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Abstract. Recent knowledge on electronegative gases essential for the

effective control of the number densities of free electrons in electrically

stressed gases is highlighted. This knowledge aided the discovery of

new gas dielectrics and the tailoring of gas dielectric mixtures. The

role of electron attachment in the choice of unitary gas dielectrics or

electronegative components in dielectric gas mixtures, and the role of

electron scattering at low energies in the choice of buffer gases for

such mixtures is outlined.

1. A Definition

An electronegative gas is an electron attaching gas in which long-lived

I negative ions (parent and/or fragment) are produced. The electron

attaching species must have a positive (>0 eV) electron affinity;

metastable anions may require (collisional) stabilization for their

detection.

2. Basic electron attachment processes

The basic processes via which negative ions are formed in electron-

molecule collisions at low energies (~15 eV) — i.e., neglecting those
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at higher energies (e.g. , ion-pair processes) and those involving

collisions' of molecules with electronically-excited species (e.g.,

metastable atoms, Rydberg states) — may be classified as follows:

(i) Electron attachment to ground-state molecules predominantly in

their lowest state(s) of internal excitation

+ AB...CD(G; v ^ 0)-
[E) AB...CD-*(G or EV W * > + CD"

CAB + Z]^- + D"
or

AB^*^ + CD"*

(1) I

- (2a)

(2b)

AX" + energy

where e(e) is the impacting electron of energy e, AB...CD(G; v ̂ 0) is a

neutral ground-state polyatomic molecule predominantly in its lowest

vibrational, v, state of excitation, AB...CD~*(G or E) is a transient

negative ion formed in either the field of the ground (G) or excited (E)

electronic state with a capture cross section a ( E ) , and e'(<e) is the

energy of the scattered electron; the asterisk indicates excess internal

energy and the asterisk in parenthesis indicates possible increase in

the internal energy of the corresponding species. Reaction (1) is

indirect elastic and inelastic electron scattering. Reaction (2a) is

dissociative attachment leading to stable fragment negative ions (for

a polyatomic molecule this process can lead to simultaneous multiple

fragmentation). Reaction (2b) is dissociative attachment leading to

metastable negative ion fragment(s) which are subject to autodetachment

and/or autodecomposition. Reaction (3) is parent negative ion formation

(3)



which is possible when the electron affinity, EA, of AB...CD is

positive (>0 eV) and the excess internal energy is removed, principally

by collision with another body. All three reactions have been studied

extensively especially over the last decade. At room temperature the

preponderance of AB...CD molecules are in the v = 0 level. However,

depending on the molecule, even a small population of higher vibrational

and/or rotational levels can affect significantly the cross sections and

the onsets, especially for reaction(s) 2 (see Section 7).

(ii) Electron attachment to "hot" molecules

e(e) + AB..'CD*(G; v > 0; j > 0) * D"*AB...CD"*(G or £)• decay (4)

Here the molecule AB...CD is in the ground electronic state but in

higher rotational, j, and/or vibrational, v, states. In this case the

cross section for formation a .(e) and the probability of the

ensuing decomposition(s) depend on the vibrational and/or rotational

quantum states. Reaction (4) is appropriate to "hot" gases and it has

been investigated recently,

(iii) Electron attachment to electronically excited molecules

Here the electron is captured by an electronically excited molecule with

a cross section a (e) forming AB CD*~(E) in the field of an excited

electronic state. Very little is known about this process.

3. Modes of electron capture by molecules

The various ways via which slow electrons attach to molecules have been

well reviewed (see, for example, Bardsley and Mandl 1968, Christophorou



1971, 1978a, 1980a, Schulz 1973, Massey 1976, Christophorou st al 1977).

In general, four such mechanises leading to the formation of a transient

negative ion [negative ion resonance (NIR)] can be distinguished:

(i) Shape resonances

(ii) Nuclear-excited Feshbach resonances

(iii) Core-excited resonances (type I)

(iv) Core-excited resonances (type II).

In Fig.la we illustrate schematically (i). Here, 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 inter-

action between the electron and the neutral molecule in its ground

electronic state. This potential barrier is the combined effect

(V ff . in Fig. la) of the attractive polarization potential between

the neutral molecule and the incident electron (V in Fig. la)
attractive 6 '

and the repulsive centrifugal potential which arises from the relative

motion of the two bodies (V n . in Fig. la; this varies as
repulsxve &

+ l)/2p where I is the angular momentum quantum number and p is

the electron-molecule separation). Since the negative ion potential

energy curve/surface for a shape resonance lies above that of the neutral

molecule, the transient negative ion is subject to autodetachmenti

decaying back to the neutral molecule in its ground electronic state

plus a free electron, leaving the neutral molecule with or without

vibrational and/or rotational energy. The lifetime, x , for this auto-
3.

detachment process is a function of both the size of the barrier and the

energy of the anion (i.e., the relative height and thickness of the

barrier through which the electron has to penetrate). The former is



strongly dependent on the £ of the state occupied by the captured electron,

and the latter largely on the attractive portion of the potential. If

energetically possible, the NIR can undergo dissociative attachment.

Such NIRs may involve an excited electronic state of the neutral molecule

and in this case they ST_ ~<Lled aoTe-exoited (type II) resonances.

In Fig. lb we Illustrate schematically the nuclear-excited Feshbach

resonance. Here EA is positive (>0 eV) and the NIR lies energetically

below the ground state of the neutral. Thus unless the anion is in

vibrational le/els 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 (e.g., Schulz 1973, Christophorou

1978b, 1980a, 1981a). Often they can be described [and their energies

(positions) approximated] in terms of the unoccupied molecular orbitals

of the neutral molecule. At times, also, molecular geometrical changes

concomitant with electron impact and strong electrophore sites in a poly-

atomic molecule can constitute effective modes of electron trapping

(Christophorou 1978a).

4. The binding of attached electrons to molecules ("electron affinity")

The electron affinity (EA) of a molecule is normally defined as the

difference In energy between the neutral molecule plus an electron at

§
Electron attachment to molecular clusters and van der Waals dimers is
not considered in the present discussion.



rest at infinity and the molecular negative ion when both, neutral

molecule and negative ion, are in their ground electronic, vibrational

and rotational states (Christophorou 1971). The electron affinity can

be positive (>0 eV) or negative (<0 eV) (see Fig. 2). Two other

quantities, the vertical detachment energy (VDE) and the vertical

attachment energy (VAE) are closely related to EA, the former when EA

is positive and the latter when EA is negative. The VDE is defined

(Christophorou 1971) as the minimum energy required to eject the electron

from the negative ion in its ground electronic and nuclear state without

changing the internuclear separation, and the VAE is defined (Christophorou

1971) as the difference in energy between the neutral molecule in its

ground electronic, vibrational and rotational states plus the electron

at rest at infinity, and the molecular negative ion formed by addition

of the electron to the neutral molecule without allowing a change in the

internuclear separation of the constituent nuclei. The schematic

diagrams in Fig. 2 clarify the physical significance of these quantities

and their relation to the various modes of electron capture discussed in

Section 3.

Figures 2a, b, c refer to an electron captured in tha field of the

ground electronic state of an atom (Fig. 2a) and a diatomic molecule

(Fig. 2b and c). In all three cases the EA is positive and the traditional

measurements of EA are typical of these cases. In Fig. 2a EA(A) =

|VDE(A~)|; this is always the case for atoms. For molecules, however,

EA(AX) = |\TDE(AX )| only if the equilibrium internuclear separation for

AX and AX~ are the same (as shown in Fig. 2c). Although for some small

molecular species this is the case (see, for example, Christophorou 1971,

Hotop and Lineberger 1975),in the majority of nulecular species a situation



similar to that in Fib. 2b prevail? for which |VDE(AX )| "> EA(AX) .

Cases b and c are, of course, typical examples of nuclear-excited

Feshbach resonances (see Section 3).

Figures 2d and 2e illustrate the case of electron-excited Feshbach

resonances (core-excited type I) for atoms and molecules, respectively.

Here the electron is captured in the field of an excited atom A* or an

electronically excited molecule AX*, forming, respectively, A*~ and AX*~

(note our nomenclature: A*~ and AX*~ indicate, respectively, a negative

ion formed by electron captuie by an electronically excited atom or

molecule, while A"* and AX~* indicate, respectively, an atomic and

molecular negative ion with excess internal energy. The EA(A*) and

EA(AX*) now refer to the electron affinity of the excited atom A* and

the electroi^ically excited molecule AX*; they are both positive and

can be greater than those of the corresponding ground-svate species.

Actually the electron affinity of the ground state atom or molecule can

be negative while that for the corresponding excited species positive.

In Fig. 2f a case is depicted which is appropriate for a shape

resonance. It should be noted that although in this case VAE(AX) <

-EA(AX), the electron is temporarily bound to the molecule with a

"transient binding energy spectrum" shown by the shaded area in Fig. 2f.

The coordinate system depicting the potential well is indicated in the

figure by R , the radial distance of the electron which is different

from that of the internuclear•separation.

The electron affinities of atoms and molecules and the methods

used for their determination have been reviewed by many authors (e.g.,

Christophorou 1971, Hotop and Lineberger 1975, Blaunstein and Christophorou

1971, Franklin and Harland 1974, Rosenstock et at 1977).



5. Short-lived transient negative ions

Short-lived (̂ lO"-12 s) transient negative ions are a common phenonenon

in low-energy electron-molecule collisions. In the incident electron

energy range in which the temporal trapping of the electron occurs, the

magnitude of the electron scattering cross section changes profoundly,

and the "resonance" signifies the existence and gives the position of

the negative ion state. Such short-lived negative ion states—lying

above the ground state of the neutral molecule—are abundant and decay

by autodetachment (indirect electron scattering) and/or by dissociative

attachment. This indirect electron scatteriu- is a most efficient way

of slowing-down subexcitation electrons in electrically stressed gases.

As an example, representative data are shown in Fig. 3 for II2 and N2

whose main features elucidate a number of points directly relevant to

breakdown.

(i) Rotational excitation cross sections are substantial to electron

energies > 10 eV.

(ii) Vibrational excitation cross sections are also substantial to

high anergies; these decrease with increasing vibrational quantum number.

(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.

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

excitation are all strongly affected by NIRs, indicating that a large

fraction of these are indirect, via the decay of such resonances. This

is particularly dramatized by tne N2 data where E o (v = 1 to 8) is the

sum of the vibrational excitation cross sections for the first eight



(v = 1 to ''J = 8) vlbrational levels of N2 via the decay of the N2~*

(2n ) shape resonance.
CD

At low energies, polyatomic molecules which are good electron

scavengers can be simultaneously good electron thennalizers owing to

their complex structure and the availability of a multiplicity of

rotational, vibrational, and low-lying NIR states. Through a combination

of gases, NIR states can be positioned over the entire subexcitation energy

range keeping in this way the electron energies low (e.g., see Christophorou

1978b, 1981 a .Christophorou et al 1979a, 1981a).

6. Dissociative electron attachment to ground-state molecules

As indicated in Section 2, resonant dissociative electron attachment is

visualized to proceed through a negative ion intermediate—formed by

capture of an electron in a restricted energy range defined by a Franck-

Condon transition between the initial (neutral molecule and electron at

infinite separation) and the final state representing the transient

negative ion—which dissociates into (often multiple) neutral and

negative-ion fragments. The reaction had been studied extensively ir\

recent years both experimentally and theoretically.

The cross section, a (e), for dissociative attachment as a function

of electron energy, e, is equal to the product of the cross section,

oo(e), for capture of the electron by the molecule to form the metastable

negative ion intermediate and the probability, p(e), that the transient

negative ion will decay via dissociative attachment (rather than via

autodatachment or the other possible decay channels; see Section 2,

viz. ,

oda(s) = tf0U)p(e). W
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Expressions for a (e) and p(e) have been given for diatomic molecules.

Following O'Malley (1966) we write for a, (e) for a diatomic molecule . v.

initially in its lowest vibrational level (v = o) and with a purely

repulsive negative ion state (Fig. 4)

2 -,
,-piJda< (7)

In Eq. (7) m is the electron mass, h is Planck's constant divided by 2ir,

g is a statistical factor, F is the total autodetachment width, F_ is

the partial autodetachment width, T, is the dissociative attachment

resonance width, e = E + \ tiw (see Fig. 4), <: is the electron energy

at the peak of a (e), % hu is the zero-point energy and e~ , referred
da

to as the survival probability, is now explicitly defined as

f 1 / R c r a ( R ) \
e PKZ} = expl-J *TnfrdR] = exp(-TS/Ta) ( 8 )

In Eq. (8), R is the interatomic separation at which electrons of

energy e reach the negative ion state (within the Franck-Condon region;

Fig. 4), R^ is the value of R at the crossing point between the negative
c

ion AX~ and the neutral molecule AX potential energy curves (for R >

R , p = 1), v(R) is the relative velocity of separation of A and X~,

x =
s

Rc dR h
J C —,r^r and T = — . Although Eq. (7) is limited, strictly

E l a
speaking, to situations as pictured in Fig. 4, it relates in a general

way a to a , e, T , T and the reduced mass, M , of the A - X~ system,
da o s a r

It explains nicely the various isotope effects observed in dissociative

attachment studies (see Chapter 6 in Christophorou 1971).

Negative ion potential energy curves/surfaces have a variety of

shapes, and a (e) is affected by these and the competitive decay channels.
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This limits the applicability of Ef . (7) especially in the case of poly-

atomic molecules. However, in certain cases of dissociative attachment

to polyatomic molecules such as n-C H ^ , ,Br, where the formation of Br~

involves a direct fast cleavage of Br~ along the C-Br coordinate, and

the complex molecule may be visualized, as far as this process is concerned,

as a diatomic-like R(n-CNH,N + \) - Br system, Eq. (7) may describe the

process satisfactorily (Christophorou et at 1971a).

In the case of polyatomic molecules, many types of fragment ions

can be produced and dissociative attachment processes may not be fast;

the dissociation time would depend on the distribution of the internal

energy in the transient intermediate, the structural rearrangements

following electron capture, and the orbital in which the electron is

captured. The modes of decomposition and the nature of the fragment

negative ions depend, thus, strongly on the details of molecular structure.

We may identify four types of dissociate attachment fragment negative

ions (see Christophorou 1980a and Fig. 15 in Section 8):

(i) Directly cleaved,

(ii) Complementary,

(iii) Multiple,

(iv) Rearrangement.

The multiplicity of negative ion states and the production of a

variety of negative ion fragments with large cross sections clearly show

the fragility of metastable polyatomic negative ions and the effectiveness

of slow (including thermal) electrons to cau^e extensive and often

multiple molecular decompositions tantamount to a molecular "explosion."

This and the delicate dependence of the type and abundance of negative

ions on the details of molecular structure can, perhaps, be illustrated
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bv the work of Johnson et ai (1977) on the negative ions produced in

collisions of slow (-$3 eV) electrons with chloroethanes and chloro-

ethylenes. For these chlorocarbons, the transient anions, M~*, fragment

(even when they are formed by the capture of electrons with virtually

zero energy) through a multiplicity of channels. Depending on M , all

or part of the decomposition channels shown below were found (Johnson

et at 1977) to be possible

e + M M'_*

M-*(long-liveu; -6 s)

The cross s< ction for Cl~ production (Fig. 5) indicates the existence

of five maxima below ̂ 2.0 eV for the chloroethylenes (and also for the

chloroethanes). It seems that these are not due to vibrational excitation,

but rather due to separate NIR states associated (Johnson et at 1977) with

orbitals dominated by the p-orbitals of the Cl atom. Their positions are

relatively insensitive, and their cross sections very sensitive to the

details of the molecular structure. A similar behavior is exhibited

by a number of freons and perfluorocarbons (e.g., see Christophorou 1978b,

1980a, 1981a,Christodoulides et at 1979, Pai et at 1979, McCorkle et at

1980a, Sauers et al 1979).

Although for the molecules in Fig. 5 dissociative attachment

processes are expected to be fast (<<10~Gs) , for C2Clif~* at ̂ 0.0 eV

(and for a number of other autodissociating long-lived parent negative

ions) both the autodissociation and the autodetachment processes are

slow, as a result of vibrational redistribution of internal energy

(Christophorou 1978a).
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An extensive study of electronegative gases using the swarm (and

also mass spectrometric) method has been undertaken in recent years at

the author's laboratory at Oak Ridge National Laboratory and the University

of Tennessee. In these studies the electron attachment rate constant k

is measured as a function of E/N (ratio of electric field strength to

number density) for molecules mixed in minute amounts with a buffer gas

such as N2 or Ar for which the electron energy distribution functions can

be determined as a function of E/N since it is then possible to quantify

the dependence of k on the mean energy <e> and to calculate the total

a
e lec t ron attachment cross section funct ion, a ( e ) , from the ueasured

3.

k (E/N) and the calculated f(E,E/N). The measured rate constant, k , is
a 3-

related to a (e) by
3.

k = (2/m)4 fm o.(e) c* f(e, E/N)de, (9)

where m is the electron mass. A deconvolution procedure has been developed

(Chrj.stophorou et at 1971b) whereby o (e) is determined from an integral
3.

solution to En. (9) from the measured k (<£>) and f(z, E/N). Examples of
3.

k (<E>) are shown in Figs. 6 and 7 and swarm-unfolded a (E) in Fig. 7 (see
3 3.

also Figs. 14 and 16 in Section 8). The data in Figs. 6 and 7 show the

effect of F substitution as well as the effect of the number and relative

positions of the Cl atoms in the molecule on the energies and corresponding

cross sections of the negative ion states of these compounds. For a given number

of Cl atoms in these molecules', replacement of H by F lowers the positions

of che resonance maxima and increases the magnitude of 0 (E); the
3.

magnitude of a (E) increases with increasing number of Cl atoms in the

molecule. The 1,1,1- or 1,1-isomers capture electrons much more efficiently

than the 1,1,2- or 1,2-isomers, and the positions of the resonance maxima
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lie. at lower energies for the former than for the latter.

Although the attachment cross sectious reported here are total

(i.e., for all negative ions produced), mass spectrometric studies show

chat the predominant ion is; Cl (other fragment anions are produced but

with much lower yields). This is shown in Fig. 8 for 1,1,1-C2C13F3.

I-i general, aliphatic halocarbons have large cross sections for electron

attachment and molecular decomposition via electron attachment proceeds

through a multiplicity of negative ion states. This molecular decomposi-

tion needs to be considered when such compounds are used as dielectrics

in view of its possible effect on the long-range stability of the

dielectric.

Finally, in Fig. 9, a , (
Qd

are presented for a number of molecules

eV. We point out three of the salientin the energy range from 0 to

features of the behavior of a, :

(i) The magnitude of a —varying by mort than seven orders of
da

magnitude—depends on the positions e , of the NIR state; the higher

the e the smaller che a, .
max da

(ii) As e -*• thermal, a,
max ' d a

^2 (where ir#2 is the s-wave capture
da r

cross section, see Section 8)o

(iii) Many molecules possess a multiplicity of NIRs in the sub-

excitation energy region.

7. Dissociative electron attachment to "hot" molecules (effects of
temperature on electron at'tachment)

Electron attachment processes are often affected by the gas temperature, T.

The effects of temperature on the various electron attachment processes are

of intrinsic value, of basic significance to determinations of thermo-

dynamic data from electron attachment studies, and of interest to many
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applied areas (employing temperatures higher chan ambient) where

electron densities are crucially affected by negative ion formation.

The effects of temperature on the magnitude and energy dependence of

the cross section for specific and total negative ion production have

been investigated by both the electron beam (Hickam and Berg 1958,

Fite and Brackmann 1963, Fite et al 1965, Henderson et al 1969, Spence

and Schulz 1969, 1973, Chantry 1969, Chen and Chantry 1970, 1971, 1979,

Allan and Wong, 1978, 1981) and the electron swarm (Compton et al 1966,

Wentworth et al 1967, 1969, Chaney and Christophorou 1969, Fehsenfeld 1970,

Warman and Sauer 1971) methods; the latter have been restricted to

T £ 500°K.

Let us, then, first refer to the experimental results of Fite and

coworkers in Fig. 10 on the temperature dependence of dissociative attach-

ment to 0^ producing 0~. It is seen from Fig. 10 that as T increases

the threshold energy decreases (it actually shifts from ^4 eV at V300°K

to ^1.2 eV at 1970°K), the energy position of the resonance maximum

decreases, and the magnitude of the cross section and the resonance width

increase. These data have been explained theoretically by O'Malley (1967)

who assumed chat the direct effect of T on O2 is to produce a Maxwellian

distribution of vibrational (v) and rotational (j) states. The effective

cross s .tion o, (T, E) for dissociative attachment, then, is the
da

Boltzmann average of the cross section a ' (e) from each of the individual
da

states, i.e.,

OO 00

Ua<
where

v vmin J ~ Jrrrin

r - - • i-l

H I I e~(Ev + E-)/kT
L mm J Jrmn J
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and v and i . are subject to the energy threshold requirement
mxn m m

threshold = D O - 0) - EA(0) = 5.08 - 1-46 = 3.G2 eV.£ + Ev + Ej > E

The cross section o\?' ̂ (e) is (O'Malley 1966, 1967)
da

Ja (ID

where x 1S the vibrational wave function, T „ is the partial auto-\> a, A

detachment width for the state X and the rest of the symbols are as

defined earlier. In his treatment O'Malley considered the effect of

rotational states to be negligible and the excellent agreement of his

predictions on the threshold, magnitude, width, and energy position of

the 0 /O2 resonance with the experimental results justifies this assumption.

As T increases, higher vibrational levels are populated, the internuclear

distances increase (and hence the Franck-Condon region broadens) signi-

ficantly and although even at 2000°K there is only a limited amount of

vibrational excitation, there is a profound change in the survival factor

e in Eq. (11) which dominates the temperature dependence of the cross

section.

The insignificance of rotational excitation seems to be at variance

with earlier theoretical predictions (Chen and Peacher 1967) of a strong

effect of rotational excitation on the yield of H~/H2- In this regard

recent experimental (Allan and Wong 1978) and theoretical (Wadehra and

Bardsley 1978a, b, Bardsley and Wadehra 1979) work on H~/H2 in the

3.75 eV Hi resonance region are quite relevant. Thus the threshold

cross section for the 3.75 eV H~/H2 resonance was reported to have shown

(Allan and Wong 1978) an increase by a factor 3*10 with each increase

in vibrational quantum and a three-fold increase for rotational level
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increase from j = 0 to j = 7. The results of a recent calculation

employing resonance scattering theory with semiempirical parameters

(Wadehra and Bardsley 1978a, b, Bardsley and Wadehra 1979) indicated

that although the effect of rotational excitation is not as high as that

of vibrational excitation and not as significant as suggested earlier

(Chen and Peacher 1967), it is, nonetheless, considerable.

Additional examples of the effects of T on dissociative attachment

processes are the recent work of Allan and Wong (1981) on the formation

of Cl~ from HC1 and F~" from HF and the work of Chen and Chantry (1979)

on the formation of SFs" from SFg. The results of the latter investigators

are shown in Fig. 11. Two peaks in the SFs" vs e are seen: one at

'vO.O eV and the other at ̂ 0.38 eV. The ̂ 0.38 eV peak is rather broad and

temperature insensitive. The ̂ 0.0 eV peak is extremely sensitive to T.

A seinilogarithmic plot of the relative SF5"" signa? at the zero-energy

peak vs T"* yielded an activation energy of 0.2 eV. The two peaks can

be understood on the basis of the lower portion of Fig. 11. The zero-

energy peak is the result of attachment of near-zero energy electrons to

those vibrational-rotational states of SFg at energies >0.2 eV above the

ground state and the 0.38 eV peak is the result of vertical Franck-Condon

transitions of SFg to the repulsive negative ion curve after capturing

a ^0.38 eV electron.

In Fig. 12 is shown the variation with T of the energy integrated

total attachment cross section for various polyatomics studied by Spence

and Schulz (1973). Three observations can be made with respect to

Fig. 12; (i) The spread in the magnitude of the total attachment cross

section seen at room temperature decreases as the temperature increases,
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(ii:) the smaller the magnitude of the attachment cross section at

room temperature the larger seems to be its temperature dependence, and

(iii) the attachment cross section for certain polyatomics approaches the

theoretical maximum value (see Fig. 14 and Section 8) as the temperature

increases.

Finally, in Fig. 13 are shown recent results (McCorkle et at 1980b,

Christophorou et at 1980a) on the T-dependence of the total electron

attachment rate constant as a function of <e> for l,l,-C2Cl2Hit. When

the a (e,T) were deconvoluted from these data, structure was indicated
a

which could arise from vertical transitions to a repulsive negative ion

state from the v = 0 and v = 1 levels of the neutral molecule.

8. Parent negative ions

For a parent negative ion to form (Reaction 3; Section 2) the electron

affinity of the molecule must be positive. If the excess energy of the

ion is not removed sufficiently fast, however, it will be destructed by

autodetachment within an average time T S ever, though its EA is positive.

If the autodetachment lifetime, x s of the transient parent negative ion
3.

is 2.10""6 s, it can be detected directly (e.g., by using conventional

time-of-flight mas? spectrometers) and its x can be measured. On the
a

other hand, for the total pressures normally employed in swarm experiments

(Christophorou 1971, 1978a, 1976) the time, x between collisions of

the transient parent negative ion and a stabilizing body (usually a

buffer gas molecule) is much smaller than x , and thus such ions are

completely stabili.zed; swarm studies then conveniently provide a (e)

for these ions. If the transient parent negative ion is moderately

long-lived (10~12 <, x < 10"5 s), its complete stabilization by collision
3.
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requires high pressure swarm experiments. Long-lived parent negative

ions are usually formed via a nuclear-excited Feshbach resonance mechanism

and their cross sections are very large at thermal and epithermal electron

energies (see, for example,Christophorou 1971, 1978a). Many polyatomic

molecules have been found to exhibit this property. Two examples are

shown in Fig. 14 where k (<e>) and a (e) are shown for the perfluoro-

a a
carbons 1,3-0^5 and c-CgFio- T n e k (<£>) were pressure independent

a

and they are taken to give a true measure of the rate of formation

of the lowest negative ion states of these molecules. The attachment

cross sections and rate constants approach their maximum values for

s-wave capture. These maximum values are shown in Fig. 14 and are

defined as:

(12)

max
and

(f \ 1/2 m

k 2n>
3/ J

.-1/2 (13)

where f (e, <e>) is the electron energy distribution function at <e>,

X is the electron de Broglie wavelength divided by 2ir and the rest of

the symbols are as defined earlier. The cross sections and the attach-

ment rates in Fig. 14 are total (i.e., for all ions produced). At

thermal and near-thermal energies they are mostly due to parent ions,

but at higher energies they may contain varying degrees of contributions

from dissociative attachment processes (depending on the molecule) as

indicated by the electron beam studies.

Studies of these and other perfluorocarbons indicated that the number

and energy positions of the negative ion states of these molecules do not
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vary considerably, contrary to the large variations in the respective

a (e). The cross sections, the lifetimes and the dependence of these
3,

two quantities on the energy of the captured electron depend strongly

on the details of molecular structure (for a comprehensive review of

the lifetimes of negative ions see Christophorou 1978a). Thus the

replacement of the H-atoms in the molecule by fluorines which, for the

two perfluorocarbons in Table 1 and for other similar structures with

four or more carbon atoms (Christophorou 1980a), lowers the lowest

negative ion state such that the EA attains a positive value. This, in

turn, has a profound effect on the magnitude of the attachment cross

section and the autodetachment lifetime cf the parent anions. Thus,

although the nonfluorinat^d foms do not attach low-energy electrons, the

perfluorinated molecules have very large electron attachment cross

sections (close to the maximum s-wave capture cross section; see Fig. 14),

and the lifetimes of the parent ions are >10~5 s; i.e., orders of magnitude

longer than those (<10~-'-2 s) of the negative ion states of the nonfluorinated

analogues.

As will be seen in Section 10, these and similar strongly electron

attaching perfluorocarbon gases have excellent properties to be used

either as unitary gas dielectrics or as electronegative components of

dielectric gas mixtures. Though they form parent anions at thermal

electron energies, they also—depending on their structure—can decompose

readily by low-energy electron impact. This is clearly shown in Fig. 15

where the fragment and parent anions are shown for the two isomers

l,3-C4Fe and 2-C^Fg.

Unavoidably, I should refer to another system, known to form long-

lived (Christophorou 1978a) parent negative ions at thermal energies,
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namely SFg, since this is the most commonly used gas dielectric to date.

The electron attachment rate constant as a function of <E> measured

(Christophorou et al 1971c, 1972, Gant and Christophorou 1976) in the

buffer gases N2 and Ar is shown m the inset of Fig. 16. Cross sections

unfolded from these along with other data are compared in the figure.

The sharp peak at thermal energy is due to SFg~ and that at ̂ 0.35 eV

due to SF5 . There is considerable uncertainty in the cross section around

0.3 eV. McCorkle et al (1980a) indicated that in the swarm unfolding

technique the magnitude of a weak resonance (in this case the SF5 peak)

in a (e) near a very strong resonance (in this case the SFg~ peak) may
a

be affected by small differences in the f (E, E/N) used in the unfolding

procedure. The thermal value of electron attachment rate constant to

SF6 is (Christophorou et al 1981b) 24.9 x 10"
8 s"1 cm3 (see data on other

species in Christodoulides et al 1979, Pal et al 1979, McCorkle et al

1980a, b, Christophorou et al 1981b).

Nondissociative electron attachment processes involving a transient

ion AB...CD"* which requires collisional stabilization, show a strong

dependence on both the nature and the density of the medium in which the

anion is embedded. Figures 17 and 18 exemplify this for O2 (Christophorou

1976, Goan and Christophorou 1974). Similar behavior has been exhibited

by other systems (Christophorou 1976); the understanding of these depen-

dences of k on the density and nature of the medium is of intense current

interes*: (e.g., see Christophorou 1976, 1981b).

9. Electron attachment to electronically-excited molecules

There is virtually no information on this process [Process (5), Section 2],

To our knowledge the only existing measurements are those on the dissociative
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attachment to the 0 2 molecule excited in the lowest (metastable) a
1A

state which lies 0.98 eV above the ground state, X3E~, of 02. Burrow

(1973) found the dissociative attachment cross section (at its maximum;

located 5.5 eV above a1A or 6.5 eV above X3£ ) for the reaction

o g

e + O2(a1 A ) -*• 02"(
2nu) -> 0"(

2P) + 0(3P) [3.64 eV limit] (14)

to be 4.6 x 10~18 cm2, i.e., 3.5 ± 1 times larger than the peak cross
section value of 1.3 * 10~18 cm2 (at 6.5 eV) from the ground state X3L3v~

g

viz.

e + 02(X
3Z ) -> 02~(

2nu) •+ 0~(
2P) + 0(3P) [2.64 eV limit] (15)

Recently Belie and Hall (1981) reported for Eq. (14) a peak cross

section of 3.8 * 10~18 cm2. These authors also reported peak cross

section values of 1.8 x 1CT18 cm2 and <1(T20 cm2 at 7.5 eV and 8.5 eV

above a A , respectively, for the dissociative attachment reactions

e + 02(a
1Ag) + 02~(

2i:+) •* 0"(2P) + 0(1D) [5.61 eV limit] (16)

e + -> 02"(
2i:*1?) -> 0~(2P) + 0(1S) [7.89 eV limit] (17)

8

Dissociative attachment to electronically excited molecules naturally have

lower energy onsets and should be significant in cases where the population

of low-lying metastable states is high.

10= From basic research to application

10.1. What, makes a good dielectric?

In a gas under an applied electric field, as the voltage is increased,

the ever-present free electrons gain energy and their f(e,E/N) shifts

to higher e. When a sufficient fraction of the electrons can induce ion-

ization, gas breakdown occurs.
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The most effective way to prevent electrons from initiating break-

down is the removal of the electrons from the dielectric. An effective

way of achieving this is to attach the electrons to the gas molecules

forming negative ions. iua unattached electrons must be slowed down

and be prevented from ionizing the gas and triggering breakdown.

The gas dielectric strength, therefore, can be optimized by effective

control of the energies and number densities of the free electrons present,

i.e., by maximizing the quantity

CD

/ a (e) f(e,E/N) de , (18)

and by minimizing the quantity

a.(e) f(e,E/N) de . (19)

To maximize (18), o (e) should be as large as possible over as wide an

e-iergy range as possible, and since a (e) increases with decreasing z

(see Sections 6 and 8) to optimize (18) f(e,E/N) must be shifted to as

low energies as possible. To minimize (19), <J.(e) must be as small as

possible, especially close to I, which itself must be as high as possible.

For a given O . ( G ) , f (E ,E/N) must again be shifted to low e to minimize (19).

Thus the reduction of the electron energies is of paramount significance

because a lower f(e,E/N) minimizes (19) but also maximizes (18). Such

a reduction in electron energies requires large cross sections for elastic

and inelastic electron scattering, especially in the subexcitation energy

range.

10.2. The concept of the multicomponent gaseous insulator; tailoring gas
dielectrics

From (18) and (19) it is apparent that the optimum gaseous dielectric is

not a single (unitar/) gas but rather a combination of gases (a multi-
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component gas mixture) designed as to components to provide the best

effective combination of electron-attaching and electron-slowing-down

properties tn optimize (18) and (19). The art of designing multicomponent

gaseous insulators is complicated but also enriched by the many processes

entering (18) and (19). Basic knowledge on these processes offers

several ways to the systematic development of dialectric gas mixtures

(Chrictophorou 1978b).

10.3. The coefficients a and n and the formulation of the breakdown
criteria

Electron swarm and electron beam studies provided valuable information on

the total electron attachment cross section, a (e) , especially at sub-
a

excitation energies. The former also provided information on the primary

ionization coefficient, a. and the effective electron attachment coefficient,

T\, as a function of E/N. These latter coefficients are related to the

respective attachment, a (e), and ionization, a.(e), cross sections and

a if(E,E/N) by

a/N

n/Na = (2/m)

f(e,E/N)

l / z w"1 / f'(e,E/N)

a.(e) de,

a (e) ds,
3

(20)

(21)

where I is the ionization onset energy, N is the total number density, and

N is the electron attaching gas number density.

The coefficients a and n have been measured for a number of gas

dielectrics (e.g., see Fig. 19) and have been used to predict the breakdown

voltage of gases/mixtures in both uniform and noruniform fields. In the

uniform-field case the limiting, (E/N)„ . , value of E/N at which breakdown

occurs is defined as that for which
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a-r\ _ a _
- = — = 0 .

N N
(22)

Figure 20 illustrates this for SF5 (Kline et at 1978). The "net ioniza-

tion coefficient," S/N, is plotted against E/N; (E/N)^- = 3.62 x 1CT15 V

cm Similar studies have been performed for other gases and gas mixtures

(Christophorou 1980b, Kline et at 1978).

For nonuniform fields, a is a function of the position between the

electrodes, and the breakdown voltage can be calculated using the Townsend

criterion for a self-sustaining avalanche or the Meek criterion for

streamer growth (Waters 1978); the latter can be expressed as

J a(x) dx = k, (23)

where XQ is the length at which the electron avalanche reaches a critical

numbe- of electrons in the avalanche tip to cause a streamer formation,

and k is a constant characteristic of the gas.

10.4. The electron attachment cross sect-ton and the. choice of unitary
gas dielectrics or electror.3gati.ve components of mixtures

Though the role of electronegative gases in dielectrics has long been

recognized (Meek and Craggs 1978), it it only recently that the dominant

effect of both the magnitude and energy dependence of a (E) or the break-

down strength and other dielectric gas properties has been investigated

and effectively used to develop new gaseous dielectric materials (e.g.,

see Christophorou et a'l 1981a, Christophorou 1978b. 1980b).

The highest known dielectric strengths are exhibited by those gases

(e.g., SFgj perfluorocarbons) which possess the largest electron attachment

cross sections as can be seen from the data in Table 2 (see also Figs. 14

and 16) and Fig. 21. For the perfluorocarbons in Table 2 (Gioups A and B)

which capture strongly thermal and near-thermal energy electrons forming mainly
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long-lived (>10 ̂  s) parent negative ions, the DC uniform-field breakdown

voltage, V , (relative to SFg, of 1), shows a general increase with the
s

energy-integrated attachment cross section''

0.04 eV
o (e) de - IA.a (24)

A one-to-one correspondence between V and IA is rather difficult
s

to expect since other factors (Christophorou et al 1981b) which change

from one compound to another also affect V . When the variation of the

unknowns from one gas to another is minimized—as in the case of the

haloethanes and halomethanes in Table 2 (Group C) (these freons capture

slow electrons dissociatively forming principally Cl~ whose large [=3.61 eV]

electron affinity would preclude detachment) a rather quantitative

relationship between V and 1A is observed (Fig. 21 and Christophorou et at
s

1981b). Interestingly, the data in Table 2 (see also Christophorou et al
1981b) indicate that as IA increases, V saturates, suggesting an upper

s
limit to V of ̂ 2.5. Additionally, studies by Christophorou and co-

s

workers suggest that the higher the energy range over which a (E) is

large, the higher is V - Extension of cr (e) to high energies can increase
s a

considerably (18) since i t allows for a larger overlap between a (e)
cL

and f(E,E/N).

Weakly electron attachxng or nonelectron attaching gases (Table 2)

have low V . Some weakly electron attaching polyatomic gases, however,

have reasonably high V compared to, say, the rare gases and this reflects
s

the role of electron scattering processes on V .
s

Certain perfluorocarbons in Table 2, SFg, and mixtures of these are

suitable for industrial use. Of great practical potential, also, are
'Due to the general lack of knowledge of f(e,E/N) for polyatomic gas
dielectrics, determination of (18) is not possible, and use is made
of (24).
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mixtures of the strongly electron attaching gases in Table 2 with abundant,

inert, and cheap buffer gases (e.g., N2 and CHF3) with which they act

synergistically, the buffer gas scattering electrons into the region

where the electronegative gas captures electrons most efficiently (see

Section 10.5).

10.5. Electron scattering at low energies and the choice of buffer
gases for mixtures containing electronegative gases

Although the role of f(E,E/N) is crucial in efforts to understand and to

tailor gas dielectrics, there is, in spite of recent progress, a general

lack of knowledge of f(e,E/N) for practical situations. Independently

of the state of our knowledge of f(e,E/N), however, a larger scattering

cross section shifts f(e,E/N) to lower e anJ causes fast electron relaxation.

In this way the number of electrons in the electrically stressed dielectric

can be substantially reduced even by narrow but strong low-lying electron

attachment resonances.

Examples of the use of basic knowledge on electron scattering

processes to assess the effects of molecular structure and electron

energy-loss processes on the V of gases and the tailoring of dielectric
5

gas mixtures containing electronegative gases can be found—among others—

in Christophorou (1978b, 1980b, 1981b) and Christophorou et al (1979a,

1981a, b, c, d). In Fig. 22 E (Mix)/E (SF6) is shown for mixtures of
s s

SFS with each of the gases H2, N2, CO, CO2 and OCS which at subexcitation

energies scatter electrons efficiently via NIR states. When each of#
The reader is referred also to Oak Ridge National Laboratory's reports
on Gaseous Dielectrics (e.g., Christophorou et al 1979b, 1980a, b, 1981c).
See these reports, also, as to the effects of other processes on the
performance of gaseous dielectrics and the practical and engineering
aspects of dielectric gases.
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tt

these nonelectron attaching gases is mixed with an electronegative gas

(SF6 for the data in Fig. 22) the mixtures exhibit distinct synergism.

The synergistic effects and the values of the V of the unitary gases

increase in the order of increasing scattering cross section via the

respective low-lying NIRs (i.e., COS > CO > N2 > C02 > H 2).

Figure 2_> shows the significant synergism exhibited by mixtures

containing double-bonded compounds and electronegative gases. Electron

swarm studies have shown (e.g., see Fig. 13 in Christophorou 1978b) that

the electron scattering cross section increases significantly and, for

a fixed E/N, the <e> is appreciably lower, for compounds with double

bonds. Although these data are for the low-energy range (~2 eV), they

suggest that one would expect double-bonded compounds to slow down

electrons efficiently in gas mixtures.

Additionally, it has been found (Christophorou et al 1981d) that

polar electron slowing-down components effect a sharp increase in the V
s

of mixtures with small percentages of electron attaching additives.

This is seen from the data in Fig. 24 where mixtures of the polar buffer

gases CHF3 (D = 1.65 debye) and 1,1,1-CH3CF3 (D = 2.32 -.ebye) with the

electron attaching gas c-Cî Fg exhibit strong synr ̂-gism while the nonpolar

gas CFi+ 4D = 0) shows no such synergism. Stronger synergism was observed

in mixtures of c-Cî Fg with the highly polar CH3CN (D = 3.92 debye) (see

Christophorou &t at 1981d for more details and a complete discussion).

These and other findings (Christophorou et al 1981a) suggest that

a careful combination of electron attaching gases with gases slowing

down electrons via dipole scattering and via NIRs can effect large V .
s

They indicate that a number of dielectric gas mixtures containing one or
ttDefined here as the difference between the measured V of the mixture
and the sum of the partial-pressure-weighted V of the mixture components.

s
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two electron attaching components from c-Cî Fg, 2-C^Fg, SFg, and a dipolar

component from CHF3, CH2F25 1,1,1-CH3CF3 with or without N2 are excellent

candidates for large-scale testing for possible eventual industrial

adoption. Especially since recent studies (Sauers et at 1980, Frees

et al 1981, Christophorou et al 1981c) show that proper tailoring of

dielectric gas mixtures containing fluorocarbon(s) and SFg can alleviate

(or greatly reduce) both the problems of carbonization and SFg toxic

product formation and since small amounts of strongly electron attaching

perfluorocarbons in SFg or SFg + N2 can improve the impulse and non-

uniform field breakdown characteristics of the dielectric. (Christophorou

et al 1981e).
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Figure Captions

Fig. 1 Schematic illustration of (a) shape and (b) nuclear-excited

Feshbach resonances. The symbols |0>and |R> designate,

respectively, the electronic ground state of the neutral molecule

and the NIS (Christophorou et al 1977).

Fig. 2 Schematic diagrams illustrating the positive and negative values

of EA and the relation of EA to VAE and VDE and the modes of

electron capture (see text) (Christophorou 1980a).

Fig. 3 Energy dependence of electron scattering cross sections for H2

and N2: total electron scattering cross section, a , for H2

(Golden et al 1966) and N2 (Golden 1966); vibrational excitation

cross section for v = 0 -* v = 1 transition, a (v = 0 -»• 1) , for

H2 (Linder and Schmidt 1971) and N2 (Schulz 1964);.rotational

excitation cross section for the J = 1 -> J = 3 transition,

a (J = 1 -> 3), for H2 (Linder and Schmidt 1971). la (v = 1

to 8) (see text) (From Christophorou 1978b) .

Fig. 4 Schematic potential energy diagram illustrating the process of

dissociative electron attachment for a diatomic molecule.

Fig. 5 Comparison of the energy dependence of the Cl~ yield for the

chloroethylenes (Johnson et al 1977).

Fig. 6 Total electron attachment rate constants vs mean electron energy

for the chlorofluoroethanes measured in N 2 (•) and Ar (
D)

(McCorkle et al 1980b).

Fig. 7 Total electron attachment rates as a function of mean electron

energy and swarm-unfolded electron attachment cross sections

as a function of electron energy for chlorofluoroethanes

(McCorkle et al 1980b). Note that the electron attachment rates
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Figure Captions (cont.)

are in units of s"1 Torr"1. To change to s"1 cm3 units divide

by 3.25 x io16.

Fig. 8 Negative ion intensity as a function of electron energy for

Cl~ and F~ from 1,1,1-C2C13F3 compared with SF6~* from SF5

(Christophorou et at 1979b).

Fig. 9 Dissociative attachment cross sections as a function of electron energy

for a number of molecules. Some of the plotted a (e) were deduced
del

from swarm experiments and are thus "total" cross sections. They

are identified with the specific ions as shown because these were

the most abundant in mass spectrooietric studies. Some of the

molecules shown have other resonances which were not plotted for

convenience of display. 0~"/N20* denotes dissociative attachment

from vibrationally excited N2O molecules, and (H~ + H"*")/H2 denotes

ion-pair formation from H2 (Christophorou 1978b).

Fig. 10 Total cross section for dissociative attachment of electrons to

O2 as a function of electron energy at the indicated temperatures.

If •••) experimental results 'Fite and Brackmann 1963, Henderson

et at 1969); ( ) theoretical results (O'Malley 1967).

Fig. 11 Upper portion: SFs" from SF5 vs e at various T.

Lower portion: Schematic potential energy diagram illustrating

the origin of the two peaks in the SF5 /SFg current (see text)

(Chen and Chantry 1979).

Fig. 12 Energy integrated attachment cross sections as a function of

temperature for various halocarbons and SFg (Spence and Schulz

1973).



36

Figure Captions (cont.)

Fig. 13 Total electron attachment rate constant as a function of mean

electron energy for 1 ,l-C2Cl2Hi+ in Ar at several temperatures

(McCorkle et al 1980b, Christophorou et al 1980a).

Fig. 14 Left-hand side: Total electron attachment cross section as a

function of electron energy for 1,3-C^Fg and c-CgF^o- These

were unfolded by McCorkle et al (1980a) from the k us E/N data
3.

of Christodoulides et al (1979) on 1,3-CitFg and Pai et al (1979)

on c-CeF10.

Right-hand side: Total electron attachment rate (in units of

s"-1 Torr"*) as a function of mean electron energy (Christodoulides

et al 1979, Pai et al 1979). Solid lines are, respectively, the

maximum s-wave capture cross section and capture rate (see text).

Fig. 15 Parent and fragment negative ion intensity as a function of

electron energy for l^-C^Fg and 2-Cî Fg (note the multiplication

factors for the various ions). The lifetimes of 1,3-C^Fg"* and

2-Ci+Fg"* at thermal energies are 7 and 6 ps, respectively

(Sauers et al 1979).

Fig. 16 Electron attachment cross section for SFg as a function of E

obtained by McCorkle et al (1980a) from swarm data ( , )

open circles are 0 (E) for the production of SFg~ and
3.

using two sets of electron energy distributions for N2. The

(Kline

et al 1978) and the dash-dot curve is a (e) for the production of

SF5~ (Christophorou et al 1971c, 1972). Note the considerable

uncertainty around the SFs" peak (at ̂ 0.35 eV). The inset is a

plot of the total attachment rate (in units of 109 s"1 Torr"1)

vs <E> (Gant and Christophorou 1976 and Christophorou et al

1971c5 1972).
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Figure Captions (cont.)

Fig. 17 Attachment rate (in units of s"1 Torr"1) as a function of mean

electron energy, <£>, for O2 in N2, for N2 pressures between

300 and 25,000 torr. The attachment rates plotted are for

P -> 0. (T = 298°K; Goans and Christrphorou 1974).
02

Fig. 18 Attachment rate (in units of s"1 Torr"1) for O2 in the gaseous

media N2 (°) , C2H4 (•), and C2H5 (*•) as a function of their

respective pressures corrected for compressibility. The data

plotted are for <e> = 0.05 eV and for P -> 0 (Goans and

Christophorou 1974).

Fig. 19 a/p, n/P, and D /y vs E/P293 for electrons in c-Ci+Fa and

2-CitFB (iso-C^Fg) (Naidu and Prasad 1972a, b; Naidu et al 1972). The

double lines in the n/P and D /y vs E/P293 data refer to

different values of P.

Fig. 20 a/N vs E/N for SF6 in uniform fields; data of Kline st al (1978)

and earlier investigators (Kline et al 1978) in the vicinity of

Fig. 21
.2.5 eV
J a (e) de Vs \ for chlorofluoro and hydrochloroethanes

(Christophorou et al 1981b).

Fig. 22 E (Mix)/E (SF6) for mixtures of SF5 with: (•) H2, (°) N2,s s

(A) CO, (o) C02, and (A) OCS (Christophorou et al 1981a; see this

reference for sources to original data).

Fig. 23 E (Mix)/E (SFg) for mixtures containing double-bonded compounds
s s

(P) l-CaFe/c-Ci+Fs (James et al 1980); (°) 1-C3F6/SO2 (Wootton

et al 1980); (A) 1-C3F6/SF6 (James et al 1980); (•) CF2CFC1/SFG

(Wootton et al 1980). From Christophorou et al 1981a.

Fig. 24 Eg(Mix)/Eg(SF6) vs percent of C-C^FB in CF^, CHF3, 1,1,1-CH3CF3

(Christophorou et al 1981a).
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Table 1 Effect of perfluorination on the energies and lifetimes
of NISs (From Christophorou 1980a)

Molecule Formula
Position of lowest EA Autodetachment
observed NIS (eV) (eV) lifetime (ps)

1,3-butadiene H2C=CH-CH=CH2

1,3-perfluoro- F2C=CF-CF=CF2
butadiene

Cyclohexene c-CeHio

Perfluoro-
cyclohexene

-0

-2

.62

t

.07

t

>0

>1.4±0.3 106;113

The a (E) shows at least three resonances below ^1 eV (see Fig. 14).



Table 2 Electron Attachment: Data and Relative DC Uniform Field Breakdown Strengths of
Some Caseous Dielectrics*

Gas

2.3 eV
/ a (i.) dc. = IA

0.04 a
kth EA

Comments

SF6 11.1 24.9

I-C7F.1,
c-C.l"i;
2-C.Fa
c-C.FB
1.3-CF6

4.4
5.1
7.2
9.7
10.5

0.38
14.3
4.7
1.3
12.6

XD.4

1.2
1.7
1.7

1.2-1.3

Group A: Anions mostly parent
at low energies and long liv?d
(Ta > 10"

5 s);

< IA > = 6.6 « 10~16 cm2 eV.

2-CF6
c-C,F16
c-CsFa
c-C6F12

C-C6F1O

C,F8
C-C7F,,.

12.9
17.4
18.1
18.1
19.1
20.3
26.6

5.4
7.4

38.9
15.0
39.2
27.4
5.2

0.7-1.45 2.2-2. 4
^2.4

•^2.1-2.2
2.3-2.4
1.9-2.2
^•2.4

2.1

Group B: Anions mostly parent
at low energies and long lived
( > "5

< IA > = 19 10 eV.

1,1,2-C2C1,F3
1,1-C2C12F,
1,2-C2C1;F»
1,1,1-C2C1 3HJ

1,1,2-C2C13H,

1,2-C?C12H,.
CC1,
CC15F
CCljH
CC12F2

1J.5
5.94
3.23
1.85
1.74
1.02*
0.23^
0.07*

24.9;

4.4*
0.66T

28.0
1.1
0.5
0.07
1.5
0.02
0.002
0.003

2 3.7
1.2
0.38
0.012

2.47
2.41
1.68
1.63
1.62

30
01

0.B8

Group C: Anions are dissoci-
ative attachment fragments;
mostly Cl~. The electron
affinity of Cl is 3.61 eV.

1.08

CF,
CjF*
C3FB

CO
C O ,
NjO

0.39
0.80
0.90
0.40
0.30
0.44

Group D: Weak dissocia t ive
attachment.

Ar
0.006 Croup E; Nonelectron
0.07 attaching.
0.18
0.36

*A11 data from Christophorou ft al. (1981b) unless otherwise indicated. See Christophorou ,-t -'.. (1981b) for
references to original data.

Thermal electron attachment rate constant.

IA upper limit - 1.8 eV.

jj
From Christophorou el al. (1981c).

SSChristophorou et al. (19l)le).


