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We report on an investigation on the fragmentation dynamics of CF4
q+ (q = 2, 3) induced by 1-keV electron

collisions utilizing an ion momentum imaging spectrometer. From the time-of-flight correlation maps five
dominating dissociation channels of CF4

2+ as well as one three-body fragmentation channel of CF4
3+ are

identified. The kinetic energy release (KER) distributions for these channels are obtained and compared with
the data available in the literature. The Dalitz-like momentum diagram and the Newton diagram are employed
to analyze the breakup mechanism in the three-body fragmentation channel. We found that, for CF4

2+ dis-
sociation into F+ + CF2

+ + F, F+ + CF+ + 2F, and F+ + F+ + CF2, the concerted breakup is the dominating
process. Channel C+ + F+ + 3F is dominated by the initial charge separation, i.e., CF4

2+ → F+ + CF+ + 2F →
C+ + F+ + 3F. With the help of the native frame method, we assigned one sequential pathway and two concerted
pathways for channel CF4

3+ → F+ + F+ + CF2
+. The branching ratios of these pathways are determined. The

momentum correlation of the fragments and the deduced KER distribution indicate that different excited states
of CF4

3+ with different geometries are responsible for these three pathways. The Coulomb explosion model
simulation shows that most of the events in this channel are produced by CF4

3+ ions that have deformed
geometries from the neutral CF4 molecule.

DOI: 10.1103/PhysRevA.104.032814

I. INTRODUCTION

The CF4 molecule has attracted much attention in recent
years. It is a super greenhouse gas [1,2] in the earth’s at-
mosphere with a lifetime of about 50 000 years, making it
6500 times more harmful than CO2 [3]. CF4 is also a widely
used plasma etching gas in the semiconductor industry. The
ionic and neutral fragments produced by electron collisions
with CF4 play a vital role in the dry plasma processing
of semiconductor materials [4]. Therefore, investigations on
fragmentation dynamics of CF4 are not only of extensive
interest in fundamental physics but also of great significance
in applications in planet atmospheres and the plasma industry.

In the past few decades, the dissociation of CF4
2+ has been

intensively studied by electron impact [5–7], photoionization
[8–13], and ion collisions [14–16]. Photoion-photoion co-
incidence (PIPICO), photoelectron-photoion-photoion coin-
cidence (PEPIPICO), and threshold photoelectron-photoion-
photoion coincidence (TPEPIPICO) methods have been used
to identify the fragmentation pathways, obtaining kinetic en-
ergy release (KER) and appearance potentials, as well as
analyzing the dissociation mechanisms of the incomplete
Coulomb explosion channels. The most frequently inves-
tigated channels are CF4

2+ → F+ + CF3
+, CF4

2+ → F+ +
CF2

+ + F, CF4
2+ → F+ + CF+ + 2F, CF4

2+ → C+ + F+ +
3F, and CF4

2+ → F+ + F+ + CF2. In these studies, only
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time-of-flight (TOF) information of the ionic fragments was
obtained rather than imaging their three-dimensional mo-
mentum vectors. In the TOF correlation maps, momentum
correlations among the fragments result in distinct island
shapes for different dissociation mechanisms [17–19]. The
shapes of the correlation islands are thus used in the earlier
studies to determine the breakup mechanism, i.e., whether
it is a concerted dissociation or a sequential fragmentation.
Some incomplete three-body sequential and concerted disso-
ciations, however, could generate similar island shapes [19].
In this case, it is difficult to assign the breakup pathway by
just analyzing the island shape. For example, in the previ-
ous experiments performed by photoionization [8–11,13] and
ion collisions [14], the slopes of the correlation islands for
channel F+ + CF2

+ + F and channel F+ + CF+ + 2F were
determined to be about −1 in accordance with the theoretical
prediction for the deferred charge separation. Meanwhile, the
concerted dissociation can also produce neutral fragments
sharing very low momentum in which case the slope of coin-
cidence island is also −1. However, only the deferred charge
separation pathway was proposed in these earlier works due to
lack of information about the neutral fragment. Therefore, the
determination of the three-dimensional momenta of the frag-
ments is necessary to further clarify the dissociation processes
in these channels.

On the other hand, although the three-body fragmen-
tation dynamics of triply charged molecular ions such as
CO2

3+ [20–22], CS2
3+ [23], SO2

3+ [24], C2H2
3+ [25,26],

and CH2CCH2
3+ [27] has been extensively studied, the dis-

sociation dynamics of the high-symmetry molecules such as
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FIG. 1. Schematic diagram of the experimental setup. PSD
means position-sensitive detector.

CF4 and the evidence of geometry deformation of its cation
still capture many interests. In its ground states, CF4 has a
tetrahedral structure with Td symmetry. Previous investiga-
tions have demonstrated that the Td symmetry of CF4 can be
broken in the single [28–33] and double ionization processes
[34]. It is reasonable to believe that during the triple ionization
process of the CF4 molecule the fast nuclear motion may also
happen leading the produced CF4

3+ ion to degenerate from
the Td to lower symmetries. Momentum correlations of three
charged fragments will not only be very helpful to analyze the
dissociation mechanism but also provide information about
the geometry deformation of CF4

3+ before the fragmentation.
Recent years have witnessed a great improvement of the

position-sensitive detector [35,36] and the coincidence mo-
mentum imaging techniques [37,38], making it possible to
coincidently measure the momentum vectors of the ionic
fragments and unveil the fragmentation dynamics of small
molecules more directly. In the present work, we investigate
the fragmentation dynamics of CF4

2+ and CF4
3+ induced

by 1-keV electron impact using an ion momentum imaging
spectrometer. With the help of TOF correlation maps, six
fragmentation channels are identified. The KER distributions
for these channels are obtained and compared with the val-
ues available in the literature. By employing the Dalitz-like
momentum plot [39], the Newton diagram, and the recently
developed native frame method [40], the fragmentation mech-
anisms of CF4

2+ and CF4
3+ are investigated.

II. EXPERIMENTAL SETUP AND ANALYSIS PROCEDURE

The experiment was carried out using an ion momentum
spectrometer as shown in Fig. 1. Details of the experimental
setup have been depicted in Ref. [41]. Briefly, a pulsed elec-
tron beam emitted from a photoelectron emission gun collides
with the target molecules in the reaction zone. The repetition
frequency and pulse duration of the electron pulse are 20 kHz
and 0.6 ns, respectively. The spot size of the electron beam is
collimated to about 1 mm diameter at the reaction zone. The
effusive gas target is introduced into the reaction zone by a
copper capillary. After the collision, the projectile is dumped
by a set of Faraday cups, while the produced ions are analyzed
by a Wiley-McLaren type TOF mass spectrometer [42], fol-
lowed by a two-dimensional (2D) time- and position-sensitive
detector (PSD). The PSD consists of a pair of microchannel
plates (MCPs) and a delay line anode (DLA) [35,36]. The
TOF of each ion can be deduced by the time difference be-
tween its MCP output signal and the laser synchronization

FIG. 2. Definition of the Dalitz-like momentum diagram. The
arrows at each point show the momentum correlation of the three
fragments.

output signal with a fixed time delay. The impact position on
the detector of each ion can be reconstructed with four DLA
signals. The three-dimensional momentum vectors of the ion
are reconstructed from its TOF and position.

In the experiment, the impinging energy of the electron
beam is 1 keV and the average beam current is about 20 pA.
The created ions are extracted to the PSD by a pulsed elec-
tric field (50 V/cm). The background vacuum of the reaction
chamber is better than 1 × 10–6 Pa, and the working pressure
is maintained at about 4 × 10–5 Pa to keep a high signal-to-
noise ratio.

In this work, we employ the Dalitz plot [39], the Newton
diagram, and the native frame method to analyze the three-
body breakup processes of CF4

q+ (q = 2, 3). The Dalitz plot
is a powerful analytic tool for visualization of the momentum
correlation of the three-body processes. Normally, the Dalitz
plot is defined by the normalized kinetic energy of the associ-
ating ions. For some channels, the Dalitz plot has different
edge shapes due to the different mass of the final species.
Here, we use the Dalitz-like momentum diagram which is de-
fined within a regular triangle and the perpendicular distances
to the edges of a certain point are defined by the normalized
coordinates,

εi = |Pi|2
∑ |P j |2 , (1)

where Pi and P j are the momentum vectors of the ith and
jth fragments (i, j = 1, 2, 3), and the Cartesian coordinates
xD and yD of the Dalitz-like momentum diagram are defined
as

xD = ε1 − ε2√
3

, (2)

yD = ε3 − 1

3
. (3)

As shown in Fig. 2, each point in the diagram represents a
specific momentum correlation pattern of the three fragments.
Usually, the localized experimental events in the Dalitz-like
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FIG. 3. (a) TOF spectrum of CF4 produced by 1-keV electron impact; (b) TOF correlation map of the first hit ions vs the second ions;
(c) TOF correlation map of the first hit ions vs the third ions. The red dashed oval in (b) is used to select the events of channel F+ + CF3

+.

diagram correspond to the concerted fragmentation while the
delocalized events scattering along a certain curve originate
from the sequential fragmentation [20]. We also use the New-
ton diagram to have a more straightforward visualization of
the momentum correlation of the fragments. In the Newton
diagram, the normalized momenta of the three fragments are
plotted on a 2D plane with one of them fixed on the x axis
and the other two on the upper and lower halves of the plane.
The native frame method [40] enables the clear separation of
the sequential and concerted breakup by analyzing the three-
body fragmentation in the native frame associated with each
step and taking advantage of the rotation of the intermediate
molecular fragment before its final dissociation. Additionally,
this method allows the determination of the branching ratios
of these fragmentation processes.

III. RESULTS AND DISCUSSION

A. TOF spectrum and TOF correlation maps

The TOF spectrum of the fragment ions produced in the
collision of a 1-keV electron beam with a CF4 molecule
is shown in Fig. 3(a). The TOF peaks of C+, F+, CF2

2+,
CF+, CF3

2+, CF2
+, and CF3

+ can be observed with a high
signal-to-noise ratio. The parent ion CF4

+, whose TOF peak
is expected to be around 9450 ns, is not observed in the present
experiment mainly because the involved cationic states, e.g.,
X 2T1, A 2T2, and B 2E , of CF4

+ dissociate into CF3
+ + F

within a few femtoseconds [33,43,44]. Figures 3(b) and 3(c)
show the TOF correlation map between the first two fragment
ions and that between the first and third fragment ions, re-
spectively. For a certain dissociative channel, the true events
will distribute along an island on the coincidence map due
to the momentum correlation. The following six dominating
channels are identified:

Fragmentation channels of CF4
2+,

CF4
2+ → F+ + CF3

+, (4)

CF4
2+ → F+ + F+ + CF2, (5)

CF4
2+ → F+ + CF2

+ + F, (6)

CF4
2+ → F+ + CF+ + 2F, (7)

CF4
2+ → C+ + F+ + 3F, (8)

and fragmentation channels of CF4
3+,

CF4
3+ → F+ + F+ + CF2

+. (9)

It is worth noting that channels (4) and (9) are com-
plete Coulomb explosion channels, while channels (5)–(8)
are incomplete Coulomb explosion channels with a neutral
fragment in their final outcomes. In principle, the undetected
species in channels (5)–(8) could be ions that are lost due
to the detection efficiency not being 100%. This situation,
however, can be ignored because the ionization cross section
decreases heavily with the increasing number of ionized elec-
trons. In the present work, the event counts of fragmentation
channels produced by CF4

2+ [channel (4)–(8)] are about 6000
times higher than that by CF4

3+ [channel (9)]. Even if we
take the detection efficiency (∼60%) of the third fragment ion
into account, the cross section of creating CF4

3+ is still three
orders lower than that of CF4

2+. Therefore, it is reasonable to
assume the undetected fragment to be a neutral particle. For
the channels [channel (7) and (8)] with more than one neutral
fragment, we regard them as one group and its sum mo-
mentum is reconstructed by the momentum conservation. In
Figs. 3(b) and 3(c), there are several intense islands produced
by false coincidence of the fragment ions, such as C+ + CF3

+,
and CF+ + CF3

+. In this work, these islands are not analyzed.
For a channel such as F+ + CF3

+, the background behind the
true coincidence is not negligible from the TOF correlation
map. The background is further filtered by the momentum
conservation condition.

B. Fragmentation of CF4
2+

Codling et al. [9] determined the appearance potentials for
the fragmentation of CF4

2+ and tentatively correlated these
potentials with two-hole states of CF4 calculated by Larkins
and Tulea [45]. Bruce et al. [5] reported the appearance po-
tentials for double-ion formation from the electron impact
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TABLE I. Appearance potentials for various dissociation channels of CF4
2+ studied in this work.

Possible
Experimental ionization potential (eV) Calculated double appearance potential (eV)

Channel two-hole state Codling et al. [9] Bruce et al. [5] Feifel et al. [12] Griffiths et al. [46] Gottfried et al. [47]

F+ + CF3
+ [1t14t2] 3T1 37.6 ± 0.6 36 37.2 39.13 38.4211

F+ + CF2
+ + F [4t24t2] 3T1 42.4 ± 0.7 40 40.7 41.71 41.8540

F+ + CF+ + 2F [4t24a1] 3T2 47.5 ± 0.9 42 45.1 47.05 47.4319
C+ + F+ + 3F [4t12t2] 3E 62.0 ± 1.5 63

dissociative ionization of CF4. Feifel et al. [12] obtained
fragmentation pathway-selected double ionization electron
spectra of CF4 by using the TOF PEPECO spectroscopy
technique. Griffiths et al. [46] measured the Auger-electron
spectra of CF4 and assigned some of the peaks to the popula-
tion of the electronic states of CF4

2+ by using theoretically
calculated spectra. A recent calculation was performed by
Gottfried et al. [47], who derived double ionization potentials
of CF4 with the Green’s function method. We list the available
experimental and theoretical energy values of CF4

2+ in Table I
and plot the values given by Codling et al. [9] in Fig. 4 to help
to understand the present results.

1. Complete fragmentation channel of CF4
2+

The red solid dots in Fig. 5 demonstrate the KER distri-
bution for channel CF4

2+ → F+ + CF3
+ which ranges from

2.0 to 10.0 eV with a single peak at about 5.4 eV. The KER
peak values in the present experiment and other works are
summarized in Table II for comparison. The uncertainties of
the present KER peak values are determined by the momen-
tum resolution of the spectrometer and the data statistics. It
is worth noting that in the previously reported results the
contribution of the neutral atoms to the KER value is not
included.

Curtis and Eland [8] obtained a KER value of 5.0 ± 0.2 eV
using a helium resonance lamp and the PIPICO technique.

FIG. 4. Schematic diagram illustrating the threshold energies
and dissociation limits of CF4

2+. Appearance potentials are adopted
from the results of Codling et al. [9]. Dissociation limits are derived
by using thermochemical data from Rosenstock et al. [48].

In the double photoionization experiments, Codling et al. [9]
also reported a value of 5.0 ± 0.2 eV at 275 Å wavelength
and a value of 3.9 ± 0.3 eV at 250 Å wavelength for this
channel. They suggested that [1t14t2] 3T1 of CF4

2+ is respon-
sible for the KER value at 5.0 eV and the CF3

+ ion and F+
ion are produced in their ground electronic states. In the soft
x-ray absorption experiments, Saito et al. [10] derived KER
distributions extending from 1 to 10 eV from their selective
PIPICO spectra. They measured a KER peak around 4.5 eV
below the C K edge and a peak value at about 5.5 eV above
the F K edge. The present KER profile agrees well with that of
Saito et al. obtained above the F K edge. They proposed that
the valence double ionization yielded by Auger transitions
from the C 1s–1 hole state and F 1s–1 hole state are probably
responsible for the lower KER value at 4.5 eV and the higher
one at 5.5 eV [10], respectively, whereas Thomas et al. [11]
determined a KER value of 8.7 eV at the C K edge and a value
of 8.2 eV at the F K edge from their TPEPIPICO contour
maps, which are much higher than the value of the present
experiment and other works. Probably, this issue is due to the
photoelectron-photoion coincidence in the work of Thomas
et al. where the electron analyzer can be regarded as a filter
to preselect the ionization states. In the experiment of electron
transfer collisions between 8.0-keV Ar8+ and CF4, Motohashi

FIG. 5. Kinetic energy distributions for channel CF4
2+ → F+ +

CF3
+.
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TABLE II. KER peak values for fragmentation of CF4
q+ (q = 2, 3).

KER (eV)

Photoionization
Ion collisions

Electron impact Curtis and Codling Saito Thomas Motohashi and
Channel This work Eland [8] et al. [9] et al. [10] et al. [11] Tsurubuchi [14]

F+ + CF3
+ 5.4 ± 0.1 5.0 ± 0.2 3.9 ± 0.3a 4.5 ± 0.5b 8.2c 3.25 ± 0.06d

5.0 ± 0.2e 5.5 ± 0.5f 8.7g 3.47 ± 0.06h

F+ + F+ + CF2 15.2 ± 0.1 5.0 ± 0.5 10.7c,g

F+ + CF2
+ + F 5.4 ± 0.1 3.8 ± 0.2 3.0 ± 0.3e 3.8 ± 0.5 7.0c 2.60 ± 0.04d

4.7 ± 0.5i 7.8g 2.62 ± 0.07h

F+ + CF+ + 2F 6.8 ± 0.1 4.1 ± 0.3 2.8 ± 0.3a 4.5 ± 0.5 7.7c 3.23 ± 0.07d

5.5 ± 0.6i 8.3g 3.04 ± 0.10h

C+ + F+ + 3F 11.2 ± 0.1 15i 9.0 ± 0.5 12.4c 5.2 ± 0.13h

21.8g

F+ + F+ + CF2
+ 17.4 ± 0.5

aAt 250 Å wavelength.
bBelow the C K edge.
cAt F K edge.
dDouble-electron transfer.
eAt 275 Å wavelength.
fAbove the F K edge.
gAt C K edge.
hSingle-electron transfer.
iAt 150 Å wavelength.

and Tsurubuchi [14] estimated a peak value of 3.47 ± 0.06 eV
for single-electron transfer and a value of 3.25 ± 0.08 eV
for double-electron transfer from their TPEPIPICO maps. As
listed in Table II, the present KER distribution peak value at
5.4 eV is in accordance with the results of Codling et al. [9]
and Saito et al. [10], as well as that of Curtis and Eland [8]. We
conclude that this peak value comes from the fragmentation
of the [1t14t2] 3T1 state of CF4

2+ into the ground states of
F+ + CF3

+, while the lower values reported by Codling et al.
[9] (3.9 ± 0.3 eV) at 250 Å wavelength, Saito et al. [10] (4.5 ±
0.5 eV) below the C K edge, and Motohashi and Tsurubuchi
[14] (3.25 ± 0.06 eV and 3.47 ± 0.06 eV) may originate
from lower excited states. In addition to the main contributing
states, there are plenty of excited states around the main states
[46,47]. For example, the theoretical calculation of Griffiths
et al. [46] showed that the double ionization band including
the [1t14t2] 3T1 state results in a broad binding energy peak
with more than 10 eV width. We conclude that, in addition to
the main state of [1t14t2] 3T1, the broad KER distribution in
the present work is contributed from various electronic states.

2. Incomplete fragmentation channels of CF4
2+

Identified from the TOF correlation map in Fig. 3(b),
four incomplete Coulomb fragmentation channels of CF4

2+

are observed, i.e., CF4
2+ → F+ + F+ + CF2, CF4

2+ → F+ +
CF2

+ + F, CF4
2+ → F+ + CF+ + 2F, and CF4

2+ → F+ +
C+ + 3F. In the following analysis, the undetected neutral
components are regarded as one group and its momentum is
reconstructed by the momentum conservation. Figure 6 shows
the Dalitz-like momentum diagrams, the Newton diagrams,
and kinetic energy distributions for the first three channels.

Channel F+ + F+ + CF2. The fragmentation mechanism
of channel CF4

2+ → F+ + F+ + CF2 cannot be determined
simply from the shape and slope of the island in Fig. 3(b)
due to the very broad distribution. The Dalitz-like momen-
tum diagram for this channel is exhibited in Fig. 6(a) where
the highest-density point is located around (0, 0.06) indi-
cating that the momentum magnitudes of two F+ ions are
almost identical, and the neutral fragment group (CF2) shares
considerable recoil momentum. Figure 6(b) demonstrates the
Newton diagram with the CF2 group fixed on the x axis and
these two F+ ions plotted on the lower and upper half planes.
In this diagram, the momenta of these two F+ ions distribute
symmetrically respective to the x axis and the most probable
momentum correlation angles between the two F+ ions and
the CF2 group are both 124°. These features indicate that
this fragmentation channel undergoes a concerted breakup
process, where two F-C bonds break simultaneously once the
CF4 molecule is doubly ionized. As the F-C bonds stretch, the
CF2 group obtains considerable recoil momentum due to the
triangle geometry of F+ − C − F+. Thomas et al. [11] have
reported a similar fragmentation mechanism in their soft x-ray
core shell ionization experiment. Figure 6(c) shows the KER
distribution for this channel, which extends from 3 to about
35 eV with a peak at 15.2 eV. To compare with the total kinetic
energy distributions of previously published results, we plot
the sum kinetic energy of F+ + F+. As shown by the purple
curves in Fig. 6(c), the sum kinetic energy ranges from 1 to
30 eV which is broader than the distribution obtained by Saito
et al. [10]. The peak value of KER determined in this work
(15.2 eV) is much higher than that given by Saito et al. [10]
(5.0 eV); however, it is in reasonable agreement with that of
Thomas et al. [11] (10.7 eV). The reasons for the low value
of Saito et al. are mainly due to their assumption that the
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FIG. 6. Dalitz-like momentum diagrams, Newton diagrams, and kinetic energy (KE) distributions for incomplete Coulomb fragmentation
of CF4

2+: (a)–(c), channel CF4
2+ → F+ + F+ + CF2; (d), (e) channel CF4

2+ → F+ + CF2
+ + F; (g)–(i) CF4

2+ → F+ + CF+ + 2F; (j), (k)
Newton plots filtered by kinetic energy of the neutral fragment(s).

neutral CF2 group has no kinetic energy and the two F+ ions
are emitted back to back.

Channel F+ + CF2
+ + F. For channel CF4

2+ → F+ +
CF2

+ + F, an island slope of about −1 is deduced from
Fig. 3(b) which agrees with the theoretical value for the se-
quential fragmentation process, i.e., CF4

2+ → CF3
2+ + F →

F+ + CF2
+ + F. This sequential pathway has been reported

in several earlier works [9–11,14,17]. However, we still can-
not exclude the possibility of the concerted fragmentation

where the neutral F atom receives very low momentum, which
also results in a bar-shaped island of slope −1. Figure 6(d)
shows the experimental Dalitz-like momentum diagram for
this channel. In this plot, an intense area near the edge of the F
axis is observed indicating that the momenta of most neutral
F atoms are around zero. In Fig. 6(e), the Newton diagram
for this channel is shown with the normalized momentum of
the F+ ion fixed at the x axis while the F atom and the CF2

+

ion are plotted on the lower and upper half plane. Clearly, the
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most intense area corresponds to the concerted mechanism
where the F atom shares small momentum. In this diagram,
the peak of the correlation angle between the F+ ion and
the CF2

+ ion is 162°, suggesting that these two fragment
ions are emitted almost back to back, leaving the neutral F
atom almost at rest. These features are strong evidence of
the concerted breakup. On the other hand, as discussed in
the following, the sequential fragmentation via F + CF3

2+ to
F+ + CF2

+ + F cannot be ignored. As shown in Fig. 6(f), the
kinetic energy of the F atom distributes from 0 to 4 eV with a
peak of around 0.2 eV. Reading from the Newton diagram,
i.e., Fig. 6(e), the high-energy (large momentum) F atoms
are very likely produced through sequential fragmentation. In
order to examine whether this neutral F atom is emitted in the
first step of the sequential breakup process, we draw another
Newton diagram where all the momenta of the fragments are
normalized to the magnitude of the neutral F atom. As shown
in Fig. 6(j), the Newton diagram is filtered by the kinetic
energy of the F atom. The circular structure is strong evidence
of the sequential fragmentation process. Interestingly, close to
the bottom line of the CF2

+ axis in the Dalitz-like diagram of
Fig. 6(d), an area with enhanced density is observed. These
events correspond to the sequential fragmentation with the F
atom emitted with rather high momentum. Figure 6(f) shows
the KER distribution for channel CF4

2+ → F+ + CF2
+ + F

which disperses from 3 to 12 eV with a peak at 5.4 eV. The
KER peak value in the present work is in good agreement
with that obtained by Codling et al. at a photon wavelength
of 150 Å (5.5 ± 0.5 eV) [9], and lower than the values of
Thomas et al. (7.8, 7.0 eV) [11], and higher than the values of
Motohashi and Tsurubuchi (2.62, 2.60 eV) [14] and Codling
et al. (3.8 ± 0.5 eV at 275 Å) [9]. It is worth noting that,
in the studies of Motohashi and Tsurubuchi [14] and Thomas
et al. [11], the energy of the neutral F atom is not included
in the KER while Codling et al. [9] assigned a kinetic energy
value of 0.8 eV to the F atom. The present sum kinetic energy
distribution for C+ + CF2

+ extends from 2 to 12 eV with
a peak at 4.4 eV which is very similar to that reported by
Saito et al. [10] who derived a sum kinetic energy distribu-
tion (peak at 3.8 ± 0.5 eV) for the C+ + CF2

+ from their
PEPIPICO spectrum by assuming a two-step fragmentation
scheme (CF4

2+ → CF3
2+ + F → F+ + CF2

+ + F). Codling
et al. [9] proposed that the two-hole state [4t24t2] 3T1 may be
responsible for the KER value at 3.8 eV and suggested that
the sequential fragmentation is possible at 275 Å wavelength.
Therefore, we conclude that the present KER peak value at 5.4
eV is very likely the contribution from a higher excited state
of CF4

2+, which prefers to dissociate into F+ + CF2
+ + F.

Channel F+ + CF+ + 2F. Channel CF4
2+ → F+ +

CF+ + 2F has four fragments in its final states, in which
the two neutral atoms cannot be detected, making it difficult
to analyze the fragmentation mechanism. In Fig. 3(b), we
determine an island slope of about −1 for this channel which
agrees with the theoretically predicted value for the sequential
breakup (CF4

2+ → CF2
2+ + 2F → F+ + CF+ + 2F). Both

Codling et al. [9] and Thomas et al. [11] have suggested a
similar fragmentation mechanism for this channel. However,
as discussed above, a concerted dissociation with the neutral
F atoms sharing very low momentum can also generate
an island slope of −1. By regarding two F atoms as one

group and applying the momentum conservation law, we
obtained the momentum of the group (2F). In Fig. 6(g), the
Dalitz-like momentum diagram for this channel is displayed.
Like the case of channel CF4

2+ → F+ + CF2
+ + F, most

of the events in this plot are scattering closely to the 2F
axis, indicating that the neutral 2F group shares very limited
momentum. In the Newton diagram for this channel [see
Fig. 6(h)], two high-density areas can be observed. The most
probable angle between the CF+ ion and the F+ ion is 145°
indicating that these two ionic fragments fly almost back to
back. The deviation from 180° is caused by the recoil of
the neutral group (2F). As shown in Fig. 6(i), the kinetic
energy of the neutral group (2F) has a wide distribution
from 0 to 5 eV with a sharp peak at 0.4 eV. We propose
that this channel is also dominated by the fast concerted
breakup. In this channel, the undetected neutral atoms
induce more uncertainties where other dissociation processes
may be also involved; e.g., the isomerization process may
happen during the dissociation which results in channel
CF4

2+ → CF2
2+ + F2. On the other hand, as discussed in the

following, the sequential fragmentation mechanism cannot
be ignored. Figure 6(k) shows the Newton diagram drawn by
selecting the high-energy 2F groups (kinetic energy higher
than 4 eV). The circular structure in this diagram suggests that
these high-energy 2F groups are produced by the sequential
breakup, e.g., CF4

2+ → CF2
2+ + 2F → F+ + CF+ + 2F. In

Fig. 6(i), the KER distribution for this channel exhibits a
broad peak of around 6.8 eV. This value is in good agreement
with that obtained by Codling et al. (6.3 ± 0.6 eV) in the
150 Å wavelength photon double ionization experiment [9].
The present sum kinetic energy distribution of F+ + CF+
ranges from 3 to 15 eV which is much broader than that given
by Saito et al. [10], and the peak value (6.2 eV) determined
in this work is higher than the value (4.5 eV) of Saito et al.
Codling et al. [9] suggested that the [4t24a1] 3T2 state of
CF4

2+ is responsible for this channel.
Channel C+ + F+ + 3F. As shown in Fig. 3(b), the angle

of island C+ + F+ with respect to the x axis is determined to
be about 63°. This value is the same as that reported by Bruce
et al. [7] at an electron impact energy of 100 eV. However,
as their electron impact energy increased from 100 to 500 eV,
the angle is increased monotonically to 69°. Codling et al. [9]
and Thomas et al. [11] also observed an angle of 69° in their
photoionization experiments which was in good accordance
with the value predicted by the theory [19] for the sequential
fragmentation with initial charge separation CF4

2+ → F+ +
CF+ + 2F → C+ + F+ + 3F, where the first step is a fast
concerted breakup emitting two low-energy F atoms, while
the second step is much slower. Motohashi and Tsurubuchi
[14] measured an angle of 57° in the Ar8+ and CF4 colli-
sions and proposed a direct fragmentation mechanism for this
channel, i.e., CF4

2+ → C+ + F+ + 3F. In the present work,
the obtained angle (63°) is larger than that expected for the
deferred charge separation (45°) or the fast concerted dissoci-
ation with the neutral fragments sharing very low momentum
(45°), but smaller than that for a sequential fragmentation with
initial charge separation (69°). Considering there are three
undetected neutral F atoms in this channel which induce more
uncertainties, all these dissociation processes may be involved
in this channel among which the initial charge separation is
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FIG. 7. Kinetic energy distributions for channel CF4
2+ → C+ +

F+ + 3F.

the dominant one. By assuming the neutral fragments as one
group, we obtained the kinetic energy distributions for this
channel. As shown in Fig. 7, the KER distribution ranges from
3 to about 25 eV with a peak around 11.2 eV. The present
sum kinetic energy distribution for C+ + F+ ranges from 0
to 25 eV with a peak value at 9.6 eV agreeing well with that
reported by Saito et al. [10] (peak value at 9.0 ± 0.5 eV). The
peak value of this work and that of Saito et al. are lower than
the result of Codling et al. [9] who assigned [4t22t2] 3E for
the KER value at ∼15 eV.

C. Three-body fragmentation of CF4
3+

From the TOF correlation maps in Figs. 3(b) and 3(c),
a complete three-body Coulomb fragmentation channel of
CF4

3+ is identified, i.e., channel CF4
3+ → F+ + F+ + CF2

+,
which can be extracted by F+ + F+ and F+ + CF2

+ co-

incidence by the first vs second hit and first vs third hit
ions, respectively. Triple coincidence events are first selected
by the momentum conservation and further filtered by the
momentum-energy correlation spectrum to reduce accidental
coincidence [49]. As shown in Fig. 8(a), the obtained Dalitz-
like momentum diagram demonstrates a V-shape structure.
According to the momentum vector correlation, these two
wings originate from sequential dissociation of CF4

3+ into
F+ + F+ + CF2

+ via F+ + CF3
2+, while events in the high-

density areas come from concerted breakup processes. The
Newton diagram for this channel is present in Fig. 8(b) where
the momentum vector of the Fa

+ ion (F+ ion with higher
momentum value) is fixed on the x axis and the other F+
ion (Fb

+) and the CF2
+ ion are plotted on the lower and

upper half planes of the diagram. The momentum magnitude
of the Fa

+ ion is used to normalize the momentum magnitudes
of all three fragment ions. The circular structure indicates
the existence of a rotation process between Fb

+ and CF2
+

which is a clear sign of a sequential fragmentation process
CF4

3+ → Fa
+ + CF3

2+ → Fa
+ + Fb

+ + CF2
+.

Here, we introduce the native frame method [40] to further
analyze the sequential and concerted mechanism. Assum-
ing sequential breakup of CF4

3+ via Fa
+ + CF3

2+, a density
graph of the events in this channel is plotted by the angle
(θ ) vs energy (KER of CF3

2+). θ is defined by the relative
angle between the momentum vector of Fa

+ and CF3
2+ in the

native frame, where the former one is defined by the relative
momentum of Fa

+ with respect to the center of mass of the
CF3

2+ and the latter one is defined by the relative momentum
between Fb

+ and CF2
+. The KER of CF3

2+ is defined as
the kinetic energy released in the second step. The sequential
fragmentation will form a uniform angular distribution which
has no correlation with the kinetic energy distribution while
a strong correlation will be presented in the concerted mech-
anism. Figure 8(c) shows the native frame plot. The uniform
angular distribution along KER ∼ 4.0 eV further verifies the
existence of the sequential breakup through an intermediate
state of CF3

2+, while the events localized around θ ∼ 90° are
mainly produced by concerted breakup processes.

To have a deeper understanding of the involved fragmen-
tation processes, we filter these plots by windows A–C. As

FIG. 8. Channel CF4
3+ → F+ + F+ + CF2

+: (a) Dalitz-like momentum diagram, (b) Newton diagram, and (c) KER of CF3
2+ vs θ (CF3

2+,
Fa

+) native frame plot by assuming sequential breakup of CF4
3+ via Fa

+ + CF3
2+. Fa

+ and Fb
+ are the F+ ions with higher and lower kinetic

energy, respectively.
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FIG. 9. Dalitz -like momentum diagrams, Newton diagrams, and KER distributions for regions A–C in Fig. 8(c).

discussed above, events in region A come from sequential
fragmentation while those in regions B and C are from two
different concerted breakup processes. Figure 9 displays the
Dalitz-like momentum diagrams, Newton diagrams, and KER
distributions for these three regions. The Dalitz-like momen-
tum diagram in Fig. 9(a) and the Newton diagram in Fig. 9(b)
further confirm that the events in region A originate from a
sequential fragmentation. In Fig. 9(d), the Dalitz-like momen-
tum diagram for region B shows two high-density spots and
the Newton diagram for this region shows two intense islands,
which is a typical characteristic of the concerted breakup. For
the Newton diagram of the concerted mechanism, the F+ with
lower and higher energies are plotted on the upper and lower
half planes. The most probable correlation angle between the
momentum vector of CF2

+ and the higher-energy F+ ion is
139°, larger than that between CF2

+ and the lower-energy
one (111°). In Fig. 9(g), events in the Dalitz-like momentum

diagram for region C distribute near the origin where the mo-
mentum magnitudes of two F+ ions are almost identical, and
both are a little bit smaller than that of CF2

+. This situation
can only occur in a concerted breakup. The Newton diagram
in Fig. 9(h) demonstrates the momentum correlation of these
three fragment ions more directly where the momenta of the
two F+ ions distribute symmetrically with respect to that of
the CF2

+ ion. The most probable correlation angles between
the momentum vectors of CF2

+ and two F+ ions are about
the same (122° and 124°) indicating that the events in region
B and region C come from the fragmentation of two distinct
geometries of CF4

3+. Figures 9(c), 9(f), and 9(i) show the
KER distributions for regions A–C. The distinct KER peak
values indicate that different excited states of CF4

3+ may be
involved in these three processes.

With the help of the native frame method, the branching
ratio of different mechanisms can be determined. For the
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FIG. 10. Dalitz-like momentum diagram (a), Newton diagram (b), and KER distribution (c) obtained from the Coulomb explosion model
simulation.

sequential fragmentation, we assume a uniform angular distri-
bution from 0° to 180° in Fig. 8(c). Thereby, the total counts
from sequential fragmentation can be determined by scaling
the area of region A. Subtracting the counts of sequential
fragmentation, the rest of the counts in region B together with
region C are assigned to be the concerted mechanism. The
branching ratio of the sequential breakup pathway and the
concerted breakup pathways are estimated to be 17% ± 5%
and 83% ± 5%, respectively, where the uncertainty is deter-
mined by considering the standard derivation. The branching
ratio of region C to the total counts is determined to be about
10% ± 1.5%.

Additionally, we employ the Coulomb explosion model
to simulate the fragmentation process of CF4

3+ into F+ +
F+ + CF2

+. The assumptions in the simulation are as follows:
(i) A vertical ionization from neutral to CF4

3+ is assumed.
(ii) The fragments are driven by pure Coulomb repulsive
forces between point charges placed at the center of mass of
each fragment. (iii) The zero-point vibrational motion of the
molecule is taken into consideration which is performed by a
Wigner distribution.

In the end of the simulation, we extract the momentum
vectors and kinetic energies of three fragment ions from which
the simulated Dalitz-like momentum diagram, Newton dia-
gram, and KER distribution are obtained. As shown in Fig. 10,
the simulated results agree well with the experimental results
of region C in Fig. 9. The small differences between the
experimental and simulated Dalitz-like momentum diagram
and Newton diagram may originate from contamination by the
events of other fragmentation pathways due to the incomplete
efficiency of the filter window in Fig. 8(c). Therefore, we
propose that the events in region C of Fig. 8(c) are produced
by fragmentation of CF4

3+ ions that have the same geometry
as the neutral CF4 molecule, while those events in region A
and region B are created by CF4

3+ ions that have deformed
geometries from the neutral CF4 molecule.

IV. CONCLUSIONS

In summary, the fragmentation dynamics of CF4
q+ (q =

2, 3) induced by 1-keV electron impact is studied. From the

TOF correlation maps, a variety of fragmentation channels are
observed. The KER distributions for these channels are ob-
tained. Dalitz-like momentum diagrams and Newton diagrams
are utilized to analyze the three-body fragmentation dynam-
ics. For channels CF4

2+ → F+ + CF2
+ + F and F+ + CF+ +

2F, earlier works concluded sequential fragmentation mech-
anisms while a strong evidence for a concerted mechanism
is found for these channels together with channel CF4

2+ →
F+ + F+ + CF2 in this work. For the aforementioned chan-
nels, we found that the concerted mechanism is dominating
the dissociation. On the other hand, the sequential mecha-
nism is also not negligible if the neutral fragment is ejected
in the first step. For channel CF4

2+ → C+ + F+ + 3F, the
initial charge separation is the dominating breakup process.
One sequential and two concerted fragmentation processes
are identified for channel CF4

3+ → F+ + F+ + CF3
+. The

results show that the branching ratios of the concerted breakup
pathways and the sequential breakup pathway are about 83%
± 5% and 17% ± 5%, respectively. The distinct momen-
tum correlations and KER distributions for these pathways
indicate that different excited states of CF4

3+ with different
geometries may be involved in the dissociation processes.
The Coulomb explosion model simulations indicate that only
a small number of the events in this channel are produced
by CF4

3+ ions in the same geometry as the neutral CF4

molecule while most of the events are created from deformed
geometries.
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