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bstract

Ab initio electron scattering calculations are presented for methane, ethane and propane with particular emphasis on elastic cross sections.
alculations are performed with the Quantemol-N expert system which runs the UK polyatomic R-matrix code. These calculations are presented

hich systematically increase the size of the coupled states expansion which is used to represent polarisation effects in the scattering wave function.
greement with experimental measurements is obtained provided sufficient coupled states are included in the expansion. Whether these coupled

tates expansions really converge the polarisation potential and the prospects for further calculations are discussed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Data on electron collisions with molecules are vital for
odelling a whole range of both technological and natural

henomenon. Huo and Kim [1] stated that in new plasma reac-
ors use of low-pressure gas and high-density plasma means
requency of electron collision with heavy particles (e.g.,
olecules) is increased. It is necessary therefore to account for

lectron collisions with feed gases. The paper also addresses the
mportance and availability of certain cross sections for partic-
lar organic molecules.

Electron collisions with hydrocarbon molecules are found
n flames, particularly ones stimulated by spark plug ignition,
nd planetary atmospheres, particularly the aurora of gas giants
see [2,3] for example). Electron impact ionisation of alkane
olecules, that is saturated hydrocarbons with the general for-
ula CnH2n+2, has been considered by Kim and co-workers

4,5]. However, for many applications processes involving low-
nergy electrons, defined as electrons with insufficient energy to

ause ionisation, are important. In this work we consider such
ollisions with the first three alkanes: methane (n = 1), ethane
n = 2) and propane (n = 3).

∗ Corresponding author. Tel.: +44 20 7679 7155; fax: +44 20 7679 7145.
E-mail address: j.tennyson@ucl.ac.uk (J. Tennyson).
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Low-energy electron collisions with methane have been
xtensively studied both experimentally [6–9,18,10–17] and
heoretically [14,19–35,28]. Indeed, as is clear from the cited
eferences, electron collisions with methane have become some-
hing of a benchmark system. Theoretically this is because the
igh symmetry and heavy central atom makes it an excellent
ystem for collision methods based on single centre expansions
nd because of the difficulty that ab initio, potential-free meth-
ds have in fully reproducing polarisation effects in this system
26,28,36].

Electron collisions with the higher alkanes have attracted less
ttention theoretically; their lower-symmetry and lack of domi-
ant heavy centre make them less suitable for study by methods
hich do not treat the target as multicentred. There are a number
f experimental low-energy electron collision studies on ethane
C2H6) [8,12,13,37–47] but the complex Kohn study of Sun et
l. [48] appears to be the only attempt to perform multicentre ab
nitio calculations including polarisation. In addition Winstead
t al. [49] performed static exchange calculations on a number
f systems including ethane and propane.

For propane (C3H8) the picture is similar with a number of
xperimental studies [8,12,13,38,46,50,51] but the only theoret-
cal treatments at low energy were a recent one concentrating on

ibrational excitation [52], the study of Winstead et al. [49] and
cNaughten et al. [25].
A data compilation was carried out for all these systems by

hirai et al. [53] which also represents a good critical survey of

mailto:j.tennyson@ucl.ac.uk
dx.doi.org/10.1016/j.ijms.2007.12.002
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Fig. 1. 2A1 eigenphase sums for propane: continuous curve full CC calculation;
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he experimental measurements up to 2002. Furthermore Huo
nd Kim [1] discuss the need for a reliable database of chem-
cal and physical properties of the gases and surfaces involved
n plasma processes, and electron collision data are part of the
atabase. In this work we present ab initio studies of low-energy
ollisions with methane, ethane and propane. Particular empha-
is is placed on elastic cross sections for which, as previous
alculations have shown [54,55], the R-matrix method is capable
f giving reliable results.

. Method of calculation

The R-matrix method, in common with other multicentred ab
nitio methods for treating low-energy electron collisions [56],
s based on the use of a close-coupling (CC) expansion

k = A
∑

i,j

ai,j,kΦi(1, . . . , N)Fi,j(N + 1)

+
∑

i

bi,kχi(1, . . . , N + 1), (1)

hereΦi(1, . . . , N) represents the wave function of the ith state
f the N-electron target, which in general is represented using a
onfiguration interaction (CI) expansion. The continuum elec-
ron is carried orbitals Fi,j which are antisymmetrised to the
arget electrons by operator A. TheN + 1-electron CI functions,
i(1, . . . , N + 1), allow for detailed correlation effects when the
cattering electron is close to the target. These terms and the CC
xpansion allow for target polarisation effects [57].

In the R-matrix method this CC expansion is only used to
epresent the wave function inside a sphere centred on the tar-
et molecule’s centre-of-mass. Outside this sphere, typically of
adius 10–15a0, the target wave function is assumed to have zero
robability which means that the simplified problem of an elec-
ron scattering in the potential due to the target molecule can be
olved.

Our specialised algorithm for solving the inner region prob-
em [58] means that there is little extra computational cost
n including large numbers of such states in the calculation
ee Refs. [59–61] for example. However, treating very large
umbers of coupled states makes the outer region calculations
low which removes one the major advantages of the R-matrix
ethod: the ability to consider large numbers of scattering ener-

ies at little computational cost. To mitigate this problem we
ested a technique used previously [62] whereby most of the
igher channels where omitted from the outer region calcula-
ion. This technique gives excellent results provided all open
tates and the few lowest closed ones are retained in the outer
egion.

The calculations presented here used the Quantemol-N soft-
are [63]. Quantemol-N provides an expert system for running

he UK polyatomic R-matrix code [64,65]: it does not provide
dded functionality to the code but makes robust calculations

onsiderably quicker to set up, even for experienced users.
uantemol-N automates the design of a consistent model and at

he same time greatly simplifies the data input requirement thus
elping to eliminate errors.

w
l
e
v

dashed curve) 72 states CC in the inner region reduced to 16 in the outer region
nd contracted CSFs; (dot and dashed curve) 72 states in the inner region, 16
tates CC in the outer region and uncontracted CSFs.

For all the calculations reported below we used continuum
unctions of Faure et al. [66] which includes functions up to l = 4
g waves) in the partial wave expansion. Given that methane
nd ethane are non-polar and propane is only weakly dipolar,
his basis is also adequate to represent the electron continuum
s the multicentered target basis functions are used to represent
igher � effects in the region of the nuclear singularities. For
ery polar molecules, further partial waves are usually added
sing the Born approximation [55,67].

Convergence with respect to partial wave expansion, and
ther aspects of the calculation, is more thoroughly tested by
omparing differential cross sections. For CH4, we have used the
rogramme POLYDCS to compute differential cross sections,
sing as input the K-matrices computed by Quantemol-N.

In this work, an R-matrix radius of 10a0 with propagation of
he R-matrix in the outer region to 100.1a0 also proved to be
dequate in all cases.

. Results

.1. Methane

Methane in its equilibrium geometry has tetrahedral (Td)
ymmetry but standard quantum chemistry Gaussian Type
rbital (GTO) integral codes do not use point groups with degen-

rate representations. We therefore performed all calculations
eported below using C2v symmetry although some tests were
lso performed using even lower symmetry.

A large number of different models and basis sets were tested
or methane not all of which will be reported here. Our results
howed considerable sensitivity to the level of treatment used
o represent polarisation effects. The simplest model is the so-
alled static exchange (SE) approximation in which the target

ave function is frozen in its lowest configuration during the col-

ision. Results of SE calculations, which neglect all polarisation
ffects, are reported here simply to allow comparison with pre-
ious calculations at this level. To allow for polarisation effects
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Table 1
Vertical excitation energies, in eV, for low-lying electronic states of methane in
our CAS-CI model; results of the calculations by Gil et al. [28] are given for
comparison

Target state (Td) Present [28]

X1A1 0.0 0.0
13F2 12.1 12.3
13A1 12.6 13.0
11F2 13.7 13.5
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F2 14.2 13.5
3E 14.7 13.2

t is necessary to allow the target to relax during the collision
rocess.

The methane target states were represented using a complete
ctive space (CAS) CI with the C 1s electrons frozen and the
emaining eight target electrons freely distributed between, in
2v notation, the 2a1, 3a1, 4a1, 5a1, 1b1, 2b1, 1b2, 2b2 orbitals.
he lowest remaining virtual target orbitals for each symmetry
as used to augment the continuum basis by allowing the scat-

ering electron to occupy them. Such orbitals contribute high �
erms in the region of the nuclear singularities which are not
ell represented in the standard partial wave expansion used for

he continuum basis functions. For methane two models were
ested: the standard one [57] where these virtual orbitals were
ontracted with the continuum orbitals, i.e. included in the first
um in Eq. (1), and a second uncontracted model where no such
ontraction was used and the virtual orbitals were used to gen-
rated configurations in the second sum in Eq. (2). The second
odel increases the level of short-range polarisation included in

he calculation.
The target CAS-CI gives many potential target states that can

e used in the CC expansion; the lowest of these are shown in
able 1 where they are found to be in reasonable agreement with

he calculations of Gil et al. [28]. As shown below our results
howed considerable sensitivity to the number of these states
etained in the CC expansion.

Table 2 shows our CH4 polarisability as a function of model,
omputed using first-order perturbation theory as a sum over
lectronically excited states in the close coupling (CC) expan-
ion:
=
N∑

r=1

2|μ0r|2
Er − E0

(2)

able 2
H4 polarisability, α, calculated using various models which are explained in

ext

asis set N α/a0
3

-31G 32 7.59
31G 48 7.62
-31G* 48 7.43
ZP 48 6.22
xperiment [68] 16.52

is the number of target states in the close coupling expansion
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Fig. 2. Elastic cross sections for electron collisions with methane.

here μ0r is the transition dipole matrix element:

0r = 〈ψ0|μ|ψr〉 (3)

nd r runs over the electronically excited targets states included
n our CC expansion.

Fig. 2 presents total scattering cross sections for several of our
odels and compares them with previous studies. As expected

ur SE calculation does not give good results. However, use of
he CC expansion shows a progressive and systematic improve-

ent as states are added. Calculations with 32 or more states
n the CC expansion gives results close to the measurements
9,69] and the complex Kohn calculation of Lengsfield et al.
26]. However, the apparent convergence of our results with
espect to the CC expansion does not mean our calculations
ave completely converged the treatment of polarisation effects.
s shown by Table 2, our sum over CC does not reproduce the

ull long-range polarisability of methane; it is known that this
an only be achieved by allowing for the target continuum as
ell as bound states [59]. As a test of including further polari-

ation effects inside the R-matrix sphere we also tested a model
sing uncontracted virtual orbitals. This resulted in the appear-
nce of a Ramsauer–Townsend minimum at about 0.44 eV, in
ood agreement with the experimental values of 0.36 eV [9] and
.40 eV [69], see Fig. 3. Several of our CC calculations displayed
arrow Feshbach resonances close to the electronic excitation
hresholds. The most clear cut of these was a2F2 resonance at 12
V with width 0.008 eV in our model which used a 6-31G basis
et, 48 coupled states and contracted CSFs in the CC expansion.

Differential cross sections (DCS) give a more sensitive test
f calculations than total cross sections since they are often
easured more reliably and they are sensitive to effects which

an average out in the total cross sections. We have there-
ore calculated DCS for incident energies 3 eV and 5 eV using
he programme POLYDCS [70], with the input being our
uantemol-N fixed-nuclei C2v K-matrices. These cross sec-
ions are rotationally summed for which we used the transitions
=0–0, 0–1, 0–2, 0–3, 0–4 and 0–5.
Figs. 4 and 5 compare our results with the experiments of

ohn et al. [18] and the calculations of Lengsfield et al. [26].
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ig. 3. Methane elastic cross sections in the region of the Ramsauer–Townsend
inimum.

sing contracted CSFs the present work is in good agreement
ith both, particularly at higher angles. The differences at small

ngles may well be due to a still incomplete treatment of polari-
ation effects although we note that it is not clear what the correct
ehaviour is at small angles. Clearly the agreement is not as good
hen uncontracted CSFs are used.

.2. Ethane

Experimental studies of electron scattering by ethane have
ocused upon the Ramsauer–Townsend minimum region (par-
icularly interesting given that the molecule has a quadrupole

oment), and a distinctive shape resonance was found at 7.5 eV
38]. McCorkle et al. [47] confirmed the existence of the mini-
um at 0.14 eV by the measurement of its momentum transfer

ross section σm. Although scarce there have been a few theoret-
cal studies devoted to electron scattering by ethane. A particular

ne is the ab initio study of Sun et al. [48]. They applied
he complex Kohn variational method at the static exchange
SE) and static exchange plus polarisation (SEP) level. Their
nquiry made use of polarised SCF trial wave functions, which

ig. 4. Rotationally summed differential cross sections for electron collisions
ith methane at incident energy 3 eV.

d

c
w

F
d

ig. 5. Rotationally summed differential cross sections for electron collisions
ith methane at incident energy 5 eV.

as necessary to obtain reliable cross sections in the region
f the Ramsauer–Townsend minimum. Although their integral,
ifferential and momentum transfer cross sections agreed well
ith experimental data, the shape resonance shifted to higher

nergy.
The study by Winstead et al. [49] also studied ethane by

pplication of the Schwinger multichannel method at the static
xchange level. They computed differential elastic, integral elas-
ic and momentum transfer cross sections, The data obtained
ere in good agreement with available experimental ones,

lthough there was some disagreement between their theoretical
omentum transfer cross section and the corresponding experi-
ental one. They stated that it could only be partially explained

y shift in the position of the resonance. They also noted that in
he case of ethane there was insensitivity with respect to varia-
ion of basis sets. Specifically use of a large basis set made little

ifference to their results.

Ethane has D3d point group symmetry. In our work the cal-
ulations on ethane used a 6-31G∗ GTO basis for the target and
orked within the C2h symmetry group, the first system to be

ig. 6. Elastic cross sections for electron collisions with ethane, experimental
ata is from Szmytkowski and Krzyzstofowicz.
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Table 3
Calculated vertical excitation energies, Te, in eV for the low-lying states of
ethane in our CAS-CI model

Target state (D3d) Te [71]

X1A1g 0.0 0.0
13Eg 12.2 9.01
13A1g 12.8 9.05
11Eg 12.9 9.16
13
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Table 4
Calculated vertical excitation energies, Te, in eV for the low-lying states of
propane in our CAS-CI model

Target state (C2v) Te [72]

X1A1 0.0 0.0
13B1 12.2 9.49
13B2 12.3 9.00
13A1 12.3 8.91
1
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C
experimental value may explain this absence.

Like Winstead et al. [49] we do not detect any clear evidence
for the shape resonance reported by Boesten et al. [50]; we per-
Eu 13.3 9.85

ompare to the calculations of Buenker and Peyerimhoff [71].

reated with this point group by the UK polyatomic R-matrix
ode. Again the carbon 1s electrons were frozen and a CAS-
I representation (2ag 3ag 4ag 5ag 2au 3au 4au 1bg 1bu)14 was
sed. Excitation energies for this model are given in Table 3
here they are compared to the ab initio results of Buenker and
eyerimhoff [71]. The significant difference is because our tar-
et model does not account for the Rydberg-like nature of the
xcited states.

In the scattering calculation one virtual orbital was allocated
o each symmetry where target orbitals were available to do so.

64 state CC with uncontracted CSFs calculation was used.
he averaged target polarisability α for this model was found to
e 5.89a0

3, significantly smaller than 28.52a0
3 obtained exper-

mentally [68].
Results for elastic scattering from ethane are given in Fig. 6.

iven the lack of agreement between experiment and the present
ork, more target states are needed to improve matters. The

xpected Ramsauer–Townsend minimum is absent from the
ross-section and this is perhaps not surprising given that the
arget polarisability is a sixth of the experimental value.

We did not detect the shape resonance predicted by Sueoka
nd Mori [38] even in calculations using an expanded number
f virtual orbitals. Instead the CC model we employed yields
everal narrow Feshbach resonances between 12 and 13 eV.

.3. Propane

The experimental study of McCorkle et al. of [47] included
ropane, whose momentum transfer cross section also yielded
Ramsauer–Townsend minimum at 0.14 eV. Boesten et al. [50]
lso reported a broad shape resonance with a peak of 7.5 eV
hich they found from analysis of vibrationally inelastic differ-

ntial cross sections.
Winstead et al. [49] used the multi-channel Schwinger

ethod at the static exchange level, using distributed mem-
ry parallel computers. Their results had the correct overall
agnitudes and was able to reproduce the broad shape reso-

ance, although in static exchange approximation the position
as higher than the observed value of 7.5 eV.
Propane has C2v symmetry. Our target model used a 6-31G∗

TO basis and a valence CAS-CI defined by (3a1 4a1 5a1 6a1

a1, 1b1 2b1 2b2 3b2 4b2 5b2 1a2)20. This model gives a dipole
oment of 0.065 D (compare with the experimental value of

.084 D [68]). Vertical excitation energies for the lowest states
re given in Table 4. Alongside our results we give the results

F
d

1B1 12.8 9.69

ata from Richartz et al. [72] is provided for the purposes of comparison.

f Richartz et al. [72]. Like ethane, propane also has low lying
ydberg orbitals, again this is not modelled in the present study.

Our target model, which used 72 target states, yielded an
averaged) polarisability of 3.72a0

3compared with 39.96a0
3[68]

btained experimentally.
Up to 72 target states were included in the coupled states

xpansion. In the outer region however, a reduced states cal-
ulation was performed using only 16 of those (electronically)
xcited states. With regard to virtual orbitals one was allocated
o each symmetry where target orbitals were available to do so.
ig. 5 gives total cross sections, which are in disagreement with
xperiment. This is expected to be due to poor modelling of tar-
et polarisation and more closed channel wave functions would
till be needed.

One may locate the position of a Ramsauer–Townsend min-
mum by checking that the s-wave or, in the case of propane

1, phase shift passes through zero. This occurs when the polar-
sation (attractive) part of the scattering potential cancels the
xchange (repulsive) part of the same potential and is a purely
-wave, low-energy phenomenon. Fig. 1 shows the 2A1 phase
hift for propane. As the eigenphase does not pass through zero
he observed [47] minimum is absent from our calculated cross
ections, see Fig. 7. The fact that the polarisability given by the
C model used in the present work is less than a tenth of the
ig. 7. Elastic cross sections for electron collisions with propane, experimental
ata is from Szmytkowski and Kwitnewski [73].
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ormed specific calculations to confirm this. Conversely our CC
alculations yielded Feshbach resonances of various symmetries
ith positions between 12 eV and 13 eV and widths between
.004 eV and 0.01 eV. Given that the electronic eigenstates are
oo high and not Rydberg-like these values should be regarded
s upper bounds of the true values.

. Conclusion

This paper has addressed the problem of electron scattering
y the first three alkanes (methane, ethane and propane) using
he new software Quantemol-N, a software that provides a user
nterface to the expert UK R-matrix suite of codes.

For methane it has been shown that increasing the number
f coupled states in the close-coupling expansion converges the
otal cross section to values in good agreement with the previous
tudies. However, although there is convergence with respect
o the CC expansion, this does necessarily mean that one has
ttained a complete converged treatment of target polarisation
r the long-range polarisability. An uncontracted CSFs model,
hich increases polarisation effects, was used to achieve such an

mproved treatment. The model gives the Ramsauer–Townsend
t 0.44 eV, in good agreement with experiment values of 0.36 eV
9] and 0.40 eV [69].

Rotationally summed differential cross sections for incident
nergies 3 eV and 5 eV for methane are computed in good
greement with previous experimental and theoretical data, par-
icularly for angles greater than 75◦ when contracted CSFs are
mployed. With uncontracted CSFs however, the agreement is
ot as good, despite the integral cross sections being in excel-
ent agreement across the incident electron energy spectrum
onsidered.

The cases of ethane and propane have proved much more
ifficult. In these cases a large number of coupled states were
ncluded in the close coupling expansion (64 and 72, respec-
ively). It is clear that such a number of closed channel target
tates is still insufficient to attain a converged treatment of
he long range polarisability and by inference of polarisation
ffects in general. One consequence of this is the absence of a
amsauer–Townsend minimum in our elastic cross sections for
oth molecules.

For all three systems we find narrow, Feshbach resonances
t energies close to the excited target states we include in our
lose-coupling expansion. The location of Feshbach resonances
s very sensitive to the precise excitation energy of the parent
arget state employed in the calculation. The energies predicted
or these resonances should therefore be considered as upper
imits to the true positions as our excited state energies are sys-
ematically too high due to the neglect of the Rydberg character
f the electronically excited target states in our models. Molec-
lar R-matrix calculations including Rydberg states have been
erformed before [74] and such a study on the alkanes could

ell be the subject of future work.
In general this work confirms, as stated in the introduction,

hat ab initio electron scattering from the longer chain alkanes
s much more difficult to model than it is from methane.
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