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The absolute total and partial ionization cross sections resulting from electron collisions with fluorinated

molecules CF4 and CHF3 were obtained by recoil-ion momentum spectroscopy with full acceptance for

energetic ionic fragments. For absolute hormalization the relative-flow technique was applied. The cross
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sections for single and double ionization as well as for dissociation were measured for electron energies
from 20 eV to 1 keV. The data are compared with previous experiments and model calculations. The
dissociation channel specific differences between CF4 and CHFs are discussed. The present data are

relevant for the evaluation of the electron interaction on these potent greenhouse gases with a high

rsc.li/pcecp

1 Introduction

Laboratory experiments for halocarbons, such as tetrafluoro-
methane (CFC-14, CF,) and fluoroform (HFC-23, CHF;), are
relevant in atmospheric physics and chemistry, astrochemistry
and in industrial applications. For these molecules, we report
data for electron impact ionization and subsequent dissocia-
tion with the production of reactive ions and neutrals. The total
and partial ionization cross sections determine the survival
probability of the molecules and govern the production of
smaller radicals. Accurate measurements of these cross sec-
tions for electron collisions are needed to understand and
model the impact of these processes on the environment."”

Satellite observations, balloons, and ground-based collection
stations are providing information on extraterrestrial particles
and radiation (solar wind and cosmic rays) that impinge on the
atmosphere of the Earth,’ as well as on the composition of the
atmosphere that includes trace gases as a function of altitude.*”
The upper troposphere and the mid to lower stratosphere
comprise greenhouse and ozone damaging molecules. The
impact of highly fluorinated molecules on climate change is a
concern primarily determined by stratospheric loss processes
and their strong absorption in the infrared region.®

In the last 16 years, the concentration arising from the natural
and anthropogenic emissions of the CHF; was increasing from
23 ppm to 36 ppm and that of CF, from 74 to 90 ppm in the lower
troposhere.” CF, and CHF; molecules concentrate at altitudes of
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global warming potential in the Earth biosphere and in plasma and other industrial applications.

10 km up to 50 km.* """ Measurements show that the troposphere is

warming up, whereas the stratosphere is cooling down in response
to stronger absorption by greenhouse gases and in response to the
depletion of ozone in the lower stratosphere. %%

The global lifetime of CHF; in the atmosphere is 250 years,
much shorter in comparison to that of CF, of 50.000 years, but its
stratospheric lifetime is 2347 years.>'® The large difference in
lifetimes is due to the presence of a hydrogen atom in CHF;,
which reacts in the troposphere by oxidation with hydroxyl (OH)
radicals and in the lower stratosphere by reactions with free OH
and atomic oxygen, as well as by UV photolysis.'* The degradation
of hydrofluorocarbons (HFCs) results in carbon dioxide (CO,) and
hydrogen fluoride (HF) as stable breakdown products.'>*°

CHF; was first recognized as a hydrofluorocarbon (HFC)
with zero ozone depletion potential and, therefore, these com-
pounds are being used as an alternative to ozone-depleting
substances such as chlorofluorocarbons (CFC) and hydrochlor-
ofluorocarbons (HCFC)."” However, their high global warming
potentials and atmospheric residence times pose challenges.
The metrics of the global warming potentials (GWP) of CHF;
and CF, are rather high with a GWP of 11 700 and 5200 fold the
one of CO,.* Therefore, the Kigali amendment to the Montreal
Protocol and the European Union Regulation 2024/573'® have
established rules and outlined a roadmap for the phased
reduction of fluorinated greenhouse gases.

Halogen compounds are of interest not only in aeronomy
but are of importance in organic, inorganic, biochemical, and
material chemistry.'”® They are used as products and are
emitted as by-products of industrial processes. Understanding
its electron impact-induced dissociation is required in reactive-
ion etching in micro/nanoelectronics fabrication. HFCs are
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increasingly being used in heat-pump technology for air and
water heating, clothing drying, fire extinguishing agents, and
cooling devices,”® and are large-volume by-products in the
manufacture of Teflon and foams. Their large-scale use may
lead to continued emissions if there is no transition to alter-
natives with low global-warming potential.

CF, was widely used as the primary feed gas for plasma
processing discharges because the parent molecule is relatively
non-reactive and in a discharge dissociates readily into chemi-
cally reactive ionic and neutral species, owing to the fact that
the electronically excited states of CF, and CF," are unstable.
CF, is weakly electronegative and the cross section for disso-
ciative electron attachment is extremely small.>' Here electro-
negativity is used as defined by Christophorou®* describing the
ability of a gas to form long-lived negative ions.

CHEF; is part of several homologous chemical series, such as
the CH,F,_, and the CXF; (where X is a hydrogen or halogen
atom) series and other series with combinations of hydrogen
and halogen atoms. Therefore, CHF; is a keystone in the study
of the effects of atomic substitution on the chemical and
physical molecular properties. The physico-chemical properties
and radiation impact cross-section data are closely related to
the halogen molecular structure.”?

Experimental absolute cross sections are required to test
theoretical models, predict and mitigate the molecular interac-
tions, such as in the biosphere,> and correctly model and
control its action in industrial applications.>® > In this respect,
there is particular interest in plasmas sustained in CHF;.*?

Theoretical methods of the total ionization cross sections
(ICS) for molecules such as CF, and CHF; have been the subject
of extensive research. The most widely accepted models in this
context include the binary encounter-Bethe (BEB) and binary
encounter-dipole (BED) methods,***> the Deutsch and Mark
(DM) formalism,*® and the modified additive rule (MAR).*’
Each of these models has its strengths and specific applications
when dealing with molecules containing fluorine and chlorine,
where the inclusion of electron correlations and empirical
corrections are often necessary.

The BEB and BED models combine classical collision theory
with quantum-mechanical principles to predict ICSs. The DM
formalism was particularly modified for molecules containing
fluorine. The MAR formalism adjusts the additivity rule for cross
sections to account for the presence of heavy atoms and other
effects for complex molecules. In addition, there is the empirical
and semi-empirical Harland and Vallance (HV) method.*® The
agreement between the different theoretical models and the
experimental data varies, with some models aligning closely
with specific experimental results, while others deviate, high-
lighting the complexity of accurately modeling these interac-
tions. Systematic studies on the fluorinated molecules revealed
that the energy positions of the experimental cross-section
maxima depend on the binding energy depths of the valence
and inner-valence orbitals. However, the magnitude of the cross
section is related to the polarizability of molecular dipoles.*’

Given the challenges in performing accurate experiments on
the absolute scale as well as accurate calculations for CF,>"1048
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Fig. 1 Schematic diagram of the experimental setup with electron gun,
recoil ion momentum spectrometer (RIMS) and a gas-mixing setup.

and CHF,?129434973% molecules, there is still a need for meth-
odologies capable of obtaining reliable electron impact cross
section data. The purpose of this work is to provide accurate
absolute cross sections for single- and double-ionization and
dissociation. Therefore, we employ an ion imaging spectrometer
with full solid-angle acceptance for fragment ions produced even
with large kinetic energies in combination with the relative-flow
technique to bring the data to an absolute scale.

2 Experimental setup

The experimental setup closely followed the methodology used
in a previous study, and the absolute cross section measure-
ment technique was described in detail before.®® A brief
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Fig. 2 TOF spectrum for CF4 (red line) and mixed CF4 + Kr gases (black
line) at 200 eV impact energy. Both spectra were normalized for the CFz*
ion peak. The krypton lines are split since there are six stable isotopes with
significant abundance.
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Fig. 3

description of the experimental setup will be given here. The
measurements used a recoil-ion momentum spectrometer
(RIMS) and a target gas mixing setup, as depicted in Fig. 1.
A pulsed electron beam, emitted from a home-built electron
gun, was crossed with a target gas beam. The electron pulses
had a repetition frequency of 15.75 kHz and a pulse duration of
20 ns, with the electron beam’s diameter collimated to approxi-
mately 1 mm at the interaction region.

The generated ions were extracted towards a position-sensitive
detector (PSD) by applying a pulsed electric field of 50 V ecm ™" in
the target region. As a result, the ions are collected for emission
over the full solid angle. The extraction field is high enough to
guarantee the collection of fragment ions with appreciable kinetic
energies and preserve a sufficient mass resolution.

A mixture of the selected halomethane and a reference gas
was introduced into the chamber through a small tube (inner
diameter of 1.0 mm), placed between the ion extraction electro-
des. The gas flow was controlled by a precision leak valve. The
background vacuum of the reaction chamber was maintained
at better than 3 x 10~° mbar, while the working pressure was
kept at approximately 1.5 x 10”7 mbar to ensure a high signal-
to-noise ratio. The partial pressures of the reference and target
gases were measured in a small reservoir with a capacitance
manometer at an accuracy of 1% before mixing them in a large
reservoir.

Partial ionization cross sections were measured and con-
verted to absolute values by applying the relative-flow
technique.’® In the present experiments, the reference gas
was krypton, selected for its proximity in mass to the fluor-
omethane fragments. This minimizes the mass effects in the
target gas density, the extraction, flight, and detection pro-
cesses and still allows for the discrimination of the charged
atomic ions from the molecular fragments.

Combining the RIMS technique and the reference and target
gas-mixing technique, the overall uncertainty of the absolute
cross sections obtained is estimated to be ~10%.

This journal is © the Owner Societies 2025

(left) 2D map of Y-position on the detector and time-of-flight (TOF) spectrum for CF,4 at 200 eV. (right) Projection onto the Y-axis of the 2D spectrum.

3 Results and discussion

The vertical ionization potentials and the appearance energies
of the fragment ions for both molecules are listed in ref. 43.
From these tables, it is expected that the dissociation cross
sections into an ion and a neutral will be dissimilar for both
molecules considering that the ionization energies of the
molecular orbitals differ by ~1 eV. The bond lengths in CH,
and CF, are 1.0864 A and 1.3122 A, respectively, and in CHF;
the C-H and C-F bond lengths are 1.0849 A and 1.3267 A,
respectively.”””® The displacement of the halogen atoms results
in a larger delocalization of the charge fluxes (long-range
electronic charge transfers). This probably leads to relation-
ships between halogen charge fluxes and bond character
descriptors. The dissociation energy of the bond (BDE) is C-H
(4.27 eV) in the CH, and the C-F bonds in CF, (5.34 eV)
resulting in a difference in the BDE of 1.1 eV between CH,
and CF,, while between CH, and CF;-H (BDE = 4.49 eV) of only
0.22 ev.>°

A series of experimental works from different groups have
undergone successive remeasurements and reanalysis, as dis-
cussed in the articles by Christophorou et al***>*

Table 1 Correction of the partial single ionization cross sections for CF4
due to the subtraction of the ion-pair contribution from the measured ion
yield (in percent, %). Also given is the resulting correction of the total single
jonization cross section (TSICS)

+

E (eV) CF; CF," CF" F* ct TSICS
30 0.00 0.00 0.00 0.00 0.00 0.00
40 0.00 0.00 0.00 0.00 0.00 0.00
70 0.21 2.14 2.27 10.61 2.28 0.76

100 0.48 3.71 5.76 13.61 2.28 1.99

200 0.54 4.25 11.11 14.48 4.78 3.01

400 0.45 3.96 9.79 14.19 5.41 2.71

600 0.36 2.82 8.65 12.72 3.72 2.01

800 0.45 3.41 8.89 15.08 4.36 2.30

1000 0.37 3.07 7.44 13.83 3.73 1.95
Phys. Chem. Chem. Phys., 2025, 27,10057-10072 | 10059
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Uncertainties in previous absolute cross-section measurements
arise partly from experimental difficulties such as detector
efficiencies, grid transmissions, signal processing, reduced
extraction efficiencies for energetic fragments and inclusion
of false events. Fragments can be lost during collection and
transport or not detected. In cases of ion-ion pair production, if
one of the ions is not detected, it can introduce double-
ionization events into the single-ionization spectrum. Such
factors may have systematically led to an overestimation in
the total and partial ionization cross sections in earlier work.
First, we present the experimental data set of tetra-
fluoromethane and then fluoroform. In the following, to
get more insight into the break-up processes and subsequent
ion- and ion-pair formation, dissimilar features are highlighted
by comparing the dissociative single- and double-ionization
cross sections of these fluorine-based methane molecules.

3.1 Tetrafluoromethane (CF,) single and double ionization
cross sections

The TOF spectrum of CF, with and without the reference gas Kr
is shown in Fig. 2. All fragments of CF, are clearly separated
from the krypton ions. The absence of the parent ion CF," in
the spectrum is expected, as its ionic states are inherently
unstable and dissociate within femtoseconds after formation.

If the ion intensity is plotted both as a function of time-of-
flight (TOF) and the position of the ions on the detector, it can
be seen in Fig. 3 that essentially all fragment ions are collected
over their full momentum spread. The projection of the 2D-
map on the horizontal TOF axis corresponds to the single
ionization TOF spectrum, which allows for the extraction of
the intensities of the single-ion channels.

As discussed in detail in ref. 56 the ion signal from double
ionization needs to be subtracted from the measured ionization
yield for the precise determination of the total and partial
dissociative single ionization cross sections. Therefore, the
double ionization contributions were derived from the ion-
ion coincidence signal. Table 1 shows the percentage correc-
tions of the single ionization cross section values for the
contributions of ion-ion pairs®® for the different electron
impact energies. The contribution of double ionization events is
higher for the fluorine ion F* than for CF,, ;. Due to its large
kinetic energy, this ion additionally has a higher probability of
escaping detection or being lost in the collection process. In
contrast, the lowest contribution is noted for the heavier CF,"
ion. The ion-ion pair correction reaches at most 3% for the total
single ionization cross section (TSICS), while for the fluorine atomic
ion channel it amounts to almost 15% at 200 €V, respectively.

CF, has been extensively studied in terms of absolute
total single ionization cross sections (TSICS). Fig. 4
presents the current TSICS data along with several sets of
reported single-ionization measurements**142:46:61°67  apq
calculations.>*?®°>¢%%7"72 por the total absolute single-
ionization cross section of CF,, both experimental and theore-
tical data show a broad range of peak cross sections and
positions for the maxima. Across all experimental data, the
highest cross section is reached at ~120 eV with a maximum of
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Fig. 4 Absolute total cross-section for single-ionization (TSICS) of CF4.
Present work (in black solid squares) compared to previous (a) experi-
mental data®>4+4246:61-67 3 (b) theoretical calculations®>38:556467-72 55
a function of the electron energy.

6.0 x 107%° m*>.%® The cross section of ref. 73 gives a maximum
of 3.6 x 107> m? while the present work obtains 4.1 x
107>° m* which is free of double ionization contributions as
discussed above and also of the meta-stable ions CF5**, CF,>".
The series of BEB calculations, which included different effects,
to describe the improved cross sections, show a varying range
of amplitudes and the position of the maxima.”®

In the case of CF,, all primary ionization events lead to
fragmentation of the molecule. The absolute partial single-
ionization cross sections (PSICS) for CF;', CF,", CF', F', C"
are displayed in Fig. 5 and the double ionization cross sections
resulting in CF;>*, CF,*" ions are shown in Fig. 6. The numer-
ical values are listed in Table 2.

Despite the previous experimental studies on CF,, uncer-
tainties remain about the precision of much of the work.

This journal is © the Owner Societies 2025
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available in the literature as a function of the electron energy. (a) Present data for all fragments for CF,, (b) CFs*, (c) CF,*, (d) CF*, (e) F* and (f) C*.

Various studies have attempted to measure partial and total
cross sections, with revisions and corrections made over time.

Bonham®!
ionization

provided corrected ICSs that account for multiple
and detector efficiency, based on earlier work by Ma

et al** and Bruce and Bonham.®® In the work of Torres and

This journal

is © the Owner Societies 2025

Martinez,** the detection losses have been assumed to corre-
spond to the escape of ions on their path to the detector.
However, only a few studies have assigned uncertainties to their
data, making comparisons challenging. All present PSICSs for
dissociation into an ionized fragment plus a neutral are shown
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electron energy.

Table 2 TSICS, PSICS and MDICSs for CF4 (in 1072° m?) as function of
electron impact energies in eV

E(eVv) CF;* CF,” CF* F' ct TSICS CF;>* CF,>*

30 1.294 0.059 — — — 1.353 — —

40  2.047 0.126 0.037 — 0.007 2217 — —

70  3.257 0.225 0.181 0.115 0.115 3.893 0.005 0.013
100  3.219 0.254 0.254 0.249 0.160 4.136 0.010 0.026
200 2.804 0.245 0.202 0.336 0.173 3.759 0.014 0.036
400 2.153 0.168 0.155 0.233 0.116 2.824 0.009 0.023
600 1.808 0.148 0.106 0.158 0.090 2.311 0.006 0.017
800 1.519 0.116 0.094 0.123 0.070 1.922 0.004 0.012

1000 1.338 0.103 0.084 0.101 0.062 1.688 0.005 0.011

in Fig. 5a. The CF;" channel is predominant at all electron
energies reaching a maximum of 3.2 x 10~>° m?> around 100 eV,
while the other fragment channels are on average twelve to
twenty times smaller and their maxima are at ~200 eV. In Fig. 5
the current data for CF;" (b), CF," (c), CF' (d), F' (e) and C" (f)
are compared with experimental data available in the literature.
Especially F* in Fig. 5e shows some inconsistencies in the

10062 | Phys. Chem. Chem. Phys., 2025, 27, 10057-10072
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course of the data and the magnitudes of the reported cross
sections. For completeness we give the appearance energies for
formation of the ion-neutral channels which for CF;", CF,",
CF', C', and F' are (15-16) eV, (20-22) eV, (27-29) eV, (34-35) eV,
and (34-35) eV, respectively. The given intervals correspond to
the spreading of the different works.**>*%%7

Absolute metastable double ionization cross sections
(MDICS) were measured for production of two different ions,
as seen in Fig. 6(a) CF,>* and (b) CF;>". They are relatively small
and the previous results are strongly scattering. Generally
few measurements have been made for the double ionization
cross sections of CF,.**%°%7% In a recent work, five dissociative
channels were observed by Wolff et al.>® Here double ionization
cross sections resulting in two charged fragments were
extracted from ion-ion coincidence events. The fragmentation
channel (CF;" + F') is identified as a pure Coulomb explosion,
whereas other channels, which produce neutral species, are
classified as incomplete Coulomb explosion channels. The
predominant channels for the formation of ion pairs include
the fluorine ion in coincidence with 4 possible ion radicals,
such as CF," + F"+ F, CF" + F" + 2F, C" + F" + 3F,and F* + F" +
CF,. Interestingly, the pair of C" + F" atomic ions, the ion
pair with by far the highest KER, and the pair of F* + F" have
quite similar cross sections in agreement with a previous
measurement.”® The total and partial ion pair double ioniza-
tion cross sections (TDICS and PDICS, respectively) are shown
in Fig. 7 and listed in Table 3 for the TDICS (Fig. 7a) and for the
production of CF;" + F' (AE = 37.6 eV) (Fig. 7b), CF," + F' + F
(AE = 42.4 eV) (Fig. 7c), CF' + F' + 2F (AE = 47.5 eV) (Fig. 7d), C"
+F" + 3F (AE = 62.0 eV) (Fig. 7¢) and F* + F" + CF, (Fig. 7¢). The
appearance energies (AE) are given in parentheses for
completeness.*"**7¢

The present PDICS shown in Fig. 7b-e for each ion-ion pair
are smaller than any measured PDICS. The double ionization
cross sections of the ion-ion pairs follow the trend that ¢(CF" +
F) > o(CF," + F') ~ o(CF;* + F) in ref. 41,46,61. These
experiments measured maxima ~0.2 (CF" + F'), 0.06 (CF," +
F") and 0.06 x 107>° m? (CF;* + F') and disagree with the
current measurements reaching at maximum 0.049, 0.021 and
0.030 x 107>° m” at 200 eV respectively.

In ion-ion coincidence experiments*"*®! the ratios of TSICS
and TDICS for CF, were found to be 13 and 11, values which are
close to 13 for CH, evaluated from ref. 77-79. However, it
should be realized that the smaller ratio compared to CH, of
the pr esent work is not surprising. The high electronegativity
and ionization energy of fluorine makes the formation of two
positive ions less favourable in CF, than in CH,. Also it is
interesting to see that for single ionization the F' production is
a minor dissociation channel while all ion pair channels
inevitably produce F". As result the ratio of TDICS for all pairs
of (ions + F') and PSICS for (F" + neutral) amounts ~40% at
impact energies of 100 eV and higher (see Tables 2 and 3).

3.2 Fluoroform (CHF;)

Due to its highly polar nature, CHF; differs from unpolar CF,.
Its dipole moment leads to a strong rotational spectrum and
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compared to previous data

41,46,61

+F"+2F, (e) C* + F* + 3F and (f) F* + F* + CF, for the CF4 molecule.
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available in the literature as a function of the electron energy. (a) Present TDICS, (b) CFz* + F*, (c) CF,* + F* + F, (d) CF*
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Table 3 TDICS and PDICS for CF, (in 1072° m?) as function of electron
impact energies in eV

E(eV) CF;'+F CF,+F CF +F F +F C +F TDICS
70 0.01324  0.00960  0.00820 0.00066 0.00063 0.03233
100 0.03024  0.01913  0.03026  0.00772 0.00729  0.09464

200 0.02972  0.02123  0.04923 0.01798 0.01698 0.1352
400 0.01892  0.01352  0.03279 0.01371 0.01295 0.09188
600  0.01273  0.00838  0.01966 0.00720 0.00680 0.05478
800  0.01340  0.00798  0.01795  0.00656 0.00620 0.05209
1000  0.00972  0.00636  0.01321  0.00496 0.00469 0.03894

significant static polarizability. On the other hand, it is similar
to CH, in terms of cross sections of vibrational excitation.

Electron impact ionization of CHF; was reported in both the
high-energy and threshold regions.”” >>% However, similar to CH,,
the published experimental data for TICS and PICS vary, with
disagreements and inconsistencies between the different studies.””

Fig. 9 shows the ion TOF spectrum for CHF; and the
reference gas krypton. All ions from CHF; are clearly separated
from the krypton ions. A very small amount of CHF;" ions is
found with a reflectron TOF spectrometer (see Fig. 11 and
discussion below) which is in contrast to the CF," ion, which
is not stable and was not found in our measurements with an
estimated detection limit of 107>* m>. It should be noted that
the CHF;" cation was never unambiguously observed in photo-
ionization experiments.’®%!

Using the present RIMS setup, it was not possible to separate
ions with and without the bound hydrogen atom; therefore, the
product ions with and without the hydrogen atom were ana-
lyzed together, a procedure adopted in most previous
studies.?*>%77* According to high mass resolution measure-
ments (see below) the three fragments CF;*, CHF," and CF"
show higher intensity while the fragments CHF;", CF," and
CHF", respectively, have lower intensity and are observed as
shoulders on the peaks of the former species.

C(H)F* C(H)F,*
el | ]

&

C(H)F5"

Fig. 8
the 2D spectrum.
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Fig. 9 TOF spectrum for CHFs (red line) and mixed CHFsz + Kr (black line)
gases at 200 eV. Both spectra were normalized by the CFz* ion peak.
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The 2D map in Fig. 8 showing ion intensity as function of y-
coordinate on the detector and ion TOF confirms that the ions
are spread out across the detector and along the TOF coordi-
nate due to their kinetic energies but, nevertheless, they are
collected with high efficiency. From this 2D map conclusions
on the momenta and the kinetic energies (KE) of the fragments
can be drawn: light ions, such as (H)F' and (H)C" have much
higher kinetic energy than heavier ions, such as C(H)F;",
C(H)F," and C(H)F" ions.

In CHF; carbon is slightly more electronegative than hydro-
gen pulling electrons toward itself, while fluorine is more
electronegative than carbon. In neutral CHF;3, the lengths of
carbon hydrogen bonds are ~1.09 A, while those of carbon
fluorine are typically 1.34 A.*® However, recent calculations
determine that the length of the C-H bond is significantly

(Left panel) 2D map of Y position on the detector and time of flight (TOF) spectrum for CHFs at 200 eV. (Right panel) Projection onto the Y-axis of
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00746a

Open Access Article. Published on 14 April 2025. Downloaded on 12/8/2025 12:00:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
7] T T
£10¢ —4—CHF,'/CF, 5
%» —o—CHF'/CF* | Torres
"g g —A—HF/F and Martinez
g1l e )
i <+ CHF, /CF," !
2 —0—CHF/CF" Goto et al
& —0O— CHF,"/CF," .
resent data
3 —m- cuFicr [P ]
0.01F o—=o 0 - o—o0 |
| L
15 10
Electron Energy (eV)

Fig. 10 Ratios of hydrogen loss or attachment to radicals. Full symbols
data extracted from ref. 43, open symbols from ref. 29 and present work,
closed and open black square symbols (the measurements were done with
a high resolution reflectron mass spectrometer).

20000 |- 6000 |-

counts

4000

10000

2000

A . \
0 30000/30050 30100
L I )
29800 30000
Time of flight (ns)
T T 400

30200

20500

20750
Time of flight (ns)
200 —

21000

T T
15000

300 |- <150 - B

200 |- -100 B

100 - HF+ 450 - i

0 L 0
26000 16250 16500 16750 13200 13600 14000
Time of flight (ns)

0
25500

25750

Fig. 11 Representative reflectron time-of-flight spectra of the non-
dissociative and dissociative ionization channels of CHFs collected at
150 eV electron impact. Insets were included to point out the detection
of the CHF3* and CHF* ions.

elongated to 1.321 A in the cation, while the C-F bond
shrinks slightly to 1.284 A.*® The lengths of the bonds may
suggest competition between the cleavage of the C-H bond
and the C-F bond. In the case of the cationic CHF;" formation,
it shows a low dissociation barrier of the C-H bond and a
likely dissociation resulting in a very low yield of the
parent ion.

This journal is © the Owner Societies 2025
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Table 4 lon-ion pair contribution in single ionization for CHF3. Percen-

tage of false ion—ion pairs in the single ionization cross sections (see text
for definition) as function of electron impact energies in eV

E (eV) C(H)F," C(H)F" (H)F* (=)C” TSICS
70 0.26 0.56 9.00 0.51 0.54
100 0.48 1.25 13.92 1.91 1.21
200 0.62 1.93 19.44 4.04 1.93
400 0.60 1.94 15.12 4.42 1.85
600 0.51 1.62 13.47 3.83 1.54
800 0.44 1.48 12.98 3.39 1.38
1000 0.46 1.40 15.20 3.38 1.34

Table 5 TSICS and PSICS for CHFs (in 1072° m?) as function of electron
impact energies in eV

E(eV) C(H)Fs" CH)F," CHF  (HF  (HC"  TSICS
20 0.177 0.201 — — — 0.378
30 0.401 0.798 0.207 — — 1.405
40 0.544 1.220 0.407 — 0.036  2.206
70 0.654 1.713 0.693 0.090  0.150  3.300

100 0.664 1.852 0.794 0.134  0.196  3.639
200 0.551 1.660 0.731 0.132  0.177  3.251
400 0.422 1.162 0.472 0.122  0.112  2.290
600 0.348 0.977 0.388 0.095  0.084  1.891
800 0.287 0.851 0.335 0.075  0.071  1.620
1000 0.253 0.756 0.293 0.053  0.059  1.414

Without overinterpreting the bond parameters, the first
fragment ion, CF;", is a significant dissociation pathway but
the predominant fragment ions are CHF," (maximum of 1.9 x
107%° m” at 100 eV) with a relatively large release of kinetic
energy during the cleavage of the C-F bond, implying a repul-
sive bond character. The intensity of the CF" ion channel with
the emission of one or more neutral fragments increases
rapidly for energies greater than 40 eV and becomes the ion
with the second highest yield. The single atomic ions (with H-
linked or H-loss) are less abundant in single-ionization events
and reveal themselves as competing pathways. All these obser-
vations are qualitatively in agreement with previous measure-
ments for photoionization, with calculations and arguments
based on molecular selective states.”®*"

Fig. 10 presents for the different break-up channels the ratio
CHF,'/CF," as a function of the impact energy. These data are
taken from literature>>** and from present experiments with a
high-resolution reflectron mass spectrometer (RTOF)**** for
which only two channels CHF" and CHF;' are included which
have lower ion kinetic energies and, thus, good ion collection
efficiency. For the other ones the reflectron spectrometer lacks
full ion collection efficiency due to the higher ion kinetic
energies. This is demonstrated in Fig. 11 where reflectron
TOF spectra are shown for an electron energy of 150 eV. For
break-up into CHF,", CH', F* and HF", where double or triple
peaks are found. This indicates that ions which are emitted
perpendicular to the spectrometer axis are not reaching the
detector pointing to a high transmission loss of part of the
momentum distribution. Simulations of the ion trajectories
might enable reconstructing the whole distribution. The use of
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a high-resolution time-of-flight spectrometer combined with
good collection efficiency for high kinetic energies of the ions
would warrant extracting precise cross sections, but this experi-
mental condition is not available in most setups as well as in

the present reflectron spectrometer.

In Fig. 10 the cross section ratios of CHF,'/CF," and HF'/F"
reach a maximum around 30 eV impact energy. This is also the

Fig. 12
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case for the ratio CHF'/CF' of Torres and Martinez** which
agrees with the present results while the respective data by Goto
et al.*® are a factor of four higher. The ratio CH'/C" by Torres and
Martinez*® is rising until the high energy end of the measure-
ment range at 100 eV. Also the published data for the CHF,"/CF,"

ratios are not in agreement which each other

2943 concerning the

magnitude and also the course as function of energy.
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A particularly interesting behavior is found for the ratios of
CH'/C" and HF'/F" measured by Torres and Martinez. For
increasing impact energy, the C-H' ion gets more favored,
while the more convoluted formation of hydrogen bonded to
a fluorine (HF") is relatively declining. Finally, in the case of
CHF' and CF' channels, the hydrogen loss resulting in CF"
strongly exceeds the CHF" formation, probably due to the tight
C-F bond.

These RTOF measurements in Fig. 11 have additionally
enabled qualitative evaluation of the CHF;" parent ion inten-
sity, which is indeed very weak, two orders of magnitude lower
(1.3%) than the CF;" signal (98.7%). This suggests that in
CHF;' there is only a small barrier along the C-H coordinate.
In contrast, in the formation of the CHF," species, the parent
ion is repulsive along the C-F coordinate. The negligible
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Fig. 13 Absolute total cross-sections for single-ionization of CHFsz as
function of the electron energy in eV. Present experimental work (black
solid line and squares) compared to theoretical results for BEB and DM
calculations of ref. 33 and MAR and HV calculations of ref. 67.
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Table 6 TDICS and PDICS for CHF3 (in 1072° m?) as function of electron
impact energies in eV

E(eV) C(H)F, +F CH)F +F (HF +F (HC +F TDICS
70 0.00879 0.00762 0.00000 0.00152 0.01793
100  0.01731 0.01963 0.00039 0.00746 0.04479
200  0.02033 0.02801 0.0022 0.0146 0.06513

400  0.01378 0.01826 0.00224 0.01011 0.0444
600  0.00985 0.01248 0.0013 0.00656 0.03018
800  0.00741 0.00984 0.00082 0.0049 0.02297
1000  0.00674 0.00811 0.00062 0.00405 0.01953

formation of CHF' and that of the favored CF*, follows
probably some preferential decaying states as suggested in
ref. 81.

Most doubly charged ions CHF;*" ions are unstable and
dissociate into ion-ion pairs. From the 2D time-of-flight coin-
cidence map, eight ion-ion pairs were predominantly observed:
C(H)F," +F, C(H)F' + F' + F, (H)C" + F' + CF and (H)F" + F' +
CF. In the Coulombic charge separation process of CHF;>",
mostly a single atomic fluorine ion is ejected with charged
carbon bonded to fluorines. Atomization with ejection of
atomic ions (F* + F" or C" + F') is not a dominant channel.

The detection of the metastable dication CF,>" with m/z =
25 a.u. is interesting (see Fig. 8 at TOF 4700 ns). The small
widths in the y-position on the detector and the TOF show
reduced kinetic energy compared to the other heavier frag-
ments. This species was collected by the recoil ion-momentum
setup as well as by the reflectron time-of-flight spectrometer at
electron energies ranging from threshold to 2000 eV. The
reaction pathway of its formation is intriguing and further
theoretical work describing its thermodynamics and structure
is called for. In addition, CF, forms two metastable double
charged species, CF,”* and CF;*', but the latter was not
observed in the fluoroform case. The absolute metastable
double ionization cross sections of CF,?" for CHF; at 200,
400, and 600 eV were measured as 0.011, 0.151, and 0.04
(x 107?> m?), respectively.
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Fig. 15 Comparison of TOF spectra of CF4 and CHF3s molecules. Both
spectra were normalized at the C* ion peak.
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Table 4 shows the percentage change (%) of the total and
partial single-ionization cross section values if the ion contri-
bution from ion-pair formation is subtracted. It is seen that the
ion-pair contribution is rather low, less than 2% for the total
single ionization cross section of CHFj3, but for the fluorine
atomic ion the partial single ionization cross section decreases
by almost 20% at 200 eV. In Table 5 we report TSICS and PSICS
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HF), (f) (C* + HC™).

10068 | Phys. Chem. Chem. Phys., 2025, 27, 10057-10072

View Article Online

PCCP

for the production of various ions, including (CF;" + CHF;"),
(CF," + CHF,"), (CF" + CHF"), (F" + HF'), (C" + HC"), in the
energy range from threshold to 1 keV.

The results presented in Fig. 12 show the combined cross-
section data for CHF; and its fragments ((a) TSICS, (b) CF;" +
CHF;", (c) CF," + CHF,’, (d) CF" + CHF", (e) F" + HF', (f) C" +

HC"). The present data are compared with existing
1 1 1 1 1
. m CF; for CF,
3 e C(H)F}for CHF, |
n
(b)
&
€ [
§ 21" r
= [ ]
S .
5 |m .
o
14 -
(X ]
[ ] [ ]
. ° °
[ ] ° °
O T T T T T
0 200 400 600 800 1000
1 1 1 1 1
m  CF*for CF,
0.8 ° L
® C(H)F* for CHF,
[ ]
. (d)
& 0.6 L
IS
Lo04]e R -
I
53 [ ]
o °
u
024¢@ n L
n
n ™ -
| |
0.0 T T T T T
0 200 400 600 800 1000
1 1 1 1 1
m  C*for CF,
0204 o . L
e (H)C" for CHF,
' (f)
n
0154 o L
S
§
2 . s
7 0.10 -
2 :
o
2
]
0.05 -
[ ]
| |
0.00 T T T T T
0 200 400 600 800 1000
Electron Energy (eV)
(e) (F* +

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00746a

Open Access Article. Published on 14 April 2025. Downloaded on 12/8/2025 12:00:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

experimental data from the literature. In some of the previous
experiments, the ions formed as a result of multiple ionization
could not be separated, and extra corrections were made. This
is one reason, why the ionization cross sections were higher
than the present values.

The earlier measurements by Goto et al.>”>° and Poll et al.>?
within the 0-125 eV electron impact energy range are notably
inconsistent with each other. Iga et al.>" discussed these discre-
pancies in detail, providing a reasoning for such differences. When
comparing their cross-section results with the present study, it is
found that the values of Iga et al. are closest but still larger than the
current measurements. The energies of the cross section maxima
are similar for all measured data, including the present one.

Results from four theoretical approaches are available for
comparison to our data®*®” and shown in Fig. 13. The position
of the experimental cross section maximum is reproduced by
the calculations within a few eV except the HV model by Torres
et al.*” where the deviation is almost 20 eV. The MAR results
show the best agreement with the present TSICS in the shape
and position of the maximum.
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Fig. 17 Ratio of the partial single ionization cross-section relative to the
total single ionization of (a) CF4 and (b) CHFs.
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Earlier studies often underestimated the intensitiy of light
ions as a result of insufficient detection efficiency for energetic
fragments, leading to reliance on simulation programs. Addi-
tionally, fragment ions from double-ionization channels con-
tributed to the single event counts. Double-ionization cross
sections of CHF; have not been measured in the past, to the
best of our knowledge. The double ionization cross sections are
shown in Fig. 14 and are listed in Table 6 (TDICS and PDICS,
respectively) for the production of the ion pairs CF;' + H',
C(H)F," + F", C(H)F" + F' +F, C(H)" + F' + 2F and (H)F' + F" +
CF. The cross sections show maxima at ~200 eV and decrease
continuously for higher energies. The total double ionization
cross section of CHF; is about two orders of magnitude lower
than the single ionization cross section, which is comparable to
the respective ratio for the CF, molecule.

By addressing the double-ionization issue, the current study
provides more accurate counts of light ions coming from single-
ionization discriminated from ion pair events. Therefore, previous
studies reported higher numbers for the cross sections of light
ions, while current values for heavier ions are more consistent

with the measurements reported by Iga et al.>' and Torres et al.*
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This condition indicates a greater impact on single light-ion cross
sections, while the heavier ones are less affected by the lack of
pathway discrimination in earlier setups. The current methodol-
ogy corrects this, leading to lower but more accurate values.

3.3 Comparison of the cross-sections of CF, and CHF; molecules

In Fig. 15, the TOF spectra of CF, and CHF; molecules are
compared. As shown in Fig. 16f, the cross sections for the C*
ion in both molecules are comparable to each other. Based on
this evidence, the TOF spectra were normalized for the C* ion
fragment. As shown in Fig. 15, the amount of C" and F" ions are
similar for both molecules. On the other hand, CF" and CF,"
ions are more intense for CHF;, while CF;" ions are more likely
produced from the CF, molecule.

In Fig. 16, the absolute values of the single ionization cross
section for the CF, and CHF; molecules are compared for each
fragment ion, as well as the total ionization cross section. The
cross sections are similar in trend and shape to each other as
seen in Fig. 16a, but for the CF, molecule the absolute TICS is
slightly higher. In the fluorcarbon series the cross section
maximum increases with the molecular dipole polarizability o
and the number of valence electrons Z of the molecule®*®

according to opmax X VoaZ. The energy position of ¢y.x should
also increase, but this cannot be confirmed with the present
data which are too sparse around the cross section maximum.

Comparing the charged fragment cross sections relative to
the total single ionization cross section (see Fig. 17) following
conclusions can be drawn: the channel with the ejection of one
fluorine atom is strongly favored in the break up process for
both molecules. In CF,, the remaining channels have similar
weak intensities. In CHF; the ejection of two fluorine atoms
and the hydrogen emision are the next strongest channels.
Rather unlikely channels are the production of C" with a
complete break-up of the molecules with the ejection of several
neutral species.

The same analysis has been performed for the double
ionization channels of both molecules (see Fig. 18). At the
lowest impact energies the Coulombic channels CF;" + F', CF,"
+ F" and C(H)F," + F" dominate. At higher energies where all
double dissociate channels are open, these channels decrease
and the breakdown with the ejection of CF" + F' prevails.

4 Conclusion

This study of the electron impact ionization of CF, and CHF;
obtained consistent and reliable data for the production of
various ions, providing a comprehensive description of the
single and double dissociative ionization processes.

The experimental RIMS setup used in this study can effi-
ciently detect ions with fairly large kinetic energies over the full
solid angle, ensuring a comprehensive data collection. The ion—
ion coincidence technique allows for the identification of ions
resulting from doubly ionized states and their discrimination
from ions produced in single-ionization events. This distinc-
tion is crucial for obtaining accurate cross section data. In an
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earlier work, dissociative double ionization cross sections of
CHF; were not measured, and only a few respective works are
available for CF,. The benefit of improved detection resulted in
smaller cross sections compared to previous studies.

Refinements in experimental techniques and theoretical
models, along with comprehensive data sets, are essential to
advance the understanding and application of these relevant
molecular processes. All theoretical models and experimental
results represent significant efforts to improve the predictive
capabilities of total and partial single- and double-ionization
cross sections. The data are crucial for describing the environ-
mental impact of these greenhouse gases in the atmosphere
and application in plasma physics.
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The cross section data are given in tabular form in the article.
All raw data are available upon request made to the corres-
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