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Stereodynamics of the molecular fragmentation by energetic
particle impact provides essential information about the
interaction between the projectile and target, which has been
the central topic of chemical reactions.[1] Versatile informa-
tion on the collision stereodynamics may degrade seriously by
measuring the spherically averaged cross-sections because of
the randomly oriented target molecules, but can benefit from
the oriented target molecules that are prepared prior to the
collision. Up to date, the polar molecules in gas phase can be
oriented or aligned by an electrostatic field[2] or in a linear-
polarized laser field.[3] Except for some sophisticated methods
(e.g., the stimulated Raman pumping[4]), the alignment or
orientation of apolar molecules (without permanent dipole
moment) is still a challenge in experiments. For the randomly
oriented molecules in some cases, a similar effect of alignment
or orientation could be derived from the significant aniso-
tropy of the polar-angle-resolved differential cross-sections
(DCS).[5–7] However, the orientation effect is scarcely
observed in slow collision reactions. During the slow
approaching of the projectile, the spatial anisotropy of the
projectile–target interaction potential is usually believed to
be averaged out because of the molecular rotations of the
target.

In contrast to the above-mentioned conventional wisdom,
the orientation effect in the low-energy electron attachment
to the apolar molecule CF4 is observed in our anion velocity
image mapping experiments. The CF4 molecule is randomly
oriented in a field-free environment during attachment. Up to
now, only some simple linear apolar molecules (H2, D2, N2,
and CO2) were investigated for the orientation effect in
medium- (dozens of electronvolts) or high-energy (several
hundreds to more one thousand electronvolts) electron
collisions.[5–7] In this work, the low-energy (no more than
6 eV) electron attachment to CF4 shows that electron capture
can be strongly influenced by the target molecular orienta-
tion, leading to specific distributions of the fragment
momenta. In the impulsive dissociation, the axial-recoil
approximation[8] has been well validated. The intermediate
state of the dissociative precursor usually follows the frag-
ment trajectories parallel or perpendicular to the initial
molecular axis.

A temporary negative ion CF4
� formed by electron

attachment is just this type of dissociative precursor and
may decay through two complementary dissociation path-
ways, CF4

�!F�+ CF3 (channel a) and F + CF3
� (chan-

nel b)[9,10] with appearance energies of 3.7 and 4.4 eV,[11]

respectively. The yield efficiency curves of the F� and CF3
�

fragments produced in these two dissociative electron attach-
ment (DEA) processes were recorded and a broad band in
each curve was found.[9–11] At the lower energies of about
6 eV, channels a and b were suspected to experience the
common resonance state 2T2 of CF4

� ,[10,11] while the lower
resonance state 2A1 was mainly responsible for the autode-
tachment CF4

�!e�+ CF4.
[10] Although the DEA dynamics

has been partly revealed by angular distributions (at 6.7 eV
for F� and 6.1 eV for CF3

�) of the anionic fragments, there are
a lot of uncertainties because those measurements were
performed in the small angular q range of 15 to 1108.[10] Such
limitation is due to the spatial restriction of the rotating ion
detector used in their turn-table arrangement.[10] The full
picture of DEA dynamics should be promising by using more
advanced experimental techniques. The state-of-the-art anion
velocity image mapping method recently developed in our
group[12] and by others[13] can realize measurements of both
the DCS of the anionic fragment in a full angular range (q =

0–3608) and the kinetic energy distributions simultaneously.
The time-sliced images (azimuth angle f of about 08) of

the F� velocity were recorded at electron energies of 5.3, 5.5,
6.0, and 7.0 eV (Figure 1); while the images of CF3

� were
recorded at 5.5, 6.0, 6.5, and 7.0 eV (Figure 2). Because of the
different kinetic energies of the anionic fragments and the
small size of the detector (its effective diameter is 40 mm), the
images were contracted or enlarged by biasing the electrode
voltages for the faster F� and the slower CF3

� anions. The
kinetic energies or velocities obtained from the images were
calibrated with values available in the literature.[12–14]

As shown in Figure 1, the central higher intensity of F�

indicates that most anions have low kinetic energies (0–
0.5 eV, increasing slightly at higher attachment energies) and
the larger image size implies a higher kinetic energy or
a larger velocity of the F� ion. At the outer ring, which
corresponds to kinetic energies higher than 0.8 eV, a remark-
able anisotropy of the F� distribution is observed although the
ion intensities are much weaker (less than 10 % of the central
intensity). The high-momentum distribution appears partially
on the image recorded at 6.0 eV but completely disappears at
7.0 eV. The distribution is suspected to be located outside the
detector, which is due to its large momentum value or another
dissociation channel. The images of the CF3

� momentum are
distinctly different from those of F� . As shown in Figure 2, the
low kinetic-energy components are not observed for the CF3

�
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momentum distributions; while the high-momentum (corre-
sponding to a kinetic energy higher than 0.3 eV) distributions
show significant forward-scattering characteristics (except for
that at the attachment energy of 7.0 eV). With increase in the
electron energy, the images are also enlarged, indicating
higher kinetic energies of the CF3

� fragment. In previous
studies,[9, 10] the authors conjectured that CF4

� formed by
electron attachment on the repulsive potential-energy curve
of the resonance state 2T2. Then impulsive dissociations led to
the ground-state products, F�(1S0) + CF3(

2A1) and F(2P) +

CF3
�(1A1). If the excess electron statistically follows the

fluorine atom or carbon trifluoride in the complementary
dissociations, the velocities of the fragments should be
satisfied with n!(CF3

�) = n!(CF3) and n!(F�) = n!(F); further-

more, the kinetic correlation between F� and CF3
� fragments

measured in the experiments should obey the momentum
conservation, n(F�) = [m(CF3

�)/m(F�)]n(CF3
�)� 3.63 n-

(CF3
�). Such dissociation mechanism is potentially supported

by the forward-scattering pattern of the F� image together
with the backward-scattering pattern of the CF3

� image.
The kinetic correlation between the two fragments at an

attachment energy of 5.5 eV will be discussed in detail. As
shown in Figure 3a, the outer annular ring covers the

intensities of the F� ions with kinetic energies of 0.90 to
1.60 eV, which corresponds to the main distributions of the
CF3

� kinetic energies from 0.25 to 0.45 eV (the inner annular
ring). Therefore, their velocity (also kinetic energy) values are
in a proportion of v(F�)/v(CF3

�)� 3.63; moreover, the
angular distributions observed in Figure 3a indicate that
these two fragments are departing within the momentum
conservation rule. The DCSs in terms of the angle q of F� and
CF3

� are plotted by integration of the ion signals in the
respective annular areas and plotted in Figure 3b. Besides the
strongest intensities at the backward (F�) and forward (CF3

�)
directions, there are also two lobes in the angle ranges at 60–
1208 and 240–3008 (sideward distributions). We will give more
explanations to the above-mentioned anisotropies.

Figure 1. Slice images of F� recorded at 5.3, 5.5, 6.0, and 7.0 eV. The
intensities are normalized and the electron incident direction is from
left to right.

Figure 2. Slice images of CF3
� recorded at 5.5, 6.0, 6.5, and 7.0 eV. The

intensities are normalized and the electron incident direction is from
left to right.

Figure 3. a) The kinetic correlation between the faster F� and CF3
�

fragments: here n(CF3) = n(CF3
�) in which CF3 is the product of

CF4
�!F�+ CF3; two annular areas (recorded at the electron energy of

5.5 eV and with intensity renormalizations) correspond to the kinetic
energies of 0.90–1.60 eV (F�) and 0.25–0.45 eV (CF3

�). b) The angular
distributions of F� (solid circles), CF3

� (empty circles), and the ion
intensities are obtained with integrations of the ion signals in the
above-mentioned two annular areas and normalized. c) The orientation
effect on the F� momentum distributions.
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The resonance state 2T2 of CF4
� has been identified as the

excess electron occupation at the virtual molecular orbital 5t2

(consisting of the empty 3sF and 2pC atomic orbitals, see
Figure 3c).[9–11] This orbital has C�F s* antibonding character.
The beginning of the present DEA process should prefer the
electron-attacking trajectories along one local C�F bond
(depicted as the upper panel in Figure 3c), and the dissocia-
tive precursor CF4

� (2T2) is formatted. This CF4
� precursor

subsequently dissociates, leading to a remarkable backward-
scattering image pattern of the F� distributions (alternatively,
the forward-scattering of CF3

�) by stretching this C�F bond
(see the middle panel in Figure 3 c). In other words, the
specific molecular orientation in which one C�F bond faces
the incoming electron is significantly favored in the attach-
ment, although the target molecule is randomly oriented. On
the other hand, the previous studies indicated that the
molecular vibrations of four modes (n1, C�F symmetric
stretching; n2 and n4, degenerate deformations; n3, C�F
asymmetric stretching) could be activated at the 2T2 reso-
nance state; in particular, the excitation of the C�F asym-
metric stretching (n3) was predominated in the electron
collision with CF4.

[15] The two broad lobes in the angle ranges
of 60–1208 and 240–3008 observed in Figure 3b could be
interpreted as: when the excess electron is captured and
occupies one local s* C�F antibonding orbital, the electron–
nuclei motion coupling leads to the excitation of the C�F
asymmetric stretching (n3); thereafter, the negative charge
may partially transfer to the other s* C�F antibonding
orbitals with assistance of the asymmetric stretching vibra-
tions. Therefore, the sideward distributions of the F� fragment
should be attributed to the cleavage of those weakened C�F
bonds (see the lowest panel of Figure 3c). Accordingly, some
CF3

� fragments can also be produced in the complementary
dissociation process. The orientation effect on the electron
attachment to CF4 was proposed but is ambiguous because of
its measurements in a limited angle range.[10] Herein, a com-
plete and much clearer picture about this orientation effect is
given, owing to the merits of the present experimental
technique.[12]

The low-energy F� fragments depicted in the center of the
images in Figure 1 show the isotropic distributions for differ-
ent electron energies, implying that the related dissociations
should occur around their threshold energies. The appearance
energy of 3.7 eV of F� should be attributed to fast fragmen-
tation CF4

�–F�+ CF3 (channel a).[11] Although the thermo-
dynamic threshold of this channel is about 1.18 eV (estimated
by the electron affinity of the fluorine atom of 3.40 eV[16] and
the dissociation energy D(F�CF3) of 5.58 eV[17]), the dissoci-
ations to the electronic excited-state CF3 (2A2’’) or the higher
states should be inaccessible.[10] The residual energies sub-
tracting the translational parts (0–0.5 eV) of the slow F�

fragments should be in the range of 3.6–5.8 eV for attachment
energies from 5.3 to 7.0 eV. The residual energies can be
possibly found: to produce the high rovibrational states of
CF3 (2A1) or in the three-body dissociation CF4

�!F�+ CF2 +

F with a threshold of 5.97 eV.[10]

As shown in Figure 2, the momentum distribution of CF3
�

at an attachment energy of 7.0 eV is distinctly different from
the distribution recorded at lower energies, namely, the

orientation effect declines dramatically. With the increase in
the electron-incident energy, the vibrational-excitation frac-
tion of the total electron attachment cross-section
decreases.[18] Therefore, only the electronic wavefunctions of
the initial (1A1 of CF4) and intermediate (2T2 of CF4

�) states
are considered in the following analysis. Azria et al.[19]

extended the theory about the fragment angular distribution[8]

for polyatomic molecules on the basis of the work by
O�Malley and Taylor,[20] who originally developed their
theory for diatomic molecules under the axial-recoil approx-
imation. Here we follow this description for randomly
oriented molecules. The angular distribution is basically
determined by pure electronic coupling with the continuum.
The angular distribution of CF3

�with kinetic energies of 0.25–
0.65 eV recorded at 7.0 eV is plotted in Figure 4, and the

experimental data are fitted using various linear combinations
for the electron partial waves (up to an angular moment l = 3,
that is, s, p, d, f partial waves). The combination set of ss + ps

scattering amplitudes can reproduce two strong peaks around
90 and 2708, but fails for the forward- (08) and backward-
scattering (1808) peaks. The forward-scattering distribution is
improved by using the ps + ds scattering amplitudes. The
ss + ps + ds scattering amplitudes can give a much better
description, but they are still insufficient for the fine
structures of the angular distribution, for example, the
minima around 30 and 3308, and the peak positions around
70 and 2908. The best one is the combination of ss + ps + ds +

fs scattering amplitudes, in which the component ratio of each
partial-wave scattering amplitude is ss :ps :ds :fs =

1:0.53:0.78:0.66. By comparing these fitting results, one can
find that the ds and fs amplitudes are responsible for the
forward-scattering while the backward-scattering is mostly
determined by the ss amplitude.

In summary, we observed the fragment orientation in the
low-energy electron dissociative attachments to the apolar
molecule CF4. With increase in the electron incident energy,

Figure 4. Curves fitted to the experimental data for the angular
distribution of CF3

� with kinetic energies of 0.25–0.65 eV recorded at
an electron energy of 7.0 eV.
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this orientation effect distinctly declines and the anisotropic
distribution of CF3

� is interpreted as the result of the
interference among the ss, ps, ds, and fs asymptotic
amplitudes. The electron attachment or trapping as the
beginning of the DEA process can be remarkably influenced
by the spatial orientation of the target molecule. The present
findings recall the more rigorous treatment of the projectile–
target interaction in the low-energy collision reactions. More-
over, this stereospecificity should be universal in electron
capture and intermolecular charge transfer.

Experimental Section
The experimental details can be found in Ref. [12]. Briefly, an effusive
molecular beam was emitted perpendicular to the pulsed low-energy
electron beam from a homemade electron gun; the low-energy
electrons (along the x axis) were collimated with a homogenous
magnetic field produced by a pair of Helmholtz coils. The anionic
fragment yields were periodically pushed out from the reaction area
and then flew through the time-of-flight tube installed along the
molecular beam (the y axis). Ten electrodes of the time-of-flight mass
spectrometer were in charge of the spatial and velocity focusing of the
anions. The volume of the anion fragments produced during one
electron-beam pulse expanded in the three-dimensional space and
formed a Newton sphere. Finally the anions were detected with three
microchannel plates and a phosphor screen mounted on a flange in
the x–z plane. The sliced images of the anionic Newton sphere were
directly recorded with a CCD camera by applying a detection time-
gate pulse (width about 35 ns) on the rear microchannel plate. The
commercial gas-phase sample CF4 with a purity of 99.9% was used in
the experiments.
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