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Determination of the Momentum Transfer Cross-section for the Cl2 Molecule
in a Plasma Discharge Simulation
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An electron collision cross-section is necessary for modeling electron diffusion in a plasma reactor.
We have determined the electron collision cross-sections included with the momentum transfer
cross-section for Cl2 molecule. The electron drift velocities have been calculated in a 20% Cl2-He
mixture and in pure Cl2 by using the determined cross-sections and a two-term approximation of
the Boltzmann equation for the energy. The results agree well with available experimental data for
the electron drift velocity over a wide range of reduced electric fields, E/N (ratio of the electric field,
E, to the neutral number density N). The present cross-sections may be important for quantitatively
modeling of related plasmas.
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I. INTRODUCTION

Chlorine (Cl2) is an element of the halogen family and
is estimated to account for 0.15% of the Earth’s crust.
Cl2 is one of the most widespread elements as it occurs
naturally in seawater, salt lakes and underground de-
posits, but it usually occurs in a safe form as common
salt. Because Cl2 is heavier than air, it tends to accu-
mulate at the bottom of poorly ventilated spaces. Cl2
gas is a strong oxidizer, which may react with flammable
materials. Cl2 is a highly toxic gas, and very reactive
element which practically does not exist by itself in na-
ture, but only in combination with other elements. Cl2 is
a greenish-yellow, noncombustible gas at room tempera-
ture and atmospheric pressure. Cl2 is also of atmospheric
and environmental interest.

In recent years, molecular Cl2 has been of great in-
terest because of its wide application to high-power ul-
traviolet lasers, such as rare-gas halide laser. Molecu-
lar Cl2 is an important gas in plasma processing and in
excimer lasers. It is used in plasma etching of semicon-
ductors where the Cl atoms produced in a gas discharge
efficiently etch a silicon surface.

There were three published attempts at assembling a
complete cross-section set [1–3]. These used a combina-
tion of beam experiments and theoretical cross-sections
for elastic scattering, momentum transfer, vibrational
excitation, electronic excitation, dissociation excitation,
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dissociative electron attachment and ionization, vibra-
tional excitation and electronic excitation. All combined
a large number of swarm calculations for Cl2. None,
however, presented the electron drift velocity for pure Cl2
and Cl2 in binary mixtures with other gases even though
published measurements were available. These studies
neglected the rotational excitation and Christophorou
and Olthoff [3] additionally neglected the total excita-
tion cross-sections for the Rydberg 1Πu and 1

∑+
u states.

Furthermore, in recent years, there has been a growing
interest in determining the vibrational cross-section [4,5]
and the ionization cross-sections of the Cl2 molecule by
using theory and experimental method [6–10]. Thus, the
electron collision cross-sections for the Cl2 molecule need
to re-determine for a plasma discharge simulation.

In the present study, we have succeeded in determining
one complete set of momentum transfer cross-sections for
the Cl2 molecule. The electron drift velocities have been
calculated with the determined set in a 20% Cl2-He mix-
ture and in pure Cl2 by using a two-term approximation
of the Boltzmann equation for the energies. The present
set should be important for quantitative modelings of re-
lated plasmas. We have also determined a set of electron
collision cross-sections for the Cl2 molecule, which may
be considered to be the best available for quantitative
modeling of a plasmas discharge simulation for process-
ing with materials containing Cl2 molecules.
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II. A SET OF ELECTRON COLLISION
CROSS-SECTIONS WITH THE CL2

MOLECULE

The set of electron collision cross-sections for the Cl2
molecule consists of cross-sections for momentum trans-
fer, excitations of rotational, vibrational, and electronic
states, dissociation, ionization and dissociative attach-
ment. These cross-sections are discussed separately be-
low.

The momentum transfer cross-section, Qm, was as-
sumed by Rogoff et al. [1]. These results are compared
with the close-coupling calculation result of Rescigno
[11]. Of the available values for Qm, the coupled-states
calculations of Rescigno [11] are preferred because they
are not model dependent and because of the agreement
between Rescigno’s calculations and the measured values
of the total elastic-scattering cross-section and the total
dissociation cross-section.

Rotational excitation cross-sections, Qrot, of Cl2
by electron impact can be either direct or indirect
via the formation of short-lived negative ion states.
These have been measured [12] and calculated [13,14].
Christophorou and Olthoff [3] compared the calculated
values of the close-coupling rotationally-summed differ-
ential electron scattering cross-sections [13] with the ex-
perimental values [12] for various incident electron ener-
gies. The agreement is good, adding credence to the cal-
culation and the underlying assumptions. Of the avail-
able values for Qrot, therefore, the rotational excitation
channel 0 → 6, with a threshold energy of 1 eV, is chosen
from the theoretical results of Kutz and Meyer [13].

The vibrational excitation cross-sections, Qvib, for Cl2
are important in efforts to model plasma reactors due
to their substantial effect on the electron energy distri-
bution function [3]. So far, the available data sets for
vibrational excitation of Cl2 have been extracted from
the swarm parameter measurements [1,15] or have been
derived by Christophorou and Olthoff [3]. Recently, the
vibrational excitation of Cl2 on the basis of ab-initio
R-matrix calculations was also performed [4,5]. Of the
available values for Qvib, the total cross-section for the
vibrational excitation of Cl2 is chosen from the semi-
empirical results of Ruf et al. [4] with the total cross-
section for vibrational excitation of Cl2 via the three
lowest anion (2

∑+
u , 2

∏
g, and 2

∏
u) resonances from

threshold energy, 0.069 eV, to 9 eV.
To our knowledge, there have been no measurements

of the cross-sections for electron-impact excitation of the
electronic states of Cl2. Over the last few years, there
have been three calculations of cross sections for some
of the lowest excited electronic states of Cl2 [1,11,15].
Rescigno [11] carried out coupled-channel calculations of
dissociative excitation over the energy range from 4.35
eV, which is just above the threshold for exciting the
1Πu state, to 30 eV. Rescigno’s cross-section is consistent
with Cosby’s measurements [16] of the fragment energy

Fig. 1. Set of electron collision cross-sections for the Cl2
molecule. The broken and the solid curves show the initial
cross-sections and the present cross-sections, respectively.

release, which is dominated by a broad peak centered at
1 eV. In the present study, therefore, the total dissocia-
tion excitation cross-section (Qdiss) and the total cross-
sections for excitation of the Rydberg 1Πu and 1

∑+
u

states (Qex) with threshold energies of 2.5 eV and 9.25
eV [11,17], respectively, are chosen from the theoretical
results of Rescigno [11].

Dissociative electron attachment to Cl2, Qa, is rather
simple in its products: only Cl− is produced directly.
The only absolute measurement of Qa is that of Kurepa
and Beĺıc [18]. They covered the energy range from 0
to 13.0 eV and have an uncertainty of ±20%. They ob-
served weak process between 9 and 11.5 eV that was not
observed by Azria et al. [19] . The relative cross-section
for the production of Cl− from Cl2 was determined in a
higher-energy resolution study by Tam and Wong [20].
These data have been normalized to the Kurepa and
Beĺıc [18] cross-section at 2.5 eV. Recently, the dissocia-
tive electron attachment was also investigated by Ruf et
al. [4] , Kolorenč and Horáček [5] and Golovitskĭı [21]. Of
the available values for Qa, the dissociative attachment
cross-section of Cl2 is chosen from the experimental re-
sults of Kurepa and Beĺıc [18].

The ionization cross-section for Cl2, Qi, has been mea-
sured [18,22,23] and calculated [3,6-10]. Basner and
Becker [10] measured the absolute total ionization cross-
section of Cl2 obtained as the sum of all measured partial
ionization cross-sections over a wide energy range from
threshold to 900 eV. Of the available values for Qi, there-
fore, the ionization cross-section of Cl2 is chosen from the
experimental results of Basner and Becker [10], with the
absolute total obtained as the sum of all measured par-
tial ionization cross-sections over a wide energy range
from threshold, 11.48 eV, to 900 eV.

Based on these discussions, recommended data for the
initial electron collision cross-section set of Cl2 molecular
gas are presented in Fig. 1 as the broken curve.
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Fig. 2. Electron drift velocity, W, as a function of E/N
for a 20% Cl2-He mixture. The broken and the solid curves
show values calculated using a two-term approximation of the
Boltzmann equation with the initial cross-section set and with
the present cross-sections set, respectively, for a Cl2 molecule
(Symbol: •, measured results in the 20% Cl2-He mixture of
Ref. 27).

III. RESULTS AND DISCUSSION

The method for the present analysis was almost the
same as that used by Jeon [24,25] to derive a set of
electron collision cross-sections for the oxygen molecule
and for the perfluoropropane molecule by using the
Boltzmann equation. The initial electron collision cross-
sections with the Cl2 molecule will be used to simulate
the electron drift velocity in pure Cl2 and in binary mix-
tures with He gas in modeling a plasma discharge for
processing with materials containing Cl2 molecules. The
cross-sections set for the He atom used was that deter-
mined by Itoh and Musha [26].

1. Electron Drift Velocity

The results for the electron drift velocity, W, as a func-
tion of E/N (ratio of the electric field, E, to the neutral
number density N) in the 20% Cl2-He mixture and in
pure Cl2 calculated using the set of initial cross-sections
for the Cl2 molecule are shown in Figs. 2 and 3 by the
broken curves, respectively. There were deviations ex-
ceeding the experimental error limit in the 20% Cl2-He
mixtures and in pure Cl2. These percentage deviations
of the W values are shown by the open symbols in Fig.
4. The W values in Fig. 2 calculated for the 20% Cl2-
He mixture deviated significantly from the measurement
over the entire E/N ranges. The corresponding mean
electron energy range is 1.4 - 4.0 eV. The W values in
Fig. 3 calculated for the pure Cl2 gas also deviated sig-
nificantly from the measurement over E/N < 170 Td (1
Td = 10−17 V cm2). The mean electron energy corre-
sponding to this E/N range is 0.01 - 4.2 eV.

Fig. 3. Electron drift velocity, W, as a function of E/N
for a pure Cl2 molecule. The broken and the solid curves
show values calculated using a two-term approximation of the
Boltzmann equation with the initial cross-section set and with
the present cross-sections set, respectively, for a Cl2 molecule
(Symbol: •, measured results in the pure Cl2 molecule of
Ref. 27).

Figure 3 presents the calculated electron drift veloc-
ity at T = 300 K as a function of the electric field in
the pure Cl2 molecule. The W curve calculated for pure
Cl2 by using the initial set is quite linear over the entire
E/N ranges while the rise of the initial momentum trans-
fer cross-section with respect to energy is not strong. In
other words, there was no decreasing electron drift veloc-
ity with increasing electric field strength. The W values,
however, measured by Bailey and Healey [27] for pure
Cl2, which investigated the velocity-field curve, exhibited
a negative differential mobility with a peak electron drift
velocity W at a critical field Ec = 9.78 kV/cm. The mea-
sured electron drift velocity indicated the region of the
negative differential conductivity (NDC) phenomenon,
that is, decreasing electron drift velocity with increasing
electric fields strength [28], corresponding to the E/N
range 40 < E/N < 70 Td, as shown in Fig. 3. The mean
electron energy corresponding to this E/N range is 2.48
- 3.21 eV. The NDC phenomenon induces spontaneous
oscillations in an externally-sustained direct-current gas
discharge and is important for gas lasers.

2. Momentum Transfer Cross-section for the
Cl2 Molecule

The electron drift velocities were analyzed by using a
two-term approximation of the Boltzmann equation, and
the magnitude of the momentum transfer cross-section
for Cl2 molecule was modified in a trial-and-error man-
ner by using the electron swarm method so that the re-
sults agreed with the measurements over the whole E/N
range. The deviations of the W values calculated for the
20% Cl2-He mixture and pure Cl2, which are discussed
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Table 1. Momentum transfer cross-sections for the Cl2 molecule in units of 10−16 cm2.

Energy (eV) Qm Energy (eV) Qm Energy (eV) Qm

0.01 10.4420 4 0.6920 9 19.7000

0.04 7.2760 4.4 1.2580 10 16.7500

0.2 4.8480 4.887 3.0310 14 9.1460

0.5 3.6250 5.238 6.0000 20 4.8840

1 2.7620 5.772 14.7940 30 2.3874

2 2.0650 6 21.5270 50 0.9420

2.67 2.0949 6.261 26.2730 70 0.5220

2.68 0.2220 6.512 27.9740 100 0.2820

3.468 0.2220 7 27.6660

Fig. 4. Percentage deviations of the electron drift veloc-
ity, W, from the experimental values. The open symbols are
those calculated with the initial set and the solid symbols
are those calculated with the modified momentum transfer
cross-section (Symbols: �, �, pure Cl2; ◦, •, 20% Cl2-He
mixture).

in the previous section, can be reduced most effectively
by modifying the momentum transfer cross-section. The
magnitude of Qm was multiplied by factors of 1.07 - 3.78
in the energy range 0.01 - 0.07 eV, of 0.21 - 1.07 in the
energy range 0.07 - 2.65 eV, of 0.02 - 1.82 in the en-
ergy range 2.65 - 7.0 eV, and of 0.05 - 1.82 in the energy
range 7.0 - 100 eV. Those reduced the maximum differ-
ence in the drift velocity in the 20% Cl2-He mixture and
in the pure Cl2 to about 2.0% or less over the whole E/N
ranges. The electron drift velocities for E/N < 40 Td, 40
< E/N < 100 Td, and E/N > 100 Td were sensitive to
the momentum transfer cross-section. The correspond-
ing mean electron energy ranges are below 2.48 eV, 2.48
- 3.6 eV and above 3.6 eV.

The present momentum transfer cross-section for the
Cl2 molecule is shown in Fig. 5 by the full curve and
is tabulated in Table 1. In this figure, the present re-
sult is compared with those of Rogoff et al. [1] (dashed-
dot line), Rescigno [11] (open triangles) and Pinhão and

Fig. 5. Present momentum transfer cross-section set for
the Cl2 molecule.

Chouki [15] (dashed line). There are considerable dif-
ferences from the momentum transfer cross-sections of
Rescigno [11] (initial choice), Rogoff et al. [1] and Pinhão
and Chouki [15] over the entire electron energies ranges.
We can observe from Fig. 5 that the position of the min-
imum in the momentum transfer cross-section is about
3.5 eV. In addition, in the Fig. 1, the rise in the mo-
mentum transfer cross-section (solid curve) and the de-
crease in the inelastic cross-sections with respect to en-
ergy are very strong over the energy range 3.5 - 3.7
eV. These observations establish that an increasing mo-
mentum transfer cross-section mainly causes the electron
drift velocity to diminish with increasing electric field.
Moreover, the calculated results also indicate that the
NDC phenomenon depends on the magnitude and the
energy of the momentum transfer cross-section for the
Cl2 molecule.

The deviations of the calculated electron drift veloc-
ities are compared in Fig. 4. It is apparent from this
figure that the present momentum transfer cross-section
set can reproduce measured electron drift velocities in a
20% Cl2-He mixture and in pure Cl2 within the maxi-
mum error limit.
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IV. CONCLUSIONS

The electron drift velocities of electrons in 20% Cl2-He
mixtures and in pure Cl2 were calculated by using a two-
term approximation of the Boltzmann equation analysis
in the E/N ranges of 10 - 50 Td and 20 - 350 Td, respec-
tively. The measured and the calculated electron drift
velocities in 20% Cl2-He mixtures and in pure Cl2 were
used with an electron swarm method to determine the
momentum transfer cross-sections for the Cl2 molecule.
The agreement between the results calculated by using
the determined electron collision cross-sections and the
measurements was satisfactory.

We have succeeded in determining one complete set of
momentum transfer cross-section that is consistent with
various electron drift velocities over wide E/N ranges by
using a two-term approximation of the Boltzmann equa-
tion. The NDC phenomenon depends on the magnitude
and the energy of the momentum transfer cross-section
for the Cl2 molecule. The present electron collision cross-
section set for the Cl2 molecule may be considered to be
the best available for a quantitative numerical model-
ing of a plasmas discharge for processing with materials
containing Cl2 molecules.
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