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SUMMARY OF RESEARCH OBJECTIVES

for

1983-84

OPENING SWITCHES

Investigations of repetitive e-beam controlled discharges
with respect to gas properties.

Investigation of optogalvanic effects with respect to their
use as discharge control mechanisms.

Studies of concepts for optically assisted, e-beam sustained,
diffuse discharge switches.

Modeling of diffuse discharges, including control mechanisms.

Feasibility studies of novel opening switch concepts.

TRANSIENT PROCESSES IN TRIGGERED ELECTRICAL BREAKDOWN

IN GASES

A facility for investigating triggering in trigatron devices
will be constructed as discussed in the proposal text.
Triggering in trigatron devices will be investigated making
use of this facility and optical diagnostics.

Studies of laser triggering of spark gaps will continue.
Numerical models of triggering and breakdown already develop-

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

laser-induced triggering.,
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EXPLORATORY CONCEPTS

1. The most important parameter dependencies in surface dis-
charge switches will be determined.
2. The feasibility of geometrically enhanced field distortion

triggering of spark gaps will be determined.

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

o be investigated for feasibility.
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INTRODUCTION

The Coordinated Research Program in Pulsed Power Physics is
a multi-investigator Program involving 5 Principal Investigators,
2 Associate Investigators and 10 Graduate Students. Other
faculty investigators from Electrical Engineering, Physics and
Chemistry, and also interacted and cooperated at various times.
The program is jointly sponsored by AFOSR and ARO. Some 12
refereed journal articles and 3 conference proceedings papers
were published last year. .The three main projects are Opening
Switches, Transient Processes in Triggered Electrical Breakdown
of Gases, and Exploratory Concepts. The second one of these
projects will not be carried on in its present form beyond this

contract period since the Principal Investigator is moving to

another university. DT A for T A
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Opening Switches

(C. Harjes, G. Hutcheson, L. Thurmond, D. Skaggs, E. Strickland,
G. Schaefer, K.H. Schoenbach, H. Krompholz,

M. Kristiansen, and F. Williams)

I. SUMMARY

The primary objective of this work is to study control pro-
cesses in externally sustained or controlled diffuse discharges,
with respect to their application as opening switches. Concepts
for diffuse discharge opening switches have been developed, exper-
imental facilities have been assembled and experiments have been
performed to investigate the applicability of these concepts.
computer codes have been developed and applied to different
systems to allow optimization and scaling.

The different groups of concedpts discussed herein are:

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

- the optically controlled aiffuse discharge where optical

control either means increased conductivity of the dis-
charge by means of laser radiation or optical stimulation
of loss processes in self-sustained discharges (Section
<)

- exploratory opening switch projects

For the investigation of the electron-beam sustained dis-
charge an apparatus was designed which allows investigations of
repetitive opening in the time range of 100 ns at current levels

of up to 10 kA.
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The work done in the last year includes:
1. Opening Switch investigations in the following gas mix-
tures:
N2 :N520O
N>:50;
N9:COp

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

For investigations of optically controlled discharges the follow-
ing steps were taken to approach a feasible switch system:
1. Design and construction of a new flowing after-glow cell

2. Small scale experiments on optically enhanced attachment

Do s 4 r e e e -
‘L‘&l..,.‘ N

3. EXternally sustained discharge experiments with photo-

detachment

Lo

4. Change of the computer code to calculate attachment rates

"

depending on the electron generation mechanism.

i P AL LN '*“-

Several other exploratory concepts related to diffuse discharge
opening switches have also been examined. Among these are a mag-
netically controlled switch (collaboration with GTE Laboratories,

Inc.) and electrodes for diffuse discharge switches.

s b Laeampea

LT PR SRS REAEI RS, N

. At . . . .
PP S ) e a4 als - PR PEr 2 L i - ek em LA T AT Y. WA S ST . W LI . U LSV IO ¥




B~ San it w g ot made wa e e A At A A AL i B B A Al e BN S AL S A Aat A MRS

II. E-BEAM CONTROLLED OPENING SWITCH SYSTEM

A. Intyoduction

An electron-beam controlled discharge circuit has been con-
structed to study the behavior of an e-beam sustained, attachment
dominated discharge:

a) at high discharge current densities,

b) 1in gases which are suitable for low loss, fast opening

operation,

c¢) for rep-rated operation.

The main objective of the investigation is to determine a set
of criteria concerning electrical and gas parameters of an e-beam
sustained discharge, which will guide the design of the rep-rated
electron-beam controlled opening switch.

The switch concept is as follows: An e-beam is used to ion-
ize the gas between two switch electrodes. An inductor can be
charged through the then conducting gas. The switch voltage
remains below the self breakdown voltage so there is no avalanche
ionization. Thus, when the e-beam is turned off, electron attach-
ment and recombination processes in the gas cause the conductivity

to decrease and the switch opens.

1. Experimental Arrangement

a) E-=B8eam Gun/Control System

The e-beam was designed to satisfy the following
requirements:
1) high repetition rate,

2) fast turn on and turn off times,

e a PO W S|

A I A, W
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3) variable beam energy and current density.

The e-beam gun is constructed as a tetrode to achieve
the required fast response control of the e-beam. A simple
trigger circuit allows the generation of a burst of e-beam
pulses with variable pulse duration and pulse separation. The
tetrode has a thermionic cathode which allows variation of
e-beam current and voltage, independent of each other. The
design and performance of the system is described in Ref. 1
(attached as an Appendix).

b} Switch/Diagnostic System

The switch is located in a pressurized stainless steel
chamber just above the e-beam chamber, as shown in Fig. 1.
The e-beam enters the switch chamber through a 1 mil thick
Titanium foil window which separates the two chambers. After
entering the switch chamber, the e-beam passes through the
lower electrode of the switch which is a 1/2 mil thick alumi-
num foil and is incident on the stainless steel upper elec~-
trode. The e-beam ionizes the gas between the two switch
electrodes and generates a diffuse discharge. The two elec-
trodes are connected coaxially to the switch pulser, as
shown., This pulser is a 2 § PFN that is able to deliver a
25 kv, 12.5 kA, 1 us pulse to a matched load. The impedance
of the PFN can easily be increased.

E-beam and switch currents are measured by transmission
line current transformers [2]. The e-beam and switch volt-
ages are monitored by resistive voltage dividers. Since the
switch diagnostics are floating at the switch chamber poten-

tial (i.e. the potential of the top plate of the stripline),
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the signals are recorded in a floating screen room with
oscilloscopes which are battery powered.

2. Experimental Results

Diffuse discharge investigations were performed in the gas
mixtures N2:N20, N2:503, and N3:CO3. The experimentally obtained
current-voltage characteristic for N3:N20 agrees with previously
obtained theoretical results at high E/N [3]. The discrepancy in
theoretical and experimental data at low E/N reflects the uncer-
tainty in basic data for N0. With respect to the criteria for
optimum switch gases (low losses during conduction (at low E/N),
large losses during and after opening (at high E/N)) N30 in Njp is
superior to the other investigated gases. For opening times of
100 ns, the current gain was in the order of 10. With better
utilization of the e-beam energy in our system a gain of 100 can
be achieved. Shorter opening times, down to ~ 10 ns, are possible
with higher attacher concentrations, however, at the expense of
reduced current gain. The published results are discussed in more

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

B, Modificat of the Computer Code to Include Ion Current

In order to model the behavior of tne diffuse discharge
during and after turn-off of the e-beam, electron and ion current
densities have to be considered. The computer code was therefore
modified to include the transport of negative and positive 1ons
and 1on-icn recombination. The results showed that the contribu-
“ion of lon current to tnhe total current even after turn-off of

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

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

19834 in Boulder, CO [14] (Abstract is attached).

B. LClectrodes for Diffuse Discharge Switches

A general proolem related to large volume diffuse discharges
is the initiation of instabilities leading to current density
inhomogenuities and finally to arcs. In most cases these instabi-
lities start in regions with increased electric field intensity
close to the electrodes. Cathodes with a lower potential differ-
ence across the sheath and positive I-V characteristics should
tnerefore delay or prevent tne onset of instabilities. Since
hollow cathode discharges (HCD) are known to have these properties
electrodes with a larger number of small holes acting as a mul-
tiple hollow cathode devices could pbe used. Tnese holes could in
addition be flushed with a gas {preferably a rare gyas) which is
xnown to be less sensitive to instabilities.

At the beginning of this project no information was available
to determine the time required to initiate such a hollow catnode
discnarge. Experiments were therefore performed to investigate
tne delay time and rise time Of a hollow cathode discharge in tne
nanosecond time scale. A paper presenting the results of these

experiments 1s attached as an Apoendixzx [15].
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CHANGE IN DISCH. IMPEDANCE WITH P

s 20X SFg + BCX Ha

o Pure Ha

2y och B=1KG) /24, gcty (B=0)

PRESSURE (torrl

Fig. 6. The ratio of discharge inpedance with and without

magnetic field for the gases Hg and Hg + SFz as a

function of total pressure, .
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low electron energies the attachment losses will thereby be
increased. This effect, together with a reduced ionization rate
can be utilized in an opening switch.

The effect of a magnetic field on tne electron energy distri-
bution in a low pressure gas discharge was studied by means of a
Monte Carlo code for gas mixtures containing SFg in He or N3 as
buffer gases. Figure 5 shows the shift in the electron energy
distribution with increasing magnetic field. At this time we
perform calculations with model gases (artificial attachment
cross—-sections) to find the optimum gas mixture for low pressure
discharge switches.

Simultaneously to the modeling of the discharge, experiments
have been performed to demonstrate the feasibility of our opening
switch concept. The experimental apparatus, constructed at the
GTE Laboratories consists of a coaxial discharge system, with a
magnetic field coil, which allows application of longitudinal
magnetic fields up to several kG. Results of experiments in pure
He and a He + SFg mixture are shown in Fig. 6. The ratio of

discharge resistance with and without magnetic field at various

o/

ressuras 1is plotted . Below 6 Torr discharges with either gas
mixture have the same characteristic: the applied magnetic field
reduces the discharge impedance (closing switch effect). Above &
Torr ther= is no change in impedance for pure He. However, 1in
He + SFg the 1mpedance is increased in discharges with magnetic
fields compared to that without magnetic field (opening switch
effact). Farther investigations are planned with gas mixtures,
which according to our calculations, show better opening switch

characteristics.
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attachment., (2) Electron beam ionization will mainly produce elec~
trons with energies above the value at which the maximum attach-
ment cross—section occurs and thermalizaticn at low values of E/N
will cause the electron to cross the range of strong attachment.
The existing Monte Carlo code has been modified to allow the
direct calculation of rate constants for all collision processes
considered. Calculations of the attachment rate constant of N30
in Ny as a function of E/N are under way. Variable parameters of
the calculation are the initial energy of the secondary electrons

and the electron density.

IV. Exploratory Opening Switch Projects

Two exploratory concepts have been examined for potential use
as opening switches, or for improvement of the efficiency of high
pressure diffuse discharge opening switches, respectively. One is
a magnetically controlled low pressure switch, the second concept

deals with electrodes for high pressure diffuse discharges.

A. Magnetically Controlled Opening Switch

A joint research program between TTU and GTE Laboratories,
Inc. was initiated to explore the possibility of controlling the
conductivity of low pressure plasmas, containing attachers, by
means of externally applied magnetic fields. The concept is based
on the change in the electron enerqgy distribution towards lower
energies, when external magnetic fields are applied. In a gas

containing attachers with attachment cross-sections wnich peak at

L amalh sandns aind 1
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discharge and circuit parameters we used a code with two indepen-
dent steps. In the first step, all rate constants necessary for
the calculation of all rates of the significant processes are
calculated, depending on E/N, for a representative gas mixture,

These calculations are based on the electron energy distribution

L/

functions with E/N as the variable parameter obtained with preced-
in3y Monte Carlo calculations. This code has been used to calcu-
late the characteristic and the transient behavior of an electron
beam sustained discharge in Nj; with admixtures of an attacher
(N20O). Photodetachment of 0~ was discussed as an additional opt-
ical control mechanism. The results of these calculations were
presented in a paper at the 4th IEEE Pulsed Power Conference [13]
and in a paper published in "Lasers and Particle Beams" [3]. As
discussed in this paper, discrepancies are observed between
attachment rate constants for N70 calculated with our code from
cross-sections and experimentally obtained attachment rate con-

stants. But, rate constants obtained experimentally with differ-

=

2nt methods also show discrepancies, especially at low values of
E/N. Consequently, discrepancies also occur between measurements

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

]
A poroject has, therefore, been started to evaluate the influ-
ence of the electron generation mechanism on the attachment rate
) constant depending on &£/N. Two main cases are considered: (1)

Wwith photoionization the major fraction of the electrons produced
will have energies below the value a% which the maximum attachment
cross—-section occurs and thermalization at low values of E/N will

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

AP W S P W O T j
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signal is shown in Fig. 4. For the continuation of these

LB AR A0 oh au o
|'A.'4:l

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

al

Chun s

zation of the primary discharge to avoid attachment of the

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

D. High Power Discharge System

The design of an optically controlled high power discharge

system was described in previous Annual Reports on AFOSR Contract
No. F49620~-79-0191., Although its' design has not been modified
its' mode of operation has been changed to allow operation in the
appropriate E/N range. As discussed in the previous chapters
photodetachment was considered as a control mechanism, especially
for the transition from the open state to the closed state to

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

3

photodetachment is used in an externally sustained discharge in an

;‘ E/N range well below self breakdown. The discharge system, which
was originally designed for the operation of pulsed, self sustain- 4

ed discharges with UV-preionization is, therefore, now used to
produce externally sustained discharges by using the UV-sources as
an external ionization source. The initial experiments were per-
formed in Helium with admixtures of oxygen.

-

%. Computer Calculations

! In previous research periods on AFOSR Contract No.
F49620-79-0191 a computer code was developed to evaluate the time-
Jjependent behavior of an externally controlled discharge in a i

given circuit. 1In order to allow fast calculations for different

P
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The next group of processes considered for optical control of
diffuse discharges includes processes allowing photo enhanced
attachment, as discussed in Section C.2. At this time special
emphasis is given to investigations of photodissociation of
larger molecules generating fragments with a higher attachment
rate (see Section III B). Since the starting products for these
processes are attachers themselves but with high attachment rates
at high values of E/N the effect of photo enhanced attachment has
to be investigated in discharges at low values of E/N. For these
experiments a new discharge tube had to be developed.

Figure 3 shows the experimental setup. The flowing discharge

tube has similarities with the one use for the flowing afterglow

experiments., The major difference is the use of a hollow cathode
for the primary discharge with a separate flow through it. This
allows operation of the primary discharge between the hollow
cathode and grid 1 as the anode in pure helium. In a mixing
regime between grid 1 and grid 2 the flowing helium plasma is

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

: ary discharge 1is operated at low E/N and low current. This

/

1 secondary discharge is an externally sustained discharge since the

®

- carrier for this discharge are produced in the primary discharge.

- The time dependent current of this secondary discharge is measured

[ after applying the optical signal.

o

[ With this device experiments have been performed in helium
with admixtures of HPC=CF,; and HC=CCl; using a spark as a UV

. source. In preliminary experiments an increase of the resisti-

L4

[ - vity in tne order of 30% was observed. A typical optogalvanic
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tation of lasers with transitions between excited vibrational
states. An example is the reaction [10]:
CHoCHF + UV-photon —> HF (v,J) + fragments,

which is used to operate HF lasers on rotational and vibrational
transitions. Such processes have in the meanwhile proven to
increase the attachment rate by orders of magnitude using the 195
nm radiation of an ArF laser [11]. At Texas Tech University the
direct influence of these processes on the conductivity of an
externally sustained discharge is being investigated. Since no
laser with sufficiently high photon energy is available, UV-spark

sources were considered as an appropriate alternative.

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

Although the basic data available for several processes allow
us to estimate the magnitude of certain optogalvanic effects,
small scale experiments are necessary to prove the feasibility of
these concepts. The reasons are that in a discharge the optogal-
vanic effect competes with a large number of processes and that a
full set of rate constants is not available in most cases. Even if
fairly complete sets of cross-sections are available the necessary
calculations are difficult and time consuming. In the first study
in 1982, in corporation with J. Mosely, University of Oregon, we
looked at photodetachment of O~ in the flowing after-glow of a
discharge containing Oj. A paper describing the results of these
experiments has been published in IEEE Trans. Plasma Sci. [12].
The investigations on photodetachment are now continued in an

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

strongly intevact with the work on electron beam controlled

diffuse discharges, described in tne previous section.

B. Concepts for Optical Control of Diffuse discharge Opening

Switches
The aim of this work is to investigate several types of opto-
galvanic processes and to estimate the magnitude of the change of

the discharge resistivity with regard to their possible applica-

tion as a control mechanism for diffuse discharge switches. Some
of the earlier results are summarized in a paper published in IEEE
Trans. Plasma Sci. [7]. An overview was also given in an invited |

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

recently as an Air Force Pulsed Power Lecture Note [9].
As a result of all previous investigations it was concluded
that the generation of electrons should be accomplished by cheaper

metnods than laser photons such as electron beams while photons

could be used to control the electron depletion mechanism. The
main emphasis is, therefore, on processes related to the necessity

] of using attachers to achieve fast opening times. Photodetachment

®

s has already been investigated in previous research periods and is
t?v now used in an externally sustained discharge (see Section C.4).
L‘ The emphasis is now on processes of photo enhanced attachment, and
| here mainly on the generation of vibrationally excited molecules
T with much nigher attachment cross—-sections than the same molecule
%' in it's ground state. In the last annual report photodissociation

of larger molecules has been suggested which is used for tne exci-~
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ITI. OPTICALLY CONTROLLED DISCHARGES

A. Introduction

Optical discharge control means to make use of an optogalvan-
ic effect. Here the conductivity of a discharge is changed by
irradiation with light. Optogalvanic effects have been mainly
applied to processes where the wavelength~specific response of the
discharge is used, such as in spectroscopy, sensing of impurities,
and frequency stabilization. 1In these applications a detectable
signal is required but its magnitude is of minor importance. For
switching applications, however, only those processes can be con-
sidered that show a strong influence on the charge carrier balance
of the discharge. 1In the beginning of this project the following
four research areas were felt necessary for the solution of this
problem:

a. Concepts for optical control of diffuse discharge opening
switches must be developed, based on known effects from
optogalvanic experiments,

b. Small scale optogalvanic experiments must be performed on
promising systems where sufficient data are not yet
available,

c. High power discharyge system experiments must be carried
out to check the scaling laws for the optogalvanic pro-
cesses and to investigate promising control systems,

d. Detailed calculations on promising systems must be per-
formed to predict the optimum parameter range for the
experiments with respect to the suggested transient

behaviors of the discharges.
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Fig. 2 The time dependence of the current density of an e-beam
sustained discharge in 1 atm N3 with an N0 fraction of
3%. Dashed line represents calculated results with the
ion component included, the solid line represents just

the electron current density.
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Electron-beam tetrode for muitiple, submicrosecond pulse operation®
C. H. Harjes, K. H. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz, and

D. Skaggs

Department of Electrical Engineering, Texas Tech University, Lubbock, Texas 79409
{Received 9 April 1984; accepted for publication 4 June 1984)

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

separation.

INTRODUCTION

There is an increasing interest in fast, repetitive opening
switches for inductive energy storage systems.! An opening
switch concept that shows promise for fast, repetitive opera-
tions is ‘the electron-beam-controlled diffuse discharge
switch.>™ It contains a gas mixture which becomes conduc-
tive when an ionizing e-beam is injected. When the e-beam is
turned off, electron attachment and recombination pro-
cesses cause the reduction of the electron density in the gas
and the switch opens. For the investigation of e-beam-con-
trolled conductivity in switch gases, an e-beam tetrode was
designed. The operating characteristics are: {a) burst mode
operation in the Mpps (Megapulses/second) range; (b) vari-
able pulse duration and pulse separation; (c) turn-on and
turn-off times in the range of 10 ns; (d) variation of e-beam
energy {E5 <250 keV); and (e) variation of e-beam current
density (J;<4 A/cm?).

I. ELECTRON-BEAM GUN

A cross section of the tetrode is shown in Fig. 1(a). The
cathode is located in an evacuated (p = 2 X 10~ Torr) Pyrex
cylinder, between the two plates of a stripline. The anode
consists of a grid of 250-uzm molybdenum wires at a distance
of 7 cm to the cathode. The anode grid covers the entrance of
a 12.9-cm-long drift tube which is terminated by a 25-um
titanium foil. The foil is supported by an array of titanium
bars. The bottom plate of the stripline is grounded and the e-
beam voltage is applied to the top plate by a two-stage Marx
generator. The generator {Physics International Co. FRP-
250) can deliver a maximum voltage of 250 kV with a 10-ns
rise time and with an exponential decay time constant of
about 2.5 us into a 300-2 load.

A more detailed cross section of the cathode is shown in
Fig. 1(b). The electron source is an electrically heated array
of 375-um-diam thoriated tungsten filaments. A negatively
biased spreader plate (¥, = — 500 V) prevents electron cur-
rent flow from the filaments back to the grounded cathode
base when no plate voltage is applied. At a filament tempera-
ture of about 2100 K, the e-beam current density is about 4
A/cm? over the 100-cm? cross sectional area of the beam.
The current density can be varied independently of the accel-
erating voltage by adjusting the filament temperature.

1684 Rev. Sci. Instrum. 55 (10), October 1984

0034-6748/84/101684-03501.30

The control grid is located 0.4 cm above the filament
array. Itis formed by an array of 250-um-diam molybdenum
wires stretched across a 17.5-cm-diam circular hole in the
outer shell of the cathode assembly. A negative bias voltage,
Vs = 4kV, isapplied to the grid to hold the e-beam off, even
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F1G. 1. (a) Cross section of e-beam tetrode. (bj Cross section of cathode as-
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when the accelerating voltage is applied to the plate. The e-
beam is turned on by applying a positive voltage pulse of
typically ¥, = 4 4 kV to the grid. A second grid, which is
biased to + 4 kV, shields the control system electrostatical-
ly. It is positioned 0.6 cm above the control grid. The grids
and cathode are connected to external power supplies

through high-vacuum electrical feedthroughs located in the -

aluminum base of the cathode. The base is water cooled and
serves as a heat sink for the cathode.

iIl. CONTROL SYSTEM

The pulser driving the grid is depicted in Fig. 2(a). It
consists of two, 75-2 cables (lengths d, and d,) separated by a
triggerable spark gap. Cable 1 is connected to the grid, as
shown, and is charged to the negative bias voltage — V.
Cable 2 is charged through a 10-M12 resistor to the voltage

+ V,. After triggering the spark, the positive voltage from

cable 2 propagates towards the grid, is reflected with the
same polarity, travels back to the charging resistor, and is
reflected again. The negative bias voltage from cable 1 is
reflected at the open end, etc. Hence, the cable pulser with
two open ends generates a periodic rectangular grid voltage
V,, with alternating polarity as shown in Fig. 2(b), and the
electron beam is repetitively turned on and off.

The primary advantage of this pulser is its simplicity
and versatility. The pulse magnitudes are variable by chang-
ing the cable charging voltages, and the pulse width and
pulse separation can be adjusted by changing the lengths of
the cables. However, due to the effect of the capacitive termi-
nation in the tetrode and cable dispersion, subsequent pulses
are degraded. This degradation limits the useful length of the
pulse train to three or four pulses. The output of the grid
pulser, when fired into a 100-kf2 dummy load, is shown in
Fig. 3. The rise and fall time of the first pulse is about 10 ns

a)
p— 9 —— dy
10 MQ
VW;——. *—y
2
Y8 TomMn ‘-“"-I_E_l
TRIGGER
b) Vg __‘ .2_"2 }--
Vi :
0 ;
t
VB"J 20, —
=<

FIG. 2. {3) Schematic diagram of grid pulser. (b) Ideal output signal of the
grid pulser.

1885 Rev. Sci. instrum., Vol. §5, No. 10, October 1984
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FIG. 3. Grid pulser signal output into 100-kf2 load.

and of the second and third pulses 20 and 30 ns, respectively.
The reduction of the pulse amplitude is not important as
long as the pulse voltage is above the threshold voltage for e-
beam turnon.

. ELECTRON-BEAM CURRENT MEASUREMENT

Measurements of the electron-beam current at the cath-
ode and at the anode—after passing the titanium foil—were
performed with transmission line current transformers.’
Figure 4(aj shows current signals, 7, (¢}, recorded at the
cathode. The e-beam current pulses shown in Fig. 4(b} are
evaluated from these signals by using the relation 7, = 1/
(2N)[{I(t)— I{t — T)), where I (¢} is the current to be mea-
sured, T denotes the coil transit time, and N is the number of
turns.® The decay in amplitude is caused by the exponential
plate voltage decay. Because of the reduced transmission of
electrons through the foil at lower electron energies, the ef-
fective time of operation is limited to approximately 1us for
the voltage generator used in this experiment.

a)

L il

CURRENT (100 A/div)
1
L

TIME { 100 ns /div )

F1G. 4. (a) Current signals obtained with transmission line current trans-
former at the cathode. {b) Corresponding e-beam pulses.
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37th Annual Gaseous Electronics Conference,

Oct. 9-12, 1984, University of Colorado,
Boulder, CO, p. 29.

CB-4 Magnetic Control of Low Pressure Glow Discharges*

J. R. Cooper, K.H. Schoenbach, G. Schaefer, Texas Tech,
J.M. Proud, W.W. Byszewski, GTE Laboratories—--The energy
distribution f(g€) of electrcns in low pressure gases
under the influence of an electric field is shifted to-
wards lower energy values if a crossed magnetic field

is applied. This change in f(€) was studied by means of
a Monte Carlo code for gas mixtures containing SF6, He,
and N,. In gases with a strong increase in the net ion-
ization (ionization minus attachment) coefficient with
field strength this effect should lead to a considerable
reduction of the electron density and thus the conduct-
ivity. The controllability of plasma conductivity by
means of magnetic fields was studied experimentally in

& low pressure glow discharge in SF, plus He. A decrease
in conductance of a factor of two was obtained with an
applied magnetic field of 1 kGauss.

*Supported by GTE Laboratories and the Center for Energy
Research at Texas Tech University.
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An electron-beam controlled diffuse discharge switch?®

To appeaf in Journal Applled Pny51cs, March 1985

K. H. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz, H."C. Harjes, D. Skaggs
Dvpartment of Electrical Engincering. Texcs Tech University. Lubbock. Texas 79409

1Received 18 September 1984; accepted for publication 30 October 1984)

The performance of externally controlled, high-pressure. diffuse discharges as switching elements
1 pulse power systems is strongly determined by the recombination and attachment processes in
the fill gas. To obtain high control efficiency and {ast response of the diffuse discharge switch the
discharge must be attachment dominated with the attachment rate coefficient increasing with
field strength. An electron-beam controlled diffuse discharge system was constructed to study the
behavior of pulsed discharges in the submicrosecond range in gas mixtures containing N, as a
buffer gas and small additives of electronegative gases. The results of experiments in N, plus N,O
were compared with values obtained with a Monte Carlo code and a rate equation calculation.

INTRODUCTION

Inductive energy storage is artractive in pulsed power
applications because of its intrinsic high energy density com-

pared to capacitive storage systems. The key technological
problem :n developing inductive energy discharge systems,

especially for repetitive operation (repetition rates greater

than one kilopulse per second} is the development of opening |
switches. Promising candidates for repetitive opening |

switches are e-beam or laser controlled diffuse discharges.’
The schematic diagram of an electron-beam controlled
opening switck as part of an inductive storage system is

shown in Fig. 1. The switch chamber is filled with a gas of

pressures of 1 atm and above. The gas between th electrodes

conducts and allows charging of theinductor, when an ioniz-

ing ebeam 1s irjected intc the gas (usually through one of the *

electrodss which might be a mesh or a foil). The switch vol-
tage remzins below the self-breakdown voltage, so that ava-
lanche iozization is negligible. Thus, the discharge is com-
pletely sustained by the e;bcam. When the e;bcam 1s turned
off, electron attachment and recombination processes in the
gas czuse the conductivity to decrease and the switch opens.
Conseguent!ly the current through the inductor is commu-
taied into the load.

EXPERIMENTAL SETUP

For the investigation of e-beam controlled conductivity
in a high-pressure diffuse plasma a discharge system was
construc:=d with an e-beam tetrode as the contraol element.”
A schemanz cross -section of the discharge chamber and e-
teamtetrod=1s shownin Fig. 2. The e-beam cathode is locat-

edinan evazuated Pyrexcylinder between the two platesofa

- striphine The znode cornsists of a grid of molvbdenum wires

atad:s:ance of 7 om from the cathode. The anode grid covers |

theeniruncecia
bvalf-im

i3-em-iong dnft tube which 1s terminated

« Thee-beam soltage is applied to the anode by
atwo-sizze Marx generator The generator (Physics Interna-
uonal Co FRP-2%0; can deliver a maximum voltage of 250
KV with & 10 ns nse tme and with an exponential decay time
constant of 2bout 2.5 us into a 300-12 load.

* Surnnried by Asr Force Office of Scienuific Rerearch and Army Research
Ofice.

ttzmiem foil. The foil is supported by an array of

The electron source is an electrically heated arrayv of
375-um-diameter thoriated tungsten filaments. At a fiia-
ment temperature of about 2100 K, the e-beam current den-
sity is about 4 A/cm- over the 100 cm? cross-sectional area of
the beam. The current density can be varied independently
of the accelerating voltage by adjusting the filament tem-
perature. The control grid, which is located 0.4 cm above the
filament array, is negatively biased 1o hoid the e-beam off,
even when the accelerating voltage is applied to the plate.
The e-beam is turned on by applving a positive voltage pulse
of typically ¥ = + 4 kV to the grid. The control grid is driv-
en by a pulser which provides a train of pulses with variable
amplitude, pulse duration and pulse separation.® A second
grid, 0.6 cm above the control grid, shields the control sys-
tem electrostatically.

Measurements of the electron beam current at the cath-
ode and at the anode—after passing through the titanium
foil—were performed with transmission line current trans-
formers.? Figure 3 shows the e-beam current pulses, evaluat-
ed from current transformer signals. The decay in amplitude
is caused by the exponential plate voltage decay. Because of
the reduced transmission of electrons through the foil at low-
er electron energies the effective time of operation is limited

INDUCTOR
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—
N
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FYW W Y f A’ .

"\ FOIL - ANODE
ELECTRON - BEAM
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CONTROL == HEATED CATHODE
GRID & HV

FIG 1. Schematic of an ¢-beam controlled ¢:fuse aiscnarge opening
switch.
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10 approximately 1 us with the voltage generator used in this
experiment. .

Afier passing through the titanium foil and a 12.5 um
aluminum foil, which serves as an electrode in the diffuse
discharge switch, the e-beam generates diffuse plasma
between the electrodes in the stainless steel discharge
chamber. The current through the plasma is provided by a 2-
2 pulse-forming network (PFN), which delivers a flat top
current pulse of 1 s duration and an amplitude of upto 12.5
KA.

SWITCH-GAS PROPERTIES

The swiizh opening time, after e-beam tumn-off, is deter-
mined by theeleciron loss processes in the diffuse discharge:
rezomminaticn and attachment. In order to achieve opening
umes of less than a microsecond at initial eleciron densities
< !0 *cm~ ".ihe dominant loss process must be attachment,
which mezns that the switch gas mixture must contain an
electronzzative gas. On the other hand. additives of at-
tachers increase the power losses during conduction. Both
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FIG 5 e-bear. current pulses measured at the cathode.
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FIG. 4. Decay rate constants of the electron conduction current by adding
N,;0 in 350 Torr of N, at various £ /N (see Ref. 7).
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low forward voltage drop and fast opening can only be ob-

tained by choosing gases or gas mixtures which satisfy the

following conditions’**:

‘1) For Jow values of the reduced field strength £ /\
{conduction phase) the gas mixture should have a high drift
velocity v, and low attachment rate coefficient &, .

{2) For high E /N values (opening phase!the gas mixrure
should have lower drift velocities and high attachment rate
coefficients.

(3) To avoid the onset of the attachment instability dur-

ing conduction, the switch should be operated at E /N values
where the attachment rate coefficient has 2 minimum or a
negative slope. '
Along with these considerations, several gas mixtures have
been proposed for diffuse discharge opening switches.* For
our theoretical investigations N, was chosen as a buffer gas
with N,O as the added attacher. The N. was used since a
complete set of cross sections is available® and the plasma
chemistry in a mixture of N, and N.O appears to be relative-
ly simple. Furthermore, N.O in an N. buffer gas exhibits an
E /N dependent electron decay rate which increases by more
than a factor of 20 in the E /N range from 3 to 15 Td, as
shown in Fig. 4. It should be noted that N. has an electron
drift velocity which increases with £ /N and therefore is not
the optimum bufler gas in diffuse discharge opening switch-
es. However, for gas mixtures which show a strong attach-
mentrate increase. the drift velocity condition at high £ /N'is
generally of minor importance.

DISCHARGE ANALYSIS

To calculate the current-voltage characteristics of a dif-
fuse plasma sustained by an electron beam. as well as 10
evaluate the time dependent impedance of an externally con-
trolied discharge in a given circuir, a computer model has
been developed that enables fast calculations for a variety ¢
conditions.* It does not. however, provide for spatial 2naly-
sis of the discharge. The code uses two independent pro-
grams. [n a first computation. all rate constants of the signif-
icant processes are calculated as a function of E/N for a
representative gas mixture. These calculations use the E /A
dependent electron energy distribution functions that have
been previously compiled using a separate Mente Carlo
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FI1G. 5 Calculated steady-state jvs E /N characteristics for an e-beam sus-
tained discharge in N, with admixtures ¢f N,O. The electron generation
rateis § x 107 em ™ s~ ', The parameter is the N,O fraction in percent (see
Ref. &)

code. In 2 second step, a system of circuit equations and rate
eguations has been solved, where we used the previously cal-

culated £ /N dependence of therateconstants, assumingthat |

they do not change significantly for small variations of the
gas mixture.

The transient behavior of the discharge as part of a dis-
charge circuit 1s discussed in Ref. 5. The calculation of the
steady -state behavior of the diﬁ'uéé:o’o":&‘ét require informa-
tion about the circuit. Calculations of the sieady-state dis-
charge charactenstics were performed with the relative at-
tacher concentration in the buffer gas as the parameter.
Fizure § shows the current density j versus reduced field

wrength E /N characteristics {or different N,O concentra-
ronsinan N.buffer gas. The total pressureis 1 atm. At small

E /N, below 4 Td. the electron loss 1s due to recombination :

only. A: zbout 4 Td the attachment rate coefficient rises
steeply. This means that, for reasonably high attacher con-
centranions in the buffer gas, the Josses increase drastically,
causing a necative siope in the current-voltage characteris-
tics. At 30 Td. where the attachment rate coefficient is as-
sumed o0 level off. recombination becomes more important
again, as demenstrated by the change in the slope;v vs E/N,
at this vaiue.

EXPERIMENTAL RESULTS

D:fuse c:scharge expeniments were performned in N.O,
SO..and CO. with N, as the buffer gas The e-beam tetrode
was for these evperiments mostly used in the single pulse
mode The scurce term. the number of electrons produced
ner ocm’ 2nd per second, was in the range of 10°° cm=* 5°' to
67" em®? s*'. The voltage applied at the PFN was varied
tziween 2 and 20 kV. The switch electrode gap was kept
constant at X £ cm.

Figure 6 shows the influence of attacher concentration

5.0 cn the switch current. For high N,O concentrations
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FI1G. 6. Time dependence of switch current with N,O concentration as the
vanable parameter.

(3%} the switch current pulse replicates the e-beam current
pulse. except for the tail. The tail may be caused by the cur-
rent carried by positive and negative ions. The current gain
(switch current/electron beam current)} is about 2 for this
high attachment concentration. For concentrations of 0.7 ¢,
the fall ime (1/e-time)} increases 1o approximately 100 ns.
For 0.1% it is on the order of 500 ns. The gain increases to
values of 9 and 12 for 0.7% and 0.19 N.O, respectively.
Figure 7 shows the j vs E /N characteristics of the e-
beam sustained discharge under steady-state condition in 1
atm N, with 0.79 N,O. The curve represents the calculated
values, circles the experimental results. The experimental
values at higher £ /N correspond well tc the thecreucal
curve. However, the measured discharge characteristics do
not exhibit the predicted current maximum at E /N values of
approximately 4 Td. These results seem to indicate that at-
tachmentis dominantevenat £ /N <4 Td, where. according
to the measured values of the decay rate (see Fig. 4}, attach-
ment should be negligible. This assumption is confirmed by
results of recently performed attachment rate coefficient
measurements® and by Monte Carlo calculations of the at-
tachment rate coefficient® based on experimentally obtained
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FIG. 7. Current density j vs reduced strength E/.N for a discharge in
N..N.O jcaiculaied curve and expenimental data points)
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F1G. 8. Discharge resistivity p, as a function of reduced field strength E/.N
for a discharge in N;:N.O (calculated curve and experimental data points).

attachment cross-sections.’® The loss of initially high energy
secondary eiecirons by attachment as they lose energy by
inelastic cclitsions could also, at least partially, account for
the absence of the current density maximum in the expen-

menta!l values a: low £ /N. Monte Cario calculations are un-.

der way to gain a quantitative understanding of this effect.

Even with the attachment onset 8¢ £ /N <4 Td, that -

means with an attachment dominated discharge during con-
duction. the N.O:N mixture seems to work fairly well as an

openirg switch gas. It satisfies the requirement of having low - -

resistance a: Jow £ /N and high resistance at large E /N, as
seen cn1 Fig. £, where the results of current-voltage measure-
ments (Fig. 7) are plotted in a resistivity versus reduced field
strength diagram. It shows an increase in resistivity of al-
most twoorders of magnitudeinan £ /N rangeof 31020 Td.

NziSOz

Arnothergaswhichhas therequired £ /N dependence of
the attachment rate coefficient is SO, (Ref. 11}. The SO, has
alower 2itachment rate and an onset of attachment at higher
values ¢f £ /N, compared to N.O. In order to get opening
times similar 10 those in the 0.79% N.O:N, mixture, the con-
centrauen of SO- in N, as the buffer gas had to be increased
1o 20¢¢. Tk= total gas pressure was reduced to 250 Torr, to
cover a wider range of £ /N with the given switch voltage.

Fizure 3 shows the resistivity versus £ /.V of an SO.:N.,
e-bearn susia:ned discharge with S=3x10%cm™'s ~\.
The resistivity rises above an £ /N of 50 Td, indicating an
Increase :n zrtachment at this value. This rise is in agresment
with mezsurad attachment characteristics in pure SO.."' An
increased ¢:scharge impedance is also observed at low re-
duced fizld strength, as indicated by two high resistivity val-
ues shown in Fiz. 9, below an £ /N of 10 Td. This increase
might be caused by strong three-body attachment processes
at near thermai electron energies'™'? and SO; formation via
the raciative stabilization process.'® Both the increased dis-

REDUCED FIELD STRENGTH E/N [Td) :

FIG. 9. Discharge resistivity p, as a function of reduced field strength E/N
for a discharge in N.:SO, (250 Torr!.

charge impedance at low E /N and the relatively high overall
resistivity make the SO.:N. mixture not 2 good gas mixture
for switching. The N,O:N, mixture, under the same condi-
tions (gas pressure, e-beam source term, and opening time},
has a much lower resistivity at low E /N, which means that
the Joule losses during conduction can be kept lower for this
gas mixture.

Nz:COz

Like N.O and SO,, CO, has an increasing attachment
tate coefficient with E /N. The disadvantage of CO, for use
as an opening switch gas is its relatively low ionization ener-
gy. The field strength range where the attachment coeffi-
cient 7 exceeds the ionization coefficient a reaches only up
to approximately 60 Td.'! This value determines the hold-off
field strength in this gas. For £/N > 60 Td the current rises
again, which means that the switch closes further instead of
opens after e-beam turn-off.

This effect was demonstrated by operating the diffuse
discharge at different values of £ /A about the crossing point
of the attachment and ionization curves (Fig. 10). The dis-
continuities in the switch current curves represent the step-
wise increase in electron concentration in the switch gas due
to three successive, ionizing, e-beam pulses. The applied
field E /N is given by the upper values at each picture. E /N
drops to the lower value at the maximum of the switch cur-
rent after approximately lus. In the range ¢f £ /N below 60
Td the net ionization coefficient \@ — 7) is nezative; thus
electron attachment Josses outweigh the ionization gain. The
switch current decreases after e-beam turn-off (Fig. 10, top::
i.e., this means the switch opens. However, because of the
'small attachment coefficient of Co. compared to So. and
N.O, the switch opening time (cvcnrfor the high concentra-
tion of 20%¢ in N, as buffer gas) is much longer than for the
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FIG 10 Time dependence of switch current in a discharge in N.:CO. wth
reauced fie'd strength £ /A as the variable parameter.

‘other gases. In the £/N range above 60 Td, (@ — 7) is posi-
tive; consequently ionization dominates over attachment,
and the switch current increases (Fig. 10 bottom) until the
field strength in the switch gas drops to a value where the net
1onization is Q. Operation in an E /.V range close to this value
is demonstrated in Fig. 10, center. After turn-off of the e-
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beam, the current stays constant because the ionization and
attachment processes balance each other.

SUMMARY

Diffuse discharge investigations were performed in the
gas muxtures No:N,O, N.:SO,. and N,:CO,. The experimen-
tally obtained current-voltage characteristic for N.:N,O
agrees with previously obtained theoretical results at high
E /N The discrepancy in theoretical and experimental data
at low E /N reflects the uncertainty in basic data for N.O.
With respect to the criteria for optimum switch gases [low
losses during conduction (at low E /N'), large losses during
and after opening(at high £ /A" 1], N;Oin N, is superior to the
other investigated gases. For opening times of ~ 100 ns, the
current gain was in the order of 10. With berter utilization of
the e-beam energy in our system, a gain of 100 can be
achieved. Shorter opening times, down to ~ 10 ns, are possi-
ble with higher attacher concentrations, however, ar the ex-
pense of reduced current gain.
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A Review of Opening Switch
Technology for Inductive Energy Storage

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

GERHARD SCHAEFER, SENIOR MEMBER, [EEE

A review of the state of the art in opening switches is presented.
The general operating principles and present and potential future
operating parameters for several switch categories are discussed.
Among the switch categories described are: mechanical, solid state,
vacuum arc. crossed field, fuse, explosive, plasma gun, superconr
ducting, thermal, MHD instability, diffuse discharge, plasma erosion
switches, and reflex triodes.

I INTRODUCTION

Energy storage for pulsed power devices commonly im-
plies capacitive storage for which the state of the art is
relatively well developed. The components of capacitor
banks, including capacitors and switches, are commercially
available and relatively inexpensive. However, in terms of
energy density, capacitor banks are inefficient compared to
inductive storage systems. In Fig. 1 the energy density in
commercially available capacitors is compared with that in
an inductive storage system, a coil [1]. The ratio of capaci-
tive to inductive energy density is 25 for an assumed coil
current of /=5 kA. In other words, it takes approximately
300 capacitors of the type shown in Fig. 1 to replace the coil
with respect to its energy content. By stressing the technol-
ogy of coil design, the difference in energy storage density
becomes even larger (by a factor of ~ 10). One should
note that these comparisons do not account for power
supplies, cooling systems, etc., but the differences are still
intriguing, although great strides are currently being made
:n improving the energy storage density of capacitors.

The interest in inductive energy storage systems and the
appreciation of the difficult opening switch problems are
evidenced by two recent Army Research Office sponsored
workshops on Repetitive Opening Switches (2] and Diffuse
Discharge Opening Switches [3] in Tamarron, CO, USA, in
1981 and 1982 respectively. There has also been several
other recent national and international workshops devoted
to the same general problem, as well as special discussion
sessions at international conferences. The basic considera-
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and distribute reprints tor Governmental purposes notwithstanding
any copvright notation thereon. The submission of this paper was
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The authors are with Plasma and Switching Laboratory, Depart-
ment ot Electncal Engineering, Texas Tech University, Ltubbock, TX
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PULSE DISCHARGE CAPACITORS®

CAPACITANCE :C = 28 uF
VOLTAGE V. = 50kV
ENERGY W = 35kJ
VOLUME V. = 63 x 10%m?3

ENERGY DENSITY W’
*Maxwell Laboratories, Inc.

5.5 x 10— 2)icm3

INDUCTIVE STORAGE COIL [1]
INDUCTANCE L = 80mH
CURRENT 1l = 5kA
ENERGY W o= 1MJ
VOLUME (Vo = 74 X 104%cm3
ENERGY DENSITY W = 135 Jicm3

Fig. 1. Capacitive and inductive energy storage systems.

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

There are two major obstacles 10 the practical use of
inductive storage in pulsed-power devices. They become
obvious when the basic capacitive and inductive energy
discharge circuits are compared. In the capacitive energy
discharge circuit' (Fig. 2(a)) the capacitor C is charged

'‘Other charging networks are also possible, but this does not
change the basic argument
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Fig. 2. ta) Capacitive energy discharge circuit (b) Inductive
energy discharge circuit.

through a resistor R, to the voltage Vv, The tme constant
tor selt-discharge of the capacitor is 7. = R,C where R, 1s
the leakage resistance For low inductance, high-voltage
capacitors T mav oe in the order of tens of minutes (5] For
such capacitors, the charging currents can be kept at fairly
fow values

The capacitor is discharged into the load Z, by means of
the ciosing switch 5 which 1s often a spark gap. The
discharge current 1s usually large compared to the charging
current and a capacitive discharge circuit can, therefore. be
considered as a current amplifier

In an inductive energy storage circuit (Fig. 2(b)). the
inductor L is “charged” to a current (. The time constant
for seif-discharge 1s 7, = L/R, where R, 15 the series resis-
tance ot the current source switch §,, and inductor For
inductive energy storage svstems, 7, can be in the order of
secands [1) This means that inductors have to be charged
in relatively short times © Therefore. high-power, primary
power sources are needed.

The energy stored in the inductor 1s transferred to the
load bv means of an opening switch S,, an element which
breaks the current [ in the charging circuit By means of a
closing switch S, the current path is then connected to the
load Simultaneousiy. due to the decrease of current, a high
voltage ot magnitude L (dl/dt) 15 induced across the open-
ing switch and load Inductive discharge circuits can. there-
fore. be considerrd as voltage amplifiers The two major
technical problems tin inductive energy storage systems are
the charging circuit and —even more severe — the opening
swaten design

I Daetsgnd, SWITCH CHARACTERIZATION AND REQUIREMENTS

The vanous tvpes ot opening switches can be divided
into two general classes depending upon their operation:
direct intecryption or counterpulse interruption  In the di-
ractinterryption (dass the impedance of the opening switch
~ maprdhy increased 1o cause the current to transier to a
iower impeddanee Inad In the counterpulse class. the switch
current s counterpulsed  that means an artifical current
zern s created by oinjecting an equal but opposite current
through the switch This allows the switch to return to s
A stale withoat hawving, at ieast temporaniyv, to hold off
theinductve Loltage The counterpulse techmique can be
wedb avith almost any tvpe of switch however it works hest
s thrches that recover rapdihy

Fo o g counterpulse crcurt with current and
Sntige fagoams L tao the time ¢ the total inductive
techarae o orent 0 Bowee through the dosed switch >

Saotc e S g S are open A+ saatch SCas dosed and
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Fig. 3. Basic counterpulse circuit with current and voltage
diagrams

the capacitor which was charged up to V, is discharged
through the inductor [, and switches S, and §, The
direction of the current is chosen so that the current through
S, is reduced. The frequency of the discharge current,
which determines the speed of counterpulsing, is grven as

: (1)
Ve
At t., when the current is zero in switch S, and 7, in S;,
switch 5, is opened. After opening of S, C, is charged
again but now with opposite polarity. The voltage rise
across C, 1s

w =

% = -éi‘ = constant )
if L > L, which means constant current /;. At t; switch S,
1s closed and the stored energy 1s transferred to the load,
which in this example is a resistor R

Another wav to charactenize opening switches is by a
generalized impedance Z(t), which increases in time [6}.
The opening mechanism mav be resistive, inductive, or
capacitive 1t is resistive 1f the impedance nise is caused
primarily bv increasrd dissipation in the switch. Fuses are
examples of this type of opening switch The switch has an
inductive charactenstic if Z{t) is increasing due to the rise
ot self-inductance. Exampies are flux compressors. Examples
for switches where the opening 1s based on a decreasing
capacitance cf the switch are rare The principal exception
is the space-charge-dominated <heath of a glow discharge.
where the spacings are verv small and relative motions mav
be at tigh <peed [6] Whereas capacitive and inductive
opening is 1n principle reversble, resistive opening alwavs
changes the switch medium ureversibly

Independent of their characteristics opening switches
should satisty the toflowing qualitative conditions

» long conduction times

+ laige currents (dow lossec) during conduction
+ hast nse of :mpedance duning opening

« high impeidance after opening

+ high <tand-off voltage

« tast recoven thigh repetition frequency)

Prosently at s nnt possible to satisty all these conditions
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submucrosecond, multiple puise operation The 250-kv. 100- A second possibitity for using lasers to control a dilfuse -
cm, electron-beam gun 15 designed as a tetrode with g discharge as an opening switch 1s to reduce the electron 3
thermionic cathode. Current densities up to 4 A,//cmv can be density by stimulating loss processes in the plasma durning ‘
obtained and vanied independently of the beam energy. the opering phase of the switch [103]. It 1s for instance, :
The hrst switch experiments have been performed in passible to get higher attachment cross sections by vibra- e
N N O gas mixtures. Discharge current fall times of ap- tionallv exaiting certain electronegative gases. The mecha- )
proximately 10 ns were measured 1in an N -N O muxture, nism for dissociative attachment can be understood by :‘
containing © percent N.O considenng the potential energy diagram of attaching di- A
atomic molecules (Fig. 20). The potential energy curve of a .
8 Qptically (Laser) Controlled Diffuse Discharge neytral diatomic molecule, AB, is crossed at an energy £F f_:
The use ot a laser to sustain or control a dittuse, high A+B e
pressure discharge has not been con<idered previousiv for
opening switches The main reason s that direct 1onization A -
a~ in the case ot electron-beam sustained discharges s _j‘
possible oniv in some alkali-metal vapors using U\ asers ;

However it 1s possible to use 4 combination ot collisionat
and photo processes to 1onize commonly used gases even
wrth Lisible laser radration Laser control has the advar tage
that resonance processes can be used to omze the gas This
mav be important for high-repenition-rate opening switches,
where excessive heating ot the filling gas has to be avoided

Concepts for using lasers for generating electrons n
Aischarges are shown in Fig 29 The opeming process. after
turrinig ott the laser, 1in each case 1s determined by attach-

e
( 2 3) a) (5 16}
wds 4 ) %a M A+e

=+ 1 R I
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S — |

|

, \ we | Ny

[

F_
F—”
F

OTHER TRAMSITION —— —— —p

Fig 29 Cipnoalhy controiied electron generabon {101]

ing orogesses of an added attacher A more detailed discus-
sion of these processes can be found in (102]. [103] The
processes shown in Fig 29 gre 1) direct photoromzation 2)
resonant two-step photaronizaton  3) photoexcitation and
~ubsequent collisional 1omization as 0 laser resonance
pumping ) photoionization from in intermediate state in
ane sbepoor 3 g resonant hwosstep process, and ) ph()t()-
getachment For the processes 1y ) and o) no narrow-
panduw fth hight sources are roquirted  Spark UV sources for
Areect photomnmezation tor example have succsstully been
usedd to aperate aptic ally sustained discharges tor TE 1asers

Ta produce electrons with lgaers will mn gmiordl be an
cxpecsive crothod due to the cost ot laser photons An
sxceptoon mop he photodetachment n) The photon energy
seauired o fetachment o the pegative 1on 18 1N most cases
migch smailer than the snergy required for ionization ot the
acutral species Since attachers have to be used to achieve
tist opening. laser photoderachment mav be a suitable
orocoss 1o mercome attachment 10 a spearfic switch phase
in electron-beam sustamed dischacges [104] {105)

DE TACHMENT

l !

P A+E” |

INTERNUCLEAR DISTANCE

Fig. 30. Resonance dissociative electron attachment [101]

above the ground state by a repulsive potental energy
curve of the negative ion AB~. The cross section for dis-
sociative attachment s larger and 1ts maximum 1s shifted
towards smaller electron energies the nearer the energy of
the \ibrationallv excited state of the molecules 5 to the
energy of curve crossing. A way to increase the generation
rate for negative 10ns is, therefore, the selective excitation
of vibrational states (sn most cases v > 1) of the motecule
AB near the curve crossing point Using this method. an
increase in attachment rate of several orders of magnitude
can be obtained For HCl molecules calculations have been
performed {106], based on measurements ot attachment
rates as a function of temperature [107], which show an
increase of the maximum value of the cross section from
10 " cm tor the + = 0 vibrational level to 10 " cm tor
v=2(khig 31

Using attachment processes to enhance the resistance ot
a dittuse discharge switch dunng opening, opentng times
on the order ot 100 ns should be possible. On the other
hand opening switches where the opening effect 1y based
on attachment. are lossy. because g continuous energy
supph snecessany to keep the electron density at a certain
Iovel Improvements i then ethiciency can be attained
gas muxtures are used with attachers tor which the attach-
ment rate increases and the electron mobihity decreases
with increasing reduced field strength £0N [T02) [103)
(18] This effect s independent ot the generation mechg-
msm tor the electrons It can be used in electron-bream-
controlted as well as in taser-controlled switches A concept
to evernath ~nhance losses which can onlv be realizea by
megns o3 dasers however, 1o that of enhancement of the
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the externally sustained discharge in pure argon are shown
in Fig. 26(a) for various electron-beam currents. After turn-
oit of the electron beam, the current decreases due to the
recombination processes in the diffuse plasma. Time con-
stants. or “opening times,” are 10 to 20 us. Fig. 2e(b) again
shows current traces of the externallv sustained discharge
for two different electron-beam currents, but now the gas
composition is slightly different: 0.02 torr SF,, an electro-
negative gas, has been added to the argon. Due to attach-
ment processes, the opening time s reduced by approxi-
matelv one order of magnitude. However, this desirable
effect—important for opening switches—has a side effect
which himits the application of attachers in diffuse dis-
charge switches The faster the reduction of electron den-
sitv due to attachment processes. the shorter the opening
tnme. but the higher is the electron-beam or laser power
necessary to keep the electron density and hence the con-
ductivity of the plasma constant. In Bletzinger’s experiment
(@3], with the electron-beam power kept constant, the switch
current dropped from 14 to 7.5 A aiter adding 0.02 percent
SF. to the argon

Using a simple balance equation, the power necessary to

sustain a discharge in a diffuse switch, is determined by

1

p= Vne-ElonT_ (9)

op
where \ s the volume of the discharge, n, the electron
densitv. £, the mean ionization energy, and 7, is the
tme necessarv to replace all electrons lost due to recombi-
nation and attachment processes. The time 7,, can be
considered  as the opening time for diffuse discharge
switches  For an attachment dominated discharge 7, =
(k Ny . where N, is the concentration of the attacher
and k, s the atachment rate coefficient.

To overcome the conflict between short opening time
and large energy consumption, the attachment rate coetfi-
cient should be kept small dunng charging, to avoid large
energy consumption. It should. however, have large values
when the switch s to be opened to provide for short
opening trmes  Due to the fact that the reduced tield
strength £/ N 1n the diffuse discharge 1s small during charg-
ing and starts growing after the 1onization source 1s turned
otf, the required time dependence can be converted into a
field strength dependence for the attachment rate coeffi-
aent. &k, should be small for low values of £/N and have a
maximum at higher £/N  The electron mobilitv should
behave in just the oppostte wav. It should be high for low
values of £,N and low for high vatues of £/N Whereas,
the considerabions about electron drift velocity or mobility,
rospectively were presented already in 1976 by Hunter [94],
the importance ot attachment rate dependence on £/N
was emphasized at first by the plasma research group at
frxas Tech University in 1983 {95]-[97] 1t was confirmed by
computer catculattons [?0] pertormed for a diffuse dis-
charge opening swatch containing attachers with difterent
E/N charactenstics of &k, The desired behavior of olectron
mobility and attachment rate versus £/N 15 shown in
Fig 27

The use of this inherent attachment teedback etfect re-
qurres an externally sustained diffuse discharge There are
two concepts for the externallv controlled generition ot
electrons ina diffuse discharge

a}  the electron-beam sustained dicchargs
by the optically (laser) custamned discharge
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Fig. 27. \deal £/N characteristic of electron mobility, p,.,
and attachment rate coefficient, k,, in a diftuse discharge
opemng switch.

A. Electron-Beam Sustained Diffuse Discharge

The feasibility of using an electron beam to control the
conductivity of the gas volume between two charged elec-
trodes (see Fig. 28) was first demonstrated by Hunter [94]
and Kovaltchuk and Mesyats [98]. In these experiments,
large electron-beam current densities of up to 5 A/cm’
were used. The current gain (switch current/electron-beam

INOUCTOR
CURRENT *
SOURCE
SWITCH LoAD
;.
ELECTRON - BEAM FOL = ANODE

CONTROL HEATED CATHOOE
GRID I MV

Fig. 28. Schematic of an electron-beam-controlled diffuse
discharge switch in an inductive energy storage circuit.

current) was small. Also their electron-beam guns, derived
from laser experiments, were cold-cathode types requiring
the full electron-beam voltage to be switched and therefore
resulting in even lower power gain. On the other hand,
they achieved very fast rise times and could afford to work
with added attaching gases which resulted in fast opening
times of less than 1 ps. Hunter recognized the importance
of having a gas with a high electron dnft velocity and
therefore chose methane, which has a drift velocitv peaking
at more than v, = 10 ¢m/s at about /N =13 Td (1 Td =
10TV em)

Svstematic measurements of current-voltage (haracteris-
tics of electron sustatned discharges in methane and argon
( = attachers) have been pertormed by Bletzinger [93), [99].
He concentrated on the lugh current gain regime (at low
values of the plectron-beam current density) and found n
this regime a strong influence of cathode sheath etfects on
the conductivity of the discharge plasma

The temporal behavior of gas resstivity as a function of
clectron-beam current was investigated at NRLU [100] in a
high electron-beam current density device Measurements
were pertormed for Noand Ar mixed with attaching gases
(O CO . CH,. and SF ). Discharge current tall times ot
approxmately 100 ns were obtained  limited by the elec:
tron-beam fall time

For the investigation of electron-beam controlled dittuse
discharges a system was constructed [10] which atlows
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\Wath one of their switches they transterred a peak power
of 23 MW (23 kA 10 kV) from a 50-k) inductive storage
svstems The maximum current 1$ 8 kA /unit and AR ~ 20-50
9 at T=_0K A partucularly 1mportant teature ot these
switches s their potential modulanty and at least two of
the switches have been successtullv operated 1n parallel.
Successtul parailel operation (85] of < ¢ switches was also
demonstrated at Los Alamos National Laboratory (LANL).
Two switches which reached o and 7 kA individuallv were
operated in paratlel at 13 kA,

At LANL the s¢ switch work was pursued for several
vears in connection with the Magnetic Fusion Confinement
Program The work was discontinued in favor of counter-
putsed vacuum interrupters Some of their experimental
results with a switch using a 70-30 Cu-Ni matrix with a
1.3.1 matnx to s.c. ratio were (8o

I, ma = 108 kA
Vo = 25 0 kV
AR=344Q

XI THERMALLY DRIVEN OPENING SWITCHES

Thermailv driven opening switches are the result of at-
rempts to achieve the speed and economy of fuse opeming
switches but with the added advantage of repetitive opera-
non [86{-{90] The strategy is simple let the wire heat
almost to, but not bevond. its melting point so that its
resistance increases several-fold and hence decreases the
current. The wire can thus parhally interrupt (decrease
considerabiy) the current without melting or exploding and
hence can be reused For some applications, partial inter-
ruption s sufticient. Basic design information for thermally
driven opeming switches is given in [87] Reports on applica-
tions are given in {87]-{90C] At this point, both low carbon
steel {891-[91] and tungsten [87]. (90}, {91] have been
imvestigated. For low  carbon steel, cooled tnitially to
- 192°C and allowed to heat to +800°C, the resistance
changes by a factor of 70 [89], [90]

The mauamurn reported voltage standoff is 20 kv [89)],
[0 tlectnic helds of about 17 kV /cm were held off in the
work described in [87] Neither of these figures is likelv to
represent g real limit However, the voltage standoff shouid
ve lower tor thermaliv driven opening switches than for
tuses because thermally driven opening switches do not
vaponze The maximum peak current reported so far s 200
kA 139 {20} Higher currents can be realized successfully bv
narallehing elements since the V-1 charactenistics for therm-
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allv driven opening switches have the proper characterstics
for stabihity (av/di > Q).

The pulse repetition rate is determined bv how tast the
wire can be cooled. After an imtial cooling period ot 15
min, before the first shot, repeated cooldowns are possible
at the rate of about 1 shot per minute [89] [20] when the
initial temperature 1s - 193°C. 1iie best reported rise time
is 6-8 ps, although this figure depends on the current
density in the wire. No quantitative data are avarlable on
the lifetime of such a switch.

The main attractive feature of thermallv driven vpening
switches 1s the promise of repetitive operation At present,
a major unknown is how well the wires will hotd up under
recycling.

XIL.  DirFust DISCHARGE OPENING SWITCHES

A concept which seems to be particularly attractive for
repetitive opening switches is the diftuse discharge opening
switch. A diffuse discharge is defined as an extended
volume, nonequilibrium discharge If self-sustained, the
current-voltage characteristics may be negative, constant,
or positive, depending on the reduced field, £/N. and the
gas. If externally sustained, e.g., by an electron beam. the
ideal diffuse glow discharge has a positive current-voitage
characteristic After sufficient voltage has been applied to
establish the electrode sheath conditions the slope ot this
characteristic depends on the external 1onization source.
The discharge s 1n a nonequilibrium <tate n that the
electron temperature > wvibrational temperature > gas
temperature [92].

There are two ways to use a diffuse discharge as an
opening switch

a) by turning off the 1omzation source 1n an externally
sustained discharge,

b) by controlled reduction of the conductivity in a
self-sustained or externallv sustained discharge

Whereas a controlled conductivity reduction seems to be
possible only by using a laser. concept a) can be realized
with erther a laser or an electron beam as the 1onmization
source In such a switch reduction of current carners or
carrter mobility after turn-off of the external source 1« de-
termined by recombtnation and attachment proc ¢ses, re-
spectively

Fig 26 shows experimental results {93} with a fow-power
electron beam as the ionization source. Current traces of
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perpendicular to J, where J 1s the current densitv. These
differences are related to the shielding effect of the con-
ductor. for foil conductors it has been found [74] that the
best (fastest) quench occurs with B perpendicular to f and
tangential to the foil surface, as shown by 8. n fig. 24 The
thermal quench can be induced by heating all or part of the
switch with an external heating fitament.
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Fig. 24. Superconducting opening switch [30].

The thermal quench is the slowest [75] one with a At,,,,,
of approximately 1 ms. The B-field quench has about 200
times faster dR/dt but involves generally bulkier and more
complicated equipment. The simplest quench method for
At < 10 ps appears to be the current induced one. The
quench proceeds from several points along the wire which
then goes normal. Opening times as short as 200 ns can be
obtained with 200-um-diameter wires [76]. One should note
that the switching condition must be maintained long
enough to deliver enough energy (or extract it from the
storage circuit) to raise the temperature of the switch and
all associated material above the critical temperature [77].

When the switch is triggered. it is important that the
entire switch goes normai so that a sufficient AR will
reduce the current enough to avoid switch burnout. If the
superconductor is stabilized sufficiently (Cu matrix), then
this 1s difficult. The switch is therefore either partly stabi-
lized [78], [79] (e.g.. with 70 percent Cu, 30 percent Ni
matrix) or not stabilized [80}] at all. The power density in the
switch (MW /cm’) is generally limited by the allowable
temperature rise of the enclosing epoxy [81] (~ 100 K).
Tvprcal values are 1-2 MW /cmv’.

The repetition rate of the switch depends on how fast it
recovers 1ts superconducting stage, which again depends
upon the design details, total mass (matrix + 5.C. = epoxy),
cooling channels, etc_ it is difficult to see how this kind of a
switch can be operated at high repetition rates and the
losses {refnigeration power) would then probably be exces-
stve References [77] and [B82] describe vanous design con-
stderations and tradeoffs. From these studies, and maybe
also intuitivelv, it is clear that one wants to maxamize the
switch current density and the resistivities of the matrix and
the superconductor in the normal state One also wants the
smallest possible ratto of matnx to superconductor volume.

The switch must be designed with a low-inductance
winding (bifilar) arrangement to allow fast switching (low
A4y and with sutficient conductor length to give sutficientlv
large AR Too large a loop length in the switch corl can
cause voltage breakdown problems between adjacent con-
ductors However, when the switch quenches, high-voltage

SCHOENBATH of gf OPENING SWITCH TECHNOLO Yy

spikes are observed as a result of the high L(dl/dt) (even
though L 1s made as small as possible). Also, when acciden-
tal quenches occur, high-voltage spikes occur along the
switch where the quench occurs [79]. These spikes can be
10 times Migher than the voltage which is seen with a
normal (triggered) quench. The insufation must. therefore,
be designed accordingly.

Some considerations of switch losses and energy transfer
times, which are also functions of the external circuit
parameters, are discussed in [83]. For fast switching, one
must also keep the conductor dimensions small so as to
limit magnetic and thermal diffusion times The switching

" times of superconducting wires of various dimensions versus

the switching dl/dt have been measured [84]

At the Kernforschungszentrum Karlsruhe in Germanv,
several s.c. switches and inductive energy storage systems
have been investigated [81], [83]. The largest storage system
was 220 k| but the switch in this case was designed to
handle 1 M}. Some of the experimental results included
switching times (At) of 20 ps, peak voltages of 47 kv, and
dR/dt ot 22 x 10" Q/s. The switch recovery time was
about 3 min, set by the epoxy encapsulation. The switch
jitter, using current triggering, was =~ 5 ps.

At the D. V. Efremov Scientific Research Institute of
Electrophysical Apparatus in Leningrad, USSR (ESRIEA) the
research has been concentrated on building small, compact,
modular s.c. switches [80] using NbTi foils with no matrix
material. The s.c. switch is constructed as a bifilar pack of a
20-um-thick strip of the s.c. foil, as shown in Fig. 25.
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Fig. 25. Pinchinstabitities with axial magnetic fietd [“<harp”
pinch gnhimte conductivity )] [69]

Insulating fiberglass gaskets impregnated with epoxv resin
(at 40-atm pressure) are placed between the lavers The
switch dimensions are typically 4 ¢cm X5 ¢cm X 15 (m
Several switches have been constructed and tested for cur-
rents in the 2.5-8-kA range.
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Fig. 1

Repet:itive operation of a dense plasma focus [72].
I —Formation of plasma laver along insulator 2—Plasma
taver teaches end of coaxial gun. 3—Radial collapse of
plasma laver 4 —Focus event and formation of second plasma
laver a1 the end of the gun 5—Radial collapse of second
slasma iaver s—Focus event and formation of third plasma
laver at the end of the gun.

individual events. The voltage and power pulses, respec-
tinvely occur randomly, as shown in Fig. 22 [72]. The maxi-
mum \oltage peak of 25 kV was obtained at a current of 90
kA which resulted in a characteristic ohmic resistance of
51 Q a vaiue close to the one measured on several other
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Fig. 23. Possible B-field orientations for s ¢. switch quench-
ing (74].

focus devices {7]. Higher reproducibility and a controllable
repetition rate may poss:bly be achieved by means of cylin-
drical gas puff injection at the end of the coaxial line {69]

The deformation of a current-carrying plasma column
due to MHD instabilities (Fig. 23) [69] also leads to an
increase in inductance and hence in plasma impedance.
Whereas the opening ~ffect of the m = 0 (sausage) instabul-
ity is rather weak [69], the m = 1 instability seems to be
promising for an opering switch [67]. An increase ot plasma
resistance (that means an openung eifect), at least for a
short time, is expected. Theoretical and experimental ob-
servations of plasma--wall interactions in fusion devices and
in conventional circuit breakers may help to understand the
cooling processes in this type of opening switches

Other MHD-type opening switches have aiso been in-
vestigated A particularly promising approach [73} uses a
coaxial plasma gun, where a coaxial discharge 15 initiated by
the explosion of a foil or wire array The plasma is accel-
erated down the gun, storing energy from a slow store (e.g.,
a homopolar generator or capacitor bank) in the gun induc-
tance This energy is then delivered rapidly to a load as the
plasma blows off the end of the coaxial gun and completes
the current path to the load The basic 1dea is similar to the
inductive pulse sharpening circuits, employ:ng exploding
wire fuses, used on some large capacitor banks (e.g., the
SHIVA experiment at the Air Force Weapons Laboratory).

X.  SUPERCONDUCTING OPENING SWITCHES®

Superconducting (s.c.) opening switches are generally
used in connection with superconductive inductive energy
storage They represent an attempt to exploit the low-tem-
perature environment already present in the superconduc-
tive energy storage system in providing a conceptually sim-
ple means of repetitive switching. The switch is caused to
change from the s.c. to the normal stage in some character-
istic switching time At The main problem with s.c. switches
is the additional refrigeration required to remove the heat
dissipated into the low-temperature fluid when the switch
goes normal

This transition can be induced by three distinctly differ-
ent trigger (quench) methods. current, B-field, and thermal
quench. The current from the source through the switch
can be increased to cause self-quench or the current can be
induced by one of severai means from a separate, external
trigger source An external magnetic field can be applied to
cause 8-field quenching The magnetic field can be applied.
with different results, paraliel or transverse to the current.
With foii conductors, there 15 also a difference with 8
perpendicular or parallel to the foil surface while B s

“Most of the material in this section and 11 Section i s from a
chapter wntten by one of the authors (MK) 1in a Naval Surtace
Weapons Center Report NP 30,78, Sept 1973
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Fig. 19. Schematic diagram of cylindrical plasma switch used for high-current tests [66].

the order of 1 gs but at somewhat lower currents and
voltage gradients than rcported by Pavlovskii et al.

IX  Prasma GuNs, DENSE PLASMA FOCUS. AND MHD
SWITCHES

Plasma guns, and especially the dense plasma focus (DPF),
have been suggested as opening switches because of their
rapid change in inductance due to linear plasma accelera-
tion and, in the case of a DPF, due to additional fast radial
compression of the current-carrving plasma. A plasma gun
is shown as part of an inductive discharge circuit in Fig. 20

-

Fig. 20. Dense plasma tocus switch arrangement [67)

[67] The inductor L, is charged bv a capacitor bank C. The
current 1s interrupted by means of a fuse Simultaneously,
the cwitch § 15 closed and the current < fed 1nto a plasma
gun. which serves as intermediate inductive storage and an
openng switch as well The gun 1 a coaxial device with a
length <everal times its diameter and a coaval separation ot
several centimeters: The electrodes are separated at the rear
end by a cviindnical insulating <leeve The «.tem 1« oper-
ated at gas pressures of 3 few torrs

When a voltage 1s applied across the electrodes. a dis-
charge 15 rtormed along the insulator surface Due to mag-
netic forces, this current sheet s ifted and driven down the
line with a speed approaching the value

— (b)
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where [ is the sheet current, r, is the radius of the inner
conductor, and p, the density of the filler gas [68). Related
to the motion of the current-carrying plasma laver is an
increase in impedance up to the value

% = L'y (7)
where L' is the inductance per unit length and v, the
velocity of the plasma layer. That means a plasma gun, or in
general any electric rail gun, can be considered as an
opening switch. In case of the coaxial plasma gun for values
of I"=1-5nH/cm and v, = 5-10 X 10® cm /s impedances
of up to 107 € can be obtained.

In case of the DPF, which can be considered as a mod-
ified plasma gun, the more important opening effect occurs
after the plasma layer passes the end of the coaxial line. The
self-magnetic field of the plasma current drives the plasma
layer towards the axis (plasma focus) which causes a rapid
increase in inductance. The impedance in this phase is
approximately that of a collapsing cylinder with radius r and
length ¢

dl. ﬂg\/ dr
G T Im (8)

The speed dr/dt and consequently the impedance dl/dt
can be optimized by proper choice of the electrode shape
[69]. The maximum possible impedance however seems to
be determined by resistive changes due to microinstabli-
ties, such as the two-stream instability (70}, rather than by
inductive changes Values of 0.35 @ were measured for
different plasma focus devices, independent of current [71].
Upon opening, part of the magnetic energy stored in the
plasma gun s released into the load R, through a coupiing
capacitor C,

in inductively driven devices, this opening eftect occurs
repetitively (Fig. 21) [72]. After the ignition of the process at
the bottom of the gun and the first collapse of the plasma
laver on the axis, a reignition in the close vicinity of the
discharge occurs. and the current is transferred back to a
region apart from the axis. In this sequence, a new radial
collapse of the plasma occurs, resulting in a second focus
mvent. The complete process is repeated several times

If these events can be made reproducible and repeatable
the inductively driven plasma focus could be used as a
repetitne opening switch. operating in the burst mode.
However. thus far it has not been possible to control the

0.0

RSN ¥ |




\ 3

v

bridgewire detonators [59] to realize jitter imes of about 10
us Such precise triggering permits seres and parallel opera-
ton of single-switch modules to achieve operation at higher
voltages and currents. The major disadvantage of explosive
opening switches is that repetitive operation, in the usual
sense. is not possible They otfer [60] the possibility of
prectse timing and permit the delay before explosion to be
controlled independently of the current flowing through
the switch (with a minimum delay of ~ 40 ps).

The basic operation of the exploding switch shown in
Fig. 17 and described in [59] consists of the following steps.

CURRENT
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Fig. 17, Schematic cross section of the explosively actuated
swatch (779

fmualty  current is conducted by an Al cylinder for anvy
peniod. hmited only by the thermal capacity of the switch
parts The cvlinder is loaded with paratfin and exploded by
one or more detonators, ieading to a radially outward
pressure on the cvlinder Confining cutting nings, alternated
with nonconducting rings, allow the cylinder to rupture in
controlle¢ areas. The rupturing decreases the current as a
result ot arc formation 1in each gap. The arc voltage, tvpi-
callv 73 to 10 kv /gap. can be used to commutate the
current into the succeeding switch stage Removal of the
current rrom the exploding switch leads to rapid cooling of
the are plasma with a consequent increase in the ability of
the switc h to withstand high voltage without conduction or
restnke Performance values {561 of 600 kV ang 400 kA have
been achieved in the United States

In the USSR a <imdar arrangement has been used [62] to
nterrupt 00 KA 0 20-00 ps and holding off 50 kv A
ranesrage senes switch was tested to 70 kv (limited by the
power supply but should test out at > 120 kv) and opened
M T-13 ps The switch losses were ~ 100 k] in the first
~tage and 3-3G kln the <econd stage It s ielt [63] that a
ranverging explosive shock type breaker mav improve theee
results There wail then be problems with increased explo-
sieeemass hut the possibility s being studied

A novel expioding switch concept whers the explosive
1nd) the conductar i< the same element has been reported
i) This s achieved by mixing 10 percent explosive and )
percent copper powder (30-30 percent by voiame) 1n g
powder metallurgical process. The copper is in the form of
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100-pm “pellets ” The mixture is pressed (sintered) at 5000
kg/cm and annealed in hydrogen. The product can be
heated up to 300°C for short times and is “safe agatnst
impacts.” Preliminary results exceeded best results with the
“conventional’” explostve switch arrangement. The arrange-
ment 1s shown schematicaliy in fFig. 18. The resistivity of the

[_ CONDUCTOR
UTTING — o
e L
INSULATOR
a
DETONATOR | GonoueTon

Fig. 18. “New” expiosive switch [63]. explosive conductor
made of 90 percent Cu and i0 percent explosive (50-30 vol
“) in a metallurgical process, p = 20 pQ - cm. preliminary
results 25 kA, 25 kV in At = 8-10 ps.

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

Further developments [62] of this material using a “wet-
ting agent” to “reduce pellet friction” (molybdenum
dichloride ?) resulted in a higher packing factor and reduced
the resistivity to ~ 20 puQ - cm. With a 2-cm-diameter,
2-cm-long conductor-explosive element, it was possitie to
interrupt 25 kA in 8-10 us, holding oft 25 kv. Some ot the
main operational problems are with the end contacts where
“waffled” copper disc surfaces are used in compression to
achieve good electric contacts. The dielectric strength ot
the switch recovers at a rate of 3 X 10° v/s and the
detonation veloaty is ~ 5 km/s with a mass flow velocity
ot 2-3 km/s. The investigations are in their infancy and it i<
difficult to predict what the ultimate results may be, but the
concept is of sufticient novelty and merit to warrant further
studies

A somewhat different type of a chemicallv exploding
switch has been described by Kassel (64} in a review of
Soviet Pulsed-Power R & D. In these cases, the explosive
cartridge is placed at a right angle to the arc discharge. The
explosively generated shock wave and the explosion debris
then extinguish the arc (somewhat similar operation to an
airblast breaker). The interrupted currents were tairly low
(0.5-2.5 kA) but the interruption times At were quite <hort
(2 1-39 us).

Paviovskit et af {65] reported an experiment where 7 AMA
of current was directed to a 30-nH load with a current nse
tme of 05 us and a voitage gradient of 25 kv /cm Expent-
ments have been carried out in the Umited States [be] to
duplicate these resuits. The basic switch arrangement s
shown in fig '3 The plasma switching »lement s tocated
coaxially around a cvhinder of high explosive materia!. The
plasma s tnttiated with a thin aluminum foil and then
compressed by the oviindrcal shock wave trom the expio-
sive. Results, so far, have demonstrated opening times on
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- conduction time of 0.1 ms the cross section of the fuse has
A tobe ~ 0.25 mm-.

: The current density, on the other hand. also determines
- the maximum obtainable electric field strength across the
fuse. This relation is demonstrated in Fig. 15 [52], where the
electric field strength is plotted versus delay time, which in

, 0.1 . . “
‘ | 1 100 | 10
At —e

100 ms

Fig. 15. Peak voltage per length of Cu wires versus time to
explosion, At Parameter. surrounding medium (52].

turn depends on the current density. The parameter is the
l surrounding dielectric. Using the above example, where At
was 0.1 ms, the value of vo'tage/length for a 0.25-mm’
. cross-section copper wire in atmospheric pressure air is 0.6
k\ /cm. To generate a voltage of V=6 kV or to get a
resistance of V/1 =06 Q, the length of the fuse has to be

- /= 10cm.
: For reasons discussed here, it is obvious that for a fuse
i operated in vacuum the inductively generated field is much

lower than for a fuse in atmospheric air, since the confining
function of the surrounding medium is missing {33], [54].
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Tre resistance of the gas channel in vacuum is also reduced
through thermionic emission of electrons and ions and
subsequent 1onization of the gas [41].

The realization of fast opening times under conditions of
long charging times for the inductor has been demon-
strated using a three-stage opening switch with paraliet
fuses with different conductor cross sections {55]. tn this
application, the fuse recovery of all but the last stage is
crucial for successful operation [56], [57]. In a different
approach, the combination of commerciallv available circurt
breakers for long charging times and a fuse for fast opening
has been operated successfully [52], [58].

Experiments which demonstrate the feasibility of fuse
opening switches in high-power inductive discharge svs-
tems were recently performed by Reinovsky et al. [32]. A
1.9-MJ capacitor bank was discharged into an inductor. An
electrically exploding foil was used to open the circuit and
to transfer the energy to the load. which was an imploding
foil. The fuse package is shown in Fig. 16. It is integrated
into the transmission line which connects bank and load.
The fuse, a 0.001-inch Al foil, is 70 cm long and 44 cm wide.
The volume of the fuse package also serves as an inductive
store with an inductance of ~ 10 nH. This system demon-
strates clearly the simplicity and compactness of inductive
discharge systems. It has been operated with an electrolytic
load of 12-m resistance and 5.8-nH inductance. With the
system operating at 1.9 M) stored energy, approximately 16
MA were interrupted, generating a2 300-kV voltage across
the load. About 7.5 MA were transferred to the load with a
10-90-percent rise time of 190 ns (opening time).

VIH. ExPLOSIVE OPENING SWITCHES

Explosive opening switches have been developed as a
more rapidly opening alternative to mechanical breakers
[59]. Opening times of less than 20 us have been achieved
in comparison to about 1000 us or more for tvpical me-
chanical breakers. The short opening time, of course, re-
duces the effects of switch dissipation. In typical explosive
opening switches, the current is interrupted by using an
explosive to sever a conductor by blowing it apart or by
forcing it against “cutting rings.”

The explosion can be initiated with standard expioding
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Fig. 16. Fuse construction [37]
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the wire is bridged by an arc the voltage drops, which
means that the resistance of the fuse 1s decreasing
Embedding the wire in a liquid dielectnic with fow com-
pressibilitv [4C] delavs the expansion of evaporated material
and suppresses inhomogeneities, which lead to earlv arcing
in the vapor. and the onset of penpheral discharges can
hence be delayed, or even prevented The effect of a liquid
dielectric on the development of the fuse explosion is
shown in Fig. 12 [1]. The dielectric was water in a com-
pletely closed. approx-.rately 1-cm-diameter tube. The de-

, KN
(SLTPL A NG TU L R

‘( - 1-1-1 o {roovanoeonasmod)
050 v )

E=]
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O e s
A + + + -
af foo—H— p——
t 13 /—uo
2t 10,2 + t
up i ' 1 |
LR +1—t
] 0
0 50 00 150 200 250 300 us 400
{ ———
Fig. 12. Time development of the electncally induced

explosion of a Cu wire 1n a water-filled tube with current
and voltage traces atter 1-ms current flow duration (Cu wire:
6 =02 mm, /=6 cm) (1]

velopment of the wire explosion in this system is similar to
that of a fuse in air {(Fig. 11), except tor the fact that the
formation of constrictions s much more regular and the
voltage generated is higher by a factor of 5 to 6. A quite
different behavior occurs after this. The voltage does not
drop as in the case of air as the dielectric, but increases by
another factor of two. This effect is due to the suppressed
expansion of the completely vaporized metal [41], demon-
strated by streak camera pictures which show a smaller
increase 1in the diameter of the vapor column [40].

The results are summarnized in Fig 13 [42]. In the upper
diagram, the current flow through wires 15 plotted versus
time The lower diagram shows the voltage drop across
exploding wires 1n different surrounding media. There are
large differences in peak voltage /length and in maximum
resistivity of the wire, depending on whether the fuse 1s
surrounded by air or water in an open or closed system In
ordrr to generate high voltages along a fuse, it is important
to use dielectrics with low compressibility in systems which
prevent the expanston of the evaporated metal

Beside atmospheric pressure air and liquids, high-pres-
sure gases [43] and <oltd dielectrics, cast or as compressed
dust, have also been used [44]-[46] to slow down the radial
expanston and to stabilize the explosion, but the experi-
mental results predicting the most suitable matenal are
contradictory  In other experiments it was demenstrated
that 4 <trang oxichzer (H.O, n water), especiallv in combn-
natton with wires of Al which has a relatively high chemi-
cal actnaty, increased the maximum voltage {47].

The effictency of a fuse as a switching elemert for trans-
ternng energy from the storage to the load is strongly
influenced by the wire matenal. Since the cross section of

e G, Sadl S Aaait W i e ARy
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Fig. 13. Peak voltage per length, V*, and current of slowly
exploding wires in different surrounding media (42}

the wire can be reduced with increasing conductivity, and
the energy loss 1s proportional to the product of wire
volume and specific heat required .>» reach vaporization
(approximately the specific sublimation heat), a good switch
efficiency requires maternals with high conductwvity and low
sublimation heat, such as gold, silver, copper, and aluminum
{30}, {48]-(50].

The maximum generated voltage is not only dependent
on the length of the wire, the wire material, and the
surrounding dielectric but also on the current density / in
the fuse [46]. ,.nother important parameter, the delay time
At, or the time until the fuse explodes, is also related to the
current density {30}, {51). According to the experimental
results, as shown in Fig. 14, the conduction time At is

M(-)? %

0° A/mm?

Fig. 14, Time to exploston ! of Cu wires vorsus current
dernsity [31]

imversely proportional to /7 and the coefhicient oniv de-
pends on the fuse matenal For example, tor 3 current
1 =10 kA flowing through 4 Cu fuse and for a dewred
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Fig. 10. Aluminum fuse resistivity as a function of specific energy (32].

energy. Also shown are other measured values [33] which
were shown to be in excellent agreement with calculated
values.

There are several mechanisms reversing the increase of
resistivity. When the vapor channel expands, the gas density
decreases and an arc may occur. This effect strongly de-
pends on the wire material, the material embedding the
wire, and the current density and duration. Another mecha-
nism which prevents the generation of high voltages is
breakdown along the fuse surface which is initiated by
thermal emission before evaporation occurs. Tungsten and
other metals with high boiling point, therefore, do not
explode if operated in atmospheric pressure gases. The
voltage at which surface arcs occur can also be influenced
by the embedding material and the current distribution in
these arcs is determined by the self-magnetic field [34]. f
foils are used. edge effects, such as the initiation of corona
discharges and subsequent microscopic explosions, can ini-
tiate the surface discharge [35]. Investigations of explosion
phenomena which cause early ignitions of gas discharges in
electrically exploded wires were performed by jdger [36].
MHD instabilities (m = 0 and m = 1 instabilities) and early
breaking of the wire cause an inhomogeneous density of
evaporated metal and therefore irregular arcing [37]. The
MHD instabitities of the m = O tvpe were suppressed by
means of a longitudinal magnetic field [36], (37].

To explain the fast opening of exploding wires it has
been suggested that the decrease of conductivity occurs
throughout the wire volume [38], [39]. The time develop-
ment ot electrically exploded Cu wires were investigated by
means of optical and electrical diagnostic techniques [1].
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For a wire in air the different stages in the development of
the explosion and the current and voltage traces are shown
in Fig. 11. The time zero corresponds to a state where the
fuse is already moiten (T ~ 1000 us). Constrictions have

1 t 1 ]
1,0 0,5 == _i.‘._-T L _ {
XV XA ] | L
] | ~
3 | | | =~
0,6+ | 0,3 T 1
0.4 i °‘2t % [7] :l Il
" o
oL Pl e L 1
0,2 0,1 — —
0 % 50 100 150 200 us 300
t———e
fig. 11. Time development of the electncally induced

explosion of a Cu wire in 1-atm air with current and voltage
traces after 1-ms current flow duration (Cu wire. ¢ = 025
mm, £=b cm) (1]

developed at the wire connections, leading to formation of
arcs at t = 30 ps + T. During the following 100 us. the wire
is breaking along the entire length and successive arcs are
formed at the breaking positions. After the entire length of
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current considerably Hall currents in such an axial system
are flowing 1n the azimuthal direction along closed paths
and hence do not nfluence the radial current extinction
mechanism. Vacuum arcs are sustained through the ejec-
tion of electrode material from hot cathode spots. As the:
current drops due to magnetic interaction the number of
spots diminishes and finaily, at a certain current level, the
remaining spot vamishes. Hence by magnetic reduction of
the current below the “chopping current” for a time longer
than the time for the spot to vanish, the arc will be
extinguished completely

Metal plasma arc switches can be used in series to inter-
rupt high voltages and, because of the positive current-
voltage characteristics, used in parallel for high currents
The status (1976-1981) of metal plasma arc switches is,
according to Gilmour [22], [23]:

current interrupted: 10 kA
load voitage interrupted: 25 kV

T 01ps

Tou- 2 ps
Teonduction: 10 ps-dc
repetition rate: 10 kpps
life: 107-10% C.

It should, however, be noted that these values are not
achieved all at the same time or in the same device and it
has proven most difficult to get any of the researchers in
this field to commit themselves to a self-consistent set of
values (i.e., one device performance, stressing all parame-
ters).

A second approach to the extinction of a vacuum arc by a
magnetic field is described by Kimblin and Voshall [24].
Whereas in axial systems, which were considered so far, the
azimuthal Hail field is shorted out, in case of a transverse
geometry the Hall field

)8,
n.e

£, = (4)
can reach values of 102 V/cm {25). The Hall force acting on
the ions leads to a separation of the plasma from the anode
and hence to an arc extinction. A recent paper [26] reviews
and compares different versions of the metal plasma arc
switch

VI, CrosseD-FietD Tuses (XFT)

Crossed-field tubes [17], [18] (XFT) operate in low-pres-
sure regimes, to the left of the Paschen curve minimum but
below the vacuum breakdown curve (Fig. 9). In this pd
(pressure X spacing) range magnetic fields applied per-
pendicular to the electric field between the electrodes
enhance the conductivity, contrary to the effect in metal
plasma arc switches. The reason for this phenomenon is
that in this pd range, without magnetic fields, electrons are
crossing the gap without causing ionization in the gas. With
an applied transverse-magnetic field, electrons, due to their
spiral motion, expenence an increased path length and
create a seif-sustained discharge

The operating principle of XFT’s as closing and opening
switches 15 based on these considerations. The pd product
1s maintained at such a fow valye that in the absence of a
magnetic field, a gas discharge cannot form Bv applying a

.magnetic field perpendicular 1o the electric field between

Atk e A LIPS U A. 1 PTG At

% .
! :
g ]
§ .
’ <

]

INTERELECTRIDE SPACING, om
Fig. 9. Crossed-field tube operation parameters {27},

the electrodes, electrons that normally would be captured
by the electrodes without causing ionization now spiral in
the magnetic field and may create a self-sustained dis-
charge. The magnetic field necessary to cause ionization is

1 2mv
825V = ®)

where m and e are the electronic mass and charge, d is the
interelectrode spacing, and V is the applied voltage. This
condition expresses that the height of the cycloidal path of
the electrons emitted from the cathode is smaller than the
electrode gap d. At V=600 kV and d =1 cm the field
required for ignition is 0.083 T.

During the conduction phase, the discharge voltage is
relatively independent of current density and s in the range
of 300 to 500 v Current densities of up to 10 A/cm? can be
conducted. When the magnetic field is removed, ionization
ceases and the current is interrupted. The plasma decay
time or switch opening time, depends on parameters such
as pressure, ionic species, current density prior to interrup-
tion, and the external circuit and is generally on the order
of several microseconds.

Investigations were performed at Hughes Research Lab-
oratories with a coaxial tube [28]. The cathode surface
area was 500 cm? with an interelectrode gap spacing of 1.15
cm. The discharge gas was He at pressures around 100
mtorr. The tubes, operated as high-power, on-off switches,
achieved single-pulse operation at 40 kV and 3.2 kA. Pulse
trains of 25-us-wide pulses, about 10 in number, were
generated by pulsing the controlling magnetic field at 120
pps. The interruption voltage was 50 kV and the current was
1.3 kA.

VIl Fuses

The most familiar opening switches are fuses {29}, {30].
They are relatively cheap and easily fabricated. The inter-
ruption process can be very fast (t ~ 50 ns) [31] and the
conduction time can be determined by fuse material, di-
mension, and the surrounding media. Wires and forls em-
bedded in gaseous, liquid, and solid media or in vacuum
have been used The opening mechanism of fuses is melt-
ing. boiling, and vaporization of a metallic conductor caused
by Joule heating and the subsequent creation of a highly
iesistive channel of dense vapor {30]. In Fig. 10 [32] the
resistivity of an Al foil 1s plotted versus specific internal
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Fig. 7. “Bellows” opening switch. (a) Basic arrangement of
beliows switch. (b) Electronic diagram of bellows control
circuit. (c) Details of switch arrangement.

A system of three bellows in series has been tested and
found to interrupt more than 50 kA to 40 kV in approxi-
mately 50 + 5 us. The switch appears to be scalable in
current and voltage by changing the bellows diameter and
the number of beilows (N). The design effort was for a
switch with more than 1000 operations before major repair.

V. SOLID-STATE SWITCHES

The counterpulsing (artificial commutation) technique
can obviously be also used with solid-state switches, such
as thyristors, in much the same way as described for me-
chanical vacuum interrupters in the previous section [14].
Although this can result in higher repetition rates, the
voltages and currents per switch unit are, in general, less
than for the mechanical switches. It is beyond the scope of
this paper to discuss the various aspects of series-paralleling
semiconductor switches for high-power operation but some
of the tradeoffs are summarized in [15].

Different types of candidate solid-state switches are dis-
cussed in [16]. These switches include photoconductive
switches where the conduction process is initiated and
turned off bv a photon source (e g.. laser) as well as various
gate-controlled devices. The Hall-effect switch [17] is also
discu sed. The operation of Hall-active elements as resistive
circuit interrupters depends upon applving a strong mag-
netic field perpendicular to the current flow in the element.
Interruption capabulities, for a single element device of 1.8
kV at 286 kA is suggested for a radial flow geometrv in a
Corbino disc arrangement. Opening switches based on con-
ductivity changes during phase transitions have also been
studied [18]. Particularly successful examples of this tvpe of
switch are the fuses and the superconducting switches
which will be described in separate sections of this paper
Matenials which experience several orders of magnitude
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resistivity changes over fairly narrow temperature ranges
and at moderate temperatures (~ 125°C) include BaTiO,
and carbon filled polymers [19]. The search for candidate
materials for this type of opening switch is in its infancy
and it is difficult to predict how successful such a switch
may be.

V. METAL PLASMA ARC SWITCHES

The metal plasma arc switch is, like the vacuum circuit
breaker, a switch which operates in the arc mode. However,
opening is not based on counterpulsing but on magnetic
field interruption. The cathode is a relatively small elec-
trode placed on the axis and the anode is an annulus
surrounding the cathode. A coaxial magnetic field can be
applied to the device in such a way that the field lines are
essentially perpendicular to the paths of the electrons from
the cathode to the anode.

The metal plasma arc is a discharge burning in electrode
material which is vaporized and ionized in the arc spots of
the cathode. It can be ignited by bringing the igniter elec-
trode into contact with the cathode and then withdrawing
it. It can also be ignited by applying a high-voltage pulse to
a trigger electrode [9). Another technique is laser-triggering
of the vacuum arc [20]. The electrode material is vaporized
and ejected into the gap causing breakdown of the switch.
A technique reported to be very successful employs a
titanium hydride igniter [21]. A small current pulse is passed
through the igniter causing the release of a small amount of
hydrogen. The hydrogen is then ionized and forms an arc. A
similar technique was developed at the State University of
New York at Buffalo {22]. Here a current pulse is used to
vaporize a portion of a conductive film on the surface of an
insulator (Fig. 8) [23]. The film is regenerated by deposition
of material from the metal plasma.

Fig. 8. Metal plasma arc switch triggered bv the surface
flashover mechanism [23).

For current interruption to occur in such an axial system,
a magnetic field is applied with field lines perpendicular to
the electron paths. Due to Larmor motion the effective
mobulity of the electrons is redi~ + causing a reduction of
conductivity from a, to a,. The conductivity ratio is
g, 1 1
a_nﬂl;(“,/,,)"-1+k8*’ )
- : t/ %

where w, is the Larmor frequency, » is the collision
frequency, B the magnetic induction, and k is a constant
which depends on electron energy and electron density.
The current through the arc is proportional to the conduc-
tivity if the electric field in the gap is kept constant \Mod-

erate magnetic fields of some 0.01 to 0.1 T can reduce the
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Fig. 6. Standard vacuum interrupter [9]

The switch 1s closed when the electrodes are in contact.
The contact resistance of 10~35 uf2 gives very low conduc-
tion tosses To interrupt the current the contacts are opened.
However, in most circurt breakers, the mechamcal motion
does not cause opemng of the circuit by itself During the
separation of the contacts an arc 1s formed which has to be
extinguished by the assistance of an externallv produced
current zero using a “counterpulse” technique The elec-
trode gap recovers only if the current zero is held long
snough to allow plasma deronizatton For vacuum arcs—
arcs which operate 1n partally 1onized electrode metal
vdpor -~ this s on the order of 3 to 15 us

For repetitive operation, the standard vacuum interrupter
s limited to about 30 pps repetition rate because the
electrodes must be moved mechamcally for each opening
and closing operation To achieve higher repetition rates. a
tnggered vacuum interrupter 1s used [9] The triggered
vacuum interrupter 1s operated like a standard one during
the coil charging penod and the first output pulse. After the

1922

mechanical opening, however, it is closed again electrically
wnstead of mechanically by triggering the arc rather than
closing the contacts. The arc drop is 25-40 V, large compared
to the voltage drop in closed metal-metal contacts but still
less than the conduction drop in most other opening
switches With this method currents of 8.6 kA have been
interrupted at peak voltages of 8.6 kV in a burst mode at 5 1
kpps. using the counterpulse technique (8]. 4

Several fast (10’s us) mechanical switches have been 1
described in the literature. Circuit breakers for the utility
industry work in the millisecond range and take advantage {

of the natural zero crossing of the alternating cuirent to ’
extinguish the arc (a similar effect as in counterpulsing). For
dc transmussion lines, the technology is less developed but
there have been several studies and concepts proposed and
some of these are described in [10] Much of the very fast
(10’s ps) mechanical opening switch work has been carned
out in the Soviet Union {11]. A particularly interesting switch
is the “bellows type” [12], [13] shown in Fig 7

The basic idea is that the current in the external corl will
try to compress the thin-walled (0.6-mm) corrugated liner.
Because of the oil inside the liner, 1t wilt only move about 1
mm and compress all the bellows which form the electric
switch (current flows from one bellow to the next through
the contact circles). Each of the bellows contact circles will
compress approximately 1 mm and oil will be torced be-
tween the contacts at high veiocity. This provides for very
rapid switching action since no mechanical motion s more
than 1 mm and the arc is subdivided into /N gaps where N
1s the number of bellows. At the same time, oil 15 being
forced between the contact gaps at very high velocity.

The “stay-open’ time of the bellows, which are filled by
3-5 atm of air to provide good contact pressure, is hmited
by the diffusion time of the magnetic field through the liner
to 1., <1 ms To keep the switch open longer, some
latching mechanism must be provided The switch was,
however, also tested by using gas (probablv SF, ) instead ot
oil and providing a sudden high overpressure on the out-
side of the beltows. In this case, the opening time was
approximatelv 1 ms but the switch remained open as long
as the overpressure was maintained In principle, the same
effect can be provided by mechanically induced pressure in
ol
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Fig. 4. Normalized maximum power, £, and normalized
time to reach the power maximum, T, versus rise of resis-
tance, ch times capacitance, C, for a capacitive load.

simultaneously with one opening switch. Hence, the selec-
tion of an opening switch requires the matching of the
opening switch characteristics to the application of the
system under consideration. Modeling of an inductive dis-
charge system in order to find the best opening switch
requires a thorough knowledge of the switch characteristics
and, because of the coupling of switch and system parame-
ters, generally an elaborate numerical calculation. However,
it is possible to establish rules of thumb for the selection of
an opening switch for a certain inductive discharge system
by using some crude assumptions about the switch char-
acteristics. The inductive discharge circuit considered earlier
(Fig. 2(b)) consists of a primary current source which charges
the inductor L. After establishing a current /,, the switch Sq
is opened and switch S, is closed, thereby transferring
energy stored in L to the load Z,. The opening switch
impedance is assumed to be purely resistive and to increase
linearly in time during opening

R,,pt with Ry, = constant.

The series resistances of the current source and inductor are
assumed to be zero.

Circuit calculations were performed for resistive, induc-
tive, and capacitive loads. Results are shown in Table 1 and
Fig. 4. The maximum power transferred from the inductor
to the load P, ,,. and the time of maximum power transfer
T, are expressed in terms of the inductance L; the load
parameters R, L, and C; the current /,;; and the rise of the
opening switch resistance kop. Analytic expressions for Py,
and T are given in case of resistive and inductive loads. For

Table 1

Evaluated Numencally (Fig. 3)

ha Jhans s

38

a capacitive load, P,,, and T were calculated numerically.
They are plotted in Fig. 4 versus RODC Assume, for instance,
a circuit with L =10"* H “charged” to /o = 10* A and a
load resistance of R, =10 Q. Tf the maximum power is
needed to be P, = 100 MW, then R, must exceed 107
2/s, the switch has to stand a voltage of V,,,, =700 kV,
and the necessary opening switch resistance is R, = 100
at T =1 pus. Although these calculations cannot replace a
thorough circuit analysis, they help to identify the demands
made on the opening switch.

According to these calculations, two parameters seem to
be of particular importance, the current through the open-
ing switch I, (the ability of the opening switch to carry
large currents), and the rise of opening switch resistance

The greater these values, the more efficient is the
transfer of energy to the load in a high-power inductive
discharge circuit. During an Army Research Office Work-
shop on “Repetitive Opening Switches” [2] efforts were
made to compare and summarize capabilities of various
opening switches. From these data, values for the rise of
resistance R, o, were derived for the various switch concepts
and are plotted in Fig. 5 versus maximum current through
the switch. The larger the product of /, and R, the higher
is the power that can be switched from inductor to load.
That means, high-power switches are located in the right
upper part of the diagram. However, the most powerful
switches—fuses and explosives—are typical single-shot de-
vices. For many applications, repetitive switches with repe-
tition rates in the kilopulses per second (kpps) range are
required (7). So far only switches in the power range of
< 75 MW meet this requirement in a short burst mode [8).
Experlments are under way to test the feasibility of novel
opening switch concepts like the Dense Plasma Focus and
Diftuse Discharge Opening Switches (discussed later in this
paper), which may be applicable in high-power, repetitive
systems.

Hence, this paper describes two different fields of open-
ing switch technology. In the first part “conventional”
opening switches (filled dots in Fig. 5) are discussed. The
second part deals with novel opening switch concepts
(open dots in Fig. 5).

0. MEeCHANICAL CIRCUIT BREAKERS— COUNTERPULSING

A mechanical opening switch consists of two separate
contacts in an insulating medium which may be liquid, gas,
or vacuum. A standard switch design is shown in Fig. 6 [9].

Maxamum Power P, and Time to Reach the Power Maximum T for Resistive and
Inductive Load 1n an Inductive Energy Discharge Circurt. For Capacitive Load the Analvtic
Expression for the Power in the Load P is Given. Solutions for P, and Tare

Resistive Load. R,

y

L4

P = IAR,

(1 +a)y

Inductive Load [,

P
Eali® r

a 2 2 - k'wnl Ly
—_— —=+=In(1 ~a)l. s o= ;T o=
‘Pxp[ - a:n( )] a (R )

op

P =33 L )\.”(ﬁ" Ly T=146 _,_“';_. v
1] 2 P([‘Ll, opbl ‘ ' Rnn(L"‘h)
Capacitive Load. C,
Ly s o
P=(—) I, -(wt) T w) [ f(wt) — wtf o wh],
C he _
( s=1)
%( ) w=(LCH" " I & Beselfunction of order s
‘(l
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Fig. 31. Dissociative attachment cross sections for vibra-
tonally excaited HCI molecules [106].

attachment rate by vibrational excitation of attachers.
Processes considered for producing highly excited vibra-
tional states are IR photoexcitation, transitions from elec-
tronically excited state, collisional or radiative, and photo-
dissociation of larger molecules producing vibrationally
excited fragme:. s [109]. The efficiency of opening switches
based on these mechanisms should be high, because the
laser energy is used only during the opening phase, and not
to sustain the discharge.

X1il.  THE PrasmAa EROSION SWITCH

The plasma erosion switch operates on a very short time
scale of 10 to 100 ns, both with regard to conduction and
opening times. It is successfully used for suppression of

TUBE CURRENT
MONITOR (10)

EROSION SWITCH PLASMA

Gipe—=+—"" GUNS (6 PLACES)

ANODE CURRENT

MONITOR (1A)

___ SEGMENTED CURRENT SHUNT
{1H) (3 PLACES)

| SHORTING BAR, WIRE LOAD,

OR GAS PUFF

DOWNSTREAM CURRENT
MONITOR (IPD)

UPSTREAM CURRENT
MONITOR (IPU)

CATHODE CURRENT
MONITOR (IC)

)
Fig. 33.

prepuises and steepening of the pulse rise time in high-
power generators [110]-{112]. Recently, pulse compression
experiments in a vacuum inductive storage system were
also performed with plasma erosion switches used as open-
ing switches (113].

fig. 32. Schematic of the plasma erosion switch (apparatus
used in the Proto | experiment) {110].

Fig. 32 shows the schematic of a plasma erosion switch
[110]. Plasma is injected into the switch region between
anode A and cathode K. Holes in the cathode allow plasma
from a plasma-gun array to flow in columns through the
switch plate C to the anode plate. In this experiment, the
plasma-guns were conical theta pinch devices. The injected
plasma has densities in the range of 5 X 10'? cm™ to
5 x 10" em™3 [105], [106] and moves with velocities of
typically 7.5 X 10° cm /s [114]. Switch areas are in the order
of 100 cm? [113] to 1000 cm? [112].

The present understanding of the switch dynamics is
illustrated in Fig. 33(b) which shows the time history of the

BOUNDARY
{eftective anode)

UPSTREAM (to gonmm \

DOWNSTREAM (to load) —\® () (c) (d)

(b)

{a) Diagram of the vacuum feed region of PITHON, identifving the current

monitors used in the expennment and the location of the erosion switch [112]. (b)
Hiustration of the phases of switch opening [112] () Denotes the early ime shorted phace
in which the sheath thickne s is insigmificant and the impedance of the switch is essentiallv
zern (b) Denotes the behavior of the switch as a parapotential diode lons are accelerated
essentially straight to the cathode, extracted from the plasma by sheath expansion. The
electron trajectories are bent by the magnetic field of the generator current (¢) Denotes
the onset of magnetic cutoif of the electron flow between the eiectrodes lon current and
sheath expansion continue (d) Denotes the continued expansion of the sheath leading to

full erosion of the plasma
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eroston switch in the PITHON experiment (Fig. 33(a)) [112].
and is as follows: As a finite voltage appears across the
injected plasma, a sheath forms near the cathode. In this
sheath. the electrons are swept out, and a planar diode-like
gap with the cathode as a surface on one side and the edge
of the plasma on the other side is formed. The cathode
becomes a space-charge-limited electron emitter with
plasma-induced field emission [115]. lons supplied by the
injected plasma reduce the negative space charge and pro-
vide for a current enhancement of 1.86 over the Child-
Ltangmuir current for stationary sheaths. The ion current
density ;, for one-dimensional current flow [116] is

4(0 ze Ve V3/2
= AN NS )
/=186 3 (m,) e (10)
and the electron current density j,, is
. m, Vi
/.‘=(m ) /i (1)

e

where m, and m, are the electron and ion masses, respec-
tively, €5 the permittivity of free space, e the electron
charge, V the voltage across the sheath, and d the sheath
thickness.

As the current increases, the ion ilux from the plasma-gun
into the gap is not sufficient to maintain bipolar flux across
the plasma interface. An additional flux of ions is provided
by “eroding” the plasma. thereby increasing the sheath.
This effect causes the effective resistance of the switch to
increase and, with a series inductance in the switch arcuit,
generates an increased voltage across the sheath.

With further increase in current, the trajectories of the
electrons in the switch region are bent by the self-magnetic
hieid The switch opens when the electron flow across the
gap exceeds the critical current value 1. (117} for the onset
of magnetic insulation

1. = 1,88y (12)
with
|, = "’gf‘ Ime.c = 8500 A (13)
v
B = < (4
y=(1-p) =148 (15)
mgc?

with v being the electron velocity, ¢ the speed of light, m,
the rest mass of an electron. and g a geometry tactor. After
magnetic cutoff of the electron flow. the 1on current still
continues, since cutoff of 1on flux requires a magnetic field
larger than that for electrons by a factor (m/m,) . How-
ever the son current density is so low that the expansion ot
the sheath continues, leading to full erosion of the plasma
(Fig 32(b)).

These three stages ot the switch, a) conduction. b) -
polar diode with increasing sheath thickness, and ¢) mag-
netic insulation are demonstrated 1in the impedance history
(Fig :4) of a short circurt shot 1 the PITHON system [112],
which operates with an imploding plasma load The tigure
<hows that the impedance nises to values of several 10«
ohms in less than 50 ns. The maximum switch current was
~ 1 MA and the maximum voltage across the switch 18
VIV Even lower opering times were achieved in pulse
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Fig. 34 impedance history for a short-aircut shot, showing
three stages [112]

compression experiments in a vacuum inductive storage
system with an electron-beam diode load, performed at
NRL [113]. After a conduction time of ~ 50 ns the switch
opened in an interval of ~ 10 ns. The switch current was in
the excess of 200 kA and a voltage in excess of T MV was
generated. The power compression ratio was 4, compared
to measurements without the switch,

X1V Rertex TRIODE SWITCH

Another novel opening switch for short pulse vacuum
inductive energy storage systems is the Reflex Triode {118].
The basic experimental arrangement is shown in Fig. 35.
The operation of this arrangement as a switch ts explained
[118] as follows:

MAGNET COIL
CURRENT
s, [ e
/ N REFLECTOR
EEL CATHOCE
8
L
gAMELLﬂ'SW I%— %(
ENERATOR _ 2
VACUUM i* La—ANODE FOIL, A

PRIMARY

I

COAXIAL STORAGE
INDUCTOR, L

H0

Fig. 35. Reflex switch expenmental setup [118].

" The switch is based on reflex triode physics. It consists
of a primary cathode. K, a thin anode. A, and a secondary
cathode. K, which 1s electnically floating and serves to
reflect electrons back through the anode toward K., which
in turn repels them back through the anode toward K - etc.
The reflexing electron scatter 1n the anode and deposit
sume of ther energy in it on each pass An axial magnetic
field 15 used to minimize radial loss of electrons Positive
ions are accelerated from the anode to the cathode. K

The combination of multiply reflected electrons and
counterstreaming positive ions flowing between cathode,
K. and anode. A, results in several umique properties One
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of the most important of these is that the total current in
the reflex mode can be orders of magnitude greater than
the Langmuir-Child (L-C) current appropriate for an
ordinary vacuum diode of the same dimensions. Thus, the
“impedance” of the reflex mode can be far lower than the
impedance of the A-K, gap in the absence of reflexing.
The reflex triode can function as a “closed” switch if we
first establish the reflex mode and then as an “opening”
switch if we bring about an abrupt termination of electron
retlexing. This forces a fast transition from the low-imped-
ance reflex mode (“closed” switch) to the much higher
impedance Langmuir bipolar mode (“open’ switch). Reflex-
ing is terminated, in our technique, by allowing the floating
electrode, K ., to undergo a short-circuit to the anode at the
desired time. When the negative potential of K, collapses
to anode potential, electrons no longer reflect from K. and
instead deposit in it after one pass through A-K,. Once
reflexing 1s terminated, the transition of A-K, to the
Langmuir bipolar mode is governed by ion and neutral
atom dynamics in A=K,

An impedance transition of 0.8 to 153 Q has been
achieved, 1e, a factor of 19, with a peak, open switch,
accelerating voltage of 1.8 MV.

XV, SUAMMARY

The area of opening switch research and development for
wmductive energy storage is clearly a very complex and
interdisciphinary one, involving electrical and mechanical
engineenng, physics, chemistry, etc. Most “successful”
openming switches are presently single shot in nature (e.g.,
fuses). Due to the high energy starage density inherent in
inductive storage systems, the potential payoff in develop-
ing repetitive, or at least reusable, opening switches is very
high and rew ideas are met with considerable interest.

Besides the categories and switch types described in this
review, there are undoubtedly many other, different
schemes or modifications of the ones discussed here. It is
felt. however, that the switch types discussed in this paper
include most of the best known or investigated ones.
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INVESTIGATIONS OF E-BEAM CONTROLLED
I DIFFUSE DISCHARGES* {

K. Schoenhach, G. Schaefer, M. Kristiansen,
H. Krompholz, H. Harjes, and D. Skaggs

Department of Electrical Engineering
- Texas Tech University
- Lubbock, Texas 79409 [

ABSTRACT

Externally controlled diffuse discharges have attracted considerable interest as

submicrosecond opening switches for inductive energy storage systems. Their
. performance is strongly determined by the basic fill gas parameters and their
. dependence on the reduced field strength E/N. An electron-beam controlled

diffuse discharge system was constructed to study the behavior of pulsed

discharges i{a various gas mixtures under repetitive operation. Experiments were

performed with 1 atm Ny and small additives of N20 as f111 gas in the switch.
. The experimental results are compared with numerical values, obtained from a
code which sllows modeling of the discharge voltage-current characteristics and
its transient behavior in a discharge circuit.

#7ork supported by AFOSR and ARO. {
KEYWORDS

Opening switchs, high pressure diffuse discharge e-beam controly gas properties,

INTRODUCTION

Inductive energy storage is attractfve in pulsed power applications because of
its intrinsic high energy density. The key technological ptoblem in developing
inductive enetgy discharge systems, especially for repetitive operation (repeti-
tion rate > 107/s) is the opening switch [Kristiansen and Schoenbach 1981]. For
repetitive, fast operation, when opening times of microseconds and less are
required, high pressure diffuse discharges seem to he prime candidates for ;
opening switches. Their moderate energy density offers the possibility of !
o external control of the conductivity by means of e-beams and/or lasers
{Schoenbach and others, 1982a,b].

The schematic diagram of an e-beam controlled opening switch as part of an
inductive storage system is shown in Fig. l. The switch chamber is filled with
a gas at pressures of | atm and above. The gas between the electrodes conducts
and allows charging of the inductor, when an ionizing e-beam is injected
Py (usually through one of the electrodes which might be a mesh or a foil). The
switch voltage remaing below the self breaskdown voltage, so that there ig no
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Fig. 1, Schematic of an e-Beam controlled diffuse discharge switch in an
inductive energy storage circuit.

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

GAS PROPERTIES

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

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

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

¢) to avoid the onset of the attachment instability ([Douglas-Hamilton and
Mani, 1974] during conduction, the switch should be operated at E/N
values where the attachment rate coefficient is a weak function of E/N or
has a minirmum .

Along these considerations, several gas mixtures have been proposed for the use
in diffuse discharge opening switches [Christophocou and others, 1982]. For the
theoretical and experimental investigations described in this paper, N; was
chosen as sbuffer gas with N0 as added attacher. Ny was used since a complete
set of cross sections was available {Phelps, 1983}, and the plasma chemistry in a
aixture of N; and N9O appears to be relatively simple. Futhermore N0 in an Np
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buffer gas exhibits an E/N dependent electron decay rate, which increases by more

than a factor of 20 in the E/N range from 3 Td to 15 Td [Lee and others, 1981} as

shown in Fig. 2. It should be noted, however, that N7 has an electron drift
velocity which increases with E/N and therefore is not the optimum buffer gas in
diffuse discharge switches.

[+]
—
-
—

o]

DECAY RATE CONSTANT (10-10 ¢m3/s)

0 Lot vy
0 2 4 6 8 10 12 14 16

E/N (10°7v em?)

JA-330533-58

Fig. 2, The decay rate constants of the electron conduction current hy
adding N30 in 350 torr of Ny at various E/N [Lee and others, 1981)

DISCHRARGE ANALYSIS

To evaluate the time dependent impedance of an externally controlled discharge
in a given circuit, as well as to optimize the properties of the gas mixture
together with circuit parameters, a computer model has been developed that
enahles fast calculations for a variety of conditions. It does not, however,
provide for spatial analysis of the discharge. The code uses two independent
programs. In a first computation all rate constants of significant processes
are calculated as a function of E/N for a representative gas mixture. These
calculations use the E/N-dependent electron energy distribution functions that
have been previously compiled using a separate Monte Carlo code. In a second
step a system of circult equations and rate equations using the E/N dependent
rate constants are solved. It is assumed that the E/N dependence of the rate
constants does not change significantly for small variations of the gas mixture.
Additionally the electron energy relaxation is considered to bhe faster than any
significant change in E/N, thus allowing time dependent solutions.

Steady State Characteristics of the Discharge

The calculation of the steady state characteriszics of the diffuse discharge
does not require information on the circuit. Calculations were performed with
the relative sttacher concentratlon in the buffer gas as parameter. Figure 3

s
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Fig. X Calculated steady scate E/N-j characteristics for an e-beanm
sustained discharge in Na with admixtures of N50. The electron
generation rate is 8x102} em~3 s-1. Parameter is the N20
fraction in T.

shows the steady state characteristics for different ¥90 concentrations in a N3
buffer gas. The total pressure is ! atm and the e-beam electron generation rate
ts 8 x 102l ca=3g=l. as expected, the steady state characteristics are not
affected by the sttacher in an E/N-range of 0 - 4 Td, while in the range of
approximately 5 - 30 Td high attacher concentratinns cause the current density
to decrease {f the field strength incrcases, a property which is des{rable for
opening switch operation. The threshold value of E/N at which the slope of the
current density changes is determined by when attachment becomes the maior loss
mechanism. Thus the nmaximum nof the current density shifts to higher E/N values
when the attacher concentration decreases. 1t should be noted that attachers
vith a constant attachment rate coefficient result in steady scate characteris-
tics where the current density increases monotonically with E/N.
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Transient Discharge Behaviour

As discussed before, it should be possible to operate an e-beam sustained, low
loss discharge which is not strongly affected by an attacher, provided the
attachment rate constant has a clear threshold at a certain value of E/N, below
wvhich the attachment is not efficient. How fast such a steady state operation
is approached when the e-beam is turned on and how fast the discharge opens if
the e-beam 1s turmed off, will depend strongly on the circuit as well. For fast
operation (timescale -~ 10"63), the inductive energy storage system has to be
considered as a transmission line with a high value of L' and a low value of C°',
i.e., a line with high impedance.

An experimental set-up as shown in Fig. 4 was assumed for the calculation of the
transient hehavior of the discharge. Parameters were switch area A = 100 cmz,
gap distance d = 1 cm, pressure f (Npa) = 1 atm, applied voltage Vo, = SO kV,
electron generation rate S = 8:102! cn=3 =1 for the time 0 < t < 100 ns. The
values of the pressure p, voltage V,, and discharge length d correspond to a
maxioum value of E/N = 185 Td. 1In an initial set of calculations, the total

system impedance was kept constant at Z, = 20 Q, where Z; = 2 + Rg.

EXTERNAL RESISTOR Rg

( 4
LINE — EXTERNAL
— IMPEDANCE 2 CONTROL
VOLTAGE Ve SOURCE

] Yyvw=

OISCHARGE AREA A, SPACING d
DISCHARGE RESISTANCE R,

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

Figure 5 shows the time dependent reduced field strength E/N, current density
i, and power loss per volume in the discharge. The curves for 0.1%, 0.5%, and
0.75% of N0 approach the same steady state value for E/N and j in the
conducting phase, demonstrating that under these conditions the discharge 1is
not strongly influenced by attachment. Futhermore, after termination of the
e-Seam, the discharge properties change very slowly until an E/N-value is
approached where attachment becomes effective. ®By contrast, for the case of 12X
N90, the attachment 1s strong enough to prevent the discharge from ever reaching
a low E/N-gtate and the steady state {s therefore always attachment dominated.
Thus, when the e-beanm is turned off, the values for E/N and j change quite
abruptly.

Experimental Results

Diffuse discharge experiments were performed in N; at atmospheric pressure with
a small amount of N20 admixed. An e-beam tetrode which serves as fonization
source for the switch gas provides a burst of electron pulses. The pulse
duration and pulse separation can be varied from a hundred nanoseconds to one
microsecond. The fall time of the single electron pulse is approximately 20 ns.
By using a thermionic cathode which provides for an electron current density of
up to & A/cm? over an area of 100 cm? 1t is possible to vary e-beam current and
e-beam energy independent of each other [Harjes and others, 1983]),
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Figure 4 shows the nornalized switch current for different concentrations of the
attacher N70. The source term was S = 5x1020 cp~3 s'l, the applied voltage
Vo = 10 kV and Z, = 20 R. For high concentrations of N30 (3%) the switch
current pulse represents in shape the e-beam current pulse except for the tail.
This tall may be caused by the current carried by positive and negative ions.
The curreat gain (switch current/electron beam current) is abcut 2 for this high
attachment concentration. For lower concentrations, (0.7%7) the fall time
(i/e-zime) increases to approximately 100 ns. For 0.1i% 1t is in the order of
5NN ns. The gain {s increasing to values of 9 and 12 at 0.7% and 0.1X N0,
respeztivelv. A comparison of these pulse shapes with the calculated ones in
Fig. 5 shows that there i{s no delay between the end of the e-beam pulse and the
onset of the decavy ir current density. This indicates that attachment is
dominant even at low E/N, where according to the measured values of the decay
rate (see Fig. 2) attachment should be negligible.
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Fig. 6, Time dependence of switch current with N0 concentration as
variahle parameter,

Measurements of the steady state current density - field strength characteristic
of the e-beam sustained diffuse discharge with Ny as buffer gas and 0.7% Nj0
confirm this conclusion. Figure 7 shows the calculated {-E/N curve and
measured values. The measured discharge characteristic does not show the
predicted maximum at E/N values of approximately 4 Td. The saturatfion of the
peasured current at higher values of E/N however indicates that the attachment
rate in the entire E/N range increases with Increasing reduced field strength. [
To achieve %he desired switch characteristlics as discussed in the section "Gas
Properties™, attachers with attachment cross sactions peaking at higher energles
should be considered.
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F12. 7, Current density versus reduced fiald strength (Calculated curve
and experimental data noints).
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Use of attachers in electron beam sustained discharge switches

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

2. Circuit implications in an inductive energy storage system
Fast. repetitive transfer ot power from an inductive energy storage device to a load 1

{e.g. a switch opening time of less than 100 ns) requires detailed consideration of the 1
circuit elements (inductors, connectors) as transmission lines, i.e. effects due to finite
transit times and reflections are not negligible. At high frequencies, the distributed ]

capacitance, C’, of the energy storage device in concert with the high distributed
inductance. L'. implies a high characteristic impedance (L'/C"! of the order of several
k€ and transit times, (LC), of several 100 ns for a typical system (Kristiansen 1981). 4
Matching of this impedance to the opening switch ir parallel with the load is generally
not possible, since for most applications the impedance of the load will be quite smalil
compared to the generator impedance. Hence. power transfer from the generator to a
low impedance load will be limited due to this mismatch in impedances.

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

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

Sk,
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3. Discharge analysis

To evaluate the time dependent impedance of an externally controlled discharge in a
given circuit. as well as to optimize the properties of the gas mixture together with
circuit parameters. a computer model has been developed that enables fast calculations
for a variety of conditions. The code does not, however, provide for spatial analysis. but
1t does aliow one to evaluate the influence of general gas properties and of the circuit
on the discharge. although not affording information about the sheaths and discharge
instabilities

The code uses two independent programs. In a first computation all rate constants of
significant processes are calculated as a function of E/N for a representative gas
mixture. These calculations use the E/N-dependent electron energy distribution func-
tions that have been compiled previouslv using a separate Monte Carlo code. In a
second step a system of circuit equations and rate equations using the E/N dependent
rate constants are solved. It 1s assumed that the E/N dependence of the rate constants 1
does not change significantly for small vanations of the gas mixture. Additionally the ]
¢lectron energy relaxation is considered to be faster than anv significant change in E/N.
thus allowing time dependent solutions. 1
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Recently several papers (Fernsler et al. 1980; Commisso et al. 1982; Commisso et al.
1983; Bletzinger 1981: Hallada et al. 1982: Bletzinger 1983; Kline 1982: Dzimianski
& Kline 1980; Lowry et al. 1983; Schoenbach er al. 1982; Harjes et al. 1983; Schaefer
et al. 1983) have appeared concerning e-beam controiled discharges. They specifically
relate to switching applications. emphasizing different aspects of modes of operation,
such as the influence of the gas mixture (Fernsler et al. 1980; Commisso et al. 1982), the
cathode sheath (Hallada et al. 1982; Bletzinger 1983), the low e-beam current density
and high current gain regime (Kline 1982; Dzimianski & Kline 1980; Lowry et al.
1983). as well as related optical control mechanisms (Schoenbach et al. 1982; Schaefer
er al. 1983).

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

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

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

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

¢) the attachment rate should have a minimum at, or above the value of E/N at
which the discharge is operated in the conduction phase, or the attacher should
have an onset threshold above this value of E/N, below which attachment is not
effective.
With these considerations, several gas mixtures have been proposed for the use in
diffuse discharge opening switches (Christophorou et al. 1982). It seems that these gas
properties will allow a low-loss, stable, steady state operation at low values of E/N and
a sufficiently high hold off voltage, to assure the attainment of a zero current density if
an external controiling e-beam is turned off. Any complete switching cycle, opening
and closing, will, however, go through a lossy state and only the analysis of the time
dependent behavior, including the losses during the switch transition period will allow
one to determine the feasibility of this concept (Schaefer et al. 1983) and the optimum
operating conditions.

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

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

The current density range will also affect the properties of the discharge to some
degree. It was shown (Kovalchuk et al. 1976a; Hallada et al. 1982: Kline 1982), that
high current gains can only be achieved if the current density is kept low. On the o:her
hand. device requirements may force one to operate at a high current density. if
extremelyv high total currents are required.
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The use of attachers in electron-beam sustained
discharge switches—theoretical considerations
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Electron-beam sustained discharges can be used in opening and closing switch applica-
tions for producing bursts of energy in pulsed power systems. The incorporation of
admixtures of attachers with low attachment rate at low values of E/N and high
attachment rate at high values of E/N in the gaseous switch dielectric has been
proposed to achieve low forward voltage drop in the conduction phase as well as rapid
opening when the sustaining e-beam is terminated. This paper presents model calcula-
tions on the characteristics and transient behavior of an electron-beam sustained
discharge in the high current density regime in N,. The influence of an attacher (N,O),
with the property described above, and of the circuit parameters on the discharge is
investigated as an illustrative example. The advantage of using such an attacher is
demonstrated for the steady state conduction phases and for the opening phase. while
the closing process is obstructed by the attacher. Additional possible control mechan-
isms, such as photodetachment to aid the closing process are discussed.

1. Introduction

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

The general feasibility of this concept has been demonstrated in earlier papers
(Kovalchuk et al. 1970: 1976a: 1976b: Hunter 1976}, and can be anticipated from
numerous papers related to laser discharges. The practical knowledge of diffuse
discharges has been greatlv improved through the develcpment of gas discharge lasers.
However. the operating conditions, which the discharge must fulfill. are different for
switching applications. Other discharge properties and mechanisms of importance in
the discharge have to be considered and their collective influence on the coupling
between discharge and circuit must be optimized in a different wav.
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Fig. 10. Discharge power versus discharge current for the pulsed hol-
low cathode discharge.

for applications in large area diffuse discharges, was not inves-
tigated in detail.

2) At charging voltages above 13 kV, frequent arcing occurred
across the gap between the electrodes. In this case the oscillo-
scope traces showed an initial reflection just as for the HCD
(see Fig. 3) and then a transition to an unmeasurable small im-
pedance (arcing). Arcing never occurred after the hollow cath-
ode discharge was initiated. At charging voltages of approxi-
mately 10 kV, arcing never occurred, even if no preionization
was used, resuiting in a total reflection of the pulse (openend).
Considering a maximum allowed charging voltage for operation
without arcing, the maximum current is only limited by the
line impedance Zo. For a 10-Q2 line which, according to our
impedance measurements, would be matched to the given HCD
in the high-current regime and, for a charging voltage of 10kV,
one would expect arc-free operation at currents of up to 500 A.

Further information on the initiation mechanism of a fast-
pulsed HCD can be obtained by recording the time-dependent
spatial emission of radiation from the HCD. The existing device
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will allow side-on and end-on observations (see Fig. 1). A streak
camera analysis is planned.

V. SUMMARY

In conclusion, we report the successful operation of a pulsed
high-power density hollow cathode discharge. The delay time
between applied voltage and initiation of the discharge strongly
depends on a preionization source (dc discharge). Delay times
of 3 ns and discharge risetimes of 2 ns were obtained at a jitter
of 1 ns or less. The short initiation time combined with low
jitter will allow synchronized operation of parallel hollow cath-
ode discharges. In the given device, the maximum power den-
sity was in the range of 200 kW -cm™. With an impedance
matched line (approximately 10 £ for the given HCD), power
densities up to 10 kW - cm™ should be expected. These fea-
tures indicate that such a device may be useful for the fast pro-
duction of high energy levels with short decay times as required
in discharges for pulsed UV gas lasers. The feasibility of using
multiple hollow cathodes for the production of diffuse dis-
charges will depend on the scaling behavior when smaller diam-
eter hollow cathodes are used.
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Fig. 7. Impedance of the pulsed hollow cathode discharge versus He-
pressure,

lay time for a pressure of 6 torr and a preionization current of
6 mA. At low charging voltages the delay time strongly de-
creases with increasing charging voltage but approachesa con-
stant value of approximately 3 ns. From Figs. 4-6 it can be
concluded that the minimum delay time which can be ob-
tained with this device is approximately 3 ns.

Figs. 4-6 also show the dependance of the risetime on the
same operation parameters. The general behavior of the rise-
time is similar to that of the delay time although much less
pronounced. The minimum risetime was Tg =2 ns. This
makes the total initiation time for the pulsed HCD (delay
time plus risetime) Tp + Tg =5 ns nearly independent of the
operation parameters, if the pulsed HCD is operated in the
following range:

Ip; 2 6 mA (preionization current)
p » 5 torr (He pressure)
Ve # 6 kV (charging voltage).

Tp 3-ns delay
and if
Tg 2-ns risetime

In this operation range the jitter of the total initiation time was
in the order of 1 ns. It should be noted that the uncertainty
of the time measurement is in the order of 0.5 ns.

For the evaluation of the impedance of the discharge only the
flat part of the measured voltage puise was used (see Fig. 3).
The voltage peak directly after the initiation of the pulsed HCD
is due to the capacitance between cathode and anode and, there-
fore, not taken into consideration. Once the discharge is initi-
ated, its impedance does not depend on the prejonization cur-
rent. The influence of the pressure on the pulsed HCD (Fig. 7)
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Fig. 8. Impedance of the pulsed hollow cathode discharge in helium

versus charging voltage.
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Fig. 9. Discharge voltage versus discharge current and current density,
respectively, for the pulsed hollow cathode discharge.

seems not to be significant, while there is a strong dependance
of the impedance on the charging voltage for values below SkV.
For large values (8 kV and above) the impedance tends to ap-
proach a nearly constant value. The dependance of the imped-
ance on the operation parameters is of special importance in
designing matched systems for high efficiency.

The data used in Fig. 8 also allow the evaluation of the dis-
charge characteristic (Fig. 9) and the power dissipated in the
discharge (Fig. 10). The characteristic presented in Fig. 9 in-
dicates a nearly constant dynamic impedance with voltages in
the range of 300-800 V and with currents in the range of 10-
65 A. This results in a maximum current density at the en-
trance of the hollow cathode of 560 A - cm™2. The maximum
power dissipated in the discharge was 52 kW. From the side-on
observation of the light emitted from the discharge it can be
concluded that the penetration depth of the pulsed discharge
into the cathode is approximately 20 mm. Thus with the inner
cathode radius of 3.86 min, the maximum power density be-
comes approximately 220 kW - cm™.

The limitations of the current regime in the experiments
presented are determined by two properties of the experimen-
tal setup limiting the charging voltage.

1) The spark gap design did not allow triggering below 2 kV;
therefore the characteristic of the discharge in the low current
density range of 10-100 A - cm~2, which may be of interest
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POWER SUPPLY POWER SUPPLY
DC DISCHARGE PULSED DISCHARGE

MOLLOW CATHODE VOLTAGE PROBE
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Fig. 2. Experimental setup.
:
1
RISE TIME | SHORTED END
J_ VYour
Ve I
l OPEN END
v DELAY TIME I_ 20 na/div
PR A 1 A " i PU Y A i 1 2

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

line is terminated by the HCD. An additional power supply in
series with a large resistor is connected to the transmission line
and allows the HCD to operate at a low dc level providing for
preionization of the pulsed discharge. A capacitive voltage
divider is located in the center of the transmission line. Since
the length of the transmission cable /, is more than twice the
length of the charging cable (I, < 2 - I..), the voltage probe will
record the incoming pulse and the reflected pulse from the
HCD without overlapping. This setup allows measurement of
-the time dependence of voltage, current, and impedance.

Typical oscillograms of the voltage measured with the voltage
probe are shown in Fig. 3. For clarification of the evaluation
method three voltage traces are superimposed: one for a typical
hollow cathode discharge, one for an open end (infinite imped-
ance) and one for a shorted end (zero impedance). The system
with the hollow cathode acts for a time as an high-impedance
system. Then the impedance drops to some value which is
considered to be the impedance of the pulsed hollow cathode
discharge Zycep:

1+ Vout/Vin
l- Voul/Vin

The time interval between the voltage increase of the reflected
pulse and the onset of the decay of the reflected voltage is con-
sidered the delay time for the initiation of the pulsed hollow
cathode discharge. The time interval in which the reflected
voltage changes from its maximum to its minimum (90 percent-
10 percent) is considered the risetime of the hollow cathode
discharge (see Fig. 3).

Zycp =2,

I11. ResuLts

The operation parameters of the puised hollow cathode sys-
temn were varied in the following ranges allowing for stable arc.
free operation:

gas: He with pressures: 1tor<p <6 torr

P S R A

10—~ — — ——
4
e PRESSUAE: 6 TORR i
w -
H ;
I~
3 4
w
a CHARGING
VOLTAGE:
4
mv
sk -4
st "y 4
£ “y
TN
- ‘\‘\i—‘__ﬁ___g. v
F ]
@
z } 4
° A P S S e | Y - A
0 H 10 15

PREIONIZATION CURRENT/mA
Fig. 4. Delay time (o, o, &) and risetime (a) for the initiation of the
pulsed hollow cathode discharge in helium versus dc-preionization
current with the charging voltage as variable parameter,
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pulsed hollow cathode discharge versus He-pressure with the charging
voltage as variable parameter. -

2KV V, <13kV
0mA<Ip1< 10 mA,

With the stainless steel anode, operation at pressures above
approximately 8 torr and charging voltages above approximately
13 kV caused small arcs to bridge the gap between cathode and
anode, but without damaging the system. With the aluminum
anode the stable operation regime was further reduced. In ad-
dition, arcing caused permanent damage requiring repolishing
of the electrodes.

The first important resuit was that without preionization the
system acted like an open end, indicating that the delay time
was at least longer than the pulse length of 50 ns. The depend-
ance of the delay time on the preionization current with the
charging voltage as a variable parameter is plotted in Fig. 4.
The pressure is constant at 6 torr. At low preionization cur-
rents (below 3 mA) the delay time strongly decreases with in.
creasing preionization current but approaches a nearly constant
value above approximately 6 mA. The dependance of the delay
time on the pressure with the charging voltage as the variable
parameter at a preionization current of 6 mA is plotted in Fig.
5, indicating that the pressure does not significantly effect the
delay time, especially for the higher values of the charging
voltage. At pressures 225 torr the delay time seems to be con-
stant. Fig. 6 shows the charging voltage dependance of the de-

charging voltage:
preionization current:
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Pulsed Hollow Cathode Discharge with
Nanosecond Risetime

GERHARD SCHAEFER, SENIOR MEMBER, 1EEE, PER O. HUSOY, KARL H. SCHOENBACH, SENIOR MEMBER, 1EEE,
AND HERMANN KROMPHOLE, SENIOR MEMBER, 1EEE

Abstract -This paper reports the operation of a cylindrical hollow
cathode discharge with current risetimes of a few nanoseconds at current
densities at the entrance of the cathode in the range of 50-560A - cm™
and at voltages of 280-850 V. Time-dependent measurements of the
impedance of the discharge are presented. They allow for the evalus-
tion of discharge quantities such as risetime, delay time, discharge volt-
age, and cumrent, depending on the operation parameters as applied
voltage, pressure, and preionization. The power density in the active
region of the hollow cathode exceeded 200 kW - cm ™,

I. INTRODUCTION

HE ENERGY LOADING of discharges for TEA lasers and
Diffuse Discharge Switches is mainly limit :d due to insta-
bilities caused by the use of admixtures of attachers [1]-~[3].
In most cases, streamer development and subsequent arcing
starts at the electrodes, preferably at the cathode [1]. Reduc-
tion of the electric field intensity in the cathode region could
delay or even prevent the onset of instabilities. Hollow cathode
discharges (HCD) are known to operate at lower potential dif-
ferences then plane electrodes [4]. Therefore TEA laser elec-
trodes with a large number of small holes may allow operation
of discharges with a lower cathode fall voltage. Hollow cathode
discharge operation, however, is restricted to a certain range of
pD (1 torr cm < pD < 10 torr cm, for rare gases), where p is
the gas pressure and D the diameter of the hollow cathode {4].
This range is shifted to smaller values of pD if molecular gases
are used. For atmospheric pressure the holes should have di-
ameters of the order of a few microns depending on the filling
gas. In addition, such an electrode structure may allow one to
flush the hollow cathodes from the back side with a very slight
flow of an atomic gas (preferably a rare gas) and, subsequently
further reduce the potential difference across the cathode fall,
At this time an important application of dc hollow cathode
discharges is its use as the active medium of a gas laser [5]. In
a recent paper it was also demonstrated that pulsed hollow
cathode discharges allow one to produce high densities of ex-
cited states with energies of several tens of electronvolts above
the ground state [6]. The efficient use of the excitation of
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high-lying levels to produce a population inversion for a laser
is, in general, supported by a fast risetime of the excitation
process.

The feasibility of these HCD applications strongly depends
on the risetime that can be achieved with hollow cathode dis-
charges.. It is known that in the steady-state operation the hol-
low cathode makes more efficient use of the UV light emitted
from the negative glow and collisions of ions and excited parti-
cles (in rare gases preferably mestables) with the cathode sur-
face. The build-up mechanism of the HCD and the dynamic
of the densities of these species in the hollow cathode, how-
ever, has not yet been investigated. The aim of this work,
therefore, was to investigate the initiation characteristics of
the hollow cathode discharge and to operate a hollow cathode
with fast risetime and at high current densities.

I1. EXPERIMENTAL PROCEDURE

The design of the hollow cathode discharge device is shown
in Fig. 1. Similar designs have been used for dc discharges [7].

The cathode is a 3.86-mm inner diameter stainless steel tube.
Anodes were made of aluminum and stainless steel, The spacer °

between cathode and anode is a 10-um thick mylar foil. End-
on and side-on windows allow optical diagnostics of the hol-
low cathode discharge. Except for the discharge itself the
HCD device is totally matched to the impedance of the cable
Zo =75 2 (Belden 8870). The dielectric in the cathode re-
gime is a clear epoxy.

The experimental setup is shown in Fig. 2. A charging cable
with the length /. is charged by a power supply and discharged
by a spark gap into a transmission cable. The voltage is adjusted
through pressure controlled self breakdown. The transmission
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ns , the current gain was [n the order of l0O. With
better utilization of the e-bdeam energy ln our system

a gain of 100,
times,
attacher concentrations, however,

can be achieved. Shorter opening
~10 ns, are possible with higher
at the expense of
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reduced current gain.
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Like N90 and SO0), CO0; has an increasing
attachmen: rate coefficient with E/N. The disadva-
ntage of COp for use as an opening switch gas is 1its
relazively low 1{onization energy. The field
strength range where the attachment coefficient, ,
exceecs the ionization coefficient,r, reaches only up
to approximately 60 Td [11). This value determines
the hold off field strength in this gas. For E/N > 60
T¢ the current rises again, which means that the
swizch closes instead of opens after e~beam turn off.

This effect was demonstrated by operating the
diffuse discharge at different values of E/N about
the crossing point of the attachment and ionization
curves (Fig. 12). Depending on the values of n(E/N)
and :(T/N), the development of the discharge after
e-bear turn off is going either towards a closing
swizch (Fig. 12¢c) or toward an opening swicch (Fig.

“12a) Sehavior. Because of the small attachment coef-

ficient of COp compared to 50; and N30 the switch
opening time, even for the high concentration of 20X
in %2 as buffer gas, is much longer than for the
viher gases.,

p-= 200 Torr, 20% COy 80% Nj

E/N RANGE

SWITCH CURRENT VS TIME

32-39 Td

54 - 58 Td

75-78 Td

SpLs

Fig. 12 Time Dependence of Switch Current in a
Discharge in N7:003 with Reduced Field

Strength E/N as a Variable Parameter.

Summary

An  e-beam tetrode was designed for the
investigations of e-beam controlled conductivities in
switch gases. The operating characteristics are:

a. burst mode operation in the Mpps (Mega pulses/per
second) range,

b. variable pulse duration and pulse separation,

c¢. turn on and turn off times in the range of 10 ns,

d. varia ‘,n of e-beam energy (Eg £ 250 keV),

e. varia.ion of e-beam current density (Jg < 4
Alen?). -

Diffuse discharge f{nvestigations were performed
in the gas mixtures Ny:N»>0, N2:502, and Np: CO3. The
experimentally obtained current-voltage characteristic
for N2:Nj0 agrees with previously obtained theoretical
results at high E/N. The discrepancy in theoretical
and experimental data at low E/N reflects the
uncertainty in basic data for N70. With respect to the
eriterion for optimum switch gases - low losses during
conduction (at low E/N), large losses during and after
opening (at high Z/N)=- N0 in N2 is superior to the
other investigated gases. For opening times >f 100
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0.7%, the fall time (l/e~time) {ncreases to approx-
{mately 100 ns. For 0.1 X it is in the order of 500
ns. The gain Lncreases to values of 9 and 12 for
0.7% and 0.1% N30, respectively.
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Fig. 3° Time Dependence of Switch Current with
N20 Concentration as Variable Param—
eter .

Figure 9 shows the j vs E/N characteristics of
the e-beam sustained discharge in ! atm N3 with 0.7%
¥20. The curve represents the calculated values, dots
are experimental results. The experimental values at
higher E/N correspond well to the cheoretical curve.
However, the measured di{scharge characteriscics do
not exhibit the predicted current maximum at
E/N-values of approximately 4 Td. These ctesults in-
dicate that attachment is dominant even at E/N < 4
Td, where, according to the measured values of the
decay rate (see Fig. 6), attachment should Se negli~
gible. This assumpcion is confirmed by results of
recently performed attachment rate coefficient meas-
urements (3] and by Monte-Carlo calculatioans of the
attachment rate coefficlent (9] based on experiment-
3ily obtained attachment cross-sections [l0].
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Even with the attachment onset of =/N < 4 14,
that wmeans with an attachment dominated discharge dur-
ing conduction, the N70:N; mixture seem to work fairly
well as opening switch gas. t satisfies the require-
ment of having low resiscance at low E/N and high re-
sistance ac large /N, as seen on Fig. 10, wnere the
results of current-voltage measurements (Fig. 9) are
plotted {n a resfstivicv versus reduced field streng:h
diagram. It shows an {ncrease in resiscivity of
almost two order of magnitude in an E/N-range of 4 to
20 Td.

T T 1 )
07% N0
S= 5 100y
2000

5000

RESISTIVITY ¢, [f2cm)

0 L ) 1
0 5 0 15 20

RECUCED FIELD STRENGTH E/N [Td |

Fig. 10 Discharge Resiscivity 2, as a Function
of Reduced Field Strength E/N for a
Discharge Ln N2:¥30 (1 Actm).

N5 : 50~

Another gas which has *the required E/N
dependence of the attachment rate coefficiant is SO»
[11]. SO has a lower attachment rate and a onset of
acttachment at higher values of E/N, compared to N-0.
In order to get opening--imes similar to those in the
0.7% N»0:N2 aixture, the concentration of SO2 in N3 as
buffer gas had to be {ncreased to 20%. The total gas
ptessure was reduced to 250 Torr, to cover a wider
range of E/N with the given switch voltage. Fig il
shows the resistivity versus E/N of an S01:Ns e-beam
sustained discharze with § = 3 - 10% ¢a3 51, The
resistivity rises above an E/N of 50 Td, indicating
an increase in attachment at this value. This rise is
in agreement with measured attachment characteristics
in pure SO0z [l1]. Taking into account the different
Zas pressures and different e-beam currents in the
N20:N2 and 303:N3 experiments, the N0 mixture seems
to be preferable to the mixture with 302 as the
atcacher. V20:N2 has lower resistivity at low Z/N for
the sane opening tine, that means the Joule losses
during conduction can be xept lower for =his Zas
mixture.
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AlSng these considerations, several gas mixtures have
been proposed for diffuse discharge opening switches
[3]. For our theorerical investigations N3 was
chosen as a buffer gas with N-oO as added attacher. Nj
was used since a complete set of cross section is’
available [6! and the plasma chemistry in a mixture
of N» and N30 appears to be relatively simple.
Furthermore, N20 in an Nj buffer gas exhibits an E/N
dependent electron decay rate, which increases by
more than a factor of 20 in the E/N range from 3 Td
to 15 Td, (Fig 6) (7] . It should be noted that Nj
has an electron drift velocity, which increases with
E/N and therefore is not the optimum buffer gas in
diffuse discharge opening switches. For gas mixtures,
however, which show a strong attachment rate increase
the drift velocity condition at high E/N is generally
of minor importance.
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Fig. 6 Decay Rate Constants of the Electrom
Conduction Current by Adding No0 in 350

Torr of N2 at various E/N [7].

Discharge Analvsis

To calculate the current-voltage characteristics
of a diffuse plasma sustained by an electron beam, as
well as to evaluate the time dependen” impedance of
an externallv controlled discharge 1in a given
circuit, a computer model has been developed that
enables fast calculations for a variety of conditions
[5). It does not, however, provide for spatial
analvsis of the discharge. The code uses two
independent programs. 1In a first computation, all
rate constants of signifi{cant processes are
calculated as a function of E/N for a representative
gas mixture. These calculations use the E/N
‘dependent electron energy distribution functions that
have been previously compiled using a separate Monte
Carlo code. In a second step a svstem of circuit
equations and rate equations has been solved, where
we used the previously calculated E/N dependence of
the rate constants, assuming that thev do not change
significantly for small varifations of the gas
mixture.

The calculation of the current-voltage charac-
teristics of the diffuse discharge does not require
information about the cirecuit. Calculations were
performed with the relative attacher concentration in
the buffer gas as parameter'. Figure 7 shows the
current densitvy (i) - reduced field strength (E/N)
characteristics for different N0 concentrations in
an N2 buffer gas. The total pressure is | atm. At
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small E/N, below 4 Td, the electron loss is due to
recombination onlv. At about 4 Td the attachment rate
coefficient rises steeply. This means that for
reasonably high attacher concentrations in the buffer
gas the losses increase drastically, causing a negat-
ive slope in the current-voltage characteristics. At
30 Td where the attachment rate coefficient {s assumed
to level off, recombination becomes more important
again, as demonstrated by the change in the slope j vs
(Z/N) - at this value.

10?
S$= 810" cm s
1amN,
e =TT RO N0
e
e —— 0.1% N0
-~ ——
-
-
w0t /’/’ - N 0.25%
s

_/\/ 2.0%
10’

CURNENT DENSITY/A cin?

5 5 " i N .

0 10 20 30 40 S0 1 70
/N

EN

Td

Fig. 7 Calculated Steady State j = E/N Charac-
teristics for an e-Beam Sustained Dis~

charge in N7 with Admixtures of N20. ‘I‘hle

Electron Generation Rate is 8 - 102
cm™” §”'. Parameter is the N0 Fraction
in % [5).

Experimental Results

Diffuse discharge experiments were performed in
N20, S02 and CO7 with N7 as buffer gas. The e-beam
tetrode was for these experiments mostly used in the
single pulse mode. The source term, the number of
electrons produced per cm” and s, was in the range of
1020 cm=3 =1 to 102! em™3 s=1. The voltage applied
at the PFN was varied between 2 kV and 20 kV. The
switch electrode gap was kept constant st 3.5 cm.

N2:Na0

Figure 8 shows the influence of attacher concen-
tration (N70) on the switch current. For high N2O
concentrations (3%) the switch current pulse repre-
sents the e-beam current pulse except for the tail.
The tail may be caused by the current carried by
positive and negative ions. The current gain (switch
current/electron beam curtent) is about 2 for this
high attachment concentration. For concentrations of

*The transient behavior of the discharge as part of a
discharge circuit is discussed in Reference [5].
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cross-sectional area of the heam. The current density
can be varied independently of the accelerating volt~-
age by adjusting cthe filameat temperature. The
control grid which is located 0.4 cm above the
filament array {3 negatively biased (Vg = =4 V), to
hold the e-beam »ff, even when the accelerating
voltage {s applied to the plate. The e-beam is
turned on by applying a positive voltage pulse of
typically Vo = «4 kV to the grid. A second grid, 0.6
<m above the control grid, shields the coatrcl system
electrostatically.
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Fig. 3 Cross-Section of Cathode Assembly .

The pulser driving the grid is depicted in Fig.
3. It consists of two, 75 2 cablas (lengths d; and
d42) separated bv a triggerable spark zap. Cable 1 is
connected o the grid, as shown, and is charged to
the negative bias voltage Vg. Cable 2 is charged
through a 10 M2 resistor to che voltage Vg. After
criggering the spark, the positive voltage from cable
2 propagates towards the grid, is reflected with the
sane polarity, travels back to the charging resistor,
and is reflected again. The negative blas voltage
from cable | {s reflected at the open end, etc.
Hence, rthe cable pulser with two open ends generates
a periodic rectangular grid voltage, and the electron
Yeam {s repetitively turned on and off. The primary
advantage of this pulser is its simplicity and

Flg. 4

Schematic Plagram of 5rid Pulser.
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versatility. The pulse magnitudes are variable by
changing the cable charging voltages and the pulse
width and pulse separation can be adjusted by changing
the lengths of the cables. However, due to the etrfect
of the capacitive termination {n the tetrode 3nd due
zo cadle dispersion, subsequent pulses are degraded.
This degradation limits the useful length of the pulse
train to 3 or 4 pulses.

Measurements of the electron bYeam curcent at :the
cathode and at the anode -after passing the citanium
fotl - were performed with traasmission line current
transformers (3]. Fig. 3 shows cthe e-beam current
pulses, evaluated from currvrent transiormer signals.
The decay in amplitude i{s caused by the exponentiai
plate voltage decay. Because of the raduced transmis-
sion of electrons through the foil at lower electrea
energies the effective time of operation {s limited to
approximately | us with the voltage generacor used in
this experiment.

>
i T ERE 1 ] L
< L
=
b=
= 1
ZL 4
g |
gg L ! { L 1
()
TIME (100 ns/div)
Fig. 5 e=Beam Current Pulses Measured at the

Cathode .

After passing the titanium fofl and a 12.5.z
aluminum foil which serves as electrode in the diffuse
discharge switczh the e-beam generaces a Jdiffuse plasma
bectween the electrodes in the stainless steel
discharge chamber. The current through the plasma is
provided by a 2 2 pulse forming network, which
delivers a flat top current pulse of | us duration and
an amplitude of up to 12.5 kA .

Switch-Cas Properties

The switch opening time, after e-beam turn off,
is determined by the electron loss processes i(n the
diffuse discharge: recombination and attachment. [n
order to achlieve opening times of less than a micro-
second, the dominant loss process aust be attachment,
that means the switch gas mixture aust contafin an
electronegative gas. On the other hand additives of
attachers increase the power losses during conduction.
Both low forward voltage drop and fast opening can
only be obtained by choosing Zases or gas mixtures
which satisfy the following conditions (1,4,3]):

~ for low values of the reduced field strength
E/N (conduction phase) the gas mixture should
have a high drift velocity, vg4, and low
attachment rate coefficient, ,.

-~ for high /N values (opening phase) the gzas
mixture should have lower drif:r velocities and
aigh actachment rate coefficients.

= to avnid the onset of the attachment inszab-
ility luring conduczion the swit:ch shouid Ye
nperated at /N values where the attachment

rate coefficient has a minimum or a negative
slope.
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AN E-BEAM CONTROLLED DIFFUSE DISCHARGE SWITCH®

Record of

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

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 discharge systems, especially for
repetitive operation (rep rates larger than kpps) is
rhe development of opening switches. Promising cand-
idates for repetitive opening switches are e-beam or
iaser controlled diffuse discharges [1]. The
schematic diagram of an electron—-beam controlled
operning switch as part of an inductive storage system
is shown in Fig. l. The switch chamber is filled
with a gas of pressures of ] atmosphere and above.
The gas between the electrodes conducts and allows
charging of the inductor, when an ionizing e-beam is
irdected (usually through one of the electrodes which
~ight be a mesh or a foil). The switch voltage
rezains below the self breakdown voltage, so that
avalanche ionization {s negligible. Thus, the dis-
charge is completely sustained by the e-beam. When
the e-beam 1s turned off, electron attachment and
recombination processes in the gas cause the conduct-
ivity to decrease and the switch opens. Consequently
the current through the conductor is commutated into
the load.

INDUCTCR

— =

CURRENT ! efff;)

SOURCE i
Ll -

i N —a—
l

—_—

SWIiTCH
oaaa

LOAD

i ' | NFOIL - ANODE
-

ELECTRON - BE2AM

CONTROL ,  HEATED CATHODE
GRID o HV
Fig. 1 Schematic of an E-Beam Controlled

Diffuse Discharge Opening Switch.

Experimental Set-Up

For tre investigation of e-beam controlled con-

ductivity in a high pressure diffuse plasma a
discharge syvstem was constructed with an e-beam tet-
rnde as the control element [2). A schematic cross-
section of the discharge chamber and e-beam tetrode
ls shown in Fig, 2. The e-beam cathode is located in

-
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an evacuated (p = 2 . 107 Torr) Pyrex cylinder,
between the two plates of a stripline. The anode con-
sists of a grid of 250 ym molybdenum wires at a dis-
tance of 7 cm from the cathode. The anode grid covers
the entrance of a 13 cm long drift tube which is term-
inated by a 25 uym titanium foil. The foil is
supported by an array of titanium bars. The e~beam
voltage is applied to the anode by a two-stage Marx
generator. The generator (Physics International Co.
FRP-250) can deliver a maximum voltage of 250 kV with
a 10 ns rise time and with an exponential decay time
constant of about 2.5 ys into a 300 2 load.

PFN
~~CONNECTION

CURRENT
SENSOR

\

Ll L,

DISCHARGE
VOLUME

SN \SL
J

R

TS

\

o~
NN )
E;Mwmwri'n?m—q”a b
| <
o777 SR k A}
ANODE | GRID
E-BEAM CATHODE 3
PULSER ] B g
|}
,Di | . \L
LN
CURRENT VACUUM
SENSOR PUMP
Ftg. 2 Cross-Section of e-Beam Tetrode and

Switeh Chamber .

A cross-section of the cathode is shown in Fig.
3., The electron source is an electrically heated array
of 375 um diameter thoriated tungsten filaments. At a
filament temperature of about 2100 K, the e-beam cur-
rent density is about & Alcm? over the 100 cm?
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DISCUSSION
R. J. COMMISSO: How was E/N varied for N,0?

K. SCHOENBACH: We wvaried the voltage across the switch down to 1 kV. No boundary
effects were included.

E. E. KUNHARDT: You said you wanted the drift velocity to be low at high E/N and
vice versa, while attachment should be low at low E/N and high at high E/N. Is
this requirement on drift velocity necessary?

K. SCHOENBACH: It is desirable to have high wobility (not exactly drift velocity)
and high electron density during conduction because conductivity is proportional
to their product.

R. J. COMMISSO: You want the drift velocity to decrease at high E/N, but if
attachment rate increases at high E/N the electron density will go down and
resistivity can still go up.

L. G. CHRISTOPHOROU: S0, and N,O both show pressure-dependent electron attachment
processes at very low E/N, especially SO,. 1Is that a problem?

K. SCHOENBACH: Our measurements showed increasing attachment rate with increasing
E/N. We would like to see your data for S50, at very low E/N.
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It should be pointed out, that the set of processes considered in the Monte Carlo
calculations and in the rate equation program are different. In the rate equation system,
only those processes are considered which. according to the specific switching applica-
tion, contribute to the electron density. Since the gas discharge is considered to stay
relatively “"cold™ during one switch period, any V. R. T-E collisions (transfer of energy
from vibrational, rotational, translational energy to electronic excitation) are neglected
and transitions into rotational and vibrational states are considered only as loss
mechanisms. On the other hand, in the Monte Carlo code a set of cross sections. as
complete as possible, is emploved. Such cross section sets, however, are only available
for a few pure gases or rudimentary gas mixtures.

The calculations presented herein were performed for an e-beam sustained discharge
1 N, with admixtures of N-O as the attacher. N, was used since a complete set of cross
sections for inclusion in the Monte Carlo code was available (Phelps 1982), and the: plasma
chemistry in a mixture of N, and N,O appears to be relatively simple. N,O in an N,
buffer gas exhibits an E/N-dependent electron decay rate, which increases more than a
factor of 20 in the E/N-range from 3Td to 15 Td (Lee et al. 1981: Gallagher et al.
1982). It should be noted, however, that N, has an electron mobility which increases with
E/N and therefore is not an optimum candidate for a buffer gas in diffuse discharge
opening switch applications.

In calculations by Morgan & Pitchford 1982, on the electron energy distribution
function in weakly ionized plasmas, created by an electron beam in N,, it was demonstrated
that the distribution function is different from just a superposition of the distribution
function in a swarm and the distribution function of the electrons created in ionizing
collisions of the fast electrons of the electron beam. Especially at low values of E/N,
electrons produced at energies above the cross-sections for vibrational excitation create
a side maximum in the distribution functions at E/N values where otherwise no
electrons would be found. If admixtures of attachers are used with significant cross
sections in this high energy range. a certain fraction of the created electrons will also be
attached at low values of E/N. As a first approximation this effect could be considered
when calculating the electron generation rate for a given electron beam, but according
to the data available this effect will not change the electron density by more than a few
percent.

Another objective was to investigate the feasibility of using photodetachment as an
additional contro! mechanism. The N,O undergoes dissociative attachment producing
O~. Photodetachment of O™ has already been proposed as a possible control mechan-
ism for diffuse discharges (Schoenbach et al. 1982: Schaefer et al. 1983).

For switching, an e-beam sustained discharge has to work well below the selif-
breakdown limit. Electron generation should. therefore, during the closed phase (at low
values of E/N), only depend on the direct ionization by the control e-beam electrons.
The overall dynamic behavior, especially in the opening phase, however. may also
depend on excitation and ionization processes through the discharge electrons. Thus.
the E/N dependence of these processes must also be considered (Lowke & Davis
1977). '

The following processes are considered in the set of rate equations. The required
Cross sections or rate constants were obtained from the literature.

(1) Direct ionization {Rapp & Erlander-Golden: Lakshminarasihma er al. 1975).

{2) Excitation of the metastable A-state of N.. direct or via other triplet states with
subsequent optical transitions (Cartwright et al. 1977).

13) Tonization of N, from the metastable A-state (Kukulin et al. 1979).
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(4) N, metastable deactivation (Dreye & Perner 1973).
@ {5) Electron-ion recombination (Douglas-Hamilton 1973).
(6) Dissociative attachment of N,O (Lee er al. 1981: Gallagher er al. 1982).
{7, Collisional detachment of O (Tisone & Branscomb 1968).
(8) Ion-ion recombination (Lorents 1981).
(9) Photodetachment of O™ (Lee & Smith 1979).
(10) Electron drift velocity (Christophorou 1971).

Experimentally derived rates as a function of E/N were used in the calculations, when
available. If E/N dependent rates were not available, such as for processes (2). (3), and
7). or not known over the necessarv E/N range. such as for (1), then the rate constants
were calculated using the electron energy distribution function, evaluated through
Monte Carlo calculations.
°® The electron energy distribution function, and subsequently the rate constants,
change for a fixed value of E/N if the partial pressure of an attacher in a buffer gas is
i varied. This effect becomes very strong if a molecular attacher is added to an atomic
buffer gas. since here the cross section of rotational and vibrational excitation and
attachment are added in an energy range where the buffer gas does not have any
appreciable inelastic cross section. Using N, as a buffer gas with an admixture of an
attacher, only the attachment cross section of the attacher may cause a significant
change of the electron energy distribution function (Pitchford & Phelps 1982). We,
therefore, performed the Monte Carlo calculations with the cross sections of N, solely
and for the cross sections of N plus the attachment cross section of N,O considering a
1% admixture of N-O. As expected, the electron energy distribution function was
lowered in the energy range above the attachment threshold and raised below this
threshold energy. In the high energy range (E > 6 ¢V), at high values of E/N, this effect
® was not significant. All potential ionization processes {single and multi step) require a
higher electron energy. The only process with a significant cross section in this range
below 6eV is collisional detachment of O, As will be seen later, the negative ion
density will not reach values high enough to make collisional detachment a significant
process if the discharge operation is optimized with respect to low losses.
For process (6). dissociative attachment of N.O. two reported experimental data (Lee
e et al. 1981: Gallagher et al. 1982) and the calculated values difter only slightly. The
calculated values, using the cross sections for T = 300 K (Chantry 1969), show a lower
threshold at approximately 1-5 Td. while the experimental data (Lee et al. 1981) have a
threshold at approximately 2-5 Td. For the caiculations we used the experimental data
{Lee er al. 1981) extended to high values of E/N according to our calculations
| {maximum rate constant of 1-1x 10™” cm®s™! at 30 Td and nearly constant above this
value). Note that this attachment rate constant is only an example of a specific
attachment characteristic that can be found among several attachers. Its important
teatures are:

L

a1 a low attachment rate for low values of E/N.

tb) a threshold ‘alue of E/N with a strong increase of the attachment rate above this
- vaiue.

(¢) an attachment rate that saturates at some higher value of E/N.

4. Discharge characteristics

The steady state characteristics were computed assuming a constant voltage. calculat-
t, irg the current for which djj/dr = 0. These calculations were performed for various sets
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with admixtures of N,O. The electron generation rate is 8 X 10*' cm™s™*. The variable parame-

ter is the N,O fraction in %.

10°
S$=8x10""cm™3s™
1atm N,
///,—"—-_—no N20
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:u Ficure 1. Calculated steady state E/N-j characteristics for an e-beam sustained discharge in N,

of parameters. Figure 1 shows the steady state characteristics for different N,O
~\ concentrations in an N, buffer gas. The total pressure is 1 atm and the e-beam electron
@ generation rate is 8 X 102! cm™3s™'. As expected, the steady state characteristics are not
. affected by the attacher in an E/N-range of 0 to 4Td; while in the range of
; approximately 5 to 30 Td high attacher concentrations cause the current density to
decrease if the field strength increases and, therefore, produces a current density

: maximum. The threshold value of E/N at which the current density no longer rises

j ° strongly with E/N is determined when attachment becomes the major loss mechanism.
g Thus the maximum of the current density shifts to higher E/N values when the attacher
- concentration decreases. It should be noted that attachers with a constant attachment
t rate coefficient result in steady state characteristics where the current density increases

monotonically with E/N.
Figure 2 depicts the discharge characteristics for different values of the electron
'. generation rate. (The attacher concentration is constant at 1%.) With increasing
clectron generation rates the electron density for a given value of E/N also increases.
Since recombination depends quadratically on the electron density and only linearly
on attachment, a higher value of E/N is required to cause attachment to become the
. major electron depletion mechanism. Therefore, the current density maximum shifts
to higher values of E/N if the electron generation rate is increased. Figure 2 also
demonstrates that the decrease of the current density with increasing E/N, caused by
attachment, is more significant for lower electron generation rates.
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Fioure 2. Calculated steady state E/N-j characteristics for an e-beam sustained discharge in N,
with an N,O fraction of 1%. The variable parameter is the electron generation rate.

103
1 atm N,
%NO
S = 8)( 1021 cm—:i 8’1 ‘—-‘_____,.—--
,.f‘/ no N,O
~ ’,*
£ 5 ’ 10” Wem™2
g 10 rd 1% N,O e
4 ~ ,' _—--".-..
’ PO Sl
! ‘% ',”._,_..............-.....-—"" 10® Wem™2
b § ‘n'.‘
. - no Laser
} o z
g «
[ 5 10"
b
1 o
-
i
-
]
b
L 100 L ' n 1 Il 1
; 0 10 20 30 40 50 60 70
EIN
E Ta
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8x 10°' cm™*s”'. The variable parameter is the laser power density.
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S These steady state characteristics give a strong hint as to which operating point or

;ﬂ region would be ideal with diffuse discharges switches. In order to operate in the low
loss region, which is not attachment dominated, the operating point should be on the
. left side of the current density maximum. In order to achieve fast opening, with no long
X - delay, the operating point should be close to the maximum.
s As mentioned before, the system N, + N-O has aiso been chosen to demonstrate the
possibility of influencing the discharge properties by using photodetachment. If it is
assumed that the dominant negative ion is O, then the dominant depletion mechan-
isms are O -ion recombination and/or photodetachment. Figure 3 shows the steady
state characteristic for an N->O fraction of 1% and an electron generation rate of
8x 107! cm™*s™!. The variable parameter is the power density of the illuminating laser
operating in the photon energy range around 2 eV where the photodetachment cross
section has a plateau. For comparison the steady state characteristics of a pure N,
discharge are also shown. The calculation shows that photodetachment can compensate
attachment in a significant E/N range, especially if a power density of 10’ W/cm? or
above is used.

5. Transient discharge behavior

As discussed in § 4, it should be possibie to operate an e-beam sustained, low loss
discharge which is not strongly affected by an attacher, provided the attachment rate
constant has a clear threshold at a certain value of E/N, below which the attachment is
not efficient. How fast such a steady state operation is approached when the e-beam is
turned on and how fast the discharge opens if the e-beam is turned off, will depend
strongly on the circuit as well. To examine the circuit influence, let us discuss two
different applications. In both cases we will discuss an inductive energy storage system
which has two separate loops. the charging loop and the discharge loop, having only the
inductor in common (figure 4). In order to simplify our assessment let us assume that
the load connected to the storage system is infinite during the inductor energizing
phase, which can be achieved by an additional isolation spark gap in series with the
load or if the load is a self-sustained gas discharge.

sSLowW CLOSING
OPENING SWITCH SWITCH
Y e
CHARGING DIVERTED T LOAD
CURRENT CURRENT | CURRENT
3
A
o [
i POWER DIFFUSE INDUCTOR LOAD
oo SUPPLY DISCHARGE
o SWITCH
:. Fioure 4. Schematic circuit for an e-beam sustained discharge switch in an inductive energy
[ ) storage system.
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5.1. Single pulse operation

In single pulse operation the switch has to close and open only once and it is thus
possible to consider these two switching events in two different circuits. Let us assume
that the discharge has to carry the total current after the inductor is already energized
(figure 4). At this time the voltage drop across the inductor may be very small (i.e.
dijdt ~ 0). If the electron beam is turned on at the same time the slow switch vegins to
open then the e-beam sustained discharge may reach the steady state starting from j =0
and low E/N. without going through a range of high E/N values which would be in the
attachment dominated range. i.e. high losses in the discharge. In addition, the slow
switch does not experience a high voltage drop when it is opened. In this case, with
appropriate circuit and discharge parameters, it can be shown. that the discharge
approaches a steady state operation close to the maximum of the characteristics
displayed in figure 2. It should be pointed out that in using a fuse as the slow opening
switch the e-beam sustained discharge can not take over the current until the fuse has
started to open. therefore the time dependent characteristics of the fuse have to be
considered as well.

For the next phase (opening) let us consider the open circuit, i.e. infinite load, case.
As discussed in § 2 the inductive energy storage system has to be considered as a
transmission line with a high value of L' and a low value of C’, causing a very high
impedance. The open circuit will produce the maximum value of E/N possible. Such a
high impedance load line will definitely move the discharge into the range of high E/N
values causing attachment to become most effective and affording fast opening times.
At high values of E/N (>100Td). however, ionization in the discharge becomes
relevant. During switching operations, of course, the voltage drop across the discharge
must stay well below that of a self-sustained discharge or self breakdown.

5.2. Burst operation

In a burst operation the inductor is charged once and the energy is then deposited
into a load, in a burst of pulses. using an e-beam sustained discharge as a repetitive
opening switch. In this case the final voltage drop across the load at the end of the pulse
(which is the same as across the discharge cell), will define the initial E/N value for the
closing process of the switch, i.e. when the e-beam is reintroduced. The closing process
will thus go through a lossy state. slowing down the closing process. This effect will be
greater the higher the E/N starting value is. As a result, we performed calculations on
this transient b« havior. The experimental arrangement shown in figure S, will be used
for validation of the general conclusions drawn from the model analysis.

[t 1s obvious that a decreasing system impedance at a given impressed voltage will
increase the current; the current density, however, can be kept constant if the discharge

EXTERNAL RESISTOR A

( A-Avlll
LINE .77 Jmem EXTERNAL
IMPEDANCE 2 [ CONTROL

!
p—"y

VOLTAGE V, i
) t
]

DISCHARGE AREA A, SPACING d
DISCHARGE RESISTANCE R,

FiGURrRe 5. Schematic setup for an e-beam sustained discharge switch.
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\ area is increased by a corresponding factor. Thus the quantity Z, A acts as a similarity

) quantity. where Z, = Z + R is the total system impedance and A is the discharge area.

For all calculation in this section the following parameters were kept constant:

(A=100cm? d=1cm, p(N.)=1atm, V,=50kV, electron generation rate R, =8Xx

10**ecm™3s™! for 0=<1t=100 ns). The values of the pressure p, voltage V,, and discharge

length d correspond to a maximum value of E/N=185Td. In an initial set of

. calculations, the total system impedance was kept constant at Z,=20{2, giving a

similarity quantity ZA =2x 10> Q cm®. Figure 6 depicts the discharge characteristics

for these parameters (see also figure 1) on a linear scale and, in addition, the load line

for three system impedances, Z,. The variable parameter is the percentage of N,O. This

graph indicates that, for Z, =20 (), the system will approach the low range of E/N for

N,O concentrations of 0-75% and below, but not for an N,O concentration as high as

1%. For 0-75% N,O, the loadline (Z, =20 Q) comes very close to the steady state

| characteristics in an E/N range of ~40 Td and below. It can be secen that E/N and the
current density would change very slowly for E/N <40 Td.

Figure 7 shows the time dependent E/N, current density j, and power loss per volume

[ 4 rd
/
) no N0 | ,’0-1% N0 ot
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Fioure 6. Calculated steady state E/N-j characteristics for an e-beam sustained discharge in
atmospheric pressure N. with admixtures of N,O. The electron generation rate is 8x
10°'em 's™'. The parameters are the N,O fraction in %. Also shown are three system load lines
. with the total system impedance, Z, as the variable parameter.
)

ata




TN T Y N T TS

Use of attachers in electron beam sustained discharge switches

200

CURRENT DENSITY
A/cm?
S

—
(=]

0 50 100 150 200 250 300

0 1 - |
0 50 100 150 200 250 300
TIME/ns

Ficure 7 Time dependence of E/N (top), current density (middle), and power density loss
{bottom! of an e-beam sustained discharge in 1 atm N, with admixtures of N.O. The system
impedance is Z, = 20 ). The e-beam is on for 0 <t =< 100 ns. The variable parameter is the N,O
fraction in %.

behavior of the discharge. The curves for 0-1%, 0-3%, and 0-75% of N,O approach
the same steady state value for E/N and | in the conducting phase, demonstrating that
under these conditions the discharge is not strongly inuenced by attachment. Further-
more. after termination of the e-beam. the discharg: properties change verv slowly
until an E/N-value is approached where attachment becomes effective. Such a time
dependence has also been found by Chantry (1982). By contrast, for the case of 1%
N,O. the attachment is strong enough to prevent the discharge from ever reaching a
low E/N-state and the steady state is therefore always attachment dominated. Thus.
when the e-beam is turned off, the values for E/N and j change quite abruptly.

The power loss curve (figure 7, bottom) shows that, if the discharge is operating in a
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N.O-Concentration
0-1% 0-3% 0:75% 1-:0%

System impedance
92.9*% 57-5 58-1 61-4

100

2090 37-1* 15-8* 13-0* 22:0

100 12-4% 6-8* 4-4% 3-6*
Tasre 1. Energy density loss per switch cycle (300 ns) in

mJ/cm®

For 0-1% N>O and 0-5% N, the discharge was still on after
300 ns. At this time the power loss was still 70% of its
maximum value for 0-1% N.O and 3% for 0-5% N.,O. respec-

tively.
* In these calculations the discharge reaches the low values of
E/N.
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Ficure 8. Time dependence of E/N (top). current density (middle). and power density loss
tbottom) of an e-beam sustained discharge in 1 atm N, with an N,O fraction of 1%. The e-beam

is on for 0=t =< 100 ns. The variable parameter is the system impedance, Z.
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low E/N steady state, strong losses occur only in the transition region. The half width
of the first loss peak (i.e. closing phase) increases as one increases the attacher
concentration, while the half width of the second loss peak decreases. The vaiues given
in table | show the energy input per unit volume for one switching cvcle. or for 300 ns
it the discharge is still on at that time.

Another set of calculations was performed for a constant admixture of N,O (1%)
with the total impedance Z, as the parameter. Figure 6 shows the steady state
characteristics for a 1% N,O admixture and three loadlines, allowing prediction of the
steady state characteristics of such a diffuse discharge.

The time dependent behavior of the discharge for these parameters is shown in figure
8. At a value of 40 Q for the total impedance, the discharge reaches the low E/N region
where attachment does not dominate. In this state the system impedance only, and not
the switch discharge, limits the current. For lower impedances the discharge does not
approach low E/N values and, therefore, remains essentially attachment dominated
during the closing phase. The loss curves also make it evident that only for high system
impedance can the losses be kept small.

Thus both the system impedance, Z, and the N,O-concentration can determine
whether or not the discharge reaches the low E/N region where attachment is not
dominant, i.e. where the switch operates in the conduction phase at low losses. On the
other hand, the opening phase (t>100ns) is controlled primarily by the attacher
concentration. The specific dependence of the attachment rate will have an immediate
effect if the E/N value is still high when the e-beam is turned off, and will become
effective after some delay, if E/N is below 3 Td.

From figure 6 it would secem that the steady state cperating point in the E/N-j
diagram for some of the lower N.O concentrations (<1%) can also offer possible
operating points for N,O levels as much as 1%. However. the circuit characteristics
with a loadline which already crosses the steady state characteristics at a higher value of
E/N, would prevent the transition of the system to the low E/N, steady-state operation.
Lower E/N operation would have the advantage of low losses in the closed phase and
fast opening time due to the higher attacher concentration.

There are several possibilities for combining these two features. One possibility for
speeding up or enforcing this transition would be to use an e-beam current density with
an additional peak at the beginning of the controlling pulse. i.e. tailor the shape of the
external control input. Such an e-beam shaping was already discussed for electron
beam sustained excime: iaser discharges: in that case, however, to enhance stability
(Brown & Nigham 1979). In figure 2 it was seen how the steady state current density
moves to higher values if the electron generation rate is increased. Another possibility
would be to use laser induced photodetachment to compensate for attachment during
the transition from the open phase to the conduction phase. Figure 3 depicted how
different laser power densities influence the steady state characteristics. Figure 9
exhibits the time dependent behavior of such a laser augmented discharge. The total
impedance is 20 Q, the N,O concentration is 1%, and the parameter is the laser power
density. (The laser is on for the same duration as the e-beam.) With 1 laser power
density of 10° W ¢cm ™" the discharge can be switched into the low E/N region. however.
it takes approximately 100 ns. With 10 W cm '~ the value of E/N drops sery fast, and
the total energy loss for one cvcle is the lowest of all operating conditions for the same
impedance (compare table 1 and table 2).

After a discharge has reached the low value of E/N, detachment will not strongly
affect the electron balance and further laser irradiation to provide photodetachment is
not warranted. Figure 10 depicts the time dependence of E/N for laser pulses of
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FiGure 9. Time dependence of E/N (top), current density (middle), and power density loss
{bottom) of an e-beam sustained, laser photodetachment assisted discharge in 1 atm N, with an
N.O fraction of 1%. The system impedance is Z, =20 Q. The e-beam and laser are on for
0=t= 100 ns. The variable parameter is the laser power density.

different length. ¢, . starting simultaneously with the e-beam at ¢t = 0 ns. The laser power
density here is 10° W cm™2. For short laser pulses (1, < 12-5 ns) the discharge does not
reach the region of low E/N values, while a laser pulse of ¢ =20 ns has nearly the
same effect as a laser pulse covering the full e-beam period (1 = 100 ns). The energy
density loss for these calculations is listed in table 2.

The efficiency of using photodetachment depends on the density of negative ions. At
t = 0 ns no negative ions have been produced, here laser irradiation in the first few ns is
probably of little value. Figure 11 shows calculations of the time dependence of E/N
for laser pulses of 1, = 10 ns length, but starting at different times. The power densitv
again is 107 Wcom ™, so the beam fluence is 100 mJ cm™". For comparison, the curves
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Ficure 10 Time dependence of E/N for an e-beam sustained, photodetachment assisted
discharge in 1 atm N, with an N,O fraction of 1%. The system impedance is Z, =20 Q. The laser
power deasity is 10’ Wem™. The e-beam is on for 0=<¢=< 100 ns. The variable parameter is the

laser pulse length (table 2).
without laser irradiation and for laser irradiation during the full e-beam period 0 to
100 ns) are also shown. The energy density loss for one switch cycle is listed in table 2.
For the early pulses, as expected, the discharge does not proceed into the low E/N
region. The lowest losses in the examples shown are achieved for a laser pulse starting
after 7-5 ns. These calculations show that, on a high impedance load line, the transition
from the high E/N, steady state operation to the low E/N, steady state operation can be

induced with quite reasonable laser fluences.

6. Switch optimization
The calculations presented herein den >nstrate the advantages of using e-beam

controlled discharge switches with a gas mixture containing a buffer gas and admixtures
of attachers with an attachment rate having a threshold at a given E/N value and then

8

5 6 7

3 4
0-20 0-100

1 2

# In figure 10
laser on
from-to (in ns) 0-35 0-7-5 0-10
Energy density
loss
in mJ/cm’ 220 289 2165 207 13-2 10-5 9-4 9-0
2 3 4 5

1 2

no laser 0-12:5 0-15

6 7

# In figure 11

I aser on
from-to (in ns)

Energy density
loss
in mJ'cm’ 220 207 132 10-8 10-0
TasLE 2. Energy density loss per switch cvcle for the curves shown in figure 10 and figure 11

no laser 0-10 2-5-12-5 5-15 7-5-17-5  10-20 0-100

10-1 9:0
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eI
Td

'
Qo . 25 50 75 100 125
TIME/ns

FicUre 11. Time dependence of E/N for an e¢-beam sustained, photodetachment assisted
discharge in 1 atm N. with an N.O fraction of 1%. The system impedance is Z, = 20 Q2. The laser
power density is 107 W em ™, and the pulse length is 10 ns. The e-beam is on for 0=<1=100 ns.
The variable parameter is the delay of the laser pulse with respect to the e-beam (table 2).

increasing with E/N. Such a gas mixture enables the optimization of the discharge
conditions in the steady state conduction phase and the opening phase, but adds
difficulties in achieving fast closing. For an attacher in a molecular, or at least partly
molecular buffer gas, an attachment rate having a threshold at a desired value of E/N
can be realized if the attachment cross section has a threshoid at some reasonable
electron energy value, i.e. well above that of the dominating cross sections for
vibrational excitation. Such properties will allow optimization of the discharge proper-
ties nearly independently in two E/N ranges.

In the E/N range below the threshold value for attachment, the discharge character
is determined mainly by the buffer gas. The optimum operating point for the conduc-
tion phase can therefore be selected, considering the steady state characteristics for the
pure buffer gas. For the selection of this steady state operating point, however,
requirements which depend on the specific applications must be also considered, such
as.:

{1) A practical consideration may be a limit on the size of the switch. If high total
currents are required. one may be forced to operate at undesirably high current
densities.

{2) A high current density will limit the current gain. Kline (1982) shows that the
current gain increases faster with decreasing e-beam current than the total
current decreases. showing that the e-beam is used more efficiently at low current
densities.

(3) Stability requirements limit the total energy density dissipated in the discharge.
and thus. for a given conduction time ¢, there are limits on the current density j.

(4) Another consideration may be the necessity to optimize the ratio between the
energy stored in the inductor. and the power dissipated in the switch. This is
equivalent to a time constant T for the decrease of stored energy in the
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Use of attachers in electron beam sustained discharge switches

conduction phase, with a disconnected power supply (figure 4). For a given
system one obtains,

=Ll o 72l

v v E/N

This means that straight lines in the E/N-j diagram: j = aT X (E/N) where a is a
system constant, are lines for the different constants, T. Considering a given
conduction time . then the efficiency of the system would increase with increas-
ing T This would be achieved for an increasing e-beam current or electron
generation rate (figure 2). A given electron generation rate will limit the current
range as scen in figure 6. This approximation does not include the fractional
power nput of the electron beam. which of course increases with increasing
beam current

As can be appreciated. optimizing a steady state switch operation is difficult since the
choice of the optimum steady state operating point is not obvious unless the application
and its operating characteristics are clearly specified. The application affects the
decision whether a system with low current density and high current gain or vice versa
should be employed.

Once the steadyv state operating point has been determined the attacher and its
concentration can be selected. For short delay switch opening the attachment threshold
should be as close as possible to the steady state operating value of E/N. The maximum
attachment rate. determined also by the attacher concentration. will then be responsi-
ble for the maximum value of (dj/dr). It, of course, 1s also responsible for the time the
switch needs to close again. Here a compromise has to be made. unless additional
control means such as tasers are used.

For most apphcations, the switching times, both closing and opening, will be short.
compared to the conduction phase. In these cases an additional control mechanism
would only be required for a short time. compared to the steady state ¢-beam control.
Additional control mechanisms to overcome attachment during closing, while stili
having an attachment dominated discharge during opening, would be to use a tailored
e-beam with a stitffer beam current peak at the front of the pulse

An additional control could be to use optical means, which were discussed in an
earlier paper by Schoenbach er al. 1982. Relevant to an attachment dominated
discharge 15 optically induced attachment. initiated in the opening phase when the
e-beam is turned off. or. as discussed herein. photodetachment in the closing phase,
during the beginning of the e-beam pulse.

It should be pointed out again that the gas mixtures used for these calculations are
not optimum for all switching applications. For example. CH, as a buffer gas {Chnst-
ophoru 1971}, has a much higher drift velocity at low values of E/N. and N,O as an
attacher mayv not have the right threshold value ot E/N for a desired steady state
operating point. The calculations. however, show that the use of an attacher with a
threshold E/N-value for attachment offers a unique combination of steadv state and
transient discharge properties, especially if additional control mechanisms are used
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Transient Processes in the

Triggered Electrical Breakdown of Gases

(Final Report)

(S.K. Dhali, M,R. Wages, P.F. Williams, and G. Schaefer)

I. SUMMARY

Work during the contract period centered around two tasks:
studying systematically streamer propagation and development and
investigating experimentally the basic physical process occurring
in trigatron-triggered electrical breakdown of gases. In collab-
oration with K. Schoenbach, work was also carried out investigat-
ing field distortion triggering, and photodetachment of electro-
negative gases such as SFg. The latter work is described
elsewhere in this report. The work described here is the Final

Report on this work element.

;:ﬂ II. ACCOMPLISHMENTS

-9

} Wwork during the 1983-84 contract period involved primarily
3 systematic studies of streamer propagation and development, and
[. experimental investigations of trigatron-triggered breakdown. The
N streamer work is a continuation of work initiated the previous
:? year and has bpeen extremely fruitful. The trigatron work is a
Ef_ new area of study, and was just starting to yield results at the
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end of the contract period. Work in this latter area is continu-
ing at Texas Tech on a no-cost basis to the Air Force. The two

areas of study are described separately in the following.

A. Streamer Calculations

Work in this area during the 1983-84 contract period
centered around studying, in a systematic way, streamer propa-
gation and development using numerical techniques developed pre-
viously. A large number of numerical calculations were performed
to study the dependence of streamer properties on external para-
meters. In most calculations, the streamer was initiated by a
small plasma hemispheroid placea as an initial condition on one
electrode, and a tenuous, uniform preionization density through-
out the gap was also assumed. Calculations were carried out to
study the dependence of streamer properties on applied voltage
(both magnitude and polarity), preionization density, and the
density and size of the initial plasma spheroid. Calculations
were also carried out to determine the effects of photoioniza-
tion, and of the interaction between the laser and the propaga-
ting streamer tip as relevant to laser triggering of spark gaps.
A technique for dynamic propagation analysis was developed which
lends insight into the dynamics of streamer propagation, and
which provides a stringent check on the accuracy with which the
numerical algorithm solves the relevant transport and electric
field equations. Each of these topics are described separately

in tne following sections.
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The model and the numerical techniques used are discussed in
detail in a previous annual report [1], and are therefore
described only briefly here. The motion of the streamer is
described by the coupled continuity e for the electrons and posi-

tive ions, and Poisson's equation for the electric field.

E;% + 7e(Vene) =angve *+ 8 (la)
8;% + Ve(vpnp) = 0ngve + S (1b)
2
Vo= ~de(np - nel/eo (2)

where ne and ve, and np and vy are the particle density and
velocity for the electrons and positive ions, respectively, o is
the Townsend ionization coefficient, ¢ the electric potential,
and ge is the (unsigned) electronic charge. The term S may
describe effects of diffusion, or of any of several particle
source or sink mechanisms, such as photoionization, attachment,
or recombination. The transport equations are solved numerically
using a flux-corrected transport technique, and the electric
field is calculated using a novel algorithm based on Fourier
transforming in the z-direction, and fitting the radial portion
of the solution to a cubic spline.

For the results presented here we took the electron and ion
drift velocities to be unique, empirically determined functions
of £€/P, and we included effects of diffusion, identifying botn

longitudinal and transverse components, We chose values appro-




P PP

priate for ny at 760 Torr. Specifically, for the pressure, P, in

Torr and the electric field field, E, in kV/cm we used [2]
& = 5,7 P e-260P/E (cm°1).
For the fields of interest the electric field dependences of the

electron and positive ion drift velocities are well approximated

by a simple mobility model. We used [3]

2.9x105/P (cmzvolt“1sec‘1)

He

and

2.0x103/p (cm2volt—lsec™?)

Hp
The longitudinal and transverse diffusion coefficients, Dy, and

Dp, were (3)

1800 (cmzsec‘1)

Dy,

2190 (cmzsec‘1)

Dp

We neglected positive ion diffusion.

Unless otherwise stated, the streamer was initiated with a
plasma hemispheroid of density 104 ¢cm~3 and a minor axis
diameter of .65 mm and a major axis diameter of .27 mm. The
streamer propadated into a uniform, neutral preionization placed
in the gap as an initial condition. For most calculations the
initial density of the preionization was set as 108 cm=3, The
electrode spacing of the spark gap was 0.5 cm, and it was charged

#ith a voltage source of 50 { output impedance,

1. Voltage Dependence
Calculations were carried out for applied fields of 36, 44,

52, and 60 kV/cm, corresponding to over-voltages orf 103, 125, 148

el &AM
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and 170%, respectively, for both cathode and anode-directed
streamers. Figures 1 through 3 show the results of these calcu-
lations for the on-axis z~-dependence of the electron density and
axial electric field component. The results shown for the
cathode-directed streamer at 36 kV/cm extend only about half the
distance across the gap because the density gradient became too
large for the algorithm to handle, and numerical errors became
large after this point., Also shown for selected £fields are two
dimensional contour plots of the electron density at fixed times.
Several observations can be made from these results.

A quasi-steady state of streamer propagation is reached.
Afrer an initial period during which the shielding charges are
building up on the plasma surface due to drift, the streamer
starts to move across the gap, with its characteristics varying
siowly. Much of the variation appears to be due to the build up
of the preionization density due to avalanching in the applied
field ahead of the streamer. Consistent with most experimental
observations, the streamer velocity is in the range of 108 cm/s,
increasing with increased applied field or preionization density
anead of the streamer. The velocity of a cathode-directed
streamer 1s somewnat less than that of a corresponding anode-
directed streamer.

For streamers of both polarities, we find that the electron
density gradient at tne streamer head lncreases with decreasing
applied field, and that cathode-directed streamers have a steeper
gradient than do anode-directed streamers., Tais effect is proba-

bly JdJue to the need for increasing field enhancements as the
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applied field is reduced. The maximum field enhancement anead of
the streamer is determined by the geometry of the streamer head.
A planar head could give a maximum field ennhancement of a factor
of 2, a spherical head a factor of 3, and much higher enhance-
ments are possible with sharper shapes. Thus at lower fields, a
sharper head shape, coupled with a narrower plasma sheath region
is required to produce the needed field enhancement.

As the streamer propagates across the gap, the velocity
increases. This increase is caused by increases in the preioni-
zation density and in the range of the electric field enhancement
anead of the streamer. Partly offsetting this effect is a small
decrease in the maximum field enhancement in most cases. Some
increase with time of the radius of the streamer tip is observed.

The voltage dependences of the properties of cathode and
anode-directed streamers are in some ways opposite. Streamers of
both polarities propagate faster under high applied fields than
under low fields, but the electron density in the body of the
cathode-directed streamer increases with increasing applied
field, whereas the density in the anode-directed streamer
decreases. This behavior is expected, based on consideration of
the relative direction of motion of the drifting electrons and
the propagating streamer. 1In the anode-directed streamer case,
tne two directions are the same. In the limit of low field and
therefore no impact 1ionization ahead of the streamer, the
streamer reduces to a space-charye dominated swarm spreading out
towards the anode, and the electron density inside the streamer

body 1s reduced. For the catnhode-d‘.ected streamer, the electron
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drift direction is into the streamer body, and these drifting
electrons must produce substantial ionization ahead of the
streanrec 1f it is to propagate toward the cathode. Thus, as the
applied field is reduced, increased field enhancements are
required to maintain the necessary level of impact ionization.
These increased field enhancements are inconsistent with a
adaecreasing free charge density inside the streamer and, in the
light of the discussion below concerning the importance of the
dielectric relaxation time to streamer propadation, may even
require increased density.

These effects are seen directly in the electric field plots,
especially in the results for lower fields. These plots show
clearly that for anode-directed streamers the maximum field
enhancement decreases with decreasing applied field, whiereas the
enhancement increases considerably for cathode-directed
streamers. As discussed above, the maximum field enhancement and
the range of this enhancement are related and are determined by
the geometry of the streamer. This effect is clearly seen in the
field plots for cathode-directed streamers at low appliea field,
where substantial field enhancements are observed, but with very
limited range.

Also evident in the field is the fact that the field inside
the propagating streamer is by no means reduced to zero DYy
shielding. This observation implies that the dielectric relaxa-
tion time for the streamer rlasma is not negligible, and, 1in
fact, plays an important role in determining characteristics such

as the provagation velocity and ionization density inside the
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pody of a streamer, This point does not seem to have been appre-
ciated in the past. Assuming the ionization density in the

streamer plasma to be 1014 cm™3, we estimate the dielectric

aaa a2 albe u‘-'. h

relaxation time to be “p = 14 ps, comparable to the time regquired
for the streamer to travel a distance egual to the width of the

front plasma sheatin. The observation also calls into question

RIPURATY |

theories, such as those of Lozanskii [4], in which a fully

relaxed metallic model of the streamer interior is assumed.

PPNy SO

ks

2. Preionization Density Dependence

If we assume that the streamer at any moment after the

e

initial formative period is propagating in a steady state config-
uration determined by, among other things, the preionization in
front of it, then from the results shown here it is easy to -
obtain the dependence of streamer properties, such as propaya-
tion velocity on the preionization density ahead of the streamer.
Plots of the propagation velocity as a function of electron den-

sity ahead of the streamer, obtained in this manner, are shown in

e lm mdan i

-

Fig. 9. These plots imply that the velocity depends approximate-

lv logarithnmically on this preionization density.

YR SRS L)

Unfortunately, more recent calculations have shown that a

. Pt
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substantial portion of this velocity variation is due to changes

in time of the shape of the streamer head. For example, Fig. 10
snows the propagation velocity as a function of electron density
ahead of the streamer determined as above, for two cases, for

voth cathode and anode-directed streamers. The initial preioni-

[ SIS LA Uy

zartinn densities in the two cases were 10° ang 108 cm‘3,
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respectively. It 1is evident that the two calculations give sig-
nificantly different results for the propagation wvelocity,
implying that this quantity is not a simple function of the elec-
tron density ahead of the streamer, but depends on other quanti-
tlies as well.

Figure 11 shows the z-dependence of the electron density and
axial electric field for the 10% cm~3 calculation. Comparison
with ®ig. 1, which shows equivalent information for the 108 cm~3
calculation, shows that the shape of the streamer head, and par-
ticularly the range of tne electric field enhancement is differ-
ent in the two calculations for times which give the same preion-
ization density ahead of the streamer. Thus it appears that the
streamer propagation at each time has not reached an equilibrium
configuration determined by the value of the preionization den-

si1ty ahead of it at that time,.

3. Dependence on Initial Conditions

We have carried out a number of calculations designed to
determine the dependence of the propagating streamer properties
on the initiating plasma hemisphercid. We have made calculations
with varving ionization densities inside the initial plasma, and
with initial hemispheroids of differing radii. Briefly, we find
that tne properties of tune streamer, once launched, do not depend

on tne initial plasma density, but that the radius of the initial

nemispheroid determines the radius of the prcpagating streamer.

™
9

tions identical to those of Fig. 1, except that the density of

1gures 12 and 13 show results of calculations for condi-
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the initial plasma was 1013 and 1013 em~3, respectively. For
comparison, Fig. 14 shows these results for streamers with three
difrerent initial densities on one plot. The primary difference
we sSee between the streamers launched from initial plasma hemi-
spheroids of differing density is that those launched from lower
density plasmas take longer to develop. Otherwise, the proper-
ties of all three streamers are very similar. We conclude,
therefore, that the ionization density inside a streamer 1is very
mucihh a natural property of the streamer, and that strong forces
exist to drive this density back to the correct value in the
event of some deviation.

Figures 15 through 18 show corresponding results for initial
plasmas of density 1014 em™3, but differing radii of the plasma
hemispheroid. Figures 15 and 17 show plots of the on-axis elec-
tron density and axial electric field, and Figs. 16 and 18 show
contour plots of tne electron density. Quasi steady-state propa-
gation 1is observed in all cases, but the radius of the streamer
depends on the radius of the initial hemispherocid. This observa-
tion de .onstrates that the radius of the propagating streamer is
only wean. atermined by the environmental parameters, and that
only ~eak fo. s exist to determine the natural streamer radius.
Calculations such as the gquasi-two-dimensional calculations of
Davies et.al. [2], in which a streamer snape is arbitrarily
imposed on the streamer, may, tierefore, have more validity than
mijat otherwise be supposed, but it imust be recognized that the

the stre~mer will still be a strong function of the

L3}

sroperties o

3-3uTed S€hape.
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oln. The length of tne coaxial line corresponded to a pulse
lengtn of ~ 10 ns, and the line was charged through a large
resistor connected to a D.C. power supply. The line was typical-
ly charged to a voltage around & kV, and the trigger system would
oroduce a voltage pulse of amplitude 2-3 kV and 2-4 ns risetime

at the trigger pin.

4]

SaAs was cihosen to allow D.C. charging of the coaxial line
without suffering thermal run-away problems in the semiconductor.
The material 1s a direct gap semiconductor, with short carrier
lifetimes, and the gap is at about 830 nm, significantly bluer
tnet the 1060 nm output of our laser. These two characteristics
comibined to make a rather inefficient switch. Even applying
pulses with energy of tne order of 130 md, the resistance of the
switch 1n the on state appears to have been about 100 Q. The
delay in breakdown of the trigger gap was of the order of 10 ns,
with a jitter of 1-2 ns,

Events occurring during the breakdown were investigated with

-reak photography, using a Hamamatsu C979 Temporal Disperser,

w

and associated control circuitry. Z=Even through the sStreax camera
was equlpped witih an 2lectrical gate to turn the streak tube off
at a set time, the emission from the spark phase was generally
too intense to allow observation of the very weakly emitting
avents3 occurring during tne initial breakdown phase. This pro-
olem was vartly solved by using a very short, -~ 5 ns, charging

cable for the main spark gap.
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forming a region of enhanced field just outside the plasma bound-
ary. With sufficient enhancement, supstantlal impact ionization
Qoccurs 1in this region, extending tne boundary of the plasma, and
forming a streamer. The streamer then propagates across the gap,
forming a resistive connection between the malin gap electrodes
wnlch is then rapidly heated ohmically to form the arc.
1. Experimental Apparatus

For experiments on trigatron breakdown, we modified the
sparx gap enclosure used for the laser-triggered breakdown work,
and described in a previous annual report [1]. The upper elec-
trode in the gap originally ihad a small hole drilled through the
center and a lens and window to allow access for the laser Ddeanm.
We replaced tnis electrode witn another which contained a trigger
pin electrically insulated from the electrode by a Macor ceramic
sleeve, The tip of the trigger pln was filed to an asymmetric,
xnif2 2d9e shape in order to promote the occurrence of breakdown
at only one position to simplify interpretation of streak photo-
Jgravns. The electrode assembly is shown schematically in Fig. 30,

n electrical schematic diagram of the trigatron system 1s

2]

snown 1n Fij. 31, Voltage pulses were applied to the trigger pin
througn the use of an optically controlled pnotoconductive
swloch. The switcn consisted of a small wafer of nigh resistivi-
ty GaAs of dimensions - 20x5x1 mm, and was controlled by the
fundamental output of our Nd:YAG laser at a wavelength of
1060 mm, =li=ctrical contact was made at each end of the wafer oy
13123 conducting epoxy to attacih fine copper wires. The switch

connected a DL.C, charged 50 7RG 58/U ccaxial line to tae tricger
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Several process for trigatron triggering have been proposed.
The first, which we term the photoionization model, suggests that
the spark from the breakdown of the trigger gap photoionizes the
gas in the main spark gap, causing current flow. Ohmic heating
of the fill gas molecules will occur, and if the initial current
is large enough, this heating will result in additional free
ionization and more heating, etc. Eventually, an arc channel will
form, completing closure of the switch.

Tne second process we term the field distortion model, and
was proposed by Shkuropat [10]. In this model, breakdown of the
trigger gap is secondary to the triggering process. Applying a
voltage pulse to the trigger pin causes field enhancement in the
region around it. With sufficient field distortion, a streamer
is initiated propagating towards the opposite electrode. After
tiie streamer bridges the gap, a thin column of weak ionization
connects the trigger pin to the opposite electrode, highly over-
volting the gap between the trigger pin and the adjacent elec-
trode. This gap tnen breaks down rapidly, completing the connec-
tion between tne main gap electrodes. Finally, ohmic heating due
to the current flowing in the resistive streamer channel occurs
and rapidly forms the arc, completing switca closure.

The third process we call the streamer model. It is most
similar to the process we found primarily responsible for laser
triggering of spark gaps. In this case, the trigger gyap breaks
down first, forming a spark and a small volume of plasma. If the
nlasma is formed in a region where it is exposed to an applied

field, the electrons drift to shield the plasma interior, thereby
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B. Trigatron Triggering Experiments

Work 1in this area was suggested by the successful completion
of a detailed experimental study of laser-triggering of spark
gyaps, carried out under AFOSR support [7]. In both types of
triggering, the appearance of a small volume of plasma, due to
elther optical or electrical breakdown near one electrode, seems
to be responsible for triggering breakdown., It seemed natural to
maxe use of the experimental and analytical techniques developed
for studying laser-triggered breakdown for study of breakdown in
trigatrons. Work progressed more slowly than expected in this
area, due primarily to the move Of the Principal Investigator
from Texas Tech University to the University of Nebraska, and
work has been continuing at Texas Tech after the close of the
contract period on a no-cost basis to the Air Force.

Briefly, a trigatron consists of a main spark gap with a
trijger pin usually placed inside and on the axis of one elec-
trode. The tip of the trigger pin is generally flush with or
slightly recessed in the plane of tne electrode. The main spark
Jav 1s D.C. charged to soime fairly large fraction of the self-
breakdown voltage (30-99%), and triggering is accomplished by
applying a high voltage pulse to tin2 trigger pin, overvolting the
gap between tne pln and tne adjacent electrode. 1In most cases
oreakdown of the main gap follows breakdown of the trigger gap,
altnough Shkuropat [10] reports breakdown of the main gap witaout

or=akdown of the trigjer gap.
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anode-directed streamer calculations depicted in Figs. 1 and 5.

At all points ahead of the streamer the agreement is generally

excellent, indicating that the numerical algorithm we used is

PP W W)

verforming well. 3Similar plots were obtained for the other cal-

culations shown in Figs. 1-8, and with one exception, discussed

il fons,

below, the results were similar. In many cases, agreement was
not yood inside the streamer body, but tnis 1is to be expected

since the slope of the electron density was very small here, and

adachiEme A

was in some cases negative. A negative slope leads to a sign
ambiguity in the definition of phase velocity.

Figure 29 shows the "experimental" and "theoretical" phase i
velocities for the 18 kV, cathode-directed streamer calculation ]
wnich became unstabple. These phase velocities were determined at

t = 2.0 ns, before the appearance of any obvious features in the

e

numerical results which might indicate numerical aifficulties.

Two points are evident from the results in Fig. 29. First, there

is substantial disagreement between the "experimental" and "theo-
retical" results, implying serious numerical errors, as.became
evident several nanoseconds later. Seconda, the figure shows ]

"theoretical" phase velocities calculated with and without tne
diffusion term, and a significant difference is seen. Thus, it
appears that in this case, the density gradient became suffi-
ciently steep that diffusion was starting to become important.

These are the only results we nave obtained in which diffusion

played a significant role,
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Further 1insight into the evolution of the shape of the
streamer head can be obtained by considering the positional
dependence of the total pnase velocity. As seen in Fig. 26, the
phase velocity is slowly increasing ahead of the streamer, imply-
ing that the slope of the electron density curve ahead of the
streamer is decreasing with time. As shown in Fig. 2, this
effect 1s actually observed.

We can also obtain the phase velocity at each point at a
given time directly from the numerical results, by simply noting
how far a point of constant density moved during some short time
interval. Comparison of the velocities obtained in this way,
which we will ‘term "experimental," with those obtained from Eq.
(7), termed "theoretical," provides a sensitive check on the
accuracy witn which the FCT algorithm solves the transport equa-
tions. Since the flux-correction algorithm is highly non-linear,
and therefore not easily amenable to error analysis, such a check
is very useful in these calculations. We can also check on the
Poisson solver at the same time by noting that 1f the Poisson

solver is functioning properly,

- >

V. Ve =ulE =2 (8)
o

whera p 1s tne net charge density. If we make this substitution

in Eg. (7), the accuracy of the Poisson solver will be checked at

tne same time as the FCT algorithm,

Figures 27 and 22 show the "theoretical" and "experimental"

pnase velocities calculated in this way for the cathode and
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In this expression, the first term on the right hand side corre-
sponds to impact ionization, the second to dielectric relaxation,
and the third to diffusion. Similar, but less general results
have been obtained by several authors.It is difficult to obtain
the guantities on the right hand side of Eq. (7) analytically,
but they are known from our numerical calculations at any given
time. The calculation of Vo from our numerical results is of
interest because it provides insight into the reasons for changes
in both tne density gradient at the streamer head and the propa-
gation velocity. Additionally, comparison of the phase velocity,
as calculated from Eq. (7), with that determined directly from
the numerical results provides a stringent test of the accuracy
with which the numerical algorithm is solving the transport
equations.

Figure 26 shows the on-~axis phase velocity (3) as well as
the separate contributions from the impact ionization (1) and
dielectric relaxation (2) terms calculated using Eq. (7) for the
cathode-directed streamer depicted in Fig. 2. For this case the
diffusion term in Eq. (7) is negligible, Comparison of the
curves allows the determination of the relative importance of the
different sources of ionization. It is evident that the dielec-
tric relaxation term dominates in the plasma sheath region just
at the streamer tip, whereas the impact ionization term dominates
elsewhere ahead of the streamer. This observation suggests a
regional approximation approach to an analytic analysis of
streamer propagation which has been used very recently with good

sSucCcess.
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streamers with laser interaction than for those without. These
observations are consistent with experimental comparisons 1in
laser-triggered breakdown experiments between regions of laser-

assisted and unassisted streamer propagation.

6. Dynamic Propagation Analysis
We can gain insight into the formation and propagation of

streamers by using the electron continuity equation given in Eq.

(1a) to determine the velocity of a point of constant density., In
a true steady state propagation condition, this quantity is the

velocity of propagation of the streamer. In a quasi-steady state

P ————

condition, the variation of the quantity across the streamer head

determines the change in shape of the streamer head. We will

refer to this quantity as the phase velocity.

i

To define the phase velocity at tne point r at time tgp, we

v,

seek a path P(t), such that B(tg) = ¥, and

-~
S f

-9 ne (F(t), t) =0
dct °© ’ (5)
dna (P 2
ne(Ps ©) GB Fn, (¥, t) = 0 (6)
e
5t dt
- -
The gquantity AP js the desired phase velocity, Vp. On axis we
dt
obtain from £9. (1) and (%), including effects of diffusion but
assuming $ = 0 otherwise,
2
. v P s 1 dng
v = 9Pz - el e g Y + (7)
P gt 5 inn Vez
e
22
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Since we were primarily interested in effects of interaction

v of the laser beam with the streamer head, we circumvented the
problem by artificially increasing the power absorbed per elec-

tron by a factor of 106 over the value given by Eg. (4). The

P main effect of this approximation is to reduce the ionization
density substantially in the body of the streamer. It should not

have much direct effect on the streamer tip because the electron

® density is very tenuous ahead of the streamer, and very little
optical power 1is absorbed until after the optical beam has

entered the streamer body. There is probably an indirect effect

on propagation, however, due to the more complete shielding

-
expected with higher ionization density inside the streamer. As
discussed in the previous section, more complete shielding inside
[ generally leads to higyher field enhancements outside the
streamer. In any case, the results we show here are expected to
underestimate the effects of laser interaction on streamer propa-
s gation.
The electron densities for several times are shown in Figs.
24 and 25 for cathode and anode-directed streamers, respectively.
- These results should be compared with Figs. 4 and 8 for corre-
sponding streamers with slightly higher applied field, but with- .
out laser interaction. (The results of Figs. 4 and 8 also differ ;
- in that preionization but no photoionization was assumed, and the ;
radius of the initial plasma hemispheroid was smaller.) The j
effects of laser interaction are very evident in these results, 3
‘- The speed of propagation is substantially faster, yet the ioniza- ‘
tion density in the body of the streamer is larger for the 1
1
1
) |
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o keeping with conditions commonly encountered in laser-triggered

e

S

breakdown experiments, we assumed an applied field of 34 kV/cnm,

and a nitrogen fill gas at 800 Torr. Photoionization was includ-

ed in the calculation, and no initial preionization was assumed.

- We encountered a numerical problem in these calculations. We *
F accounted for absorption of the laser energy according to the

- formula given oy Morgan (8],

.‘ ell 1 Vi (4)

Pab = 2 ; 2

5 where Py, is the power absorbed by a single electron, e and m are
the electron charge and mass, ¢ is the speed of liynt, €45 is the
dielectric constant, and I is the intensity of the optical field.

s However, in passing through the head of the streamer, the absorp-
tion of optical power was negligible, so that the laser continu-

! ally acted on the free electron density inside the streamer body,

causing it to increase drastically, and eventually resulting in

numerical difficulties. This interaction with ionization in tne
body of the streamer is actually observed in laser-triggered
oreakdown experiments as the formation of intensely radiating hot
spots in the streamer channel [7]. As tnese hot spots form, the
power absorbed from the laser is used with increasing efficiency

to heat the fill yas molecules, instead of being used to create

ionization., Our model does not take this heating into account,
and this mechanism is therefore not available to dispose of the
apvsorbed laser eneryy, causing steadily increasing ionization

rates, and nonphysical results.
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initial calculations of streamer propagation under conditions for
which the streamer tip interacts with an intense optical electric
field, sucnh as a laser provides. The model of laser-streamer
interaction we used was that described by Morgan [8], in which
the interaction is treated by approximating the effects of the
optical field to be the same as those of an effective, D.C. field
given by

2
m

E = Eo (3)

v
v; +w2’
wnere Eo is the RMS field of the laser beam, vy is the electron
collision frequency for momentum transfer, and w is the optical
field frequency. As in most laser triggering experiments, the
optical field was assumed to be perpendicular to the applied
field, so the two were added in quadrature to obtain magnitude of
the total effective field. This guantity at each point was then
used to determine the local value of the Townsend ionization
coefficient, a.

In our simulations, we assumed an initial plasma hemisphe-
roid of peak density 1014 cm=3, with axial and radial radii of
0.003 and 0.27 mm, respectively. The laser beam was assumed to
oe Gaussian and to be focussed on the starting electrode to a
100 um spot size by a 10 ¢m focal length lens. The laser power
was assumed to be 10 MW, giving a maximum RMS optical field of
6x100 v/cm, the momentum transfer frequency was taken from Kroll
and Watson [9] as 4x10'2 sec™!, and the laser frequency was

2x10'5 sec~1, all yielding a peak effective field of 120 kV. In
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on the other hand, neither of these effects is present, and the
density of "seed" electrons ahead of the streamer is determined
primarily by the range of the pnotoionizing radiation., Figure 22
shows the relative strength of the two ionization source terms,
impact ionization and photoionization, as a function of distance
ahead of the streamer for a fixed time of 1.5 ns. The quantity
plotted is the increase in ionization density during a 2 ps time
period.

Similarly, when the initiating plasma hemispheroid was
placed on the cathode a well defined anode-directed streamer was
formed. The time evolution of the on-axis electron density and
the axial field component for this case are shown in Fig. 23. The
benavior of the anode-directed streamer with photoionization is
similar to that of the cathode-directed streamer under corre-
sponding conditions. Differences between the two are similar to
differences observed for streamers without photocionization, but
with preionization. Primarily, the anode-directed streamer pro-
ragates faster, has a lower field enhancement, and leaves behind
a lower electron density that does a cathode-directed streamer.

Additionally, the shielding inside the anode-directed streamer is

not as complete,.

5. Laser-Streamer Interaction

Bettis and Guentner [6], and Dougal and Williams [7) have
snown tnat the laser-streamer interaction plays an important role
in laser-triggered oreakdown in the conventional, striking-the-

electrode geometry, Accordingly, we have carried out several

Sy
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resulting in better snielding 1nside the streamer body and in
higner field enhancement just ahead of the streamer. Third,
after the initial setup time, the sh~pe of the streamer front
stays nearly constant with time, although the propagation velo~
city increases. Similarly, the range of the field enhancement
increases, but more slowly than in the case with preionization
(see Fig. 1).

Insight into the reasons for this behavior can be ootained
from Fig. 21 which shows the radial dependence of the electron
density and axial field component at a fixed time, 1.5 ns, at a
fixed distance from the anode, 1.95 mm, for the two cases. The
increased field enhancement observed ahead of the streamer with
photoionization can not be explained by simple shape effects at
the streamer tip, since the widths of the streamers with and
without photoionization are nearly the same. Instead, it appears
that the increased field enhancement is due to the better shield-
ing inside the streamer body. For a fixed potential drop across
the spark gap, the lower the average field inside the streamer,
the higher must be the field ahead of it.

The relatively constant shape of the streamer front is due
primarily to the importance of photoionization well ahead of the
streamer in determining streamer properties, With preionization,
the shape of tnhe front is constantly changing due to avalanciiing
in the applied field of the preionization density far ahead of
the streamer, and due to a steadily increasing range of the
streamer foot due to enhanced avalanching in the weakly enhanced

field in advance of the streamer head. With only photoionization,
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4, Photoionization Effects

We have carried out initial calculations in which photoioni-
zation of the gas anead of the propagating streamer by emission
from the streamer head was explicitly included. 1In these calcu-
lations no initial preionization density was assumed., The model
for the preionization process was based on the experimental
results of Penny and Hummert [5] for technical grade nitrogen.
Basically, these results provide a prescription for determininy
the photoionization rate at a point in the gas based on the
current density at and distance to other points in the gas. In
all calculations the streamer was initiated by a plasma hemi-
spheroid of radius 0.27 mm in the z-direction and 0.065 mm in the
radial direction. The appliied field was 60 kV/cm, tnhe fill gas
was nitrogen at 760 Torr, and both anode and cathode~directed
streamers were slmulated.

Wwhen the initiating plasma hemispheroid was placed on tne
anode, a well defined cathode-directed streamer was formed.
Figure 19 shows the on-axis electron density and axial field
component, respectively, for this case and several different
times. For comparison, Fig. 20 shows the electron density and
axlal field component for the two cases (photoionization without
p»reionization, and preionization of 108 em~3 without photoioni-
zation) at a fixed time of 1.5 ns. Several points are evident
from tnese results. First, the drop in electron density ahead of
the streamer 1s truly precipitous in the photoinnization case 1in
comparison to the case with preionization. Second, the electron

density 1nside the boay of the streamer is somewhat nigher,
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2. Experimental Results

Taking the potential of the electrode with the trigger pin
in it to be zero, there are four possible polarity configurations
for a trigatron gap; trigger pin positive or negative, and main
gap polarity positive or negative. The voltage pulse on the
trigger pin tends to decrease the field in the main gap in two
cases, and to increase it in the other two. Voltage oscillograms
showing the voltage on the trigger pin for the four cases are
shown 1in Fig. 32. In these experiments a relatively long
{800 ns) charging cable was used to supply current to the main
gap. wWe found that the trigyer gap always broke down before the
main gap in all the experiments we conducted. This finding is
opposite to that of Shkuropat, but is not necessarily contradic-
tory because the voltages and dimensions involved in the two
cases differed substantially.

A streak photograph of the early stages of trigatron break-
down is snown in Fig. 33, For streak photography, a very short
charging cable (5 ns) was used to supply voltage to the main gap.
In the case shown, the trigger pin was driven positive relative
to the adjacent electrode, and the opposite main gap electrode
was chargded negative, The bright feature at the bottom of the
photo 1i1s tne trigger sparX. A weak luminous front is clearly
seen 1n this pnoto propagating from the trigger spark towards the
catnode at a speed of 5 x 107 cm/s. We attribute this front to
the passage of a cathode-directed streamer. Upon arrival of this

front at tne cathode, the heating phase 3ets in, and 1s charac-

terized first oy the very rapid propagation of a second luminous
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front in the opposite direction from cathode to anode, followed
by further heating and eventually intense optical emission. There
is a weak, nearly vertical band in the upper left corner of the
photo which is an artifact produced by scattering of electrons
originating from the intense, but out-of-time-frame emission from
the spark.

To the eye, the breakdown under these conditions seemed to

consist Oof a narrow, constricted spark channel, perhaps surround-

3 ed by a weak, blue, diffuse glow. Under other conditions, not
well established, no luminous front attributable to a streamer
was seen in the streak photographs, and breakdown appeared to the
eye to consist of the formation of a weak, blue or violet, dif-
{ fuse glow of perhaps 1.0 cm diameter, extending across the gap.
Although more work is needed, we believe these two conditions
. correspond to the streamer and photoionization mechanisms of

trigatron breakdown discussed above. In the first case, condi-

tions were appropriate to launch a streamer, either from the
trigger sparx plasma, or perhaps from the field distortion around
the trigger pin. Photoionization may also have contributed to gap
current, and may have acted to speed the propagation of the
streamer, but the current due to photoionization was not suffi-

cient to collapse the gap voltage before the streamer had tra-

versed the gap. In the second case, either conditions were not

v

appropriate for launching a streamer, or the streamer has not

traveled a significant distance across the gap before the gap

-

voltage started to collapse due to the current f£low causea by the

photoionization.




122

Z#f III. References

1. S.K. Dhali and P.F. Williams, "Excited State Spectroscopy of
Electrically Excited Gases", Project No. 5, Final Report on
AFOSR Contract No. 49620-79-C-0191, February 27, 1934.

2. A.J. Davies, C.S. Davies, and C.J. Evans, Proc. IEE 118,
816 (1971).

3. J. Dutton, J. Phys. Chem, Ref. Data 4 (1965).

4. E.D. Lozanskii and D.B. Pontekorvo, Zh, Tech. Fiz. 44, 2322
(1974); English translation in Sov. Phys. Tech. Phys. 19,
1432 (1975).

5. G.W. Penny and G.T. Hummert, J. Appl. Phys. 41, 572 (1970).

6. J.R. Bettis and A.H. Guentner, IEEE J. Quant. Elect. QE-6,
483 (1970).

7. R.A. Dougal and P.F. Williams, J. Phys. D: Appl. Phys. 17,

903 (1934).
8. C.G. Morgan, Rep. Prog. Phys. 38-2, 621, (1975).

K:l 9. N. Kroll and K. Watson, Phys. Rev, A 5, 1833, (1972).

.ﬂf
—_—
o
.

P.1. Shkuropat, 2Zh. Tech. Fiz. 39 1256 (1969), Englisn

translation in Sov. Phys. Tech. Phys. 14, 943 (1970).

4 aae o o oo e

P p——p—p—p———

T .
- .
;’,

b

]

L - . .
e TN e o - - . . L. .. - - . - - - N . - LN -
: L I R O . G ) A - At oA re s [ S . PR O DUy Y PRI S SR W WP W e L -LJ




123

FIGURE CAPTIONS

Results for 60 kV/cm, cathode-directed streamer

a. On-axis electron density at 0.0, 0.5, 1.0, 1.5, 2.0, and
2.5 ns, respectively;

b. On-axis axial electric field component at same times;

c. Contour plot showing axial and radial dependence of
electron density at t = 1.5 ns.

Results for 52 kV/cm, cathode-directed streamer

a. On-axis electron density at 0.0, 1.0, 2.0, 2.5, 3.0, and
3.5 ns, respectively;

b. On-axis axial electric field component at same times;

¢. Contour plot showing axial and radial dependence of
electron density at 2.5 ns.

Results for 44 kV/cm, cathode-directed streamer

a. On-axis electron density at 0.0, 1.0, 2.0, 3.0, 4.0, and
5.0 ns, respectively;

b. On-axis axial electric field component at same times;

¢. Contour plot showing axial and radial dependence of
electron density at 4.0 ns,.

Results for 36 kV/cm, cathode-directed streamer. There is

substantial numerical error in these results.

a. On-axis electron density at 0.0, 2.0, 4.0, and 6.0 ns,
respectively;

b. On-axis axial electric field component at same times,

Results for 60 kV/cm, anode-directed streamer

a., On-axis electron density at 0.0, 0.5, 1.0, 1.5, and 2.0
ns, respectively;

b. On-axis axial electric field component at same times;

c. Contour plot showing axial and radial dependence of
electron density at 1.5 ns.

Results for 52 kV/cm, anode~directed streamer

a. On—-axis electron density at 0.0, 1.0, 2.0, 2.5, and
3.0 ns, respectively;

b. On-axis axial electric field component at same times;

¢. Contour plot showing axial and radial dependence of
electron density at 2.5 ns.

Results for 44 kV/cm, anode-directed streamer.
a. On-axis electron density at 0.0, 1.0, 2.0, 3.0, 4.0, and
5.0 ns, respectively;
b. On-axis axial electric field component at same times;
c. Contour plot showing axial and radial dependence of
electron density at 4.0 ns.

Results for 36 kV/cm, anode-directed streamer.

a. On-axis electron density at 0.0, 2.0, 4.0, 6.0, and
8.0 ns, respectively;

b. On-axis axial electric field component at same times.
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9. Phase velocity vs. preionization electron density ahead of
the streamer for
a. cathode-directed streamers
b. anode~-directed streamers.

10, Phase velocity vs preionization electron density ahead of
the streamer for two different starting preionization den-
sities.

a. cathode-directed streamer;
b. anode-directed streamer.

11. Results for 60 kV/cm, cathode directed streamer with initial
preionization density 109 cm~3
a. On-axis electron density for 0.0, 0.5, 1.0, 1.5, 2.0,
and 2.5 ns, respectively;
b. On-axis electron density for 0.0, 0.5, 1.0, 1.5, 2.0,
and 2.5 ns, respectively

{ 12. Results for 60 kV/cm, cathode-directed streamer initiated by
} plasma hemispheroid of density 1013 em~3.

L a. On-axis electron density at 0.1, 1.0, 1.5, 2.0, 2.5, and
® 2.8 ns, respectively;
b. On-axis axial electric field component at same times.

! 13, Results for 60 kV/cm, cathode-directed streamer initiated by
' plasma hemispheroid of density 1013 cm~3.
a. On-axis electron density at 0.05, 0.5, 1.0, 1.25, and

1.7 ns, respectively; '
b. On-axis axial electric field component at same times.

14, Plots showing results for 60 kV/cm, cathode-directed
streamers initiated by 1013, 1014, and 10'3 cm-3,
respectively. Times were 1.0, 1.5, and 2.3 ns.

a. On-axis electron density:; ‘
b. On-axis axial electric field component,

= 15. Results for 52 kV/cm, cathode-directed streamer initiated by
) plasma hemispheroid with radial diameter of 0.068 mm.
a. On-axis electron density at 0.0, 1.0, 2.0, 2.5, 3.0, and ‘
| @ 3.5 ns, respectively;

' b, On-axis axial electric field component at same times.

16. Contour plots for streamer shown in Fig. 15 at
a. 1.5 ns

y—y—
. ) .
"

b. 2.0 ns ‘
,. c. 2.5 ns
3.0 ns

P d L]

17. Results for 52 kV/cm, cathode-directed streamer initiated by
plasma hemispheroid with radial ciameter of 0.147 mm.
a. On-axis electron density at 0.0, 1,0, 2.0, 2.5, 3.0, and )
o 3.3 ns, respectively;
. On-axis axial electric field component at same times,
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Contour plots for streamer shown in Fig. 17 at
a., 1.5 ns

b. 2.0 ns
c. 2.5 ns
d. 3.0 ns

Results for 60 kV/cm, cathode-directed streamer with photo-

ionization, but with no preionization.

a. On-axis electron density at 0.0, 0.5, 1.0, 1.5, 2.0, and
2.5 ns, respectively;

b. On-axis axial electric field component at same times.

Comparison of results

1. with photoionization but without preionization, and

2. without photoionization but with 108 cm~3 preionization
at fixed time of 1.5 ns
a. On-axis electron density;
b. On-axis axial electric field component.

Comparison similar to that in Fig. 20, except showing radial
dependence at point 1.95 mm from cathode.

a. electron density;

b. axial electric field component.

Comparison of relative magnitudes of source terms due to
1. electron impact ionization, and
2. photoionization for same streamer depicted in Fig. 20.

Results for 60 KV/cm, anode-directed streamer with photo-

ionization, but without preionization.

a. On-axis electron density at 0.0, 0.5, 1.0, 1.5, and 2.2
ns, respectively;

b. On-axis axial electric field component at same times.

Results for 34 kV/cm, cathode-directed streamer with laser
interaction at 0.5, 1.0, 2.0, 3.0, and 3.5 ns, respectively.
Photoionization was included, but there was no preioniza-
zion.

Results for 34 kV/cm, anode-directed streamer with laser
interaction at 0.5, 1.0, 2.0, 3.0, and 3.75 ns, respective-
ly. Pnotoionization was included, but thera was no preioni-
zation.,

Phase velocities for 60 kv/cm, cathode-directed streamer.

1. contribution due the V- U term,

2. contribution due to impact ionization term, and

3. total "theoretical" phase velocity. The x's are "exper-
imental" points.

Comparison of "theoretical” and "experimental" phase velo-
cities for streamer in Fig, 1.
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Comparison of "theoretical" and "experimental" phase velo-
cities for streamer in Fig. 5.

Phase velocities for 36 kV/cm, cathode-directed streamer

showing onset of numerical difficulties.

1. "theoretical" without diffusion term,

2. "theoretical" with diffusion term. Circles are "experi-
mental"values.

Diagram showing electrode assembly used in trigatron studies
described here. The protrusion of the trigger pin past the
surface of the main electrode can be adjusted.

Electrical schematic of the trigatron system. The photo-
conductive switch is controlled by the output pulse at 1.06
pum of a Nd:YAG laser.

Oscillograms showing trigger pin voltage. Voltage scale is
2 kV/cm; horizonatal scale is 50 ns/cm, except d) 200 ns/cm.
Polarities are (trigger pin opposite main gap electrode):

d. i 2t

b- +'-

C. -’+

d. +,+

Streak photograph of trigatron breakdown showing a streamer
traversing the gap. The trigger pin is in the lower elec-
trode and it was pulsed positive.
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I. INTRODUCTION AND TRIGGER CONCERPT
Svark gaps using field distortion triggering are 1initially

designed to provide holé-off voltage without trigger, and a trig-

v electrode shaped and located on an equipotential surface in

1]

Ul

the gap is then added. Triggering is accomplished by abruptly
cnanging the potential of this electrode, tnereoby increasing the
field between tne trigger electrode and one of the gap elec-
trodes. A typical example is the three electrode gap with a
blade as a mid-plane trigger electrode located approximately half
way detween the main electrodes [1]. In the hold-off state the
bhlade is in the plane of an eguipotential and no field enhance-
ment is generatad at the edge of the blade. By changing the
potential of the trigger electrode a very strong field enhance-
ment at the edge can be produced. Since tne maximum field

nnancement occurs at the trigger electrode, nowever, the switch

o

Iy

(1)

rates usually in a cascade mode in which the gap between one
elactrode and the trigger electrode is first closed initiated by
the trigger pulse and then the second half of the gap is closed
by tne voltage across the switch.

To allow for geometrically enhanced field distortion and
still to avoid cascade breakdown field ennhancement at an edge of
ane o tae aaln electrodes can oe used. This edye, nowever, must

1so be shielded in the hold-off state of the gap ({2]. A

WY

U

ca2matic diagram of a spark gap based on this concept is shown
ia Tizure 1. In this device the trigger eleccrode is used to

shape the electric field intensity in the gap in poth the hold-

0fZ s3zate and th=2 trigjering state. In the nold-off state tae

to

<<<<<
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APPENDIX I

v,

A wIW DESIGN CONCEPT FOR FPIELD DISTORTION TRIGGER SPARK GAPS
G. Schaefer, B. Pashale, P.F. Williams*,
K.H. Schoenbach, anda H. Krompholz,
Department of Electrical Engineering/Computer Science
Texas Tech University

Lubbock, Texas 179409

A common field distortion triggered spark gap utilizing
geometric field enhancement at sharp edges usually operates in a
cascade mode via the trigger electrode. A new trigger concept is
propnsed allowing strong field ennancement and direct breakdown
oetwe=2n the two main electrodes. A test setup was designed to
prove the feasibility of this concept. Experimental results on
dglay and jitter depending on percent breakdown voltage are pre-
sented. Best results achieved are a delay of 9 ns and a jitter

of 2 ns at a selfbreakdown voltage of 15 kV.

* =

.F. wWilliams is now with the {niversity of Nebraska, Depart-
me

F
nt of Electrical Engineering, Lincoln, Nebraska 6¢508
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report. This included the Magnetically Controlled Switch and the
Diffuse Discharge Electrode investigations.

A small effort was initiated to check some Soviet reports on -
an unusual discharge phenomenon. It was reported that if a

modest voltage was applied, in air, to a carbon "fiber", then a

"surface flashover" phenomenon would occur at very low electric
filds (E 20 kV/m). It is believed that the carbon fiber heats
up, starts to emit thermionically, and that the flashover then
occurs along the generated surface "sheath".

The basic phenomenon was verified. We achieved 1 m long
discharges in Air, N3, and Ar at V 20 kV. The energy source
was 14 F capacitor. The fiber was actually fiber bundles with
up to 12,000 fibers ( 7 m each) in a bundle. The best results
were obtained with 3000-fiber bundles where the bundles lasted
for 10's of shots (up to 100 shots) before breaking. If a more
sophisticated electrode arrangement can be devised to make the
discharge spread to the surrounding gas volume and not just be
confined to the bundle surface region then this may have impor-
tant applications for various intense light sources (flash-
lamps). Even in the present arrangement, a multibundle (parallel)

arrangement may be of interest if the bundles can be made to

"fire" all at the same time. This work will be continued, using

.
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senior EE students, at no cost to the project, except for some
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To verify the proposed concept experimentally, a system has

been constructed with the following parameters:

20 (characteristic impedance) 50

1 {length) 1 m

N (number of turns) 73

a (inner radius) 2.85 cm
b/a (ratio of radii, optimized) 1.65

Ep (rel. dielectr. const., water) 81

T (Transit time, 1/2 pulse duration) 350 ns

In order to approximate the model calculations as close as
possible, the inner conductor is formed using copper tape, 1/2"
wide, and the outer conductor is slit in axial direction. The

device performance is presently being measured.

VI, OTHER INVESTIGATIONS
(M. Kristiansen)

Funds from this program element have also been used to
assist in various other investigations in our laboratory, such as
the arc voltage measurements described in the Final Report on
AFOSR Contract 84-0032, Spark Gap Electrode Erosion. The results
are described in more detail in that report since the results are
needed for the erosion mechanism investigations.

Assistance was also given to some of the small scale

experiments described under the Opening Switch part of this
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the hold-off state and direct breakdown between the main elec-
trodes is initiated. An experimental set-up to prove this trig-
ger concept has been designed and constructed. First experiments
showed the feasibility of this concept. A paper describing these
results has been accepted for publication in J. Appl. Phys [1]. A

copy of this paper is attached as Appendix I.

1. G. Schaefer, B. Pashaie, P.F. Williams, K.H. Schoenbach, and
H. Krompholz, "A New Design Concept for Field Distortion
Triggered Spark Gaps", J. Appl. Phys., accepted for publica-

tion.

V. HELICAL WAVEGUIDE PULSE GENERATOR

(H. Krompholz)

The advantages of using a coaxial line with helical inner
conductor as a pulse generator, compared to usual pulse forming
networks (LC chains) or cable discharges, are

- rectangular output pulse without oscillations inherent to

LC-chains

- small physical length as compared to ordinary coaxial lines
designed to produce the same pulse duration.

Theoretical aspects with emphasis on the limiting factor for
helical slow wave structures (dispersion) are summarized in
Appendix II, where it was applied to a transmission line current
sensor and unit step response, which 1is equivalent to a initially

charged wavegquide pulse generator.
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introduced into a pressure chamber via a plexiglas window. The
chamber contains the gas under study, and will be used at
pressures up to 5 atm. Inside the chamber is a large rectangular

electrode (12 cm long), separated by the gas from a series of
twelve small collection electrodes. Each collection electrode is
8 mm long and 2 mm apart. When a potential is applied between
the large electrode and the smaller ones, the electrons ionized
oy the x-rays will drift toward the collection electrodes. B8y
monitoring the current extracted from these electrodes, the
ionization density as a function of the distance travelled in the
gas by x-rays can be obtained. This will be measured up to 12 cm
from the source at increments of 1 cm, for various gases,
mixtures, and pressures, and at different photon energies. If
the results are favorable, a spark gap will be built with the

tuoe mounted in one of the electrodes.

IV. FIELD DISTORTION TRIGGERING

(S. Schaefer, K.H. Schoenbach, and P.F. Williams)

A common gap using field distortion triggering is initially
designed to provide optimum performance. A trigger electrode is
then added, shaped and located on an equipotential surface. When
a trigger pulse is applied, field enhancement occurs at an edge of
this trigger electrode and in most cases cascade breakdown 1is
initiated. Field enhancement at one of the main electrodes can

pe utilized if the trigger electrode shields this electrode in

P g PPy
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(shattered), evidently from the shock forces. It appears that
the best materials now are high temperature, relatively "soft"
dielectrics, such as teflon or delrin. The voltage recovery of
the switch also drops drastically after a few shots at a slow
repetition rate (a few pulses per second) but blowing gas (air)
onto the surface and the arc to help remove the heat improves the
recovery rate significantly. It is expected that this investiga-

tion will be completed by June 1985,

III. X-RAY PREIONIZATION OF SPARK GAPS

(Mike Ingram, G. Schaefer, and M. Kristiansen)

X-rays have been successfully used ‘to preionize various gas
discharge lasers, providing a known preionized electron density
and volume. This same method may also be used to preionize spark
gaps, again providing known preionized electron densities and
volumes. Before testing such a spark gap, however, a study has
been undertaken to determine the effectiveness of x-ray preioni-
zation in typical spark gap gases and pressures (Air, Ny, SFg,
and mixtures).

We are currently investigating x-ray ionization of Air, Njp,
and SFg. The x-ray source is a cold cathode, flush, x-ray tube
manufactured by ITT. It is driven by a fast (2 ns risetime) Marx
bank at voltages up to 150 kV. Because of the large divergence
of the tube, the x-rays are passed through a 2.5 mm diameter hole

in a lead sheet to produce a narrow, conical beam, which is then
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II. SURFACE DISCHARGE SWITCHING

(R. Curry, P. Ranon*, L. Hatfield, and M. Kristiansen)

The studies of triggered electric surface discharge switches
described in earlier reports on AFOSR Contract #F49620-79-C-0191
has been completed and the results are being written up for
publication. The optimum polarity and location of the trigger
electrode was determined and a comparison was made of the trigger
jitter and multichanneling for various electrode materials and
ambient gases (all at 1 atm). Of the many combinations tried
the best performance was obtained with G-10 (fiber-expoxy
laminate) substrate material and air as the ambient gas.

A new effort involves checking the maximum possible, single
channel, current in a surface discharge switch to see if it
results in a significant arc lift-off, and hence increased switch
inductance, and to see how the dielectric substrate damage
mechanism changes from that at lower current levels. This
project is only in its infancy but it is already clear from
measuremnents done with a 140 kA peak current, ringing discharge
that the damage mechanism is drastically changed and that the
current lift-off is not as severe as expected. The dielectric
surface damage can sometimes be quite dramatic. The G-10 surface
which was among the best performers for multichanneling and low

jitter triggyering at lower current levels licterally exploded

i 2 T o T
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* USAF AECT student
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Exploratory Concepts

'@ (R. Curry, B. Maas, M. Ingram, P. Ranon, G. Schaefer,

L. Hatfield K. Schoenbach, H. Krompholz, and M. Kristiansen)
[ I. SUMMARY

Several small scale investigations were carried out and some

() of them show promise for further development and separate
funding. 1In the past, several of these "mini-projects" have led
to major, separately funded, efforts.

. During the past year we have completed the studies of
triggered surface discharge switches and started a new investiga-
tion of high current surface discharges. The investigations of

{. arc resistance measurements were also completed. Significant
results were obtained in investigations of geometrically enhanced
field distortion triggering and an investigation of x-ray

© triggering of spark gaps was initiated. Surface discharges along
current carrying, thermionically emitting, carbon fibers was

investigated as a potential high efficiency, low voltage, pulsed

. light source.
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trigger electroie 1Is Xe2pt at the sams potentla. as a2lectrade (1)

&nid its surface towards the gap 1g s~zped to ~inimize the geo-

1)

mectric field enhancement effects z2t¢ the na.n gap electrode,
:nerepy maximizing the hold-off voltaze. 1In ths Zriggering state
the potential of the trigger electrode 1is moved towards the
potential of electrode (2). The triggder electrode subseguently
serv2s to enhance tne field, providing improved trisgering, in
two ways: moving the equipotential toward one gap electreode, and
simultaneously turning on the geometric field ennancement. Such a
trigger concept combines several advantages:

. Geometrically enhanced fielé cdistortion can be utilized,

2. The strongest field enhancement occurs zt one of tae main

electrodes and breakdown, without c¢ascading via the

trigger electrode, is possible.

3. Since the electrode can be shaped without changing the
hold-off performance, the field enhancement at a main
electrode can be much larger than in common field dis-

rortion triggering.

&

Shape and surface conditiorns of this main electrode do
not determine the hold-off oerf-rmance =f the gap, making
the gap more independent of erosion.

t13: concept would have to pe applied to both main electrodes for

arotection of both.

II. TEST SET-JP

The experimential set-up used to test this trigger concept 1is

»

saown in Figure 2. A parallel plane line was used as charging
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ransmission line (zotal impecdance ~ 12.58 ). The switch

cr

and
consisted of 8 individual gaps. The upper conductor of the lines
was divided into eight individual sﬁripes to provide for transit
time insulation of the individual gaps (impedance/stripe ~ 100Q).
The time constant for the transit time insulation could be varied
in the range of 0-5 ns by moving metal bars connecting the indi-
vidual transmission and charging lines.

Two different electrode configurations were usad as shown in
Figure 3. The configuration (A) uses one triangular shaped main
electrode (1) with a pair of two rods as trigger electrodes and
one rounded main electrode (2), while the configuration (B) uses
a svmmetric configuration with two triangular main electrodes.
The trigger electrodes in any case were pairs of rods triggering
all eight individual gaps at the same time as demonstrated for
the configuration (B) in Figure 4. Bare stainless steel bars as
well as bars covered with a dielectric material (Glass tubes or
2poXy) or with a resistive material (graphite-filled epoxy) have
bean used.

The trigger circuits are shown in Figure 5. The trigger
pulse was provided by a secondary gap which was operated in the
self breakdown mode and tne breakdown voltage was adjusted
througn changing the seconiary gap electrode separation. In the
nold-ofi state the trigger electrodes are at the gotential of the
adjacent main electrode. When the secondary gap fires the
scotential of the trigger electrode 1is driven towards the

potential of the opposite electrode.
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For tne circuits (A), (B), ané (C) the £u.ll cnarging voltage

|9}
rt

th2 line can be applied to the trigyer electrode while for the

(9]

ircult (D) botn trigger electrodes potentials move towards tne

midplane potential of the gap.

III. EXPERIMENTAL RESULTS

The experiments performed concentrated on the spark gap

oerformance with respect to delay and jitter depending on the
ﬁl applied voltage in percent of the breakdown voltage. The first
experimenzs to determine the optimum type of trigger electrode
and polarity were performed with an electrode geometry as shown
;. in Tigure 3(A) and a circuit as shown in Figure 5(A)., Although
t the system could be triggered with either polarity, clearly
E.' Detter trigger results were obtained with the electrode (1) belng“
3’ at positive potential and the trigger electrode being driven
towards a negative potential. Triggering was possible with all

types of trigger electrodes used. Bare metal rods as trigger

3
F alectrodes had the disadvantage that a very precise symmetric
; alignment was necessary to avoid arcs between the trigger elec-
.
Y.
i: trode and tne main electrode. The best results were obtained
‘
® . . . . .
- with electrodes c¢overed with a dielectric layer (glass or

enpoxy). Since the system performance did not depend on repeti-

AL A0 2N araan

t10on rate (1072 -1 Hz) surface charges on the surface of the

® . . . ‘ .

2R dielectric seemed nont to affect the performance of tne trigger
- reznod at taese low repetition rates., Surface charges could be
= . o . . .

I; eliminated witn resistive layers instead of a dielectric, but

3rcing to tne trigger electrode again required precise alignments
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unless layers with high resistivity were used (taickness
-~ 0.5 mm, resistivity ~ 109 cm).

The circuits in Figure 5 (B) énd (C) are equivalent to
circuit (A) since only one pair of trigger electrodes cnanges its
potential. No significant differences in tne performance of the
spark japs was realized for these circuits as long as the right
polarity was used. The performance of the gap with the circuit
snown in Figure 5 (D) was significantly worse with respect to
delay and jitter.

The optimum position of the trigger electrodes was deter-
mined through measurements of the sélfbreakdgwn voltage shown in
Fig. 6 (A). 1In these experiments the pair of trigger electrodes
was moved in the direction of tne interelectrode spacing as shown
in Fig. 6 (B). The results clearly show the sihielding of the
edged main electrode resulting in an increase of the selfbreak-
down voltage of more than a factor of 2 compared to the gap with-
out trigger electrodes., For optimum shielding no significant
difference was observed for the two different types of trigger
electrodes. The maximum selfbreakdown voltage observed is nearly
the uniform field breakdown value,

The following measurements on the trigger performance were
ootained with the circuit in Fig. 5 (A) and (D) and a positive
charging voltage. All experiments are performed in atmospheric
air. The rise time of the trigger pulse was of the order of 12
ns. Delay and jitter were determined by measuring the time
between tne voltage rise at the trigger electrode and at the

nain electrode, Figure 7 shows tne delay depending on % self-
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breaxgown voltaye (3%3Vgp) for tnhe two circuits. I+ should oe

o IR

Tl ant i0u aen SUE Slb &

pointzed out that the maximur voltagye of the trigger pulse always

e32als e charging voltage in the circuit used. 50 with a

Wi

decreasing value of % Vgg the maximum voltage of the trigger
_pulse‘automatically decreased.

As demonstrated in Fig. 7, a minimum delay time of 9 ns was
achieved with circuit Fig. 5 (A) for a selfbreakdown voltage

-

of 15 kV. Above 90% Vgp selfbreakdown the delay does not

significantly change with % Vgp as required for multichanneling

I'v'|v

or parallel trijggering of several gaps.

3 Figure 8 shows the jitter depending on % Vgg for the same

['7 operation conditions as in Fig. 7. The jitter shown here is the !
mexinum jitter in a series of 20 shots. Close to 100% Vgg a
jitter of ~ 2 ns could be achieved.

P These results were also proven through parallel operation of

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

-~

as shown in Fig. 4. With a transit time insulation of 5 ns

parallel triggering of all gaps was achieved if the charging
voltage was kept above 95% Vgg. Fine adjustment of the self-
ceakdown voltage of each gap was difficult, however, and it is
lik=2ly that some gaps were operated at significant lower values

cf 3 V38

Iv. DISCUSSION

The exploratory experiments demonstcate the feasioility of
the proposed field distortion trigger concept. Kkesults on delay

time and jitter indicate that tnis methods mav be suitaole for
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multichanneling and the parallel operation of spark 3aps. Field

coije calculations are required to optimize the geometry for a

naéLinan holé-off voltage in the 6ff-state and maximum field
ennancema2nt in the on-state. Further experiments are required
with a test gap allowing operation in different gases with vari-
able pressure and a trigyer circuit allowing the independent

variation of %3 Vgp and trigger pulse parameters.

e
VAR

The physical mechanisms responsible for triggering are of

interest. Referring to Ffig. 1, in the triggered state with the
trigger electrode connected electrically to electrode (2), a very
nigh electric £field exists in the vicipity of electrode (1),
‘e while a much reduced field is produced in the main gap region

bhetween the trigger electrode and electrode (2). Two mechanisms

for triggered breakdown seem possible. In the first, a streamer =
is launched inside the high field region, and propagates past the
trigger electrode into the low applied field region. Propagation

ri continuas because the streamer body forms a weakly conducting -4

12edle connected to electrode 1, thereby producing high electric

"~

fields in tne vicinity of its tip. After the streamer has

.

traversad the gap, ohmic heating occurs and converts the weakly
Ls

A W

conducting channel left by the streamer into an arc channel.
In the second case, initial breaxkdown occurs through a pure-

17 Townsend mechanism. In this case, the criterion for breakdown

RN A CPL A

is tnat sufficient electron avalanche multiplication occur so

t1at one electron leaving the cathode may reproduce itself at the

I czthode througn the avalanching and other appropriate secondary -
’

processes. fiere, the relevant quantity is the electron amplifi-
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cation due to impact lonization, A =f @(2) dx, where E
0

is the apnlizd field, assuming no space-charge distortion. E 1is

‘é‘ 182
o Z(x)

lj subject to tne constraint gda(x) dx = V, where V is the gap
voltage. Since tne impact ionization coefficient, «a, is a
strongly increasing function of field for fields around the
breakdown field, the amplification factor, A, will be much larger
for the nighly non-uniform field produced in the triggering state
than for the uniform field produced wnen the triggjering electrode
- is connected to electrode (1). Thus, according to the Townsend
criterion, the gap may be strongly overvolted in the triggered
configuration, while remaining undervolted in the normal configu-

° ration.
| The experimental data on delay suggest that both mechanisms
occur. For applied voltages near the static breakdown voltage,
‘Il the delay is found to be approximately 1C ns. Considering the
substantially reduced field in the region between the triggering
electrode and electrode 2, electrons emitted from the cathode
_g (electrode 2) would require ~ 50 ns to traverse the gap. Thus,
it seems difficult to explain delay times less tnan about 100 ns
with the Townsend mechanism., At the opposite extreme, delays
,Q_ aporoaching 1 us are observed for low applied voltages. Even
- considering the dielectric relaxaticn time required for a

_}4 streamer tO produce the high field enhancements needed in this

regine, a shreamer transit time exceeding 100 ns seems unlikely,.

Additional time is required, of course, to convert tais streamer

cnhannel into an arc channel but this time should not be a strong
{4

function of tne applied voltage, and considering the 10 ns delay
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Ccbserved at 95% Vgp, should no: exceed several tens of ns at 303

Vg3 Thnus the low voltage data sugjgest that a Townsend mechanism

13 at work. The two mechanisms, streamer and Townsend, are not

—
3
4

incompatable, and it 1is 1likely that there 1is continuous

transition from one to the other as the gap voltage is reduced.

il

V. PERSPECTIVES
The proposed trigger concept is well suited to combine field

distortion with other trigger concepts to improve the switch

REPTOR DA

performance. The important feature of this concept here again is

that the field enhancement occurs close to the surface of one

O

main electrodes and that this main electrode 1is partially
shielded from the field in the hold-off state.

For trigatrons, it is well Xnown that delay and jitter are Q
drastically improved by overvolting the cap. Subseguently the -

combination of a trigatron trigger in the main electrode and a

field enhancement generated by a field distortion in volume close

to this trigatron electrode could provide for the same condition
without tne need to overvolt tnhe total gap. The same considera-

tions also hold for those laser triggered gaps where the laser

VB e
o

spark is produced at or close to the surface of one main elec-

LR Y A

trodes, The combination of the proposed field distortion concept

.
»

P .
) . B
wlalaalalats

witih one Of these trigger methods would therefore provide

significanzly inproved verformance in an undarvolted main gap.
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Figure Captions

Schematic diagram of a spark gap with geometrically enhanced
field distortion at the main electrode

Zxperimantal setup

Electrode geometrics

Trigger electrode arrangement

Trigger circuits

Selfbreakdown voltage as a function of trigger electrode

nosition (A) and electrode geometry (B)

o

e

Delay versus % selfbreakdown voltage for two trigger circuits
(Vgg = 15 kV)
Jitter versus % selfbreakdown voltage for two trigger cir-

cuits (Vgg = 15 kV)
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APPENDIX II

-q Transmission Line Current Sensor

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

. Department of Elecirical Engineering
" Texas Tech University
Lubbock, Texas 79409

Abstract
A ma2tched slow wave transmiscsion line circuit of the transformer can be describ-
18 used as a current probe. It provicdes a ed as a zransmission line (Fig., 1) witnh
linear response, fast risetime (< 2z ns! distributed induced voltage sources
and high sensitivity ( 21 V/A) for current 5 u d1
felses up to microsecond duration. The V. s @ = 0 5 — 4z (2)
curation of a distcrtionfree monitored 1IN0 (210)°  de
L current pulse 1s lizited by dispersion irn
. tne slow wave transrmission line. where  1s the major diameter, § is the
- cross-sectional area of the cocil. Tre
probe current i is then describec by the
c 1. inductive Current Sensors inhomogeneous wave eguation
rOgowsk:i ¢oi1ls are commonly used as 321 1 izs ldzz
current sensors in pulsed power experi- -t 3e-—3 (3)
ments. They consitst of a helical coil H L'c’ 3 N de
. piaced around the current to be measured
with an 1nduced vcltage reiated to this and the boundary conditions: shorted a:
B Frimary current. In the usual mode of one end, terminated with the resistor R at
. operation, cthe ¢oil is terminated with a the other end.
small resistance R. The output signal,
i.e., the voltagce measured across this . ) "
resistor is Ve @ Vit

R , dl 1 —‘-0-0-—( }__\m.._\’ )_.......
i V() "/ — (¢ exp (--(:'-c))d:' (1 v v
n N7 ode L L'dz R

where N = numder of turns Cdz == =
L = coil inductance
¢1/4t = tizme derivative of the

current to be measured. oot mmm—

The risetime of these devices |is

uscally 1n the order of 1 ns witn a
sensitivity [1] R/N in the order c¢f 10°° Fig. ' Eguivalent Circuit
! ¥/A., For nigh cutrent experimenzs =his
- sensitivity 1s sufficient, for curren:
R less tnat 100 A, however, character.cstic In order to illustrate the response of
R CuUtPYL S:gnals are in the miilivois rance sach 2 =wransmission line curren: sensor,
T and tnerefore susceptibie to noise. an 1input current I{t) a&s a uni: step
- function is assumed producing ouiput
2. Transmission line current senscr $1gnais as sketched in Pig. 2 Us:ng =ne
- iumped paraseter description for R<K\L- <,
e A more detailed considerazicn of znis an exponent:aliy decaying output sicnal ais
current transfcrmer - especially £or produced, whereas the transmission line
. terporal variations of tne primary currer: propert.ec cenerate a stepwise decreasing
in the nanosecond regime - naas taxe function due :c refleczions at Lol ends
cransit time effecis into account In cf the i.ne. I1f the terminating resis-
thie approximation the distr.cuted tance s .larce compared to tre .ine
capacitance betweer roil and suTTOSNCLNGS 1npedance, tne output 1§ Osciilatcry with
ife.q. an electirostatic czhield) enters as e periodici:ty of four timeg tne transit
add:tional paramecer. The eguivalen: time.
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) Table 1
V2N
R R22Z 1 (mumber of turns; :400
[ {major radius) :8.7 ar
e d1=dy [sides of cross section) :1.06 on
H L' (inductance per unit lemgth) :1.518 H/am
i c' (capacitance per unit length) :19.2 pF/cm
GI . . z {characteristic impedance) 2260
[ Z . € 5 v {propagatien velocity) :1.9x108cs
] < T (transic time) 1290 ns-
. e nns .. N A& , (wire resiszance) 1.8
Fig, 2 Unit Step Response for C:ifferen: S« £ [gensitivity) :3.35 V/A
Load Resistances s
) Tne proce has been tested in a coaxial
For tne transmission line proce, twd S0-Onm cavisv with rectangular  imput
modes 0f cperation and evaliaticn depend- current pulses ©f variasie duration.
ing on the ra:io of pulse duration and Examples for input current puises and
Y twicCe the transit time are possible. If recporses are depicted in Fig. 4. Faigure
tne curation of tne primary current 1S $a tnows the risetime in the orcer of 2 ns.
larger that 27, 2 simple discrete tinme Fsr 1nput current durazicn < 200 ns tne
§hif: deconvolution (inversion of equation output 1s proporzional to the :nput, for
'5)) allows reconstruction of the prarary fiCher ingut current GUCALIONE 1NCrEAELING
current Irom tne measured voliage. If, &n cscillations are observed .ndicating
the otrner Phand, the ramsit iime 1S deviat:cns from tne simple transmission
increased to values larger tan the line mode. !£:c. 4D, 4c).
»
T A U T SRy, W U P UL | Sttt ntbetedessinedeedenisintnndonduntsmtundnd
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Por the matching terminating resistor
{R-\,’..'/E_) the output voltage is exactly
proportional to the primary current for
times smaller than twice the transit time

Te=JLC (4)

resulting in the response on the general
input I(t)

R
v(t) e — [I(t) - I(e~2T}] (5)

25

Prom equations (4) and (5) it 1is
obvious, that for 2 transmission line
transformer the sensitivity and character~
istic time of tne system can be adjusted
independently from each other, whereas in
common Rogowski coils there is always a
trade-off between sensitivity and decay
zime.

wob
R i RsQ1 2
i ~_-lumped par(L/R=1C 7)
i .
t ‘—.h\_
A e
b 2 z 6 3 Z’—T
¥or

in

I:m‘
i
-

duration of the primary current palse, the
probe acts as an {deal curtent transformer
{output voltage exactly proportional to
input current). High sensitivities in the
order of 1 V/A are possible, and the
transit time T can be increased by e:ither
high values of the distributed inductance
or the distributed capacitance,

3. Exper.mental cevice

In order to utilize the concept of a
waveguide current probe with hign transit
time, a matched device has been construct=
ed which consists of a helix in a slotted
metallic torus with high capacitance
between helix and torus [3] (Pig¢. 3, Daza
are qiven in Table 1),

PRIMARY
NSURRENT Iit]

N TURN COIL

Fig. 3 Experimental Current Probe
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P:g. 4 HMeasured Prodbe HespChses
a) risetime
5! input pulse duration 152 ns
oy szep functiorn L1Nput

4 Limizazicns cdue to dispers:ion

in order to deserit
effects Jyantitativelw

.

syster  using field v es
pertcrmed, The heliCal ihner conc.I1aC
wee rodeled as "sheett-nellx®, :.e., an
37 .50LTOpLC conducor w.th

STt IVItY 1N tne QLlrecticn re..
IeTO CONGUCLIVAtY in ali cuiter

a3,

Jirecticns. Tne slit 1n the outer CLaduc-

tor wrn:cn allows tne penetration 23f thne

primary corrent magnet.c f.elc :nto cre
probe prevenis a2imutnal current flcw.
This structure allows mocelling of tne
outer ¢conduCtor with CuULTENIsS OR.v IR
axial airec:tion,

Maxwell's Eguations fOr th:s System
nave neen sclved resulting 1n tne Clsper=
s10n reliation for waves trave..:inj in
exlial direction ,4)

2
- - !c((l)
=5 otk @ - ———— .
¢t ‘1“"‘;“‘)10“°
(6)
LR be -
"0(")RO(‘b) Ac(tb)ﬁcf.a
2
\ -
vhere LR lz - -
.
(4
* 1S the anc.e ©bDetween helica. and

azimuthal cirection
lor 1y, g, Ky modifi1ed Bessel funci.ons
a. . radi: of inner and octer conduc:ior

HORMAL L TED PHASE VEAOCTTYY :i (LR

KOPMA_ITED SREQUENTY  H= oot

~
.

w
w

S1SPETSION TEL3T1ION

r

T velc¢
of fr K z
sn.ts < Z
Lransmiss.on
Sisze son
Minin
MR
ecLlivaeTy

.27 transforx nas DdDeer

s umit Step respense.,
ea o bFo £ ~ eve a-
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Fig. 6 Calculated unit step response

additional damping factor proporticnal tc
the fregquency has Deen assumed, This
facrtor describes dielectric losses in the
syeter. The agreemen: between measured
and caiculated behavior 1s good consider-
ing the simplifying mode)l assumptions.

To minimize dispersion, the concept
of increasing the transit time by increas~-
ing the capacitance has to be abandoned,
since the ratio of radii is fixed to the
value of Yé. Only the inductance {number
of turns per unit length) remains as a
variable determining the transit time.
kesults of pulse response calculations for
an optimized coil are plotted in Pig. 7.

r
-

L ]

T
- !
B L r--————————————ﬂ, -
¢ | ; { f
o s ; -
¢ \ -

= !
2 e ]
P b -
; &l} \‘-———~—— {
r :
‘-‘I‘. L] . L] == - t - = -

TIME ( e

Fig. 7. Caiculated unit step response of
ofpt:i:mi12ed probe (:input puise
risetime 2 ng)

4. Ciscussion

Consideration of current szensors &s
transmission lines :ncluding dispercion
show the feasibiiity for ccnstruction of
distorticniree current s5ensors with 3
large trarsit taime cf up tc the Misri-

second range and a sensitivity in tne
order of 1 V/A. Tnis sensitivity :s hign
enougn to measure current amplituces in
the order of milliamperes with standard
oscilloscopes,

Purtner applications of the discussed
helical slow wave structures are in the
field of compact pulse oenerators for
rectangular pulses with a duration of
several miczoseconds and rise and fail
times in the nancsecond regime (5!,

wimitations are imposed by dispersive
effects, however, through carefu. design
it 1s possible to minimize these effects
for applicatzions in electrical d.agncstics
as well as for pulse forming networks.
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Interactions

1983-84

Papers Presented

During the last c¢ontract period (October 1, 1983 =~

October 31, 1984), the following papers were presented:

K. Schoenbach, G. Schaefer, M. Kristiansen, H. Krompholz,
H.C. Harjes, and D. Skaggs, "Investigations of E-Beam Con-
trolled Diffuse Discharges", IEEE International Conference
on Plasma Science, St.Louis, MO, 1984,

J.R. Cooper, K.H. Schoenbach, G. Schaefer, J.M. Proud, and
W.W. Byszewski, "Magnetic Control of Low Pressure Glow Dis-
charges", 37th Gaseous Electronics Conference, Boulder, CO,
Oct 1984.

M.R. Wages, P.F. Williams, G. Schaefer, and K.H. Schoenbach,
"Streak Pnotographic Studies of Trigatron Triggered Break-
down", 37th Gaseous Electronics Conference, Boulder, CO,
Oct. 1984,

S.K. Dhali and P.F. Williams, "Two Dimensional Numerical
Simulation of Space-Charge-Controlled Transport at High
Charge Densities", 36th Annual Gaseous Electronics Confer-
ence, Albany, NY, Oct. 18983,

R.A. Dougal and P.F., Williams, "Fundamental Processes in
Laser-Trigjered Electrical Breakdown", 36th Annual Gaseous

Electronics Conference, Albany, NY, Oct. 1983,

B S
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?fA 6., G.Z. Hutcheson, L.E. Thurmond, G. Schaefer, K.H. Schoenbach,

- and P.F. Williams, "Optical Control of the Breakdown of a
Diffuse Discharge Using Photodetachment", 37th Annual Gas-
eous Electronics Conference, Boulder, CO, Oct. 1984,

7. S.K. Dhali and P.F. Williams, "2-D Numerical Simulations of
Streamers in Atmosphere N3", 37tn Annual Gaseous Electronics
Conference, Boulder, CO, Oct. 1984,

d. M. Kristiansen, K. Schoenbach, and G. Schaefer, "Opering
Switches", (Invited Paper), 3rd All Union Conference on
Engineering Aspects of Fusion Research, Leningrad, USSR,
June 1984,

9. R, Curry, M. Kristiansen, L. Hatfield, V. Agarwal and G.
Jackson, "sSurface Charging of Insulators in Surface Dis-
charge Switches", Conf. on Electrical Insulation and Dielec-

tric Phenomena, Buckhill Falls, PA, Oct 1983,

b. Consultative and Advisory Functions

During the 1983-84 contract period, the following functions

were undertaken:

1. Dr. M. Kristiansen served on the USAF Scientific Advisory

Board (SAB).

¢ . . . .
3 2. Dr. Kristiansen served on the Alr Force SAB committee to
é study Basic Research in the Air Force.

3. Dr. M. Kristiansen served on tae Air Force S5AB Ad Hoc com-
®

mittee on Effects of High Altitude EMP on Military c3.
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Dr. Kristiansen served as the Co-organizer (with Dr. A.
Hyder of Auburn Un -rersity) of the DoD workshop on "Foreign
Switch Technology".

Dr. Kristiansen served as a Visiting Staff Member (Collab-
orator) at Los Alamos National Laboratory and supervised a
completed Ph.D research project by one of their Staff
Members.

Dr. Kristiansen directed the Foreign Applied Science Assess-
ment Centers Study of Soviet Macroelectronics (Pulsed
Power).

Prof. G. Schaefer taught a graduate course on Gaseous Elec-
tronics at ERADCOM, Ft. Monmouth, NJ in August 1984,

Prof. P.,F. Williams visited Alan Garscadden's group at
AFWAL, gave a talk entitled "Streamers and Space-~-Charge
Dominated Transport in Discharges", Nov. 17, 1983,

Prof. P.F. Williams visited the Pulsed Power Group at NSWC
in Dahlgren, VA, August 22, 1984.

M. Kristiansen gave a series of invited lectures on pulsed
power techniques and high power switching and inertial con-
finement fusion at the Nuclear Research Center in Taiwan,
and at Keio University, Kyoto University, City of Hakodate,
and Hakone Conference Center during the period July 3-23,
1984,

M. Kristiansen gave a seminar entitled "Pulsed Power
Research at Texas Tech University" at the University of

Oslo, Norway, September 17, 1984,
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Interactions - ¢) Other interactions

Numerous interactions with other universities, industry and
government laboratories were carried out during the contract
period. Our group effectively served as a coordination point for
much of the ongoing work in high power gas discharges for switch-

ing applications in the U.S.

1. Prof. G. Schaefer and F. Williams attended the 36th Gaseous
Electronics Conference in Albany, NY, in October 1983.

2, Prof's. G. Schaefer and K.H. Schoenbach, L. Hatfield, and M.
Kristiansen attended the ARO Workshop on Foreign Switch
Technology in Santa Fe, NM in March 1984.

3. Prof. G. Schaefer attended the Conference on Laser and
Electrooptics in Anaheim, CA in June 1984.

4. Prof. G. Schaefer visited the Department of Electrical

Engineering at USC (Prof's. M. Gundersen and C. Wittig) in

Los Angeles, CA in June 1984,

Prof. G. Schaefer visited Jet Propulsion Laboratory (Dr.'s

A. Chutjian and S. Srivastava) in Pasadena, CZA in June

1984.

Prof's. G. Schaefer and K.H. Schoenbach attended the 4th

Int. Symposium on Gaseous Dielectrics in Knoxville, TN in

April 1984.

Prof's. K.H. Schoenbach and H. Krompholz attended the 16th

Power Modulator Symposium, Arlington, VA, June 1984,
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Prof. Schoenbach visited GTE Laboratories in Waltham, MA
(Dr's. J. Proud, L. Pitchford, W. Byszewski) in June 1984
and gave a seminar on Low Pressure Diffuse Discharge
Switches.

Prof's. H. Krompholz and M. Kristiansen attended the IEEE
International Conference on Plasma Science, St. Louis, MO,
May 1984,

Prof. F. Williams attended the 37th Gaseous Electronics
Conference in Denver, CO in Oct. 1934.

Prof. M. Kristiansen visited SNL (Mr. T. Martin) and AFWL

(Dr. A.H. Guenther) in Albuguerque, NM in August, 1984.

12. Prof. M. Kristiansen visited LLNL (Dr. diCapua) in September

13,

14,

1984.

Prof. M. Kristiansen visited AFWL (Dr. A.H. Guenther), SNL
(Mr. T. Martin), and Tetra Corp (Mr. W. Moeny) in Albuquer-
que, NM in September 1984.

Prof. M. Kristiansen visited AFOSR (Maj. H. Pugh) in Novem-

ber 1984,
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ADVANCED DEGREES AWARDED

(1983-84)

1. Shirshak Komer Dnhali, Ph.D.,"Breakdown Processes in Laser

Triggered Switching ", May, 1984,

2. Emanuel M. Honig, Ph.D., "Repetitive Energy Transfers from an

Inductive Energy Store", August 1984.

3. Gary R. Leiker, M.S., "Design and Construction of a High

Power Electron Gun", May 1984.
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Charles R. Kost

William Moeny

John Barber

Lloyd B. Gordon

John Owens

Allen R. Stubberud

Ronald B. Standler

Kenneth A. Buckle
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SEMINARS
1983-84

"A History of Solid State Airborne
Radar"

November 17, 1983

Texas Instruments

Lewisville, TX

"Computational Solutions of Electric
Fields in Discharges"

November 21, 1983

Tetra Corporation

Albuguerque, NM

"A Perspective on Pulsed Power and
Electromagnetic Guns"

February 1, 1984

IAP Research, Inc.

Dayton, Ohio

"Pulsed Power at LLNL

February 10, 1984

Lawrence Livermore National Laboratory
Livermore, CA

"Status of Magnetostatic Wave Devices"
February 28, 1984

University of Texas at Arlington
Austin, TX

"Quality Engineering Education -
Does Anyone 'Out There' Really Care"
March 1, 1984

Chief Scientist, U.S. Air Force
Washington, DC

"Protection of Electronics from
Lightning and EMP"

March 19, 1984

Rochester Institute of Technology
Rochester, NY

"A Numerical Stability Analysis Method
for Confined Plasmas"”

March 25, 1984

University of Wisconsin

Madison, WI
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Don W. Reid

Rogal A. Dougal

G.R. Govinda Raju

Wayne W.

e B B N s

Hofer

"High Power Microwaves; A Resurging
Technology"

March 28, 1934

Los Alamos National Laboratory

Los Alamos, NM

"The Recovery of a Vacuum Switch"
June 28, 1984

University of South Carolina
Columbia, NC

"Electron Energy Distributions in Gases
in Crossed Electric and Magnetic
Fields"

August 24, 1984

University, of Windsor

Windsor, Canada

"Hign Power Microwave Research"
October 3, 1984

Lawrence Livermore National
Laboratories

Livermore, CA
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Guests of Plasma and Switching Laboratory
October 1, 1983 - October 31, 1984

October 15, 1984

William Streifer
Paul K. Predecki
Rex E. Phillips
8illy C. Brock
John W, Welch
W.C. Nunnally
Merle Whatley

H. Ray Kerby
John Ragland
Dick Brooks

November 29, 1983

Te wrw ey

William M, Moeny
John D. Jukes
Trevor James

December 16, 1983

Anthony K. Hyder
Tomoo Fujioka

January 18, 1984

A.H. Guenther

January 19, 1984

February 1, 1984

Don Johnson
Reuben Hackam

February 27, 1984

A.H. Guenther
Johm Dimmcck
Bob Gregory
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Xerox PARC, Palo Alto, CA

Univer. of Denver, Denver, CO
Westinghouse Electrical Corp., Dallas, TX
Sandia National Laboratory

IBM Corp, Austin, TX

Los Alamos National Laboratory

Texas Instruments, Dallas, TX

IBM, Corp., San Jose, CA

Hicks & Ragland, Lubbock, TX

Central Power & Light, Corpus Christi, TX

LGRS Vo T W W )

Tetra Corp, Albuquerque, NM
Culham Laboratory, United Kingdom
Culham Laboratory, United Kingdom

Auburn University, Auburn, AL
Keio University, Yokohama, Japan

AFWL, Albuquerque, NM

PRI WP W T VTR

George Jackson
BDM Corporation, Huntsville, AL
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IS USRS

IAP Research, Inc, Dayton, OH
University of Windsor, Windsor Canada

AFWL, Albuquerque, NM
ONR, Washington, DC
SNL, Albugquergue, NM
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February 23, 1984

J.M. Owens

March 1, 1984

James M. Walton
Tony Sobol

Mike Mottern
Allen Stubberud

March 28, 1984

Don W. Reid

April 10-11, 1984

Henry Pugh

Randy Jones
Clifford E. Rhoades
Peter Bletzinger
Richard Gullickson
Tom Martin

Bobby Junker
Douglas J. Klein
James C. Aller
Frank Rose

A.H. Guenther

May 21, 1884

Manny Honig
Long Chi Lee

June 28, 1984

Rodney Cross

July 11, 1984

Rolf Girnus

August 23, 1984

G.R. Govinda Rafi

Lol e e el bend Bt Smlh sl anh S ol s gh i sed el sind Sad el an s dndh i ek Al Ak dnd Ak Aul i Snfl el Sedh Snk il *ad

210 !

University of Texas, Arlington, TX 1

AFWL, Kirtland AFB, NM

AFWL, Kirtland AFB, NM [
AF Chief Scientist's Office, Washington, DC

Hdq USAF, Washington, DC

LANL, Los Alamos, NM

AFOSR, Bolling AFB, Wasnhington, DC (
ARO, Research Triangle Park, NC
AFOSR, Bolling AFB, Washington, DC
AFWAL, Wright-Patterson AFB, OH
DARPA, Arlington, VA

SNL, Albuquerque, NM

ONR, Arlington, VA p
ONR, Arlington, VA
NSF, Washington, DC
NSWC, Dahlgren, VA
AFWL, Kirtland AFB, NM

LANL, Los Alamos, NM i
San Diego State Univ., San Diego, CA

University of Sydney, Sydney, Australia

German Ministry of Defense, Bohnn, Germany

University of Windsor, Windsor, Canada
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Annual Report
on

COORDINATED RESEARCH PROGRAM

IN

PULSED POWER PHYSICS

AFOSR Grant #84-0032

Program Director:

Principal Investigators:

Associate Investigator:

Technician III:

Secretary III:

Graduate Students:

mAROQIZ X

M.

J'

G.

R.
R.

December 20, 1984

Kristiansen

Kristiansen
Krompholz
Schaefer
Schoenbach
Williams

Hatfield
Michel

Zinsmeyer

Byrd
Davis

Hutcheson
Harjes
Curry
Ness
Thurmond

* Paid by the Republic of China (Taiwan)

R.
S.
E.
D.
cC.
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