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Exploiting the technique of velocity slice imaging, we have performed a detailed study of reactive

electron scattering with CF4. We have measured the electron impact energy dependence of both the

angular and kinetic energy distributions of the channels yielding F� and CF�3 anions. These data provide

an unprecedented insight into the quantum superposition of the target state and product channels,

respectively, of Td and C3v symmetry, and shed new light on the dissociation dynamics.
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In molecules with a highly symmetrical configuration of
the nuclei, the electronic term may be degenerate, and
hence it is possible to find nuclear displacements that lift
the degeneracy and reduce the point symmetry. Under such
circumstances, the minima in the adiabatic potentials cor-
respond to a finite number (>1) or even a continuous set of
nuclear configurations. Thus, it becomes impossible to
describe the state of the molecule by assuming that the
nuclei are fixed at a certain position of equilibrium corre-
sponding to one particular minimum in the adiabatic
potential. For a molecule with a threefold or higher sym-
metry, this phenomenon is described by the Jahn-Teller
effect (JTE) [1], but a similar effect is observed when
breaking lower symmetries, such as in the case of CO2

[2,3]. The dynamics induced by this effect are related to
electrical and magnetic properties of molecular systems,
and there are many illustrations of the JTE in spectroscopic
studies. However, in contrast, less is known about its con-
sequences in scattering studies, despite the fact that, e.g., in
low energy electron scattering of gas phase molecular
targets, the angular distributions of the final products are
dictated by the symmetry of the resonance states involved.
In this context, Ziesel et al. [4] inferred that in a very low
energy (< 0:1 eV) electron collision with CCl4, the s-wave
attachment is enabled through lowering of the symmetry of
the target from Td to C3v. Similarly, in C6H6, the nuclear
distortion caused by the JTE lowers the symmetry of the
molecule and thus allows the swave to ‘‘leak in’’ to form a
symmetry allowed virtual state [5–7]. Furthermore, in a
recent dissociative electron attachment (DEA) study on
CH4, the JTE is proposed to be reflected in the angular
distribution of the H� ions [8]. It has therefore been
proposed that, in general, in the scattering dynamics of a
low energy projectile interacting with highly symmetric
molecular targets, the description of the scattering pro-
cesses within a single (rigid) point group is inadequate
[5,9,10]. DEA is such a process, where an incident electron
is captured by the molecular target (ABC) in a low energy

(< 10 eV), reactive scattering process, to form a transient
negative ion (TNI), i.e., a resonance (ABC�#). In DEA, this
resonance subsequently decays to produce a negative ion
fragment and a neutral counterpart:

e� þ ABC ! ABC�# ! ABþ C�: (1)

Thus, in DEA, characteristic features of both the initial
target and the TNI may be reflected in the angular distri-
bution and kinetic energy release of the respective frag-
ments. It should be noted that generally the TNI may also
decay in to the elastic or inelastic channel by reemission of
the electron, and the whole scattering process is a super-
position of these three channels.
In this Letter, we have studied DEA to carbon tetrafluo-

ride CF4, which in its ground state is tetrahedral, i.e., of Td

symmetry, and therefore is a very suitable model compound
to study the fundamental aspects of electron-molecule inter-
actions such as the coupling between electronic states and
nuclear motion. The outer valence electron configuration of
CF4 is . . . ð4a1Þ2ð3t2Þ6ð1eÞ4ð4t2Þ6ð1t1Þ6, leading to a 1A1

ground state. The two lowest virtual orbitals in CF4 are
expected to be the 5a1 and 5t2 antibonding �� orbitals;
however, their relative positions are not well established
(see, for example, Refs. [11,12] and references therein). In
electron attachment to CF4 in its undistorted Td symmetry,
we expect the formation of a shape resonance of eitherA1 or
T2 symmetry, or a core excited resonance of E, T2, or T1

symmetry. However, upon electron attachment to the triply
degenerate t2 orbital, the molecular anion is expected to
assume C3v symmetry, by stretching one of the C-F bonds,
and thus the triply degenerate t2 orbital will split into a
nondegenerate a1 and a doubly degenerate e orbital [11].
We therefore explored whether such degeneracy can be
observed in the DEA products, resulting from reactive
electron scattering from this target. In the current mea-
surements, we use the velocity slice imaging (VSI) tech-
nique [13], where angular distributions can be recorded
over the whole angular range 0�–360� simultaneously.
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The experimental setup has been described previously [13].
In brief, it consists of a molecular beam crossed with a
magnetically collimated, pulsed electron beam, a time of
flight mass spectrometer operating in a VSI configuration,
and a phosphor screen detector with pulsed bias and a CCD
camera. After electron-molecule collisions, the product
anion cloud expands for 200 ns to form a Newton sphere.
Using this method, we can obtain angular distributions of
the fragment anions directly, without having to use a recon-
struction algorithm such as the inverseAbel transformation.
Such distributions may then be fitted using the method
described by Azria et al. [14], which is a polyatomic exten-
sion of the diatomic model originally proposed by
O’Malley and Taylor [15] and later modified by Tronc
et al. [16]. Details of the theory behind the fitting procedure
and its application can be found in these references and
more specifically in Refs. [8,17].

In Fig. 1, velocity slice images for the F� ions are shown
at incident energies of 5.0 and 7.5 eVand for the CF�3 ions

at incident energies of 5.5 and 8.5 eV. Angular distributions
in DEA are symmetric about the electron momentum axis,
which passes down through the center of the distributions
in Fig. 1, and therefore we fitted the angular distributions
over the range from 0�–180�; these fits are shown in Fig. 2.
The angular distributions for F� and CF�3 are approxi-

mately mirror images with respect to the vertical axis,
confirming that these anions are produced via the same
resonance. These angular distributions can only be repro-
duced satisfactorily if contributions from both the Td and
the C3v point groups are considered. This is also apparent
in a recent VSI study on CF4 [18], where the
CF�3 angular distribution was fitted within a single

symmetry Td point group, but s-wave contributions were
included in these fits to achieve acceptable agreement. We
note that in the description of resonant electron scattering
by molecules within the Td point group, such s-wave
contributions are not allowed [19]. Using a single symme-
try Td point group, the current fits to the F� and
CF�3 angular distributions result in R2 values below 0.89

and 0.68, respectively (dashed lines in Fig. 2). In contrast,
fits considering contributions from both the Td and the C3v

point group, by using a linear combination of these, show
R2 values in excess of 0.96 for both fragments (solid lines
in Fig. 2). Even though the difference is more apparent for
CF�3 , it should be noted that the extreme angular values,

describing the forward and backward (0� and 180�) com-
ponents, are also fitted considerably better for F� using the
two point-group fit method. We further note that such
forward or backward asymmetry can arise when there is
more than one partial wave contribution, where at least one
is even and another one odd, and their coherent action gives
an odd function for the intensity. Here, for the T2 symmetry
within the Td point group alone, we have p, d, and f waves.
We can explain these results by a quantum mechanical

superposition of the Td and C3v states in the scattering
process, requiring a dynamic description of the scattering
event. Because of the lifting of the degeneracy of electronic

FIG. 1 (color online). Velocity slice images of F� (upper) at
5.5 eV (left) and 7.5 eV (right) and of CF�3 (lower) at 5.5 eV

(left) and 8.5 eV (right). The electron beam traverses downward
and through the center of each figure.
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(a) Expt. data
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(b) Expt. data
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(c) Expt. data
Td + C3v fit

Td fit

Ω
30 60 90 120 150 180

0.2

0.6

1

1.4

1.8

2.2

2.6

3

 [deg]

N
or

m
. I

nt
en

si
ty

 

(d) Expt. data
Td + C3v
Td fit

Ω

FIG. 2 (color online). Fitted angular distribution for F� (upper
panel) at (a) 5.5 eVand at (b) 7.5 eVand for CF�3 (lower panel) at

(c) 5.5 eV and at (d) 8.5 eV. The dotted lines show fits using a
single symmetry Td point group, and the solid lines are fits using
a linear combination of contributions from both the Td and C3v

point groups. The former give an R2 value of <0:89 and <0:68
for F� and CF�3 , respectively, while the latter give R2 values in

excess of 0.96 in all cases. In particular the fits, using a single
symmetry Td point group, fail to reproduce the angular distri-
bution around 0� and 180�.

PRL 111, 063201 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

9 AUGUST 2013

063201-2



states, the incoming electron interacts with both the Td

configuration and the C3v configuration, when forming the
resonance. This is subsequently reflected in the angular
distribution of the anionic fragments produced by the
decay of the resonance. Thus, any description of the scat-
tering process within a single symmetry group fails, as the
resulting angular distributions can no longer be described
within the framework of a static scattering center using a
single symmetry group. We attribute this to the fast nuclear
separation, caused by the lifting of the degeneracy of the
triply degenerate t2 orbital not allowing the angular distri-
bution of the anionic fragments to be depicted within the
single Td point group describing the initial symmetry of the
molecule.

This is also manifested in the kinetic energy release
(KER) arising from the dissociative relaxation of this
resonance. Figure 3 shows the KER for (a) the F� and
(b) the CF�3 fragmentation channel, i.e., the total kinetic

energy that is released in the respective fragmentation
processes. The KER in the F� channel shows a monotonic
rise with increasing electron energy with a slope of 0.4,
which corresponds to 40% of the available excess energy
being released into the kinetic energy of the fragments. In
contrast, the plot of the KER through the CF�3 channel

shows two distinct sections discernible in the electron
energy dependency. For the first, below 7 eV, the slope is
about 0.6, but for the second, above 7 eV, the slope is close
to unity. Hence, the CF�3 formation proceeds through two

distinct processes with the majority of the available excess
energy transferred into KER above 7 eV. This is also
evident from the different kinetic energy distributions in
the CF�3 ion yield, which is about 0.2 eV narrower

(FWHM), for the forward component, at 8.5 eV than at
5.5 eV. Hence, above 7 eV, where the bulk of the excess
energy goes into KER, the distribution is narrower than

below 7 eV, where part of the excess energy goes into
internal excitation and thus causes the kinetic energy dis-
tribution to broaden. We note at this point that earlier KER
measurements using time of flight did not reveal these
distinctive components [20,21].
We attribute these two components in the CF�3 KER, to

thermochemical restrictions of the DEA leading to internal
vibrational redistribution (IVR) when this process pro-
ceeds at electron incident energies below the F3C-F bond
dissociation energy (BDE). In contrast, at electron incident
energies above the F3C-F BDE, these restrictions do not
apply, and strong coupling of the electronic and nuclear
kinetic energy is clearly manifested in the substantially
higher KER. For a ‘‘simple’’ DEA process, e.g., the CF�3
formation fromCF4, the thermochemical threshold is given
by the difference between the BDE of the F3C-F bond and
the adiabatic electron affinity of the CF3 radical; see
Eq. (1). Accordingly, if the incident electron energy is
less than the F3C-F BDE, i.e., <5:67 eV, the nascent
CF�3 product anion has to relax toward its equilibrium Cs

geometry for molecular dissociation to occur (see Fig. 4,
pathway 1). Hence, at incident energies below the F3C-F
BDE, a contribution from the adiabatic electron affinity is
needed in order to make the reaction thermochemically
possible.
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FIG. 3. Measured KER versus incident electron energy for the
F� channel (left) and the CF�3 channel (right). While the KER in

the F� channel shows a monotonic rise with increasing incident
electron energy, two distinct sections are clearly discernable in
the CF�3 channel. From these, the KER in the higher energy

section is close to unity; i.e., all excess energy goes into the
kinetic energy of the fragments.

FIG. 4. Schematic representation of dissociation pathways
yielding the relaxed CF�3 1 and the strained (unrelaxed) CF��

3

2 in DEA to CF4. The reaction paths are depicted on the left
along a reaction coordinate Q. For the relaxed CF�3 formation

(solid lines), this reaction coordinate represents the F3C-F bond
elongation as well as relaxation of the FCF angles toward the
CF�3 equilibrium geometry. For CF��

3 (dashed line), on the other

hand, this reaction coordinate represents the F3C-F bond elon-
gation only. The shaded area represents the Franck-Condon
transition from the neutral ground state to the anionic potential
energy surface, and �1 and �2 the thermochemical threshold for
reaction pathways 1 and 2, respectively. On the right-hand side,
the schematic potential energy curves of CF�3 and CF��

3 are

given as a function of RCF, i.e., equal elongation of all C-F
bonds.
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This, in turn, restricts and slows down the nuclear sepa-
ration and thus promotes IVR of the available excess
energy at the cost of the KER. However, if the incident
electron energy is larger than the F3C-F BDE, dissociation
can proceed in a quasidiatomic manner, without relaxation,
and CF�3 can be formed in an excited (geometrically

unrelaxed) state: CF��
3 (pathway 2 in Fig. 4).

This in turn allows for rapid conversion of electronic
kinetic energy into nuclear kinetic energy and thus unre-
stricted separation without substantial IVR, resulting in
substantially higher KER in the process.

This interpretation is further supported when we com-
pare the difference between the thresholds for the CF�3 and

CF��
3 formations we derive from our current study with a

recent theoretical study on DEA to CF3 by Hayashi [22],
where he calculated the potential energy surfaces for CF3,
CF�3 , and CF��

3 as a function of the CF distance. In his

study, the FCF angle was fixed at the 111� equilibrium
angle of the neutral radical for both CF3 and CF��

3 and at

the 99.8� equilibrium angle of the ground state anion for
CF�3 . The total energy was then explored along a coordi-

nate of equal stretching of all C-F bonds, hence, under C3v

symmetry constraints. The minimum total energy of CF�3
was found to be 1.72 eV below that of the neutral radical, in
good agreement with the electron affinity of CF3 [23]. In
contrast, for CF��

3 , the minimum total energy was found to

be about 0.5 eV below that of the neutral radical, i.e., about
1.2 eV above the geometrically relaxed CF�3 anion. At the

threshold for a given DEA process, the ions are formed
with zero kinetic energy and the threshold energy, Eth can
thus be obtained from the current data by extrapolating the
electron energy dependency of the KER to zero kinetic
energy. With this method, we obtain a threshold of 3.79 and
5.11 eV for the formation of CF�3 below 7 eV and CF��

3

above 7 eV, respectively. This is a difference of 1.32 eV,
which compares well with the value of about 1.2 eV de-
rived in the calculations by Hayashi [22].

Hence, at incident electron energies below the F3C-F
BDE, the momentum of the nuclear separation is damped,
due to the required relaxation of the product CF�3 . This
restricts the fast nuclear separation expected from the
strong electronic and nuclear coupling responsible for
the JTE, and thus leads to increased IVR. In contrast, above
the F3C-F BDE, the TNI (or ‘‘resonance’’ CF�4 ) can re-

spond instantaneously to the changing electronic configu-
ration, and the F3C-F bond dissociation can proceed in a
quasidiatomic manner. This contrast leads to a clear mani-
festation of strong electronic and nuclear coupling in the
substantial KER increase in the CF�3 formation above

about 7 eV.
In contrast, F� formation is very different from that for

the CF�3 formation, as no geometry change is necessary for

the 3.40 eVelectron affinity of fluorine to be available over
the whole width of this resonance. Thus, the incident
electron energy dependence of the KER in the F� channel

shows a monotonic rise over the whole width of this
resonance.
In summary, by using the new approach of VSI to study

the reactive scattering process of DEA to CF4, we have
shown that the quantum superposition of the target and
product states, respectively of Td and C3v symmetry, is
clearly manifested in the angular distributions of the prod-
uct anionic fragments, hence making it impracticable to
describe such a distribution within a single Td point group
of the target’s initial symmetry. Furthermore, the different
KER in the CF�3 formation above and below about 7 eV

reveals fast conversion of electron kinetic energy into
nuclear kinetic energy provided through the lifting of the
degeneracy of the t2 LUMO in this system, i.e., the JTE in
this scattering process.
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