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| 1. INTRODUCTION

Christophorou et al.! found that both the uniform and
the nonuniform field direct current (dc) breakdown
voltages (v‘) of Hy exceed, respectively, those of D,
for positive polarity. In contrast, they found that
while for uniform fields CHy and CD; behave in a
f similar manner, the v_ of (D, exceeds that of CH, in
' nonuniform fields (Sc; positive polarity). The
isotopic dependence V_{H) > V_{D) was termed! direct
and that where V_(H) < Vv_(D) Snverse. Christophorou
et al.l attributfd the direct isotope effect to the
larger ionization coefficients for the deuterated
species compared with the nondeuterated and suggested
that the inverse isotope effect may result from dif-
ferences in the electron impact-induced dissociation
processes of the isotopic pairs of molecules. In a
later publication Christophorou ci al.? reported that
the dc positive polarity V_ of NH; and KD; behaves
similarly to Hy/D. N

In this paper we report: (1) the finding that the
CH,/CD4 nonuniform field behavior is polarity depen-
dent (i.e., the V_ of CD4 is lower than the V_ of CH,
for negative polfrity which is just the oppgsite of
that observed for positive polarity), (2) discuss the
origins of the observed isotope effects and predict
new isotopic dependences of v‘, and (3) report
results on the V_ of Hy5 and DS for negative
pelarity which cohfirm their predicted isotopic
behavior.

2. DIRECT CURRENT BREAKDOWN STRENGTH

The positive polarity V_ data for the pairs of
molecules H,/D;, CH,./CD,. and NH3/ND; were reported
carlier 1+2 In Fig. 1 are presented cur V_ measure-
ments for CHg/Cly, for 106.67 kP2 using dc negative
polarity under conditions identical to those for
positive polarity.! For any given pressure and gap
length {which was varied in ascending and descending
order), & minimum of ten voltage applications were
made. The data presented in Fig. 1 are the average
values of these breakdown voltages. The error is
estimated to be 22 tp 5%.

Following the measurements in Refs. 1 and 2 and in
Fig. 1 at Oak Ridge National Leboratory (ORNL),
similar studies were initiated at the Laboratoire de
Physique des Decharges (LPD). Preliminary measure-
wents at LPD on H, and D, agree with those obtdined
at ORNL.!+2 However, preliminary measurements on
CH,./CD4, while confirming the existence of the
observed isotopic effects reported in Refs. 1 and 2
and its polarity dependence (Refs. 1 and 2 and Fig.
1), indicate that the breakduen Voltages measured at
LFD are generally lower than those measured at ORNL
and that the isotopic differences in the LED data are
smaller. These differences between the measurements
at the two laboratories are under investigation and
do not affect the discussion and conclusions in this
paper.
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Fig. 1. Negative polarity dc v‘ versus Nd for CHg
and CD, for 106.67 kPFa.

3. ORIGINS AND CLASSIFICATION OF THE OBSERVED
ISOTOPE EFFECTS; PREDICTION OF NEW ISOTOPIC
DEPENDENCES OF Vs

The origins of the observed isotope effects and their
polarity dependence in nonuniform fields are related
to changes in the effective ionization coefficient
9/N and the changes in either or both the ionization,
g/N, and the attachment, n/N, ccefficients. We shall
separai.e the isotopic pairs of molecules we studied
into three groups: (1} nonelectronegative gases
(where only changes in o/N are important); (2) weakly
and modcrately electronegative gases (where changes
in o/N andsor n/N asre ampcrtant); and (3) strongly
electronegative gases (where no isotopic dependepce
of V_ is expected since only r/N is importa

does not show significant isotopic dependen
Section 3.3).

3.1. Nonelectronegative gases

The molecules Hy/L; belong to this category. As

be seen from Fir. 2, their electron attachment cr
sections, O _(£), are small and lie at high energies)
JFor these systems, then, we need to consider only the
isotopic dependence of ¢o/N to understand the isotopic
dependence of vs.

Besides the ¢ (&) in Fig. 2, we present in Fig. 3 the
electron inpaSt total ionization cross section o, (c)
and the a/N (as a function of the density-re&x’ced
electric field E/N) for Hy/D,. The total electron
impact ijonization cross section 0. (c) and the total
electron impact dissociation crofs section o0,. (&)
are shown in Fig. 4 for H,. diss

The lower values of V_ for D, for both uniform and
nonuniform fields!'? cln be attributed to the larger
a/N values for D; compared with H;. Two asources
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Fig. 2. Electron attachment cross section as a

function of electron energy for NH3/NDj, CH¢/CD4, &nid
H,/D, (see original references in [3]).
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Fig. 3. 0,.(c) and a/N(E/N) for H, and D, (se=e
sources of d1a a in {3}).

contributing to the larger values of o/N for D, com-
pared with H, are: differences in I, (¢£) and differ-
ences in the electron energy distrﬂ:ution function
£(e ,E/N). The former is especially significant when
electron impact-induced dissociation into neutrals
effectively competes with autoionization, while the
latter may result from the isotopic dependence of the
vibrational electron energy loss.

3.2. Weakly and moderately electronegative gases

In this category we have to consider o/N (i.e., both
a/N and n/N). We may distinguish three subgroups:
(1) those isotopic species for which o¢_(t) is not
strongly affected by the mass and iz small, (2) those
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for which ﬂ.(!:) is not strongly affected by the muss
and is sizeable, and (3) those for which the magni-
tud= of oa(a) is -ode.rate' ._an_d is stronglv dependent
on 1ass. The isotopic pairs CH/CD,. NH;/ND;. and
HyS/D,5S are representative of (1), (2), and (3),
respectively.

3.2.1. CH4/CDg

On the basis of the ¢ (c) data in Fig. 2, it seems
reasonatle to assume that (n/N). = (n/N), and small.
We, therefore, attempt to undérstand ?ﬁm observed
isotopic dependences of v for CH4/CLy principally an
terms of ofN. i

The o (¢) for CHy is shown in Fig. 4 and is seen tc
be smafler than %4; (t). Whije we know of no ¢ . (2}
data fer CD, at 185 ¢, for high energy elections®
there is virtually no difference in the c_,(CD,;) and
oy (CHy). However, close to the ionizafion thres-
hold, 1, we would expect differeices in the o, (f)
between CH,; and Cbhy because (1) in this energy réaaor.
a substantixl portion of the ionization is indirect
(i.e., via superexcaita‘ion) and (2) o, . _{£) is larnae
for the CH4/CDy; molecules. Indeedqlséroom and de
Heer* found that dissociative excitation of CH, is
~20% larger than for CD,. Hence, close to 1 the
process

k. ions
PR

e + CH(CD,) = cap(:ng*;< )
kr1 S neutrals

where  CH{*(CD*) dennte  superexcited CH,(CD,)
molecules, introduces an isotope effect in a/N:
because kn is smaller for the heavier molecule CD,,

(u/N)CH‘ < ("/")cp, . (2)

The observed isotopic depencence of V_ for CH,/CD,
and its variation with polarity can b& rationalized
on the basis of (2).



3.2.1.1. Uniform field data

Here the valuc of E/N is always <(E/N),. and hence
only a small part of f(f,c/N) overlaps H'(e:) at any
value of E/N. While the values of o/N- for E/N <
(E/N),. are small, the inequality (2) can account
for tﬁi’sliqhtly higher v for CH, compared with CD4.

3.2.1.2. Nonuniform field data

Under the present conditions of point-plarie 2qetz-etry.
the (V). > (V )H for positive pplurny_in and the
vVo)p $ 0y ), HH negative polarity (Fig. 1). For
this elect?oge geometry the value, (E;N)ti , of E/N
at the tip of the point electrode is larqexpconpured
with the average, (E/N)_, value of E/N at wvhich the
gap breaks down. The hfgher fields close to the tip
of the point electrode would shift f(¢,E/N) to higher
energies compared with the rest of the gap, and hence
reaction (1) would be more probable, making the
difference (0/N)_ - (0/N), larger close to the tip of
the electrode co&ared ui@h the rest of the gap. The
finding, then, that (V )D > (V_),, for positive
polarity can be rationalized us resulting from the
better shielding of the positive electrode in the
case of CDy because of the larger amount of homopolar
(positive) charge compared with CH,. The opposite
behavior [(V_) (V_),] observed for negative
polarity can sa?so be ?at'mnalized on the basis of
{2), since for negative polarity additional ioniza-
tion (for CD4) will decrease rather than increase Vs.

It is thus indicated that differences in o, s
between CH, and CD, influence the value of o/N ﬁﬁa,
conseguently, the space charge density in the high
field region, accounting in this way for the observed
differences and polarity dependence of the Vs of CHy
and CD,.

3.2.2. WHL/ND.

For this pair of molecules ws)Nﬁ. he (vs)ND. for both

uniform and nonuniform fields. !'2 This can be under-
stood on the basis of the isctopic Gependence of o/N
and n/N. sSince, as discussed above for H./D. and
CB,/CD,, (o/N), < (n/ﬁi)D angd csinre (r‘,",E}_l > (n/N),,
(Fic. 2. (G/N5, {0/N.... Howeve:. thece Quffers
enices are small 4nd so is Lhe resultant dafference an
\“v‘s) and (v )... That the difference (V )LI-(VS)H is
somewhat smaslfer for nonuniform fields "is “again
consistent with the expected changes in O/N: in the
nonuniform field case f(¢,E/N) shifts to higher
energy compared with the uniform field and thus
(n/N) .-(r]/N‘;D decreases more than (n/N)D-(n/N)H
increases.

3.2.3 HgS5/D.S

1f for a weakly electronegative pair of mclecules
o _(e) depends strongly on the mass, then large
changes in n/N and thus o/N for isotopic species are
possible and conseguently the V_ values of such
isotopic species car be substantially different.
Large isotopic dependences of ©_(c£)--and thus n/N--
are known to occur® whern a_(c} “exhibits a vertical
onset wehavior® which is usually tne case when disso-
ciative attachment proceeds via a negative ion state
which is attractive, and dissociative attachment is
then strongly influenced by the time it takes for the
dissociztion fragments to separate as opposed to the
time of autodetachment.

Based on electron attachment and electron scattering
data,?+% we selected the pair of mclecules HpS/D:S to
test the above hypothesis. Dissociative attachment
to HS/DpS produces®'® HS (DS ), H (D), and S
anions.

The cross section for Hp,S and the ratio of the cross.
sections for the various fragment anions for H,5 and
D,S are shown in Fig. 5. It is seen that the iso-
topic dependence of o.(s) is large, especially for
the most abundant fragment HS (DS ).
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Fig. 5. |Dissociative attachment to HpS producing
HS™, H™, and §~ [7]. The peaks were identified with
the predominant anions observed although the H  peaks
may contain some S ions (see original references in
[3}). 1l.atios of the cross sections for the various
fragmeats for Hp5 and DyS (inset).

In Fig. 6 are shown the V. of Hy5 and D;5 we measured
for dc negative polarity using the same electrode
geometries! (sphere-sphere and point-plane) as for
the rest of the data. Although nN/N versus <g> have
not been reported for either H,S or D,5, the fact
that (oa)st >> (cv.)D2S would lead one to expect
(I']/N)H > (n/.)D. Since moreover (m/N)H < (a/N), we
conclude that (6/N). > (@/N),. Thus, the V (ﬂQS)
must be higher than the V (D?s)A The e:cperi)‘ental
datz shown in Fic. € amply demonstrate that this as

50.

3.%. Stro.wgly electroneagative gases

No isotope effect is expected for positive or nege-
tive polarity for either uniform or nonuniform fields
for such gases. Here the determining guantity is
n/N, and it seems unlikely that an isotopic differ-
ence can introduce large enough changes in n/N to
affect V_. Strongly electron attaching gases are, as
a rule, polyatomic and thus the difierence--if any--
between the f(r,E/N) of isotopic species is small.
Hence, for (n/N),. to be different from the (n/K).. a
large difference betv:en (0_),. and (0 )D must exist
ané this is unlikely® for ":sa‘ongly Alectronegative
gases.

4. CONCLUSION

The results presented in this paper suggest that the
isotopic dependences of the V_ of gases are apparent-
ly of more general occurrenfe than hitherto recog-
nized; they can be rationalized and indecd predicted
from basic data on electron-collision cross sections.
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