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Motion of SFx
¿
„xÄ1– 3,5… and ion conversion in SF6-N2 mixtures
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This paper reports on the mass-analyzed measurement of the drift velocity of the positive SF6 daughter ions,
SFx

1 (x51 –3,5) in the mixture of SF6 with N2 for SF6 concentrations of 10% and 50%. A double mass
spectrometer-drift tube was used for these measurements. The density-normalized electric field intensityE/N,
was varied from 30 to 360 Td~1 Td510217 V cm2). We have found an increasingly monotonic dependence of
the drift velocity withE/N, and an inverse dependence of the above parameter with the decrease of the SF6

content in the mixture. A test of Blanc’s law for the zero-field reduced mobilities of the above ions shows a fair
qualitative agreement. No drift velocities of these ionic species could be measured in pure N2, since we found
that these ions reacted strongly with the nitrogen molecules. The cases for SF3

1 and SF5
1 are discussed. A

similar behavior was observed for the nitrogen ions drifting in pure SF6.

DOI: 10.1103/PhysRevE.64.026412 PACS number~s!: 51.50.1v, 52.25.Fi, 82.30.Fi, 82.33.Xj
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I. INTRODUCTION

Sulfur hexafluoride is an outstanding high-voltage insu
tor, but it is also a powerful green house gas@1#. Efforts to
reduce its environmental impact are focused on short-t
solutions consisting of mixing it with gases with much le
greenhouse effects, or even none, like nitrogen. It has b
found, for instance, that mixtures containing between 4
50 % SF6 in N2 ~by volume! are the optimum composition o
an SF6-N2 mixture for use as a gaseous dielectric in place
pure SF6 for both high-voltage insulation, and possibly fo
arc extinction and current interruption purposes@1,2#. Also,
if the concentration of SF6 in this mixture is around 10%
their dielectric characteristics for very fast transient voltag
are very similar to those of pure SF6, and can be used fo
gas-insulated transmission lines@3,4#.

SF6-N2 mixture has been the most widely studied amo
a fairly long list of gaseous substitutes to pure SF6. A fairly
recent and accurate review on the extent of our knowle
on electron and ion swarm and transport properties is av
able @5#. It appears from this study, and also from the mo
recent literature published on this subject that, in contras
pure SF6, for which research on the ion transport and che
istry has recently become available,@6–10#, no ion transport
data are available on this mixture. Rao and Olthoff@10#, who
measured the kinetic energy distributions for positive a
negative ions sampled from an SF6 discharge at elevate
E/N, found that the ion-molecule reaction scheme was d
cult to understand, especially that of the positive ions. T
studies concerning the chemical decomposition induced
subjecting the gas to an electrical discharge have been
cused mostly on the measurement of reaction rates for
formation of neutral oxidation by products from corona d
charges@4,5,11#. Only a few studies have been carried out
the detection of ions formed by sparking the SF6 mixed with

*Email address: ebasurto@correo.azc.uam.mx
†Email address: jdu@fis.unam.mx
1063-651X/2001/64~2!/026412~5!/$20.00 64 0264
-

m

en
–

f

s

g

e
il-

to
-

d

-
e
y
o-
he
-

N2 at impurity levels between 20–500 ppm@12#. Even at
such small N2 concentrations, ion molecule nitrogen
containing compounds such as S2F8N1 exceed in intensity
the peaks of those derived from SF6 alone.

Knowledge of the ion drift velocity, for instance, is esse
tial for evaluating mean ion energies and reaction rates,
also for plasma modeling, where this parameter sometim
influences sensitively the macroscopic discharge proper
like ion and current density. Whenever possible, ma
analyzed transport data are looked for, since complex m
ecules like SF6 and N2 bear a fairly complex reaction
scheme, in which processes like dissociation and cha
transfer play an important role. Moreover, a knowledge
the variation of the drift velocity with the density-normalize
electric field intensityE/N is essential for situations in which
the ions are far from thermal equilibirum with the neutral g
molecules.

This paper was motivated by the aim of providing the fi
set of ion transport data of SF1, SF2

1 , SF3
1 , and SF5

1 in
SF6-N2 mixtures over a relatively wide range ofE/N be-
tween 30 and 360 Td~1 Townsend510217 V cm2), so as to
assist the extent of our knowledge on the basic mechani
prevailing in the gas discharge, and also to fulfill some of
needs for discharge modelling. SF6 concentrations in the ga
mixture of 10% and 50% were used.

II. APPARATUS

The drift tube with double mass spectrometry@13# used
for this research is an improved version of the drift tub
mass spectrometer that was previously described in Ref.@7#.
Briefly, a second quadrupole mass spectrometer~QMS! was
attached to the exit of the original ion source. Primary io
produced by electron impact in the hot-filament source,
focused electrostatically into the entrance of this new QM
having a mass range of 200 amu, and typical mass resolu
of 0.1 amu. The ion source chamber can be moved ov
distance from 0 –38.7060.05 cm at 13 discrete positions
defined by a set of 3.1-cm-wide guard rings. After ma
analysis, the ions are focused through an orifice of 0.2 m
©2001 The American Physical Society12-1
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FIG. 1. Variation of the drift velocity of~a! SF1, ~b! SF2
1 , ~c! SF3

1 , and~d! SF5
1 in SF6 /N2 mixtures. The present data correspo

to mixtures with 10% and 50% SF6, while the 100% SF6 data were taken from Ref.@4#.
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into the drift space. Upon entrance into this region, the
cess ion energy is relaxed by collisions with the gas neut
over the first 3.1 cm of drift space, which is subjected to
sameE/N conditions that prevail in the drift region. Thi
process was found to be very efficient for many ion-neu
systems, since only a few mean free paths would suffic
achieve whole energy relaxation. This region is termina
by a pair of flat, parallel, copper meshes that serve as
shutters, intended for mobility measurements.

After traversing the drift space, a sample of the drifti
ions enters the ion detection chamber through a central
fice of 0.2 mm diameter, where a second QMS, followed
a continuous dynode multiplier, generates the output pu
that are routed into a multichannel scaler, where an time
arrival spectrum~TAS! is formed.

It has been shown@14# that for long drift distances
~.5 cm! and relatively low gas pressures,~,50 Pa!, the
calculated mean,̂t&, of the TAS can very closely approxi
mated to

^t&5
z

v1
, ~1!

wherez is the drift distance, andv1 is the ion drift velocity.
Thus, a plot of̂ t& as a function ofz would give a straight
line, the slope of which is the inverse ofv1 . Normally, four
consecutive ion source positions were used to obtain e
v1 .
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The gas pressure in the drift chamber was controlled
within 0.3% of its set value by a servo valve coupled to
Baratron gauge with 0.05% full range accuracy. Drift d
tances could be read from a graduated scale to an accura
60.5 mm. Two multichannel scalers were used for t
present measurement. The time uncertainty was61 ms.
Thus, for typical ion transit times in the range 0.5–10 ms,
instrumental errors in the drift velocity ranged typically b
tween 0.5–1.3 %.

High purity grade~99.9%! SF6 gas was used, while the
purity of N2 was 99.999%. Both gases were premixed in
separate cylinder, and its mixture was injected into the d
chamber without further purification. All measurements we
taken over the ambient temperature range 293–310 K,
pressures between 0.66 and 13.3 Pa.

III. RESULTS AND DISCUSSION

A. Ion drift velocities in SF6-N2 mixtures

At least four different drift distances were used for ea
drift velocity measurement and, with the exception of a fe
points at the highestE/N values attained in this experimen
at least two pressures were used for each drift velocity m
surement. The final uncertainties, resulting from averag
thesev1 values, are in the range 2–4 %.

The drift velocities of SF1, SF2
1 , SF3

1 , and SF5
1 in the

SF6-N2 mixtures are shown plotted in Figs. 1~a! to 1~d!,
respectively, for SF6 concentrations of 10% and 50%. Als
2-2
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displayed for comparison are the mass-analyzed drift vel
ties of the same ions in pure SF6 @7,9#. In all cases, for a
given E/N value, a marked increase inv1 with a corre-
sponding decrease in the SF6 content in the mixture is ob
served. This behavior may be understood on the grounds
stronger ion-neutral interaction with SF6 than with N2, since
the mass ratio between SF6 and N2 is more than 5.2, and als
because SF6 has a larger dipole polarizability~6.55 Å3) @15#
than N2 ~1.74 Å3) @16,17#.

B. Test of Blanc’s law for vanishingly small fields

It is known that at lowE/N the ion drift velocity is pro-
portional toE/N @16,17#. The proportionality constantK00,
referred as the zero-field reduced mobility, is given by

K005
v1

N0~E/N!
, ~2!

whereN052.6931019 cm23 is gas density at STP. We hav
evaluatedK00 from the first points of the above drift velocit
curves, where the relation betweenv1 andE/N is very ap-
proximately linear, with a slope close to unity, indicative
the point charge-induced dipole type of interaction. The
sultingK00 values are displayed in Fig. 2 by the closed sy
bols for the 10% and 50% SF6 concentrations, where a wel
defined, smooth decrease ofK00 with the increase in ion
mass is clearly seen. For the sake of comparison, the z
field reduced mobilities of the same ionic species drifting
pure SF6 @7,9# have been plotted. In order to enhance t
discussion, also displayed in this figure are the calcula
zero-field reduced mobilities from Blanc’s law@16,17#
which, for a binary gas mixture is given as

FIG. 2. Plot of the zero-field reduced mobility of SF1, SF2
1 ,

SF3
1 , and SF5

1 in SF6 /N2 mixtures as a function of the mass o
the above ions~closed symbols joined by solid lines!, and the cal-
culated values from, Blanc’s law~Open symbos joined by dotte
lines! for the two gas mixtures. The zero–field reduced mobility
the above ions for pure SF6 @7,9#, and its calculated values from Eq
~4! are also shown.
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Kmix,SF
x

1

5
@SF6#/~@SF6#1@N2# !

K~SFx
1 in SF6!

1
@N2#/~@SF6#1@N2# !

K~SFx
1 in N2!

~3!

where@SF6# and @N2# represent their respective concentr
tions in the mixture, andx51 –3,5. The first term in Eq.~3!
can be readily calculated from the measured mobility; ho
ever, the mobility value needed for the second term could
be measured, since the injected SFx

1 ions reacted strongly
with the nitrogen molecules, giving rise to several fragme
species by fast ion-molecule reactions that hindered the m
surement of SFx

1 in N2. These findings will be discussed i
the next paragraph. However, we partially circumvented
absence of these values by calculating them with
polarization-limit formula for the zero-field mobility of an
ion drifting in a pure gas@16,17#

K005
13.56

Am rad

, ~4!

wherem r is the reduced mass of the ion and neutral, andad
is the dipole polarizability of the neutral molecule or atom
The results are shown in Fig. 2 for the 10% and 50% S6
concentrations, showing that, in spite of the expected qu
titative difference between calculated and measured val
the trends of the experimental curves are similar to th
calculated, whereas the former are systematically higher t
the latter by 10–25 %. Obviously, a closer agreement wo
not have to be necessarily expected, since these theorie
in principle based for monoatomic systems, and vanishin
small gas temperatures.

Also plotted in Fig. 2 are the calculated values ofK00 with
Eq. ~4! for the SF6 fragment ions, showing also the sam
qualitative agreement as that observed for the correspon
ionic species in the gas mixtures.

C. Interaction of the positive ions with N2

Attempts to measure the drift velocity of SFx
1 (x

51 –3,5) in N2 failed, since we found a rich and comple
ion-molecule reaction scheme between these positive
and nitrogen. The above is herein exemplified by Figs. 3
4, displaying the measured relative abundance of the fr
ment ions produced by the interaction of SF3

1 and SF5
1 in

N2. Two extreme N2 pressures were chosen, well over t
E/N range covered for the drift velocity measurements.

Looking at Fig. 3~a! that, for p525 mtorr (1 torr
5133.3 Pa), one observes that the injected SF3

1 breaks up
into substantial amounts of S1, followed by SF1, and a
steady increase of N2

1 that would certainly arise by charg
transfer, and becomes predominant aboveE/N5700 Td. At
the other pressure extreme of 125 mtorr, shown in Fig. 3~b!,
S1 and SF1 still predominate, together with significan
amounts F1 and SF2

1 . Notice also that formation of N2
1

has become relatively insignificant at this pressure. In vi
of the fairly complex scheme and of the amount of prod
ions formed, one could only speculate in qualitative terms

f

2-3
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suggest the possible secondary and tertiary ion-molecule
actions

SF3
11N2→SF11F21N2, ~5a!

SF11N2→S11F1N2, ~5b!

SF3
11N2→N2

11SF3, ~5c!

SF3
11N2→SF2

11F1N2. ~5d!

An equally interesting ion abundance pattern is obser
in Fig. 4 for SF5

1 injected into N2. It seems from Fig. 4~a!,
for p525 mtorr that, the predominant resulting fragme
ion is SF1, followed by almost equal amounts of S1 and
SF2

1 , the latter increasing smoothly with a correspondi
decrease ofS1 for E/N.200 Td. N2

1 is produced in
smaller amounts, as compared with the previous SF3

1-N2

case, only reaching a maximum abundance value of ne
5% at E/N5600 Td. Although under these relatively lo
pressure conditions very little SF3

1 is formed from SF5
1 ,

FIG. 3. The relative abundance of the ions formed by inject
SF3

1 from the ion source into N2 in the drift space, for pressures o
~a! 25 mtorr and~b! 50 mtorr. Symbols are the same for bo
plots.
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the situation reverses forp5150 mtorr, as is shown in Fig
4~b!, where the abundance of the SF3

1 ion increases strongly
with E/N, becoming close 50% atE/N5200 Td. In contrast
with the predominance of S1 and SF1 at p525 mtorr, the
abundances of S1 and SF1 decrease sharply forE/N
.50 Td, with a corresponding steady increase of SF2

1 and
SF3

1 , the latter probably arising from the collisiona
breakup of SF5

1 . Thus we attemp to speculate that the io
molecule processes responsible for the formation of the fr
ment ions are

SF5
11N2→SF2

11F21F1N2 ~6a!

→SF3
11F21N2, ~6b!

with S1 and SF1 being possibly formed by the tertiary re
actions

SF2
11N2→S11F21N2, ~7a!

g
FIG. 4. The relative abundance of the ions formed by inject

SF5
1 from the ion source into N2 in the drift space, for pressures o

~a! 25 mtorr and~b! 50 mtorr. Symbols are the same for bo
plots.
2-4
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SF3
11N2→SF11F21N2. ~7b!

Finally, attempts to measure the mobility of N1 and N2
1

in pure SF6 failed because their measured signals at the
of the drift space were either very weak or absent, ther
suggesting the presence of very fast reactions leading to
formation of SFx

1 (x51 –3,5) species. Indeed, this observ
tion is congruent with the very high thermal reaction rate~at
300 K! reported by Fehsenfeld@18# of 431029 cm3 s21 for
the reaction

N11SF6→SF5
11NF. ~8!

No similar data were found for the reaction of N2
1 with

SF6.

IV. CONCLUSIONS

Although partially fulfilled, the original aims of the
present work, rendered a fairly complete set of the drift
rt

.

.

tr

J

J

02641
d
y
he
-

-

locities for the most abundant ions produced in the drift tu
either by the ion source, or by ion-molecule reactions. T
abundance studies reveal an interesting and complex rea
scheme, in which the breakup of SF3

1 and SF5
1 into lighter

species, and the charge transfer reaction to form N2
1 are the

outstanding features. The above results could be usefu
building more realistic models of gas discharges in
SF6-N2 mixtures. Concerning the ion transport, the pres
set of data could be used to probe numerical procedures
the calculation of these drift velocities, using either intera
tion potentials or cross sections. Finally, under more fun
mental grounds, it would be very advantageous to gain m
insight into the very rich and complex ion-molecule reacti
scheme that was observed.
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