrense w ttn ;hot iumher and, although the pp. 28-38 (March 1914.).

a-,ae a 0,i O t s (8 ..na- i c r acka 3 ris nt e q,)u 4h
r ",J uce cat 14 r)phic aiilare )f the electrode, it [r4 Y. Suzuki. Y. Kawakia, M. Kune and M. EKawa, "A

i :it e ai *, 1le that for i)r'na: witchne use 150 kV, IPO kA Spark Gap Switch for 'arx 3enera-
' hrs) :rick firari~n :nult present a trs," in Proc. 3rd IEEE Int. Pulsed Power Conf.

.ten'ifti:at -nnt.rIl i ormle,. (Albuquerque, NM1), pp. 4.-4..7 (June i81).

[] M. T. Manuss.nn, "Erosion and formation of -racks

in W/Cu I-ipr-ngiated Materials of Different Tune-
.he ati, ira' l . , thank 'I. "'rNC il fir "er sten Grain 3tze," ETZ (A), 19, po. 239-24.0 (1977).

' , r , t'. 'a nuz.l' t aol
r 

I '1". Lhalniran. f.. "Mo",.

1. nunni'air , a,-1 1 2. I. I .lnotnrev, V. 'akhin, U. . PiliinsKii ai
"" ' . r r -i"-ir wor< 'x tn . -a ici Nlt t l V . 7, rraneznt'3v, Soy. Ohys. T ch. Phvs. 2

pp.



193 Presented at the 5th IEEEPulsed Power Conf., Arlington, VA
Appendix L June 1985

HIGH CURRENT SURFACE DISCHARGE SWITCH
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Abstract

The erosion of several dielectrics has been inves- current waveforms are damped RLC in nature, with their
tigated in a single channel surface discharge switch amplitudes determined by the charging voltage. The
(SOS). The switch was operated in an oscillating best results of 130 kA peak current and 0.74
circuit in a self break mode (capacitance 1.85 WF. Coulombs/shot charge transfer were obtained across a
charged to 40 kV, peak current 130 kA, charge transfer 3.5 cm gap.
.74 C/shot, frequency 300 kHz). Delrin, Teflon, and
tte epoxy-fiberglass laminate G-10 were used as dielec-
tric surfaces with Copper-Tungsten (K33) electrodes.
Repetition rates on the order of 1/3 pulse per second
(pps), which increased during operation as the surface
erooed and the breakdown voltage decreased, were used.
Delrln withstood 100 shots before the 1.6 = thick
sample melted through. Teflon eroded at a lesser "-\- \ > \ \ "''"
rte. -10 samples quickly shattered or developed aI
carbonized track which lowered the breakdown voltage to I)'I

l.,1 I i' l..-

Introduction ISIrII

Very little information can be found on insulators
which have been tested to repetitive high level - r I
currents in excess of MA's, but various dielectric . I
materials are considered as insulators in pulsed power II ~
applications due to their availability and cost. G-10, '"'

I"\I
for example, has been used in rail guns, primarily due -.
to its ease of machining and mechanical strength. In \
such an application, the G-10 is subjected to MA cur-
rent levels at a very low rep-rate. The present exper- LINE EEDIELECTRIC
iment uses field enhanced electrodes which confine INSULATOR ELECTRODES SAMPLE
currents in excess of 100 kA to a highly localized
region on the insulator surface.

(a) Top View
The purpose of this paper is to describe the

erosion of Delrin, Teflon, and 0-10 as they were sub-
jected to high current levels. Hold-off voltage char-
acteristics of the three dielectric materials were
measured and are reported. It is interesting to note
the drastic difference of 130 kA switching effects on
the dielectr:cs as compared to previous 5 kA switching
studies. 0-IC for examole, exhibited the beat charac- DIELECTR
:eritics for 5 kA switching [1], but was the poorest ISAMPLE
for 130 kA switching. Despite the gross erosion pat-
tern left on the its samples, Delrin exhibited far ELECTRODEO
superior performance comoared to G-1). Finally, Teflon F. ."
exhibited the best overall characteristics of the three i .-
nater~.als tested.

Experimental Arrangement

As shown in Fig. 1, the dielectric samples were LINE INSULATOR
inserted into a q Ohm, I m long strip line. The elec-
trodes, made of K 33, can be cnntinuouslv adjusted to
accommouate 4ap separations from I to 30 cm. The strip (b) Side View
line shown is 20.3 cm wide ind the separation is vro-
vided by a Blue Nylon lielectrlc, 30.5 cm wide and -
.t5 cm thick. The energy storing, 1.85 aF, Scyllac Fig. I Surface Dis.,-arge Switch
capacitor, shown in. Fig. ., is integrated into zhe
strip line and -an store 1.48 KJ of energy when -harged
to -3 kV. The DC charged SOS, operated in air, is
if'owed to self breaK aIt about .0 kV initiallv, and
iliow-d t) free run, at about 1,3 pps, as detormtnod by
the ;elf breaK voltage which decreased is he
lielectric surface eroded away. 3oth the voltige and

*% ..-.-- ,.

"b " ' % • ". " % " . w ". % " " " % " " ' - -'- ' " .I ° - "- •- . " "• .•. • " " . .". .• 1 -
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- DELECTRIC 1.0 VelIoci ty1  Velocity 2
SAMPLE 1

V5 3 7AIROZL 0.5 W/O AIR

.....WITH AIR (Velocity,)

20 40
PRESSURE OF SHOTS

GAGE
Fig. 4 Effect of Forced Air Cooling on G-10

. 500 k:1C 1.0
C . 1.35 F

Fig. 2 Experimental Setup

Resul-s 0.5

C - i 0

1) Hold-off voltage. 2) total charge transferred,
And 3) total energy craasferred ire plotted against the
nu-n:er at shots for 3 typical G-1) sample in Fig. 3. is 0 V1
After the first few preconditioning snots, the hold-offS -

voltage dropped quite drastically. As shown In

Fig. 4., two different levels of forced air cooling is I00
compared to no cooi~ng with no inificant improvement. 0 OF SHOTS

5i. shows the cold recovery after the surface has
been allowed to cool, but not long enough for the
Surf.-ce charge to be discharged (surf.-ce resistance of Fig. 5. Cold Recovery of G-10.
Sample tines the capacitance >> cooling time). Visual
inspec:ion by the naked eye of the C;-IC) samples wt
ieverely reduced hold-off voltage (approximatel ' 1/!0 .

-if initial hold-otf voltage), showed 9igis if .t carbon-
lZed track appraxtmateiv 0).5 = wide burned between the
two electrodes, as shown in Fig. 6.

ENERGY

0.5
~~CiARGECA

'"W16

!OF E HOTS

rig. 3 Typical G-11) 4oi-.)ff "olta3ge ?lot ig6 EoinPton) -0
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Delrin

1) Hold-off voltage, 2) total charge transferred,
and 3) total energy transferred are plotted against the
number of shots for a non air cooled Delrin sample in 1.0
Fig. 7. In the case of air cooled samples, there is
quite an impressive improvement over the non air cooled
sample, as can be seen in Fig. 8. Cold recovery of
Delrin using the same method as in the G-10 sample,
shows that the material can recover, unlike the G-10
sample. A non air cooled sample is plotted to show
the cold recovery of Delrin in Fig. 9. A typical
erosion pattern on Delrin is shown In Fig. 10 and it 0.5

S can be seen that the erosion pattern is rather uniform.
It is interesting to note that Nylon 66 samples were
also tested and showed almost identical patterns over- v 0 V
all to those of Delrin and thus not reported separately S
here.

1.0 50

-- # OF SHOTS
ENERGY -'

v'.-4- CHARGE

"" Fig. 9 Cold Recovery of Delrin

0.5 "

VSB
4.-

4."

20 OF SHOTS

Ft4. 7 Non Air Cooled Delrin Hold-Off Voltage Plot C A

.1.

0.5
5W/0 AIR Fig. 10 Erosion Pattern on Delrin

.......... WITH AIR Teflon

In Fig. 11, 1) Hold-off voltage, 2) total charge
transferred, and 3) total energy transferred are

'0 4plotted against the number of shots for a non air
cooled Teflon sample. As can be seen from the figure,

OF SHOTS the hold-off voltage remained consistently high
throughout the run. Forced air cooling on Teflon
samples seemed to have in effect is it did for the

F14. 4 Effect of Forced Air Cooling on Delrin Delrin, but the results did not seem as significant
due to the consistently high hold-off voltage. Due t3
this high hold-off voltage characteristics, it is
difficult to Aetermine whether the Teflon has actually
recov-red f)r the test shown in Fig. 13. Figure i.
shows the erosion pattern lett on a Teflon sample.
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1.0

0.5 CAG

20 40

# OF SHOTS

* Fig. 11 S4on Air Cooled Teflon Hold-Off Voltage Plot

K, P F~& . -Fig. 14 Erosion Pattern on Teflon

Discussion of Results.

Johnson [21, measured no significant reduction of
0.5 ______r the hold-off voltage of G-10 and Deirin at relativelyW/O AIR lo: current levels even after exposing them to several

thousan~d shots at current levels of a few thousand

..................................WTHARAmperes. It is clearly evident that the erosion of%.......... ITHAIRdielectric materials depend veryr heavily on the
naximum current as is especially evident for G-10.
For Deirin, the 'told-off voltage depends very heavily
on the surface temperature and not the physical

2640 volumetric erosion. With no prior reports on TeflIon
20 it is impossible to make any type of contrasting

'OF SHOTS comparison but Teflon seems very promising as a high
current insulator for these types of applications.

Fig. 12 Effect of Forced Air Cooling on Teflon
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An electro-magnetic method for injecting a projectile into a

mass driver using a conical liner is proposed.
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Most of the serious problems for electro-magnetic accelera-

tors of projectiles, such as rail guns I ) and ablation mass 0

drivers 2 ,3 ) occur at* the low velocity section of the accelerator,

since most of the electrode erosion occurs in this low velocity

section of the accelerators. Here the low velocity means the

volocity lower than about 1 km s - . This is because of the fact

that the heat load on the surface of the electrode in the low

velocity section becomes extremely high since it is approximately

inversely proportional to the projectile velocity.

In order to minimize this problem, the projectile should have

a high injection speed into the accelerator. Using light gas guns

as injectors to give an initial speed to the projectile, however,

induces other complicated problems since these guns also inject

large amounts of gas into the discharge chamber where the armature -

propels the projectile. This can, for instance, cause restrike at

the breech of the gun. The initial projectile speed should,

therefore, be caused by other means than using gas pressure. S

Another serious problem is the stiffness of the accelerator.

The operating stress for accelerator rails and insulators must be

low enough to avoid unacceptable mechanical distortions. This S

later problem must be solved by the careful choices and the

development of the materials. We do not discuss this problem in

this work.

The purpose of the present letter is to propose a new method

of injecting projectile into electromagnetic accelerators. At the

exit of the injectors, the projectile should have the velocities

of the order of a few km s- 1 in order to avoid the electrode

erosion of the main accelerator.

.. . . .. .. .- ... .-- .-.... * . . . . . .. . . . -+.? .. .--. . ... ~ . . . . . . ... . --.. . -.- . .. . .; . .. : - - -
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A potential alternative method for impacting the necessary

injection speed to the projectile is to use an implodinq conical

liner which squeezes an insulating working fluid (e.g. oil) into

the accelerator instead of the gas. The driven fluid can then

give the forward thrust to the projectile. This principle of

conical liner injector is shown in Fiq. 1.

The dynamic behavior of the mt i1 (" - i: as follows.

Once the switch is turned on, the c -  
..... ... conical

surface (conical z-pinch). As I " .. ,.... f ficientlv

high, the cone is compres<', ..... in

Fig. 2. The eventual chan,-. : .. , t

fluid into the barrel an " . * !, t:e

ablator,is propelled by th- f .

An estimate of the at, . .... *

equation of motion of the cr,: .

the ablator, and the projectil I- i c

2 1 2
M z o ()

27dt 2r

a.here M is the total mass including the fluid, the ablator and the

projectile, I is the total current alonq the conical shell, Vo is

the magnetic permeability of vacuum, z is the distance along the

cone, and g is a constant of order unity. Here the mass of the

moving shell is neglected. If the length of the cone is h and the

current is supplied by a constant current source, the final

velocity, vo, obtained is

.I
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gh 1/2 (2)0i
If the required speed for the injection is vo--0 3 m/s, Eq. (2) is

reduced to

2(I h 13( )A
-- 0.25 x 1013

M-

in MKS unit. Specifically when the current, I, is 106 amperes and

the mass, M, is 0.1 kg, the length of the cone becomes

h 0.25 (meter) (4)

In conclusion, we have suggested a possible method for

injecting the projectile into an electromagnetic mass driver

without using gas pressure. The necessary cone for the accelera-

tion of the projectile is acceptably short, provided that the

driven current along the conical shell is of the order of

106 amperes. The quasi-steady current of order 106 amperes

should be obtained by the method employed in the work1 .

In addition it is possible to compress the liner by induced

current azimuthally on the surface of the liner (conical 0-pinch),

although only the case of conical z-pinch compression of the liner

, ,i 1- L n [ l ,T -l.I 1 ; . ..*~ - *. *m .i i..i. -i.. .
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is discussed in this work. In spite of less efficient

acceleration with a conical e-pinch than with a conical z-pinch,

the non-destructible conical e-pinch accelerator is possible.
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Figure Captions

0
.16

Fig. 1 Structure of injector using a metallic conical liner.

Fig. 2 Change of the shape of the metallic cone when current is

driven along it. Note the formation of the stem.

'I.
I
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ATTN O" F: 5 JUN 1085

SUBJECT: Appreciation

TO, Dr Marion 0. Hagler
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Lubbock, Texas 79409

1. The Flight Dynamics Laboratory of the Air Force Wright Aeronautical

Laboratories wishes to express its appreciation to Dr M. Kristiansen, Head
of the Plasma and Switching Laboratory, for his outstanding contributions
to technical discussions held at Maxwell Laboratories, Inc., San Diego, CA,

on 1 May 1985.

2. These discussions were conducted to solve problems with a pulsed power
KrF laser triggered crowbar switch which is a critical component of a full

threat lightning simulation generator. This generator is being built under

contract for the Air Force's Atmospheric Electricity Hazards Protection
Advanced Development Program (AFUAL/FIEA). These problems had plagued the
contractor for over a month and had delayed the delivery of the generator.

This delay was costing the Air Force money as it further delayed other
Air Force contracted efforts.

3. Dr Kristiansen contributed significantly to the technical discussions
at Maxwell Laboratories which resulted in a concise detailed plan of

approach to solve the problems with this pulsed power switch. Prior to the

discussions, Dr Kristiansen identified to the Air Force those individuals

in the United States who could contribute most significantly to these
discussions. He solicited and arranged the participation of Dr A. H.

Guenther, Chief Scientist, Air Force Weapons Laboratory. Unable to attend

the Thursday meetings due to prior co~itments, he arrived two days early
and set the stage for all discussions which followed. He determined
concisely the problems, made significant reco-=endations and pre-briefed

the other participants. As a result of his efforts, the technical
discussions held on Thursday were a monu.ental success. Dr Kristiansen's
superb technical abilities in the area of pulsed power and his extreme

interest in solving this significant U.S. Air Force problem bring credit
upon himself and Texas Tech University.

4. For providing his superb technical abilities, arranging his schedule to

participate in the technical discussions and his outstanding contributions

to the solution of this Air Force problem, the Flight Dynamics Laboratory

is extremely grateful and wishes to express its appreciation to

Dr Kristiansen, Head of the Texas Tech University Plasma and Switching

Laboratory.
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Acting Director -9-
Flight Dynamics Laboratory

4' _ , .. 
"
- , . - % .



- 4 6 -

---------


