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ABSTRACT

Direct current breakdown strength measurements on a large number of
multicomponent gas mixtures at low ({ 1 atm) and high (X 5 atm) pressures
led to the discovery of many gas mixtures of electron-attaching gases and
strongly electron-attaching gases with N, and C3F8 which are‘superior
to SF6. Of special significance are mixtures containing C4F6 (perfluoro-
2-butyne). The breakdown strength of one such mixture (20% C4F6-80% SF6)
is ~ 30% higher than pure SF6 under identical conditions, both at low '

(v 0.7 atm) and high (4.6 atm) pressures. Perfluorocyclohexene (C6F10)
and C;Fg (perf]uorocyc]openténe) were found at Tow pressure (v 0.2 atm)
to be, respectively, ~ 2.1 and 2.2 times better than SF6 under comparab]é
conditions; they both have a potential as additives in gas mixtures.

The effect of the inelastic electron scattering properties of a QasAvia
negative ion resonances in the low-energy range (1 to.~ 4 eV) on the bréak-
down strength has been demonstrated for H2, N2, and CO and bihary mixtures
of these with SFe and C,F¢ (perfluoro-2-butyne). Electron attachment
to C4F6.(perf]uoro—],3-butad1ene), C,Fg (perfluorotoluene), and'C8F]6
(perf]uor0-1;3-d1methy1cyc10hexane) has been studied; the magnitude and.
energy dependence of the attachment rates and cfoss sections correlate
with the respective DC breakdown strengths of these systems. anwledge
on Tow-energy electron-molecule interaction processes in dilute and in
dense gases has been synthesized, discussed, and related to the breakdown
strengths of gaseous dielectrics.

The construction of a new high pressure (to ~ 11 atm), variable
temperature (- 50°C to + 150°C) apparatus has been completed and a

practical test facility utilizing cylindrical electrode geometries has



Vi

been put into operation; the first results on the latter apparatus were

on SF6—N2 and c-C4F8——N2 mixtures._ Studies of environmental effects of
dielectric gases, via their e]ectron-impacf-induced decomposftions and

. analysis of theif Bfeakdown products, have begun using mass spectrometry
and gas chromatpgraphy; C4F6 (perf]Qoro-Z-bufyne)'seems to be resistant
to e]écfron-impact-induced decdmposjfion indicating 1ong-térm stability.
Ca]cu]ationsAof fhé effects of radiog}aphy on anvenergizéd gas-insulated
cable we?e performed,and on‘the basis'of these calculations noveffeqt‘of

radiography is foreseen.
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I. INTRODUCTION

The basic and applied aspects of gaseous dielectrics are studied
comprehensively, and improved gaseous insulators are being developed for
the nation's varied needs in high voltage insulation. The multiple
needs in high voltage insulation dictate the deve]obment of a variety of
gaseous insulating systems each appropriate for the specific need. It
has been argued in our earlier reports and it is further emphasized in
this report.that such a variety of optimal insulators consists of multi-
component gas mixtures (rather than a single gas system) carefully
designed as to components and properties on the basis of detailed funda-
mental physicochemical know]edge, especially on low-energy electron-

molecule interactions.



II. BREAKDOWN STRENGTHS OF MULTICOMPONENT GAS MIXTURES (LOW PRESSURES)

Our work on Tow-pressure multicomponent systems continued. Such
experiments are singularly appropriate for screening a large number of
gases and for studying synergistic behavior of gas combinations. Syner-
gistic behavior may arise from cooperative effects of appropriate combi-
nations of two or more electron-attaching companents and/or from
cooperative effects of combination of gases nf appropriate electron
scattering and electron-attaching properties. Such measurements—allowing
faster, cheaper, and more accurate data acquisition than for high-pressure
systems—enhance the breadth of our breakdown studies and provide a
" multiplicity of optional systems to be used for the varied needs of
gaseous insulation. The importance of such studies at low pressures is
strengthened by our ear]ier] and present (Section III) findings that the
breakdown strength of the low-pressure multicomponent systems is not
significantly different at higher total pressures within the Pd range we
covered.

The general principles of choosing gases for multicomponent mixtures
have been outlined in our earlier reports and are further discussed in
Appendix III. The overall properties of mixtures of gases are determined
by the cumulative effects of their components on the number and energy
distribution of the free electrons in the mixture. Although knowledge
- of the basic cross sections of the component gases does not presently
allow a detailed deduction of the basic properties of the corresponding
multicomponent mixture, it can be used as a guide in tailoring promising

mixtures for breakdown testing.



Binary Mixtures of Electron-Attaching Gases with N2

In Table I the slope AVS/A(Pd), where VS is the breakdown voltage
and Pd is the product of the total gas pressure P and the electrode
spacing d, is presented for a number of binary mixtures of electron-
attaching gases with N2. N, is used as the buffer gas, and SF6, C4F6
(perfluoro-2-butyne), c-CyFgs C4Fg (perf]uoro-z;butene), and C3Fg are used
singly as electron-attaching gases. These data were presented graphi-
cally (for one 4.595 atm-mm Pd value) in our last report.] The overall
data are presented here for completeness in our study of gas mixtures.

The important aspect of these data, as pointed out ear]ier,] is the
stronger saturation effect exhibited by the N2-SF6 mixtures compared

with the rest for which the electron attachment cross section extends to

much higher energies than for the SF6-N2 mixtures.

Multicomponent Mixtures Containing N2 as the Basic Component

Table II lists AVS/A(Pd) for mixtures again containing N, as the
buffer gas but with two or more electron-attaching components used in
combination to bracket a wider energy range over which effective electron
attachment occurs. There are two salient features of these mixtures:

(1) C4F6 is an extremely effective additive in N,. In mixtures 4 through
10 with 70% N, those mixtures containing C4F6 are all better dielectrics
than those without C4F6. Mixtures 11 through 17 show further evidence

of the eftectiveness of C4F6 as an dadditive. Twenty and 30% C4F6 mix-
tures are markedly better than the mixtures with less or no C4F6.

(2) A rather distinct synergistic effect is observed when C3F8 is used

in combination with SF6 and C4F6. Thus if we compare mixtures 11 and 13,



TABLE I

aVs/a(Pd) for Binary Mixtures. of Electron-Attaching Gases with
Nos Piotal = 500 Torr (Plane-Plane Electrode Geometry)

Mi xture Percintage of Gas - AV ( Ky )
No. N2 SF6 C4F6 c-C4F8 C4F8 C3F8 A(Pd) \atm-mm
] 100 8.83
2 95 5 5.09
3 95 5 6.01
4 95 5 4.37
5 95 5 4.40
6 95 5 3.74
7 90 10 6.10
8 90, 10 _ 6.80
Y 90 10 4.5
10 90 ' 10 4.98
1 90 10 4.12
12 80 20 6.44
13 80 20 8.64
14 80 20 5.39
15 80 | 20 6.19
16 80 . . 20 4.69
17 70 30 7.29
18 70 30 10.23
19 70 30 6.09
20 70 30 7.18
21 70 “ 30 5.22
22 60 40 7.76
23 60 40 12.23
24 60 . . 40 6.77
25 60 . 40 8.30

TPerf]uoro-Z-butyne.

*Perf1uoro—2-butene.



TABLE II

AVS/A(Pd)=for Multicomponent Mixtures Containing N, as the
Basic Component; Pyota7 = 500 Torr
‘(Plane-Plane E]ectroge Geometry)

. Mixture Perce2tage~onGas - AVS ( KV

No. N2 SF6 QAF6 c—C4F8 C4F8 C3F8 A(Pd) \ atm-mm
1 100 8.83
2 80 10 10 7.69

3 80 10 10 6.36
4 70 10 10 10 8.11

5 70 10 10 10 7.05
6 70 10 20 6.85
7 70 10 | 20 7.50
8 70 10 10 10 8.28
9 70 10 | 10 10 6.88
10 70 10 0 10 7.94
1 60 10 20 10 10.32
12 60 10 10 10 10 8.42
13 60 .20 20 9.46
14 50 10 20 10 10 11.04
15 50 20 20 10 10.41
16 50 10 20 : 20 10.41
17 50 20 30 11.61
18 . 50 10 30 v 12.03
19 30 30 20 20 11.13

+Perf]uoro-Z-butyne.

*Pcrf]uoro-Zsbutene.



changing 20% SF6 to 10% SF6 and 10% C3F8 improves the mixture by
approximately 10%. Mixtures 17 and 18 show this effect also. This is
seén clearly in Fig. 1 where VS versus Pd is presented for mixtures 11,
13, 17, and 18. The breakdown strength of each of these mixtures is
better than for pure SF6.
These findings seem to indicate that the electron-capturing capabi-
Tity of SF6 saturates markedly even at 10% admixture, so that increasing
the percentage of SF6 from 10 to 25% influences the electron attachment
properties of the mixture less than 10% of C3F8 which captures electrons
weakly but at higher energies2 than either SF6 or C4F6. Consistent with
this argument are the data on mixtures 14 and 15. Changing from 20%
SF6 to 10% SF6-10% c-C4F8 increases the dielectric strength even though
c-C4F8, whose electron attachment cross section extends to higher
energies than that for SF6’3 is not an effective additive by itself
(see mixtures 4, 9, and 14 in Table I).
Experiments are continuing on mixtures of différent proportions and
compositions to further test these propositions. Those mixtures which

show promise, such as 20% C4F6-10% SF6-10% C3F8—60% N2, will be tested

at higher total pressures.

Mixtures Containing N, and/or CO,

In Table III, AVS/A(Pd) are given for mixtures of gases using Ny
and CO2 aé major components. Pure N2 is slightly better as a dielectric
than pure COZ' Except for mixtures containing c-C4F8 (see mixtures 4
and 5), N2 is better as a buffer gas than C02. These data are being

analyzed.
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TABLE 111

aV¢/A(Pd) for Mixtures Containing N, and/or C02; Pioa1 = 500 Torr

(Plane-Plane Electrode Geometry)

Mixture

Percentage of Gas

AV

No. N, €O, SF CFg’  c-CyFg c4F8’F CoFg - A(pZS(at;Ymm)
1 1100 8.83
2 80 20 8.64
3 80 20 8. 32
4 80 20 5.15
5 80 | 20 5.40
6 80 20 6.02
7 80 | 20 5.97
8 80 | 20 4.69
9 80 | 20 4.24

10 40 40 20 6.14

n 40 40 20 8.55

12 40 40 20 5.34

13 0 40 - 20 5.99

14 4 40 20 4.59

15 0 40 10 10 5.87

16 35 35 10 10 0 8.62

17 35 35 10 ' 10 10 6.76

18 35 35 10 10 10 8.15

19 35 35 10 10 10 ' 8.55

20 30 30 | 40 6.90

21 30 30 10 10 10 10 9.26

TPerfluorOaZ-butynei

*Perf]uoro-Z—butene.



Multicomponent Mixtures Containing C4F6 (Perfluoro-2-Butyne)

In Table IV are listed breakdown strength data for mixtures of

C4F6 with a number of gases. Some of these data were taken from the

previous three tables in order to emphasize the unique effectiveness of
C4F6 as additive in multicomponent mixtures. Except for three mixtures
with very small percentages‘of C4F6, the rest of the mixtures which con-
tain C,F_. have breakdown strengths greater than or equal to 90% that of

4’6

SF6. Interestingly, mixtures of C4F6 and SF6 show a slight synergism:

50% SF6-50% C4F6 has a relative breakdown strength of 1.75 compared with
a weighted average va]ue] of 1.6.

C6F10 (Perfluorocyclohexene) as an Additive to N2

C6F]0 has been found to be a good additive in N2. Figure 2 shows
" the breakdown voltage VS versus the percentage of C6F]O in N2 for Pd
values of 0.1 énd 0.3 atm-mm at a total pressure of 80 torr. There is
no evidence for a saturation effect for this system. Calculation of:
the breakdown voltage for the mixture based on the weighted average
method1 was found to agree well with the experimental values indicating

no synergism.
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TABLE IV

DC Breakdown Strengths for Some Unitary and Multicomponent
Mixtures Containing C4F6+

Percentage of Component Gas

CeFe is0-C4Fg  €-C,Fg  SF CFg €O, N, ?;37§tm-mm) %25§rcept (Vo )petative
A. Unitary Systems
100 ' 19.74 - 0.6 2.21
100 14.80 0.44 1.69
100 ‘ 10.94 0.38 .25
100 8.83 - 0.03 1.00
100 7.47 1.23 0.93%
100 2.72 1.89 o.37|l
1oy 2.8 2.53 0.40
B. Binary Mixtures
5 95 6.01 0.83 0.71
10 90 6.80 0.41 0.79
0N an R.A4 i 35 n Q9
30 70 10.23 0.10 1.16
40 60 12.23 0.30 1.40
20 80 8.32 - 0.10 0.94
5 95 9.4 2.36 110"
10 30 10.39 - 1.00 1t
20 . 80 n.n - 0.79 1.30
50 ' 50 14.09 6.89 1.75#
C. Tertiary Mixtures '
10 10 80 7.69 0.73 0.90
20 20 . 60 9.46 -0.22 "1.07
30 20 : 50 1.6l 0.29 1.33
20 4 40 8.55 - 0.09 0.97
D. -, Four-Component Mixtures '
10 ‘ T 10 10 70 8.28 0.59 0.96
10 10 10 70 8.1 0.49 0.94
10 10 o 70 7.94 0.78 0.93
20 10 10 60 10.32 0.28 1.18
30 10 10 50 12.03 0.20 1.37
E. Five-Component Mixtures
6.6 6.6 6.6 6.6 73.6 7.16 0.59 0.83
10 10 10 10 60 8.42 0.43 0.97
10 10 10 35 35 8.15 0.30 0.93
10 10 10 35 35 8.55 0.31 0.98
10 10 10 35 35 8.62 0.23 0.98
20 10 10 10 50 11.05 - 0.31 1.24
F

Plane-plane uniform field geometry unless otherwise indicated. Total pressure is 500 torr unless otherwise
noted.

*Breakdown strength relative to SF6 of 1.

§Sphere-plane geometry; P = 760 torr.

H'Data from H. Winkelnkemper, Z. Krasucki, J. Gerhold, T. W. Dakin, Electra 52, 67 (1977).
1 P = 2000 torr.

#P = 1009 torr.
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FIG. 2. Breakdown voltage, V¢, as a function of percent of CgFyg in
N, at the indicated pressure and Pd values
(sphere-plane electrode geometry).
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III. BREAKDOWN STRENGTHS OF MULTICOMPONENT GAS MIXTURES (HIGH PRESSURES)

Figure 3 shows the breakdown strength as a function of Pd for three
different gases/mixtures: pure SF6, 20% C4F6-80%vSF6, and 10% C4F6-

40% SF6—50% N2. The breakdown strength of the 20% C4F6-80% SF6 mixture
is approximately 30% better than that of pure SF6 under identical condi-
tions. It compares well with our low-pressure (500 torr) data (see
Table IV).

The 10% C4F6-40% SF6-50% N, mixture has a dielectric strength which
is approximately the same as that of pure SF6, but it is estimated to be
a cheaper gas (taking the cost of C4F6 to be ~ 3 times that of SF6).
This gas would bc expected to withstand impulse vultages better than

pure SF6.



Vg (kV)

350 1 l T | T l I
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AT 310 kV
300 0
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250 - —
200 —
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FIG. 3. Breakdown voltage, Vs’ for pure SF6 and for SF6-C4F6

(hexafluoro-2-butyne) and SF6-C4F6-N2 mixtures as a function

of Pd for pressures 3000 to 3500 torr (sphere-sphere

electrode geometry).

40
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IV. BREAKDOWN STRENGTHS OF UNITARY GASES

Important Physical Properties of Dielectric Gases

In Appendix I, the dielectric strengths and synonyms for
the unitary gases investigated by us so far are 1isted.a1ong with their
structural formulae. The search for new compounds (to be used primarily
as.additives in multicomponent systems) continues, guided on one hand
by basic knowledge on molecular structure and electron-molecule fnter—
actions and on the other hénd by the well-known physical, chemical,

‘toxicological, engineering, and economic practical constraints.

Breakdown Strength of Perfluorocyclopentene (CSFO)

Perfluorocyclopentene (see structural formula in Appendix I) is
another of the low-vapor-pressure fluorocarbons possessing a high dielec-
tric strength. Its breakdown voltage as a function of Pd, measured in a
sphere-plane electrode apparatus, is compared with those of several
other pfeviously measured compounds at low pressures in Fig. 4. Over
' the.range of Pd covered (0.5 X Pd £ 2.0 atm-mm), the breakdown strength

 of C5F8 is approximately 2.2 times higher than that for pure SF. under

6
comparable conditions. This compound has a potential as an additive.

Breakdown Strength of SF6 at High Pressures

Breakdown strength measurements of SF6 at 2000 and 3000 torr have
been made with two electrode geometries: plane-plane electrode design3

1-1/2 inches).

and sphere-sphere electrode configuration (sphere diameter
: The data are shown in Fig. 5. Both electrode geometries gave the same

-results within the statistical error which is smaller than the size of
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30 — o CgFy2 140 Torr -
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FIG. 4. Breakdown vo]tage, V., versus Pd for C6F]2, C5F8, C6F]0,»
C4Fps and SF6 at %he indicated pressures
(sphere-plane electrode geometry).
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FIG. 5. Vs versus.Pd for pure SF6 at 2000 (v) and 3000 (o) torr (see text).
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the symbols in the figure. In this set of'measurements, the breakdown
strength at 3000 torr is slightly lower than that at 2000 torr, but it
is somewhat higher than that we presented in'our last réport.] The
earlier data seem to have been affected by the presence of corona due to
faulty insulation in the high voltage lead inside the.chamber, Improve-
ments in the insh]ation'e1im1nated'the effect of corona in the pkesent.

measurements.
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V. BASIC STUDIES

Electron Attachment

In support of our breakdown strength studies on fluorocarbons and
fluorocarbon mixtures, we héve continued to measure the electron attach-
ment rates as a function of mean electron energy, {e), and to calculate
from these the corresponding electron attachment cross sections as a
function of electron energy, e, for these compounds. In Fig. 6 the
electron attachment rate, ow, is presented as a function of <e> for
C7F8 (perfluorotoluene), C8F16 (perfluoro-1,3-dimethylcyclohexane), and
C4F6 (perfluoro-1,3-butadiene). These were measured in mixtures with
N, (see ref. 4, Chap. 4) except for C4F6 for which measurements were
made in both N2 and Ar as the carrier gas.4 In the last case the agree-
ment between the two sets of values is excellent. The measurements with
C7F8 were difficult since this molecule tends to stick to the walls of
the apparatus, and the measured attachment rates changed with time. For
this reason the uncertainty in the data is large (+ 15%) preventing
- determination of the electron attachment cross sections as a function of
electron energy via the swarm-unfolding method.5

The unfolded electron attachment cross sections as a function of
electron energy are shown in Fig. 7 for C8F16 and C4F6 (perfluoro-1,3-

butadiene) along with those previously determined for SF,. and C4F

6 6
(perfluoro-2-butyne). The cross section for C8F]6 shows a peak at

~ 0.2 eV and decreases monotonically beyond this energy to ~ 1.2 eV.
Below ~ 0.1 eV, the cross section increases again with decreasing energy.
The cross section for C4F6 (perfluoro-1,3-butadiene) is higher than

that of the butyne isomer below ~ 0.35 eV but is lower at higher energies

(see Fig. 7).
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A C7Fg (PERFLUOROTOLUENE)

O CgFyg (PERFLUORO—-1, 3-DIMETHYLCYCLOHEXANE)

® C4Fg (PERFLUORO-14,3 —BUTADIENE) J
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FIG. 6. Electron attachment rate, aw (in units of sec” ! torr']), as a
function of mean electron energy,{e) (in units of ev), for (a) C,Fg
(perfluorotoluene), (0) CsF16 (perfluoro-1,3-dimethylcyclo-
hexane), and (e) C4Fg (perf1uoro-1,3-butadiene) measured in
mixtures with Ny and (v) C4F (perfluoro-1,3-butadiene)
measured in mixtures with Ar.
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FIG. 7. Electron attachment cross sections as a function of electron
energy for (V) CgFyg (perfluoro-1,3-dimethylcyclohexane),
(@) C4Fg (perfluoro-1,3-butadiene), (a) CqF
(perfluoro-2-butyne), and (o) SFg (see text).
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The larger breakdown strength (Fig. 8 of ref. 1) of C7F8 compared
with_C4F6 (perfluoro-1,3-butadiene) is consistent with its higher elec-
tron attachment rate (Fig. 6) and the larger electron attachment cross
section for C4F6 (perfluoro-2-butyne) in the energy range ~ 0.4 to
~ 1.2 eV compared with its isomer.perfluoro-1,3-butadiene (Fig. 7) is
also consistent with the higher breakdown strength of the former (see
Table I of ref. 1). The high dielectric strength of all fhese combqunds
and C8F]6 (see Fig. 8 of ref. 1) accord well with ourapicture that large
attachment rates (or cross sections) out to ~ 1 to 2 eV great]y 1ncfease
the die]ectric strength of the gaseous insulator. It should be stressed,
however, thaf other processes besides e]ectkon»aftachment could criticai]y

affect the breakdown strength of a gaseous dielectric (see earlier

reports and Appendix III).

Elementary Electron-Molecule Interaction Processes.

A comprehensive paper entitled "Elementary Electron-Molecule
Interactions and Negative Ion Resonances at Subexcitation Energies and
Their Significance in Gaseous Dielectrics" has been completed. In this
paper recent knowledge on low-energy (mostly X 10 eV) electron-molecule
interaction processes in dilute and in dense gases.has. been synthesized,
discussed, and related to the breakdown strength of gaseous dielectrics.
In this paper, also, the optimal design of multicomponent gaseous
insulators on the basis of such knowledge is discussed. The paper has
been presented at the XIIIth International Conference on Phenomena in
Ionized Gases, Berlin, September 11-17, 1977, and will be published in
the conference proceedings (Vol. III [Invited Lectures]). It is added

as Appendix III to this report.
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Additionally, the role and need of electron impact ionization cross
sections close to the ionization thresholds for dielectric gases has
been documented. Plans to obtain such needed information and possibly
also to measure directly the electron energy distribution functions at

prebreakdown E/P values are being contemplated.

Effect of Negative Ion Resonances on Breakdown

In our last report] we presentéd preliminary data on the breakdown
strengths of N2, €0, and H2 and binary mixtures of these with C4F6
(perfluoro-2-butyne) in an effort to test the effect of negative ion
resonances, NIRs, exhibited by thesg systems on their_breakqown strengths.
On the basis of these results and the kﬁown electron scattering cross
sections (Fig. 8), it was concluded that the higher the electron
scattering cross section (mainly indirect through negative ion resoﬁances)
the better is the breakdown strength of the mixture, demonstrating in
this way the direct effect of the inelastic scattering properties of the
gas via negative ion resonances in the low-energy range (~ 1 to ~ 4 eV)
on the breakdown strength. These preliminary studies were extended to
include mixtures of SF6 as well as C4F6 with Hy, N,» and CO and our
findings are summarized in Table V. It is seen that the breakdown
strength (relative to SF6 of 1) for the unitary systems decreases in the
order CO (0.5) > N, (0.4) > Ho (0.25), that is, in the order the magni-
tude of the scattering cross sections due to MIRs shown in Fig. 8

decreases. The data for the binary mixtures (see Table V) behave

similarly.
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FIG. 8. Electron attachment cross sections, o, as a function of elec-
tron energy, e, for three electron-attaching gases, SFg, C4Fg, and CgFyg.
Vibrational excitation cross sections via negative ion resonances:

CO0(zy=1.g) is the sum of vibrational cross sections for the first eight
individual states of CO as a function of electron energy (ref. 6);
No(%,=1_g) is the sum of vibrational cross sections for the first eight
ingivigual states of N, as a function of electron energy (ref. 6);
Ho(u=0+u=1) is the cross section for excitation of the first vibrational
~ Tevel of Ho (6) multiplied by 1.4 to correct the experimental data for
nonisotropic electron scattering (see ref. 4, p. 347). Since the cross
section for excitation of higher vibrational levels of Hp is very much
Tower than.for the v=1 Tevel, one can conclude that the cross sections
for vibrational excitation of CO, Ny, and H, via negative ion (shape)
resonances decrease in the order CO > Np > Ha. #X¢ is the maximum s-wave
capture cross section (from ref. 1).
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TABLE V.

Effect of Negative Ion Resonances on Breakdown

Percentage of Component Gas

s "2 "2 O e In%izgept (vs)é*
10 90 4.39 0.82 0.55
10 o 90 6.18 0.66 1 0.73
10 90 6.71 1.02 0.82
33 67 8.76 0.68 1.01
33 67 8.93 1.41 1.10
33 67 10.74 0.61 1.22
66 3 15.05 0.55 1.66
66 34 14.16 0.22 1.52
66 34 16.12 0.49 1.76

10 90 3.27 0.69 0.40
10 90 4.83 1.18 0.60
10. 90 5.75 1.13 0.7
33 67 4.79 1.13 0.59
33 ' 67 6.55 0.83 0.78
33. 67 7.18 1.04 0.86
66 34 6.70 . 0.83 0.80
66 34 7.56 1.03 0.91

S |- P 34 8.28 ______ 0.66____________ 0.95. _

100 17.55 2.00 2.09
100 : . R 8.49 0.87 1.00

100 . A 1.55 1.30 0.%5

- 10 2.74 1.56 0.40

100 3.52 1.80 0.50

Tota] pressure 2 atm; sphere-plane e]ectrode geomebry |
*Breakdown strength relative to SF6 of 1.
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VI. APPLIED STUDIES

Breakdown Strengths of Gases/Mixtures with Cylindrical Electrodes

The apparatus described in Section VIII has been used to make break-
down measurements of SF6-N2 and c-C4F8—-N2 mixtures. Figures 9, 10,
and 11 show our preliminary results for SFg-N, mixtures on the breakdown
voltages for inner stainless steel electrodes of respective radii, 1.4,
0.75, and 0.4 cm, each inside the outer cy]fnder of inner radius 2 cm.
In all experiments the total pressure was 760 torr (1 atm), and the
SF6—N2 concentration fraction was varied from 0 to 100% by pressure. The
outer cylinder was at ground potential, and the inner cylinder was at
either polarity of high voltage. Similar measurements were made for
c-C4F8——N2 mixtures, and Figs. 12 and 13 show some of our preliminary
results for this system for inner electrode radii of 0.75 and 0.4 cm.
Each data point in Figs. 9, 10, 11, 12, and 13 was thelaverage.of at
least 10 breakdowns, and for each the random scatter (standard deviation
: mean)was 1éss}thah 3%. Expe?iments aré in progress with an inner
electrode radius of 0.107 cm for which coron; often precedes breakdown.

Our earlier unitorm tield breakdown strength data] on SFG'NZ and
c-C4F8——N2 mixtures are also presenféd in Figs. 9, 10, 11, 12, and 13.
They have been normalized to the nonuniform field value of the vV, for
pure N, in each of the fiéures., A1fhough the normalized uniform and
nonuniform fje]d data are not Qramatica11y different, it is interesting
to see that the deperidence of V_ on the amount of SFg in N, shows a
stronger "saturation" effect in uniform than in nonuniform fields. In
the'uniform field case, the SF.-N, mixtures which contain more than

40 to 50% of SF6 showed 1ittle additional improvement in Vs' In the
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FIG. 9. Breakdown voltages for SFg-N» mixtures with cylindrical
electrode radii 1.4 and 2 cm. (o) inner electrode at positive
potential, (e) inner electrode at negative potential,

(o) normalized uniform field data.
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FIG. 10. Breakdown voltages for SFg-Npo mixtures with cylindrical
electrode radii 0.75 and 2 cm. (o? inner electrode at positive
potential, (e) inner electrode at negative potential,

(o) normalized uniform field data.
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nonuniform fields of concentric cylinder geometries, the VS versus % SF6
curves exhibit Tess of this saturation. This difference between uniform
and nonuniform fields seems to increase with increasing field inhomo;
geneity (as the radius of the inner electrode decreases; see Figs. 9,
10, and 11). The above findings could be attributed to the fact that
the electron enekgy distribution function is shifted to higher energies
in the case of nonuniform fields and to remove the same number of
electrons more SF, is needed because the electron attachment cross
section for SF6 is small for electrons with energies % 0.5 eV (seev' 
Fig. 11 in ref. 3; see also Fig. 7 of this report). Consistent with .
this interpretation are the data in Figs. 12 and 13 where it is seen »1
that when the_uniform field data on Vs versus % of c-C4F8 in N2<are
normalized to the nonuniform field data on the same system, no signifi- -
cant changes are observed and practically no saturation effect is
evident in either. The superior pehavior of c-C4F8 cdmpared with
SF6 is attributed to the fact that the electron attachment cross
section for this molecule extends to higher energies than that for
SF (see Fig. 8 in ref. 3). This proposition will be tested further
using other systems, such és C4F6’ for which the magnitude of the
electron attachment cross section is also large to much higher
energies than for SF6.

It is finally noted (Figs. 9, 10, and 11) that for SFg=N, mixtures
the highest breakdown voltages are obtained with the 0.75-cm inner

electrode radius. This agrees with the theory that a ratio of outer
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radius to inner radius of ~ e = 2.72 is optimum. . In Figs. 9 and 11,
this ratio takes respective values of approximately 2e and e/2.
‘These studies are currently being extended to corona inception
versus breakdown, to other gases/mixtures, and to the effects of polarity
(noted in some of .the data in Figs. 9, 10, 11, 12, and 13), surface

roughness and electrode composition..

The Problem of Carbon Depdédts for Fluorocarbons

One of the‘practical ddfficu]ties of using”f1uorocarbdns as gaseods
1nsuiators fs the prob]em of carbdn fdrhation:caused by a spark in the
gas.' If carbon is formed, 1t can depos1t on an 1nsu1ator and cause a
cont1nu1ng short render1ng the 1nsu1ator unusab]e '

We have 1ndeed found that us1ng f]uorocarbons as un1tary gases 1eads
to the formation of carbon upon an e]ectr1ca1 discharge, especially at
pressures 3 1 atm. We have also found, however, that one advantage of
a mu]ticdmponent 1nsu1ater containing f]udrocarboh(s) is that the prob]em
of carbon fofmation'{s reduced or even erminated. For examp]e we have
sparked a mixture of 80% SF6 -20% C4F6 (perf]uorobutyne) at a tota] pres—
sure of 3500 torr (w 50 ps1g) at 300 kv w1th up to 15 Joules of energy in
the arc and with a total of over 200 Joules. No carbon deposits were
discernible on the electrodes. Similarly, a 50% N,-80% SFg-10% C,F
mixture at 3500 torr has been tested with an equal amount of energy
dumped into a series of arcs with no cahbon deposits observed.

A transmission line breakddwn will, of course, dump'more energy into
the arc. Nonetheless, the above testsiindicafe that carbon formation may
not be a major problem for multicomponent gaseous insulators containing

C4F6'
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VII. ENVIRONMENTAL EFFECTS OF DIELECTRIC GASES: ANALYSIS OF THE
BREAKDOWN PRODUCTS OF NEW GASEQUS INSULATORS
The increased usage of dielectric gases and the 1ntrodoction'of

superior new gases and gas mixtures for the nation's energy needs imposes
on us the responsibility to identify the decomposition products of such
systems especially under electron impact. These and their subsequent °
reaction products may be toxic. Identification of the initial products
provides knowledge of the precursors of the‘figal products which being
long-lived are of immediate concern to the enyironment. Such know]edge
will not-only enable us to identify‘formation of possible toxic products
in the dielectric but will also provide the basis for the possfb]e
usage of chemical means to transform or to neutra]ize the toxic species
formed. | | |

We have begun identifying the initial decomposition products -of

new dielectric gases/mixturee under etectron impact as a function of the
e]ectron energy using a time-of-flight mass spectrometer. A]so,.we

have begun a mass ana1y51s of samp]es of actual dielectric gases/

mixtures taken from our breakdown apparatus after breakdown, 1dent1fy1ng

in this manner the final, long-lived species. In this Tlatter effort we
have used the.faci11t1es of the Mass Spectroscopy Group of the Ana]ytica]
Chemistry Division of Oak Ridge National Laboratory (ORNL). A study of the
reactions the inijtial producté undergo with their gaseons environment -
and of the reaction pathways 1eading from the initia] (precprsors) to

the final products is planned for therfuture, making use of a hiph—

pressure mass spectrometer.



34

The results of the aforementioned studies are important also in
assessing the long-term stability of a gaseous dielectric, even in the
absence of breakdown. Low-energy free electrons are always present in
the dielectric and these, depending on the molecular structure, can be
exceeding1y disruptive since (multiple) molecular fragmentation via the
process of dissociative attachment can occur very efficiently even with

"zero" energy electrons (see Appendix III and ref. 7).

Mass Spectrometric Studies

UsingJr a time-ot-tlight mass spectrometer we have identitied the
main negative ions (parent and/or fragment) produced when quasi-
monoenergetic electron beams of energies from 0 to ~ 10 eV collide with
C4F6 (perfluoro-2-butyne). Very interestingly it was found that the
parent ion C4F6'* is by far the most abundant negative ion formed within
this energy range. If other fragment ions are formed, they should have
less than 1/200 the intensity of the C4F6'* parent ion. From the
practical point of view, this is quite significant since it indicates
that C4F6 does not decompose efficiently upon electron collision, pre-
serving the integrity of the dielectric with time.

The dependence of the yield of the parent negative ion (C4F6'*) on
the electron energy is shown in Fig. 14. It is consistent with the
absolute electron attachment cross section as a funcfion of electron

energy deduced earlier from our electron swarm studies. The energy

scale in Fig. 14 has been calibrated with respect to the position

TThis work has been performed primarily by J. G. Carter and J. Cowan of

the Atomic, Molecular and High Voltage Physics Group.

-
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(0.37 eV) of the SFS' from SF6 resonance.8 The mean autodetachment

-k

lifetime of C4F6 at ~ 0.0 eV was found to be ~ 15 pusec. At normal
pressures the ijon is, of course, completely stabilized via collisions.
Perfluorobutene-2 (C4F8) has also been studied using our time-of-
flight mass spectrometer. Although in this case the parent ion C4F8'*
was again found to be the main negative ion with maximum intensity at
~ 0.0 eV, a variety of fragment ions were detected: C4F6' at ~ 0.0 eV
and F~, CFy” and C3F5' at higher energies (v 5 eV). The relative
intensities of the observed fragment ions with respect to the parent
ion C4F8"* intensity of 1000 are 9, 600, 10, and 8 for C4F6', F-, CF3",

“* at ~ 0.0 eV was found

and C3F5', respeptive]y. The Tifetime of C4F8

to be ~ 12 usec.

Breakdown Product Analysis

When breakdown occurs in a gaseous dielectric, in addition to the
dominant electron-molecule interactions, other processes such asl
physical heating of the gas and resultant molecular decomposition,
positive ion formation via higher-energy electrons, and photbionization,
take place. The products of these processes and their subsequent reactions
eventually lead to the final breakdown products,which must be identified.

In pursuit of such knowledge we began some initial experiments
wherein we sparked gases across sphere-sphere electrodes held at
fixed distances for varying periods of time (and then varying energy '
inputs into the gas). Following sparking, the gas was run through a
gas chromatograph belonging to the Analytical Chemistry Division of ORNL.
In a gas chromatograph, GC, the sample under study is injected into a

high-pressure stream of gas (e.g., He or H2). The gas and the entrained
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sample are passed through a column of packed but porous material. With
properly chosen co]umn‘material, various sample components have suffi-
ciently different "throughputﬁ times to be separated at the end of the
column.where a detector (an ionizer-mass spectrometer in our case) is
“uséd to idéntffy each of the separated species.

Preliminary gas chromatography breakdown product analysis on SF6
indicated tﬁat SF4, a known.toxic species, is a prominent breakdown
decomposition product. Studies on C4F6 are planned, although some
preliminary results have been obtained for the multicomponent mixture
10% C4F6-40% SF6-50% N2. This mixture was sparked af various'vo1tages
up-to 300 kV-and allowed to corona.for times .to ~ 60 minutes. In.

Fig. 15, the total ion current of the GC column output as detected in
the ionizer-mass spéctrometer is plotted as a function of the time after
the injection of the sample. A tentative identification of thé peaks is
shown in the figUre. The three major peaks are, as expected, due to the
compoheﬁts'(Nz,'SFg, and‘C4Fé)~of'the-tektiafy“ﬁixfdﬁe: iIhe peaks at

~ 470 and 525 sec are identified as reaction products of SFGEand C;FG
possibly SZCZFZ (126 ahu) and SéCZF4 (164 amu). The 610 and 700 sec
peaks-are attributed to an impurity (C4F6C12)‘fn.the C4F6 gas as
supplied to us by Columbia Chemical Company. (The chemical C4F6C12 is
used to make C4F6 and could be a major impurity in C4F6 if proper
precautions are not taken.)

Identification of the constituents of insulating gascs/mixtures
after varied periods of sparking and corona will continue and will

include a quantitative analysis as well.
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FIG. 15. Total ion current versus time following sample injection in the
gas chromatograph column (see text for discussion).
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VIII. APPARATUS

High Pressure, Variable Temperature Breakdown Apparatus

During this period, the design and fabrication of a new high-pressure
breakdown apparatus were completed. This apparatus should enable us to
achieve voltages up to 300 kV using a small volume of gas up to ~ 11 atm
of pressure. In addition, the temperature, T, of the test chamber will
be controllable (- 50°C £ T £ 150°C) so that actual field use conditions
can be approximated.

Figures 16 and 17 show the new chamber partially assembled. It
occupies the radio frequency shielding cage which formerly housed the
sphere-plane apparatus. The chamber itself is made of 316 stainless
steel. It is approximately 19 in. in height and 10-1/2 in. in
diameter with six 1-1/2-in.-diameter and two 4-in.-diameter ports
around the bottom portion. These ports will be used for pumpout, gas
inlets, and as observation windows. The chamber itself mounts on a
fiberboard insulator which thermally isolates the chamber from the sup-
port stand. The system will be pumped by an o0il diffusion pump with a
freon refrigerated cold trap and a mechanical roughing pump. A gas
inlet manifold system has been constructed to facilitate the handling of
gas mixtures; more gas bottles can be attached to the system, and the
feedlines can be evacuated separately from the chamber.

The chamber is designed for 150 psig (approximately 11 atm absolute),
which covers the practical range of pressures for high voltage devices.
The pressure vessel was designed to strict Tocal construction codés and
has been approved by the ORNL Pressure Review Committee. Also, all ORNL

Quality Assurance procedures were followed throughout the various stages
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of construction. The system was hydrostatically tested before being
released from the shop. For protection against an accidental over-
pressure, we will install a knife-blade-type rupture disc on one of the
4-in.-diameter ports.

The high voltage will be supplied by our Deltatron L300-2C power
supply from Delta Ray Corporation. This is a 300-kV DC supply with low
ripple (X 0.01% peak to peak at maximum voltage and current) which we
have used on our plane-plane electrode apparatus. It has an internal
type HV feedthrough which eliminates the need for a large air external
insulator.

An identical feedthrough will be used to bring the high voltage
into the test chamber. This type of feedthrough is relatively inexpen-
sive and can be readily obtained from Delta Ray Corporation.

The internal volume of the vessel is approximately 16 liters which
includes the volume of the ports. As is seen in Figs. 18 and 19, a
specially designed Teflon plug anchored from the top flange surrounds
the cable feedthrough and serves both to occupy volume and to provide
additional insulation. A small volume is desirable since the amount of
gas used is less, and the gas can be pumped out and cycled much faster
than in larger chambers.

To study the breakdown voltage as a function of temperature, we have
designed an oven for heating the chamber to ~ 150°C. The oven is com-
prised of sections which can be fitted around the ports and HV feedthrough.
It is constructed from thin stainless steel and filled with insulation.
Electrical resistance heaters are placed on the inner surface of the oven.

The oven is similar to one currently in use in an experiment of our basic
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FIG. 18. Cross sectional view of the new high pressure, variable
temperature chamber: (1) uniform field electrodes, (2) Teflon
spacer, (3) high voltage cable, (4) high pressure chamber,

(5) oven, (6) ground feedthrough, (7) linear motion drive,

(8) support stand, (9) ports, (10) resistance heaters.



FIG.

19.

Teflon plug, cable ternination, and electrodes for the qew
high pressure, varieble temperature breakdown apparatus.

PHOTC 4284-77

14



45

research program. Regulation of the temperature to within a degree or
less can be achieved by means of a proportional controller. Temperatures
will be monitored by sheathed thermocouples of chromel-alumel connected
to a digital readout monitor. A cooling jacket fitting snugly around
the outside of the chamber has been constructed and tested. The jacket
is made in separate sections of copper for the sides, top, and bottom.
Liquid nitrogen, 1iquid nitrogen vapor, or other coolants can be circu-
lated through the jacket. The oven will be used as thermal insulation
for the cooling system as well since it will totally enclose the chamber.
To prevent condensation of moisture from the laboratory air, a slight
positive pressure of N2 gas will be maintained between the cooling
jacket and the oven. Temperatures for the cooling system will be
monitored with the same thermocouples.

Initial breakdown measurements on our most promising gaseous systems
will be made as a function of temperature using plane-plane electrodes

of Pearson-Harrison profile,which we have used in our previous studies.3

Applied Studies (Cylindrical Electrode) Facility

In this period the applied studies facility has been built, tested,
and put into operation. With this facility, gases/mixtures selected
through our basic studies are tested under conditions corresponding to
applications, with the results being correlated on the one hand with
basic physicochemical data, and on the other hand with engineering design
rules for practical apparatus. In the latter case "the scaling factor"
still remains a problem.

With this facility, breakdown strength measurements of gases/mixtures

in the fields of concentric cylinders with various degrees of roughness
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can be made. Such studies will also include the effects of electrode
material composition and the action of triggered gaps with various
gases/mixtures. The concentric cylinder electrodes are shown in Figs. 20
and 21. The outer cylinder was machined with smoothly tapered ends from
a solid brass block to effect a cylinder of 2-cm inner radius and a

10-cm Tength of central cylinder, plus 11-cm length of tapered ends.
Eight inner cylinders of 27-cm length have been made of three materials
(stainless steel, copper, and aluminum) and radii 0.107, 0.4, 0.75, and
1.4 cm. The inner electrode is held at the ends and is centered within
the outer electrode by Plexiglas discs; in the chamber a high voltage

rod is screwed into the inner electrode. The smaller electrodes (Fig. 21)
are held in the Plexiglas discs by appropriate Plexiglas bushings.

The concentric cylinder electrodes are mounted in a high vacuum
chamber with appropriate gas, optical, and electrical ports (see Fig. 22).
The chamber has approximately 60-1iters volume but in concentric
cylinder tests approximately 20 liters of this volume are occupied by
sealed glassware. The electrodes are accessible through a top cover.
They are positioned with one end toward the high voltage cable and the
other end facing a 2-in.-diameter quartz window facing the rear cage
wall. Ultraviolet 1ight from a 60-watt deuterium lamp can be directed
onto the inner cylinder through the window via a partially-reflecting,
partially-transmitting mirror made by vacuum deposition of aluminum such
that the operator has full view through the window from outside the cage.

The chamber receives high voltage via a cable feedthrough of the
type used at the output of Delta Ray Corporation power supplies. The

ground (outer) electrode is connected only to a 50-kV bushing in the
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 PHOTO 1559-77

FIG. 20. Concentric cylinder electrodes for applied studies facility.
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chamber wall with electrical connection to ground made outside the
chamber through small current-sensing resistors.

Figure 22 provides a view of the apparatus in the shielding cage
as seen through its door. The new 300-kV DC supply for this apparatus
is expected from the manufacturer in November 1977; a surplus 0 to 150-kV
DC supply has been repaired and put into service in the interim. It con-
sists of an o0il tank for high voltage components and Tow voltage controls
mounted in the rack outside the cage. These controls make the usual
provisions for turn-on sequence, interlocks, and automatic turn-off for
overcurrent and overvoltage. The 0il tank employs vacuum diodes in a
vol tage-doubler circuit, charging two 0.006-uF capacitors in series. It
also provides a 300-M2 resistor string for the voltage divider.

The high voltage parts of the equipment are shielded within the
wire mesh "cage" to avoid excessive noise effects on the instrumentation.
The cage is a two-independent-layers type purchased from Erik Lindgren
Company. Its modular construction will facilitate future expansions
and/or modifications. High voltage is carried by the 150-kV DC power
supply black cable in the left foreground up to an open corona shield
topped by a hemisphere (a diverter electrode) and down through another
(1akger white) cable into the rectangular test chamber (see Fig. 22).
The diverter motor and trigger generator and the cage feedthrough panel
for carrying cooling water, exhaust gases, power, and instrumentation
signals arc visible over the chamber.

Figure 23 shows the cage exterior. Outside the cage are seen the

experiment controls and the cage feedthrough panel.
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PHOTO 3366-77

FIG. 22. Interior of shielding cage of cylindrical electrode facility.
(1) Chamber, (2) rear cage wall, (3) power supply (4) supply output
cable, (5) HV diverter electrode and corona shield, (6) chamber HV
input cable, (7) vacuum pumps, (8) diverter motor and trigger
generator, (9) cage feedthrough panel, (10) chamber HV
feedthrough, (11) diverter ground electrode.
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MIOTO 3365-77

FIG. 23. Exterior view of the shielding cage of cylindrical electrode
facility. (1) Power supply controls, (2) automated controller,
(3) digital voltmeter, (4) cage feedthrough panel.
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Test gases are introduced into the chamber after it is pumped out
to a high vacuum (better than ~ 10_6 torr) by the mechanical forepump
and an oil diffusion pump with 1iquid nitrogen trap. The vacuum
pressures are monitored by a thermocouple gauge and an ion gauge. Test
gases are admitted at several valved ports as the chamber pressure is
monitored by a Wallace and Tiernan FA-145 pressure gauge; mixtures are
formed according to the measured partial pressures of the components.

High voltage DC is applied between the electrodes by a locally
produced electronic controller rising at a slow controlled rate,
beginning from some selected "base" voltage below breakdown. During this
voltage rise, the gap is illuminated by ultraviolet 1ight and the voltage
is repeatedly sampled by a digital voltmeter. Breakdown is sensed either
by 1light or by ground electrode current, and the controller causes the
digital voltmeter to automatically hold the last voltage reading before
the event, while the high voltage is rapidly returned to the lower "base"
value. The voltage reading is held for a preset time for recording and
then the cycle is automatically repeated.

In order to 1imit the energy of the breakdown arcs, a "diverter"
spark gap across the high voltage supply is triggered within microseconds
after the event to lower the voltage until the power supply controls are
returned to the "base" setting some seconds later. This diverter gap
minimizes spark effects on the electrodes and test gas. The diverter
gap is formed by two 6-in.-diameter stainless steel hemispheres, one
at high voltage and backed by a corona shield and one at ground poten-
tial and fitted with the trigger electrode. The diverter-grounded

electrode is suspended from the ceiling by a chain drive so that a linear
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actuator motor/gear set can be run to adjust the-gap from outside. The
.trigger spark generator,..consisting of a high performance automobile .
ignition system,..is - mounted at the ceiling adjacent to the gap-adjustment

motor,

Interchéngeab%iity of Components éetween Qur Three'BreakdoWn Apparatuses
| w{ththe imbendihg afrivé] of a new 300-kV DC power supply, the
installation of the temperafure/preésure effects‘apparatﬁs, and some
remaining minor modifications, the three breakdown apparatuses will
utilize interchangeable controls. The test chambers will all be fitted
with-identical high vo]tage feedthroughs, and the power supplies will be
on rollers so that the supplies can be interchanged. The diverter being
developed in the cylindrical electrode facility can be inexpensi?e]y

built and used for the other apparatuses as well.

Image Converter Camera

Our search for such a camera, to be used for basic studies of break-
down phenomena at very short times and also for studies of the time
eva]hation of the breakdown process, has been completed. We were visited
by Mr. J. Owren of Marco Scientific who demonstrated an Imacon 675 image
converter camera. We have just received detailed information and a
price 1ist from Mr. Owren. We are studying this along with information

on #a Quantrad camera for a pending final selection.

Automation of the Time-of-Flight Mass Spectrometer Apparatus

We have completed the first phase of automation of our time-of-
flight mass spectrometer in order to speed up the data acquisition for

our studies on the fragmentation'of dielectric gas molecules under



low-energy electron bombardﬁent. A Tock-in amplifier and a signal analyzer
have been incorporated in the output phase of the apparatus which greatly
improved the quality and quantity of the data. The second stage of auto-
mation involves a digital controller. The required devices for this

stage are being built; they are scheduled for completion in October 1977.
In this way the data-taking process will be speeded up fifty-fold com-

pared with. the manual operation of the spectrometer.
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IX. RADIOGRAPHY OF ENERGIZED GAS-INSULATED SYSTEMS
Calculations of the effects of radiography on an energized gas-
insulated cable have been performed and are outlined in Appendix II.

On the basis of these, no effect of radiography is foreseen.
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X. INTERNATIONAL SYMPOSIUM ON GASEOUS DIELECTRICS

In Méy‘1977, the initié] announcement concerning thé Symﬁosium to
be held %n Kﬁoxvf]]e; Teﬁnessee, on March 6-8, 1978, Qas promu]gated.
This letter notified about 250 individua]s'throughout fhe'wor1d of the
Symposium and its purpose. Also, it issued a call for papers on specific
topics of interest which had been formulated from suggestions from a
number of the wor]d's key researchers in gaseous dielectrics. |

In late June, the Advance Program was mailed, delineating those
individuals invited to be speakers, session chairmen, and panel partici-
pants. Also, detailed information on times of sessions, format,
registration, fees, and hotel accommodations was included.

By September, numerous abstracts were received and distributed to
the Program Committee for review and selection. The final program will
be drafted in early October, and appropriate announcements and notifica-
tions will be made immediately thereafter.

Detailed arrangements for the Symposium and the Proceedings will

remain a continuing endeavor.
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XI. PUBLICATIONS AND CONTACTS

Publications

1. "Improved Unitary and Mu]ticomponent Gaseous Insulators," by
M. 0. Pace, L. G. Christophorou, D. R. James, R. Y. Pai, R. A. Mathis,
and D, W, Bouldin, IEEE Trans. Elect. Insul. (in press); also Proc.
IEEE Electrical/Electronics Insulation Conference, Chicago, I1linois,
September 26-29, 1977.

2. "Elementary Electron-Molecule Interactions and.Negative Ion
Resonances at Subexcitation Energiés and Their Significance in Gaseous
Dielectrics," by L. é. Christophorou, Proc. XIIIth International
Conference on Phenomena in lonized Gases (Vol. III, Invited Lectures),
Berlin, East Germany, September 11-17, 1977.

V3. “Breakdown Voltages of Some New Unitary and Multicomponent Gas
Mixtures," by D. R..James, L.AG.-Christophorou, R. Y. Pai, M. 0. Pace,
R. A. Mathis, and D. W. Bouldin, Proc..Conference on E]ectrica1‘
Insulation and Uie]éctric Phenomena, -Lolonie, New York, Uctéber 17-20,

1977.

Contacts
- We continued communications with leading researchers in the U.S.
and Europe, as well as with users of gaseous dielectrics and manufacturers
of laboratory apparatus.
We have been visited by Dr. C. Pollock of Union
Carbide, Dr. D. Razem of the Radiation Laboratory at the University of
Notre Dame, Dr. R. Keil of Heidelberg University, Dr. A. A. Christodoulides

of the University of Ioannina in Greece, and Dr. Y. Ichikawa of the
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University of Tokyo. Mr. Joe Owren, Vice President of Marco Scientific
Company, visited to demonstrate the Imacon model 675 image converter
camera.

Others at ORNL continue to interact with us on the various aspects
of the high voltage research project, notably H. Schweinler, H. H.
Hubbell, Jr., R. D. Birkhoff, J. G. Carter, and J. J. Cowan.
Additionally, the Ané]ytica] Chemistry Division of ORNL has aided in
analyses of gases and breakdown products. The ORNL Instrumentation and
Controls Division has aided in calibration. L. G. Christophorou
presented a seminar on our work to those in the ORNL Physics Division
concerned with high voltage accelerators.

We corresponded with many colleagues in many countries and discussed
the many and varied aspects of gaseous dielectrics with active groups in
the U.S. and Europe (especially Denmark, Germany, and Switzerland).

Dr. A. Cookson of Westinghouse and Dr. J. A. Rees of the University of
Liverpool have contacted us concerning improved gases and mixtures,
especially C4F6.

In May our program review was held in Washington, providing useful
discussions with our Department of Energy and Electric Power Research
Institute colleagues. In September we had an interesting meeting with
Westinghouse and DuPont colleagues at the EPRI headquarters in
Washington.

Two tours of our laboratories were made in September by the
secretarial staffs of ORNL's director and associate directors and those

from DOE in Washington.
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Industrial contacts in this period include those with Maxwel]v
Laboratories, Sorenson, Marco Scientific, Tektronics Research, Inc.,
RFL Industries, Ross Engineering, Quantrad Corporation, Erik A. Lindgren
and Associates, Inc., Continental Disc Corporation, Hamamatsu Corporation,
General Engineering and Applied Research, Inc., and Armageddon Chemica]l
Company. Advice on high-speed cameras also came from Mississippi State
University and the University of Quebec.

During this period we.were joined by Ching C. Chan, an Electrical

Engineering graduate student at The University of Tennessee.
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Appendix 1
STRUCTURAL FORMULAE, SYNOMYMS, AND BREAKDOWN STRENGTHS OF SOME UNITARY GAsEsT

Dielectric Properties

Dielectric Gas Structural Formyla Synonyms Electrode Pressure Range Pd Range (Vs) t
Geometry (torr) (atm-mm) R
Hydrogen (HZ) sphere-plane 1520 2—6 . 0.25
Nitrogen (Nz) plane-plane 500 1.0—-5.4 0.40
Carbon Manoxide (co) sbhere-b]ane 1520 0.5—4.0 0.50
Carbon D-oxide (C02) carbonic anhydride, various 0.075—3.83 x 104 1073_187.5 0.37°
carbonic acid .
Dichtorodifluoromethare Freon-12, Genetron-12, plane-plane 200600 1.3—26.3 1.03I
(CC]ZFZ) Arcton-12, Isotron-12, Ucon-12
Sulfur Hexaf]ubride i sphere-plane 500—2065 0.5—3.0 1.0
(SF6) nlane-plane 500—2000 2.0—33.9 1.0
sphere-plane 83, 100, 154 0.5—2.0 1.0
L1 |
Perfluoropropane (C3F8) F-—T-—T-—?-—F octafluoropropane sphere-plane 760 1.0—3.0 0.93
FFF
F F
| I
Hexafluorobutyne (C4F5) F—C—C=C—C—F perfluoro-2-butyne sphere-plane - 760—1100 0.5—1.5 2.1—-2.2
| | . plane-plane 500 1.2—3.8 2.2
F F sphere-plane 83, 100 0.5—2.0 1.7—-1.9

TThis table will be expanded to include other gases aid also the most significant phys1cochem1cal properties (such as boiling point, viscosity, thermal
conductivity, toxicity, etc.) of gaseous dielectrics in the nexi semiannual report.

Breakdown strength relative to SF 1 as measured by the ORNL croup, except where noted.

|,From H. Winkelnkemper, Z. Krasucki, J. Serhold, 7. W. Dakin, Electra 52, 67 (1977).

'From I. D. Chalmers and D. J. Tedford, Proc. IEE 118{12), 1893 ¢1971).
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Dielectriz Properties

Dielectric Gas S=ructural Formula Synonyms Electrode Pressure Raage Pd Range (Vs)
. Geometry itonr) (atm-mm) R
o
Hexaf;uoro—1.3—butadiene T==C—-?==? sphere-plane 188, 281 0.5—-3.0 1.4
(C,F .
46 FooFF
T
Perfluorobutene-2 F——C-—C==C—-é-—F octafluoro-2-butene, sphere-plane 500—1600 0.5—-3.0 1.7—-1.8
(iso—C4F8) | | | perfluoro-g-butylene slane-plane 500—100D 1.7--13.4 1.7
F F F
F F
| |
F—C—C—~F
Octafluorocyclobutane P perfluorocyclobutane, sphere-plane 760—1850 0.5—2.5 1.4
(c-C4F8) F—-T——?——F Freon €318, cych'c-C4F8 plane-plane 500-1000 2.0—-20.1 1.3
F F
F
I
N
Parfluorocyclopentene F7N / F octafluorocyclopentene sphere-plane 151, 153 0.5—2.0 2.1—-2.2
(CSFB) G~
A_TF
FF
F
!
S
Hexafluorobenzene I | perfluorobenzene <phere-plane 5C0 0.5—2.5 R
(C4Fg) F—c\C 2—F
|
F

“Pure gas not studied; low percentajes of C6F6 in SF6 improved dielectric strength relative to pure SF6.

9



Dielectric Properties

Dielectric Gas Structural Formala Synonyms Electrode Pressure Range Pd Range (v.)
Geometry (torr) (atm-mm) S'R
FF
}!
Fpr” "\
F::C C—¥
Perfluorccyclohexene F\\l I decafluorocyclohexene sphere-plane 83 0.5—~1.75 1.9—-2.2
(CeF10) =N
'\
FF
?F3 ?F3
Perfluorcdimethylcyclo- F—C(—C—F sphere-plane 140 0.5—2.0 2.3—2.47"
butane (C.F
6h12) IS
(1,2 isomer)
F FFFFFF
L1
Perfluorcheptene-1 ?==C-—?-—?-—?-—T-—T-—F sphere-plane 152 0.5—2.0 1.2
F FFFFF
CF, F
N4
F\C/C\C/F
Perfluorcmethylcyclo- F”/‘ |\\F hendecafluorocyclohexane, sphere-plane 58 0.1—1.0 2.
hexane {C7F]4) F‘\C C,fF trifluoromethylcyclohexane .
F~ \c/ “~F
/\
FFE

HMixture of 1,2- ané 1,3-parfluorodimethylcyclobutane.

89



Bieltectric Pfoperties

Dielectric -Gas Structural Formula ’ - Synonyms . Electrode Pressure PRange Pd Range (Vc)
Geometry (torr’ (atm-mm) =

CFy F
\/
F\C/C\C<F
Perfluoro-1,3-dimethyl- F"I F sphere-plane 35 0.07—0.17 14
- cyclohexane (CSFIG) F—¢ ¢—CF : ,
F™ N\ " 3
¢\
/\ F
FF

H(VS) not determined since SF6 data at 35 torr could not be taken. Strength relative to C4F6 (perfluoro-z-butyne) at 3% torr was 1.3.
R

99
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Appendix II
ESTIMATE OF THE LIKELIHOOD OF ELECTRIC BREAKDOWN DURING RADIOGRAPHY OF
HIGH VOLTAGE, GAS INSULATED POWER TRANSMISSION LINES*
I. SUMMARY

Preliminary information has been obtained from workers in the field
of gas insulated, high voltage transmission lines on prqperties of such

| lines, industry practice in installation of such lines, and radiographic

techniques for inspection. Differences of opinion exist -as to whether

radiography of energized lines will initiate breakdowns. Approximate

calculations indicate the order of magnitude of the current of eiectrons

which. might be released from the outer pipe wall and in the~insu]ating

gas‘during radiography and the probable electron densities resulting.

The conclusion is reached that radiography will not induce breakdown

unless a very high intensity, pulsed x-ray source is used or sharp points

on the conductors badly distort the electric fields.
II. INTRODUCTION

The use of gas insu]ated,Ahigh voltage transmission 1ines may permit
significant savings in electric power transmission losses. Gamma- and
x-radiography can detect unwanted particles or broken insulators which
may lead to electric bfeakdowns within line components. The ionization
produced in the insulating gas during radiography might trigger electric
breakdowns if the high voltage is on. The purpose of this study is to

determine the probability that radiography will cause breakdowns.

*Prepared by H. H. Hubbell.
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The steps in analyzing the problems are seen to be as follows:

1. Determination of what radiation sources are used for radiography
(i.e., the energy distributions and intensities of the sources and the
source-to-conductor distances in order to determine the radiation dose).

2. The electron energy spectra released from the inner surfaces of
the high voltage conductors into the gas. The spectra will be given as
the absolute numbér of electrons as a function of their energy for given
radiation sources.

3. The corresponding spectra of electrons released in the gas.

4. The probability that the electrons can be accelerated to ioniza-
tion energy by the high voltage and cause Townsend avalanche or the
formation of streamers and resultant breakdown.

Additional problems conéern the possible chemical decomposition of
the insulating gas by the radiation, or the radiation plus the high
voltage, the production of chemicals which might corrode the conductors
or insulators, or become toxic hazards if the conductor pipe was opened
for repairs.

The present discussion will summarize the problems and the present
information available and give estimates of the probable number and
energies of the electrons released from the walls and gas by radiography.
From this information we will estimate the probability of induced

breakdown.
III. BACKGROUND

We obtained by phone and letters available information on
industry experience with radiography of gas insulated transmission lines.

Many people were very helpful in explaining the problems.
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The general conclusions from these discussions may be summarized as
follows:

1. The purpose of x- and y-radiography of gas insulated transmission
Tines is to find contamination particles, broken or distorted insulators,
displaced conductors, etc., which may be sources of electric breakdown.

2. The radiographs made - so far have nearly always been done on de-
energized lines where radiation induced breakdowns could not occur.
However, if the technique proves useful, radiographs might be made
routinely on energized lines in service to detect possible faults or
incipient breakdowns, in which case radiation induced breakdowns could be
very serious.

3. The rigid pipe type line with a single centra1»conductor must
be assembled in-the field, and it is practically impossible to prevent
dirt particles, metal sawdust or shavings, etc., from getting into the
pipes during assembly. With AC high voltage applied, these particles
jump around constantly in the high fields and may end up in such positions
that they initiate electrical breakdown. Traps or low electric field
regions are therefore built into the lines. If the particles bounce into
such places, they will stay there out of harms way, and eventually all
particles will be so trapped.

One worker remarked that faults seldom recur at the same place,
indicating again that the particles causing. the faults probably jump
around a great deal.

If DC is applied, however, the particles tend to fly to spacing
insulators or to high field regions and cling there, distorting the field

and tending tu initiate electric breakdown with resultant burning or



70

shattering of the insulators. For this reason, most workers strongly
advise against testing lines with DC. Direct current transmission lines
must therefore be much cleaner than those for AC.

One manufacturer is developing a flexible bellows type of transmis-
sion line, sometimes containing three conductors separated by spacers
and insulated with polyurethane foam saturated with SF6. The bellows
walls are presumably much thinner than the rigid pipes, and much Tower
energy x rays can be used for radiography. This technique permits
visualization of some detail of the insulators and even distortions, etc.,
in the polyurethane. The advantage of this construction is that the
line can be assembled, filled with gas, and sealed in the relatively
clean conditions of a factory so that particle and oil or dirt contami-
nation can be greatly reduced and would occur only at infrequent joints
made in field assembly of lines. X-ray inspection in manufacture and
assembly would be desirable but need not be done when the line is
energiied. In service, inspection with x rays may still be desirable,
especially at substations. Buried lines would have to be excavated,
which would only be done if a fault had occurred and had been Tocalized.

4. Other systems than radiography can be used for finding faults
on lines not in service, such as radar or sonar signals sent down the
Tine. Unusual reflections could indicate the possible faults. Simple
resistance or capacitance tests could indicate the location of short
circuits or open circuits. Such tests are done routinely to find faults
in telephone lines.

5. Another possible problem in radiography is the potential

degradation of the insulating spacers by the radiation. Three types of
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spacers are presently in use: ceramic, cyclo-aliphatic epoxy resins,
and bisphenol epoxy resins. Radiation damage work in the past has usually

2 to 107 rad dosages are needed to produce significant

indicated that 10
radiation damage in organic materials, while radiography seldom requires
more than 1 to 100 rads. Hence, I do not think this is a significant
problem. Céramics are relatively unaffected by the highest dosages
mentioned.

6. Bonneville Power Administration is currently contracting with
Battelle Northwest to study thé effects of x and y rays on energized
transmission lines. It was informally stated that preliminary tests
indicated no breakdowns under irradiation.

7. Considerable difference of opinion was expressed on the use of
radiography. Several people thought radiation would not significantly
decrease the dielectric strength of SF6 insulated 1lines, while another
person was of the opinion that the use of x or y rays had initiated
breakdowns. Apparently, experimental work is needed.

8. One high voltage equipment manufacturer is reported to have
used x irradiation of anode and cathode regions of high voltage, DC
machines to disgharge contamination particles, thus preventing them from
being strohg]y attracted to charged electrodes and thus initiating break-
downs. If such irradiation were used continuously rather than just in
initial "seasoning," then radiation damage to insulators might become a
problem. Health physics problems of protecting personnel might also be

serious if continuous irradiation of high voltage lines or components

were used.
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Ideally, the probability of high voltage breakdowns induced by
radiography would be analyzed by the steps outlined in the introduction
to this section. Considerable effort was expended in trying to deter-
mine the spectra of possible x-ray and radioisotope sources, the number
of electrons and the electron énergy spectra they would produce in the
insulating gas, and the rates at which these electrons would be captured
or mulitiply, and hence the probability of induced breakdown. It was
evident that this would be a rather long and complex calculation with
many assumptions needed where experimental data are lacking. The proce-

dure is outlined in Section V.
IV. APPROXIMATE CALCULATION OF BREAKDOWN PROBABILITY

General Considerations

Because only a simple yes or no answer is required, a much simpler
approach is possible. It is well known that during breakdown testing
when all the conditions of gas pressure, electric field, electrode shape
are satisfied so that a spark is certain to occur, there is always a
delay before the spark takes place while the system waits for the
inevitable initial electron to appear at a critical point as a result of
cosmic rays, background radioactivity, etc. It is customary therefore
in testing to provide thesé initial electrons by irradiating the qas or
the electrodes with ultraviolet Tight or radiations from radioactive
substances.

Hence, we may conclude-at once that the ionization produced by
radiography would not cause any breakdowns which would not occur anyway

as soon as background radiation produced the necessary initial electrons
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at the critical point. Eventually, usually within a few seconds, these
electrons will certainly appear, and breakdown will occur if the other
conditions of electric field, pressure, etc., are met. There are one or
two important exceptions to this statement. First, if the critical
breakdown field occurs because of a contamination particle moving quickly
through a particular position, then an electron might not appear at the
critical place and time in the absence of irradiation, and breakdowns
would not always occur. This event, of course, is unpredictable but will
not occur if there are no loose particles inside the pipe.

The second exception would occur if the radiography produced such
a high electron density in the insulating gas that the resulting space
charge seriously distorted the electric field distribution in the line,
producing critical breakdown conditions where they would not otherwise
occur.

About 108 electrons must be present in a volume of about 1 mm3 for
a streamer to form and propagate, causing a breakdown, or the critical

1

electron density is pé > 10 e]ectrons/cm3.] The remaining discussion

is an attempt to see if this density would be produced by radiography.

Sources and Photon F]ux Produced

If a radioisotope is used as a source, then the number N0 of photons
per cm2 per sec of energy E reaching the outside of the pipe being radio-
graphed at a distance r cm can be calculated from2

N = (SF A/dnr? Ya
0" ") exp(- . or),

where

A = activity of source in curies
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- 10 disintegrations
S=3.7x10 sec/Ci

.f.'

number of photons of energy E per disintegration

u
a . . . .
7;-= mass attenuation coefficient of material between source and

point of interest for energy E

p = density of material between source and point

If several gamma rays are emitted, the No's should be separately
calculated unless they are close together in energy so that the ua/p
values are essentially the same. This is true for the case considered.
For example, a suitable source for radiography of aluminum pipes with
about 0.3-in. walls is iridium-192. This isotope has 7 gamma rays from
296 to 612 keV energy with ua/p values all nearly the same. There are a
total of 2.08 photons per disintegration having a weighted average energy
of 375 keV. If the pipe has a 30-cm diameter, 0.76-cm wall, and is
70 cm from the source (source to film 100 cm), the absorption coefficient
of the aluminum is 0.0945 cm2/g (ref. 3) and the Al density is 2.71 g/cm3,
we obtain for the irradiation at the inside of the pipe for a 65 Ci

source of Ir 192:
_ 7 2
Ni = 6.7 x 10" photons/(cm” sec).

The pipe wall is assumed flat. The attenuation in air is negligible at
this energy and distance, but the attenuation in the pipe wall is
included. The number buildup factor for a broad beam in the aluminum
for the 0.2 mean free path through the pipe wall is assumed to be 1.0.4
Alternatively, one might use an x-ray source instead of a radioiso-

tope. X-ray machines with outputs in the appropriate energy range are

large, heavy, and not very portable. They would probably not be used
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for field radiography, but we might include a rough estimate of the
analogous photon flux for such a machine. The author's data5 and data

in the 11'terature6’7

for a 250-kV, constant potential therapy machine
with window thickness equivalent to 0.661 g/cm2 of Al gave an absorbed
dose rate in air at 1 m of about Dout = 0.054 rad/(sec mA). The

absorbed dose may be converted to photons/cm2 sec inside the pipe as

foHows:2
i
() et
v < Jout ' K <1oo>2 ,
! (gp/elyye BT
where
i = x-ray target current = 15 mA;
- 100 ergs . 1 eV a 13 eV |
k = 9. rad 17 = 6.25 x 10 g rad °
air 1.60 x 10 erg ,
E = average photon energy* = 1.2 x 105 eV;

u
7§-= 0.148 cm2/g, mass attenuation coefficient for aluminum;

r = distance in cm from target to pipe, 70 cm;

t = thicknéss of pipe, 0.3 in. = 0.762 cm;

ot = 2.07 g/cmz;

(”en/p)air = 0.024 cm2/g, mass energy absorption coefficient for
air,

With these assumptions, we get for the photon flux at the inside

surface of the pipe

*See discussion in Part V below for the methpd of determining the average

energy.
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10

Ni = 2.6 x 10 photons/(cmz'sec)

for x rays from a 250-kV, 15-mA machine.

Electrons Produced in. the Insulating Gas
The next steps are to calculate thé.number’of e]ectrons released in

the insulating gas, SF6. For this approximate calculation we will assume

that the energy absorbed in the gas is all used to produce primary ions

and electrons and that these primary electrons produce secondaries at

an average rate which is independent of the primary electron energy.8’9

The number of electrons produced in the gas per photon, n, can then be

calculated from

n=

b

fav
W

where

m
1}

the average energy per photon, eV;

W = average energy to produce one ion pair in the gas in question,
SFG;
W=5.9+1.81 (ref. 10)
where
1 = jonization potential of SF6 Y 15.4 eV (ref. 11)

SO

W= 33.9 eV/ion pair.

From these data we get

3.5 x 103 electrons/photon absorbed for 250-kV x rays

1.1 x 104 electrons/photon absorbed for Ir-192 gamma rays.

p
1]

=]
1]
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The fraction of photons absorbed per cm path in SF6 is

-(u, /oot
-
t=1cm
uen/p for SF6 is the sum of the mass absorption coefficients for

S and F, weighted in proportion to their masses in the

molecule:
Yen _ (“en) As N (”en) 6Ar |
P JsEe N\ P /s AT ORE T\ e Jp At O
As’AF = atomic weights of sulfur and fluorine
uen/p = mass energy absorption coefficients.
The mass energy absorption coefficients (in units of cm?/g) are! 213
120 keV 375 keV
S 0.050 0.030
F 0.024 0.028
hence
SF6 0.030 0.0284

The SF6 is assumed to be at a pressure 45 psig, so P = 4 atm
absolute. Its density is then

P(AS + 6AF) g/mole 3
Pep = I3 = 0.0261 g/cm”.
6 2.24 x 10" cm/mole

Using the values stated, the fractions of photons absorbed in SF6

are:

for 250-kV x rays, h = 7.8 x 10°%

for Ir-192 gamma rays, h = 7.4 x 1074,
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The number of ions formed per cm3 will then be

N=n Ni h.:

So finally we get for the number of electrons released in the gas:

10

for 250-kV x rays, N = 7.1 x 10 e1ectrons/(cm3 sec)

8

for Ir-192 gamma, N = 5.5 x 10 e1ectrons/(cm3 sec).

Electrons Injected from the Walls

The next step is to calculate the number of electrons which will be
injected into the gas from the pipe wall by radiation. An exact calcu-
lation of the number and energy distribution of such electrons is rather
complex. The procedure will be outlined in Section V. Here we employ
approximations similar to those used above to get an estimate of the
numbers. The range of the most energetic electron which could be pro-

duced by the radiations considered is only 0.15 g/cm2 A1,14

or 0.05 cm,
and for low energy electrons about 10'6 cm, so all electrons entering
the gas arise essentially at the inner surface of the pipe. Hence, we
consider only the situation there and assume that the aluminum medium is
infinite in extent so far as the slowing down of electrons is concerned.
We assume the same photon intensities and average energies as before
incident at the inner side of the pipe.

]5 studied the yield and spectra

15

. Nelson et a].5 and Finston et al.
of electrons released from aluminum by x rays up to 250 kV. Finston
noted that the<tota1 yield of electrons per rad of absorbed dose was
nearly constant, independent of the x-ray energy or the material, and
amounted in aluminum to

| Ie =4.,9 x 10-4 esu/(cm2 rad)

16

for electrons up to 40 eV. McConnell et al. obtained the slowing-
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down flux spectrum of electrons produced inside aluminum by a distributed

17 showed that Finston's and ‘Nelson's

beta-ray source. Ritchie et al.
data fitted the same curve for electron energy Qistribution as McConnell's
results, although the first two studies used x-ray sources and the last,

a beta ray, with totally different energy analysis techniques. The data
also fitted the theories as calculated by Ritchie et al. and by Klots

18

and Wright = at Tow energies and by Spencer and Fano,]9 Spencer and

Attix,zo- and McGinniesZ] at high energies. We corrected McConnell's
spectrum for the transmission barrier from aluminum given by him and
integrated first to find the current expected up to 40 eV, getting a
result which agreed with Finston's. Then we integrated again up to the
end point. The Tast two figures showed that only about 1% of the total
flux of electrons outside the wall was below 40 eV and that a total of
about n, = 0.043 e]ectrons/cm2 emerged from the aluminum per primary
electron born/cm3. The primary electrons in McConnell et al.'s work

were produced by an Au-198 source with an average energy of 315 keV
distributed throughout the aluminum. A1l the beta-ray energy was absorbed
in thc source, 50 the dose was

E

=B -1.86x10

9
Phu T Koy

rad in Al for each primary electron born/cm3.
Thus we find that the number of electrons emerging from the aluminum, Ngs
is

Nw _ 0.043 electrons emerging _ 2.3y ]07 electrons
Pau cm® 1.86 x 107

Ng =
rad cm- rad

We have assumed from the results of the studies discussed that the

number of electrons emerging from the aluminum per rad of absorbed dose
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is the same regardless of the radiation source. As shown above, the
significant dose for generating electrons is that at the inside of the
aluminum pipe.

For x rays then the number of electrons emerging from the walls is
s =n D ; .e'(ua/o)pt mz
w e out ' r

Sy = 2.8 x 107 g]—g%zfgﬂé-for 250-kV x rays at 70 cm from the source.
cm- sec

or

‘For Ir-192 the corresponding calculation is

Sw = Ni Elugp/edpy ne/ks

where
E = 375 keV for average Ir gammas,
(uen/o) = the mass energy absorption coefficient for gammas of

energy E in aluminum = 2.87 x 1072 cmz/g,

Ny = photons/(cm2 sec) inside the pipe from the Ir source =
6.7 X 107 photoné/cm2 sec,
hence
s, = 2.7 x 10° S1ECLONS ¢4 pp g7,

cm- sec
These additions are negligible compared with the number generated in the

8 10

gas, which has been shown to be of the order of 10° to 10 ~ electrons/

(cm3 sec).

Electron Drift in the Gas and Resultant Electron Density

With the electron source terms calculated above for the gas, we can

determine the electron swarm density as it drifts through the SFe gas

23

under the influence of the electric field. The first point is that
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since the mean free paths of the electrons in the gas at the pressures
considered are very short (on the order of 10'6 cm) compared with the
dimensions of the pipe, the initial fast electrons make many collisions
in a very short time and distance, losing energy at each collision, so
that they attain their equilibrium energy distribution before they have
moved very far regardless of their initial energies. Therefore, we need
consider only the equilibrium drift of electrons (énd/or jons) in the
electric field.

The differential equation for the electron density in the absence
of electron capture is

dpe(x)
dx

b

-N
w

where pe(X) = %%-is the electron density, N is the rate of electron pro-
duction by radiation, and w is the electron drift velocity in the gas.

In this extreme casé where no electrons are captured to form negative
jons we may use' for w 3_106 cm/sec34 and obtain for the maximum electron

densities:

for x rays, pe(10) 105 e]ectrons/cm3

103 e]ectrons/cm3n

for Ir 192, pe(10)

Possibility of Breakdown

6 8

Since these numbers are 10° or 10° times smaller than the critical

1

density quoted, 10 e]ectrons/cm3, we conclude that there is no possi-

bility of the irradiation causing a breakdown unless sharp points,

For ions W, 3_104 cm/sec and the charge density increases accordingly

(by x 100).
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particles, etc., greatly increase the local electric fields, or unless
flash radiography is done, giving dose rates 106 times larger than those
possible with continuous exposure devices. As was pointed out earlier,
such flash x-ray machines are not ordinarily suitable for routine field

radiography.

Effect of Sharp Points

The possible increase in electric field strength due to sharp points
may be estimated as follows: Assume the point is actually a very small
sphere of radius of curvature a. The surroundings may be approximated
as a large sphere of radius b. The electric field at any point a distance

r from the center of the small sphere with a potential difference V

_V (ab
Er - r2 <b—a> :

The field is largest at the surface of the small sphere, so

E V(b
max a\b-a/°

For small a, b/b-a = 1 so approximately

between spheres is

Emax -

v,
a
The field thus increases inversely as the radius of the point.

Since the drift velocity, as a rule, increases with increasing
electric field, it is evident from the equation for electron density,
Pe = Nx/uE, where u is the electron mobility, that increasing the field
must Tower the electron density and thus reduce the probability
of breakdown from this cause. The breakdown at higher fields

arises because of either cold emission from the point when

it is negative, or because electrons in the vicinity gain
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more than enough energy to ionize in one free path, leading to

avalanches or because both effects occur. If the electric field is Tlarge
enough for avalanches to occur, the point will exhibit corona and be a
problem spot in the line anyway. Neither process, therefore, is likely
to be very sensitive to a prevailing electron density of the magnitudes
calculated, so we conclude radiography at the dose rates assumed here is

unlikely to cause breakdowns which would not otherwise occur.

Effect of Magnetic Fields

So far the discussion has assumed static electric fields and no
magnetic fields. Actually, the conductors will be carrying very large

4 A, so the magnetic fields may be

currents, perhaps as much as 10
quite large. Under vacuum conditions, the free electrons would be

trapped and move around the circular magnetic field lines, not getting

to the walls at all. However, at high pressures they collide so frequently
with atoms and thus suffer direction changes that the net drift is not

altered very much. lluxley and Cr'ompton35

show that the angle & between
the drift direction in crossed magnetic and electric fields is given

approximalely by

tan 6

3|
< |

where

8 coulomb
g

§-= specific charge of electron = 1.76 x 10

b

B here for 10%

A is of the order of 400 Oe,
v = collision frequency of electrons about IO]L/sec or more at

4 atm pressure.
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Hence 6, the angle between the drift velocity and the electric field is

very small. Hence, the magnetic field has negligible effect on the

electron density.

Summary

We may summarize the numerical calculations in Table 1, referring

to Fig. 1. We assume the high voltage is about 100 to 300 kV.
SECTION V. OUTLINE OF POSSIBLE EXACT CALCULATION OF
ELECTRON DENSITIES AND PROBABILITY OF INDUCED BREAKDOWN

In view of the large spread between the estimated electron densities
produced by irradiation and the critical electron density for breakdown,
it does not seem worthwhile to attempt a more sophisticated calculation
However, the possible procedure will be briefly outlined.

The essential problem is similar to the derivation of the energy
inen to the gas in a cavity surrounded by walls of a different
composition as given by the Bragg-Gray Principle, which is one of the
fundamental bases of radiation dosimetry. Many lengthy studies have been
written on this and related subjects (refs. 24-26 and references therein).
The present problem is more complex because we wish to know the energy
spectrum of the electrons in the gas resulting from the irradiation, and
the corresponding spectrum after the electrons have come to equilibrium
with the gas under various conditions of pressure, electric field, and
gas composition. By contrast, in radiation dosimetry only the energy
deposited, and sometimes the linear energy transfer are usually considered.
These are simpler, though still rather difficult problems.

The steps in a complete calculation are as indicated in the intro-

ductory remarks.
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Table 1
Source Ir 192% 15-§Zo;kxays
E = average source energy, keV 375 120
Ni = photon flux inside pipe,
photons/cm2 sec 6.7 x 107 2.6 x ]0]0
N = electron flux produced in gas,
e1ectrons/cm3 sec ' 5.5 x ]08 7.1 x 1010
sw:= electron current density from walls,.
e]ectrons/cm2 sec 2.7 x 105 2.8 x 107
Pa = maximum electron density in gas,
| e]ectr‘ons/cm3 103 105
pé = assumed critical electron density
| in gas for breakdown, e]ectrons/cm3 1011

*Ir = Iridium-192, 65 Ci.

Tx = x rays, 250 kV applied. 15 mA, 0.66 mq/cm2 Al window, average energy

120 keV.



Figure 1

- source of x or gamma rays

- photographic film

distance to film, 1 m = 39 in.

- distance to pipe, 70 cm

- thickness of pipe, 0.76 cm = 0.3 in.

1 diameter of center conductor, 10 cm = 4 in.

Q ct % = s Vs
i

d2 - outer diameter of pipe, 30 cm = 12 in.

P - pressure of SF6 in pipe = 45 psig = 4 atm absolute
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Sources

The identification of all reasonably useful radioisotope and x-ray
sources and their outputs must be made. Thulium-170, iridium-192,
cesium-137, and cobalt-60 are possibi]ities. As an extreme case of
continuous duty x-ray machine, we will consider one with 250 kV, constant.
potential at 15 mA, with a tungsten target, having a window
equivalent to about 0.66 g/cm2 of aluminum. Such units are large and
require water cooling, so any portable one would probably have lower
applied voltage and output. Of the radioisotopes, Ir-192 has been sug-
gested as most suitable for the thickness of aluminum to be radiographed.

It has a number of strong y-rays as follows:

Energy keV, Ti Number per Disintegration, Li
296 0.29
308 0.30
317 0.81
4/R 0.49
589 0.04
604 0.09
612 0.06
Weighted
average: 375 2.08

In Section IV it was assumed that the total number of y rays emitted
was ) L, each having the weighted average energy, Eav = ) L, Ti/z L

For an x-ray machine, data was used for one originally present in the
Health and Safety Research Division. Its outnut was probably larger than

the Targest value could reasonably be obtained from portable machines.
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However, it consisted of four Targe pieces, weighed several tons, and
required special power and water connections, so it was not portable.

The yield was measured with standardized dosimetry instruments and

agreed with values in the 1iterature.6 The output radiation spectrum

can be derived using a theoretical result of Kramers.27 He showed on the
basis of semi-classical assumptions that the continuous bremsstrahlung
spectrum from a thick target could be expressed in a form that may be
written as

I(E) dE

1]

-C(E-EO) dE,E<E0
=0 s E > EO,

where I(E) dE is the intensity of the x rays per unit energy interval E,
Eo 1S the applied voltage, and C is a constant. Combining this result
with the usual exponential absorption law and the mass absorption
coefficient, the shape of the spectrum can be calculated after trans-
mission through the inherent filtration of the x-ray tube and any added

filters:

N(E) dE = - C(E - E_) T exp {- [5{5)]1 X }.

In this expression %{E)i is the mass absorption coefficient of the ith
filter of density P and thickness X; for incident energy E. Villforth

et a].28

calculated the spectra for heavily filtered x-ray beams at a
number of applied voltages and measured the spectra with a scintiliation
spectrometer. The calculated and measured spectra agreed very closely,
so we have confidence that the calculation method gives good results.

The average energy was obtained by integrating the spectrum as usual:
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E

0
E N(E) dE
o}
E. =
av Eo
JN(E) dE
0

For the light filtration of the x-ray tube and tube head windows, equi-
valent to about 0.66 g/cm2 of aluminum, Eév = 120 keV approximately, as
used in Section II above. For a detailed study we would use the complete
spectrum as calculated this way and derive from it the degraded spectrum

in the aluminum pipe and gas for each source, as is discussed below.

Photon Spectrum at Inside Surface of Aluminum Pipe

The photon spectrum at the inside surface of the pipe and its
absolute intensity will be degraded by passage through the aluminum and
air. For the energies considered, the effect of the air absorption is
negligible. Since we are interested only in steady state conditions,
the Boltzmann transport equation reduces to a diffusion equation. Some
considération should be given to the solution of this equation under the
present conditions to derive the changes in the spectra produced by the
passage of the radiation through the pipe wall. The buildup factor29
should not exceed a factor of 2 at most and will prbbab]y be closer to

1, but the increase in the low=energy end of the spectra may be

appreciable.

Primary Electron Spectra in the Aluminum of the Pipe

It was pointed out in Section IV that we need calculate only the

electrons generated in a very thin layer of aluminum at the inside of
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the pipe because of the very short range of such electrons. The number
and energy spectra of primary photo and Compton electrons produced by
each energy photon should be calculated from the known cross sections.]Z’]3
The resulting electron spectra sﬁou]d be integrated over the photon

spectra to obtain the primary electron source terms in the aluminum,

giving the electron spectra as

: Ey .
s, (E) dE = { j [Tpe(a*,g) + oC(E’,E)J N, (E7) dE’} dE,
0
where rpe(E’,E) and oC(E’,E) are the photoelectric and Compton cross

sections for the production of electrons of energy E by photons of

energy E°.

Slowing-Down Spectra of Electrons in Aluminum

By the "slowing-down spectrum of electrons," we mean the total num-
ber of electrons per eV entering an imaginary probe of 1 cm2 Cross

sectional area per primary electron born/cm3. The resulting dimensions

19

are cm/eV, confirming the statement of Spencer and Fano ° that the slowing-

down flux at an energy E is the track length traveled by the electrons
per unit energy range. As these authors showed, the flux can be
ca]cu]ated30 as the product of the reciprocal stopping power of electrons
at kinetic energy T times the sum of all primary electrons born above T
and the secondary electrons produced above 2T (T = E here, using

Birkhoff's notation)30
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0]
J k (T',T) y(T) dT‘},
2T :

where SZ(T) is the average stopping power at energy T, S(T') is the
primary source spectrum,thé same- as our se(E), and kS(T',T) is the cross
section for production of a secondary electron of energy T by a primary
electron of energy T'. This integral equation has been solved
numerically, and tables are-avai]ab]eZ] at selected primary energies for
secondaries down to about 500 eV.’

The tabular values can be interpolated for other primary and
secondary energies above this value, and the results summed to find the
spectrum down to 500 eV. Below this energy more complex calculations
must be done to take account of energy losses to excitation and ionization
of all éhc atomic and éonduction levels. of the a]uminum.v Ritchie et a1.17
derived such a result for aluminum and showed that it fitted the experi-

menlal data, as discussed in Section IV. Thus we may obtain, with a

good deal of work, the electron flux spectrum in the aluminum.

Total Electron Spectra Entering Gas from Aluminum Wall Pipe

The electrons going from the aluminum into the gas lose further
energy surmounting the potential -barrier at the surface, and some are’
reflected back. Nelson et a1.5 showed that the spectrum after trans-

mission through the barrier is given by
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1/2
nw(Eout) = 2m Y(Ew * Eout) {] - [Ew/(Ew * Eout)] } ’

where Eou is the electron energy in the gas and

t

E, = Ep * ¢,

the sum of the Fermi energy (to the top of the filled band in aluminum)
and the work function. fhis correction was made in the calculations

of Section IV for Ny

31

Recent work by Sickafus™ has shown that the basic shape of the

spectra derived this way is correct, but that the Tow-energy end below

about 1000. eV. is strongly modified by oxide and contamination layers on

15
T a

the surface. Since Nelson et'a].'s,5 Finston et al.'s, nd

.516

McConnecll et al. data were taken for normally oxidized surfaces,

their results would be applicablie here.

Total Electron Spectra Generated by Photons Absorbed in tHe Gas

Using the same photon spectra from step 3, the prpcedures of

- steps 4 and 5 would be repeated using the cpnstants appropriate to SF6
at the pressure to be used. fhis procedure would give the initial elec-
trbn spécfrum generated in the gas.‘ This spectrum in the gas would be

a source term throughout the gas. At the outer and inner walls it would
- be added to the spectrum of electrons injected from the walls. Actually,
the approximate calculations of Section IV showed that the electrons
from.the walls were practically negligible compared with those generated'

in the gas. This is confirmed by the work of Tay]or,32

who found only very
small residual currents in ionization -chambers when the gas was evacuated.
Klots and Wright]8 showed that the electron flux spectra in gases under

irradiation were very similar to those in metals.
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Drift of Electron Swarm Under -the Electric Field and Resultant Electron
Density '

It was assumed in Section IV that the mean free paths of the

electrons of all energies of interest here were so short that the
electron energy spectra.reached their equilibrium values for the e*isting
E/P before traveling a significant distance. Hence the slowing down and
subseqdent diffusion of the electrons could be treafed as separate
problems. An exact solution would combine both pHenomena in a single
treatment, thus considerably complicating the already very complex
Spencer-Fano type calculation. Such a treatment would remove these
authors' simplification that the system is independent of space
coordinates. The variations in cross sections with energy would include
all atomic and molecular resonances, electron capture probabi]ities,
etc., making the problem practically insoluble. Much of the necessary

data for SF_. does not yet exist. In view of this situation and because

6
of the very small electron densities estimated by the approximate method,

jt does not seem worthwhile to pursue the problem further at this time.
VI. CONCLUSIONS

The study was undertaken to determine whether radiography would
cause a breakdown in an énergized high voltage, gas insulated electric
transmission line. The conclusions are as follows:

1. Radiography with radioisotopes of 100 Ci or so will not
initiate breakdowns which would not otherwise occur.

2. Radiography with a 250-kV, 15emA x-ray machine would .

give about 100 .times the electron density in the insulating gas compared
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with radioisotopes. Even this density, however, is at least a million
times too small to initiate a breakdown which would not otherwise occuf.
3. A very sharp point on one conductor, such as the end of a
broken metal partfc]e, might initiate a breakdown under radiography. It
would probably cause a spark eventually without radiography. |
4. Flash radiography using an x-ray machine which could deliver
the dose necessary for a radiograph in 1 or 2 usec would be

marginal and might initiate a breakdown with no sharp points inside the

pipe.
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ELEMENTARY ELECTRON-MOLECULE INTERACTIONS AND NEGATIVE 10N RESONANCES AT
SUBEXCITATION ENERGIES AND THEIR SIGNIFICANCE IN GASEOUS DIELECTRICS®

3.
Christophorou, Loucas G.**

Oak Ridge National Laboratory, P. 0. Box X, Oak Ridge, Tennessee, 37830, USA

Recent knowledge on low-energy (mostly £ 10 eV) electron-molecule interaction
processes in dilute and in dense gases is syathesized, discussed, and related
to the breakdown strength of gaseous dielectrics. Optimal design of multicom-
ponent gaseous insulators can be made on the basis of such knowledge.

1. Introduction r

Although the field of gaseous dielectrics is old, most of the fundamental
knowledge on the underlying basic physicochemical processes which crucially
determine Qhat makes a good gaseous dielectric is new. It is a challenge to
bring this new knowledge to bear on the field of gaseous dielectriﬁs and on
ways to improve them. The need for energy conservation and energy cost reduc-
tion dictates the development of better gaseous insulators, especially for
electrical energy transmission; transmission line voltages keep gping up with
projected voltages_ub to 1.5 MV.

2. The Overall Problem: Main Physical Processes of Direct Significance

What is it that makes a good gaseous dielectric? Figure 1 helps us answer
this question from the basic, microscopic point of view.

In a gas under an applied electric field, the ever present free electrons
have a distribution of energies, f, which is a function of the gas and the
quantity E/PA(or E/N), where E is the applied electric field, P is the gas
pressure at the temperature T; and N is the gae number density, wviz.,

f(e, E/P, gas). The functions f(e, E/P) are equilibrium eﬂgrgy distributions
even for AC fields since the elecfron-relaxation times (see Section 4) are
quite short under normal operating conditions. As the applied voltage is
increased, the electrons gain energy, and f(e, E/P) shifts to higher energies.
This shift is a strong function of the elastic and inelastic processes whiéh
absorb the energy input by the field.  The distributions f(e, E/P) are known
for only'very few gases. In Fig. 1, f(e, E/P) are plotted for N, at one E/P
value and for Ar at two E/P Qalues. Depending on the gas and E/P, f(e, E/P)
can peak at any energy from thermal to n 10 eV. Knowledge of the electron

energy distribution function is necessary for a realistic appraisal of the role

*Research sponsored. by the Energy'Research~and'Development Administration
under coantract with Union Carbide Corporation.

**Also, Department of Physics, The University of Tennessee, Knoxville,
Tennessee, 37916, USA.
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FIG. 1. Electron attachment cross sections, g,» as a function of ¢ for
SFg [1}, CyFg [2], and CgF1p [2]. Vibrational excitation cross sections via
the decay of NIRs [3]. CO (£ v=1to 8) and N, (£ v =1 to 8) are the sums of
vibrational cross sections for the first eight individual states of CO and N,,
respectively, and H, (v = 0 > v = 1) is the cross section for excitation of. the
first vibrational level of H, multiplied by 1.4 (see Ref. [4]1, p. 347). Elec-
tron impact ionization cross sections, di(e), for SFg, CO, Ny, and H, [5]. See
Ref. [4] for information on the electron energy distribution functions, N>
for N, and, fAr’ for Ar. wX2 is the maximum s-wave capture cross section.

of microscopic physical knowledge in understanding and in controlling
breakdown.

The most effective way of preventing electrons from initiating breakdown
is the removal of the electrons from the dielectric. An effective way of
achieving this ‘is to attach the electrons to molecules forming negative ions
which, being much heavier than the electrons, do not have kinetic energies high
enough to cause ionization. The unattached electrons must be slowed down and
be prevented from ionizing the gas and triggering breakdown. The above state-

meats can be formalized as:
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<«

f ca(e) f(e, E/P) de —;—~T——» maximum (L)
o}

[ o, (e) f(e, E/P) de —— minimum. - (2)
L .

For (1) the electron attachmept cross section as a function of €, ca(e),
should be as large as possible over as wide an energy range as possible.
Examples of ca(s) for three dielectric gases are shown.in Fig. 1 (see also
Section' 7). Since, as is shown by the straight line in Fig. 1, the maximum s-
‘wave captufe cross section mk%? (A = 2n* is the electron de-Broglie wavelength)
‘decréases'wi:h‘e, to optimize (1) £(e, E/P) must be shifted to as low energies.
as possible.

For.(2) the electron-impact ionization cross section as a function of €,
oi(e),lmust be as small as possible and the ionization tﬁreshold energy, 1, as
high as possible. For a given ci(e), f(e, E/P) should again be shifted to as
low ¢ .as possiblé to optimize (2). Thus the reduction of the electron energies
is of béramdunc significance because a lower f(e, E/P) minimizes (2), but also
maximizes (1). Such a reduction in electron energies requires large cross sec—
tions for elastic and inelastic electron scattering, especially in the sub-
excitation energy'range.* As will be discussed in Section 4, a most efficient
way of slowing down subexcitation electrons is via negative ion resonances
(NIR). Vibrational excitation cross sections due to such NIRs are shown in
Fig. 1 for CO, N,, and H,. Through a combination of gases, NIR states can be
positioned over the entire subexcitation energy range keeping in this way the
electron energies low. Such a deployment of NIRs is similar to the utilizatiom

.of neQCron inelastic scattering resonances in nuclear reactors to moderate the
energies of escaping epithermal neutrons.

The optimﬁm gaseous dielectric is thus envisioned to be not a single gas
(unitary system), but rather a combination of gases (a multicomponent system)
designed as to components to provide the best effective combination of

electron—attaching and electron slowing-down properties to optimize (1) and

(2).. This optimal design of the multicomponent gaseous insulator can be made
on the basis of microscopic, quantitacive'physicochemical knowledge, eépecially

on low-energy electron-molecule interactions.

3. Electron Attachment
Excluding the ion pair process, negative ion formation by electron impact

is viewed as proceeding via a metastable negative ion intermediate which itself

T s . . .
This is the energy range below the first excited electronic state of the
medium. '
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can be formed by electron capture in the field of the ground or the field of an
cxcited clectronic state. The states of such transient anioms are nonstation-
Eﬁl’ i.e., they decay with a characteristic lifetime, T which varies from
10715 to > 1072 sec [1, 6].

Many authors (e.g., [4], [6-8]) have reviewed the various ways via which
slow electrons attach to molecules. In Fig. 2, we illustrate schematically two

such basic modes: The shape resonance and the nuclear-excited Feshbach

resonance. In the shape resonance the electron affinity, EA, of the molecule
is negative (< 0 eV) and the incident electron is trapped in the potential well
which arises from the interaction between the electron and the neutral molecule
in its ground electronic state. This barrier is the comBined effect of ‘the
attractive force exerted by the neutral molecule on the incident electron and
the repulsive centrifugal force arising from the relative motion of the two
bodies. Since the negative ion potential energy curve/surface for a shape
resonance lies above that of the neutral, the NIR is subject to autoionization,
decaying back to the neutral molecule in its ground electromic state plus a
free electron, leaving the neutral molecule with or without vibrational and/or
rotational energy; if energetically possible the NIR can undergo dissociative
attachment. Such NIRs may involve an excited electronic state and in this case

they are called core-excited (type I1) resonances.

FIG. 2. Schematic

1llustration of

(d) shape and

(b) nuclear-excited
Feshbach resonances.
The symbols |0> and IR)
designate, respectively,
the electronic grouand
state of the neutral
molecule and the NIR
" state.

s ENTRG Y e
e ENERG ¥ oot

RADWM. DISTANCE OF \NMCIDENT ELECTROM, p INTERNUCLEAR OrsTanct

In the nuclear-excited Feshbach resonance, EA is positive (> 0 eV) and the
NIR>lies energetically below the ground staie of the neutral. Thus unless the
anion is in vibrational levels v~ higher than the lowest vibrational level
v.= 0 of the parent neutral state, the NIR cannot decay into the parent state.
This mode of electron capture can involve an electronically excited neutral

molecule, in which case the NIR is called core-excited (type I).

Molecular NIR states are abundant. Often they can be described (and their
energies [positions] approximated) in terms of the unoccupied molecular orbi-

tals of the neutral molecule [8]. At times also geometrical changes
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concomitant with electron impact and portions of a polyatomic molecule can con-
stitute effective modes of electron trapping [6].

The channels of decay of a metastable molecular anion AXf* can be
summarized as:

AX + e (3a)

o //Em'AX* +e” (3b)

b, .
\%’\ At 4 x (3c)
S¢ .

AX™ + energy (3d)

where 9, is the cross section for the formation of'AX—*, and Po> Pin Paa> and
P, are, respectively, the probabilities for indirect elastic scattering (3a),
indirect inelastic scattering (3b), dissociative attachment (3c), and stabili-
zation of AX"* by collision or radiation (3d). Channel (3d) is only possible
when EA > 0 eV. All of the above decay processes.can be in competition.

In this section we shall discuss reactions (3c) and (3d) and in the next,
reactions (3a) and (3b).

From the preceding discussion dissociative attachment can be visualized as

proceeding via a negative ion intermediate formed by capture of electrons in a
restricted energy range defined by a Franck-Condon transition between the
initial state—neutral molecule and electron separated an infinite distance—
and the final state representing the compound negative ion, which subsequently
dissociates into (multiple) neutral and negative ion fragments. For a diatomic
or a "diatomic-like'" molecule this is illustrated schematically in Fig. 3, and

g can be expressed as

da
'75/13

T4, = 9 © . %)

-t /T
In Eq. (4), e s/ 2 is the survival pfbbability of AX™*, ?é and ¥; are, respec-
tively, the mean times for separation of A and X~ and autoionizatiom of AX™*.
Botﬁ"rs and T, are functions of the internuclear separation R. For a diatomic
molecule initiélly in the lowest vibrational level v = O of the electronic

ground state and with a potential energy curve for AX"* as shown in Fig. 3,
g

- R 2 _ - _ 2 - T
o (e) = dmd2 —Ta  \Tg7 745 - O *s/%a
da‘®’v=0 = (2m/nd)e 8 rd exp rdz ] € , (5)
N— ~ . S/

99



104

where m is the electron mass, g is a statistical factor, Fg is the partial

autoionization width, Fd is the width of cda(e), EO = g4 + 1/2 ho, €9 is the

electron energy at the peak of oa(s) and 1/2 hw is the zero-point energy.
Equation (5), due to O'Malley [9], although limited to situations as pictured
in Fig. 3, provides an explicit expression for %, and the dependence of o an

da
€, Ts; T and the reduced mass of the A—X system (4]. Negative ion poten-
tial energy curves[surfaces have a variety of shapes, and %4a is affected by
these and the competitive decay channels. Also, higher-~lying NIRs exist

abundantly.

FIG. 3. Schematic potential energy diagram
illustrating the process of dissociative attach~
B #mancx = contiom #ecom meat for a diatomic molecule.

T wroomzaon atcoe

Asxpe
In Fig. 4, cda(e) are shown for a number of
molecules. The salient features of the behavior
of oda are:
o (1) The magnitude of %4a depends on the

position, emax’ of the NIR; the higher the € .

the smaller the o, .
da

(ii) As e - thermal, o, - 7x2.

(iii) Many molecules possess a multiplicity of NIRs in the subexcitation
energy region. This is clearly illustrated by the recent data [17] on the
production of Cl1~ from chloroethylenes and chloroethanes. For both groups of
molecules, many (five) NIRs were identified below " 2.0 eV which were associ-
ated [17] with orbitals dominated by the p-orbitals of the chlorine atoms.

(iv) By appropriate combination of gases, mixtures can be developed with
dissociative attachment resonances spaced and/or positioned at any energy from
thermal to ~ 15 eV.

(v) The cross sections for specific dissociative attachment products and
the patterns of (multiple) fragmentation of the metastable anions depend
strongly on.the details of the molecular structure (e.g., see Figs. 5 and 6).
Actually, for the molecules in Figs. 5 and 6 besides the abundant C1~ iom, Cl,
and (M~Cl)~ (parent molecule, M, less one Cl atom)  were observed. The rela-
tive intensities of these ions depended strongly on the number and relative
positions of the Cl atoms in the molecule [17] (for C,Cl,, CoCly was also
observed). Such studies establish modes of molecular fragmentation (i.e.,
patterns of molecular "explosion" at the very presence of an electron of
suitable energy) and show that'siow électrons can be quite disruptive in their

impacts with polyatomic molecules.
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FIG. 5. C17 against € for
chloroethylenes [17].

(vi)

straces this for the case of 07

(H™ + CHp™/CH, [15],

FIG. 4. (s) for CL7/CCl,
[1], C1™ /CHCl3 [l], C17/C,HCLy (1],
C17/CC1l,F, [10], 07 /n,0 [11],
(0™ + s07)/s0, [12], 07/0, {13},
H™/H,0 [14], 07/CO, [11],
H™/H, [16].
Some of the plotted oda(s) were
deduced from swarm experiments and

_are thus "total" cross sections.

They‘are identified with the speci-
fic ions as shown because these

were the most abundant . in mass
spectrometric studies. Some of the
molecules shown have other
resonances which were not plotted
for convenience of display. 0 /N,0%
denotes dissociative attachment from
vibrationally excited N,0 molecules,
and (H + H+)/H2 denotes ion pair
formation from H,.

| A0 D I R 0 (N I N N O 0 R O T B O N N NS B
C'IH

: Chg—gen
/////f HH

o} 05 10 15 20 © 25
€, ELECTRON ENERGY (eV)
FIG. 6. (1™ against € for

chloroethanes [17].

Temperature often has a profound effect on o

from No,O [18].

Figure 7 demon-

da(e)'

This strong dependence of

oda(e) on £ has been attributed to dissociative attachment from mainly

vibrationally excited N,O molecules [4,

18].
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o

FIG. 7. Relative cross section against ¢
for 0 from N0 at the indicated temperatures
"~ [18].

(vii) From the dielectric point of view,

O
T

studies of dissociative attachment identify the
initial products (these are the precursors of the

{ fipal decomposition products in the dielectric)

Relotive Cross Section

and the energy range of their generation. Such

knowledge is necessary to assess the effects of
possible toxic fragments, the effects of specific

products such as 0~ which may lead to explosive

C N ,

o

— L reactions, and the deterioration of the dielec-—
Ekctron Energy, eV
tric following repeated breakdowns.
Turning now to the nondissociative electron attachment process [channel
(3d) 1, P ¢ is a function of T, P, and the gaseous medium in which the meta-
stable ion is embedded. When T is short, the“cross section (or the rate) of
attachment depends on P. An example is shown in Fig. 8 for the rate of elec-
tron attachment to Oy in N,. The lifetime of 02—* at thermal energies is
A 2 x 10712 gsec [6, 19]. When, however, Ta_is long, the attachment rate
becomes independent of P. A large variety of structures with EA > 0 eV capture
slow electrons with large cross sections forming long-lived (> 10;6 sec) parent
negative ions via a nuclear-excited Feshbach mechanism (see Fig. 2). Among
these are some of the best known insulators. In Fig. 9 the attachmeqt rate and
cross séction for three such systems ‘are presented and are seen to be large and
to decrease'pfecipitously with increasing € above thermal. As a fule, more
than one NIR exists below 1 eV (see Fig. 9), some of which (e.g., the SF5 /SFg)
may be due to dissociative attachment. In cases where geometrical changes
concomitant with electron attachment occur, oa(e) may peak at € > 3/2 kT (k is
the Boltzmann constant) due to the energy required to induce these changes {6].
Such geometrical reorganizations are known to occur for many molecules includ-
ing CO; and N,0 which are bent as negative ions but are linmear as neutrals.
These. systems in undergoing a geometrical change upon electron impact facili-
tate effective means of electron trapping as well as of electron energy loss.

4. Electron Slowing Down

Electron swarm and electron beam studies have provided useful and comple-
mentary information in- this area; the former through the electron transport

coefficients—the drift velocity*'w and the ratio D/u of the lateral diffusion

*The electron drift velocity in many gases varies (decreases or increases {22
with gas density. '
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2 F=C= 2 Torr e e -

e T ‘ T coefficient D to electron mobility u—and the

P K : PR A . . .
o 0ied i °- i+ i1t larter through the direct determination of the

cross sections for elastic and inelastic

processes.

The quantity 3/2(e D/u) is a rough mea-
sure of <e>. The close relation between the
functions D/u(E/P) and <c>(E/P) provides an

indication as to which gases are effective

3
»

o

electron thermalizers and are thus better

~

suited for use as buffer gases in multicompo-

nent insulators. In Fig..10, D/u(E/P)

3
>

fow)y, ATTACHMENT RATE {sec™! Torr™').

are shown for CO,, CO, Ny, and Hy. For these

molecules swarm, beam, and breakdown data are

available and allow for assessment of the

effect of their basic properties on breakdown.

. In the inset of the figure, the momentum
T 3t transfer cross sections, o (g), are shown and
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0.0t 0.02 003 ot 0.2 0.5

help in understanding the D/u(E/P) functions.

© (e), MEAN ELECTRON ENERGY (ev}

All four molecules have NIRs in the subexcita-
FIG. 8. Attachment rate

- . i i 47: i
as a function of the mean tion region [4]: CO, at low energies
electron energy <e> for 03 in

(§ 0.1 eV) and ~ 4 eV; CO at ~ 1.75 eV; N, at
N, at the indicated N;

s
by Seo. MAXIMUM 3-WAVE

L% . . n . . 2
pressures [19]. 2.3 eV;. Hp at v 3.75 eV. By cowmparing
L] 20 .
[~ T [l 6 20} &
b o _-.——s;‘ r/\.‘
. Ay
— —-' -
; X 5
S v 5 13 r-: a £ ol 5\ /(:
K 8 2
5 _I 2 T Otk
54 - g o 1 | &
LA = L CoFa (T, 773) 2 Pt
W 13
S T ¥ g [l
= ’_,g § i 2 8 L MAXIMM 5 wavE
[ - \
£,0! =, [ g % osl
3] :°C - g 2
st s o $ 3
¥ -\ vk \ E 2
g rin - \ CeFatme) g
EoFsl i \ 4 °
] 2 \ o Lol 1A )
="\t [ 03 10 - F1 ELTRON ENERGY, o, (o)
2L «,ELECTRON ENERGY (W)
: \ \ al- -
o 3

— 2 L EXPERIMENT,
T \\
- .. —~——
o “r-‘-
ol g1 Tt 1 o | . | !
o an 10 5 20 ° (X4 0.4 0.6 0.9 [
(€),MEAN ELECTRON ENERGY (W) MEIN ELECTRON ENESTY, () favh

FIG. 9. Attachment rate as a function of s) and‘aftachment cross section
as a function of & for SFg, CgFg, and CgF1g [2, 6, 20]. For CgF1g the rate and

the cross section is compared with the maximum s-wave capture rate and cross
section [6].



2)

108

FIG. 10. DP/p‘versus
E/P300 for C0,, CO, Ny, and H,

(based on data summarized in

§
-]
el
S [4] and [21]); o () for CO,
C 2 ZE - [23}, co [24], N, [25], &nd H,
‘SdnL Y, Ve [26].
= d
£, _~
'Eé % ,‘«“”":;lr”// the positions of the NIRs for
= 3 ELECTRON ENERGY (eV) -~ _ o these systems with the D/u(E/P)
s Lz : i
N _§ %“umkb*\\\fﬁﬁff } /G 1 data, it becomes apparent that
- Z e e b2 the domi t pr trol-
Ol Nz (~300K1 .- d//’ B)raromen e dominant process contro
- Ry d ling <;) in the subexcitacion
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b v IS energy range is indirect
scattering via NIRs. The E/P
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value, (E/P)Br , at which

breakdown occurs in each of

these gases is also shown in Fig. 10. 1In the high E/P region, the lower the

D/u (i.e., the lower the <e>), the higher the breakdown voltage, VS.

That <e> is dramatically affected by NIRs and their positions can perhaps

be seen by the crude, but revealing, data in Fig. 11 on the mean fractional

energy loss per collision, n_ ((€)). is dominated by indirect energy losses
M LY

via NIRs although at very low energies direct energy losses due to rotational

excitation are seen to be significant.

contribute to ny 28 is seen from similar data on hydrocarbons in Fig. 12.

Direct vibrational energy losses also

The

role of rotational energy losses for polar molecules can be seen from the

nM(<e>) data on H,0.
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The effect of double and triple bonds on <s> is apparent from the(e)
versus E/P data on a number of hydrocarbons in Fig. 13.  For a given value of
E/P, <s> i§ lower for systems with double and triple bonds. This is consistent
with the data in Fig. l4c where the mean scattering cross sections <6m> for
thermal and epithermal electrons are seen to increase with increasing number
of doubly-occupied w orbitals (i.e., increasing number of double bonds) of the
molecule. Interestingly, not only the number but also the relative position of
the double bonds affects <cm> (Fig. 14d). For the alkaneé which possess only
¢ bonds, <om> are small (comparable to the mean geometric cross sections [30])
and increase (Fig. 14b) with increasing static polarizability. For polar
molecules at thermal and near-thermal energies, the magnitude of <om> is
determined principally by the size of the molecular electric dipole moment
(Fig. l4a; [4, 22, 29])..
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Another way of evaluating the significance of the aforementioned processes
in slowing-down subexcitation electrons is to consider the time required by an

electron of energy, €5 tO lose energy equal to €, = 3/2 kT and be "thermal-

ized." " If de/dt is the overall rate of energy loss, the '"thermalization time"
is
€5
: de
wWe) = [ (6)
i 3/2 kT de/dt

An estimate, T(<€>i), of T(ei) can be obtained [27] from

()

W)y = die
ORE D Fég% e

where m((s)) = e(E/P)w P is the mean rate at which energy is lost by the elec~
tron in collisions with the gas molecules at a pressure P. Such estimates are
shown in Fig. 15 for P = 1 torr and show that the time required for subexcita-
tion electrons to be thermalized variés substantially from one gas to another.
It increases only slowly with <€>i for <e>i 2 0.4 eV, and it declines precipi-
tously in the region corresponding to vibrational and rotational excitation

thresholds. It is thus seen that the time required for an electron to be
thermalized is crucially affected by the energy loss processes in the

subexcitation energy region, especially below ~ 0.5 eV.

with increasing vibrational quantum

number.

Electron beam studies have pro- —r—T— T 7T T T T
vided absolute cross sections for ar T Ne ]
direct and indirect elastic, rota- ’USE/’ E
tional and vibrational excitation S:E 3
cross sections and their energy 2 -1
depehdence. Iﬁportant'as it is, such 165::A“°A * .;H, : ) " =
basic knowledge is still limited and 5§2$%qoqaoo{;11,o.Cf% »?
restricted ‘to simple molecules. In ¥ 2”5 ]
Fig. 16, representative data are §1_7 ::ﬂ'"'cf“
shown for H, and N, whose main fea- é 05 E;o o * * 0 g
tures elucidate a number of points 2 Ef , E

. . = o #CyH, ° H,0
directly relevant to breakdown. g 2 of 7

(i) Rotational excitation cross 0° e 3
sections are substantial to electron 5 E: E
energies > 10 ev. . 2 :: i

(ii) Vibrational excitation — T T T T
‘cross sections are also substantial ° o o «:Zw o8 *© ©
to high energies; these decréase FIG. 15. Electron thermalization

time as a function of (e ) (P =1 rorr):
(present work and Ref. [27]).
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(iii) The total cross sections are much larger than the overall inelastic

scattering cross section dramatizing the large probability for elastic electron

scattering in the subexcitation energy range. Nevertheless, from the dielec-

tric point of view, even elastically scattered electrons may undergo large
energy losses if they are scattered in a direction opposite to the applied
electric field since they would have to come to rest before they reverse

directions and drift in the field direction agaiun.

(iv) The cross sections for elastic, rotational, and vibrational excita-

tion are all strongly affected by NIRs, indicating that a large fraction of

these are indirect, wvia the decay of such resonances. This is particularly

1 to 8) is the sum of the vibrational

dramatized by the N, data where I %, (v

8) vibrational

first eight (v 1l towv

excitation cross sections for the
levels of N; via the decay of the N?_* (an) shape resonance.

(v) At low energies, polyatomic molecules which are good electrom scaven-—
gers can be simultaneously good electron thermalizers owing to their complex
structure and the availability of a multiplicity of rotational, vibrational,
and low-lying NIR states. o

In.closing this section, attention is drawn to Tables I ‘and II where
recent data on the shape resonancesof complex molecﬁlesl(themselves not |
directly significant as gaseous dielectrics) have been selected ior'the_pu:pose
of illustrating how molecules can be tailored to position NIRs at will in the

. . § .
subexcitation energy range. It is seen from Table I that the presence of a

§The vertical position of the NIRs is given in these tables. When available,
the transition energies from the lowest vibrational level, v = 0, of the
neutral molecule to the lowest vibrational level, v~ 0, of the negative ton
is given in parentheses and can be considered to give the adiabatic value of

EA.



double bond lowers the position

of the NIR (i.e., it increases

EA). The presence of an addi-

tional double bond further lowers

the position of the NIR, but
this lowering is a function of
the distance between the two
double bonds. . It is evident
from the data. in Table I
that the replacement of an H
atom by a CH3 group raises the
NIR (lowers EA). For aromatic
molecules, the NIR is raised
(EA more negative) when an
electron donating group is
added to the ring. For both
.aliphatic and aromatic
" molecules, replacement of an H
atom by an electron withdraw-
ing group or a halogen lowers
the position of the NIR. This
lowering increases with
increasing number of halogens
(or electron withdrawing
groups) so that EA eventually
becomes > 0 eV and long-lived
parent mnegative ions can form.
It can thus be concluded
that by changing the number and
the position of double bonds,
and especially by changing the
nunber and the nature of the
substituentgs) to a basic
structure (ethylene in Table I,
benzene in Table I1II), NIRs can
be positioned at will in the

subexcitdtion region. From the
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+
TABLE I: Effect of Structure on the Positlon of the Negative-lon

Stupe Rasonances of Polyatumls “ilacules

Postcion of
Position of Secand NI
Motecule Foraula First N(R or Coasents
Ethane HyC-CH)y ~-2.3%
b
Ethylene HpC~CHy -1.78 (-1.55)
b
Propene CHHC=CHy -1.99
b
cls-Butene CHyHC=CHCH)y -2.22 . .
1.3-8utadiene HyCCH-CHoCH, -0.62 (-0.62) -2.80
N —2.01®
Cyclohexens .
® a®
1,3-Cyctohexadtane © -0.80 (0.80) -3
Y 2.67%
1,4-Cyclohexad Lane @ . —1.73 (-1.75) -2,
b b
1.5-Cyclooctad Leae O -1.83 -2.33
b
Echylens H,C=CHy (-1.55) Isoslestrouic
b S&QUADLE;
Formaldehyde HC=0 (-0.65) replace Ciy by
united stow
Oxygean 0, ro-s0yt equivatent, O
N b
Ethylese HyC~Cly (=1.5%)
Tetracyanoethylese . (Q) 1C~CLTY) (v2.80)}
Tecrachloroothylene €1,0vCC1, 2zant

f‘l’un uncercsinty ia the position is usually & 0.1 eV.

$equated to the EA. EA values: 0; [38]; (C)2C=C(QM); (3915 ClsC=cCly [40).
Sret. [36).

bget. [37).

TASLE I1: Effect of Structure on the Positicas of che Negative-Ion
Shape Resonsnces of Bunzens snd Some of Its Dcrtuum'

Coapound Toroula Pirse (v %) Second (7,%) Thied (e,%) o'

Sentene Q) 1.6 aan® st aas? 4.88®

"
Phenol -0.61% (-1.0n)°® -1.67° (-1.13)®  4.92®

m
satlice @’ -0.53% (-1.13)® 188" (-19n®  -s.0®
Beszaldahyda 50 -o.n* -ta2* - -2.22°
Benzotc Acid” 5“ -0.63* -1.3* - -2.64"
Bitrobeazene 5’ »0.31% -1.06% (-0.72)¢  —4.6° -

3

- b a
Pluorobenzene ) -1.277 (~0.89) ~1.74 -4.77
1,2,4,5-Tetra~ v d 4 4
"fluorobenzane ’Aér (-0.29) (-1.24) -4.86'
Woaalluorstessane T Y0} +1.8° +1.9° -0.1*
Lot G 4
r

'n- firat three NIRs are sssoclated vith the three unoccupied ® orbitals. The '{.30 is
sssoclated with an sdditional orbital resulting from an interactioo of the carbonyt =*
orbital vith one (symmeteic) of the rwo lowesc degenerate » orbitals of benzene. The
lowest two MIRs for b.n:-}vc and hexafluorobenzene are degensrate. - For a coaplete dis-
cussion, see Rel. [8].

Ref. [&L).

Rel. [42).

Ret. (&3]

Raf. (44},

ref. {20].

dielectric point of view, multiple fluorine substitution in the various basic

hydrocarbon structures can be employed for this purpose.
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5. Electron-Impact Jonization

Although most of the discussion in this paper is on processes occurring
below v 10 eV, it is essential that the role of the electron impact iomization
cross section, oi(e), is assessed. From the breakdown point of view, it 'is the
behavior of oi(e) close to 1 (say to within ~ 20 eV) which is of interest,
since at higher energies f(e, E/P) is very small and the contribution of the
"high-energy tail" of f(e, E/P) to Eq. (2) is negligible. In the energy range
close to I, ionization proceeds directly or indirectly via superexcitation [4].

Examples of ci(e) are shown in Fig. 17. It can be seen from ‘the expanded
portion of Fig. 17 that close to I, ci(e) varies considerably from molecule to o
molecule and often in a different manner than at higher energies. It is this
low—énergy portion of oi(s) which is the most significant from the dielectric

point of view.

oF - FIG. 17. . o.(e) for-
r How) ‘ SFg CO,, Ny, and'H, [5].
| .cop 137 6 2> N2> and Ha .
.CcO 140 /' s
0.8k *Hy 154 ~ ra
« Ny 136 P &r
~ ~15.6 .
< al
o’ 06
K] al
& 04 3

0.2

o'/leuuL I L4

“ 16 8 0 22 24 0O 100 1000
ELECIRUN ERERGY (8v)

6. Other Processes

No discussion is given of the processes of ion-pair formatidn, recombina-~
tion or jon-molecule reactions. A comment on electron detachment, especiéliy
collisional detachment, is, however, in order sincé this process can be signi-
ficant for weakly bound anions. Although it is desirable that the EAfof the .
insulator molecule be large so that the attached electron is tightly bound'ﬁd
the molecule, the EA need not be too high to avoid collisional detachment since
ion-neutral collisions under normal conditions involve small relative kinetic
energies. ' A

7. Recent Breakdown Strength Measurements and Their Relation to Basic

Electron-Molecule Cross Section Data

A. Effect of oa(e)

In Fig. 18, oa(e) for CyFg, c-CyFg, and iso-C,Fg are shown. These extend
to much higher energies than the oa(e) for SFg but are lower below n 0.1 eV.

The relative DC dielectric strengths of these  fluorocarbons are shown on the
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same figure. Similar data are presented in Fig. 19 for CgF,5 and CgF;, whose
oa(e) also extend to higher cecnergies than the ca(e) for SFy but are comparable
below ~ 0.1 eV. The relative DC breakdown strengths are shown on the figure.
The results in Figs. 18 and 19 suggest that: (i) All these gases are excellent
dielectrics because of their very large oa(s). (ii) CyFg in Fig. 18 and CgFy;
in Fig. 19 exhibit the best breakdown strength because their oa(e) is large to
substantially higher energies than the rest. (iii) The superior dielectric
strength of the two forms of C,Fg (Fig. 18) and of CgF;g (Fig. 19) can be
attributed similarly to their ability to capture electrons over a wider range
of energies than SFg. The rather better breakdown strength of iso-C,Fg com-
pared with the c~C,Fg may be associated with the slight extension of its oa(e)
to higher €, although its double bond must influence the value of Vs' (iv) The
superior breakdown strengths of all five compounds in Figs. 18 and 19 (see also
Refs. [28, 45, 46]) compared with SFg seem to suggest that effective electron
.attéchment in the energy range * 0.5 to ~ 1.5 eV is very significant in
controlling breakdown. Since oa(s) for SFg becomes quite small above n 0.4 eV,
it may be inferred that SFg is a poorer dielectric because it loses effective
control of free electrons with € 2 0.4 ev. 1t is seen from Fig. 1 (see also
D/u versus E/P data in Fig. 10) that a much larger<frgction (21% for Ar at

E/P = 2 V em™! torr™!) of electrons will have energies 0.5 to v 2.0 eV at pre-
breakdown E/P values than in the region < 0.4 eV (% 1% for Ar at E/P. = 2 V cm™}
torr !) where ca(e) for SFg is substantial. Conversely, the importance of

basic data on the ¢ dependeﬁée of oa is clearly borne out by these findings.

- RELATIVE DIELECTRIC STRENGTH FIG. 18. o,(e) for SFg [1], C‘ClpF{B
- (UNIFORM FIELD) [2], iso-CyFg [2], and CyFg [2]. Relative
s SFg v - DC dielectric strengths measured with a
¢~CqFg L4

plane-plane electrode geometry [45].
i50-CqFg 1.7 TO 1.8 -

CfFs 217022

T L5

ELECTRON ATTACHMENT CROSS SECTION {cm?)
T

TTTTITIl-==1
T

T

. '3

3

[o] 0.2 0.4 0.6 Q.8 1.0 I.F
ELECTRON ENERGY (eV)
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Support for the above propositions is
provided by the data in Fig. 20, where Vg
is plotted as a function of the percentage
of the fluorocarbon additive in N; at a
fixed total pressure (500 torr). Although
for each case the Vs of the. binary mixture
increases with increasing additive concen-
tration, SFg suffers, in contrast to the
rest, a marked saturation effect. It
appears that this behavior can again be
attributed to the e dependence of the oa for
SFg: a modest amount (v 200 torr on the
basis of Fig. 20) of SFg captures virtually
all electrons with € { 0.4 eV so that
additional amounts of SFg serve little pur-—

pose. On the other hand, the fluorocar-
bons capture electrons over a wider part
of f(e, E/P) and increasing their pro-
portions provides additional electron
removal. For the same reason, it would
seem that free electron control by SFg in
nonuniform fields would tend to be
inferior to free electron control by a
gas or a gas mixture which attaches elec-
trons over a wider energy range, since
nonuniform fields imply local distortion
of f(e, E/P) toward higher energies.
Additionally, mixtures of CgFg

(hexafluorobenzene) and c-C,Fg, and

PR

CgFg and SFg were found [47] to have a
higher Vs than, respectively, pure c~-C,Fg

and SFg. This again underlines the

”If we assume thar f(c, E£/P) for the
SFg-N, mixtures just before breakdown
resembles that for pure Ar at E/P =
2V em ! torr™!, then only about 1%
of the electrons will have energies
< 0.4 eV. If 10% electrons/cm® are
present, then ~ 150 torr of SFg would
'beasufficient to remove 10% electrons/
cm”,

RELATIVE DISLECTRIC STRENGTH
{(NONUNIFORM FIELD)

w
T-TTTT

A
CeFp 1.9 T0 2.2
CeFz 2.3 70 24
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FIG. 19. o,(e) for SFg¢ [1],

CGFIO [2, 45], and C6F12 [22].
The relative DC dielectric
strengths shown in the figure were
measured [45] with a sphere-plane
electrode geometry and correspond
to slightly nonuniform fields.
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electrode geometry) {45].
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importance of the high-energy region of the electron energy distribution, since
CgFg has three 7w bonds, and its oa(e) gxtends to higher energies than the oa(e)
of either c-C4,Fg or SFg. The extreme effectiveness of systems with large oa(e)
extending to high energies as. additives to cheap and ‘inert gases and their
significance in designing multicomponent gaseous insulators can perhaps be
indicated by the data in Table III. (see also Refs. [28, 45-47]).

B. Effect of NIRs

TABLE II(I: Relacive Bveakdown Strengths® of Some Two— and

Three-Comp

Christophorou et_al. [45] obtained what

Caseous Mixcure AV.I.I(?A)

seems to be the first direct experimental (xV/atorrm)
. . S7,

evidence of the influence of NIRs on break- = e = 2.0
. . - — 100X 8.63
down. A series of breakdown strength — 1oz _ 1978
> 102 - 6.77
measurements on CO, N, and H; and on binary :: 202 _ an
. 3 : . 0z — 10.18
mixtures of these with C,Fg (hexafluorobutyne) :: - 20t .53
. 2 - 80% 102 10z 7.80
have been made [45] and preliminary results coz 20t 202 951
502 302 20T 11.51

are shown in Table IV. The oa(e) of C,Fg and

*Plane~plans, unilorm~field geowatry. The toctal pressure
the cross sections for vibrational excitation 1as 300 tore (Ref. (28D
of CO, N, and H, via NIRs are shown in

: : > TABLE [V: Breskdown Screvgths of Ny, CO, Nz, and Binacy
Fig. 21. The position of the NIRs Mixtares of Thete vich Cu8,%F

decreases in the order CO < N, < H, and <P M © n2 av,/a(pd)
[e3] (1) 2y (8] (xV/ata-wn)

the magnitude of -the scattering cross o - - =z ' 1.3

- 100 -— -— .76
- — 100 - 3,32
- - - 100 1.5%

sections in the order CO > N, > H;

(Oﬁ [see Fig. 10] and O {4, 45] decrease

p 2] 67 - -— 8.93

in the same order). The cross section - » - o7 j’ ‘:;
b3 ) - -— 8 .

data in Fig.. 21 compared with the results Newrures caing sphere—ylace ol ¢ a total presscre of 2 ata.
*uader tdenttcal condicions 8Y,/5(Pd) for pure S7g is 8.49 KV/atw-wm.

in Table IV shown~the direct effect of the
inelastic properties of the gas via NIRs in the subexcitation energy range—
especially v 1 to v 4 eV—on breakdown; the higher these cross sections are,
the better the breakdown strength. This conclusion is consistent with the .
findings in part B of this section and indicate the strong effect of the energy
loss processes in the subexcitation range on breakdown.

8. Concluding Remark

The breékdown strength of gaseous dielectrics can be improved by reducing
the numbers of free electrons in the dielectric and by reducing the energies
of those electrons remaining free. The best gaseous insulating systems are
envisioned to be appropriate combinations of compounds blanketing a wide range
of energies with maximal electron attachment and-electron scattering cross
sections. Both the basié and the applied aspecgs of the multiconmponent

insulator need intense further investigation.
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FIG. 21. oa(a) for C4Fg [2] and
vibrational excitation cross sections

r
5? via the decay of NIRs for CO, Np, and H,
" (see caption of Fig. 1).
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