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ABSTRACT

An investigation of discharge-induced chemical reactions resulting in

high-density product vapors containing strongly attaching gases has been con-

ducted to evaluate the feasibility and potential of such reactions in rapid

opening plasma switches. This new concept of employing such reactions to

limit and/or interrupt large currents on a microsecond time scale was studied

in two element (electrodeless and electroded) devices and in three element

(electroded) devices. Bimolecular and unimolecular reactions were considered.

The plasma reaction between A1C13 and SiO 2 was studied. The electrical prop-

erties of one of the reaction products (SiCl 4 ) is reported herein.
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Introduction

ONO

Inductive energy storage is of interest in pulse power technology because

3 of its relatively high-energy density in comparison with capacitive energy

storage systems (1). To operate effectively an inductive storage system re-

quires a repetitive fast opening switch which can conduct current long enough

ato charge a storage inductor and then become sufficiently resistive to divert

the current from the switch to a load. Such a device is of crucial importance

in a wide range of applications such as directed energy weapons, discharge

lasers, x-ray generators, mass drivers and nuclear weapons simulators (2).

,. The desired opening switch performance has been achieved with varying degrees

of success. Electron beam controlled opening switches have perhaps been the

most successful (3,4) although other switching concepts based on optically

controlled discharges (5), spark gaps (6), thyratrons (7) , and vacuum inter-

ruptors (8) are being studied. Highly specialized devices such as the plasma

erosion (9) switch have also exhibited the desired switching characteristics.

Our research has concentrated on exploring yet another concept to produce

current diversion required in an opening switch. Specifically, our approach

relies on an in situ chemical modification of the plasma conductivity. It is

well knowr that during a discharge various molecular species with markedly

different electrical properties from their precursors can be formed. If prop-

erly chosen, these discharge products can alter the plasma conductivity and

cause current interruption. This concept is appealing because of its simplic-

Ity, requiring no external energy source to control the switching function.

Activation is due to joule heating in the discharge and occurs when energy

deposition exceeds a threshold level.
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Our initial concept for a fast opening switch consisted of a two electrode

.* i -.'  device operating at an elevated temierature (150*C) in a gaseous environment

- of a vaporized solid (metal halide). Bimolecular reactions between the metal

halide and another species yielding products with the desired electrical prop-

erties were investigated as a promising switching medium. As our experiments

progressed, we refined our concepts and shifted our focus to unimolecular re-

actions and three electrode experimental devices. The results of our experi-

ments, conclusions, and suggestions for additional work are detailed in the

following sections.

Experimental Results

Our best results have been obtained in a three electrode device. A third

electrode was added to the initial device because we found that an alternative

current path was needed to prevent restrike in the charging path. In this de-

vice a solid phase material is the initial reactant. The apparatus is oper-

ated at room temperature and the ablation of the solid provides the reactant

gas. Unimolecular reactions, i.e. dissociation of the reactant gas into at-

taching fragments, are preferred over the slower bimolecular reactions ini-

, tially sought. During current diversion the active electron loss mechanisms

are attachment to the reactant gas and its fragments and JxB forces directing
the discharge into the walls of the apparatus. At the same time E/N decreases

* due to an increase in N (gas density) and leads to a decrease in electron pro-

duction since the ionization rate is a sensitive function of E/N. Before dis-

. cussing in detail the circuit, apparatus, and the results of these experi-

ments, we will give a brief synop;is of our earlier experimental efforts and

their gradual maturation into our present current diverting device.
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The objective of the first series of experiments was to confirm the bimole-

cular reaction that we had postulated would occur in a plasma discharge. Spe-

cifically, the reaction between metal halide molecules and vitreous silica

(SO) was believed to create an inert precipitate and a volatile electron at-

taching gas. Aluminum trichloride vapor (AlCl3 ) was confined in an ultra-

clean vitreous silica vessel and an electrodeless rf discharge was initiated.

The predicted reaction

12AlCl3+13SiO-*2(3AlO2 3.2SiOl)+9SiCl, (1)

was found to occur. This was established through spectroscopic observation of

discharge fragments (Al, SiCl, AlCl, etc.), and, through post mortem examina-

,.;' ".- tion of the inner surface of the discharge chamber (Auger spectroscopy) and

the gas in the discharge vessel (GC mass spectroscopy). Indeed all the AlCl

was consumed in the discharge leading to chemical vapor deposition of an alu-

minosilicate film on the inner surface of the discharge tube. In addition,

ISiCl., a good electron attacher, was formed in the gas phase. The reaction

was fast, the rf discharge duration being but a fraction of a second. After

this it was impossible to sustain the discharge with our apparatus because the

atmosphere in the discharge vessel had been irreversibly modified by the cre-

ation of SiCl,. The increased gas breakdown voltage after the reaction sug-

gested a possible mechanism for real time current interruption due to changes

in the electrical characteristics of the gas fill. The present geometry pre-

cluded the implementation of non-invasive diagnostics forcing us to reconfig-

ure the experiments. (See Appendix 1 for a more detailed discussion of the

electrical properties of SiCl, and experiments supporting this work.)

3
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In the next series of experim-nts we studied the effect of the bimolecular

reaction on current flow and the possio'ility of current limiting or interrup-

tion brought upon by the bimolecular reaction. The discharge vessels (5mm ID

tubing) had two electrodes (anode and cathode), and contained solid AlCl3 in a

buffer gas at a pressure of a few Torr. The discharge tubes were immersed in

a constant temperature oil bath (T<1300C) to raise the vapor pressure of the

AlCl3 to a few Torr. The oil was transparent to visible and soft UV radia-

tion. The optical emission from the discharge was monitored with a monochrome-

ter and a fast photomultiplier (2ns risetime).

In the first series of tests the discharge tubes were pyrex and the current

source was a 0.5 ohm pulse forming network (pfn) with a 10 jis duration. Tem-

porally resolved Al emission at 394 nm and AlCl emission at 527 nm were moni-

tored along with discharge current and voltage. A peak current density of

20kA/cm2 with a peak energy density of 70 J/cm2 was observed. The temporal

aevolution of Al and AlCl emission followed the current wave shape suggesting

that the anticipated reaction did occur but no current limiting or interrup-

tion was observed. The breakdown voltage of the discharge tube doubled after

the initial discharge in tubes containing AlCI1 and Si0 2.

Because of the high energy density in these experiments we believed that

the SICl. may have fragmented. The experiments were therefore repeated with a

new pfn (81 ohms) and quartz discharge tubes. The new pfn reduced the energy

dissipated in the discharge by a factor of 100 thus reducing the fragmentation

of the discharge products. The quartz discharge tubes allowed us to observe

shorter wavelength emission from the discharge. In these experiments the Al

- line at 309 nm and the SiCl molecular bands at 288 nm were monitored. Again,

the time variation of the emission from both species followed the discharge

4 .6..



current but neither current limiting nor interruption was observed. Based on

. these observations and a calculation of the reactant mixing rates we con-

cluded that although vapor phase bimolecular reactions are fast (<100 ns), the

mixing of gaseous AlCl 3 and solid SiO2 is slow (100's of us). Consequently,

9. '- the concentration of attaching gas from the reaction of AICl 2 +Si02 increased

too slowly to affect the flow of current through the discharge (a few us)

Unimolecular reactions offer the possibility of producing a copious amount

of reaction product in very short times (ips) In this series of experiments we

focussed on creating a discharge in which the current could be limited or in-

terrupted by a unimolecular reaction (ablation). A surface discharge was cho-

sen to provide enough radiant flux to ablate the reactant surface. The abla-

tion rate (10),vss is given by:

V ssF/p(L+c(Tv-To)) (2)

where: F is the radiant intensity in W/cm2 , L is the specific heat of vapori-

zation per unit mass, p is the density, c is the heat capacity per unit mass,

T. is the initial temperature of the material and T is the vaporization temp-
v

erature. For carbon L=171 kcal/gram-atom, p=2 .26 g/cm3 , c=0.165 cal/g/OC, and

T =4830*C. For this case, a radiant flux of 106 W/cm 2 would produce an abla-
v

tion rate (vs) of 550cm/s. A ten us discharge with that radiant flux would

ablate 7.5 x 1020 atoms from the surface. The dissociation of the ablated ma-

4terial (hydrocarbon or flourocarbon based plastic was used instead of carbon)

served the dual purpose of decreasing the E/N, and providing electron attach-

... ing fragments.

The evolution of the spectrally integrated light from surface discharges

was observed with a PIN photodiode (2ns response). The surface discharges

." .. 5
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were produced in a gap (1mm x 10mm) in a stripline transmission system. For

discharges open to the atmosphere, the light output followed the current. For

discharges confined within mylar dielectric of a stripline gap, the light out-

put exhibited anomalous behavior; i.e., the light output peaked when the cur-

. rent was at a minimum (but not zero). Spectrally resolved emission, inte-

grated over the current pulse duration, was also recorded using parallel

detection technology (gated, intensified vidicon-PARC OMAII, Princeton, N.J.)

For a discharge confined in mylar dielectric, the emission spectrum (largely

continuum) was fitted to a blackbody at T=35000 K (assuming unit emissivity).

At this temperature the plasma does not produce enough radiant density to ab-

late the substrate material. Radiant flux from a blackbody at 3500*K is 850

W/cm'. This is about four orders of magnitude lower than required for sub-

stantive ablation due to radiation. In principle, the plasma should achieve a

much higher radiant intensity if losses in the stripline are neglected. The

expected maximum energy density has been calculated and is 6x107 W/cm'.

Losses in the stripline and less than unit emissivity prevent attainment of

this high radiant flux. However, surface damage was observed, presumably due

to thermal (or contact) ablation. Although current interruption was not ob-

served in these experiments the large di/dt caused by the rapid changes in

plasma impedance due to ablation resulted in restrike and current flow at re-

duced levels. The recurring restrike problem led us to reconsider the experi-

mental design and modify the apparatus.

Keeping with the ablation concept, in the present device a third electrode

has been added to the previous configuration to provide both a charging cur-

rent path and a load current path. A schematic diagram of the three element

device and the external circuit is shown in Figure 1. A 5 kV dc supply

6
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charges a 10 uF capacitor bank. An externally triggered HV pulser synchron-

ized with the detection electronics provides a trigger pulse to the spark gap.

When the spark gap fires, the capacitor bank discharges and current flows from

the source electrode (1) to the charging electrode (2) through about 10n ohms

to ground (charging current path). This current flow charges the inductor

(0..675 vH) connected to the source electrode. The background pressure in the

device and the separation between the source electrode and the load electrode

(3) determine the duration of the charging current. After charging the induc-

tor, the main current path breaks down and current is diverted from the charg-

ing circuit and flows from the source to the load electrode. The pd (pressure

x distance) of the load current path is set so that it cannot break down un-

less the charge current path does so first. The HV diode connecting t-e load

and charging path encourages current interruption in the charging path.

A photograph showing the present three element device is shown in Figure 2.

The electrode on the right is the source electrode, the center electrode is

the charging electrode and the electrode on the left is the load electrode.

The device is made of machineable ceramic (MACOR) and is extremely durable.

p Easily vaporizable material is inserted into the charging path to aid in the

current interruption by increasing the gas density and creating attachers.

The materials tested were: aluminum trichloride (AlCl,), orthoboric acid

(H380.) and copper carbonate dihydroxide (CuCO,(OH)2). The gas pressure in

the device is controlled by a vacuum pump and monitored with a mechanical vac-

uum gauge. Tests have been done between 50 and 120 Torr of room air. The

pressure partially controls the duration of the charging current pulse.

A diagram showing the diagnostics used to monitor the tests is shown in

Figure 3. The differential voltage between the source and charging electrode

7



and the voltage across the load resist" are measured with Tektronix 6015 high

', voltage probes and stored in a Biomation 81C3 waveform recorder. In this way

the charge path voltage and load current are monitored. A Pearson (Model 110)

current probe is used to measure the charging current. Load currents of 5 or

6 kA are typical; the charging current is between 25 and 30 amps. The voltage

across the charging path varies with the ablating material in the charge path.

About 70 different tests were conducted under various conditions of gas

, pressure, ablative materials and electrode separations. Representative data

is shown in Figures 4,5 and 6. Measurements taken with no ablater in the

t% charge path are shown in Figure 4. The top graph shows a charging current of

about 30 amps. flowing before the main gap breaks down and only a few amps

thereafter. This curve serves as a reference showing the charging current

when no ablation occurs. The middle graph is the voltage across the charging

path. The voltage across the charging path is very small because there is no

ablation. The lower graph is the main discharge current and is virtually

identical in Figures 4,5 and 6 because the current in the main discharge path

is not affected by the ablation in the charging path. The same measurements

are shown in Figure 5; however, in this test boric acid was inserted into the

charging path. In the charging current plot, current limiting is observed due
to the ablation of the boric acid. Ideally, if enough material is ablated,

the charging current w411 cease at the instant the main gap current begins to

flow. In the middle plot there is a large increase in charge path voltage due

to the ablater. Because the charge voltage increases the charging current de-

" creases. The lower trace is about same as in Figure 4. Finally, similar

measurements were recorded in AlCl ,. The effect for AlCl , (see Figure 6) is

not as large as that observed in HIBO]. This result was difficult to obtain

8
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because the AIC13 would deliquesce in the presence of room moisture altering

the chemical and physical properties of the compound. Special precautions

were taken to keep this material as dry as possible for this test.

Conclusions and Suggestions for Further Work

The final experiments indicate that current limiting can be attained

through a combination of ablation and attachment. Clearly the device is not

optimized for switching purposes but designed so the ablative effects could by

observed. Changes in the parameters of the experiment are necessary to deter-

mine if this scheme can bring on total current interruption. Specifically the

resistance in the charge path should be reduced (or even eliminated) and the

resistance in the load path should be increased. This would permit a higher

charge current resulting in more energy stored in the inductor and conse-

quently increased ablation. These conditions would favor a decrease of E/N

and an increase in attaching gas, thereby increasing the likelihood of current

U interruption. Reducing the load path resistance would also increase the

amount of stored energy diverted -into the load. Another avenue to explore

would involve increasing the voltage and current levels in this device to more

practical levels. In our experiments we limited the high voltage to 5 kV

which was adequate to demonstrate the desired effect, namely interruption of

current flow through chemical modification of the discharge species (via dis-

sociation).

Improvements in the performance of this device can be anticipated with fur-

ther work. The device was designed to test the concept and in a single shot

mode it worked well. Practical opening switches require repetitive operation

and improvements in this area are necessary. We could envision switching de-

9



vices (based on chemical modification of the plasma constituents) with dimen-

sions larger than can be comfortably housed in a typical laboratory. These

devices might employ Roots blowers to exchange the discharge atmosphere after

each shot - a concept which would support repetitive switch action. Addition-

ally, novel methods for introducing the chemical reactants might be explored.

For example, a mixture of granulated SiO 2 and AIC13 might be entrained in the

dilute but rapid flow of background gas (e.g. rare gases) in a flowing system.

Such a system also presents the potential for a quasi-closed cycle where the

inert gas would be scrubbed and recycled while the volatiles are condensed out

of the system. In this case, the only consumable would be the solid, granular

reactants.

10
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W-UMHrMZCN1 OF 3E1fCTZU ICNZATZC1 RATES
IN TRMSWZ4T GAS DS (A =S

by

N.V. ysseweki. N.J. Enright. J.H. Proud
GQT Laboratories

ar amy molecular go"a. vapors and their MiztULres,
ther awe no available data for drift velocity, ianiza-
tion and atstacent coefficients, nor for dielectric
strength. Studies of transient q"n discharges can pro-
vic. a partial data base. Zn particular. such studies
offer two techniques for the determination of the net
Ionazation rate for a range of B/ values above the
staic bwaekdow limit. (3/W)4.

The first. based an investigations of formative times in
short, overvolted puleie discharges, can map the net
iLoization collision frequency over a rang* in which
(3/N1), MI(N) Z n practice, the effective i-oniation
rate is inver

0
ly proportional to the formaiv tim.

The coefficient o proportionality depends only slightly
on the initial electron density. The accuracy of this
technique depends largely an the accuracy with which
this coefficient can be detecmined.

The second technique is based on analysis of the leading
edge of the transmitted current vaveform. As the cur-

rent through the ga rises, the voltage across it drop*
because of the finite impedance of the external Circuit.
This causes a continuous change of Z/H in the gap. The

rsduced field changes fro the applied value 3oiN to a
final value (B/N) 2 (Z/N)d at which the effective elec-
tran growth rate equals zero. Fr a gas whose dift
velocity depends linearly on 3/N, it can be shown that
the effective ionization collision frequency at a given
Sirant is directly proportional to the tim derivative
of the curnnt wvefom at that m nt nd inversely di-
pendent on the corresponding current value. Since the

current, its derivative and the corresponding value of
3/N can be determined at each point of the current wave-
for, one can obtain the dependence of effective ioniza-
tion rate on B/N for the whole range (/)do < (3/N) c
(" /1). The very fast current rie producea by highly
overvolted conditions limits this technique from both a
fundamntal point of view (equilibrium between electronI enerq distribution and applied electrical field), and
an experimntaL point of view (time resolution of diag-
nostic system). This technique may, therefore, be ap-
plied in ranges of I/ representing moderate overvolt-
ages which typically lead to slower current rises.

Experimental investigations performed in a pulse trans-

mission line system(l) will be presented. Effective
ionization rates in nitragen and Sr& determined by mans
of both techniques will be cpared with rates calcu-
lated on the basis of published data for drift velocity,
ionization and attachment coefficient. This work was
partially supported by the Office of Naval rasearch.

l.' W.V. Byssewoki. N.J. Enright, J.H. Proud, IEEE
Trens. Plasm Sci., PS-10. p. 231 (1962).
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E/N IN TRANSIENT GAS DISCHARGES

W. W. Byszowski, M. J. Enright, J. M. Proud
GTE Laboratories Incorporated

Waltham, Massachusetts 02254

SUMMARY reaches zero. This field strength is then compared
with the reduced dc breakdown field strength

Current and voltage waveforms in transient gas (E/N)dc, and with the field at which the electrondicagshv ee nlzd uletasiso collisional ionization rate is balanced by the electron. -' discharges hv onaaye.Apletlsiso

line system was employed to overvolt a test gap filled attachment rate (E/N)c. Finally, we analyze the
with various electron attaching gases. The reduced plasma resistance measured during the period of zero
electrical field measured at the zero current growth current growth, the phase which is most likely to
portion of the discharge was found to be slightly have diffuse glow discharge character.
lower than dc or ac breakdown fields for most of the
gases studied. The transient discharge technique EXPERIMENT

was also found useful in the determination of plasma
resistance during the initial stage of constant cur- The experimental setup used in our investiga-
ra'- nt, the phase most likely to exhibit diffuse glow tions of fast breakdown under highly overvoltd

discharge character. conditions is shown schematically in Figure 1. A SO0
transmission line system delivers a 45 ns wide, almost

INTRODUCTION rectangular pulse of 20 kV to 30 kV amplitude to the
test gap. Gap spacing may be varied from 0.25 cm to

Processes which occur during the formation of 1.75 cm between 4.4 cm dia. plane parallel stainless
highly overvolted electrical discharges in molecular steel electrodes. Gas pressures have ranged from
gases effect the gases' electrical properties. The 30 torr to 1 atm, though most of the data for CCl 4
reduced field at the zero current growth level in and SiCI 4 vapors have been taken only at the pres-
transient discharges in attaching gases differs, for sures of 30 torr and of 80 torr, respectively. These
instance, from that predicted for the unperturbed pressures correspond to the vapor pressures in
gas. It may affect the electron temperature and tend equilibrium with the liquid phase at 0°C. The test
to decrease the plasma resistance. This difference, chamber was pumped to 10 2 torr before backfilling
though typically not large, may become important in with the gas to be studied. The chamber was refilled
the application of transient discharges to pumping gas after each series of approximately 10 to 20 discharges.
lasers and to fast switching techniques.

The statistical breakdown lag time was minimized
In this paper we present transient current wave- by initial electrons provided by means of a pulsed UV

forms for several attaching gases (SFg, 0 2 , CCI 1 F2 , light source. Current waveforms were monitored with
CCIF 3 , CF 4 , CCI 4 , SiCI,) obtained under a variety of a capacitive divider and recorded by means of a fast
initial conditions. We have measured the reduced transient digitizer. Subnanosecond time resolution and
field value (E/N)s, at which the current growth a high level of reproducibility have been achieved.

INCIDENT D
r-WVEOMWAVEFORM

WAVIEFORM

FORMING TEST
CHARGING LINE GAP PROSE I GAP PROSE 2

.Kv

I?

'N.V.

P4.
L- r• TRGGINUV

tLAv- LAMP

Figure 1. Schematic diagram of the pulsed transmission line system. The circuit synchronizes a UV

flash lamp and the forming gap which launches the test pulse.
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Curre,,t *avefor-s cotai-el in SF6 at two di- 300
feent Oressures art smoiiin in Figure 2. Discharge
currents, following a for-native period, rise rapidly to 250
the Value Is, at which the total electron production

*rate is balanced by the electron loss rate. 'he cur-
rent remains at this constant level for a time which Z 200-
varies with pressure. The value of reduced field 0- CF4 (p 600 TORR)
strength, (E/N)s, at the current level Is may be

obtained from the circuit equation for the transmission ISO-

li(I/N)5 :a E /N - Z1 5/dN ()100- (P 3300 T0R)

where:

EaaV a/d is the applied voltage waveform 20 2 30 5
V tdivided by the electrode0 5 10 5 20 5 30 5 40 5

a TIME (ne)
separation, d;

V (t) is represented in current units in Figure 3. Current waveforms in CF4 (p=600 torr)

Figure 2 and is labeled V /2Z; and CCI 2F2 (px300 torr). v,=ZS kV,
0 and d=O.5 cm.

Z is the transmission line impedance; and30

N is the molecular number density.
ISO

.200 - d0.36 cm

VO/2Z2

1200

go.0 5 10 15 20 25 30 35 40 45
3000TORN UNIPRN RLO "08LTIME (no)0

Figure 4. Current wavieforms in CCIF3 (Freon 13)
0 - at d0O.36 cm and dwO.S cm, pressure

80 5 Io 4s 20 25 '3" 255' p=S50torr and Vo=2SkW.

300
Figure 2. Current waveforms in SF6 at p=250 torr

and pz300 torr; electrode separation 250
ds0.5 cm and amplitude of applied vol-
tage V0820 kV. The incident voltage
wavesform represented in current units li- 200
is labeled VO/2Z. Numerical results Z
are labeled ."Uniform Field Model." IS

During early phases of the discharge, charac-
terized by the persistent value (E/N),, diffuse glow 100
discharges have been observed in a number of
gases.2 's The data reported here for SFg appear to
be consistent with these results. Good agreement so
between soermentally determined values of is and

*those calculated on the basis of a uniform field dis-
charge model' has been observed as illustrated in 0 0 5 10 15! 01 2 O'3
Figure 2. This indicates that the field may Indeed beTIE(e

* uniform and diffuse glow discharge conditions may
* Prevail during this phase. Similar conclusions may be

reached through the analysis of current waveforms Figure S. Current waveform In SIC14 at a cold
measured in other electronegative gases. Some typ. spot teimperature TsOC (p=60 torr),
i cal results are presented in Figureis 3 through 6. d0. -75 cm and V. z25 kiV.
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Typical current waveforms in CaSoan tetracnilor e300 (Cd 4 ) at two coa spot temperatures, 0C ana 23:
p-30 TOR (p :30 torr and 100 torr), are compared in Figure 6.

5 -- CCI4 " has the highest dielectric strength of the cam-
pounds studied and displays a very rapid current

200 rise to I. The current then falls slightly from is to
X 100 TOMa flat portion probably representing a glow stage.

The flat portion of the current waveform appearing at
a value lower than is may be due to transient non-

.equilibrium conditions in the discharge.
100

DISCUSSION

Current waveforms such as those illustrated in
10. 15 20 2 Figures 2 through 6 were used to provide values of s030 5 40 45 from which (E/N) s could be calculated with Eq (1)

The results summarized in Table 1 were derived from"To 1 M ( n) rp os41 ted ex plarimets r er senting , typ ically , 25 di-

ferient combinations of this initial parametrs Vo , d
-Figure 6. Current waveforms in CC14 at cold and N to yield an averag~e value and the standard

%' spot temperature T=0°C (px30 tort) dvition as tabulated. The stndard deviatons do

and T=23°C (p=100 torr), d0.S cm not include the uncertainties in the measurement of
and Vos25 kV. is . The wavy character of the current waveforms at~this point is relatd to the rapid decrease in the net

The constant current portion of the discharge is ionization rate to zero when the field collapses from a
. followed by a gradual increase in current and a sub- highly overvolted state to the breakdown value, and

sequent steep rise to a value limited by the impedance provides the main source of error ir individual Isof the external circuit. In the final stage of the dis- determinations.
charge, the plasma resistance reaches low values
characteristic of arc conditions. The current rise TABLE 1
from is to the circuit limited value therefore repre-
sents a transition from glow to arc discharge con- REDUCED rIELD AT BREAKDOWN FOR

* ditions.Z'°  It is noteworthy that such' a clear illus- VARIOUS GASES AND VAPORS
tration of this transition in electronegative gases on a
nanosecond time scale as shown in Figures 2 through 6 Gas/ (9/11) I No/M (K/N)€ Ief- ([/N)dc
seems to be rather unique and to the best of our apTd (Td) s o erencee Td)
knowledge has been demonstrated previously only in V r (Td) c
SFs. S, In contrast, the current observed in non- 3
attaching nitrogen is seen to rise, in our experiment, CC14 720160 1370-8300 950 7.8 623
smoothly towards the circuit limited value. SICi 45045 540-3110 - o

In Figure 3 current waveforms in CCIIF 2  6  33410 390-2070 362 9 3S2
(Freon 12) and CF4  (Freon 14) are compared. 355-360 7,8,10,
CCI2 F2 , a much stronger attacher, has an (E/N) s  11
value higher than that of CF4 . This can be readily CCl2F 312±14 410-2490 345-355 12-17 35
seen from Figure 3, where comparable values of is  2 2
have been reached even though the incident reduced CCLF3  179t 9 250-1S60 - 192
fields differ by a factor of two. Since all the gases1
studied do not have an appreciable flat section of the CY4  1041 5 160- 620 135-149 11-22 149
current waveform (e.g., CCI2 F2 in Figure 3), is has 02 85t 1 140- 830 108-119 23-28 116
been taken experimentally as the average between the
first maximum and minimum of the current waveform -

after breakdown. This represents the first point at
which current growth equals zero and is a feature The gases and vapors cited in Table 1 are listed
found in all cases of interest.' Although the flat in order of decreasing values of (E/N)s . The third
section of the CF4 waveform lies slightly above this column in the table indicates the range of applied
value, glow conditions may. still prevail for this reduced field, Eo/N, which was used for each gas.
region. The fourth column of Table 1 summarizes published

values of reduced field, (E/N)c, for which the ioniza-
N' A long gradual current rise from is is observed tion coefficient a and attachment coefficient P are

in CCIF 3 (Freon 13), as shown in Figure 4. Here equal.? ' sa The range in values of (E/N) reflects the
waveforms taken at two different electrode separa- spread in these data. The value of (E/N)c a 362 Td
tions, d = 0.5 cm and d a 0.38 cm, are presented. obtained in Ref. 10 for SFe (corrected for detachment

. In the case with a lower initial field (d a 0.S cm), is presently thought to be the most reliable. 2 0, $3  No
the full transition to an arc stage does not occur recent data were found for ionization and attachment
within the 45 ns pulse width. coefficients in CCI 4 and SiCl 4 , and the available data

for SiCI 4 do not contain the intersection of the twoA current waveform in silicon tetraChloride coefficients." ,  The value of (E/N)s a 4M t 45 Td
(SiCI 4 ) vapor at a cold spot temperature of 04C obtained in our measurements in SiCI 4 may be viewed
(p 2 80 torr) is shown in Figure 5. The incident as an approximation for (E/N)dc or the dielectric
reduced field for measurements in SiCI 4 was controlled breakdown strength (E/N)c . The last column of
by the electrode seoiparation and the amplitude of the Table I presents literature values31 for the dc break-
applied voltage only. Although SiCI 4 has a high down field strength.
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.Ch are cors ste::; s?,a e- -,an :te -ec;. e. ' e=. 000" une cnose-t gas ard~ nc~ce recjcea eC .

E N)-, at wr-c' 0 0, andl lovve than the brealk" E,;N .in gases with nigIN Cieleclric strentin- a-
clown 'field strengtri. The valuej (E/N c takes ntG acterized by high values of (EN )C , low c as-a
account only electron prodiuction by impact ionization resistance values may be achieved only at hig- I e C
and electron loss by attacniment (except trial' men- strength or low line impedance. This demons-,ra-es
namioed above for SF6 which is a detachment corrected t,,e effect of the circuit impedance an Plasma ress.
value). In our discharge measurement, however, tance and current in the glow phase. It shouldo also
there are additional means of electron production; be noted that for similar initial conditions, lower
e.g., enhanced ionization due to a local space charge values of Rs are obtained in transient discharges
field. 32  Since this process tends to increase the than those predicted for dc breakdown.
ionization rate, the observed value of (E/N)s is
expected to be smaller than (E/N)c. Similarly, (E/N) 5  This work was supported in part by the Officeiol
is expected to be smaller than (E/N)dc because this Naval Research.
additional process is not important at low values of
applied field. One may also expect that the fast REFERENCES
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TRA:SIEI:T GAS :1SCHARGES 1N

k)ERFLUOROCARBOIIS

W.W. Byszewski, c .J. Enright, J.M. Pt'oud

GTE Labs Inc., Waltham, HA 02254

Transient gas discharges in CF4, C2 6 and C3?8 and their mixtures with argon

have been studied experimentally. A pulse transmission line system was used

*. to overvolt a test gap in order to attain breakdown within a short voltage

pulse of 50-100ns. External UV radiation was used to eliminate statistical

lag time. Formative time as a function of applied reduced field, E IN, and

gas pressure, was measured and used in the determination of the effective ion-

ization rates in the above mixtures. The reduced field at zero effective ion-

ization rate, (E/N) s , a value which is approximately equal to the dc dielec-

tric strength, (E/N)dc, has been determined from transmitted current

waveforms. A uniform field model of the gas discharge' has been applied to

predict current waveforms and values of (E/N)s theoretically.

Perfluorocarbons, as strongly attaching gases, exhibit high dielectric

strength. These gases also possess interesting transport properties which may

Sbe of interest in diffuse discharge switches.' This paper describes an effi-

cient technique for developing data concerning the electrical insulating prop-

erties of such gases.

3This work was supported in part by the Office of Naval Research.

. W.W. Byszewski, N.J. Enright, J.M. Proud, IEEE Transition Plasma Sci.

PS-1o, 281 (1982).

L.G. Christophorou, S.R. Hunter, J.G. Carter, R.A. Mathis, Appl. Phys.

Lett, 41, 147 (1982).
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J-1 Formation and Decay of Nanosecond Discharges in
Electron Attaching Gases,* W.V. BYSZEWSKI,

M.J. ENIUGHT, J.N. PROUD, GME Labs, Inc., Waltham, MAR-
Experimental and theoretical investigations of the for-
nation and decay of transient electrical discharges in
electronegative gases will be reviewed. Phases of the
discharge to be discussed include: the formation period*
the period of voltage collapse, the phase where the

* - electron production is balanced by electron attachment
* loss,* the transition from glow to arc discharge condi-

tions,* and the decay of the plasma after the applied
* voltage has been terminated. Different electrical pro-

perties of molecular gases can be deduced from studies
of each of these phases. Experimental results obtained
in a pulse transmission line system in several attaching

* gases and in nitrogen will be presented. Two simple
theoretical models have been developed to predict cur-
rent waveforms and good agreement with experimental data
has been achieved for the first three phases of the dis-
charge. Later phases will require more complex model-
ing.

-~*Work supported in part by the office of Naval Mssearch
and by the Naval Surface Weapons Canter.
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