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I. Introduction 

This final report covers the contract period October 1. 19132 to March 31, 

1988, and includes an outline of the operation of diffuse discharge switches 

in pulsed power energy storage circuits. the methods by which the operation of 

these switches may be optimized, and the measurements we have performed on 

several gas mixtures which exhibit these optimized characteristics. The goal 

of the program has been to identify these optimization procedures, and using 

basic data on electron-atom and electron-molecule collision processes. to find 

gas mixtures in which the transport properties of the electrons in the gas 

discharges are "tailored" to match these optimization requirements. Using 

these criteria, we have found several gas mixtures which have very dcsirable 

characteristics for use in these switches. The potential of these gas 

mixtures has been demonstrated in recent switching experiments which have 

shown considerable operational improvements when these gases were used. 

The following outline for this report has been adopted in which the 

accomplishments of this program are highlighted. For the remainder of Section 

I. a brief background description of the operation of a diffuse discharge 

switch in an inductive energy storage circuit is outlined. The electron 

transport and other parameters of the gas mixtures t o  be optimized are 

identified, and the specific objectives of this program are discussed along 

with a summary of the accomplishments and publications which have resulted 

from this contract. In Section XI, the experimental techniques used to obtain 
the electron transport and breakdown measurements are outlined: the basic 

experimental measurements are presented in Section 111, while in Section I V ,  

we discuss some of the implications of these data in the operation of both 

diffuse discharge closing and opening switches. The results of switching 

experiments using our new gas mixtures will also be presented along with a 

discussion of the strengths and limitations of these switches in pulsed power 

energy storage circuits. Finally in Section V some general conclusions are 
presented. 

1.1 Background 

There has been considerable interest in  recent years in the possibility 

of using inductive energy storage devices as a means of storing and rapidly 

transferring electrical energy in repetitive pulsed power applications. The 

primary advantage to be gained from the use of these energy storage devices is 
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that they have potential energy storage densities 100 to 1000 times that of 

comparable capacitive storage systems and that this energy can be transferred 

eo the load on the very short time scale of nanoseconds. 1-3 One of the major 

problems to be faced with this technology before it can be introduced in a 

number of applications is that these inductive energy storage systems require 

a switching device that can repetitively switch (repetition rates > 10 pps 

and more than 10 shots) high currents ( e . g . ,  100 kA for inertial fusion 

confinement) with opening times of the order of a few 11s and being capable of 

withstanding high voltages (>lo0 kV) during the opening stage without 

breakdown. 

4 

6 

3,4 

One of thc most promising contenders for fast repetitive switching is an 

externally sustained diffuse gas discharge operating at gas pressures of one 

to several atmospheres. 'Two different types of external electron sources have 

been proposed for the control of the discharge current. They are hy means of 

volume gas ionization by a pulsed high energy electron beam ("e-beam 

or by resonance ionization of the gaseous mediiim using a 
,,7 I 8 pulsed high power laser ("optically controlled ) .  

The first experiments using e-beam controlled discharges were performed 

in the early 1970s in an effort to improve the efficiency of high pressure CO 2 

discharge lasers, where the efficient operation of these devices reqttires that 

they he operated at electric fields below the self-siistained dischargc 

voltage.' Early researchers in this field noticed that at high electric 

fields the discharge becomes unstable, and oscillations in the discharge 

current occur lo These oscillations have heen shown to be due to an electron 

attachment instability beeause the electron attachment coefficient in C02 

increases in magnitude with increasing field strength over a range of E/N 

valucs. A small, local reduction in the electron concentration causes a 

small increase in the local electric field in the space-charge dominated 

diffuse discharge, which results in increased electron attachment and a 

As a consequence, the further reduction in the electron concentration, etc. 

discharge becomes unstably and waves of plasma current travel between the 

clcctrodes in the discharge. Although this is an undesirable process in  

e-beam sustained lasers. this mechanism forms the basis of most present 

schemes f o r  rapidly extinguishing thc discharge in opening switching 

applications. Early experiments using e-beam sustained diffuse discharges 

11 
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were mainly conducted in Russia for use in fast closing switch applications. 

Hunter5 and Koval'chuk and Mesyats13 were the first to realize that e-beam 

sustained diffuse discharges could also be used in rapid opening switch 
-7 

applications where switching times <10 s are required. 

1.2 Operating Parameters for a Diffuse Discharge Opening Switch 

Several operating parameters may be defined for externally sustained 

diffuse discharge opening switches, most of which are common to both e-beam 

and optically controlled diffuse discharges. Knowledge of these parameters 

can then form a basis for tailoring specific gases and gas mixtures to 

optimize the switch operating conditions as nearly as possible. The relevant 

basic physical quantities include the electron attachment, recombination, 

ionization and diffusion coefficients, and the electron drift velocity as a 

function of E/N (the electric field strength to gas number density ratio), N 
and gas temperature T, and the high voltage breakdown field strengths of these 
gas mixtures. 

The operating principle of the diffuse discharge switch in an inductive 

energy storage circuit is given in Fig. 1 .  In the conducting stage, the 

switch S is opened, and the switch SI is closed (conducting) by means of a 

diffuse discharge which is sustained by ionization of the gas mixture using 

either a high energy electron beam or laser radiation, causing a current I to 

In the transferring flow in the circuit through the storage inductor L 

stage, the switch S is opened by removing the external source of ionization, 

and the current in the circuit rapidly decreases. In an inductive current 

loop, a voltage is induced across the inductor and, hence, across the opening 

switch, which is proportional t o  the rate of change in the current through the 

inductor (i,.e., V = -L dI/dt, where L is the inductance of L and I is the 

current). At the same time that SI is opened, the switch S is closed, and 

the current path flows through the load ZL. The faster S is opened, the 

larger the induced voltage that appears across L and the more rapidly is the 

electrical energy stored in L The major problem 

to be faced before this switching concept is accepted is to design the diffuse 

discharge switch SI such that it will open very rapidly and not form 

2 

S' 

1 

L S 

2 

1 

S '  

transferred to the load ZL. S 
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conducting arcs between the electrodes due to the high induced voltages which 

appear across the switch during the rapid opening stage. 

The electron number density n in the diffuse discharge, which is driven 

by an external source of ionization at a given E/N value is given by the 

following continuity equation: 

e 

dn ~ ~ . _  

- k n N  - k  n n  - k  n N N  (1) 
e 
-S+kineNT a e a  R e +  R 2 e + T  ' dt 

- -  
1 

where ki is the electron impact ionization rate constant, k is the electron 

attachment rate constant, and $2 are the two- and three-body electron- 

positive ion recombination rate constants, respectively, n n+, Na, and NT 

are, respectively, the electron, positive ion, attaching gas, and total gas 

number densities. The electron production rate by the external high energy 

electron beam in the discharge, S .  is given by 

a 

e' 

s = tj) JB w-1 

where (dE/dx) is the average energy deposited in the gas by the electrons in 

the e-beam of flux J, in traveling a distance dx, and W is the average energy 

required to produce an electron-positive ion pair (and includes a contribution 

to the volume ionization by excited state ionization of" a lower ionization 

potential gas additive in the case of Penning gas mixtures and direct electron 

impact ionization of metastable species). Similar continuity equations may be 

written for the positive and negative ion number densities in the discharge, 

i.e., 

( 3 )  - -  - S + k n N  - k  n n  - k  n n N  dn+ 
i e T R e + R~ e + T - %+n+n- 9 1 dt 

- where k is the positive ion-negative ion recombination rate constant and n 

is the negative ion number density. The negative ion number density 

continuity equation is 

R+ 
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- dn 
- -  - k n N  - k  n n  
dt a e a  R + + -  (4) 

When the electron and the ion loss processes from the discharge are negligible 

and the current gain in the switch is large, 

n - n  +n- + -  e 

The electron current density J in the discharge is given by e 

an 
Je(r,x) = e 

(5) 

and is dependent on the electron drift velocity w, the longitudinal diffusion 
coefficient D and the transverse diffusion coefficient D (r is the radial 

direction perpendicular to the applied electric field). At the gas pressures 
proposed for most switching applications (1 to 10 atm ) ,  the diffusion terms 
in Eq. (6) are negligibly small in comparison with w, i.e., 

L’ T 

1 

Je en w 
e 

en pV e s  - 
- d  ( 7 )  

where p is the electron mobility ( p  = WE), V is the voltage appearing across 

the switch electrodes, and d is the electrode spacing in the switch. The 

maximum voltage (V ) that can appear across the switch electrodes before 

the diffuse discharge collapses into an arc discharge (which is undesirable 

as, for example, it greatly increases the opening time of the switch) is 

given--for a uniform field electrode configuration and a space charge free 

discharge---by the static high voltage breakdown field strength (E/N) of the 

gas mixture in the switch 

S 

s &im 

& im 
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An important parameter. which may be derived from the electron current 

density J, and which significantly affects the switch efficiency. is the 

switch resistivity p given by 

The positive and negative ion current densities in the discharge are given by 

J, = en+w+ and J- = en-w-, respectively, where the ion diffusion terms are 

negligible in comparison with the ion drift terms. The positive (and 

negative) ion fluxes do not play a significant role in the conductivity of the 

transient stage (i.e., in the opening stage) of the switching action of the 

discharge. However, they do cause significant space-charge distortion, such 

that the electric field E(x)  within the discharge is spatially dependent, and 

Poisson’s equation must be solved in order to determine the field, i.e., 

a% e 2 = - E (n+ - n- - ne) 
0 

and 

aV E = - -  
ax * 

where f is the permitivity of the gaseous medium. 
0 

With the aid of E q s .  (1) to (9), it is possible to establish several 

requirements of a gas mixture in the diffuse discharge which will optimize the 
performance of the switch. The conductivity of the discharge must be 

maximized while the switch is conducting [i.e., the voltage drop, and hence 

the Em, across the discharge should be low (Em 5 3 x V cm ) to 2 

minimize power losses and, consequently, gas heating effects in the switch]. 

The opening time of the switch must be as short as possible {i.e., largest 

rate of decrease in the discharge current) once the e-beam has been switched 

off in order to maximize the voltage developed across the inductive energy 

storage device. Consequently, the electron conductivity in the discharge must 

be minimized during the opening stage, and the gas mixture must be able to 
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-15 2 
withstand high transient voltage levels (Em > 10 V cm ) while the switch 

i s  opening. 

These operating conditions allow us to define several desirable 

characteristics of the gaseous medium in the conducting (low Em) and opening 

(high Em) stages of the switching action. In the conducting stage, the 

requirements are: 

1. Maximum electron drift velocity w - the larger w is, the higher the 
conductivity of the discharge and the greater the current density in 

the diffuse discharge and the lower the switch resistivity. 

2. Minimum e-beam "ionization energy" W - the smaller W is, the greater 
the current gain in the discharge with a consequent increase in the 

efficiency of the coupling of the e-beam to the discharge and a 

greater control of the resultant discharge current. 

3 .  Minimum electron loss terms k , k , and kR - the conductivity 
a' k ~ l  R~ i- 

of the discharge drastically decreases and space-charge problems 

increase when the highly mobile electrons are converted into 

relatively immobile negative ions. Similarly, the conductivity will 

decrease if the electron and negative ion-positive ion recombination 

in the discharge is large due to the loss of the charge carriers. 

Another problem that results from large recombination coefficients 

is that the current gain in the switch will decrease, and the energy 

released in the recombination process will result in increased gas 

kinetic energy causing heating problems in the gas under repetitive 

operation. 

4. Minimum ionization rate constant k - the conductivity of the gas is 
i 

required to be completely conLrolled by the external ionization 

source, otherwise the opening time of the switch will be 

considerably increased due to additional gas ionization when the 

e-beam is switched off. 6 

In the opening stage the requirements of the gas mixture as as follows: 

1. Minimum electron drift velocity w - i.e., reduce the electron 

mobility and hence lower the electron conductivity in the gas 

mixture. 
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2. 

3 .  

4. 

5. 

Maximum electron attachment rate constant ka - i.e., lower the gas 
conductivity by converting highly mobile electrons into relatively 

immobile negative ions and by removing free electrons from the 

discharge, reducing the current density due to additional ionization 

processes as the E/N increases. 

High breakdown strength (for uniform fields defined as the 

E/N at which ki z ka) > V cm2 - the higher the value of 

the faster the permissible rate of decrease in the 

electron conductivity in the discharge, and hence the shorter the 

opening time of the switch. 

Self-healing gas mixtures - for closed cycle operation without 8 
time dependent degradation in the performance of the switch, i t  is 

required that the gas mixture composition not change with time. The 

molecular gases in the switch can be fragmented either by collisions 

with high energy electrons from the e-beam or by electron 

impact-induced dissociation and dissociative attachment processes 

occurring during the diffuse discharge, particularly during the 

opening phase where the E/N quickly rises to very large values (EM 
> V cm ) .  This problem can be reduced by using gases that 

attach electrons nondissociatively at energies well in excess of 

thermal energy and also have low electron impact dissociation cross 

sections and large neutral-neutral and negative ion-positive ion 

recombination coefficients at high E/N values. 

In photoexcited and photoionized gas discharges (required for 

laser-controlled discharges) it is desirable to have an electron 

attaching gas in which electron attachment can be increased by 
photoexcitation of the molecules by the laser radiation. 7'8 

2 
Tv 

The desirable characteristics for the E/N dependence of w and k f o r  the 

gas mixture i n  the diffuse discharge are shown in Fig. h e n  the 

switch S is closed or conducting (i.e., when the electric field across the 

switch electrodes is small), electron conduction in the discharge is optimized 

by using gas mixtures which have large electron drift velocities and small 

electron loss processes ( e . g . .  electron attachment and recombination) at the 

a 
2. 14315 

1 
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Fig. 2 .  Schematic illustration of the electron attachment rate constant 

k-(E/N) and the electron drift velocity w(E/N) characteristics 
a 

required of a gas mixture for use in a diffuse discharge opening 

switch. Approximate values of E/N for the discharge in the 

conducting and opening stages of the switch are shown in the figure 

(from Ref. 14). 
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electric field strengths characteristic of this stage of the switching action 

{indicated by the shaded region in Fig. 2). Conversely, during the opening 

stage (i.e.. when the electric field strengths are large, indicated by the 

shaded region in Fig. 2). the electron drift velocity should now be low, and 

the electron attachment rate constant large in order to reduce the electron 

conduction in the discharge as quickly as possible. 

1 . 3  Proaram Objectives 

The aim of this research program has been to find gas mixtures which 

would optimize the gas discharge requirements outlined above in both the 

conduction and opening stages of the switching action. This has been 

accomplished by performing the following measurements on potential gases and 

gas mixtures. 

1 .  Measurements of the room temperature electron attachment rate 

constant k were performed on selected electronegative gases in both 

N2 and Ar buffer gases as a function of E/N (or mean electron energy 

(E)) and gas pressure in an effort to find the energy dependence and 

electron attachment mechanisms of these candidate gases. I f  any of 

these gases possessed the required characteristics (i-e., low ka at 

thermal and near thermal electron energies, and high ka at ( E >  > 2 
eV) then the following measurements were performed. 

a 

2. Room temperature electron drift velocity w measurements were 

performed on the candidate gases in gas mixtures with both Ar and 

CH, over a wide range of concentrations {typically varying from 0.1% 

to 100% of the attaching gas) to observe any enhancement in w that 

may occur at low E/N values, and to give additional insights into 

the electron scattering processes which may be occurring in these 

electronegative gases. 

3 .  Electron attachment coefficient q/N and electron ionization 

coefficient a/N measurements were also performed on a few selected 

gas mixtures with Ar and CH, over a similarly wide range of 

concentrations in an effort to understand how these gases would 

perform in switching gas mixtures. 
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4. High voltage breakdown field strength measurements were 

performed on selected gas mixtures in order to dctermine if these 

gases were able to withstand the transient high voltages that occur 

when the switch is opened. These measurements enabled US to 

determine the minimum concentration of the attaching gas that was 

required to sustain these voltage transients without breakdown. 

5. For repetitively operated switches, the gas temperature within the 

switch is expected to rise several hundred degrees centigrade, and 

under these circumstances, the electron transport and rate 

coefficients are expected to be functions of the gas temperature T. 
Knowledge of these parameters as a function of T is desirable for 

modeling the operation of the diffuse discharge switch in practical 

applications. Consequently, the above measurements (namely k ( ( E ) ) ,  

w (Em), q / N  (E/N) and (EM)eim) were performed as a 

function of 'r on selected gas mixtures to simulate the environment 
found in repetitively operated switches. 

a 

a/N (EM), 

6. Finally, the W value (the average energy to produce an electron- 
positive ion pair from thc energy decay of a high energy ionizing 

particle) of several gases and gas mixtures was measured in an 

effort to find gas mixtures which would maximize the electron 

current density in the switch during switch conduction (i.e., 

minimize the "resistivity" of the discharge and consequently 

maximize the current switching efficiency). 

1 . 4  Summary of Accomplishments 

The following is a list of the most significant accomplishments achieved 

during the course of this program. 

1. Measurement of the room temperature electron attachment rate 

constant k as a function of ( E )  from thermal electron energy 

(% 0.04 eV) to ( E )  2 5 eV in N, and Ar buffer gases for several 

molecules (many of which have been found to possess very desirable 

electron attachment characteristics f o r  use in diffuse discharge 

opening switches). These molecules include CF,. C,F,, C,F,, c-C,F,, 

l-C,F,. c-C,F,. n-C,F,,, n-C,F,,, i-C5F1,, n-C,F,,, E1F3, (CF3)20, 
(CF,),S, NF,, N,O and SO,. 

a 



15 

2 .  

3 .  

4. 

5. 

6. 

7 .  

8. 

9, 

10. 

Measurement of the room temperature electron drift velocity over a 

wide E/N range (0.002 L E/N 5 400 x V cm”) in the following 
pure gases; CF,. C2F6. C3F8, n-C4Flo, (CF3),0, SiF,, BF,, Ar. CH4 
and N,. 
Measurement of the room temperature w in the following gas mixtures 

which were proposed for use in diffuse discharge opening and closing 

switches; Ar/CH4. CF,/Ar. CF4/CH,, C&,/Ar, C2F6/CH4, C,F8/Ar. 

C3F,/CH4, (CF,),O/Ar, (cF3)2s/cH4, SiF4/He. 
Developed a new procedure for the measurment of electron attachment 

and ionization coefficients in a pulsed Townsend experiment where 

both electron ionization and attachment processes are present. 

Measurement of the electron attachment coefficient q/N as a function 

of E/N and gas pressure in the following pure gases; CF4, C2Fb, 

C3F,. n-C4Fl0, 02, SiF, and BF,. With the exception of 0, (which 

was measured to test the accuracy of the experimental technique), 

all these molecules only attach electrons efficiently at high 

electric field strengths. 

Measurement of the electron ionization coefficient a/N as a function 

of E/N in the following gases: CF,, C2F6, C,F,, n-C4Flo, SiF,. BF, 
and CH,. 
Room temperature q/N and aflv measurements were also performed in 

C,F,/Ar and C2F,/CH4 gas mixtures, as these mixtures were chosen to 

represent the expected Em and concentration dependence of these 

coefficients in typical diffuse discharge opening s w i  Lch 

applications. 

Room temperature a/N and v/N measurements were also performed in the 
following mixtures; SiF,/We, SiF,/He/TEA and SiF,/He/TW. These 

mixtures were chosen for study as they possessed almost ideal 

characteristics f o r  self-sustained diffuse discharge closing switch 

appl ica t ions. 

The high voltage breakdown field strength measurements were 

performed at room temperature in the following mixtures: C,F,/Ar, 

C2F6/CH,, C,F,/Ar, C3F,/CH4 and c-C,F,/He. 

The average energy to produce an electron-positive ion pair W m s  

measured for the following pure gases; CF,. C,F,, C3F,, n-C,F,,, 

cN4, A r ,  N2, C2H, and 2-C4H,. 
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11. The W values were measured in the following binary gas mixtures; 
CF,/Ar, C2F6/Ar, C3F8/Ar, w,/cH,, CF4/C,H2, C,F,/C2H2, C,F8/C2H,, 

C2F6/2-C4H8, C3F8/CzHz. Ar/C,H2 and Ar/2-C4H8. 

12. The W values were also measured in the following ternary gas 

mixtures ; CF,/Ar/C2H2. C2F,/Ar/C2H2, C,F6/Ar/2-C4H8 and 

C3F,/Ar/C,H2. These mixtures have not only been found to possess 

excellent w, a/N and q/N characteristics. but also for specific C2H2 

or 2-C,H8 concentrations. can also considerably enhance the electron 

production in the discharge by the external electron beam, thereby 

maximizing the current switching efficiency. 

13. Electron attachment rate constant k measurements were performed 

over the gas temperature range 300 2 T 2 700 K in CClF,, CzF6, C,F,, 

a 

n-C4F,,. c-C4F8, c-C4F,, and c-C6F6. These measurements helped to 

elucidate the electron attachment mechanisms in these molecules. 

14. Electron drift velocity, a/N and r)/N measurements were a l s o  

performed in pure C,F, and a,, and the gas mixtures C,F,/Ar and 

CzF6/c& at the gas temperatures 300 K ,  500 K and 700 K .  These 

measurements have shown that the operation of repetitively pulsed 

opening switches will not be seriously degraded by operation at 

these gas temperatures. 

15. High voltage breakdown field strength measurements (E/N) were 

performed in the following gases over the temperature range 300 K < 
T < 2 600 K at atmospheric gas pressures: CF3C1, C2F6, C,F8, l--C3F6, 

c-C,F, and n-C,F,,. These measurements have shown that for C,F, 

(which is considered a prime candidate for use in diffuse discharge 

opening switches) operation of the switch at these temperaturcs does 

not degrade the dielectric properties of this gas, and in fact, the 

dielectric strength increases slightly over this temperature range. 

4? im 
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5. J. G .  Carter, S. R. Hunter, L. G. Christophorou, and V. K. Lakdawala 
(contributed), "Electron Drift Velocity and Ionization and Attachment 
Coefficients in Cases/Mixtures for Diffuse-Discharge Opening Switches," 
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S .  R. Hunter, J. G .  Carter, L.  G. Christophorou, and V. K. Lakdawala 
(contributed), "Transport Properties and Dielectric Strengths of Gas 
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"Electron Drift Velocity and Attachment and Ionization Coefficients for 
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Abstracts, IEEE Catalog No. 86CH2317-6, XEEE, New York, 1986, pp. 7-8. 
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11. 

S .  R. Hunter, J. 6.  Carter, and L. G. Christophorou (contributed), 
"Electron Transport Studies of Gaseous Media for Diffuse Discharge 
Closing Switches," International Conference on Phenomena in Ionized Gases 
(ICPIG XVIII), Swansea, Wales, United Kingdom, July 13-17, 1987. 

L. G. Christophorou, S.  R .  Hunter, L. A. Pinnaduwage, J .  G. Carter, and 
P. G .  Datskos (contributed), "Electron Attachment Properties of Excited 
Dielectric-Gas Molecules and their Possible Use for Pulsed Power 
Switching." IX International Conference on Gas Discharges and their 
Applications, Venice, Italy, September 19-23, 1988. 

Exnerimental Techniques 

Several different experimental techniques were employed to obtain the 

data discussed in this report. Most of these experiments existed before the 

commencement of this program, but some were modified during the course of the 

prcsent research program. These experiments are described briefly in  this 

section. 

2.1 WiEh Pressure Swarm Experiment 

The technique used to obtain the electron attachment rate constants in 
16,17 the present swarm studies was originally devised by Bortner and Hurst. 

In Fig. 3 is shown the schematic diagram of the present apparatus. Electrons 

are produced in a plane at the source electrode, perpendicular to the applied 

electric field, E ,  by the passage through the gas of high energy alpha 

particles. The alpha particle trajectories are well collimated such that the 

electron swarms produced by the energy decay of the alpha particles lie in a 

well-defined plane at the source. Each alpha particle (produced by the decay 

of Cf252. energy Z 6.1 MeV) produces a swarm of Z 2.3  x lo5 electrons in N, 
within % 5 x 10-9s at 133 kPa to 2 x 10-l' s at 3.2 MPa. These swarms of 

electrons then drift to the anode under the influence of a uniform electric 

field established between the cathode and anode. 

The change in the number n(t) of electrons in the swarm during the time 

interval dt is 

d n O = - q w n ( t )  dt , 

where r] is the average number of attaching collisions per centimeter of drlft, 

and w is the drift velocity of the swarm. The measurements were performed at 

high total gas pressures (133 kPa 
PT 3 . 9  MPa) such that the influence of 
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F i g .  3 .  Schematic diagram of the electron attachment apparatus and sigxal 

conditioning electronics used in the room tcmperature electron 

attachment rate constant mensurernerlts (Ref. 1s). 
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diffusion upon the drift of the swarm was negligible. Equation (11) has the 

following solution 

n(t) = n 0 exp[-{MNa)Na wt] , { 12) 

where v/Na is defined as the attachment coefficient with the units of cm2, N a 

is the partial attaching gas number density, and no is the initial number of 

electrons produced by each a-particle at the beginning of the drift space. 

To obtain the attachment coefficients, the experiment is performed as 

follows: A pure buffer gas sample is admitted into the vessel at a given 

pressure, and a distribution of voltage pulse heights are obtained at a given 

E/N, which are accumulated in a multichannel analyzer (MCA) operating in the 

pulse height analysis mode. The most probable pulse height is recorded. The 

ERV is changed and a series of most probable pulse heights is obtained as a 

function of Em. I f  the pressure dependence of the attachment process is to 

be studied, then the above set of measurements are performed over a range of 

buffer gas pressures as well. A small quantity of attaching gas is then added 

to the drift vessel (usually one part in lo5 to lo8 of the total gas pressure 

in the present study), the chamber refilled with the buffer gas, and a new 

T’  
series of most probable pulse heights obtained as a function of E/N and P 

The ratio of the pulse heights with and without the attaching gas is obtained. 

The electron attachment coefficient q/N is then obtained from this ratio. a 

The drift region electrodes of the experimental apparatus shown in Fig. 3 

are housed in a stainless steel high pressure vessel. capable of operating at 

total gas pressures up to 10 MPa. The chamber is pumped by a W pumping 

system with a base pressure of a few parts in loe6 Pa and an outgassing rate 
of Pa per hour. All electrodes in the chamber are gold plated. and 

enameled insulators are used to reduce possible surface reactions with 

reactive attaching gases. The alpha paticle source used in these studies was 

CfZ5” which was electroplated onto a thin platinum ribbon and housed within 

the source electrode. This source produced %lo4 detectable swarms per second. 
The induced anode voltages, produced by the motion of the swarm, are detected 

and amplified by a preamplifier and linear amplifier and passed into a 

microprocessor based, 2048 channel multichannel analyzer (MCA), where the 
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distribution of the resultant peak pulse heights are stored. The pulse height 

histogram is analyzed by the microprocessor to find the most probable pulse 

height, which is then used t o  obtain q/N and thus k using a simplc 

numerical iterative procedure. The microprocessor then resets the 

programmable voltage supply and hence the E/N value, and a new histogram is 

obtained, and the whole procedure repeated. Further details of the 

experimental technique are given in Ref. 18. 

a’ a 

2.2 High Temperature Swarm Experiment 

The high temperature swarm apparatus is shown schematically in Fig. 4. 

‘The operation of this experiment is very similar to that described above, 

except that a number of modifications were made to the basic design to 

facilitate the measurements at high gas temperatures. In contrast to our 

other swarm apparatus, the swarm chamber was made -100 cm long, and the 

distances of the two end flanges from the middle of the chamber are -50 cm. 

To avoid leaks at the flanges when heating or cooling, the region around the 

flanges was water cooled and was kept at a much lower temperature than the 

collision region (the region between the anode and cathode; see Fig. 4). ‘This 

arrangement also allowed the high voltage and signal feedthroughs to be kept 

at a low T. Special care was also taken in the construction of the long 

supporting stands holding the anode and the cathode (the Cf252 alpha particle 

source used to produce the electron swarms by the energy decay of the alpha 

particles was mounted on a plate supported on the cathode). which consist of a 

stainless steel rod with insulating rods at its two ends. 

A furnace and temperature control system (0-1000°C, resolution l°C,  

Applied Test System, Inc.) was used to heat the central region of the chamber. 

The temperature in the collision region was measured by six thermocouples 

(chromcl-alumel, type KX) located as close to the drift region as possible. 

With the aid of two independently controlled heating elements embedded in the 

insulating walls of the furnace, the gas temperature between the electrodes 

was eontrol led to within 1-2OC. Further detai I s  of the experimental technique 

are given in Ref. 19. 

2.3 Pulsed Townsend Experiment 

The electron drift apparatus used to obtain the room temperature and high 

temperature electron drift velocity and attachment and ionization coefficient 

data i s  shown schematically in Fig. 5. The high pressure chamber was designed 
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Fig. 4. Schematic diagram of the high temperature electron attachment rate 

constant experimental appratus (Ref. 19). 
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Fig. 5. Schematic diagram of the pulsed Townsend experimental apparatus used 

to obtain the room temperature and high temperature w, u/N and q/N 

coefficients (Ref. 20). 
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and tested to a pressure of 8 MPa and a temperature of 750 K and pumped by an 

ultrahigh vacuum system having a base pressure of 5 x Pa. This chamber 

housed the two stainless steel electrodes 7 cm in diameter at a gap separation 

which could be varied from 1.5 to 4 cm. Electrons were produced 

photoelectrically at the palladium-coated photocathode by a pulsed excimer 

laser using argon fluoride (A = 193 nm, full width at half maximum Z 5 ns) as 

the lasing medium. The voltage induced in the anode circuit by the motion of 

the electrons and ions in the drift gap was detected by a fast (risetime Z 1 

ns), high impedance (Zi Z 10" Q )  unitary gain emitter-follower preamplifier. 

For the electron drift velocity measurements, the voltage transient was 

digitized by a Biomation model 6500 waveform recorder (2 ns per channel, 6 

bits vertical resolution), which was triggered by a variable delay 

synchronization pulse from the laser firing control circuit. This technique 

allowed the waveform recorder to be triggered before the laser was fired. For 

the electron attachment and ionization measurements, the voltage transient was 

digitized by a Biomation model 8100 waveform recorder (10 ns per channel, 9 

bit vertical resolution) operating in the "pretrigger" mode which allowed the 

signal immediately preceding the trigger pulse to also be recorded. In this 

case the waveform recorder was triggered by an electronic pulse produced by a 

fast UV photodiode (Zl  ns risetime). This waveform digitizer has the 

capability of capturing the voltage transient on two different time scales. 

The first part of the waveform was digitized at 10 ns per channel in order to 

capture the distinct break in the waveform between the electron and ion 

voltage components. The second part of the waveform was digitized at a much 

slower rate (usually 50 11s to 1 ps per channel) in order to capture the total 

ion voltage transient. The digitized waveforms were transferred to  a PDP 11 
computer where multiple waveforms could be averaged, and the resultant 

waveform analyzed to determine w m I ayT, qT/N. Further experimental 

details of the pulsed Townsend experimental technique are given in Ref. 20. 

2.4 Gas Ionizirw W Value Experiment 

Figure 6 shows the block diagram of the system employed for the 

measurement of the W values of the gases. The parallel electrodes, which have 

a 5 cm gap separation, are supported by ceramic insulators mounted on the top 
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Fig. 6. Schematic diagram of the apparatus used to measure the W values of 
a-particles (Ref. 22). 
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and bottom flanges of the vacuum chamber. The collector plate is 11.9 cm in 

diameter and is surrounded by a guard ring with a gap of 0.1 cm. A s  an 

ionization source, an uncollimated Pu239 source deposited on a platinum plate 

of 2.5 cm in diameter and 0.16 cm in thickness is flush mounted in the center 

of the high voltage electrode. itself 15.4 cm in diameter. The ionization 

source produces - 6 x lo4 a particles per second; each a particle has an 

initial energy of - 5.1 MeV. 
In order to eliminate impurities, especially water vapor, all gases were 

passed through a liquid nitrogen trap. Prior to introducing the gas into the 

chamber. the gas system was pumped to a pressure of less than 5 x Torr. 

Direct current voltages up to 12 kV were applied t o  the test chamber. Above 

this voltage, corona discharges in the vacuum chamber disturbed the 

measurements. 

The principle of the measurement circuit is the same as that used by 

In our system, the accuracy of the measurement is improved Bortner et at. 

by using an automatically controlled feedback circuit. When the switch (Fig. 

6) is closed (contact 2 closed), electrons and ions produced by the a particle 

energy decay in the gas produce a current in the collector circuit which is 

collected'as charge on the low loss capacitor C .  Simultaneously, an 

electrical stopwatch starts counting the time by closing relay 1 .  The ramped 

generator in the circuit was used as a source of bucking voltage to the 

capacitor. The voltage of the ramped generator was controlled through a 

feedback circuit by the output of a high impedance voltmeter (-loi4 Q) which 

monitored the potential between X and Y (see Fig. 6).  Further details of the 

experimental apparatus are discussed in Refs. 22 and 23, while the principle 

of the experimental technique is given in Section 111. 
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2.5 High Voltage Breakdown Experiment 

The experimental procedure and breakdown chamber employed in the presenL 

s tudy have been described previously . 24*25 A schematic of the apparatus is 

shown in Fig. 7. The uniform field w a s  maintained with two stainless steel 

plane electrodes having 4.8" (12.2 cm) diameter and a Bruce profile Yl.6" (4.1 
cm) diameter flat surfaces]: the dc voltage was provided by a 100 kV Spellman 

power supply. The stainless steel chamber was heated with a three-zone 

electrical strip heater enclosure. The temperature was sensed by 

thermocouples attached to the test chamber and was indicated and controlled by 

three Barber-Coleman model 560 controllers; it could be measured to within f 

l 0 C  over the temperature range investigated (-22 to 300OC). 
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Fig. 7 Cross sectional view of the high pressure. variable temperature high 

voltage breakdown chamber: (1) uniform field electrodes, (2) Teflon 

spacer, (3) high voltage cable, (4) high pressure chamber. (5) oven, 

(6) ground feedthrough, ( 7 )  linear motion drive, (8) support stand, 

(9) ports, (10) resistance heaters (Ref. 24). 
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111. Experimental Techniques and Selected Results 

In this section we present selected results of our measurements of the 

electron attachment rate constant, electron attachment and ionization 

coefficients, electron drift velocities, high voltage breakdown field 

strengths and W values in several gases and gas mixtures which have been shown 
tQ be good candidates for  use in diffuse discharge switch applications. 

Detailed discussions of these measurements are to be found in the publications 

listed in Section I. 
3 . 1  Room Temperature Electron Attachment Rate Constants and Attachment 

Cross Sections 

High pressure (>1 atm) electron attachment studies of the perfluoro- 

alkanes and several fluorinated ethers26 have shown that several of these 

molecules possess electron attachment rate constants which have desirable 

energy dependences for diffuse discharge switching applications (i-e., they 

attach electrons efficiently at high energies and have much reduced electron 

attachment rate constants at near-thermal energies). These measurements are 

summarized in Fig. 8a and have been obtained using a high pressure swarm 

technique. 18'26-27 The molecules C2F, and CF,ocF3 are of considerable 

interest f o r  opening switch applications due to their very low rates of 

thermal electron attachment and that the peak in ka((€)) occurs at 

comparatively high electron energies for both molecules. These two molecules, 

along with CF4 and CF3SCF3 attach electrons dissociatively. On the other 

hand, molecule C,F, (and n-C,Fio) is particularly noteworthy in that electron 
attachment to this molecule at atmospheric pressures and ambient temperatures 

is predominantly by parent negative ion stabilization. '* and thus this 

molecule could possibly be used in closed-cycle switches. 

18 

The electron attachment rate constant for  NF3 is plotted in Fig. 9 as a 
function of (f) along with several previous electron attach men^ 

measurements. 2s'29 This molecule was previously thought to possess a 

comparatively high thermal electron attachment rate constant 

lo-'' - IO-' em3 s - ' 1  and consequently to be unsuitable for  use i n  opening 

switch applications. The present measurements show that the thermal electron 

attachment in NF, is up to two orders of magnitude lower than these estimtes 

cm3 s- '1 ,  making this molecule a suitable candidate for 

r-.. 

C(ka)th 

Z 3 x ka) th 

study in switching applications. 
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Fig. 9. The electron attachment rate constant k as a function of mean 

electron energy ( E )  for  NF, in comparison with the previous 

measurements of Chantry (Ref. 28) and Iakdawala and Moruzzi (Kef. 

29). 
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The total electron attachment cross section u (E)  for each of these 

molecules is related to the attachment rate constant k as a function of (E) 

(or  Em) and the electron energy distribution function f(€,E/N) of the gas 

mixture by 

a 

a 

% m  

= [ 13 .f E!' ua(E) f(€,E/N) dC , (13) q(E/N) w(E/N) 

a 0 
ka(E/N) = N 

where q/N is  the normalized electron attachment coefficient and m is the 

electron mass. The electron energy distribution Function is normalized by 

a 

a, 

.f f(E,E/N) d€ = 1 . 
0 

If both k (E/N) and f(€.E/N) are known over a wide range of E/N values. then 

u ( E )  can be determined over a wide range of electron energies using a swarm 

The attachment rate constant measurements given in unfolding technique. 

Figs. Sa and 9 have been obtained for these electronegative gases by 

performing the measurements in gas mixtures composed of traces (one part in 

lo6 to  10") of the attaching gas in the high pressure buffer gas of argon. 

The electron energy distribution functions f(€,E/N) and w(E/N) values used in 

E¶. (13) are those for pure A,,'% as we have made the justifiable assumption 

that the electron transport parameters and hence f(E,E/N) are unaffected by 

the addition of minut,e quantities of the attaching gas to the Ar. 

observed dependence of k on the attaching gas partial pressure can be removed 

by extrapolating the measurements to zero attaching gas pressure.) 

a 

a 
30 

(Any 
18.26 

a 
18,26 

The electron attachment cross sections CY (E) obtained from these analyses 

are plotted in Figs. 8b and 10 and these measurments, along with the ka((E)) 

values given in Figs. 8a and 9, indicate that we indeed have found several 

electroncgative gases which attach electrons over a wide energy range at 

electron energies well in excess of thermal cnergies ( E  > 0.3 eV). 

Consequently, the electron attachment processes in a potential switching gas 

a 
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mixture using these gases can be positioned at appropriate (E) or E/N values 

by choosing a gas which efficiently attaches electrons in that E/N range. 

3.2 

Whenever the diffuse discharge switch in an inductive energy storage 

circuit is fired, the gas temperature within the switch is expected to rise 

several degrees centigrade. and operating temperatures of several hundred 

degrees are likely for repetitively operated switches. An understanding of 

the factors that affect the operation of the switch under these conditions can 

be obtained by performing the electron transport and rate coefficient 

measurements at gas temperatures above room temperature. 

Elevated Temperature Electron Attachment Rate Constant Measurements 

The electron attachment rate constant k ( ( E ) )  has been measured for C2F6 

over the temperature range 300 < T 5 750 K in order to investigate the 

influencc of gas heating on the electron attaching properties of this molecule 

(Fig. 11). As the gas temperature increases, k ((f)) increases, and this 

increase is progressively larger at lower energies such that the threshold and 

the peak in the ka((E)) shift to lower energies at higher gas temperatures. 

The ka((E)) increases by 3 0 %  over this temperature range near its peak at ( E )  

% 3 eV (Fig. 11). 

a 

a 

Measurements of k ((E)) have also been performed in C3F8 and n-C4F,, as a 

function of gas temperature up to 750 K in Ar buffer gas (over the mean 

electron energy range 0.76 < (E) 4.8  eV). These measurements are given in 

Figs. 12 and 13 and show that at a given value of (E). k decreases only 

slightly up to T - 400 K, then rapidly decreases with increasing T up to 
T - 450 K, and finally significantly increases with increasing T above this 
temperature. The lower temperature measurements (T < 450 K) have been found 
to be strongly dependent on total gas pressure, indicating that parent 

negative ion formation processes are significant electron attachment processes 

at these temperatures. At higher gas temperatures (T 2 450 K) pressure 

dependent electron attachment processes are negligible indicating that 

electron attachment to C3F8 and n-C,F,, at these temperatures is predominantly 

dissociative. These measurements indicate that relatively small changes in 

the gas kinetic energy (and hence in the vibrational populations of the 

attaching gas) can have a large influence on the electron attaching properties 

of C,F, and n-C,F,, which could, in turn, significantly affect the performance 

a 

a 
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attachment rate constant k for NT 4 ~0 (and N 
1 a 

+ 0 )  for 

C3F8 as functions of mean electron energy (E) in a buffer gas of Ar 
at the gas temperatures given in the figure. The curve at 300 K in 

Fig. 12b is the dissociative attachment component to the total rate 

of electron attachment at this temperature (see Ref. 19 for full 

discussion). 



41 

ORNL-DWG 86-12903 

n-CqF10 IN Ar 

14 

lz 

10 

a 

6 

4 

2 

0 
0 5  10 15 2.0 25 3.0 '3.5 4 0  4 5  5 

MEAN ELECTRON ENEKGY, ( E )  (eV> 

Fig-  1 3 .  Electron attachment rate constant kl for n-C,F,, obtained under the 

same conditions as those for C,F, in Fig. 12. 



42 

of repetitively operated switches operating at elevated gas temperatures using 

C,F, or n-C4Fi0. 

3 . 3  Room Temperature Electron Drift Velocitv Measurements 

A. Pure Gases 

The electron drift velocity w has been measured in several pure gases 
using our pulsed Townsend experimental apparatus. The w measurements in gases 

which are potentially useful in diffuse discharge opening and closing switches 

are given in Figs. 14 and 15, respectively. All these gases (with the 

exception of n-C4Flo) possess significantly enhanced w values (i.e. regions of 

negative differential conductivity [NE]) at comparatively low E/N values, 

which as indicated in Fig. 2 is a very desirable characteristic of gases for 

use in diffuse discharge opening switches. 

B. Gas Mixtures 

The electron drift velocity w has been measured in several gas mixtures 

cornposed of the attaching gases shown in Fig. Sa using either Ar or  CH, as 
buffer gases in an attempt to combine the electron mobility enhancement 

afforded by the N E  effect at low E/N observed in gas mixtures using Ar and 
GI.+, with the very desirable electron attaching properties of the 

electronegative gases given in Fig. Sa at high E/N (or(€)). These 

measurements are plotted in Figs. 16 to 19 over the concentration range of 0.1 

to 100% of the attaching gas in the buffer gas. The measurement technique and 

accuracy of the resultant data have been discussed in Kef. 32. These gas 

mixtures all possess pronounced regions of NDC over a range of E/N values. 

‘fhe NDC effects observed in several of these gas mixtures are among the 

largest that have been observed in any gas mixture and are the result of large 

vibrational inelastic energy loss processes in these electronegative gases at 

comparatively low electron energies [ O . l  < E 5 1.0 eV]. 

Electron drift velocity measurements i n  several SiF,/We gas mixtures are 

plotted in Fig. 20. These gas mixtures have been found to possess the very 

desirable characteristics outlined later in this section f o r  use in diffuse 

discharge closing switches I ‘They have the added advantage of possessing high 

w values at E/N values near the operating E/N value of the discharge when the 

switch is closed. 
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3.4 Room Temperature Electron Attachment and Ionization Coefficients 

The electron attachment and ionization coefficients can be obtained from 

the pulsed Townsend (FT) experiment using the following analysis. A schematic 

diagram showing the operating principle of the PT technique is given in Fig. 

21. In the yf method, a small group or  swarm of electrons is produced 

photoelectrically from a source on the cathode of a drift chamber by 

irradiating the cathode with a short duration ultraviolet (W) laser radiation 

light pulse. The electrons diffuse as they drift to the anode under the 

influence of the applied uniform electric field. In the presence of an 

electronegative gas or  at high fields, the swarm may experience electron 

attachment and/or ionization collision processes with the gas. 

20 

The present experiments were performed with the detection circuit 

operating in the voltage integrating mode. The motion of the electrons and 

ions in the drift gap induces a charge on the anode, and hence across C, and 

thereby establishing an increasing potential V(t) across R (Fig. 21). The 

time constant of the preamplifier input (T = RC Z 1 s )  in the present 

experiments was much greater than those of the electron (T Z -lU5 s )  or 

positive and negative ion transit times (T+ 2 T - S I .  Since 

T << T+ 'r - , the voltage drop across R due to the drift of the positive and 

negative ions is negligible during the electron swarm transit time T . 

Consequently, a break will occur in the voltage transient as shown in Fig. 22 

for CF4, allowing Te, and hence, the measured electron drift velocity 

w 

e 

e 

e 

= UTe, to be obtained from the discontinuity in the waveform. m 

The absolute values of the attachment and ionization coefficients may be 

obtained from the ratio of the voltage transients shown in Fig. 22. When the 

Lime constant of the detection circuit T = RC >> T - Z T+ (i.e.. the charge 

depletion from C is negligible during the positive and negative ion transit 
times), then the potential drop across R will rise to a constant value when 
all of the ions have drifted to the anode of the drift gap, i.e., 

n e  
, when RC >> T and T+) = - 

C or T+ 0 
._ V (t 2 T I T 
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Fig. 21. Schematic diagram showing the principle of the pulsed Townsend (PT) 
technique f o r  measuring the electron drift velocity and electron 

attachment and ionization coefficients. 



1.2 

1.0 

0.8 

0.6 

0.4 

0.2 
n 
VI 
b 0.0 

5: 
=;, 1.0 

2 4 0.8 

a: 
b 
c-( 0.6 

a: 
4 0.4 

w 
c5 0.2 
4 

0 0.0 > 

m 

W 

3 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

52 

BRNL-DWG 85-15787 

(4 I 

I , 
I I 

I E / N = 2 5 . 0 ~ 1 0 - ~ ~  V c m 2  

C F , 4  

Nd=8.45x1018 cm 2 

I I 
I 
I 

I I I I 1 I 

y 
,------ I 

A I  I I I 1 I I I I I 

0.0 2.0 4.0 50.0 100.0 150.0 200.0 250.0 300.0 
TIME ( p s )  

Fig. 22. Digitized voltage waveforms obtained in CF, for three values of Em, 

corresponding to (a) low, (b) moderate, and (c) high rates of 

electron attachment. The first segments of the waveforms were 

digitized at 10 ns/channel. and the second segments (occurring after 

the vertical dashed lines) were digitized at 50 ns/channel. 
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We define the voltage ratio as 

In the presence of significant electron attachment and ionization, the 

voltage ratio R is given by 
V 

- 
qd - ad expradl 

(1 - exp[zd]) 
R =  
V 

When electron ionization is negligibly small, Eq. (17) further reduces t o  

R =  4 
v 1 - exp[--rid] 

or when electron attachment is negligible, Eq.  (17) reduces to 

R =  ad 
v 1 - exp[-ad] 

A .  Pure Gases 

We have performed an extensive series of measurements of q/N and rx/H in 

02, CF, , C2F,, C,F, and n-C,Flo over the gas pressure range 0.03 < P 100 

kPa. The present measurements in O2 are shown in Fig. 23 in comparison w i t h  

the previous literature data. 33’34 Low energy electron attachment to 0, is 

due to three body parent anion formation, which is very strongly dependent on 

gas pressure. The measured q/N values are consequently very sensitive to 

changes in the experimental parameters and the good agreement between the 

present and previous measurements in this gas indicates that the present 

technique is capable of obtaining reliable measurements with good accuracy. 
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F i g .  25. Present measurements of the diffusion-modif ied electron attachment 

coefficient q,#N arid the dif fusion-modif ied ionization coefficient 

?/I! as a function of E/N and gas pressure f o r  n-C4Fi0 in comparison 

with the measurements of Naidu and Prasad (Ref. 39) and Razzak and 

Goodyear (Ref. 41). The dashed line is the resultant attachment 

coefficient when the present measurements are extrapolated to 

infinite gas pressure using the method of analysis given in the 

text . 



58 

7.0 

6.0 

5.0 

4.0 

3.0 

2.0 

ORNL-DWG 87-10818 
I 

S iF4 

a / N  

r l /N 

1 I 

0 50 100 150 200 250 300 
E/N V crnz) 

Fig .  26. Electron attachment q/N and ionization a/N coefficient in SiF, as a 

function of E/N. 



59 

z 
\ 
F 
LI 
z 
4 
z 
\ a 

+ V/N DAVIES (1976) 

a / N  DAVIES (1976) 

* T/N PRESENT 

a / N  PRESENT 

50 100 150 250 300 2? E/N (10-1’ v cm 

Fig.  27. Electron attachment q/N and ionization a/N coefficients in BF:, as a 

function of E/N. 



60 

. -  
io-'' lo-" I 0-1~ 

E / N  (V cm2) 

1 ORNLzDWG 1 85 -933 

A C2Fg / CH4 MIXTURES 

PERCENTAGE 
OF C2Fg 

6 a 0 0.1 0 
A A 0.5 

IJ 
0 4  

0 2.0 
v v 10.0 
* o 30.0 

€3 + 100 

lo-" 

Fig. 28. 'he electron attachment coefficient q/N a for C,F, and the effective 

ionization coefficient (a + q)/pNT (where p is the fractional 

concentration of C,F, in the buffer gas) for the gas mixtures (a) 

C2F,/Ar and (b) C,F,/CH4. the actual parameter measured in the 

electron attachment experiment is (a + q) (in units of cm-'). This 

measurement can be either normalized to  the attaching gas number 

density Na, when a = 0 to obtain the normalized attachment 

coefficient of the attaching gas constituent of the mixture (shown 

in the figure by the solid lines for various percentages of C2F6 in 

A r  or CH,). or  it can be normalized to pN T to find the effective 

ionization coefficient of the mixture as a whole (shown in the 

figure by the broken lines for various percentages of C,F, in Ar or 

aL). 
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The present measurements of qT/N and y/N in CF4 and CzF6 obtained using 

this technique are given in Figs. 24a and 24b, respectively, in comparison 

with previous literature values using steady state Townsend techniques (SST) 

which measure a,A and qT/N directly. 35-41 In general there is good agreement 

between the present measurements and those obtained previously using both 

and time-of-flight (TOF) techniques, 35'36 although we believe that ss1'38-40 

the uncertainty in our results is considerably less than that obtained using 

conventional SST techniques. At E/N values > 200 x V cm2 f o r  C,F, (Fig. 

24b), our attachment measurements appear t o  be significantly higher than the 

previous measurements. 

In contrast to CF, and C,F,, the electron attachment coefficients for 

C3Fs and n-C4Fio depend on gas pressure, particularly for n-C4FIo (Fig. 25). 
Wc have previously argued that electron attachment to CF, and C2F6 is 

18,19 
dissociative in nature (and, consequently, independent of gas pressure), 

whereas at room temperature electron attachment to C,F, and n-C,F,, is largely 

due to nondissociative parent anion formation. 

The stability of self-sustained diffuse discharge closing switches may be 

enhanced by tailoring the electron attachment (71/N)  and ionization (a/N) 

coefficients of the gas mixture i n  such a way that the rate of change in the 

electron production and loss is minimal during small perturbations of the 
42 applied electric field beyond the glow discharge operating voltage level V 

Gases and gas mixtures which possess low (EA?) values and gm ( 2 :  a/N - q / N )  

which vary slowly with E/N near (EIN) lead to lower voltage operation with eim 

increased discharge stability. This characteristic can be achieved by 

choosing electronegative gases which only attach electrons at energies well 

above thermal energy. Both SiF4 and BF3 only attach electrons at high 

electron energies ( > l o  eV) and as a consequence, are good candidates for. usc 

in these types of switches. The present a/N and q/N measurements in SiF+ <and 

BF, are given in Figs. 26 and 27, respectively, and show that &fN does vary 

slowly near (E/Pl)eim for both of these gases. 

S '  

e im 

IB. Gas Mixtures 

In practical e-beam sustained diffuse discharge opening switch 

applications, several percent of an attaching gas must be added to the buffer 

gas in order to effectively remove the free electrons in the discharge when 
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the switch opens. Consequently, to model these discharge conditions, 

measurements of the attachment coefficient normalized to the attaching gas 

number density N q/N and the ionization coefficient normalized to the total 

gas number density N a/NT are required as a function of the concentration of 

the attaching gas in the buffer gas. Measurements of q/N and the e f f e c t i v e  

ionization coefficient (a + q)/pN (where p is the fractional concentration of 

the attaching gas in the buffer gas) in C,F,/Ar and C,F,/C& gas mixtures, 

obtained using the technique outlined by Hunter e t  al., are given in Figs. 

28a and 28b, respectively. 

a' a 

T i  

a 

T 

20 

When Ar is used as the buffer gas, the magnitude of the electron drift 

velocity and attachment coefficient and the positions of the maxima of these 

quantities when plotted as a function of E/N are very sensitive functions of 
the percentage of the attaching gas in the buffer gas. The peak positions 

move to higher E/N values and the rmgnitude of the attachment Coefficient 

decreases by over one order of magnitude in going from 0.1% to 100% of the 

C,F, (Fig. 18a). Similar changes are observed for w in these mixtures, except 

that w increases with increasing concentration of the attaching gas (Figs. 1 6 a  

and 19a). In contrast to the measurements in argon, the attachment 

coefficient and electron drift velocity in the attaching gadmethane gas 

mixtures are not nearly as sensitive to the attaching gas concentration as are 

the argon mixtures, particularly at low attaching gas concentrations (Fig. 

28b). The reason for this is that the addition of even small amounts of a 

molecular gas to argon drastically shifts the electron energy distribution 

function of the mixture to lower energies, lowering the mean electron energy 

( € )  and, consequently, increasing the E/N value which corresponds to the ( E )  

value for which w and q / N  maximize. The addition of small amounts of a 

molecular gas to CH, has only a small influence on the w(E/N) and qma(E/N) 

for the mixture as CH4 itself already possesses sizeable inelastic loss  

processes at low electron energies. 

17 

a 

We have also performed a/N and q/N measurements in several gas mixtures 

which show promise for use in self-sustained diffuse discharge closing 

switches.42 in these switches to as 

low a value as possible (and thereby increase the current switching efficiency 

In order to reduce the operating (E/N) e im 
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Fig .  29. The electron attachment coefficient q/N and ionization coefficient 
T 

a/NT in several SiF,/€Ie gas mixtures. 



of the discharge), it is necessary to add to an electronegative gas with the 

desirable g/N (= a/N - q/N) (described earlier in this section) 

characteristics, a rare gas buffer gas. Two electronegative gases with the 

desirable characteristics are SiF, and BF, and are shown in Figs. 26 and 
27. respectively. Using He o r  Ne as the rare gas buffer gas will tend to 

preserve the relative changes in ghl near (E/N)eim f o r  low concentrations of 

the attaching gas ( (20%) ,  even when is decreased with decreasing 

attaching gas concentration. An example of this behavior is given in Fig. 29 

which shows our present measurements of a/NT and q/NT in several SiF,/He gas 

mixtures. The present measurements indicate that f o r  all concentrations of 

SiF, in He, g/N does vary slowly with E/N around the value for each 

gas mixture, and that the (E/N)eim of the discharge can be reduced 

considerably by reducing the concentration of the SiF, in the buffer gas 

[i.e., Z 67 x lomi7 V 

cm2 for 50% SiF, in He, and Z 122 x V cm2 for pure SiF, (Fig. 

% 22 x V cmz for 10% SiF, in He, 

2911 * 
When small concentrations of the low ionization threshold gas additive 

triethylamine (TE4; ionization threshold Z 7 . 5  eV) are added to the SiF,/?le 

gas mixtures, large increases in the ionization coefficient occur in the gas 

mixture while qhl is relatively unchanged by low concentrations ( 5  0.5%) of 

the TEA. The present measurements in the SiF,/He/TEA gas mixtures are given 

in Fig. 30 and show that the addition of 0.2% of TEA to a 50:50 gas mixture of 

SiF,/He significantly increases the rate of ionization, thereby minimizing the 

variation in around (Em) and also significantly reducing (Em) Jim Eim' 

These are very desirable Characteristics for diffuse discharge closing 

switches. 42 

3.5 Elevated Temperature Gas Mixture Studies 

A .  Electron Drift Velocity and Mobility 

The influence of changes in gas temperature on w in several C,F,/Ar and 

C,F,/CH4 gas mixtures is shown in Figs. 31 and 32, respectively, at room 

temperature (300 K) and 500 K for several C2F6 concentrations from 0.1% to 

100% C2F6. At low C,F, concentrations (51%). w near the peak in the curves i n  

Figs. 31 and 32 is hardly affected by increases in T ,  but at large C,F6 
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0 20 40 60 80 100 120 140 
E/N (10-17 v cm2) 

Fig. 30. The electron attachment coefficient 77/N and ionization coefficient T 

CUn in SiF,. SiF,/We and SiFJHelTEA gas mixtures. 
T 
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Fig. 31. Electron drift velocities as a function of E n  for several 

concentrations of CzFb in Ar at gas temperatures of 300 and 500 K. 
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Fig. 32. Electron drift velocities as a function of E/N for several 

concentrations of C,F, in GI, at gas temperatures of 300 and 500 K .  
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concentrations (_?lo%) significant increases in w are observed at low and high 

E/N values. At high field strengths (E/N ) V cm”) changes in the 

electron non-conservation processes {i.e. electron loss by attachment and 

electron gain by ionization) in C,F, as a function of gas temperature 

influence the measured electron transport parameters. At low W N  values 
V cm2) the changes in w with T are due to changes in the electron 

energy distribution functions in the C,F,/(Ar or  CH,) gas mixtures. ‘These 

effects are the result of changes in the translational energy and the 

vibrational populations of the ground electronic state C,F, molecules, leading 

to large changes with T in the fractional power exchange for superelastic and 
vibrational excitation collisions. 

The influence of changes in T on the low electric field w measurements 
can be seen more clearly by plotting the density normalized electron mobility 

pN = w(E/N)-‘ as a function of Em. The electron mobility pN in CzF6/CH4 gas 

mixtures is given in Fig. 33 as a function of E/N at T = 300 and 500 K. At 

room temperature, the low electric field strength (E/N N < v cm2) 

pN values are considerably modified by changes in T. with the high C,F, 

concentration (>lo%) mixtures decreasing, and the low C,F, concentration 

mixtures (<lo%) increasing with increasing T. In Fig. 34 the density 

normalized thermal electron mobility (pN) is plotted as a function of the 

percentage concentration of CzF6 in GI4. 

TI1 

The thermal electron mobility is obtained by extrapolating pN to low 

electric fields where, when the electrons are in thermal equilibrium with the 

surrounding gas, pN is independent of E/N. At T = 300 K, ( I L N ) ~ ~  is very 

weakly dependent on the C2F6 concentration, but at higher T large changes in 
the low and high C2F, concentration (pN) occur {Fig. 34). which are again 

the result of the increase in the translational ener-gy of the C,F6 and (XI4, 
and also due to the changing inelastic and superelastic collisions with the 

vibrationally excited ground state C2F6 molecules. 

TI1 

‘The electron drift velocity measurements indicate that, especially for 

low C2F, concentrations (<lo%) in the buffer gas, operation of the switch at 
higher gas temperatures will not adversely affect the electron conductivity 

when the switch is closed. 
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Fig. 33. The density normalized electron mobility pN in C,F,/CH, gas mixtures 

for low E/N values at gas temperatures of 300 and 500 K .  
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Fig. 31. Thermal electron mobilities in  C,F,/CH, gas mixtures a t  gas 

tempertures of 300 and 500 K. 
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Fig. 35. Electron attachment coefficient q/Na. electron ionization 

coefficient a/N and total ion production coefficient (a + q)/N of 

pure C,F, at 300 and 500 K as a function of Em. 
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Fig. 36. Electron attachment coef f ic ien t  Vma for several C,F,/Ar gas 

mixtures as a function of at gas temperatures of 300 and 500 K .  
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Pig. 37. Electron attachment coefficient q/N;i €or several C2F,/CH, gas 

mixtures as a function of E/N at gas temperatures of 300 and SO0 K 
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B. Electron Attachment in CZF" Gas Mixtures 

We have measured the electron attachment coefficient q/Na and the 

ionization coefficient a/N in pure C2F6 (Fig. 35) and in gas mixtures of C,F, 

in Ar (Fig. 36) and C2F, in CH4 (Fig. 37) at T = 300 and 500 K in order to 

understand the influence of elevated gas temperatures on the transport and 

rate coefficients of gas mixtures in practical switching devices. It is 

apparent from the measurements given in Fig. 3S  that over the temperature 

range 300 5 T 5 500 K the ionization coefficient is practically unchanged [to 

within the uncertainty of the present measurements (2 f lo%)] by increases in 
the gas temperature. The electron attachment coefficient in contrast 

increases considerably (by 2 25%) at higher E/N values with a much smaller 

increase in q/Na occurring at E/N values close to the threshold for the 

attachment process (E/N Z 3 x V cm'). The percentage increase in the 

rate of electron attachment t o  C2F6 in both the rate constant [k ( ( E ) ) ]  and 

the attachment coefficient [q/N (Em)] studies (Figs. 11 and 35) near the peak 

in the attachment process are similar (being 3 0 %  increase at 500 K), but for 

the ka((€)) measurements [where the percentage of C2F" in the Ar buffer gas is 

negligibly small (< l  part in lo-")], the greatest increase in k occurs near 

the threshold, while for the q/N measurements in pure C2F6, the greatest 

change occurs at the higher E/N values near the tail of the attachment 

coefficient. This behavior can be more clearly seen in Fig. 36 where the 

attachment coefficient obtained from the rate constant measurements for C2F, 

(qma = ka/w. where w is the electron drift velocity in Ar) is plotted along 

with the measurements obtained f o r  varying concentrations of C2F, in Ar. 

These measurements indicate that as the percentage of C2F" in Ar is increased, 

the change in q/N at threshold decreases, while the percentage increase in 

the electron attachment at the high energy tail increases with increasing C,F, 

Concentration. A similar observation may be made in the C2F,/CX4 gas mixture 

measurements given in Fig. 37. This observation is believed t o  be the result 

of changes in the electron energy distribution function in the swarm 

measurements with increasing C2F6 concentration, rather than to actual changes 

in the attachment processes to C,F,. 

a 

a 

a 

a 

a 



75 

3.6 W-Value Measurements 

The apparatus used to obtain the W-value measurements was described in 

Section 2.4. The W-values can be obtained from the following analysis. The 

charge Q collected at the capacitor is expressed as the product of the 

capacitance C and the voltage across the capacitor V .  The number n of ion 

pairs produced per second is then given by 

n = (We) (dQ/dt) = ( W e )  (dV/dt) , (21 1 

where e is the electron charge. 

The total energy deposited in the gas per second by the a particles is 

is the number of a 

particles which are  completely stopped in the gas per second. Since W is the 

average energy required to produce an electron-ion pair, it is equal to 

where €o is the energy of each a particle and N 8 

(22) W = E N /n = € N / ( W e )  (AV/At) 0 0 00 
. 

In Eq. (22) C, €o, and No are constant during the experiment; hence, the W 

value can be determined by measuring AV and At f o r  the gas under investigation 

and comparing these values with those for  a reference standard gas. In the 

present experiments, we measured the time At required to  charge C t o  a fixed 

value (1.824 V) which was the threshold voltage of the Schmidt trigger 

circuit. When the voltage across the capacitor reached the fixed voltage, the 

electrical stopwatch was stopped by the signal from the Schmidt circuit (i.e., 

relay 2 was opened. Fig. 6 ) .  Since the W value f o r  pure argon is well 

known. l7 we used Ar as the standard reference gas in our study. The unknown W 
value for  the gas mixture, Wm. was obtained from 

WAr/AtAr = Wm/At m '  

using the measured times At and Atm required to charge C to a fixed value 

when the chamber was filled, respectively, with Ar and the gas mixture. The 

accuracy of the technique was checked by measuring At in A r  and At in N,; 

Ar 

Ar N2 
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the W values of both gases are well established. l7 We have obtained fo r  the 

rat io WAr/WN, the value 0.727 which compares well with the value 0.725 

obtained from the literature. l7 Measurements of W were also obtained in Ar 
and N2 over a wide range of gas pressures (10 kPa P < 270 kPa) to ensure 
that the a particles were completely stopped in the gas over the range of gas 

pressures used in these experiments and at sufficiently high voltages such 

that electron-positive ion recombination was negligibly small. In these 

circumstances, the W values were independent of gas pressure as expected. 

T -  

A. Unary Gases 

The W values for the unary gases studied are given in Table I. The 

present W values f o r  C2F,, N,, GI4, and C2H, agree well with earlier data (see 

Table I). To our knowledge. no measurements of the W value of CF,, C3F,, and 

n-C,F,, have been reported previously. The W values of all four 

perfluorocarbons (PFCs) studied are large and almost identical. 

TABLE I. W Values for Unary Gases. 

Gas w (eV/i .p .  1" 

34.3 

34.5; 31.7b 

34.4 

34.2 

26.4' 

36.4; 36.39 
d 29.2; 29.1 

27.6; 27.5;d 27.7 

d 

b 

a 

'Ref. 22. 

Present values unless otherwise indicated (Ref. 2 3 ) .  

C Reference value (Ref. 27). 

d R e f .  27. 
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Fig. 38. Experimental W values for the Ar/CF,. Ar/C,F,, and Ar/C3F8 binary 

gas mixtures as a function of the percentage of Ar in CF, or C,F, or 

C,F, and their comparison with the calculated data. The symbols are 

the experimental values; the lines are the calculated results. 
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Fig. 39. Experimental W values f o r  the C,H2/CF4. C,H,/C,F,, CzH2/CaF8, 

CH4/CF4, and C,H2/Ar binary gas mixtures as a function of the 

percentage of CH, or C,H2 in CF, or C,F6 or C,F, or Ar. The symbols 

are the experimental values: the lines are the calculated results. 
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B. Binary Gas Mixtures 

The W values that we measured for the binary gas mixtures for various 
partial pressures of the constituent gases are plotted in Figs. 38 and 39. 

None of the perfluorocarbon-containing binary gas mixtures showed a "Jesse 

effectvqa7 [i.e., an abrupt decrease in the W (the W value of the gas mixture) 

as small amounts of the PFC were added to Ar or as small amounts of C2HZ were 
added to the PFC], although a number of excited electronic states of the PFC 

molecules exist above the ionization onset energy of C,H,. This is  attributed 

(see Ref. 21) to the fast dissociation of the electxonically excited PFC 
molecules. A distinct example 27'21 of a. binary gas mixture which exhibits a 

pronounced Jesse effect is the Ar/C,H2 binary gas mixture shown in Fig. 39. 

m 

A s  discussed earlier.27'21 the reduction in the W of the Ar/C,H, mixtures m 

compared with the W of the individual components is due to increased 

ionization resulting from collisions of excited Ar atoms with unexcited CZH, 

molecules. 

C .  Ternary Gas Mixtures 

The W values, Wf, f o r  the ternary gas mixtures CF,/Ar/C2H,, C,F,/Ar/C2€I, 

and C,F,/Ar/C,H,--measured at a total pressure of 100 kPa--are shown, 

respectively, in Figs. 40, 41, and 42. The experimental data were obtained by 

adding the C2H2 gas to the CF,/Ar, C,F,/Ar and C3F,/Ar binary mixtures having 

the composition ratios 9911, 4911, 1911. 911, and 4/1.  Addition of CJI, to 

the Ar/PFC mixture substantially decreases W (i-e.. increases ionization), 
The W" of the ternary mixtures goes through a minimum for ternary mixtures 

containing 510% of the PFC in the Ar/PFC binary. The smaller the percentage 

m 

of the PFC in the binary Ar/PFC mixture used, the lower the concentration of 

C2H, in the respective ternary gas mixture for which the minimum value of W" 
m 

(maximum ionization) is realized. 'The observed increase in W" wi t.h increasing 

PFC/Ar ratio is considered to be due to the quenching of the excited Ar atoms 

by the PFC, leading to the dissociation of the latter into neutral species. 

m 

m 

A comparison of the values of W" for ternary mixtures containing various 

percentages of CzH2 in 99% Ar/l% PFC clearly shows that the total ionization 

in the gas mixture increases (W" decreases) in the order CF, > C,F6 > C3FB and 

that the amount of CzH2 in 99% Ar/l% PFC for which the maximum ionization 

(minimum W") is realized increases in the order C3F, > C,F, > CF,. 

m 

m 
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Fig. 40. Experimental W values for Ar/CF,/C,I-I, ternary gas mixtures as a 

function of the percentage of C2H, in the Ar/CF, mixtures at high 

concentrations of C,H, having the following Ar/CF, composition: A - 
1/0, B - 99/1, C - 49/1, D - 19/1, E - 9/1. F - Wl, G - 0/1. The 

symbols are the experimental values; the lines are the calculated 

values. 
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Fig. 41. Experimental W values of Ar/C2F6/C2H2 ternary gas mixtures as a 
function of the percentage of C,H, in Ar/C,F, mixtures at high 

concentrations of C2H,, having the following compositions: A ,  

Ar/C2F6 = 1/0; B ,  Ar/C2F, = 9911; c, Ar/C,F, = 4911; D, Ar/C,F, = 

19/1; E ,  Ar/C2F6 = 9/1; F, Ar/C2F6 = 4/1; G, Ar/C2F6 = 0/1. The 

symbols are the experimental values and the lines are the calculated 

values. 
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Fig. 42. Experimental W values for Ar/C3F8/C2H2 ternary gas mixtures as a 

function of the percentage of CzH2 in the Ar/C3F8 mixtures at high 

concentrations of C2H2 having the following Ar/C3F8 compositions: A 
= 110, B - 9W1. C - 49/1, D - 19/1, E - 9/1, F - 4/1. G - 0/1. The 

symbols are the experimental values; the lines are the calculated 

values. 
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The quantitative measurements on the W values of the perfluorocarbons 

CF,,, C,F6, and C,FB, on their binary mixtures with Ar, and on their ternary 

mixtures with Ar + C2H2 are of direct interest to diffuse discharge switching 
applications. They form the basis for achieving substantial current 

increases--by the proper choice of the gas components and their properties in 

the ternary gas mixtures--in the gaseous media (Ar/PFC) which otherwise 

possess the desirable conductiodinsulation characteristics for pulsed power 

opening switches. 21.22 

3 .7  Hinh Voltage Breakdown Field Strength Studies 

A .  Room Temperature Measurements 

The high voltage direct current (dc) uniform field strength (E/N) has 

been measured in mixtures of the attaching gases C2F6 and C3F, in buffer gases 

of Ar and CH, and are given in Fig. 43a. The apparatus and measurement 

values were 

determined from the slope of the breakdown voltage V versus Nd functions, 

where d is the uniform field electrode gap spacing at a total gas pressure of 

109 kPa. 

e i m  

15 

24,25 
technique have been described previously. The w W g i m  

S 

The measurements in Fig. 43a indicate that gas mixtures composed of 120% 

of C,F, or  C3F, in Ar have values in excess of V c m 2  and can 

thus withstand the voltage levels characteristic of the opening stage of the 

switch. l g 3  The c2F6/a4 and C3F,/CH4 mixtures possess high breakdown 

strengths over a wider (and lower) range of concentrations of the attaching 

gas in CH4 enabling a wider choice of gas mixtures to be made while still 

maintaining high breakdown field strengths. 

It is interesting to  note that in an electronegative gas at sufficiently 

high gas pressures, the high voltage breakdown field strength may also be 

defined as the E/N value at which (a-q) = 0. The E/N values [(Em) 1 at 

which this occurs have been determined from the electron attachment and 

ionization measurements for the C2F,/Ar and C2F,/CH, gas mixtures and have 

been plotted in Fig. 43b along with the measured values (Fig. 43a) 

for these mixtures. The ( E M )  value for pure C,F6 has been found to be 

V cm2 in excellent agreement with the measured (Em) value. 2.75 x 

At lower concentrations of C2F6 in both Ar and CH,, but particularly the 

a=q 

a=q 

4?im 
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C,F,/CN, gas mixtures, the (Ern)  values are somewhat lower than the 

measured values. In weakly electronegative gases (i.e., gases and 

gas mixtures where the electron attachment processes are small), the (E/N)Jim 

value of the gas is determined by other processes, such as secondary electron 

generation and the streamer growth in the discharge, and is no longer simply 

given by the E/N value for which the attachment and ionization processes are 

equal. Such effects are evident in these measurements, particularly at low 

concentrations of C,F6 in CH4. 

a=r) 

The (Eq7im (obtained when a?) for several SiF4AIe and SiF,/TEA gas 

mixtures have also been obtained from the electron attachment and ionization 

coefficient measurements described earlier in this section. These values are 

plotted in Fig. 44 These gas mixtures have been proposed as possible 

candidates for use in diffuse discharge closing switches. These 

measurements show that the addition of 1% of TEA to SiF4 reduces the (E/N)eim 

of pure SiF, by a factor of 3 .  This is the result of the variation of q/N 

with E/N near (E/N)eim fo r  SiF, and is only exhibited in gas mixtures in which 

the threshold for electron attachment occurs at high electron encrgies (>S 

eV), where, because of the small variation in &N near (F,/N)Jim minor 

increases in a/N lead t o  considerable reductions in (E/N) 

B. Elevated Temperature Measurements 

42 

Jim' 

The ( E m & m  Characteristics of several gases which may be useful in 

diffuse discharge opening (i.e., CClF,, C2F6. C3F8 and n-C4FI0) and closing 

(i.e., 1-C,F6, C3Fs, c-C,F, and n-C,FlO) switches have been studied as a 

function of gas temperature from room temperature (T Z 300 K) up to T % 600 K. 
The dielectric properties of the gas mixtures within these switches may be 

beneficially or  adversely affected by changes in the gas temperature of this 

magnitude. For the present measurements, 10 breakdown values to determine V 

(the breakdown voltage) were made at each value of the electrode gap 

separation d which was varied from 2 1.9 to 10.8 mm in steps of 1.27 mm. 

S 

We found that the V (T) vs Nd measurements could best be presented as 

measured (Em), vs Nd for various values of T ( i  575 K). Examples of such 

plots are shown in Figs. 45 and 46 for c-C4F8 and CF3Cl. respectively. For 

S 
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each value of T. the measurements in Figs. 45 and 46 (and similar measurements 

on the rest of the gases investigated) were fitted to the expression 

(Em), = + A/Nd 

(where A is a constant) and the limiting value, of E/N was obtained. 

The values of at various T are plotted in Figs. 47 and 48 for all six 

gases studied. 

These measurements indicate that the effect of increasing gas temperature 

on the hold-off voltage in opening switch applications will be minimal for gas 

temperatures T - < 600 K fo r  most of these gases. Specifically, for CCIFB and 

C,F,. the gas dielectric properties increase slightly (2 3.6% and % 1.0%, 

respectively) with increasing T, while f o r  1-C3F, and C,F,. decreases 

slightly (E 2.6% and 3.0%, respectively) over this temperature range. On the 
other hand, there are larger decreases in  (E/N),im for c-€,FB ( 2 5 % )  and 

n--C,Flo (% 8%) (and C-C,F6 [?I) over this temperature range. Although these 

reductions in (E/N) are not beneficial for opening switch applicaitons, 

they can be used to enhance the conductivity in self-sustained closing 

switches, and thereby increasing the current switching efficiency of this type 

of switch. 

I V .  Relevance to Switchinp: Emeriments 

eim 

42 

From the measurements given in Section 111. it is clear that we have 

developed several gas mixtures with the optimized w(E/Nf and ka(E/N) 

characteristics shown in Fig. 2. These gas mixtures contain a low percentage 
14,15 

perfluorocarbon (0.1% to 30% in the total gas mixture) and either Ar OX- 
20 CII, as a buffer gas. The E M  dependence of w and the density normalized 

electron attachment coefficient q/N of gas mixtures containing C2F6 in A r  and 

C2F6 in CH4 are given in Figs. 49a and 49b, respectively. These measurements 

(e.g. the 2% C2F6 mixture in Fig. 4% and the 10% C,F6 mixture in Fig. 49b) 

indicate that these mixtures have the near ideal characteristics required to 

optimize Jsw(E/N) [and hence J,,(t)] shown in Fig. 2. Small scale e-beam 

sustained switching studies have been performed using these gas mixtures and 

have shown that switch opening times 2 50 ns are achievable. 

a 

43-46 
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4.1 C,F,/Ar Gas Mixtures 

The current density J and discharge resistivity p measurements obtained 

as a function of E/N in the e-beam switching experiments of Schaeffer and 

colleagues (Ref. 44, 45) are given in Figs. 50 and 51, respectively, for 

several concentrations of CZF6 in Ar. A strong negative differential 

conductivity is seen in the measurements given in Fig. 50, with the peaks in 

Js, occurring at E/N % 2-3 x V cm2 (1 Td E V cm’). Similarly, the 

resistivity measurements given in Fig. 51 indicate that over the E/N range 

2.5 < E/N < 5 x V cm2, the resistivity of the discharge increases by 

over an order of magnitude. These measurements indicate that a mixture 

composed of approximately 2% CzF6 in Ar has the best electrical conductivity 

characteristics at low E/N (i.e. during switch conduction), and the largest 

decrease in conductivity (i.e. increase in resistivity) at high E/N values 

which occur during switch opening. The reduction in conductivity was found to 

be primarily due to the onset of electron attachment at E/N = 2-3 x V 

cm (Fig. 49a) rather than due t o  the reduction in w at high Em. At low E/N, 

SW 
the discharge is recombination dominated and the magnitude of the peak i n  J 

was found to be controlled by the maximum in the electron mobility JL(= WE) at 
these EA! values (Fig. 5, Ref. 44). Studies of the switching characteristics 

of opening switches using a W light source to provide a source of electrons 

in the discharge by photoionization of the gas mixture have obtained similar 

results. 

SW 

2 

45 

4.2 C,Fh/CH, Gas Mixtures 

The transient electron beam current I the switch discharge current I 
b’ sw 

and the switch voltage Vsw obtained in the e-beam switching measurements of 

Commisso and colleagues (Ref. 43) using a mixture composed of 1% C,F, in GI, 

are given in Fig. 52. These measurements indicate that the mixtures shown in 

Fig. 49b give rapid switch opening upon termination of the discharge 

sustaining source, with switch opening times an order of magnitude faster than 

those for pure CH,. This can be seen in Fig. 53 where the switch voltage 

obtained in pure N,, CH, and a 1% CZF6 in CH, gas mixture are cornpared (Ref. 
43). Even at the lower total gas pressure, the C,F,/CH, gas mixture exhibits 

a larger voltage transient with a much faster decay than pure a4. The switch 
opening time in pure N, is a lso  orders of magnitude slower tllrtn f o r  the 
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C,F6/CH, gas mixture. The calculated discharge parameters (density normalized 

electron mobility pN. q/Na and E/P) in the C2F6/CH, gas mixture are shown in 

Fig. 54 in comparison with the discharge current lsw. These calculations show 

that the rapid decrease in the discharge current (i.e. rapid increase in the 

discharge resistivity) in this mixture is due initially to the reduction in 

pN, and at later times, the rapid increase in q/N, at the higher switch 

voltages (i.e. high E/P values) causes a further rapid reduction in Isw. 

4.3 Enhanced Discharge Current Characteristics 

Although the discussion given above has indicated the feasibility of 

using externally sustained diffuse gas discharges as an opening switch 

concept, several problems have been identified which may potentially limit the 

usefulness of these switches. Of primary concern are the energy losses by the 

e-beam electrons in the switching gas (i.e. reduced current switching 

efficiency) and the lack of precise timing control of the opening of the 

switch. Possible gas engineering solutions to these problems are outlined in 

the following discussion. 

The electron source function S in an e-beam sustained diffuse gas 

discharge is 

s = (E) J, w-I 

where (dE/dx) is the average energy deposited in the gas by each primary 

electron in the e-beam. Jn is the flux of the e-beam, and W is the average 

energy required to produce an electron-positive ion pair by the high energy 

electrons in the e-beam. The W value of a gas is usually approximately twice 

the value of the ionization onset energy, with the remaining electron energy 

being used in vibrational ( f o r  molecular gases) and electronic excitation 

processes in the gas. The excitation energy is a l o s s  process in the 

discharge, but a sizeable fraction of the electronic excitation energy can be 

increased) during switch conduction by seeding the gas recovered (i.e., 

mixture with a low ionization onset gas additive. If the ionization onset 
energy is less than the energy of any metastable or resonant electronic states 

of the predominant gas then extra electrons can be generated in the discharge 

Jsw 
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by Penning ionization processes. 21'22 Measurements of the W value have been 
performed in several Ar/C2F,/CZH2 and Ar/C2F,/2-C,H, ternary gas mixtures by 

Nakanishi and col leagues21 and in Ar/CF,/C,HZ and Ar/C,F,/C2H2 ternary gas 

mixtures by Reinking and colleagues22 in an attempt to optimize the electron 

production (and hence J ) in the discharge by the external e-beam. The 

measurements obtained by Nakanishi and colleagues in the Ar/C2F6/C2H2 gas 

mixture are given in Fig. 41 and show that there is a significant reduction i n  

W (i.e. increase in the electron production) when small quantities (2 5%) of 

SW 

C,H, are added to the C2F,/Ar binary gas mixtures. Keductions in W up to "- 

25% were found in the ternary gas mixture composed of 5% C2H2 and 2% C,F, in 

Ar . 21 This gas mixture has recently been studied in e-beam switching 

experiments by Schaefer and colleagues. 45'46 The switch current density 

obtained in these experiments using a 2% CzF6 in Ar gas mixture with and 

without the addition of 5% C,H, to the gas mixture is given in Fig. 55. 'These 

measurements indicate that there is a considerable enhancement of the electron 

current density (by Z 25% at the maximum in J ) when the C2Hz is added to the 

gas mixture, thereby improving the efficiency of the switch. 

sw 

4.4 Operation at Elevated Gas Temperatures 

A considerable effort was expended during the course of this project in 

obtaining electron transport and high vol tags breakdown mesurements as a 

function of gas temperature in an attempt to understand the influence of 

elevated gas temperatures on the operation of both diffuse discharge opening 

and closing switches. The changes in the electron drift velocity and low 

field electron mobilities shown in Figs. 31 to 34, and the increase in the 

rate of electron attachment that we have observed in C2F6/Ar and C,F6/CX, gas 

mixtures (Figs. 36 and 37, respectively) with increasing gas temperature are 

not expected to seriously alter the switching characteristics of the diffuse 

discharge and may in fact be beneficial to the operation of the switch at 

these temperatures. On the other hand, the change in the rate of electron 

attachment and the type of electron attachment processes (i.e. either parent 

anion formation or dissociative attachment) are significantly affected by the 

gas temperature in C,F, and n-C,F,, (Fig. 56) and may significantly modify the 

response characteristics of a repetitively operated diffuse discharge switch 

at elevated gas temperatures. In contrast, this large decrease in the rate of 

electron attachment (and hence in the operating electric field strength) i n  
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these molecules [along with l-C,F,, c-C4F, and c-C,F6] m y  be useful in 

improving the current switching efficiency of diffuse discharge closing 

switches, while maintaining the high withstand voltage when the switch is 

open. 

Our studies of the effect of gas temperature on the withstand voltage of 

repetitively operated diffuse discharge switches have shown that increases in 

the gas temperature lead to small increases in for C,F, (due 

primarily to the increase in r)/N with T in C,F,), and to a sizeable decrease 

in (E/N)eim for C3F8 and n-C,F,, (due to the decrease in q/N with T in these 

two gases). These findings also support the conclusion that the C2F6 mixtures 

discussed above may be used in repetitively operated switches with little 

likelihood of degraded performance from temperature modified electron 

transport and rate coefficients. Further work is required to determine the 

long term s tabi 1 i ty of these gas mixtures under repe t i t ive discharge 

operation. Further improvements in switch performance can be expected from 

continuing studies of the basic electron-molecule interaction processes which 

occur in these discharges. 

4.5 

The main problems to be addressed in diffuse discharge closing switch 

Diffuse DischarKe Closing Switch Experiments 

studies before these switches find widespread acceptance are as follows. 

A .  Discharge Stability 

A self-sustained glow discharge is inherently unstable and short lived 

(<lo0 ns). The diffuse discharge quickly becomes constricted and a hot, low 

impedance arc discharge is observed. This situation must be avoided since 

repetitive operation of the switch is degraded considerably under arc 

discharge conditions. Arc formation is believed to be due to small 

perturbations in the electric field within the discharge between the switch 

electrodes. The stability of the discharge may be enhanced by tailoring the 

electron attachment (q/N) and ionization (dN) coefficients of the gas mixture 
in such a way that the rate of change in the electron production and loss i s  

minimal during small perturbations of the applied electric field beyond the 

glow discharge operating voltage level V 
S '  

B. Discharge Impedance 

The impedance of self-sustained diffuse discharges is necessarily high 

(i.e. the current switching efficiency is low) a5 the voltage fall across the 
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switch gap necessarily approaches the static breakdown voltage (i.e. the 

of the gas. Cases and gas mixtures which possess low 

values and z/N which vary slowly with E A  near (Em) consequently lead to 

lower voltage operation (higher efficiency) with increased discharge 

stability. These characteristics can be achieved by choosing electronegative 

gases which only attach electrons at energies well above thermal and adding a 

rare gas buffer gas to these electronegative gases to reduce the (E/N)eim of 

the mixture. Such gas mixtures have been discussed in Section 111. 

4! im 

C. G a s  Recovery 

The gas recovery after a diffuse discharge with a high current density is 

crucially important in switching applications. This is especially important 

in that spark gaps ( w h i c h  are presently the major types of switches used in 

these applications) perform exceptionally well in terms of impedance and 

energy transfer but have considerable shortcomings in the recovery phase 

(switch repetition rates < 10 kHz). Gas mixtures which contain a strongly 

electronegative gas additive are attractive in this regard as free electrons 

remaining in the gas after the cessation of the discharge are quickly 

converted to negative ions and will not subsequently ionize the gas (causing 

gas breakdown) when the high voltage is reapplied across the discharge gap in 

the switch. 

These topics have been discussed in detail in the work reported by 

colleagues at G1'E Laboratories in Waltham, Massachusetts. 47-50 This group has 

utilized our measurements in several of the gas mixtures discussed in the 

report to explore these problems using highly overvolted self-sustained 

clif fuse discharge swi tches" The switching current waveform of a 

self-sustained discharge obtained in their studies, using pure C3Fs as the 

gaseous medium and an external W light source to initiate the discharge is 

These mesurements show that it is possible to initiate given in Fig .  57. 

the discharge very rapidly (5 5 11s) and produce a diffuse discharge with a 

comparatively long discharge maintenance time ( Z  60 ns) at high discharge 

currents (- 200 A ) .  These results are obtained in electronegative gases with 

the desirable a/N and q/N characteristics outlined in Section 111. 

45 

At longer times (T  > 80 n s ) ,  the discharge does become constricted and a 

high current spark discharge results which h s  inherently poor discharge 
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recovery characteristics. The current switching efficiency of the discharge 

may be improved, as shown in Fig. 58, by using a rare gas buffer gas to reduce 

the operatirig voltage (and hence ( E r n )  ) of the discharge. Figure 58 shows 

the resultant current switching waveform in a 1% mixture of c-C,F, in He using 

50 ppm of dimethylamine as a photoionization source. The switch discharge 

voltage is considerably lower (i.e. switch efficiency higher) than in Fig. 57, 

while good discharge stability is rnaintained (T 2 70 ns). 

l? im 

The switch recovery characteristics are shown in Fig. 59 for a gas 

mixture composed of 15% SiF, in He using tripropylamine as a photoionization 

source. This figure indicates the time required f o r  the discharge to recover 

to a given fraction of the initial applied voltage after the cessation of the 

diffuse discharge switching pulse. These results show that for this gas 

mixture (i.e. 15% SiF, in He). full gas recovery did not occur until after 2 

10 ms. On the other hand, partial gas recovery to >SO% of the initial applied 

voltage occurs very rapidly in <10 p, due to the fast removal of the free 

electrons in the gas by electron attachment. Lorig term recovery was limited 

by collisional detachment and diffusion processes. These measurements 

indicate that it should be possible to optimize the gas mixture constituents 

and composition such that efficient. stable and high repetition rate current 

switching is achievable using self-sustained diffuse discharge closing 

switches. 

V. Conclusions 

Several of the gas mixtures discussed in this report are considered to be 

good candidates for e--beam sustained diffuse discharge closing swi teh 

applications. These gas mixtures possess the desirable electron attachment 

and drift velocity characteristics displayed in Fig. 2 which are required to 

enhance the electron corrduction when the switch is closed and then reduce the 

electron conduction as rapidly as possible when the switch is opened. The 

present studies indicate that several of these gas mixtures have the further 

desirable characteristics of possessing relatively high breakdown field 

strengths (E /N  > V c m 2 >  and have stable electron attachment and low 

impurity product formation characteristics at high gas temperatures which are 

desirable for repetitive discharge operation. ‘These conclusions are supported 

by the recent e-beam swi tcliing studies discussed in Section PV where 

considerable improvements in switch opening time and current switchirig 

efficiency were reported. 43-46 
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The analyses and results discussed in this report have also shown that 

there are several mechanisms by which the efficiency and stability of high 

current self-sustained diffuse discharge closing switches can be improved. 

Firstly, the use of electronegative gases in which the variation in ;/N near 

the ( E q i m  of the gas is minimal will lead to an enhancement in the 

stability of the discharge while the addition of a rare gas buffer gas to the 

gas mixture will lead to lower (M) and, therefore, more efficient current 

switching. Secondly, the energy deposited in the gas of a power loaded 

discharge can be used to reduce the electron attachment coefficient of 

specific electronegative gases, such that the (E/N)eim of the gas mixture 

decreases with increasing gas temperature, and again increasing the discharge 

efficiency. Thirdly. it may be possible to tailor the electron attachment and 

ionization processes of a gas mixture, such that electron impact ionization is 

greater than attachment at low E/N values. In gas mixtures of this type, it 
may be possible to switch the discharge from a low to a high conductivity 

state. Further work is required on these and other switching schemes to 

demons t rate their uti 1 i ty . 

S 

The studies outlined in this report and our continuing investigations 

will allow accurate modeling of the often complex and interrelatsd phenomem 

that occur within diffuse gas discharges. This, in turn, will allow the 

overall performance of these switching devices to be predicted accurately, and 

as a consequence, the tailoring of the gaseous constituents and operating 

parameters of the discharge to achieve optimum performance. 
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