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Absolute total-cross-section measurements for intermediate-energy electron scattering
on CF,, CCIF;, CCl,F,, CCL;F, and CCl,
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The total cross sections of chlorofluoromethane molecules were measured in the 75-4000-eV range.
A comparison is given with existing experimental and theoretical data. The present data and previous
measurements in the 15-50-eV range were fitted with a Born-like formula. This simple fit allows the
cross sections to be reproduced within experimental errors. Phenomenological double Yukawa scatter-
ing potentials can be derived from the formula. A short discussion for the total-cross-section partition-

ing is given for CF,, CF,Cl,, and CCl,.
PACS number(s): 34.80.Bm, 34.80.Gs

I. INTRODUCTION

Halogenated methanes are artificial gases of wide tech-
nological diffusion. Large-scale use has been made of
them in refrigeration machines, in the manufacture of
plastic foams, and as propeller gases. More sophisticated
uses range from plasma (reactive ion beam) etching in the
semiconductor industry [1] to discharge switches [2].
The high electron-attachment cross sections of
chlorofluoromethanes make them particularly suitable as
dielectrics in high-voltage equipment [3].

Only in recent years has the responsibility of halo-
genated methanes in the destruction of high-troposphere
ozone been recognized [4]. At about the same time, the
high potential of these gases for greenhouse warming was
evidenced [5]. The atmospheric chemistry, the optical
properties and the macroscopic behavior of these gases is
obviously related to their molecular structure. This in
turn is reflected in the electron-scattering cross sections.
Apart from a number of electron-attachment experiments
[6-8], relatively few cross-section measurements exist for
these gases, and semiempirical approaches [9-11] are fre-
quently used to model the discharge parameters.

The total cross sections for electron scattering on CCl,,
CClyF, CCLF,, CCIF;, and CF, at low energies (1-50 eV)
have been obtained in a time-of-flight experiment by
Jones [12]. Normalized total cross sections up to 400 eV
have been published by Sueoka and co-workers for CCl,
[13] and CF, [14]. Differential elastic cross sections at
several energies between 75 and 400 eV have been mea-
sured for CCl, [15] and in a recent experiment [16] for
CF, up to 700 eV. The relatively simple molecular struc-
ture of halogenated methanes allows them to be suggest-
ed as a benchmark for comparison between theory and
experiment. In spite of this, a few theoretical calcula-
tions concern mainly elastic scattering in the low-energy
range [17,18]. The recent calculation of Baluja et al. [19]
has been performed for intermediate energies.

In the present work, absolute total cross sections for
CCl,, CCLF, CCLF,, CCIF;, and CF, have been mea-
sured by the transmission method in the 75-4000-eV en-
ergy range.

II. APPARATUS AND METHOD

The apparatus used to perform the present measure-
ments has already been described in our previous works
[22-22]. We will only summarize the parameters relevant
to the quality of the measurements. The apparatus was a
modified version of the Ramsauer setup. A two part
scattering chamber allowed an angular acceptance of
3.4X 10~ %sr to be reached. Both the current transmitted
to the collector and the scattered current were measured
to obtain the cross-section value. This technique de-
creases the sensitivity of the apparatus to external distur-
bances and noise. The apparatus was differentially
pumped and a diverter valve [23] was used to produce a
constant background pressure during the measurement
cycle. The cross section was computed with a modified
de-Beers law (see [20]). The measurements were made at
room temperature; the temperature of the capacitance-
manometer head followed the temperature of the scatter-
ing chamber within 0.1 °C.

The absolute errors are evaluated as in Ref. [20]. The
quadratic sum of all the systematic errors (apart from the
angular resolution error) yields less than 3% for all gases.
The lack of differential cross-section measurements for
energies above 1000 eV did not allow the magnitude of
the angular resolution error at the high-energy limit of
our data to be evaluated. On the basis of existing data we
were able to evaluate this error as 0.4% of the total cross
section at 700 eV for CF, and about 0.4% at 400 eV for
CCl,. The assumption of a 1/E dependence of this error
is reasonable [24]. The angular resolution error may be
slightly higher for CFCl,;, CF,Cl,, and CF;Cl, which are
polar molecules.

The random errors were less than 2.5% for CF,,
CF;Cl, and CF,Cl,. They were higher (within 3%) for
CCl, and CCI;F, which showed a larger pressure-reading
instability. For these gases, longer evacuation times were
necessary and statistical fluctuations affected our data to
a higher extent. We should also stress that, due to the
small values for the vibrational constants in the CCl,
molecule [25], at ambient temperature a considerable
fraction of the molecules is in nonzero vibrational states.
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TABLE 1. Total cross sections for electron scattering from the present experiment (in units of 10~2°
m?). In parentheses are given standard deviations of the mean values (in %).

Energy
(ev) ccl, CCLF CL,CF, CCIF, CF,
75 38.2 (1.8) 35.0 (0.4) 30.9 (0.8) 24.0 (1.1) 19.9 (1.1)
80 37.0 (1.9) 24.0 (0.6) 29.9 (0.8) 23.5 (0.8) 19.9 (1.1)
90 36.1 (2.1) 33.0 (0.7) 28.6 (0.8) 22.5 (0.9) 19.2 (1.2)
100 36.6 (1.4) 31.3 (1.2) 27.4 (1.1) 22.7 (0.4) 18.5 (0.6)
110 35.0 (1.3) 31.0 (1.9) 26.2 (1.0) 22.0 (0.7) 18.2 (0.7)
125 34.2 (1.3) 299 (1.4) 24.6 (1.4) 20.8 (0.6) 17.0 (0.7)
150 31.0 (1.2) 27.3 (2.5) 22.9 (1.0) 19.3 (0.7) 16.3 (1.4)
175 28.9 (1.2) 26.1 (2.6) 21.7 (0.4) 18.1 (0.9) 15.5 (1.2)
200 28.0 (1.6) 23.9 (2.1) 20.7 (0.4) 17.0 (0.9) 14.4 (1.4)
225 25.6 (1.1) 22.5 (0.7) 19.1 (0.8) 16.0 (1.0) 13.2 (0.9)
250 244 (1.0) 21.2 (0.7) 18.4 (0.3) 15.0 (0.6) 12.7 (0.7)
275 235 (1.5) 20.7 (1.3) 17.7 (0.3) 14.4 (0.2) 12.1 (1.0)
300 22.6 (1.3) 20.0 (1.1) 17.0 (1.2) 13.9 (1.1) 11.6 (1.2)
350 20.8 (0.5) 17.7 (1.3) 15.2 (0.3) 12.4 (0.3) 10.8 (0.5)
400 19.4 (0.7) 16.7 (1.5) 14.1 (0.2) 11.5 (0.3) 10.0 (0.6)
450 17.9 (0.5) 16.0 (2.5) 13.1 (0.4) 10.7 (0.5) 9.37 (0.6)
500 16.4 (1.9) 14.6 (2.2) 12.2 (0.5) 9.92 (0.4) 8.47 (0.4)
600 14.7 (1.8) 13.0 (1.4) 10.8 (0.4) 8.90 (0.4) 7.48 (0.4)
700 13.3 (2.2) 11.8 (1.8) 9.77 (0.3) 7.98 (0.3) 6.74 (0.4)
800 12.5 (2.8) 10.6 (0.8) 8.98 (0.5) 7.27 (0.5) 6.22 (0.7)
900 11.1 (2.8) 9.65 (0.6) 8.21 (0.3) 6.79 (1.0) 5.71 (0.8)
1000 10.3 (2.1) 9.02 (0.7) 7.61 (0.3) 6.45 (1.1) 5.26 (0.9)
1100 9.41 (3.4) 8.58 (1.5) 7.01 (0.4) 6.05 (1.1) 4.87 (0.9)
1250 8.69 (1.8) 7.72 (1.0) 6.34 (0.2) 5.56 (1.0) 4.37 (0.6)
1500 7.55 (2.1) 6.71 (0.8) 5.45 (0.2) 4.86 (1.1) 3.81 (0.6)
1750 6.79 (2.2) 5.88 (1.0) 4.80 (0.3) 4.19 (1.1) 3.21 (0.4)
2000 5.95 (0.8) 5.17 (0.7) 4.32 (0.2) 3.72 (0.6) 2.94 (0.6)
2250 548 (0.9) 4.63 (0.9) 3.85 (0.2) 3.29 (1.3) 2.64 (0.7)
2500 00 (1.0) 4.21 (1.3) 3.50 (0.2) 3.05 (1.3) 2.39 (0.7)
2750 460 (1 1) 4.01 (1.1) 3.20 (0.3) 2.82 (1.2) 2.21 (0.9)
3000 4.32 (1.6) 3.59 (1.1) 2.96 (0.3) 2.63 (1.1) 203 (1.1)
3250 3.96 (1.6) 3.39 (0.8) 2.74 (0.6) 2.50 (0.5) 1.88 (1.0)
3500 3.70 (1.7) 3.19 (0.8) 2.59 (0.3) 2.35 (1.1) 1.77 (1.3)
4000 3.40 (1.3) 2.87 (2.3) 2.31 (0.3) 2.04 (0.3) 1.51 (0.4)
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Table I gives the values of the cross sections measured :—6 0+ . ——
for the five halogenated methanes from 75 to 4000 eV. 0 100 1000
The cross sections investigated fall monotonically in the Electron energy (eV)
entire energy range. Between 100 and 4000 eV their ab- FIG. 1. Total and partial cross sections for electron-CF,

solute values change by a factor larger than 10. At any
given energy, the cross sections diminish going from CCl,
to CF,, the latter molecule showing values roughly half
of those of CCl,.

Present results for CCl,, CCL,F,, and CF, are com-
pared with other total-cross-section data and with avail-
able partial cross sections in Figs. 1-3. Figures for

scattering. Experimental data on total cross sections: present,
absolute; Jones (Ref. [12]), absolute, corrected for the energy-
dependent error, as explained in the text; Sueoka, Mori, and
Katayama (Ref. [14]) normalized. Ionization: Mark et al. (Ref.
[29]), absolute; Ma, Bruce, and Bonham (Ref. [30]), absolute.
Elastic: Sakae et al. (Ref. [16]), absolute. Theory: Huo (Ref.
[17]); Baluja et al. (Ref. [19]).
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FIG. 2. Total and partial cross sections for electron-CCl,F,
scattering. Total cross sections as in Fig. 1. Experimental ion-
ization: Leiter et al. (Ref. [31]), absolute; Pejéev, Kurepa, and
Cadez (Ref. [32]), absolute.

CCIF; and CCL,F are not given since no other measure-
ments or theories are available for these gases. The re-
sults of Jones [12] at the high-energy limit of his ap-
paratus are influenced by scattering on the exit apertures;
this (together with an angular resolution error) causes an
underestimation of his total cross sections [34]. There-
fore, in Figs. 1-3 we present the data of Jones, which has
been corrected by an energy-dependent coefficient. We
adopted a coefficient changing linearly with the energy,
from 0.9% at 10 eV to 7% at 50 eV, in accordance with
the systematical uncertainty bars given by Jones [12].

A direct comparison with the results of Jones [12] is
difficult, since the two data sets do not overlap. We tried
to measure CCL;F down to 50 eV, which is practically
outside the energy range of our apparatus. At such low
energies, stray magnetic fields and beam current instabili-
ties cause higher statistical errors, which usually tend to
overestimate the real cross-section value. At 50 eV, we
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FIG. 3. Total and partial cross sections for electron-CCl,
scattering. Total as in Fig. 1. Experimental ionization: Leiter
et al. (Ref. [33]), renormalized by the authors (see text). Elastic:
Daimon, Kondow, and Kuchitsu (Ref. [15]) normalized
differential cross sections, integrated by the authors.
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found a cross-section value of 40.2X 1072 m?, which is
5% higher than the corrected Jones results. Taking into
account the combined error, the agreement between these
two measurements is quite satisfactory. For the remain-
ing gases, a visual extrapolation of our results down to 50
eV suggests a good matching with the measurements of
Jones, as can be seen from Figs. 1-3.

CCl, and CF, total cross sections were measured by
Sueoka and co-workers [13,14] in the 1-400-eV energy
range. The data of Sueoka is 15-20 % lower than the
present data in the whole overlap energy range. At lower
energies, the same disagreement is observed between the
data of Sueoka and the results of Jones in [12]. This
discrepancy, constant versus energy, can be explained by
an ambiguity of the normalization procedure in the ex-
periments of Sueoka and co-workers.

In the case of CF,, our data are in good agreement
with the optical model results of Jain and co-workers [19]
in the whole energy range. The agreement for this rela-
tively large molecule is even better than the agreement
found between our measurements and Jain’s previous cal-
culations for NH;, CH,, and SiH, (see Ref. [22]). Howev-
er, at low energies, the calculations of Jain and co-
workers [19] substantially exceed the experimental values
of Jones [12]. As existing calculations for CF, in the
low-energy region [17-19] give results differing by a fac-
tor of 2, much room remains for possible improvements
in the theory.

IV. PHENOMENOLOGICAL FIT
TO THE CROSS-SECTION DATA

In our previous work for intermediate-energy electron
scattering on hydride molecules (CH,, SiH,, NH,, H,O,
H,S) [22], we reported that the total cross sections of
these gases can be well approximated by the formula

1

o(E) A+ BE (1)
for energies higher than 200 eV. An attempt to use the
same formula to fit the experimental points for
chlorofluoromethanes showed that only the CF, cross
section is described accurately by Eq. (1) down to our
lowest measured energy (75 eV). The cross sections of
our four chlorofluoromethanes show this simple behavior
at higher energies only.

It is known that Eq. (1) has the same energy depen-
dence of the Born approximation for the elastic scatter-
ing on a Yukawa potential [35]. The shape of the cross
sections of the four heavier chlorofluoromethanes sug-
gests that the cross section sums up from a Born-like
term dominating at energies higher than a few hundred
eV plus a second term significant at the low energy only.
If the hypothesis is made that both terms can be de-
scribed by a Born-like approximation to the scattering
from a double Yukawa potential,

v

r 2
- +—r exp

V(=
r , €XP a

, ()
1

the resulting formula for the cross section contains two
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FIG. 4. Comparison of the total cross sections for electron-
chlorofluoromethanes scattering in the 10-4000-eV energy
range. Experimental points, closed symbols; present, open sym-
bols; Jones (Ref. [12]), corrected. Curves: semiempirical fit [see
Eq. (3)], with parameters as in Table I.

terms of the form (1) plus a cross term:

o(E)= Al-i-lB,E A2+132E
2 (A,4,)'? 1+B,E/A,
E A,B,—A,B, "1+B,E/A, "’ )
where

" 2mmafv?

S M—
" 16mm?afv?

Equation (3) closely reproduces the measured total
cross sections of the chlorinated halomethanes down to a
few tens of eV. The best fitting curves lie entirely within
our error bars and within the symmetrized (see preceding
paragraph) error bars of Jones. The curve on the CF,
cross-section data was obtained by fitting Eq. (3) to the
present results. The fit reproduces our measurements
within the error bars: it fails to reproduce the experimen-
tal data below 75 eV.

The best fit values A4;,B; allow the corresponding V;,a;
values to be reconstructed in Eq. (2). We noted that the
best fit values for a, range from less than 2 to about 50
a.u. Values in this range are compatible with the mea-
surement errors for all chlorofluoromethanes. In particu-
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lar, a, values in the range of a few atomic units are ac-
ceptable for all the gases. Based on this indetermination,
we have arbitrarily constrained the fitting algorithm to
keep the a, values fixed at the molecular radii as derived
from the coefficients of van der Waals [36] (see Table II,
column 1). The following discussion is not biased in its
qualitative aspects by this arbitrary choice. Column 2
gives the polarizabilities of the five halocarbons.
Columns 3-6 report the a;,B; values obtained with the
fitting procedure described above; columns 7-9 give the
corresponding values for V,V,, and a;. The ¥, and a,
values obtained with the unconstrained fitting procedure
are very nearly the same as those reported in Table II.

V. PARTITIONING OF THE TOTAL CROSS SECTION

A number of processes, both elastic and inelastic, con-
tribute to the total cross sections (TCSs) at intermediate
energies. Both the energy dependencies and the magni-
tudes of partial cross sections differ for every specific pro-
cess. Different semiempirical expressions describing
these dependencies are still far from being commonly ac-
knowledged [37]. Usually, the partial cross sections ob-
tained from experiments have to be normalized in order
to get absolute values. Additionally, the precision of the
measurements is inferior to that achieved in total-cross-
section experiments. The comparative analysis of the
partitioning of the total cross sections can help to verify
absolute values of the partial cross sections, to under-
stand more fully the interactions between specific chan-
nels and to point out common features for groups of tar-
gets.

In our recent study on hydrides (CH,, NH;, H,O,
SiH,) [22], we noticed that, in spite of the fact that the
absolute values of total and of partial cross sections for
different gases differ significantly, the relative contribu-
tions of separate processes to the total cross section ex-
hibit common features. The relative contribution of ion-
ization rises rapidly from the threshold up to about 200
eV. This rise is accompanied by a rapid fall of the elastic
contribution. Around an energy of 200 eV both elastic
and ionization cross sections amount to about 40% of the
TCS; above this energy the ionization cross section is
predominant. At higher energies the changes in parti-
tioning are less rapid.

Experimental results for chlorofluoromethanes are only
fragmentary; nevertheless, the agreement between

TABLE II. Coefficients of the fit of the total cross section from the present experiment to Eq. (3), as explained in the text (4, in
units of 10°° m ™2, B; in units of 10?° keV ™' m~?); coefficients of the derived phenomenological potential; columns 1 and 2 give molec-
ular radii derived from van der Waal’s coefficients (Ref. [36], Table 6.48) and polarizabilities (from [36]).

Mol. Polari- Fit parameters Potential parameters

radii zability Vi a, V,
Molecule (a.u.) (a.u.) A,y B, A, B, (a.u.) (a.u.) (a.u.)
CF, 3.48 25.9 0.043 0.16 0.013 47.8 101 0.110 0.189
CF,Cl 3.79 37.7 0.037 0.12 0.0098 41.7 127 0.104 0.186
CF,Cl, 4.02 52.7 0.030 0.11 0.0038 18.3 129 0.108 0.266
CFCl, 4.20 65.7 0.027 0.087 0.0022 12.0 151 0.103 0.313
CCl, 4.38 75.6 0.025 0.074 0.0017 10.2 168 0.0996 0.325
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different sets of data is better than for hydrides. The
available partial cross sections are reported in Figs. 1-3.
The recent ionization-cross-section measurements of
Mirk et al. for CF, [29] and CF,Cl, [31] allowed nor-
malization factors to be obtained, also bringing former
data [33,38] into agreement with both other experiments
[30] and the semiempirical calculations [37].

According to the data of Mark and co-workers
[29,31,33], the relative contribution of the ionization
cross sections to the 175-eV TCS is equal for all three
gases CCl,, CCL3F, and CF,: about 37%. An even small-
er contribution results from the most recent measure-
ments of Ma, Bruce, and Bonham [30]: 31% for CF, at
175 eV. The ionization share is smaller for
chlorofluoromethanes than for CH,, where, according to
different sets of data, the ionization contributes between
45 and 50% (see Ref. [22] and recent data by Djuri¢ [39]).
This difference can be explained by the fact that no stable
parent molecular ions have been observed for
chlorofluoromethanes, whereas for hydrides the parent
ionization is predominant.

The elastic-scattering contribution was evaluated for
CF, from differential-cross-section measurements of
Sakae et al. [16]. It diminishes from about 70% at 75 eV
to 60% at 200 eV and 55% at 700 eV. As a possible er-
ror in the measurements of Sakae et al. is 9%, one has to
conclude that, within the experimental uncertainties, the
recent elastic- and ionization-cross-section data sum up
to the upper limit set by our total-cross-section values.
The contribution from the elastic channel at 700 eV is
surprisingly high. For H,0O and CH,, elastic scattering at
this energy amounts to only 40% of the total cross sec-
tion (see [22]). This comparison also indicates that the
contribution from electronic excitation is negligible at en-
ergies above 100 eV. In fact, the measurements of elec-

tron impact excitation cross sections [40-42] show that
electronic excitations contribute less than 4% of TCS at
100 eV and less than 1% at 400 eV.

For CCly, to our knowledge, the only measurements of
elastic scattering are the data of Daimon, Kondow, and
Kuchitsu [15]. As this data is normalized to the
independent-atom-model calculations, they tend to be
more reliable at high energies. According to these re-
sults, the 400-eV elastic cross section amounts to almost
80% of the total. This is in some disagreement with the
ionization measurements. At lower energies, the results
of Daimon, Kondow, and Kuchitsu are evidently overes-
timated: at 75 eV they exceed the measured total-cross-
section value.

In spite of the experimental uncertainties, there is
enough evidence to assess a different partitioning scheme
for hydrides and chlorofluoromethanes. For the latter
gases, elastic scattering is the dominant part of TCS’s, at
least up to energies of several hundred eV. Most prob-
ably, this results from the electronegative character of
fluorine and chlorine, which are the outer atoms in the
examined molecules. The measurements of ionization
cross sections for different chlorofluoromethanes at ener-
gies of several hundred eV would be especially useful to
confirm this particular partitioning scheme.
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