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Charge transfer and electronic excitation in collisions of H+ ions with CH3 from a few tens of eV up to
10 keV are theoretically investigated. The adiabatic potential energy curves and corresponding wave functions
are calculated by using the multireference single- and double-excitation configuration interaction method, and
the scattering dynamics is studied based on the semiclassical impact parameter molecular-orbital close-
coupling approach. Charge-transfer cross sections are found to be large and rather energy-dependent over the
entire energy region studied. Electronic excitation is also energy-dependent with a sharp increase from below
10−17 to 10−16 cm2. Most of the molecular products produced through charge transfer or excitation are known
to be unstable and undergo fragmentation producing various hydrocarbon radical species. Hence, identification
of fragmented species and their production mechanism are important for spectroscopic analysis.
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I. INTRODUCTION

Charge-transfer processes in collisions of ions with mol-
ecules from the high-eV to the low-keV energy regime, i.e.,
the intermediate energy region, have remained relatively un-
studied both experimentally and theoretically, even though
their importance is known in various applications from nano-
technology and medical physics to atmospheric science and
astrochemistry as well as other areas of basic science �1�.
One of the primary reasons for this lagging progress in
atomic and molecular physics stems from inherent complexi-
ties in treating molecular targets in both theory and in experi-
ment. Even for a relatively active research area such as
chemical-reaction dynamics, the target species studied are
very limited and collision energies considered are quite nar-
row, normally within the low-eV to meV region only. De-
spite such limited areas of study, however, based on our re-
cent rigorous systematic investigations of ion-molecule
collisions including those of the H2 target �2–5�, numerous
new interesting findings and understanding emerge that un-
doubtedly help to revise our previous views of collision dy-
namics for molecular targets. These studies were partly
stimulated by recent rapid developments in research areas
such as fusion, plasma processing, and ion-beam technology.
A proper theoretical understanding of dynamical aspects as

well as the determination of cross-section estimates are ur-
gently required in these applications.

We have initiated a series of rigorous theoretical studies
of inelastic and electron capture processes in the collisions of
H+ ions with various molecules, primarily hydrocarbons, in
the region below a few keV down to a few tens of eV. Hy-
drocarbon molecules are common molecular species under
usual environmental conditions, and are found to exist abun-
dantly in various astrophysical and atmospheric environ-
ments. They are particularly versatile for fusion reactors and
plasma-chemistry atmospheres, which are known to play a
crucial role in determining a number of physical effects �3�.
Various kinds of hydrocarbons in sizable amounts have re-
cently been found at the edge-plasma region in fusion reac-
tors such as in divertors where carbon-faced materials are
used, and the hydrocarbons produced are of concern since
they play key roles as system contaminants in the reactor.
Thus knowledge of such hydrocarbons and their fragmented
species is crucial for description of the carbon chemistry in
fusion research. Therefore, we also examine the fragmenta-
tion processes and fragmented species produced based on the
calculated electronic states. In this series of research on hy-
drocarbons, we have undertaken the study of H+-ion colli-
sions with CH4 �4�, C2H2 �5�, C2H4 �6,7�, C2H6 �8�, and CH2
�9� in addition to C+-ion collisions with C3H4 �10�. These
investigations have unearthed various new insights and ef-
fects, and shown the importance of isotopic, isomeric, steric,
and temperature effects, which previously were considered to
be negligible in this collision energy domain. These findings
have had a significant impact on various applications and
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have also stimulated careful reassessments of previous ex-
perimental studies.

In the present investigation as a part of the continuation of
the molecular-target project, we report the results for electron
capture and excitation in collisions of H+ ions with CH3
molecules between 60 eV and 10 keV. The methyl molecule,
CH3, is known to be highly reactive, but is also known to be
produced as a radical and exist in such form in various as-
trophysical and atmospheric environments. It plays a key
role in various molecular reactions in the universe and hy-
drocarbon technologies through its structural change media-
tor property. Furthermore, in ion-beam technologies such as
etching, ion implantation, and surface modification, knowl-
edge of structures and dynamics of hydrocarbon radicals is
crucial for further development of basic sciences and tech-
nologies. Hence, we undertake the dynamical investigation
of charge transfer in collisions of H+ ions with CH3 radicals
below a few tens of keV, which is the energy range for most
applications. The processes we are concerned with here are
as follows:

→ H + CH3
+ �charge transfer� , �1a�

H+ + CH3 → H + CH3
+* �charge transfer with�

� target excitation� , �1b�

→ H+ + CH3
* �target excitation� . �1c�

As described, most of the resulting ions and excited species
after the collision are known to be unstable, and after a short
lifetime they undergo fragmentation processes resulting in
decomposition into smaller neutrals �radicals� and ions. Such
radical cascades and secondary created ions are known to
play a crucial role in biology, in environmental research, and
in other fields. Therefore, it has been important to assess the
production rates and yields of these radicals and ions, and to
describe their mechanisms. We conduct the present study
based on quantum chemical results for the electronic states
and potentials of the CH3 molecule.

II. THEORETICAL DESCRIPTION

A. Molecular states

The adiabatic potential-energy curves and corresponding
wave functions are calculated by means of the multireference
single- and double-excitation configuration interaction
�MRD-CI� method �11–17�, with configuration selection and
energy extrapolation. The table CI algorithm �14,15� is em-
ployed for efficient handling of Hamiltonian matrix elements
for the many-electron basis functions �symmetrized linear
combinations of Slater determinants�.

The atomic orbital �AO� basis set in the present calcula-
tions consists of contracted Cartesian Gaussian functions.
For the carbon atom, a primitive basis �10s ,5p ,2d ,1f� con-
tracted to �4s ,3p ,2d ,1f� due to Dunning �18� is employed.
From the same reference, a primitive basis �5s ,2p ,1d� con-
tracted to �3s ,2p ,1d� is used for the hydrogen atoms. Alto-
gether the AO basis, therefore, consists of 95 contracted
Gaussian functions.

The calculations are carried out in the C3v and Cs point
groups, with the electronic coordinate origin taken at the

center of mass of the H+-CH3 complex. In the practical cal-
culation of eigenvalues and eigenfunctions, all coordinates
within the CH3 molecule were frozen at the equilibrium in-
termolecular distances of the D3h geometry �19�: rC-H
=1.079 Å and the angle of H-C-H is 120°. One C-H bond is
located on the positive side of the x axis with the C atom at
the origin of the coordinate system, and the remaining two
C-H bonds elongate in the xy plane on the negative side of
the x axis. We have considered three different molecular con-
figurations: �i� the proton approaches the carbon atom in the
center of the molecule perpendicular to the molecular plane
on the z axis, �ii� the proton approaches one of the hydrogen
atoms in the molecular plane along the x axis, and �iii� the
proton approaches carbon in the molecular plane along the x
axis, as shown in Figs. 1�a�–1�c�. These three collision ori-
entations were chosen as they are believed to adequately
sample the full Jacobi angular �� ,�� parameter space and are
also representative of the main interaction configurations.

The target molecular geometry is fixed at the equilibrium
conformation of the neutral ground state during the colli-
sions. This restriction is justified since the present collision
time is much shorter, less than 10−17 s, than the relaxation
time of 10−13 s or longer. Hence, only the internuclear dis-
tance R between the H+ projectile and the carbon atom was
varied in the molecular-state calculations.

B. Scattering dynamics

In the semiclassical impact parameter molecular-orbital
close-coupling �MOCC� method �20�, the relative motion of
the projectile nucleus is treated classically with a straight-
line trajectory, while the electronic motion is treated quan-
tum mechanically. The total wave function for this collision
system is expanded in terms of products of molecular states
and electron translation factors �ETFs�. The ETF ensures that
the asymptotic scattering condition is satisfied. Substituting
the total wave function into the time-dependent Schrödinger
equation, we obtain coupled equations as a function of time,

FIG. 1. �a�–�c� Schematic diagram indicating the molecular axis
orientation employed for the �H+CH3�+ collision system for cases
�i�–�iii�. Case �i� represents the perpendicular impact onto the mo-
lecular plane, while cases �ii� and �iii� have the proton approaching
the carbon atom in the molecular plane toward one of the hydrogen
atoms, or in their center.
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and all radial and rotational coupling matrix elements among
molecular states considered are included in the present cal-
culations. The transition amplitudes can be obtained by solv-
ing the coupled equations. By integration of the square of
those transition amplitudes over impact parameter, the cross
sections can be determined.

In the present calculations, we have carried out up to
nine-state close-coupling treatments. The corresponding mo-
lecular states arise from the initial �H++CH3�, the charge
transfer �H+CH3

+�, the target excitation �H++CH3
*�, and

the charge transfer with excitation �H+CH3
+*� channels.

The impact parameter step size, �b, and maximum impact
parameter bmax, were varied to ensure convergence of the
cross sections. As an example, at 1 keV we found that �b
=0.5 a.u. and bmax=15.0 a.u. were sufficient to obtain con-
vergence. As all calculations include a total of nine electronic
channels, we did not test the electronic basis-set conver-
gence.

III. RESULTS AND DISCUSSION

We first discuss some features of molecular structures and
couplings, followed by our results on scattering dynamics.

A. Adiabatic potentials and corresponding couplings

The adiabatic potentials of the �H+CH3�+ system for the
cases �i�, �ii�, and �iii� are shown in Figs. 2�a�–2�c�. In all
figures, the nine molecular states are shown that are actually
employed in the present scattering calculations. All states are
enumerated with increasing energy from the lowest. Notice
that the asymptotes for the various channels are the same in
each case since they correspond to the same separated frag-
ments.

For cases �i�–�iii�, state 2 corresponds to the initial state,
i.e., the �H++CH3� channel. State 1 is the ground charge-
transfer �H+CH3

+� state, while states 3–6 are the charge-
transfer plus electronic excitation �H+CH3

+*� states. States
7–9 correspond to the target electronic excitation �H+

+CH3
*� states. States 3–6 are doubly degenerate states that

possess �- and �-type features.
There are some distinctive characteristics in the three

cases. It is apparent that for �i�, very weak �or no� avoided
crossings can be observed among the states except between 2
and 3, while for �ii�, intermediately strong avoided crossings
emerge between state 1 and 2, but no other strong couplings
are seen among the low-lying states until one reaches state 7
and higher, where strong mixings do occur. For �iii�, very
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FIG. 2. �a�–�c� The adiabatic potentials of the �H+CH3�+ system. �i� The proton approaches the carbon atom perpendicular to the
molecular plane, �ii� the proton approaches one of the hydrogen atoms in the molecular plane along the x axis, and �iii� the proton approaches
the carbon atom in the molecular plane from the −x direction. �a�–�c� are for cases �i�–�iii�, respectively.
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strongly avoided crossings are seen among various states,
which is remarkably different from the preceding two cases.
In summary, the amount of mixing is weak in �i�, intermedi-
ate in �ii�, and strong in �iii�. This clearly suggests quite
different dynamics in all three cases, and hence a very strong
steric effect can be expected for the charge transfer and ex-
citation dynamics. The shape of the lowest energy curve in
each case ties closely with space configuration and exhibits
gradual attractive or repulsive integration modes of the im-
pacting proton into an off-equilibrium CH4

+ collision inter-
mediary.

Next, we examine the corresponding radial couplings for
the three cases, as shown in Figs. 3�a�–3�c�, to highlight their
differences and similarities in order to have a better insight
into the resulting dynamics. Here couplings between the ini-
tial state and charge-transfer states with target excitation are
included. For case �i�, a broad peak between state 2 �the
initial state� and state 4 can be observed, since these adia-
batic potentials are close to one another in the region of
1–4 a.u. For case �ii�, although state 1 and the initial state
have an avoided crossing at an internuclear distance around
3.8 a.u., the maximum value of the coupling is found to be
only about 0.002 a.u., and hence it is not as strong as perhaps

might be expected. This is, in fact, consistent with the short-
range shoulder on the left and small energy separation of
states 1 and 2 at lower R. Couplings between the initial state
and state 4 possess a large and broad peak around 6–7 a.u.
Hence, these couplings are expected to play important roles
for the flux exit to higher levels via slowly occurring delo-
calized transitions.

For case �iii�, state 1 and the initial state have a very
strong avoided crossing near 3.4 a.u. as seen above, but the
local value of the coupling is about 0.11 a.u., which is still
regarded as weak. The �2�3� and �2�5� couplings are generally
found to be much sharper than those of �2�4� and �2�6� at
short distances with stronger internuclear repulsion. Other
couplings of significance connect with excited states and are
very strong. Most of those have large peaks at internuclear
separations beyond 2–4 a.u., and the location moves out to
larger distances as the excitation of the level increases.
Therefore, the ladder-climbing mechanism plays an impor-
tant role here for flux promotion. This is a characteristic
feature in this case, and is likely to lead to significantly
greater charge transfer to the excited states compared to the
other two cases.
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FIG. 3. �a�–�c� Representative radial couplings between the initial state �state 2� and the charge-transfer states for cases �i�, �ii�, and �iii�,
respectively.
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B. Partial cross sections for each individual level

Calculated partial cross sections for the cases �i�, �ii�, and
�iii� are shown in Figs. 4�a�–4�c�. For case �i�, the partial
cross section to state 4 is the largest among all channels
throughout most of the considered energy range, except to
state 1 at the highest energy. This may be due to a large,
broad coupling peak connecting the two states �see Fig.
2�a��. The excitation cross section for transitions to states 7
and 9 is found to be very small at the lowest energy, although
it begins to become sizable as the energy increases. The
charge transfer to state 1 �the ground state� is found to be
small at low energies, but as the energy increases, it quickly
becomes the dominant contributor above 1000 eV or so. Par-
tial cross sections to states 5, 6, and 8 are found to be close
in magnitude. This can be expected from weak couplings
between the initial state 2 and each of these states. Since all
channels interfere strongly, partial cross sections show rapid
oscillations, some in-phase and others out-of-phase, suggest-
ing constructive or destructive interferences in any energy
domain.

For case �ii�, the partial cross sections to states 3 and 4 are
found to dominate the inelastic scattering. Partial cross sec-
tions for states 5–9 are seen to be very close in magnitude

below �1 keV, but they all interfere very strongly, which
translates to cross-section in-phase and out-of-phase oscilla-
tions due to strong couplings among these states. This strong
mixing among high-lying states suggests that it is necessary
to take many higher states into consideration in the calcula-
tion, particularly at high energy. One significant aspect is
different from case �i�, namely the charge-transfer cross sec-
tion to the ground state has become much smaller than those
of transfer plus target excitation of states 3 and 4 and 5 and
6. Even though the potentials of the initial state and the
ground state have an avoided crossing around 3.8 a.u., the
coupling between the two states is weak as described above,
and consequently this feature makes the partial cross section
of the ground state rather small. Target excitations in states
7–9 are small and well mixed with charge transfer in high-
lying states.

For case �iii�, states 3 and 4 are responsible for the domi-
nant contribution to charge transfer. These two states are
strong contributors in the entire energy region. All the rest
show similar cross sections and strong interferences for each
state, and the in-phase and out-of-phase oscillatory structures
are well visible. Target excitations in states 7–9 are also im-
portant and are well mixed with those of high-lying charge
transfer. The energy dependence in all partial cross sections
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FIG. 4. �a�–�c� Partial cross sections for each channel for cases �i�, �ii�, and �iii�, respectively, where state 2 �H++CH3� is the initial
channel.
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in case �iii� is found to be rather weak compared to cases �i�
and �ii�, which show a conspicuous energy dependence. In
other words, the denser network of active transition regions
for this case smooths out the energy dependence of indi-
vidual transition probability functions more efficiently.

As a whole, a very strong configuration dependence for
individual processes is apparent and the molecular orienta-
tion �steric� effect is significant. In all cases, charge transfer
to states 3 and 4 is dominant, while in case �i�, transitions to
state 1 are the most significant in the high-energy region.
There are resonancelike structures in the cross sections near
2.8 keV for case �i� and in the vicinity of 6 keV for cases �ii�
and �iii�. These are found to correlate with significant in-
creases in the charge-transfer probability for small impact
parameters.

Numerical features can be observed in Figs. 4�b� and 4�c�
for capture cross sections to the ground state at intermediate
keV collision energies. These features occur when the fixed
accuracy of the integration algorithm numerically is nearly
equal to the ratio of the energy separation between two
lowest-energy curves at a mutual crossing region per kinetic
energy of an impacting proton. Such a limited irregular fea-
ture is consistent with the present numerical procedure, and
is therefore kept as an illustration of the implied theoretical

error, typically in the weakest product channel, and is per-
haps analogous to experimental uncertainty. Therefore, for
collision energies near 6 keV, a smooth interpolated cross
section is appropriate while at lower energies the observed
oscillatory structures are deemed to be physical.

C. Partial cross sections for each manifold
at each molecular configuration

Figures 5�a�–5�c� present calculated partial cross sections
summed for each process in Eq. �1� for cases �i�, �ii�, and
�iii�. In these figures, �H+CH3

+� corresponds to the charge-
transfer process to the ground state, and �H+CH3

+*� to the
charge-transfer process to the first excited state. �H
+CH3

+**� designates that process to the group of three ex-
cited states lying energetically higher than that of �H
+CH3

+*�. Finally, �H++CH3
*� represents target excitation.

For case �i�, the partial cross section for �H+CH3
+*� for-

mation is the largest for the lower energy region, and is
found to be larger than those for the other processes by a
factor of 2 or more. Cross-section values for �H+CH3

+� have
a conspicuous energy dependence, and they are the largest in
the region of higher energy. Cross-section values for the
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FIG. 5. �a�–�c� Partial cross sections for each manifold for cases �i�, �ii�, and �iii�, respectively. Each curve is labeled by its asymptotic
designation for the final channel, while the initial channel is �H++CH3�.
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�H+CH3
+�, �H+CH3

+**�, and �H++CH3
*� formations are

found to oscillate rather strongly due primarily to interfer-
ences. It is interesting to note that cross sections for transi-
tions to �H+CH3

+� and �H++CH3
*� also display both in-

phase and out-of-phase oscillatory structures depending on
the energy region, suggesting a strong and sensitive coupling
scheme between the two levels.

For case �ii�, the partial cross section for �H+CH3
+*� for-

mation is the largest over the whole energy region, and that
for the �H+CH3

+� formation is found to be the smallest. The
cross-section values for the �H+CH3

+**� and �H++CH3
*�

formations are similar in magnitude and in energy depen-
dence at all considered energies, suggesting strong mixing
between these manifolds. For case �iii�, the partial cross sec-
tion for �H+CH3

+*� formation is found to be the largest. The
partial cross sections for the �H+CH3

+� and �H+CH3
+**�

formations show quite different features from those for the
other molecular configurations, that is, except for the oscil-
lations, they are rather flat with increasing energy.

Except for case �i�, formation of the ground state ��H
+CH3

+�� is rather insignificant. This is an important obser-
vation and we will return to this point when discussing the
comparison with empirical scaling predictions. For all the
molecular configurations, the �H+CH3

+*� formation is the
most important. It is clear that a very strong dependence for
charge transfer and excitation on molecular configuration oc-
curs.

D. Charge transfer and excitation summed over all channels

Total charge-transfer cross sections and those for excita-
tion in the collision energy range between 60 eV and 10 keV
for each molecular configuration are shown in Figs. 6�a� and
6�b�, respectively. The results for the charge transfer shown
are a sum of all states corresponding to the asymptotes of
�H+CH3

+�, �H+CH3
+*�, and �H+CH3

+**�, while that of ex-
citation is for the asymptotic state of �H++CH3

*� only, as
described in Sec. III A. The total charge-transfer cross sec-

tions show very different features depending on the molecu-
lar configuration. For instance, those for case �i� are seen to
decrease rather smoothly with decreasing energy, while those
for cases �ii� and �iii� show much stronger oscillatory struc-
tures suggesting strong interference among all states in-
volved. These features can be understood from our previous
discussion in Sec. III B. For cases �ii� and �iii�, the energy
dependency of the charge-transfer cross section is strong, in
particular at low energy. In Fig. 6�b�, all three target excita-
tion cross sections are energy-dependent and oscillate
strongly. They are also greatly different depending on mo-
lecular configuration. For all molecular configurations, the
charge-transfer cross sections are a factor of 2 or more larger
than those for target excitation.

E. Comparison with other results

Since there are no experimental or other theoretical stud-
ies for this collision system, we make a comparison with
results derived from a scaling relation. Figure 7 compares
our present results obtained by averaging over the three geo-
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FIG. 6. Total charge transfer and electronic excitation cross sections for each molecular configuration: �a� for charge transfer and �b� for
excitation for H+ collisions with CH3.
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metrical conformations, as illustrated in Fig. 6�a�, with the
theoretical predictions by Janev and Reiter �21� and Ehrhardt
and Langer �22�. Janev and Reiter proposed a scaling law to
predict cross-section data for electron and proton impacts on
CHy �y=1–4� and CHy

+ molecular species, based on the
perturbative analytical approach, and provided a complete
set of charge-transfer cross sections for these molecular tar-
gets. Ehrhardt and Langer also made corresponding recom-
mendations. As is apparent, Janev and Reiter have predicted
a slowly increasing trend with decreasing energy. While the
present result is in good accord with their expectations from
about 2 keV and above, it begins to depart from them below
1 keV, with a sharp decrease having been computed below
�600 eV. This energy dependence at lower energies is a
marked difference between the three results. This feature in
the present results is typical for an endothermic reaction,
while that of Janev and Reiter is more representative of an
exothermic one. As in Figs. 2�a�–2�c� in the adiabatic poten-
tials, a sharp avoided crossing has been found connecting the
initial �state 2� and the ground charge-transfer state 1. As is
apparent from Figs. 5�a�–5�c�, however, this crossing is
found to play a secondary role for the charge-transfer dy-
namics, hence being more endothermic in nature as a whole.
At the lowest energy studied at 50 eV, the difference be-
tween the two results is found to be approximately an order
of magnitude. Since the procedure used by Janev and Reiter
to derive the analytical expression is based on a simple per-
turbative approach, their formula may not be fully appropri-
ate, particularly in the low-energy domain. For capture to the
CH3

+ electronic ground state, transitions to the lowest vibra-
tional state are likely to dominate at the highest considered
energies, but for energies between 10 and �100 eV, transi-
tions to higher vibrational states may give larger cross sec-
tions, particularly those in near resonance. From Figs.
2�a�–2�c�, the energy gap between states 1 and 2 is about
4.1 eV. However, the dissociation energy of the CH3

+ elec-
tronic ground state is about 5.5 eV �for CH2

++H�. Therefore,
there will likely be a significant number of CH3

+ �+H� vi-
brational states in near resonance with the entrance channel
�H++CH3�. The importance of capture to CH3

+ ���0� will
depend on a complicated interplay of asymptotic energy gap
�an exponential energy gap law� and coupling strength.
Based on pure energetics, capture to highly excited vibra-
tional states �but exoergic� will dominate, but since the cou-
pling between electronic states 1 and 2 appears weak, the
coupling magnitude may suppress this. The true answer for
�H++CH3� is probably confined among the three curves
shown in Fig. 7, with the Janev and Reiter prediction tied to
the above motivated mechanism. It is certainly an upper
limit, while our result for E	200–300 eV can be considered
a lower bound since the vibrational motion of the molecular
product is not considered in the current work.

F. Fragmentation

Although no rigorous study of fragmentation mechanisms
and the resulting fragmented species of CH3 radicals upon

proton impact was carried out in the present study, it is quite
important to overview possible consequences of such a
mechanism for various applications. For fusion, for example,
spatial energy distributions of fragmented C, CH, CH2, and
H2 species grossly alter plasma distribution and temperature.
So we give here some qualitative arguments about these pro-
cesses. There are a number of fragmentations that can occur
as a result of collisions of a methyl radical with H+ ions. The
dissociation energy of CH3 itself �along a CH bond� is
thought to be at most 4.9 eV. The CH2 product �methylene�
is known to possess a 3B1 ground state with a bond angle of
134 deg. It has a low-lying 1A1 state with a bond angle of
104 deg, however with an excitation energy of only 0.37 eV.
The ground state De value for the methylene radical is be-
lieved to be in excess of 4.23 eV. The CH diatomic fragment
has a 2
 ground state and a 4�− excited state lying 0.75 eV
above it. The ground state dissociates directly into C�3P�
+H�2S� ground-state products of the atoms. The correspond-
ing De value is 3.60 eV, so this bond is notably weaker than
for either CH3 or CH2. Therefore, electronic target excitation
to �H++CH3

*�, Eq. �1b�, will likely result into fragmentation
species CH2, CH, C, and H. As a result of CH3

+ dissociation
�23�, C+, CH, CH+, CH2, CH2

+, H, H+, H2, and H2
+ species

are obtained following charge transfer and excitation to �H
+CH3

+*�, Eq. �1c�.

IV. SUMMARY AND CONCLUSIONS

Charge transfer and electronic excitation processes in col-
lisions of H+ ions with CH3 molecules between a few tens of
eV up to 10 keV have been investigated theoretically.
Charge-transfer cross sections in the present calculation are
energy-dependent in nature. Target electronic excitation
cross sections sharply increase as the energy increases. The
present results are somewhat different from those of Janev
and Reiter, who derived analytical formulas to represent
charge-transfer cross sections for various hydrocarbon mol-
ecules based on a truncated perturbative scheme. In view of
their simplicity, this disagreement is not unexpected, though
the current results are only applicable to the lowest vibra-
tional state of the product ion. The present cross-section data
should be useful for a variety of applications.
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