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presence of triply-degenerate electronic states, and conical inter-
sections39.

In this communication, we present new ab initio theoretical re-
sults for the dynamics of three different breakup channels result-
ing from DEA to methane at the broad resonance that peaks at
9.9 eV collision energy. These results are compared to our anion
fragment momentum imaging experimental results for all three
breakup channels and with the experimental data of Ref.8 for the
two channels producing H−.

2 Experimental setup

The anion fragment momentum imaging experiments were per-
formed using a DEA reaction microscope, which was previously
described in detail40. Briefly, a low-energy pulsed electron beam,
with an energy spread measured to be about 0.8 eV full width
at half maximum (FWHM), was produced by a tunable electron
gun and guided by a coaxial magnetic field to intersect orthogo-
nally with a methane (CH4) or deuterated methane (CD4) effusive
molecular beam. The electron energy resolution is usually broad
for imaging experiments to keep a high rate of DEA collisions. We
note that the lowest vibrational mode of methane is 1367 cm−1 (
0.17 eV) which implies that at room temperature the population
of vibrationally excited species is negligible. Typically 100 ns af-
ter each electron pulse was allowed to transit the spectrometer, all
anions formed in the interaction volume, defined as the intersec-
tion of the effusive beam and the electron beam, were extracted
by a field of 24 V/cm into the position- and time-focusing spec-
trometer. Scattered electrons were prevented from entering the
spectrometer through deflection by the magnetic field and by the
extensive spectrometer and detector shielding, which also capaci-
tively decoupled the detector from the pulsed field. Fragment ion
momentum coordinates were encoded in the position and arrival
times of the anions, as detected by a position- and time-sensitive
detector consisting of a microchannel plate and delay-line anode,
and recorded event-by-event. This position and time sensitivity
enabled both three-dimensional momentum imaging and separa-
tion of the singly charged fragment anions. The performance and
calibration of the spectrometer were periodically checked against
the well-characterized momentum spectrum of O− from DEA to
O2

40.

3 Theoretical approach

Our theoretical treatment of DEA is based on an analysis of
molecular-frame scattering calculations that were performed us-
ing the complex Kohn variational method41,42. The ground state
of methane is nominally described by a wave function with the
configuration [1a2

1
2a2

1
1t6

2
3a0

1
],1 A1. The 2T2 resonance, on the other

hand, is a doubly excited Feshbach state whose parents are the
3,1T2 excited states of methane. The negative ion resonance is
formed in a collision which excites an electron from an occu-
pied t2 orbital and captures two electrons in the lowest unoc-
cupied 3a1 molecular orbital (LUMO), to produce an anion with
the nominal configuration [1a2

1
2a2

1
1t5

2
3a2

1
],2 T2. To achieve an ac-

curate description of the 2T2 resonance, we need a set of target
molecular orbitals that can accurately describe both the ground
state of methane and, more importantly, the lowest excited T2

Fig. 1 3-D entrance probability |Vz|2 of the Tz component.

states which are the parents of the resonance. We started with a
self-consistent field calculation on the ground-state of methane,
followed by an improved virtual orbital (VN−1 potential) calcu-
lation to obtain a 3a1 molecular orbital. We used two different
prescriptions to generate the occupied t2 orbitals, both based on
a calculation on the lowest triplet state of neutral methane and
both giving very similar results. In one case, we carried out
a multi-configuration self-consistent field calculation, averaging
over the three degenerate components of the lowest T2 triplet. Al-
ternatively, we carried out a singles- and doubles- configurtaion-
interaction calculation and obtained the averaged natural orbitals
for the lowest triplet state. The (N + 1)-electron scattering wave
function was then constructed from the direct products of molec-
ular orbitals (bound and virtual) and target states, the latter being
all singlet and triplet states that could be formed using the com-
bined set of six (1a1, 2a1, 1t2 and 3a1) molecular orbitals. The
1a1 and 2a1 orbitals were constrained to be doubly occupied in
all configurations.

The computed elastic cross section below 12 eV electron-
energy reproduces past calculations11,43 and experimental mea-
surements10, depicting a broad peak with a maximum near 8
eV electron energy. This peak, previously classified as a d-wave
shape resonance11,15, actually corresponds to a strong energy-
dependent background and plays no role in DEA to methane.
Electron-impact excitation of the 3,1T2 excited states of methane,
which are the parents of the Feshbach resonance, was studied by
Winstead et. al.44, and the vertical excitation energy to the low-
est triplet-state was determined through accurate ab initio calcu-
lations to be about 10.6 eV.8

The position ER and width Γ of the 2T2 resonance was obtained
by fitting the eigenphase sum from our fixed-nuclei scattering cal-
culation at equilibrium geometry to a Breit-Wigner form, from
which we obtained ER = 10.2 eV and Γ = 6.2 meV. It is important
to bear in mind that the measured DEA peak has an observed
width of several eV. The observed width is not determined by
the intrinsic fixed-nuclei electronic width of the resonance but
rather by the variation of the dissociative resonance energy sur-
face relative to the neutral target state over the Frank-Condon re-
gion. Especially in methane, our calculations show that the triply-
degenerate 2T2 resonance experiences strong Jahn-Teller splitting
through molecular distortions, such that the resonance compo-
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Fig. 2 Schematic representation of the main molecular distortion responsible for the experimentally observed dissociation channels (upper panels)

and associated 3-D attachment probability (lower panels), with the corresponding asymptotic dissociation axis (green arrow). The channels from left to

right are (i) H−+CH3(X̃2A′′
2 ), (ii) CH−

2
+H2, and (iii) H−+H+CH2.

nents span an energy range larger than 2 eV in the Franck-Condon
region. It is unlikely that other shape- or Feshbach resonances are
contributing to the broad 10 eV DEA peak. Promotion of an elec-
tron from the occupied 2a1 (HOMO-1) orbital would produce a
state some 10 eV higher in energy that the 2T2 resonance. Fur-
thermore, we show in the following development that the 2T2

resonance connects to the different fragments in their electronic
ground state, such that an additional resonance in this energy do-
main would connect asymptotically to excited electronic states of
the fragments. However, these excited states are either not acces-
sible in the energy range considered or would lead to inconsisten-
cies with the energetics of the observed fragments. To connect the
theoretical results, computed in the body-frame, to the observed
laboratory-frame angular distributions, we calculate the entrance
amplitude, as described at length in ref.45. The entrance ampli-
tude is a complex quantity defined as a matrix element of the
electronic Hamiltonian between the resonance wavefunction Ψres

and the background scattering wave function Ψbg with a plane
wave incident on the target in the direction θ ,φ :

Vā(θ ,φ ;Q) =< Ψres(Q)|Hel |Ψbg(θ ,φ ;Q)>

≡< QΨ|Hel |PΨ >,

(1)

where Q labels the internal coordinates of the molecule and the
integration implied is over the electronic coordinates.

Rather than attempt a direct calculation of the PQ matrix ele-
ment, which is complicated by the fact that the background wave
function requires a Hamiltonian from which the resonance has
been projected, we make use of the form of the S−matrix near
a narrow resonance, as outlined in ref.45, and fit the computed

S-matrix elements to the functional form:

Slml′m′ = S
bg
lml′m′ −

iγlmγl′m′

E −ER + iΓ/2
, (2)

where Slml′m′ has been partitioned into a slowly varying energy-
dependent background part and a resonant part and the γlm are
complex partial resonance widths. The accuracy of the fitting
was established by checking that ∑lm |γlm|2 = Γ, as required by
the unitarity of the S-matrix46. The entrance amplitude can then
be evaluated as:

Vā(θ ,φ ;Q) =
1√
2π

∑
l,m

ilγlm(Q)Y ∗
lm(θ ,φ) (3)

Assuming axial recoil holds, the angular distribution of the DEA
product ions when the relative orientation of the fragments is not
observed is given by

dσDEA

dθ
∝

∫
dφ

∣∣∣∣∣∑
l,m

ilγlm(Q)Y ∗
lm(θ ,φ)

∣∣∣∣∣

2

(4)

where φ is the angle azimuthal to the recoil axis. When the z-
axis of the coordinate system in which the scattering calculations
are performed is different from that in which the z-axis is the
laboratory recoil axis, we perform the necessary rotation with

γlm → ∑
m′

DJ
m′m(α,β ,γ)γlm′ , (5)

where DJ
m′m is a Wigner rotation matrix element and α,β ,γ are

the Euler angles which orient the molecule in the new coordinate
system.

It is important to bear in mind that using the entrance ampli-
tude to predict the angular distribution of DEA via Eq. (4) implies
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that the axial recoil approximation is satisfied. The conditions
for axial recoil break down with internal rotation or bending of
the transient negative ion before dissociation takes place. An in-
depth computational study of these dissociation dynamics would
require detailed knowledge of the topologies of the relavant neg-
ative ion potential energy surfaces, which is beyond the scope
of the present study. Nevertheless, as we have shown in several
previous studies5–7,47, we can use the computed entrance ampli-
tudes to predict angular distributions, when we have theoretical
evidence that points to how the recoil axis rotates following elec-
tron attachment, by simply rotating the entrance amplitude to the
appropriate recoil frame before computing the angular distribu-
tions.

In order to take best advantage of the non-abelian Td point-
group symmetry, the ab initio calculations were performed by
placing the hydrogen atoms at the corners of a cube, with the
Cartesian axes passing through the center of the faces. In this
manner, the three components Tx, Ty, and Tz, of the 2T2 resonance
transform into each other by rotation around the C3 axes. Ad-
ditionally, the obtained attachment probabilities |Vx|2, |Vy|2, and
|Vz|2 to each resonance component also transform into each other
by C3 rotation. The 3-D attachment probability of one compo-
nent, |Vz(θ ,φ)|2, is presented in Fig. 1. Here, we follow the usual
convention (e.g. see ref.6) that the polar angles (θ ,φ) represent
the orientation of the incident electron plane-wave relative to the
dissociation axis in the molecular frame.

The dynamics immediately following electron attachment to
the 2T2 resonance is governed by the Jahn-Teller effect, i.e. the
linear splitting of the energy-position of the resonance compo-
nents as a function of molecular distortion. Because of their sym-
metry properties, methane’s normal coordinates are convenient
to describe the near-equilibrium nuclear displacements. Let us
recall that the triply-degenerate and doubly-degenerate modes of
lowest frequencies induce bending, without stretching, whereas
the symmetric and highest triply-degenerate modes are respon-
sible for stretching. Denoting Qi (i = x,y, and z) the compo-
nents of one of the triply-degenerate normal modes, the elements
of the resonant part of the electronic Hamiltonian HQ between
triply-degenerate electronic states transform in cyclic permuta-
tions48,49:

〈Ti|HQ|Tj〉 ∝ εi jkQk, (6)

with εi jk the Levi-Civita symbol. In addition, note that the doubly-
degenerate mode also induces linear splitting, but does not couple
different components, whereas the symmetric stretching does not
induce any splitting.

4 Dissociation dynamics and angular de-

pendence

Three dissociation channels are considered in this study and their
thermodynamic threshold energies are listed in Table 1.

4.1 H−+CH3

Once the electron has attached via the resonance, the most favor-
able pathway toward two-body dissociation corresponds to a sin-
gle bond stretch, while the remaining bonds can potentially com-

press or bend in a symmetric fashion. Hence, the system symme-
try is reduced from Td to C3v, as shown in the top left panel of Fig.
2, and the resonance splits as T2 = A1 ⊕E. The energy-position of
the A1 component goes strongly downhill, correlating asymptoti-
cally with the H−+CH3(X̃2A′′

2
) dissociation channel, whereas both

E components go uphill and are not dissociative in C3v symmetry.
Because the A1 component, formed as a result of excitation out
of a σ(C-H) bonding sp3 hybrid molecular orbital, is composed
equally out of the Tx, Ty, and Tz components (at tetrahedral sym-
metry), the corresponding attachment probability is expressed as
|Vx|2+ |Vy|2+ |Vz|2, thus displaying tetrahedral symmetry (see bot-
tom left panel of Fig. 2). Because this pathway is energetically
favorable and corresponds to H− anions with high kinetic energy
release (KER), as observed in the present experimental data of
Fig. 3 and in Ref.8, one expects the axial-recoil approximation to
be valid in this case. This expectation must be weighed against
the fact that with a peak KER of roughly ∼ 4.2 eV, some 2 eV of
energy is absorbed in internal energy of the fragments. The disso-
ciation axis for this channel corresponds to the C3 axis (see Fig. 2)
and the computed angular distribution in Fig. 4 is obtained by av-
eraging around this axis. However, note that one would obtain an
identical angular distribution by averaging any attachment prob-
ability component, e.g. |Vz|2 in Fig. 1, around the C3 axis.

The computed angular distribution is displayed in the left panel
of Fig. 4 and compared with our measurements on CH4 and the
deuterated species CD4. For this comparison, we selected the
fragment anions whose associated energies fall into the width of
the high KER peak (2-6 eV, see Fig. 3) of the experiment. Also
shown in Fig. 4 are the data of ref.8 for H− with KER larger than
4 eV. Both sets of data are taken at 10 eV electron-energy, i.e. near
the peak for H−/D− yield. The complete description of methane
DEA would necessitate time-dependent wave-packet propagation,
which as we have stated is beyond the scope of this study. Al-
ternatively, we attempted to improve the present theoretical ap-
proach with the following considerations. We first attempted to
gauge the importance of target vibrational motion by computing
the entrance amplitude at several geometries within the Franck-
Condon region for the case of CD4. The changes in the angular
distribution were found to be negligible. On the other hand, a
noticeable improvement can be made by departing slightly from
the axial-recoil approximation, using a more realistic description
of the dissociation dynamics. Because there exists, from the 2T2

resonance, a strong Jahn-Teller effect through molecular bending,
we expect a non-negligible angular spreading of the wave-packet
towards geometries breaking the C3v symmetry. In practice, we
have obtained a sense of this spreading effect by averaging over a
dissociation axis within a cone of ∆θ = 30◦ angle-opening around
the recoil-axis. This is about a factor of two broader than the an-
gular resolution of the experiment, which is estimated to be < 16◦

Table 1 CH−
4

dissociation channels considered in this study.

Channel Thermodynamic threshold (eV)
H−+CH3 3.75
CH−

2
+H2 3.96

H−+H+CH2 8.37
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Fig. 4 Theoretical and experimental angular distributions for the main dissociation channels of methane and fully deuterated methane. Our

experimental results (red triangles) for CD4 and (orange squares) for CH4 are presented with the data of Ref. 8 (green dots) for CH4. The error bars for

the CD−
2

data represent one standard deviation of the statistical uncertainty, while the same uncertainties for our H− data are smaller than the

displayed symbols. The theoretical angular distributions calculated at the equilibrium geometry (black dotted-line) and also averaged over a cone

around the main dissociation axis (blue solid-line) as described in the text. The electron energy is shown in the bottom of each panel.

4.3 H−+H+CH2

The H− low kinetic energy peak observed in the present exper-
iments (see Fig. 3) and in the experiments of ref.8 can cer-
tainly not be explained using the axial recoil approximation. In
ref.8, the authors argued that slow H− anions could be formed
as a result of sequential dissociation, first as H−+CH∗

3
(B2A′

1
) and

then methyl would undergo rapid dissociation with ejection of
a hydrogen atom. In view of our results, this possibility seems
rather unlikely since the T2 resonance does not correlate asymp-
totically with the H−+CH∗

3
(B2A′

1
) channel. Moreover, both exper-

iments reveal the same marked trend, with forward/backward
symmetry and dominant forward/backward emissions, whereas
it seems unlikely that H−+CH∗

3
(B2A′

1
) as the first step would

result in such a symmetry in the angular distribution. On the
other hand, while we have demonstrated that the steepest de-
scent correlates asymptotically with the CH−

2
(X̃2B2)+H2 channel,

part of the wave-packet can explore other regions of the multi-
dimensional surfaces. In fact, we have already indicated that
simultaneous stretching of two bonds represents a motion for
which the B2 component lowers its energy. As the bond stretchs to
larger values, with frozen bond angles, the b2 orbital transforms
gradually towards a H−

2
(σ∗

u ) anti-bonding molecular orbital, thus
leading to H and H− atoms dissociating in opposite directions
(see Fig. 2). Let us emphasize that this path only becomes the
steepest descent after a significant bond stretching. Nevertheless,
pulling two hydrogens in opposite directions at methane equilib-
rium is already a possible path towards dissociation, though not
the steepest one. Therefore, the angular distribution is again ob-
tained by averaging |Vx|2 + |Vy|2, but now averaging around an
axis in the (xy) plane. The angular distribution, shown in Fig.
4, agrees well with both experimental data, especially once av-
eraged over a cone with ∆θ = 35◦ angle-opening. This is not so
surprising since H− atoms with low kinetic energy do not disso-
ciate along a sharp direction, due to the overall spreading of the
wave-packet. Finally, note that this dissociation path is the only
reasonable way to explain the surprising forward/backward sym-
metry observed experimentally. One interesting fact is that the
same B2 component is responsible for two very different dissocia-

tive fragments, formed as a result of two very distinct pathways in
the surface spanned by the B2 component. We should finally com-
ment on the fact, evident from the ion kinetic energy plotted in
Fig. 3, that at 10 eV electron energy, the three-body H−+H+CH2

channel is relatively stronger than the two-body H−+CH3 chan-
nel, whereas for the case of D−, the reverse is true. Let us first
mention that at lower electron energies, the high KER peak for H−

actually dominates8. In fact, the high KER peak already exists for
CH4 at 8 eV electron energy, whereas the H+H−+CH2 channel
is not yet open. As the electron energy increases, the molecular
system is able to explore wider regions of the resonance energy
surface and in particular the shallow path towards H+H−+CH2

dissociation. Note that CD4 does not explore such regions as
efficiently at equivalent electron energy. In addition, once the
three-channel breakup H+H−+CH2 opens at 8.32 eV, dissocia-
tion towards H−+CH3 looses efficiency since the excess of energy
should now be mostly transferred into H− kinetic energy, which
is an unlikely event on the view of the steepness of the dissoci-
ation path towards H−+CH3. Finally, because the H-C-H bond
angle and simultaneous C-H stretch required for 3-body breakup
in CH−

4
occurs faster than in CD−

4
, we could expect a higher yield

from CH−
4

as the dissociating anion competes with autodetach-
ment. The combination of the mentioned effects might explain
why the dissociative flux migrate from the high to the low KER
peak and why it occurs faster in the case of CH4 than for CD4.

5 Summary and conclusions

In summary, we have examined DEA to methane via the 10 eV
resonance. We have shown that DEA in this molecule proceeds
through a triply degenerate Feshbach resonance of 2T2 symme-
try and Jahn-Teller splitting through molecular distortions in this
2T2 state induce dissociation into three different break-up chan-
nels. We have also shown that entrance amplitudes obtained
from theoretical electron-methane scattering calculations, along
with reasonable assumptions about the dissociation dynamics de-
duced from structure calculations, contain signatures of the spe-
cific bond breaking and formation dynamics of the anion. The
computed angular distributions are in good agreement with our
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measured differential cross sections.
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