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1. INTRODUCTION

Christophorou et al.1 found that both the uniform and
the nonuniform field direct current (dc) breakdown
voltages (V ) of H2 exceed, respectively, those of D 2

for positive polarity. In contrast, they found that
while for uniform fields CH4 and CD4 behave in a
similar manner, the V of CD4 exceeds that of CH4 in
nonuniform fields <5c; positive polarity). The
isotopic dependence V (H) > V (D) was termed1 direct
and that where V (H) *< V (D) Inverse. Christophorou
et al.1 attributed the direct isotope effect to the
larger ionization coefficients for the deuterated
cpecies 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 et al.a reported that
the dc positive polarity V of NH3 and HD3 behaves
similarly to H2/D£.

In this paper we report: (1) the finding that the
CH4/CD4 nonuniform field behavior is polarity depen-
dent (i.e., the V of CD4 is lower than the V of CH4
for negative pollrity which is just the opposite of
that observed for positive polarity), (2) discuss the
origins of the observed isotope effects and predict
new isotopic dependences of V_, and
results on the V of H25
polarity which confirm their predicted isotopic
behavior.
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2. DIRECT CURRENT BREAKDOWN STRENGTH

The positive polarity V data for the pairs of
molecules H2/D2, CH4/CD4, and NH3/NI>3 were reported
tarlier.1'2 It: Fig. 1 are presented cur V measure-
ments for CH4'CD4 for 106.67 kPa using dc negative
polarity under conditions identical to those for
positive polarity.1 For any given pressure and gap
length {which was varied in ascending and descending
order), a 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 ±2 to 5%.

Following the measurements in Refs. 1 and 2 and in
Fig. 1 at Oak Ridge National Laboratory (ORHL),
similar studies were initiated at the Laboratoire de
Physique des Decharges (LPD). Preliminary measure-
ments at LPD on H2 and D2 agree with those obtained
at ORNL.1'2 However, preliminary measurements on
CH4/CD4, while confirming the existence of the
observed isotopic effects reported in Kefs. 1 and 2
and its polarity dependence (Refs. 1 and 2 and Fig.
1), indicate that the breakdown voltages measured at
LPD are generally lower than those measured at ORNL
and that the isotopic differences in the LKD data are
•mailer. These differences between the measurements
at the two laboratories are under investigation arid
do not affect the discussion and conclusions in this
paper.
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Fig. 1. Negative polarity dc V versus Nd for CH4

and CD4 for 106.67 k?a.

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

The origins of the observed isotope effects and their
polarity dependence in nonunifor* fields are related
to changes in the effective ionization coefficient
a/H and the changes in either or both the ionization,
or/N, end the attachment, t)/K. coefficients. We shall
separate the isotopic pairs of molecules we studied
into three groups: (1) nonelectronegative gases
(where only changes in or/N are important); (2) weakly
and moderately electronegative gases (where changes
in o/N and/or n/N are important); and (3) strongly
electronegative gases (where no isotopic dependence
of V is expected since only i-(/N is import*
does not show significant isotopic dependen
Section 3.3).

3.1. Nonelectroneqative gases

The molecules H2/L2 belong to this category. As
be seen from Fi". 2, their electron attachment c;
sections, Of(c). are snail and lie at high energies

1

For these systems, then, we need to consider only
'isotopic dependence of ot/N to understand the isotopic
dependence of V .

Besides the a (e) in Fig. 2, we present in Fig. 3 the
electron impact total ionization cross section o._(c)
and the or/N (as a function of the deniity-reiuced
electric field E/N) for H2/D2. The total electron
impact ionization cross section °iT(c) and the total
electron impact dissociation cross section
are shown in Fig. 4 for H2.

The lower values of V for D 2 for both uniform and
nonuniform fields1' •" can be attributed to the larger
a/N values for D2 compared with H2. Two sources
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Fig. 2. Electron attachment cross section as a
function of electron energy for NH3/ND3, CHi/CDi, and

(cee original references in |3]).

Fig. 3. o._(e) and cr/N(E/N) for H2 and Dj- (see
sources of da\a in 13]).

contributing to the larger values of or/N for D? com-
pared with H2 are: differences in ̂ j U ) « n d differ-
ences in the electron energy distribution function
f(e,E/N). The foraer is especially significant when
electron inpact-induced dissociation into neutrals
effectively ccapetes with autoionization, while the
latter M y result from the itotopic dependence of the
vibrational electron energy loss.

3.?. Weakly and Moderately electronegative gases

In this category we have to consider o/N (i.e., both
ot/H and n/N). He nay distinguish three subgroups:
(1} those isotopic species for which o (c) is not
strongly affected by the mass and is small, (2) those

Fig. 4. o.T versus e for Hg, CH4, and NH3; o..
versus £ for CH4 and H2 (see original references fn
13]).

for which rt (t) is not strongly affected by the nt.ss
and is sizeable, and (3) those for which tha magni-
tude of oa(t) is noderate and is strongly dependent
on ttass. The isotopic pairs CH4/CD4. Kis/HD^, and
H£S/t,S are representative of (1), (2), and (3).
respectively.

3.2.1. O W C D s

On the basis of the o (£.) data ir. Fig. 2. it seen:.v
reasonable to assume that {T\/H) - {T\/K) and small.
We, therefore, attempt to understand the observed
isotopic dependences of V ior CHt/Ct4 principally lr.
terms, of a/K.

The ^.(c) for CH4 is shown in Fig. 4 and is seen te
be smaller than a . t(c). While we know of no t5._(£>
data fcr CD, at Iov r, for high energy electrons2

there is virtually no difference in the cs,(cr4) and
c.,(CH4). However, close to the lonizaCfor. thres-
hold, I. we would expect differences in the o.. (t)
between CH, and CD4 because (I) in this energy region
a substantial portion of the ionization it indirect
(i.e., via superexcita*ion) and (2) o.. (i) is larn?
for the CH4,'CD4 molecules. Indeed^1 ̂ room and de
Heer* found that dissociativt excitation of CK4 iE
•̂ •20% larger th&n for CD4. Hence, close to 1 the-
process

e + CH4(CD4) (1)

neutrals

where CHJ*(CDJ*) derate superexcited CH4(CD4)
molecules, introduces an isotope effect in or/N:
because k is smaller for the heavier molecule CD4

<O/N)
CD4 (2)

The observed isotopic dependence of V for CH4/Ct>A
and its variation with polarity can be* rationalized
on the basis of (2).



3.2.1.1. Uniform field data

Here the value of E/N is always -<E/N)£. and hence
only a snail part of f(t,£/N) overlaps (T(c) at any
value of E/N. While the values of a/fT for E/N £
(E/N),. are email, the inequality (2) can account
for tBe*slightly higher V£ for CH» compared with CD,,.

3.2.1.2. Nonuniforx field data

Under the present conditions of point-plane geometry,
the (V ) > (V )„ for positive polarity1'2 and the
(V ) n ? 7V ) for negative polarity (Fig. 1). For
this electro* geometry the value, (E/N)til5- of E/N
at the tip of the point electrode is larger compared
with the average, (E/N) . value of E/N at which the
gap breaks down. The higher fields close to the tip
of the point electrode would shift f(£,E/N) to higher
energies coapared with the rest of the gap, and hence
reaction (1) would be more probable, aaking the
difference («/N) - (o/N) larger close to the tip of
the electrode coapared with the rest of the gap. The
finding, then, that (V ) > (V s) H for positive
polarity can be rationalized as resulting from the
better shielding of the positive electrode in the
case of CD4 because of the larger amount of hoaopolar
(positive) charge coapared with CH4. The opposite
behavior [(V ) < (V ) ] observed for negative
polarity can salso be rationalized on the basis of
(2), since for negative polarity additional ioniza-
tion (for CD4> will decrease rather than increase Vg.

It is thus indicated that differences in o^.
between CH4 and CD4 influence the value of a/N ana,
consequently, the space charge density in the high
field region, accounting in this way for the observed
differences and polarity dependence of the V£ of CH4

and CD4.

3.2.2. fffl-JND.-.

For this pair of molecules (Vj),^. > (vB^m
 io- D o t h

uniform and nonuniferr> fields.1'2' Thi? can be under-
stood on the basis of tht isotopir dependence of o/N
and o/N. Since, as discussed above for Hj/D., and
CK4/CD,, (o/N) < (o/N)- and Einre (n'K! > (n/N)n

(Fig. 2). (c./lh. (c>/!..„. Hovers:, these (Ziitti-
et-.ceE are small and so is the resultant difference u.
(V ) and (V )„. That tne difference < v

£> tr
( V

E>H
 i s

somewhat smaller for nonunifonr. fields is again
consistent with the expected changes in o/N: in the
nonuniiorm field case fit,E/N) shifts to higher
energy compared with the uniform field and thus
Cl/N) -(n/N),, decreases more than (o/N)r-(oy'N)u
increases.

3.2.3

If for a weakly electronegative pair of molecules
o (t) depends strongly on the mass., then large
Changes in q/N and thus a/N for isotopic species are
possible and consequently the V values of such
isotopic species car. be substantially different.
Large isotopic dependences of o (c)--and tnus n/N--
are known to occur5 when c (c) exhibits a vertical
onset oehavior5 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
dissociation fragments to separate as opposed to the
time of autodetachment.

Based on electron attachment and electron scattering
data,*'6 we selected the pair of molecules H2S/Dj.S to
test, the above hypothesi-,. Dissociative attachment
to H2S/D2S produces2'6 HS"(DS"), H " ( D " ) , and S
anions.

The cross section for H2S and the ratio of the cross.
sections for the various fragment anions for H25 and
D2s are shown in Fig. 5. It is seen that the iso-
topic dependence of a (e) is large, especially for
the aost abundant fragment HS*(DS').
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Fig. 5. Dissociative attachment to H2S producing
HS*, H", and S" |7]. The peaks were identified with
the predominant anions observed although the H~ peaks
may contain some S ions (see original references in
13]). l.atios of the cross sections for the various
fragments for H2S and D2S (inset).

In Fig. 6 art shown the Vf of H2S and D2S we measured
for dc negative polarity using the same electrode
geometries1 (sphere-sphere and point-plane) as for
the rest of the data. Although n,/N versus <c> have
not been reported for either H2S or D2S, the fact
that » (o Ja'D,S would lead one to expect

(0/N) > < n / 0 D _ Since moreover (a/N) < (o/N) we
conclude that (o/N) > (a/N) . Thus, the V (H2S)
must be higher than the V (D;>5). The experimental
data shown in Fig. t amplysdemonstrate that this is
so.

3.2. Strccly electronegative gases

No isotope effect is expected for positive or nega-
tive polarity for either uniform or nonuniform fields
for such gases. Here the determining quantity is
n/K, anJ 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 dif ierence--if any«
between the fU,E/N) of isotopic species is snail.
Hence, for (n/N)K to be different fro* the (r)/N)p. a
large difference betw:en (ojj. and (o ) «ust exist
and this is unlikely6 for '"strongly electronegative
gases.

*. CONCLUSION

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

5. REFERENCES

1. Christophorou, L. G., R. A. Ha this, and
D. R. Jaaes, 1983, J. Appl- Phyt. 54, 3096.

2. Christophorou, L. C., R. A. Kathis, and
D. R. James, 1983, in Proceedings of the XVIth
Inte .-national Conference on Phenomena in
Ionized Gases, Vol. 2, p. 134.

3. Chrittophorou. t. C., H. Rodrigo, E. Harode, and
F. Bastien, J. Appl. Phvs. (to be published).

4. Vrooa, D. A. and F. J. de Heer, 1969, J. Chaa.
rhys. 50, 573.



5. Christophorou. L. G., 1971, Atoaic «nd
Molecular Mdiation Phv«ic« («iley-Interscience,
Htv York.

6. Chris topborou, L. G., D. L. McCorkle, and
Jk. k. Chrictodoulidec, 1984, in Electron-
Mol«cule Interaction* »nd Their applications.
(L. G. Christophorou, Ed.), Vol. 1, Chapt. 6,
(Jkcadaaic Prcis, Mew Tork).

7. Atria. »., M. Tronc, and S. Goun»ud, 1972,
J. Ch—• Phy«. 56, 4234.

28

24 -

20 -

16 -

12 -

OMD.-0N6 M-W2M

_

"?
"i
_ O

1

* A

A

[
lA

I

O

I

I 1 1

i

o

1

I

o

•

0

A

|

I
0

o

106-67 KPo
298 K
NEGATIVE POLARITY

H2S POINT-PLANE

D2S POINT-PLANE

H2S SPHERE-SPHERE

D2S SPHERE-SPHERE

I 1 I 1 I
12 16 20

Fig. 6. Negative pc^arity dc V versus Nd for HoS
anr? 12S at 306.67 kPa (similar results were obtained
for a pressure of 156.65 kl'a).
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