
International Journal of Mass Spectrometry 229 (2003) 151–156

Electron impact ionization of the Cl2 molecule
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Abstract

The single, double and triple differential cross-sections at 100 eV for the production of the Cl2
+, Cl+ and Cl22+ ions from electron impact

ionization of the Cl2 molecule have been evaluated using a semi-empirical model. The partial ionization cross-sections have also been derived
with incident electron energies varying from ionization threshold to 200 eV.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Molecular chlorine (Cl2) is a plasma processing gas. It
is used in plasma etching of semiconductors where the Cl
atoms produced in a gas discharge through the dominant
processes, dissociative and non-dissociative ionization effi-
ciently etch a silicon surface. The ionization cross-section
data quantifying the consequences of the electron interac-
tion with Cl2 is essential for modeling of chlorine plasmas
to gain a more detail understanding of the etching process
[1,2]. Molecular chlorine is also of atmospheric and envi-
ronmental interest. It is a potential atmospheric reservoir of
Cl atoms, which are released photolytically[3,4].

An early attempt to critically evaluate low energy electron
impact cross-section data for Cl2 was made by Morgan[5].
However, recently assembled library of data quantifying the
electron-Cl2 collision by Christophorou and Olthoff[6] are
provided a vital step towards the understanding of electron
ionization mechanism of Cl2. The partial photo-ionization
cross-sections were measured by Samson and Angle[7]
in the photon energy range from ionization threshold (on-
set values) to 80 eV. The electron impact total ionization
cross-sections (TICS) include the measurements of Center
and Mandl[8], Kurepa and Belíc [9], Stevie and Vasile[10]
and Srivastava[11]. Calandra et al.[12] have provided the
quantitative experimental information on the relative partial
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ionization cross-sections for various types of ions formed
via, single, double dissociative and triple dissociative ion-
ization of the Cl2 molecule by electron impact.

On the other hand, rigorous quantum mechanical ap-
proach for the calculation of electron ionization cross-
sections for molecules is limited to the application of simple
molecules. Contrary to it, there now exist semi-classical and
semi-empirical models including Deutsch and Märk (DM)
formulation [13], binary encounter Bethe formulation of
Kim and co-workers[14] and Jain–Khare formulation based
on the Bethe and Möller cross-sections[15–17]. However,
recently, Kim and Deutsch et al. (see for instance ref.[11])
have evaluated the TICS by employing their respective
theoretical models. The model dependent TICS were also
deduced by Rogoff et al.[18] and Pinh̆ao and Chouki[19]
from the modeling of the chlorine discharge. Most recently,
Joshipura and Limbachyia[20] have computed the TICS us-
ing modified additive approach based on complex potential.

In the present work, we have employed the modified
Jain–Khare semi-empirical formulation[21–23] to evaluate
the partial ionization cross-sections for Cl2 by electron im-
pact. The three channels direct or non-dissociative, dissocia-
tive and double ionization (DI) leading to the production of
Cl2+, Cl+ and Cl22+ ions, respectively, have been consid-
ered. For the first time, the single differential cross-sections
(SDCS) (function of secondary electron energy), double
differential cross-sections (DDCS) (function of secondary
electron energy and the scattering angle) and triple differ-
ential cross-sections (TDCS) (function of secondary elec-
tron energy, scattering angle and tertiary electron energy)
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corresponding to the production of different ions have been
evaluated at incident electron energy of 100 eV. The partial
integral ionization cross-sections (PICS) and the TICS, i.e.,
the sum of PICS, are also derived with incident electron en-
ergies varying from ionization threshold to 200 eV. To the
best of our knowledge, no experimental data is available to
compare the present results except for TICS. A comparison
of our total PICS with the available various experimental
and theoretical data[8–11,18–20]including the suggested
and recommended data by Christophorou and Olthoff[6]
revealed a satisfactory agreement.

2. Theoretical

Recently, the present formulation has been employed to
evaluate the single and double differential cross-sections
for several molecules over a wide range of incident elec-
tron energy[21–24]. Here we have employed this approach
with certain modifications to evaluate the triple differential
cross-sections along-with the partial single and double dif-
ferential cross-sections for the chlorine molecule. According
to the present form of the semi-empirical formulation, the
SDCS for the production of secondary electron of energy
ε corresponding to the production ofith type of ion in the
ionization of a molecule by an incident electron of energy
E is given by

Qi(E, W) = QB
i (E, W) + QM

i (E, W) (1)

with the Bethe part

QB
i (E, W) = 4πa2

0R
2
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whereW (=ε+Ii) is the energy loss suffered by the primary
electron.Ii, a0, Ci andR are the ionization threshold for the
production ofith type of ion, first Bohr’s radius, collision
parameter and the Rydberg’s constant, respectively. It is re-
markable to note that the factor (1+ Ii/E) appeared in the
Bethe part ofEq. (1)ignored in the previous calculations of
PICS and DCS (see ref.[15] for detail), played an impor-
tant role at low and intermediate energy regimes and hence
is considered in the present work. This could reveal a sig-
nificant improvement (∼10%) of cross-sections discussed in
Section 3.

It is interesting to note that the second-fold differential
cross-section is isotropic in nature and hence the molecular

property defined in terms of the differential optical oscilla-
tor strength dfi(W, 0)/dW must be angular dependent. In the
present calculations of DDCS, we have used the three-fold
differential oscillator strengths (3DOS) in the Bethe regime
(where momentum transferK → 0) [22]:

lim
K→0

df 3
i (W, K, θ)

dW dK dθ
= 1

4π
[1 + βP2(cosθ)]

dfi(W, 0)

dW
(2)

where β, the asymmetric parameter is a function of sec-
ondary electron energyε and is nothing but the transi-
tion probability Si (probability of ionizable electrons).
P2(cosθ), the second order Legendre polynomial is defined
as 1/2(3 cos2 θ − 1). Thus, the second-fold or DDCS is de-
fined as the differential ofEq. (1)with respect to the solid
angle dΩ = 2π sinθ dθ. Whereθ is the scattering angle:

Qi(E, W, θ) = dQi(E, W)

dΩ
(3)

In (e, 3e) processes where Cl2
2+ ions are formed, the three

outgoing electrons, though indistinguishable, are indexed
and discriminated by energy labels (E − W) for the most
forward “scattered” one andε andξ for two “ejected” ones.
The three-fold or the TDCS,Qi(E, ε, θ, ξ) is evaluated by
the differentiation ofEq. (3)with respect toξ, the energy of
the ejected second electron:

Qi(E, ε, θ, ξ) = dQi(E, W, θ)

dξ
(4)

The total energy loss in (e, 3e) process is defined asW =
Ii + ε + ξ. Treating (Ii + ε) a constant, one gets dW = dξ.

The partial integral ionization cross-section is derived by
the integration of SDCS inEq. (1) over the entire energy
lossW, i.e.,

Qi(E) =
∫ Wmax=E

Ii

Qi(E, W) dW (5)

The present formulation requires the major input data of
the optical oscillator strengths dfi(W, 0)/dW for the pro-
duction of ith type of ions. These values are derived from
the highly accurate (∼10% uncertainty) photo-ionization
cross-sectionsQph

i , measured by Samson and Angel[7] from
vertical ionization threshold (onset values) to 80 eV of pho-
ton energies:

Q
ph
i (mb) = 109.75

dfi(W, 0)

dW
(6)

The vertical ionization threshold values corresponding to the
production ofith type ions are compiled elsewhere[7]. For
higher photon energies (>80 eV), we have used the extrapo-
lated photo-ionization cross-sections. It is assumed that the
error in the extrapolated region is the same as in the mea-
surement ofQph

i . The typical parameterC, derived from
the plot of TICS (accuracy of∼95%) at high energies ver-
sus lnE with constant values of(M2

i /C)(=0.1) (the best fit
value among 0.08–0.12)[25] have been employed using the
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method developed earlier[16]. The value of mixing parame-
ter ε0 (=50 eV) as for other diatomic molecules[21–24,26]
is used in the present evaluations. In our calculations the
estimated error is more or less the same as in the measure-
ment ofQph

i . In the present study, theith values 1, 2 and 3
correspond to the production of Cl2

+, Cl+ and Cl22+ ions
from electron-Cl2 ionization.

3. Results and discussion

In Fig. 1a and b, we have presented the SDCS and DDCS
at incident electron energy of 100 eV. The SDCS and DDCS
are shown in the complete range of energy lossW = (Ii +
ε + ξ) varying from 0 toE. The DDCS are computed at the
scattering angle of 30◦. The three-fold TDCS,Qi(E, ε, θ, ξ)
as a function of tertiary or the second ejected electron ener-
giesξ at (E = 100 eV,θ = 30◦ andε = 10 and 20 eV) are
presented inFig. 1c. The numerical values of various differ-
ential cross-sections are also summarized inTable 1. To the
best of our knowledge no data is available to compare the
present calculated results. It is noted from the curves that
the trends of the single and double differential cross-sections
are the same as for other molecules[21–24] where theory
and experiments are generally in agreement.

Fig. 1. (a) Solid curves represent the SDCS (×10−20 cm2/eV) as a function of energy lossW at E = 100 eV corresponding to the production of various
ions from electron impact ionization of the Cl2 molecule. (b) Similar to (a) but for DDCS (×10−21 cm2/eV-sr) atE = 100 eV andθ = 30◦. (c) Solid
curves represent the TDCS (×10−21 cm2/eV2-sr) as a function of tertiary electron energyξ at E = 100 eV,θ = 30◦ and ε = 10 and 20 eV.

Fig. 2a and bwith Table 2depict the PICS leading to
the production of parent ion Cl2

+ and dissociative ions Cl+
and Cl22+ through the electron-Cl2 ionization. Recently,
Calandra et al.[12] have measured the branching ratio
Cl+/Cl2+ which is much higher than the calculated ratio
of cross-sections. In their experiments they have collected
all Cl+ ions produced through the different ionization pro-
cesses, e.g., dissociative, double dissociative and ion-pair.
The present calculations are based on the measured and
normalized photo-ionization cross-sections corresponding
to the direct, dissociative and direct double ionization pro-
cesses[7]. In the absence of direct measurement for ionic
cross-sections individually, the total PICS becomes impor-
tant to compare with the available experimental and theoret-
ical data standing for TICS. InFig. 2bwe have plotted only
the recently evaluated TICS data including those of Kim
and Deutsch et al.[11] and Joshipura and Limbachiya[20].
Recently, Christophorou and Olthoff[6] have analyzed and
recommended TICS data within 20% uncertainty, which is
an average of measured data of Kurepa and Belić [9] and
Stevie and Vasile[10] hence it is not necessary to present
these data independently along with the same data in the
figure. The measured cross-sections by Srivastava[11]
show structure near 25 eV, which although not as evident, is
nonetheless indicated by some of the other measurements,
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Fig. 2. (a) Solid curves represent the PICS (×10−21 cm2) as a function of incident electron energy corresponding to the production of ionic fragments from electron ionization of the Cl2 molecule. (b)
Solid curve represents the TICS (×10−21 cm2) as a function of incident electron energy. Data standing for TICS: (�) recommended data by Christophorou and Olthoff[6], (�) Kim [11], (�) Deutsch
et al. [11], (×) Pinh̆ao and Chouki[19], and (�) Joshipura and Limbachyia[20].
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Table 1
(a) Single differential cross sections (SDCS) of the Cl2 molecule

W (eV) Qi(E, W) (×10−20 cm2/eV) E = 100 eV

Cl2+ Cl+ Cl22+ Total

15 3.63E+3 3.63E+3
20 1.88E+3 5.09E+2 2.38E+3
25 1.04E+3 2.26E+2 1.27E+3
30 3.62E+2 8.56E+1 4.48E+2
35 1.96E+2 5.17E+1 1.88E+1 2.66E+2
40 1.57E+2 3.81E+1 1.14E+1 2.07E+2
50 1.41E+2 3.45E+1 8.68E+0 1.84E+2
60 1.40E+2 3.30E+1 7.00E+0 1.80E+2
65 1.52E+2 3.37E+1 6.24E+0 1.92E+2
70 1.84E+2 3.76E+1 5.37E+0 2.27E+2
75 2.26E+2 4.40E+1 1.02E+1 2.80E+2
80 3.06E+2 5.64E+1 8.25E+0 3.71E+2
90 7.21E+2 1.19E+2 3.99E+0 8.44E+2

aEb stands fora × 10b .

(b) Double differential cross sections (DDCS) of the Cl2 molecule

W (eV) Qi(E, W, θ) (×10−21 cm2/eV-sr) E = 100 eV,θ = 30◦

Cl2+ Cl+ Cl22+ Total

15 2.17E+3 2.17E+3
20 1.27E+3 3.14E+2 1.59E+3
25 9.74E+2 1.81E+2 1.16E+3
30 7.74E+2 1.43E+2 9.17E+2
35 7.20E+2 1.41E+2 1.11E+1 8.72E+2
40 7.06E+2 1.42E+2 7.00E+0 8.56E+2
50 6.55E+2 1.39E+2 6.23E+0 8.00E+2
60 6.61E+2 1.37E+2 6.40E+0 8.05E+2
65 7.28E+2 1.46E+2 6.35E+0 8.81E+2
70 8.91E+2 1.71E+2 6.26E+0 1.07E+3
75 1.11E+3 2.06E+2 9.82E+0 1.33E+3
80 1.52E+3 2.72E+2 9.95E+0 1.80E+3
90 3.60E+3 5.91E+2 1.15E+1 4.20E+3

aEb stands fora × 10b .

(c) Triple differential cross sections (TDCS) of the Cl2 molecule

Qi(E, ε, θ, ξ) (×10−21 cm2/eV2-sr) E = 100 eV,θ = 30◦

ε = 10 eV ε = 20 eV

ξ (eV) TDCS ξ (eV) TDCS

0.16 6.22 1.31 6.70
1.69 5.99 3.76 6.84
3.33 5.22 7.89 7.03
5.09 6.50 12.66 7.52
7.00 6.58 18.26 8.16
9.07 6.68 22.55 14.71

11.31 6.80 27.40 14.71
13.76 7.00 37.40 11.70
17.89 7.10 47.40 11.81
22.66 7.34
28.26 7.52
32.55 12.40
37.40 12.15
47.40 10.41
57.40 13.50

Table 2
PICS of the Cl2 molecule

E (eV) Qi(E) (×10−21 cm2)

Cl2+ Cl+ Cl22+ Total

20 1.50E+5 1.34E+4 1.63E+5
25 2.85E+5 3.77E+4 3.23E+5
30 3.90E+5 5.99E+4 4.50E+5
35 4.66E+5 7.55E+4 2.66E+0 5.41E+5
40 5.16E+5 8.62E+4 5.53E+1 6.02E+5
45 5.45E+5 9.27E+4 1.43E+2 6.38E+5
50 5.59E+5 9.61E+4 2.31E+2 6.55E+5
52 5.61E+5 9.70E+4 2.63E+2 6.59E+5
54 5.63E+5 9.76E+4 2.95E+2 6.61E+5
56 5.63E+5 9.80E+4 3.25E+2 6.61E+5
58 5.62E+5 9.82E+4 3.53E+2 6.61E+5
60 5.61E+5 9.83E+4 3.81E+2 6.59E+5
64 5.56E+5 9.80E+4 4.36E+2 6.54E+5
70 5.47E+5 9.71E+4 5.18E+2 6.44E+5
74 5.40E+5 9.62E+4 5.69E+2 6.37E+5
80 5.29E+5 9.47E+4 6.44E+2 6.24E+5
90 5.10E+5 9.21E+4 7.56E+2 6.03E+5

100 4.91E+5 8.95E+4 8.57E+2 5.82E+5
110 4.74E+5 8.69E+4 9.54E+2 5.61E+5
120 4.57E+5 8.44E+4 1.10E+3 5.42E+5
130 4.41E+5 8.20E+4 1.32E+3 5.25E+5
140 4.27E+5 7.97E+4 1.63E+3 5.08E+5
150 4.13E+5 7.78E+4 1.98E+3 4.93E+5
160 4.01E+5 7.61E+4 2.42E+3 4.80E+5
170 3.90E+5 7.47E+4 2.84E+3 4.78E+5
180 3.80E+5 7.35E+4 3.21E+3 4.70E+5
190 3.70E+5 7.24E+4 3.57E+3 4.68E+5

aEb stands fora × 10b .

and might be due to auto-ionization. For the sake of clarity,
these cross-section values[11] are not presented in the fig-
ure. The model dependent TICS of Pinhăo and Chouki[19]
deduced from the modeling of chlorine is also supportive to
our calculations and other experimental data. We have not
included the similar calculations of Rogoff et al.[18] and
the measurements of Center and Mandl[8] due to inconsis-
tent shapes of their cross-sections.

In fact, it is well known that it is the correlation between
the two target electrons, which is responsible for DI. The
outer shell DI can be envisaged by either shake-off or two
step process. The first one is three times larger than the
second one[27]. In the present evaluation of differential
cross-sections, we could not include the contribution of cor-
relation effect. Moreover, the present calculations include the
contribution of exchange effects through the Möller part of
the formulation. In the measurement of dissociative and dou-
ble ionization cross-sections, many experiments suffer mass
discrimination effects and exchange effects. Different modes
of normalization procedure adopted by the experimentalists
also enhance the uncertainty in the data. It is evident from the
comparison that our results for TICS are in good agreement
(within experimental error bars) with most of the available
experimental and theoretical data[6,11,19,20]. Moreover,
the PICS and TICS satisfy the trivial requirements that the
threshold and asymptotic behaviors of the cross-sections.
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The areas of the SDCS curves inFig.1acorroborate to PICS
at 100 eV which justify the consistency requirement of the
ionization cross-sections.

4. Conclusions

We have evaluated the single, double and triple differen-
tial cross-sections at impinging electron energy of 100 eV
corresponding to the production of various ionic species via
direct and dissociative ionization processes of electron-Cl2
using a modified semi-empirical formulation. The partial and
total integral ionization cross-sections are also derived with
incident electron energies varying from ionization thresh-
old to 200 eV. With the exception of limited measurements
and calculations for TICS, no measurements and calcula-
tions are known to have been made so far for differential
cross-sections and partial ionization cross-sections. Since
the work is advance at differential level, it is concerned with
only the raw data, which can be integrated to compare with
the experimental work. Undoubtedly, the present work quan-
tifying the study of ionic species in electron-Cl2 collision as
a function of energy, may play a significant role for filling
up a gap in the understanding of electron interaction with
the Cl2 molecule.
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