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Abstract. We study ionization and fragmentation of tetrafluoromethane (CF4) molecule induced by elec-
tron impact at low energies (E0 = 38 and 67 eV). We use a reaction microscope combined with a pulsed
photoemission electron beam for our experimental investigation. The momentum vectors of the two out-
going electrons (energies E1, E2) and one fragment ion are detected in triple coincidence (e, 2e + ion).
After dissociation, the fragment products observed are CF3

+, CF2
+, CF+, F+ and C+. For CF3

+ and
CF2

+ channels, we measure the ionized orbitals binding energies, the kinetic energy (KE) of the charged
fragments and the two-dimensional (2D) correlation map between binding energy (BE) and KE of the
fragments. From the BE and KE spectra, we conclude which molecular orbitals contribute to particular
fragmentation channels of CF4. We also measure the total ionization cross section for the formation of
CF3

+ and CF2
+ ions as function of projectile energy. We compare our results with earlier experiments and

calculations for electron-impact and photoionization. The major contribution to CF3
+ formation originates

from ionization of the 4t2 orbital while CF2
+ is mainly formed after 3t2 orbital ionization. We also observe

a weak contribution of the (4a1)−1 state for the channel CF3
+.

1 Introduction

Electron-impact ionization of atoms and molecules plays
an important role in a large range of scientific and prac-
tical areas like radiation chemistry, reactive plasmas,
planetary atmospheres, environment and medical radio-
therapy [1]. In case of molecules, ionization may populate
dissociative states and finally result in positively charged
and neutral fragments.

Tetrafluoromethane (CF4) is one of the major fluorine
containing molecules which is very important in semicon-
ductor industry and used in etching processes [2]. It is
an interesting molecule because of having high chemical
stability, a high degree of symmetry and unusual dissocia-
tive behavior of its ionic fragments [3–5]. The absorption
ability of infrared radiation of this molecule is large and
consequently, it is a potent greenhouse gas and in the earth
atmosphere it contributes to the global warming.

Various experiments and calculations have been done
on CF4 molecules with different experimental and
theoretical methods to study the electronic structure,
the various ionization channels, partial and total ion-
ization cross sections, generalized oscillator strengths,
and orbital momentum densities. Studies of photon
induced reactions include fluorescence measurements
[6], photoabsorption [7], photoelectron spectrometry

a e-mail: alexander.dorn@mpi-hd.mpg.de

[8–14], threshold photoelectron spectroscopy (TPES)
[15–18], photoion detection [19,20] and various coinci-
dence methods like photoelectron–photoion coincidences
(PEPICO) [21–24], threshold photoelectron–photoion
coincidences (TPEPICO) [4,25,26] and threshold
photoelectron–fluorescence coincidences (TPEFCO)
[5]. Photo double ionization was studied using
photoion–photoion coincidences (PIPICO) [27–29],
photoelectron–photoelectron coincidences (PEPECO)
[30] and threshold photoelectron–photoion–photoion
coincidences after core ionization (TPEPIPICO) [31].
There are also studies reported on negative ion fragment
formation by photons [32].

Electron impact studies include measurements on elec-
tron energy loss [33–41], excitation [42], ionization observ-
ing total [43,44], total dissociation [45] and partial ion-
ization cross sections using fragment ion mass analysis
[42,46–52]. Furthermore, binary (e, 2e) studies [53,54]
and electron impact fragment ion–photon coincidences
(FIPCO) [55] were performed. However, to the best of our
knowledge there are no experiments on electron impact
induced fragmentation of CF4 where the binding energies
and, therefore, the ionized orbitals leading to particular
fragment ions are resolved and identified. This is possi-
ble only in (e, 2e + ion) triple coincidence measurements
where the energies of both outgoing electrons as well as
the energy and the charge to mass ratio of the fragment
ion are measured.
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Here, we report measurements on the ionization and
fragmentation of CF4 at low electron impact energies
(E0 = 38 and 67 eV) using the triple coincidence method
(e, 2e + ion) in which two outgoing electrons (energies
E1 and E2) and one fragment ion are detected. The
two projectile energies were chosen to see cross section
dependences on impact energy and, furthermore, to obtain
information on a suspected resonance in the CF2

+ ion
yield near 38 eV impact energy.

For the CF4 molecule, this experimental method is used
for the first time. For the CF3

+ and CF2
+ fragment ions,

their momentum vectors, the ionized orbital binding ener-
gies (BE) and kinetic energy release (KER) values are
measured. Furthermore, the correlation map between BE
and KER for each product are obtained. We can define
the binding energy Eb as

Eb = E0 − E1 − E2. (1)

Here, E0 is the initial projectile energy, E1 and E2

denote the energies of the two outgoing electrons (scat-
tered electron and ejected electron). The BE is the vertical
transition energy required to ionize a particular electronic
orbital [56–58].

The summation of the kinetic energies of the ion and
the neutral fragments formed in the dissociation process
is the KER. The KER reveals the nature of the ground
state wave function of the molecule and also the shape of
the potential energy surfaces in which the ion has been
formed. The kinetic energy released is given by

KER =
~P 2
ion

2mion
+
∑ ~P 2

neutral fragmnet

2mneutral fragment
. (2)

In case of a two-body decay, the momentum of the ion and
that of the neutral fragment is equal but opposite. In this
experiment, the ionic fragments of CF3

+, CF2
+, CF+, F+

and C+ from CF4 are clearly resolved. We compare our
results with electron impact ionization [33,36,47,48,53],
and photoionization studies [8,11–13,15,21,22,59].

2 Experimental method

To perform these experiments, we used an advanced
reaction microscope which is built especially for electron-
impact ionization studies [56,60]. The basic principles of
a general reaction microscope have been described by
Ullrich et al. [60]. Details of the experimental method
are described in one of our earlier studies [56]. Here, we
provide a short description on the experimental setup
used for the present set of measurements. A well-focused
(≈1 mm diameter) and pulsed electron beam of a partic-
ular energy crosses a supersonic gas jet. The target gas
expands through a nozzle of 30µm diameter, passes two
skimmers and finally enters the main scattering chamber.
We used a photoemission electron gun in which a tantalum
photocathode is illuminated by a pulsed ultraviolet laser
with wavelength 266 nm (≈4.66 eV) and pulse duration of
less than 0.5 ns. The electrons are accelerated to form a
pulsed electron beam of desired energy which intersects

the molecular beam at 90◦. For ionization the charged
particles (two electrons and one ion) are accelerated and
guided by homogeneous electric and magnetic fields and
finally detected by the electron and ion detectors which
are placed opposite to each other.

For each triple-coincidence the particles’ times of flight
(TOF) and positions on the detectors are measured. In
the offline analysis we can obtain the momentum vectors
for all particles. The solid angle for the electron detection
is almost 4π. In the case of a dissociation process, we
can measure the orbital binding energy, the kinetic energy
(KE) of the fragment ion and the two-dimensional (2D)
correlation map between BE and KE of the fragments.

For the measurement of the total partial ionization cross
section as function of projectile energy for the ions CF3

+

and CF2
+, we have used the experimental setup described

in an earlier study [61].
For calibration of the electron spectrometer, ionization

of the argon atoms in the 3p orbital with well-known
binding energy was used. The full width at half maxi-
mum (FWHM) for the Ar(3p) BE is about 2.65 eV which
corresponds to BE resolution (∆Eb) of this experiment
at E0 = 67 eV [see Fig. 2b inset]. The accuracy of the
measured ion kinetic energies ∆EKE is determined by
the momentum resolution ∆pion of the ion spectrome-
ter. In the present measurement the ion momentum p⊥ion
transversal to the ion extraction field is determined from
ion detection position on the detector and the ion time of
flight tTOF according to

p⊥ion = mion · r/tTOF. (3)

Here mion is the ion mass and r is the ion detection posi-
tion with respect to the center of the detector where ions
with zero initial transversal momentum are detected. The
momentum resolution is limited by the size of the ion
source volume of about 1 mm which directly translates
into the accuracy for the measurement of r and by error
propagation to ∆EKE. As result the accuracy of the KER
values for CF3

+ is ±0.08 eV. For CF2
+ the accuracy of

the KER is ±0.025 eV while for the CF2
+ kinetic energy

it is ±0.011 eV.

3 Results and discussions

The CF4 molecule has tetrahedral geometry. The ground
state electronic configuration of the CF4 molecule (in td
symmetry) [10,36,62] is given by

see equation next page

The two lowest unoccupied orbitals (LUMOs) in the
ground state of this molecule are 5a1 and 5t2 [8]. The
five outer-valence orbitals are 1t1, 4t2, 1e, 3t2, and 4a1
and their vertical ionization energies are known from high-
resolution HeI and HeII Photoelectron Spectra (PES) to
be 16.20 eV, 17.40 eV, 18.50 eV, 22.12 eV and 25.12 eV
respectively [62]. The vertical ionization energies of the
inner-valence orbitals (2t2, 3a1) are 40.3eV and 43.8 eV
respectively [59,63]. The three highest occupied molecular
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(1a1)2(1t2)6︸ ︷︷ ︸
F1s

(2a1)2︸ ︷︷ ︸
C1s

(3a1)2(2t2)6︸ ︷︷ ︸
inner-valence

(4a1)2(3t2)6(1e)4(4t2)6(1t1)6︸ ︷︷ ︸
outer-valence

1A1

Fig. 1. The experimental time of flight (TOF) spectrum for
electron-impact ionization and fragmentation of CF4 at 67 eV
impact energy.

orbitals (HOMOs) are the lone-pair orbitals of the fluorine
atoms and lie within an energy range of 2.3 eV. Ionizing
one electron from the outer-valence orbitals with increas-
ing binding energy will lead to CF4

+ in the ionic states
X̃ 2T1, Ã 2T2, B̃ 2E, C̃ 2T2 and D̃ 2A1.

3.1 Fragment ion time of flight (TOF) spectrum of
CF4

The time of flight (TOF) spectrum of the ionic fragments
observed at the 67 eV electron impact ionization of CF4 is
presented in Figure 1. Ionic fragments, CF3

+, CF2
+, CF+,

F+ and C+ can be clearly identified. The parent ion CF4
+

is not observed due to its instability [37,39,48]. According
to Stephan et al. [46], Brehm et al. [22] and Fiegele et al.
[50], the life time of CF4

+ ion is below 10µs. On the other
hand, some studies found indications of the existence of
the CF4

+ ion with very small relative intensity [64–67].
In our experiment with a transit time of ∼20µs from the
interaction zone to the detector the CF4

+ ion signal was
below the detection limit.

3.2 CF3
+

For electron impact ionization of the CF4 molecule the
CF3

+ ion is the main product. It is formed by the loss
of one neutral fluorine atom from CF4 molecule (CF4

+

→ CF3
+ + F). The experimental two-dimensional (2D)

maps showing the correlation between BE and KER for
the CF3

+ channel are displayed in Figures 2a and 3a for
impact energies of E0 = 67 eV and 38 eV, respectively. The
pure BE spectra are presented in Figures 2b and 3b for
E0 = 67 eV and 38 eV respectively. The calibration of the
BE is done by measuring ionization of the Ar(3p) orbital
(BE = 15.75 eV). In the inset of the Figure 2b, the BE

histogram of argon is shown for E0 = 67 eV under the
same experimental conditions as used for CF4.

The BE distribution shows a main peak at ∼17 eV and a
shoulder and a tail at higher energy. The contributions of
the individual orbitals are analyzed by a Gaussian multi-
peak fitting method. The widths of the Gaussian functions
correspond to the experimental resolution and the posi-
tions are taken as the literature values of the orbitals’
vertical binding energies.

Several ionization channels contribute to form CF3
+.

The dominant peak at 17.4 eV is due to the ionization of
the three orbitals 1t1, 4t2 and 1e. These three orbitals are
energetically not resolved.

The peak observed at 22.12 eV is due to the ionization
of the orbital 3t2 and partly due to autoionization states
[12,15,62]. Interestingly the peak intensity relative to the
main peak at 17.4 eV changes with the projectile energy.
For E0 = 67 eV the relative intensity is 25% [see Fig. 2b]
while for E0 = 38 eV the intensity increases to 36% [see
Fig. 3b]. Finally, a third weak contribution at 25.1 eV is
due to the ionization of the orbital 4a1.

The total KER spectrum and the individual contribu-
tions of the different orbitals are shown in Figures 2c and
3c for E0 = 67 eV and 38 eV, respectively. The KER is
rather large peaking at around 1.0 eV. At E0 = 67 eV, the
mean KER values (uncertainty ±0.07 eV) for the indi-
vidual orbitals of 1t1, 4t2, 1e, 3t2 and 4a1, are 1.05 eV,
1.13 eV, 1.17 eV, 1.16 eV and 1.18 eV respectively (uncer-
tainties of all values ±0.07 eV) while at E0 = 38 eV we

find very similar mean KER values of 1.05 eV (X̃), 1.12 eV

(Ã), 1.13 eV (B̃), 1.13 eV (C̃) and 1.13 eV (D̃). These
KER values are obtained by analyzing the KER spec-
tra for binding energy intervals as given in the caption of
Figure 2c. Clearly the present binding energy resolution is
not sufficient to completely disentangle the KER spectra
of the three lowest states. However, still we can recognize
the smaller mean KER of the 1t1 orbital in particular
with a peak position of the KER distribution at 0.92 eV.
The KER curves for the other orbitals are close to each
other. Our results are in reasonable agreement with ear-
lier TPEPICO values from Creasey et al. [4] for the two
lower states but not for the higher states, where these
authors obtained higher mean energies (1.27 ± 0.14 eV

(B̃), 1.34 ± 0.10 eV (C̃) and 1.54 ± 0.13 eV (D̃)). One
uncertainty there could be the reconstruction of the KER
purely from ion time-of-flight and not from the full ion
momentum vector as in the present case. A more recent
high resolution TPEPICO experiment [25] observed the
three lowest states with mean KER values of 0.90 eV,
1.20 eV and 1.09 eV. From the high KER values observed,
these studies concluded that both the X̃and Ã states
dissociate immediately and non-statistically on their indi-
vidual repulsive potential energy curves leading to slightly
different KER, as it is also observed in the present data.

https://epjd.epj.org/
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Fig. 2. (a) Two dimensional (2D) correlation map between KER and BE for the CF3
+ ion at 67 eV impact energy. (b) The

binding energy spectrum. The solid circles are the experimental data. The dotted (red), dash-dotted (green), dash-dot-dotted
(blue), dashed (cyan) and short-dotted (magenta) lines show the contributions of the orbitals 1t1, 4t2, 1e, 3t2 and 4a1 respectively.
The solid line (yellow) shows the sum of the Gaussians. The vertical lines on the top of the figure indicate the energies of the
different molecular orbitals that contribute to form CF3

+ ions. The binding energy diagram for the Ar(3p) orbital is shown in
the inset. (c) The total CF3

+ KER distribution and KER for 1t1 (BE: 13–16 eV), 4t2 (BE: 16–18.5 eV), 1e (BE: 18.5–20.5 eV),
3t2 (BE: 21–23 eV), and 4a11 (BE: 24.5–27 eV) orbitals. (d) The kinetic energy (KE) distribution of Ar+.

On the other hand, the ionic B̃ state is initially bound.
From the observed dissociation with similar KER as
observed for the Ã state it was inferred that there is a
transition to this state via fast internal conversion (IC)
or radiative decay. Our present data confirm that also the
higher lying C̃ and D̃ states which KER values very close
to the ones of the Ã and B̃ states undergo transitions to
the ionic Ã state before they dissociate.

Overall, the ionization of the orbitals (1t1)−1, (4t2)−1,
(1e)−1 and (3t2)−1 provide the main channels to form
the CF3

+ ion. In addition, a weak contribution of the
(4a1)−1 state is observed. Comparing the earlier studies
for the formation of the CF3

+ ion, this is in agreement
with TPEPICO studies [4,20,26] while the PEPICO [24]
and TPEFCO [? ] studies did not identify the weak con-
tribution of the (4a1)−1 orbital. Existing electron impact
ionization studies were restricted to the detection of
at most two of the three charged fragments. The elec-
tron impact dissociative ionization study [48] observed
appearance energies and, therefore, discussed only the
contribution of the (1t1)−1 state. The dipole (e, e) spec-
troscopy study [39] proposed that (1t1)−1, (4t2)−1, (1e)−1

and (3t2)−1 states contribute to form CF3
+.

3.3 CF2
+

The second main product observed is the CF2
+ ion. This

ion can be formed by a two body (CF4
+ → CF2

+ + F2) or
a three body (CF4

+ → CF2
+ + 2F) dissociation process.

The observed two dimensional (2D) correlational maps
between BE and KER are shown in Figures 4a and 5a
for E0 = 67 eV and 38 eV, respectively. Here we can iden-
tify clearly the reaction channels leading to the CF2

+ ion.
The dominant 3t2 orbital ionization gives rise to small
KER values while the weaker 4a1 contribution shows its
main intensity at KER between 1 eV and 2 eV. The bind-
ing energy spectrum which is integrated over the KER is
presented in Figures 4b and 5b for E0 = 67 eV and 38 eV
respectively. This spectrum is analyzed by a Gaussian
multi-peak fitting method. For both projectile energies we
observed a dominant peak at 22.5 eV BE, which is due to
the ionization of the 3t2 state. The second peak at 25.5 eV
is due to the ionization of the orbital 4a1. Interestingly the
lower projectile energy shows a reduced relative intensity
for 4a1 ionization which can be due to approaching the
threshold region since here the projectile excess energy is
only 12.5 eV.

https://epjd.epj.org/
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Fig. 3. As for Figure 2a–c but for electron impact energy of 38 eV.

A small contribution with a binding energy lower than
20 eV is also seen [see Figs. 4b and 5b]. Since the low-
est dissociation energy into CF2

+ + F2 is 19.2 eV [4]
either high vibrational levels of the CF4

+(1e−1) ion
must be excited or autoionization states 3t2

−1 nl are
populated with energies converging to the CF4

+(3t2
−1)

state. Autoionizing states in this energy region have been
observed before in a photoionization study [12]. For the
moment, we label this contribution to the 1e orbital.

The KER is extracted assuming a two body dissociation
process (CF4

+ → CF2
+ + F2). The KER spectra for 1e,

3t2 and 4a1 orbitals are shown in Figures 4 and 5c for
E0 = 67 eV and 38 eV, respectively. For the orbitals 1e
and 3t2, we observed average KER of about 0.3 eV ranging
up to 1.5 eV and 2 eV respectively. For the higher lying
orbital 4a1, we observe a different behavior with a strong
contribution at around KER = 1.5 eV compared to the 1e
and 3t2 orbitals. This result agrees with the TPEPICO
study [4] which found mean KER values of 0.57 eV and
1.50 eV for the 3t2 and 4a1 orbitals, respectively.

In Figures 4d and 5d the measured fragment ion CF2
+

kinetic energy (KE) is presented for E0 = 67 eV and 38 eV,
respectively. These spectra are correct irrespective of two-
or three-body decay.

Our results are consistent with the TPEPICO studies
[4,26]. Masuoka and Kobayashi [20] also observed similar
results but did not observe the small contribution of the 1e
orbital. The electron impact dissociative ionization study

[48], found appearance energy below 20 eV and concluded
the contribution of the (1e)−1 state. The dipole (e, e) spec-
troscopy studies [39] proposed that only ionization of the
3t2 state contributes to form the CF2

+ ion. The PEPICO
experiment [24] also did not discuss the contribution of
the (1e)−1 and (4a1)−1 states.

3.4 Dissociative ionization cross sections

In addition to the above fixed projectile energy studies
we also measured dissociative ionization cross sections
for formation of the CF3

+ and CF2
+ ions as function

of impact energy from E0 = 15 eV to 45 eV. The exper-
imental setup used for this measurement is described
elsewhere [61]. The relative scale of the cross sections
for both ions is fixed. On the other hand our data are
not absolutely normalized but scaled for the best fit to
published absolute cross sections for electron impact
which are shown in Figures 6 and 7 [46,47]. Our ioniza-
tion cross section for formation of CF3

+ [Fig. 6] shows
a broad resonance structure at around 35.0 eV while this
structure is only weakly indicated in the earlier electron
impact experiments shown. In this diagram we also made
a comparison with a photoionization study which also
shows a maximum in the cross section [27].

The partial ionization cross section for CF2
+ as a func-

tion of projectile is shown in Figure 7. We observed a peak
structure at around 35.0 eV which is more pronounced and

https://epjd.epj.org/
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Fig. 4. (a) Two dimensional (2D) correlation map between KER and BE for the CF2
+ ion at an electron impact energy of

67 eV. (b) The binding energy spectrum. The solid circles with error bars are the experimental data. The dashed (red), dotted
(green), and dash-dotted (blue) lines show the contributions of the orbitals 1e, 3t2 and 4a1 respectively. The solid line (cyan)
shows the sum of the Gaussians. The vertical lines on the top of the figure indicate the energies of different molecular orbitals
which contribute to the CF2

+ ion yield. (c) The total KER distribution and KER for 1e (BE: 16–20 eV), 3t2 (BE: 20–24 eV)
and 4a1 (BE: 25–28 eV) orbitals and (d) KE distribution.

broader than the resonance for the CF3
+ channel. Also

here we made a comparison with earlier studies for pho-
toionization [27] and electron impact ionization for the
CF2

+ channel [46,47] which observed a similar behavior.
In a calculation for photoionization [9], this resonance was
tentatively assigned to a t2 shape resonance. Interestingly,
increased cross sections in the vicinity of 35 eV were also
measured for electron impact induced polar decay of CF4

into CF3
+ + F− and CF2

+ + F− + F [68]. Thus, the phe-
nomenon is not restricted to ionization but also present for
excitation. Finally, respective peak structures were found
for the CF3

+ and CF2
+ channels for positron impact ion-

ization at the energy of about 28 eV [69]. This can be
considered consistent with the present resonance energy if
we take into account that for positron impact an energy
gain of 6.8 eV occurs if positronium (Ps) is formed during
the collision. This last observation makes the interpre-
tation as a shape resonance questionable since electrons
and positrons according to their opposite charge should
experience different molecular potentials. Therefore, we
have to conclude that there is no obvious explanation for
the resonances which can explain the observations of all
the existing studies and more experiments and theoretical
calculations are necessary.

4 Conclusion

We have presented an (e, 2e + ion) triple coincidence study
for ionization and fragmentation of CF4 induced by low

energy electron impact at E0 = 67 eV and 38 eV. Frag-
ment channel resolved binding energy spectra and KER
distributions were obtained for the fragments CF3

+ and
CF2

+. In addition partial ionization cross sections as
function of the impact energy were recorded.

For the CF3
+ fragment essentially identical KER spec-

tra are observed for the Ã , B̃, C̃ and D̃ ionic states.
This confirms that fast decay of the higher ionic states
into the Ã state is preceding dissociation. The higher C̃
and D̃ states also dissociate into CF2

+, and the KER
distribution peaking at very low values for the C̃ state
suggests a statistical decay. The D̃ state on the other hand
shows rather high KER values around 1.5 eV suggesting a
repulsive potential energy surface.

The CF2
+ ion is observed at the lowest possible energy

around the dissociation energy of 19.2 eV. Possible expla-
nations are that the excitation of high vibrational levels of
the B̃ state or excitation of autoionizing Rydberg states
CF4

+(3t2
−1 nl).

The two applied projectile energies of 67 eV and 38 eV
show slightly different state resolved ionization cross sec-
tions. For the energetically high 4a1

−1 state dissociating
into CF2

+ we observe reduced relative intensity for 38 eV
compared to 67 eV. This is consistent with the regular
behavior of the electron impact cross section being zero
at threshold and rising roughly linearly. Therefore, the
energetically highest states which are closer to threshold
are affected strongest from the threshold effects.

https://epjd.epj.org/
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Fig. 5. As for Figure 4a–d but for electron impact energy of 38 eV.

Fig. 6. Partial ionization cross section for formation of CF3
+.

Circular symbols (blue) show the current experimental data.
Curves marked with crosses (black), stars (red) and diamonds
(green) are data from references [27,46,47], respectively.

Finally, we have confirmed resonance structures
observed in the partial ionization cross sections for both
dissociation channels without being able to draw a clear
conclusion about their origin. In order to get more insight

Fig. 7. Partial ionization cross section for formation of CF3
+.

Circular symbols (blue) show the current experimental data.
Curves marked with crosses (black), stars (red) and diamonds
(green) are data from references [27,46,47], respectively.

in future, we plan to collect data with higher statis-
tical significance and analyze angular distributions of
the outgoing electrons. This will allow, e.g. to analyze
beta parameters which show characteristic changes in the
vicinity of resonances.

https://epjd.epj.org/
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Altogether we have shown that the experimental tech-
nique of the reaction microscope enables (e, 2e + ion)
triple coincidence studies which give detailed insight into
electron impact induced ionization and dissociation of
CF4.
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