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Abstract. Total ionization cross-sections of electron impact are calculated for the molecular targets CHx,
CFx, SiHx, SiFx (x = 1−4) and CCl4 at incident energies 20–3 000 eV. The calculation is based on Complex
Scattering Potential approach, as developed by us recently. This leads to total inelastic cross-sections,
from which the total ionization cross-sections are extracted by reasonable physical arguments. Extensive
comparisons are made here with the previous theoretical and experimental data. The present results are
satisfactory except for the CFx and SiFx (x = 1−3) radicals, for which the experimental data are lower
than most of the theories by more than 50%.

PACS. 34.80.Dp Atomic excitation and ionization by electron impact

1 Introduction

Theoretical and experimental studies on ionizing collisions
of electrons with various radicals and molecules have re-
mained an important subject of interest since long. In-
terest in these collisions arises in view of the applica-
tions of relevant cross-section data in various pure and
applied sciences [1,2]. Electron induced ionization and
other processes determine the density and reactivity of
low-temperature technological plasmas. In general the
electron as well as positron induced processes, including
ionization as a dominant inelastic channel at intermedi-
ate and high energies, play important roles in plasma-
processing, aeronomy and in biological systems. The sta-
tus of knowledge about electron impact ionization of
radicals and molecules has been highlighted in refer-
ences [1,2]. On the experimental side, the total ioniza-
tion cross-sections (TICS) Qion of practically all the tar-
gets listed in the title have been measured by Tarnovsky
group [3] and by Baiocchi et al. [4]. Some of these hy-
drocarbon and fluorocarbon molecules and radicals have
also been investigated by other experimental groups all
over the world [5–18]. In the present paper we have in-
cluded e–CCl4 ionization for which recent measurements
are due to Hudson et al. [19]. Recommended data on the
Qion for some of the present targets have been given by
Christophorou and Olthoff [20]. On the theoretical front,
the electron impact TICS for a wide variety of molecules

a e-mail: knjoshipura@yahoo.com

and radicals have been calculated by the Kim group in
their BED–BEB models [21], and by Khare et al. [22].
A different approach in this regard, called the DM for-
malism [2,23,24] makes use of the static target properties
like electronic sub-shell radii, binding energies and a dy-
namic i.e. energy dependent function to obtain the shell-
wise contribution to Qion. Recently, Huo et al. [25] have
revised the experimental data of [9,10] on e–CFx systems,
and have also calculated the corresponding theoretical re-
sults in their “siBED” model. The total cross-sections of
different electron-induced processes including ionization in
molecular targets have been nicely reviewed by Karwasz
et al. [26]. A recent calculation of the differential and inte-
grated cross-sections together with the total inelastic (ab-
sorption) cross-sections for CFx is due to Lee et al. [27].
In Table 1 we have summarized the experimental as well
as theoretical studies carried out on the electron impact
ionization of the present targets. This table also highlights
the basic properties of these targets that are employed as
inputs to the present calculations.

The transient radicals, due to their high reactivity,
pose difficulties in the cross-section measurements, and
hence the experimental results need to be supplemented
through alternative theoretical models. Besides, none of
the previous theories discuss ionization in relation to other
processes like elastic scattering and other inelastic col-
lisions of electron impact. With these aspects in mind,
the present authors have developed an approach based
on complex, energy-dependent (optical) scattering poten-
tial, Vopt = VR + iVI. A preliminary version of the present
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Table 1. Summary of theoretical and experimental studies on total ionization cross-sections of radicals and molecules.

 
  

 
 

   
  

  

    

  

    

    

  

     

  

    

    
    

    

 

    

 

    

 
 

  
 

    

 

    

 

    

 
    

    

 

    

 

    

 
 

 

approach [28] yielded a reasonable agreement with ion-
ization data on the radicals CHx, NHx (x = 1−3) and
OH. Our theory starts with a complex spherical potential
Vopt, that contains a real part VR comprising static (Vst),
exchange (Vex) and polarization (Vp) terms, as follows

VR = Vst(r) + Vex(r, Ei) + Vp(r, Ei) (1)

where, Ei is the incident energy. The imaginary part in
Vopt, also called the absorption potential Vabs, accounts
for the total loss of scattered flux into all the allowed elec-
tronic channels of excitation and ionization. Solving the

Schrödinger equation with Vopt under appropriate bound-
ary conditions, leads us to the total (complete) cross-
section

QT(Ei) = Qel(Ei) + Qinel(Ei)· (2)

Here, the first term is the total elastic cross-section
and the second term is the summed-total inelastic cross-
section. This does not incorporate the non-spherical ef-
fects, e.g. the dipole rotation, which may be added to QT

as in [28]. The cross-section Qinel can be used to extract
the TICS Qion. Our theoretical approach, called the Com-
plex Scattering Potential-ionization contribution (CSP-ic)
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method has been applied recently to obtain reliable results
in a variety of cases e.g., Ne and Ne∗ atoms [29], atomic
and molecular halogens [30], O–O2–O3–O4 targets [31] etc.

Now, our aim in this paper is to apply the CSP-ic
method to yet another set of targets, mainly radicals, in
the energy range Ei = 20−3 000 eV. Our approach is dis-
cussed briefly in the next section and comparisons of the
present results with experimental, theoretical and/or rec-
ommended data are discussed in Section 3.

2 Theoretical methodology

The theoretical models and details of calculations in the
present CSP-ic approach are discussed in our recent pa-
pers [28–31]. Briefly, the main task here is to calculate the
summed-total inelastic cross-section Qinel from Vopt, by
employing the spherical part of the target-electron charge
density ρ(r). Staszewska et al. [32] had developed a quasi-
free, Pauli-blocking, dynamic absorption potential (in au),
as follows

Vabs(r, Ei) = −1
2
ρ(r) vloc σee

= −ρ(r)
(

Tloc

2

)1/2 (
8π

10k3
F Ei

)

× θ(p2 − k2
F − 2∆)(A1 + A2 + A3). (3)

In these expressions, vloc is the local speed of the external
electron, and σee denotes the average cross-section of the
binary collision of the external electron with one of the
target electrons. The local kinetic energy of the incident
electron is obtained from,

Tloc = Ei − VR = Ei − (Vst + Vex + Vp). (4)

The term Vp is not significant here. Further, p2 = 2Ei in
atomic units, kF = [3π2ρ(r)]1/3 is the Fermi wave vector
and ∆ is an energy parameter. In equation (3), θ(x) is
the Heaviside unit step-function, such that θ(x) = 1 for
x > 0 and is zero otherwise. The dynamic functions A1,
A2 and A3 defined in Staszewska et al. [32] depend differ-
ently on ρ(r), I, ∆ and Ei. The parameter ∆ assumed to
be fixed in the original model determines a threshold be-
low which Vabs = 0, and the ionization or excitation is pre-
vented energetically. We have made modifications [30,31]
to choose the value of ∆ by the following consideration. At
energy of impact close to (vertical) ionization threshold I,
the excitations to the discrete states also take place, but
as Ei increases the valence ionization becomes dominant,
together with the possibility of ionization of the inner elec-
tronic shells. The inner shells are of course harder to be
excited or ionized. This situation is represented by select-
ing ∆ ≈ I for low Ei and ∆ > I at Ei above the position
of the peak of Qinel. This is effectively done by expressing
∆ as a slowly varying function of Ei around I. Thus with
a reasonable choice of the ∆ parameter for a given target
we construct the Vabs. The Schrödinger equation when
solved numerically for Vabs, yields the imaginary part of

the phase shifts Im δl(k) for various partial waves l. We
have omitted here the standard formulae used [28–31] to
generate Qinel as well as the Qel by employing the real and
the imaginary parts of δl(k).

Let us focus on the inelastic cross-section Qinel, which
is a quantity not accessible directly in experiments. This
cross-section can be partitioned basically as follows

Qinel(Ei) =
∑

Qexc(Ei) + Qion(Ei). (5)

In this break-up, the first term is the sum over total
excitation cross-sections for all accessible electronic
transitions, while the second term indicates the total
cross-section of all allowed ionization processes of the
target by the incident electrons. The first term arises
mainly from the low-lying dipole allowed transitions for
which the cross-sections become small progressively above
the ionization threshold. Hence, as the incident energy
increases the second term in equation (5) dominates over
the first. It follows from equation (5) that,

Qinel(Ei) ≥ Qion(Ei). (6)

Now, in order to determine Qion from the calculated Qinel

for a given target, let us define the following quantity
for Ei ≥ I

R(Ei) =
Qion(Ei)
Qinel(Ei)

(7)

such that,
0 ≤ R � 1.

We require that R = 0 at Ei ≤ I. For a number of stable
molecules like O2, H2O, CH4, SiH4 etc., for which the ex-
perimental cross-sections Qion are known accurately [26],
the ratio rises steadily as the energy increases above the
threshold, and it is found [28–31] that

R(Ei) = Rp, at Ei = Ep (8a)
∼= 1, for Ei > Ep (8b)

where, Ep stands for the incident energy at which the
calculated Qinel attains its maximum. Rp stands for the
value of R at Ei = Ep, and as per our discussion in [28–31]
we choose here Rp

∼= 0.7. This choice corresponds to
the general observation that at energies close to peak
of ionization, the contribution of the molecular Qion is
about 70–80% in the total inelastic cross-sections Qinel.
For the calculation of Qion from Qinel we need R as a
continuous function of energy, hence we represent [31] the
ratio R at energies Ei ≥ I in the following manner

R(Ei) = 1 − f(U),

i.e.,

R(Ei) = 1 − C1

[
C2

U + a
+

ln(U)
U

]
· (9)
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Here U is the dimensionless variable defined through,

U =
Ei

I
· (10)

The reason for adopting a particular functional form of
f(U) i.e. the second term in equation (9) is as follows.
As Ei increases above I, the ratio R increases from zero
and approaches value 1, since the ionization contribution
rises and the discrete excitation term in equation (5) de-
creases. The discrete excitation cross-sections, dominated
by dipole transitions, fall off as ln(U)/U at high energies.
Accordingly the decrease of the function f(U) must also
be proportional to ln(U)/U in the high range of energy.
However, the two-term representation of f(U) given in
equation (9) is more appropriate since the 1st term in the
square bracket ensures a better energy dependence at low
and intermediate Ei [31]. Equation (9) involves dimen-
sionless parameters C1, C2 and a that reflect the target
properties. To determine these parameters, we note the
following three conditions on the ratio R. (i) It is zero
at and below the ionization threshold. (ii) It behaves in
accordance with equation (8a) at the peak position Ep,
and (iii) it approaches 1 asymptotically for Ei sufficiently
larger than Ep. Equations (6–10) define the present CSP-
ic approach [29–31].

The present method employs two of the most well-
known target properties viz., the first ionization ener-
gies and the bond lengths, as the basic inputs. Unlike
the BEB [21], siBED [25] and the DM [2] approaches of
ionization calculations, the present method does not con-
sider shell-wise contribution to the quantity Qion. Rather,
the absorption potential Vabs employed here to account
(mainly) for ionization, sweeps through the region of the
charge-cloud continuously, and vanishes in between. At
higher incident energies the potential penetrates deeper
into the electronic shells, but decreases in strength. The
energy range and the ∆ parameter chosen presently are
such that the present theory describes mainly the valence
electron ionization.

Although the focus of this paper is on ionization, the
basic method provides the approximate contributions of
Qion as well as

∑
Qexc in the total quantity Qinel. This

can be coupled with Qel to obtain the approximate con-
tributions of all the major total cross-sections at certain
energy for a given target, as done in our recent work
on O–O2–O3–O4 systems [31]. For the present targets
however, not much is known for processes other than
ionization.

3 Results and discussion

First of all, let us examine the behaviour of the function R
with respect to incident energy Ei, as expressed in equa-
tion (9). This is plotted in Figure 1 for the selected targets
CH, CH4, CF3 and SiF3. The approach of R to value 1
depends mainly on the ionization threshold I, and to some
extent on the peak position Ep, as seen from this figure.

Now, our interest here is in the ionization of radi-
cals since in some of them-especially the fluoride radicals-

Fig. 1. Ratio R(Ei) vs. Ei for various targets, (– – – – –) CH,
(———) CH4, (· · · · ·) CF3, (–·–·–·–) SiF3.

there is a big discrepancy between the theoretical (except
Ref. [25]) and the experimental data. We have presented
our calculations on 17 molecular targets and compared
graphically in Figures 2 to 6 the TICS Qion for the molecu-
lar species CHx, CFx, SiHx and SiFx as well as CCl4, with
different sets of previous data. While making comparisons
of our values with the experimental TICS, we added to-
gether the parent and all the dissociative ionization data
as tabulated separately by experimentalists in each case.

CHx (x = 1−3) and CH4

The present as well as previous cross-sections Qion of CH,
CH2 and CH3 hydrocarbon radicals are exhibited in Fig-
ures 2a–2c, while the CH4 cross-sections are plotted in
Figure 2d. For all the three CHx radicals our present the-
ory yields ionization cross-sections that are in good agree-
ment with the BEB theory of Ali et al. [21]. Both these
theoretical results, though on the higher side of the ex-
perimental data, are within the error limit of 17% in the
measurements of [3,4]. In the case of the stable molecule
CH4 (Fig. 2d), the present results are in good accord with
other theoretical [21] as well as experimental [5–8] results.
The C–H bond lengths in these radicals and in the CH4

molecule are nearly the same, hence the peak Qion mag-
nitudes are dependent on the respective ionization poten-
tials. All the reactive radicals ABx considered in this pa-
per have in common a peculiar property that, their bond
lengths A–B are almost similar to that of their parent
molecule AB4, but have the ionization thresholds much
lower than their parents. Therefore, the relative magni-
tudes of the present Qion for the radicals and their parent
molecules, appear to be consistent.



K.N. Joshipura et al.: Theoretical total ionization cross-section by electron impact 85

(a) (b)

(c) (d)

Fig. 2. (a) Total ionization cross-sections for e–CH scattering, (——) present, (– – –) BEB, Ali et al. [21], (���)
Tarnovsky et al. [3]. (b) Total ionization cross-sections for e–CH2 scattering, (——) present, (– – –) BEB, Ali et al. [21],
(���) Tarnovsky et al. [3], (◦ ◦ ◦) Baiocchi et al. [4]. (c) Total ionization cross-sections for e–CH3 scattering, same as in (b),
but for CH3 radical. (d) Total ionization cross-sections for e–CH4 scattering, (——–) present, (– – –) BEB, Ali et al. [21],
(���) Orient and Srivastava [7], (���) Nishimura and Tawara [6], (���) Chatham et al. [5].

CFx (x = 1−3) and CF4

Figures 3a–3c correspond to the fluorocarbon radicals
CF, CF2 and CF3 respectively, and the comparisons for
the ionization cross-section of the parent molecule CF4

are made in Figure 3d. All the previous theoretical re-
sults [2,21] as well as the present one, on the three radicals
CFx are found to be on the higher side of the experimen-
tal data (Figs. 3a–3c). We have made comparisons with
the recent measurements and calculations on CF, CF2 and
CF3 by Huo et al. [25]. Their experimental results involve
an error of 25%. Another calculation on Qinel of these rad-
icals, which is similar to the present work, has been carried

out by Lee et al. [27]. The results of [27], not shown here,
are also on the higher side of [25].

The present and the BEB [21] values exceed the mea-
surements [9,10,25] by more than 50%, while DM calcula-
tions [2,23,24] are less higher. Except [25], the theoretical
Qion of CF3 are comparable to (but not lower than) those
of the parent molecule CF4. This can be attributed to
the smaller ionization threshold of the radical, vide Ta-
ble 1. To preserve clarity in Figure 3c the TICS of CF3

calculated by Huo et al. [25] are not shown, but these are
quite close to their own experimental data. Since the re-
sults of [25] are distinctly lower than the rest of the data,
we have provided a yet another comparison in this figure



86 The European Physical Journal D

(a) (b)

(c) (d)

Fig. 3. (a) Total ionization cross-sections for e–CF scattering, (——–) present, (– – –) BEB, Ali et al. [21], (· · · · ·) DM,
Deutsch et al. [24], (–·–·–·–) Huo et al. (theory) [25], (���) Huo et al. (Exp.) [25]. (b) Total ionization cross-sections for e–CF2

scattering, same as (a), but for CF2 radical. (c) Total ionization cross-sections for e–CF3 scattering, (——) present, (– – –) BEB,
Ali et al. [21], (· · · · ·) DM, Deutsch et al. [24], (���) Huo et al. (Exp.) [25], (−•−) C-atom, Margreiter et al. [33]. (d) Total
ionization cross-sections for e–CF4 scattering, (——) present, (– – –) BEB, Ali et al. [21], (–·–·–·–) recommanded data [20],
(���) Poll et al. [11].

by reproducing the TICS of the carbon atom as calculated
accurately by Margreiter et al. [33]. Notably, the experi-
mental Qion of CF3 radical [25] and carbon atom [33] are
seen to be nearly equal, at least in the peak region, and
this feature remains unexplained.

The theoretical results of Huo et al. [25] are based on
the “simplified BED (siBED)” model, which considers the
screened dipole potential in the original BED model [21].
These authors [25] have replaced the Bethe dipole cross-
section of the original model, by the cross-section due to
a shielded long range transition dipole potential. Now, in

an earlier theoretical work, one of the present authors [34]
had shown that the shielding of the pure dipole poten-
tial would lead to reduction in the electron impact cross-
sections, depending on the extent of the screening itself.
In the present context of the siBED model [25] for electron
impact ionization problem, however, not only the nature
but also the extent of the “screening” is not clear. Fur-
ther, the TICS of CFx radicals as obtained in [25] are
quite lower than that of the parent molecule CF4. This
behaviour is not understood since the ionization thresh-
old of CF4 is higher than those of the radicals CFx.
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(a) (b)

(c) (d)

Fig. 4. (a) Total ionization cross-sections for e–SiH scattering, (——–) present, (– – –) BEB, Ali et al. [21], (���) Tarnovsky
et al. [14]. (b) Total ionization cross-sections for e–SiH2 scattering, same as (a), but for SiH2 radical. (c) Total ionization
cross-sections for e–SiH3 scattering, same as (a), but for SiH3 radical. (d) Total ionization cross-sections for e–SiH4 scattering,
(——–) present, (– – –) BEB, Ali et al. [21], (◦ ◦ ◦) Chatham et al. [5], (���) Basner et al. [15].

In the case of CF4 molecule (Fig. 3d) we find a good
agreement of the present results with almost all the pre-
vious data sets, and in particular with the recommended
data of Christophorou and Olthoff [20].

SiHx (x = 1−3) and SiH4

As shown in Figures 4a–4c, the cross-sections Qion for the
three hydrosilicon radicals SiHx, calculated in the present
CSP-ic approach are in a good accord with the BEB
model of the Kim group [21] as well as the only avail-
able experimental results [14]. We must note here that,

the BEB model in this species of radicals was modified to
“BEB/3” model [21], wherein the theoretically available
kinetic energy of the valence electrons was altered by these
authors [21] in order to obtain reliable values of Qion. No
such adjustment was needed in the present calculations.
Presently we find that the peak positions and the mag-
nitudes of our calculated TICS are in keeping with the
ionization thresholds and the number of electrons of the
radicals SiHx (x = 1−3).

The present calculations for the parent silane molecule
(Fig. 4d) are in a very nice agreement with the pre-
vious theoretical [21] and experimental [5,15] data.
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(a) (b)

(c) (d)

Fig. 5. (a) Total ionization cross-sections for e–SiF scattering, (——–) present, (– – –) BEB, Ali et al. [21], (���) Hayes
et al. [16]. (b) Total ionization cross-sections for e–SiF2 scattering, (——–) present, (– – –) BEB, Ali et al. [21], (���) Shul
et al. [17]. (c) Total ionization cross-sections for e–SiF3 scattering, (——–) present, (– – –) BEB, Ali et al. [21], (���) Hayes
et al. [18], (−•−) Si-atom, Margreiter et al. [33]; (d) total ionization cross-section for e–SiF4 scattering, (——–) present,
(– – –) AR (see text).

The relative magnitudes of the Qion in the sequence
SiH–SiH2–SiH3–SiH4 are understood in terms of their re-
spective properties (Tab. 1).

SiFx (x = 1−3) and SiF4

A comparison of the Qion of the fluorosilicon radicals SiFx

is provided by Figures 5a–5c and Figure 5d shows the
present and the previous data sets for SiF4. As compared
to the measurements [16–18], the theoretical data [21]
for these radicals lie on the higher side except for SiF
(Fig. 5a), and the present values are still somewhat higher

than the rest of the theories. This situation is similar to
radicals CFx (Figs. 2a–2c). The discrepancy is maximum
in the case of SiF3 (Fig. 5c). The TICS of silicon atom [33]
are also exhibited for comparison in that figure. It is in-
teresting to note that, the cross-sections of e–Si atomic
ionization calculated by [33] and shown in Figure 5c are
higher than the experimental data [18] on the radical SiF3.
This particular feature is similar to the case of CFx rad-
icals and is not understood clearly. The e–Si ionization
curve is peaking at lower Ei due to the lower ionization
threshold of the Si atom.

Figure 5d exhibits our present calculations on SiF4

molecule, in which case there seems to be no previous
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Fig. 6. Total ionization cross-sections for e–CCl4 scattering,
(——–) present, (– – –) BEB, Kim (as in Ref. [19]), (–·–·–) DM,
Deutsch et al. [24], (���) Hudson et al. [19].

comparative data. We have, therefore, supplemented the
present calculations for SiF4 with an “additivity” [28] cal-
culation. However, it is not appropriate to simply add the
Qion of the constituent atoms in this molecule, in view of a
large difference in the ionization thresholds of the Si atom
(I = 8.15 eV) and the SiF4 target (I = 15.7 eV). Hence,
we have considered a fictitious Si atom with I = 15.7 eV
to be in the SiF4 target, and simply added the contribu-
tion of the four F atoms. As Figure 5d shows, these two
calculations made by us produce almost the same shape of
the Qion curve, and the additivity rule (AR) as employed
here is on the higher side, as expected.

e–CCl4 ionization

Finally as shown in Figure 6, our calculated results on the
ionization of CCl4 molecule are in a very good agreement
with the recent measurements of the Harland group [19] at
all energies. The DM calculations of Margreiter et al. [35]
on CCl4 are closer to the present data and the measure-
ments only up to the peak position, after which the DM
results tend to be lower. This behaviour was also observed
by the present authors in the halogens Br2 and I2 [30]. The
BEB values on CCl4 as included in Figure 6 are actually
taken from reference [19]. It has been noted by Hudson
et al. [19] that the BEB results in the case of heavier tar-
gets are on the lower side.

4 Conclusions

The recently developed CSP-ic method [31] has been
applied in this work to calculate total ionization cross-
sections for electron impact on various radicals and their
parent stable molecules. By and large, the present theoret-
ical results on the stable molecular fluorides and hydrides

of the type AB4 show a satisfactory accord with the nu-
merous other investigations including the recommended
data. For the transient radicals since the ionization thresh-
old is lower, the peak Qion are found to be higher and they
occur at relatively lower energies as compared to the par-
ent stable molecules. Practically all the theories, including
our own, are seen to overestimate the experimental Qion

values in the case of the reactive radicals CFx and SiFx

(x = 1−3). The discrepancy between the present results
and the measured data is very high (>50%) in CF3 and
SiF3 radicals. At the peak positions, the measured data
for these radicals are just close to or even less than atomic
carbon and silicon cross-sections respectively. The situa-
tion here is similar to the difference between theories and
experiments in the case of e–F2 ionization, as examined in
our group [30]. The siBED model [25] proposed recently
agrees well with the measured data on CF3 radical, but
needs theoretical justification. In the case of all hydrides
CHx and SiHx (x = 1−4), the agreement of the present
theory with the previous measurements and theories is
found to be quite satisfactory. There is also a good ac-
cord between our calculations and recent measurements
on e–CCl4 ionization. The present method provides a rea-
sonable estimate of ionization in relation to electronic ex-
citations in a target. It would be interesting now to ap-
ply the CSP-ic method to the ionization of other heavier
targets.

KNJ thanks the Department of Science & Technology, New
Delhi-India for a Research Project under which, a part of this
work was carried out.
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