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I. INTRODUCTION

This document is the Filnal Report for Contract
Number NOOO14-82-C-2114 (JAYCOR Proposal Number 8206-48),
T _The work done——anéef——thfs~—c0ﬂ%pae§> relates to two opening
switch concepts that may be applied to inductive store/pulse
compression techniques for various pulsed power applications,
of interest to the Plasma Technology Branch of the Pla
Physics Division at the Naval Research UaUU?éEBF?Tﬂd
¢3The opening switch concepts that are the subject of
this final report are the electron-beam controlled switch
' ¢EBCSY and the plasma dynamic switech, }?:fw
The EBCS work 1s well documented and will only be
briefly discussed here. The details of this work can be
found in Appendix I, which {s a compilation of a peer re-
- viewed journal article!, a journal paper accepted for publi-
I' cation?, an NRL report®, conference papers"~’ (one of which
was an invited paper®) and presentations at various meet-
ings®~''., This work was performed in collaboration with NRL
and JAYCOR personnel under Contract Number NOOO14-82-C-2336.
Because the second area of investigation, the PDS,
has only been documented in JAYCOR Final Reports J206-83-
006/6209 (Contract Number NOOO14-81-C-2152) and J206-83~
010/6224 (Contract Number NOOO14-82-C~2336) and in one con- . ®
r. ference presentation!? (see Appendix 1II), the progress to
date will be detailed here.




i

IIX. E-BEAM CONTROLLED SWITCH

The EBCS is an opening switch concept that has the
potential for fast (~10 kHz) repetitive operation!'~". The
work performed in this area includes:

® a systems study that incorporates 1load pulse
requirements and EBCS physics self-consistent-
ly"”';

e experimental study of the scaling of various
switeh parameters with comparison to
theory"""“;

e investigations into optimizing gas mixtures for
opening switch applicationst?’®?¢?7#?21911. 4nd

e preliminary study of the discharge stabfli-
tySlC’IO’!l.

In addition, a new experimental facility for gener-
ating a long (>tus) e-beam pulse was designed, fabricated,
assembled and successfully operated. This device was neces-
sary to demonstrate EBCS operation in the ~1us conduction
regime and is illustrated {n Figure 1, Figure 2 shows a
typical current and voltage waveform for the generator.
EBCS experiments using this facility are now being planned.

Referencea 1-11 appear in Appendix I. The engi-
neering drawings for the EBCS to be used with the long pulse
generator can be found in JAYCOR Final Report J206-83-010/
6224,
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Schematic of prototype inductive pulser employing EBCS.

Figure 1.

-3=




P —p——

- 3A0OHLVYO 1134 NOSYVYD
WG| =dV9 AN-V

002

! T —T
1 t t i '
| , i - T ( K
*air3 yo uorjoungy
P sp Qh ‘8084 up ojur Ajrsusp uaIIND puw Q\_ 26e110A HUTIPIS[O0P Wesq UOIIODTH °Z SINBT4
(s7) 4
Gl o'l - 1°10) 0
Or— 71— —r< J__T T T T 1T T T T T3 mo
NN
- \ |
\ !
- \ 1HOS
— -
,. I
= /
\ jE _
B < N
P T - a oo— q ]
o | - P
—~ ] - A
<is | Jog =
) " —0S| ~
3 | ]
N ) -
— -
-

- A GE = XHVWA

O.___;..F__b.__.__

06¢

-t




III. PLASMA DYNAMIC SWITCH

The plasma dynamic switch concept is illustrated in
Figure 3. A switch plasma produced by a plasma source moves
with speed vp toward two electrodes held at a relative elec-
trical potential difference (Figure 3a). The switch circuit
conducts when the plasma 13 between the switch electrodes
(Figure 3b). Conduction ceases (the switch opens) when the
plasma leaves the interelectrode region (Figure 1¢). The
crucial areas of investigation for this switch concept are:

o the nature of the switch plasma density gradients

at the plasma leading and trailing edges;

o the interaction between the plasma and switch

electrodes; and

e the formation of an arc discharge between the

electrodes and how this might be avoided.

Experimental investigations into this switching
concept have been carried out in fulfillment of this con-
tract. They are a continuation of work done under Contract
Number NOOO14-81-C-2152 and NOOO14-~82-C-2336. The results
to date have been mixed. There is some indication that the
switch opens; however, the discharge soon goes into an arc
mode from which there is no recovery.

Some of the initial results have been reported at a
conference!? and the conference presentation comprises Ap-
pendix II. The remainder of this section deals with most
recent results.

The PDS is an exploratory concept which makes use
of the high directed energy acquired by a gun produced plas-
ma. An important aspect of this concept 1is the plasma
spatial distribution. Earlier measurements with Faraday

L J
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Figure 3. Schematic depiction of plasma dynamic switch concept.




cups indicated that the plasma filled the interelectrode
region for times 1long compared ¢to the desired conduction
time (~5us)(cf. JAYCOR Final Report J206-83-006/6209). To

ascertain the plasma distribution, several measurements were

made. Witness plates (aluminum disks) were placed at vari-
ous distances from the gun. Shots were taken both with the
without a fuse in series with the gun. Photographs of the
plates appear in Figure 4. There is a decrease in the dam-
age when a fuse is used. Also, the azimuthally asymmetric
nature of the gun plasma, particularly at the longer dis-
tances from the gun (AZ) is apparent.

A detailed set of Faraday c¢cup measurements was
taken with screen attenuators. Figure 5 is a schematic of
the geometry used. The Faraday cups were of the same design
as described in JAYCOR Final Report J206-82-009/ 6215,
modified by the addition of permanent magnets. The magnets
provided a magnetic field measured ¢to be = 500 G to help
prevent ©plasma electrons from entering the cup and
secondaries from leaving the cup. The aperture diameter of
the Taraday cups was 64um.

The results with no screens were difficult to
interpret because the gun plasma has such a high ion flux.
However, with two attenuating screens, one of which (the one
closer to the gun) is grounded, the signals can be
interpreted in some cases. In Figure 6 the data from the
Faraday cups both with and without a fuse wire used in
series with the gun are plotted. The fuse consisted of
eight 28-gauge wires in parallel, each 11.4 cm in length.
There appear to be two plasma "blobs" early in time, the ion
flux without fuse being -2-3 times higher than the case

without fuse. This is a situation close to what is desired
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for switching. Figure 7 has the same data plotted but on a
less sensitive scale and for a longer time. Late in time
the plasma {on flux for the case with no fuse is so high
that only the RC decay of the Faraday cup is observed. Note
that the fuse opens after one half c¢ycle of gun current.
The late time signals for the case with fuse have disappear-
ed. If no screens are present, the signals look like the no
fuse case of Figures 6 and 7, both with and without the fuse
and the early time portion is very irreproducible.

A new electrode geometry was designed, assembled
and successfully tested. New experiments were undertaken
using the attenuating screens, the new switch geometry and a
fused gun, together. A schematic of this system is given in
Figure 8. The coaxial geometry was chosen for better defi-
nition of the switch electrode surface. The gun circuit was
standard with CG = 55 uF, LG = 184 nH and CG charged to 12kV
(see Figure 8). The <capacitor driving the switch was made
up of two 13.4 uF capacitors in parallel charged to 10 kV
and the switeh circuit inductance was 35 750 nH.

The results of these experiments indicate that even
with attenuating screens and fuse, the switch always devel-
oped a short c¢ircuit. This behavior is most likely due to a
combination of improper plasma spatial and temporal profile
and electrode plasma resulting from gun plasma-electrode
interaction. Investigations'?® carried out 1in connection
with the PEOS indicate the electrode plasma expansion veloc-
ities can be >1 em/us. This means the interelectrode region
would be filled with such plasma 1in <10 us. To accurately
assess the viability of this scheme, more effort than what

was provided to date is required.

-11-
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If interest in this scheme 1is rekindled there are
several improvements that could be incorporated into the
experiment:

® use of plasma source with a lower density, more

uniform plasma that can be controlled more
easily;

@ use more transparent screens made of a highly

refractory material for the electrodes;

® clean electrodes (perhaps heating);

implement better diagnostics so that the plasma
distribution can be well characterized; and

® reverse the polarity of the switch electrodes.

-14-
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Iv. SUMMARY

The tasks performed under this contract relate to
the development and understanding of opening switch concepts
that can be applied to 1inductive energy storage schemes for
pulsed power applications. These concepts are the EBCS and
PDS. For all of these switching schemes, JAYCOR has provid-
ed diagnostics for characterizing the switching plasma and
the opening process, provided technical guidance 1in the
design of experiments, carried out analysis aimed at under-
standing the physical mechanisms governing the switch behav-
ior, and prepared all the written documentation. In addi-
tion, JAYCOR contributed ¢to the establishment of a long
pulse (21 us) e-beam facility.

The EBCS appears to be a viable switch concept for
moderately high power (~10'°W) particularly when fast, re-
petitive operation (~1 kHz) 1is required. The PDS has not
shown great promise; however, there are several improvements
which could be attempted.
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Electron-Beam Controlled Discharges

R. J. COMMISSO, R. F. FERNSLER, V. E. SCHERRER, aAnD I, M. VITKOVITSKY

Abstrect—~When 3n dectron beam (e-beam) is injectsd into 2 gas .
locsted between two electrodes, & volume dischargs, which twmns on
and off in amociation with the beam, can be generated. We present a .
smvisw of the theory aad new experimental data for such 3 discharge
misvant 10 potential applications for high-power switching. The dsta
siggeet that sa optimum balsace betweea the contradictory require-
meats of low resistivity sad short opening time may be realized by
proper choice of gas mixture.

I. INTRODUCTION

DVANCES in electrical high-power (210'° W) technal-

ogy are necessary for the successful development of such
areas as charged particle beam production and propagstion,
high-power lasers, and inertial confinement fusion. Qne task
to be addressed in the improvement of high-power technology
is the realization of rapid (>1 kHz) repetitive switching that
is compatible with an inductive energy store. At present, the
state-of-the-art of high-power repetitive opening or closing
switches is limited to repetition rates of <1 kHz. Several
authors [1]-{7] have reported on experiments and theoretical
investigations in which an electron beam (e-beam) was used to
control the resistivity of a gas mixture between two switch
electrodes. This concept has been shown theoretically to have
application as a repetitive opening and closing switch of high-
repetition rate (in a burst mode) and high-power level [5].

An important distinguishing feature of this switch is the
ability to open (cease conduction) under high applied voltage.
This is achieved by using an extemal agent—in this case, the
e-beam—to control the gas ionization. Initially, avalanche ion-
ization is avoided by keeping the applied voltage across the
switch below the seif-sparking threshold. As the discharge
evolves, cummulative gas heating also must be constrained so
that thermal ionization and, more importantly, hydrodynamic
reduction in gas density do not significantly lower the seif-
sparking threshold. A seif-sustained discharge is thus pre-
vented. Under these conditions, the fractional gas ionization,
and thus the switch resistivity, at any time is determined by
the competition between ionization provided by the beam and
the various recombination and attaching processes characteris-
tic of the specific gas mixture, pressure, and applied electric
fisld. A second important feature of this switch is the volume
discharge property. This characteristic makes it possible to
avoid excessive heating of electrodes and the switch gas. These
two festures permit the discharge to return to its initial state

Manuscript received April 28, 1982; revised July 2, 1982. This work
was supportsd by the Naval Surface Weapons Centsr at Dahigren, VA
22448.
vk. lnConmhloud R. F. Fernsler ace with JAYCOR, Inc., Alexandria,

A 22304.

V. E. Schemrer and [ M. Vitkovitsky are with the Naval Research
Laboratory, Washington, DC 20378,

of high resistivity very quickly once the source of ionization is
removed. Unlike an arc discharge, this transition can be ac-
complished rapidly under an applied voltage.

In this paper, we present some measurements of discharge
resistivity and opening time in a regime that can be scaled to
high-power applications. These measurements are necessary
to understand the relevant basic physical processes, to provide
a bench mark for comparison with theory for scaling purposes,
and also to provide data that are important in the design con-
siderations of an actual device (e.g., switch size, chmic heating
losses, ratio of applied electric field to gas pressure, etc.). The
fundamental theoretical considerations are reviewed in Section
Nl and the experimental apparatus is described in Section III.
In Section IV we present and discuss the results of our mes-
surements and in Section V the implications and conclusions
are summarized.

II. TuEORY

When an e-beam is injected into a chamber containing a
mixture of attaching and nonattaching gases, the ionization
associated with the e-beam competes with attachment and
recombination processes, thereby controlling the conductivity
of the gas. For heuristic purposes, and because of the avail-
ability of data, we consider a mixture of O, as an attaching
gas and N, as a nonattaching gas. Then the dominant atomic
and molecular processes involved in our parameter regime are
outlined in what follows.

lonization

The number of discharge plasma electrons produced petr
cubic centimeter per second as a result of ionization associated
with the beam can be expressed as

S ‘%Zﬂuﬂa- ¢}

A

Here J, is the e-beam current density, e the electronic charge,
n, the neutral gas density of species A, and o, the total
effective ionization cross section associated with the beam for
species 4. This cross section includes the ionization caused by
primary beam electrons, as well as that done by all secondaries.
Such secondary processes may account for a substantial frac-
tion of the total ionization. lonization by discharge plasma
electrons accelerated by the applied electric field (i.e., ava-
lanche jonization) is constrained to be small compared to
ionization associated with the e-beam.

Recombination

The most rapid recombination process for our parameter
regime is that of two-body dissociative recombination

0093-3813/82/1200-0241800.75 © 1982 IEEE
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e+AI > A+ A )

where A3 is, in general, any positive molecular ion (simple or
cluster) of species 4. We define the effective rate at which this
process occurs as §(s}) and note that 8 is proportional to the
density of positive molecular ions, which in turn is related to
the density of discharge plasma electrons through the charge
neutrality condition (see (6)). Thus this process proceeds at
2 progressively slower rate as the plasma electron density
decreases.

The recombination rate between clectrons and atomic jons
(created by the e-beam) is much siower than for recombina-
tion with molecular ions. For a situation where recombination
is the dominant process in the recovery of a switch, the pres-
ence of atomic ions may slow the recovery process. This is
an undesirable effect, for example, in a fast opening switch.
We further note that process two can rapidly heat the gasasa
result of the relatively low dissociation energies (~7 eV) of
the molecules compared to their typical ionization energies
(~15 eV). Such heating is generally undesirable for switch
applications.

Attachment .

Two attachment processes must be considered: 1) two-body
dissociative attachment

e+0;+0+0" 3
and 2) three-body attachment
€+0y + Ay =05 +A,. @

We define an effective rate for these processes as a (s™' ). end
note that a is proportional to the density of the attaching gas.
Because the gas is only weakly ionized, a is essentially inde-
pendent of the discharge plasma electron density. This type of
behavior is desired for fast opening switch applications.
Assuming spatial gradients are unimportant, the continuity
equation along with processes rwo, three, and four and (1)
result in a differential equation governing the time history of
the discharge plasma electron density n,
L /1 Zouny - @+8)n,. )
dt e g
(In ignoring spatial gradients, we have also assumed electrode
effects are not important, which is the case for applied voit-
ages much greater than the sheath potential). Equation (5)is
coupled to a set of rate equations, one for the density of each
ionic species, so that the conservation of charge is self-coasis-
tently satisfied, i.e.,

n,+3 nx =3 n} ‘ ©
A A
where n; and n; are the densities of positive and negative
ionic species, respectively.

The electron density n, is related to the gas resistivity
through

o= (enpu)™ ™
where p is the gas resistivity, which is dominated by electron-
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Fig. 1. Comparison of measured net current in discharge circuit /,, and
numerical simulation.

neutral collisions, and u is the electron mobility. If £ is the
applied electric fleld, then u is defined by

v
ke ®)
where v is the electron drift speed.
Equations (5) and (7) are closed by the circuit equation (see
(10)) and the appropriate Ohm’s law for the discharge

-2, ®
/]

where J, =n,ev is the current density associated with the
discharge plasms electrons only. Note that J, is never mea-
sured directly; rather J,,, the net current density flowing in the
discharge circuit, is directly measurable. J,, is reiated to J, by
Jn 2y +Jy. For switch applications, we desire thatJ, >>J);
however, this condition is not satisfied in all cases.

By experimentally determining p or J,, for a specific choice
of gas mixtures, geometry, and discharge circuit parameters,
a comparison can be made with the calculated vaiues of p or
Jp. We have assumed that on the time scale of the experiment
the bulk of the ions remain immobile.

Using the air chemistry code CHMAIR [8], the appropriate
beam and circuit parameters may be coupled with the air
chemistry to provide a numerical simulation of the experiment
for one representative gas mixturs. In this case, many more
atomic and molecular physics processes than those previously
outlined can be included self-consistently. Fig. 1 illustrates
such a2 comparison. The measured net current i, (geometrically
proportional to J,,) as a function of time is compared to the
calculated value, Because J, was not measured directly, but
rather inferred from other measurements, there is a degree of
uncertainty in the initial conditions used in the code. More-
over, even for air, many of the rates used in the code are not
well known. Nevertheless, the comparison confirms the gen-
eral validity of the physical model used.

Other calculations have been performed, for a variety of gas
mixtures, in which a Boltzmann analysis was used to derive
the required transport coefficients and reaction rates {9].
Simulations have also been performed incorporating axial
spatial variations to assess the effects of the cathode sheath
and related phenomena [10]. We note that considerably
altered behavior of p can often be obtained by choosing gases
in which u decresses and « increases rapidly with applied field.
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This point is discussed again in Section IV. Although such
changes tend to complicate our understanding of the basic
ionization and deionization processes and can additionally
result in unstable behavior {11], they can significantly im-
prove switch response, and therefore can be very useful in
certain applications.

An important issue for long time conduction and repetititive
switch applications is the heating of the gas during conduction.
This heating has been addressed theoretically [5] and is in-
cluded in the present simulations.

[I. EXPERIMENT

An inductively driven e-beam diode system, in which two
exploding wire fuses are used in sequence as opening switches
to produce a high-voltage pulse across the diode, provides the
ebeam for the gas discharge studies. This system has been
discussed in detail elsewhere [12]. A general schematic
of the system appears in Fig. 2. Generation of a second
e-beam pulse can be accomplishad by switching in a second
set of fuses and switches (not shown in the figure), which are
sirnilar to the set used in generating the first pulse {12]. The
central 16 cm? of the anode is provided with holes to allow
the beam to enter the discharge region at a specified average
current density.

Fig. 3 depicts, with arbitrary amplitude and time scales, the
current and voltage waveforms associated with singje puise
operation of the inductively driven e-beam diode. The voltage
pulse across the diode is generated by triggering spark gap
S, (Fig. 2) at time ¢,. Current {; then begins to flow in
the first stage of the circuit, charging the inductor Ly. Fuse
F; acts a3 an opening switch that diverts the current {,, in
time short compared to the rise time of iy, into the second
stage of the system via the seif-breakdown of spark gap S, at
time ¢, . Because of the rapid rise of /,, the fuse F, can be of
smaller diameter than F, and thus responds to the current {,
by opening in a time short compared to the opening of F,.
This generates the high-voltage puise across the diode after
self-breakdown of sharpening gap Sp at time #;. The fuse Fpp
interrupts the diode current at time ¢, allowing the diode to
recover from the whisker and arc plasmas associated with the
first pulse so that a second e-beam may be generated. Typi-
cally, voltages of =180 kV, currents of =1 kA at densities
of =50 A/cm?, and beam widths of =200 ns were obtained
with a 3-cm diameter sawblade cathode, an anode-cathode
spacing of 1.5 cm, and an initial charging voitage on the capaci-
tor Cq (56 uF) of =9 kV.

Also illustrated in Fig. 2 are the driving circuit and electrode
structure for the gas discharge. The gas discharge vessel was
operated at a pressure of 760 torr with an electrode separation
of 13 cm. The applied voltage on the capacitor was =8 kV
below the static breakdown voltage for the various mixtures of
gases used. A 50-um mylar window maintained the pressure
differential between the discharge vessel and the evacuated
e-beam diode while allowing the high-energy portion of
e-beam to enter the discharge chamber. The values of the
discharge circuit capacitance C and inductance L were 1 uF
and =1 uH, respectively.

The resistance of the cell is determined by measuring the
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Fig. 3. Depiction of inductively driven pulser current and voitage
behavior.

current through and the voltage across it. The circuit is de-
scribed by

di, 1 (.
V0=R(¢',,-i,,)+L-‘}f-+F,fx,,dt (10)

where i, is the net current flowing in the discharge circuit, ¥,
is the initial voltage on capacitor C, L is the circuit inductance,
and i, is the e-beam current. Note that the beam current
rot only provides ionization, but aiso enters as a current
source in (10). p, J,, and J,, are geometrically proportional
to the gas resistance, R, i,, and i, respectively.

Representative data obtained from this apparatus with cali-
brated Rogowski loops and voltage dividers appear in Fig. 4.
Plotted as a function of time for 20-percent O, -30-percent
N; at 760 torr are: the diode voltage and current, Vp and ip,
respectively; the voltage across the discharge V,; the net cur-
rent in the discharge circuit /,; and the e-beam curreati,. As
noted in the previous section, /;, was not measured directly but
was inferred from other measurements and assumed to change
proportionally to ip from shot to shot. Hence, there is some
uncertainty in the determination of i,, especially its detailed
time history.

IV. RESULTS AND DiISCUSSION

When considering the design of an actual e-beam controlled
switch, the following parameters are important: the rise time,
jitter, efficiency or current gain (J,/J,), resistivity, discharge

Y
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Fig. 4. Representation of the measured diode voitage ¥V, diode current
ip, voltage acrom discharge V4, and net current in the discharge i, 2¢
a function of time, Also ded is the inferred ¢-beam current in
the discharge ip.

current decay time and recovery characteristics, and the ef-
fects of energy deposition on these parameters. Rise times of
~2.5 ns with jitter less than the response time of the instru-
mentation (S0.2 ns) [4] and current gains [6] of ~1000
have been reported under a wide variety of operating condi-
tions, Little data have yet been accumulated, however, on the

resistivity p and its scaling with gas mixture, /), beam
energy, and £/P. For example, the ohmic heating power dis-
sipation in the switch, which may have deleterious effects on
switch recovery [5] may be controlled by varying the switch
size and thus its resistance, for 2 given o.

For opening switch applications, it is also important to know
the discharge current decay time (opening time) and the dis-
charge recovery characteristics. Although one investigator (3]
reports that a current of ~150 kA was interrupted in ~1 us at
Jy =15 A/em?, no systematic empirical or theoretical scaling
of these parameters in an applicable regime for use as a com-
ponent in a high-power inductive store pulser exists (i.e., for
a parameter range of i, ~ 10°-10° A, V4~ 10° V, opening
time <100 ns, conduction time 2 1 us). :

Messurements of resistivity and opening time as a function
of percent attaching gas for a variety of gas mixtures at a total
pressure of 760 torr have been performed using the apparatus

SR RAAAXRARRNLALALeasas o o) )
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Fig. 5. Plot of resistivity at peak net current oo as & function of per-
gamchin:mfotvmmmm Attaching gases are CO;

Fig. 6. Plot of discharge current decay time (opening time) ro, as 2
function of percent attaching gas for various gas mixtures. Attach-
ing gases are CO4 and Oy.

described in Section III. Neglecting the last term in (10) (<5-
percent correction) we have at the time of peak /,, ie., when
di,/dt = 0, 2 switch resistance of

o
Ro=g=- an

Po is then related to R, through the switch geometry. In Fig.
§ we present 2 summary of po as a function of attaching gas
for 10 A<J, €30 Afem?. Over this range of J,, the data
varies less than a factor of 2, typically ~40 percent. The at-
taching gases are O, and CO,;. These results illustrate the rela-
tive merit of the gas combinations and percentages for produc-
ing low resistivity. The discharge current decay time 7, is
presented in Fig. 6 for the same gas combinations and for the
same incident e-beam current density as the previous figure.
As 3 reference, the decay time of the e-beam is also given. The
decay times and rise times may be governed by circuit param-
eters, as weil as the amplitude variation of the beam current
and the attachment rate.

Note that, in general, one would expect the gas combinations
which give the shortest ro have the highest gy (sssuming @ and
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u are only weak functions of £/P, where P is the ambient gas
pressure). The curves in Figs. S and 6 illustrate this point.
This effect also has been observed for a recombination domi-
nated regime [6). However, a gas mixture whose attachment
rate is low for low appiied field (during conducting phase) but
high for high applied field (during opening phase) and whose
mobility behaves just oppositely, can partiaily offset this trade-
off between 7o and pg [S]<[7]. We see some evidence that
this situation may be realized in practice from our data. Al-
though po for CO,-Ar is comparable (or somewhat less) than
pe for CO,-N;, the decay time for CO,-Ar is clearly smaller
than for CO,-N;. Note that Ar is known to exhibit the
Ramsauer-Townsend effect [1], {13].

These data were obtained at up to 75 percent of the self-
breakdown voltage for some mixtures with no post-discharge
breakdown observed. The gas recovers to a dielectric stress
of ~7 kV/em. The current gains observed varied between
1 and 10.

V. SUMMARY AND CONCLUSIONS

We have reviewed the fundamental theory and presented
experimental data for an e-beam controlled discharge from the
perspective of high-power switching application. The data
suggest that an optimum balance between the contradictory
requirements of low resistivity and short opening time may be
realized by proper choice of gas mixture. Comparison of
theory and experiment confirms the general validity of the
physical model used.

Issues yet to be addressed for the successful development of

248

a high-power switch inciude: 1) the impac’ of energy deposi-
tion on switch performance. and ) the .radeoif between
current gain (switch efficiency) and other switch parameters.
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The application of an electron beam controlled diffuse dischargs to high

power (> 10%), repetitive opening switches is analytically formulated under a

. set of assumptions. Basic physics consicarations are conbinod wvith enezgy

transfer reguirements to obtain analytical estimates of the e~beam controlled
switch paramaters for given circult requirements. The switch design is
optimized by minimizing the switch pressure subject to the constraint of
systam efficiency. The result of this optimization is that each of the major
energy losses - conduction, opening, and electron bean production - are
roughly equal to each other. This formulation is used to relats the switch

m to tho desired operating charact-:isua for an arbitrary number of

pulses. As an example, the formalism is utilized in cutlining the design of 2

single pulse, high power (= 10 WD inductive storage system. A judicious
choice of gas or gas mixture results in desirable changes in the systea design

or efficiency.
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HEIGE POWER ELECTRON~BEAM CONTROLLED SWITCHES

R.J. Commisso, R.F. Pernslar, V.E. Scherrer and I.M. Vitkovitsky

Naval Rasearch Laboratory

Washington, D.C. 20373

I. List of Symbols

A = gwitch area

B = electric field across the switch

Ec = E during conduction

£, = E when Iy is maxiomm

(E/P)g = resduced breakdown field strength

e = electronic charge

£, = e

g9y - = ratio of e~beam energy to load ‘m:gy

% = ratio of energy dissipated during switch conduction to*loid
energy

90 = ratio of energy dissipated during switch opening to load
enexgy

Iy = e=beam current

Iy, =  load current

L34 = maximm L

Iy = gwitch plasma current
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R Tow )
Jp =
Iou -

k! -
ko -
-
L -
l. =
. -
L -
| -
n -
gp -
l\° -
p
P -
-1
(» d‘sldx)h
st -
sb -
'3 -
‘ﬂ -
vs -
v, -
v: -
Vau -

maxima I, .
e-beam curent density
switch plasma current density
fraction of total e~beam energy deposited in switch gas from ®
inelastic procasses
ratio of average switch current during conduction to I:
fraction of peak load power dissipated by switch during
opening
'1'0/1.'P
inductance of storage inductor
switch length
positive ion density
attaching gas density
non-attaching gas density
number of pulses
swvitch plasma electron density
B, at time e-bean ceases e
switch gas pressure

= zeduced energy lost per unit length by beam electrons
switch resistance 4
e-beam ionization parameter
safety factor for static breakdown
safety factor for heating °
e-bear accelerating voltage
voltage across the load
maximum Vo
voltage across the switch
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v

(w/Py

"
P

Pp— A

maxizum vw

plasma arift velocity

= raduced critical energy desposited p.r unit volume of switch
effective attachment rate coefficient

effective recombination rate coefficient

curzrent qain

ensrgy of beam elaectrons .

energy required for icnization per electron-ion pair
energy transfer efficlency

electron mobility

qain factor

switch resistivity

p during conduction

_time interval during which switch is’ conducting

a current commtation time
characteristic load pulse width

time interval during which switch changes from conducting to

nonconducting

_characteristic loss time for plasma electrons

characteristic loss tire for plasma electrons - attachment
dominated discharge

characteristic loss time for plasma electrons - recombination
dominated discharge

IX. INTRODUCTION:

The successful implementation of inductive energy storage to pulsed power

appucations"z (> 109W) depends critically on the development of an opening
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switch. . This switch must conduct current for the charging period of an
inductor and then become sufficiently resistive to divert the current flowing
inth.ﬂitchtoahad..'m.mutionmtmrmaﬂumm
uthhmchngingtimmdhmoptmmﬂmw-lmgtm
which increases during the commutation process. Some applications
additionally require the switch to be capable of repetitively pulsed operation
{see, for example, Ref. 3). Such a repetitively pulsed opening switch will
more than satisfy the requirements for a repetitivaly pulsed closing switch of
high (> 10 XHz) repetition rate. . Several authors®™® heve reported on
experimants and theorstical investigations in which an electron beam (e—beam)
is used as an external agent to sustain a diffuse (volumetric) discharge in a
gas. Mwncmuitughthuﬁhmopcnquitchappuanmh
illustrated in Fig. 1. In this scheme the gas resistivity at any time is
M-zml;n-d on.1y by a competition between ionization provided by the e-beam and
the various recombination and attaching processes characteristic of the
specific gas mixture, pressurs, and applied electric field. This, along with
the volume discharge property, allows the gas to return to its original non-
conducting state very quickly once the sonrc. of ionization is removed.

A particular design for the e~beam controlled switch (EBCS) must specify
the switch gas pressure, gas mixture, area, length and -e~beam g-nczltar‘
requirements necessary to provide the required electrical characteristics of
the output pulse(s) at the desired system efficiency. The design also must
insure that an arc discharge is avoided, otherwise the switch will not exhibit
a rapid recovery.

In this paper we review the physics of the EBCS that is relevant to the
switch design. The energy transfer efficiency for an inductive storage system

employing an EBCS is defined and formulated in such a way that it can be
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combined with the switch physics to arrive at a set of eguations that yield an
analytical estimate of EBCS design parameters. This a;alysis self-~
consistantly includes the switch physics, circuit requirements, and system
efficiency. The switch dasign is optimized by minimizing the switch pressure
subject to the constraint of system efficiency. As a result of this analysis,
the range of applicability for the EBCS in terms of the switéh conductian time
and ocutput pulse width for a given system efficiency can be identified. To
illustrate this formalism we cutline a deaign for an inductive storage system
capable of delivering a aingle 200 kV, 100 ns full width at half maximum .
(PWEM), 35 XA pulse into a 6 Q load.

The switch physics and energy transfer efficiency are discussed in Sacs.
IIT and IV, respectively. These considerations ars combined in Sec. V to
arrive at general expressions for the switch design parameters. 2an
11lustration of this design procedure is presented in Sec. VI.
IXI. SWITCHR PHYSICS CONSIDERATIONS

Variocus aspects of the physics associated with controlled diffuse
diszharges as it ralates é; EBCS hava been discussod.4-9 Here we review the
physical model for the switch and discuss the discharge energetics. 1In the
model a ﬁiifo:n c-boin ionization socurce produces a very weakly ionized gai
between o electrodas across which a potential is applied. Typically,
np < 10-5 no, where np is the switch plasma electron demnsity and N, is the gas
density. The electrodes are perfectly uniform and the applied voltage during
the conduction phase is much greater than the sheath poteqtials
{ ~1kV). The e~bsam accelerating potential must similarly be high enough
that e-beam electrons can traverse the entire switch region (Ref. 10 suggests
the e~beam range should be about twice the switch length). AaAnother assumption

is a constant e-beam current and accelerating voltage with decay times that
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are very short compared to the switch opening time (Sec. IXI-B). That these
conditions be met is important because any ckcumm that allows the
presence of nonuniformities in the switch (other than in the cathode and anode
sheaths) may result in a nonuniform electric field and degraded switch
performance G.:r.nl«ln:-m).f1 Thus, the gas resistivity of the volumetric
discharge is d-e.nﬂ.ntd by elsctran-neutral collisions, snd the electrical
potential in the switch is a linear function of the distsnce between the
electrodes.'? We further assume for this analysis that the electron mobility
and attachment rates ars independent of the electron temperature. For switch
design purposes this is a conservative approximation and is made to simplify |
t.h; analysis. The advantages of using tamperature dependent mobilities and
attachment rates will be discussed in later sections. Decause experiments
have shown that EBCS closing times can be very short (¢ 2us),'> the closing

phase is not considered-here.

A. Electron Density

We assume that the switch has a two component gas mixture made up of a

non=attaching base gas of density = u° with a small (< 10%) fraction of

attaching gas of density ¥,. Assuming further that density gradients axe

negligible, the continuity equation for np gives

- . v
J - - N
rry -shahr (au.+ﬂn)np 1)
Hexe J’b is the e-beam g:n‘cnt density, a is the attachment rats coefficient J
: [ ]
(ca3-sec™1), 8 is the recombination rate coefficient (ca’-sec™'), P is the

total gas pressure, and N* is the positive ion density. S,, a besm ionization

paramater, is given by 8y = (“1’-‘“.16'1:/"*’): where ¢ is the electronic : i

charge, ‘1 = 35 eV is the energy required for ionization per electron-ion ’ !
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pair, and (P~'ag/dax), = 3 keV/cm-atm is the reduced energy lost per umit
length for the beam electrons, assumed constant. Bacause of non-ideal _
conditions, including reflected electrons at the switch electrodes, this
calculation may underestimate the electren prodnction.g' 13

The t*l.m decay of switch plasma electrons can be readily estimated from
Eq. (1) for both attachment dominated (a§_>> 8N') and recombination
dominated (a LA B8 N+) switch recoveries whem Jy, = 0. For an attachment
dominated case

a
np(t) - n; :utp ’ v (2)

whezre n;istho-witchplam electron density at the time the e~beam ceases
(t = 0) and ‘t; 5'(18.)-'- Letting N . B, in Eg. (1) for the recombination

dominated case vesults: 1n

up(t) - —2

. ' (3)
(t/'t;) +1

o -1
Bere r: - () .

Note that B, decays exponentially with time in the attaciment dominated
case and approximately inversely with time in the recombination dominited
case. Moreover, because 'r; is inversely proportional to N, it can be
externally controlled by adding more attaching gas.7 The recombination rate
between electrons and atomic ions (created by the e-beam) is much slower than
for recombination with molecular ions. For a situation where recombination is
dominant, the presence of atomic ions may slow the recovery process. This is
an undersirable effect in a fast opening switch. Note further that when

molecular dissociative recombination is dominant, the gas can rapidly heat as
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a result of the relatively low dissociation energies (~ 7 evV) of the molecules
compared to their typical ionization enexrgies (~ 15 eV). Such heating is
generally undesirable for switching applications.

B. _Switch Resistivity and Opening Time

The switch plasma density is relatad to the switch plasma current

density, sz, through

Zow

JniT-npov. (4)
m:wum-ﬂ.tchphmmm.lhﬂumuhm,andvistho

electron 4rift speed,

(s)

where U is the electren uob.tnty“ and E is the electric field across the

svitch. Thus the switch resistivity is givem by
pmE (e m!
=3 (en _u) . {6)

A. useful expression for the switch resistivity during conduction 9c can
be obtained for an attaciment dominated switch in equilibrium (dnp/dt: = Q) by

combining Bg. (1) and Eq. (6). Thus

a L
(4 (esbeuP)
A similar expression can be derived for a recombination dominated switch.
The recovery time for attachment and recombination dominated switches may

be estimated by using Eqs. {2) and (3), respectively, in Eq. (6) and
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detarmining the tim for p to increase by some arbitrary factor, say 102, por
an attachment dominated recovery, this switch recovery (or cpening) time
is t°~51'; . whila for recombination dominated recovery this time
is ro "~ 102"#; +« Thus, because 1:; can be made less than 1:; and an‘th. basis
of other considerations discussed in Sec. IX-A, an attaciment dominated switch
is generally desirable for these applications.’ '

C. Scaling Relation

Replacing the last term in Eq. (1) with a phenomenological
expression np/'rp, where 'I.'p is the characteristic loss time for the switch
plasma electrons in the absencs of mﬁm: substituting nP from Eq. (6)

into Eq. (1); and assuming equilibrium Eg. (1) becomes

B
L] C
T T (@)
P

where £° 3 cshur is essentially a constant for a given gas composition and

!: is the electric field across the switch during conduction at the time when

5. 106 cr/V-s. We also define the

p is maximm. Por most gases to' ~ 10
current gain as € EI:w/Ib , vhers I, is the e—boan.cun-nnt and I‘S’wis the
maximum switch plasma current. The time history of Ig, will be discussed in

Sec. IV. The switch efficiency will .dnpond on € (Sec. III). This analytic

equilibrium scaling law has particular relevance for fast EBCS applications.
In these applications one desires large

€ and short tp. For a given gas composition and given z:/p, BEq. (8)

indicates there is a "trade-off” between '.igh € and small 'tp while suggesting

that operation at high pressure is favorable.
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De. Dischar Stabili

1. Static Breakdown
If the electric field across the switch exceeds the static breakdown
field at the ambient switch pressure, the switch may go into an arc mode,

which is undasirable because it prevents the switch resistivity from being

extarnally controlled. Assuming uniformity

Vo, = 8 E) (20 , | (9)
vhere v;" = v is the maximm expected voltage across the switch, (E/P), is
the rsduced breakdown field strength (typically 20 kv/cm—atm), Sy <lisa
dimensionless safety factor, and £ is the switch length. This condition can
be relaxsd somewhat for transient (< 1 us) pulses. '
2. Cumlative Effects.

Camulative heating of the gas must be sufficiently constrained so that
any reduction in switch gas density does not allow the self-sparking threshold
to De exceeded. IEnergy is deposited in the switch from resistive heating
during the conduction phase, resistive heating during the opening phase, and
heating of the gas from the electrxon beam itself. This deposited energy per
unit volume of switch must be less than some critical value, required to
change the instananeous value of the gas density such that the self-sparking
threshold is exceeded. Assuming this reduced critical energy deposited per

unit switch volume is (W/P)y, a constant for a given gas, we have

)

w
(;::Iswvsvfo + stvs‘?c + kabe)n‘rc = sa(g)BMPz) . {10)

=35~




Here n is the mummber of pulses, 'tc is the switch conduction time, IuVsw’c
is the average power dissipated in the switch during conduction, TguVsw’o is
the average power dissipated in the switch during cpening, I and V), are the
e~beam current and accelarating voltage rsspectively, and 8y < 1is a

- dimensionless safety factor. The factor k, is the fraction ‘of the e-beam

enargy depogsited in the gas and is estimated as

% x

-
R = (® & 'bev | (11)

Typically kb ~0.1.

Camulative heating can also change tho_ch-ical properties of the qas
which may result in additional detrimental effects. Studiss in N, have shown
that if in Bg. (10) (W/P); is taken to be the reduced thermal energy density ‘
of the ambient gas (~0.1 J/cn’-atm), these alterations are unimportant.'S
Such effacts caused directly by the e~beam (e.g., direct dissociation) are
ignored in this analysis.

3. Adattional Effects

Assuming that bulk heating is sufficiently constrained, other phenomena
may affect the switch discharge stability. PFor example, when a is a
strongly varying function of E, an attachment instability has been observed to
lead to breakdown in an e~beam controlled discharge.'$~18 a1s,
inhomogeneities in the tdischug- or switch electrodes and resulting local

heating have been suggestsd as possible breakdown machani.sms.a'”'\‘9 These

last effects can be minimized if in Eq. (9) we use sy < 0.7.8'19

IV. ENERGY TRANSFER EFFICIENCY

We define the energy transfer efficiency, n, as
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" T (1/2)u°2+ v, T )
sw ¥ e

(12)

Hare 1: and v: aras the peak current and voltage delivered to the load,

and T is the characteristic load pulse width. Kote that for 7, and the

current rise time into the load small compared to L/R, whers L is generally

mm«hmm«mgum-mmzumumuuncsum

(Fig.3), 13 =17 (althoush not at exactly the same time).
n.mrgmrﬂmthcmwmyhnittuu

3.,..02 ' S
2 us" - ““Iswvsfc’c + qswvsw’oto* &vr.tr.)' (13)

Thus 0 may be expressed as

n = _ngv (14)

where the gain factor, £ , is given by

°v°
£ - A (15)
T swoo” Tsw'swcet Tuv'e

Por energy transfer efficiency comparable to, for example, capacitive
store pulsed power gnn._'tatorl (n 2, 0.5), we require § > 1. Therefore, each
energy loss term in the denominator of Bq. (15) (energy cost for switching)
must be sufficiently less than the mmerator (energy delivered to the load).

o
Thus with v';’w - v: . I:w “I. , and Vo>, = Ry <TI0, we define three

dimensionless factors qo,qc, and gb as follows:
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§p = B2 (2) o, (16a)
L% L
Qs'?z R T .
9 " __o__:__sﬂ (,-‘5) <1, {16b)
A L
. - v t ‘l
=1 B, .C
g =€ (v°) (‘r.) <1 . (16c)
L

Then, the efficiency requirement is
. -
€ = gy *+g,*+g) 2 , (1)

These equationn have straightforward physical interpretations. Eg. (16a)
restricts the switch opening time ‘to. (The factor
uswvsgc/::v: can be estimated for varicus loads and will be discussed in
Sec. IV.) Ejquation (16b) restricts the voltage drop across the switch during
conduction. (The facter <I_> c/r: in By. (16b) is estimated in Sec. IV for

variocus applications.) This condition is equivalent to requiring the current

" decay time of the storage inductor through the switch resistance (I./Rs‘,) be

long compared to the switch conduction time. Equation (16c) restricts the
switch current gain, €. At this point the values of the g factors are
arbitrary, consistent with the required efficiency through Eqs. (i7) and
(14). The arbitrary nature of ths g factors will disappear when the switch

pressure is minimized subject to the efficiency constraint, BEq. (17) (Sec. V).

V. SWITCH DESIGN

The design developed in this section emphasizes the overall energy
transfer efficiency of the switch, the fundamental circuit requirements and

-38=~




the switch phys.téa. We assume all the load pulse current and voltage
characteristics, tc. and .t:ho system efficiency n are specified.

Before the results of the two previocus sections can be combined to
develop a self-~consistent EBCS design, sowe spocincauo-n of the sw:l.tc.h
Wﬁm will b- useful. Illustrated in Fig. 2 are two idealized genmeric
mqluo!hcn an EBCS might be used to produce a short, high voltage |
palse. In PFig. 2(a) the EBCS must carry current :o:.thoouu.ro charging tinme
of the storage inductance L. Inmappncationsthuchugiagﬁmnyh
mm:uohmmmmmmm:muoctmm-
(sespecially a fast opening time). The eample illustrated in Fig. 2(b)
qlqsth.ﬂ::u.th.mtaugt!nlpmowusm:ch-o. lhr;x.h
Wthmghadtchﬂ - some opening switch that can provide a
sufficiently long conduction time. The opening time for St is ¢ 'rc for the
EBCS but is long compared with iozoz:hozacs. Thus, the EBCS is employed
as a second stage to obtain the desired pulse width and voltage. (A
discussion of the relation between conducticn time, and locad pulse width is
presented later ir .this section.) The current source in both cases may be a
low voltage capacitor bank. Switch SL is a closing switch that may be
necassary to isolate the load during the conduction phase.

Keaeping PFigs. .z(a) and 2(b) in mind, we define a factor

<:SI>C
k_ 2 . (13)
I o R
L .

The earlier assumption that I: - I:w results in kx- 0.5 {Fig. 2(a)] or

kI = 1.0 {Fig. 2(b)]. depending on which case is applicable. It will also be

useful to define a factor k, for the opening phase,
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g°=“:° . (19)
v

Dnri.ngtboﬁ.n-int.rnlro. the switch current decresases to zero, the load
current increases to I;. and the switch resistance increases. The time
history of the voltage across the .switch will depend upon the load voltage
time behavior. For loads vhere the load voltage rises to its peak value in a
time = 7, (i.e., resistive or inductive loads), <Igp, = 0.5 IJ, and oo,
- 0.3 v;' 30 that k, ~ 0.25. For a capacitive load, the load voltage reaches
its maximum in the time it takes to charge the capacitor

(= tt. for ‘l’n))to). Assuming in this case that during ro the current rise in
the capacitor is linear and noting that V (t) = IL(t)/C. where Vy () and
]’.L(t) are the instantanecus voltage and current across the load upacitm.' c,
we cbu.tn k - 'toia-r

.uully\nd.fimthcparmttrkpu
x 3t /T '
o o/p (20)

and recall from Sec. IX-B thaf.‘ kp".'» for attachment dominated recovery and
~102 for a recombination dominated recovery.

The switch pressurs may now be computed. Using Egqs. (l6a-c) and (9), the
dafinition of the current gain £ , scaling relation Eq. (8), Eqs. (18) - (20)
and recalling that the electric field across the switch at the end of the

o e
conduction phase is nc - Is"ns“/z results in

- - - - g Ve
p? -°—9L'T° T (,) 52 (i) . (21a)
kokpkx B h C

Once P is known, Eq. (9) gives the switch length, £, and Eq. (10) gives

-~40-




—EY

the switch area, A. Thus, wvith the help of Bgas. (16 a-c) and (19), we

(21b)

and

gv;(n fs )9s 9%
A= (1 +—

3 + kb 321 (21e)
ag(W/R) P2 e %

The switch dimensions thus computed insure that the switch will be large
encugh that the breakdown threskold will not bhe rsached.

As long as h-‘ (17) is satisfied the g factors are arbil-ary. The
srbitrariness of the g factors in Eq. (21a) can be removed by requiring that
the switch pressure be minimum subject to the efficiency comstraint, Bg.
(17). This requirement is desirable for simplicity of comnstruction. The
method of Lagrange undetermined mltiplimzo can be used to 4o this
ainimization. The result is g°'- gc- % Thus, the switch with the lowest
pressure for a given system efficiency is one for which each of the energy

dissipation terms (each term in the demoninator of Eg. (15)) is equal to each
other.

The amcunt of attaching gas necessary to obtain the required opening time

can be estimated from the arquments of Secs. II-A and II-B. Por an attachment

dominated recovery ¢t° ] S‘l';)

. (214)
a o ‘to

The e-beam generator requiraments are determined from V,, Iye Ty and

A. I, is computed from Eq. (16¢) and the definition of €. The e-beanm
-41_
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generator mast actually provide a higher current than I,, to account for
currant lost to the structure supporting the vacuum-high prassure interface.
The value chosen for Vp, in Eg. (21a) can be combined with P and £ to computs
ky of Eg. (11). mthattorth.bantommsoth.switchlmgthvbwiu
depend on the product P2 udo«v:. Therafore, cne can show that

typically v, ¢ Vp.

The performance of an EBCS is primarily limited by the desired switch
efficiency and by the ambient switch gas pressure, as indicated by Egs. (17)
and (21a). Choosing ko = 0.25, kp = 5, and (!/P)B = 20kV/cm-atm; using
2q. (14) and (17) with g =g =g, and assusing V, = V7, Zq. (21a) can be

rewritten as

t 3
(?:- ) mo.ep (1T 21 . (22)

Eq. (22) is plotted in Pig. 3 for n = 0.5 and 0.8, £_ = 2x105cm/V=s, and
P = 10 atm. The values of £, and P chosen are rspresentative upper limits for
these parameters. Figure 3 gives the effective range of applicability of the
EBCS in terms of the ratio of conduction time to load pulse width for a
desired load pulse width.
V. EXAMPLE

Although the results of Sec. IV can be applied for an arbitrary numbar of
pulses, suppose we desire to generate only a single high voltage pulse in the
manner illustrated in ;19. 2(a), using a capacitor bank of capacitance C for
the current source. The desired pulse characteristics are 1: = 35 ka,
v: = 200 kv, tI. = 100 ns, with R!. = 6 . This choice of these parameters is

relevant to several pulsed power appl.ica‘tj.ons.s'21 For this problem we choose

a conduction time for the switch of 1 us. The situation depi-ted in Fig.
2{a) has kI = 0.5. Also, for an attachment dominated racovery kp =5,
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i l Referring to suggested 9“.'5.22 we take for the switch gas a 1:9 Ny=

| Ar mixture. This mixture exhibits the Ramsaurer-Townsend collision cross

g . ction behavior.3¢ 22/ 23 The addition of N, cools the switch plasma

s electrons through excitation of N, vibrational levels, thereby keeping them '

m:th-lh-am-’rmouduﬂ.m. w.uhzoréoumngonmoot |

2.5 x 105 cn/V~sec and assume it is constant. Taking o -.0.25, sy =

0.73, W0 = v,, (R/P)y = 20 kV/ca-atm, sy = 0.5, (W/P), = 0.1 I/cad-atm, ;

‘rc- 1us, and n = 0.6, Egqs. (21a~c) give: P = 25 atm, £ ~ 0.6 cm, and

A = 335 cn?, respectively. Equation (16a) gives T, = 60 ns and Bg. (16¢)

gives € = 70. Thus the current densities are I = 100 A/cm?

ndab-*l.s;/anz.mtmtdamchugmmhomtmnq.

(214) and the (3-body) attachment rate for Oy; £ = 0.28. PFinally the switch

resistance during conduction comes from either EZg. (7) or Eg.

(16b),l!s' = 0.35Q. _
With this information one can design the e-beam generator and calculate

the required values of C and L. Note that this is an LRC circuit. A finite _

amount of current (or, equivalently, magnetic flux) is lost during both the D

conduction and opening phases as a result of the finite switch and load

resistances, respectively. This is a direct consequence of having n < 1.

Therefore, the choice of L, C, and the initial voltage on C mist be such as to
compensate for these losses.

The circuit of Fig. 2(a) can be solved analytically. Considering the
percid during and after opening, using Pgs. (2) and (6) to give the time |
dependence of the switch resistance Rg,(t), assuming Jy=0at t =0, and ]
taking C = 0.5 uF and L = 0.8 MR we obtain the plots ghown in FPig. 4 for the

system just described. In this case nsw(m =R, " 0.35Q and C is charged to ' ’
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50 kxv.

The use of a gas or gas mixture whose mobility and attaciment rate vary
rapidly as a function of E/N, (i.e., electron temperature) has not been
discussed. Gases that have high mobility for low E/N, and low mobility far
high E/N, in combination with gases whose attachment rates hehave just

oppositely have been suggut:-d." U e A ¥, mixture used in the example

| B

oxhibitstmtud-nqum«grnum~2):m.m‘shona

strongly increased rm:bb:l.:l.i.tyvat-T low E/N, values vhile having comparable

mobility at high E/N,.23 For example, if a mixture of CH, and C;7y2% were

> Mhmmhthmavmq-mmotfondaginamoot =g atn
with £ = 18 for the same efficiency. !hh;sntactuot;smin
pressure compared with Ar-N, and is directly attributable to the factor

i of ~ 3 increass in average £, for CH, at the same E/N . Because CH, is
plptﬁcitm&mlthochmiuo&@admuumlwu
mdodeokupehoehct:ohcnergynn:thommdrmudm If the

i pressure is left at the original 25 atm, then 7 will increase from 0.6

to = 0.75. In thu case of CH,, however, the procedurs of Sec. IV is not

nsarly as applicable as for £° « constant. The problem should ba done by

nuserical simmlation, which is beyond the scope of this paper.
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Pigure Captians

rig. 1. I!.hut:pt:l.m of cpening switch application for an e~beam controlled
diffuse discharge.

Pig. 2. Two idealized generic examplas of high-voitago short-pulse gensration
using an EBCS. In case (a) the EBECS is used to charge the storage
inductance, L, and to provide the fast opening. In case (b) the functions
of charging the inductor and fast opening are accomplished using two
switchea, the EBCS providing the fast opening in a pulse compression
scheme. T__ is the time for current to be diverted from S1 to the EBCS.

Pig. 3. FRatio of load pulse width, tn.umsmnmctiontim, T

e A8 2

function of load pulse width for system efficiencies of
n=0.5 and 0.8.
Pig. 4. Plots of instantanecus switch resistance R,(t); currents
Igge Ips X = X+ Ly and load voltage V;, normalized to the switch
resistance during conduction Rg,: peak load current I, - and pesk load

voltage nt.x:.__gupoctivoly.
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DESIGN OF ELECTRON-BEAM CONTROLLED SWITCHES
I. INTRODUCTION

Recent investigations! ¥ into the phenomena associated with electron-beam (e-beam) controiied
diffuse discharges indicate potential applications (or repetitive (> 10 kHz in a "burst” mode), high power
(~10!° W) switching. Applications include use in both the opening and closing switch mode. The
switch requirements may vary considerably depending upon the specific mode used.

There now exists a need for the development of these switches in several areas. One area of
focus is the generation and propagation of intense charged particle beams.® Here, the repetitive capabil-
ity of the switch in the closing mode under high power operation is of critical importance. Another
category of general interest is the development of a compact, high power inductive energy storage sys-

_tem to replace conventional capacitive systems.!®2 This application has universal impact on many
areas where pulsed power is required, including that of beam generation and propagation. In this case
the generation of a high voltage puise (>200 kV) as a result of the fast increase of an opening switch
resistance while the switch is being stressed by high electric fields associated with the pulse is crucial.
Depending upon the application, this opening switch may be repetitively puised. This would involve a
more stringent set of requirements on both the switch gas and the switch e-beam driver than is the case
for single puise switching.

In this report we review the principles of operation of the e-beam controlled switch (EBCS),
highlighting its capability for rapid recovery—the essential requirement for repetitively puised systems,
whether inductively or capacitively driven. Detailed explanations of the switch physics can be found in
Refs. S5, 8, 13, and 14. The EBCS is compared to other candidate switches for repetitive, high power
application. Design requirements for two applications of this switch to devices with characteristics simi-
lar to either the Experimental Test Accelerator (ETA) or Advanced Test Accelerator (ATA) are then
outlined. We next develop a formalism for switch design that combines the circuit requirements with
the switch physics. Using this formalism, which is backed by our present data base,-% 13- the neces-
sary e-beam controlled switches are designed. The reader is cautioned that the design exampies chosen
do not necessarily make optimum use of the potential capabilities of the EBCS switch concept. A full
system study in which the EBCS is inciuded as an integral part of the design process from inception
would be required for such a task. Rather, the examples chosen serve to illustrate the practicai
engineering aspects of the switches, define some of the technical requirements necessary for their
implementation, and indicate the steps that are necessary for a complete system design.

The resuits of this study indicate that EBCS’s can be readily designed for repetitive (> 10 kHz),
high power (200 kV, 20 kA) applications. Further research and development concerning gas chemistry
and atomic physics, cumulative heating in the switch, and switch e-beam driver under repetitive, long
conduction time (with respect to the load puise width) conditions are needed in varying degrees
depending upon the specific switch application. The authors believe that such studies will lead to
funther significant gain in the practicality of EBCS's.

I1. PRINCIPLES OF OPERATION

When an electron beam is injected into a chamber containing a mixture of an attaching and a
nonattaching gas, the ionization of the gas produced by the e-beam pulse competes with attachment and
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recombination processes controlling the conductivity of the gas. The conductivity, and hence the
discharge current, is turned on and off in association with the e-beam pulse.

An important distinguishing feature of a switch based on this concept is the ability of the switch
to open (cease conduction) under high applied voitage. This is achieved by using the electron beam 10
control the gas ionization. To avoid avalanche ionization the switch must be designed so that the max-
imum expected volitage across the switch is below the static self-sparking threshold (for sufficiently
transient voltages this requirement may be relaxed). As the discharge evolves, cumulative gas heating
also must be constrained so that thermai ionization and, more importantly, local hydrodynamic reduc-
tion in gas density do not significantly lower the self-sparking threshold. A self-sustained discharge is
thus prevented. Under these conditions, the fractional gas ionization, and thus the switch resistivity, at
any lime is determined by the competition between ionization provided by the beam and the various
recombination and attaching processes characteristic of the specific gas mixwure, pressure, and applied
electric field. A second important feature of this switch is the volume discharge property. This charac-
teristic makes it possible to avoid excessive heating of electrodes and the switch gas (as well as lessen
mechanical shock and minimize the switch inductance). All these features combine to permit the
discharge to return to its initial state of high resistivity very quickly once the source of ionization is
removed. Uniike an arc discharge, this transition can be accomplished rapidly in the presence of an
applied voitage. Some details of the gas chemistry and atomic physics associated with the switch opera-
tion and their coupling to the switch circuitry can be found in Ref. 8.

Looked at from a different perspective, the EBCS behaves as a current amplifier. That is, the
small (<1 kA) electron beam current can control a large (—~10 kA) switch plasma current. The ratio
of these two currents is called the current gain, e. For ¢ >> | a substantial energy gain (i.e., energy
delivered to the load normalized to the energy dissipated) can be achieved, as discussed in Sec. V.

III. COMPARISON TO OTHER SWITCHES

Several summaries of high power closing and opening switches with potential application to repeti-
tively pulsed systems exist.” ¢ There are basically six switch types which emerge as candidates for a
high power repetitively puised switch:® (1) the low-pressure gas switch,!” (2) the surface flashover
switch,'® (3) the thyratron,>!® (4) the high pressure spark gap, (5) the magnetic switch,'>% and (6)
the EBCS.

The ongoing research for both the low pressure gas and surface flashover closing switches has
yielded some encouraging results. The technology appears to be simple. At present, however, recovery
times of only 100 us have been observed for both devices with no applied voltage. Jitter may also be a
problem. Under repetitive burst operation, both switches may have to be cooled. For the surface flash-
over switch, the insulator may additionally require cooling and the insulator lifetime is likely to be lim-
ited.

The thyratron is a well developed device; however, the present limitations in voltage, current, and
risetime probably make it unsuitable for implementation in the systems of interest here. Further, the
power consumption and long warm up period for the cathode heater are disadvantageous.

The high pressure spark gap is the traditional choice for a closing switch of the pulsed power com-
munity. [t cannot be used as an opening switch. It is very simple mechanically and has associated with
it an extensive data base. The problem areas are the substantial gas flow requirements and energy dissi-
pation associated with this device when used in high frequency repetitive high power applications.
Also, a trigger pulse amplitude comparable to the applied switch voltage is necessary for low jitter.

Magnetic switches are now a part of the ATA design. The potential advantages of such a swiich
are its simplicity, ruggedness, and lifetime. Questions still remain concerning overall size and weight,
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evaluation of core materials, limiting output pulse duration, pulse compression ratios, trade-offs in
number of stages in cascade, and core bias and/or resetting methods.

An understanding of the physics of the e-beam switch operation along with the results of recent
NRL experiments leads one to conclude that the principal advantages of the EBCS are: (1) rapid
recovery (opening) of the switch when the electron beam ceases, and the consequent opening and
closing repetitive capability®-'3-'* at high repetition rates; (2) negligible switch jitter;*3 (3) volume
discharge resulting in low inductance and reduced switch current density (limiting electrode wear,
switch gas heating, and mechanical shock); and (4) high power switching capability’ (for limited pulse
bursts).

Potential problem areas for this switch concept include the switch e-beam driver complexity, the
effect of cumulative heating on the switch’s repetitive capability, and switch packaging. The e-beam
driver has modest peak power requirements on a per-pulse basis (200 kV, <1 kA, <10® W); however,
it must provide a beam with the puise shape and repetition rate required for the desired switching
characteristics. Thermionic e-beam generators, developed for excitation of high power lasers, now pro-
vide?!-22 1.5 us e-beam pulses with ~100 ns rise and decay times at a 25 Hz repetition and at 10
A/cm?. The repetition rate can probabiy be improved, ¢.g., if a lower e-beam current density is desired.
. With some further development, these devices may indeed provide the desired beam modulation
characteristics. Thin film field emission cathodes with molybdenum cones® appear attractive because of
their low control voitage (100-300 V), high current densities (~10 A/cm?), and continuous operation
capability. An inductively driven electron beam systern has successfully demonstrated two-puise
*burst” operation, generating two ~1 kA pulses with a 150-200 us (limited by diode closure) interpuise
separation.?* In regard to the EBCS and the role of the e-beam source we quote from Ref. 9 (pg. 439),
*The main application of this switch concept would seem to be as an opening switch. Since it has few
rivals in this role, the complexity of the electron beam source becomes less formidable.”

The effects of cumulative heating in the switch gas are not well known. Preliminary experi-
ments'* indicate that at least two-pulse operation is possible at a deposited energy density of ~0.1
J/ecm®. These experiments also show a favorable (approximately linear) scaling of the maximum energy
deposited before switch breakdown occurs with increasing switch ambient pressure. However, more
research in this area is needed.

Although a stand-alone switch packaging scheme has been outlined,’ a complete system design
has not yet been addressed. Such a design would be heavily dependent on the specific application and
would have to incorporate the switch as an integral part of the system ab initio. At present we see no
fundamental limitation resulting from packaging considerations that would prevent integration of this
switch into pulse power systems. For example, a compact, high pressure, e-beam controlled laser sys-
tem with an e-beam generator (single pulse) compatible with severe optical requirements has been suc-
cessfully assembied and operated.?

Much work is still needed to develop these concepts into viabie repetitively operated switches. In
some areas (e.g., recovery) the EBCS has some very subswuntiai advantages when compared to the
other switch candidates. It is the only switch discussed here that can open under an applied voltage
and, therefore, it is especially promising in applications which require high repetition rate (> 10 kHz)
opening switches.

IV. DESIGN CRITERIA
In this section we outline switch performance characteristics upon which a switch can be designed.
These characteristics strongly depend upon the specific application of the switch. Optimum switch per-

formance requires that the switch be incorporated into a system design at its inception. However, to
illustrate the practical design considerations for this switch concept we have chosen as an example the
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requirements of the ETA/ATA inductive electron beam accelerator.!® In this context we describe the
requirements for application of this switch to three energy storage schemes: capacitive, hybrid, and
inductive. Depending upon the specific requirements, each scheme may involve, respectively, a more
stringent set of switch performance and e-beam driver characteristics and a progressively greater extra-
polation from the present data and technology base.

A. Capacitive Systems— Application of the Repetitive Closing Switch Mode

The e-beam controlled switch based on the principles outlined in Sec. II can be used at high power
levels (~10'® W) with capacitive energy storage as a closing switch, in applications where very fast
rise-time pulses of short duration (<100 ns) must be generated at high repetition frequency (>10
kH2).

1. Switch Electrical Characteristics for Closing Switch

One example of such an application is an output switch of the ETA/ATA. For definition pur-
poses, the load characteristics are assumed to be those summarized in Table 1.1

The characteristics displayed in Table I imply that the switch e-beam driver has sufficiently fast
risetime and that the working gas can respond sufficiently fast to the injected beam.

Two circuits which provide the required output for the load are shown in Fig. 1a and b. Both cir-
cuits depend on use of switch S, for charging. Typically, direct Marx charging as given in Fig. 1a can
provide a charge time for capacitor C,, of rcy ~ 1 usec. Using the voltage step-up transformer (Fig.
1b) has no deleterious effect other than to possibly increase ry to several microseconds.

Electrically, the switch must deliver a peak power P = 4 x 10° W to the load for each pulse.
With > 10 kHz repetition rate (<100 usec puise-to-puise separation), the average power output of the
pulse is Py, = P(r;/7,,) == 1 x 10° W, where r, is the load pulse width and T, iS the time between
pulses. (For those scenarios where large numbers of accelerating modules are needed, the total average
output power can be as high as 1 x 10’ W.) The power transport through the switch leads to some dis-
sipation of energy in the switch. The amount that is dissipated depends on the pulse duration, the
current, and the switch voltage drop during conduction and is constrained to be less than the energy
delivered to the load (see Sec. V.A.2). The opened state of the switch has negligible conduction in all
cases considered in this paper.

Finally, the switch inductance must be limited to Lsy << ¥, 7o/l = 100 nH, as suggested by
the parameters in Tabie I. A schematic representation of the time history of the switch resistance, R

s
is shown in Fig. lc.

TABLE I: SUMMARY OF ASSUMED

LOAD CHARACTERISTICS

(Closing Switch, Capacitive System)
Type of Load Electron beam diode
Load Voltage, V; 200 kV
Load Current, /; 20 kA
Equivalent Impedance, R, 100
Pulse Duration, r 40 ns
Puise Rise Time, 74 10ns
Puise-to-Pulse Time, 7, <100 us
Pulses per burst, n 35
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Fig. | = Circuit disgram illustrating the application of an EBCS in the closing mode 10 a capacitive siorage system. The circuit is

shown both without {s) and with (b) a siep-up transformer. Also shown is a representation of the switch resistance lime
behavior (c).
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2. Electron Beam Requirements

To obtain the necessary time variation of the gas conductivity, the electron beam injected into the
gas must satisfy pulse shape, repetition rate, and current requirements. The e-beam current is set by a
number of factors, as discussed in Sec. V. The beam modulation was discussed in Sec. III. We assume
for the remainder of the discussion that an appropriate e-beam generator exists, or can be developed.

B. Inductive Systems-— Application of Repetitive Opening Switch Mode

In projecting charged particle beam technology to depioyable systems, practical size and weight of
the system is one of the major considerations in the system design. The power source represents a
major component of any of the proposed systems. Because inductive storage offers a potential for
much more compact designs than those that would be possible with capacitive systems, there exists a
strong incentive t0 develop the necessary inductive storage components. A repetitive opening switch is
a fundamental component that must yet be developed. As in the repetitive closing switch development,
e-beam control of gas conductivity offers a method that can be employed for repetitive opening switch-
ing for high power puise train production.

. 1. Hybrid Pulser

Continuing with the scenario of an accelerator based on modular accelerating sections requiring 20
kA, 200 kV, and 40 nsec pulses at a burst rate of > 10 kHz, the power supply circuits, shown in Figs. 2
and 3, can be employed.

The circuit in Fig. 2a utilizes a pulse-forming line, represented as a capacitor C, to form a specific
pulse shape required by the accelerator (i.e., rise time of 10 nsec and 40 nsec pulse duration). The
inductor, L,, is initially charged by a current, /,, through, in this example, an explosively actuated
switch?’2 (denoted by E) for a time r&y. Note that some current generators, €.g.. a homopolar, may
require earlier, additional stages of pulse compression. When switch E opens, the current is commu-
tated (in a time rcoy) to the next stage which contains an EBCS oyerating in the repetitive opening
mode (denoted by the letter O in parenthesis). EBCS(O) is closed and conducting during rcom. After
the commutation time, EBCS(O) is commanded to open. The opening generates a resistive voltage,
and the pulse line C is charged for the charging time, rcy = ;. At the end of 7oy, EBCS(O) again
closes.

The output for the pulse line is an e-beam controlled device already described in the previous sec-
tion, i.e., an EBCS operating in the repetitive closing mode (denoted by letter C in parenthesis). Fig-
ure 2b is a schematic representation of the time histories of the resistance of EBCS(O) and EBCS(C) of
Fig. 2a.

Thus, the circuit in Fig. 2a employs two repetitive EBCS’s. The EBCS(O) has a long conduction
time, equal to r¢c = (r,, — rcy). and a short nonconduction time, ryc = 7y, during which the capaci-
tor Cis charged. The EBCS(C) is identical in its operation to the switch discussed in Sec. IV.A.

2. Inductive Pulser

A more compact and simpler pulser would result if a circuit in Fig. 3a could be used. The pulser
represented by this circuit is purely inductive, eliminating any need for capacitive storage. However,
this scheme represents the farthest extrapoiation of the present data and technology base thus far con-
sidered. Figure 3b is a schematic representation of the time history of the opening switch resistance for
a purely inductive system of Fig. 3a. The EBCS(O) in Fig. 3a must conduct for the period between
puises, r,,, and open repetitively for a much shorter period, ,. The output pulse shape, however,
imposes stringent performance requirements on EBCS(Q), in terms of puise risetime and duration.
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Although this scenario is conceptuaily the simplest, it may be too speculative to assume that a sin-
gle switch can achieve an opening time of less than 10 ns and a conduction time of greater than 10 us.
Thus, this design is not considered for detailed engineering at present. The option of using a purely
inductive system is autractive and, therefore, suggests that future effort should be invesied in develop-
ment of switches with opening times of ~ 10 nsec. We note that response times of <10 ns are theoret-
ically possible’; however, an e-beam driver with the necessary waveform capability needs to be
developed.

3. Electrical Characteristics for Opening Switch— Hybrid Sysiem

The energy associated with a single puise for a single module delivering 20 kA, at 200 kV, with a
40 nsec puise width, is very small: £, = 160 J. Considering a 10-pulse burst, —2 klJ is required as a
minimum to be stored by the inductor. Taking 30% efficiency of conversion from stored to pulse
energy, ~6 kJ must be handled by a storage system for charging one puise line. This projects to ~107
J for a 1000 module accelerator. In considering the engineering of a switching system, one must know
the number of modules to be powered by one switch. At this stage of switch development, where little
experience with a practical switching device exists, the choice is dictated as much by the need to main-
tain a reasonable experimental set-up as by the lack of certainty related to the uitimate application. A
reasonable first attempt, that would uncover most of the problems of a design, would be a switch design
for a 10-module puise train generator limited to 5-pulses. Circuit, current, and voitage parameters are
derived below for the EBCS(Q) switch of Fig. 2a.

Using the same final load pulse parameters as in the preceding section, the single pulse line capa-
city is C = 2E,/V* = 8 nF; i.e., in 10-module operation 80 nF must be charged to 200 kV. Choosing a
S-burst puise train for an initial switch design (and for experiment design to test the switch), the total
stored energy in the ten pulse lines is £, = 8 kJ. We assume a 15 us interpulse time (—70 kHz) and a
2-u3 charge time. The energy stored in the inductor must be about £; = 3 X E, = 24 kJ, 1o account
for the inefficiencies (~70%) associated with the circuit and fuses shown in Fig. 2a. This amount of
energy suggests that low voltage capacitors can be conveniently used as the source of current (shown in
Fig. 2a) to charge the inductor in small laboratory experiments. As previously stated, the time required
to puise-charge the capacity C, is taken to be r¢y = 2 usec. This is congistent with compact water-
dielectric pulse line requirements. The current needed to charge a capacitance to a given voltage, V, is
I, = dQ/dt = CV/rcy. For C = 80 nF, V = 200kV and rcy = 2 us, I, = 8 kA. The storage induc-
tor L, = 2 Ey/[} = 750 uH. This choice of inductor presents no structural or electrical design prob-
fems.

To summarize, the EBCS(O) of Fig. 2a charging the ten pulse-lines must accommodate the circuit
performance characteristics shown in Tabie II. )

TABLE II: Summary of Assumed
Circuit Characteristics
(Opening Switch, Hybrid System)

Type of Load Capacitive
Peak voltage, V, 200 kV
Load current, /; = [, 8 kA
Conduction time, r¢ = (r,, — rcy) 13 us
Nonconduction time, 7y = Tcy 2 us
Storage Inductance, L, 750 uH
Pulses per burst, n 5
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V. SWITCH DESIGNS

In this section we apply the resuits of experimental and theoretical research at NRL and the
switch performance criteria described previousily to obtain specific switch designs. First we review the
important switch characteristics and their relationship to the system. A simple quantitative model for
the switch physics along with scaling relations is then presented. A design procedure is outlined that
seif-consistently incorporates the switch electrical characteristics with switch physics. Finaily, the values
of the switch parameters are obtained and the closing and opening switches are designed.

A. Switch Parameters

The following switch parameter considerations are of importance for opening and closing switch
designs.

1. Breakdown

If the electric field across the switch exceeds the static breakdown field at the ambient switch pres-
sure, the switch may go into an arc mode, which is undesirabie because it prevents the switch from
opening. This leads to the constraint that

V, =53 ] N, (1
P,
where ¥, is the maximum expected voltage across the switch (i.c., the load voitage), EY is the static
breakdown field at atmospheric pressure P,, sy < 1 is a dimensionless safety factor, and / is the switch
length. We have assumed that Eg = E§ (P/P,), where E, is the static breakdown field at pressure P.
This condition can be relaxed somewhat for transient. <1 us, puises.

Additionally, cumulative heating of the gas must be sufficiently constrained so that any local
reduction in switch gas density does not significantly lower the self-sparking threshold. Energy is depo-
sited in the switch from the following processes:

(1) During the time the switch changes from a conducting to a nonconducting state, i.e., during
the opening time ro, the current in the switch is finite while the switch resistance is large. Thus, the
resi tive heating during this time may be significant. This cumuiative heating is estimated by

”o - /Colsu VLIITo, - (2)
where Ig, is the maximum switch current, ¥, is the maximum switch voltage (load voltage), n is the
number of puises, 7o is the opening time, and kp € 0.5 is a dimensioniess constant which appropri-
ately averages (Isy V) during o (see Sec.V.C). Because ro >> rsz, where the switch rise time, r gz,

is the time for the switch to change from nonconducting to conducting, we will neglect the energy loss
during the switch closing phase. :

(2) During the total time the switch is conducting, nrc. there will be some resistive heating.
The total energy deposited in the switch as a result of this process is approximated by
. Hc - I}»Rs;.n'rc. 3)
Here Rg, is the switch resistance during conduction.
(3) When the beam is injected, a fraction of the beam energy will be directly deposited in the
switch gas as a result of inelastic collision processes. This energy deposition is estimated by
Hg - kblb V,n-rc. 4)
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where /, and V), are the beam current and voltage respectively, and k, € 1 is the fraction of the beam
energy deposited in the switch (determined from V,, P, and /. The conduction time r. is also the e
beam pulse duration.

To properly constrain cumulative heating in the switch, we must have
Ho + Hc + Hy, < WAl (s)

Here W)y is the deposited energy per unit volume at which the self-sparking threshold is altered and 4
is the switch area. As shown in Fig. 4, Wy scales linearly with ambient gas pressure P.'* We therefore
take Wy = (P/P) W3, where W§ == 0.15 J/cm? is the breakdown energy density at atmospheric pres-

sure.> %2 Equations (2)-(5) can thus be combined to give
W3
kolsy Vy | —| + I}uRs“ + Ky Vyl nre = sy 'P— AP, 6)

where s; < 1 is a dimensionless safety factor.
2. Efficiency

The switch energy gain, £, is defined as the ratio of the energy delivered to the load to the total
energy used in making the switch conduct. Thus, applying the same arguments used in obtaining Eqs.
(2)-(4) we have

L Vir,

—| + IsRsw + I, Vb] Tc

) &)

[ko’su ",
where /; is the load current and 7, is the load pulse width e.g., 7, = vy for the opening switch of
the hybrid system in Figs. 2a and 3b, while for closing switch r, = Tc. see Figs. 1 and 3a. In all cases,
Isy = I, (although not always at the same time).

The switch efficiency, 7, is related to £ by n = §/ (£ + 1). Thus, to attain a high efficiency,

£E> 1. 3
Upon substitution of [, = /g, and using the definition of current gain, ¢ = I,/ 1,. Eq. (7) becomes
‘- (ri/re) e ©)

rolrc)kg + sy Rsu/ V)] € +1°

Recently obtained measurements of ¢ as a function of percent O, in sz for 1, 2, and 3 atm at an
applied E/P = 10.5 V/cm-torr with an e-beam current density of 5 A/cm? are illustrated in Fig. S.
Because of the short duration (200 ns) and long rise time (100 as) of the e-bear. nulse used in these
measurlemems, the values of ¢« < 15 at low O, concentrations (< 20%) should be (onsidered a lower
bound.'*

Equation (7) may be rearranged to yield

EULViry = kolsy Virg + Isu Vire + L Vyre. (an

To realize an energy gain, i.e., for § > 1, each term on the right hand side of Eq. (11) must be
sufficiently less than [, V;r,. Thus we set

kolsu Vito = golL Viry, (12a)
Iy Reurc =gl Viry, (12v)
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and
LVysc=g LV, 7y, (12¢)
where go. 8. & < 1, such that
Elwgo+ge+8 <. a3

Equations (12a)-(12¢) can be rewritten (with Isy = ;) as:

10 = (go/ko)7y, (14a)
5;- =~ gcss(EY/P,) —&, (14b)
Tc
and
V, |7
-t =t |TC
e~ g v, 1_L]. (14c)

where Ec = Igy Rsu/!is the electric field across the switch during conduction.
3. Resistance

The switch resistance during conduction is related to the switch gas resistivity during conduction,
Pos bY

Rsw = p, 7:- (15)

Plotted in Fig. 6 is the resistivity at peak switch current as a function of percent Q, in N, for 1, 2
and 3 atm at an applied E/P = 10.5 V/cm-torr for an e-beam current density of S A/cm2. Values of
300-400 Q-cm are typical for <20% O,. We reiterate that because of the short duration (200 ns) and
relatively long rise time (100 ns) of the electron beam used in the experiment, the values of p, in Fig.
6 for low concentrations of O, can be considered as an upper bound (see Ref. 14).

By recalling that Ec = Iy Rgy/! and using Eq. (1) to eliminate / we may rewrite Eq. (14b) as

Vil me
Rs»-gc ISIO ;—c‘ (16)

for the switch resistance during conduction. This equation and the condition g < 1 is essentially
equivalent to the requirement that the characteristic L/R time of the system be long compared to the
switch conduction time, so that the current will not resistively decay from the system.

4. Closing.and Opening Times

The characteristic time scale for the switch to change from nonconducting to conducting is the
switch closing time, rgg. This time is important in closing switch designs (Fig. 1) and for our experi-
ments has been limited by the beam rise time (—~100 ns) and the circuit parameters. When fast rising
(<5 ns) beams were used, rise times as short as 2 ns have been observed.*

The characteristic time scale for the switch to change from a conducting to a nonconducting state
is the opening time, ro. On this time scale the switch current decreases and switch resistance increases
by orders of magnitude.
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Values of 7, obtained from single puise experiments® '3 are piotted in Fig. 7 as a function of O,
concentration in N, at 1, 2 and 3 atm with an applied £/P = 10.5 V/cm-torr for an e-beam current
density of 5 A/cm?. For this plot, To was estimated from the inductively generated voltage, ¥,, by

to = LAI/V,, where Al is the change in the system current and L is the system inductance. Typlcally.
values of rop € 300 ns, limited by the beam decay time (~100 ns) are observed.

B. Switch Physics

The continuity equation for the switch plasma electron density. n,, can be expressed simply as!¢
dn,
—t - 7
% S,PJy — T’ an

where J, = [,/A is the e-beam current density and r, is the characteristic loss time for the switch
plasma electron density. Several to very many 7, periods are necessary for the switch to open, depend-
ing upon the dominant mechanism responsible for switch plasma electron loss. Thus, we have

10 = k,7,, (18)
where k = 5 for an attachment dominated switch or k, = 102 — 10° for a recombination dominated

switch.’
S, is a beam ionization parameter given by
1 dE
o= e [ dx],' a9

where e is the electronic charge, ¢; == 35 eV is the energy required for ionization per electron-ion pair,
and (dE/dX), == 3 keV/cm is the energy lost per unit length for the beam electrons at 1 atm.

The plasma density is related to the switch plasma current density through
Jsw = lsp/A = nyev, (20)
where v is the electron drift velocity,
veuE, (21)
Here u is the electron mobility’® and £ is the electric field across the switch. Thus the resistivity during
conduction is given by

Po™ JE = (emu)~t. (22)
'sw

Substituting n, from Eq. (22) into Eq. (17), and noting that at equilibrium dn,/dt = 0, Eq. (17)
becomes

Jwoor, = 177, 23)

where f, = eS,u P is essentially a constant for a given gas composition. For most gases f, ~ 105 — 10°
cm/V-s. Note that Eq. (23) indicates that for a given beam current and gas with a constant f,, there is
a "trade-off” between resistivity and opening time.

Finally, using the definition of ¢, Jgu . and J,. Eq. (23) can be expressed as
€
" Ecf,. (24)

4

The relations derived in this section are used to relate the switch physics to the switch circuit charac-
teristics outlined in Sec. V.A.
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C. Design Procedure

In this section we combine the switch circuit requirements with the switch physics to develop a
seif-consistent procedure for obtaining the switch gas composition and pressure, the switch length, and
switch area (radius) for a given switch gain.

First we obtain the factor kg in Eq. (2), which when multiplied by the power delivered to the load
gives the average power dissipated by the switch during the opening phase. During the time the switch
is undergoing a transition from conducting to a nonconducting state (r,), the switch current is decreas-
ing and the switch resistance is increasing. During 7, the switch current changes by sy (= /;) and
switch voitage changes by ¥;; thus we define
o = <lgy> < Vs>

o= Isw ¥V, '

where <5, > and < Vs, > are the average values of the switch current and voltage during .

25)

The time history of the voltage across the switch will depend upon the load voltage time behavior
(see Figs. 1 and 2).- For loads where the load voltage rises to its peak value in a time =ro (i.c., resis-

" tive or inductive loads), <lsp> = 1/2 Iy and < Vg > = 1/2 V. so that

kg == 1/4. (26)

For a capacitive load (Fig. 2a), the load voltage reaches its maximum in a time 7, = rcy. [n this case,
we still have </g > = 1/2 I5,. However, < Vgy> = <Igy> 19/2C = ¥V 19/4r;. Thus, for a
capacitive load.

ko == 1/8 (ro/7.). @n

Once ko is known, the opening time, ro can be computed from Eq. (14a) for a choice of go.
Knowing g, Eq. (18) can be used along with data on attachment and recombination rates, to make a
judgement on whether the switch should be attachment or recombination dominated. thus suggesting a
specific gas composition. The value obtained for 7o must be also consistent with the circuit require-
ments. If not, the choice of go must be modified.

We now set out to compute the switch pressure. Beginning with Eq. (14b) and substituting for
Ec from Eq. (24), for e from Eq. (14c), for r, from Eq. (18), and for r, from Eq. (14a) we obtain

2
T SIA IS
&t kok, TL P, Vb Te . (28)

The factors go, gc, and g, are chosen so that P can be made small consistent with the constraint
of Eq. (13). An optimum choice for gy, g, and g, can be obtained by using the method of Lagrange
undetermined multipliers,?! with the result that go = gc == g, = g (note that in some cases ko and &,
can depend on the g factors). For example, if a £ of 3 is chosen then g == 0.1 and o = 0.75.

Once Pis known, Eq. (1) gives the switch length
PR/ .
sy P(E3/P,) "
The value chosen for ¥, in Eq. (28) can be combined with Pand /to compute k, of Eq. (4). Note that

in order for the heam to traverse the switch length ¥, will depend on the product Pl as does V.
Therefore, one can show that typically ¥, = V,, with k, == 0.3.

(29)
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The electron beam current to be injected into the switch can be obtained from Eq. (14¢c) and the
definition of current gain, e:

€= ls“/l’ - “ [ ] (30)

By substituting Rgy from Eq. (16) and J, from Eq. (30) into Eq. (6) we arrive at the required switch
area:

- ls» V,_(Il‘l’,_) 8c fo (3”
s,,( w§g/P,) Pl

The area thus computed insures that the switch will be large enough that the total energy per unit

volume deposited in the switch is less than the deposited energy density required to lower the break-
down threshoid.

The e-beam generator requirements are determined from ¥, /), and 4. [, is computed from Eq.
(30). The e-beam generator must actually provide a somewhat higher current than /, to account for
current lost to the structure supporting the vacuum-high pressure interface. The e-beam generator
must 4.0 supply a beam of area A.

D. Design for Repetitive Closing Switch - Capacitive System

Taking the circuit parameters described in Table I, we apply the resuits of Sec. V.C to arrive at a
switch design for the repetitive closing switch of Fig. 1.

For this case we choose r,, = 15 us, safety factors sy = 0.75, sy = 0.5, and ¥, = 200 kV. As
previously stated (Table II) [sy = /y = 20kA, n =5, ¥, = 200 kV, and r, = 40 ns. Choosing § = 2
gives 2o = gc = g, = 0.17. With rc = 7, = 40 ns, Eq. (30) requires ¢ == 6. Because the load is not
capacitive we substitute ko from Eq. (26) into Eq. (14a) to compute ro:

To == 4‘07[_ = 30 ns. (32)

It is not disturbing that ro ~ r, because the pulse line does most of the load pulse shaping; therefore,
the major requirements are that 79 < r,, and that rgp < rx. The second requirement can be easily
met for an e-beam risetime < r,.* We choose &, in Eq. (18) to be ~S5 (attachment dominated) so that
the plasma electron decay time r, = 6 ns. This can be achieved with a N;-O, gas mixture of 4:1. s

The switch pressure is given by Eq. (28) with £§ = 20 kV/cm, f, = 2 x 10° cm/V-s for N;-0,
and ko = 0.25 (Eq. (26)):
P = 1700 Torr = 2.3 atm. 33
The switch length is then (Eq. (29))
| =>=59cm. (34)
These /, P, and ¥, values are consistent with &k, == 0.3.

Equation (31) is then used to obtain the switch area (radius)

A == 2590 cm?
(r == 29 cm), (35

giving a switch current density of Jgy = 8 A/cm?. The e-beam current density is thus J, = 1.3
A/cm?. From Eq. (16) we compute Rgy = 1.7 1 and from Eq. (15) we obtain p, = 745 Q-cm.
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Taﬁle 111 is a summary of the values of the switch parameters which, along with the required
switch inductance (<100 nH), completely characterize the switch.

The e-beam generator is required to deliver >20 J/pulse with a very fast rise and decay time.
The e-beam current density, however, is modest, ~1 A/cm?.

E. Design for Repetitive Opening Switch— Hybrid System

Taking the circuit parameters described in Tabie II, we apply the resuits of Sec. V.C to arrive at a
switch design for the repetitive opening switch EBCS(0) of Fig. 2.

For this case: 7,, = 15us, ryc =7, =2us, Igy = =1,=8kA, n=5, and ¥V, = 200 KV
(Table II). We choose sp = 0.75, sy = 0.5, and ¥, = ¥, = 200 kV. Setting £ = 4 gives (Eq. (13))
80 = gc = & = 0.08. With r¢o = r,, — r,, Eq. (30) requires ¢ == 80. Because of the capacitive load,
we substitute kg from Eq. (27) into Eq. (14a) to compute 74:

70 =88 T, = 1.6 us. 36)

Since ro ~ 7, a substantial fraction of the finai charge voltage for the capacitor will be attained during
the opening time. This presents no serious problems, because the major requirement is that the capaci-
tor be charged in a time < r,,. We choose k, in Eq. (18) to be ~5 (attachment dominated) so that
7, = 300 ns, which can be readily attained using ¥, with a small (~1%) admixture of O,.

The switch pressure is given by Eq. (29) with f, = 2 x 10° cm/V-s for N, and ko = 0.1 (Eq.
Q@n):

P = 5230 Torr == 7 atm. 37
The switch length is then (Eq. (29)) ‘
l=19cm. (38)
Equation (31) is then used to obtain the switch area (radius):
A = 3000 cm?
(r = 31 em), (9

giving a switch current density of Jsu == 2.6 A/cm®. The e-beam current density is thus J, = 0.03
A/cm?. At this point the switch resistance can be computed as in Sec. V.D.

Table IV summarizes the values of the switch parameters, which, along with a required switch
inductance (~5 uH), compietely characterize the switch,

The e-beam generator requirements are quite modest with only 2.6 J/puise needed. This reduces
the compiexity of the e-beam puise modulation. The pressure requirement may be relaxed by as much
as an order of magnitude by choosing a gas with a higher mobility during conduction, e.g., a mixture of
Ar with O, or CH, with an attaching gas (CO,). Alternately, use of these gases will increase the switch
efficiency if the switch pressure can remain high, as is evident from Eq. (28). This is an area where
more research is needed.

VI. CONCLUDING REMARKS

We had three principal objectives in the present paper. The first was to review the principles of
operation of electron-beam controlled switches, emphasizing the ability of these switches to recover and
open rapidly under high applied voltage. This rather unique capability makes the EBCS attractive, par-
ticulsrly when compared with other switch candidates, as either a single pulse opening switch or as a
switch for repetitively pulsed systems with high repetition rates.

-74=




Table IIl ~ Characteristics of Closing Switch

for a Capacitive Pulser
A. Switch Parameters
gas N30, ~ 4:1
pressure, P : 2.3 atm
length, / 59cm
Area (radius), 4(r) 2590 cm? (29 cm)
Current Density, Jeyu 8 A/cm?

energy gain (current gain), £(¢) 2(6)
resistance during conduction 1.7
voltage drop during conduction 34 kV

B. E-Beam Parameters

voltage, ¥, 200 kV
current, / 35 kA
risetime <7, <2ns
decay time <7o <30ns

Table IV — Characteristics of Opening Switch

for a Hybrid Pulser
A. Switch Parameters
Gas N3:0Oy ~ 99:1
Pressure, P 7 atm
length, [ 1.9cm
Area (radius), 4 (r) 3000 cm? (31 ¢cm)
current density, Jow 2.6 A/cm?
Gain (current gain), é(s) 4(80)
Resistance during conduction, Rg 0.3 03
Voitage drop during conduction 2.4 kV

B. E-Beam Parameters

Volitage, V, 200 kv
current, /, 100 A
rise and decay time, <7, <100 ns
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The second objective was to present a formalism for switch design. The formalism given
emphasizes the overall energy-transfer efficiency of the switch, the fundamentai circuit requirements,
and the switch physics. Our analysis indicates that efficiencies of = 80% should be achievable for the
examples chosen. We point out that these efficiencies are conservative in that the switch designs utilize
the well known but nonoptimum gases, N, and O,. Significant improvements in switch energy gain
should result if N, were replaced by a gas such as CH, with high electron mobility, or if O, were
replaced by a gas such as C,F; in which the attachment rate increases rapidly with applied field.

The third objective was to illustrate the capabilities of the EBCS in a parameter regime of interest,
both as an opening switch for inductive energy store, and as a fast closing switch. In the examples
chosen, the opening switch would conduct for ~15 us and open in ~1 us; the closing switch would
close in ~5 ns and conduct for —~50 ns. The switch size in both cases was roughly one-half meter in
diameter by a few cm in length.

Although single pulse operation has not been stressed in this report, it is important to note that
the EBCS is capable of providing opening times substantially shorter than what can be achieved with
wire fuses, the only available alternative for fast opening applications. New deveiopments in erosion
switches®? may provide a fast opening time, but the conduction times are limited. Therefore, from the
standpoint of the general development of inductive storage, the EBCS may make a significant contribu-
tion. ’

We siress that the performance of any EBCS is primarily limited by the desired switch efficiency
and by the ambient switch gas pressure, as indicated by Eqgs. (13) and (28). Choosing nominal values
for ko, k,, sg, EB/P,, recalling the switch efficiency # = ¢/(£ + 1), and assuming ¥, = V;, Eq. (28)
can be rewritten as

2 3
[’—C -.-.o.sp[l;l] fire. 40)
kA m

The reader is reminded that f, is proportional 1o the electron mobility. Equation (40) indicates that as
7 is made large, 7c/r, becomes smaller. This type of relationship will exist for any opening switch,
because there are always losses associated with the conduction phase.

As an example, we choose an energy efficiency of 80% (n = 0.8), f, = 2 x 10%cm/V =, and
assume a maximum practical gas pressure of 10 atm. Equation (40) then becomes

1

llﬁ < 7/(Lns). 4 @1
TL

This condition precludes sub-nanosecond load pulse widths. That is, for a closing switch (v, = 7¢),

r. 2 1 ns. In the case of an opening switch this condition additionally limits the maximum allowed

conduction time, r.. For instance, for a load (open) time of r, = 1 us, the switch conduction time is

limited to rc € 30 us. By reducing the switch efficiency to 50%, however, a conduction time of

7. & 250 us could be realized. Equation (41), along with the similar equation for 50% efficiency, is
displayed graphically in Fig. 8.

This report has not addressed ail issues of concern to EBCS design and operation. We have not
discussed, for example, the impact of electrode sheath effects, current conduction by ions, or vacuum
interface problems. Nonetheless, none of these additional issues should seriously compromise the
design performance. This statement is supported by experiments performed at NRL and eise-
where,!4-63.13.14 Thege experiments, which cover a wide parameter space, demonstrate that the EBCS
does indeed open under high applied volitage and that the simple models used are adequate to explain
the observed switch behavior.
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List of Symbeols

A = gwitch area

E = electric field across the switch

E} = electric field required for breakdown

Ec = electric field across switch during conduction

e = electronic charge

So = eSulP

8% = ratio of beam energy to load energy

gc = ratio of energy dissipated during switch conduction 1o load energy
%0 = ratio of energy dissipated during switch opening to load energy
H, = energy deposited by e-beam in switch gas by inelastic processes
Hc = energy deposited in switch during conduction

Hp = energy deposited in switch during opening

I, = ebeam current '

Iy = load current (= Ig)

Isp = switch plasma current

Jy = e-beam current density

Jsw = switch plasma current density

k, = fraction of total e-beam energy deposited in switch gas from inelastic processes
ko = fraction of load energy dissipated by switch during opening

k, = ratio of opening time to characteristic loss time for switch plasma
L, = inductance of storage inductor

Lsy = inductance of switch

n = number of puises

n, = switch plasma density

P = switch pressure

P, = atmospheric pressure

r = gwitch radius

sg = safety factor for static breakdown

sy = safety factor for heating

S, = ionization parameter

v = plasma drift velocity

Vs = ebeam voltage

¥V, = voltage across the load

Vs = voltage across the switch

W = energy per unit volume deposited in switch
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energy per unit volume deposited in switch required for breakdown at pressure P
energy per unit volume deposited in switch required for breakdown at atmospheric pressure
current gain

energy required for combination per electron-ion pair

switch efficiency

electron mobility

gain factor

switch resistivity at peak current

time interval during which switch is conducting

capacitor charging time

inductor charging time

commutation time

load pulse width (==t for closing switch; =mryc {or opening switch)

time interval during which switch is not conducting

characteristic loss time for plasma electrons

time interval during which switch changes from conducting to nonconducting
time interval between pulses

rise time of load puise

time interval during which switch change from nonconducting to conducting
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ABSTRACT

Experiments in which a 150 keV electron-beam pulse is injected into test gas
mixtures at atmospheric pressure are described. Electron attaching gases, includin

R coz. CH, and SF;, are mixed with non-atzaching base gases, and Ar. The
ionizing electron- geam current (1-100 A/cm®) provides a volume discharge between
two electrodes. The discharge {s used to determine the temporal behavior of gas
resistivity as a function of beam current. Theoretical results for 0y:N, mixtures
agree with experimental values.
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INTRODUCTION

There is presently much scientific interest in, and a number of possible
applications for, gaseous dielectrics in which the conductivity is controlled by an
external source of ionization. When an electron beam (e-beam) is injected into a

chamber containing a mixture of an attaching and a non-attaching gas, the fonizatio

of the gas produced by the e-beam pulse competes with attachment and recombination
processes controlling the conductivity of the gas. Thus, the discharge current is
turned on and off in association with the e-beam pulse. This concept has

application as a high power switch for fusion experiments and charged particle -bear

production and has relevance to laser development and beam propagation. Use of
electron beams to control gas conductivity was demonstrated by Koval'chuk and
Mesyats (1976), Hunter (1976), and 0'Loughlin (1976).

The objective of this study is to obtain basic data for volume discharges caused by
e-beams and to compare this data with a theoretical model. In the experiment, a 1t
kv pulse is applied to an e-beam diode producing an e-beam pulse that is injected

into test gas mixtures. An ancillary capacitor connected to the test chamber drive

the §o1ume discharges. The ifonizing e-beam current density was varied from 1 to 1( -

A/em©.  For 0,:N, mixtures, resistivity and discharge current risetime and decay
time agree wigh gheoretica1 values. - .
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vilin i TLUN OF THE EXPERIMENT

A schematic of the facility is shown in Fig. 1. The system contains three principal
parts: a high voltage pulser [Fell and colleagues (1982)], an e-beam diode electron
accelerator, and a gas cell test chamber., In the pulser, a 20 kA current source is
used to charge an inductive store with exploding wire fuses, F, and Fy, serving as
opening switches that produce a 200 ns(FWHM) 150 kV pulse to generate the e-beam.

ANODE Le
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(~10® Torr)

Fig. 1. Schematic diagram of experimental facility.

The test chamber is normally filled with a mixture of two gases at a pressure of 760
Torr. The resistance of the cell is determined by measuring the current through and

the -valtage across it. The circuit voltage is sustained by the capacitor C. The
circuit is described by

di .1t
Vo= R (t) [i-i(e)+ L -aT«»t-of idt, 4 (1)

where 1 is the net current flowing in the discharge circuit, V, is the initial
voltage on capacitor C, L is the circuit inductance, and i(e) s the electron beam-

current. The gas resistivity, p, is geometrically proportional to the resistance,
R(t).

THEORY

Outlined here is a brief reformulation of the theory presented by Fernsler and
colleagues (1980). Consider a volume discharge in which gas conduction is regulated
solely by an externally applied ionizing electron beam and by the relevant gas
chemistry. In the present experiments, where attachment is typically the dominant
electron loss, the electron density evolves according to

A TR @

where J is the beam current density, o is the effective cross section for fonization
by the electron beam, N is the neutral gas density, n is the electron density
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and a is the electron attachment rate. If J is applied as a square pulse of
duration t , the electron density n(t) can readily be determined. Equivalently,
for constant electron mobility u and constant attachment rate « , the switch
resistivity 1/(eny) is given by

- -
at
s £ t<t
‘r . Jolly e“E-l
; p(t) = ¢{ . (3)
a e ' -
Tl ;:1.’__ tr -
The minimun switch resistivity, '
aT
a e - -
Pmin = JoNu &%t 1 * ‘ (4)
1s thus limited by
Qo+ 0> oy > amira) L. , N
In the present experiments, « is controlled by mixing a specified fraction of an ¢ .
attaching gas (e.g., 0y, SFg, ....) with a non-attaching base gas (No» Ar). R
Eqs. (2)-(4) p;6v1de a convenient basis for comparison to experiment. Alternately, g
numerical simulations coupling gas chemistry to the appropriate circuit and beam ;
parameters may be used. Fig. 2 {llustrates such a simulation using the air ¢ f

. oaM L e

) 100 200 300 400 500
Fig. 2. Comparison of experimental and theoretical results.

chemistry code CHMAIR [Fernsler and others (1979)]. Similar calculations have been - q
performed by Dzimianski and Kline (1979) for a variety of gas mixtures using a -
Boltzmann analysis to derive required transport coefficients and reaction rates.

Simulations have also been performed by Lowke and Davies (1977) incorporating axial

spatial variations to assess the effects of cathode fall and related phenomena.

We note that considerably altered behavior of p can often be obtained by choosing
. gases in which u decreases and a increases with applied field.Such changes tend to et
obscure, however, the basic ionization and deionization processes, and can
adldit;onany result in unstable behavior as discovered by Douglas-Hamilton and Mani
973). '
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CaPLRIALNTAL RESULTS

The preceding section describes the time dependence of the gas resistivity for the
case of a square pulse electron beam injected uniformly into the gas. The analytic
form of the resistivity is given by Eq. 3 for time intervals during and after beam
injection. The derivation of Eq. 3 and 4 requires several assumptions that may be
difficult to realize in practice. For these reasons we need to accumulate a data
base for comparing experiment with a more realistic numerical calculation. We have
carried out a systematic study of a number of gases. The resistivity, p, and
falltime, 7. were determined for each gas mixture and were plotted as a function of
percent attgching gas. ,This was repeated for different values of electron current
density from 1-100 A/cmz. In Fig. 3 we present a summary of p (evaluated at peak

dis:harge current) as a function of percent of attaching gas for a narrow range of
incident
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Fig. 3. Effect of gas mixtures on resistivity.

electron current densities (17-34 A/cmz). These results provide a comparison of the
relative merit of gas combinations and percentages for producing low resistivity.

The current falltime, t. , is presented in Fig. 4 for the same gas combinations and
for the same incident efectron current density as the previous figure. As a
reference, to of the e-beam is also given. The measured falltimes as well as the
discharge chrent risetime are governed not only by the magnitude and time variation
of the beam current and the attachment rate, but also by circuit parameters.
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In Fig. 4, only Op-Ar (above 50%) and 0,-N, (above 30%) appear to be limited by the
e-beam falltime. “All other values of 7o are longer than the e-beam falltime and are
determined by the gas properties, Becaﬁsé the voltage applied across the discharge
electrodes is well below the level needed to support a self-sustained discharge, the
gas recovers to the pre~discharge dielectric stress of ~ 10 kV/cm.
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Flg. 4. Efféct of gas mixture on current falltime.
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HLLLIFIE PULISE DILUTRON=SEAM LONIYOLIED SWiTCE

V.E. Schazrer, R.J. Cormiusoer,
R.F, Fumnuler+, and I.M. Vitkovitsky

Navel Research Laboratory
Waghingter, DC 20375

Sunsary

he oluctron-buan (e-beas) cuntrolled switcn is
4 promising opening switch clnauuo‘ for inductive
storsge pulsed power applications vhere repetitively
pulsed (> 1 kkz) output power of ~ 1010 w 1g
reysized.  Several authors'™'! have reported
theuretical snelyais and experimental results for e=
beas cortzollel switches. ‘he development of this
sv#itch Tequlires 2 nuaber of experiments to be
perforaed to determine the gas conductivity, rate of
change o conductivity, switch efficiency, and the
effncts 2 onergy deposition in the gas on the
switch racowery. Sush experizsncs, which would
eszablisn the feasthilily of the s-beam switch for
N1 paver app.ications, are being carried out with
Lures over a range of asbieat gaa

Pressiias and electron beam cucrent densities.
SSipAtieban are made Detwaen experioent and
the:sri,? Lo understand the basic machanime

mvolved 13 ewitsh operation. Single pulse
axperiaenis ore 2lso vsed to pfovide a data bass for
€3%220L:8Ri03 Che Tepotitive capadility of the
switch. A Typicel dasizn 9o+l involves charging of
4 s%utagw indistor over a pariod of several
RIIoswomads, valtage and current levels at the load
af 200=5C) tV and 10-100 kA, vizh & pulse~to-pulse
2:5azetict of = 105 usec. Iaitis) experimsats
charactwritiag the parformance of a second pulse
%ave beer Jarried Jutz.

E-Pean Switch Cbacept

T™he principles z¢ an e~beam controlled switch
€3t repetitive aperation are dlscussed in Ref.(l).
A tnductive storaje syvtem using an e-beam
controlled switeh to genarate a pulsed high power
output is shown schematically is Pig. (1). when the
e-Deas ia turned on, the switch resistance dropa to
a low value, Tesuliting in energy transfer from the
3mrTe U, to the induzzor L. Wwhan the e-bsam is
turned ol (an@ 3¥-2 is closed) the switch

resigcance Secures laryw and switch current is

shunted to the load Py- Ater tha pulse, SW-2 opeas
and the process is repsated for a second pulse by
raking the e=b. switch Aict agaia. The switch

SW-2 {a generally not required except for specific
applications. The most significant problen
associated with the use of such a svitch is the
energy loss by joule heating in She switch. T
sinimize this heating, the switch resistance must be
as low as possible vhile the switeh 1s conducting.
Such heating can also lead to lata time breakdown
making repetitive pulse operation impossible. On
the other hamd, this switch proaises to provide a
repetitive opsning cababilicy with a very fast fall
time of the switeh current. Potentially, the
opening time of the switch can be substantially
faster than that achieved vith fuse arrays.

wa
WOUCTOR L SWATCH
- CURMENT 1, LoD
CURRENT
(%
o> BEAM -
CONTROLID
swiTen
J— —_—
SOUACE - DIAM e v, o
. PRI

Figure 1. Schematic of an inductively driven pulser
using an e-beam controlled switch.

A asasure of tha switch performance that
dsternines how practical such a switeh can be is the
current gain, €. It is defined as the ratio
‘In - I.)/;., where i, 18 the total current flowing
in the switeh, te is the {njected e-bean current,

and the bar indicates peak values. A current gain
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practical sysces. '

Theorstical pnucuona' indicate that the
resistivity p, aswitch curremt fall tho,tr, and
curreat giin € Jepend on the anbient gas preseure.
Winiting values of pressuce depand upon the
prapo.;uu of the thin window bet-wen ths evacuated
{~10 %orr; e-baan diods and the high preasure
t~ 10} Torr) svatch, electrun energy requirementa,
and the strenjth of the switch chambez. A switech

pressure of 10 ata appears feasible.

The upper liait of current density that can be
switched in the repstitive pulse zode depends on
snery: deposition in the switeh by joule heating.
Excasaive energy defosition is manifested in delayed
breakiomsi? vhich would preclude multiple pulse
operation, as discussed later in detail.

Descriszion of the Experimeant

e axperiasnt, showm schematically in
¥ig. (), contains three principal parts: a
high voltage pulser, consiating of & low
voltage {< 13 kV) source and a pulse-foraing
netwok; an e=bDeas 4i0de; and a gas cell test
cheaber. Ia the pulser,!? & 20 kA current

rc
S 5 S
-
-
v T ST———J. DISCHARGE
“MvLan ELECTROOES
X434 MEMBRANE
Y Fef
4 — GAG —
(=0 | DISCHARGE
0 Yol 4 REGION
T (~10” Torr)
.A

'

Tigure 2 Schematic of the experiment

SOUTCe charsges an LndicCtive store, vith exploding
wire fuses 1' and r._. serving as opsaing svitches

TOAZ produle & 29D s {ShaM), U0 KV puian uSCess
the diode. The fuse Fp is chosen to open after 200
ne, limiting plasms genecration in the diode, Two
pulse-forainy networks can be coupled to the diode
for double-pulse studies of the e-bean switch.!? The
tast chatber is isolated from the diode by a
0.005-ca sylar window and is normally filled with &
mixture of two gs3es at a pressure of 1l-3 aim. The
resiatance of the cell during dischazge is
deterained by mesasuring the curreat through and
voltage across it.
by the cepacitor C.

The circuit voltage is gustained
The circuit is described by:

“n 1
= ' I 1.8, (1)

Vo = Rl 1) + L

where R is the switch resistance, V, is the inicial
voltage on capacitor C, and L is the clrcuit
inductance. We can neglect the last terw in By.(1l)
{<3% corraction). At the tima of paak "n (1.9.
when d1 /4t = 0) the switch rasistance is

. 2)

e resistivity at peak net cwrrent, p o’ 18 related
o % through the switch geosatry. The fall time of
un.enrnn: through the switch is estimated from

L
T, - —r—v;r-in . (3)

vhere V, is the transient voltage peak associated
with the rise and fall of switch curreat and is
indicated in Fig. (M.

The diagnostics used in the experiment includs
calidrated Rogouski loops and voltage dividers for
measuring the diode voltage and current, VD and *n
respectively; and the voltage across and nst current
through the discharge, V, and i, fespectively. BRlue
cellophane and £i{la techniques ware used to verity
the time integratad bean uniformity.
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for the switch coacept that we have described,
the f3lloving paramwters are important; cuzrent
$ain, resistivity, awitch curcent fall time and
recovery chursctaristics. Alao of isportance is the
effect 0f energy doposition on these parameters.
S-itch perf{oszance is expected to icprove as tha
Prussure 4‘.3 increased. Therefore, the experiments

weze J on the lation of data to

Seterxine how 2, !:_.
and pzejsure. These snasuresents are also necessary

anl ¢ vary with gas compositicn

to =ndevstand the Lbasic physical processes involved
0 t1e switzh and Lo provide input for theuretical
analyais 3nd sceling. We report primarily results
for 3y=Na zixtures bacsuse the atomlic and solecular
_\uu are detver eszablished than for other gas
BLAT UGS

At exarple of reaults for one diacharge of the
swiich usingy a 200 S aos X, mixture at
1 aix pressure, is shown in Fig. {3). The incident
e-oeas cuItent density, 3, was 24 A/c-z. The top
two tIacys ahow di0ds voltage, vp. and current i.c.
wnllm the Anferrsd e-beam current into the switch,
Lge th in the dottcs saction of the figure. The
ditlesenze 13 ducay time Datwwen i and 1. ia due to
flessa formation in the diods and the energy
2e;enlent iransais3iion of electroas thiough the
eylar vindow. Plamma current thraugh the switch,
'.? = L,=i,, and voltage across it, V4, are shown in
the zantes two zracwd. P is plotted as a function
of time iz the bottom section. The fast fall, low
wnimea resiscivity ( ~ 30 C-ca) Zollowed by & fast

rise, Tesu.t in od switching perforamance.

e quantities o, T,* and ¢ aze plotted as &
fuzction 2 percent O, 1a K; in Pig. (4) for 3, in
the zeage 2.5-6.7 A/e-z. Shown also for reference
ace the Less rise and fall tises,
1: an2 ?: - Ths gae plessure vas 1 ata. e
rescits lndicate that 0y concentrations of 10-200
yiell tasisztivizies of 203-300 R=cm, a current
gaia over 18, anl 1’1" abeut squal to that of the e~
beas. L/P, whezs £ ie the applied electric fisld
and 7 is a=dient gas pressure, vas 10.5 V/ca=Torr in
thts case. 0 late-tize electrical dreakdown wvas
observed.

™e zcsling of e° and ¢ with electron beaz
gurrent lersity 13 illustrated im Pig (S5). A Py as
sall aa 20 fi~cm ia observed, But at the sacrifice

o8 slizrent avia. Thase plota ate the Tesuit of
varying j. over & wide range, using the sane

204 0, - 80V N, cuxture discussed earlier. he data
in Fig. (5), deconstrate that j, must Dde below
!OA/cnz to approach ¢ = 10 for thls gas mixture at
Pe]latn.

Fig. {(G) illustrates the effect on the net
current in the discharge when the pressure is
increased froa 1 atm to 3 ata for a 208 Oa
concenzraticn in Ny, and E/P = 10.5 V/cm-Torr.

1 S
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Pigare 3. An example of measuresments made on 4

single shot.
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Qie input weDeas LT Cwat Was ti'e Jidm 22 LOTH Caswd. ]

Aa {liusezetion of how °u cnanges with poessure 1-rﬂ-.-rrrr;1-mrﬂ1’rrwrrn'rrrrrmm-rvrrmwm-
is shown in Fig. {7) where p_ 4is plotted againat P
° inlA) ) (A} va t ins)
with constent E/P » 10.5 V/ca-Torr and 20% O;—80% N,
g = 50 2 0.3 Aca’. The dats show that for O, b _s _m""\’l'c:lt:" _
concentrations up to 20\, 9° changas little with .
pressure. This is sost likely because the duratioa - '-
e T TYTrrTTrYT YTy T T \aauassenasafl]
oM 1 7
- lo=28387 a/em?
Pe jetm -
- * 1
. -
o
=™ $ -
13 - '
4 . W 4
- . ] <
b ‘é - €
S J
4
S - 4 -
Qe -3
»
| - ~
4 « ] ‘
-l e LJ ° o - » - )
E A == -
L . n T TP T U PO TP T rr o de Pigure 6. Effeat of ambient gas pressure on switch
. - 2 = & '5-& . » B B ant time history. .

Pigire 4: Dependence of p , Ty, A8d € for various

. - -

percentages of Jp-Na.

T

Ve illustrace the dependence of current gain on
pressure with the data presented in Pig. (9) for S5\

of the e~bsas pulse is too short for the discharge 9, in ¥, E/P vas 10.5 V/ca~Torr and 3, was
§ to reach equilibrium at the lowsr percentages of the $.0.% 0.3 ./c.z as before. ¢ increases from 7.6 to
& attacning gas, 4 explained in what follows. 11.8 when 18 4 d from 1 to 3 atm.
) o, chaages substantlially with P for higher .
soncentrations. In Pig. (8) Yr' is plotted versus P . )
L for O, concentzations of 10, 20, and 50% in N,. E/P?
3 vas 10.5 ViesmTorr; j, was 5.0 2 0.3 Vea’.
8
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fisuse S. IlluszTation of change in P(10? Torr)
resiszivity, Eoe ard current gain, €, as a function Pigure 7. E2fect of ambient switch pressure on Py

of beam current density, 3
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a8 Tigs. (4)~{9) indicate, trade-offs exist
between :abul.nmq low resistivicy Py short fall
tiswes, T, , 434 high current gains, €. These trade-
olis con D understaond hy exzressing the coatinuity
eguszion for tne discharge plasma electron density,

Ne o0

— . S).P-n\‘-

o Tt (L)}

where the Lean LIN1232,00 paradater S depends on the
e=Dear e20rw anl gas composition and whers

-1 .
"E ThiLavterizes the Alicnarys plamad aisctIon

loss rate. The suitch resistivity is givan by
p = (en v) 7‘ {5)
P

where ¢ is the slectron mobility. Minlmum

reaistivity, is attatned when chs left-hand

pl.‘.l\'
aide of Eq. (4} goes to zero. This ylelds upon

substitution ia P3. (S)

£(2/P)
==

-l
- (‘ij.up) - 1. (6)

’-tn‘t

where the product (kp] is a function of gas
compoalition and the field parasater E/P. IExpressing
ths switch plassa current density as

)’ - !/pnu 1 N
leads to
¢ - 2 aem 8
Pain 3, 8
and
. : . -4 4
3 T EEm i

H
where switch current gain ¢ = jP/j. + Breakdown
1imitations constrain the fisld parasater to E/PS
10 v/cm=Tors.
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Figuze 10, Effect of varying percent O in K, and

gas pressure on the product (po'r;)-
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Lyde (8), 195, A=l {9) duacridbe the qualitazive
renavier of e-dwam controlled switches: These
scaling relationships ace valid, however, only i
the e«bess puise peraists for a time longer than
A and shuts off in a time shorter than Tpe the
iTpact of this restriction can De seen by
contrasting Ej. {6) with Fig. {10}, in which the
potuse "o'l'. is paotted fur thres differeat gas
presiures ae & function of 0, coaceatration. Since
electron mobdility in Ny and oz e siailar, Bj. (6)
predicts that °=tn *r' is nearly constant

independent of gas pressure, P, oF oz

condetrazion. At los concentrations of the
actaching gas oz, 1, becomas long corpared with the
beas Guration, and hence L never reaches p-n.
Similarly, at high conceatrations and/or high
pressires, T, becomes sasller tham the beaaa fall
time: a® 4 resulz the estimated switch fall tims,
Ir' . appruaches the beaa fall time rather

thaa Ty ™his effect is Aleo wesn Lin the data in
Fig.14), where 'r;. approaches r: ag high oz

concentracions.

lLate-Tine Breakiovn

Oone possible failure mode for the e-beam awitch
vhen operatsd repstitively 1s breaklown involving a
self~-sustaiaing arc from which the switch could not
tecover. e obesrve that in some cases dreakiowns
&0 semz late in tinme, well after the e~besm has
been turned off. This phenomena ie described with
the afd of riga.(1i) and (12).
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Piguse 1l. Plez 9f T/2 anéd eaergy absorbed by the
switon yas, 48 a fuaction of tise.

in one curve of Fig. (l1) the paramezers K/P iy
plotted versus time, beginning with the ambient
E/P = 13 V/cm-Torr. E/P dacresses, during the rise
of curreat in the awiich, to & minimua of 2.5 Veca~
Torr. It then reverses, crosses the ambient line
and peaks at 21.5 V/ca-Torr, bsfore declining to the
ambient of 13 V/omeTorr at $40 ns. At a much later
time, 720 ne, the switch Lreaks down discharging the
system. The second curve is a plot of rasistive
energy deposited in the switch per unit voluma, W.
At the tims of breskdown, W attains & value of .
The occurrence of breakdown at late tises, i.e.,
long after R/P peaks, suggests that breakdown is
influenced more dy deposited energy than transient
/P,

This effect is seen in Fig. 12 in which a plot
of ¥y as a tunction of P for E/P = 1l V/ca-Torr is
shown for air and for a nixture of 10% O, in N,.

'V

| AU S

FUNPEEN

Pigure 12. Nreakdown energy per unit volume for 10%
°2 in Iz and air.

Shown also on the curve {s one point from Ref, 12
cbtained in an sxperiment vhere P = 0.13 ata. Tis
point lies on a straight line extension of our
dats. The exact mschanisms responsidbls for late
time Dreakdown will require further study.

Double-Pulse Experiments

Some of the problems associated with repetitive
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APPLICATION OF ELECTRON-BEAM CONTROLLED DIFFUSE DISCHARGES TO FAST SWITCHING*

R.J. Commisso®, R.F. Fernsler?, V.E. Scherrer, and 1.M. Vitkovitsky

Naval Research Laboratory
Washington, DC 20375

Summery

Recent investigations into the phenomena
associated with electron-beam controlled ditfuse
discharges indicate a potential application for
rmtitivolsz 10 kHz, in a "burst” mode), high
power {~10"" W) switching. In such discharges the
conductivity of the gas is regulated by the
competition between beam {onization and attaciment
and recombination processes in the gas. Short
opening times, limited in practice to the decay
time of the electron beam, can be realized while

““high voltage 1s being applfed to the switch. He

report on one series of experiments using a Ny-0,

_combination 1n which the time dependence of the
_ dischargs current at two pressures has been

determined, The results are compared to a zaro-
dimensional numerical simlation where the gas
chemistry {s coupled to the discharge circuit.
Experiments exploring the advantages of gases with
different collision cross sections and the
behavior of the overall discharge stability have
also been performed. A formalisam for switch
design in which the switch gas mixture and
pressure, switch area and length are estimated
self-consistently for a given system efficiency is
reviewed. The formalism 1S used to design a
single pulse, 200 kv, 30 kA (6 a) , 100 ns FWHM
inductive storage generator.

Introduction

The successful implementation of inductive
energy storage andl‘lss inherent benefits to pulse
power applications®*< depends critically on the
development of opening switches. These switches
must be capable of conducting current during the
charging periad of an inductor and then become
sufficently resistive to divert the current
flowing fn the inductor to a load. The current
comutation must occur on a time scale which is
short compared to the inductor charging time and
in the presence of an electric field across the
switch that increases during the comsutation
process. Some applications require the switch to
be capable of repetitively pulsed operation (see,
for example, Ref. 3). Such 2 repetitively pulsed
opening switch automatically satisfies the
conditions required for operation as a
repetitively pulsed closing switch,

several authors®=7 nave reported on
experiments and theoretical investigations in
which an electron beam (e-beam) is used as an
ifonizing agent to sustain a diffuse (volumetric)
discharge in a gas placed detween two
electrodes. The concept, as 1t might be used in a
switching application, ts 11lustrated in Fig. ).
In this schene the gas resistivity at any time s
deterwined by a competition between {ontzation
provided by the beam and the various recombination
and attaching processes characteristic of the
specific gas mixture, pressure, and applied
electric field. This, along with the volume
discharge property, allows the gas to return to
its original non-conducting state very quickly

=95~

once the source of fonization {s removed. An_ arc
discharge is avoided by proper switch dtsign.a
The switch length, pressure and area are
ni:mm in such a way that self-sparking ts
avo .
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Fig. 1. [1lustration of opening switch
application for an e-beam controlled
diffuse discharge.

In this paper we present soom theoretical
analyses and data from an e-beam controiled
diffuse discharge experiment that are relevant to
understanding the physics associated with the
behavior and optimization of an e-beam controlled
switch (EBCS). Included in this are general
equilibrius scaling laws, the consequence of using
gases which exhibit unusual collistion cross
section behavior, and stabtlity of the
discharge. Because of the reliability and
accessibility of various cross section data, most
of the experiments were performed with mixtures of
23 and Ny. Also reviewed is a design formali

at self-consistently estimates the Switch gas
mixture, pressure, area, length and e-beam
generator characteristics for a given system
energy transfer efficiency, output pulse and
number of pulses. Using this formalism we outline
4 design for an faductive storage system capable
of deliivering a single ~ 200 kv, ~ 100 ns full
width at half maximum (FWHM)}, ~ 30 kA pulse into
2 ~ 608 load.

Description of Experiment

A schemtic of the experimental apparatus is
shown in Fig, 2. An inductively driven e-beam
diode system, in which two exploding wire fuses
are used in sequence as opening switches to

'@
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produce a high voltage pulse across the diode,
provides the e-beam for the switch experiments.
This systc! has been described in detail
eisewhere.” Generation of a second e-beam puise
can be accomplished by switching in a8 second set
of fusas and switches (not shown in Fig. 2), which
are similar to the set used in generating the
first pulse. The l-cm dia. cathode is constructed
of saw blades. The anode plate is drilled with
0.5-cm dfa. holes over an 8-cm dia. with a
geometrical ratio of open ares to total area of
.68. At the typical charging voltages

on C (240 W) of = 9 kY and with L_ = 7 uH, pulses
of « 180 k¥ with » 200 ns FWHM are produced. The
beam current d!nsiths can be varied from

0,2 to S A/cm® by varying the anode-cathode
separation. Becauss the e-beam pulse is so short,
the discharge does not always have time to come tO
equilibrius. However, as long as the time
histories of the beam current and voltage are
known, investigations into how the basic physics
of these discharges relate to EBCS applications
‘ahd-comparison to theory and numerical simulations
can be carried out, as will be discussed in later
‘sections.

<=
8
a
T -
=2
MYLAR
o -
REGION .
{ ~ 103 Torr) in

Fig. 2. Schematic of experimental apparatus.

Also schematically {llustrated in Fig, 2 are
the driving circuit and electrode structure for
the gas discharge region. The current Source
driving the discharge in these experiments was a
cagacitor, C(1 wF), whose fnitfal charging voltage
V4(0) could be varied from 0-30 KV. The system
tnductance was measured to de L « 430 nH, The
discharge electrode separation was 1 ¢m for all
work discussed here. A copper screen
of = 60% measured current transmission was used as
the ground electrode. The SO-um mylar window
maintained a pressure differential betmea the
discharge vessel and the evacuated (~ 107" torr)
e-beam diode region while allowing the high eneray
portion of the e-beam to enter the discharge
chawber. The apparatus has been operated at
pressures of 1-7 atm. A Rogowski loop, located
between the screen electrode and mylar window, was
used to measure iy, the e-beam current flowing
into the discharge region. Additional diagnostics
for this experiment include a voltage divider to
measure the voltage across the diode, Vp; Rogowsk{
loops to measure the diode current, 10; and a
commercial current monitor located at the driving
capacitor to measure the net current in the
discharge circuit, 1,. Shown in Fig. 3 are
representative time Ristorics of v.. {1, ¢ and i

0" '0* b P
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where ‘p is the discharge plasma current, for a
20% 0y - 80Z N, mixture with a ratio of applied
electric field"to gas pressure of 10,5 V/cm-
torr, Because the polarity of the discharge was
such as to accelerate plasma and e-beam electrons
in the same direction, ’p is related to 1y and 1y
by

p "~ - 1)
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Fig. 3. Representative time histories of
discharge parameters obtained from
standard diagnostics.
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The circuit equation for the discharge is
dln 1 t
Vd(O) . R(in - 1b) * Lai— *T f°‘|ndt. B (2)

where R is the discharge resistance. The

discharge resistivity, o, is related to R through
the discharge geometry only. Neglecting the last
term in Eq. (2) (< S5-percent correction) we have
at the time of peak 'n & discharge resistivity of

v,(0)
" "({n—e'{';)- (%) » (3)

where A is the discharge area and ¢t the discharge
electrode separation.
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The resistivity of the discharge during
conduction is one important characteristic.
Another important parameter {s the current
gain, ¢, defined as

1t 10
c:—%-%. Y
b b

where 1% and 12 are the peak values of 1p and 1},
rup«mecly. FB 2 high energy transfer

effictency, ¢ >>1°. The current gain for the data A

in Fig. 3 1s = 7,
Theoretical Mode!

Various aspects of the theoretical concepts
associated with controlled diffuse di schargei 3s
they relate to the EBCS have been discussed.””

In this section we give a cursory review of the
physical model for the discharge. We describe a
system in which 2 volumetric {onization souce
produccgsa very weakly fonized gas. Typically,
n,.~10"" N_, where n, s the plasma electron
dlnsity ass8ciated w&u the fonizing e-beam and N,
is the initial gas density. e assume electrode
effects are not isportant, which is the case for
applied voltages m&h greater than the sheath
potential (< 1 kY).? Under these conditions the
gas resistivity is deterwmined by electron-neutral
collisions, and the discharge potential is a
Tinear function of the distance from the discharge
electrodes.

We assume a two cosponent gas mixture made up
of a non-attaching base gas with some fraction of
attaching gas. Because an attachment domi naie’
recovery is desirable for EBCS applications,® 8
we will ignore recombination, Assuming further
that density gradients are negligible, the
continuity equation for n gl ves

dn
afls ShP - el . (s)

Here So is & beam fonization para-tor,s

Jp (3 1,/A) is the e-beam current dmsuy3 a 13 the
effective attachmant rate coefficient{ca?-3°*), P
i3 the total gas pressure and N, 1s the density of
the attaching gas. The first term on the right
hand side of Eq. (5) represents the source of
discharge plasma electrons. The mechanism for
discharge plasma electron loss is represented by
the second term on the right hand side of Eg. (5).

The discharge plasma density is related to
the discharge plasma current density through

Jp 3 1p/A “nev o, (s)

where v {5 the electron drift speed,
vae e ¢))]

Here y is the electron mobilityl0 and £ ts the
electric field across the discharge. Thus the
discharge resistivity during conduction is given
by

=97 -

€
o = 35- et @

where is the electric field across the
discharge during conduction.

He simlate the experiment by numerically
solving a coupled set of rate equations, one for
sach ionic species, along with Egs. (2) and (5).
In this way np can be self-consistantly obtained
as a function of time for 2 given J,. and beam
energy. It in turn may be used uitg Eq. {2} in
Eqs. (6) and (8) to predict macroscopic
observables 12 the experiment. An air<chemistry
code, CHMAIR,'] s used 1n solving Eq. (S). This
21lows many more atomic and molecular processes
than those outliined here to be included.
Comparisons between measured and calculated
paramters will be discussed in the next section.

We replace the last term in Eq. (5) with a
phenomenalogical expression, n_/t_, where is
the characteristic loss time f8r Phe dischafge
plasma electrons in the absence of fonization.
Substituting "o from Eq. (8) into Eq. (5), and
noting that 1n" equilibrium dny/dt = 0, Ea. (5)
becomes

Ee

%; - PP (9)

where f_ 2 eS_uP is essentially a constant for a
given gis comgosition. For most gases

f, ~ 107 - 10° cm/V-s, Also, E./P will be
approximately independent of pressure (see
Sect. V). This analytic equilibrium scaling law
has particular relevance for fast EBCS
applications. In these applications one
desires ¢ to be large and t_ to be short. For a
given gas composition, Eq. {9) indicates there is
2 "trade-off" between high ¢ and small t_while
suggesting that operation at high pmsupc and
mobility is favorable.

Overview of E-Beam Controlled Discharge Results

In this section we review several aspects of
the experimental results and theoretical analyses
that are particularly relevant to the design of an
EBCS.

Figure 4 shows a comparison of the measured
and predicted net discharge current i as a
function of time at pressures of 1 and 3 atm for a
20% 0 - 80% N, mixture. The code uses the
measured 1, and diode voltage, Vp, to predict the
circuit bckavior. The measured e-bDeam current was
modified so that only those beam electrons with
sufficient energy to traverse the switch were used
in the calculations. Because the code is zero-
dimensional, 1t can not accurately predict what
happens when beam electrons do not traverse the
entire switch length as a result of either
insufficient initial directed energy or excess
transverse enerqy. This effect is particularly
evident in the 3 atm case. To improve this
comparison the e-beam electron energy must de
increased, In making this comparison the screen
electrode transmission of 60% and the time
response of the Rogowsk{ loop measuring 1b were
taken into account. The code result was also

Y 1



shifted 5-10 ns in time. The uncertainties in the
code and measurement are estimated to be = 15%
each. As can be seen from Fig. 4, the code
accurately tracks the measured net curreat to
within these uncertainties and the limits of the
model. By using the results presented in Fig. 8,
the scaling relation Eq. (9) can be checked. The
values of r_ obtained from the code are = 50 ns
and = 20 ns¥for 1 and 3 atm respectively. Thus
the ratio of (e¢/v ) at 3 atm to e/t ) at 1 ata
is = &4, compared t8 3 from 3. (9). e
difference can be ascribed to the lack of
equilibrium in the 1 atm. case.

E/P 2 10.5V/emntore
Pujgim

20%0, - 80%

By ::mn% e
«@"3s

Ao U7 Qeem
Tp=50m

E/P+ 0.5V /em-terr
-Pe3atm
20%02-80% N
Jys 6Azemd

g3

£, +5622-em

Tpe 200

-

i{hA)

(U TV U VAT ST W W S

150 200 230
TIME (ne)

Comparison of measured and calcylated
net discharge current for ] and 3 atm,

0 100

300 350 400 %0

Fig. 4.

The switch performance can be optimized by
choosfng 3 gas or gas combination that exhibits a
aobility and attachment rate which strongly vary
with thi ;1gelgependent electric field across the
Switeh, T/ 0y An example of such optimization
is 1llustrated in Fig, S where o. for a 10% 0, -
90% Np and 102 O, - 90% Ar mixtur§ is plotted for
1l atmas a funct?on of initial applied voltage
across the discharge, vV, (0) .
voltage across the discharge when p. s evaluated
(Eg. (3)). In an actual applicauoﬁ we desire
p. to be low during conduction, 1.e., when Vq is
18w and increase during opening, when V4 becomes
larger, Ve see that the Ar-0, mixture shows
markedly different behavior from the Ny-0,5 mixture
at different applied voltages, At low vo?tages
(Vg(o)>1k¥, for v,(0) < 1 kV sheath effects
dominate) the ru?sttvity 1s 2 to 3 times lower
for A---oz than nz-oz. As the voltage increases,

This {s also the

_98-

— _______._-——-——w

the opposite effect occurs with the resistivity
for Ar-0, about S times higher than that for Np- -
02.

A thorough analysis of this observation
requires knowledge of the electron energy
distribution, which we do nat have at present. We
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Cosparisan of discharge resistivity,
pee for Ar-0, and No-0, mixtures as a
fuﬁction of initial voltage across
discharge at 1 atm.

Fig. S.

estimate!3 for the Ar case that the electrons have
2 mean energy ranging from 1-5 eV for the applied
voltages in Fig. S. This energy will de
considerably lower in the case because of the
accessibility of vibrational levels in Ny, At the
pressure indicated (1 atm), two body dissociative
attachment will dominate three body attaciment for
electron iuergies of ~ 5 eV, Also the Ramsaurer-
Townsendl?® cross section for Ar is rapidly varying
for electron energies between 0.5-5 a¥. Thus the
abserved effect must be related to the higher mean
electran energies in the Ar case, resulting in
rapidly varying cross sections for momentum
transfer and attachment. Control of the electron
energy distribution function is therefore
destrable tn switch applications, as has
emphasized by Christophorou and co-workers.

Discharge stabflity s of concern in either -
the repetitive or single puise mode. The
discharge stability can be affected by several
processes. Changes in electpcal and chemical
properties of the switch gas’ can result from
heating of the gas, or as a2 cummulative result of
the Tength of the conduction period or duty
cycle. It may be possible to avoid some of these -~
potentulsproblm with the proper gas
mi xture. Any reduction of E/N, where N is the
g3s density, either local or global at any *ime
can trigger avalanche ignisation. For example, an
attachment instability*®~"° has been suggested as
a cauyse of local increase tn p. , which when
accompanied by local heating ans a cansequent
decrease in N during the conduction phase of an e-
beam substained discharge can result in a
breakdown. Oecreases in N resulting from heating
at inhomogenities in the discharge or at
electrodes B‘i also been observed to cause
bf'uluwrvm.1 19 :

Under certain conditions in our experiment a
breakdown is observed sometime after the e-beam
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controlled discharge plasma current has stopped
flowing. This effect is illustrated in Fig, 6,
where the time to breakdown, + (measured from
the taitiation of 1.}, is plotfed as_function of
the peak discharge Blam current, i . This data:
was taken with a 102.90% N, mixture Bt 1atn. In
order to observe this effect, the applied voltage
mist be 80-90% of the self break voltage,_ As saen
in the figurs, t, increases rapidly as 1° (and
the energy diss;&ud in the gas) is decrBased.
The measured times are of the order of acoustic
transit times., This effect is not observed if the
applied voltage is < 75% of the breakdown voltage,
and 1s being studied further at present.

ljlrllﬁfil_!lﬁrrllf

10% Oz ~90% N2
Pelatm -

Vg(O)=i2.5kV
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°.= JllllllLlll'llllll
[+] 1000 2000 3000 4000
igta)
Fig. 6. Plot of time to breakdown, measured
from the initiation of e-beam
controlled discharge plasma current, as

a function of peak e-beam cantrolled
discharge plasma current, tp.

Switch Design Formalism

The design of any EBCS must address two major
concerns: (1) a required overall system efficiency
mist be satisfied; and (2) the self-sparking
threshold must never be exceeded, so the switch
gas can recover to its original dielectric
strength. In this section we review a self-
consistent procedure that can be used to estimate
the switch gas composition, pressure, area,
length, and e-beam generator characteristics for a
qiven application. For details of this work, the
reader should consult Ref, 8. This design
formalism esphasizes the overall energy transfer
efficiency of the switch-inductive store system,
the circuit requirements, and the switch

-99~

physics. In what follows we assume the load pulse
characteristics (current, voltage, FWHM) are
specified a priort.

We begin by defining the energy transfer
efficiency, n, as

]

ne - lLv:;" (10)
]

(r2ilg €+ alyye

Here n is the number of pulses, 12 and V0 are the
(single pulsa) peak current and v!ﬂtago &onvcred
to the load, I, and Vy are the (single pulse) e-
beam current aad voltage, L is the storage
fnductance, I, is the-peak switch current, ¢, is
the chanctcri?!ic Toad pulse width, and e 1s‘1:ho
time interval during which the switch is
conducting.

To elucidate better the energy loss terms, we
rewite Eq. (10) as n = £/(E +1), where &, the
gatn factor, is the ratio of the energy delivered
to the load to the total energy used in making the
switch conduct. Thus

0
£ LW
5 7
USRS R R S

where Rey s the average switch resistance during
conduction, I¢y is the average switch current
during conduction, and t, 1s the time interval
during which the switch cRanges from conducting to
nonconducting., The factor kg is a disensionless
congtant that when mult{piied by the peak power
delivered to the 10ad gives the average power
dissipated in the switch during the opening

phase. For rnsiatin or inductive

Toads kg = 0.25.

(11)

For reasonable energy effictency (n > 0.5) we
require £ > 1. Therefore, each term in the
denowmt nator of £q. (11) must be suffictenty less
than the numerator. Thus we set

o ea 19y
kIt =9It W | (122)
2 0
IwReuc "% LY v » (a2)
0 0
bt "LV 7 » (12c)

where 9% 9¢» 9&“‘ such that

t'l-g‘,#gcogb(l. (13)

The gas breakdown problem {s avoided
initially by satisfying the constraint

E
Wy ,-:- (re) . (14)
Here VO s the maximum expected voltage across

the swikeh ({.e., the peak load voltage), E, is
the static breakdown electric ffeld at atmospheric
pressure P_, s, < 1 is a dimnsionless safety
factor, and P Ys the switch pressure.
Aditionally, cunmulative heating of the gas must
be sufficiently constrained so that any reduction




in switch gas density does not significantly lower
the self-sparking threshold. Energy is deposited
in the switch primarily by resistive heating
during the conduction phase, by resistive heating
during the opening phase, and by direct depasition
by the e-beam. Thus, a second constraint to avoid
breakdown is a

o 2
o Doty ¥ T * Tsufay T * %ulpVpted *

b
SH(—,o—) A(Pl) (15)

Here ky, {s the fraction of the beam energy
deposited in the switch gas, sy 1s a dimensionless
safety factor, and "B is the deposited energy per
unit volume required for breakdown at atmospheric
pressure.

We may now proceed to cospute the switch
-pressurs., Using Eqs. (12a,b,c) and (14), the
definition of ¢, scaling relation Eq. (3), and
recalling that Ec' Isw‘su/" we have

p-1 _ Jo%Sh%sf s ( v 12 g
- %Ep L7P T T

The factor k_ 3 1-0/1 is the number of t_ periods
necessary fol the switch to {nterrupt thd current
when the beam current is zero. Using

£q. (5) with the fonizatfon term set to 2ero, one
can sbq Ehat k_ ~5 for an attachment dowinated
switch,’s% The Praction of attaching gas can be
estimated from the calculated pressure, required
efficiency, and known attachment rates. The "g”
factors in £q. (16) are chosen so that P can be
small (for ease of switch construction) consistent
with the constraint of Eq. (13). An optimum
choice for gg, g¢, and g, can be obtained by using
the method 09 Lagrange undetermined multipliers.
This removes the implied arbitrary nature of Eq.
(13). The result is 99" ™9y For example

if n is chosen to be 0.75; tHen £=3 and g=0.l.

Once P is known, Eq. (14) gives the switch
length, ¢, and £q. (15) gives the switch area,
A. The switch dimensions thus computed insures
that the switch will be large enough that the
breakdown threshold will not be reached.

The e-beam generator requirements are
determined from V), [y, and A, Iy is computed
from Eg. (12¢). 'fho e-beam generatar must
actually provide a somewhat higher current than Iy
£o account for current lost to the structure
supporting the interface between vacuum and high
pressure. The e-beam generator must aiso supply a
beam of area A, Note that in order for the beam
to traverse the switch length Vy, will depend on
the product Pt , as does V;. iherefore, one can
show that typicaily 'b « VL' with Ky * 0.3.

Stngle Pulse System

In this section we outline the design of a
single pulse, nigh power (-~ 6x10° W), inductive
storage system presently under construction, The
circuit requirements are presented first. The
design procedure outlined in the previous section
is then used to determine the switch parameters,

Figure 7 {3 a circuit diagram of the proposed
system. The desired load pulse parameters are
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peak load current of 12 = 30 kA, peak load voltage
of ¥V, » 200 k¥, and !o&d pulse width of

t, * 100 ns. This chofce of parameters is
rhcvant to several pulse power applications.3-3
for technological reasons dealing with the baam
decay time, we %ake t_ = 100 ns, We chose the
storage inductance chfrging time to

be t. » 10 v, or 1 us, Thus the quarter period
of the charg’rng circuit (the switch conduction
time) is 1 us, giving for a (typical)

1 uF capacitor, a system inductance

of L « 0.65 uH. g, , the peak value of the
switch current, i3 19, This gives a charging
voltage for the capacifor of V2, = 25 kV. The
voltage produced is then V) E'(xf/ro) = 200 &Y.

L ,
000 ==
e »
°
<L escs |l 3R
]
Tow)
Fig. 7. Schematic of single pulse, inductive

storage generator using an EBCS.

We choose an energy transfer efficiency
of n= 0,5, assume the switch will be attachment
dominated giving k_ = §, take kg * 0.25 for a

resistive load, sg = 0.75, sy » 0.5, €5 = 20
kV/cm, and Wg = 0.15 chu3 .3 Then the resuits of

the previous section can be used to obtain the
following parameters: P = 12 atm iEq. (16)),

2 =1 cm (Eq. (14)), and A = 350 cm”,radius

= 10 cm (Eq. (15)). The current gain, from Eq.
(12C) with = 0.3, 1s ¢ = 30. This gives an e-
beam current of lb » 1 kA. The beam decay time
should be << e

Conclusion

The results of this work indicate that the
EBCS is a viable opening switch concept.
Experiments with e-beam controlled discharges
verify the conceptual understanding of the physics
which govern the switch behavior. 0tscharge
parameters may be optimized for switch application
through proper choice of gas mixture and operating
regime. Backed by this understanding an ESCS
design procedure was outlined and a single pulse
system yas designed to demonstrate a high power
~ 6x10°W) inductive store - opening switch
system,

This work would not have deen possidle
without the expert technical assistance of J.M.
Cameron and H. Hall,

*Work supported by NSWC, Dahlgren, VA, and
ONR, Arlington, VA,
djaycor, Inc., Alexandria, VA 22304,
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STUDY OF GAS MIXTURES FOR E-BEAM CONTROLLED SWITCHES

V.E. Scherrer, R.J. Commisso, R.F.‘FernSIer,
and I.M. Vitkovitsky

Naval Research Laboratory
Washington, D.C. 20375

ABSTRACT

An electron-beam sustained diffuse discharge has been suggested as a possible
fast, high power, repetitive opening switch for compact pulsed power systems
employing inductive storage. The dependence of gas resistivity at the time of
maximum discharge current for an Np-0, mixture, an Ar-0, mixture, pure CHy,

and CH, with CoFg has been measured as a function of reduced electric field,

E/N, at various pressures in such a discharge. Effects associated with E/N
dependent mobility and attachment rate that are beneficial to switch
appiications have been observed.

KEYWORDS

Diffuse discharge, opening switch, electron-beam controlled discharge,
inductive storage.

INTRODUCTION

There is presently much interest in the use of an electron-beam (e-beam)
controlled diffuse discharge as a repetitive opening switch in an inductive
storage pulsed power generator (Fernsler; 1980, Commisso, 1982; Hallada, 1982;
Kline, 1982; Bletzinger, 1983; Commisso, 1983; Lowry, 1983; Commisso,

1984). The conductivity of this discharge is controlled by the competition
between e-beam ionization and the various attachment and recombination
processes characteristic of the gas or gas mixture. When the e-beam pulse is
removed the gas may rapidly return to the normal, highly resistive state.

This transition may be particularly rapid if attachment is the dominant loss
process for discharge electrons (Fernsler, 1980; Commisso, 1982).
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An important physics aspect of such an opening switch is the optimization of

the gas mixture. Assuming that the electron mobility and attachment rates are o
independent of E/N, where € is the electric field across the switch and N is

the gas density, one can show that the product of the opening time and the
minimum discharge resistivity is a constant (Scherrer, 1982). The opening

time is the time interval during which the discharge undergoes a change from

low to high resistivity. This suggests that it may be difficult to realize a
switch with both low resistivity during conduction and a short opening time. °
However, by choosing gas mixtures whose associated mobilities and attachment
rates are strong functions of E/N it may be possible to satisfy these
contradictory requirements, as has been suggested (Fernsler, 1980;

Christophorou, 1982, 1983; Commisso, 1982,1983,1984). In this paper we

- compare the measured discharge resistivity during the conduction phase of

several gas mixtures. The qualitative comparison of these data and of the ®
discharge current waveforms demonstrates that indeed the gas mixture can be
optimized to give a low resistivity at low E/N (conduction phasa) with the
resistivity increasing rapidly as E/N increases (opening phase).

DESCRIPTION OF EXPERIMENT ' PY

The apparatus has been described previously (Commisso, 1983). A schematic of
the system is shown in Fig. 1. The system comprises three principal parts: a
high voltage pulser (Fell, 1982), which uses fuses to produce a high voltage
pulse; an e-beam diode, which provides the ionizing e-beam; and a gas cell

test chamber, typically pressurized to 1-5 atm. At the typical charging i
voltage on C, (240 uwF) of = 9 kV and with L, = 7 uH, e-beam pulses
of = 180 kV with 200 ns FWHM are produced. The anode plate is drilled with
0.5-cm dia. holes over an 8-cm dia. with a geometrical ratio of open area to
total area of 0.68.
°
ANODE
'
_ DISCHARGE | :
_____gqrms . é
/ P |
:
S S2 Sp 1 L C
.__pq_.rp ﬁlbm'—-“-—
v (o
. i s ° q
L : 1
53 Fh%’ ________ A
¢ 4 4 ~——DIODE— ;-sasnosxéc::nsz-
: S 1 ,
TP (C103Tem) e
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Fig. 1. Schemati;: of experimental a.pparatus; 1
-103- e @
:




L L

" minimum at 2-4 Td for 6 atm. The 0p-N, data show no such minimum.

The current source driving the discharge was a-capacitor, C = 1 uF, chargec-at-
0-30 kV. The discharge system inductance, L, was 430 nH. Unless otherwise
stated, the discharge electrode separation was Z = 1 cm. A 50-um mylar window
maintained the pressure differential between the discharge vessel and the

evacuated («10'4 torr) e-beam diode region while allowing the high energy
portion of the e-beam to enter the discharge region.

EXPERIMENTAL RESULTS

Figure 2 is a plot of the discharge resistivity, I at peak discharge
current as a function of E/N,, where N, is the ambient gas density and E =

Vd(O)/Z ijs the average electric field across the switch of electrode
separation Z at the time of peak discharge current. The voltage across the
switch at this time is simply the charge voltage of the ancillary capacitor,
V4(0) because the inductive correction to the discharge voltage may be

neglected (Scherrer, 1982). For values of V4(0) < 1 kV, E may be over

estimated, as discussed later in the paper. The data shown are for 1:4
mixtures of 0,-N, and 0,-Ar at ambient pressures of 1 and 5 atm. Note that

for the Oz-Ar case there is a broad minimum at 6-8 Td for 1 atm and a strong

L B L L L L L L L

Ppt0-cm)

Fig. 2. Discharge resistivity (at peak discharge current), Por
as a function of reduced field strength, E/N o’ for

Oz-Nz and .Oz-Ar mixtures at 1 a.nr.i 5 atm,

In Fig. 3 we present data taken with 1 atm of CH, both with and without 1% o.
the attaching gas CZFG {Christophorou, 1983). A broad minimum {s observed at
18-21 Td. The addition of 1% C,F, increases the minimum resistivity .
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by ~ 10%. However, as E/No,is increased the resistivity for the 1% c2F5 case
increases by more than a factor of 2. - -

This high E/N, behavior is also observed for the same data taken at 5 atm,
as shown in Fig. 4. The resistivity minimum has become more pronounced an
moved to lower E/N, ~ 4-5 Td.

-

Figure 5 is a representative time history of the discharge current compari. ;

- pure CH, and CHy with 1% CFg, both at 1 atm. The decay time (90% to 10%) of

the discharge current for the 1% c2F6 case is nearly an order of magnitude ’
smaller than the 100% CH4 case. L

m:lllplll—llﬁII
.

Fig. 5. Time history of discharge plasma current Ip for

CB4-wit.h and without 1% CZFG at 1 atm.

Initial (E/N)° = 20 Td.

DISCUSSION

Several aspects associated with the interpretation of these data bear
discussion before proceeding. The magnitude of the resistivity quoted is -
obtained at the time of peak discharge current and is thus a minimum value for
our particular choice of parameters. By varying E/N, we attempt to simulat-
the transient variation of E/N in an actual switch as it evolves from the
conduction to opening phase. However, in a real switch the e-beam would be
absent during the opening phase making the value of the resistivity
significantly higher than what is quoted here. Thus, the general trend of he
data, rather than their actual magnitude, will be interpreted. :

Another concern is the effect of the potential associated with the cathode
sheath. At low values of E/N,, the sheath potential (Vg ~ 1kV) is a

significant fraction of the applied voltage V4(0). The effective field in the
body of the discharge is therefore given by E = (Vd(O)-Vs)/Z rather than <
~106-




E = V4(0)/Z. This discrepancy is minimized over the same range of E/N, by

i operating at higher pressure and/or larger electrode separation Z. In these ¢ {
cases Vd(O) must be increased to maintain the same E/N, making the cathode
sheath potential a smaller fraction of V4(0).

Using the appropriate Ohm's law and assuming an attachment dominated discharge g
in equilibrium (dnp/dt = 0, where L is the discharge plasma electron density)
the discharge resistivity is (Commisso, 1984)

N

a ., a :
Py * (=) m
(] oy’ uN, o
Here u is the electron mobi]ity,'db is the e-beam current density, Na is the
density of the attaching gas, o is the effective cross section for beam
jonization, and a is the attachment rate coefficient (cm3/sec). For a given
gas and e-beam, % depends on E/N, through the parameters a and u .

For the 02‘"2 mixture, a and u depend only weakly on E/N° (Dutton, 1975;

Brown, 1967) as is observed in the data of Fig. 2. The apparent rapid
increase in Po at E/N° £ 8 Td is most likely a result of overestimating E, as .

discussed earlier. For example at E/No =8 7Td for 1 atm, E = 2 kV/cm. If the o

sheath potential is = 1 kV, the effective field is E = 1 kV/em

(for Z = 1 cm) and a more realistic value for E/N, is = 4 Td.

The situation in Fig. 2 is very different for 0,-Ar. Here P var{es with E/Ny

in such a way as to strongly enhance switching operation. That is,po L4
increases with E/No. The minimum of Py Moves from ~ 6-8 Td for 1 atm

to ~ 4 Td for 6 atm. This is again mainly a cathode sheath effect, as
outlined above. Estimates at 1 atm for the three body attachment rate, which
is weakly E/N, dependent, and the two body dissociative attachment rate, which
. °®

is strongly E/N, dependent, indicate they are comparable for a discharge .
plasma electron temperature of Té =1eV . At 6 atm three body attachment is

dominant. Thus, from Eq. (1) the mobility must be E/N, dependent as is
expected because Ar exhibits a strong Ramsaur-Townsend behavior. Jhe
interpretation of the 0,-Ar data at 1 atm would be 'more straightforward if the
- electron energy as a function of E/N, were known.

The CH, data in Figs. 3 and 4 clearly show the effects of adding the attaching
gas CoFg. The attachment rate for this gas is known to be E/N, dependent

(Christophorou, 1983). Although the minimum resistivity is higher i
by ~ 10-20% ,the resistivity at higher E/N, is greater by a factor ~ 2 when 1%

of cst is used. The same sheath effect is seen here as observed with Oz-Ar.

The resistivity minfmum at 5 atm has become very sharp and moved to 4 Td from .
the broad minimum at 18-21 Td with 1 atm. The quantitative agreement between
the location of the minima in this case (again assuming a cathode sheath
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potential of ~ 1 kV) is not as good as the 0p-Ar case. Note that, as with Ar,
CHy exhibits a strong Ramsauer-Townsend effect. -
The enhanced resistivity at higher E/N° manifests itself as a shorter opening
time, i.e., faster decay of the discharge plasma current Ip. This is
demonstrated in Fig. 5 where Ip for 100% CHy and 99% CH,-1% CoFg at 1 atm is

plotted as a function of time. The time from the 90% to 10% point -
s ~ 100 ns with C,F,, compared with ~ 700 ns without CoFg. The e-beam deca ? ‘
time is ~ 100 ns. :

[ ) {

CONCLUSIONS

The data presented here demonstrate that an e-beam controlled discharge can :
optimized for switching applications by choosing a gas mixture whose mobilit, .
and attachment rate are strong functions of E/N,. The optimization allows a
low resistivity during the conduction with a short opening time.
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: Studies of Electron-Beam Controlled Diffuse - | -

2 Dischargesf, V.E. Scherrer, R.J. Commisso*, R.F. WAY 23-25, 1883 .

Fernsler®, and I.M. Vitkovitsky, Maval Zesearch

Laboratory, Washington, DC 20375 — When an electron

bean of sufficient energy passes through a gas column at AR S

high pressurs (~ 760 Torr) and voltage is applied across . TR

: the column, a diffuse discharge can be formed. The T e T

h conductivity of this discharge is dominated by electron- . : .

- ) neutral collisions and is therefore controlled by the . SUBJECT CATEGORY:

; - - fractional ionization of the gas. The fractional Lo oL

: ionization of the columa is in turn determined by a : L Co

. competition between electron-beam (e-beam) ionization . - -ARC TECH.& GASEQUS H

- and recombination and (more importantly) attachmeat o - .NUMBER: 14 L

- .processes in the gas. When the electron beam ceases, et T _.'

the conductivity of the gas colum can return quickly .o . . 7

~ . that of the neutral gas. Investigations into these e- e . <.

/ - beam controlled diffuse discharges indicate potential . T
application for repetitive (~ 10 kHz, ixix g-"burst" . . .

; mode), high power (~ 1010 W) switching.l™> These . L

U o applications include both opening and closing s'.n‘.t:t:hes.4 X PREFER POSTER SE9

e e

Using N,-0, combinations at pressures ranging - _—
° between 760 and 2,280 Torr we have studied the P,
dependance of such discharge paraceters as resistivity,’ : )
- current gain,. and opening time on percentage of ) . .
‘ ) attaching gas, e-beam current density, and applied L . - ’
discharge voltage. These results are coopared to zero— . .
dinensional numerical simulations in which the gas

4 ' . chemisatry is coupled to the discharge circuit. . - .'A )
| -Uader certain conditions the gas is observed to _ . .
| |- ____breakdown after the e-beam ceases. The time interval _.. . .., SUBMITTED BY: _ . __ 7"
oo Detueen_the e-beam turning off and the breakdowm.---- re-ev 1. %r e e ‘_- ot gt e
. occurring can be varied. Experiments aimed at s E«M - e
understanding this phenomenon will be discussed. , Robert J. Commisso
' : | " "Code 4770 -
Other exper:hgencs, which use gases that exhibit the < :
. Razsauer-Townsend® collision cross section behavior, _ Naval Research Labor?
- have been performed. ‘ | . Hashington, DC 20375
t Work supported by Maval Surface Weapons Center, o . 202-767-2468
Dahlgren, VA : :

* JAYCOR, Inc., Alexandria, VA 22304

! ».J. conmisso, R.F. Fernsler, V.E. Scherrer, and I.M.

Vitkovitsky, IEEE Trans. Plasma Sci. PS-10, 241

(1982). -

L.E. Kline, IEEE Trans. Plasma Sci. PS-10, 224 (1982).
3 M.R. Hallada, P. Bletzinger, and W.F. Baily, IEEE

Trans. Plasma Sci. PS-10, 218 (1982). . .
4 R.J. Comaisso, R.F. Fernsler, V.E. Scherrer, and I.M. )
Vitkovitsky, NRL Memorandum Report 4975 (1982).
J.B. Hasted, “"Physics and Atomic Collisions,” Azerican
Elsevier Publishing Co., NY (1972), p. 308.
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THEQRETICA! MODFL
DISCHARGE PLASMA ELECTRONS:

o, —»2 - popy mssdcmns ATTACHMENT  : e 4 A,_ ->AA';A
- , . . y
% No—>3 - opy aTTACHMENT ‘v +p 4B—>A"4 B
B -—>2 - BODY DISSOCIATIVE RECOMBINATION: @ -Hf;_ C=>AtA
’ OTHER SPECIES:
E i} A_N t,-,0
dtJ,
CHARGE CONSERVATION:

-z f
""‘2;'& ;; N

DISCHARGE PLASMA CURRENT:
:Tp‘= MWV, VSME | McoELECTRON MogiLiTY

CIRCUIT EQUATION:  _ 4,
ey, . ¢
Vo= R -1 L & & [ de
. . (-]
DISCHARGE RESISTIVITY:

‘PC.= EG/JP - (e n?ﬁ)-l . | . - -
IN EQUILIBRIUM:

o

P (For /P, Gas MXTURE Ctoust.)

=

o |z
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DR, A

: .

1. DISCHARGE PARAMETERS SCALE AS PREDICTED BY THEORY/
SIMULATION (CAN DESIGN SWITCHES WITH SOME CONFIDENCE).

2. DISCHARGE CHARACTERISTICS DESIRED FOR SWITCH
APPLICATIONS MAY BE OBTAINED THROUGH OPTIMUM CHOICE
OF GAS.

3. (OBSERVED LATE TIME- BREAKDOWN IS MOST LIKELY A RESULT

OF LOCAL HEATING OR SURFACE EFFECTS,
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Diffuse

. Discharges.” V.E. SCHERPER, R.J- COMMISSO", T

R.F. FERSSLER , and I.M. VITROVITSZY, Naval Research .-
application of electron-beanm .-

controlled diffuse discharges to fast, high povwexr,

Tepetitive cpening switches represents a possible

solution to soxe of. the switching problems associated : . .

with indoctive storage.l2 We zeport on experiments . '

in which the physics of these discharges relevant to

switching :ppliut:l.ans is investigatsd. Various

nixtures of Ar-0, and nz—oz are compared foxr switching

applications.’ Iﬁeapmofmrgydepositionon

d:l.schn:gc stability is also explored. Effects of

long (A Jus) conduction time will be discussed. _ : .
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I.M. Vitkovitsky, IEEE Trans. Plasma Sci., PS-10, . :
241 (1982}, and references therein. . :
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" OTHER specuss

" DISCHARGE. PLASMA CURRENT:

DISCHARGE PLASIA ELECTRUNS
dne - g 1p- [(ec.+ “Na ¢ B N"jh?

dt A
o, —>2 - BODY DISSOCIATE ATTACHMENT  : € +A, S 4h
acz_M,,—ﬂ ~ BODY ATTACHMENT ' | :e+A+B>AT+D

P ->2 - BODY mssocmnvs RECOMBINATION: e+ A, —>A* A

dn)
:II:'A . C
CHARGE CONSERVATION: .
et ENT= 2 Z.N* K
CIRCUIT EQUATION: . Lp

Vo= (i, Lb)'n.é'-n *“fcniﬁ

];,_ NEeV; ~IuE | pmsELECRON MY

DISCHARGE RESISTIVITY: -

-\

L= Ec/J", = Cenpp
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INTERPRETATION OF
Po VS, EN

NORMAL GAS (0p-N,): CONSTANT p,

RISE AT LOW E/N DUE TO CATHODE SHEATH (VC~SODV)

£ | |
ANGMGLOUS GAS (0, -AR): VARIABLE p

RISE OF £, WITH E/N DESIRABLE FOR SWITCHES
PROBABLE CAUSES:

RAMSAUER EFFECT ON MOBILITY /aCE/N)
" AND/OR
DISSOCIATIVE ATTACHMENT RATE &X(E/N)

PRESSURE SCALING OF p. SUGGESTS BOTH PROCESSES PLAY
A ROLE: )

LOW P, e+0,~> 0+0~ WITH *(E/N)

HIGH P, e+Q, +AR-40; +AR WITH/((E/N)
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WE HAVE PRESENTED A CONCEPT FOR AN e-BEAM CONTROLLED
OPENING SWITCH, DESCRIBED EXPERIMENTAL AND THEORETICAL
METHODS FOR INVESTIGATING IT, AND USED THESE METHODS TO
OBTAIN EXPERIMENTAL AND THEORETICAL RESULTS.

EXPERIMENTAL RESULTS FOR ZOZOZ-SDZNZ AGREE WITH THOSE
OBTAINED BY TIME DEPENDENT COMPUTER CODE SIMULATION.

" OUR DISCHARGE APPEARS TO BE RECOMBINATION DOMINATED.

THE IMPORTANT DISCHARGE PARAMETEBS FOR SWITCH APPLICATIONS,
fo AND €, SCALE AS THEORY PREDICTS.

DISCHARGE INSTABILITY LEADING TO DELAYED BREAKDOWM CAN
BE AVOIDED BY CHOICE OF OPERATING CONDITIONS.

PROPER CHOICE OF GAS CAN OPTIMIZE DISCHARGE FOR SWITCH
APPLICATIONS,
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APPENDIX II

PAPER PRESENTED ON PDS
REFERENCE 12
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Experiments with Plasma Switching.® R.J. Commisso®,
and 1.8, Vitkovitsky, Raval Basaarch aboratory -
Application of inductive storage to present requirement:
for pulsed, high power g ators d dg a svitch with
the folloving ideal cluracteristics: it must conduct
21 i of current at low resistance (<<1) for a tiwe on
the order of 1ls, open predictably (i.e., beconz resistive
with respect to some load) in a time 5100ns, and rcmain
open against a voltage of 21MV. In practice, combining
all of these requiremants in a single device has proven
to be extremaly éifficult. However, some success has
bean achieved by using several types of switches in
succession ta obtain the required powver amplification.
One such component switch is the exploding wire fuse.
It gencrally conducts for tens of microseconds, cpens
in ~150ns and can have recovery strengths of ~20xV/cm.
The main disadvantages of the wire fuse are the joule
heating losses and the necessity for physically re-
pPlacing it after each use. In addition, the fuse
opening time is about a factor of ten too long for. some
high power applications.

One possibility as an improvement over the vire
fugse is the use of a plasua as a switch medium. Plasmas
have bean observed to conduct hundreds of kilosmperes
of current for £100ns and to open in tens of nano-
seconds against several hundred kilovolts.? A plasma
switch is also, at least conceptually, resettable; so
that not only is replacement after each use not
necessary but repetitively pulsed operation may be
feasible.

In this papor we report an investigation to
deternine the feasibility of one scheme for a plasma
switch. The schcme involves use of a deflagration
plasma gun3 as a source of helium plasma with high
dir.-:ted energy (R107 cm/s). The plasma so produced
dri- _s through a vacuum region and then enters the
gap betwean two elactrolss that have a potential
applied across them. The conduction and opening
properties of the helium plasma in the electrode
region are then studied. The diagnostics presently
include voltage and current monitors, streak/framing
camerz, faraday cup probes, and spectroscopy. At
present, the following operating parameters are used
for the gun: V; = 12 kv, IG-ZOOkA, Cg = 55 uF; and
for the switch: V_ = 10 kV, I =10kA, Cg = 1.85 uf.

As observed with the streak/framing camerz, the
Piaspa gun ejects three, not totally distinct
plasrolds; each correlated in time with an extewrum
of the qun current with each subsequent one moving
more slowly than its predecessor. The first of
theae plasmoids has two components, sach with a
different speed. Based on the time of current
initiation at the switch, a third component of the
first plasmoid moving almost twice as fast as the
fastest visible front is conjectured. No opsning
actien has been cdbserved as yet, probably as & result
of excess plasma and poor plasma spatial distribution.
The effects of limiting apperatures and of a crowbar
on the gun are being investigated.

;Hork surported by Office of Naval Rossarch.
JAYCOR, Inc., Alexandris, VA 22304

1!.0. Ford, D. Jenkins, ¥W.H. Lupton, and I.M.
vitkovitsky, Third IEEE Int. Pulsed Power Conf.,
Albuguerque, N4 (1981) paper 7.2.

2c.u. vendel and s.A. GColdstein, J. Appl. Phys. 48,
1004 (1977).

3D. . Cheng, Nuc. Fus. 10, 305 (1970).

1
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