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Electron capture and direct elastic scattering in collisions of H+ ions with C2H4 molecules are studied by
using a molecular representation within a semiclassical as well as a fully quantum-mechanical approachs below
10 keV. Calculations are carried out at three different molecular configurations, in which H+ approachessid
parallel andsii d perpendicular to the CvC axis in the molecular plane, andsiii d perpendicular to this plane. We
find that electron capture in thesiii d configuration takes place preferentially over that in thesid and sii d
configurations at scattering angles above 15°, while the results forsid and sii d are comparable in magnitude
below 10°, althoughsii d dominates slightly at still smaller angles. Total capture cross sections for thesiii d and
sii d configurations differ by a factor of 4 above 500 eV, while those forsid lie between these values. Below
500 eV, the results forsid and siii d are similar in magnitude, while that for thesii d configuration sharply
decreases.
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I. INTRODUCTION

Electron capture in collisions of ions with atoms in the
low-keV-energy regions has remained one of the most lively
research areas in atomic physics in the last two decades be-
cause it provides information fundamental for atomic and
molecular spectroscopy and many-body collision dynamics.
The study of electron capture is also important for many
applications such as nanotechnology, fusion, and medical
sciences as well as basic sciences such as atmospheric and
astrophysical research. Relatively comprehensive studies in-
volving a variety of atomic targets for a wide range of colli-
sion energiessmeV to keVd, and for various charged projec-
tiles have greatly improved our understanding of electronic
structure and dynamics of ions and atomsf1,2g. An increas-
ing volume of cross-section data for electron capture is now
becoming available for application.

Unlike the situation for atomic targets, both experimental
and theoretical studies of molecular targets are scarce be-
cause of inherent complexities in treating molecular targets
in both theory and experimental analysis. Even for a rela-
tively active research area like chemical-reaction dynamics,
the target species and collision energies are quite limited in
rigorous investigations. However, because of recent rapid de-
velopments in research areas based on plasma processing and
ion-beam technology, a proper theoretical understanding of
dynamical aspects as well as the determination of accurate
reaction cross sections is urgently required, which in turn

should also help determine optimal running conditions in
these technological areas.

Except for the relative wealth of data for H2, no similar
level of theoretical study has been reported for other molecu-
lar targets in the low-to-intermediate-energy regime. Because
of this lack of investigation, we have initiated a series of
rigorous theoretical studies of elastic 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. Hydrocarbon molecules are found to
exist abundantly in various astrophysical and atmospheric
environments, fusion reactors, and plasma-chemistry atmo-
spheres, and are known to play a crucial role in determining
a number of physical effectsf3g. In this research, we have
studied collisions of H+ ions with CH4 f4g, C2H2 f5g, CmHn

f6g, and COf7g as well as H2 and D2 f8g, and this work has
shed much light on the isotopic, isomeric, steric, and tem-
perature effects. These findings have had a significant impact
on various applications and have also stimulated careful re-
assessments of previous experimental studies.

In the present work in this series, a more complex system,
the ethylene moleculesC2H4d, has been considered in order
to study its scattering dynamics for electron capture and ex-
citation and to examine its fragmentation products based on
analysis of its dissociation reactionsf9g. The processes stud-
ied are, in addition to elastic scattering,
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H+ + C2H4 → 5H + C2H4
+ selectron captured, s1ad

H + C2H4
+* selectron capture with simultaneous target excitationd, s1bd

H+ + C2H4
* starget excitationd. s1cd

6

We are concerned primarily with electron capture and di-
rect elastic scattering in collisions of H+ ions with C2H4
molecules for energies below 2 keV in order to provide ac-
curate cross-section values. Contribution from the process
s1bd, i.e., electron capture with simultaneous target excita-
tion, is also examined. The products of processs1cd lie about
4 eV above the initial channel. There are several intermedi-
ate charge-transfer channels, and therefore the contribution
from the processs1cd is expected to be of negligible rel-
evance in the present energy region. As described above,
various kinds of hydrocarbons are produced at the edge-
plasma region in fusion reactors such as in divertors. Thus
the knowledge of these hydrocarbons and their fragmented
species is crucial for accurate determination of carbon chem-
istry in fusion research. At the same time, we have also ex-
amined the fragmentation processes for each of the electronic
states calculated.

We obtain our results by using a molecular orbital expan-
sion method within a fully quantum-mechanical as well as a
semiclassical formalism. For detailed examination of the col-
lision dynamics, three molecular configurations are specifi-
cally considered for direct study: a proton approachessid
parallel to orsii d perpendicular to the CvC axis in the mo-
lecular plane, andsiii d perpendicular to this plane.

Interferences of various origin are a key subject of funda-
mental interest in physics, and they also form an essential
basis for possible use of this technique for material and sur-
face analysis. Hence, these effects will be emphasized in the
present investigation.

II. THEORETICAL MODEL

The theoretical methods employed are rather standard and
have been described more extensively elsewheref4–7,9g.

Hence, only a summary of specific features will be given in
the present work.

A. Molecular states

Details of the present molecular calculations, that is, adia-
batic potentials, coupling matrix elements, and wave func-
tions, have already been published elsewheref9g. In brief,
the adiabatic potential-energy curves and corresponding
wave functions are calculated by means of the multireference
single- and double-excitation configuration-interaction
sMRD CId methodf10–16g, with configuration selection and
energy extrapolation. The Table CI algorithmf12,13g is em-
ployed for efficient handling of Hamiltonian matrix elements
for the many-electron basis functionsssymmetrized linear
combinations of Slater determinantsd.

The atomic orbitalsAOd basis set in the present calcula-
tions consists of contracted Cartesian Gaussian functions.
For the carbon atoms a primitive basiss10s,5p,2d,1fd con-
tracted tof4s,3p,2d,1fg due to Dunningf17g is employed.
From the same reference, a primitive basiss5s,2p,1dd con-
tracted tof3s,2p,1dg is used for the hydrogen atoms. AOs
with two s sas=0.023a0

−2 and 0.0055a0
−2d, two p sap

=0.021a0
−2 and 0.0049a0

−2d, and oned sad=0.015a0
−2d expo-

nents have been placed at the midpoint of the CvC bond.
The calculations are carried out in theC2v point group, de-
pending on the approach of the proton toward the midpoint
of the ethylene molecule along the three principal axes.

The coordinate system for the projectile and the target
molecule of thefH+C2H4g+ collision system is shown in
Fig. 1. Table I contains the designations of the various elec-
tronic states of the colliding system. The target molecular
structure is assumed to be frozen at the equilibrium configu-
ration of the neutral ground geometryf18g during collisions.
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 distanceR
between the H+ projectile and the midpoint of the CvC
bond was varied in the molecular-state calculations. The
CvC bond is placed along thex axis with its midpoint at

TABLE I. Electronic state designation for three molecular
configurations.

Channel State sid config. sii d config. siii d config.

H+C2H4
+ X B1 B1 A1

H+C2H4
+* A B2 B2 A2

H++C2H4 B A1 A1 A1

H+C2H4
+* C A1 A1 A1FIG. 1. Schematic diagram indicating the molecular axis orien-

tation employed for thefH+C2H4g+ collision system.
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the origin of the coordinate system, and the CuH bonds all
lie in thexy plane, as shown in Fig. 1. The incident projectile
approaches the target from three different directions:sid the
proton moves on thex axis toward the C atom between the
HuCuH bonds,sii d the proton approaches the midpoint of
the CvC bond on they axis, andsiii d the proton moves
along thez axis toward the midpoint of the CvC.

B. Collision dynamics

Both fully quantum-mechanical and semiclassical ap-
proaches within a molecular representation have been em-
ployed, the so-called molecular-orbital close-coupling
method. Accordingly, dynamical transitions are driven by
nonadiabatic couplingsf19g.

The total wave function for scattering in a quantum-
mechanical approach is described as a product of the elec-
tronic and nuclear wave functions, while it is described as a
product of a time-dependent coefficient with the electronic
wave function in the semiclassical picture. Substitution of
the total scattering wave function in a quantum-mechanical
approach into the stationary Schrödinger equation yields
coupled, second-order differential equations for the nuclear
wave functionsXasRd. It is computationally convenient to
solve the coupled equations in a diabatic representationf19g.
The transformation from the adiabatic to the diabatic repre-
sentation can be readily achieved through a unitary transfor-
mation matrixCsRd. In this representation the nuclear wave
function for the heavy particles is given byXdsRd
=C−1XasRd, and the corresponding diabatic potential matrix
is defined asVd=C−1VaC, whereVa is the adiabatic potential
matrix. The resulting coupled equations forXdsRd are given
in matrix form as

S 1

2m
DRI − VdsRd + EIDXdsRd = 0 s2d

wherem is the reduced mass of the colliding pair andI is the
identity matrix. The coupled equationss2d are solved nu-
merically to obtain the scatteringS, matrix for each partial
wave,. The differential cross section as a function of scat-
tering angleu is then obtained from the standard formula by
using the scatteringS,-matrix element for partial wave, and
the momentum of the projectile. Integration over all angles
gives the total scattering cross section.

In the semiclassical approach substitution of the total
wave function into the time-dependent Schrödinger equation
gives a set of first-order coupled differential equations for the
time-dependent coefficients. By solving it numerically, one
can obtain the transition amplitudes. Integration of the square
product of the amplitude over the impact parameter gives the
desired cross sections.

In the present calculations we have carried out up to four-
state close-coupling treatments. The corresponding molecu-
lar states arise from the initialfH++C2H4g, the electron-
capturefH+C2H4

+g, the target excitationfH++C2H4
*g, and

the charge transfer with excitationfH+C2H4
+*g channels.

III. RESULTS

A. Adiabatic potentials and couplings

Extensive results have already been discussed in detail in
Ref. f9g, and therefore, only specific points relevant to the
collision dynamics discussed below are highlighted in the
present work.

The adiabatic potentials for the present collision systems
for three different configurationssid–siii d, respectively, are
shown in Figs. 2sad–2scd and corresponding representative
radial and angular coupling matrix elements are depicted in
Figs. 3sad and 3sbd, respectively. The initialfH++C2H4g state
is the third from the bottom, while the groundfH+C2H4

+g
state after charge transfer is the lowest and the second and
the fourth correspond to electronically excitedfH+C2H4

+*g
states. The valence electron in the first two states possessesp
character, while the higher two ares in nature for thesid and
sii d configurations. Hence, the angular coupling is expected
to be the primary cause of the transition from the initial state
to charge-transfer channels. For thesiii d configuration, all
states haves character, and hence radial couplings among
them are the primary cause of the dynamics.

As specific characteristics of the potential curves, for the
sid andsii d configurations, the initial state, the third from the
lowest, crosses the first and second states because of the
different symmetry, while the initial and fourth states show
rather parallel nature for allR. Therefore, forsid and sii d,
transitions due to the angular coupling mechanism are ex-
pected to be more efficient than those allowed by radial cou-
pling at the lower-energy side. For thesiii d configuration,
except for the ground-state potential, all curves are repulsive,
hence increasing with decreasingR, and they do not show
any hint of strong avoided crossings among them because the
interactions are due to relatively weak polarization poten-
tials. This suggests that a Demkov-type mechanism for
charge transfer is expected to play an important role. Hence,
depending on the proton path taken, very different collision
dynamics can be anticipated, i.e., there is a strong steric ef-
fect. This feature will be considered in more detail below.
Representative radial and angular coupling matrix elements
which connect the initial and dominant charge-transfer chan-
nels are shown in Figs. 3sad and 3sbd.

B. Differential cross sections

Differential cross sectionssDCSsd for the sid-, sii d-, and
siii d-configurations at 0.5 keVsleft paneld and 1.5 keVsright
paneld, respectively, are shown in Figs. 4sad–4scd over the
entire range of scattering angle. DCS angles up to 10° are
also depicted separately in Figs. 5sad–5scd for the three con-
figurations. Figure 6 shows the DCSs averaged over the three
molecular configurations.

Direct elastic scattering processes are found to dominate
in magnitude over electron capture for all cases at all ener-
gies and for most scattering angles. Beyond the scattering
angle of 10° all DCSs show very weak angle independency
up to roughly 150°. Then, for all cases at 1.5 keV, electron-
capture DCSs for backward scattering beyond 150° jump by
two to three orders of magnitude, indicating that electron
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capture suddenly becomes efficient. This feature becomes
more marked as the energy increases from 0.5 to 1.5 keV, as
can be see from Fig. 6, suggesting that efficient electron
capture and strong recoil occur simultaneously.

Although most of the complex irregular oscillatory pat-
terns seen for all cases are due to interferences between elas-
tic and electron-capture channels, there are clues for some
structures which suggest that multiple scatterings inside the
molecule also play a role in these cases. When the projectile

enters the molecular field, it is rather strongly influenced by
the different atomic centers in the molecule, i.e., there is
multiple scattering. This feature is also manifested in the
peaks in radial couplings. In order to examine this effect
more clearly, we includes-matrix elements as a function of
angular momentum, for three configurations at 0.5 keV in
Fig. 7. In addition to small but high-pitched oscillations,
large gradual irregular oscillatory structures can be seen in
all s-matrix elements, and these are most likely due to the
multiple-scattering effectssee also the coupling in Fig. 3d,
particularly those for, larger than 1000. These oscillatory
features are quite different in pattern from those for atomic
and symmetrical molecular cases where oscillatory patterns
generally show more regular structures. Further, the present
oscillatory features differ significantly depending on the mo-
lecular configuration, which is a manifestation of the steric
effect. These oscillatory structures indicate that the electron
jumps back and forth between the projectile and target con-
tinuously during a single collision, i.e., electron capture and
electron loss. At the exit, the favored process becomes either
direct elastic scattening or electron capture; hence there is
interference between these two possibilities as a function of
the collision energy and the impact parameter.

Since all three configurations exhibit similar magnitudes
for the DCSs as well as similar overall shape, the general
features seen in the averaged DCSssFig. 6d are easily de-
duced from these three DCSs. This can be clearly noticed
when DCSs in the region of 10° to 60° are examined. The
sharp dip at around 28° in thesid configuration and several
small dips in thesii d configuration disappear, becoming a
single broad peak similar to the DCSs in thesiii d configura-
tion.

C. Partial cross sections

Partial cross sections are illustrated in Figs. 8sad–8scd for
formation of the ground as well as excited C2H4

+ ions after
charge transfer for the three configurations. For thesid con-
figuration, theC-state population is far dominant in all ener-
gies over the other two, while theA-state population is sec-
ond largest. TheX- andA-state populations synchronize with
each other, suggesting a strong coupling between the two
states. For thesii d configuration, theC-state population be-
comes dominant above 1.5 keV, while theA-state population
is important below this energy. TheX-state population is the
weakest in most of the energy range except for the region
below 0.3 keV, where it overtakes theC population. For the
siii d configuration, theX-state population is dominant above
roughly 0.5 keV, followed by that of theA-state, while be-
low this energy that of theC state dominates, with theA state
next. The differences observed above are a manifestation of a
strong steric effect.

The averaged values for the three configurations are
shown in Fig. 9. The order of the present computed magni-
tudes of each cross section for most of the energy region is
configurationsii d. siii d.sid. For the sii d configuration, the
projectile passes through the molecular area of the highest
charge concentration, while thesid configuration corresponds
to the least interaction with the molecule, and hence this

FIG. 2. The adiabatic potentials of thefH+C2H4g+ system for
the sad sid, sbd sii d, andscd siii d directions of approach of the proton.
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order for the cross sections seems reasonable. When transi-
tion probabilities as a function of collision time at a fixed
impact parameter and energy were carefully investigatedsnot
shownd, more oscillatory structures in the probability were
observed in thesid configuration because the interaction time
is longer compared to that in thesii d andsiii d configurations.
This feature increases the probability of electron transfer
back to the target, that is, an electron loss from the projectile,
in the sid configuration, thus reducing the cross section.

D. Total cross sections

The sum of all electron-capture cross sections for the
three configurations is shown in Fig. 10 along with those

averaged over the configurations from 0.1 to 10 keV. As is
apparent, the results for thesid and siii d configurations have
large cross sections with a value ofs1–2d310−15 cm2 and a
rather weak energy dependence, while that for thesii d con-
figuration shows a sharp increase from a value of 1.6
310−16 cm2 at 150 eV to 7310−16 cm2 at 600 eV. This fea-
ture may be simply understood from the fact that for thesid
configuration, the molecular size is larger by nearly a factor
of 2 than it is for thesii d configuration, and hence the inter-
action time is longer. This has a large influence on the size of
the cross section.

There have been two early experimental attempts to mea-
sure charge transfer at relatively high energy above 100 keV

FIG. 3. Representative radialsleft paneld and angularsright paneld couplings between the initial and electron-capture states for thesad sid,
sbd sii d, andscd siii d configurations.
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by Toburenet al. f20g, and above 1.0 MeV by Vargheseet al.
f21g. The measured results by Toburenet al. give a value of
approximately 1.5310−16 cm2 at 100 keV, decreasing to
2.5310−18 cm2 at 280 keV. The other set of measurements
by Vargheseet al.gives a value of 5.1310−21 cm2 at 2 MeV.
There is one more recent measurement of electron capture by
Sanderset al. f22g in the energy range from 60 to 120 keV.
At 60 keV, their value is reported to be 3.57310−16 cm2, but
it decreases to 0.625310−16 cm2 at 120 keV, which is
smaller by a factor of 2 compared to the earlier measurement
of Toburenet al. discussed above. The present results, al-
though for much lower energy, appear to connect smoothly
with the high-energy measurements upon extrapolation.

Janevet al. f23g derived an analytical formula for fitting
charge-transfer cross sections of H++CnHm collisions based
on the Demkov approximation by evaluating a large set of
experimental data. This formula has also been employed for
interpolation and extrapolation of experimental data by them
and they claim that their analytical formula is able to esti-
mate experimental results within an order of magnitude at
10 keV/u. For the lower-energy side from 0.1 to 1 keV/u,
they provide the result by simply fitting the data of by Tobu-
ren et al. f20g, although the usage of the results by Toburen
et al. may need some care.

Figure 11 includes our total charge-transfer cross sections
of the present system along with those estimates by Janevet

FIG. 4. Differential cross sections for thesad sid, sbd sii d, andscd siii d configurations at 0.5sleft paneld and 1.5 keVsright paneld from the
initial stateB to the electron-captured stateC. Solid line, direct elastic scattering; dashed line, electron capture.
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al. Generally, both results give a similar magnitude of the
cross section within a value ofs1–3d310−15 cm2, but show
slightly different energy dependence. Janevet al.’s results
are found to be larger by a factor of 2 than our result in the
lower-energy region below 0.3 keV. Their result shows a
gradual decrease in the higher-energy region, while ours in-
creases monotonically. Finally these two sets of data merge
at a collision energy of 10 keV. Since, as discussed, the ana-
lytical formula by Janevet al. is based on a somewhat crude
approximation and although this formula provides a useful
guideline for the fitting, a high-accuracy result is not ex-
pected to be reproduced by this formula.

E. Comparison of capture cross sections with CH4, C2H2,
C2H6, and C3H8

In order for us to examine the possible relationship be-
tween the magnitude of the electron-capture cross section
and molecular quantities such as the number of total atoms in
hydrocarbons, or the number of valence electrons in a mol-
ecule, we have plotted the cross sections as a function of the
number of atoms in the molecule in Fig. 12, including our
previous electron-capture cross-section data for CH4, C2H2,
C2H6, and C3H8 below 10 keV. At the lower-energy side, the
order of the cross sections is clearly apparent as C3H8
.C2H6.CH4.C2H4.C2H2. This is suggestive that the

FIG. 5. Differential cross sections for small scattering angles up to 10° at 0.5 keV from the initial stateB to the electron-capture stateC
are shown. Solid line, direct elastic scattering; dashed line, electron capture.

FIG. 6. Differential cross sections averaged over three configurations.

ELASTIC AND ELECTRON-CAPTURE PROCESSES IN… PHYSICAL REVIEW A 71, 032710s2005d

032710-7



magnitude of the cross section depends on the number of
atoms in a molecule, except for the case of CH4, since its
cross section is higher than that of both C2H4 and C2H2 and
thus is somewhat irregular in this respect. The origin of this
feature may arise from the nature of the bonding: C2H2,
C2H4, and C2H6 have a triple, double, and single bond, re-
spectively, and for these hydrocarbons the major portion of
the charge distribution depends on the nature of this CuC
bonding. Therefore, as the binding order increases, the more
the electron distribution is concentrated in the CuC bond

and becomes localized within a narrow spatial region, thus
causing a smaller geometrical size and hence reducing the
effective scattering region, as reflected in the sizes of the
cross section for these three hydrocarbons. Since CH4 has
only four single bonds, and its charge distribution is some-
what more broadly spread out compared to its counterparts

FIG. 7. S-matrix elements for three configurations.

FIG. 8. Partial cross sections from each channel for thesid, sii d,
and siii d molecular configurations.
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with double and triple bonds, thus increasing the effective
size of the molecule. The CuH bond lengths for CH4,
C2H2, C2H4, and C2H6 are 1.094, 1.058, 1.086, and 1.094 Å,
respectively. Indeed, the cross section for CH4 is only
slightly smaller in magnitude than that of C2H6 where C2H6
has a cigarlike shape, but only single bonds are present and
hence it is more similar in charge distribution with CH4. The
ionization potentials are known to be 12.51, 11.4, 10.5, and
11.52 eV, respectivelyf24g. Therefore, the magnitude of ion-
ization potential does not appear to correlate closely with
that of the cross-section size, at least in this range of collision
energy. Note that the ionization potential for CH4 is the high-
est among them.

At higher energy above 3 keV or so, the differences in
size of the cross section of the various molecules become
much narrower because of the increasingly shorter interac-
tion time, making it less sensitive to the individual physical
characteristics of each molecule. From around this energy

and above, the incoming projectile may be viewed as inter-
acting with the individual atoms in a molecule rather than
with the molecule as a whole, and this is the basis for the
additivity rule discussed in Ref.f22g. As a result, the present
energy region investigated is not consistent with the additiv-
ity rule, and it is doubtful that it holds at all, at least in this
energy domain.

F. Fragmentations

The calculations described above are carried out under the
assumption that the ethylene molecule will not decompose as
a result of collisions with H+ ions, i.e., the frozen-target ap-
proximation. Based on the energy levels obtained, it is none-
theless possible to provide some insight regarding dissocia-
tion fragments, as discussed below. There are a number of
other possibilitiesf25g, however, which need to be taken into
account when considering the results of the present cross-

FIG. 9. The averaged partial cross sections for theX-, A-, and
C-state populations.

FIG. 10. Electron-capture total cross sections.

FIG. 11. Total electron-capture cross sections of the H++C2H4

system along with the estimates by Janevet al. f23g.

FIG. 12. Total cross sections as a function of the number of
atoms in the molecule.
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section calculations. The dissociation energy of ethylene it-
self is 7.55 eV when the CvC bond is broken, leading to a
pair of CH2 smethylened molecules in their grounds3B1d
state. The latter can further dissociate to produce carbon at-
oms, H2, and H3

+. Breaking a single bond of methylene re-
quires an additional 4.2 eV for products of CHs2Pd+H. The
corresponding bond energy for CH is 3.47 eV. The dissocia-
tion energy of one CuH bond in ethylene is slightly higher,
4.8 eV, typically leading to products of a C2H3 radical plus
H2, whereby 2.24 eVs0.5 times the dissociation energy of
H2d is retrieved from the recombination of H atoms.

If a pair of CuH bonds is broken, the most likely prod-
ucts are acetylenesC2H2d and H3

+. Dissociation of three
CuH bonds can produce the C2H molecule plus H3

+ and H,
or C2H plus two H2 molecules. Finally, if all four CuH
bonds are broken, the products are C2, H3

+, and H2 or C2 and
two H2 molecules. The dissociation energy of the double
bond of the C2H3 radical is 7.16 eV, while that of the triple
bond of acetylene is 10.0 eV. Depending on the excess en-

ergy available during the H+ collisions, it is therefore seen
that a large number of ethylene fragmentations can occur.
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