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ABSTRACT

The work on'gas dielectric mixtures continued to focus on carefully
chosen combinations of electron attaching and electron slowing-down gases.
Experimental evidence reiating'the electron attachment cross section to
the dje]eétric strength is discussed. Conclusions are reached as to the
relation of molecular structure to the electron attaching properties of
dielectric gases.

A variety of mixtures of SFg, Ar, Ne, and N, have been studied to

determine the relative.importance of electron impact ionization and elec-

‘tron scattering on the breakdown voltage, V5. Very interestingly, electron

scattering (especially in the subexcitation energy range) was found to
influence Vg much more ckitica]]y than electron impact jonization. Pre-
liminary studies involving mixtures of the polar molecules (1,1,1-CH3CF§,
CHF3, and CH,F, with SFg and N, showed that electron-dipole scattering
does not significantly affect Vs. Field-induced electron detachment from
negative ions--which has often beén cited as a possible cause of a host of
phenomena in gas breakdown studies--has been investigated, and the results
of this investigationfare.reported.

The temperature range of the high pressure, variable temperature
apparatus has been extended td ~150°C by irradiation of the high-voltage
cable. Preliminary data indiéate that there is no appreciable change in
the uniform-field breakdown voltage over the range of temperatures from
18 to ~150°C for ]OO%TSFG and a 30% SFg + 70% N2 mixture. The Vg of
CoFg and n-CyFyq4 was measured and found to be, respectively, 0.80 and
1.32 relative to that 6f SFg.

In the environmenfa] effects area, results are presented on the initial



decomposition of a number of fluorocarbons. Results are also presented
on stressed and/or sparked perfluorocarbons and SFe¢ as well as on break-
down solid residues and toxicity tests.

In the practical condifions test facility using cylindrical electrodes,
tests have essentially been completed for SFg¢/N2, c-CyFg/N2, 2-CyFg/N2, and
2-C4Fg/N, mixtures. Three different inner radii, both polarities, and
a comprehensive set of mixture proportions were used in these studies. To
investigate the effects of surface roughness, these mixtures were tested
with three different cylindrical electrodes identical except for the degree
of carefully produced roughness. The effects of electrode material
composition and particle contamination were also studiea for these mixtures.

The purification system for our liquid dielectrics studies has been

fabricated and tested, and the breakdown cell has been successfully operated.

The apparatus for impulse testing of gases/mixtures has been assembled,
tested, and put into regular operation. The first tests have been on
SFg/N2 mixtures in point-plane geometry, with both switching surge and
lightning waveforms with the plan of compiling careful impulse test results
on a variety of dielectric gas mixtures under identical conditions to

provide meaningful comparisons.

4
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I. INTRODUCTION

The QOak Ridge National Laboratory's dielectrics program is

comprehensive. It embraces

1.
2.
3.
4.

basic studies,
applied testing,
environmental effects and long-range stability studies, and

efforts for industrial interfacing.

Work on items 1 and 2 continued with vigor. Work on item 3 is

currently being intensified. It is hoped that work on item 4 will

commence in the near future.



IT. BASIC STUDIES OF GASEOUS DIELECTRICS

A. The Magnitude and Energy Dependence of the Electron Attachment Cross

Section for Highly Electronegative Gaseous Dielectrics

During this six-month period we (1) concentrated on analyzing the
full range of our data on electron attachment to perfluorocarbon molecules
with the view of presenting a coherent picture of the influences of the
various aspects of molecular strﬁcture on the attachment of slow electrons
to perfluorocarbon compounds and (2) continued to measure electron aftach-
ment rates and cross sections for other perfluorocarbons.

In connection with (1) two papers entitled: "Electron attachment to
perfluorocarbon compounds: Part I: c-C4Fg, 2-C4Fg, 1,3-C4Fg; c-CyFg, and
2-C,Fg" and "Electron attachment to perfluorocarbon compounds: Part II:
c-CsFg and c-CgFyp, C-CgFy1,, C7Fg, and CgFyg - Relevance to Gaseous Dielec-
trics" have been submitted and have been accepted for publication in the
Journal of Chemical physics_ These comprehensive studies clearly show some
of the distinct advantages of many perfluorocarbon compounds (PFCs) for use
as unitary gases and/or as additives to multicomponent gas dielectrics.
Thus, the average value of the energy 1PF$gg3ted attachment cross section
from thermal energy to 1.4 eV [i.e., J{ oaSe)de] is 0.83 x 10-15 cm? eV
for perfluorocarbons whose mean Vg is'ii?g iimes that of SFg and 1.8 x
10-15 cm? eV for perfluorocarbons whose Vg is ~2.3 times that of SFg.

Large electron attachment cross sections extending to as high an electron
energy range as possible are crucial in effecting a high dielectric strength.

Other conclusions drawn from those comprehensive studies are: (i) open-

-chain saturated PFCs do not attach electrons as efficiently as the



unsaturated PFCs; (ii) for saturated PFCs an increase in‘mo]ecu]ar'size
(chain length) increases the attachment rate; (iii) the presence of
multiple bonds in the molecule dramatically increases the magnitude of
the electron attachment rate for the saturated open-chafn PFCs, but it
has only a small effect for cyclic PFCs; (iv) the cyc]ic»nature of the
PFCs seems to increase greatly the electron attachment cross section; and
(v) for single-bonded cyclic PFCs, substitution of CF; groups for F atoms
increases electron attachment at thermal electron energies more than does
an increase in molecular size; in double-bonded cyclic compounds, increase
in ring size increases the attachment cross section at thermal energies.
In connection with (2) a swarm study on the attachment of slow
electrons (X3 eV) to c-C;F;y (perfluoromethylcyclohexane) and 1-C,F,
(perfluoro-1-heptene) has been completed. For both molecules the attach-
ment cross sections show resonance maxima at 0.07 and 0,25 eV, and they are
much larger for the cyclic isomer. The energyliﬂtegrated attachment cross
section from thermal energy to 1.4 eV [i.e., :Z(e)de] is 2.6 x 10715
cn? eV for c-CyFyy and 0.5 x 10-15 cn? eV for iotFrs, while the thermal
value of the electron attachment rate for c-C;Fy, is 18.3 x 108 sec~!
torr-! [i.e., 14 times larger than that (1.33 x 108 sec-! torr-!) for
1-CsF14]. These findings are consistent with the higher dielectric
stréngth of c-C;F,, relative to 1-C;F;,. The relative direct current (DC)
breakdown voltages for c-C;Fy,, 1-C7F,4 and SFg are: 2.2, 1.2, and 1.0,
respectively. This work is fully described in a paper submitted for

publication to Chemiéal.Physies Letters which is attached as Appendix A.



B. The Role of the Electron Impact Ionization Cross Section in the

Breakdown Strength of Dielectric Gases

Our systematic studies on the role of the electron impact ionization
cross section, oj(e), as a function of electron energy ¢ in the breakdown
strength, Vg, of gases/mixtures continued with extreme vigor. Four gases
(Ne, Ar, Ny, and SF;) were chosen for which the oi(e) and the total electron
scattering cross section, osc(e), at low energies are known. Measurements
of DC breakdown strengths on Ne, Ar, Ne + N>, Ar + N,, Ne + SFg, Ar +
SFg, N, + Ne + SFg, and N, + Ar + SFg have been completed and are reported,
using sphere on sphere-sphere and/or square rod-plane electrode geometries.
Also DC.breakdown strength measurements have been made on pure Ne and pure
Ar using plane-plané electrode geometry (see Fig. 1). Additionally,
electron energy distribution functions have been computed for a number
of values of E/P (pressure-reduced electric field) for Ne and Ar. On
the basis of these measurements, calculations, énd data on osc(e) and ci(e),
it was concluded that the magnitude of osc(e) at subionization (e < I)
and especially at subexcitation (e < energy of lowest excited electronic
state) energies is much more significant in effecting high values of Vg
than ci(e). The general conclusion can be drawn that large electron
scattering cross sections in the subexcitation energy range is the most
significant factor in effecting a high Vg besides large electron attachment
cross sections. These significant findings are described in a paper being
submitted for publication in the Journal of Physics D (Applied Physics);. the
paper is attached to this report as Appendix B. In this paper the effect
of the static polarizability and perfluorination on ci(e) is also discussed.

- Thus, it was found that the size of the ionization cross section for
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Fig. 1. Vg vs d for pure Ar and pure Ne. (Pressure = 500 torr;
T = 296°K; plane-plane electrode geometry.) The breakdown voltages for
100% Ar reflect a greater uncertainty than for any other gas we invest-
igated. For a given electrode separation the V. was observed to increase
with time on the order of 5 to 10% over the coilrse of ~30 min. Also
when the Vg of a given Ar sample was measured on succeeding days a
difference in V¢ of as much as 20% was noted.



most molecules tends to increase with the size of their respective static .
polarizabilities. For a given value of the static polarizability it was
found that perfluorination of a hydrocarbon reduces the size of the
ionization cross section, especially near the ionization threshold enérgy.
It was found, also, that for perfluorinated hydrocarbons the ionization
thresholds are higher, and ionization cross sections are lower, than those
of their respective nonfluorinated analogs. This is attributable to the
high electronegativity and high ionization threshold energy of the ground
state F atom.
Not included in the Journal of Physics D paper are the Vg vs Pd data

on the Ne + N, and Ar + N, mixtures which are shown in Fig. 2.
C. Effect of Dipole Scallering on V¢

Gas dielectric components comprising molecules with permanent
e]ectric‘dipole moments may prove beneficial in increasing the breakdown -
voltage, Vg, of multicomponent gaseous insulators in two ways:

(1) via strong dipole scattering of low-energy electrons and

(2) via clustering effects involving jons and dipolar molecules.

'In this reporting period we began investigating (1), and some of our
initial findings are briefly outlined below.

The cross sections for electron-dipolar molecule scattering at near
thermal electron energies are large and increase approximately as the
square of the size of the—permanent electric dipole moment D (see for
example refs. 1-3). The electron-dipole scattering cross section falls

off as 1/v2 (v is the electron velocity), but the extent of electron

energies above thermal over which this velocity dependence of the
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Fig. 2. Vg vs d for 20% N, + 80% Ar and 20% N, + 80% Ne (total

pressure = 2000 torr; T = 296°K; sphere on sphere-sphere electrode
geometry).
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scattering cross section is valid is unknown. For D values of 2 to 3
debye, the scattering cross section is quite large (>10-1% cm2 for

e < 0.9 eV for D = 3 debye) and many molecules, convenient to use in
multicomponent gas mixtures, exist with dipole moments of this size.
Four such molecules with D in the range 0 to 2.32 debye were chosen,
and their Vg in mixtures with SFg and SFg + N, have been measured. The
results of these studies are summarized in Table 1 and Figs. 3 and 4.
It can be seen from these findings that electron-dipole scattering does
not sighificanp]y increase Vg. However, further work is needed and is
in progress. Work is also in progress with regard to item (2) (i.e., the
possible effect of clustering on Vg in multicomponent gas mixtures

containing molecules with large D).
D. Electric Field-Induced Electron Detachment from Mononegative Ions

We have repeatedly pointed cut in our earlier work (see, for example,
refs. 4-6) that the most desirable way of removing electrons from a gaseous
dielectric medium--in order to effect a higher dielectric strength--is
capture of the electrons by the dielectric gas molecules %orming negative
ions. These ioné diffuse to the walls and are destroyed there. If,
however, the electrons are loosely bound to the atom, radical, or molecule
(i.e., if the electron affinity, EA, of the capturing species is small,
say, close to 3/2 kT), the ions, A™, can be efficiently destroyed in
collisions with neutral species, M (A~ + M > M + A + e) and/or by
electric fields (field-induced electron detachment) when the latter are
large. It is of course possible that other electron detachment processes

(e.g., photodetachment, associative, and nonassociative collisional



Table 1. Breakdown voltage, Vg, for nixtures containing component gases with permanent electric dipole moments, D

Percentage (%) Dipole Ve (kV)a

SFe N, | X Mgﬁegt d(inches) B
(debve) 0.075 0.125 0.175 0.225 0.275 0.325 0.425 0.525 0.625

100 18.27 25.71 33.04 40.52 48.03

30 70 ‘ 15.07 21.14 27.24 33.30 39.43

30 70 (CF4)> 0 7.58 12.31 17.15  21.87 26.75 31.50 4i.12 50.80 60.33

30 70 (CHF3) 1.65 8.00 12.77 17.92 22.93 27.91 33.02 43.07 53.23 63.24

30 70 (CH,F,) 1.97 7.65 12.46 17.27 22.15 27.01 31.89 41.61 51.39 61.15

30 70 (1,1,1-CHy 2.32 9.56 15.73  21.72 27.92 34.04 40.08 52.32 64.66 76.92

30 35 35 (CFy) ) 0 8.75 14.47 19.87 25.37 30.97 36.55 47.70 58.90 69.98

30 35 35:(CHF3) 1.65 8.74 14.41 20.01 25.63 31.27 36.87 48.18 59.39 70.63

30 35 35 (CH,F5) 1.97 8.43 13.84 19.35 24.62 30.22 35.52 46.47 57.38 68.42

30 35 35 (1,1,1-EE3) 2.32 9.49 15.45 21.45 27.49 33.43 39.57 51.67 63.71 75.74

3

ATotal pressure: 500 torr; T = 296°K; plane-plane electrode geometry.

Ll
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Fig. 3. Vg vs d for pure SFg and mixtures of SFg with polar and

nonpolar component gases (see text and Table 1). (Total pressure = 500
torr; T =296°K; plane-plane electrode geometry.) :
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detachment, see Chapter 7 of ref. 1) can occur. Electron impact-induced
collisional detachment (e + A~ > A + 2e) may occur when a substantial
fraction of the electrons in the stressed gas have high energies, as
might be the case in high electric fields. Although 1ittle is known about
this process in the energy range of interest to breakdown phenomena, it
is clear that a repulsive Coulomb force exists between the electron and
the anion--which is, of course, absent in other types of electron detach-
ment processes such as phqtodetachment. Actually, the Bethe-Born approxi-
mation with a semiempirical correctjon for the e - A~ repulsion was found
to be in reasonable agreement at high energies with the experimental
resu]fs one+H >H+ 2 ande + 0~ -~ 0 + 2e (see ref. 1, Chapter 7
and ref. 7, pp. 500-512).
A host of observations in breakdown studies have been atfributed
to electric field-induced electron detachment from negative ions. Very
little is indeed known about this process (see, however, ref. 7,
pp. 495-500) and its implied role in breakdown phenomena. We addressed
ourselves to this question, and our preliminary results are outlined below.
Schweinler (see Appendix C) considered field emission from atomic and
molecular anions in s-states (angular momentum quantum number £ = 0)' and

obtained for the probability of electron detachment per second, p, the

expression
_ transition _ ) ~\1/2 ”o]
P e - ;f exp [2(E0) 7 33 ;"
E| . 2 (57\)3/2)
2 x 1018} =~ ,, ex (l—-——:— > (1

TWork on field-induced electron detachment from negative ion states with

£ 2 0 is in progress.



15

where .

f = fraction of probability density outside of the effective range, ros
of the interaction potential (rg is roughly the radius of the negative
ion; see Appendix C)

g —_Tgﬂg; EA is the electron affinity of the capturing species in eV.

m
x>
|

Bohr radius = 0.5292 x 10-8 cm

E_ .
5x 109

aH

mQ
"

E is the applied electric field in volts cm-l.

Figure 5 shows p as a function of E for different values of EA for
X = rog/aj = 2 and f = 0.01, and Fig. 6 shows p as a function of EA for
various values of E. Since f in Eq. (1) is simply a multiplicative factpr,
the vajues of p in Figs. 5 and 6 will have to'be multiplied by a factor of
y/0.01 for values, y, of f. A value of f between 0.1 and 0.01 is considered
reasonable. The effect of ry.on p can be seen from the data in Tables 2
and 3 for x = 2 (Table 2) and x = 5 (Table 3). The former (x = 2) values
may be ‘considered typical of atomic anions and ‘the 1étter (x = 5) typical
of molecular anions.

To understand the role of field-induced electron detachment let us
consider the reaction

e + AX=—> AX;*<A j * . ~ (22)

AX (2b)
where AX™* is a transient (metastable) negativeAion which dissociates
(channel 2a); is stabilized (usually by collision)(channel 2b ) or is
destroyed by autodetachment [AX™* ~ Ax & 4 e 0)]; For pressﬁres normally

employed in practice (say ~5 atm) the collision time, t between

coll’
AX-* and AX (or a buffer gas molecule, Y) is of the order of 10-11-10-12

sec, depending on AX~ and Y.T If AX"* is stabilized with an efficiency

TIf AX or Y is polar the collision time could be even shorter.
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Table 2. Values of p for various combinations of EA and E; x = 2 and f = 0.0_1a
p(sec™!)
E (106 volts cm-1) .

EA(eV) 0.1 0.5 1 10 20 50
0.01  8.46 x 1010 7.20 x 10!} 1.54 x 1012 3.18 x 10'2  8.11 x 10!2  1.63 x 10'¥ 3.28 x 1013 8.21 x 10!3
0.03  3.25 x 1¢° 2.58 x 1011 7.28 x 1011 1.73 x 1012 4.3 x 1012 9.93 x 16}2  2.02 x 1013 5.1 x 10!3
0.05 4.98 x 107  9.51 x 1010 4.00 x 101! 1.16 x 10}2  3.52 x 1012 7.81 x 104 1.62 x 10'3  4.14 x 10!3
0.08  2.00x 10 1.75 x 100  1.58 x 10} 6.68 x 101 2.52 x 1012 6.1 x 10!2  1.31 x 1013 3.44 x 1013
0.1 4.9 x 10! 4.91 x 10° 8.04 x 1010 4.60 x 101! 2.16 x 10'2 5.33 x 1012 1.18 x 10'3 3.15 x 10!3
0.15 9.8 x 1077 1.28 x 108 1.22 x 101  1.68 x 1011 1.34 x 1012 3.94 x 102 9.56 x 102 2.68 x 1013
0.3 1.82 x 10737 7.97 x 10} 47‘8.82 x 106 4.15 x 10° 2.75 x 10'! 1,64 x 10'% 5.65 x 1012 1,96 x 10!'3
0.5 - 8.74 x io%lo 2.80 x 101 7.10 x 105 2.0 x 1010 4,28 x 1611 2.77 x 1012 1,40 x 1013

.0 4.08 x 1047 5.97 x 10-18  3.23 x 10-3  3.38 x 166 5.67 x 10°  3.15 x 10!! 5,78 x 1012
1.5 4.28 x 10742 2.79 x 10°15 5.5 x 10! 2.27 x 107  2.03 x 1020 1.98 x 10'2
2.0 1.46 x 10729 1.14 x 10™% 3.32 x 10  8.01 x 108 5.63 x 101!
3.0 1.14 x 1063 2,31 x 10718 5.6 x 1073 3.53 x 105  2.79 x 10%0

qor f = 0.1 or generally for f = y

10 or 102Y respectively.

the corresponding probabilities p wi'l

have to bte multiplied by a factar of

8l



Table 3. Values of p for various combinations of EA and E; x = 5 and f = 0.01

p(sec-1)

E (108 volts cm~1)
EA(eV) 0.1 0.5 A 1 2 5 10 20 50

0.01  9.95 x 1010  8.47 x 101! 1.81 x 10!2 3.74 x 1012 9.54 x 10!2 1.92 x 1013 3.8 x1013  9.66 x 10!3
0.03  4.31 x 10° 3.41 x 1011 9.64 x 1011 2.29 x 10'2  6.36 x 1012 1.32 x 10'3 2.68 x 10!3 6.76 x 10!3
0.05 7.17 x 107 1.37 x 10}1 5,75 x 1011 1.67 x 102 5.21 x 10!2 1.12 x 1013 2.33 x 103 5.96 x 10!3
0.08  3.31 x 104 2.77 x 10° 2.5 x 1011 1.06 x 1012 4.16 x 1012 9.66 x 102 2.08 x 1013 5.45 x 10!3
0.1 8.2 x 10! 8.22 x 1¢° 1.34 x 1011 7.69 x 101! 3.61 x 1012 8.91 x 10'2 1,98 x 10'3 5.27 x 10!3
0.15 1.86 x 1076 2.41 x 108  2.29 x 101 3.16 x 101! 2.51 x 1012 7.4 x 10!2 1.8 x 1013 5.04 x 1013
0
0

.3 4.44 x 10737 1.94 x 102 2.15 x 107 1.01 x 101®  6.69 x 10! 3.99 x 1012 1.38 x 10!3 4.78 x 10!3
.5 2.76 x 102  8.85 x 10! 2.24 x 107 6.46 x 10Y0 1.35 x 1012 8.77 x 102 4.44 x 1013
1.0 2.08 x 107™%6 3,04 x 10717 1.64 x 10°2 1.87 x 107 2.88 x 1010 1.60 x 10'2  2.94 x 1013
1.5 3.14 x 1071 2.05 x 10-!* 4.14 x 102 1.66 x 108 1.49 x 1011 1.45 x 1013

~nN
o
-

.46 x 10-28 1,13 x 103 3.31 x 10° 7.99 x 109 5.62 x 1012
3.0 : 1.91 x 10782 4.71 x 10~17 9.37 x 102 5.92 x 106 4.67 x 10!

61
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f- at each collision with AX or Y then the time, Tt for collisional

stabilization of AX™* is

Tst T Teo11/f - ’ (3)

If AX and Y are large molecular systems, values of f~ between 0.5 and 1 are
not unreasonable (see ref.' 8). Then, taking f'= 1, a time of 210-1! sec
is roughly needed for AX™* to be stabilized and yield a stable AX~ in which
the attached electron is bound by an energy equal to the electron affinity
EA(AX) of the molecule AX. If, on the other hand, dissociative attachment
(channel 2a) takes place, the fragment X~ usually is stable by EA(X), the
electron afffnity of X, if X is an atom; if X is a radical, it may still
require further stabilization collisionally, and the time required for this
stabilization may again be taken to be of the order of $10-!! sec. Thus
the final, stable, products AX- and X~ of electron attachment are formed,
as a rule, within 10711 to 10712 sec of the initial electron capture event.
These stabilized ions, AX- and X~, will.drift under the influence of the
electric field to the walls of the gas container and be destroyed there.

The time, = 1° required for this drift to the walls is of course

wal
determined by the respective ionic mobilities, the distance of the ions
from the walls, and the effective value of E/P. We may take as a typical
average value of 1 .., ~10-5 sec. | |

Hence, the probability, p~, that the electron will be detached by the
electric field from the stable AX- and.X' jons before they reach the wall
ist

P" =P Tyan - (4)

TThis is of course for a uniform electric field. For nonuniform electric

fields both p and 1 will vary considerably depending on the field

Twal
region in which the ions are formed.
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From the data in Figs. 5 and 6 and Tables 2 and 3, it is seen that for
fields normally expected in practice (51 x 10® V em™!) p” << 1, if EA(AX)
or EA(X) is 0.5 eV. Thus, unless the EA of AX and X is small (<0.2 to
O-é eV), the process of field-induced electron detachment must be considered
unimportant.

Now, it can be seen from Eq. (2) (and from many earlier discussions;
see, for example, ref. 1) that the production of the final stable ions
AX~ and ‘X~ Proceeds via the intermediate state AX™*. In this intermediate
state the electron is bound to the molecule instantaneously very weakly and
with a spectrum of binding energies. The ionization energy, I(AX-*), of
AX-* varies from -3/2 kT to +EA(AX), fhe value of I(AX~*) depending on
the various phases of the vibrational cycle of AX™* and being closer to
=3/2 kT than to +EA(AX). It is seen from Tables 2 and 3 that p can be
very large when EA is Very small.t Hence, although the intermediate AX—*

may have a lifetime, 15, of <10712 sec, the product

p-=pr, | (5)
can be large. In practical situations, therefore, it is most likely that
it is the effect of the electric field on AX~* rather than on the stable
AX~ or X~ which determines the probability ot tield-induced detachment,

(i.e., the detachment of the loosely bound electron from the high-lying

levels of AX-* that is very sensitive to electric fields).

It is noted that although the probability, p, of field emission is very
much higher when I(AX~*) is instantaneously close to zero, the ergodic

factor may reduce p.
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IIT. DIRECT CURRENT BREAKDOWN STRENGTHS OF GASES/MIXTURES
A. Unitary Gases

During this reporting period a number of unitary gases were studied.
To provide additional information on the dielectric characteristics of
fluorocarbon gases, we measured the breakdown voltages of CFg (hexafluoro-
ethane, Freon 116) and n-Cy4F,o (perfluoro-n-butane). The uniform-field
dielectric strengths relative to SFg of C,Fg and n-CyF,, were found to be
0.80 and 1.32, respectively. The breakdown voltages of C,Fg and some of
its mixtures with SFg and N, are given in Fig. 7. Similarly, in Fiqg. 8
are shown Vg versus Pd for pure n-CyuF,o, pure SFg, and 50% C,F,o + 50% SFg.
The relative strengths were determined by taking the ratio of the slopes
of the Teast squares fit lines for the breakdown voltages. A thorough
study of these gases and their mixtures in nonuniform fields (rod-plane,
point-plane, concentric cylinders) is planned. Camilli et al.9 indicated
that n-C4F,pand n-C4F,,/N, mixtures are superior to SFg in nonuniform
fields.

Additionally, we have studied extensively the rare gases Ar and Ne
both in pure form and in mixtures with N, and SFg  (see Sect. II B and
Appendix B). These rare gases are poor dielectrics, as expectéd. However,
their study is useful since a great deal of basic physical data on them
already exists, in particular on electron-impact ionization and electron
scattering cross sections. The significance of ionization and scattering
to the dielectric strength is discussed in detail in Sect. II B and
Appendix B.

Several other new compounds have been studied only in mixtures and

the results of these studies are discussed in the next section.
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Fig. 7. Vg vs d for pure SFg, CoFg and N, and mixtures of C,Fg with
N, and SF¢ (see text and Table 4) (total pressure = 500 torr; T = 296°K;
plane-plane electrode geometry).
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B. Gas Mixtures

In Fig. 7 the Vs vs d data for the mixtures of C,Fg with N, and SFg
are shown, and in Table 4 the slopes and intercepts of the Vg versus d lines
as well as the relative breakdown strengths, (VS)R, are listed. The (VS)R
were calculated in this case by taking the ratio of the slopes of the
respective gas/mixture to that of SFg except for No. In Table 4 of ref.
4, even though the slopes and intercepts were given, all of the relative
strengths were obtained by averaging the ratios of the breakdown voltages
over the corresponding range of Pd's. For gases which have a relatively
large intercept, the ratio of its slope to that of SFg does not always
give the same relative breakdown strength as in taking the ratios of the
individual Vg values at the corresponding Pd's. For example, N, as
reported in ref. 4 has a (Vg)g of 0.40 when calculated from individual Vg
values, but it has a (Vg)g of 0.31 when the slopes are used. When the
intercept is negligible compared to the actual breakdown voltage, the
relative breakdown strength may be accurately obtained by taking the ratio
of the slopes. In many small-scale laboratory tests, however, the voltages
used are less than 100 kV and frequently less than 50 kV, which is the
case for N, in Fig. 7. In these situations the (VS)R is best represented
by calculating the ratio of the Vg at each Pd value used and then taking
an average. This procedure will be followed whenever the ratios of the
slopes do not give an accurate (VS)R' Hence the value of 0.40 is used
for N, in this casc.

From Fig. 7 and Table 4 we see a synergistic effect in the 50% C,Fg +
50% N, mixture. The mixture has a'relative strength of 0.69, which lies

well ahave the vé]ue of 0.60 obtained by a weighted average of the V5 of
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Table 4. Uniform field breakdown voltages for C,Fg, n-C4F;5, and some
of their mixtures with SFg and N, (P = 500 torr; T = =23°C)

Gas S16pea Intercept (Vg)
(kV/in) (kv) R
100% C,Fg | 118.76 0.48 0.80
100% N, 46.46 2.53 0.40
100% SFg 148.69 -0.34 1.00
40% C,Fy + 40% N, + 20% SFy 125.12 0.12 0.84
50% C,Fg + 50% N, - 102.16 0.52 0.69
50% C,Fg + 50% SFg 141.60 0.07 0.95
100% n-CyFqy 196.18 -1.68 1.32b
50% n-CyF1o + 50% SFg : 170.06 -0.55 1.14°

aS1opes may be converted to units of kV/afm-mm by multiplying by
5.984 x 10-2.

bMeasured on high pressure, variable temperature apparatus,

the separate components. Similarly, a synergistic effect is observed for
the 50% CoFg + 50% SFg mixture, the (Vs)g of 0.95 being higher than the
expected 0.90. Also the 40% C2F6.+ 40% N, + 20% SF; mixture at 0.84 lies
well above the weighted average value of 0.68. However, in the case of
n-C4Fyp in Fig. 8, no synergism is evident in the 50% n-CyF,, + 50% SFg
mixture. Further data on mixtures énd measurements of the electron attach-
ment properties of C,Fg and n-C,F;, are necessary to intérpret these |
- findings .

A number of mixtures were investigated using gases with large dipole
moments in combination with SFg and N,. The gases used were 1,1,1-CH3CF3,

CHF3, CH,F,, and CF,. These gas mixtures were studied to determine the
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effect of dipole scattering on breakdown strength (see Sect. IT c).
Figures 3, 4, 9, and 10 give the results of these breakdown measurements.
The mixtures involving CF, and CHF; suggest a slight synergism with Ny;
however, the effeét is quite small, and it could very well fall within the
experimental error. Hence no conculsions can be made about synergistic
effects in these mixtures at the present time. The effect of dipole
scattering on the dielectric strength has been elaborated onn in Sect.

IT C.
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Fig. 9. V¢ vs d for 70% N, + 30% SFg, 70% CFy + 30% SFg and 35%
CFy, + 35% N, + %0% SFg (total pressure = 500 torr; T =296°K; plane-
plane electrode geometry).
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plane-plane electrode geometry).
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IV. EFFECTS OF TEMPERATURE ON THE DIELECTRIC
STRENGTH OF GASEOUS DIELECTRICS

We have concentrated in this reporting period on the temperature range
above room temperature (~20°C). 1In previous workS we reported on breakdown
measurements in the range -15°C to ~+50°C for 100% SFg and 0°C to ~85°C
for 20% SFg + 80% Né mixture. In that work® no temperature dependence of
the breakdown voltage was observed for 100% SFg. However, a slight drop
in Vg for the mixture was observed at the highest temperatures. Thus ,
further investigations at higher temperatures were required, and to go to
higher temperatures modification of our apparatus was necessary.

The high voltage feedthrough for the chamber is an internal type in
which the high voltage cable extends about 1 ft inside the chamber
itself. The pressure seal is made by an 0-ring contained in a housing
bolted onto the top flange of the chamber. In a preliminary test of a
small section of cable we found that the.cable began to melt at ~90°C.
Further testing indicated that gamma irradiation could raise the melting
point of ‘the cable well above 150°C. Hence to achieve temberatures on
the order of 150°C it was necessary to have one end of our power supply
cable irradiated (see Sect. IX for details).

During preliminary checkout runs at elevated temperatures a substan-
tial temperature gradient was found to exist between the bottom and the
top of the chamber even though the oven completely enclosed the chamber.
The gradient is evidently caused by convection resulting in a "smokestack"
effect. It was not possible to seal the oven tightly enough to completely
eliminate the problem. As a temporary means of coping with the problem

we wrapped heating tapes around the bottom one third of the chamber which
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could be regulated separately from the strip heaters in the oven. By
this additional heating of the bottom of the chamber we were essentially
able to eliminate the gradient. The temperatures were monitored by a
thermocouple placed inside the chamber below the ground electrode and a
second thermocouple located inside the chamber approximately 4 in.
below the top flange. The temperature difference betweeh the two points
was kept less than 2°C over the entire range of temperatures.

Table 5 gives preliminary results on the breakdown voltages for 100%
SFe and 30% SFg + 70% N2 for three temperatures.» Uniform-field electrodes
were used. These measurements were made at a constant number density of
1.65 x 10*2 cm~3, calculated by assuming ideal gas law behavior. This
number density corresponds to 500 torr pressure at ~20°C. The data
indicate that to within experimental error there is no dependence of the
breakdown voltage for these gases on temperature. At each temperature,
new gas was introduced into the chamber, allowed to reach thermal equi-
1ibrium, and the pressure was adjusted to obtain the correct number
density. The temperatures given in Table 5 are the averages of the top
and bottom thermocouple readings immediately before and immediately
after a set of 15 sparks was made. Further study at higher number

densities is planned.
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Table 5. Preliminary breakdown measurements at high temperatures for
uniform-field electrodes at constant number density, N = 1.65 x 1019 cm-3

. o Vs (kV)
Gas/Mixture T(°C) Gap spacing (inches)

0.075 0.125 0.175 0.225 0.275 0.325

100% SFg 19 10.8 18.0 25.5 33.0 40.5 47.9

82 10.7 18.2 25.6 33.2 40.7 48.4
154 10.8 18.2 26.0 33.5 41.2 48.8
'30% SFg + 70% N, 82 8.9 14.9 20.9 26.9 33.0 39.0

154 8.8 14.7 20.7 26.7 32.8 38.8
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V. IMPULSE STUDIES

The thrust of our impulse studies is bidirectional. One direction is
to test the impulse withstand behavior of new gases and gas mixtures as a
function of the various practical parameters (e.g., pressure, electrode
separation, electrode geometry, etc.) with a view toward practical appli-
cation of these new gases and gas mixtures; impulse testing may well prove
to be the crucial test for dielectric gases since the primary source of
over voltage in electrical power apparatus is due to lightning and switch-
ing surges. The other direction of our impulse work is toward improving
the understanding of the dynamics of the breakdown processes in gases. A
better understanding of the dynamics of breakdown can lead to improvements
in the use of dielectric gases and gas mixtures.

The complexity of the impulse behavior in dielectric gases makes it
difficult to evaluate the relative merits of different gases unless ali
of the parameters are kept the same or are properly controlled. With this
in mind, we have initiated testing of dielectric gases by taking a set of
reference data with N and SFg and their mixtures so that direct compari-
sons (with all experimental variables kept identical) cén be made withv
data on new gases/mixtures. Measurements have been made of Vs (voltage
with 50% probability of breakdown), V. (voltage with ten consecutive
breakdowns), and a lower voltage 1imit for tén impulses with no breakdown.

Figure 11 shows a typical data run at 0.625 in. gap setting for 20% SFg +
80% N, (304 torr SFg + 1216 torr N,), positive polarity in a pbint-p1ane
geometry with a 1ightning waveform (1.2 p.sec rise time and 50 usec decay time).
(The "point" electrode is a 30° cone ending in a hemisphere of 1 mm radius

to prevent sparks from changing the geometry of the "point.") The data
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have been taken as follows:

(iii)

some suitably lTow value of the impulse voltage was chosen so that
no breakdown occurred in ten consecutive impulses.

following (i), for a giveh impulse, if there was a breakdown, the
impulse voltage was lowered by 5 kV; if there was no breakdown, the
impulse voltage was raised by 5 kV. This technique automatically
hunts for the voltage for 50% probability of breakdown, Vg, and
explains why the Vg value is the most frequently measured voltage.
when a suitable number of impulses have been fired so that Vg can
be determined accurately, the voltage at which ten consecutive

breakdowns occurred was found.

Results for a series of gases, gaps, and polarities are given in Table 6.

Some of the salient features of the Vg values we have measured

(see Table 6 ) for these gases are:

(1)

(i)

(ii1)

For all gases tested, negative polarity Vs values tend to be
independent of gap separation for larger gap values.

Positive polarity Vsp values increase approximately linearly with
gap spacing for the gaps used .

Increasing the percentage of SFg in Né, increases the Vg for the
N,/SFg mixtures used .

The Vipx voltage behaves similarly to Vsy voltage (i.e., it changes
very Tlittle with gap sebaration for negative polarity, and increases

linearly with gap separation for positive polarity).

Studies of the dynamics of breakdown are being planned using the

new image converter camera which we have just received (see Sect. IX on

Apparatus).
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Vso, Vno and Vygx for SFg and SFg/N> mixtures for various

electrode separations, polarities, electrode geometries and 1,/t,2

Gas or Electrode v v v c T/1T a
Gas Mixture Separation 50 NO 10X /%2 Polarity Geometry
(Pressure in Torr) (inches) (kV) (kv) (kV) (usec)
SF, (760) 0.250 7.3 - 200/2000 + s-p @
0.375 10.5 - - " + n
0.500 11.5 - " + "
0.625 11.8 - " + "
SFg (1520)_ 0.250 8.0 9.0 (5) 1.2/50 - Pt-P€
0.375 9.0 11.0 (5) " - "
0.500 10.7 1.5 (5) " "
0.625 11.5 - 13.0 {(5) " - "
0.750 12.2 - 12.0 (5) " - "
0.875 12.0 - 12.0 (5) . - "
SF. (1520) 0.250 8.3 8,5 (5) 1.2/50 + Pt-p
0.375 8.9 10.0 (5) " + "
0.500 10.7 1.5 (5) " + "
0.625 13.5 14.5 (5) " + "
0.750 15.2 16.5 (5) " + "
0.875 17.4 - 18.5 (5) v + "
SF, (2280) 0.250 10.5 - 1.5 (5)  1.2/50 . Pt-P
i U.3/5 12.0 - - " "
0.500 12.2 ° - 13.0 (5) " "
0.625 12.0 13.0 (5 " - "
U.750 12.6 - 13.0 (5 ! - "
SFg {(2280) 0.250 8.0 9.5 (5) 1.2/50 + Pt-P
0.375 10.8 12.0 (5) " + "
0.500 13.8 15.0 (5) " + "
0.625 15.8 - - " + !
SFg (608) 0.250 8.0 5.5 8.0 1.2/50 - Pt-P
N, (912) 0.375 9.0 5.5 10.0 " - "
0.500 8.9 6.0 10.0 " - "
0.625 8.8 6.5 11.0 ! - !
SFg (912) 0.250 9.5 5.5 11.0 1.2/50 - pPt-P
N, (1368) 0.375 9.5 6.0 11.0 " "
0.500 (9.0-11.0) 6.0 12.0 " - "
0.625 10.4 7.0 11.5 " - "
0.750 10.5 7.5 11.5 ! - !
SFg (912) 0.250 7.0 6.0 8.0 1.2/50 + Pt-p
N, (1368) 0.375 8.5 6.5 9.5 " + "
0.500 11.0 7.0 12.0 ! + "
SFe (304) 0.375 6.0 5.0 6.5 1.2/50 + Pt-P
N, (1216) 0.500 7.5 6.0 8.5 ! + "
0.625 9.2 7.0 10.0 Y + "
SF, (304). 0.500 7.9 5.0 10.0 1.2/50 - Pt-P
N, (1216) 0.625 7.8 5.5 11.0 " - "
0.750 6.3 5.5 9.5 " - "
SFg (608) 0.250 8.2 6.0 11.0 1.2/50 - Pt-P
N, (1672) 0.375 8.7 6.0 10.0 " "
0.500 9.0 6.5 10.5 " - "
(1.625 9.2 7.0 10.5 " "
0.750 9.8 7.0 12.0 ! - "
SF, (608) 0.250 77 6.5 8.5 T.2750 ¥ Pt-P
N, (1672) 0.375 8.5 6.0 9.5 " + "
0.500 10.0 7.0 11.0 " + "
0.625 11.3 7.5 12.5 - + "
SFg (456) 0.250 8.0 5.0 9.5 1.2/50 - Pt-P
N, (1824) 0.375 8.5 5.5 10.0 " "
0.500 9.0 6.0 10.0 " - "
0.625 9.2 6.5 11.5 " - n
SFg (456) 0.250 9.0 6.0 11.0 1.2/50 + Pt-P
N, (1824) 0.375 10.2 7.0 11.5 " + "
0.500 10.5 8.0 11.5 " + "
0.625 11.7 8.0 12.5 " + "

3¢1/ty is the ratio of the rise
Byyo is the Tower limit for ten
CSome Viox data were taken only

dSphere-sphere.

e

Point-plane.

time over the decay time of the impulse.

consecutive impulses with no breakdown.

five consecutive times; these are indicated by (5).
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VI. ENVIRONMENTAL EFFECTS STUDIES

The expanding use of dielectric gases and the introduction of new
gases/mixtures to meet the varied and multiple needs for high voltage
insulation, demand a comprehensive study of the environmental effects of

gaseous dielectrics. Our program in this area can be summarized as in

Table 7.
Table 7. Environmental effects studies
A. Initial decomposition of dielectric under electron impact
B. Decomposition under stress; long term electrical stress
tests (accelerated "life-tests")
C. Decomposition after breakdown
D. Linking of A and C products
E. Toxicity, etc.
F. Assessment; environmental impact of wide-spread use of

dielectric ‘gases (in the future)

A. Initial Decomposition of the Gas Dielectric Under Electron Impact

Low-energy (512 eV) electron impact induced fragmentation for the
dielectric gases c-CyFg and 1,3-C4Fg has been investigated employing time-
of-flight mass spectrometry. Negative ion fragments have been identified,
and their abundances have been measured as a function of electron energy.
These results are shown in Figs. 12 and 13.

For the cyclic CuFg the parent ipn contrfbutes-89.1% to the total ion
yield. For electron energies below one e]ectron volt no decomposition is
observed. However, the data for 1,3-C,F; indicate that practically all of the
jons produced in the energy range studied (0-12 eV) are due to dissociative

attachment. For electrons in the 1-2 eV energy range, 1,3-C,Fg is not
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expected to be as stable as the isomers c-C,Fg and 2-C,Fg (ref. 5) with
respect to decomposition by electrical breakdown.

This work, in addition to the results of initial fragmentation of
c-CyFg, 2-CyFg, and 2-C4Fg (ref. 5), completes a systematic study of
fragmentation patterns of perfluorinated four-carbon atom-containing
(Cy) molecules.10 Tabulated summaries are given in Tables 8 and 9. Some
general conclusions may be drawn from this work as follows:

1. With the exception of 1,3-C4Fy, perfluorinated C, molecules are

stable dielectrics under electron bombardment.

2. When fragmentation docs occur, perfluorinaled C, molecules
preferentially cleave at single bonds rather than at the multiple
bonds.

3. No fraghents are observed fot,the cyclic molecules below 2 eV
electron impact energy.

4. Aside from 2-CyFg, F- production is most probable in the medium
electron energy range (~4 - 12 eV).

5. MWhere fragments are produced by thermal energy e]ectrons (non-
cyclic isomers), long-term electrical stress tests are highly

recommended for those systems and are planned.
B. Gaseous Dielectrics Under Prolonged Electrical Stress

Sulfur hexafluoride, subjected to electrical stress representing
75% breakdown voltage at a pressure of ~3 atm, was tested for durations
of 6 and 9 days. No decbmposition products could be observed. Tests for
éuch longer durations at 50% breakdown voltages are currently in progress.
Additional tests involving elevated temperatures and irradiation of the

stressed gas by ultraviolet (UV) 1ight are being initiated.
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Table 8. Positions of resonance maxima in the fragmentation of
perfluorinated C, molecules by direct electron impact

2-CyFg (eVv) c-CyuFg (ev) 1,3-C4Fg (eV)

CuFg—* ~0.0 70.0 0.0

CuFs™ 4.8, 7.0

CyFy 0.8, 4.8

C3Fs 1.5, 5.0 1.85, 4.0, 7.0 1.45, 5.9

CF 3™ 5.9 5.8

F- 5.3 4.1, 6.0, 6.7, 7.6, 1.6, 5.6
8.3

2-CyFg c=CyF

C,Fg~* 20.0 ~0.0

C,F,~* ~0.0

CuFg~* 20.0, 0.7

CoFgm*° 2.3, 4.2 4.1

CsF 5.1

CoF s 5.4 4.9, 7.9

CF 4™ 5.3 4.8

F- 5.2 4.8, 6.5, 7.9, 10.2

aLong-h‘ved metastable in the case of 2-C,Fg.
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Relative negative ion integrated intensity in the
0-12 eV energy range for perfluorinated C, molecules

2-CuFs (%)

- c-CyFs (%)

1,3-CuFs (%)

CyFs-
C,Fs™
CyFy-
CsFs~
CF3~
E-

CQFB-
C4F7'

CQFB-*

C3Fs™
CsF3”
CyoF3™
CF3~

*. 96.

2.
.

1

0.

2-CyFg

* 83.

*

*xd

1

N O O O O o
SN o AT 2 I ~ B Vo R T & ) R

3

5

1

98.6
0.3

0.9

0.1

C-Cng

56.3

0.6

0.4
1.1
41.6

1.9

1.1
64.5
0.2
32.2

aLong-h‘ved metastable in the case of 2-CyFg
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C. Decomposition of Gas Dielectrics

Analyses of breakdown products from cyclic C4,Fg using gas chromato-
graph/mass spectrometer (GC/MS) techniques reveal that only the product
CoF, is produced. These experiments were done for energy inputs of 5
‘and 20 joules per breakdown with the number of breakdowns ranging from
750 to 3000. Preliminary studies indicated that at higher energy inputs and
higher concentrations of C,F, the reactioni1=13 C,F, + C,Fy » c-CyFg may
be a 1ikely process. A great deal more work is required since it is known
that even at rbom temperatures this dimerization process is possible. .This
means that proper control of the time between  breakdown and analysis is

essential.
Certain mixtures of SFg with perfluorocarbons have been found to

inhibit carbon formation on electrode surfaces. Table 10 shows the
observations of solid deposits for varying concentrations of SFg. Analyses
of gaseous products are currently in progress in order to correlate the
disappearance of solid residue with production of carbon-containing gaseous
products.

Table 10. Observations of solid deposits for varying‘amounts of SFg for
SFg/2-CyuFg mixlures dal tutal pressures of 1000 torr

2-CuFe (%) SFe (%) Electrode deposit

100 0 black (C, F)

80 20 black - very little on chamber walls

60 40 small amount of black around spark point
surrounded by white-yellow deposit

40 60 trace of black, trace of white-yellow

20 80 no black - trace of white-yellow deposit
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D. Linking A to C (From Initial Decomposition to Final Products)

A complete picture of the processes which result in the formation of
final decomposition products of sparked dielectric gases requires the
experimental identification of short-lived products (ions and/or radicals)
which Tink the initial products to the final stable products. These
precursors may be detected and identified by-attaching a quadrupole mass
spectrometer to a discharge cell separated by a pinhole orifice large
enough to transmit ions and radicals of suificient intensity, but small
enough 'to maintain a pressure differential corresponding to P~ 1077 torr
in the mass spectrometer. This atmospheric pressure quadrupole mass
spectrometer is currently being built. It can be applied to the detection
of intermediate products from corona, continuous arcing, and high voltage
stress as well as from high voltage breakdowns. By discbvering the reaction
pathways that lead from initial decomposition to final stable products,
there exists the potential for designing and tailoring a gas insulating
‘system for such purposes as inhibiting toxic products, carbon deposits, or

corrosive products.
E. Toxicify Tests

Inhalation tests of 2-C,Fg on mice have been performed by Dr. H.
Witschi of the ORNL Biology Division. A complete report of these tests
is attached as Appendix D. No i1l effects were observed for 8-hr
exposures at a concentfation of 1000-ppm in air; however, all of the mice
died following the 24-hr exposure tests at the same concentration of

2-C4,Fg in air.
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VII. APPLIED STUDIES

Small scale, practical conditions testing of the gases SFg;, c-CyuFg
(perfluorocyclobutane), 2-C,Fg (perfluorobutene-2), and 2-C,Fg (perfluoro-
2-butyne), and their binary mixtures with N, have continued in cylindrical
geometry. The apparatus has been deécribed in detail in an earlier report.“
In this period, tests of the binary mixtures have been completéd for the
remaining cases of three different smooth, uncontaminated inndr electrodes
of stainless steel, with the exceptjon of a few points for 2-C4Fg/N, at
the highest voltages. Also, tests have been made for the effects of inner
electrode surface roughness, effects of inner electrode hateria] composi-
tion, and effects of interelectrode particle contamination. Al1l tests
were made at 1-atm total pressure and ambient temperature (~21°C).

The new 300-kV Delta Ray power supply for the applied studies has
been received and operated. A new chamber has been under construction to
replace the one now in use and to increase pressure capability from 1 to
10 atm. This chamber is near completion and, after careful testing, will

be installed with the new power supply.

A. Breakdown Tests with Smooth Cylinders

The 1-atm tests of the four electron attaching gases and their
binary mixtures with N, are practically complete, except for the highest
voltages with 2-C,F;/N, mixtures. Tests for the other three gases
have been previously reported,“»5 and those for 2-C4Fg/N, are presented
in FIg. 14. The error bars indicéte combined systematic and random

errors, the latter.(33%) being standard deviation divided by mean of at
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least 10 measurements. Based on experience with other fluorocarbon/N,
mixtures in cylindrical geometry as well as with 2-C,F¢/N, mixtures in
uniform fields, it is expected that the experimental points in Fig. 14 for
2-CyFg/Ny > 40% will continue to follow a straight 1ine fairly closely when
they are taken in the future. Therefore, 2-C4F6/N2 mixtures remain
superior to SFg/Np in cylindrical geometry, and the former do not show the
saturation characteristic of the latter. -

A typical comparison of the four (attaching gas)/N, mixtures for
smooth, uncontaminated stainless steel electrodes is given in Fig.15 for
the inner electrode radius of 0.4 cm. (Similar results were obtained for
the other two radii). As SFg is substituted for N,, the breakdown voltage
rises at firét, but then further substitution provides relatively little
improvement even though the strength of SFg is generally taken to be
approximately 2.5 times that of N,;. this is the saturation effect. As
each fluorocarbon is increasingly substituted for N,, however, breakdown
strength improves in an approximately linear mode. This difference has
already been'attributed to the fact that electron attachﬁent by SFg is
quite strong but limited to a narrow (Tow) énekgy range, while the other
attaching gases capture electrons over a wider energy range.!® If the
results for the other two inner radii are also examined, one finds that for
the c-C,Fg/N, mixtures the breakdown strength (vs percentage in N2) crosses
that for SF./N, mixtures at values of 66%, 42%, and 28% for respective
inner radii of 1.4 cm, 0.75 cm, and 0.4 cm, corresponding to increasing
field fnhomogeneity.in that order. The 2-C,Fg/N, mixtures breakdown éfrength.
(Qs percentage in Ny) crosses that for SFe mixtures at values of 51%, 17%,

and 0% for respective inner radii of 1.4 cm, 0.75 cm, and 0.4 cm, again
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corresponding to increasing field inhomogeneity in that order. Therefore,
both c-Cy4Fg and 2-C4Fg surpass SFg as a substitute for N, more quickly as
the field is made more nonuniform, indicating a better tolerance to non-

uniform fields for the fluorocarbon/N, mixtures.
B. Breakdown Tests with Rough Cylinders

The effects of inner electrode surface roughness are shown in Figs.
16 through 19 for two degrees of roughness on the 0.75-cm-radius inner
stainless steel electrode, for comparison with the case of the smooth
electrode. The error bars indicate combined systematic and random errors,
the latter (<3%) being standard deviation divided by mean for at least
10 breakdowns. For these tests two 0.75-cm-radius electrodes were grooved
over a 2-in. length in the central interelectrode region; one had
spiralling grooves of 0.004-in. depth, and the other had spiralling grooves
of 0.020-in. depth. In both cases there were 28 threéds per inch of
triangular cross section. The results show that each fluorocarbon is
still superior to SFg in the face of roughness. Comparisons between the
smooth electrode case and each of the rough cases indicate that a mixture
of approximately 5% attaching gas/ 95% N, is least sensitive td roughne§s ‘
and may, in fact, be almost completely tolerant of -roughness. Since
roughness gives a much greater degree of field nonuniformity than does
the curvature of an electrode, the jonization cross sections couid p]ay
a role in roughness effects, though they are insignificant in previous

studies of less nonuniform fields (see Sect. II and Appendix B).
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C. Breakdown Tests with Cylinders of Different Material Composition

The effects of inner electrode material composition have been sought
by performing breakdown measurements for all four (attaching gas)/N,
mixtures with each of three different 1.4-cm-radius electrodes: one of
stainless steel, one of aluminum, and one of copper. The results, shown
in Table 11, indicate no great effect of material composition. The
variations with material can perhaps be explained by the combined system-
atic and random error, and any material effects seem to be too slight to

be of importance in practical systems.
D. Breakdown Tests with Cylinders and Particle Contamination

The effects of contamination by particles were also studied this
period. Since it has been found that conducting particles of Tlong é]ender
sﬁape are most troublesome, several particles of that description were
placed in the central interelectrode region with the smooth, 0.75-cm-
radius stainless steel inner electrode. Several types of particles were
tried, including wires of steel, aluminum, and copper. We found any
diameter desired could be obtained by acid etching. To prevent particles
from escaping at the open cylinder ends, we tried two methods; tethering
particles on a 0.007-in.-diam nylon line, and blocking the open
cylinder ends. A complete set of data was taken using free copper wire
particles 0.125 x 0.015-in. diam, with the ends of the small
diameter portion of the outer cylinder blocked by Lexan discs with holes
for the inner electrode. The original Plexiglas discs at the Zarge
diameter portion of the outer cylinder remained to accurately fix the
relative position of the two electrodes.

The copper wire particles exhibited the bouncing and hovering modes



Table 11. Observed percentage of variation of breakdown voltage with other materials, compared to
stainless steel, for 1.4-cm-radius electrodes. (Random error: *3%; systematic error 15%)

Percentage 1in N,

Gas Electrode Polarity 0 5 10 20 40 60 80 100
SF; Al + -6.6 -6.2 -5.3 -4.0 -3.6 -3.1 -3.0 -1.9
SFg AT - 7.2 -7.1 -4.9 -5.9 4.2 -4.2 -3.3 -4.3
SF; Cu + -5.9 -6.2 -5.2 4.1 -3.5 2.8 2.8 2.1
SFe Cu - -9.4 7.4 -5.2 5.4 -3.9 -3.3 2.9 -3.0
c-Cy4Fg Al + -6.6 +7.3 +8.4 +7.4 +4.3 +7.5 +9.0 +6.1
c-CyFg Al - 7.2 +4.8  +7.2  +4.7  +1.3  +12.0  +8.1 -0.6
c-C,Fg Cu + -5.9 $7.9  +10.0  +9.7 +8.4 +14.1  +16.2  +12.9
c-CyFg Cu - -9.4  +8.2  +10.2 +9.3  +6.4  +18.5  +15.9 - +9.1
2-C,Fg Al + 6.6 +3.2 +6.3 +8.5  +22.9  +16.6  +10.8 +7.4
2-CyFg AT - 7.2 +0.6  +4.6 $7.0  +14.3  +18.2  +16.4  +12.5
2-C,Fg Cu + -5.9 42,6  +5.9  +4.9  +19.1  +10.9 +3.1 -1.8
2-C,Fg Cu - -9.4 2.5 +6.0 +6.5  +11.7  +14.1 9.1 +3.7
2-C,Fg Al + -6.6 -7.4 -3.1 -9.0 2.2

2-C,Fg Al - 7.2 -8.3 -6.6 -9.6  -11.0

2-C,Fg Cu + -5.9 -6.0 1.6 -2.4 -0.2

2-C,,Fg Cu - -9.4 -9.1 3.4 -4.9 -9.2

Gg
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reported by others. As the voltage was raised slowly from zero the
particles would abruptly leave the bottom inside surface of the outer
cylinder and bounce between the electrodes. If the voltage was raised
further and breakdown did not occur first, the particle behavior would
eventually change to a hovering motion barely off of the negative electrode
and perpendicular to its surface. This bouncing began at 17.0 * 1.5 kV
as vo]tage was raised from zero and ceased at 7.0 + 1.5 kV as the voltage
was lowered, independent of the gas. Hovering inception and breakdown volt-
ages were dependent on the gas. The particles were watched closely during-
tests to allow rejection of any breakdown data due to sparks caused by two
or more aligned particles or by barticles clinging to the insulator discs.
If a particle stuck to an insulator no more data were taken until it was
freed by the other (bouncing) particles.

The breakdown voltages under this particle contamination are shown
in Figs. 20 and 21 for each of the four mixtures studied this period. The
error bars indicate combined systematic and random errors; the latter (s5%)
was defined as standard deviation divided by the mean for at least five
measurements. Although this particle contamination lowered the breakdown
voltages of all mixtures significantly, the mixtures containing.f1u6ro—
carbons remained superior to those containing SFg by approximately
the same ratios as obtained without particle contamination.

Similar studies in cylindrical geometry are under way for argon
mixtures with fluorocarbons and with SFg, as well as for CF, mixtures with

fluorocarbons and with SFe.
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VIII. RESEARCH ON LIQUID DIELECTRICS

The behavior of insulating dielectric liquids under electric stress
is of considerable engineering importance because these liquids are
commonly used in transformers, capacitors, and other power system apparatus.
Although such liquids have been under investigation for many years,
knowledge of their behavior has been gained ]argely by empirical means
without the benefit of systematic studies based on we]]-developed theories.
Therefore, a study of liquid dielectrics utilizing fundamenta] physico-
chemical knowledge and highly refined experimental techniques has begun
during this period as a natural extension of work already in progress at
ORNL on gaseous dielectrics.

In reviewing the literature on'liquid dielectrics, it became evident
that although a considerable degree of understanding has been achieved for
solids under electrical stress, the situation is far from satisfactory for
1iquid dielectrics. This stems principally from the difficulties encoun-
tered in observing the behavior just before, during, and after electric
breakdown and the failure of many investigators to exercise precise
scientific control of their experiments. Observation of the breakdown
phenomenon in liquids is difficult because of its ultrafast transiéent
nature, but recently laser schlieren techniques have provided photographic
results which may lead to a better understanding of the process. (It is
anticipated that the image converter camera we acquired will provide
valuable information in this regard.) Also, electromagnetic radiation
which is produced during breakdown can interfere with the measurements,
but this can be overcome with proper shielding.

The most pronounced effect on the dielectric strength of liquids
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is the presence of impurities. For examp]é,kbubbles of gas, formed between
the electrodes either by decomposition of the liquid or from insufficient
degassing of the liquid and electrodes, permit breakdown since they have

a breakdown strength lower than that of the liquid itself. Also, globules
of water, caused by moisture condensation or insufficient‘purification,
become unstable in the electric field and enable a low~resistance bridge

to be set'up between the é]ectrodes. Conducting particles which have not.
been removed by the purification system can give rise to local enhance-
ment of the electric field which may exceed critical values locally such
that total breakdown occurs.

Therefore, reliable data on liquid dielectrics under stfess cén be
obtained only be exercising great care in experimental technique. Hence,
an elaborate purification system was designed to attain a high degree of
purity of the liquid under test. Figure 22 shows a block diagram of this
system.t The Si-Gel trap is heated to 300°C and the activated charcoal
trap to 400°C for 48 hr while being evacuated to the 10~ torr scale.

The rest of the system is heated to 150°C andﬂpumped to 1 x 10°7 torr

for 48 hr. The temperature is then reduced to 50°C, and the vacuum

system 1liquid nitrogen trap is filled, reducing the pressure to 2 x 10-8
torr before introduction of the sample. The sample in flask No. 1 is then
passed through the Si-Gel and activated charcoal columns, which are at
room temperature, into.the freeze-pump-thaw chamber by placing an ice

bath around the chamber. The inner cylinder in this chamber is cooled by

1iquid nitrogen, and the sample is opened to the vacuum system, degassing

Tie are grateful to J. G. Carter for the design, buf]ding, and testing of

this system.
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the liquid. After 2 hr of this procedure the sample is transferred

to the NaK alloy chamber and stirred with 50 m1 of the alloy for 24 hr.
The final step consists of transferring the sample into the reservoir

via the ice bath technique. The appropriate amount is then transferred

to the test cell. This entire procedure has been utilized in basic studies
-and has, through experience, been found to be an effective means

of purification of liquids.

Design of the test cell for studying electric breakdown in liquid
dielectrics required éarefu] consideration of the experimental gnals and
constraints. Test cells are usually small (<100 m1) in order to economize
in the use of Tiquids and must.permit accurate electrode separation of
200 um or less. Rigid mechanical control can be obtained using a metal
chamber, but photographic observation of breakdown is not possible.
future studies of corona would not be feasible if the sides of the chamber

are too near the electrodes.

Hence, the test cell in Fig. 23 was designed to allow accurate
electrode separation and visual observation. The lower electrode is fixed

while the upper electrode is adjustable through a 25-mm range with an

accuracy of 0.001 mm. The center portion of the cell is quartz, which
allows unrestricted observation of breakdown without filtering of ultra-
-violet light. The toroid positioned at the lower electrode pfotruding
through the glass cell shields‘'the resulting E-field to prevent break-
down from occurring in air outside the test cell. The liquid volume is
typically 30 ml (with the test cell filled to a Tevel 15 mm above the top

electrode).

Fabrication of the purification system and the test cell were
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completed during this reporting period. A Sorensen 120 kV dc power
supply will become available for these studies. An electronic controller
(1ike those on our other apparatuses) is befng fabricated to automatically
apply voltage to the electrodes.

The entire apparatus is in the final stages of testing and measurements

on the dielectric strengths of 1iquids will commence in the veky near future.
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IX. APPARATUS

The Imacon 790 image converter camera has been received and tested
successfully. It will provide 16 consecutive frames at rates of 10°
frames per second and 20 x 10® frames per second. Events somewhat faster
than 10-2 sec can be resolved using the streak mode, in which one
dimension is collapsed to a 1ihe and the other dimension is swept with
time. Initial plans for the camera include a return to our earlier
diverter studies.!®

The atmospheric pressure quadrupole mass spectrometer has been ordered
from Extranuclear Laboratories, Inc. Delivery is anticipated in January,
1979. It is intended to mass-analyze neutrals and ions of either polarity
that leave a gas cell operating at pressures on the order of 1 atm.

The apparatus consists of an ultrahigh vacuum system with fast turbo-
molecular pumps, pinhole orifice, quadrupole mass spectrometer and elec-
tronics, and an electron multiplier.

The variable temperature experiment high voltage cable has been
jrradiated with gamma rays along 1.5 ft at one end, at the ORNL high
flux isotope reactor. The resulting crosslinking of the polyethylene
should raise the melting point so that temperatures z 150°C can be
attained. This was accomplished by sealing the cable in an aluminum tube,
which was lowered into the reactor pool such that the lower 1.5 ft.
reached the radiation zone. A cooling coil has also been installed
around the exterior of the high voltage chamber feedthrough. For low-
temperature work it was necessary to develop localized heating of the 0-

ring seal of the high voltage chamber feedthrough, providing a leakproof



seal at -25°C with a pressure corresponding to 5 atm at room temperature.

A 400 kV, 4kJ impulse generator has been ordered from Haefely.
A transient waveform digitizer has been ordered from Tektronix to better
view the impuise breakdown waveform. A new digital Qo]tmeter has been
ordered.

The new-high pressure chamber for practical studies is near completion

and will soon be ready for pressure tests. A new Wallace and Tiernan

pressure gauge has been received for it.
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X. PUBLICATIONS AND CONTACTS
A. Publications

L. G. Christophorou (editor), Gaseous Dielectrics (Proceedings of the
International Symposium on Gaseous Dielectrics, Knoxville, Tennessee,
Mar. 6-8, 1978) CONF-780301 (May 1978).

D. R. James, L. G. Christophorou, R. Y. Pai, M. 0. Pace, R. A. Mathis,
I. Sauers, C. C. Chan, "Dielectric Strengths of New Gases and Gas
Mixtures," Gaseous Dielectrics (Proceedings of the International
Symposium on Gaseous Dielectrics, Knoxville, Tennessee, Mar. 6-8,
1978) CONF-780301 (May 1978), pp. 224-257.

R. Y. Pai, T. F. Garrity, "Basic Discussion Panel Summary," Gaseous
Dielectrics (Proceedings of the International Symposium on Gaseous
Dielectrics, Knoxville, Tennessee, Mar. 6-8, 1978) COMF-780301

(May 1978), pp. 414-427.

M. 0. Pace, V. H. Tahiliani, "Applied Discussion Panel Summary,"
Gaseous Dielectrics (Proceedings of the International Sympoéium on
Gaseous Dielectrics, Knoxville, Tennessee, Mar. 6-8, 1978) CONF-
780301 (May 1978), pp. 428-446. |

L. G. Christophorou, "The Use of Basic Physical Data in the Design of
Multicomponent Gaseous Insulators," Gas Discharges (Proceedings of the
S5th International Conference on Gas Discharges, September 11-14, 1978,
Liverpool, United Kingdom) IEE Conference Publication Number 165 (1978).
M. 0. Pace, C. C. Chan, L. G. Christophorou, "Application of Basic
Gas Research to Practical Systems," 7th IEEE/PES Conference and

Exposition on Overhead and Underground Transmission and Distribution,
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April 1-6, 1979, Atlanta, Georgia (accepted--see Appendix E)

A. A. Christodoulides, L. G. Christophorou, R. Y. Pai, C. M. Tung,
"Electron Attachment to Perfluorocarbon Compounds: Part I: c-CyuFg
2-C4,Fg, 1,3-C4Fg, c-CyFg, and 2-C,Fg" (accepted for publication in the
Journal of Chemicél Physics.

R. Y. Pai, L. G. Christophorou, A. A. Christodoulides, "Electron
Attachment to Perfluorocarbon Compounds: Part II: c-CsFg, c-CgFig,
c-CgxFyy, CyFg, and CgFyg= Relevance tu Gaseous Dielectrics” (accepted
for publication in the Journal of Chemical Physics.

L. G. Christophorou, D. R. James, R. A. Mathis, "On the Role of the

Electron Impaét Ionization Cross Section in the Breakdown Strength

of Dielectric Gases" (submitted to Journal of Physics D: Applied

Physics; see Appendix B).
A. A. Christodoulides, L. G. Christophorou, "Electron Attachment
to c-C;F;, and 1-C;F;," (submitted to Chemical Physics Letters See

Appendix A).
B. Contacts

In May, M. 0. Pace attended the IEEE'Power Engineering Society

Switchgear Committee Meeting in New Orleans.

Extranuclear Laboratories, Inc. of Pittsburgh was visited in June

by I. Sauers, to view a demonstration of an atmospheric pressure quadru-

pole mass spectrometer. In September, L. G. Christophorou visited the

Electrical Engineering Departments at the Universities of Liverpool and

Strathclyde and the Physics Department at the University of Manchester,

all in the United Kingdom.
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Those visiting us in this period included: R. J. Van Brunt, R. E.
Webner, and M. Masakian, of the National Bureau of Standards; A. Pedersen,
of the Technical University of Denmark; R. Koerwer, M. Reddi, and H. G.
Lorsch, of the Franklin Institute; F. V. Struisa, J. Barron, W. J. Cole,
and Mel Singer, of the New York State Energy Authority; R. S. Berry of
the University of Chicago; S. Rice of the University of Ontario; William
McElroy , Chancellor, University of California at San Diego and member of
ORNL Advisory Committee; P. Markovitch of the Boris Kidric Institute of
Nuclear Sciences, Be]gfade, Yugoslavia; K. Kite of Tektronix, Inc.; E.
Larsen of Biomation; and J. Owren of Marco Scientific, Inc. |

Also in this period a request to us from Dr. Floyd Culler, Director
of E.P.R.I., was honored, for a wide source of information on SF; and its
use. Particle contamination experiments were discussed with Dr. Chat
Cooke of the_Massachusetté Institute of Technology. Discussions were
also held with J. P. Vora of the Department of Energy, Columbia Organic
Chemicals Co., Armegeddon Chemical Co., Linde vaision of Union Carbide
and Air Products and Chemicals Inc.

At ORNL, John Million (Gaseous Diffusion Plant) and Bill Rainey
(Y-12) aided in gas analysis. Gerald Goldberg (High Flux Isotope Reactor)
irradiated the polyethylene cable for the high temperature apparatus.

J. Bair (accelerator group) discussed gaseous dielectrics. The interaction
with H.C. Schweinler, especially on electric fie]d-fnduced electron detach-
ment, is gratefully acknowledged. Thanks are also due to V. E. Anderson

for computational help.
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APPENDIX A

Paper Submitted to Chemical Physics Letters

ELECTRON ATTACHMENT TO c-C7F;4 and 1-C7F)4*

A.A. CHRISTODOULIDEST and L.G. CHRISTOPHOROU*

Atomic, Molecular and High Voltage Physics Group, Health and Safety Reszarch
Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, U.S.A.

The results of a swarm study on the attachment of slow (§3 eV) electrons '
to c¢c-C7Fy4 and 1-C7F;y are presented and discussed. For both molecules the
attachment cross sections show resonance maxima at 0.07 and 0.25 eV, and they
are much larger for the cyclic isomer. The thermal values of the electron
attachment rate are 18.3 and 1.33 x 108 sec™! torr~! for c-CyFyy and 1-CyFyy,
respectively.

1. Introduc¢tion

The study of the electron attaching properties of halocarbon molecules is both
of basic and applied significance. Knowledge of the rates and cross sections for
production of parent and fragment negative ions, of the autodetachment lifetimes
of metastable parent and fragment negative ions and of their energy dependences
is necessary for the development of an understanding of the formation and frag-
mentation of molecular negative ions in impacts with low-energy electrons [1,2].
Certain halocarbons are of special significance to the enviromment [2] and also to
other applied areas such as gaseous dielectrics (e.g., see refg. 3-5).

In this paper we report and briefly discuss the results of a swarm study on
electron attachment to c-CyF1y (perfluoromethylcyclohexane) and 1-C7Fjy (perfluoro-
l-heptene). Although c-C;F;, has been the subject of earlier studies [6-14] (mostly
at thermal energies), to our knowledge no study of 1-C;F;, has been made. Recent

work on electron attachment to other perfluorocarbon molecules can be found in

refs. 15 and 16.

*Research sponsored by the Division of Electric Energy Systems of the U.S. Department
of Energy under contract W-7405-eng-26 with Union Carbide Corporation,.

1'Visiting Scientist; permanent address, Department of Physics, University of Ioannina,
Ioannina, Greece.

fAlso Department of Physics, University of Tennessee, Knoxville, Tennessee 37916.
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" 2. Experimental
The experimental and analytical méthods used in the present study.have been
described previously (see, for example, refs. 1, 15 and 17). The purity‘of

c-CyFyy and 1-C7F;y was >97+%, and the measurements were performed at &2983K.

3. Results and Discussion
The attachment rates, aw, (o is the electron attachment coefficient, and w is

the electron swarm drift velocity) [1] for c-C;F), and 1-C;F;, have been measured
as a function of the pressure-reduced electric field, E/P,9g, in mixtures with
the "carrier" gases [1] N, and Ar at total pressures 500, 1000, 1500 and 2000 torr
and 500, 1000 and 1500 torr, respectively. The perfluorocarbon pressures ranged
from 5.4 to 19 x 107> torr ror c-C;Fjy, and from 30.7 to 98.8 x 1075 torr for 1-C;Fiy-
Twenty independent measurements of the attachment rate as a function of E/P,gg have
been made for c-CyF;, and 1-C7F;4 in mixtures with N,. The average of these is
listed in'table 1 and is plotted in fig. 1 (solid points). Similarly, nine inde-
pendent measurements of aw(E/P) have been made for 1-C;F;y and twelve for c=CqFyy
using Ar as the carrier gas. The average of these is listed in t'able 2 and is plotted
in fig. 1 (open points). 1In fig. 1 ow is plotted as a function of the mean electron
energy <e>; the relationship between <e> and E/P,gg is given in tables 1 and 2 for
Ng and Ar respectively (see refs. 1 and 15). A slight increase in aw with increasing
total pressure was noticed for each molecule in both carrier gases, but it was not
sufficiently outside of the experimental error (see tables 1 and 2) to be considered
significant. For each carrier gas, at each E/P the average value of aw for each total
pressure is wi;hin a standard deviation of the mean value of aw using all data (i.e.,
for all attaching and all carrier-gas pressurgs) for that particular E/P.

The aw(<e>) functions show a characteristic maximum at 0.17 eV for c-C7Fj, and at

0.25 eV for 1-CyF;,. They are much larger for the cyclic isomer.
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Fig. 1. Electron attachment rate as a function of mean electron energy

for c¢-C7F;y and 1-C7Fjy.

() Data taken using N, as the carrier gas;

(0) data taken using Ar as the carrier gas (see tables 1 and 2 for error

cstimates).



Table 1

Electron attachment rates for 1-C;F;4 and ¢-CyFy, in N, a)

E/P298 <e> 1-CFy,, b) c-CoFy c)
(volz cm! torr~l) (ev)
aw 5/ (aw) 4 aw s.d./ (aw) 4

(108 sec™! torr-l) (%) (102 sec! torr~l) (%)
0.007 1.07 6.9 ‘1.47 5.1
0.01 0.041 1.38 7.5 1.86 4.6
0.02 0.046 1.87 6.0 2.41 3.1
0.03 0.054 2.13 6.5 2.58 3.6
0.04 0.064 2.49 6.7 2.80 3.6
0.05 0.075 2.97 7.0 3.05 2.4
0.06 0.087 3.43 7.2 3.25 3.7
0.07 0.099 3.92 1.4 3.44 3.8
0.08 0.109 4.67 3.69
0.10 0.131 5.29 7.0 3.87 . 3.5
0.15 0.181 6.61 6.3 4.12 3.2
0.20 0.230 6.95 6.1 4.05 2.9
0.25 0.285 6.95 6.0 3.87 2.6
0.35 0.376 _ 6.34 5.4 ‘ 3.40 2.6
0.50 0.490 5.24 5.1 2.77 2.2
0.60 0.550 4.74 5.1 2.50 2.2
0.80 0.646 3.90 5.2 2.09 2.1
1.00 0.715 3.40 1.86
1.20 0.764 3.02 1.65
1.40 0.803 2.7¢4 1.54

:;The pressures of N, employed are: 500, .,100C, 1500 and 2000 torr.

c Average of twenty independent runs with 1-C;F;, pressures in the range 30.7 to 98.8 x 1073 torr.
)Average of twenty independent runs with ¢~C;Fy, pressures in the range 5.4 to 19 x 1075 torr.
“Standard deviation divided by aw.

S



Table 2

Electron attachment rates for 1-C;F;4 and c-CyF;4 in Ar a)
E/Pjq8 <e> 1-C5F 1y b) c-C7F14 c)
(volt cm~! torr™}l) (eV)
aw 5.4 (aw) & aw sdf (aw) 9

(108 sec™! torr™l) (%) (109 sec”! torr~1) (%)
0.006 0.409 5.36 8.6 3.03 3.8
0.010 0.498 5.24 7.5 2.62 5.0
0.015 0.570 4.80 6.0 2.31 4.3
0.02 0.641 4.31 4.9 2.02 4.3
0.03 0.752 3.60 4.5 1.69 3.8
0.04 0.848 3.05 3.9 1.42 4.0
0.05 0.935 2.63 3.8 1.22 3.8
0.06 1.012 2.29 3.8 1.07 3.5
0.10 1.285 1.57 3.5 0.74 3.7
0.15 1.559 1.14 3.6 0.56 3.5
0.20 1.795 0.92 3.5 0.46 4.0
0.25 2.008 0.79 3.6 0.40 3.4
0.30 2.197 0.69 3.6 C.35 3.5
0.40 2.526 0.55 3.8 0.29 3.5
0.50 2.808 0.50 - 0.26 -

a)
b)
c)
d)

The pressures of Ar employed are:

Standard deviation divided by aw.

500, 1000 and 1500 torr.
Average of nine independent runs with 1-C5F;, pressures ranging from 35.3 to 52.1 x 10> torr.
Average of twelve independent runs with c-C7Fjy pressures in the range 9.7 to 17.1 x 107> torr.

9.
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The data on aw(<e>), taken using N, as the carrier gas (table 1; fig. 1), were
unfolded by application of the swarm unfolding technique [18]. The o,(z) obtained are
listed in table 3 and are plotted in fig. 2. Two resonance maxima are seen which
for both molecules occur at A0.07 and ~0.25 eV. Although the positions of the
cross section maxima are the same for the two isomers, the magnitude and the energy
dependence of 0,(e) are substantially different.

" Earlier electron beam studies [11] on c-C;Fjy have shown that the most abundant
negative.ion is the long-lived metastable parent ion c—C7F1g—* formed at thermal
and epithermal energies with maximum intensity at ~0.07 eV, in agreement with
the present work. Other (weaker) ions such as CyFy37, CgF);  and CUgFgq™ were
detected [11] at higher energies (0.3 eV). Based on this work and also on
recent work on other fluorocarbon compounds [4,5}, the 0.07 eV resonance
in fig. 2 should be mostly due to the parent c-C;F;; * ion and the 0.25

eV resonance due mostly to fragment ions. Other beam studies ElO,l3] found the auto-
detachment lifetime 1, of c¢-C7F1,~* at ~0.0 eV to be 793 usec [10] and 757 usec [13].
Although no similar work has been reported for 1-C7Fjy4, on the basi; of the work

on c-C7Fyy and other fluorocarbons (refs. 1, 4, 5, 10, 15, 16 and 19), the 1-C;F;y4 *
ion is expected to form at ~0.07 eV and to be long-lived (ra > 10-% sec); -fragment
negative idns would predominate at higher energies.

The results of earlier studies [8,9,12,14] on the value of the thermal (T = 298°K)
attachment rate for ¢-CsF), are eompared in table 4 with the present value of 18.3 x 108

sec”! torr™! The thermal value of the attachment rate for l—C—,Fl,+ is 1.33 x

108 sec”! torr~! (i.e., V14 times smaller than for c¢-C7F)y).

The higher values of the attachment cross section for the cyclic perfluorocarbon
are consistent with the conclusion we reached recently [15,16] that the eyclic structure
increases the attachment cross section. They are also consistent with the higher
dielectric strength of c-CyF;, relative to 1-CyF;, (refs. 3-5). Christophorou et al. [4]
reported the relative DC breakdown voltage of c~C;Fj,, 1-C;F;, and SFg to be 2.2, 1.2

and 1.0, respectively.
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Table 3

Electron attachment cross sections, 0,(e), for 1-C7F;y and c-C7F1y

o, (e) (10716 cm?2)

e(eV)

1-C5Fqy c~C7F 1y
0.02 0.31 - 3.3
0.03 1.26 16.6
0.04 3.02 47.3
0.05 5.75 93.9
598 S
0.08 7.17 101.7
0.10 5.90 63.9
0.12 6.09 51.4
0.14 6.30 42.2
0.16 7.61 : 42.0
0.18 9.93 47.6
0.20 12.93 59.7
0.25 14.02 64.6
0.30 12.60 62.0
0.35 8.31 42.0
0.40, 5.45 25.7
0.45 4.02 16.9
0.50 3.29 12.4
0.55 2.79 10.1
0.60 2.19 8.47
0.65 . 1.67 7.46
0.70 1.30 7.00
0.75 0.90 . 6.33
0.80 0.58 5.66
0.85 0.35 4.91
0.90 0.21 4.39
0.95 0.12 3.78
1.0 0.05 2.79
1.1 0.012 1.54
1.2 0.001 0.47

1.3 0.07




Table .4

Values of the thermal attachment rat=2, positions, € ax® of the maxima in the attachment cross

section Oa(a) and values of ca(

€) at ¢
] max

ax

for 1-C4Fy, and c-C;Fyy

Thermal Attachment

Molecule Structural Rate a) “max oa(emax)
Formula ) -
(108 sec™! torrTl) (eV) (10715 cm?)
Perfluoro-l-heptene F ? E f F ? ?
1 !
(1-C5Fyy) _ ?=C—E—9—?~€—? 1.33 0.07; 0.25 0.75; 1.4
F FFFFF
CF F
Perfluoromethyl- 3 18.3
cyclohexane Fs ) 13 [14] 0.07; 0.25 11.5 6.5
(c=C7Fy4) 16.9 [12]
Fp Ty 26 [9] 0.15 [7] 7.5 [7]
F, 31.9 [8]
a)

(T = 298°K) (ref. 19).

Determined by integrating the aa(e)iobtained in this work (table 3) over a maxwellian function

08
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APPENDIX B

Paper Submitted to the Journal of Physics D: Applied Physics

On the Role of the Electron Impact Ionization Cross Section in
the Breakdown Strength of Dielectric Gases*
L. G. CHRISTOPHOROUT, D. R. JAMES and R. A. MATHIS
Atomic, Molecular and High Voltage Physics Group,

Health and Safety Research Division,
O0ak Ridge National Laboratory, Oak Ridge, Tennessee, 37830, U.S.A

Abstract. In this paper we discuss the role of the electron impact

jonization cross section, oi(e), as a function of electron energy, =, in

the breakdown strength, Vg, of gases/mixtures. Four gases (Ne, Ar, Nj

and SFg) were chosen for which the ci(e) and the total electron scattering

cross section, osc(e), at low energies are known. Direct current breakdown strengths
on Ne, Ar, Ne + SFg, Ar + SFg, N, + Ne + SFg, and N, + Ar + SFg were made

and are reported, using sphere on sphere-sphere and square rod-plane elec-

trode geometries. On the basis of these measurements and the data on osc(e)

and o;(e) it was concluded that the magnitude of osc(e) at subionization

(e < I) and especially at subexcitation (e < energy of lowest excited electronic
state) energies is much more significant in effecting high values of vS than

oj(e). The effect of perfluerination and static polarizability on o4(e)

is also discussed.

*Research sponsored hy the Division of Electric Energy Systems, U.S. Department
of Energy under contract W-7405-eng-26.with Union Carbide Corporation.

tAlso Department of Physics, University of Tennessee, Knoxville, Tennessee 37916.
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1. Introduction

We have indicated earlier (Christophorou 1977, Christophorou et al 1977a, 1978,

James et al 1978) that in designing a gas dielectric the quantity!

fca(e)f(e, E/P)de A (1)

should be maximized, and -the quantity!

foi(s)f(e, E/P)de - (2)
I N .
should be minimized. In (1) and (2) oa(e) and oi(s) are, respectively, the

electron attachment and the electron impact ionization cross sections as
functions of the electron energy e, f(e, E/P) is the eiectron energy distribution
as a function of € and the pressure-reduced electric field E/P, and I is the
ionization threshold energy. We have also emphasized in our earlier reports
(e.g., Christophorou et al 1976, 1977a,b, 1978, James et al 1978, Pace et al
1978) the dominant role of oa(e) and the importance of the electron scattering
processes which strongly influence f(e, E/P). 1In this paper we assess and discuss
the role of Oi(E) in the breakdown voltage, Vg, for gaseskmixtures, on the

basis of experimental data on csc(s), Gi(s) andfvs. From the dielectric point

of view the portion of ci(s) close to I is the most significant.

'For multicomponent mixtures the role of the Penning ionization process (A* + B——

BY + e + A) must be assessed also.

lUsually, the velocity weighted forms of (1) and (2) are used [i.e.,
djr Ga(g)e%f(e, E/P)de and ./? oi(e)e%f(e,-E/P)de], which are proportional,
ré;pectively, to the attachmg;t and ionization coefficients. Expressions
(1) and (2) may be referred to. respectively, as the energy distribution

weighted effective attachment and ionization.
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2. The electron impact ionization Cross section,
A. Direct and indirect ionization

In the vicinity of I (say, O to 10 eV above I) ionization proceeds directly,

e + XY —=Xy' + 2e (or X + Y' + 2e) (3)

or indircctly, XY*+ e (or X + Y* +.)] . (4a)
e + XY—XY** (superexcitation) + e” = "Dissociation" )te  (4b)
Electronic relaxation (4¢)

Superexcitation (i.e., excitatjon of an electronic étate of a neutral molecule
AX above I) plays an important role for many molecules (e.g., see Christophorou-
1871, Donohue et al 1977). The competition between (3) and (4) is a function
of (e - I); as (e - I) increases, (3) dominates over (4). The competition
between indirect ionization (4a) and "dissociation" (4b) giving neutral fragments
should depend on (e - 1), the state of excitation, and the vibrational distribution
of internal energy and it could be beneficial in that it could reduce o5- Close
to I the parent positive ions are the most abundant but as (e - I) increases, so
does the yield of fragment positive ions.

B. Electron impact ionization cross section close to threshold and its

dependence on ‘the static polarizability.

The single ionization cross section by electron impact, ci(e), increases more or
less linearly with energy € - I above I, maximizes at some energy (usually around
~100 eV) above I (see Christophorou 1971) and decreases with ¢, at large e, as
predicted by the Born approximation viz. as g2ne/e. Figure 1 shows ~examples of
the variation of the total ionization cross section, o1 with electron energy.
Close to I double and multiple ionization is negligible (or not energeticé]1y

possible) and for this reason we shall refer to oT(s) as o;(e).
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In figure 2 ci(e) are plotted for a number of gases and are seen to vary
greatly in the indicated energy range. A plot of o; Vs (e - I) (figure 3)
shows a similar variation. If the values of o for various species at a
particular value of (e - I) (say, 5 or 10 eV; figure 3) are plotted as a function

of the species' static polarizability, a, o;

i increases with o, although the data

show a considerable spread. In the inset of figure 4 the slopes, Aoi/A(e - 1),
of the o; Vs (e - 1) p]otslfor (e- I) X 2 eV are plotted as a function of a.
A general increase of sos/a(e - I) with o is evident. This is cansistent
with earlier data by Beran and Kevan (1969a) some of which are shown in
figure 4. For large values of ¢ the Born approximation is valid and one
would expect o5 to be proportional to a since both oy and o are roughly
proportional to the square of the transition moment matrix element.
Indeed a linear relationship between o5 and o, as seen in figure 4,
has been noted between Oi(e = 75 eV) and o earlier (Beran and Kevan
1969a, Lampe et al 1957). At 75 eV the Born approximation is
probably valid and direct ionization dominates over indirect for molecules.
Beran and Kevan (1969a) noted that the correlation between o4 and o holds
better within given classes of molecules,

It is seen from figure 4 that for a given value of «, perfluorination of
a hydrocarbon molecule reduces oi(e) and that this reduction is larger the lower the
e. This observation seems to,be of quite general validity, as can be seen
from the data in table 1.

C. Effect of perfluorination on the magnitude of Ui(s) and I
It can be seen from table 2 that the I of perfluorinated hydrocarbons fs, as
a rule, higher than for their nonfluorinated analogues. Quite generally,
when an F atom is substituted for an H atom, o;(e) decreases. The other
halogen atoms (Cl, Br, I) do not behave in this manner; for these, oi(e) increases
with increasing number of halogens and atomic number (i.e., in the order Cl1 <
Br < I; see table 1 and Beran and Kevan 1969a). This behavior indeed reflects
the unique properties of the ground state F atom [the e]ectronegativity (4.0)_

and I (17.42 eV) of fluorine are very high] allowing for strong C-F bonds and
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Table 1. Ionization cross sections, o., at three (20, 35 and 70 eV)
electron energies for hydrocarbons showing the effect of fluorine
and other halogen atoms on oy a

o; (10716 cm2?)

Molecule
e = 20 eV e = 35 eV e = 70 eV
CHy 1.62 3.65 4.67
CH3F 1.27 3.03 4.46
CHoF2 0.94 2.75 4.56
CHF3 0.55 2.41 4.47
CFy 0.26 2.22 4.68
CH, 332 6.45 8.51
C,Fg 0.61 3.89 7.79
C;Hg 4.79 8.91 11.5
Cfe . N 2 s
CuHy o 6.45 11.4 15.3
o Ve T 35
C,H, 10.2
C3Fe 9.16
2-CyHg 13
2-C,Fg 12
C,H, 6.93
C,Fy 6.16
CH4F 4.46
CH4CI 8.68
CH3BY' 10.1
CF, 0.26 2.22 i 4.68
CFsC1 . 2.02 5.15 7.79
CF3Br 9.07
CF,I 10.9,
CF,, . 0.26 ' 2.22 4.68
CF,C1, ‘ 4.2 ' 8.52 11.2
CFEBY'Z ]4.2
CFC1, 6.26 1.7 14.6

3From Beran and Kevan (1969 a)
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Table 2. First ionization potential, I of hydrocarbons
showing the effect of F substitution on the value of I 2

Compound 1(eV)
CH, 12.7
CH4F 12.54
CH,F, 12.71
CHF 5 13.83
CF,, <15.0
CsHg 11.07
CsFg 13.38
2-CiHg 9.13
2-CyFg 11.25
C-C3H° 9.97
c-Cof g 1.3
Coio 10.5

{cyclnpentane)
CsFig 1.7
CeHyy 9.83
(cyc?ohexane)
CeF 1z 13.2
CoHg | 9.24
(benzene)
CeFe 9.93
CraMio 8.23
(biphenyl)
T 10.00
C,Hy 10.571
CoH,oF, 10.31
CzHF3 ' ]0.]4
C,Fy 10.12
C,H, 1.4
C,F» 11.4

3pata on 1 are from Christophorou (1971) and
Rosenstock et al (1977).



89

tightly bound electrons.

It is thus seen that perfluorocarbon molecules can possess basic
properties which are highly desirable for a gas dielectric. Besides strong C-F
bonds, high I and low oi(s), they can have large ca(e) (e.q., Christbdou]ides
et al 1978, Pai et al 1978), 1ead.predominant1y to parent negative ions in
jmpacts with low-energy electrons (Christophorou 1978), have large electron
affinities (Christophorou 1978), and possess many negative ion states at e < I

(Christophorou 1977, 1978; Christodoulides et al 1978, Pai et al 1978).

3. Electron impact ionization and electron scattering cross sections for Ne,

Ar, N, and-SFg

To assess the role of oi(e) relative to the electron scattering cross
section osc(e)--and thus the relative significance of (1) and (2)--we have
chosen four gases for which Oi(e) and csc(e) are known. These are shown
in figure 5A, B and are explained in the figure caption where the sources of the

original data are given.

4. DC breakdown strength measurements

Measurements have been made of the DC breakdown strengths of Ar, Ne, Ar + SFg,
Ne + SFg, Ny + Ar + SFg and N, + Ne + SFg. These data are presented in table:
3 and figures 6 to 11. We employed sphere on sphere to sphere electrodes (a
1/8 in. diameter stainless steel sphere attached to the top of a 1 1/2'in. diameter
sphere as the negative voltage electrode and a second 1 1/2 in. diameter sphere
as the ground e]ettrode) in this work to achieve a nonuniform electric field.

Figurc 6 shows the breakdown vb]tages, Vg, as a function of Pd (thc product



Table 3. Vg for SFg, Ar, Ne, Np + Ar, Np + Ne, SFg + Ar, SFg + Ne, SFg + Ar + Ny,

and SF, + Ne + N, (Ptota] = 2300 torr; sphere on sphere-sphere electrode geometny)

Electrode Separation (inches)

Gas/Mixture 0.125  0.225  0.325 0.425  0.525
Ve (kv)

SF ¢ (100%) | 41.40  60.31  77.21  92.6%

Ar(102%) 5.38 7.73  9.70  11.4%  14.09
Ne(102%) 0.93 1.32 1.55 1.95 2.46
N, (20%) + Ar(80%) 10.79  15.76  20.14  23.42  26.06
N2 (20%) + Ne(80%) ' 7.42  10.68  13.53  15.86  17.77
SFg{20%) + Ar(80%) .20.38  29.00 35.91  43.48  54.29
SF¢{20%) + Ne(80%) 13.56  21.04  28.37 . 35.49  48.40

W S . S G e Gov D b O i . e 8 Wy - M e T B e W e = S G v A W S - e = A S A e - - - . 5 =

SF¢(20%) + Ar(40%) + N,(40%. 27.76 40.29 50.4) 5.1 79.19
SF¢(20%) + Ne(40%) + N,(40%, 24.43 35.7

06
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of the gas pressure P) and the electrode separation distance, d, at a constant
pressure of 2000 torr for pure Ne and Ar as well as for 80% Ne + 20% SFg and
80% Ar + 20% SFe mixtures. The superiority of Ar over Ne as a single gas and
as a buffer gas is clearly seen.

Figures 7 and 8 show, respectively, Vg vs Pd for 40% Ar + 40% N, + 20% SFg

and 100% SFg, and 40% Ne + 40% N, + 20% SFg and 100% SFg. The range of
pressures used (see figures) was from 500 to 3500 torr. At a given Pd, the
breakdown voltage varies according to pressure. In general, the lower pressure
will have the Tower V¢ at a constént Pd. This effect occurs because the low P
will have a correspondingly larger d which makes the electric field for this
electrode configuration more nonuniform, and hence the breakdown voltage will
be Tower. The slight curvature of V. versus Pd for a constant pressure is also
due to the changing electric field as the electrode separation varies. Comparing
the two mixtures (figures 7 and 8, respectively) we see that both are substantially
lower in breakdown voltage than pure SFg and that the Ar mixture is approximately

7 to 14% higher in breakdown voltage than the Ne mixture.
Figures 9 to 11 give the breakdown voltage for the 40% Ar + 40% N, + 20%

SFg, 40% Ne + 40% N, + 20% SFg mixtures and for pure SFg as a function of the
total pressure for fixed electrode gap separations of 0.125, 0.225, 0.325 in.,
respectively. For a fixed d, the nonuniformity in the electric field remains
the same as the total pressure is increased. Generally, the data vary linearly
with pressure up to 3000 torr. For the Ar mixture, beyond this pressure, the
Vg fai]s off approximately 5 to 10% below the value one obtains from an
extrapolated line through the rest of the data points. Cohsiderab]y more
scatter in the data occurs at the higher pressures (up to 1.5%) than at the

Tower pressures (scatter $0.5%) which is an indication of a higher overall
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uncertainty in the data at 3500 torr.” Hence the fall off at 3500 torr is

probably contained within the experimental error at that pressure.

5. DC Breakdown Strength Measurements in Highly Nonuniform Fields

To explore further the possible effects of field inhomogeneity on the
relative breakdown strengths of the gases/mixtures under study, we measﬁred
Vs using square rod-plane stainless steel electrodes. The square rod was the negative
high voltage electrode and had the dimensions 5 x 5 X 62.6 mm; the plane elec-
trode was a 14-cm diameter stainless steel disc with rounded edges. With
this electrode geometry we measured both V¢ and corona onset voltages.! Both
of these sets of data are presented in figure 12 for P = 500 torr. It is
seen that with the square rod-plane geometry or with the sphere on sphere-
sphere geometry, the Ar mixtures are superior to the Ne mixtures. The Vg
values for the mixture 40% Ar + 40% N + 20% SFg are 14% higher than for the
40% Ne + 40% N, + 20% SF; mixture, as has been the case with the sphere on
sphere-sphere geometry results.

Measurements of breakdown and coroné onset voltages on the same tertiary

mixtures as in figure 12, but at P = 3500 torr, have been made and the

total
results are shown in figure 13. It fs seen that the breakdown voltage for

the Ne tertiary mixtures is now somewhat higher than for the correspoﬁding

Ar mixtures; this also seems to be the case for the corona onset voltage for
the 40% Ne + 40% Nz + 20% SFe mixture. This is a most interesting observation

and can be attributed (see Section 6) to the increased field nonuniformity as

d decreases when P is increased.

1Corona onset voltage is taken to be the voltage at that point where there is a
sharp increase in average corona current. The corona current spikes measured in

the ground electrode circuit were averaged with an r-c filter.
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6. Discussion and Conclusions

The breakdown data in sections 4 and 5 show that Ar as a unitary dielectric
gas or as a buffer gas is in general superior to Ne in spite of the fact that
Inp < Iye and (ci)Ar >> (ci)Ne (figure 5A). This is attributed to the differences
in csc(e) between Ar and Ne shown in figure 5B: Ar is a much more efficient
electron slowing-down gas than Ne. This, in turn, means that for a given value
of E/P, f(e, E/P) is shifted to higher energies for Ne than for Ar. Recent
calculations of f(e, E/P) for Ne and Ar by McCorkle (D. L. McCorkle, private
communication, 1978) for E/P = 0.5 and 1 V cm™! torr~1 show this nicely (see
figure 14). The uniform field (plane-plane geometry) limiting breakdown value,

(E/P)lim’ of E/P is ~8.0 and ~0.63 V cm~! torr-! for Ar and Ne, respectively

(see table 4). Thus, in spite of the fact that Ine < Iye and (o5) > (oi)

Ar Ne
the magnitude of (2) is Targer for Ne than for Ar because a larger fraction of
electrons overlaps Ui(s) for Ne than for Ar producing secondary electrons.

The results on the binary mixtures are consistent with the above rationale:
when N, for which osc(e) is large (see figure 5B) is added to either Ar or Ne,
Vs increases substantially. The ratio of Vg values for the Ne + N, mixture to
the Ar + N, mixture is much larger (~0.68) compared to the ratio (0.17) of the
Vg value for pure Ne to‘pure Ar. This is attributed to the fact that the csc(e)
for N, although larger than that of Ar below 6 eV, is very much larger than that
of Ne over the entire range 0 to ~20 eV (see figure 5B). Similarly the Vs increases
dramatically when SFg for which osc(e) is also large [the osc(e) for SFg, although
larger than that of Ar below ~7 eV, is very much larger than that of Ne over the
entire subionization energy range; see figure 5B] is added to either Ne or Ar. In
this case the increase in Vg is both due to the increase in osc(e) and que to the
large o,(e) of SFg. The ratio of the Vg values for the Ne + SFg mixture to the
Ar + SFe mixture is again large (~0.78) compared to the ratio (~0.17) of the Vg value

for pure Ne to pure Ar.



Table 4. DC Uniform-field breakdown strength data for pure Ar ard pure Ne (P = 500 torr; T = 20°C;

plane-plane electrode geometry).

Electrode Separation (inches)

Gas 0.075 0.125 0.175 0.225 0.275 0.325 0.425 0.525 0.625 (E/P) s

Ve {kv) 2 (Vem™! torr~!)
Ar 1.286  1.811 2.324 2.811 3.271 3.720 4.536 5.292  6.035 8.0 D¢
Ne 0.384 0.378 0.422 0.463 0.506 0.550 0.653 0.746 0.859 0.63 P

aAverage of ten independent measurements at each value of the electrode separation.

bDetermined from the slope of the data points for the first four values of the electrode
separation listed in the table.

CThe breakdown voltages for 100% Ar reflect a greater unc2rtainty than for any other gas
we investigated. For a given electrode separation the Vs was observed to increase with
time on the order of 5 to 10% over the course cf ~30 minites. Also when the Vg of a given

Ar sample was measured on succeeding days a difference in Vg of as much as 20% was noted.

¥6
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The results on the VS for the tertiary mixtures are also consistent with
this interpretaticen: when N, [for which osc(2) is large at subexcitation
energies; figure 5B] is added to the SFy; + Ne mixture, the VS improves much
more than when it is added to the SFg + Ar mixture.

Since the va]ﬁes of I for SFg, Np, Ar and Ne are (Christophorou 1971, 1977)
~15.6, 15.6, 15.76 and 21.56 eV, respectively, it is unlikely that for the-Ar
binary (Ar + SFg) and tertiary (Ar + SFg + N,) mixtures a Penning ionization

1 Such a process, however, is possible for the Ne binary (Ne +

process occurs.
SF¢) and tertiary (Ne + SFg + N,) mixtures (see positions of onsets of the lowest
Ne excitations in figure 5A). In view of this possibility the actual relative
improvement in Vo when SFg or SFg + N; are added to Ne could be even higher.
These findings are consistent also with earlier observations (Christophorou et al
1977a,b, 1978, Christophorou, 1977, James et al 1978) and demonstrate the significance
of efficient electron scattering at subionization and subexcitation energies.
They iﬁdicate that large electron scattering cross sections in the subionization
(e < 1) and subexcitation (e < energy of lowest excited electronic state) energy
range are more important in effecting a high value of VS thaﬁ Tow oi(e).

Finally, the present results and their interpretation are consistent with
the o/N(E/N) data for Ar and Ne shown in figure 15. The primary ionization

coefficient o over the gas density N, o/N, is related to oi(e) by

& = (2/m)* w fI f(e, E/N)e” o (c)de , (5)
where w is the electron drift velocity and m is the electron mass. On the
basis of equation (5), the oi(e) data in figures 1 and 5, and the o/N(E/N) data in
figure 15 for Ar and Ne it is clear that for any given value of E/P,q5 to

52 V em~1 torr-1, the f(e, E/N) is shifted to higher energies much more for

TAdding N, into Ar does not increase the total ionization produced when o-

particles are completely stopped in the gas system (see Christophorou, 1971,

Chapter 2).
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Ne than for Ar and in such a manner as to make the value of the integral in
equation (5) larger! for Ne than for Ar in spite of the much lower oi(e) for
Ne, demonstrating in this way the significance of csc(e). On the basis of
figure 15 and equation (5), beyond an E/P,qg value of ~52 V cm™! torr-l, the
.value of the integral in equation (5) becomes larger for Ar than for Ne. It
would then seem that the data in figuré 13 could be characteristic of very
high values of E/P which may be possible in the highly nonuniform fields of

the square rod-plane electrodes at small electrode separations.
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Figure Captions

Figure 1. Total ionization cross sections, oT(s), for Ne, Ar, N, and

SFg [original data from Rapp and Englander-Golden (1965)].

Figure 2. Ionization cross section, g;»> @s a function of electron energy,
e, for He, Ne, Ar and a number of molecular systems [Based on the data

of Rapp and Englander-Golden (1965)].

Figure 3. o; vs (e - 1) (see text)

Figure 4. g5 Vs static polarizability, a, for the hydrocarbons CHy ».

CoHes C3Hg, CuHyg and CsH;, -and the pertluorocarbons CFy, C,Fg, C3Fg
and C,Fyo at three (20, 35, and 70 eV) electron energies. The

o5 values are from Beran and Kevan (1969a), the a-values for the
alkanes are from Landoit and Bornstein (1951) and the a-values

for the perf]uorocarboﬁs are from Beran and Kevan {1969b) and

were determined ( Beran and Keyan 1969h) using the method of LeFeyre
(1965).

Inset. Aoi/A(a - 1) vs a. The Aoi/A(e - 1) were determined for

(e - I) values £2 eV using the'oi(e) data of Rapp and Englander-
Golden (1965) and I-values from Christophorou (1971). The a-

values are from Landolt and Bornstein (1951) except for

NO(a = 19 x 10725 cm3) which is from Moody and Thomas (1971).
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Figure 5. A. oi(e) for Ar, SFg, N, and Ne [data from Rapp and Englander-

Golden (1965)].

B. Electron scattering cross section as a function of electron energy.

N,: total electron scattering cross section, o, (Golden 1966);

momentum transfer cross section, o (Engelhardt et al 1964).

SFe: & (Srivastava et aZ 1967); & (Rohr 1977).
Ar: oy (Golden and Bandel 1966).
Ne: o4 (Massey and Burhop 1969).

Figure 6: Breakdown voltages of pure Ne and pure Ar and respective

mixtures with SFg (P = 2000 torr; sphere on sphere-sphere electrode geometry).

Figure 7. Breakdown voltages, V5. of 100% SF¢ and the mixture 40% Ar + 40% N, +

20% SFg at the indicated pressures (sphere on sphere-sphere electrode geometry).

Figure 8. Breakdown voltages, V., of 100% SFg and the mixture 40% Ne + 40% N, +

20% SFg at the indicated pressures (sphere on sphere-sphere electrode geometry).

Figure 9. Breakdown voltages, V., of pure SF¢, 40% Ar + 40% N, + 20% SFg and
40% Ne + 40% N, + 20% SFg as a function of pressure at a fixed gap distance

(sphere on sphere-sphere electrode geometry, d = 0.125 in.).

Figure 10. Breakdown voltages, Vs’ of pure SF¢, 40% Ar + 40% N2 + 20% SFg and
40% Ne + 40% N, + 20% SF, as_a_function of pressure at a fixed gap distance

(sphere on sphere-sphere electrode geometry, d = 0.225 in.).
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Figure 11. Breakdown voltages, V., of pure SFg, 40% Ar + 40% Np + 20% SFg. and
40% Ne + 40% N, + 20% SFg as a function of pressure at a fixed gap distance

(sphere on sphere-sphere electrode geometry, d = 0.325 in.).

Figure 12. Breakdown voltage or corona onset as a function of electrode
separation distance for the mixtures
(D) 40% Ar + 40% N, + 20% SFg
(D 20% Ne + 40% N, + 20% SFg
® 60% Ar + 20% N, + 20% SFg
60% Ne + 20% Ny + 20% SFg
[P = 500 torr; square rod-plane geometry]
Error bars are one standard deviation; where not specifically indicated,

error. (standard deviation) is approximately the size of the data point.

Figure 13. Corona onset vo]tagelas a function of electrode separation distance

using square rod-plane electrode geometry and 3500 torr pressure for
Q) 40% Ar + 40% N, + 20% SF
(@ 40% Ne + 40% N, + 203 sF,
QG 60% Ar + 20% N, + 20% SF,
(@ 60% Ne + 20% N, + 20% SFg

The error bars are one standard deviation.
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Figure 14. Computed electron energy distribution functions, f(e, EfP), for

pure Ar and pure Ne at E/P,qg = 0.5 and 1.0 V cm-1 torr-1. The broken and
solid lines are the results of recent calculations by McCorkle (D. L. McCorkle,
private communication, 1978). The data points (o for E/P = 0.5 V cm~! torr-!
and o for E/P = 1.0 V cm~1 torr-1) and the (e, E/P) for E/P = 2 V cm~! torr-!
for Ar are the results of earlier calculations (see Christophorou 1971). To aid
the discussion in the text the low-energy part of the electron impact jonization

cross section, (°i) , of Ar and, (ci) . of Ne is alsn shown in the figure.
Ar Ne

Figure 15. /N (in units of cm?) and o/P,9g (in units of cm™! torr™!) versus
E/N (in units of V cm?) and E/P,q9g (in units of V ecm™! torr~1). The o/N data

are from Kruithof (1940) [see Dutton (1975)].
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APPENDIX C

FIELD EMISSION FROM AN ATOMIC OR MOLECULAR NEGATIVE ION

Harold C. Schweinler

We present here a theoretical calculation of the transition proba-
bility per unit time of an electron from a negative jon state to a contin-
uum state in free space under the influence of a static electric field.

We have been able to carry out the calculation only for s states (spheri-
cally symmetrical) of the original negative ion.

We do not need any details of the internal structure of the molecular
ion except that the energy of the highest-energy occupied level is E0 =
-(EA), where "EA" stands for “"electron affinity." In fact, we can idealize
the ion as a "spherical square well" of radius ry and depth -Dy; the
potential energy can be taken to be

-Do 0<r<rog
V(r) =

in the Schrodinger equation for the wave function g of the highest
accupied level

$2 '
- gﬁ-VZ o + V(r)y, = E, ¥y (1)

Here fi is Planck's constant divided by 2v, m is the mass of the electron,
and > 1is Laplace's operator. We need only the sd]ution in the external
region r > rgy, namely, b, = C e-Kr/r. When this solution for'y, is
substituted in Eq. (1), we find that Eg = -A%2/2m, or« = [2m(EA)/ﬁ2]l/2.
We choose C so that the probability of finding the electron outside of r =

ro is a fraction f:
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fC-2<e"<r/r)2 4ur2dr = f | (2)
o

This gives C = («f/2m)1/2 exp (xrp). We think of f as a disposable
parameter, in the general range of 0.02 to 0.20 or so.
When the electron is in free space subject only to the field F,

jts Schrédinger equation is

B2
- %ﬁ'vzw + eFzy = Ey (3)

Here the charge on the electron is -e, and we want the force on the
electron to be in the +z direction, so F will be a negative number. To
remind us fhat F < 0, we shall subsequently use the combination (-ef),
which\is of course positive. We shall take periodic boundary conditions
in the x and y directions: y(x + Ly, y, z) = ¢(x, y, z) and y(x, y +

Lo, z) = v(x, y, z). When we separate variables in Eq. (3), we find that
the x and y dependence is given by exp i(kyx + Kyy). The z dependence

of Eq. (3) involves the Airy integral.

=]

Ai(z) = 2%-.[ exp i(wg + w3/3)dw (4)

This is a tabulated function, but we shall need only its asymptotic

behavior for large ¢ > 0

Ai(Z) y-%w-l/z z-1/% exp(-2¢3/2/3) (5)

(Several definitions of the Airy function are in use; ours is that of

Mott and Massey.l) We find that the solution to Eq. (3) is proportional to

exp (kX + ky¥) Ai{-B[z " e/(-eF)]}

where B is defined below and € = E - ﬁz(ki + k§)/2m, For wave function
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normalization a factor (LiL,)~!/2 is required for the x and y dependence
of this equation, and the periodic boundary équations require that kyl;
and kyLz each be an integer times 2n. We shall, instead of summing over
these discrete values of ky and ky, integrate with respect to ky and ky
from negative infinity to infinity; this requires factors L;/2n and L,/2w.
The Airy function requires a coefficient A for "delta-function-in-energy"
normalization, which is especially useful in our case. We shall not give
details here; they can be found in andau and Lifshitz? (but note that
Landau and Lifshitz's Airy function is ¥& times ours).

Putting all these considerations together, our adopted solution to

Eq. (3) is

wkxkyE(x’ s 2) = (L1L2)"1/2 A exp i(kex + kyy)Ai{-B[z + s/(-eF)]}

where A = (2m/#2)1/3(-eF)~1/6, B = [2m(-eF)/# 2]}/3, and € = E -

ﬁz(ki + k§)/2m{ The normalization is (integration over all space)

J’fjwk;kyE wk)l(kjl/El dxdydz = (4‘!{2/L1L.;3)ﬁ(kx - k)l()G(ky - k}]‘,)d(E - E1) (6)
The problem which we want to solve is the time-dependent Schrodinger
equation for the ion in a (strong) electric field, namely,
-(h 2/2m)v2yp + [V(r) + eFzly = i A -5 y/o8t (7)
subject to initial conditions that the electron be in the ion at t = 0.
For the wave function we take
Y = Co(t)lpo eXp(-'lEot/ﬁ) +

JffC(kxkyEt)wkxkyE exp(-1Et/ i ) (L1L2/4n2)dkydkydE (8)
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We find, upon substituting in Eq. (7), multiplying by v} | ¢
xKyEs

integrating over all space, and integrating with respect to time,

ClkykyEL) = CkakyEleFz[od {1 - exp i(E - E)t/R}/(E - E0).  (9)

Here we have used the Dirac notation for the matrix element
_ * '
<kxkyE|erlo> _.[[lbkxkyE efFz 1, dxdydz' ‘ (10)

Equation (10), it will soon be seen, will be needed only for E = Eg
(conservation of energy). For this case the integral over space can

be evaluated; there remains the integral over the variable w used in
defining the Airy function. In this latter integral, after an integration
by parts, the resulting integral is of the same form as Eq. (4), which

defined the Airy function! The result {s
-1/2 .
CkxkyoleFz| o> = -am(h2/2m)AC(Lil,) / “ATL(k2 + K& + K2)/B2] (1)

Our initial condition gave Co(0) = 1, C(kxkyEo) = 0. The probability
0 Y

of being in any other state than yo at a later time t is
P =H |C(kxkyEt)[2(L1Lo/4n2)dk dkydE (12)

From Eq. (9), |C|2? contains the factor I{l - exp i(E - Eo)t/ﬁ_}/(E- Eo) |2,

whith is shown3 to be equivalent at moderate times t

to (2n/fi )t S(E - Eg). The proportionality to t enables us to define a-
probabi]ify perkunit time, P/t. The §(E - E5) permitted us to replace E
by E, in going from Eq. (9) to Eq.,()]). After the energy integration in
Eq. (12) is performed, the Ky s Ky integration can be carried out because
from Eq. (11) kx and ky enter in the combination kg + k§, in the case of

large argument of the Airy function [see Eq. (5)]. The result is
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P/t = (n/f )A2C2(eF)2B-2c-2 exp(-4c3/3B3). (13)

This formula is easier to survey in terms of the atomic units of length

ay = fiZ/me2 = 0.53 x 10~® cm and energy e2/2ay = 13.6 eV, in terms of

e

which the basic field strength is e/aﬁ 5 x 10% volt/cm and the basic

x 1016 sec™!, Thus if we define

]
N

transition probability is (e?/2ay)/#

(EA) = (EA)/13.6 eV, g = ro/ay, and F = F/(5 x 10% volt/cm), Eq. (13)

becomes

3

Transition probability per unit time

P/t - [ exp 2(ER)Y/ 20 2 x 1016 sec™) . {(-F)(EA)"1/2 -

exp[-2(ER)3/2/3(-F)] - (14)

Several comments are in order. First, the "outside" form of the

wave function yg = C exp(-kr)/r was used throughout space in deriving
Eq. (11). The Airy function is so small in the sphere r < rg that this
procedure is justified; the main contribution to the integral comes from
r >> ro. Second, this calculation refers only to the case of spherically v
symmetrical wave functfons Yos it would be valuable to have a correspond-
ing calculation for other angular momenta. However, I see no way of
carrying out the latter calculation. When one considers that an eleven-
fold integration is implied by Eq. (12) (C and C* are each four-fold
integrals), it was perhaps fortunate that fhe probability per unit time
could be carried to a relatively simple final formula in theAspecial case

. of spherical symmetry. Third, the initial bracketed expression in Eq. (14)
can be considered to be a single parameter (of order unity); when thus
viewed we have a one-parameter theory. Finally, the principal part of

the variation in our final Eq. (14) arises from the exponential term.
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_ APPENDIX D

INTERNAL CORRESPONDENCE

NUCLEAR DIVISION POST OFFICE BOX Y, OAK RIDGE, TENNESSEE 37831

fo (vame)  Dr. L. G. Christophorou Date - June 30, 1978
Company Health and Safety Research Division -
Location Originating Deph.
Answaring [ctter date
Fopy 1o Subject Acute inhalation toxicity
of perfluoro-butene-2
in mire

On June 15, 1978, ten male BALB/C six-week-01d mice whose average
weight was 20.5 grams were exposed to perfluoro butene-2 at a nominal
concentration of 1000 ppm in air at a total flow rate of 12 liters per
ninute in A 40 Titer chamber. The flow rate of the test substance was
determined by water displacement to be 12 cc per minute. This rate vas
reached at 21-1/2 hours and was found to be 10.6 cc per minute and was
adjusted to 12 cc per minute. The chamber was allowed to equilibrate for
15 minutes before the mice were placed in the chamber for the exposure.
The mice were observed for the first 2-1/2 hours at 15 to 20 min intervals
and again at 21-1/2 hours. They were transferred to a mouse cage at
22 hours and 45 minutes.

Mo abnormal behavior was seen during the first 2-1/2 hours of
exposure. At 21-1/2 hours the mice exhibited labored breathing and were
almost too weak to move around and remained in this condition until removed
from the exposure chamber. Two days after the beginning of the exposure
2 mice had died. On day 3, 5 more died and on day 4 and 5, 2 and 1 died
respectively.

Perfluoro butene-2 is lethal to mice when exposed to 1000 ppm
under the conditions described.

On June 22, 1978, ten, six-week-old male BALB/C mice were expased
to perfluoro butene-2 at a nominal concentration of 103 pom in air at a
total flow rate of 12 liters per minute in a 40 Titer chamber. The flow
rate of the perfluoro butene-2 was determined by water displacement to be
12 cc per minute before placing the mice in the chamber. This flow rate was
checked at 2 hours and 7 hours. The chamber was allowed to equilibrate for
20 minutes after beginning the gas flow into the chamber and before timing
vias begun. The exposure was for eight consecutive hours. Both air and test
substance were passed through a glass tube immersed in crushed ice.

The mice were observed hourly while in the chamber and the observations
recorded. The mice ate, slept and investigated their surroundings in a
manner judged to be typical of unexposed mice.
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Dr. L. G. Christophorou : June 30, 1978

After removal of the mice from the exposure chamber they were placed
in a mouse cage. At the end of seven days the mice were alive, healthy and
behaving normally. : ‘

No acute toxicity was detected when 1nha1ed by mice under the
conditions described.

M. E. Boling

M. &. chv?

" MEB/jms

o
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APPENDIX E

Paper Submitted for publication in the
IEEE Transactions on Power Apparatus and Systems

APPLICATION OF BASIC GAS RESEARCH
TO PRACTICAL SYSTEMS*

M. O. Pace, Member, IEEE

C. C. Chan

L. G. Chxistophorou

Atomic, Molecular and High Voltage Physics Group
Health and Safety Research Division

Oak Ridge National Laboratory, Oak Ridge Tennessee

and

University of Tcnnessee, Knoxville, Tennessee

Abstract - Improved gaseous dielectrics are being
designed on the basis of knowledge of fundamental colce-
tron-molecule interactions. Within this program are
herein reported breakdown measurements for four binary
mixtures (SFg/Nz, c-CyFg/Np, 2~C,Fg/Nj;, and 2-C4Fg/Nj)
of various prupvrtions for the practical conditions of
cylindrical geometry, surface roughness, contamination
by free conducting particles, and electrode material
composition. Each of these binary mixtures teams to-
gether one gas that primarily de-energizes free elec-
trons and one gas that removes free electrons from the
dielectric by electron attachment. Under all condi-
tions the binary mixtures containing SFg were the worst
of the four tested, and this is explained in terms of
fundamental electron-molecule interaction processes.

INTRODUCTION

Some initial, more basic, results of a systematic
program to develop improved gas dielectrics for power
system insulation through guidance from knowledge on
basic electron-molecule interactions have been reported
previously [l]. This paper reports initial results of
a program of small scale, application-oriented, testing
that has been phased into a wider program at Oak Ridge
National Laboratory (ORNL) on gaseous and liquid di-
electrics to: (1) screen proposed dielectrics conceyn~-
ing their behdavior under power-apparatus conditions,
(2) correlate behavior under power-apparatus condi-
tions with basic electron-molecule interactions and
uniform-field testing, and (3) identify appropriate
dielectrics and engineering rules for their applica-
tion.

The basic approach, as we have described earlier
(e.g., Refs. [2] to [S5]), is to inhibit breakdown by
limiting the numbers and energies of free electrons in
& gas under electric stress. The electron-molecule~
photon interaction processes determining the breakdown
initiation are quite complex [2,5,6]}, and sufficient
quantitative information has been compiled only recent-
ly which helps identify good dielectrics. We have
argued earlier [1] that improved dielectrics will be
mixtures of Several gases because (1) the frees elec-
trons collectively possess a wide range of energies
while the most important basic processes of interest
are resonant, and hence they are strong functions of
energy; and (2) no single gas can have all the desir-

*Research sponsored by U.S. Department of Energy under
contract W-7405~-eng-26 with Union Carbide Corporation.

able electron-molecule interaction properties covering
the entlre range ot electron energies.

The details of the basic part of the ORNL program
on dielectrics have been presented elsewhere ({1] to
(5]) and can be summarized as follows: the most impor-
tant electron control mechanism in a gas under electric
stress is electron attachment to gas molecules. Break-
down experiments indicate the best dielectri¢s are
those that control éléctrons well at energies below the
gas electronic excitation threshold energy, and the
actual ionization process details are apparently less
important than the attachment process in preventing
breakdown [5]. Mixing gases is then advantageous since
no one gas attathes electrons well for all the energies
of the electrons present. Attachment becomes more
difficult fur all artaching gases at high electron en-
ergies (typically above 2 eV), so that gas components
are included which can remove energy from electrons
escaping the efficient low-energy attachment range,
returning them to the energy region where attachment is
effective and away from the ionization threshold.
(There are many mechanisms for molecular absorption of
electron energy, which are found in [6]).

The traditional Townsend and streamer models of
breakdown employ lumped parameters such as the mean
distance traveled by electrons before they either at-
tach to, or ioniec, a gas molecule; tnese parameters
are determined by the many fundamental electron-mole-
cule interactions but are not sufficiently detailed to
suggest how mixtures should be formulated. However,
these breakdown models (the streamer model being more
successful in good gas dielectrics) are useful in for-
mulating engineering design rules for the use of a
given gas dielectric.

The characteristics and problems of power appara-
tus must dictate the usefulness ot any gas dielectric.
The development of improved gas dielectrics is, there-
fore, a trilogy: (1) discovery (based on fundamental
research), (2) design [with rules derived from (1))
and (3) use in power systems (after appropriate
screening on a small scale and proving on a larger
scale) .

This paper reports the initial tests of a compara-
tive study of screening gas mixtures under the "practi-
cal" conditions of cylindrical geometry, varying sur-
face roughness, contamination by free conducting parti-
ecles, and varying conductor materials. Four different
dielectric gases were chosen for their excellent elec-
tron attaching capabilities and dielectric strengths
under uniform field testing [1,3,4]; each of these was
mixed in various proportions with Nz, a gas which can
absorb energy from electrons which escape the lower (%2
eV) energy range where attachment is very efficient,
returning them to that energy range. All experiments
were at 1 atmosphere (10l kPa) pressure and room tem-
perature (M21°C).

APPARATUS AND PROCEDURE

Electrodes

A typical concentric-cylinder electrode system
employed in the present study is shown in Fig. 1. The
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Fig. 1. Concentric cylinder electrods system.

outer cylinder was machined from one solid brass piece
to effect a central cylindrical region of 2-cm (inner)
radius and 10-cm length. At each end the outer cylin-
der very smoothly flares to a larger radius of approx-
imately 8 cm, providing a surface to which is attached
a Plexiglas disc, which positions the inner electrode,
Typical inner cylinders are shown in Fig. 2; the small-

Fig. 2.
electrode system.
for mounting.)

er ones have Plexiglas bushings to adapt them to the
Plexiglas holders. The outer cylinder is at ground
potential, and the inner cylinder is connected to high
voltage. It has been visually confirmed that break-
downs do occur in the central inter-cylinder ragion and
not on the Plexiglas discs or the cylinder ends. The
same outer cylinder is used in all experiments, but dif-
ferent inner electrodes are used to allow comparisons
of the effects of electrode radius, surface roughness,
and material composition. For studies of particle
effects, additional Plexiglas discs are inserted at
each end of the small central inter-electrode region to
prevent particle escape. It should be noted that the
data taken with the present system are intended for
comparing different mixtures and effects for a given
inner electrode radius, since the field fringing from
the cylinder ends varies with inner radius; this

effect may be reflected in the data when the radius is
changed. The data should be used with caution for
other purposes.

Chamber and Cage

The electrodes are mounted in a stainless steel
chamber, visible in Fig. 3, inside a shielding cage.
The electrode axis is aligned toward a quartz window in
the chamber end for observation of breakdown and parti-
cle motion. Ultraviolet light from a 60W deuterium
lamp is directed through the window by a partially con-
ducting front surface mirror without interfering with
observation. The chamber volume is 60 liters.

High voltage is introduced into the chamber by a
300-kV cable feedthrough with O-ring seals. The ground
electrode is insulated from the chamber through a 30-kv
ceramic feedthrough and is grounded outside the cham-
ber. Attached to the chamber are appropriate connec—
tions for gas inlets, a pressure gauge, a pumping sys-
tem comprised of a mechanical and a diffusion pump with
liquid N, baffle, and a liquid N, cooled stainless
steel flask for temporarily liquifying some test gases
for re-use.

N
Yl g

Some inner electrodes for concentric c&liﬂde}

(Smaller sizes have bushings
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Fig. 3. Interior of shielding cage. (Instrumentation
and controls are outside.) (1) chamber; (2)
rear cage wall; (3) %150 kV dc supply; (4) HV
cable out of supply; (5) HV diverter gap elec~-
trode on corona shield; (6) HV cable into
chamber; (7) vacuum pumps; (8) diverter gap
motor and trigger source; (9) cage feedthrough
panel; (10) HV feedthrough into chamber; (1l)
ground electrode of diverter gap.

Electrical Apparatus

In Fig. 3 is shown the double layer copper mesh
cage that isolates the spark electrical noise. The
single system ground is located on the cage feedthrough
panel, which contains radio-frequency rejactPon feed-
throughs for instrumentation and control signals.

The high voltage power supply provides O to *150
kV dc by means of a voltage doubler circuit in which
vacuum diodes charge.two series 0.006 uF capacitors in
0il. Also in the oil is a 300 MQ resistor string,
which forms a 1000:1 divider with external resistance
to ground for voltage measurement, and a 100 kQ
resistor string in series with the high voltage output.

In conducting the breakdown measurements the high
voltage is sampled repeatedly by a digital voltmeter,
as the high voltage is slowly increased at the rate of
A100 Vs—!, When breakdown is sensed by an automated
controller [1] it disables the digital voltmeter sam-
pling, thus preserving the voltage reading just prior
to breakdown. The meter sampling rate and high voltage
rise rate are chosen to make the error negligible (V5 V)
between this preserved reading and the actual breakdown
voltage. The automated controller can also control the
high voltage, raising it at an appropriate, slow rate
and lowering it quickly upon breakdown, and then re-
starting the cycle after an appropriate delay. The

breakdown is sensed by voltage on resistors in the
electrode connection to ground, but an optical spark
pickup is also incorporated which employs a lens, a
light pipe, and & plwtotransistor in tandem.

In crder to limit discharge energy in tae test ygap
(upon breakdown) more quickly than by just reducing the
power supply input, a triggered air gap (numbers 5 and
11 in Fig. 3) shorts the HV line, between power supply
and chamber, to ground in tens of microseconds. This
gap is formed by two 6~in.-diameter stainless steel
hemispheres, the lower (high voltage) mne resting on a
30uU-kV ¢orona ring while the upper cue (yround elec-
trude) is movable through a motor driven chain suspen~
sion. The gap is triggered by a 50~kV spark applied to
an insulated tungsten rod inside a hale in the center
of the ground electrode, as in a "trigatron™ gap.

Experimental Procedure

The test electrodes are carefully cleaned and
mounted, and the chamber is pumped to a vacuum level of
A107% Pa (010"2 atmospheres). Test gases are admitted
via previously evacuated lines and vacuum quality
valves to form mixtures expressed according to partial
pressures. The total mixture pressure is always 1
atmosphere. The diverter gap 13 set by the motor and
manually test-fired at high voltage near the antici-
pated breakdown level. The high voltage is set (either
automatically by a feedback system or manually) to-
begin at a "base" value below the antiripatad brealdown
level, rise slowly ($100 vs~!) until breakdown occurs,
and then quickly return to the "base" value. Upon
breakdown the automatic controller preserves the last
voltmeter reading just before breakdown and fires the
diverter gap. After a suitable pause the controller
repeats the cycle. 1In particle-effects studies two
investigators participate, one at the control panel and
the other at the chamber window. The latter visually
verifies that every recorded breakdown is produced by a
single free particle as in power apparatus [7-11] and
not by some peculiar mechanism (e.g., by two aligned
particles or by particles clinging to the insulating
particle barrier). Trapped particles (e.g., those par-
ticles clinging to Plexiglas or spot-welded to an
electrode) are freed by letting the remaining (free)
particles bounce at a voltage helow breakdown or by
pulsing the high voltage.

BREAKDOWN MEASUREMENTS IN CYLINDRICAL GEOMETRY

Four different binary gas mixtures have been stud-
ied, each consisting of one electron-attaching gas and
nitrogen, whose role is to de-energize electrons reach=-
ing higher energies and return them to the lower energy
range where attachment by the partner gas is most ef-
fective. For each mixture, various compositions have
been tried, from the pure nitrogen to the pure electron
attaching gas.

The attaching gases were SFg (sulfur hexafluoride),
c-CyFg (perfluorocyclobutane), 2-CyFg (perflucorobutene-
2) and 2-CyFg (hexafluoro-2-butyne). Electron attach-
ment cross sections as functions of electron energy for
these gases, uniform field breakdown data for them and
their binary mixtures with nitrogen, have been given in
[1]. Sulfur hexafluoride attaches electrons well at
energies.below 0.4 eV, while the other gases attach
electrons efficiently over a much wider energy range,
~0.0 to 1.4 eV. All of the other perfluorocarbon gases
tested displayed higher breakdown strengths than SFg.
and this was attributed to their ability to control
electrons over a wider energy range than SFg does. It
was also observed that as SFg was increasingly substi-
tuted for nitrogen in the SFg/N; mixture (at a constant
total pressure), the dielectric strength saturated (at
n20% SFg) and was not appreciably increased by further
substitution of SFg for Nz even though pure SFg has a
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uniform field dielectric strength 2.5 times that of
pure Np. The perfluorocarbon/nitrogen mixtures did not
exhibit this saturation effect, but instead, they al-
ways gave improvement as the perfluorocarbon content
was increasad at constant total pressure. This satur-
ation was attributed (1] to the fact that SFg cap-
tures electrons efficiently only at very low energies
(0.4 eV) and saturation is, thus, reached once a large
number of electrons in this energy range is attached.
Pedersen. [12] has endeavored to apporoximate theoreti-
cally the shape of the breakdown voltage vs percent of
SFg in N, curve (uniform field data, Fig. 4), but here
the observed saturation effect is noticeably stronger
than his prediction.
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Fig. 4. Breakdown voltages in three cylindrical geome-
tries for SFg/N2 mixtures at 1 atmosphere and
n21°C. Mixtures are identified by the per-
centage of SFg by pressure. The uniform field
breakdown curve has been normalized to each
point for pure N, with negative polarity.

Nitrogen actad as an appropriate partner for each
attaching gas because N, de-energizes electrons with
energies of approximately 2 to 3 eV, ([2-5] thus
"guarding” the range just above that where the electron
-attaching gases are effactive.

Figures 4 to 7 show breakdown voltages (for both
inner-cylinder polarities) for mixtures of SFg/N3z,
c-CyFg/Na, 2-CyFg/Ny, and 2-CyFg/N,, respectively and
for smooth, stainless steel inner cylindrical elec-
trodes of 1.4, 0.75, and 0.4 cm radii. These three
radii correspond respectively to increasingly nonuni-
form fields and to ratios of outer electrode radius +
inner electrode radius of 0.5 e, e, and 2 e (where e =
2,72), For the sake of comparing curve shapes, the
graphs also contain data on uniform field breakdown
voltage versus percent of electron attaching gas in N3,
normalized to the point for pure Ny for negative polar-
ity. The error bars in Figs. 4 to 7 show combined
estimated systematic and observed random errors; the
relative values would be less uncertain. The observed
random error was standard deviation * mean of at least
ten observations and was 53% for each plotted data
point.

In the SFg/N2 data of Fig. 4, the saturation effect
we elaborated upon earlier is evident in the normalized
uniform field curves. This characteristic saturation
however, is not as pronounced in the data taken with
the cylindrical electrode geometry, and it seems to be
less pronounced as the field becomes more nonuniform
{in the order 1.4-, 0.75-, and 0.4-cm radii).

In the fluorocarbon/Nz results in Figs. 5 to 7 the
curve of breakdown voltage versus perxcent of attaching
gas in Ny is always nearly a straight line. Each
fluorocarbon/N; mixture is still better than the SFg/
Nz mixture for all cylindrical electrode geometries
tested. 1In Figs. 5 to 7 is seen an occasional ten-
dency for the negative breakdown voltage to exceed
slightly the positive breakdown value, which did not
occur in the SFg data; this is tentatively attrib-
uted to negative corona due to the greater electron
capture ability of the fluorocarbons.

In Figs. 4 to 7, it can be seen that the breakdown
voltage is the highest for the 0.75-cm inner-electrode
radius. This is in agreement with the fact that with
(infinitely long) concentric cylinders with a given
voltage between them and a given outer radius, the low—
est field on the inner electrode surface occurs for an
outer radius + inner radius ratio of e. It should be
noted that the effect of field fringing at the open
ends of the electrodes is to lower the field inside,
and this effect is more pronounced for smaller inner
radii; hence the observed breakdown voltage for the
0.4-cm inner-electrode radius is almost as high as that
for the 0.75~cm inner-electrode radius. The data are
useful for comparing the effects various factors have on
the breakdown strengths with any one inner radius, and
for comparing the. shapes of the breakdown voltage vs
percentage of attaching gas in N, curves as one varies
the inner-electrode radius (and thus the degree of
field noruniformity).

Finally, in Fig. 8 we plot the breakdown voltage,
Vg, 8s a function of percent of attaching gas in Np
for the 0.4-cm inner-electrode radius and negative po-
larity . Based on these data and the overall capabil-
ity of those gases to remove electrons via attachment
in the energy range 0 to ~1.4 eV (i.e., the energy
integrated electron attachment cross section) {12}, it
‘appears that the larger the overall capability for
electron removal of an attaching gas additive, the less
the breakdown strength of the mixture suffers in non-
uniform fields. From similar data using inner-elec-
trodes with other (1.4- and 0.75-cm} radii it was
observed that as the field becomes more nonuniform
(i.e., as the inner-electrdde radius decreases from 1.4
to 0.75 and 0.4 cm) the percent of perfluorocarbon
additive in N, at which the Vg is roughly equal to the
Vg of the SFg/Np mixture, decreases. For example, for
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Breakdown voltages in three cylindrical geome-
tries for 2-C,Fg (hexafluoro-2-butyne)/N, mix-
tures at 1 atmosphere and ~21°C. Mixtures are
identified by the percentage of 2-C,F¢ by
pressure. The uniform field breakdown curve
has been normalized to each point for pure N,
with negative polarity.
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Vg, BREAIMI VILTAGE (k)

INER ELECTRORE:  SMOOTH, CLEAN, STAIMLESS STEEL
INER RADIUS: 0.4.OM
POUARITY: NEGATIVE

TOTAL PRESSURE: 760 TORR

1IN,

Fig.. 8. Breakdown voltages of all attaching gas/N, bi-
nary mixtures studied, with negative polarity
on the 0.4-crm-radius inner cylindrical elec~
trode at 1 atmosphere and ~21°C. Mixtures are
identified by the percentage of attaching gas
by pressure. (The 2-C“F6/N2 curve has been
extr?polated for the percentage of 2-C Fg >
40%.

the c-C,Fg mixture the breakdown voltage vs percent of
c~CyFg in N, crosses the similar curve for the SFg/N;
mixture at “66, “42 and "28%, at inner-electrode radii
of 1.4, 0.75, and 0.4 cm, respectively. Similarly, for
the 2-C,Fg/N; mixtures the respective percentages are
51, 17, and 0%. This indicates the superiority of the
perfluorocarbon/nitrogen mixtures over the SF_/N_ mix-
tures under these conditions of nonuniform fields.

MEASURED EFFECTS OF SURFACE ROUGHNESS

To study the effect of surface roughness on the
dielectric strength of the four mixtures of attaching
gases with nitrogen, preliminary breakdown measurements
for both polarities were made for three stainless steel
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inner cylindrical electrodes of 0.75-cm radius. The
only difference between the three inner electrodes was
their surfaces: (1) polished to a mirror finish, (2)
the same as (1) except for a 0.004-in.~-deep groove
spiralled around a 2-in. length in the central elec-
trods region, and (3) the same as (1) except for a
0.020-in.-deep groove spiralled around a 2-in. length
in the central electrode region. Those breakdown re-
sults are shown in Figs. 9 to 12. The error bars indi-

cate the combination of estimated systematic errors and
observed random error, the latter (£3%) being the stan-
dard deviation ¥ the mean for at least ten breakdowns.
Relative values should contain less error than implied
by the error bars.

The results in Figs. 9 to 12 indicate that each
fluorocarbon tested is still superior to SFg in the
face of roughness. Comparisons among the four figures
reveal that the mixture with approximately 5% of
attaching gas is fairly insensitive to this degree of
roughness for each attaching gas, for both polaritius,
In the case of roughness, extreme nonuniform fields may
prevail and, in these cases, in addition to electron
attachment and electron slowing down, the electron-
impact induced jonization could be important.
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ness of 0.004 irn. and negative polarity at 1
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MEASURED EFFECT OF ELECTRODE MATERIAL

To study the effect of inner electrode material on
the dielectric strenyth of the four electron attaching
gas/Ny mixtures, breakdown measurements were made with
three inner electrodes each with 1,4-cm radius and
smooth surface, but of three different materials,
namely, stainless steel, aluminum, and copper. RAgain
each fluorocarbon/N; Taixture was better than the cor-
responding SFg/Ns mixture; since negligible effect of
electrode material compasition on the breakdown voltage
was found, no graphs are given, and the reader is re-
ferred to the results already presented in Figs. 4 to
7 for the stainless steel inner electrode of radius 1.4
cm. Some small differences were observed between elec-
trodes of different material, but those were within the
experimental error.

MEASURED EFFECTS OF CONTAMINATING PARTICLES

Considerable research has been performed on par-
ticle contamination in gas-insulated systems, (e.g., .
[7] to [11})) and accordingly we considered it desirable
to investigate the behavior of the mixtures SFg/N2,
c-C,Fg/N;, 2-C4Fg/Ny, and 2-C,Fg/Ny in the preserce of
free long conducting particles. Five copper particles
were therefore confined in the central inter-electrode
region (Fig. 1) by additional discs of Lexan with 2-cm
outer radius and a central hole for the 0.75 smooth
stainless steel electrode. These particle barriers
were inserted into the ends of the small (2-cm) radius
cylindrical region. The Plexiglas discs seen in Fig.
1 were left in place to position the electrode correct-
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Fig. 11. Breakdown voltages for the four attaching gas/
N» binary mixtures for inner electrode rough-
ness of 0.020 in. and positive polarity at 1
atmosphere and A21°C. Mixtures are identified
byvthe percentage of attaching gas by pressure.

1ly. It was verified that the breakdown voltage (with-

out particles) was unchanged by the additional particle
barrier discs. In this arrangement the breakdown
strength of each mixture could be compared to the case
of the same electrode without particles, and also the
breakdown strengths of different mixtures could be com-
pared in the presence of particles.

The particles exhibited the same modes of behavior
as Lepurted by othevs ({7)-[11]). As the voltage was
slowly raised, the particles would suddenly feave their
positions (on the bottom inside surface of the outer
cylinder) and assume a bouncing motion between the
electrodes. If breakdown did not occur during the
bouncing motion, at higher voltage the particles would
assume the "firefly" motion of hovering very close to
the negative electrode and moving slowly along the sur-
face with an attitude perpendicular to that surface.

As the voltage was raised levitation occurred at 17.0 *
1.5 kv, and as the voltage was lowered motion ceased at
7.0 * 1.5 kv, independently of the gas mixture.

Preliminary breakdown voltages for various propor-
tions of the mixtures SFg/Np, c¢=-CyFg/Nz, 2-CyFg/Nz, and
2-C4,Fg/N, are shown in Figs. 13 and 14 for 5 copper
particles, each 1/8 in. long by 0.015 in. diameter with
the smooth stainless steel inner electrode. The error
bars show estimated systematic errors combined with
observed random error; the latter, defined as standard
deviation + mean for at least five values, was 5%. For
each reading recorded it was visually observed that the
breakdown was caused by a single free particle (see
discussion in experimental section}).
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Fig. 12. Breakdown voltages for the four attaching gas/
N2 binary mixtures for inner electrode rough-
ness of 0.020 in. and_negative‘polarity at 1
atmosphere and 421°C. Mixtures are identified
by the perxcentage of attaching gas by pressure.

With contaminating particles the fluorocarbons
were again better than SFg, which still exhibited some-
what its saturation effect seen without particles. Of
course all curves in Figs. 13 and 14 are constrained to
coincide at the left (0%) end.

SUMMARY AND CONCLUSIONS

Small scale comparative breakdown tests have been
made on four types of binary gas dielectric (SFg/Ny,
c-CyFg/Na, 2-CyFg/Ny, 2-CyFg/N;) mixtures, of various
proportions, corresponding to conditions of geometry,
surface, material, and contamination that approximate
those in power apparatus and are sources of probleas.
Each binary mixture consisted of one gas that attaches
electrons well at some low energy in the range from O
to V1.4 eV and also one gas (N;) that de-energizes
electrons escaping the attachment range as they reach
2 to 3 eV and returns them to the energy region of
efficient capture. All tests conducted so far were for
a total gas pressure of 1 atmosphere (101 kPa) and at
room temperature (a2l°C}. .

In the tests with three coaxial cylinder geome-
tries, as well as in previous uniform field measure-
ments, SFg/N2 mixtures were found to have lower break-
down voltages than the other three. As SFg was

:increasingly substituted for nitrogen (with total pres-

sure constant) a saturation effect was observed. Both
of these characteristics of the SFg/N2 mixtures are at-
tributed to the fact that SFg attaches electrons
effectively only in a limited (£0.4 eV) electron energy
range compared to the perfluorocarhons studied.

The surface-roughness effect studies have shown
that the perfluorocarbon/N; mixturés are better than
the SFg/N; mixtures. For each of the four mixtures the
least sensitive proportions to roughness were approxi-
mately 5% attaching gas + 95% nitrogen. though for all
but 5Fg the mixtures with more attaching gas offered
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Fig. 13. Breakdown voltages for the four attaching gas/
Ny binary mixtures with contaminating free
wire particles at positive polarity, 1 atmo-
sphere, and V21°C. Mixtures are identified by
the percentage of attaching gas by pressure.
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substantial improvement in breakdown voltage.

No significant effect of electrode material was
found for inner electrodes that were identical except
for their material composition: stainless steel,
cdopper, and aluminum.

In studies of the effects of free conducting par-
ticles, the perfluorocarbon/N; mixtures were better
than the SFg/N; mixtures. For each mixture the intro-
duction of particles was more deleterious than the
introduction of surface roughness, but which is the
worse problem depends, of course, on the particular
roughness and particle chosen. The particle behavior
for all four mixtures did coincide with that observed
by others for SFg.

In the future we will examine pressure effects,
other gases besides N, for the efficient de-energizing
of electrons, other electron attaching gases, and mix-
tures of more than two gases. For the few best mix-

tures, engineering design rules must be developed and
larger scale testing must be performed.
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