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The carbon tetrachloride molecule (CCl4) is considered to be a key molecule in electron attachment
studies where it is used as a calibrating compound. In the paper, the fragmentation of the CCl4 molecule
upon the electron capture is investigated. The low energy electron attachment to CCl4 was studied in the
electron energy range from about 0 up to 10 eV with an electron energy beam resolution of about 50 meV.
The electron attachment is shown to be a purely dissociative process for this molecule. In the experiment,
four anionic fragments were detected: Cl−, Cl−2 , CCl

−
3 , and CCl−2 . The most abundant anion fragments

formed through the dissociative electron attachment to CCl4 is Cl−. Based on the energetic properties
of the fragments involved in anion formation, the respective energy thresholds for the reactions leading
to the observed anion formation are provided and discussed. Additionally, rough values of cross-section
for the detected anion are estimated.
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1. Introduction

Since the explanation of the formation of the
ozone hole by the reaction of ozone with free halogen
radicals [1], an increase of scientific interest in the
generation of negative ion has been observed [2–6].

Electron–molecule interactions play an important
role in many areas of science and life. Detailed
knowledge of the processes occurring during the im-
pact of an electron on an atom and a molecule, is
a basic requirement for various research problems in
physics, biophysics, chemistry, atmospheric physics,
technology, etc. [7–10].

The interactions of a low-energy electron with
a molecule in the gas phase under the low-
pressure condition (when multiple collisions be-
tween molecules do not proceed) can be divided
into:
− direct scattering,
− resonant scattering.

In direct elastic scattering, the total kinetic en-
ergy of the electron–molecule system is retained.
In direct inelastic scattering process, the conversion
of the kinetic energy of the electron into the internal
energy of the molecule takes place. Energy trans-
fer changes the rotational and vibrational states of
the molecule. For this reason, direct inelastic scat-
tering causes predominantly electronic excitation of
the target molecule.

Resonant scattering occurs when an incoming
electron is trapped in the vicinity of AB molecule
for a time considerably longer than the time it takes
for an electron to fly a distance comparable with the
diameter of the molecule. In this case, the electron–
molecule system can be treated as an excited neg-
atively charged system — temporary negative ion
(TNI) denoted as (AB−)∗. Hence, resonant scatter-
ing could be considered as the attachment (capture)
of an electron to the molecule AB

e− + AB→ (AB−)∗. (1)
Such a process can proceed in the case of low-energy
interactions (usually below 10 eV) of electrons with
molecules. Obviously, the energy of TNI is higher
than the ground state energy of the molecule and
electron in the continuum state, so the temporary
negative ion is unstable. Energy excess in TNI can
most probably be released in two processes:

• autodetachment

(AB−)∗ −→

{
A + B−,

A− + B,
(2)

• dissociative electron attachment (DEA)

(AB−)∗ → e− + AB∗. (3)

In the DEA process, TNI dissociates into frag-
ments, one of which is an anion and the remain-
ing fragments are neutral. In such a situation,
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a characteristic peak is observed in the energy spec-
trum of the formed ions. The autodetachment pro-
cess causes the rejection of an additional electron.
Such a process is possible until the distance be-
tween the atoms in the molecule is smaller than
the cross point of the potential energy curves of AB
and (AB−)∗ (for more details see [11, 12]). Due to
the longer time for the electron to stay in the vicin-
ity of the molecule, after the electron detachment,
the molecule can be left in the excited vibrational
state. This is the case when TNI is characterized by
a substantial change in geometry compared to the
geometry of as neutral molecule. Thereby the elec-
tron capture changes the electron and nuclei motion
in the molecule.

According to the uncertainty principle, the TNI
lifetime is related to the energy width of the discrete
state of TNI. The lifetime of TNI depends on the
energy of the resonance and the size of the molecule.
It ranges from about 10−14 s for N−

2 to several
or hundreds of µs for large polyatomic molecules
(e.g. SF−

6 ) [13].
In the case of electron attachment, two quanti-

ties are important: the dissociation energy of the
molecule (D(AB)) and its electron affinity (EA).
A positive EA value indicates the existence of a sta-
ble anion in which an extra electron exists in the
bound state. In the case of a negative EA, the neg-
ative ion in the ground state in unstable in respect
to the extra electron ejection. Many molecules are
not able to form thermodynamically stable anions
(e.g. N2 or CO2), however, they can form short
living TNIs [13].

Taking into account the dissociative attachment
of an electron to the molecule, one can derive the
energy balance

AE(B−) = D(AB)− EA(B) + Ekin + Eexc,

(4)
where AE(B−) is the appearance energy of the
B− ion, D(AB) is the bond dissociation energy of
the AB molecule, Ekin is the kinetic energy of the
formed fragments (A and B−), Eexc is the excita-
tion energy of the generated fragments (A and B−).

In the present studies, the formation of nega-
tive ion as a result of electron attachment to car-
bon tetrachloride (CCl4) molecules in the gaseous
phase was investigated. This compound is of spe-
cial importance in the studies of the process of elec-
tron capture by molecules, because the formation
of the Cl− anion from CCl4 serves as a calibrant
fragmentation pattern. Many investigations proved
that the Cl− ion is formed by DEA (dissociative
electron attachment) to CCl4 at two resonant elec-
tron energies of about 0 eV and 0.8 eV [14–16].
Nevertheless, in most papers, only the formation
of Cl− in DEA to CCl4 is mentioned or described.
After an extensive search in the literature, only
three papers [11, 17, 18] were found with data re-
garding another DEA channels to CCl4. This paper
presents the results of anion generation from CCl4

Fig. 1. Schematic view of the electron attachment
spectrometer.

with a discussion of possible reaction channels lead-
ing to the ion formation and their energy thresholds.
The first values of cross-section for the formation of
the observed ions are estimated.

2. Experimental setups

In the free electron attachment by a molecule,
electron attachment spectroscopy (EAS) was ap-
plied. A schematic view of the apparatus is shown
in Fig. 1. In the EAS method, two crossed beams
of electron and molecules interact. The formed an-
ions are then analyzed using a mass spectrometer
— in most cases by a quadrupole mass filter. The
major advantage of the EAS apparatus is the pos-
sibility to measure the efficiency of the respective
ion formation as a function of the incoming elec-
trons energy, which allows to distinguish the types
of formed anions as well as their resonant energies.

Using the EAS method, partial cross-sections of
the electron attachment process leading to the spec-
ified ion formation can be measured. By summing
up all partial cross-sections, total cross-section can
be obtained. The great lack of the EAS technique is
the difficulty in direct measurements of the absolute
cross-section of the electron attachment. This diffi-
culty is associated with the problems of determining
the gas density in the interaction chamber, the gas
volume in which the electron–molecule interactions
proceed, the ion extraction efficiency from the in-
teraction chamber and the efficiency of anion trans-
mission and detection of the mass spectrometer.

For these reasons, the measured relative cross-
sections of DEA processes in experiments with
molecular beam are calibrated with the abso-
lute cross-sections obtained by the ETS tech-
nique. Comparative methods are also used for this
purpose, employing direct measurements of two
cross-sections for two compounds, one with the
known DEA cross-section and the other with the
unknown cross-section in the same experiment.
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Such useful and well-recognized compounds in the
electron attachment experiments are CCl4 and
SF6. The attachment of s-wave electron to these
molecules leads to the formation of long-lived par-
ent ions SF−

6 /SF6 [13, 19] or stable fragmentary ions
formed in the dissociative electron attachment —
Cl−/CCl4 [14–16].

CCl4 is the most frequently used calibrating gas.
Many investigations have proved that the Cl− ion is
formed by DEA (dissociative electron attachment)
to CCl4 at two resonant electron energies around
0 eV and 0.8 eV [14–16]. The first resonance (at
0 eV) could be used as the electron energy scale
correction. The formation of Cl− at 0.8 eV with
a well-known cross-section of 5 × 10−20 m2 [20] is
used to estimate cross-sections of electron attach-
ment to other molecules and atoms. In this method
of cross-section estimation, the ion signals of Cl−
at 0.8 eV and other ions formed in the DEA pro-
cess to the molecule under study are compared. In
the presented results, the method of cross-section
estimation was used.

The fundamental of all experimental techniques
in which the cross-section of DEA processes is de-
termined is the control of the energy of the captured
electron and its spread energy. For accurate results,
an electron beam with a low energy spread must be
used. It is especially important to obtain a beam
of electrons with very low energies close to 0 eV.
For the above reasons, electron energy monochro-
mators of different types are applied in experimen-
tal setups for the electron attachment studies. In
the present studies, the so-called trochoidal elec-
tron monochromator (TEM) was used. The main
feature of such type of monochromator is the appli-
cation of a magnetic field parallel to the direction
of the electron velocity. In such an arrangement,
electrons are guided by the magnetic field, hence
slow electrons with the energy close to 0 eV can be
admitted to the interaction chamber [21]. A pair
of Helmholz coils mounted outside the apparatus
generates the magnetic field, which is necessary for
the operation of TEM. Energy dispersion proceeds
in the region of crossed (at the right angle) elec-
tric and magnetic fields. In this region, electrons
with lower energy are deflected more strongly than
those with higher energy. Using displaced apertures
to and out of the dispersion region, electrons with
a narrow energy distribution are selected [22]. After
proper adjustment of TEM, an electron beam with
the energy of about 0 to 20 eV and the minimal
spread of about 30 meV (at full width at half max-
imum — FWHM) can be obtained. In the present
experiments, FWHM and the electron current were
∼ 50 meV and ∼ 10 nA, respectively. The elec-
tron energy resolution used represents a reasonable
compromise between product ion intensity and en-
ergy spread to resolve resonances in the measured
ion yields. TEM was continuously heated to the
temperature of 360 K in order to prevent surface
charging.

Fig. 2. Partial cross-sections for the all observed
anions in the case of DEA to CCl4.

The gas was introduced to the ion chamber
through a capillary with a small orifice (20 µm in
diameter) at its end. Ions formed due to electron–
molecule interactions were then extracted by ion op-
tics towards a quadruple mass spectrometer, where
they were analyzed with respect to the mass to
charge ratio (m/z). A channeltron was used for
the detection of selected anions. The carbon tetra-
chloride sample of 99% purity was purchased from
Sigma Aldrich.

3. Results and discussion

The present studies show that electron attach-
ment to carbon tetrachloride is a purely dissocia-
tive process with the formation of four anionic frag-
ments, namely Cl−, Cl−2 , CCl−3 , and CCl−2 . The
measured intensity ratios Cl−:Cl−2 :CCl

−
3 :CCl

−
2 (for

the most efficient resonances) are 100000:12:0, 65:0,
45. The parent anion CCl−4 is not observable in the
present experiment. The lifetime of this TNI anion
is determined to be 30 ps [23], while anions in the
mass spectrometer are detected in a few tens of µs
after being formed in the ion source. Moreover, by
studying the positive ionisation, Sierra et al. [24] de-
tected 7 types of ions: C+, Cl+, Cl+2 , CCl

+, CCl+2 ,
CCl+3 , and CCl2+3 and did not observe the parent
positive anion due to its low stability and fast dis-
sociative ionisation. The cross-section curves for all
negatively charged fragments observed from CCl4
in the electron energy range of about 0 to 10 eV are
presented in Fig. 2.
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TABLE I

The energetic properties of possible fragments from CCl4 (standard enthalpy of formation (∆H◦
f gas) and electron

affinity (EA)) [17, 25] as well as resonance and appearance energies (AE) (in the parenthesis) of the observed
anionic counterparts.

Molecule ∆H◦
f gas [eV] EA [eV] Resonance and AE [eV]

C 7.43 ± 0.005 1.26
Cl 1.26 3.61 0; 0.8(0.3); 3.9(3.2); 6(4.5) ±0.1

Cl2 2.5 ± 0.2 1.2(0.6); 6(5.2) ±0.1

CCl 5.2 0.04 or −0.14 [17]
CCl2 2.47 1.593 ± 0.006 6.2(5.2) ± 0.1

CCl3 0.78 2.16 ± 0.096 1.2(0.7) ± 0.1

CCl4 −0.99 ± 0.03 2.00 ± 0.2

Additionally, the appearance and resonant ener-
gies as well as the energetic properties (standard en-
thalpy of formation and electron affinity [17, 25]) of
the corresponding neutrals are collected in Table I.
A detailed discussion on the formation of all mea-
sured fragment anions will be provided in the next
paragraphs.

3.1. Cl−

The chlorine atom possesses the extremely large
electron affinity of 3.61 eV (see Table I), hence the
formation of the Cl− anion is the most efficient
in DEA to CCl4. The same situation was also ob-
served in the case of other chlorinated molecules, for
which Cl− was also the most abundantly formed an-
ion [18, 26–28]. The possible DEA channels leading
to the Cl− formation, together with the calculated
(based on the data from Table I) reaction energy
thresholds (∆Er), are
CCl4 + e→ Cl− + CCl3, ∆Er=− 0.58 eV,

(5)

CCl4 + e→ Cl− + CCl2 + Cl, ∆Er=2.37 eV,

(6)

CCl4 + e→ Cl− + CCl + Cl2, ∆Er=3.84 eV,

(7)

CCl4 + e→ Cl− + CCl + 2Cl, ∆Er=6.36 eV,

(8)

CCl4 + e→ Cl− + C + Cl2 + Cl, ∆Er=7.33 eV,

(9)

CCl4 + e→ Cl− + C + 3Cl, ∆Er=8.59 eV.

(10)

The reaction (5) is exothermic by 0.58 eV, whilst
the occurrence of other reactions is possible when
additional energy (from 2.37 to 8.59 eV) is supplied
to the system by an electron. The measured Cl−
signal shows that this anion is formed mostly in the
low energy region between 0 and 1.5 eV, with the

resonances at about 0 eV and at 0.8 eV with the ap-
pearance energies of 0 eV and 0.3 eV, respectively.
A closer inspection of the ion yield indicates an-
other weakly abundant features with the maxima
at 3.9 eV and 6.0 eV. The appearance energies AEs
derived from experimental data for resonances at
higher energies are 3.2 eV and 5.5 eV, respectively.
In comparison to the previous studies [11, 17, 18],
an additional resonance was observed at 3.9 eV.

Taking into account both, the experimental AE
and the obtained ∆Er, the first resonance peaking
at 0 eV corresponds to the reaction (5). The second
resonance with a maximum at 0.8 eV corresponds
to the dissociative electron attachment to an ex-
cited molecule. Its AE is significantly lower than
the thermodynamic energy threshold for the reac-
tion (6), hence this DEA channel is not accessible
to the formation of Cl− at 0.8 eV. In such a process,
the extra electron is bound to an electronically ex-
cited state of the neutral molecule and corresponds
to the reaction (5). This statement was also con-
firmed in earlier studies of the swarm experiment
by Modelli et al. [24] and in [17].

The resonance at the energy of 3.9 eV has a higher
experimental AE (of 3.2 eV) than ∆Er of the re-
action (6), whilst AE (4.5 eV) of the resonance at
6.0 eV is higher than ∆Er of the reaction (7). Con-
sidering the above, it can be assumed that the reso-
nance at 3.9 eV is related to the formation of CCl2
(reaction (6)), while DEA at 6.0 eV causes fragmen-
tation of the molecule leading to the formation of
CCl fragment (reaction (7)). However, the exact as-
signment of a given reaction channel to the observed
resonances requires additional research.

3.2. Cl−2

The formation of Cl−2 anion can be described by
the following reactions:
CCl4 + e→ Cl−2 + CCl2, ∆Er=0.96±0.2 eV,

(11)

CCl4 + e→ Cl−2 + CCl + Cl, ∆Er=4.95±0.2 eV,

(12)
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CCl4 + e→ Cl−2 + C + Cl2, ∆Er=5.92±0.2 eV,

(13)

CCl4 + e→ Cl−2 + C + 2Cl, ∆Er=8.44±0.2 eV.

(14)
It is worth emphasizing that there is no di-

rect bond between the chlorine atoms in the CCl4
molecule. Thereby, the formation of Cl−2 requires
not only fragmentation of the molecule, but also its
reorganization. Such a process of molecule reorgani-
zation has been observed before, e.g. the formation
of F−

2 from SF6 [30] or CH2F2 [31].
Two resonances leading to the generation of the

Cl−2 ion were observed in the experiments. The en-
ergetic maxima of these resonances are 1.2 eV and
6.0 eV and the corresponding appearance energies
are 0.6 eV and 5.2 eV, respectively. The energetic
positions of these resonances are in good agreement
with those observed previously [11, 17, 18]. Taking
into consideration the thermodynamic thresholds of
the specific DEA channels, it can be assumed that
the low-energy resonance can be described by the
reaction (11) if we consider the uncertainties of AE
and the ∆Er estimations. The formation of Cl−2
at 6.0 eV is most likely associated with the DEA
reaction (12).

3.3. CCl−3 and CCl−2

The generation of CCl−3 and CCl2 anions is asso-
ciated with the formation of their neutral counter-
parts Cl and Cl2, respectively. Therefore, the forma-
tion of these ions competes with the generation of
their respective counterpart anions. As can be seen
in Table I, the electron affinity values of CCl3 and
CCl2 are significantly lower than the correspond-
ing values for Cl and Cl2. This fact causes that the
abundances of CCl−3 and CCl2 anions are definitely
lower than in the case of anions generated in com-
peting DEA channels (see (5) and (11)).

The complementary anion to Cl− with respect
to breaking of the C–Cl bond is the anion CCl−3 .
The following reaction channel can be considered for
its formation with a respective calculated reaction
threshold

CCl4 + e→ CCl−3 + Cl, ∆Er = 0.87 eV.

(15)
In the present experiment, cross-section of the

CCl−3 formation is characterized by only one res-
onance peaking at 1.2 eV. For this resonance, AE
is 0.7 ± 0.1 eV. The ∆Er value of the reaction
(15) exceeds the observed AE of this channel by
about 0.07 eV (if uncertainty is taken into consid-
eration). Kumar et al. [17] calculated ∆Er of the
reaction (15) to be 0.79 eV. This shows that there
are some additional uncertainties in the ∆Er esti-
mation, at least for this channel. Additionally, it
should be added here that in the present study, the
resonance at 6.1 eV (described by Kumar et al. [17])
was not detected. This resonance was not observed

in other previous studies of DEA to CCl4 [11, 18].
This may be due to the lower efficiency of the elec-
tron capture process in the currently used electron
beam apparatus with an energy spread of 50 meV,
as opposed to the previously used ones, where this
spread was greater than 100 meV. Another possible
reason for this may be the extraction discrimination
of the ion optics of the quadrupole filter of the ions
with higher kinetic energies. For the resonance at
6.1 eV, the fragments will have about 6 eV of excess
energy, which can be divided into the excitation en-
ergy as well as the kinetic energy of the molecules
involved in the DEA process.

The CCl−2 anion may be formed via the following
reaction channels:

CCl4 + e→ CCl−2 + Cl2, ∆Er = 1.87 eV,

(16)

CCl4 + e→ CCl−2 + 2Cl, ∆Er = 4.39 eV.

(17)
In the present study, the anion CCl−2 was ob-

served in one resonance energy region peaking
at 6.2 eV. The estimated AE value for this reso-
nance is 5.2 eV. This shows that both DEA chan-
nels are accessible to formation of CCl−2 at this res-
onance. The same resonance was also observed pre-
viously. Nevertheless, in earlier studies, another res-
onance was also observed with a maximum between
1.65 to 1.8 eV and the value of AE between 0.9 to
1.2 eV [11, 17, 18]. Kumar et al. [17] give the value
of ∆Er for this resonance to be in the range from
1.6 to 1.71 eV, which is also far too high (even tak-
ing into account the possible uncertainties of ∆Er)
to be responsible for this anion generation at the
low energy resonance.

4. Conclusions

Using electron attachment spectroscopy, DEA to
carbon tetrachloride in the gas phase was studied.
In the electron energy range of about 0 to 10 eV,
four complementary anionic species: Cl−, CCl−3 ,
Cl−2 , and CCl−2 , were detected. The most abundant
anion was Cl− with an estimated cross-section of
the order of 10−18 m2. The other anions are formed
at much lower cross-section in the range of 10−22 to
10−23 m2. The resonance energies at the formation
of individual anions also have similar values, i.e., an-
ions are formed at the electron energies of around 0,
0.8, 1.2, 3.9, and 6 eV. Additionally, for the obtained
anions, a detailed discussion of the fragmentation
channels leading to their formation was conducted.
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