
Eur. Phys. J. D 35, 307–312 (2005)
DOI: 10.1140/epjd/e2005-00087-7 THE EUROPEAN

PHYSICAL JOURNAL D

Measurements of thermal electron attachment rate coefficients
to molecules using an electron swarm technique

C.A. Mayhew1,a, A.D.J. Critchley1, D.C. Howse2, V. Mikhailov1, and M.A. Parkes1

1 School of Physics and Astronomy, University of Birmingham, Edgbaston B15 2TT, UK
2 Walsall College of Arts and Technology, St. Pauls Street, Walsall WS1 1XN, UK

Received 7 March 2005
Published online 14 June 2005 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2005

Abstract. An existing electron swarm apparatus has been redesigned and upgraded. In particular, the new
design incorporates a novel planar radioactive foil to form an integral part of the drift tube, allowing us to
overcome inherent problems present in our earlier system which used a cylindrical radioactive source. In
addition to this, substantial upgrades have been made to improve the gating and amplification electronics
and the data acquisition system. This has resulted in a much greater signal to noise ratio and improved
accuracy. This paper describes the upgraded apparatus and its use in obtaining thermal (300 K) attachment
rate coefficients to a number of molecules. The quality of the measurements and data are illustrated
through the measurement of the thermal attachment rate coefficient for SF6 (kth(SF6) = (2.38 ± 0.15) ×
10−7 cm3 s−1). Thermal electron attachment rate coefficients for four other molecules are presented, namely
for two derivatives of SF6, SF5CF3 and SF5Cl, and two perfluorocarbons, c-C4F8 and 2-C4F8.

PACS. 34.80.Lx Electron-ion recombination and electron attachment – 34.80.Ht Dissociation and disso-
ciative attachment by electron impact – 82.20.Pm Rate constants, reaction cross sections, and activation
energies

1 Introduction

The study of electron capture processes is an active area of
research. By its very nature it is multidisciplinary, funda-
mental, and of practical value. Electron attachment data
need to be incorporated into models used to characterize
gaseous discharges and industrial plasmas. The creation of
reactive intermediate species, via dissociative electron at-
tachment, initiate and drive chemical and physical changes
in many diverse environments ranging from interstellar
molecular clouds to technological plasmas, through to liv-
ing tissue [1–7].

Many electron attaching gases show a maximum in
their electron attachment cross-section at zero electron
energy, with values which are comparable with the the-
oretical upper limit for thermal electron capture. A re-
cent review by Hotop et al. has highlighted the inter-
est in low-energy electron collisions with molecules (and
clusters) [8]. As explained in Hotop’s review, the experi-
mental techniques which provide high resolution data of
resonance and threshold phenomena provide only relative
cross-sections. To place these on absolute scales requires
knowledge of the thermal energy electron attachment rate
coefficients. Accurate determinations of these rate coeffi-
cients are therefore needed for many molecules. A further
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motivation for such measurements comes from the impor-
tance of the thermal electron attachment mechanism in
many chemical environments, and the study of such pro-
cesses provides information critical to the understanding
of how these environments evolve.

The majority of thermal electron attachment rate co-
efficients have been obtained using a flowing afterglow
Langmuir probe (FALP) technique [9]. Swarm studies
have also been used to obtain thermal rate coefficients.
The majority of these are based on data derived from mea-
surements with a non-zero value of the reduced electric
field strength (see later). Whilst the departure from ther-
mal equilibrium may be small, the experiments do not pro-
vide a direct measurement. A simple change in the buffer
gas, from the commonly used nitrogen, argon or helium
to carbon dioxide results in the electron swarm having a
thermal electron energy distribution over a large range of
reduced electric field strength values. The use of CO2 as
a buffer gas has been used to investigate thermal electron
attachment to great effect by Szamrej et al. [10,11].

In this present work, we describe thermal electron
attachment using a swarm apparatus for a number of
molecules. For this project, we took the opportunity to
redesign and upgrade our drift tube, electronics and data
acquisition to remove some inherent problems resulting
from using an ion mobility spectrometer for such studies.
These adaptations are described in this article.
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2 Experimental details

The fundamental importance of electron attachment pro-
cesses, together with desirable practical applications of
these processes, has led to many measurements of electron
attachment cross-sections and rate constants of molecules.
Several experimental methods have been developed for
such measurements, including the flowing afterglow-
Langmuir probe [9], threshold photoionisation [8], electron
beam (coupled with molecular beam [12] or gas collision
chamber [13]) and the electron swarm techniques [14–16].
As mentioned above, for thermal electron energy distri-
butions the flowing afterglow technique has been success-
fully used to obtain capture rate constants. In addition
it is used to identify anion products, something that is
not commonly available using electron swarm apparatus.
For electron energies above the thermal value, the elec-
tron beam and electron swarm techniques have been ex-
tensively used.

Beam studies investigate electron attachment pro-
cesses using nearly mono-energetic electrons over an
energy range of typically 0.1–15 eV. The capture occurs
under collision free conditions. Relative attachment cross-
sections and competing decay channels as a function of
electron energy are obtained. The technique is used to
identify stable, long-lived anions (τ > 10−6 s). The trans-
mission of anions in beam experiments not only depends
on mass filter discrimination, but as Cicman et al. have
shown the ion extraction efficiency in crossed beam exper-
iments using trochoidal electron monochromators is also
dependent on the kinetic energy release of the anion prod-
ucts produced by dissociative electron attachment [17].
Fragment anions with higher kinetic energies are found
to have reduced extraction efficiencies. Almost zero ex-
traction potentials are required to produce ion extraction
efficiencies which are independent of the kinetic energy
release so that reliable relative cross-sections can be ob-
tained.

Swarm measurements provide absolute data averaged
over a broad (and usually non-thermal) electron energy
distribution. The attachment takes place in a high pres-
sure environment (typically 1 atmosphere or greater) so
that collisional relaxation of the excess internal energy in
the anions produced from electron attachment may take
place.

The electron swarm technique has resulted in a large
body of data on electron attachment processes, most no-
tably from the work by Christophorou and colleagues. The
technique relies on the production of pulses of electrons,
thereby ensuring that they are temporally distinct from
the anion products, in a drift chamber containing a non-
electron attaching buffer gas of number density N . Un-
der the influence of an applied electric field E, the elec-
trons are drawn through the gas towards a collector plate,
where the intensity of the electron pulses can be mea-
sured. Within the drift region, electrons usually attain a
non-thermal equilibrium energy distribution, f(ε), deter-
mined by a dynamic balance between the kinetic energy
gained from the electric field and energy loss through mul-
tiple collisions with the molecules of the buffer gas. Thus

f(ε) primarily depends on the nature of the buffer gas
and the ratio E/N . This distribution has been well char-
acterized for a number of gases, e.g. He, Ar and N2. Trace
amounts of an electron attaching gas mixed into the buffer
gas results in the removal of electrons, without changing
the electron energy distribution. The electron pulse inten-
sity is subsequently reduced at the detector. This reduc-
tion in intensity is used in swarm experiments to obtain
absolute values of the density reduced electron attachment
rate coefficient, from which, with knowledge of the mean
electron drift velocities, the electron attachment rate co-
efficient as a function of mean electron energy can be de-
termined. Electron attachment cross-sections, σ(ε), as a
function of electron energy, ε, can in principle be deter-
mined by deconvoluting the swarm data, because f(ε) is
known as a function of E/N .

We have developed the electron swarm technique by
attaching a mass spectrometer to a drift tube used for
swarm studies. A 70 µm orifice in the collector permits
product anions to pass into a region of the instrument
where they are focussed and mass analysed. This in-
strument, called an Electron Swarm Mass Spectrometer
(ESMS) therefore has the capability of identifying anion
products resulting from electron attachment inside the
drift tube [18]. This provides valuable additional infor-
mation on electron capture processes, allowing the mech-
anisms involved to be elucidated. A similar instrument has
been developed by the group of Grimsrud et al., which has
been used most notably to investigate electron attachment
to POCl3 and PSCl3 [19,20].

The ESMS we have used for our studies of electron at-
tachment processes has been described in detail in the lit-
erature [18]. Recently, we have modified the drift chamber
of our instrument for the following reasons. In our orig-
inal design, electrons are produced via ionization of the
buffer gas by electrons emitted from a cylindrical 11 mCi
63Ni β-ray source. To minimize electron attachment be-
tween the source and drift tube, two buffer gas flows are
required; one through the ionization source and the other
(in the opposite direction) through the drift tube. This
has the potential of leading to flows of gases of different
chemical composition, which in turn leads to concentra-
tion gradients. These are difficult to predict and/or con-
trol. Furthermore, the electric field close to the source re-
gion is not uniform, leading to uncertainties in the electron
energy distribution around this region. The new design of
drift tube uses a planar 63Ni radioactive source, which
forms an integral part of the drift tube. This allows the
use of a single gas stream to fill all parts of the chamber,
eliminating any inhomogeneity in gas concentration and
uncertainties in the reaction length. Varying electric field
gradients between the electron source and electrical gate
are also eliminated. Figure 1 presents a schematic diagram
of the new drift tube.

As in our initial design [18], metal ring electrodes inside
a glass envelope form the drift tube. The rings are made
of aluminium, and are coated with molybdenum to re-
duce charging effects. They are physically separated from
each other by 1 mm ceramic spacers, but are electrically
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Fig. 1. A schematic representation of the new drift tube used
in our electron swarm investigations. The diagram represents
a cross-section of the cylindrically symmetric drift tube.

connected via a chain of 10 MΩ resistors. The drift tube
is 9.7 cm long, measured from the radioactive source to
the Faraday plate. The Faraday plate is electrically iso-
lated from the drift tube, but is normally held at ground
potential.

The electron gate is used to convert the constant
stream of electrons produced in the source region into a
chain of pulses. The gate is based on the Bradbury-Nielsen
design, consisting of two interdigitated wire arrays [21]. A
dual tracking regulator is used to produce up to ±30 V, on
the wire arrays. For optimum performance we have found
that one array should be held at a potential of 22 V above
the voltage of the drift tube at the position of the gate, Vd,
and the other at 22 V below Vd. When the gate is closed,
electrons experience a large electric field deflecting them
sideways, stopping them from entering the remaining sec-
tion of the drift tube. To open the gate, the potentials on
the arrays are simultaneously switched to Vd for typically
1 ms at a frequency of 25 Hz.

Originally, the gate pulse switching circuit (consisting
of an opto-isolator and two Schmitt triggers) was pow-
ered by a number of rechargeable batteries. This caused
problems as the batteries became discharged, because the
gate was not closing properly. Improvements have been
made by deriving the power from the mains electricity
supply (using a 5 kV flash tested isolation transformer).
De-coupling of a 50 Hz signal picked up from the supplies
and detected on the Faraday Plate was filtered out by a
high voltage low frequency filter.

The Faraday plate collects the electrons and anions
that pass through the drift tube. The electron current
pulse is converted to a voltage pulse by a current to volt-
age converter. The signal is amplified by a fast preampli-
fier, which is housed in a radio frequency shielded case.
Switched gain ranges of 10−9 A/V to 10−6 A/V allow the
measurement of electron swarm currents over the range of

1 nA to 1 µA. The amplified pulse is passed to a National
Instruments data acquisition card (PCI-6014), where it
is digitised. The data are acquired using a customised
LabVIEW application. A measurement is obtained by av-
eraging over several hundred pulses and integrating over
the whole pulse width. This integration over the whole
pulse width has dramatically improved our signal-to-noise
ratio.

The determination of the density normalized electron
attachment coefficient, α, is readily deduced in the follow-
ing straightforward manner. Let the intensity of electrons
at x = 0, the start of the drift tube, be I0. Between the
source and the gate, separated by a distance l1, diffusion
and attachment of electrons occur, so that the electron
intensity at the gate will be I(l1) such that

I (l1) = I0e
−(nα+β)l1 (1)

where β is the diffusive loss coefficient (defined as the
probability of diffusive loss of electrons per unit length)
and n is the number density of the electron attaching
molecule, which is entrained in the buffer gas flow. A
fraction of I(l1), γ, is pulsed into the next section of the
drift tube. The initial intensity of the pulse in this section
is A(l1), where

A (l1) = γI (l1) = γI0e
−(nα+β)l1 . (2)

As this electron pulse propagates down the drift tube fur-
ther diffusional and attachment loss of electrons will occur,
so that the amplitude of the pulse at the Faraday plate
will be A(l2), where

A (l2) = A (l1) e−(nα+β)(l2−l1) = γI0e
−βl2e−nαl2 (3)

with l2 representing the total length of the drift tube.
α can then be readily determined from

α = − ln
{
A (l2) /γI0e

−βl2
}

/nl2 (4)

which is independent of the position of the gate in the
drift tube. A measurement of lnA(l2) as a function of n
for a fixed E/N is made. Typically 5–8 concentrations
(including n = 0) are used. The maximum concentration
is chosen to produce an attenuation of the pulse ampli-
tude of about 90%. A typical data set is illustrated in
Figure 2. A linear least-squares fit of such data, with all
points weighted equally gives α(E/N). By multiplying the
density normalized electron attachment coefficients by the
appropriate mean electron drift velocities, the electron at-
tachment rate constants, ka(E/N), are obtained.

Most swarm studies have been performed in buffer
gases within which the electron energy distribution is de-
pendent on E/N . However, as mentioned earlier, by using
CO2 as the buffer gas an electron swarm with a thermal
energy distribution over a large range of E/N values can
be created. A determination of the thermal attachment
rate coefficient, kth, is then directly possible from the ab-
solute measurement of α through the equation:

kth = µ
E

N
α (5)
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Fig. 2. Plot of a typical data set for determining the den-
sity normalised electron attachment coefficient (in this case
for the molecule SF5CF3). The figure shows the natural loga-
rithm of the normalised electron current pulses (I/I0), where
I0 is the initial electron current pulse (i.e. at [SF5CF3] =
0), versus SF5CF3 number density taken at E/N = 8.87 ×
10−18 V cm2. For this particular data set, the gradient of lin-
ear fit is –4.5×10−12 cm3, from which we can determine that
α = 4.63×10−13 cm2.

where µ is the electron mobility, which in turn is deter-
mined from

µ = µN

(
1013
P

) (
T

273

)
(6)

where µN is the reduced electron mobility, and P and
T are the atmospheric pressure (in mbar) and tempera-
ture (in Kelvin), respectively, at which the measurements
are taken. From measuring the times taken for electron
pulses to travel from the gate to the Faraday plate for
given E/N values, we have determined a value for µN

to be (1.81± 0.05)× 1022 V−1 cm−1 s−1. This value is in
good agreement with other values to be found in the lit-
erature [22,23].

As mentioned earlier a unique aspect of our apparatus,
is its ability to record mass spectra of the anion products
resulting from electron attachment in a high pressure en-
vironment. In this upgrade, we now use LabVIEW to not
only control the mass spectrometer, but also to record
mass spectra. Mass spectra are recorded as a function of
the electron attaching gas concentration to allow for any
anion-molecule reactions in the drift tube. Voltages be-
tween the Faraday plate and a sample cone, leading to
the mass spectrometer, are kept to sufficiently low val-
ues to minimise collision induced dissociation, whilst at
the same time high enough to obtain a reasonable anion
signal.

3 Results

3.1 Thermal electron attachment rate measurements
of SF6

SF6 is the best known electronegative gas. Despite con-
cerns associated with its greenhouse properties, SF6 ap-

Fig. 3. The dependence of the electron attachment rate con-
stants on E/N for SF6 determined in a swarm environment
using N2 (from the work of Hunter et al. [23]) and CO2 buffer
gases.

pears to be the most suitable molecule for many indus-
trial applications in which its electron capture properties
for low energy electrons is crucial. This includes its uses
as an insulating medium in high-voltage transmission and
distribution and in plasma etching.

Owing to its importance, many measurements of the
thermal value of the total electron attachment rate co-
efficient of SF6 have been made, and whilst there is
some variation in the values, the currently recommended
value averaged from a number of reliable data, is 2.25 ×
10−7 cm3 s−1 [24]. Given the quality of earlier thermal
measurements, SF6 is an ideal molecule for us to test the
new drift tube incorporating the planar radioactive source,
and operating in a CO2 buffer gas. We obtained values of
kth over a range of E/N (∼0–16 × 10−18 V cm2). In addi-
tion, for each E/N we prepared up to five SF6 samples di-
luted in CO2 prior to injection into the drift tube, in order
to check the error associated with determining the concen-
tration of SF6. Figure 3 shows kth(300 K) measured for
SF6 over the range of E/N used. For comparison, the rate
coefficients measured by Hunter et al. [16] in an N2 buffer
gas over the same E/N range are shown. The constancy
of the electron attachment rate constant for SF6 measured
using a CO2 buffer gas throughout the E/N range shown
in Figure 2 serves to illustrate that the electron energy
distribution in the swarm environment is thermal. Any
deviation from the thermal energy distribution as E/N
increased would have resulted in a decrease in the mea-
sured value of kth. Szamrej and Forys have also shown the
constancy of kth for a range of E/N values in their study
of multi-body electron attachment processes using CO2

as a buffer gas [25]. That the electron energy distribution
corresponds to that of a thermal one is confirmed further
from the value we obtained for kth(SF6). The swarm data
provides a thermal (300 K) electron attachment rate coef-
ficient for SF6 of kth(SF6)= (2.38±0.15) × 10−7 cm3 s−1,
which agrees extremely well with the value determined by
Hunter et al. through extrapolation [16], (2.3 ± 0.1) ×
10−7 cm3 s−1 and with the currently recommended value
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of 2.25 × 10−7 cm3 s−1. Such agreements provide confi-
dence in the technique described above.

3.2 Thermal electron attachment rate coefficients
of SF5CF3, SF5Cl, c-C4F8 and 2-C4F8

Following the successful SF6 measurements, we have mea-
sured the thermal electron attachment rate coefficients
for a number of molecules. This includes two derivatives
of SF6, namely SF5CF3 and SF5Cl, and two perflurorcar-
bons; c-C4F8 and 2-C4F8.

The results for the two derivatives of SF6 are as follow;
kth(SF5CF3) = (8.0 ± 0.3) × 10−8 cm3 s−1, kth(SF5Cl) =
(2.0 ± 0.3) × 10−8 cm3 s−1, both measured at room tem-
perature (300 K). Both of these values are below the ex-
pected s-wave capture value. The value we have obtained
for SF5CF3 agrees well with a FALP determination by
Miller et al., who obtained kth(SF5CF3) = (8.6 ± 2.2) ×
10−8 cm3 s−1 [26]. To our knowledge no other value of
kth(SF5Cl) appears in the literature.

Perfluorocyclobutane (c-C4F8) is gas commonly used
in semiconductor processing applications. c-C4F8 has the
potential to be used as a gaseous dielectric, particularly
within c-C4F8/SF6 mixtures, which are easier to recover
from liquefaction than other combinations. This, together
with its electron attachment properties, leads to its po-
tential use as an additive to SF6 used as a gaseous di-
electric [27]. Interest in this molecule also stems from its
global warming potential. Based on atmospheric removal
by electron attachment, Morris et al. have estimated that
its atmospheric lifetime is 1400 years, leading to a high
global warming potential [28].

There have been a significant number of measure-
ments of the thermal electron attachment rate coefficient,
with values ranging from (0.4 ± 0.1) × 10−9 cm3 s−1 us-
ing an ion cyclotron resonance (ICR) technique [29] to
2.1× 10−9 cm3 s−1 obtained from a swarm technique [30].
Ignoring any ICR results, Christophorou and Olthoff have
given kth(c-C4F8) = 1.5 × 10−8 cm3 s−1, obtained from
an average of eight room-temperature measurements [24].
The value we have obtained kth(c-C4F8) = (1.81 ± 0.17) ×
10−8 cm3 s−1 is in good agreement with this average value,
and is in even better agreement with the value of 1.81 ×
10−8 cm3 s−1 obtained by Christodoulides et al. [31].

There have been fewer measurements of the thermal
electron attachment rate coefficient of 2-C4F8. We have
obtained a value of (4.2 ± 0.2) × 10−8 cm3 s−1 in good
agreement with a value of 4.8 × 10−8 cm3 s−1 obtained
by Christophorou [32].

3.3 Anion products resulting from electron attachment

Mass spectra for low electron attachment to c-C4F8 and
2-C4F8 have been reported by Christophorou et al. [32].
Low energy electron attachment to c-C4F8 results only in
the parent anion via non-dissociative electron attachment,
i.e. e− + c-C4F8 → c-C4F−

8 , which is the only product we
have observed for our thermal measurements. For 2-C4F8,

Christophorou et al. observed that by far the main prod-
uct anion is the parent. However in addition, and with
very small branching ratios, C4F−

7 and C4F−
6 anions were

observed [32]. In our swarm apparatus, we only observed
the parent anion. This suggests that the time scale for
collisional stabilisation of the parent anion in our swarm
experiment must be shorter than the lifetime for dissoci-
ation of the parent anion to the above anion products.

Unlike the two perfluorocarbons, the two derivatives of
SF6 attach electrons predominantly via dissociative pro-
cesses, and only for SF5Cl is the parent anion observed:

e− + SF5CF3 → (SF5CF−
3 )∗ → SF−

5 + CF3 (100%)

e− + SF5Cl → (SF5Cl−)∗ → SF−
5 + Cl (90%)

SF5Cl− (10%)

these branching ratios are in good agreement with our
non-thermal electron swarm measurements [33,34].

4 Conclusions

We have incorporated a planar radioactive source into the
drift tube of an electron swarm apparatus. This provides a
much more uniform electric field down the axis of the tube.
We have improved the gating and amplification electronics
and the data acquisition. This redesign and upgrade has
led to considerable improvements in signal-to-noise ratio
and accuracy of data obtained using our electron swarm
apparatus.

We wish to thank the EPSRC for funding this project
(GR/S21557/01).
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