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Abstract

Studies of low energy electron attachment to SF6, SeF6, and TeF6 have been carried out in an atmospheric pressure nitrogen buffer
gas (number densityN) at 300 K. The experiments are conducted under nonthermal electron-swarm conditions, using an instrument
that combines an atmospheric pressure drift tube, with a quadrupole mass spectrometer. Details of the design, construction and
operation of the drift tube and the associated fast electron gate are presented. Electron drift times can be measured, and mean electron
drift velocities in N2 as a function of the density reduced electric field strengthE/N are reported. Density normalised electron
attachment coefficients,a, and electron attachment rate constants,ka, together with product anion branching ratios (for SeF6 and
TeF6) are determined as a function ofE/N. The studies presented here cover the rangeE/N 5 (0.4–17)3 10218 V cm2,
corresponding to mean electron energies of 0.04–0.6 eV. For all three molecules,ka decreases asE/N increases. SF6 attaches
electrons much more rapidly than either SeF6 or TeF6. The ratioska(SF6):ka(SeF6):ka(TeF6) ' 3000:10:1 are found not to vary with
E/N. The estimated thermal (300 K) electron attachment rate constants arekth(SF6) ' (2.5 6 0.3) 3 1027 cm3 s21, kth(SeF6) '
(8.0 6 1.2) 3 10210 cm3 s21, andkth(TeF6) ' (8.2 6 1.1) 3 10211 cm3 s21. For all three molecules, attachment is dominated by
the capture of near-zero-energy electrons. In each case the dominant anion product is XF6

2 (X 5 S, Se, Te), accompanied by XF5
2.

No other anion products directly arising from electron attachment to XF6 are observed. Extrapolation of the relative product anion
intensities to zero attaching gas concentration yields the following branching ratios for attachment under swarm conditions:
SeF6–SeF5

2 (20%), SeF6
2 (80%); and TeF6–TeF5

2 (3%), TeF6
2 (97%). These ratios are found to be independent ofE/N. The

observation of SeF6
2 and TeF6

2 as the dominant anions from SeF6 and TeF6 is ascribed to stabilisation of the initial anion formed
by electron capture through collisions with the nitrogen buffer gas. For SF6, the observed proportion of SF5

2 decreases from 8% to
1% over theE/N range of this study, whereas an increase in the SF5

2 branching ratio withE/N is anticipated from previous
low-pressure, electron beam investigations. (Int J Mass Spectrom 205 (2001) 253–270) © 2001 Elsevier Science B.V.
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1. Introduction

Free electron attachment to neutral molecules leads
to the formation of anions:

e2 1 MYn3 ~MYn
2!*. (1)
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The excited parent anion may be collisionally stabilised:

~MYn
2!*O¡

buffer gas
MYn

2 (2)

dissociate (as a result of collisions or spontaneously):

~MYn
2!*O¡

buffer gas H MYn21
2 1 Y

MYn21 1 Y2 (3a)

~MYn
2!* 3 H MYn21

2 1 Y
MYn21 1 Y2 (3b)

or it may autodetach:

~MYn
2!* 3 e2 1 MYn. (4)

This production of anions is an important process
in plasmas, for it influences the plasma’s free-electron
number density. Furthermore, the presence of anions
can reduce the plasma’s cation number density di-
rectly through anion–cation neutralisation and indi-
rectly by anion–neutral reactions. This is considered
to be a problem in many types of plasma processing
because of the corresponding reduction in the positive
ion flux to the substrate [1].

Many sequential and parallel chemical reactions
involving charged species occur in a plasma. There-
fore a large database of various cross sections and rate
constants of electron–molecule, electron–ion recom-
bination, anion–cation neutralisation, and ion–molecule
processes is required to model a plasma’s chemical and
physical environment. Modeling could be used, for
example, to propose ways in which a plasma’s electron
and ion number densities might be optimised in order to
enhance critical plasma parameters.

It is very difficult, if not impossible, to obtain
much needed data directly from a plasma, given that
so many sequential and parallel reactions occur.
Therefore, experimental techniques have been devel-
oped which permit the measurement of data isolated
from the plasma’s environment, usually in which only
one process is occurring, and in which only one or
two species are involved. The objective of our studies
is to use an electron-swarm technique to extend the
available experimental database on attachment of low
energy electrons to molecules.

In this article, we describe a nonthermal electron-
swarm technique to investigate electron attachment
processes. Such a technique does not directly measure
electron attachment cross sections,s(e), as a function
of electron energy,e, but rather “total attachment
cross sections” for a given distribution of electron
energies, which may in part be characterised by a
mean electron energy,e#. If the electron energy distri-
bution is well known, deconvolution of the data can in
theory lead to a determination ofs(e). However, any
deconvolution method is subject to many uncertain-
ties. It may therefore be safer, and perhaps more than
sufficient when modeling a plasma, to use only “total
attachment cross sections” and their variations with
reduced electric field strength,E/N (whereE is the
electric field strength andN is the total molecular
number density) [2]. Electron-swarm techniques are
ideal for such measurements. Density normalised
attachment coefficients (the total attachment cross
sections),a(E/N), are routinely measured by such a
technique, and from these the more useful electron
attachment rate constants,ka(E/N), can be deter-
mined [3,4].

Recently, our electron-swarm mass spectrometric
instrument [5] has been modified, improving in par-
ticular its operation in the region of mean electron
energies close to the thermal value (e# 5 3

2
kBT).

Other improvements include greater sensitivity, the
ability to measure mean electron drift velocities (for
E/N , 2 3 10218 V cm2) and access to a larger
range ofE/N. These improvements are described in
some detail in this article. The instrument’s perfor-
mance is illustrated here by presenting an investigation
of electron attachment to three hexafluorides, namely
SF6, SeF6, and TeF6 in their ground electronic states at
300 K. Our main aim is to compare and contrast the
electron attachment results from these three structurally
similar compounds. A unique aspect of our instrument is
that the anion products resulting from electron attach-
ment under swarm conditions are recorded, and the
anion product branching ratios for electron attachment to
SeF6 and TeF6 are presented in this article.

There have been numerous studies of electron
attachment to SF6 [6–14], mainly because of its use as
a high voltage insulator. SF6 has a large rate constant
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for low energy electron attachment. For example, the
thermal electron attachment rate constant at 300 K,
has been determined to be (3.16 0.5) 3 1027 cm3

s21, which is close to the theoretical maximum [6].
Thus, it readily mops up low energy free electrons,
and thereby inhibits electrical breakdown. Further
motivation for the study of electron attachment to SF6

comes from its use in plasma-etching applications in
industry [15–21]. A thorough understanding of the
electron attaching properties of SF6 and its reactions
with anions (and cations) is important for modeling
and characterising such plasmas [22].

In comparison to SF6, fewer studies dealing with
the electron attachment properties of SeF6 and TeF6
appear in the literature. There have been a number of
low-pressure electron beam studies [23–27], but to our
knowledge, only one electron-swarm study [28]. This
early swarm study only measured the thermal electron
attachment rate constants by use of a drift–dwell–drift
technique in low pressures of the pure electron attaching
gas. Thus, electron-swarm measurements for SeF6 and
TeF6 covering a range of mean electron energies (0.04–
0.6 eV) are presented here.

2. Experimental

2.1. Electron-swarm technique

The electron-swarm technique for the study of
electron attachment processes has been described in
detail in the literature [3,4]. In brief, a pulsed swarm
of electrons, produced at one end of a drift tube, is
drawn through an inert buffer gas of number density
N, under the influence of a uniform electric field of
magnitudeE, to a collector. The electrons within the
pulse quickly reach an equilibrium energy distribu-
tion. This distribution of electron energies arises from
competition between the energy gained from the
accelerating electric field and the energy lost in
collisions with the buffer gas. The electron energy
distribution is thus dependent onE/N, the type of
buffer gas used (commonly He, N2, or Ar), and
temperature. Very small admixtures (usually less than
one part per million) of an attaching gas,M, in the

buffer gas result in the removal of electrons from the
pulse, and hence a reduction in the electron current.
These small concentrations of electron attaching gas are
assumed not to alter the electron energy distribution.

By monitoring the amplitude of the electron pulse
as a function of attaching gas concentration [M], the
density normalised electron attachment coefficient,
a(E/N), can be extracted from the exponential atten-
uation equation:

A

A0
5 exp~2al @M#! (5)

where A and A0 are, respectively, the pulse ampli-
tudes with and without attaching gas in the drift tube,
which is of lengthl .

From the measureda(E/N), the electron attach-
ment rate constant,ka(E/N), can be calculated using
the mean electron drift velocity,w(E/N):

ka 5 wa. (6)

Given adequate time resolution,w(E/N) can be ob-
tained from the time taken for an electron pulse to
pass through the drift tube. Alternatively, extensive
tabulations forw(E/N) for various buffer gases are
available in the literature [10].

Anions are formed throughout the drift tube, with
the number generated decreasing as the electron pulse
propagates through the tube. The huge mass differ-
ence between an electron and an anion ensures that
anion mean drift velocities are more than 103 times
less than electron mean drift velocities. The anion
current will thus be of lower amplitude and tempo-
rally distinct from the pulse of current due to the
electrons; the anions appear as a long, low tail after
the electron pulse. Hence, the contribution of the
anions to the recorded signal can be rejected, and so
ignored in the determination ofa.

2.2. Birmingham electron-swarm apparatus: general
details

The basic principles of the apparatus used in this
study have been presented previously [5]. However,
as was mentioned in sec. 1, the apparatus has recently
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been modified to improve its performance, and these
modifications will now be described.

The apparatus discussed in [5] was an adapted
ion-mobility mass spectrometer, designed to operate
at E/N . 2 3 10218 V cm2. In electron-swarm
mode, this corresponds to mean electron energies in a
nitrogen buffer gas ofe# . 0.09 eV. At lowerE/N,
electron gating, which is an integral part of the
electron-swarm technique, proved problematic. Also
pronounced charging phenomena, whereby electron
pulses took many minutes to come to a constant
amplitude, were observed at lowE/N.

Many molecules, important in plasmas and dis-
charges, strongly attach low energy electrons, and
therefore it is important to be able to reliably operate
the apparatus in the lowE/N regime (,2 3 10218 V
cm2). In particular, we wish to operate our drift tube
under conditions where the electrons are, to a good
approximation, in thermal equilibrium with the sur-
rounding buffer gas. At 300 K, a thermal electron
swarm will have a mean electron energy of 0.038 eV.
To attain such a mean electron energy, with nitrogen as
the buffer gas, requiresE/N , 3 3 10219 V cm2 [10].

In the original instrument, the drift tube consisted
of a glass cylinder with ring electrodes clamped to its
outer surface. Potentials were applied to the rings to
give a uniformE field along the axis of the drift tube.
The observed charging phenomena were thought to be
a direct consequence of the glass cylinder. Charging
up of the glass might have caused distortions in theE
field, which are undesirable if we are to have a
well-characterised electron swarm. In the new drift
tube, the glass cylinder, which is used to constrain the
gas flows, has been moved outwards and the ring
electrodes brought inside to minimise charging ef-
fects. In addition a new electron gate has been
designed and produced. This gate operates over a
wide range ofE/N, and has several other beneficial
characteristics. Details of the new drift tube and
electron gate are described in sec. 2.3.

2.3. Drift tube

This represents the first major change to the orig-
inal instrument. Fig. 1 shows a schematic diagram of

the new drift tube. A 70mm hole in the centre of our
collector, the Faraday plate (see Fig. 1), leads to the
unmodified part of the instrument—the differentially
pumped chamber and the quadrupole mass spectrom-
eter. (A description of these is given in [5].)

As mentioned previously, the new design uses
metal ring electrodes inside a cylindrical glass enve-
lope. Importantly, we have not observed any charging
phenomena with the new drift tube. A negative high
voltage is applied to the electron gate and its holder.
Fifteen metal ring electrodes, each of internal diame-
ter 5 cm and thickness 5 mm, follow the gate. Each
electrode ring is made of aluminium, and is molyb-
denum coated to reduce charging effects [29]. They
are physically separated from each other by 1 mm
ceramic spacers, but are electrically connected in
series via a chain of 10 MV resistors. The ceramic
spacers are placed nearer to the outer part of the
electrodes, to minimise the possibility of charging
effects. The entire drift tube is of length 9.8 cm,
measured from the electron gate to the Faraday plate.
It is supported by four 1.6 mm threaded rods, electri-
cally isolated from the ring electrodes by ceramic
sleeves. The rods are screwed into the end plate,
which is in contact with the rest of the chamber, and
hence is maintained at ground potential. The Faraday
plate is electrically isolated, but was held at ground
potential for all the experiments presented here.

With the above-mentioned design, the electric field
established within the drift tube is expected to be
highly uniform between the electron gate and the
Faraday plate. Modeling of the electric potential
distribution using the programmeSIMION [30] confirms
this expectation.

Nitrogen, or any other gas that does not attach
electrons and provides a known electron energy dis-
tribution for a givenE/N, can be used as the buffer
gas. The pressure in the drift tube is maintained at
slightly above 1 atm. The buffer gas is continuously
flowed into the sealed housing of the drift chamber via
the “forward” and “contra” flows, as labeled in Fig. 1,
and leaves the chamber via the “exhaust.” The contra
flow contains any added attaching gas, whilst the
forward flow is pure buffer gas. The glass envelope
around the ring electrodes is used to constrain the
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contra flow in a direction toward the electron gate.
The contra gas supply also flows into the region
between the rings and glass tube via holes in the end
plate. This means that no gas becomes trapped, and
hence permits rapid change of the attaching gas
concentration in the drift tube.

2.4. Electron source

We have made no modification to the electron
source. In brief, electrons are constantly produced by
ionisation of the nitrogen buffer gas by high-energyb

particles emitted from a 11 mCi63Ni radioactive
source which is placed at the end of an electrically
isolated tube used to supply the forward flow of the
buffer gas (see Fig. 1). As in the original instrument,

a negative high voltage is applied to the source. For
E/N . 3 3 10218 V cm2, the voltage difference
between the source and the electron gate is such that
the electric field strength is the same as inside the drift
tube. However, for lower drift fields, a higher electric
field strength is necessary to improve the migration of
electrons to the gate, and hence into the main drift
region.

The distance from the source to the electron gate is
approximately one tenth of the total drift length.
Given this, and the use of a forward flow to inhibit
penetration of the attaching gas into the region be-
tween the source and the electron gate, it is reasonable
to assume that little attachment occurs before elec-
trons pass through the electron gate. Thus the flux of
electrons reaching the electron gate will be indepen-

Fig. 1. A schematic diagram of the upgraded Birmingham electron-swarm drift tube. The diagram represents a cross section of the cylindrically
symmetric drift tube.
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dent of the concentration of the attaching gas in the
drift tube.

2.5. Electron gate

The second major modification to the original
instrument is to the electron gate and its associated
pulsing electronics, which together convert the con-
stant stream of electrons produced in the source
region into a chain of pulses. A schematic diagram of
the new gate is presented in Fig. 2(a). It is based on
the Bradbury–Nielsen design [31], consisting of two
sets of interdigitated wire arrays, labeled A and B in
Fig. 2. When a sufficient potential difference exists
between the arrays, electrons passing through the gate

will experience a large electric field deflecting them
sideways and this will stop them from entering the
drift tube.

To construct the gate, a 1.6 mm thick piece of
epoxy glass circuit board with a square hole (253 25
mm2) in the centre, was used as a base. Molybdenum
wire (thickness 0.05 mm) was placed on top of this
base with a spacing of 0.32 mm between consecutive
wires (this spacing being imposed by the pitch of two
M1.6 threaded rods placed on opposite ends of the
circuit board). Whilst held taut, the wires were glued
in place by nonconducting epoxy resin. The single set
of wires was separated into two interdigitated sets by
cutting every other wire between the nonconducting
epoxy strip and the threaded rod, starting with the first
wire on one end and the second wire on the other end.
The wires from each set were then joined together
using conducting epoxy resin [see Fig. 2(b)]. Any
excess wire was removed to prevent the possibility of
having short circuits. Thus, a fully interdigitated grid
was produced with electrical connections on either
side of the wire arrays. The resulting electron gate
was mounted into the electron gate holder (see Fig. 1).
As a result of the fine grid spacing achieved (0.32
mm), only a small potential difference (,18 V)
between the wire sets A and B is needed to stop
electrons entering the drift tube for electric field
strengths up to about 450 V cm21 (corresponding to
an E/N ' 2 3 10217 V cm2).

In comparison, our previous gate consisted of two
parallel wire arrays isolated from each other by a thin
polytetrafluoroethylene spacer. To close this gate, a
potential difference of up to 100 V between the arrays
was needed. Successful operation of this gate de-
manded careful matching of several parameters.
These included the amplitude of the voltage pulse (to
open the gate), the potential difference between the
two arrays (to hold the gate closed) and the high
voltages supplied to the source and to the drift tube
voltage divider network. Easy operation of the instru-
ment was only possible by the computer control of all
the necessary voltages [32]. Furthermore, the opera-
tion of the electron gate proved to be extremely
troublesome forE/N , 2 3 10218 V cm2.

A major advantage of our new electron gate is that

Fig. 2. (a) Design of the new interdigitated Bradbury-Nielsen
electron gate. When the gate is closed there is a potential difference
of 18 V between consecutive wires in the gate. One set of wires is
9 V above the drift tube entrance potential, the other set is 9 V
below the drift tube entrance potential. To open the gate, both sets
of wires are brought to the drift tube entrance potential. (b) A
detailed view of the wires forming the arrays of the electron gate.
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no adjustment to the potential difference applied
between the wire arrays is required over the entire
range of electric field strengths used. This greatly
simplifies the operation of the instrument. Further the
performance of the gate is independent ofE, and in
particular well-shaped electron pulses are obtained
with E/N , 2 3 10218 V cm2.

With the new design, to hold the electron gate
closed, the potential on array A is held at 9 V above
the drift tube entrance potential (Vd), while array B is
held at a potential 9 V belowVd. To open the gate, the
potentials on arrays A and B are simultaneously
switched toVd. Thus, the amplitude of each individ-
ual switching pulse is only 9 V. These pulses are
easily produced by feeding a standard TTL pulse via
a 10 kV optoisolator into a simple network of two
Schmitt triggers. Details of the circuit used are shown
in Fig. 3(a). Representations of the TTL pulse sup-
plied to the optoisolator, and the voltage pulses
supplied to wire sets A and B to open the gate, are
illustrated in Fig. 3(b). The Schmitt triggers provide a
very fast rise/fall time (ns) for the pulses to the

electron gate. Schmitt trigger circuitry could not have
been used to produce the large voltage pulses needed
for our earlier electron gate. Thus, a second major
advantage of the new gating system is that the pulses
have much faster rise and fall times than was previ-
ously available. The switching time of the original
electron gate was limited to about 20ms because of
the large pulse amplitude (;100 V) typically required
to activate it.

The new pulsing electronics and electron gate
system give the electron pulse a well-defined start
time. Hence, electron drift velocities can be deter-
mined and compared with those obtained theoretically
by Hunter et al. [10]. This is important because such
comparisons permit a detailed characterisation and
validation of our system. This is discussed further.

Electron pulse widths of 0.2–1 ms are usually used
with a gap of about 40 ms between pulses, so that the
instrument operates at a frequency of about 25 Hz.
The arriving pulse is detected on the Faraday plate.

2.6. Detection amplifier

The Faraday plate collects the electrons and anions
that have passed through the drift region. The current
is converted to a voltage by a current to voltage
converter. The resulting voltage is then amplified to
give a total gain of about 109 V A21. The amplified
signal is passed either to a transient digitiser (to
monitor its temporal profile) or to a gated integrator
(to measure its amplitude).

The amplification scheme imposes a time constant.
This time constant was investigated by supplying to
the amplifier a sharp current pulse [full width at half
maximum (FWHM) , 1 ms] and monitoring the
resulting output to produce an amplifier response
function. This is illustrated in Fig. 4(a). A convolution
of this response function with a recording of the
voltage pulse applied to the electron gate, Fig. 4(b), is
shown in Fig. 4(c). This exactly reproduces the
experimentally observed profile of the voltage pulse
from the detection amplifier due to the arrival of a
pulse of electrons [illustrated in Fig. 4(d), measured at
E/N 5 3.2 3 10219 V cm2)]. Note that the convo-
luted curve [Fig. 4(c)] has been shifted along the time

Fig. 3. (a) Circuit diagram of the pulsing electronics for the electron
gate. (b) Schematic representation of the voltages on the wire arrays
A and B as a TTL pulse is applied to the optoisolator.
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axis so that it lies on top of the experimentally
measured curve [Fig. 4(d)]. This shift represents the
drift time of the pulse of electrons through the drift
tube for thisE/N. For these timing measurements, a
suppressing grid was installed at a distanced (;3
mm) in front of the Faraday plate to minimise any
image current. The grid was maintained at a potential
of d 3 E to minimise any distortion of theE field in
the drift tube.

2.7. Determination of mean electron drift velocities

As mentioned previously, the study of the temporal
behaviour of the arriving electron pulses—a develop-
ment made possible by the fast switching provided by
our new interdigitated gate and pulsing electronics—
allows the mean time-of-flight of the electrons
through the drift tube to be determined. From these
measurements, and knowing the drift length, the mean
electron drift velocities,w(E/N), for variousE/N’s
can be calculated. The mean electron drift velocity is
a measurable probe of the electron energy distribu-
tion. Thus, these measurements not only provide
useful information, which is required for the determi-
nation of electron attachment rate constants from the

measured density normalised electron attachment co-
efficients, but also provide a validation of our drift
tube technique for investigating electron attachment
processes. Fig. 5 is a plot of the experimentally
derived mean electron drift velocities as a function of
E/N (,2 3 10218 V cm2), compared to the values
obtained by Hunter et al. [10] from an approximate
numerical solution to the Boltzmann transport equa-
tion for electrons in nitrogen. The agreement is very
good, and allows us to conclude that theE field is
uniform in our drift tube, and any distortion in its
uniformity has little or no effect on the electron
energy distribution at eachE/N. Furthermore, any
impurities in the nitrogen buffer gas do not signifi-
cantly alter the electron energy distributions. For
higherE/N (.2 3 10218 V cm2), the mean electron
drift velocities become increasingly difficult to mea-
sure by our technique, because of the shorter electron
pulse drift times. Therefore at present, we only feel
confident in using our electron time-of-flight data to
obtain the mean electron drift velocities forE/N #

2 3 10218 V cm2. Values of mean electron drift
velocities for higherE/N’s are taken from the results of
Hunter et al. [10]. Tables 1 and 2 contain the values of
w(E/N), used to determine the electron attachment rate
constants from the measured density normalised electron
attachment coefficients for SeF6 and TeF6, respectively.

Fig. 4. (a) Recorded amplifier response to a current pulse of
FWHM , 1 ms. (b) Recording of the voltage pulse applied to the
electron gate. (c) A convolution of (a) and (b) illustrating the
expected shape of the electron pulse after amplification and
detection. This modified pulse has been shifted along the time axis
to lie above (d). (d) The experimentally recorded electron pulse
(E/N 5 3.2 3 10219 V cm2) from the detection amplifier.

Fig. 5. Mean electron drift velocities,w, extracted from data such
as that represented in Fig. 4, and compared against published values
[10], as a function ofE/N. The error bars shown reflect the
uncertainties in the measurements of the electron pulse drift times.
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2.8. Mass spectrometric analysis of the
anion products

No changes to the original apparatus, or to the data
acquisition, have been made for the detection and
recording of the anion products [5]. Therefore, only a
brief summary will be given here.

To determine the anion products resulting from
electron attachment, a constant stream of electrons is
allowed to enter the drift tube by leaving the electron
gate open. Anions, produced from the electron attach-
ment process, drift under the influence of the electric
field toward the Faraday plate. Upon arrival at the
Faraday plate, a small fraction of the anions are

Table 1
Density normalised electron attachment coefficients (a) and electron attachment rate constants (ka) for SeF6 in an atmospheric pressure
nitrogen buffer gas as a function ofE/N and mean electron energy (e#). The mean electron energies and mean electron drift velocities (w)
for eachE/N have been taken from data presented in an article by Hunter et al. [10]. The exceptions are the mean electron drift velocities
for E/N , 2 3 10218 V cm2 which were determined experimentally in this study.

E/N (/10218 V cm2) e# (/eV) w (/105 cm s21) a (/10216 cm2) ka (/10211 cm3 s21)

0.425 0.04 1.31 61.5 80.2
0.833 0.05 2.14 33.2 71.2
1.242 0.07 2.56 24.8 63.5
1.650 0.08 2.74 20.6 56.6
2.059 0.09 2.87 18.3 52.6
2.467 0.11 2.97 16.2 48.1
2.876 0.12 3.06 13.8 42.2
3.284 0.13 3.16 13.0 41.0
3.693 0.15 3.25 11.6 37.7
4.101 0.16 3.34 10.3 34.3
4.510 0.17 3.43 9.3 31.8
4.918 0.19 3.52 8.1 28.7
5.327 0.20 3.61 7.1 25.6
5.735 0.22 3.69 6.7 24.9
6.144 0.23 3.77 6.3 23.8
6.552 0.24 3.85 5.9 22.9
6.961 0.26 3.93 5.4 21.3
7.369 0.27 4.01 5.0 20.1
7.778 0.28 4.09 4.7 19.1
8.186 0.30 4.17 4.3 17.8
8.595 0.31 4.25 3.9 16.6
9.003 0.32 4.30 3.7 15.9
9.412 0.34 4.36 3.5 15.1
9.820 0.35 4.42 3.2 14.4

10.229 0.36 4.49 3.0 13.4
10.637 0.38 4.55 2.9 13.0
11.046 0.39 4.61 2.7 12.4
11.454 0.40 4.68 2.5 11.8
11.863 0.42 4.74 2.3 11.1
12.271 0.43 4.80 2.2 10.8
12.680 0.44 4.86 2.2 10.8
13.088 0.45 4.93 2.0 9.9
13.497 0.46 4.99 2.0 9.7
13.905 0.47 5.05 1.8 9.2
14.314 0.49 5.12 1.7 8.8
14.722 0.50 5.18 1.6 8.4
15.131 0.51 5.25 1.5 8.1
15.539 0.52 5.31 1.5 7.8
15.948 0.53 5.37 1.4 7.5
16.356 0.54 5.44 1.3 7.2
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carried by the buffer gas through the 70mm pinhole,
located centrally in the plate, to the differentially
pumped region. A fraction of these anions are then
focused into the quadrupole mass spectrometer via a
skimmer cone.

Branching ratios of the product anions from elec-
tron attachment are obtained by extrapolating product

anion signals to zero neutral attaching gas number
density. This takes into account any reactions of the
product anions with the neutral attaching gas. Only
two product anions were observed in the studies
presented here. Branching ratios were measured with
the detection quadrupole operating at its lowest reso-
lution. This allowed easy separation of the product

Table 2
Density normalised electron attachment coefficients (a) and electron attachment rate constants (ka) for TeF6 in an atmospheric pressure
nitrogen buffer gas as a function ofE/N and mean electron energy (e#). The mean electron energies and mean drift velocities (w) for each
E/N value have been taken from data presented in an article by Hunter et al. [10]. The exceptions are the mean electron drift velocities
for E/N , 2 3 10218 V cm2 which were determined experimentally in this study.

E/N (/10218 V cm2) e# (/eV) w (/105 cm s21) a (/10217 cm2) ka (/10212 cm3 s21)

0.415 0.04 1.28 63.9 81.8
0.831 0.05 2.14 31.4 67.2
1.246 0.07 2.57 25.0 64.2
1.662 0.08 2.74 21.9 60.0
2.077 0.09 2.87 16.7 47.9
2.493 0.11 2.97 15.2 45.2
2.908 0.12 3.07 12.8 39.4
3.324 0.13 3.17 11.3 35.9
3.739 0.15 3.26 10.5 34.4
4.155 0.16 3.35 9.6 32.2
4.570 0.18 3.44 8.9 30.8
4.986 0.19 3.53 8.3 29.2
5.401 0.20 3.62 7.4 27.0
5.817 0.22 3.71 6.9 25.6
6.232 0.23 3.79 6.2 23.7
6.648 0.25 3.87 5.6 21.8
7.063 0.26 3.95 5.2 20.7
7.479 0.27 4.03 4.9 19.6
7.894 0.29 4.11 4.5 18.5
8.310 0.30 4.19 4.1 17.2
8.725 0.32 4.27 3.8 16.0
9.141 0.33 4.33 3.6 15.4
9.556 0.34 4.39 3.3 14.3
9.971 0.36 4.45 3.1 13.8

10.387 0.37 4.51 2.9 13.2
10.802 0.38 4.57 2.8 12.6
11.218 0.40 4.64 2.6 12.0
11.633 0.41 4.70 2.4 11.4
12.049 0.42 4.76 2.4 11.3
12.464 0.43 4.82 2.2 10.4
12.880 0.45 4.89 2.1 10.3
13.295 0.46 4.95 2.1 10.2
13.711 0.47 5.01 1.9 9.7
14.126 0.48 5.07 1.9 9.4
14.542 0.49 5.14 1.8 9.1
14.957 0.50 5.20 1.7 8.7
15.373 0.51 5.26 1.7 8.9
15.788 0.52 5.33 1.7 9.0
16.204 0.53 5.39 1.5 8.0
16.619 0.54 5.45 1.4 7.5
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anions [their masses differ by 19 u (corresponding to
the mass of a fluorine atom)], and made mass discrim-
ination negligible.

2.9. Sample preparation and injection

Stainless steel cylinders (volume;2 3 103 cm3),
which have been silcosteel treated (Restek Corpora-
tion) to passivate the surfaces, are used to store the
attaching gas in concentrations of typically a few
hundred parts per million in nitrogen gas (zero grade,
99.998%) at a total pressure of about 2 atm. Gases in
the cylinders are continuously mixed by a small
circulation pump to ensure homogeneity. During an
experiment, a gas sample of known concentration is
transferred from the storage cylinder, and injected
into the contra flow, which typically flows at 400 cm3

min21 at slightly above atmospheric pressure. The
sample injection is controlled by using a digital
infusion syringe pump. The “forward” flow of pure
nitrogen gas is typically flowing at 100–150 cm3

min21, also at slightly above atmospheric pressure.
The pressure and gas temperature in the drift chamber
are measured so that the number densities of nitrogen
and the electron attaching gas in the drift tube can be
calculated from the ideal gas equation.

2.10. Measuringa at a singleE/N

The determination ofa for a singleE/N requires
the measurement of electron pulse amplitudesA as a
function of attaching gas concentration [M]. a is
obtained by fitting these amplitudes to the simple
linear relationship:

ln A 5 ln A0 2 al @M# (7)

The use of a constant pressure of N2 buffer gas, and a
63Ni source ofb particles ensures thatA andA0 are
constant for a givenE/N and [M].

Electron current pulses, with widths of typically
0.7 ms, are produced at a frequency of 25 Hz. The
amplitude (A) of the amplified signal from the detec-
tion amplifier, produced by each electron current

pulse is measured using a gated integrator. The width
of the gate is much shorter (3ms) than the detected
pulse, and the gate is positioned temporally to coin-
cide with the centre of the arriving detected voltage
pulse. Amplifier baseline offset correction is achieved
by recording the detected voltage signal with the
integrator’s gate moved to 1–2 ms after the end of the
detected electron pulse. The gated integrator provides
the first stage of averaging. For each pulse, the output
voltage from the integrator is passed to a computer.
The average of 100 measurements is formed, and
the baseline correction applied to giveA for a given
[M].

The concentration of the attaching gas is then
changed by altering the rate at which the dilute
mixture of the attaching gas is injected into the contra
flow of N2. The new concentration of attaching gas in
the drift tube is established after about 5 min (as
deduced by observing the response of the voltage
amplitude of the pulses from the detection amplifier)
and measurements of the detected electron pulse
amplitudes are typically made 10 min after changing
the injection rate.

For eachE/N, measurements are made at 5–8
concentrations (including [M] 5 0). The maximum
concentration is chosen to produce an attenuation
of the pulse amplitude of about 70%. Initially the
appropriate concentrations have to be determined
empirically. A linear least-squares fit of the data to
Eq. (7), with all points weighted equally, gives
a(E/N).

2.11. Recording a data set:a as a function ofE/N

One approach to building a data set fora(E/N)
would be to repeat the cycle of measurements de-
scribed above at a sequence of values forE/N.
However, because of the long times required to
change attaching gas concentrations compared to the
short times needed to establish a new electric fieldE
(made possible by the modifications to the drift tube
and electron gate), this is an inefficient approach.
Instead for each concentration of the attaching gas,
the detected voltage pulse amplitude is measured as a
function ofE/N at intervals over a specified range. All
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the high voltages, which need adjusting when chang-
ing the electric field strength in the drift tube, are
computer controlled. This provides both precision and
speed in the measurements. The data are then stored,
the concentration of the attaching gas is changed, and
the detected electron pulse voltage amplitudes mea-
sured for the same set of values ofE/N. At the end of
the experiment the voltage pulse amplitudes as a
function of attaching gas concentration for eachE/N
are extracted from the accumulated data, and used to
determinea(E/N).

2.12. Gas samples

Samples of the three compounds investigated in
this study were commercially purchased (Fluorochem
Limited, Derbyshire, UK) with the following stated
purities: sulphur hexafluoride (991%), selenium
hexafluoride (99%) and tellurium hexafluoride
(991%). They were used directly without additional
purification.

3. Results and discussion

For the buffer gas N2, which was used exclusively
in this study, theE/N range accessible with the
present configuration of the instrument is (0.4–18)3
10218 V cm2. This corresponds to mean electron
energies from 0.04 to 0.6 eV [10].

3.1. Density normalised electron attachment
coefficients and electron attachment rate constants

For SF6, SeF6, and TeF6, each set of raw data gave
a good fit to Eq. (7). This is in accord with the general
attachment mechanism outlined in the introduction
[Eqs. (1)–(4)]. It also implies that, although the cross
section for the removal of electrons by attachment is
dependent on their energies, the combined effects of
the accelerating field and collisions of the electrons
with the nitrogen buffer gas are able to maintain a
constant electron energy distribution.

Tables 1 and 2 present the results of the measure-
ments for SeF6 and TeF6, respectively. Extensive

tables ofa(E/N) and ka(E/N) for SF6 in N2 have
already been published [10], and our results are in
good agreement with these. The density normalised
electron attachment coefficients,a(E/N), as a func-
tion of E/N, for SF6, SeF6, and TeF6 are plotted in
Figs. 6(a)–6(c), respectively. Mean electron energies,
used to provide the upper scales, were obtained from
the tables of Hunter et al. [10].

By multiplying the density normalised electron
attachment coefficients by the appropriate mean elec-
tron drift velocities, the electron attachment rate
constants,ka(E/N), are obtained. Plots ofka(E/N), as
a function of E/N, for SF6, SeF6, and TeF6 are
presented in Figs. 7(a)–7(c), respectively.

Fig. 6. The experimental density normalised electron attachment
coefficients,a, as a function ofE/N in an atmospheric pressure
nitrogen buffer gas for the molecules (a) SF6, (b) SeF6, and (c)
TeF6. The points represent an average of six independent measure-
ments, and the error bars shown represent one standard deviation
about the mean value.
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From Figs. 6 and 7 it can be seen that thea(E/N)
andka(E/N) curves, respectively, for the three mole-
cules possess similar shapes, i.e. the ratios of rate
constants are to within experimental error indepen-
dent of E/N. Given this similarity in the curves, we
must demonstrate that there is no SF6 trace impurity
in our samples of SeF6 and TeF6. For example, if SeF6
and TeF6 have extremely low attachment rate con-
stants (,10212 cm3 s21), an impurity of SF6 at the
level of about 0.3% and 0.03% in the SeF6 and TeF6
samples, respectively, would result in the observed
measurements. Reactions of SF6

2 with SeF6 or TeF6

would likely lead to the observed anion products
discussed below. Mass spectrometric analyses made
on the samples using a VG Pro Spec Mass Spectrom-

eter, ruled out this problem because no SF6 was
detected in either of the samples. Indeed, the analysis
revealed no identifiable impurities with masses$40 u
(the starting mass on the spectrometer), and relative
concentrations$0.1%.

The dependence ofka on E/N for all three mole-
cules indicates that the electron attachment cross
sections are strongly peaked ate 5 0. This is well
established for SF6 [10] and is supported by low-
pressure electron beam studies for SeF6 and TeF6
[24,25]. The large differences in the values of
ka(E/N) between SF6, SeF6, and TeF6, suggest either
that the electron autodetachment rate for the initially
formed (SeF6

2)* and (TeF6
2)* is much higher than it is

for (SF6
2)*, or (and more likely) maybe a result of

poor vibrational overlap of the neutral and anion. The
results for the three molecules suggest an inverse
correlation betweenka and electron affinity, for the
electron affinities of SeF6, 2.9 6 0.2 eV [26], and
TeF6, 3.3 6 0.2 eV [27], are larger than that of SF6,
1.056 0.05 eV [8,33].

Our lowestE/N (4.0 3 10219 V cm2) will give to
a good approximation a Maxwellian distribution of
electron energies, with a mean electron energy of
0.042 eV. This mean electron energy is close toe# for
thermalised electrons at 300 K, 0.038 eV. It is then
reasonable to suggest thatkth(300 K) ' ka(300 K,
E/N 5 4.0 3 10219 V cm2). Adopting this proce-
dure, kth(SF6) ' (2.5 6 0.3) 3 1027 cm3 s21,
kth(SeF6) ' (8.0 6 1.2) 3 10210 cm3 s21, and
kth(TeF6) ' (8.2 6 1.1) 3 10211 cm3 s21. Our esti-
mated SF6 thermal electron attachment rate constant
is in good agreement with the value of (3.16 0.5) 3
1027 cm3 s21, obtained by Smith et al. [6] using a
flowing afterglow technique, and (2.36 0.1) 3 1027

cm3 s21, obtained by Hunter et al. [10] using an
electron-swarm technique in a nitrogen buffer gas.
The value we obtained for SeF6 agrees less favourably
with that obtained from an electron-swarm experi-
ment operated under zero electric field conditions,
kth(SeF6) 5 1.273 1029 cm3 s21 [28]. However, a
direct comparison with this measurement may not be
meaningful. The zero electric field experiment, in
which the electrons are assumed to have a Maxwellian
(thermal) energy distribution, was performed in pure

Fig. 7. The electron attachment rate constants,ka, as a function of
E/N in an atmospheric pressure nitrogen buffer gas for the
molecules (a) SF6, (b) SeF6, and (c) TeF6. The points represent an
average of six independent measurements, and the error bars shown
represent one standard deviation about the mean value.
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SeF6 at a pressure of 8 Torr. Our experiment, on the
other hand, consisted of a nitrogen buffer gas at
atmospheric pressure seeded with a small quantity of
SeF6. Collisional stabilisation is an important process
in electron attachment, competing with autodetach-
ment, and can account for differences inka from
experiments performed under different pressure and
buffer gas conditions. An interpretation of the higher
kth(SeF6) obtained from the low-pressure, pure SeF6

experiment is that SeF6 stabilizes (SeF6
2)* much more

rapidly than N2. A difference in the thermal electron
attachment rate constants is also observed for electron
attachment to TeF6. Only an upper limit to the thermal
electron attachment rate constant was determined by
Davis et al. [28],kth(TeF6) , 2 3 10211 cm3 s21,
which is much lower than the value we have measured
in the high-pressure environment of our drift tube.
This is presumably because of the reduced collisional
stabilisation of (TeF6

2)* in the earlier swarm measure-
ments, which used 0.5 Torr of pure TeF6.

3.2. Anion products resulting from electron
attachment

Typical mass spectra recorded for SF6, SeF6, and
TeF6 can be seen in Figs. 8(a)–8(c),respectively.
These were recorded at less than 1 u resolution so that
the peaks associated with all the isotopes are well
defined. For these mass spectra anE/N 5 8.2 3

10218 V cm2, and [SF6] 5 1.2 3 1011 cm23,
[SeF6] 5 1.9 3 1014 cm23, and [TeF6] 5 7.6 3

1013 cm23 were used. Only two anion products
resulting from electron attachment to the attaching
molecules were observed. Nondissociative electron
attachment leads to the formation of the parent anion,
following collisional stabilisation by the nitrogen
buffer gas:

e2 1 XF6 ¡ (XF6
2)* OO3

N2

XF6
2 (8)

while dissociative electron attachment leads to XF5
2:

e2 1 XF6 ¡ (XF6
2)* ¡ XF5

2 1 F (9)

where X5 S, Se, or Te. XF5
2 could also be produced

through reaction 3(a). No other anion products result-
ing directly from electron attachment were observed.

Fig. 8. High resolution recordings of the mass spectra resulting
from electron attachment to (a) SF6, (b) SeF6, and (c) TeF6 in an
atmospheric pressure nitrogen buffer gas. The various sulphur,
selenium, and tellurium isotopes are highlighted. Similar spectra
were obtained for allE/N values. For SeF6 and TeF6 the relative
intensities of the two anion products are very sensitive to the anion
molecule reaction: XF6

2 1 XF6 3 XF5
2 1 (XF6 1 F). Thus (b)

and (c) do not represent the product anion branching ratios in the
swarm environment. These can only be determined by extrapolating
the anion intensities to zero attaching gas concentration. For the
spectra presented hereE/N 5 8.2 3 10218 V cm2 and [SF6] 5
1.2 3 1011 cm23, [SeF6] 5 1.9 3 1014 cm23, and [TeF6] 5
7.6 3 1013 cm23. A wider mass scale is shown for the SF6 mass
spectrum to illustrate the level of the “impurity” anions resulting
from the reaction of SF6

2 with impurities in our nitrogen buffer gas
and/or in our gas sample.
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Anion–molecule reactions can, and do, play a
significant role in the high-pressure swarm environ-
ment, modifying the product anion branching ratios.
Care therefore must be taken when determining the
product anion branching ratios. In this investigation,
for SeF6 and TeF6, the following anion–molecule
reaction was observed:

XF6
2 1 XF6 OO3

k10

XF5
2 1 (XF6 1 F) (10)

the neutral product(s) being uncertain. An example of
the effects of the reaction of XF6

2 with XF6 on the
anion intensities is illustrated in Fig. 9 for SeF6 at an
E/N 5 1.7 3 10218 V cm2. SeF6 is the most af-
fected by reaction (10), and only at extremely low
concentrations does SeF6

2 become the dominant an-
ion. Thus, to obtain anion product branching ratios for
electron attachment to SeF6 and TeF6, it was neces-
sary to record the anion intensities as a function of
attaching gas concentration and to extrapolate the
results back to zero concentration. When the branch-
ing ratios are properly treated in this way, they are
found to be relatively insensitive toE/N, at least over
the range covered in this study, and our best estimates
of the mean values are: SeF6–SeF5

2 (20%), SeF6
2

(80%); and TeF6–TeF5
2 (3%), TeF6

2 (97%).

For SF6, reaction (10) was not observed for the
concentrations of SF6 used in this study. The reaction
of SF6

2 with SF6 to form SF5
2 1 (SF6 1 F) is re-

ported to be slow (k10 , 10212 cm3 s21) [34]. To see
any appreciable reaction, [SF6] . 1/k10t ' 3 3
1013 cm23, wheret is the residence time of SF6

2 in
the drift tube. This concentration is far greater than
those used. Although reaction (10) caused no prob-
lems in determining the SF5

2 branching ratio, reac-
tions of SF6

2 with impurities, either in the nitrogen
buffer gas or in the sample added by injection, made
estimation of the total yield of SF6

2 difficult. Conse-
quently, in addition to SF5

2 and SF6
2, the mass

spectrum resulting from electron attachment to SF6

contains several impurity anions, the majority of
which are illustrated in Fig. 8(a). Due to the low
electron affinity of SF6, SF6

2 reacts with many mole-
cules (A) by electron transfer:

SF6
2 1 A3 A2 1 SF6 (11)

In contrast SF5
2 has been reported to react with

relatively few molecules [35]. It was therefore as-
sumed that all the anions resulting from the impurities
were formed from reactions with SF6

2 so that the
branching ratio for the production of SF5

2:

f~SF5
2! 5

I ~SF5
2!

I ~SF5
2! 1 I ~SF6

2!
(12)

is calculated from the observed anion yields as

f~SF5
2! 5

Iobs(SF5
2)

Iobs(SF5
2) 1 Iobs(SF6

2) 1 ( Iobs~ A2!
(13)

For lowE/N, the contribution of¥ Iobs( A2) to the
SF6

2 anion intensity was typically about 20%, with
this percentage reducing to about 10% for higherE/N.
Fig. 10 shows the results of our experiments for three
concentrations of SF6. The observed proportion of
SF5

2 is seen to be independent of the concentration of
SF6, confirming that reaction (10) does not affect the
observations. The observed proportion of SF5

2 is
observed to decrease asE/N increases. These results
are in accord with an investigation conducted using
our original instrument [5].

Fig. 9. An example of the effects of attaching gas concentration on
the anion intensities is illustrated for SeF6 at an E/N of 1.7 3
10218 V cm2. SeF6 is chosen for this illustration, because it shows
the greatest change in the relative anion intensity with changes in
concentration. At extremely low concentrations of SeF6 ([SeF6] ,
1.5 3 1012 cm23), SeF6

2 becomes the dominant anion product. The
first point on the curve corresponds to [SeF6] 5 5 3 1010 cm23.
Extrapolation back to [SeF6] 5 0 yields a SeF5

2 branching ratio of
(16 6 5)%.

267G.K. Jarvis et al./International Journal of Mass Spectrometry 205 (2001) 253–270



The existing results for electron attachment to SF6

from low-pressure, electron beam experiments
[13,14] can be used to predict how the SF5

2 branching
ratio might vary withE/N in a swarm experiment. At
the lowest electron energies the dominant product ion
from electron attachment to SF6 is SF6

2; for electron
energies above about 0.3 eV, the exclusive product is
SF5

2. In a swarm experiment, increasingE/N in-
creases both the mean electron energy and the breadth
of the electron energy distribution. The resulting
qualitative prediction is that in a swarm experiment,
the branching ratio for the production of SF5

2 will
increase with increasingE/N. This expectation is in
agreement with quantitative predictions obtained by
convoluting the cross sections for the production of
SF5

2 and SF6
2 (obtained from low-pressure, electron

beam experiments [13]) with theE/N dependent
electron energy distributions for a high-pressure
swarm environment [10]. Both the qualitative and
quantitative predictions neglect the possible effects of
collisions of (SF6

2)* with the nitrogen buffer gas.
More sophisticated models of electron attachment,
incorporating the effects of collisions have recently
been proposed [36,37]. Although the application of
these models is likely to influence the quantitative
predictions [10], the assertion that the branching ratio
for the production of SF5

2 will increase with increas-

ing E/N is expected to remain valid. Our results
disagree with the well-founded prediction presented
above. Compared to the prediction, there appears to
be an over production of SF5

2, with the amount of
“extra” SF5

2 increasing asE/N decreases. A contam-
inant anion at am/z5 127 can be ruled out. The
region aroundm/z5 127 was examined under high
resolution and sensitivity, and shown to comprise of
two peaks, one atm/z5 127 u ('95%) and the other
at m/z5 129 u ('5%) due to 32SF5

2 and 34SF5
2,

respectively. Their relative intensities show that the
m/z5 127 u peak is SF5

2 and there is no significant
contribution to this peak from impurity anions. A
possible explanation of this observation is that SF6

2 is
reacting by fluorine atom transfer with some impurity
(B) in the buffer gas:

SF6
2 1 B3 SF5

2 1 BF (14)

Fluorine atom transfer has been reported to occur in
some reactions of SF6

2 [38]. As E/N decreases, the
mean drift velocities of the anions will decrease.
Thus, the residence times of the anions in the drift
tube will increase, and the effects of any anion–
molecule reactions such as reaction (14) will increase.
We plan to conduct experiments with a higher purity
sample of N2 buffer gas to test this possible explana-
tion of the observations.

SeF6 and TeF6 have quite high electron affinities,
much higher than SF6. Thus there are relatively few
molecules with which SeF6

2 and TeF6
2 may react by

electron transfer. The mass spectra showed very low
yields of anions other than XF5

2 and XF6
2. There have

been no reports of reactions involving fluorine atom
transfer from SeF6

2 or TeF6
2. The E/N independent

branching ratios for production of SeF5
2 (20%) and

TeF5
2 (3%) resulting from electron attachment to SeF6

and TeF6, respectively, are thus believed to be the true
branching ratios appropriate for the high-pressure
swarm environment.

None of the low-pressure, electron beam studies
[23–26] observed SeF6

2 or TeF6
2, presumably because

(SeF6
2)* and (TeF6

2)* are not long-lived enough to be
detected before autodetachment or dissociation oc-
curs. Brion [24] mentions that when a beam of low

Fig. 10. Relative anion yield intensity for SF5
2 resulting from

electron attachment to SF6 in an atmospheric pressure nitrogen
buffer gas for a range ofE/N, at three different concentrations of
SF6. The rise in the observed proportion of SF5

2 with decreasing
E/N is tentatively attributed to reactions of SF6

2 with unknown
impurities in our system (see the text).
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energy electrons is passed through a sample of SeF6

(TeF6) to which some SF6 has been added, then SeF6
2

(TeF6
2) is formed. The suggested explanation was that

the efficiency of collisional stabilisation of excited
SeF6

2 (TeF6
2) by SF6 is very high. However, given the

high concentration of SF6 used in Brion’s experi-
ments, it is probable that anion–molecule reactions
led to the formation of the parent anion, e.g. for SeF6:

SF6
2 1 SeF63 SeF6

2 1 SF6 (15)

rather than especially efficient collisional stabilisation
of the excited parent anion by SF6, e.g. for SeF6:

e2 1 SeF63 (SeF6
2)* OO3

SF6

SeF6
2 (16)

We tried to confirm the above anion–molecule reac-
tion (15) using our selected ion flow tube (SIFT)
apparatus [39], but found it impossible to generate a
pure swarm of SF6

2. However, a SIFT study of the
reactions of several other anions with SeF6 and TeF6
[40] is in agreement with the assignment. For exam-
ple, O2

2 reacts with SeF6 to give SeF6
2 (50%) and

SeF5
2 (50%), and with TeF6 to give TeF6

2 (100%). O2

reacts with SeF6 to give SeF6
2 (92%) and SeF5

2 (8%),
and with TeF6 to give TeF6

2 (100%). The electron
affinity of SF6 (EA 5 1.05 eV) is less than that of O
(EA 5 1.46 eV) but greater than that of O2 (EA 5
0.45 eV). Therefore we can reasonably expect SF6

2 to
react with SeF6 to produce predominantly SeF6

2 and
with TeF6 to produce only TeF6

2.
Electron beam studies observed SeF5

2 and TeF5
2 to

be the dominant [24] or only [25] anion product for
low energy electron attachment to SeF6 and TeF6. As
mentioned previously, these anion products are also
observed by us, but are far from being the dominant
species. Brion [24] also observed a weak Se2 signal
due to zero energy electron attachment to SeF6, which
we did not observe.

4. Conclusions

Details of a modified electron-swarm mass spec-
trometric apparatus used for the study of electron
attachment to molecules under swarm conditions have

been presented. There are a number of benefits result-
ing from the modifications to the apparatus. These
include the following: a reduction in the time required
to acquire data, which allows us to screen the electron
attachment properties of a wide range of molecules;
no charging effects have been observed, providing us
with more confidence in our electric field strengths;
low E/N (,10218 V cm2) can be easily reached,
corresponding to mean electron energies approaching
the thermal value; and the ability to look at the temporal
behaviour of the electron pulses forE/N # 2 3 10218V
cm2, which has allowed us to validate our system, by
determining mean electron drift velocities and compar-
ing them against values in the literature [10].

Further validation of our system has been obtained
by the SF6 study presented here. The measured
density normalised electron attachment coefficients
and rate constants agree well with those obtained by
Hunter et al., who used a different swarm apparatus
[10].

The first detailed electron-swarm measurements of
SeF6 and TeF6 have been presented in this article.
Interesting differences in the electron attachment
process between these molecules and SF6 have been
noticed. Whilst the anion products of electron attach-
ment are the same [XF6

2 (dominant) and XF5
2], with

only slight variations in the product anion branching
ratios as X is changed, the electron attachment rate
constants for SeF6 and TeF6 are approximately 300
and 3000 times smaller, respectively, than those of
SF6 for all the E/N’s covered in these experiments.
The attachment rate data imply that electron attach-
ment to the three molecules is dominated by a sharp
zero-energy resonance in their electron attachment
cross sections.
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