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Abstract

Total ionization cross-sections (TICS) for the impact of intermediate and high energy electrons on the halogen atoms F, Cl,
Br and I as well as the molecules F2, Cl2, Br2 and I2 are calculated from threshold to about 2000 eV. The present results obtained
from our approach based on complex potential are compared with experimental and other data as available. Our results for
halogen atoms agree well with the previously calculated and measured values. The present results for Cl2 molecules also agree
well with the recommended data, but those for F2, Br2 and I2 tend to differ from the data available. Inter-halogen comparisons
of the presently calculated cross-sections are also made. (Int J Mass Spectrom 216 (2002) 239–247) © 2002 Published by
Elsevier Science B.V.
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1. Introduction

The halogen atoms F, Cl, Br and I together with
their diatomic molecules F2, Cl2, Br2 and I2 play im-
portant roles in a variety of physical and chemical pro-
cesses, owing to their reactive nature. There are sev-
eral investigations on electron-induced ionization of
halogens and their compounds like perfluorocarbons,
etc. [1,2]. Total ionization cross-sections (TICS) for
electron collisions on F, Cl, Br and I were measured
from threshold to about 200 eV by Hayes et al. [3].
Margreiter et al. [4] made useful and comprehensive
calculations on these cross-sections for all atoms from
hydrogen to uranium on the basis of a semiclassical
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approach called Deutsch–Maerk or DM formalism.
Among the halogen molecules the e–F2 total ion-
ization cross-sections were measured by Rao and
Srivastava [5], Stevie and Vasile [6] and Center and
Mandel [7]. Christophorou and Olthoff [8] have re-
cently given recommended data for all the important
total cross-sections including ionization for electron
collisions with molecular chlorine. The DM formu-
lation has also been applied to ionization of F2 and
Cl2 as well as Br2 and I2 [9]. A simpler approach
called the ‘Defect Concept’ (DC) method has also
been applied to halogen molecules [10].

The electron–halogen cross-sections are required
in understanding the electron interactions of plasma
processing gases like CF4, CHF3, C2F6, C3F8, etc.
[8]. Although the halogens have a strong affinity for
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Table 1
Properties of halogen atoms and molecules

Target Ionization Atomic average radii [14],
energy [23] in eV and molecular bond

lengths [23] ina0

F 17.42 1.08
F2 15.70 2.67
Cl 12.97 1.84
Cl2 11.48 3.76
Br 11.81 2.11
Br2 10.52 4.31
I 10.45 2.50
I2 9.40 5.04

electron attachment, it is of interest to also determine
their electron impact ionization characteristics. Table 1
given here highlights the important atomic–molecular
properties of the halogens, and serves as a basic input
to the present calculations.

Several approximate theories, as highlighted in a
recent review by Deutsch et al. [1] are in vogue today
for calculating the TICS of electrons colliding with
different atomic and molecular targets. We [11–13]
have developed an approach based on complex scat-
tering potential that provides a viable option at in-
termediate and high incident energies. The total or
the optical potential for the electron–atom/molecule
system describes the simultaneous elastic and inelas-
tic electron scattering, such that the imaginary part
or the absorption potentialVabs accounts cumula-
tively for all allowedelectronic excitations to discrete
states and the continuum. We have further explored
this basic formalism to deduce the TICSQion by
calculating thesummed-total inelastic cross-sections
Qinel. This approach, to be called complex scattering
potential-ionization contribution (CSP-ic) method,
has already been employed by us [11–13] success-
fully on a number of atomic–molecular targets so far.
The ionization calculations in the present paper are
based on the CSP-ic method.

In Section 2, we highlight the present theoretical
approach. Comparisons of the present results with ex-
perimental, theoretical and/or recommended data are
made in Section 3 for all the targets investigated.

2. Theoretical

The complex scattering (optical) potentialVopt =
VR + iVI adopted presently to describe the electron–
atom/molecule collisions has a real partVR expressed
as the sum of static, exchange and polarization
terms. These terms are generated here in the form of
model potentials [11–13] by starting with an accurate
charge density of the target atoms [14]. For the di-
atomic molecules of our present interest, we build up
single-center average spherical charge density from
the respective atomic charge densities. The molecular
charge density so obtained is modified to comply with
a correct asymptotic behavior as a function of the
target ionization potential [15]. This charge density is
used to derive the various parts ofVopt. In particular
the imaginary part of theVopt is obtained by employ-
ing a well known model for the absorption potential,
developed some years ago [16]. It represents in a
quasi-free Pauli-blocking manner the inelastic scat-
tering of the incident electron in target electron cloud,
and has a typical form

Vabs(r, Ei) = −ρ(r)

(
Tloc

2

)1/2
(

8π

10k3
FEi

)

× θ(p2 − k2
F − 2∆)(A1 + A2 + A3)

(1)

where the local kinetic energy isTloc = Ei −VR. Also
p2 = 2Ei in a.u.,kF is the Fermi wave vector and∆
is an energy parameter. Further, in Eq. (1),θ (x) is the
Heaviside function, such thatθ(x) = 1, for x > 0 and
is zero otherwise.A1, A2 and A3 are different func-
tions of ρ(r), I, ∆ andEi (see [16]). The energy pa-
rameter∆ determines a threshold below whichVabs

is zero and the ionization or excitation is prevented
energetically. Now, we choose [12,13] the value of∆

by the following consideration. At energy of impact
close to (vertical) ionization thresholdI, the excita-
tions to the discrete states also take place, but asEi

increases, the valence ionization becomes dominant,
together with the possibility of ionization of the inner
electronic shells. The inner shells are of course harder
to be excited or ionized. To account for the same we
have selected∆ ≈ I for low Ei and ∆ > I at Ei



K.N. Joshipura, C.G. Limbachiya / International Journal of Mass Spectrometry 216 (2002) 239–247 241

above the position of the peak ofQinel. This is effec-
tively done by expressing∆ as a slowly varying func-
tion of Ei aroundI. Thus, with a reasonable choice of
∆ for a given target we constructVabs, which through
the Schrödinger equation, yields the imaginary phase
shifts Imδ1(k) for various partial wavesl. We omit
here the standard formulae [17] used to generateQinel

as well as the totalelastic cross-sectionQel by em-
ploying the real and the imaginary parts ofδl (k). The
numerical procedures and the theoretical formalism
involved here are quite well known [11–13].

Now, for a given target the total (complete)
cross-sectionQT is defined to be

QT(Ei) = Qel(Ei) + Qinel(Ei) (2)

where on the RHS the two terms denote the total elas-
tic and the summed-total inelastic cross-section, re-
spectively. The second term of Eq. (2) further breaks
up as follows:

Qinel(Ei) =
∑

Qexc(Ei) + Qion(Ei) (3)

Here, the first term is the sum over totalexcitation
cross-sections for all allowed electronic channels,
from the initial state to the discrete states above. The
second term indicates the TICS of the target by the
incident electrons. The first term arises mainly from
the low-lying dipole allowed transitions for which
the excitation cross-sections become small gradually
above the ionization threshold. Hence at such ener-
gies, the second term in Eq. (3) dominates over the
first, so that the calculatedQinel(Ei ) can be employed
to derive the TICSQion.

Now, since the total inelastic cross-sectionQinel it-
self is partitioned according to the Eq. (3), it follows
that

Qinel(Ei) ≥ Qion(Ei) (4)

The quantityQinel is not accessible directly in exper-
iments. Hence to determineQion from the calculated
Qinel, we define the following ratio for a given target
atom or molecule.

R(Ei) = Qion(Ei)

Qinel(Ei)
(5)

with 0 ≤ R � 1.

The electron impact transitions to continuum gen-
erally dominate over those to discrete states, as the
Ei increases aboveI. Therefore, we find [11–13] in a
number of atomic and molecular targets that, the ra-
tio R is generally less than (but close to) 1, at impact
energies well above the ionization threshold. For sta-
ble molecular targets like O2, H2O, CH4, CF4, etc.
for which experimentalQion are known accurately, we
observe that

R(Ei) ∼= 0.8, up toEi ∼= Ep (6a)

R(Ei) ∼= 1, for Ei > Ep (6b)

whereEp stands for the incident energy at which the
(theoretical)Qinel attains its maximum. The ratioR
may be expressed as a smooth function ofEi as fol-
lows:

R(Ei) = 1 − CR(I/Ep)(ln Ei/Ei) (7)

Thus, it approaches 1 at high energies when the dipole
allowed electronic excitations fall off as lnEi /Ei . The
constantCR occurring in Eq. (7) can be fixed up for a
target by the condition thatR(Ei ) becomes zero at the
ionization threshold.

The present theoretical approach may be compared
to the DM formulation, which consists of a semiclassi-
cal formula applied successfully to various atoms and
molecules for calculating theQion [1,4,9]. In essence,
the formula involves the use of the static target proper-
ties (e.g., electronic shell radii) and a dynamic function
depending on the energyEi . The electron–molecule
ionization cross-sections can also be derived in a sim-
pler DC approach [10,18]. Since a diatomic molecule
A2 is different from a simple combination of two atoms
A, the DC formula for the electron impact ionization
of A2 states that

Qion(A2) = 2aQion(A) (8)

whereQion(A) is the electron impact atomic ionization
cross-section and the exponent ‘a’ is such that 0<

a < 1 as given in [10].
The advantage of the present method is that the

Qion are derived fromQinel, which are calculated in a
numerically exact partial wave quantum mechanical
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calculation. Hence, it is not required to propose any
parametric energy dependence ofQinel, which in the
high energy limit go over toQion. Similarly it is also
not required here to propose a formula for the depen-
dence of the cross-sections on the target properties
(Table 1), since these are in-built within the absorp-
tion potential itself. The third advantage of using the
present approach is that theQion as well as the total
(complete) cross-sectionsQT can be calculated from
the same general quantum mechanical formalism, so
that the contribution of ionization relative to elas-
tic and other inelastic processes can be examined.
However, there is no rigorous way of calculating the
ratio R defined in Eq. (5). The TICS calculated in
CSP-ic method are generally on the higher side of
the experimental and theoretical results, often within
experimental errors.

3. Results, discussions and conclusions

Our results corresponding toEi from threshold
to almost 2000 eV, obtained in the present CSP-ic
approach, i.e., Eqs. (1)–(7), can be examined in re-

Fig. 1. Total ionization cross-sections for e–F scattering. Present (—); Hayes et al. [3] (�); Margreiter et al. [4] (- - -).

lation to experimental as well as theoretical data
on atomic–molecular halogen targets, as given in
Figs. 1–8. Consider Fig. 1, where our present calcu-
lations onQion of F-atoms are found to compare fa-
vorably with the available measurements [3] and with
the theoretical data of [4], at energies from threshold
to the peak position at about 150 eV. The measured
data of Hayes et al. [3] involve about 20% error. The
peak in our calculated cross-sections occurs between
100 and 200 eV, where there are no data points in [3]
that can locate the maximum accurately. The peak
position and magnitude of theQion are in accordance
with the properties of the target given in Table 1.
Thus, the peak positions for F and F2 targets, which
have relatively higher ionization thresholds above
15 eV, occur at higher energies around 100 eV. On the
other hand, for highly ionizable targets like Br2 and I2
(which have their ionization threshold around 10 eV)
the peak occurs below 100 eV and the corresponding
magnitudes are much higher.

Next as shown in Fig. 2, our present theory is in
good agreement with experimental [3] and theoretical
[4] results in the case of atomic chlorine. The TICS
of Br atom calculated presently and shown in Fig. 3,
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Fig. 2. Same as in Fig. 1 but for e–Cl scattering.

are on the lower side of the measured data [3] and the
available theory [4], but they lie within the experimen-
tal uncertainties of 14%, as quoted by the authors [3].
Fig. 4 shows ourQion for atomic iodine, which are in

Fig. 3. Same as in Fig. 1 but for e–Br scattering.

a good agreement with the experimental results [3].
The values given by Margreiter et al. [4] differ some-
what in this regard, at low to intermediate energies. At
other energies the agreement seems to be good. Let us
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Fig. 4. Same as in Fig. 1 but for e–I scattering.

Fig. 5. Total ionization cross-sections for e–F2 scattering. Present (—); Rao and Srivastava [5] (�); DC [10] (- - -); DM [9] (–·–·–); Center
and Mandel [7] (�); Stevie and Vasile [6] (�).
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Fig. 6. Total ionization cross-sections for e–Cl2 scattering. Present (—); recommended data [8] (�); DC [10] (- - -); DM [9] (–·–·–); Stevie
and Vasile [6] (�).

Fig. 7. Total ionization cross-sections for e–Br2 scattering. Present (—); DC [10] (- - -); DM [9] (–·–·–).
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note that the BEB calculations of Kim et al. [19],
carried out for various other targets are not available
on the ionization of atomic and molecular halogens.

Our calculations in the CSP-ic approach are ex-
tended to the electron impact ionization of molecu-
lar halogens, and a comparative study can be made
from the Figs. 5–8. The continuous curve in Fig. 5
compares the present theory with the measurements
of Rao and Srivastava [5], Stevie and Vasile [6] and
Center and Mandel [7] on e-F2 ionization. All these
measured data are quite lower than the present values
especially in the peak region around 100 eV, but there
is an agreement in the shape or the energy dependence.
The data given by [5] seem to be too low, since they
are comparable to the F-atom cross-sections (Fig. 1).
The other theoretical results [9,10] included in Fig. 5
are also on the higher side of the measured data [5].
The results of DC approach [10] and the DM formal-
ism [9] are close to each other and are also within the
error limits of [7].

In the case of the Cl2 molecule (Fig. 6) the present
values on TICSQion are in a very good accord with
the recommended data given by Christophorou and

Fig. 8. Same as in Fig. 7 but for e–I2 scattering.

Olthoff [8], and also with the DC and DM formalism,
especially up to the peak value. Although the recom-
mended data are up to 100 eV only, the high energy
trend of the TICS can be inferred from the present
curve in Fig. 6.

Now, in the case of the two heavier molecules
Br2 and I2 the calculations based on the DM [9] and
DC [10] formalisms are the only available data for
comparison. As can be seen from Figs. 7 and 8, the
present theory and the DM formalism tend to agree
only at lower energies up to the peak values ofQion.
For energies above 100 eV or so, the results of [9,10]
decrease faster than the present values for both these
molecules. In the paper of Probst et al. [9a], the
DM calculation is compared with their own results
obtained from the use of the “DC” up to 200 eV
energy. Both these results tend to merge at energies
roughly above 100 eV. The DC approach considers
the ‘atom-in-the-molecule’ aspect in a simple way.
In the high energy (say above 1000 eV) short wave-
length limit, the projectile electron ‘sees’ the atoms
in a molecule as nearly free scattering centers, so
that the molecular cross-section is close to the sum
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of the free atom cross-sections [20,21]. However,
at intermediate energies around 100 eV or so, the
simple rule of ‘additivity’ is found to overestimate the
TICS and the total (complete) cross-sections as well
[22]. We believe therefore that, the DC calculation can
give better (i.e.,lower) results compared to a simple
“additivity rule” for ionization at low to intermediate
energies, but at high energies the DC calculations
may tend to underestimate. One may think of the
parameter ‘a’ in the Eq. (8) to be energy dependent.
The difference between the present results and those
of the DM calculations as observed in Figs. 7 and 8
may be understood in terms of the energy dependence
involved in that formalism [9], especially at high ener-
gies. We look forward to experimental measurements
on these targets to resolve the discrepancy as above.

It is interesting to make inter-halogen comparisons
of the present results, which are in keeping with the
respective atomic and molecular properties listed in
Table 1. The ionization potential decreases in going
along the sequence F–Cl–Br–I and similarly along
F2–Cl2–Br2–I2, and hence the peak value of theQion

increases and the peak position shifts to lower energy.
The peak cross-sections are found to increase with the
atomic–molecular sizes (Table 1). Our results agree
with the earlier theoretical methods in general near
the peak positions of the TICS. The agreement is bet-
ter for atoms studied in this paper. The presently cal-
culated total ionization cross-sections of the halogen
targets are consistent with the atomic/molecular prop-
erties like the ionization thresholds [23], atomic radii
[14] and molecular bond lengths [23]. Therefore, the
present method provides a good theoretical picture of
electron-induced ionization of an important class of
targets, viz. halogens.
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