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The mechanism and cross section for dissociative electron attachment of acetylene after collision with
electrons in the 0–7 eV range is reported. The positions of the resonances and the autoionization widths are
determined by electron scattering calculations using the complex Kohn variational method. The complex
potential energy surface relevant to the metastable negative ion C2H2

−� is constructed as a function of the C
�C and C–H stretches and the CCH angle. The lowest resonant potential is then used as input for the study of
the dissociation dynamics within the local complex potential model using the multiconfiguration time-
dependent Hartree method. The calculated dissociative electron attachment cross section as a function of
electron energy is compared to available experimental findings.
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I. INTRODUCTION

Acetylene is the smallest unsaturated hydrocarbon mol-
ecule. Studies on dissociative electron attachment �DEA� to
this system are interesting since C2H2 has an unoccupied �
orbital comparable to the isoelectronic N2 molecule. There-
fore, the study of the dissociation of the metastable negative
ion of C2H2 may serve as a prototype to study polyatomic
molecules characterized by a ��-shape resonance.

Interest in electron-driven chemistry of acetylene spans a
wide range of areas of research and applications. It is well
established that presence of hydrocarbons in planetary atmo-
spheres and interstellar media have a significant impact on
the chemical processes taking place in these environments
�1,2�. For example, acetylene has been detected in interstellar
clouds with a wide range of abundances �see Lacy et al. �3�,
and references therein� and it has been suggested more re-
cently that C2H2 is a key species in the prebiotic evolution
on Titan �4�. An even more growing interest within the as-
trophysics community resulted from the discovery of acety-
lene along with hydrogen cyanide and carbon dioxide on IRS
46, a young star in the Ophiuchus constellation, and it is
believed that these organic compounds play a major role as
gaseous precursors for protein and partial DNA formation
�5�.

Moreover, acetylene, among other hydrocarbons, has been
utilized in plasma processing in microtechnology and nano-
technology. Acetylene plasmas are commonly used for depo-
sition of carbon thin films, more particularly diamondlike
thin films of relevance in semiconductor, mechanical, and
biomedical applications �6�. The chemistry of these plasmas,
involving DEA among other processes, have been studied by
Stoykov et al. �7�. Furthermore, it has been recently reported
that C2H2 represents a highly efficient carbon feedstock for
the growth of carbon filaments and nanotubes by plasma
enhanced chemical vapor deposition �8�. Electron collision
with C2H2 is therefore a key process that initiates and drives
the formation of reactive species in cold plasmas. It is worth
mentioning that acetylene also plays an important role in

combustion science and that the chemical processes involved
thereby can be rather complex as discussed in �9�. Accurate
calculations of the DEA mechanism and the resulting cross
sections are thus required for a thorough understanding of
these phenomena.

The acetylene molecule has been studied extensively in
the literature both experimentally and theoretically; however,
less work has been done on its negative ion and its decay.
Early DEA experiments by Trepka and Neuert �10� produced
a low resolution C2H− yield spectra displaying an intense
band with an onset at 2.8�0.2 eV and a weaker band with
an onset at 6.0�0.3 eV. Later measurements of DEA to
acetylene by Azria and Fiquet-Fayard �11� revealed a
��-shape resonance at 2.6 eV and a yield of C2H− character-
ized by a vertical onset at thermodynamic threshold 2.3 eV.
They further observed a significant isotope effect by measur-
ing a C2D− yield over one order of magnitude smaller than
that of C2H− around the peak position at 2.55 eV. Abouaf et
al. �12� achieved high resolution low-energy spectra and ob-
served a yield of C2H− peaking around 3 eV with a vertical
onset at 2.69 eV.

On the other hand, vibrational excitation �VE� experi-
ments done by Andric and Hall �13� and Tronc and Malegat
�14� investigating the resonance features in the e−-C2H2 col-
lision system reported a �� resonance at 2.6 eV as well as a
�� resonance at 6.2 eV. Kochem et al. �15� treated in further
detail VE to C2H2 in the 0–3.6 eV range and found the 2�g
transient negative ion state to lie at 2.6 eV.

Tossell �16� calculated the elastic electron scattering cross
section of C2H2 using the continuum MS-X� approach. The
maximum in the elastic cross section was found at 2.6 eV.
Krumbach et al. �17� calculated the resonance positions and
widths relevant to the 2�g state of C2H2

−� as a function of
C�C distance in linear geometry. They obtained a reso-
nance at 2.9 eV for the equilibrium geometry. Gianturco and
Stoecklin �18� found the resonance to lie at 2.5 eV from a
scattering calculation employing a correlation-polarization
potential model. Electron scattering from acetylene in the
0.01–20 eV energy range has been investigated by Jain �19�
using close-coupling theory and including correlation and
polarization effects reported a ��-shape resonance at around
2 eV. Therefore, theoretical investigations of electron scatter-*stchourou@ucdavis.edu
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ing from acetylene are in good agreement with the experi-
mental findings at energies below 5 eV.

Allan and Dressler �20� carried out a more complete study
of the temporary C2H2

−� and its dissociation using electron
transmission spectroscopy and energy-loss measurements.
The 0–3 eV collision energy range led predominantly to pro-
duction of H and C2H− fragments in their ground electronic
states. The corresponding DEA cross section shows a pro-
nounced peak around 3 eV with a nonvertical onset at around
2.6 eV. Recent experiment �21� produced higher resolution
measurements of the absolute DEA cross section which was
found to have a maximum of about 3.65 pm2 at 2.95 eV
electron energy. The authors in �11,20,21� further concluded,
based on symmetry arguments, that C2H2

−� predissociated in
bent geometry. In fact, the DEA process studied in the
present work is given by the following mechanism:

C2H2�X 1�g
+,�� + e−�E� → �C2H2�−��2�g�

→ C2H−�1�+,��� + H�2S�:�I� ,

which suggests that a symmetry breaking event takes place
along this reaction pathway. Note that the initially formed
negative ion is a ��-shape resonance in its 2�g symmetry
and thus does not correlate with the fragments C2H−�1�+�
and H�2S� in their totally symmetric representations. This
implies that a one-dimensional study of this system is inad-
equate to describe the dissociation dynamics and that mo-
lecular bending must be taken into consideration. This is
similar to what was seen in earlier studies of DEA in formic
acid �22�. In this system the dissociation dynamics were
found to be intrinsically polyatomic, the anion was forbidden
from dissociating to the observed fragments in planar geom-
etry, and found to deform to nonplanar geometries before
fragmenting. A second anion surface, connected to the ��

surface through a conical intersection, was involved in the
dynamics. In this study we investigate the decay dynamics of
the metastable C2H2

−�, following the dissociation and study-
ing how the collision energy channels between the internal
degrees of freedom leading to the observed products in the 3
eV range.

The first section of this paper presents the theoretical ap-
proach and the computational techniques we used to calcu-
late the adiabatic potential energy surfaces �APES� associ-
ated with the ground electronic state of the neutral C2H2
target. In this section, we further describe the electron scat-
tering calculation performed to determine the resonant states
and construct the complex APES. In the second section, we
outline the multiconfiguration time-dependent Hartree
�MCTDH� method and study the nuclear dynamics for acety-
lene using the calculated APES. Finally, we report the result-
ing DEA cross sections and branching ratios relevant to the
C�C vibrational modes of the C2H− fragment.

II. POTENTIAL ENERGY SURFACES

A. Ab initio methods

1. Neutral target

In order to determine the initial vibrational states of the
neutral target, we seek to construct the APES relevant to the

initial electronic state of the molecule as a function of its
internal degrees of freedom. In this study, we perform elec-
tronic structure calculation using multiconfiguration self-
consistent field �MCSCF� approach followed by a multiref-
erence configuration interaction �MRCI� calculation all for
various geometries of the molecule. The carbon and hydro-
gen atoms were described using a triple-zeta-plus-
polarization basis. The C2H2 function basis set is then aug-
mented with three s diffuse functions �with exponents 0.05
centered on the carbons and 0.08 and 0.033 centered on the
hydrogens� and three p diffuse functions �with exponents
0.02 centered on the carbons and 0.2 and 0.05 centered on
the hydrogens�. The MRCI calculation is carried out by
freezing four core electrons and including single excitations
in an active space of 20 molecular orbitals.

2. Resonant states of the ion

Electron collision with the neutral target leads to forma-
tion of a short-lived negative ion or resonant state. Since this
state is embedded in the continuum, we carry out electron
scattering calculations to determine both the resonance ener-
gies �res and the autoionization widths 	 as a function of the
molecules internal coordinates.

We use the complex Kohn variational method �23� where
in a first approximation �static exchange level�, we neglect
the polarization and correlation effects so that the
�n+1�-electron scattering wave function for fixed nuclei po-
sitions represented collectively by the vector Q reduces to


el
� �rn+1;Q� = Â��

��

�el
� �rn;Q�F����r�n+1;k�� , �1�

where rn+1= �r�1 ,r�2 , . . . ,r�n+1� is the �n+1�-electronic coordi-

nates vector, Â is the antisymmetrizing operator. The func-
tion �el

� �rn ;Q� is the target n-electron ground state in the
irreducible representation � with the nuclei clamped at Q.
F����r�n+1 ;k� is the scattering electron’s wave function at po-
sition r� and momentum k, which is further expanded to
match asymptotic boundary conditions,

F����r�;k� = �
i

ci
���ui�r�� + �

lm

�f l
��kr�
ll�
mm�
���

+ Tll�mm�
��� �k�hl

+��kr��Ylm�r̂�/r , �2�

where the 	ui
i are square-integrable functions, 	f l
�
l and

	hl
+�
l are, respectively, the regular Ricatti-Bessel and the

outgoing Hankel functions and Ylm are the normalized

spherical harmonics. The terms Tll�mm�
��� are the T-matrix ele-

ments that we are seeking to determine in order to compute
the eigenphase sums as a function of the electron’s collision
energy. By fitting the eigenphase sums to the Breit-Wigner
form, we determine the resonance parameters �res

� and 	�.
The present system exhibits more than one resonance as will
be demonstrated in the next section; therefore, the fitting
procedure will involve the sum of multiple Breit-Wigner
functions,
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sum� k2

2
� = �

p=1

Nres

arctan� 	p
�/2

�res,p
� − k2

2

� + 
bkgd� k2

2
�; �3�

where Nres is the number of overlapping resonances,
��res,p

� ,	p
�� are the corresponding parameters to be deter-

mined, and 
bkgd is the background phase shift taken to be a
slowly varying function of the electron energy.

B. Computational results

In its electronic ground state, acetylene has linear geom-
etry and belongs to the D�h point group. The electronic struc-
ture calculation provides the molecular orbitals; hence, the
electronic configuration of the ground state

�X 1�g
+�1�g

21�u
22�g

22�u
23�g

21�u
4.

Since in this work we address the DEA channel described by
�I�, we are interested in taking into account the dissociative
coordinate of only one of the hydrogen atoms in C2H2.
Therefore, we have chosen to describe the geometries of
acetylene using Jacobi coordinate shown in Fig. 1�b� where
R represents the distance between H and the center of mass
of linear C2H.

The first series of calculations �series of calculations refer
to a set of electronic structure calculation and scattering cal-
culation� were carried out in quasilinear geometry where the
CCH is bent by an angle of 1°. This is achieved in order to
keep consistency of the functional basis sets when perform-

ing calculations in lower symmetries of the molecule. The
electronic structure calculation in this bent geometry using
the MCSCF and MCRI methods outlined in the preceding
section resulted in a total of 15 064 configurations. The one-
dimensional potential for the neutral target is constructed for
R� �2.5 a.u. ,7.0 a.u.� in the A� irreducible representation
where the electronic configuration is given by

�X 1A��1a�22a�23a�24a�25a�26a�21a�2.

The electron scattering calculations, as described above,
were carried out at the static exchange level. They revealed
two resonances in A� and one resonance in A�. In A� repre-
sentation in equilibrium geometry, the lower resonance en-

ergy is found to be �res
1 2A��Qeq�=0.1 a.u. �2.71 eV� and the

higher and broader resonance energy is found to be

�res
2 2A��Qeq�=0.24 a.u. �6.53 eV�. These values are consistent

with the ��- and the ��-shape resonances observed experi-
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FIG. 2. �Color online� Potential energy curves in linear ��=0°� �a� and quasilinear ��=1°� �b� geometries. Plots in �a� show the curve
crossing between 2� �dotted-dotted-dashed line� and 2�g �solid line� states. Plots in �b� show the lift of degeneracy of 2�g state and splitting
into the 1 2A� �solid line� and 2 2A� �dotted-dashed line� adiabatic manifolds. The shape of the 2A� manifold �dotted-dotted-dashed line� does
not vary with bending.
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FIG. 1. Coordinates used for nonplanar geometry calculations
�a� and Jacobi coordinates used in DEA dynamics calculation �b�.
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mentally �20�. In fact, upon bending the linear molecule, the
2� resonant state becomes the 2 2A� state and the doubly
degenerate 2�g resonant state splits into two manifolds de-
noted by 1 2A� and 2A� in terms of the Cs point group. Ex-
amination of the T-matrix elements for incident electron en-
ergy around 0.1 a.u. shows that those corresponding to the
p-wave component dominate, hence, the electronic configu-
ration of the �� resonant state, which is the focus of this
paper, is given by

�2�g�1�g
21�u

22�g
22�u

23�g
21�u

41�g
1.

In A� representation, we find the resonance to lie at

�res

2A��Qeq�=0.1 a.u. and appears to change little with change
in geometry and hence will be ignored in the remainder of
the present study. Figure 2 depicts the crossing between the
2� and the 2�g states at Rc=3.85 a.u. in linear geometry.
Upon crossing of the neutral curve by the resonant state, the
negative ion becomes bound and the system is therefore
treated by electronic structure methods.

This provides the asymptotic states of C2H2
−� which we

find lying at 0.10 a.u. �2.72 eV� below the �C2H+H� neutral
asymptote in linear geometry consistent with measured adia-
batic electron affinity of C2H �2.94�0.1 eV� �24�. We also
find a good agreement for the C–H bond dissociation energy
De�HC2−H�=0.195 a.u. �5.302 eV� compared to
529.89�0.01 kJ /mol �5.49 eV� measured by Stark anti-
crossing spectroscopy �25�.

The second series of calculations is carried out including
both R and r with r= �C�C�� �1.6435 a.u. ,3.6435 a.u.�
while maintaining the molecule in the quasilinear geometry
��=1°�. Thus, two-dimensional surfaces can thus be con-
structed in this domain as will be shown in the following
section of the paper. By determining the locus of the mini-
mum of the neutral APES, we can deduce the equilibrium
geometry of the neutral molecule. The present calculations
lead to req= �C�C�eq=2.29 a.u. �1.21 Å� and �C−H�eq
=2.01 a.u. �1.06 Å� �that is Req=3.28 a.u.� equilibrium in-
ternuclear distances which is in good agreement with previ-
ous studies �26�. In linear geometry of C2H2, the locus of the
intersection points of the 2� and the 2�g APES forms a seam
represented as a function of r and R in Fig. 3�b�.

The third series of calculations involved bending the mol-
ecule by an angle � in the interval �1° ,55°� leading to the
construction of a three-dimensional potential energy surface.
One-dimensional cuts of this APES displaying the effect of
bending are shown in Fig. 4.

The topology of the resonant APES in the vicinity of the
resonant curve crossing exhibits a barrier with a height
around 0.06 a.u. �1.63 eV� above the minimum of the 1 2A�
states in the Frank-Condon region. This barrier decreases as
the bending is increased as can be clearly seen through the
three-dimensional conical intersection feature in Fig. 3�a�.

The case of a nonplanar molecule was explored through
an additional series of calculations where the second C–H
bond is bent out of the plane of molecule by an angle �� �see
Fig. 1�a��; thus reducing the symmetry of C2H2 to the C1
point group. The resulting APES for � values of 1°, 22.5°,
and 40° as a function of the distance d and for �� values of
1° and 22.5° where d� is kept constant at the equilibrium
distance 2.01 a.u. are shown in Fig. 5.

No significant change of the APES structure is observed
due to � and the maximum difference between the respective
curves in the two calculated values of �� is found to be of the
order of 4�10−3 a.u.

Therefore, in our present treatment, we reduced C2H2 to a
triatomic system by considering one of the C–H groups as a
single species held at the equilibrium spacing throughout.
This reduces the number of internal degrees of freedom to
three and makes the system dynamics amenable to a
three-dimensional calculation in Jacobi coordinates on a grid
inside the domain r� �1.6435 a.u. ,3.6435 a.u.�,
R� �2.5 a.u. ,7.0 a.u.�, and �� �1° ,55°�.

III. NUCLEAR DYNAMICS

A. Theory

We solve for the nuclear dynamics of the metastable nega-
tive ion state in the local complex potential model. The ap-
proximation used in this model has been discussed in detail
previously �27� and will only be outlined here. The nuclear
wave equation is given by

�E − Ĥ�Q����
��Q� = ��

��Q� , �4�

where E, the total energy of the system, is the sum of the
energy of the vibrational state � and the kinetic energy of the
incident electron,

(b)

(a)

FIG. 3. �Color online� Three-dimensional plot of the real part of

the resonant states Vel
1 2A��r=req ,R ,�� �bottom surface� and

Vel
2 2A��r=req ,R ,�� �top surface� showing a conical intersection at

R=3.85 a.u. �top panel�; the seam of conical intersections as a
function of �r ,R� space �bottom panel�.
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E = E� +
k2

2
, �5�

and the Hamiltonian operator is given by

Ĥ�Q� = T̂Q + Vel
� �Q� . �6�

Here, the superscript � represents the irreducible representa-
tion relevant to the nuclear wave functions. The kinetic en-

ergy operator T̂Q is given in Eq. �7� for a total momentum
operator J=0 and the potential Vel

� �Q� relevant to C2H2
−� is

given by Eq. �8� �note that we use atomic units �=me=1
throughout�,

T̂Q = −
1

2�r
�r

2 −
1

2�R
�R

2 −
1

2
� 1

�rr
2 +

1

�RR2� 1

sin �
���sin ���� ,

�7�

where �r and �R specify the reduced masses associated with
the r and R coordinates,

Vel
� �Q� = Eel

� �Q� + �res
� �Q� −

i

2
	��Q� . �8�

The driving term ��
��Q� in Eq. �4� is defined as

��
��Q� = �	��Q�

2�
�1/2

��
��Q� , �9�

where the term that multiplies ��
��Q� is known as the entry

amplitude and it expresses the capture probability of the in-
coming electron by the molecular target in the discrete vibra-
tional state � into the resonant state associated with the com-

plex potential of Eq. �8�. Finally, ��
��Q� is the nuclear wave

function we seek to determine. We use the time-dependent
formulation established by McCurdy and Turner �28�. The
problem thus reduces to solving the time-dependent
Schrödinger equation,

Ĥ�Q���
��Q,t� = i�t��

��Q,t� ,

��
��Q,0� = ��

��Q� . �10�

We use the a computational technique based on MCTDH
formalism discussed in detail in �29�. In the context of this
theory, the nuclear wave function for the negative ion of
C2H2 is expressed in the Jacobi coordinates Q= �r ,R ,�� as

��
��r,R,�,t� = �

i=1

Nr

�
j=1

NR

�
k=1

N�

Aijk�t��i�r,t�� j�R,t��k��,t� .

�11�

Each single-particle function appearing in Eq. �11� is in turn
expanded in terms of a function basis set chosen to corre-
spond to that of a discrete variable representation �DVR� for
computational efficiency. Here, Nr, NR, and N� are all set to
the value 8 and the single-particle functions associated with
the variables R, r, and � are expressed in terms of sine-DVR
�100 grid points�, Hermite-DVR �50 grid points�, and
Legendre-DVR �94 grid points�, respectively.

3 4 5 6 7
-76.9

-76.8

-76.7

-76.6

-76.5

-76.4

Po
te

nt
ia

lE
ne

rg
y

[a
.u

.]

3 4 5 6 7 3 4 5 6 7

3 4 5 6 7
R [a.u.]

0

0.05

0.1

0.15

0.2

A
ut

oi
on

iz
at

io
n

W
id

th
[a

.u
.]

3 4 5 6 7
R [a.u.]

3 4 5 6 7
R [a.u.]

Γ2
2
A’

Γ1
2
A’

Γ1
2
A’

Γ2
2
A’ Γ2

2
A’

Γ1
2
A’

Eel

1Σ+

Re(Vel
1

2
A’

)

Re(Vel
1

2
A’

) Re(Vel
1

2
A’

)

Re(Vel
2

2
A’

)

Re(Vel
2

2
A’

)

Re(Vel
2

2
A’

)

C2H + H C2H + H C2H + H

C2H
_

+ H C2H
_

+ H C2H
_

+ H

Eel

1Σ+

Eel

1Σ+

(1.a)

(1.b) (2.b)

(2.a) (3.a)

(3.b)

FIG. 4. �Color online� Cuts of the neutral 1�g
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B. Wave-packet propagation

1. Initial wave function

The construction of the APESs relevant to the neutral tar-
get and the negative ion which determine the potentials ap-
pearing in the Hamiltonian in Eq. �4� was described in the
preceding sections. The nuclear wave function of the neutral
target is computed using a relaxation technique implemented
in the MCTDH package. This calculation yields the ground

vibrational state �0
�g

+

�r ,R ,�� appearing in Eq. �9�; the square
of the magnitude of this function is represented in Fig. 6. As
expected, this reduced density function is centered at the
equilibrium geometry of the C2H2.

2. Dissociation dynamics

By applying Eq. �9�, we determine the initial wave packet
needed to solve the system of Eq. �10�. In this study, we
consider propagation on the 1 2A� manifold; APES interac-
tions and nonadiabatic effects will be investigated in future

papers. Thus, in Eq. �6�, the potential is given by Eel
1 2A��Q�

+�res
1 2A��Q�− i

2	1 2A��Q�.
Since the wave function is a function of three variables

�r ,R ,��, we have chosen to show contour plots in two-
dimensional slices taken with the other variable at its equi-
librium value. In the left-hand column, the contour plot is
shown in �R , �� with r=req. In the right-hand column, the
wave function is shown as a function of r and R at �=0.
Propagation is carried out for a duration of 9 fs. As can be
seen in the plots of Fig. 7, there is little change in r and R

until the molecule bends. As it bends, R, that is the HCC–H
distance begins to increase, leading to this bond breaking.
This indicates that the molecule bends as the hydrogen atom
dissociates. As can also be seen in Fig. 7, the C�C bond,
described by the coordinate r, stretches. In this dimension,
the surface is bound as depicted in the �r ,R� surfaces of the
right-hand column of Fig. 7. However, there is no recurrence
of the wave packet in r, and hence no boomerang structure.
All these observations are in agreement with findings in
�11,20,21�.
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C. DEA cross section

Finally, the DEA cross section is deduced from the wave-
packet flux through a boundary that defines the asymptotic
region for wave-packet propagation. This region is chosen

such that it decouples the rearrangement channel of interest
�that is the channel given by �I�� from the other possible
channels which is achieved by defining a characteristic func-
tion of the asymptotic region. The MCTDH package pro-
vides the possibility of placing a complex absorbing poten-
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tial �CAP� that, if chosen appropriately, enforces the zero
boundary conditions on the numerical grid. In fact, it has
been demonstrated that the CAP cannot only damp the wave
packet thus of reducing the effect of back-reflections but also
allows efficient computation of the flux going through it �this
is detailed in Refs. �32,33�, and references therein�. A qua-
dratic CAP has been adopted in this study, it is given by

− iW�I��Q� = − i��R − RCAP�2h�I��R − RCAP� , �12�

where h�I� is the Heaviside step function associated with the
arrangement channel �I� shifted such that the complex poten-
tial is switched on at the asymptotic value RCAP taken to be
6.4 a.u. in the present calculation. The CAP strength � must
be chosen sufficiently small so the perturbation does not ef-
fect the wave packet beyond first order as discussed in �32�;
here �=6�10−3 a.u. is considered. Note that such formula-
tion is convenient in practice because it is independent of the
choice of the shape of the boundary surface as long as it
separates the arrangement channel in question. By introduc-
ing the CAP, the perturbed Hamiltonian of the system de-
fined in Eq. �6� has the expression

H̃
ˆ

= Ĥ − iW�I��Q� . �13�

We further introduce a flux operator F̂�I� defined by

F̂�I� = i�H̃ˆ ,h�I�� , �14�

The energy-resolved outgoing flux associated with the initial
target vibrational state � through the CAP is therefore given
by

F�
�I��E� =

1

�2��2���E��2
���

��F̂�I����
�
Q. �15�

The MCTDH package implements a routine that computes
F�

�I��E�. The term in angular brackets in Eq. �15� may be
expressed in terms of the partial-wave DEA amplitude coef-
ficients Al�E�+ k2

2 � as

���
��F̂�I����

�
Q =
1

2�

��

�R
�

l
�Al�E� +

k2

2
��2

, �16�

where �� is the relative momentum of the dissociating frag-
ments. In the time-dependent formulation of the dynamics,
the left-hand-side term of Eq. �16� is computed in terms of
the time domain integrals as

���
��F̂�I����

�
Q = �
0

�

dt�
0

�

dt����
��ei�H̃

ˆ †−E�tF̂�I�e−i�H̃
ˆ

−E�t����
�
Q.

�17�

The reader is referred to Refs. �30–33� for detailed treat-
ment of the CAP-based flux formalism. The definition of the
cross section relevant to the DEA channel �I� may be written
based on partial wave formulation as

��→DEA�E� +
k2

2
� = gsga

2�2

k2

��

�R
�

l
�Al�E� +

k2

2
��2

,

�18�

where the factors gs and ga represent, respectively, the statis-
tical ratio of the electronic multiplity of the resonant state to
the electron multiplicity of the neutral target and the arrange-
ment channel multiplicity; both factors are equal to two in
the case of mechanism �I�.

The derivation of this expression involves the expression
of the molecule’s nuclear coordinates in the space-fixed
frame; the algebraic details of this treatment are equivalent to
the case of the study of DEA to water �34�. Finally, by sub-
stituting the expression of the flux output by the flux analysis
routine, a workable expression of the total DEA cross section
as a function of electron collision energy is obtained,

��→DEA� k2

2
� = gsga

4�3

k2 F�
�I�� k2

2
� . �19�

The results are shown in Fig. 8 for three calculations, a one-
dimensional calculation where only R was used, a two-
dimensional calculation in r ,R, that is with no bend, and
finally the full three-dimensional r ,R ,� results. As can be
seen in Fig. 8, in the one- and two-dimensional calculations,
the cross section is small and shows a threshold at much
higher energy. This is due to the barrier �see Fig. 2� that
exists if the molecule is not allowed to bend. When the bend
is included, the cross section increases by almost two orders
of magnitude and the threshold drops to 2.716 eV as is ob-
served in experiment �20�.

Figure 9 shows a comparison of the foregoing computed
cross section with the experimental findings of �11,21�. Al-
though the cross section obtained by Azria et al. is in fair
agreement with the present results, the peak position is found
to lie about 0.44 eV below the computed value and its height
is slightly outside the error region. In addition, the maximum
of the cross section for DEA to C2D2 was found to be
0.19 pm2 by the same authors which is consistent with the
pronounced isotope effect observed in the present work
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FIG. 8. �Color online� Total DEA cross section for one-
dimensional �Q= �R��, two-dimensional �Q= �r ,R��, and three-
dimensional �Q= �r ,R ,��� calculations in logarithmic scale.
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where the height of the cross section corresponding to
C2D− ion yield is 0.119 pm2 �see Fig. 9� leading to a

�0→DEA
�C2D−� �3 eV� /�0→DEA

�C2H−� �3 eV� ratio of about 3.46�10−2.
Our theoretical cross section further shows an excellent
agreement with the shape, onset, and magnitude of the recent
experimental values of Allan et al. �21�.

In order to determine the energy channeled into the nega-
tive ion fragments in the form of C�C vibrational modes,
we project the final wave packet on the C2H− vibrational
states. The relative population of the first eight states ���
=1, . . . ,7� is therefore given by the branching ratios ����E�
of Eq. �20�,

���� k2

2
� =

F���
�I� � k2

2
�

F�
�I�� k2

2
� , �� = 1, . . . ,7, �20�

where

F���
�I� � k2

2
� = ���

��P̂��F̂
�I�P̂�����

�
Q, �21�

where P̂�� is the projection operator on the vibrational states

���
�� of C2H−, that is

P̂�� = ����
��
����

��� . �22�

The vibrational modes ���
�� of the ethynyl negative ion con-

sidering only the C�C stretch are determined by diagonal-
izing the associated Hamiltonian using the asymptotic poten-

tial at the dissociation limit �R=6.4 a.u. in the present
calculation�. These vibrational modes have ��=�+ symme-
try which leads to a nonzero overlap integral in Eq. �21�. As
can be seen in Fig. 10, at threshold only the ground vibra-
tional state is populated, with all energy funneled into disso-
ciation. At higher energies, the higher vibrational states be-
come populated. To our knowledge, there are no experiments
that address the final vibrational and rotational state of the
products with which to compare.

IV. DISCUSSION AND CONCLUSION

This study demonstrates that DEA is indeed an important
decay channel for the �� resonant states formed in low-
energy �below 7 eV� electron-acetylene collisions. It is clear
that in this system a one-dimensional model is inadequate to
describe the dissociation process. As was seen in earlier stud-
ies of formic acid �22�, the molecule exhibits a complex
dissociation path, involving bending as well as stretching of
the C�C and C–H bonds. Since C2D2 showed a significant
isotope effect compared to C2H2, it is likely that the singly
deuterated species HCCD will also display such an effect in
the dissociation. Calculations are in progress that will ad-
dress this issue. There exist higher energy resonance states in
this system which are believed to lead to dissociation via a
vinylidene configuration to form the C2

− ion. Future calcula-
tions will address this interesting dissociation channel.
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